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Marah Baddour, Ruth Garcia-Campà, Pablo Reyes, Dagmar R. D’hooge, Ludwig Cardon and

Mariya Edeleva

Designing Prepregnation and Fused Filament Fabrication Parameters for Recycled PP- and
PA-Based Continuous Carbon Fiber Composites
Reprinted from: Materials 2024, 17, 1788, https://doi.org/10.3390/ma17081788 . . . . . . . . . . 159

Juan Carlos Antolin-Urbaneja, Haritz Vallejo Artola, Eduard Bellvert Rios, Jorge Gayoso

Lopez, Jose Ignacio Hernández Vicente and Ana Isabel Luengo Pizarro

Experimental Characterization of Screw-Extruded Carbon Fibre-Reinforced Polyamide: Design
for Aeronautical Mould Preforms with Multiphysics Computational Guidance
Reprinted from: J. Manuf. Mater. Process. 2024, 8, 34, https://doi.org/10.3390/jmmp8010034 . . 179

Ponlapath Tipboonsri and Anin Memon

The Impact of PP-g-MAH on Mechanical Properties of Injection Molding of Long Glass
Fiber/Polypropylene Pellets from Thermoplastic Pultrusion Process
Reprinted from: J. Manuf. Mater. Process. 2024, 8, 53, https://doi.org/10.3390/jmmp8020053 . . 202

Dionisis Semitekolos, Ioannis Papadopoulos, Stavros Anagnou, Behnam Dashtbozorg,

Xiaoying Li, Hanshan Dong and Costas A. Charitidis

Nanomaterial-Enhanced Sizings: Design and Optimisation of a Pilot-Scale Fibre Sizing Line
Reprinted from: Fibers 2024, 12, 16, https://doi.org/10.3390/fib12020016 . . . . . . . . . . . . . . 217

Jean Ivars, Ahmad Rashed Labanieh and Damien Soulat

Influence of the Thermoplastic Fiber Ratio on the Mechanical Properties of Recycled Carbon
Fibers During the Carding Process
Reprinted from: Materials 2025, 18, 302, https://doi.org/10.3390/ma18020302 . . . . . . . . . . . 235

Anurag Pisupati, Marco Curto, Thomas Laurent, Benoit Cosson, Chung Hae Park and Hom

Nath Dhakal

Influence of Cooling Rate on the Flexural and Impact Properties of Compression Molded
Non-Woven Flax/PLA Biocomposites
Reprinted from: Polymers 2025, 17, 493, https://doi.org/10.3390/polym17040493 . . . . . . . . . 252

Jinsong Li, You Zhou, Jiatao Chen, Hongtao Hu and Mingze Sun

A Comparative Study of Airbag Covers for Automotive Safety Using Coconut Shell Fiber/PP
Composite Materials
Reprinted from: J. Compos. Sci. 2024, 8, 328, https://doi.org/10.3390/jcs8080328 . . . . . . . . . 269

Yuhyeong Jeong, Youngjin Jeon, Wonjoo Lee and Jonghun Yoon

Development of an Equivalent Analysis Model of PVB Laminated Glass for TRAM Crash Safety
Analysis
Reprinted from: Polymers 2025, 17, 25, https://doi.org/10.3390/polym17010025 . . . . . . . . . . 287

Tanzila Nargis, S. M. Shahabaz, Subash Acharya, Nagaraja Shetty, Rashmi Laxmikant

Malghan and S. Divakara Shetty

A Comprehensive Study on the Optimization of Drilling Performance in Hybrid
Nano-Composites and Neat CFRP Composites Using Statistical and Machine Learning
Approaches
Reprinted from: J. Manuf. Mater. Process. 2024, 8, 67, https://doi.org/10.3390/jmmp8020067 . . 300

Gururaj Bolar, Anoop Aroor Dinesh, Ashwin Polishetty, Raviraj Shetty, Anupama Hiremath

and V. L. Neelakantha

Performance Analysis of Helical Milling and Drilling Operations While Machining Carbon
Fiber-Reinforced Aluminum Laminates
Reprinted from: J. Manuf. Mater. Process. 2024, 8, 113, https://doi.org/10.3390/jmmp8030113 . . 320

vi



Xiaoyu Wu, Qiang Kang, Xiaoxing Jiang and Xudong Fang

Machinability and Surface Properties of Cryogenic Poly(methyl methacrylate) Machined via
Single-Point Diamond Turning
Reprinted from: Materials 2024, 17, 866, https://doi.org/10.3390/ma17040866 . . . . . . . . . . . 340

Marlene Andrade-Guel, Christian J. Cabello-Alvarado, Carlos Alberto Ávila Orta, Gregorio
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Preface

This reprint focuses on the latest scientific development of advanced composites manufacturing

and plastics processing. It contains research articles addressing new process developments,

modeling/simulation, monitoring/control, and performance or application issues, with either

experimental or numerical approaches.

The contributions are clustered in three fields:

(i) Advanced composites manufacturing (coupling/hybridization of processes; automated fiber,

yarn or tape placement and additive manufacturing; long fiber thermoplastics compounding;

fibers and fabrics production; manufacturing of sustainable bio-based composites; laminated

glass/polymer composites).

(ii) Machining, milling and drilling of polymers, composites and multi-materials laminates.

(iii) Polymer processing and compounding (functionalization; plastics recycling).

Patricia Krawczak and Ludwig Cardon
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Editorial

Advanced Composites Manufacturing and Plastics Processing

Patricia Krawczak 1,* and Ludwig Cardon 2,*

1 Centre for Materials and Processes, IMT Nord Europe, Institut Mines-Télécom, University of Lille, 941 Rue
Charles Bourseul, 59508 Douai, France

2 Centre for Polymer and Material Technologies, Department of Materials, Textiles and Chemical Engineering,
Ghent University, Technologiepark 130, 9052 Zwijnaarde, Belgium

* Correspondence: patricia.krawczak@imt-nord-europe.fr (P.K.); ludwig.cardon@ugent.be (L.C.)

1. Introduction

Environmental and energy concerns and digitalization are currently profoundly re-
shaping the plastics and composites industry. Manufacturing processes and systems
evolve accordingly in order to cost-effectively produce high-performance, high-quality,
lightweight, and multifunctional parts with a reduced carbon footprint. All composites
manufacturing and polymer processing technologies are concerned with this trend: liquid
composite molding (e.g., resin transfer molding and resin infusion/vacuum infusion),
automated lay-up (e.g., automated fiber placement and automated tape laying), filament
winding, prepreg technology, pultrusion, autoclave, compression molding, film stacking,
additive manufacturing/3D printing, injection molding, over-molding/back-molding,
extrusion, blow molding, thermoforming, rotational molding, foaming, coating, preform-
ing of textile reinforcement, joining/welding, and mold technologies (i.e., mold making
and design).

This topic gathers 25 original research articles and one technical note on the latest ad-
vances in composites manufacturing and plastics processing. These contributions address
new process developments, modeling/simulation, monitoring/control, and performance
or application issues, with either experimental or numerical approaches. All types of
polymers (thermoplastics, thermosets, and elastomers) and fibers/fillers (glass, carbon,
ceramic, mineral, and vegetal) are concerned, whether they come from recycled, bio-based,
or fossil feedstocks.

2. Advanced Composites Manufacturing

2.1. Coupling/Hybridization of Processes

Hirsch et al. [1] have optimized the manufacturing of hybrid fiber-reinforced
polyamide composite structures by coupling fused granular fabrication (FGF)—a large
format additive manufacturing (LFAM) technology that focuses on cost-effective granulate-
based manufacturing by eliminating the need for semi-finished filaments—and automated
tape laying (ATL). A significant improvement in the flexural stiffness and strength of
the manufactured FGF structures was observed by hybridization with 60% glass fiber-
reinforced polyamide 6 unidirectional tapes.

Atzler et al. [2] have investigated the overprinting of continuous fiber-reinforced
laminates, aiming at producing high-performance, functional structures by means of a
hybrid process combining fused granular fabrication (FGF) with automated fiber placement
(AFP), where an additively manufactured structure is bonded in situ onto a thermoplastic
laminate. The authors have proposed a workflow for the compensation of substrate defects
when overprinting in extrusion-based processes. The novel process flow uses a 3D scan

Materials 2025, 18, 1670 https://doi.org/10.3390/ma18071670
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of a laminate to adjust the geometry of the additively manufactured structure in order to
achieve a constant layer height in the 3D print and, thus, constant mechanical properties.

Kizak et al. [3] have combined additive manufacturing and injection molding and
focused on the interfacial fusion bonding of hybrid additively manufactured components
made of polycarbonate (neat, with glass or carbon fiber reinforcement) under torsional
loading. The effect of various surface treatments (sandpaper, sandblasting, plasma) on
injection-molded parts and the influence of different build chamber temperatures during
additive manufacturing on torsional strength were specifically examined. The findings
emphasize the critical role of surface treatment for the injection-molded components before
additive manufacturing. Also, the torsional strength could be increased by up to 87% by
actively heating the build chamber.

Picard et al. [4] have explored the manufacturing of cost-effective and customized
composites by strategically placing carbon fiber-reinforced thermoplastics in multi-material
designs. A model for the simultaneous processing of non-reinforced and reinforced thermo-
plastic layers, also known as insert overmolding, was developed with the aim of identifying
essential parameters to minimize insert flow and ensure desired fiber orientation and posi-
tional integrity. A process window for tailored reinforcements in overmolding processes
can be easily defined that way.

Ebert et al. [5] have addressed the challenging issue of the functionalization of highly
filled continuous glass fiber-reinforced thermoplastic pultruded profiles by welding. For
this purpose, the classic hot-tool welding process was adopted, and an infrared emitter
with line focus was integrated for heating the polyamide 6 thermoplastic profiles. Despite a
very high fiber content of 70 vol.%, a strong welded joint between the unreinforced tension
rod and the pultruded plate could be achieved.

2.2. Automated Fiber, Yarn, or Tape Placement and Additive Manufacturing

Legenstein and Fauster [6] have studied the effect of flashlamp heating system param-
eters in order to maximize the wedge peel strength of thermoplastic carbon fiber tape in
the automated tape placement (ATP) process. Flashlamp heating systems are rather new in
this field of application and offer high energy density with low safety requirements and
moderate costs compared to laser-assisted automated tape placement systems.

Shi et al. [7] have proposed a peel test method to characterize the decay law of prepreg
tape tack, a key factor affecting the automatic tape laying process, at different temperatures.
A new tack test device was designed, and the decay rate of prepreg tack at different
temperatures was tested. Based on the experimental results, a prepreg tack decay model
was also proposed. Another achievement of the study is a new statistical unit for prepreg
tack, which can establish the relationship between the tack of prepreg and its remaining
storage time and reduce prepreg management costs.

Knoch et al. [8] have implemented a novel approach in modeling the system limits
of a braked, high-speed direct yarn-laying process with in situ impregnation of carbon
fiber heavy tows as textile reinforcements for concrete parts. In particular, the yarn spool
overrun after the robot has come to a standstill was investigated and modeled using
physical equations, taking into account the travel speed, acceleration of the robot, and
braking force of the spool brake. Furthermore, models for robot braking time, carbon spool
diameter, and spool mass were developed.

Consul et al. [9] have explored large format additive manufacturing (LFAM) with
carbon fiber-reinforced polyaryletherketones (PAEK), particularly a slow crystallizing
grade, and investigated how extrusion parameters (including line width, layer height, layer
time, and extrusion temperature) affect the mechanical properties of the printed parts.
Thermal history during printing was monitored using thermocouples and infrared cameras.
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The study suggests aggregated metrics, enthalpy deposition rate, and shear rate under the
nozzle that should be maximized to enhance mechanical performance. Interestingly, the
common practice of setting fixed layer times does not ensure repeatable part quality.

Baddour et al. [10] have designed prepregnation and fused filament fabrication pa-
rameters for recycled PP- and PA-based continuous carbon fiber (cCF) composites. Plasma
treatment of the cCF was also explored, as was the annealing of the produced parts to
enhance the flexural properties. Eventually, overall guidelines were formulated for the
successful production of cCF-based composites.

Antolin-Urbaneja et al. [11] have addressed the screw-extrusion of carbon fiber-
reinforced polyamide in pellet form in order to design and 3D-print aeronautical mold
preforms, based on an extensive experimental characterization campaign and a multi-
physics computational guidance. The designed mold, around 90% lighter than the original
invar design, was numerically proven to fulfill thermal and mechanical requirements with
high performance.

2.3. LFT Compounding

Aiming at improving the mechanical properties of injection-molded long fiber thermo-
plastic pellets produced by a thermoplastic pultrusion process, Tipboonsri and Memon [12]
have added polypropylene-graft-maleic anhydride (PP-g-MAH) as a coupling agent during
the injection molding process. A 4 wt.% concentration of PP-g-MAH was found to be
optimal to reach the highest tensile, flexural, and impact strengths.

2.4. Fibers and Fabrics Production

Semitekolos et al. [13] have developed a pilot-scale fiber sizing line, including its initial
design and installation, operational phases, and optimization of key process parameters.
Furthermore, a range of sizing solutions was investigated and formulated, exploring carbon-
based nanomaterial types with different surface functionalization and concentrations to
evaluate their impact on the surface morphology and mechanical properties of carbon
fibers. The incorporation of nanomaterials, specifically N2-plasma-functionalized carbon
nanotubes and few-layer graphene, has demonstrated notable improvements (90% increase)
in interfacial shear properties.

Ivars et al. [14] have investigated the impact of carding and blending recycled carbon
fibers (rCF) with crimped thermoplastic polypropylene (PP) fibers on the mechanical
properties of rCF using a Weibull statistical approach. Overall, carding rCF with PP
fibers helps in the mechanical property uniformity of the resulting carded webs without
compromising tensile performance. The work also highlights the potential of the carding
process with or without thermoplastic fibers to efficiently realign and give continuity to
discontinuous recycled carbon fibers.

2.5. Manufacturing of Sustainable Bio-Based Composites

Pisupati et al. [15] have elucidated the influence of the cooling rate, and thus of the
crystallinity, on the bending and impact properties of compression-molded non-woven
flax/polylactic acid (PLA) biocomposites with different flax fiber contents. An improve-
ment of 25% and 100% in flexural modulus was observed for the composites with 40
wt.% and 50 wt.% of flax fiber, respectively, when subjected to a lower cooling rate. This
makes such flax/PLA composites promising for semi-structural applications, providing a
sustainable alternative with enhanced lightweight performance.

Li et al. [16] have compared the physical properties of coconut fiber-reinforced
polypropylene composite materials, produced through a hybrid injection molding process
and a layered hot-pressing process. The layered hot-pressed composite material exhibited
optimal comprehensive mechanical performance and could be applied to airbag covers in
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the field of automotive safety, as confirmed by the modeling and finite-element simulation
carried out.

2.6. Laminated Glass/Polymer Composites

Jeong et al. [17] have proposed an equivalent model of polyvinyl butyral (PVB) lami-
nated glass to simulate the head injury criterion (HIC) when a pedestrian collides with a
tram rail vehicle. Whereas the traditional PLC model replicates the multi-layer structure of
PVB-laminated glass, including tempered glass and PVB film, the new simplified equivalent
model considers tempered glass and PVB film as a single shell element layer, incorporating
the multi-layer characteristics via integration points. As analytical equivalency with the
PLC model is maintained, the equivalent model produces results comparable to the PLC
model while significantly reducing analysis time from 8 h to 1 h under the same hardware
and software conditions.

3. Machining, Milling, and Drilling of Polymers, Composites, and
Multi-Material Laminates

Nargis et al. [18] have optimized the drilling quality of unidirectional carbon fiber-
reinforced polymer composites, as well as hybrid Al2O3 alumina and hybrid SiC silicon
carbide nanocomposites, through an experimental exploration using step, core, and twist
drills. Response surface methodology (RSM) and statistical tools were used to analyze the
surface roughness of the hole, and two machine learning models—artificial neural network
(ANN) and random forest (RF)—were used for predictive analysis. Both models have
shown robust predictive capabilities, with RF demonstrating superior performance over
ANN and RSM.

Bolar et al. [19] have analyzed the performance of helical milling and drilling op-
erations while machining carbon fiber-reinforced aluminum laminates. Indeed, being a
difficult-to-cut material, fiber/metal laminates often pose challenges during conventional
drilling and require judicious selection of machining parameters to ensure defect-free
laminates. Helical milling appears to be a promising technique for producing good-quality
holes, having a lower surface roughness than that achieved by conventional drilling.

Wu et al. [20] have investigated the machinability and surface properties of cryo-
genically cooled poly(methyl methacrylate) machined via single-point diamond turning
(SPDT). Cryogenic machining was shown to be useful for improving the form accuracy
and reducing the surface roughness of PMMA.

4. Polymer Processing and Compounding

4.1. Functionalization

Andrade-Guel et al. [21] have elaborated by melt-blowing functional technical non-
woven fabrics from polymer nanocomposites made of polyamide 6 and amine-modified
nanoclay having adsorbent properties of toxins and dyes and also showing an antibacterial
behavior.

Alkarri et al. [22] have paid attention to the antimicrobial, thermal, mechanical, and
gas barrier properties of linear low-density polyethylene extrusion blow-molded bottles.
New methods of incorporating antimicrobial particles into the bottles were developed.
The antimicrobial particles were thermally embossed on the external surface of the bottle
through two particle deposition approaches (spray and powder) over the mold cavity. Both
deposition approaches have led to a significant enhancement in antimicrobial activity, as
well as barrier properties, while maintaining thermal and mechanical performance.

Prihandana et al. [23] have investigated the influence of activated carbon (AC) particle
size on the properties and performance of polysulfone composite membranes for protein
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separation. The polymeric composite membranes were fabricated via the phase-inversion
method, employing water as the coagulant and using variable loadings of AC particle
sizes. The impact of the AC powder particle sizes on membrane morphology, water
contact angle, porosity, average pore size, molecular weight cutoff, pure water flux, and
protein rejection was examined. On this basis, recommendations could be provided for
the selection of AC particle sizes for protein separation in conjunction with polysulfone
ultrafiltration membranes.

Al Mais et al. [24] have highlighted the importance of diverse forms, e.g., morphology
and particle size, and concentrations of graphitic carbon nitride (g-C3N4) as strengthening
elements in thermosetting epoxy resin-based composites. Optimal mechanical properties
were achieved with a 0.5 wt.% bulk g-C3N4 filler, enhancing tensile strength by 14%. An
increased toughness, no significant impact on the degradation temperature, a 17% increase
in glass transition temperature, and an improvement in thermal breakdown up to 600 ◦C
were also noticed.

4.2. Plastics Recycling

Gall et al. [25] have compared end-of-life vehicle (ELV) and packaging-based recyclates
as components in polypropylene (PP)-based compounds designed for automotive applica-
tions. Two ELV recyclate grades based on bumper recycling were analyzed in comparison
to a packaging-based post-consumer recyclate (PCR) and compounded with virgin PP base
material and mineral reinforcement. While the targeted mechanical properties could nearly
be reached, further development work is still necessary to improve the flowability of the
PCR compounds.

Through a twin-screw extrusion process, Kharmoudi et al. [26] have formulated blends
based on post-consumer recycled high-density and high-molecular-weight polyethylene used
for manufacturing rainwater drainage pipes and investigated the effect of graphene addition on
mechanical and thermal behavior. Adding low amounts of graphene to recycled polyethylene
blends could be an interesting alternative to ensure good mechanical properties and a resistance
to crack propagation comparable to virgin polyethylene compounds.
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Abstract: Fused granular fabrication (FGF) is a large format additive manufacturing (LFAM) tech-
nology and focuses on cost-effective granulate-based manufacturing by eliminating the need for
semifinished filaments. This allows a faster production time and a broader range of usable materials
for tailored composites. In this study, the mechanical and morphological properties of FGF test
structures made of polyamid 6 reinforced with 40% of short carbon fibers were investigated. For
this purpose, FGF test structures with three different parameter settings were produced. The FGF
printed structures show generally significant anisotropic mechanical characteristics, caused by the
layer-by-layer building process. To enhance the mechanical properties and reduce the anisotropic
behavior of FGF structures, continuous unidirectional fiber-reinforced tapes (UD tapes), employing
automated tape laying (ATL), were subsequently applied. Thus, a significant improvement in the flex-
ural stiffness and strength of the manufactured FGF structures was observed by hybridization with
60% glass fiber-reinforced polyamide 6 UD tapes. Since the effectiveness of UD-tape reinforcement
depends mainly on the quality of the bond between the UD tape and the FGF structure, the surface
quality of the FGF structure, the interface morphology, and the tape-laying process parameters were
investigated.

Keywords: additive manufacturing; fused granular fabrication; automated tape laying; composite;
polyamide

1. Introduction

In recent decades, additive manufacturing (AM) based on the targeted deposition of a
polymer melt has focused on the production of small-format components with very high
surface quality and optimal geometric brilliance [1]. The fused filament fabrication (FFF)
printing systems used are typically based on filament processing with typical filament
diameters of 1.75–2.85 mm and allow extrusion rates of up to 6000 mm/min or build rates
of 100–480 g/h, depending on the printed object and the type of filament used [2]. However,
these filament-based printers usually have small printing space of max. approximately
0.5 m × 0.5 m × 0.5 m and printing rates of 20 cm3/h [3]. As a result, the requirement
for larger component volumes, an associated larger construction space, and an increase in
printing speed was derived [4,5]. This led to a new term for this type of printing technology,
large format additive manufacturing (LFAM), which, however, has not yet been able to
establish itself consistently in the industry. The aim of LFAM is to significantly reduce costs
to produce larger components more quickly [6].
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Fused granular fabrication (FGF) is a special technology within the framework of
LFAM, which focuses on granulate or pellet-based manufacturing processes [7]. In com-
parison to FFF, this procedure can reduce costs by eliminating the need for semifinished
filaments, since, for example, the costs for a filament compared to granules are in a ra-
tio of around 10:1 [8]. Moreover, the use of adapted extruders with significantly larger
discharge nozzles is possible. This means that production times can be reduced by a
factor of up to 200 [9]. Further advantages also lie in the use of a significantly broader
range of materials, since all industrially usable thermoplastic polymers are available in the
form of granules. These can also be adapted to the respective requirements using fibers,
particles, and additives and thus compounded into precisely fitting composite materials
with adjustable material properties [10]. This also includes recycled materials from other
processing methods, e.g., composite manufacturing, as recently also reported for FFF
processes [11,12].

FGF printing processes can be described as young in relation to additive manufactur-
ing processes and have several specific features in the quality of the components produced
and in relation to the rheological behavior of the granules in the extrusion process. Trans-
ferring the experience from classic extrusion technology is only possible to a limited extent,
as systems with movable print heads have limitations in terms of weight and screw length,
which play a rather subordinate role in stationary machines. For this reason, several studies
have been carried out for a variety of materials (unreinforced/reinforced) to investigate
the influence of processing parameters on rheological behavior and glass transition tem-
perature [13–16]. The degradation behavior also plays a role that needs to be considered.
However, due to the reduced screw lengths, shorter residence times of the material are to
be expected and thus also reduced damage/degradation of the polymers. Regarding the
mechanical properties of the printed components, as with FFF-manufactured structures,
there is a clear anisotropy with respect to the layers in the Z-axis [17]. This is further
increased when using fiber-reinforced material [18]. In addition to conventional synthetic
reinforcing fibers, natural fibers are also being used to increase the mechanical properties
of the resulting parts [19]. Furthermore, the quality of the surface and the geometry of
components manufactured using FGF is significantly worse than components manufac-
tured using FFF due to the nozzle size and the material quantities deposited. This requires
postprocessing steps such as simple milling or more complex processes such as grinding,
filling, polishing, and painting [20]. Another solution described in the literature is printing
with two differently fine printing nozzles [21].

A promising strategy for improving the mechanical properties of components from
the FGF process is the subsequent or simultaneously application of continuously fiber-
reinforced filaments or tapes [22,23]. In comparison to continuously fiber-reinforced fila-
ments, higher fiber volume proportions up to 40–50 vol.-% and the associated significantly
higher strength and stiffness can be achieved by using continuously fiber-reinforced tapes.
The term tape laying generally refers to the automated, direction- and position-variable
placement of unidirectional fiber-reinforced thermoplastic tapes (UD tapes) on flat or
curved substrates [24]. Thus, local reinforcements or fiber placement according to the load
path have already been implemented for many different applications [25]. In particular, 3D
tape laying enables targeted reinforcement of the components in accordance with the load
path [26]. Typically, the UD tapes are additively processed in layers to form thin-walled,
shell-shaped composite structures. This requires a so-called laying head, with which the
UD tapes are heated, laid down, and trimmed. The geometry of the later component is
dictated by the substrate, onto which the previously melted UD tapes are applied under
light contact pressure during the deposition process.

The current state of the art is represented here by the technologies of automated tape
laying (ATL) and automated fiber placement (AFP), which were developed in the aerospace
industry and are currently finding their way into a wide variety of industries [27]. In the
ATL process, UD tapes are unwound from a spool by a storage unit, heated to processing
temperature, then placed on a tool contour with a defined contact pressure and finally
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cut off at the end of the laying path. After a layer of tape has been deposited, the storage
unit is realigned, and the next layer of tape can be deposited. Typical laying speeds are
approximately 1 m/s [28]. In this way, the laminate is built up step by step according to a
given individual layer and laminate definition. Depending on the feeding of the UD tapes,
unassembled from a reel or preassembled from a cassette, a distinction is made between
single-stage and two-stage or dual systems, as a combination of both process options. This
technology is currently mainly used to produce load-resistant lightweight structures with
adapted fiber orientation in the aviation industry [29].

A major disadvantage of the current ATL systems is, on the one hand, their size and
the uneconomical way of working compared to the processing of conventional semifinished
textile products. In addition, tape laying in curved paths is not easily possible with ATL
technology. For this reason, the AFP technology was developed, which enables, for example,
the shaping of radii or the fiber-friendly design of hole edges and openings [30]. The AFP
depositing unit divides the tape into several individual strands of around 10 mm width
before depositing it, which means that the fiber path can also be set in a defined manner
over certain radii and deposited individually [31]. However, the laying speed is reduced
compared to the ATL method.

To partially overcome the previous mentioned disadvantages of ATL, a very compact
innovative ATL system, F3-Compositor, with reduced weight of the moving machine parts
using a six-axis robot for 3D tape laying, has been recently developed and applied in
this work. The innovative approach of the F3-Compositor combines the high-speed tape
deposition at a constant laying speed of up to 2 m/s with high reproducibility and material
efficiency [32]. The tape-laying head with an integrated heat source based on a hydrogen–
oxygen gas mixture enables the heat energy to be targeted in just the right amount and
place required for the tape consolidation, thus avoiding unwanted large heat-affected areas.
This technology represents an optimal complement to the FGF technology and can therefore
be used for the production of hybrid 3D printed components with local fiber reinforcement
and significantly improved mechanical properties.

2. Materials and Methods

2.1. Fiber-Reinforced Polyamide Composite Materials

The fiber-reinforced polyamide material used for the FGF process was a short carbon
fiber-reinforced polyamide 6 compound (PA6/CF40, AKROMID® B3 ICF 40 black 5020)
produced by AKRO-PLASTIC GmbH (Niederzissen, Germany). This material contains
40% recycled content and was used in the supplied granular form. A continuous glass
fiber-reinforced polyamide 6 (PA6/GF60-UD, Celstran® CFR-TP PA6-GF60) supplied from
TICONA GmbH (Sulzbach, Germany) was used for the tape-laying process in the form
of tapes with a width of 3 mm and a thickness of 0.3 mm. Both materials were dried at 80
◦C for 4 h prior to processing. The main properties of the used materials derived from the
manufacturer’s data sheets are summarized in Table 1.

Table 1. Properties of the used fiber-reinforced polyamide composite materials.

Composite Material PA6/CF40 PA6/GF60-UD

Grade AKROMID® B3 ICF 40 black Celstran® CFR-TP PA6-GF60
Supplier AKRO-PLASTIC GmbH TICONA GmbH

Reinforcement carbon fiber glass fiber
Fiber Weight Content (%) 40 60

Density (g/cm3) 1.31 1.69

Tensile Modulus (GPa) 32 (dry)
13.6 (conditioned)

29.7 (dry)
27.5 (conditioned)

Tensile Strength (MPa) 220 (dry)
135 (conditioned)

679 (dry)
642 (conditioned)

Melting Temperature (◦C) 220 220
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2.2. Fused Granular Fabrication

The used FGF technology, shown in Figure 1, consists of an extrusion unit with a
mass output of up to 5 kg/h, a nozzle set with diameters of 1, 1.5, 3, and 6 mm, and
integrated sensors (thermal camera μ-Epsilon TIM640). The extrusion unit was adapted
to an industrial six-axis robot (Stäubli, RX160) with Siemens Sinumerik NC control for
three-dimensional processing. A melt temperature of 280 ◦C was set for the printing
process. A heatable aluminum plate with an area 1 × 1 m2 was used as a print bed, and the
temperature of the heating system was set to 120 ◦C. The resulting substrate temperatures
were measured in the range 70–75 ◦C.

 

Figure 1. Fused granular fabrication unit used to produce fiber-reinforced polyamide test structures.

With this setup, specific test structures in the shape of a rib structure with 6 parallel
walls and 1 perpendicular wall were printed with a one-way printing path direction, as
shown in Figure 2. After printing, the structure walls were marked with letters from A to
G according to the printing order and cut into 7 single plates (150 × 305 mm) that were
used as blanks for manufacturing the test samples. The test structures were printed with
three different parameter setups; the resulting wall thicknesses are given in Table 2.

Table 2. Processing parameters and resulting wall thicknesses of the fused granular fabrication process.

Plate Type
Printing Speed

v
(mm/s)

Layer Height
h

(mm)

Nozzle
Diameter

d
(mm)

Extrusion
Width

w
(mm)

Ratio
w/d
(-)

Ratio
h/d
(-)

FGF-1 400 0.50 1.5 2.7 1.80 0.33
FGF-2 200 0.75 1.5 4.3 2.87 0.5
FGF-3 125 1.00 3.0 5.2 1.73 0.33

10



J. Manuf. Mater. Process. 2024, 8, 25

 

Figure 2. Schematic illustration of the fused granular fabrication printing path direction (left, top
view) and the resulting “ribbed ridge” test structure (right).

2.3. Preparation of Fused Granular Fabrication Test Specimen

The test samples for the mechanical analysis were manufactured by water jet cutting
from the processed FGF plates in horizontal and vertical directions (see Figure 3). Apart
from the difference in the extrusion width of the three plate types and therefore the thickness
of the test specimen, the dimensions used for tensile and bending test samples stayed the
same and are shown in Figure 4. The width x of the bending test specimen was selected
based on the plate thickness following DIN EN ISO 178:2019 [33]. The resulting widths
for FGF-1, 2, and 3 were 25, 10, and 15 mm, respectively. The 80 mm sample length and
the 64 mm length of the support span were constant, as shown in Figure 4. Accelerated
conditioning according to DIN EN ISO 1110 was performed prior to testing [34]. At
70 ◦C and 62% relative humidity, the weight gain was controlled regularly to validate the
conditioning duration based on sample thickness.

Figure 3. Demonstration of the test sample preparation from the fused granular fabrication structures
in horizontal (printing) and vertical direction.
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Figure 4. Dimensions of the fused granular fabrication tensile (left) and bending test specimen (right).

2.4. Automated Tape Laying

Processing of the PA6/GF60-UD materials was performed on the different FGF
plates with an automated tape-laying unit (F3-Compositor, ASH Automation Steeg und
Hoffmeyer GmbH) with a maximum layup speed of 250 mm/s, as shown in Figure 5. In this
technology, the UD tape is fed with a constant velocity and locally heated above its melting
temperature just before deposition. This is achieved by an open-flame heating mechanism,
consisting of a hydrogen and oxygen gas mixture. The gas mixture can also be diluted with
normal air. At the deposition point, the UD tape is compacted and consolidated in situ by
a roll with a predetermined force. Additionally, heat is extracted by water cooling of the
roll. This leads to solidification and the tape is cut at the end of a track. The processing
parameters used are given in Table 3. For each FGF plate, two configurations with the
UD-tape direction parallel or perpendicular to the printing direction were processed (see
Figure 6 for illustration).

Figure 5. Automated tape-laying unit used to produce fiber-reinforced polyamide test structures (a),
close-up of the tape-laying head (b), and schematic illustration of the tape-laying process (c).

Table 3. Processing parameters of the automated tape-laying process.

Laying Speed v
(mm/s)

Force on Tape
F

(N)

Gas Flow Rate
V

(Nl/min)

Gas Composition
2 H2 + O2

(%)

Roll Temperature
T

(◦C)

250 60 2.0/2.5 100 20
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Figure 6. Perpendicular (left) and parallel (right) configuration of the UD tapes on the fused granular
fabrication printing direction.

2.5. Preparation of Automated Tape-Laying Test Specimen

The bending test samples for the mechanical analysis of the automated tape-laying
process were also manufactured by water jet cutting parallel to the tape direction from the
processed hybrid test plates in accordance with DIN EN ISO 178:2019 (see Figure 4 (right)
for illustration) [33]. According to the varied thickness due to the tape laying, the width x
of the samples was modified to 26.6, 13.8, and 17 mm.

2.6. Morphological Analysis

For the detailed examination of print quality, fiber alignment and the bonding between
the UD tapes and the printed FGF material, test specimens 15 × 15 mm in size were
embedded in a clear and low-viscosity epoxy resin with a curing time of 12 h (EpoFix) and
polished with a diamond polishing solution to a 0.25 μm finish. Micrographs were taken
with an Olympus BX51 optical microscope. Figure 7 shows the schematic illustration of
the sectional view where the samples were cut and polished, and the resulting micrograph
of these samples. Additionally, a 3D-laser scanning microscope (Keyence VK-X1050) was
used to measure surface roughness, which is determined by the geometry of the FGF layer
lines. For this, an area of 70 × 10 mm was measured for each FGF plate type. For the
density measurement by ethanol immersion, 15 × 15 mm samples for each FGF plate type
were prepared using a band saw.

  
Figure 7. Schematic illustration of the sectional view (left) and resulting micrograph (right) of the
fused granular fabrication test samples.

2.7. Mechanical Analysis

Tensile testing according to DIN EN ISO 527 was performed for FGF samples without
UD tape, as shown in Figure 8 [35]. In this, a constant test speed of 1 mm/min was used for
testing the tensile properties. Three-point bending tests were conducted on the FGF and
hybrid test specimens with UD tapes according to DIN EN ISO 178:2019 (see Figure 8) [33].
A Z050 Zwick/Roell testing machine was used for the tensile and three-point bending tests
with a load cell of 20 kN. A constant test speed of 2 mm/min was used to determine the
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flexural modulus, while the rest of the test was conducted at 10 mm/min. The 80 mm
sample length and the 64 mm length of the support span always stayed the same. All
hybrid samples were tested with the UD tapes on the underside of the samples loaded in
tension mode. In the case of the hybrid samples and for the samples without any UD-tape
reinforcement, a homogeneous cross-section was assumed for calculating bending stress.

 
Figure 8. Experimental setup of the three-point bending test (left) and the tensile test (right) for the
test specimen from fused granular fabrication and automated tape laying.

3. Results and Discussion

3.1. Composite Structures by Fused Granular Fabrication
3.1.1. Morphological Analysis

Figure 9 shows a comparison of the micrograph cross-sections of the printed FGF
structures. The gray semicircles represent the outer surface edge of the printed structures
and the vertical thickness between the layers is referred to as layer height. The geometry
of the printed layers is the result of the ratios of the extrusion width and layer height
to printing nozzle diameter (Table 2). The bigger ratios of the layer width and height
to the nozzle diameter lead to greater layer irregularity and to reduction in the ideal
semicircularity in the cross-section of the layers. FGF-2 is the most irregular one and has
much enclosed air between the layers. Therefore, FGF-2 is expected to have a reduced
bonding quality of the layers. In contrast, FGF-1, with similar layer height, width, and
nozzle diameter ratios as FGF-3, has almost no visible air gaps between layers, which is
probably related to the higher temperatures of the previous printed layer due to the higher
printing speed. FGF-2 and FGF-3 both have a greater density of air pockets than FGF-1.
They can be seen as small black circles in Figure 9.

Table 4 shows the measurements of the density and the surface roughness for the three
plate types. As expected, FGF-1 has the smallest roughness while Ra for FGF-2 and FGF-3
are equal. The high roughness of FGF-2 is because of the extrusion width to printing nozzle
diameter ratio. FGF-1 has the highest density close to the value in the datasheet. The larger
number of the air pockets in FGF-2 and FGF-3 are the reason for their decreased density.
However, the observed surface roughness values Ra of 63 μm for FGF-1 and 95 μm for
FGF-2 and FGF-3 samples are much higher than values reported in the literature for fused
deposition modeling test samples with Ra < 50 μm [36]. Significant reduction in surface
roughness can be achieved by postprocessing, e.g., by laser polishing [37].
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Figure 9. Micrographs showing the surface of the fused granular fabrication test samples.

Table 4. Surface roughness and density of the fused granular fabrication test samples.

Sample
Surface Roughness

Ra
(μm)

Surface Roughness
Rz

(μm)

Density
ρ

(g/cm3)

FGF-1 63 533 1.301
FGF-2 95 1475 1.273
FGF-3 95 703 1.277

3.1.2. Mechanical Analysis

Depending on the different layer orientation, significant different fracture behavior
was observed in the manufactured FGF samples (Figure 10). In tensile and flexural spec-
imens with vertical layer orientation, interlayer fracture always occurred. Samples with
horizontal layer orientation broke and created sharp edges. Figure 11 shows the mean
stress/strain curves for the FGF test samples obtained during tensile testing. Samples
of FGF-2 with horizontal layer configuration have a noticeable difference in modulus of
elasticity, which is addressed to their different fiber orientation in the layers. The direction
of the fibers directly influences the modulus of elasticity [38].

Because of the high ratio of extrusion width to nozzle diameter, many carbon fibers
are not aligned with the printing direction. This can be seen in Figure 12. The fibers should
barely be visible when directed out of plane. The areas with a high density of misaligned
fibers appear white; in the case of FGF-2, the white areas are much more numerous.

The analysis of the tensile test (Figures 13–15) shows that the tensile behavior is
strongly dependent not only on test direction (horizontal vs. vertical) but also on the used
parameters in manufacturing of the fused granular fabrication test samples, especially
for the tensile strength and the elastic modulus of the FGF test samples. The mechanical
properties of FGF-3 are similar to prior analysis of the same material using the same
fabrication process [39]. The highest value of elastic modulus and tensile strength in
the horizontal direction was achieved by sample FGF-1, with 17,440 MPa and 126 MPa,
respectively. In this case, it is evident that the mechanical properties of samples in horizontal
direction can even exceed the values specified in the data sheet for an injection molded
specimen [40]. However, significantly lower tensile strength and elastic modulus values
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were recorded in the vertical direction, indicating strong anisotropic behavior of the FGF
parts. Nevertheless, there were no significant differences in the values between all three
types of FGF tested.

 

Figure 10. Fracture behavior of the fused granular fabrication tensile samples in vertical (a) and
horizontal (b) direction and bending samples in vertical (c) and horizontal (d) direction.

 

Figure 11. Stress/strain curves for the fused granular fabrication tensile test samples with horizontal
and vertical layer configuration.
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Figure 12. Micrographs of the fused granular fabrication test samples showing areas with a high
density of carbon fibers that are not aligned with the print direction. Misaligned fibers appear as thin
white streaks.

Figure 13. Elastic modulus of the fused granular fabrication test samples (green columns) in compar-
ison to the datasheet value for injection-molded test samples (blue column).
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Figure 14. Tensile strength of the fused granular fabrication test samples (green columns) in compari-
son to the datasheet value for injection-molded test samples (blue column).

Figure 15. Strain at break of the fused granular fabrication test samples (green columns) in comparison
to the datasheet value for injection-molded test samples (blue column).

The FGF specimens in the horizontal and vertical directions achieved relatively similar
values of elongation at break. The FGF-2 samples tended to have a lower elongation at
break compared to other tested samples in the vertical direction. The reason could be the
irregularity of the layers and the resulting air gaps in between them, which results in strong
local differences in the interlayer strength within the same specimen. This explanation is
also consistent with the exceptionally high variability in tensile strength and strain of FGF-2.
In comparison to the horizontal direction, slightly higher values of elongation at break
were measured by FGF-1 and FGF-3 samples in the vertical direction. These results may
be in contrast with several studies, where the samples indicated much higher elongation
in the layer direction than in the perpendicular direction [39,40]. In contrast, according
to another studies, also investigating the tensile properties of the PA6/CF additively
manufactured specimens, elongation at break values in the vertical direction were similar
or even higher than in the horizontal direction [41,42]. This may suggest a more complex
issue in the effects on elongation at break. A possible explanation is high diffusion of
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the PA6/CF40 matrix molecules between the layers leading to an increased interlaminar
strength. Additionally, the significant anisotropy in the stiffness and strength can lead
to higher stress concentrations and crack propagation in the samples of the horizontal
direction, e.g., at fibers or air pockets, thus resulting in a lower strain at break. However, to
the authors’ best knowledge, there are no recent studies addressing this issue in more detail
for short-fiber-reinforced FGF samples with respect to different print build-up orientation.

3.2. Hybrid Composite Structures from Fused Granular Fabrication and Automated Tape Laying
3.2.1. Morphological Analysis

Micrographs of the interface of the hybrid test samples manufactured by fused granu-
lar fabrication and additional automated tape laying are shown in Figure 16. As can be seen,
there are significant differences in the interface quality between the samples, depending on
the surface roughness of the FGF plates. If the shape of the FGF layer lines is unaltered and
the matrix material of the UD tapes fails to fill the gaps, the UD tape will not attain full
contact with the entire FGF surface. This is because of the limited flexibility of the UD tapes
and the fixed diameter of the consolidation roll. As also can be seen in Figure 16, with the
height variation in the different FGF layer lines some are not in contact with the UD tape at
all. A possible reason could be that the gas volume used during the ATL process was too
low, or the layup speed was too high to completely melt the FGF surface. In consequence,
the matrix material of the tape is pushed to the side and sometimes completely fills the
gaps between the layers, as can be seen for FGF/ATL-1. However, both good and bad
connections between the UD tapes and the FGF material can be found in every sample and
the gaps in between are always present. Because of the structural irregularity of FGF-2, the
resulting gaps vary the most in size.

Figure 16. Micrographs showing the interface of the hybrid fused granular fabrication and automated
tape-laying test samples.
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3.2.2. Analysis of Process Parameters

The contact area between the UD tape and the printed material increases as the UD
tape and the FGF surface melt to a greater depth. Thus, two different gas volume flow rates
were tested for the ATL process to analyze the effect on the resulting interface to the FGF
structures. An increase in the gas volume flow rate results in higher heat generation and
more effective melting of the UD tape and FGF surface, as can be seen in Figure 17 for the
test series FGF/ATL-3 with 2.0 and 2.5 Nl/m gas volume flow rates. The FGF material in
both micrographs is on the top half and the white dots are carbon fibers directed out of
plane. In the bottom half, the UD tape with the glass fibers, which are also directed out of
plane, can be seen. The FGF layer lines seem unaltered and push the matrix material of the
tapes to the side.

Figure 17. Micrographs showing the interface of hybrid fused granular fabrication and automated
tape-laying test samples with different gas volume flow rates during the tape-laying process.

The interface has a significant effect on the resulting mechanical properties in these
hybrid fiber-reinforced structures. When the amount of heat absorbed by the UD-tape
surface is too low, the diffusion of the matrix polymers in the FGF material is hindered and
results in adhesion that is too weak to strengthen the material significantly. This can be seen
in the stress/strain diagrams in Figure 18 that show the bending tests for the two analyzed
gas volume flow rates of FGF/ATL-3. The drops in stress of the samples manufactured
with 2.0 Nl/m gas volume flow rate are exactly where the UD tapes became detached
from the FGF material without breaking. The increase of 0.5 Nl/m in the gas volume flow
rate resulted in doubling the maximum stress. During hybrid additive manufacturing
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with ATL and gas-assisted heating, it is therefore essential to find an optimum gas volume
flow rate at a given process speed for each UD tape and FGF material combination. The
amount of thermal energy that is introduced into the interface in the tape-laying process
has been shown to be the most critical parameter on the mechanical properties and tape
adhesion [43,44]. When the adhesion between the UD tape and the printed material
is sufficiently robust, our observations suggest that the UD tape will experience failure
through tearing rather than detachment from the substrate.

Figure 18. Stress/strain curves from bending tests of hybrid fused granular fabrication (FGF-3) and
automated tape-laying test samples with different gas volume flow rates during the tape-laying
process.

3.2.3. Mechanical Analysis

Figures 19 and 20 show the stress/strain curves from the bending tests of hybrid FGF
and ATL test samples in both layer configurations, with and without UD-tape reinforcement
of FGF-1 and FGF-2. The UD tapes were located on the bottom side of the samples during
the test and therefore experienced a tension load. For both plate types and in both testing
directions, a significant increase in mechanical properties was found.

The resulting mechanical properties from the bending test of FGF/ATL-1 and FGF/ATL-
2 are shown in the Figures 21–23. There is a significant increase in flexural modulus,
flexural strength, and strain at break when the UD tapes are added in the hybrid samples.
For FGF/ATL-1, the flexural strength increased by a factor of five in the vertical testing
direction and is close to the horizontal value without tape. The low flexural modulus of
FGF/ATL-2 can be contributed to the fiber misalignment in FGF-2, as discussed previously.
For both FGF/ATL-1 and FGF/ATL-2, the increase in mechanical properties by the UD
tapes is higher for the vertical testing direction. FGF-1, possessing the smallest layer height
and therefore the lowest surface roughness, is expected to have the largest contact area
with the tape. FGF/ATL-1 also has the highest UD tape to FGF plate thickness ratio.
Because the UD tape has a much higher tensile strength than the printed FGF material, an
increase in flexural strength is expected with the increase in tape to plate thickness ratio
when the tape is on the bottom side and experiences a tension load during the bending
test. However, if the tape is on the top side of the specimen during the bending test or is
perpendicular to the testing direction, then it does not increase the mechanical properties
in that significant range.
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Figure 19. Stress/strain curves from bending tests of hybrid fused granular fabrication (FGF-1) and
automated tape-laying test samples in horizontal and vertical layer configuration with and without
UD-tape reinforcement.

 

Figure 20. Stress/strain curves from bending tests of hybrid fused granular fabrication (FGF-2) and
automated tape-laying test samples in horizontal and vertical layer configuration with and without
UD-tape reinforcement.
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Figure 21. Comparison of flexural modulus of hybrid fused granular fabrication and automated
tape-laying test samples (green columns) with fused granular fabrication test samples without UD
tapes (blue columns).

Figure 22. Comparison of flexural strength of hybrid fused granular fabrication and automated
tape-laying test samples (green columns) with fused granular fabrication test samples without UD
tapes (blue columns).
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Figure 23. Comparison of strain at break for hybrid fused granular fabrication and automated tape-
laying test samples (green columns) with fused granular fabrication test samples without UD tapes
(blue columns).

4. Conclusions

Three different plates of carbon fiber-reinforced polyamide 6 were fabricated by fused
granular fabrication (FGF) and characterized by morphological and mechanical analysis.
The following conclusions were found:

� The process parameters have a strong influence on the surface roughness and mechan-
ical properties. Especially the extrusion width, the layer height, and nozzle diameter
ratios were found to be the essential factors affecting the regularity of printed ge-
ometry, surface quality, and misalignment of the reinforcing fibers in the FGF layers.
This fact has a significant impact on the mechanical properties, particularly in the
horizontal test direction, as found in the tensile tests of the FGF test samples.

� By respecting optimal printing process parameters, comparable values for the elastic
modulus and tensile strength of the manufactured FGF materials to the datasheet
values from injection-molded samples could be achieved.

� Additional automated tape laying (ATL) can significantly increase the mechanical
properties of FGF structures, in some cases by several times. This was demonstrated
by tape-laying glass-fiber-reinforced polyamide 6 UD tapes on the FGF plates.

� For ATL using gas as the heat source, it is essential to find the optimum gas volume
flow rate at a given speed and UD tape and FGF material combination. An amount
of heat absorbed by UD tape that is too low does not ensure sufficient diffusion of
the matrix polymers into the FGF structure. As a result, it does not lead to effective
reinforcement of the FGF material as the adhesion to the UD tapes is too weak.

� Lower surface roughness of the FGF materials leads to fewer gaps in the UD tape
and therefore better stress transfer and higher mechanical values of resulting flexural
modulus and strength, as demonstrated by the bending tests. Further improvement
and analysis of the adhesion between the FGF materials and UD tapes are needed to
determine optimal process parameters for both processes. Additionally, for multilayer
components the tape–tape interface needs to be investigated.
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Abstract: Fused granular fabrication (FGF) is used in industrial applications to manufacture complex
parts in a short time frame and with reduced costs. Recently, the overprinting of continuous fibre-
reinforced laminates has been discussed to produce high-performance, functional structures. A
hybrid process combining FGF with Automated Fibre Placement (AFP) was developed to implement
this approach, where an additively manufactured structure is bonded in situ onto a thermoplastic
laminate. However, this combination places great demands on process control, especially in the first
printing layer. When 3D printing onto a laminate, the height of the first printed layer is decisive to
the shear strength of the bonding. Manufacturing-induced surface defects of a laminate, like thermal
warpage, gaps, and tape overlaps, can result in deviations from the ideal geometry and thus impair
the bonding strength when left uncompensated. This study, therefore, proposes a novel process flow
that uses a 3D scan of a laminate to adjust the geometry of the additively manufactured structure
to achieve a constant layer height in the 3D print and, thus, constant mechanical properties. For
the above-listed surface defects, only thermal warpage was found to have a significant effect on the
bonding strength.

Keywords: digital twin; fused granular fabrication; thermoplastic laminates; in situ bonding; PEEK

1. Introduction

Additive Manufacturing (AM) has become significantly more widespread in industrial
applications in recent years. AM of high-temperature thermoplastics like polyether ether
ketone (PEEK) is used to produce complex and lightweight parts more quickly and at a
lower cost than traditional manufacturing technologies, while having mechanical properties
comparable to light metals like aluminium [1,2]. AM using a robotic arm with six degrees
of freedom (DOF) is especially suited for industrial applications and processes since it
can be applied to a variety of complex geometries [3]. This is particularly attractive in the
context of the repairing of defects.

The combination of 3D printing and in situ Automated Fibre Placement (AFP) is one
method to achieve high-performance parts with the utilisation of the design freedom of AM.
Laminates manufactured by AFP can withstand significantly more force than 3D-printed
structures and can therefore be used as skins of sandwich structures. Extrusion-based 3D
printing, like fused granular fabrication (FGF), can be used to manufacture a core structure
of a sandwich. By using FGF to manufacture the core structure, these structures can be
designed with integrated electronics or radiation shielding for aerospace applications and
bonded onto the laminate in situ. This enables a compact design, e.g., satellites [4,5].

This overprinting of thermoplastic laminates has already been demonstrated [6,7]. A
prior study showed that the height of the first printed layer significantly influences the
shear strength of the bonding with a laminate [6]. A thin layer height results in improved
shear strength in comparison with a thicker layer height.

Defects in the thermoplastic laminate can lead to geometric deviations from the
ideal geometry and thus influence the bonding strength. Several defects in laminates
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manufactured by AFP are known and are schematically shown in Figure 1. When not
placed precisely enough, tapes can overlap or form gaps between them. Tapes on a double-
curved surface have to form those defects at some point. Gaps and overlaps can also occur
on the edge of a part when the ends of the tapes do not meet up perfectly. Using steering
to lay tapes on a curved path can result in wrinkles. Those defects result in a deviation
of the laminate surface from the ideal surface by the thickness of the tape. Depending on
the lay-up of the laminate, a waviness and thermal warpage add to the deformation of a
laminate [8–10].

Figure 1. Schematic depiction of AFP defects.

The multiple parameters of the AFP process make it difficult to give exact dimensions
and shape characteristics of defects due to the high degree of variability in the process. This
fact is also reflected in the results of review articles highlighting different effects of the same
defect category [11]. However, multiple studies have been published, giving information on
certain defects’ exact shape and effect. Rectangular gap defects with a width of 0.76 mm–
2.50 mm reduced the compressive strength of laminates by up to 27% [12]. Triangular gap
defects with an opening angle of 12◦ and a base width of 0.25 inches decreased tensile
strength by up to 22% [13]. A combination of multiple gap and overlap defects in one
laminate can result in decreased mechanical properties or no effect of those defects [11,14].

Since the mechanical properties of the bond between the 3D-printed structure and the
laminate is significantly influenced by the layer height of the first 3D-printed layer, and the
above-listed defects result in a deviation of the real geometry from the ideal geometry of
the laminate, it is crucial to account for those defects in the FGF process.

The repair of defects with robotic AM has been widely researched in medical engineer-
ing. Due to the restricted field of view in medical applications, tactile scanning methods
or manual reverse engineering are often used to digitalise defects [15–17]. Process chains
using optical scanning methods were only demonstrated in ex vivo applications [18,19].
Since optical scanning allows for the scanning of large areas with high scanning resolution,
it is more suitable for non-medical industrial applications. For industrial applications,
manual measuring and reverse engineering of gap defects in laminates have already been
demonstrated for high-performance composites [20]. However, inherent to this approach
are high processing times and a need for extensive manual work. Using in-process images
of parts and in-process monitoring of parameters enables the detection and correction of
defects in the 3D print using a machine-learning approach [21].

This study aimed to develop a workflow that considers the relevant defects in the
laminate for overprinting and compensates for them through adapted toolpath planning.
The effects of certain defects of AFP laminates on the bonding with AM structures are
unknown. Hence, this study was divided into two parts: Firstly, the effect of gaps and
overlaps on the shear strength of the bonding was investigated. Using these results, a
suitable resolution of a digital model could be defined as only including defects that needed
to be accounted for in the FGF process. By excluding other defects, the file size of the digital
twin could be minimal. Afterwards, a process flow was developed and tested to adjust the
geometry of the 3D-printed structure based on the defects of the thermoplastic laminate.
A constant height of the first layer needed to be achieved to realise optimal mechanical
properties of the bonding.

2. Materials and Methods

2.1. Manufacturing Facilities

For the in situ bonding of PEEK and Carbon-Fibre-Reinforced Polymer (CFRP) lami-
nates with a matrix of a polyaryl ether ketone, a DXR system developed by Hans Weber
Maschinenfabrik GmbH (Kronach, Germany) was used, and is shown in Figure 2a. It
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consists of a single screw extruder mounted on a robotic arm with six DOF. The extruder is
divided into three heating zones, which can be heated to a temperature of up to 450 ◦C.
The nozzle diameter can be set to 1 mm, 2 mm, or 3 mm. The print bed can be heated to a
temperature of up to 300 ◦C.

Figure 2. Robotic FGF system DXR (a) and AFP facility (b).

The AFP facility (AFPT GmbH, Dörth, Germany) of the DLR in Stuttgart was used
for the fabrication of the thermoplastic laminates (Figure 2b). The setup consists of a
six-DOF robotic arm with a Multi-Tape Laying Head (MTLH) as its end effector. The
MTLH is manufactured by AFPT GmbH and can lay up to 3 tapes with a width of 0.5 in
(12.7 mm) simultaneously.

2.2. Materials

The PEEK granulate TECACOMP PEEK 150 CF30 was used as a feedstock material
for the FGF process. The material, fabricated by Ensinger Plastics (Nufringen, Germany),
consists of carbon-fibre-reinforced PEEK with a fibre mass fraction of 30%. The properties
of the material are listed in Table 1. The process parameters for the FGF process are stated
in Table 2.

Table 1. Material properties of carbon fibre-reinforced PEEK [22].

Property TECACOMP PEEK 150 CF30

Density/g/cm3 1.38
Young’s modulus/MPa 17,500
Ultimate strength/MPa 190
Nozzle temperature/◦C 400–440

Bed temperature/◦C 130–160

Table 2. Used parameters of the 3D printing process for the manufacturing of specimens.

Parameter Value

Nozzle temperature/◦C 420
Temperature of heating zone1/◦C 420
Temperature of heating zone2/◦C 420

Temperature of print bed/◦C 280
Ambient temperature/◦C 30

Printing speed/mm/s 20
Layer height/mm 0.6

Nozzle diameter/mm 3.0
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The CFRP laminates were made from the unidirectional thermoplastic prepreg tape
Toray Cetex TC1225, produced by Toray Advanced Composites (Morgan Hill, CA, USA).
The prepreg has a PAEK as the matrix material. The PAEK has a lower bulk melting
temperature than PEEK and is called low-melting PAEK (LM-PAEK). The melt temperature
and glass transition temperature of the LM-PAEK are 305 ◦C and 147 ◦C, respectively. The
prepreg tapes have a fibre mass fraction of 66% [23].

2.3. Methodology

In order to develop an effective workflow for the overprinting of laminates, the
influence of the various defects in the laminate must be known, and a manageable digital
process chain for web planning must be developed. This study, therefore, consisted of two
main steps. Firstly, the influence of possible sources of defects on the joining of the 3D
print to the laminate was analysed. The focus here was on defects from the AFP process.
These were divided into local defects, in particular, gaps and overlaps, and global defects,
in particular, warpage and waviness. The error potential of digital data acquisition and
handling had to also be taken into account.

The second step followed a workflow that included measuring both the real geometry
and the compensating defects. The results of the previous series of tests determined, in
particular, which defects had to be taken into account and the necessary level of detail of
the 3D measurement. Finally, the workflow was verified using a simple test print. The
schematic structure of the study is shown in Figure 3.

 

Figure 3. Schematic structure of the study.

2.3.1. Determining the Effect of Defects

To determine the effect of certain surface defects of a thermoplastic laminate on
the bonding with additively applied PEEK, single-lap shear specimens based on ASTM
D3846-08 [24] were used. Five specimens were produced for each investigated defect.
Specimens were manufactured by printing a cuboid per specimen onto the defect of a
laminate (Figure 4b). Afterwards, the specimens were separated and notched using a disk
saw (Figure 4c).
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Figure 4. Print and test setup for single-lap shear specimens: (a) laminate before printing, mounted
on the print bed; (b) printed specimens on laminate; (c) compression test for shear specimen.

As the substrate for the printing of specimens, a laminate made from 0.5 in wide
unidirectional carbon fibre prepreg tapes with LM-PAEK as the matrix material was used.
The laminate had a [0◦/90◦]n layup and was manufactured using the AFP facility of the
DLR in Stuttgart.

Using literature [8,9] and analysis of the used laminates, three surface defects were
identified as the most common. Gaps between tapes and overlapping tapes were two of
those. Thermal stress in a laminate can result in warpage and, depending on the layup,
waviness. Gaps and overlaps can result in the laminate surface deviating from the ideal
plane by up to 0.4 mm. The waviness of a laminate can result in a deviation of up to 0.6 mm.

For this study a laminate was produced which had gaps and overlaps in various
places. The top layer intentionally missed some gaps to allow the placement of specimens
in different orientations onto defects, as shown in Figure 4a. Five specimens were printed in
an area with no identifiable defects, as a reference, and named in the following R-specimens.
Gaps and overlaps were placed parallel and orthogonal to the axis of the applied force in
specimens. For each variation, five specimens were produced and tested. Specimens with
gaps and overlaps parallel to the direction of load are named G ‖ and O ‖, respectively
(see Figure 5b). Specimens with gaps and overlaps orthogonal to the direction of load are
named G ⊥ and O ⊥ (see Figure 5a).

Figure 5. Schematic representation of specimen configuration for laminate defects. (a) Defect
perpendicular to the test direction. (b) Defect parallel to the test direction.

Global warpage or waviness of a laminate results in a global inconsistent layer height.
This can impair the bonding strength. To investigate the effect of a global warpage or a
large systematic defect, like waviness, of LM-PAEK laminates on the bonding with PEEK
in extrusion-based processes, single-lap shear specimens based on ASTM D3846-08 [24]
were produced. The toolpath was generated for the printing of specimens with a set layer
height of 0.6 mm. Since the warpage of a substrate will result in over- or underextrusion,
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the layer height was manually changed to 0.4 mm and 0.8 mm. For both variations, five
specimens were produced and tested. The specimens were notched using a disk saw.

If local or global defects need to be accounted for in the bonding process, the devi-
ation of the real geometry from the ideal geometry progresses into the AM part. When
successively changing the form of layers from the real geometry of the substrate to the
ideal geometry of the AM part, changes in layer height in the individual layers themselves
are the result. This leads to an over- and/or underextrusion, which can influence the
interlaminar shear strength of the AM part. This effect was, therefore, investigated using
single-lap shear specimens based on ASTM D3846-08 [24]. Specimens were printed with a
nozzle size of 3 mm and a layer height of 0.6 mm, which is the usual used setting. Without
changing the amount of extrusion, specimens were produced with a layer height of 0.4 mm
and 0.8 mm, resulting in an over- and underextrusion. For all variations, five specimens
were produced and tested. The specimens were notched using a disk saw.

Table 3 summarises the defects considered, their effects on the printing process, and
the corresponding tests carried out.

Table 3. AFP defects and the corresponding tests performed.

Laminate Defect Effect on Overprinting Tested Property

Gaps Local underextrusion in
the first layer

Bond strength parallel to the defect
Bond strength perpendicular to the defect

Overlaps Local overextrusion in the
first layer

Bond strength parallel to the defect
Bond strength perpendicular to the defect

Warpage/Waviness

Over-/underextruson in
the first layer
Over-/underextruson
within 3D print

Bond strength at ±0.2 mm layer height
error
Inter-laminar strength of 3D print at
±0.2 mm layer height error

Finally, data handling during path planning can also lead to deviations between the
real laminate geometry and the robot’s path planning during 3D printing. In order to
capture the real geometry of the laminate, including the defects, the geometry was scanned
in 3D. This measurement resulted in a mesh-based representation of the laminate surface.
The more precise this measurement is, the larger the amount of data. However, very fine
meshes are difficult to process in toolpath planning. It, therefore, makes sense to reduce
the resolution of the mesh and, therefore, the amount of data. This reduction in the digital
model can lead to a deviation between the real geometry and the digital model. The test
results for over- and underextrusion were used to assess which deviations and, therefore,
which data reduction can be tolerated. For this investigation, a scan of a laminate with
significant waviness was used. The number of vertices was reduced to 90%, 80%, 70%, 60%,
50%, 40%, 30%, 20%, 10%, 5%, 2%, and 1% of that in the original scan. The data sets were
then exported as .stl-files and compared to the original scan data. The maximal deviations
for each file were noted.

2.3.2. Workflow Implementation

The basic structure of the here-developed process chain is shown in Figure 6. Firstly,
the geometry of a CFRP laminate has to be digitalised. An optical scanner, GOM ATOS
5, was used for this purpose. Afterwards, the scanning data are reduced to the necessary
degree of detail using the mechanical test and used to modify the ideal geometry of the
AM structure to account for the deviations between the ideal and the real geometry of the
substrate. Using this modified geometry, a toolpath can be created. To achieve a constant
layer height in the AM process, the toolpath needs to be non-planar, utilising three degrees
of freedom of a 3D printer.
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Figure 6. Basic structure of the developed process chain.

A demonstrator was produced to validate the workflow. Two lines with a width of
3 mm and a length of 500 mm were printed onto a laminate with significant warpage and
surface waviness. One line was applied with an ideal planar geometry, while the other’s
geometry was changed using the described workflow. The height profiles of the lines were
measured to calculate the layer thickness over the length of the lines. The measurements
were then compared using a paired t-test.

2.4. Software

For the editing of 3D scanning data and .stl-files, the software GOM Inspect Suite 2020
(Carl Zeiss IQS Deutschland GmbH, Oberkochen, Germany) and Blender Version 3.4.1 by
the Blender Foundation (Amsterdam, Netherlands) was used. The toolpath was generated
using a modified version of the software Slic3r (Version 1.2.9) [25].

2.5. Testing and Statistics

The single-lap shear tests were performed using a RetroLine 1475 testing machine built
by Zwick Roell GmbH & Co. KG. (Ulm, Germany). The testing machine is equipped with
a 5 kN load cell. The testing speed was 1 mm/s. The crosshead travel and the measured
force were recorded throughout the test.

For the evaluation of the process flow, the surfaces of specimens were scanned using
a Keyence VR5000 profilometer (Keyence Deutschland GmbH Leinfelden-Echterdingen,
Germany).

An unpaired two-sided t-test was used to compare the two groups and evaluate the
effect of defects. A paired t-test was used to later evaluate the effect of the process chain on
the continuity of the layer height. p values ≤ 0.05 were considered statistically significant.
The Bonferroni–Holm correction was used to adjust for alpha errors.

3. Results

3.1. Effects of Defects

Gaps had an average width of 0.43 mm, and overlaps had an average width of 0.03 mm
with a standard deviation of 0.15 mm and 0.06 mm. R-specimens achieved a mean shear
strength of 18.87 MPa with a standard deviation of 4.78 MPa.

The adjusted p values for the comparison of the reference values with those of O
‖, O ⊥, G ‖, and G ⊥-specimens were 0.62, 0.31, 0.11, and 0.62 and thus indicated no
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statistically significant difference in shear strength between the reference specimens and
the specimens with defects. The arithmetic mean values of the shear strength of the O ‖,
O ⊥, G ‖, and G ⊥-specimens were 21.17 MPa, 23.38 MPa, 26.08 MPa, and 21.34 MPa and
are shown with the corresponding standard deviation in Figure 7.

Figure 7. Shear strength of the bonding of PEEK on certain surface defects.

An overextrusion and underextrusion resulting from a deviation of the actual layer
height from the set layer height significantly influenced the shear strength of the bond-
ing. The results of the mechanical tests are shown in Figure 8 and indicate an effect of
−18.28 MPa mm−1.

Figure 8. Effect of under-/overextrusion on the shear strength of the bonding of PEEK on PEEK/CF-
laminates.

The effect of over- and underextrusion is shown in Figure 9 and was determined to be
−54.45 MPa mm−1.

34



J. Manuf. Mater. Process. 2024, 8, 147

Figure 9. Effect of over- and underextrusion on the interlaminar shear strength in 3D-printed
structures out of CF-PEEK.

3.2. Process Flow to Account for Surface Defects
3.2.1. Conceptualizing the Process Chain

To compensate for surface defects of laminates while in situ bonding with PEEK in the
FGF process, the following process flow (Figure 10) was used:

Firstly, a laminate was held on the print bed using vacuum bagging and was heated to
280 ◦C. A GOM ATOS 5 was then used to scan the laminate’s surface, creating a point cloud.
The scanning setup is shown in Figure 11. To include reference points in the scan, the
tip of the extruder was positioned in three different positions near the laminate’s surface,
and is also scanned, which can be seen in Figure 12b. Using the robotic arm software, the
coordinates of these reference points could be noted and later used to transform the point
cloud coordinates using the GOM Inspect Suit software. Besides the laminate’s surface,
the scan also included the surrounding print bed and extruder parts, as seen in Figure 12a.
By deleting these, only the laminate’s surface was left, and the file size was reduced. The
cleansed scan is shown in Figure 12c. To further reduce the amount of data, the GOM
Inspect Suit software can be used to set a specific number of points used to describe the
scanned surface.

Points were not distributed evenly. The point cloud was denser in areas of high detail.
Gaps and overlaps are local defects, and thus, more points are necessary to describe those
areas. Warpage and waviness of laminates affect the geometry of the whole laminate but
still allow a continuous surface in contrast to gaps and overlaps.

Considering that gaps and overlaps do not have a significant influence on the bonding
of PEEK on the laminate, these defects did not have to be accounted for in the described
process flow and, thus, did not need to be included in the digital twin. By reducing
the number of points used to describe the laminate surface, small details like gaps and
overlaps are removed while preserving more global defects like warpage and waviness of
the laminate.

To evaluate the effect of the reduction in vertices, scan data of the laminate shown in
Figure 12c was used to compare .stl-files of the original scan with .stl-files with reduced
vertices. Down to a reduction of 40% of the original number of vertices, no deviation
was measurable, as shown in Figure 13d. When reduced to 10% of the original data, an
.stl-file showed local deviations of up to ±0.01 mm (Figure 13c). Those deviations increased
to ±0.02 mm when reducing the data to 5% (Figure 13b). At 1% of the original number
of vertices, the deviations extended over larger areas and amounted to up to ±0.05 mm
(Figure 13a).
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Figure 10. Process flow used in this study.

 
Figure 11. Scanning of a laminate on the print bed.
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Figure 12. Scan of the laminate on the print bed: (a) unedited, (b) extruder tip included in the scan,
and (c) cleaned scan data.

Figure 13. Geometric deviations of .stl-files from an original geometry when reduced to (a) 1%,
(b) 5%, (c) 10%, and (d) 40% of the original amount of data.

Using these results and the effect of under-/overextrusion (see Section 3), an expected
reduction in shear strength when reducing the number of vertices of an .stl-file could be
estimated. The corresponding diagram is shown in Figure 14. Since the effect of over- and
underextrusion was greater on the interlaminar shear strength of the AM part, this effect
was used in the model shown in Figure 14.
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Figure 14. Geometric deviations of a scan from the real geometry dependent on the relative reduction
in vertices in an .stl-file and the subsequent change in shear strength of the bonding of PEEK on
planar CF/PEEK laminates.

Dependent on the required mechanical properties of a part, Figure 14 can be used to
lower the resolution of an .stl-file to ease the further use of the data without risking the
impairment of the bonding strength in an unsuitable manner.

The digital twin of the laminate can then be exported as an .stl-file and imported in the
software blender together with the geometry of the structure to be 3D printed, the so-called
core geometry. When designing the core geometry, attention should be paid to placing the
geometry on the xy-plane and letting it extend in z-direction. Using the ‘Boolean’ operator,
the digital twin of the laminate can be used to remove everything from the core geometry
above the laminate surface. The modified core geometry can then be exported as an .stl-file.

To generate the toolpath for the 3D printer, a modified version of the software Slic3r
is used. This slicer divides the part into two parts: one printed using a traditional planar
toolpath and the other printed using a nonplanar toolpath. The planar printed segment
functions as a scaffolding for the nonplanar top layers. By deleting the planar scaffolding,
a purely nonplanar toolpath can be achieved easily and exported as a .gcode-file.

The robotic FGF system of the DLR requires a postprocessor to convert the .gcode-file
into a .dxr-file, which is specific to the system. Lastly, the toolpath needs to be shifted in
the z-direction since the top layer of the modified core geometry is at the same height as
the laminate surface. The distance the toolpath needs to be shifted depends on the number
of layers and the layer height.

3.2.2. Testing the Process Flow

A demonstrator was manufactured to evaluate the benefit of the developed process
flow. It consisted of two 3 mm wide lines, which were printed onto a laminate. The laminate
had a unidirectional layup, resulting in a substantial waviness of the surface, as shown in
Figure 12c. To compare the profile of the laminate with that of the 3D-printed lines, the
demonstrator was scanned using the Keyence VR-5000 profilometer. Figure 15a shows the
3D surface scan of the demonstrator. The profile of the laminate was measured between the
two printed lines. Based on the scan shown in Figure 12c, it was assumed that the profile
of the laminate between the lines was similar to that under the lines. In Figure 15b, the
profile of the uncorrected line is shown. It can be seen that in places where the laminate is
elevated, the layer height of the 3D print is thinned. The result of the corrected toolpath
is shown in Figure 15c. The layer height is more constant compared with the uncorrected
line.
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Figure 15. Data of a scan of the demonstrator with the profilometer VR-5000: (a) surface scan of the
demonstrator, (b) surface profiles along a line on the laminate (black) and the printed structure (grey)
without usage of the process flow, and (c) surface profiles along a line on the laminate (black) and the
printed structure (grey) with the usage of the process flow.

4. Discussion

Preliminary studies [4] have shown that the thickness of the first 3D-printed layer
is decisive for the shear strength of the bonding on the laminate. The influence of layer
thickness on the mechanical properties of 3D-printed PEEK had already been researched
and found to be significant [26]. Ref. [27] was able to show, both experimentally and
simulatively, that initial contact is an essential component of bond formation in 3D printing.
These results are in good agreement with the experiments on over- and underextrusion
shown in this study. Gaps and overlaps of tapes led to a local deviation from the target
layer height. Therefore, the bonding has to be impaired in these areas. A form closure
which improves the relative shear strength could be possible but can only be proven by
further testing with a high sample size. The results of the single-lap shear tests had, in
relation to the mean value, a high standard deviation of 3.12 MPa on average. With a
significance value of 0.05 and a statistical power of 0.8, a sample size of 156 specimens
would be required to detect a difference of 1 MPa between two groups with statistical
significance. It is still important to note that even with no significant influence of gaps
and overlaps of tapes on the strength of the bonding with PEEK, a layer height which
is smaller than the tape thickness would lead to a collision of the extruder with the part.
Further, it could be possible that the investigated effects of defects increase with smaller
nozzle diameters. Further research is needed to characterise the effect of defects with their
spectrum of different shapes and characteristics. This includes, in particular, investigating
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the effects of defects on curved structures and more complex dynamic profiles of path
planning. The investigations must also be extended to other material systems in order to
be able to use the process on a large scale.

The principle suitability of the developed process chain was demonstrated in this
study. By using open-source software for the editing of .stl-files and for generating the
toolpath, this process flow is adaptable for a variety of FFF/FGF-machines, and costs are
reduced. It was possible to adjust for the waviness and general warpage of a laminate with
the developed process flow, as shown in Figure 9. This can be used to realise layer heights
smaller than the height of a defect without the risk of a collision between the print head
and substrate.

Reducing the detail of a scan reduces the file size, easing further data processing.
However, reducing the detail of a scan increases the deviation from the ideal geometry,
which can negatively influence the bonding of PEEK on the laminate. The software GOM
Inspect Suite can be used to compare the original scan with the edited data, which allows
one to estimate the change in bonding strength.

The used slicing software is only capable of generating a toolpath with three DOF,
thus only being usable to account for small defects on a planar laminate. Using other
toolpath-generating software, like AI Sync, all six degrees of freedom of the robotic arm
can be utilised to orient the nozzle always orthogonal to the substrate. Furthermore, more
advanced software can be used to adjust the toolpath successively to an ideal geometry.
This is to prevent the surface defects of the laminate from progressing in other regions
of a part. However, it is noteworthy that the used software, excluding those specific to
hardware, was open-source and, thus, enables the applicability of the proposed workflow
to a variety of AM processes. The part of the workflow used to compensate surface defects
and generate a toolpath uses .stl-files as input, and .gcode-files are used as output. Thus,
this process chain is adaptable for using any surface measuring system that can export
the collected data as an .stl-file and with any robotic manufacturing system that accepts
.gcode-files as an input.

Current systems for the compensation of substrate defects in 3D printing are either
integrated into specific products, and thus expensive and hard to modify, or require
extensive manual data collection and processing [20,28]. Future research should focus on
automating the presented workflow and integrating multiple systems into one software
solution. An algorithm for deleting defects, which do not need to be compensated for,
out of the data set, without lowering the resolution of the data set in general, might be
necessary when overprinting complex curved surfaces.

5. Conclusions

In this thesis, a novel process chain for the overprinting of AFP laminates is proposed,
which takes into account, and compensates for, surface defects in the FGF process. For this
purpose, the different defects that occur in AFP laminates were first analysed with regard
to their effect on overprinting in the FGF process. It was shown that deviations from the
set layer height, which result in an underextrusion of the first layer, lead to a weakened
bond between FGF-printed structures and laminates. This effect mainly occurs with global
defects such as warpage or waviness. However, the results of this work show that gaps
and overlaps of tapes in AFP laminates have no significant influence on the bond strength
despite the unavoidable local deviation from the target layer height. Overall, there are
three main factors that must be taken into account for toolpath planning:

• Global underextrusion due to excessive distance between the nozzle and the laminate
in the order of the layer height leads to poor bonding;

• Local defects such as gaps and overlaps have no significant influence on bonding;
• Recording the real geometry and taking it into account in the path planning is essential

for a stable process.

A global deviation from the ideal geometry could be successfully compensated with
the help of 3D scanning of the real geometry of an open-source software for path plan-

40



J. Manuf. Mater. Process. 2024, 8, 147

ning. The workflow was visualised on a wavy surface, which led to a significantly more
constant layer height. By keeping the layer thickness and the extrusion ratios constant on
flawed surfaces, the presented workflow is suitable for implementing a stable process on
large structures.

The demonstrated process chain is adaptable for a variety of AM methods where a
constant distance between the print head and the substrate is required to control a part’s
properties. For non-planar parts or more complex defects, software utilising all six DOF of
a robotic arm must be used, which will be the subject of further study.
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Abstract: Hybrid manufacturing processes integrate multiple manufacturing techniques to leverage
their respective advantages and mitigate their limitations. This study combines additive manufactur-
ing and injection molding, aiming to efficiently produce components with extensive design flexibility
and functional integration. The research explores the interfacial fusion bonding of hybrid additively
manufactured components under torsional loading. Specifically, it examines the impact of various
surface treatments on injection molded parts and the influence of different build chamber tempera-
tures during additive manufacturing on torsional strength. Polycarbonate components, neat, with
glass or carbon fiber-reinforcement, are produced and assessed for dimensional accuracy, torsional
strength, and fracture behavior. The findings emphasize the critical role of surface treatment for the
injection molded components before additive manufacturing. Additionally, the study identifies the
influence of chamber temperatures on both dimensional accuracy and torsional strength. Among
all investigated materials, plasma-treated neat samples exhibited the best torsional strength. The
torsional strength was increased by up to 87% by actively heating the build chamber to 186 ◦C for
neat polycarbonate. These insights aim to advance the quality and performance of hybrid additively
manufactured components, broadening their application potential across diverse fields.

Keywords: composites; additive manufacturing; fused filament fabrication; hybrid materials; injection
molding; interface bonding; mechanical characterization; torsion

1. Introduction

Hybrid manufacturing utilizes multiple manufacturing techniques to produce a com-
ponent, strategically leveraging the advantages of each method. Combining additive
manufacturing (AM) and injection molding (IM) opens new possibilities for producing
complex parts and has gained increasing importance. This combination allows for the
productivity and precision of IM to be paired with the design freedom of AM. In recent
years, hybrid manufacturing processes that combine AM and IM have garnered interest
across various industries [1,2].

In integrating AM structures as inserts in IM processes, complex or lightweight struc-
tures are created using AM and placed into IM tools before injecting liquid material. These
inserts can enhance the strength and stiffness of the final IM component without signifi-
cantly increasing its overall weight [3]. Additionally, hybrid manufacturing methods can
be employed to repair existing parts, where defective or worn-out sections are repaired or
supplemented with metal or plastic, enabling the reuse of components with economic and
environmental benefits [4–7].

Another application area is printing on IM parts with structurally optimized or func-
tionally integrated features. AM techniques are used to add additional structures to already
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molded parts, referred to as substrates. These AM structures can include reinforcements [8],
cooling channels, or sensors integrated into the component [9,10], enabling the production
of complex parts that are both lighter and more functional [11].

Regardless of the application and production process, the bonding between the IM
part and the AM structure is crucial for the quality of the manufacturing process [12,13].
To understand how the printed material adheres to the substrate, the interactions at the
material surfaces must be considered, primarily involving adhesion and diffusion processes.
A high adhesion strength between the substrate surface and the first printed layer correlates
with good wettability [14]. A well-wettable surface achieves a larger contact area between
the plastic melt and the solid surface, promoting diffusion processes at the interface.
During the printing process, the surfaces of the substrate and the molten filament each
possess a specific energy due to the free bonds on the surfaces. The stronger these free
bonds, the higher the surface energy of the materials and the greater the tendency for
adhesion, resulting in better bonding. Thus, higher surface energy leads to better adhesion
between the AM and the IM part. Good adhesion can only be achieved if molecular
segments at the respective surfaces of the substrate and AM structure interact, requiring a
similarity in the strength and nature of the molecular forces at both surfaces [15,16].

The energy of plastics is structurally low [15], but wettability can be improved by
increasing surface energy, as seen in plasma treatments. Plasma, an ionized gas consisting
mainly of positively charged ions and free electrons, can split chemical bonds on the surface
and create new functional groups, altering the surface’s chemical properties [17,18].

Penter et al. [12] demonstrated the effectiveness of plasma using modified tensile
tests, where a plasma-treated IM plate was subsequently printed using the fused filament
fabrication process. A smaller contact angle indicated increased surface energy, confirmed
by higher mechanical properties in the tensile test.

The second phenomenon relevant to bonding between the IM part and the AM
structure is diffusion [19]. Plastics already possess a certain permeability for liquids
and gases due to the free volume between macromolecules. When plastics are heated,
the mobility of the molecules increases, allowing adjacent molecules of the plastic melt to
diffuse across the interface. The exact diffusion rate depends on various factors, such as
temperature and time. Better interfacial bonding between the IM part and the AM structure
can be achieved by increasing the build chamber temperature, thus enhancing molecular
mobility and slowing the cooling of the extruded melt, giving the molecules more time to
diffuse [20–22].

Various mechanical tests can be employed to characterize the adhesion between two
layers. According to Grellmann and Seidler [23], these tests can be categorized based on
the type of stress applied: tensile, compressive, bending, torsional, and shear stress. This
work focuses exclusively on torsional stress.

In the study by Gong et al. [24], a hybrid manufacturing process combining AM
and IM was investigated to improve the mechanical properties of acrylonitrile butadiene
styrene (ABS) samples. Additively manufactured ABS inserts were placed in a T-shaped
injection mold before the casting process. The study found that hybrid samples, especially
those with a T-shape and a medium filling density of 50%, exhibited improved strength
and potential cost savings in producing customized products.

Moritzer et al. [8] aimed to enhance the strength and stiffness of thin-walled plastic
components. These components often have poor mechanical properties, so the thin-walled
areas were reinforced with specially adapted structures using fused filament fabrication.
The material used was the high-performance thermoplastic polyetherimide. Tensile, com-
pressive, bending, and torsion tests were conducted to determine the static strength proper-
ties. The resulting hybrid structure exhibited higher strength or stiffness depending on the
reinforcement structure’s shape compared to components without reinforcement structures.
While following existing DIN standards for tensile, compressive, and bending tests, they
developed a unique approach for torsion testing, fixing the test specimen in a special device
and loading it in a screw testing machine until failure.
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Weaver et al. [25] characterized the interface of a hybrid component by the first
part being wrought and then building the second part using AM. Although a powder-
bed-based method was used instead of filament printing, interlayer adhesion remained
crucial. The test specimens had threaded ends to apply torque during torsion testing,
revealing that the additive part generally had higher strength and lower ductility than the
rolled specimens. No failure occurred at or near the interface between the rolled substrate
and the AM material, highlighting the potential of AM for adding features or repairing
existing structures.

The study by Guo et al. [26] explores the use of ultrasonic additive manufacturing
to create high-strength joints between carbon-fiber-reinforced polymer and aluminum
alloy for vehicle structures. The process enabled the embedding of carbon fibers into an
aluminum matrix, resulting in improved mechanical performance. The hybrid structures
were tested in four-point bending, dynamic axial crush, and quasi-static torsion tests.
The results demonstrated that UAM-based joints exhibit 13% higher peak torque and fail
by a gradual shearing of the interface and thus allow structural integrity compared to
conventional riveted joints.

2. Research Question

Despite the extensive research on hybrid AM, there remains a significant gap in
the fundamental understanding of the adhesion mechanisms between AM structures
and IM parts. The previous studies assume good adhesion between the components
but have not isolated the adhesion scenario. The systematic investigation of interface
bonding between AM and IM parts is crucial. This research aims to address this gap
by conducting a detailed and systematic investigation of the interface bonding between
AM and IM parts. Unlike previous studies, which have largely focused on the overall
performance of hybrid components, this work isolates the adhesion process to uncover the
underlying mechanisms that govern the strength and reliability of the bond. Therefore,
this research provides fundamental insights into the adhesion mechanisms, which are
crucial for enhancing the reliability and performance of hybrid manufactured components.
These insights not only contribute to the existing body of knowledge but also enable the
development of innovative solutions for a wide range of applications, thereby advancing
the field of hybrid manufacturing.

This study investigates the influence of various surface treatments on the IM substrate
and the effect of different build chamber temperatures during AM. The primary focus is on
how these factors impact the strength and adhesion quality between the IM and AM layers
by means of torsion tests and fracture analysis. The specific research questions addressed
in this study are:

• How do different surface treatments of the IM substrate affect the torsional strength
of the hybrid component?

• How do varying chamber temperatures during hybrid manufacturing affect the tor-
sional strength of the hybrid component?

• How do these factors influence the fracture patterns observed in torsion tests?

The study involves a series of torsion tests to evaluate the adhesion quality under
different conditions, followed by a detailed analysis of the resulting fracture patterns to
understand the failure mechanisms at the interface.

3. Materials and Methods

3.1. Materials

This study used three material combinations: polycarbonate (PC) printed segment
onto PC IM substrate, glass-fiber-reinforced PC (G-PC) printed segment onto G-PC IM
substrate, and carbon-fiber-reinforced PC (C-PC) printed segment onto C-PC IM substrate.
The PC IM substrate plates were produced from XANTAR 18 UR-PC granulate provided
by Mitsubishi Engineering-Plastics Corporation (Minato City, Japan), while the printed
segments were created using PolyLite PC filament from Polymaker (Changshu, China),
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with a diameter of 1.75 mm. DAHLTRAM C-250GF granulate from Airtech Europe Sarl
(Differdingen, Luxemburg), which contains 20% glass fiber, was utilized for the G-PC sub-
strate plates. Ultrafuse PC GF30 filament from BASF (Ludwigshafen, Germany), featuring
a 1.75 mm diameter, was used for the printing. The C-PC substrate plates were made
using DAHLTRAM C-250CF granulate from Airtech, which has a 20% carbon fiber content,
and the AM structures were produced with CarbonX Fiber ezPC filament, also 1.75 mm in
diameter, from 3DXTech (Grand Rapids, MI, USA).

3.2. Differential Scanning Calorimetry (DSC)

Prior to sample fabrication, the base materials were analyzed using DSC. A DSC Q200
device and an RCS90 cooling unit from TA Instruments (New Castle, DE, USA), were
employed to determine the materials’ glass transition temperature (Tg). This temperature
is crucial for sample production as the experimental series investigated manufacturing
at various build chamber temperatures in relation to Tg. Two filament samples and two
granulate samples were analyzed for each material type (PC, G-PC, and C-PC). Each sample
underwent two heating cycles from 30 ◦C to 200 ◦C at a rate of 10 K/min. Only the second
cycle was used for evaluation, as it eliminated effects such as residual stresses or moisture
in the material. Tg was determined according to DIN EN ISO 11357-2 [27].

3.3. Sample Preparation

Before manufacturing the samples, it was necessary to dry both the granulate for the
IM substrate parts and the filaments for the printed segment. A Memmert UF 110 Plus
universal oven was used for this purpose, and it was also employed to dry the three
granulates before IM and the plates directly before printing. As recommended by the
manufacturers, the drying process was carried out at 120 ◦C for at least four hours.

The substrate plates were manufactured using an ENGEL (Schwertberg, Austria),
tie-bar-less injection molding machine VC 330/90 tech. The injection unit was equipped
with an all-purpose 35 mm screw, heated by four independent zones, with a temperature
range of 315 ◦C to 330 ◦C from the feeder to the nozzle. The nozzle itself was maintained
at a constant temperature of 315 ◦C. Following the injection of molten material into the
heated tool at a temperature of 105 ◦C, the injection unit applied back pressure for a period
of 25 s until the injection gate was frozen. The back pressure was 700 bar. Subsequently,
the injection unit plasticized a second shot, which was then cooled for 8 s. During this time,
the injection unit detached from the tool, enabling the tool to open and the press side to
eject the plate. Thereafter, the sprue was removed using a band saw to prepare the plates
for the subsequent AM process.

To investigate the influence of different surface treatments on the substrate plates’ inter-
facial bonding, the substrate plates underwent sandblasting, manual sanding, and plasma
treatment, with untreated plates serving as a reference.

For sandblasting, a Sandmaster AG (Zofingen, Switzerland) machine was used with
glass beads sized between 90 μm and 150 μm as the abrasive medium, applied at a pressure
of 3 bar. Manual sanding was performed using 180-grit sandpaper, involving circular
motions with even pressure until a visually homogeneous roughness was achieved. These
processes aimed to increase surface roughness by removing material from the plates’
surfaces. After the respective surface treatment, each sample was cleaned with compressed
air and isopropanol to remove any abrasive residues and ensure precise measurement
of the achieved surface roughness. The final method, plasma treatment, employed the
piezobrush PZ3 plasma pen from relyon plasma GmbH. The standard module, suitable for
non-conductive substrates like plastics, treated the PC and G-PC plates, while the nearfield
module, designed for conductive materials, was used for the C-PC plates. The plasma
treatment was manually conducted by holding the plasma pen at full intensity over the area
where an AM sample would later be printed for 30 s per interface. In this case, the substrate
plates were cleaned with isopropanol before the plasma treatment.
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Moreover, four different chamber temperatures were examined: no active tempering
(T0), Tg (T1), Tg + 20 ◦C (T2), Tg + 40 ◦C (T3).

The test specimens were fabricated using the filament printer GEWO Performer 260
(Woerth/Hoerlkofen, Germany). The slicing software Simplify3D (version 4.1.2) was
used to prepare the print files. The specific printing parameters are listed in Table 1.
The geometry of the specimens, with a height of 11 mm and base diameter of 10 mm, is
shown in Figure 1.

Table 1. Printing parameters.

Parameter Value

Nozzle diameter 0.4 mm
Layer width 0.4 mm
Layer height 0.2 mm

Heatbed temperature -
Nozzle temperature PC 260 ◦C

Nozzle temperature G-PC 300 ◦C
Nozzle temperature C-PC 270 ◦C

Figure 1. Geometry of the hybrid sample.

3.4. Roughness Measurement and Fracture Behavior

To determine the average surface roughness (Ra) of both treated and untreated
injection-molded plates, as well as for the subsequent analysis of fracture patterns and
their maximal roughness value Rz, a Keyence VR-5000 profilometer (Osaka, Japan) was
used. Multiple line roughness measurements were taken in both vertical and horizontal
directions along 22 lines on three randomly selected sample plates.

3.5. Dimensional Accuracy

To assess the accuracy of the printing process, all printed specimens were measured
once using a digital caliper with an accuracy of ±0.03 mm. The measurements included
the height of the specimens and the diameter of the first printed layers.

3.6. Torsion Test

The torsion tests were conducted using the ElectroPuls E10000 Linear-Torsion machine
from Instron GmbH (Darmstadt, Germany), equipped with a load cell capable of measuring
up to 25 Nm. The tests were performed using the manufacturer’s WaveMatrix 2 materials
testing software. A pre-load tensile force of 1 N was applied. The AM part of the hybrid
specimen was rotated at a rate of 1 ◦/s until it reached an angle of 360◦ or until the test
was manually stopped upon failure. Five samples per configuration were tested. Figure 2
shows the test setup, including the adapter.
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Figure 2. Torsion test set-up.

4. Results

4.1. DSC

Table 2 presents the arithmetic mean of Tg for each material (PC, G-PC, and C-PC) and
material form (substrate and filament). A comparison of the average Tg between granulate
and filament of the same material reveals a maximum difference of 35 ◦C for PC, while the
difference for G-PC is 7 ◦C and 3 ◦C for C-PC.

Table 2. Glass transition temperature Tg of PC, G-PC, and C-PC substrate and filament, respectively,
as measured with DSC.

Substrate Filament
Tg [◦C] Tg [◦C]

PC 146 111
G-PC 149 142
C-PC 149 146

4.2. Roughness Measurement

The results of the surface roughness analysis, categorized by material and surface
treatment, are displayed in Figure 3. The arithmetic mean of the Ra values and the standard
deviation are shown. Untreated PC plates had the lowest roughness at 38.6 μm. Manual
sanding increased the roughness of PC substrates to 81.4 μm, and sandblasting further
increased it to 296.4 μm. An opposite trend was observed for fiber-reinforced plates: un-
treated plates had the highest roughness. Surface treatments reduced roughness, with G-PC
substrates showing a reduction of 10.6% after manual sanding and 10.9% after sandblasting.
For C-PC plates, sanding resulted in a decrease of 1.7%, and sandblasting led to a decrease
of 0.3%.
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Figure 3. Average roughness value Ra of PC, G-PC, and C-PC for surface treatments no treatment
(NT), sandpaper (SP), and sandblasting (SB).

4.3. Dimensional Accuracy

The measurement results of the height and base diameter of the printed segment
are graphically presented in Figure 4. The red dotted horizontal line indicates the target
dimension of 14 mm for the height and 10 mm for the base diameter. For all materials, it
was observed that height decreased and base diameter increased with rising build chamber
temperature. Samples of the same material printed at the same build chamber temperature
showed consistently low variations, regardless of the surface treatment.

For PC, the highest geometric accuracy in height was observed at Tg. Deviations from
the target value were −2.6% for PC, −1.0% for G-PC, and −2.7% for C-PC. An unheated
build chamber provided the second-best accuracy for PC and C-PC, while for G-PC, a build
chamber temperature 20 ◦C above Tg was optimal. The lowest heights for all materials were
recorded at 40 ◦C above Tg, with deviations of −8.7% for PC, −4.8% for G-PC, and −4.9%
for C-PC. Overall, the fiber-reinforced samples showed smaller deviations compared to the
neat PC samples.

Regarding the diameter of the first printed layers, the highest accuracy was achieved
in an unheated build chamber, with accuracy decreasing as the temperature increased.
The smallest deviation for PC was +0.9%, for G-PC +1.3%, and for C-PC +2.1%. PC
samples consistently exhibited the highest deviation at higher temperatures, while C-PC
samples had the smallest deviation among the materials tested.
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Figure 4. (a) Height h and (b) base diameter d measurements of PC, G-PC, and C-PC for chamber tem-
peratures T0–T3 with the target dimensions of 14 mm for the height and 10 mm for the base diameter
marked as dashed red lines.
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4.4. Torsion Test

The results of the torsion tests are presented in Tables 3–5. The lowest torsional stress
and failure angle in PC samples were observed for samples printed in an unheated chamber.
The failure angle of the samples for all treatments increased until chamber temperature T2.
Untreated and plasma-treated samples printed at T2 showed the highest torsional stress
before decreasing for samples printed at T3. The samples with sandblasted and sanded PC
plates showed an increase in strength for samples printed up to T1, followed by a decrease
for samples printed up to T3.

Table 3. Average (x̄) and standard deviation (σ) of torsional stress (τ) and failure angle (α) of PC
samples printed at chamber temperatures T0–T3 and surface treatments no treatment (NT), plasma
(PL), sandpaper (SP), and sandblasting (SB).

T0 T1 T2 T3

τ α τ α τ α τ α
[N/mm2] [°] [N/mm2] [°] [N/mm2] [°] [N/mm2] [°]

NT x̄ 4.95 7.61 36.70 32.83 39.05 40.37 25.30 25.37
σ 1.68 2.73 4.05 4.30 1.73 4.39 5.23 13.52

PL x̄ 12.84 16.90 37.16 26.87 37.26 45.69 33.99 39.61
σ 2.91 3.52 5.12 6.34 3.53 4.50 2.28 7.44

SP x̄ 1.96 2.92 37.41 31.83 34.56 37.60 28.01 25.14
σ 0.78 1.49 1.47 4.00 1.32 5.13 5.28 4.89

SB x̄ 3.08 5.26 32.47 28.09 29.13 39.90 24.38 25.14
σ 2.57 2.02 4.01 6.09 4.57 4.59 6.86 8.63

Untreated, plasma-, and sandpaper-treated G-PC samples showed maximal torsional
stress for samples printed at T3. The samples with the sandblasted G-PC substrate exhibit
the maximal strength printed with chamber temperature T2. Higher chamber temperatures
reduced the results’ scatter. The fracture angles for G-PC samples also increased with
chamber temperature, from an average of 4.30◦ for samples printed in an unheated chamber
to 31.35◦ for samples printed at the highest temperature.

Table 4. Average (x̄) and standard deviation (σ) of torsional stress (τ) and failure angle (α) of G-PC
samples printed at chamber temperatures T0–T3 and surface treatments no treatment (NT), plasma
(PL), sandpaper (SP), and sandblasting (SB).

T0 T1 T2 T3

τ α τ α τ α τ α
[N/mm2] [°] [N/mm2] [°] [N/mm2] [°] [N/mm2] [°]

NT x̄ 17.46 6.50 36.53 18.12 35.45 20.72 38.51 29.75
σ 10.71 4.59 4.80 4.72 2.23 4.49 1.61 5.54

PL x̄ 18.64 8.39 36.08 16.00 34.34 13.76 38.89 29.93
σ 5.59 2.97 1.88 2.59 1.50 2.73 2.45 3.64

SP x̄ 8.37 4.30 35.99 14.01 35.63 18.70 37.27 31.35
σ 2.34 1.72 2.18 1.31 2.49 3.26 1.59 2.78

SB x̄ 14.07 5.59 31.90 14.68 36.93 18.32 33.72 24.98
σ 8.83 4.89 9.90 5.91 2.25 1.85 1.64 3.33

The C-PC samples’ lowest strength and failure angle were also observed at T0. The max-
imal failure angle for all treatments was at chamber temperature T3. The samples with
untreated and plasma-treated substrates showed the highest torsional stress at T3, while
sandpaper-treated and sandblasted samples peaked at T2.

50



Polymers 2024, 16, 2719

Table 5. Average (x̄) and standard deviation (σ) of torsional stress (τ) and failure angle (α) of C-PC
samples printed at chamber temperatures T0–T3 and surface treatments no treatment (NT), plasma
(PL), sandpaper (SP), and sandblasting (SB)

T0 T1 T2 T3

τ α τ α τ α τ α
[N/mm2] [°] [N/mm2] [°] [N/mm2] [°] [N/mm2] [°]

NT x̄ 10.72 10.33 30.27 15.43 30.83 17.43 31.35 22.53
σ 3.05 3.52 1.83 2.14 3.51 5.48 3.60 3.03

PL x̄ 13,67 6.10 31.51 16.23 30.22 17.18 32.11 22.62
σ 5.11 6.10 1.69 1.77 0.92 2.40 1.27 2.96

SP x̄ 7.42 7.54 23.66 16.90 31.03 15.96 24.93 17.26
σ 4.52 5.38 0.84 1.09 0.60 2.66 2.23 6.01

SB x̄ 9.63 2.64 28.61 14.39 30.82 18.97 29.85 22.78
σ 3.91 0.89 2.64 2.64 2.60 3.58 2.08 3.11

4.5. Fracture Behavior

Figure 5 shows representative fracture surfaces of plasma-treated substrates arranged
from left to right in order of increasing build chamber temperature. The fracture surface
roughness for all materials increased with rising build chamber temperature. In PC samples,
a spiral shape was visible on the fracture surfaces. The maximal roughness value Rz of the
respective circular fracture surface are shown in Table 6. It is evident that the roughness
consistently increases with temperature, being highest in PC and lowest in C-PC. While the
roughness from T0 to T1 increases approximately two to four times, the difference among
the three higher temperatures is comparatively small.

Figure 5. Representative fracture surface of plasma-treated (a) PC, (b) G-PC, and (c) C-PC for chamber
temperatures T0–T3.

Table 6. Maximal roughness value Rz of the representative fracture surface of plasma-treated PC,
G-PC, and G-PC for chamber temperatures T0–T3 in μm

PC G-PC C-PC

T0 611 μm 285 μm 22 μm
T1 1952 μm 608 μm 44 μm
T2 2096 μm 634 μm 50 μm
T3 2108 μm 642 μm 92 μm
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5. Discussion

To determine Tg, both granulate and filament underwent DSC analyses. The PC filament
displayed a Tg that was 34.2 ◦C lower than that of the granulate, attributed to additives that
improve printability. Consequently, the build chamber temperature T3 was already 74.2 ◦C
above the filament’s Tg, leading to poor dimensional accuracy of PC samples.

The surface roughness analysis showed that sandblasting created a rougher surface
on PC than manual sanding, likely due to the fine 180-grit sandpaper used. The G- and
C-PC substrates initially have a higher roughness as a result of their fiber reinforcement.
The roughness of glass-fiber-reinforced plates decreased with sanding and sandblasting.
This might be because the fibers form a harder surface than the PC matrix material, making
them less susceptible to abrasion. Carbon fibers, being harder than glass fibers, showed
less reduction in roughness from surface treatments.

The dimensional accuracy analysis revealed that the height of all three materials
decreased and the base diameter increased with rising temperatures, regardless of surface
treatment. The smaller deviations in fiber-reinforced materials can be attributed to the fiber-
reinforcement and the lower Tg of the PC filament. For PC, the build chamber temperature
T1 was already 35 ◦C above the filament’s Tg, whereas the differences were significantly
smaller for G-PC and C-PC.

Torsion tests on PC samples indicated that the interfacial strength increased until a
chamber temperature of T2. Beyond this critical temperature, both the torsional stress and
fracture angle decreased. This suggests that both the thermal behavior of the injection-
molded granulate and the filament are crucial for interfacial strength. The high build
chamber temperature for the filament caused significant geometric deviations and reduced
mechanical properties, likely due to filament degradation. For PC, the sanded samples
in a heated chamber consistently performed better than sandblasted ones. Untreated and
plasma-treated samples generally showed the highest mechanical properties. Sanding
and sandblasting introduced microstructures and irregularities, leading to local stress
concentrations and lower mechanical properties. The higher roughness of sandblasted
samples compared to sanded ones resulted in lower fracture moments. Plasma treatment
tended to increase strength, aligning with findings from Penter et al. [12], by activating the
surface and improving wettability, leading to better adhesion.

G-PC samples, similar to PC, showed higher strength in untreated and plasma-treated
specimens, with the highest strength achieved at T3. However, there were minimal differ-
ences between the fracture moments, likely due to similar Ra values.

Comparing the results across the three materials, PC samples achieved the highest
strength of 39.05 N/mm2 with untreated samples printed with chamber temperature T2,
followed by G-PC samples with a maximum of 38.89 N/mm2 for plasma-treated samples
printed with T3. Neat materials achieved lower maximal torsional stress: 32.11 N/mm2

for (plasma-treated and printed with chamber temperature T3) and 9.0 Nm for C-PC
(plasma-treated and printed with chamber temperature T3). The carbon fibers appeared
to negatively impact torsional strength. The previous studies by Tekinalp et al. [28] and
Liao et al. [29] showed that fibers increase strength in tensile and bending tests when
aligned with the printing and loading directions. In this study, the printing direction and,
thus, the fiber orientation differed. The filament paths were laid in concentric circles around
the hybrid specimen’s longitudinal axis, aligning fibers parallel to the interface and along
concentric circles around the longitudinal and torsional axes. This likely resulted in lower
fracture moments due to asymmetric stress distributions, as described by Du et al. [30].
Multiple studies have shown that crack propagation in fiber-reinforced plastics under shear
and torsional loads mainly occurs through delamination at the fiber–matrix interfaces,
explaining the lower torsional strength of carbon-fiber-reinforced composites compared to
PC parts.

Furthermore, glass and carbon fibers have higher stiffness and strength than the PC
matrix, leading to a more brittle failure behavior of the samples. This behavior was evident in
the optical analysis of fracture surfaces. Ductile fractures in PC samples showed significant
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deformation and crack propagation. In contrast, brittle fractures in fiber-reinforced samples
were flatter and lacked visible deformation features. Images of PC samples indicated that the
fracture surfaces became more uniform with increasing temperature. However, the highest
temperature sample showed irregularities, likely due to filament embrittlement from degrada-
tion. The maximal roughness value of the fracture surface increased with temperature across
all materials, likely due to more intense diffusion at higher temperatures.

6. Conclusions

This study investigated the effects of different surface treatments and build chamber
temperatures on the torsional strength of hybrid samples produced through a combination
of injection molding and additive manufacturing. The following are the conclusions:

• Among the surface treatments, untreated and plasma-treated samples exhibited the
best torsional strength, while abrasive methods like sanding and sandblasting reduced
strength. This reduction in strength may be attributed to the formation of stress
concentrations from these abrasive treatments, which hinder the diffusion process and
consequently lower the torsional strength.

• PC’s ideal build chamber temperature was identified at 166 ◦C, yielding a maximum
torsional strength of 12.3 Nm. The fiber-reinforced samples achieved lower maximum
torques of 11.7 Nm for G-PC and 9.0 Nm for C-PC at T3. While PC samples displayed
ductile behavior with a smooth, spiral fracture pattern at the optimal temperature, fiber-
reinforced samples failed abruptly and brittlely without noticeable deformation features.

• Increasing build chamber temperatures led to a decrease in sample height and an in-
crease in base diameter across all materials, affecting the overall dimensional accuracy.

• The fracture surfaces became rougher with increasing temperature for all materials,
with PC samples showing a distinctive spiral pattern.
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Abstract: This study explores cost-effective and customized composite applications by strategically
placing carbon fiber-reinforced thermoplastics in multi-material designs. The focus is on developing
a model for the simultaneous processing of non-reinforced and reinforced thermoplastic layers,
with the aim of identifying essential parameters to minimize insert flow and ensure desired fiber
orientation and positional integrity. The analysis involves an analytical solution for two layered
power-law fluids in a squeeze flow setup, aiming to model the combined flow behavior of Newtonian
and pseudo-plastic fluids, highlighting the impact of the non-Newtonian nature. The behavior
reveals a non-linear trend in the radial flow ratio towards the logarithmic consistency index ratio
compared to a linear trend for Newtonian fluids. While a plateau regime of consistency index ratios
presents challenges in flow reduction for both layers, exceeding this ratio, depending on the height
ratio of the layers, enables a viable overmolding process. Therefore, attention is required when
selectively placing tailored composites with long-fiber-reinforced thermoplastics or unidirectional
reinforcements to avoid operating in the plateau region, which can be managed through appropriate
cavity or tool designs.

Keywords: squeeze flow; overmolding; power-law fluid; fluid array; pseudo-plastic; process window;
tailored reinforcements

1. Introduction

Carbon fiber-reinforced composites offer exceptional strength-to-weight ratios, making
them highly desirable for lightweight applications in the automotive [1] and aerospace [2]
industries. However, the high cost of carbon fibers limits their economic feasibility, par-
ticularly in the automotive sector [3]. To overcome this, load-adapted reinforcements
are proposed [4], selectively placing composites in load-bearing areas and tailoring fiber
direction and length accordingly [5]. Thermoplastics, with their weldability, enable these
multi-material designs by combining reinforced and non-reinforced inserts [6]. The ad-
vancement of part design optimizations requires varying overmolding layer thicknesses
and employing load-adapted reinforcements such as unidirectional and long fiber re-
inforcements. Modeling the flow of such materials as power-law fluids facilitates un-
derstanding of part design’s impact on the transverse flow of composite inserts during
processing. The aim is to explore analytically the interplay between part and insert design,
processability, and design limitations, offering insights for cost-effective and customized
composite applications.

2. A Model for the Transverse Flow of Composite Inserts

The shear flow behavior of filled and unfilled polymers can be modeled as a power-law
fluid. A power-law fluid exhibits shear rate-dependent behavior, which characterizes its
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non-Newtonian nature and plasticity. In the case of a power-law coefficient of 1, the fluid is
considered Newtonian, where the shear stress is directly proportional to the shear rate [7].
Conversely, for a pseudo-plastic fluid with a power-law coefficient of zero, the shear stress
remains independent of variations in the shear rate [8]. In this context, the shear stress
maintains a constant magnitude. Below the critical shear stress, flow ceases, while above
it, flow is initiated, marking the transition from a solid-like to a fluid-like state [9]. This
critical shear stress is commonly known as the yield stress [10]. Polymers typically exhibit
power-law coefficients ranging between 0 and 1, rendering them pseudo-plastic fluids.
Notably, an augmentation in filler content amplifies the material’s plastic behavior [11].

When implementing local load-adapted reinforcements, the integration of non-
reinforced and reinforced thermoplastic polymer layers occurs via a unified molding
process. This process necessitates the establishment of a pressure gradient towards the
flow front to facilitate the welding of layers [12–14] and mold filling, typically employing
the non-reinforced material. These layers are typically arranged in close proximity to each
other. It is noteworthy that the pressure gradient can induce transverse flow not only in
the non-reinforced layer but also in the reinforced layer [15,16]. Additionally, the presence
of the non-reinforced layer generates shear stress on the reinforced layer as an insert [17].
The transverse flow of the reinforced layer, influenced by these processing parameters,
might disrupt the desired fiber orientation and positional integrity. Consequently, the
derivation of an analytical or semi-analytical model based on constitutive equations for
a representative configuration becomes indispensable. Thus far, only analytical models
for non-interacting power-law layers [18] have been published. The model in this paper
facilitates the identification of relevant process, part design, and material parameters crucial
for minimizing insert flow.

3. Constitutive Equations for Squeeze Flow of Two Layered Power-Law Fluids

For the development of an analytical model, the constitutive equations are derived
from a squeeze flow experimental arrangement (Figure 1), wherein two circular-shaped
specimens with equal radii are positioned between two rigid plates at the center. The
variation in inter-plate distance corresponds to the applied closing force. In this context, the
closing speed is maintained at a constant value, and the resultant closing force is calculated
as the output parameter.

Figure 1. A schematic representation of a squeeze flow setup consisting of two circular-shaped
adjacent fluid layers with different flow properties and heights between two moving rigid plates.

The volume of the specimen remains constant throughout the process. Consequently,
the radii of the layers progressively increase as the height decreases. The continuity
equation, along with the equations of motion in the radial (r) and axial (z) directions, retain
their form as in a single-layer squeeze flow setup. Moreover, the boundary conditions at
the wall and the plane of symmetry remain unchanged, as schematically shown in Figure 2.
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Figure 2. A schematic representation of a radial velocity profile for two adjacent fluid layers with
their representative layer heights and coordinate systems.

A coordinate system is introduced for each layer, positioned at the flow field’s line
of symmetry. Consequently, the actual layer height is substituted with a representative
layer height, influenced by the interaction with the second layer. The closing rate at the
boundaries of the representative layers undergoes the same transformation. This results
in two sets of constitutive equations, which are identical but separately defined for each
layer. Their solution is presented in Appendix A, which employs a power-law fluid
material model.

The determination of representative heights and their time derivatives for each layer
necessitates the inclusion of four additional boundary conditions. These boundary condi-
tions are specified at the interface between the two fluid layers as well as at each position
along the radial direction (r).

∂p1

∂r
=

∂p2

∂r
(1)

τ1 = −τ2 at z1 = h1 − H1 and z2 = h2 − H2 (2)

f1 = f2 at z1 = h1 − H1 and z2 = h2 − H2 (3)

.
H1 +

.
H2 = 2

.
h (4)

The first boundary condition (Equation (1)) asserts that the pressure remains solely
a function of r, and a force balance between layer 1 and layer 2 must be maintained.
Consequently, the pressure and pressure gradient in both layers must be equal at every r
position. The second (Equation (2)) and third (Equation (3)) boundary conditions account
for shear force and velocity balance between the first and second layers. These conditions
ensure that the shear forces and velocities at the contact of the two layers are consistent
with each other. Lastly, the fourth boundary condition (Equation (4)) arises from a mass
balance consideration, indicating that the sum of the closing rates of layer 1 and layer 2 at
each position along the z-axis must equal the total closing rate.

These boundary conditions yield four equations, and the four unknowns are the
representative height and their time derivatives for each layer. Therefore, the term “rep-
resentative” signifies that these values correspond to a single-layer setup that yields the
same pressure gradient, effectively representing the equal flow resistance in radial flow.

4. Solution and Model Validation

The utilization of the boundary conditions yields a solution for each position along
the radial direction (r), which is discussed first with the resulting dimensionless numbers
and their interpretation. The solution is then validated by the investigation of exemplary
resulting flow fields and the overall flow rate of each layer for a variation of the consistency
index ratios.
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4.1. Resulting Solution and Dimensionless Numbers of the Model

The solution for each position along the radial direction (r) is denoted by Equation (5).
The derivation of this equation is given in Appendix B. The factors X1 and Z (Equations (6)
and (7)) in the equation are functions of the ratio between the representative height and the
actual height, as well as the ratio of the actual heights of layer 1 and layer 2 at the given
radial position. These functions, raised to the power-law index difference between the
layers, are interconnected with the overall process setup parameters to the power of the
power-law difference, incorporating variables such as the closing speed, radius, and total
height. Further parameters are the consistency index ratio and a factor N that results from
the power-law coefficients as depicted in Equation (6).
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Equation (15) demonstrates that the obtained results rely on the radial position, es-
pecially when dealing with unequal power-law coefficients. This implies that the height
change ratio between layers 1 and 2 varies at each radial position. Consequently, the
boundary layer between the two layers deviates from a horizontal line and becomes a
function of r over time.

The corresponding rate of change along r of the layer height reduction is not considered
within the finite difference analysis in r. However, it is considered in a global mass balance
calculation to determine the total change in the layer radii. In other words, height reduction
is not treated as a function of r within a finite radial element. This simplification is employed
in this model to facilitate the utilization of the analytical solution of the squeeze flow
equation, leading to a semi-analytical model that allows the identification of dimensionless
numbers and their interrelation.

The resulting dimensionless numbers are given by π1, π2, and π3 in Equations (8)–(10).

π1 =
H1

H2
(8)

π2 =
m1

m2
(9)

π3 =

( .
hr
H2

)n2−n1

(10)

The first dimensionless number, π1, in Equation (8) is the ratio of the actual layer
heights, representing a key design parameter for the part design. The second dimensionless
number, π2, in Equation (9) is the ratio of the consistency index ratios, representing a
key design parameter for the material selection. The third dimensionless number, π3, in
Equation (10) incorporates global parameters, such as the overall dimensions of the setup
and the closing speed as a processing parameter.

Furthermore, the resulting equations show that the power-law indices remain inde-
pendent parameters that cannot be summarized as a dimensionless number, which means
that the different combinations of power-law indices will lead to non-similar behaviors in
the setup.
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4.2. Model Validation—Flow Fields

To validate that the model fulfills the boundary conditions and corresponds to a setup
as shown in Figure 2, the flow field in the radial direction at a fixed position in r from a
representative setup is investigated. The flow field is a visual representation of the results
and allows us to visually evaluate if the results are reasonable and valid combinations
of representative single-layer flow fields. For a representative flow field, the consistency
indices and the power-law indices for both layers are different. Layer one represents a
pseudo-plastic layer with a high consistency index, while layer two represents a Newtonian
fluid layer with a low consistency index. The resulting flow field is shown in Figure 3, left.

Figure 3. Dimensionless radial velocity by the dimensionless position in z for fluid layer 1 and fluid
layer 2 with the line of symmetry for both flow fields for two different consistency index ratios.

The line of symmetry for both layers coincides, defining the zero position as per
Equation (A12) in Appendix B. At the contact point of the layers, the velocity equals, as
indicated by Equation (A3). The velocity gradients differ due to the distinct power-law
indices and consistency indices. The pseudo-plastic fluid exhibits a typical shear zone at
the wall and a flat “plug-flow” zone in the center, while the Newtonian layer shows the
usual parabolic shape. Additionally, the Newtonian layer, with its Blower consistency
index, demonstrates a higher overall radial flow rate compared to the pseudo-plastic
layer. Despite these differences, the flow fields resemble those of single layers, albeit with
a shift in the representative height and flow rate, i.e., closing rate, determined by the
pressure gradient balance between the layers as per Equation (A1). When the ratio of
consistency indices is decreased (Figure 3, right), the line of symmetry shifts towards the
insert layer. In such cases, the Newtonian layer approaches a linear “shear-like” velocity
profile. The overall radial flow ratio of the two layers serves as an output for subsequent
parameter investigations.

4.3. Effect of Newtonian and Non-Newtonian Layer Combinations

In Figure 4, the ratio of radii is shown for two power-law fluids in a squeeze flow setup,
with a constant closing speed applied after a fixed period of time. The square symbols
represent the combination of two shear-thinning fluids, approximating pseudo-plastic
behavior, while the triangular symbols depict the combination of two Newtonian fluids
with a power-law exponent of 1.

In the case of two Newtonian fluids, the radii ratio exhibits a linear decrease with a
logarithmic increase in the consistency indices. This reasonably implies that the fluid with
a higher consistency index results in a reduced radial extension of the layer compared to
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the fluid with lower consistency. When both fluids have the same flow resistance, the flow
field becomes symmetric, and both layers have identical radial extensions.

In contrast, when dealing with two pseudo-plastic fluids, the radii ratio deviates from
a linear relationship and shows a non-linear trend towards the logarithmic consistency
index ratio. This results in a plateau region where the dependence between the radii
ratio and consistency index ratio strongly reduces for two pseudo-plastic layers compared
to two Newtonian layers. Therefore, within a specific range of consistency index ratios,
the flow of the pseudo-plastic layer cannot be reduced to the same extent as with two
Newtonian fluids, presenting a potential challenge in processing. Only when a sufficient
consistency index ratio is reached is the flow of the mixture minimized and becomes
comparable to that of two Newtonian layers.

Overall, the diagrams highlight the influence of consistency indices on the radial
distribution of power-law fluids in a squeeze flow setup, showcasing the differences
between shear-thinning (pseudo-plastic) and Newtonian behavior. Their implications for
processing are further analyzed by varying the set of parameters.

Figure 4. Ratio of the radii of two pseudo-plastic and two Newtonian fluid layers as a ratio of their
consistency indices.

5. Implications for the Application of Tailored Reinforcement Inserts

In this chapter, the results are detailed for combinations that are most relevant for
typical applications in overmolding and therefore lead to model-based design optimization
guidelines for processing and part design.

5.1. Flow Behavior of Pseudo-Plastic Inserts

To investigate the behavior in a representative setup, a combination of a pseudo-plastic
layer (n1 = 0.1, H1 = 0.25) representing a highly filled insert and a thicker Newtonian layer
(n2 = 1, H2 = 1.5) representing an overmolding layer is examined. Figure 5 illustrates the
resulting height reduction rate of each layer, plotted against the logarithm of the consistency
ratio at the initial state (specifically at r = 0.5R). As the experiment maintains a constant
volume, the height reduction rate corresponds to the radius ratio as well. The graph exhibits
similar non-linear relations as observed for two pseudo-plastic layers (Figure 4).
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Three characteristic regimes can be observed. In Regime 1, the insert has a lower
consistency index compared to the overmolding layer, leading to a correspondingly higher
height reduction rate. As the consistency index ratio increases, the height reduction rate of
the insert decreases until it is surpassed by the height reduction rate of the overmolding
layer. This marks the transition to Regime 2, where a plateau region follows. In this
region, the height reduction rates of both layers remain within a close range for a wide
range of consistency index ratios. Only when the consistency index ratio exceeds a ratio of
approximately 3, which marks the beginning of Regime 3, does the height reduction ratio
change again. In this zone, the height reduction rate of the overmolding layer increases
while the height reduction rate of the insert decreases. At the final consistency index ratios,
the height reduction becomes limited to the overmolding layer.

Figure 5. The height change of the two fluid layers scaled by their height change in a single-layer
setup as a ratio of their consistency indices with the indication of three flow zones.

This analysis provides insights into the behavior of the two layers in the representative
setup, highlighting the impact of consistency index ratios on the height reduction rates and
the dominant flow of the overmolding layer in the later stages of the process.

To investigate the underlying flow principles, additional outputs are presented in
Figure 6. The top diagram shows the ratio of the pressure gradient in a combined layer
setup as a ratio of a single layer pressure gradient, where the boundary conditions match
those of a single layer setup. Thus, this ratio indicates how much of the flow resistance is
due to a pressure gradient. The bottom diagram illustrates the corresponding representative
heights of the layers, as introduced in the constitutive equations. These representative
heights serve as indicators of the flow being driven by drag, as they can only be increased
by altering the radial velocity at the contact surface, thereby inducing a shear flow in
addition to a pressure-driven squeeze flow.

In Regime 1, the ratios of h1 and the pressure gradient indicate that the flow is similar
to the single-layer flow of the insert. The velocity profile remains entirely within the layer
height, and the resistance corresponds to the insert’s single-layer flow resistance. The
overmolding layer interacts with the shear layer of the insert and is solely dragged, as
shown by the lower pressure gradient compared to a single-layer setup.

In Regime 2, the representative height of the overmolding layer decreases and the
pressure gradient increases, indicating a shift from drag-driven to pressure-driven squeeze
flow. The velocity profile of the insert corresponds to the right side of Figure 3. The
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overmolding layer is now interacting with the plug flow regime of the insert. The velocity
profile shape of the overmolding layer remains relatively similar in this regime, with a
change in the representative height. Only the curvatures towards the walls are changing
slightly, creating the plateau region in Figure 5. When the velocity of the overmolding
layer exceeds that of the inserts, as indicated by the crossing lines in Figure 6, the flow ratio
changes more rapidly. This shift is accompanied by a transition from shear-dominated to
pressure-dominated squeeze flow. Towards the end of Regime 3, the overmolding layer
interacts with the second shear layer of the insert near the wall, which leads to a rapid
reduction in the insert flow due to the high slopes in the insert velocity profile.

These findings shed light on the flow principles underlying the interaction between the
layers, emphasizing the significance of different zones and their impact on flow resistance.
By staying within Zone 3, the processing conditions can be optimized to achieve the desired
flow behavior.

Figure 6. Pressure gradient of the two fluid layers scaled by their pressure gradient in a single layer
setup (top) and their representative height scaled by the total height (bottom) as a ratio of their
consistency indices with the indication of three flow zones.

5.2. Processing Window Resutling from Part and Material Designs

In composite processing, the design of the insert plays a crucial role in achieving the
desired properties. Therefore, a processing window is defined for inserts with varying
layer heights. Figure 7 displays the radii ratios after the initial timestep, representing the
initial flow ratios of the layers while neglecting edge effects. Three setups are examined:
two setups with a total height of 1, for which the insert and overmolding layers are
interchanged, and one setup with a total height of 2 and a height ratio of 1.

The graph exhibits the same three zones as observed in the previous results for all
setups. This similarity underscores the consistency of the findings based on the chosen
dimensionless numbers. The boundaries of the zones are approximated by a linear rela-
tionship between the radius ratio and the consistency index ratio. This implies that the
transition from one zone to another depends on both the height ratio and the consistency
index ratio. Higher height ratios lead to shifts in the transition points towards higher radii
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ratios and consistency index ratios. Remarkably, the change in total height aligns with the
previous results, indicating that the height ratio plays a more significant role in determining
the flow ratio than the total height.

By setting the minimization of insert flow as a processing condition, a process window
can be defined. It is evident that at a certain consistency index ratio, the flow of the insert
ceases. This critical consistency index ratio depends on the height ratio and is higher for
thin inserts combined with thick overmolding layers.

These findings emphasize the influence of height ratio and consistency index ratio on
flow behavior and provide insights into defining process windows for composite processing.
The results highlight the importance of optimizing the design parameters, particularly the
height ratio for a given material, to control the flow ratios and achieve the desired flow
characteristics in composite materials.

Figure 7. Ratio of the radii for the combination of a pseudo-plastic and a Newtonian fluid layer at
different height ratios as a ratio of their consistency indices with the indication of three flow zones
and a process window.

5.3. Model-Based Optimization of Process and Part Design

The model shows two extreme cases. The first is a combination of a thin insert with
a high consistency index and a thick overmolding layer. The combination of a sufficient
consistency index ratio and height ratio can lead to a complete cessation of flow in the
insert. This corresponds to the typical application of an organo sheet based on woven
continuous fibers, yielding a high consistency index and a thick overmolding layer, such as
for a rib structure.

When the material design is fixed, such as in tailored materials, the height ratio
becomes increasingly important, especially for lower consistency index ratios. This means
that for well-known examples of inserts like woven or cross-ply configurations, the flow
of the insert is not expected to occur as the critical consistency index ratio is not exceeded.
However, for selectively placing composites in load-bearing areas and tailoring fiber
direction and length accordingly, such as for inserts made of long fiber thermoplastics (LFT)
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or unidirectional (UD) reinforcements, special attention must be given to the process and
part design to prevent insert flow.

In that case, the thickness can be reduced by changing the processing conditions. The
thickness can be further reduced by using pre-heated inserts, where only the surface is
molten in a pre-heating step. This is depicted in Figure 8. The overmolding layer is not
affected by the pre-heating step, but the insert is. Only the molten layer that exceeds the
melting temperature is considered part of the squeeze flow setup. Therefore, the layer
height that counts for the model is reduced significantly, reducing the expected flow of
the insert.

Figure 8. Schematic representation of an overmolding setup with an overmolding layer and an insert,
where the insert consists of a molten and a solidified layer.

Furthermore, the flow of the insert can be reduced by lowering the pressure gradient
in directions in which no flow is required and which are critical for the insert, such as
perpendicular to the fiber direction for UD materials. This can be controlled by a suitable
cavity or tool design that lowers the gap height in the desired directions. Figure 9 shows
the assembly with a tool that partly covers the edges of the insert. The tool blocks the insert
from flowing sideways. However, it remains to be demonstrated whether the reduction of
the gap height directly leads to a decrease in flow resistance.

Figure 9. Schematic representation of an overmolding setup with an overmolding layer and an insert,
where part of the insert height is covered by a tool.

5.4. Comparison to Applications and Experimental Results

Several studies have investigated the overmolding process with varying materials
and part geometries [19]. The main focus of these studies is the mechanical properties
resulting from the buildup of an interface between the overmolding material and the insert.
However, the flow of the insert is not being observed or reported for short fiber reinforced,
long fiber reinforced, UD, or multi-axial fiber reinforced inserts for different cavity designs.
Therefore, these setups should represent processing windows that fall under the above
model. Three reasons have been identified for this.

First, the ratio of fiber content between the overmolding material and the insert.
The consistency index increases with filler content, as empirically studied for different
matrix systems and fillers [20]. This, in principle, increases the consistency index ratio for
combinations of unfilled and fiber-filled materials. The same can account for combinations
of filled materials with different fiber content, such as LFT overmolding materials combined
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with UD inserts with a 50% higher filler content [21]. In both cases, the consistency index
ratio is moved towards the processing window in Figure 7.
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Second, a common shape for the overmolding material is ribs locally attached to a thin
laminate, e.g., with height ratios above 10 [6,21,22]. This corresponds to the high height
ratios in Figure 7 and the tool design in Figure 9. This shifts the process window to even
higher consistency index ratios and enables the combination of a thermoforming process in
which the laminate is completely heated through the thickness [22].

Third, for complete overmolding or lower height ratios, the insert is not thermoformed
and only heated to the temperature of the mold [23–25] or at the surface [26]. This corre-
sponds to a thin molten layer on the insert for welding it with the overmolding layer, as
shown schematically in Figure 8.

Further experimental investigation is required to identify the limits of tailoring com-
posite inserts in overmolding parts and material designs. This can be achieved by exploring
a broader set of materials and geometry.

6. Conclusions and Outlook

The analytical solution for the squeeze flow of two layers of a power-law fluid shows
the interplay between consistency index ratios, height ratios, material design, and part
design, which plays a crucial role in ensuring successful processing and achieving the
desired properties in the manufacturing and overmolding of thermoplastic composite parts.
Composite inserts, modeled as pseudo-plastic materials, show extensive flow compared
to the overmolding layer when a critical consistency index ratio is reached. Exceeding
this critical ratio is particularly significant for low height ratios between the overmolding
layer and the insert. As this combination of parameters is more typical for tailored inserts,
the right processing becomes crucial for their implementation. The right processing can
include the reduction of flowable layer height by local heating of the insert or an optimized
cavity design for a reduced radial pressure gradient.

The model includes some simplifications to reach an analytical solution. Therefore,
the results should be seen as a guideline for the most important parameters rather than
for predicting the deformation of an insert. To account for the non-isothermal effects
of injection overmolding, it is important to consider the effective layer thicknesses in
non-steady-state conditions and temperature gradients. These effects arise from using
inserts that are pre-heated and molds that are cooler than the solidification temperatures
of the materials. In addition, the model can be linked to models for the formation of an
interface between the overmolding material and the insert. For more predictive models,
the material model can be extended to advanced pseudo-plastic material models and
evaluated by finite element models and experiments. Furthermore, this approach can
address anisotropic material behavior, particularly for unidirectional inserts, which play a
crucial role in load-adapted reinforcements.
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Appendix A

In this appendix, the solutions for the two sets of constitutive equations are given. The
two sets of constitutive equations, which are identical but separately defined for each layer
as denoted by the index “i”, are given in Equations (A1)–(A3).
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The boundary conditions encompass a no-slip condition (Equation (A5)), denoted by
a radial velocity of zero, at the wall. At the centerline, there exists no velocity gradient in
the radial direction (Equation (A4)), resulting in a zero z-velocity component at the same
location (Equation (A6)). Additionally, the z-velocity assumes a value equal to the closing
speed at the wall (Equation (A7)).
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Consequently, a solution is obtained for the pressure gradient (Equation (A8)), velocity
in the radial direction (Equation (A9)), and velocity in the z-direction (Equation (A10)).
The representative heights and closing speeds of each layer serve as unknown variables.
To determine the shear stress, a material model based on a power-law fluid is employed.
Consequently, the resulting equations (Equations (A8)–(A10)) are analogous to the Stefan
equation [27] obtained in a single-layer configuration, but they incorporate a representative
layer height h1 and a respective closing rate.
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Appendix B

In this appendix, the mathematical proof of Equation (5) is provided.
From Equations (1) and (A8):

−
.
h1

n1( r
2
)n1 m1

H1
1+2n1

(
1+2n1

n1

)n1 H1
h1

1+2n1

= −
.
h2

n2( r
2
)n2 m2

H2
1+2n2

(
1+2n2

n2

)n2 H2
h2

1+2n2
(A11)

67



J. Compos. Sci. 2024, 8, 65

From Equations (2) and (A8):
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From Equations (3) and (A9):
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From Equations (A15) and (A12):
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From Equations (A19) and (A18):
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From Equations (A11), (A21) and (A16):
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From Equations (A13), (A18) and (A23):
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From Equations (A24) and (A25):
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Abstract: Highly filled thermoplastic profiles, produced by in situ pultrusion, offer excellent
mechanical properties, but further processing is necessary to expand the range of their
applications. Due to the thermoplastic matrix, these materials are particularly well-suited
for thermal welding processes. However, the high fiber content of up to 70 vol.-% presents
a significant challenge in welding, an aspect that has not yet been thoroughly investigated
in the existing literature. This study focuses on the further processing of the highly-filled
profiles by adapting the classic hot tool welding process with the aim of investigating the
underlying welding mechanism. An IR line-emitter is used to melt the PA6 matrix of the
fiber-reinforced plastic component while the second adherend (unfilled PA6) is melted
with a classic heating element. Afterward, the joints are tested for tensile and bending
strength. The results of these mechanical tests demonstrate that a strong bond can be
formed between the adherends. The joint strength reached values of up to 39 MPa, which
corresponds to a welding factor of 0.81. Optical examination of the weld seam reveals a
reason for the mechanical performance. At high joining pressures, a form-fit is created
between the continuous fibers in the profile and the welded-on unfilled PA6.

Keywords: thermoplastic welding; in situ pultrusion; fiber-reinforced plastics

1. Introduction

Even though sales of fiber-reinforced plastics have not increased as much as in recent
years [1] due to the numerous political and economic crises, these materials remain a
key technology in the fight against global warming. Particularly remarkable are the
advantages of thermoplastic fiber-reinforced plastics, which not only combine excellent
mechanical properties but also offer recyclability and remelting possibilities. Long-fiber-
reinforced or even continuous-fiber-reinforced plastics offer high tensile strength values in
the fiber direction and can compete with metallic materials [2]. Thanks to these outstanding
properties, these materials are already being used in a wide range of applications. For
instance, fiber-reinforced plastics find extensive application in wind turbines and are also
gaining increasing prominence in the automotive industry.

One way to produce continuous fiber-reinforced plastics is by means of the so-called
melt-pultrusion process. In melt-pultrusion, the fiber bundles, usually glass or carbon
fibers, are pulled through a shaping tool and impregnated with the highly viscous plastic
matrix. In addition to optimized temperature control, the viscosity is also important for
good adhesion between the matrix and fibers. The molten plastic hardens in the mold due
to cooling and is pulled off and subsequently cut into the desired length. The result is a
two-dimensional continuous fiber-reinforced profile [3]. Besides melt-pultrusion, there
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also is a pultrusion process where the fibers are impregnated with low-molecular-weight
monomers and the polymerization takes place within the shaping tool. While mainly
thermosets (e.g., based on epoxy resins) are used in classic pultrusion, the production of
pultruded profiles from thermoplastics has become the focus of interest in recent years.
The reason for this is the possibility of remelting and mechanical recycling of the profiles.
As the viscosity of a conventional thermoplastic melt is generally high, it poses difficulties
during fiber impregnation. Thus, low-viscosity monomer systems that polymerize within
the pultrusion process are beneficial for proper fiber-matrix adhesion. This form of reactive
pultrusion is, therefore, known as thermoplastic in situ pultrusion [4]. The reaction of
polyamide 6 (PA6) from ε-caprolactam is an important example of this process.

Even though the production of continuous fiber-reinforced profiles using the in situ
process is already possible on a larger scale, the use of these profiles in the form of industrial
components is not widely established. One reason for this is the low geometrical freedom
because of the complex fiber guidance through the tool. Therefore, in addition to improving
the pultrusion process, it is necessary to examine the further processing of the profiles
more closely in order to enable the production of more complex components through
intelligent joining processes. In addition to investigating solutions for connecting profiles,
for example, to form larger surface elements, it can also be useful to investigate joining
solutions for applying shape and functional elements such as brackets, snap hooks, or screw
domes. When looking at the joining of the in situ manufactured profiles, another advantage
compared to thermoset-based pultrusion processes becomes clear: due to the meltable
thermoplastic matrix, thermal welding processes arise as a possible joining technique.
In the following work, the joining of unfilled PA6 on continuous fiber-reinforced in situ
pultruded profiles is investigated in detail by means of thermal welding.

1.1. Hot Tool Welding and Welding Mechanisms

Welding is one of the most important joining processes for thermoplastic components.
In contrast to adhesive bonding or mechanical joining, the plastic must be transferred to
the thermoplastic state by applying energy, which can be done in a variety of ways. As a
result, numerous plastic welding processes have been developed and established [5–7].

One of the most common welding processes is hot tool welding. The process is not
only widespread but also simple: The adherends are held to a certain pressure pH against a
PTFE-coated heating device, which is heated to a defined temperature TH . This forms a
melt film with a characteristic thickness, the so-called melting length L0. After the heating
time tH has elapsed, the adherends are retracted from the hot plate and are brought together
under a defined load pJ . Subsequently, the formed interface solidifies due to cooling. It
is important that the joining pressure is not too high in order to prevent the plastic melt
from being excessively squeezed out of the weld area. This would result in a weld seam
that can only transfer significantly lower mechanical forces [8]. Many systems, therefore,
use position control to better manage this issue. A defined displacement of the adherends,
the so-called joining length sF, is approached and kept constant. In some work, this is also
used analogously in the heating phase to set a constant melting length L0. In addition
to many other applications, welding polyethylene (PE) pipes is one of the most common
applications on an industrial scale [9].

In the past, many scientists have studied the factors that influence the joint quality
in hot tool welding. Barber and Atkinson [10] used tensile tests to determine the best
welding parameters for welding PE, polypropylene (PP), and polybutylene. For this
purpose, various process parameters, such as the temperature of the heating plate, the
joining pressure and the heating and joining times, were systematically varied. To evaluate
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their data, they used the so-called short-time welding factor f , which was first introduced
by Menges and Zohren [11]:

f =
yield strength of welded material

yield strength of basic material
(1)

Even if the tensile test often cannot adequately represent the loading that acts on the
weld seam in real applications, these tests help to describe the quality of the welded joint
and to quantitatively evaluate the influence of the process parameters. Bucknall et al. [12]
carried out similar tests with PP and other materials, some of which were also filled with
fibers. With their experiments, they were able to show that there is an optimum joining
length for achieving high strengths. This optimum joining length depends on the heating
time and the respective material. It ensures that there is no excessive orientation of the
polymer chains orthogonal to the weld seam.

Of particular interest for the present work are the results of Stokes [13,14], who dealt
with the hot tool welding of polyamide (PA). For PP and PA, the most relevant values from
Stokes and other named researchers are summarized in Table 1. It is noticeable that there is
hardly any literature on hot tool welding of unfilled PA and that the achievable welding
factors are lower than that for PP, where welded samples can reach the same strength
values as the unwelded sample (welding factor f = 1). In addition to these findings, it
appears that the ratio ξ between the joining length sF and the melting length L0 (ξ = sF/L0)
is an important parameter because it was found that the achievable mechanical properties
strongly correlate with ξ [15,16]. Certain theories about the acting mechanisms during
welding attempt to provide an explanation for this relationship. A thorough overview of
the various hypotheses can be found in the Ph.D. theses of Frick [17] and Bonten [18]. The
three most widely known hypotheses are briefly explained below.

One of the most important theories is the diffusion theory, which was first postulated
by Voyutstkii and Vakula [19] in 1967. It simply states that the polymer chains can migrate
across the interface under favorable conditions and that the chains of the adherends become
entangled after a certain time. The basis of this theory is Fick’s first law of diffusion [20]:

∂m
∂t

= −D
∂c
∂x

(2)

On the left-hand side of the equation, you can see the mass flow, and on the right-
hand side, the diffusion coefficient D multiplied by the concentration gradient. Because D
depends on the temperature and viscosity, the mass transfer processes are faster at higher
temperatures and lower viscosities.

With their theory of viscoelastic contact, Anand et al. [21] have extended the diffusion
theory to include the pressure dependency of the auto-adhesion processes. They indicated
that the surfaces within the weld seam are deformed by the effect of the welding pressure
and postulated that this deformation leads to the formation of additional secondary valence
forces. The viscoelastic material properties of plastics are responsible for the fact that this
theory is also time-dependent, so the final joint strength of the weld seam is only achieved
after a relaxation process.

In his work, Potente [22] stated that, on the basis of these two theories, the maximum
joint strengths would be reached only if the joining is performed on a time scale of a few
minutes to enable a proper molecular entanglement across the interface. In contrast, the
processes in industrial hot tool welding are much faster, but still, very high strengths can be
achieved after a few seconds. From this, Potente [22] derived the minimum flow velocity
hypothesis, which states that the pronounced flow of the melt in the joining phase not
only leads to mixing due to thermally induced diffusion processes but that the molecules
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are also mechanically entangled with each other. All three theories can be used to justify
the significance of ξ. Optimal thermal conditions at the interface favor diffusion and
viscoelastic processes, and an optimal ξ ensures better mixing of the adherends.

In addition to these theories, it is important to mention that the crystallization behavior
of semi-crystalline polymers is a parameter to be considered. In several publications,
cocrystallization inside the weld seam is assigned an important role in the efficiency
of welded joints [23–25]. Because welding is conducted above the crystallite melting
temperature, the polymer chains exist in an amorphous state. During the joining phase, as
the chains cool, mixed recrystallization between the adherends can occur, forming a region
of cocrystallization that enhances force transmission within the weld seam [25].

1.2. Welding of Fiber-Reinforced Plastics

The strength of fiber-reinforced plastics is significantly influenced by the mechanical
properties of the fibers and their orientation in the component. The fiber orientation in the
weld seam is, therefore, also decisive for the welded joint and its strength in load direction.
Table 1 lists welding factors for reinforced plastics from the literature. When analyzing the
data from the literature, it becomes clear that the achievable strength is significantly lower
than the strength for unreinforced plastics. The reason for this is the transverse flow in the
joining phase, which is responsible for the fibers being aligned transversely to the seam.
As a result, the reinforcing effect of the fibers is lost, and significantly lower weld seam
factors can be achieved. It also shows that the optimum ξ for fiber-reinforced plastics is
significantly lower than for unreinforced plastics. This means that sF should be smaller in
relation to the melting length L0. In his work on the minimum flow velocity hypothesis,
Potente [22] calculated the average flow velocity vm2 transverse to the weld seam:

vm2 =
8
π

pJ L2
0

ηm d
(3)

d stands for the width of the weld seam and ηm is the average shear viscosity along
the cross-section. In order to achieve the lowest possible velocity transverse to the welding
direction, the joining pressure and, thus, the joining length must be limited with a fixed
melt thickness. However, a material bond must still be created during welding, which also
results in an optimum for ξ while welding fiber-reinforced plastics.

In addition to optimizing the process parameters, another way of increasing the weld
seam strength is to improve the initial fiber orientation. This means to align as much of the
fiber content as possible along the welding direction during the manufacturing process of
the component, e.g., in the injection molding process. Fiebig and Schöppner [26] were able
to achieve an improvement in weld seam strength of up to 45% for long-fiber-reinforced PP.

Table 1. Process parameters and welding factors for the hot tool welding of PP and PA found in
the literature.

Material TH in ◦C tH in s pH in MPa tJ in s pJ in MPa σt in MPa f

L0 in mm sF in mm

PP 240 25 (35) 0.02 MPa 180 0.1 MPa n/a 0.99 [10]
PP 260 30 0.2 mm n/a 0.8 mm 34 0.99 [12]
PP 240 25 n/a 90 1.0 mm 30.8 0.86 [27]

PA66 350 20 0.13 mm 10 0.66 mm 36.7 0.58 [13]
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Table 1. Cont.

Material TH in ◦C tH in s pH in MPa tJ in s pJ in MPa σt in MPa f

L0 in mm sF in mm

PPGF25 220 60 2.3 mm n/a 0.5 mm 29 0.43 [15]
PAGF35 280 60 2.7 mm n/a 1.0 mm 33 0.41 [15]

PA6GF15 270 25 n/a 15 1.0 mm 53.3 0.71 [28]
PA6GF33 380 30 n/a 15 n/a n/a 0.48 [29]

1.3. Further Processing of Continuous Fiber-Reinforced Profiles

Even though thermoplastic pultrusion has some advantages over classic pultrusion
on a thermoset basis, it is still rarely used in industry. Most applications are limited to
structural elements such as aircraft floor coverings or bumpers in the automotive sec-
tor [30]. In addition, there are a few scientific studies on the use of pultruded materials in
medical technology, for example as orthodontic wires [31] or as magnet resonance (MR)
guidewire [32]. Another important application is the production of prepregs that are used
as the basis for long fiber-reinforced thermoplastics (LFT).

What most applications have in common is that the profiles no longer need to be
processed further for integration into an assembly. The main problem is that there is
hardly any literature and preliminary work dealing with the behavior of thermoplastic
pultruded materials and their further processing. The production of curved profiles is an
exception [33]. However, the authors are not aware of any published work that deals with
the welding of thermoplastic pultrusion profiles. One notable exception is a prior study
carried out by the authors, which investigated functionalization using ultrasonic welding.
This approach yielded maximum tensile strengths of up to 12 MPa [34]. This gap in the
literature illustrates the necessity for further research in the field of joining thermoplastic
pultrusion profiles.

Research on the joining of fiber-reinforced plastic structures has been extensive and
multifaceted. However, the majority of studies concentrate on laminate systems manu-
factured by compression molding [35]. Similar to pultrusion, a significant challenge in
the production of these components is the high melt viscosity of the polymer matrix. As
a result, complete fiber impregnation can only be achieved up to a fiber volume fraction
of 60% [36], which remains below that attainable with in situ pultrusion. Therefore, the
results are only comparable to a limited extent. Moreover, these studies primarily focus
on joining profiles or other geometries in the form of single lap shear specimens, with
which the lap shear strength (LSS) can be determined [37,38]. The functionalization of
continuous fiber-reinforced parts or profiles by welding on additional elements has not
yet been investigated. Only a limited number of studies have conducted tensile tests. For
instance, Goto et al. [39] joined carbon fiber-reinforced PA6 laminates with a fiber volume
content of 50% using ultrasonic welding. The tensile strength of the joints was evaluated
using the so-called cross-tensile test, which achieved a maximum strength of 7 MPa. Similar
tests were carried out by Jandali et al. [40] for vibration welding, although the test specimen
geometry was slightly different. For glass fiber-reinforced PA with a fiber volume content
of 41.6%, a maximum tensile strength of 11.4 MPa was achieved.

1.4. Objective

In addition to the various theories on welded joints, the state of research also high-
lighted the special features of welding fiber-filled plastics. In contrast, the fiber content of
the profiles used in this work is much higher (approx. 70 vol.-%) than the ones investigated
in the literature. There, only the welding behavior of systems up to approx. 40–60 vol.-%
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has been investigated in more detail. The weldability of materials with such high fiber
contents has not yet been clarified in detail. If there is not enough plastic matrix, the diffu-
sion and relaxation processes of the polymer chains can only take place to a limited extent
and are simultaneously hindered by the immobile fibers. Secondly, the fiber orientation is
always transverse to the welding direction. Due to the high length of the fibers and the
high viscosity of the plastic matrix, they are also unable to change their orientation. It is,
therefore, not possible to reinforce the weld seam by reorienting the fibers. The following
investigation intends to provide information for the first time on whether welding is possi-
ble with such high fiber contents and whether and how the previous explanations of the
welding mechanisms need to be expanded to this specific case. Therefore, the objective
of this study is to clarify the underlying mechanisms governing the welding process of
highly filled thermoplastic materials by systematically varying the process parameters.
Additionally, the study aims to establish an initial correlation between the mechanical
properties of the welded joint and the selected process parameters.

2. Materials and Methods

2.1. Used Materials and Sample Size

The pultruded profiles made of PA6 were provided by the Fraunhofer Institute for
Chemical Technology (ICT), Pfinztal, Germany, and have a glass fiber content of 71 vol.%.
The composite material, stored under standard conditions, has a tensile strength orthogonal
to the fiber direction of σ90◦ ,PA6GF = 32 MPa. Comparable profiles were able to achieve
tensile strengths in the fiber direction of σ0◦ ,PA6GF = 1182 MPa [41]. The cross-section
of the profiles is rectangular with dimensions of 30 mm × 4 mm. The profiles were
shortened to a length of 30 mm using a band saw in order to obtain a square sample for the
welding tests. Subsequently, the second adherend, which is the unfilled PA6, was injection
molded and then cut in two halves. Its geometry is based on the standard for tensile test
specimens [42]. The material used for this unfilled PA6 part was of the type Ultramid
B3S, manufactured by BASF, Ludwigshafen, Germany. Because the pultruded composite
profile, as well as the unfilled adherend consisted of PA6, good chemical compatibility was
ensured between both components. Moreover, the used PA6 has good flow properties,
which also make it suitable for 3D printing applications [34]. However, it should be noted
that the two PA6 types differ in molecular weight and, therefore, in flow behavior. In in
situ pultrusion, the PA is produced by anionic polymerization. This brings the decisive
advantage that polymerization is significantly faster than hydrolytic polymerization. As a
result, the PA hardens faster and can be processed better in a continuous process such as
pultrusion. Hydrolytic polymerization is often used for injection molding grades, including
Ultramid B3S [43]. Another difference between the two types of polymerization is the
temperature. As anionic polymerization takes place at significantly lower temperatures,
the amount of low molecular weight components is less, compared to the hydrolytic
polymerization [44]. The number average molar mass Mn of the PA6 matrix of the profiles
is, therefore, approx. five times greater at 110,640 g/mol than for Ultramid B3S, which
has an Mn of around 20,000 g/mol [45,46]. The different molar masses of the adherends
will have an influence on the diffusion and flow processes during welding. However, this
influence is not investigated in this work and should be subjected to future research.

2.2. Setup and Weld Parameters

In contrast to classic hot tool welding, in which both adherends are heated on the
same heating plate, two different heating concepts were used in this work. Figure 1 shows
the welding setup used for the experiments. At the top left corner, the setup is shown in
the heating phase. The first adherend, the unfilled halved PA6 tension rod, is clamped
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in sledge 1 (S1). The pultrudate plate is clamped in sledge 2 (S2). A dedicated device
was designed to clamp the pultrudate plate, facilitating both the welding tests and the
mechanical testing of the joint. The plate is positioned within a square cavity and secured
using a metal plate and four screws (see also in Figure 3, left). The sledges and the heating
devices can be moved by pneumatic cylinders. The entire process is force-controlled.
During the heating phase, the tension rod is pressed against the heating element with a
specified force. This force is maintained constant by pneumatic cylinders and can be related
to the initial cross-sectional area of the tension rod to determine the heating pressure pH .
S2 is fixed during the heating phase. The pultrudate plate is heated using an IR line focus.
This IR-emitter from Optron GmbH, Garbsen, Germany, has a maximum radiant power
per area of Imax = 11.5 W/m2, which is focused on a line at a correctly set focus distance
between 50 and 60 mm. The advantage of IR heating is the uniform and focused heating
of the pultrudate surface. As this surface is not perfectly flat due to the high production
tolerances in pultrusion, uniform heat input with a heating plate is only possible to a
limited extent. After the heating time has elapsed, the heaters retract and the adherends
can be joined together (see bottom left in Figure 1).

 

Figure 1. Welding setup in the heating phase (top left corner) and the joining phase (bottom left
corner). The diagrams on the right show the corresponding pressure curves of the two pneumatic
cylinders of the sledges.

To analyze the influence of the process parameters on the quality of the weld seam,
the heating time tH , the surface power of the IR-emitter P and the joining pressure pJ were
varied. P is given in percent of the maximum power of the IR-emitter. In contrast to the
heating times and plate temperatures from Table 1, the parameters here have been adapted
to the application. The IR-emitter requires some time to bring the pultrudate plate into a
molten state. This determines the minimum heating time as examined in preliminary tests.
It was not possible to realize a welded joint below a surface power of the IR-emitter of
70%. If P is 75%, a heating time of at least 60 s is required to obtain a weld. These findings
from preliminary tests determine the lower limit of the process parameters. A closer
examination of the samples shown in Figure 2 allows the determination of the upper limit.
The circular discoloration (blue line) on the pultruded plate is visible on both samples. This
area, corresponding to the recess in the metal plate that fixes the pultrudate plate during
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welding, was exposed to the radiant heat from the IR-emitter during the heating phase.
The sample on the right, exposed to higher radiant heat for a longer duration than the left
one, exhibits pronounced brown discoloration on the surface, indicating decomposition
and burn effects. Therefore, no longer heating times or higher radiant heat than shown
here were investigated. The parameter set for the conducted tests is derived from these
preliminary results and is presented in Table 2. Three joining pressures, two heating
times and two different surface powers of the IR-emitter were tested in a full factorial test
plan. The joining pressure of 1.5 MPa represents the maximum force achievable with the
current setup.

 

Figure 2. Photographs of welded samples. A detailed view of the right-hand sample is shown on
the right.

Table 2. Process parameters for welding.

tJ in s 30
pH in MPa 0.2
TH in ◦C 215

No. tH in s pJ in MPa P in %

1 80 0.3 75
2 80 0.3 85
3 99 0.3 75
4 99 0.3 85
5 80 0.75 75
6 80 0.75 85
7 99 0.75 75
8 99 0.75 85
9 80 1.5 75

10 80 1.5 85
11 99 1.5 75
12 99 1.5 85

To minimize the influence of the extended heating time on the welding process, a lower
heating temperature TH was chosen for heating the tension rod, as compared to the values
reported in literature. In differential scanning calorimetry (DSC) measurement, the melting
range of the unfilled PA6 was determined (onset temperature 219.4 ◦C, end temperature
223.1 ◦C, start of melting 200 ◦C) and TH was selected so that the temperature lies within
this range. The decision was made to only vary the process parameters associated with
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heating the pultrudate plate. This approach was chosen because the influence of heating
time and applied radiation on achieving a processable state for the profiles has not yet been
systematically investigated. Nevertheless, in future research, tests with different TH and
pH are also necessary to determine the optimal set of process parameters.

2.3. Characterization of the Welded Samples

Mechanical tests were carried out to assess the quality of the welded joint. Most of the
previous work in this area examined the strength in the tensile direction. As the results in
this work will be compared with the literature values, tests were also carried out under this
type of load with the present samples. In addition, the welded joints were tested under
a combined bending and shear load. On the one hand, this type of load is closer to the
application, i.e., impacts on functional elements during use are very likely. On the other
hand, the comparison of both types of load and their fracture patterns should provide
insight into the force transmission inside the weld seam. Both test devices are shown in
Figure 3. The welded specimen is positioned and fixed within the custom-designed device.
Subsequently, the device is pneumatically clamped into the tensile testing machine.

 

(a) (b) 

Figure 3. (a) Test setups for mechanical characterization: testing under tensile load (left) and bending
load (right); (b) photographs of the setups in the mechanical laboratory at IKT.

For the evaluation of the mechanical tests, the tensile strength was calculated with
the initial cross-sectional area of 10 mm × 4 mm. Six samples were welded per test series,
three of which were subjected to tensile stress and three to bending stress. A lever arm of
30 mm was selected for the bending tests. All samples were stored in a standard climate
(23 ◦C, 50% humidity) for at least 88 h before mechanical testing. Two welding factors are
considered in the test evaluation:

fxu =
σWeld
σRe f

, fx f =
σWeld

σ90◦ ,PA6GF
(4)

fxu relates the weld seam strength to the strength of the unfilled partner, whereas fx f

relates to the strength of the pultrudate. x indicates the load direction with b for bending
and t for tensile load. The mechanical properties were characterized using the UPM 1455
universal testing machine from Zwick Roell AG, Ulm, Germany. The used local cell has
a maximum force of 20 kN. The test speeds for the tensile tests were kept constant at
5 mm/min and for the bending tests at 2 mm/min.

Optical analyses of the weld seam were carried out using the Leitz DMRXP microscope
from Leitz Camera AG, Wetzlar, Germany.
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3. Results and Discussion

Figure 4 shows the results of the tensile tests. In Figure 4a, the heating time is plotted
on the x-axis and the calculated tensile stress on the y-axis for P = 75%. Similarly, Figure 4b
for P = 85%. The lower limit of the error bars represents the lowest absolute value, while
the upper limit indicates the highest value. The different joining pressures are highlighted
in different shades of blue, and the tensile strength of the unfilled PA6 is shown in black as a
reference. The results clearly show that high strengths can be achieved for almost all process
parameters. At the shortest heating time and lowest radiation intensity, the tensile strength
significantly decreases. One sample even broke before the mechanical test. Obviously,
this low thermal energy, in combination with low joining pressure, was not sufficient to
produce a good weld quality. The highest strength of 39 MPa is achieved with the highest
investigated joining pressure of 1.5 MPa. It can also be seen that the joining pressure has
a significant influence on the strength of the joint. The greater the joining pressure, the
higher the strength. The best weld strengths were realized at the highest joining pressure
of 1.5 MPa. This contradicts the current state of research, in which an optimum for the
joining pressure for unreinforced thermoplastics is achieved at significantly lower values
of around 0.1–0.5 MPa [6,10]. As mentioned in Section 1.2, this applies in particular to
fiber-reinforced plastics. In contrast, there is no clear influence of the heating time and
the radiation intensity on the strength of the joint. If the obtained results are compared
with the reference sample and the welding factor ftu is calculated, the highest value is 0.81.
Values greater than 1 are reached for ft f . The absolute values of the tensile strengths are
roughly within the range of literature.

 
(a) (b) 

Figure 4. (a) Tensile strength of the welded samples at P = 75%; (b) tensile strength of the welded
specimens at P = 85%. Reference unfilled PA6.

As announced in Section 2.3, not only the load in the tensile direction was considered.
Figure 5 shows the results under bending load. The energy introduced by the IR-emitter
into the pultrudate is plotted on the x-axis and is calculated as follows:

E =
P · Imax · tH

100
(5)

The bending strength is plotted on the y-axis. As for the tensile tests, reference values
for the unwelded material were also determined, which are shown in black in the diagram.
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For this purpose, a tension rod was clamped on one side, and a two-point bending test
was carried out. The diagram shows a similar behavior for all three joining pressures. A
maximum is reached at 782 J/m2. Subsequently, the achievable bending strength drops
for a higher applied energy. For the joining pressure of 1.5 MPa, there is a single outlier
at 968 J/m2. The results from the bending test are consistent with the results from the
tensile test: The highest strengths were achieved at the highest joining pressures. It is also
noticeable that even weld factors fbu above 1 can be achieved. The maximum welding
factor was 1.4. This means that the strength of the welded joint is higher than that of the
base material. This observation is a strong indication that fibers must be present within the
weld interface.

 

Figure 5. Bending strength of the welded samples plotted against the applied energy on the pultru-
date plate.

Figure 6a shows the tensile stress plotted over the deformation for four exemplary
samples. The reference sample is in black alongside a sample from series 1 (yellow),
a sample from series 3 (red), and a sample from series 11 (blue). The path is plotted
logarithmically. Typically, the stress–strain curve is used to determine the stiffness of a
material in the linear elastic range. However, comparing the elongation in the weld seam
with the elongation of the reference specimen is difficult because the initial lengths are
not standardized across both specimens. This discrepancy makes it challenging to directly
compare elongation. Therefore, it is more appropriate to compare the stress-deformation
curves and their slopes, as they provide a more consistent and meaningful measure of
the material’s behavior under stress. The diagram shows that the reference specimen is
significantly more ductile. It breaks after about 100 mm, whereas the welded samples
already break at about 1 mm. The deformation at the yield stress of the reference is an
order of magnitude higher than that of the weld seams. In contrast, as already shown in
Figure 4, the yield strength itself only differs by approx. 20% to 40% for samples 3 and
11. In addition, it is noticeable that the curves of the welding samples lie exactly on top of
each other despite being welded with different welding parameters and differ only in the
deformation at the break. The gradient of the reference curve is lower. This indicates that
the weld seam behaves more rigidly than the reference material.

To get a more accurate picture of the failure mode, the stress-deformation diagram for
the bending test is shown in Figure 6b, analogous to Figure 6a. The reference is shown in
black. In contrast to the tensile test, the reference test specimens (unfilled PA6) did not fail
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under the bending load. After falling below a relative force minimum, the test was aborted.
In the welded joints, on the other hand, there was a component failure in the weld seam.
Although the resistance to the bending load and, thus, the bending stress are increased, it
is no longer possible to achieve such high bending strains. In comparison to the tensile
tests, the curves of the welded samples are again similar and reach the stress maximum
at smaller deformations than the reference specimen. This indicates a stiffening, which
probably occurs due to the influence of the glass fibers. The drop in bending stress after
failure is faster for the welded samples, which shows that the welded samples exhibit a
fast and an “all at once” failure.

(a) (b) 

Figure 6. (a) Stress-deformation diagram under tensile load; (b) stress-deformation diagram under
bending load. Reference unfilled PA6.

In order to understand how the welded joints work and how the forces can be trans-
ferred, it is necessary to take a look inside the weld seam. Figure 7 shows the corresponding
microscopy images of a sample from series 9. This series was selected because it achieved
the highest strength in the tensile test (see Figure 4a). In Figure 7a,b, the sample is shown
before destruction. Figure 7c–e show the corresponding images after the tensile test and
Figure 7f–h after the bending test. To create the images, the samples must first be embedded
in resin. That is why three different samples that were all welded with the same parameters
are shown. The samples are prepared in such a way that images are taken in the middle of
the seam with the fibers pointing into the plane of the sheet.

Figure 7a shows the welded tension rod. The glass fibers can easily be identified as
bright spots. It is noticeable that the tension rod has penetrated a few micrometers into
the pultrudate. It can also be seen that a weld bead is formed in the edge area, and the
pultrudate bulges upwards at this point. This bulging is better visible in the zoomed-in
view in Figure 7b. The most outstanding detail is also visible there: The unfilled PA6 of
the tension rod and the pultrudate mix during the welding process. This is clearly visible
in the red ellipse, where the melt of the tension rod is present between individual glass
fibers. This mixing is barely visible in the middle of the tension rod. During welding,
the application of the joining pressure results in a cross-flow of the melt, which could be
responsible for the good mixing in the boundary area.

Looking at the images taken after a mechanical failure in Figure 7c–h, it can be seen
that the fracture zone runs along the area where the glass fibers have mixed with the poly-
amide of the tension rod. In the areas with hardly any mixing, the tension rod material is
pulled away from the pultrudate, and an adhesion fracture occurs. The image in Figure 7d
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also clearly shows that although the fracture edge is at the edge of the mixing zone, the
force transmission within the weld seam is so good that cracking occurs in the pultrudate.
This can be seen from the black voids. The cohesive and adhesive fracture behavior is
depicted in the image in Figure 7e. This image and the one below Figure 7h show the
fracture surface taken with a standard digital camera. In Figure 7e, it can be seen that the
material of the tension rod remains a black frame at the edge (cohesive failure). The bright
surface of the pultrudate is visible in the center (adhesive failure).

 

Figure 7. Microscopy images of the weld seam in sectional view. Test samples welded with the
parameters of sample No. 9. (a,b) before applying mechanical stress, (c–e) after the tensile test,
(f–h) after the bending test.

In contrast to the tensile load, the weld seam is loaded asymmetrically during bending.
This asymmetry can also be seen in the images. The left-hand mixing zone (see Figure 7g),
which is subjected to compressive stress during bending, is even more pronounced after
the fracture than on the right-hand side, which was subjected to tensile stress. On the right,
individual fiber strands were even pulled out. The black air bubble, which could not be
avoided while embedding the sample in epoxy resin, directly lies under these detached
fiber strands.

In order to investigate the influence of the process parameters on the penetration
depth and the formation of the mixing zone, samples from series 1 to 10 were embedded
and optically examined. Figure 8 shows the corresponding images of the three embedded
samples. For the sample from series 1, which had the lowest energy input of 690 J/m2
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and a joining pressure of 0.3 MPa, it is evident that the tension rod did not penetrate the
pultrudate plate. The large black air bubbles in the area of the weld seam indicate that
the adherends were not aligned during welding. By increasing the joining pressure to
1.5 MPa, the test specimen penetrates into the pultrudate plate, and a mixing zone is formed
(see Figure 7b). By increasing the applied radiation energy to 782 J/m2, the penetration
depth can significantly be increased. The penetration depth of the sample from series 9
is around 0.2 mm, while the penetration depth of the sample from series 10 increases to
over 0.5 mm. To quantitatively analyze the relationship between penetration depth and
process parameters, as well as the relationship between penetration depth and mechanical
performance, all sample variations should be embedded. Multiple measurements should
be performed to ensure statistical evidence.

 

Figure 8. Microscopy images of the weld seam in sectional view. Test samples welded with the
parameters of samples No. 1, 9, and 10. Heating time tH = 80 s for all samples.

4. Conclusions

This study investigated the functionalization of continuous fiber-reinforced thermo-
plastic pultrusion profiles. For this purpose, the classic hot-tool welding process was
adopted, and an IR-emitter with line focus was integrated for heating the thermoplastic
profiles. The following are the specific conclusions:

• Despite a very high fiber content of 70 vol.-%, a strong welded joint between the
unreinforced tension rod and the pultruded plate is possible. The maximum tensile
strength achieved, 39 MPa (Figure 4), corresponds to a welding factor of 0.81, sur-
passing the welding factors for PA reported in the literature [15,28,29]. Moreover,
significantly higher strengths were achieved compared to similar studies involving
fiber-reinforced composite laminates [39,40].

• The results under tensile and bending loads have shown that the joining pressure is of
decisive importance. The strength increases with increasing joining pressure. Heating
time and applied radiant heat show no clear influence on the mechanical properties.

• The stress-deformation diagrams (Figure 6) show a steeper gradient for the welded
samples compared to the reference specimens. This suggests a stiffening effect due to
fiber interaction.

• Unlike classical welding theories for polymers, which focus on molecular interactions
and chain entanglements, the present case involves a macroscopic mechanism. During
welding, cross-flow causes mixing between the continuous fiber-reinforced pultrudate
and unfilled PA6, creating a form fit between the fibers and the PA6 (Figure 7).

• The penetration depth depends on the process parameters. It increases with higher
joining pressure and greater energy input.

These findings open up new questions for investigation. Accordingly, the authors
would like to propose several suggestions for future research:

• The viscosity will have an influence on the formation of the mixing zone and the
penetration depth. In addition, the crystallization behavior should be examined more
closely in the future. Both parameters depend crucially on the temperature conditions
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during the process. In order to better understand the processes and force transmission,
investigations with polyamides of different molecular weights are required here.

• A deeper analysis of the dependence between the penetration depth and the me-
chanical properties is needed. For this purpose, the penetration depth should be
quantitatively determined as a function of the process parameters. This could help
to define an optimal set of process parameters. The inclusion of TH and pH would
enhance the experimental design.

• The welding of material systems, which consist of chemically diverging polymers, is
usually a challenge since these systems often are incompatible on a molecular scale.
Because the revealed welding mechanism acts on a macroscopic level, the welding of
fiber-reinforced systems where both adherends consist of a different polymer might
still result in acceptable weld quality.
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Abstract: Laser-assisted automated tape placement systems are currently the state of the art regarding
thermoplastic tape placement. Flashlamp heating systems are rather new in this field of application
and offer high energy density with low safety requirements and moderate costs compared to laser-
assisted automated tape placement systems. In this study, the effect of processing parameters on
interlaminar bonding of carbon fiber-reinforced polyamide 6 tapes is investigated using a flashlamp
heating system. The temperature during placement is monitored using an infrared camera, and the
bonding strength is characterized by a wedge peel test. The bonding quality of the tapes placed
between 210 °C and 330 °C at a lay-up speed of 50 mm/s is investigated. Thermogravimetric analysis,
differential scanning calorimetry, and micrographs are used to investigate the material properties
and effects of the processing conditions on the thermophysical properties and geometric properties of
the tape. No significant changes in the thermophysical or geometric properties were found. Moisture
within the tapes and staining of the quartz guides of the flashlamp system have significant influence
on the bonding strength. The highest wedge peel strength of dried tapes was found at around 330 °C.

Keywords: automated tape placement; thermoplastic resin; bonding; polymer matrix composites;
material characterization

1. Introduction

Automated Tape Placement (ATP) can be used to manufacture lightweight and high-
performance composites structures in a single-step process using thermoplastic polymer
matrix composite materials. ATP in this context is defined as the automated positional- and
directional-variable placement of a single unidirectional reinforced preimpregnated poly-
mer tape on flat or curved surfaces with defined laminate thickness [1]. This methodology
does not require an autoclave cycle and is therefore faster, cleaner, and more energy efficient
compared to thermoset ATP processes. This is particularly of interest in the aerospace
industry, as the autoclave limits the dimensions of the part that can be manufactured [2,3].
Thermoplastic polymers not only help with realizing broader design spaces; they are also
easier to repair and recycle compared to thermoset polymers due to their ability to be
remelted. Thermoset polymers are brittle and are irreversibly crosslinked. Thermoplastic
polymers are already fully polymerized in their resin state and do not exhibit crosslink-
ing. The structural stability is achieved by enabling the polymer chains to move at high
temperature and form entangled structures [4]. Most research on thermoplastics polymers
for ATP focuses on high-performance matrix materials such as PEEK [4–20], PEKK [21–23],
or PPS [24–27]. Engineering or commodity thermoplastics have received far less atten-
tion within the recent years. Some studies exist investigating PA6 [16,28–30], PA66 [31],
PA12 [32,33], or PP [34–37]. Low-cost thermoplastic matrix systems are particularly of
interest for cost-sensitive and high-volume industries such as the automotive sector [38],
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as they offer easy processability, high toughness, damage tolerance, and better recycla-
bility compared to thermoset structures [39]. The most common methods of processing
fiber-reinforced thermoplastic tapes with ATP are with laser [5,8,10,12,13] or hot gas torch
heating systems [6,7,40–44]. Hot gas torch heating systems have a low energy density and
long response time compared to laser systems. This limits the possible processing speed
and restrains the design space. Laser systems come with higher equipment costs and need
to be in an isolated room to guarantee safety [45]. Flashlamp systems can bridge the gap
between hot gas torch and laser heating systems for thermoplastic ATP. These systems are
based on pulsed light technology and utilize high-energy pulsed flashes for heating the
tapes. A high voltage is used to ionize the xenon gas in the lamp to conduct electricity. The
capacitors are discharged at regular intervals to generate flashes. These flashes deliver the
heat to the target. Quartz guides are used as an optical medium to focus the flashes. Based
on the geometry of the quartz, the energy can be distributed between the incoming tape and
the substrate. These systems have lower acquisition and operation costs, as well as safety
requirements, while offering equal power as laser systems [46,47]. Research on flashlamp
systems is currently limited to reflectivity and emissivity analyses of composites heated
by those systems [48], thus benchmarking those systems for CF/PPS [49] or facilitating
the development of heat transfer models for dry fiber and thermoplastic materials [46,50].
Pulsed operation of the flashlamp system can cause high levels of material temperature
(above the thermal degradation threshold of the materials) [46]. This effect could influence
the bonding strength of the laminate. Especially at complex geometries, local overheat-
ing can damage the matrix [51]. The bonding of thermoplastic materials is affected by
the crystallinity level, the void content, or thermal degradation. All of those effects are
dependent on the thermal history during processing. The process window for ATP needs
to be defined precisely in order to guarantee high bonding quality and avoid altering the
composite due to high temperature [52]. In ATP, small surface areas are typically heated
with heat rates of up to 500 °C/s but with short exposure time (<0.2 s) depending on the
placement speed [16]. High lay-up speeds need higher power inputs to sufficiently melt
the matrix and bond the tapes. Furthermore, sufficient consolidation force is needed to
ensure enough time for the molecular chains to reptate between the layers for optimal
bonding [42]. Bonding occurs above the glass transition temperature (Tg) for amorphous
thermoplastics and above the melting temperature (Tm) for crystalline polymers. However,
the bonding of semicrystalline thermoplastics was also shown to occur below the melting
point [53].

The work at hand aims to experimentally investigate the temperature distribution
of unidirectional tapes during ATP with a flashlamp heating system. The temperature
of the incoming tape was measured close to the nip point using an IR camera. Different
processing conditions (pulse width and frequency of the heating system) were used to
manufacture samples and evaluate the resulting temperature close to the nip point. The
samples were made from unidirectional CF/PA6 tapes due to the low cost of this material
compared to high-performance tapes (e.g., CF/PEEK) and the lack of ATP-based studies
regarding CF/PA6, particularly with flashlamp heating. All samples consisted of four tape
layers resulting in a [0]4 laminate, which in turn was used to determine the wedge peel
strength. The moisture within the tapes was measured. The impact of different drying
conditions on the wedge peel strength was tested. Thermogravimetric Analysis (TGA) was
used to determine the degradation point of the investigated polymers, and Differential
Scanning Calorimetry (DSC) was used to study the influence of processing conditions
on the thermophysical properties of the polymers. The fiber–matrix distribution and the
bonding interface were investigated with optical microscopy.

2. Materials and Methods

2.1. Materials

The material used for this study is a fully impregnated thermoplastic CF/PA6 tape
from SGL Carbon SE (Sigapreg® TP C U157-0/NF-T340/46%) with a width of 25.4 mm and
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a thickness of 0.2 mm. The fiber volume content is 42%, and the mass density is 1.42 g/cm3.
The fiber type is Sigrafil® C T50-4.4/255-T140. The matrix has a melting temperature Tm of
220 °C and a Tg of 58 °C.

2.2. ATP System and Placement Trials

The ATP system used in this study is shown in Figure 1d and consists of a placement
head with feeding unit, a silicone compaction roller with 70 Shore A hardness, 30 mm width,
and a diameter of 50 mm. The setup is able to place 25.4 mm wide tapes on a heated aluminum
tool measuring 700 mm × 350 mm. The tool can be heated with an accuracy of ±1 °C.

The consolidation force was measured using a multicomponent sensor with an accu-
racy of 4 N and a resolution of 0.2 N. A hygrometer is used to measure room temperature
and humidity. It was placed right next to the ATP rig and the material storage. The hygrom-
eter has an accuracy of ±0.5 °C and a resolution of 0.1% for the temperature measurement,
whereas the humidity can be measured with an accuracy of ±3% and a resolution of 0.1%.
All placement trials were performed with a Heraeus humm3 flashlamp system as heating
source (see Figure 1c). The quartz guide has an angle of 23° to the substrate and a width of
30 mm. Two different chamfered quartz guides were used in this study. Figure 1a shows
the geometry of a chamfered quartz guide with one radiating surface, and Figure 1b shows
the geometry with three radiating surfaces. The configuration of the quartz guide in the
processing environment is shown in Figure 1c,d. All tapes were placed directly on the
aluminum tool. The tool was heated to 50 °C to ensure equal placement conditions for all
trials. The lay-up speed was set to 50 mm/s, and the consolidation force was set to 500 N
for all tests.

Figure 1. (a) Quartz with one radiating surface. (b) Quartz with three radiating surfaces. (c) Schematic
of the flashlamp system placement within the ATP system. (d) ATP setup used in this study.

The samples for the peel test were manufactured at different flashlamp parameters as
listed in Table 1. Three peel test samples were manufactured for each parameter configura-
tion. For the first experimental set, the pulse width was kept constant, and for the other
set, the frequency was kept constant. For both sets, the power was increased from around
2150 W to the maximum power setting of the flashlamp system (4400 W). To compare the
temperature between the experimental sets, uniform power levels were chosen (ranging
from 1 to 5, with 5 being the highest power setting, as shown in Table 1). The power levels
differ with a maximum value of 26 W at the highest power setting.
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Table 1. Experimental plan.

Exp. Set Frequency [Hz] Pulse Width [μs] Power [W] Power Level [-]

1

40 2200 2153 1
50 2200 2691 2
60 2200 3229 3
70 2200 3767 4
80 2200 4306 5

2

30 2950 2159 1
30 3700 2676 2
30 4550 3236 3
30 5400 3779 4
30 6200 4280 5

2.3. Temperature Measurement

In order to determine the associated temperature of the incoming tape for the parame-
ter combinations shown in Table 1, a series of tapes was placed onto the aluminum tool to
form a [0]4 laminate. The temperatures were measured on the incoming third layer due to
the tapes being pulled apart between the second and third layer for the wedge peel test. The
temperature of the incoming tape was measured using an InfraTec Image IR 8300 IR camera.
The IR camera has a detector format of 640 × 512 pixels with a temperature resolution of
0.025 K at 30 °C. The camera uses a lens with 25 mm focal length. The ni-point temperature
cannot be measured directly with the IR camera. Combinations of surface emittance and
specular reflections of the opposing surfaces near the nip point distort the temperature
measurement [54]. Therefore, the temperature was measured closely before the nip point. It
needs to be noted that the temperature could differ from the actual processing temperature,
because it is not measured directly at the nip point. The emissivity was set to 0.91, as
the values typically range from 0.8 to 0.95 depending on the material and the geometrical
configuration of the setup [30].

2.4. Wedge Peel Strength Measurement System

The bonding quality of composite laminates are typically characterized by the crack
propagation resistance with Double Cantilever Beam (DCB) tests for mode I and End
Load Split (ELS) for mode II crack initiation [55]. Another common test method for
evaluating of the bonding strength is the Short Beam Strength (SBS) test [4,21,53,56,57].
High-performance thermoplastics can be tested with SBS and show valid failure modes [4].
However, it was shown by Schaefer [58] that SBS tests on CF/PA6 result in wrong values,
because the samples did not experience interlaminar crack formation and failed due to
plastic shear. Stokes-Griffin et al. [16] also listed poor fiber–matrix bonding as a possible
contributing factor for the failing test. Wedge peel tests have been widely used [13,16,18,59]
to compare the interlaminar bonding of different composites and are an alternative to SBS
or DCB tests for the evaluation of the bonding strength, as they show good correlation with
DCB tests [60]. Although it is not yet standardized for this kind of test, wedge peel testing
is conceptually comparable to standardized tests for adhesive bonding, e.g., ASTM D3762.
The wedge peel test is able to continuously test the bonding strength over the whole sample
length and is therefore suitable to identify any differences in bonding strength occurring
from process conditions. Due to the noncontinuous heating behavior of the flashlamp
system, different bonding levels over the length of the tape can occur. The peel test setup
used for this study is shown in Figure 2. It consists of a wedge with a thickness of 10 mm
and a wedge angle of 40°. The tip of the wedge is rounded and has a radius of 0.5 mm.
All surfaces of the wedge have a mean roughness depth (difference between peak and
valley height) of Rz = 0.63 μm. The tapes are pulled over the wedge with the interface in
between the second and third ply. The peel speed was set to 1 mm/s. The peel force is
measured by two load cells (located underneath the peel wedge) with a capacity of 300 N
and a resolution of 0.009 N at an acquisition rate of 10 Hz. The sample width was measured
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with a caliber at 10 points (same positions for each tape on the third layer) and averaged
to calculate the arithmetic mean of the tape width. The digital caliber has a measurement
accuracy of 0.03 mm.

Figure 2. Side and front view of the wedge peel strength measuring rig used in this study.

In order to investigate the influence of humidity, the moisture of the tapes was mea-
sured before placement and before the wedge peel test. The moisture is measured using a
Kern DAB 100-3 moisture analyzer. The moisture analyzer measures mass reduction with
an accuracy of 0.003 g and a reproduceability of 0.15%.

2.5. Thermogravimetric Analysis

Thermogravimetric analysis was used to determine the degradation onset of the PA6
used for this study. The measurements were performed with a Mettler Toledo TGA/DSC
3+ STARe system. Samples were taken from random places and different positions along
the length of multiple tapes in order to avoid systematic influences on the results. The
weight of the samples ranged from 7 to 12 mg. The samples were heated from 25 °C up to
650 °C at a heating rate of 10 °C/min under a nitrogen atmosphere with a nitrogen flow of
50 mL/min.

2.6. Differential Scanning Calorimetry

In order to measure the melting point and crystallization temperature of the material
used for this study, DSC measurements were conducted. These measurements were used
to link potential changes in peel strength to a change in molecular structure (e.g., melting
and crystallization temperature). The DSC tests for this study were run on a Mettler Toledo
DSC 1 device. The samples were heated from 30 °C to 280 °C (above the infinite polymer
melting temperature of 270 °C [16]) with a heating rate of 10 °C/min and held at 280 °C for
5 min to erase the process history and remaining crystal seeds. After holding the samples
at 280 °C, they were cooled to 30 °C at a cooling rate of 10 °C/min and then heated up
to 280 °C at 10 °C/min again to evaluate any changes in the molecular structure due to
degradation. All tests were performed under nitrogen atmosphere.
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3. Results and Discussion

3.1. Temperature Evaluation

Figure 3a shows the third layer of a tape placed at 50 mm/s onto two other tapes
forming a [0]4 substrate. The evaluation area for the temperature measurement is shown
with a yellow ellipse. All data were collected with an acquisition frequency of 250 Hz. An
uneven heat distribution across the tape width can be seen in the Figure, as well as an
uneven heat distribution along the tape length. Figure 3b,c show thermographs with a
chamfered quartz guide, as shown in Figure 1b. It can be observed that the matrix residue
of the tape was collecting on the chamfered sides of the quartz guide due to the tape
touching the quartz guide during the end phase of the placement. This led to different
heating characteristics in the subsequent tapes. The chamfered quartz guides led to a high
variability in temperature over the tape length with increasing amounts of residue buildup.
Figure 3c shows the quartz guide heating up to over 400 °C, which led to a heating of the
tape right after exiting the guiding system and a lower temperature in front of the nip
point compared to Figure 3b. The geometries with chamfered sides were found to be more
sensitive to residue buildup on the quartz guides. The geometry in Figure 1a was therefore
been chosen for all further experiments.

Figure 3. (a) Evaluation area for the temperature measurement. (b) Chamfered quartz guide after
placing 3 tapes with 70 Hz and a pulse width of 1700 μs. (c) Chamfered quartz guide after placing
11 tapes with heating of the quartz guide due to residue collection on the surface.

Figure 4 shows the temperature evolution for the different power settings. Each entry
in the plot was derived from temperature measurements on three different tapes. The
temperature was measured at uniform locations along the tape length in sections where
samples for subsequent wedge peel tests were extracted. It can be seen that the constant
frequency with varying pulse width samples experienced higher temperature with higher
power compared to the constant pulse width samples, except for 2691 W (50 Hz). This
could be explained by the frequency shift, which leads to a higher energy, as the energy of a
photon is directly proportional to the wavelength. Furthermore, the higher frequency leads
to a slight change in the spectrum emitted by the quartz guide. This different spectrum
could lead to a change in heat transfer within the tape.
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Figure 4. Process temperature for all power settings used in this study for constant frequency with
varying pulse width (solid curve) and constant pulse width and varying frequency (dashed curve).

Figure 5 shows the temperature evolution over the tape length section relevant for the
subsequent wedge peel tests for the tapes placed at a constant pulse width with varying
frequency for one tape each. The spindle position 0 mm was at the beginning of the
bonding between the tapes shortly after the start of the placement when the temperature
reached a temperature level high enough to bond the tapes together. It can be seen that the
temperatures for the experiments at 40 Hz and 50 Hz were closer to each other compared
to the other values. The first peak in the temperature can be explained by the startup of
the placement with the tape being closer to the quartz guide and therefore having a higher
temperature. The temperature evolution for the experiments at 60 to 80 Hz showed higher
variability within the peel test length. The 80 Hz sample showed the highest variability
and increasing temperature over the peel test length, which could lead to different bonding
within the tape over the length of the placement.

Figure 5. Temperature evolution over the wedge peel strength measuring distance for the tapes
placed at constant pulse width with varying frequency.
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3.2. Peel Strength

Figure 6 shows the results of the wedge peel strength tests and the tape width used
for normalizing the peel strength data. The tape width after consolidation was measured
at uniform locations for each tape with a caliber at 10 positions. The average of these
measurements was used to calculate the wedge peel strength in the gray section seen
in Figure 7. The temperature evaluation was also done with the temperature values in
the gray section. The tape width after consolidation measured for the third layer was
smaller compared to the first two layers. Those two layers experienced more heating and
consolidation cycles and were therefore wider due to no squeeze flow restriction on the
edges (e.g., adjacent tapes). The evaluation section differed for each peel test and was
determined by a steady state section within the peel strength by using a moving average
on the data. No other data cleaning was necessary, as no outliers could be found in the
steady state section for the evaluation.

Figure 6. (a) Effects of the frequency on the wedge peels strength and the tape width. (b) Effects of
the pulse width on the wedge peels strength and the tape width.

Figure 7. Peel strength and temperature over the peel test length for the 60 Hz sample.
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All tapes were placed directly after they were taken out of the oven. The moisture was
measured before the placement on 53 tapes. The tapes were dried in the moisture analyzer
for 7 min at 120 °C. The average moisture was 1.61 m% with a standard deviation of
0.23 m%. This resulted in an about 1 m% lower moisture content compared to the samples
before drying. The results for a constant pulse width (2200 μs) and varying frequency
can be seen in Figure 6a. A constant rise in peel strength with increasing frequency and
therefore increasing power can be observed. The power is a function of the frequency, pulse
width, and voltage of the setting. An increase in any of those three settings will lead to a
higher power and therefore temperature (if all of the other process variables stay the same).
The increase in temperature led to a higher bonding strength up to the point where matrix
degradation took place or significant matrix squeeze out occurred due to the decrease in
matrix viscosity. The lowest value (1.00 N/mm) was at 40 Hz (2153 W with 219 °C process
temperature). The highest peel strength value (1.71 N/mm) was achieved with a frequency
of 80 Hz and a temperature of 326 °C. However, the variation within the peel strength
rose with increasing frequency and, thus, with temperature. Figure 6b shows the results
from tests with constant frequency (30 Hz) and varying pulse width. The lowest value
(0.94 N/mm) is at 2950 μs (temperature of 212 °C) and the highest value (1.57 N/mm) can
be found at 6200 μs with a temperature of 295 °C. The variation within the peel strength
increased with pulse width and, thus, again with temperature. In general, the peel strength
values found in this study were lower than those reported by Stokes-Griffin et al. [16] for
the same material. This could be explained by the lower lay-up speed used in this study
(50 mm/s compared to 100 mm/s). This could lead to a higher degree of more ductile γ
phases in the tapes placed at 100 mm/s, due to faster cooling. This increases the wedge
peel strength. Furthermore the consolidation force was set to 500 N for 25.4 mm wide
tapes in this study, whereas Stokes-Griffin et al. [16] used 130 N for 12 mm wide tapes. An
analysis of the pressure distribution for the roller used in this study at 500 N showed that
an average pressure of 1.57 MPa was applied to the tapes over the area of contact with
the roller. The pressure was measured with a Prescale LLW pressure measuring film at a
room temperature of 22.8 °C and a humidity of 26.8%. However, the resulting pressure
and consolidation tape width were not known for the reference study. There, the highest
wedge peel strength was reported with 4.3 N/mm at a process temperature of 260 °C. In
general, a higher contact area is favorable to develop higher degrees of intimate contact;
this, however, limits the pressure on the tapes, which in turn has negative consequences on
the intimate contact [23].

In order to investigate the influence of humidity on the wedge peel strength, three
samples for each of the drying conditions were prepared (Table 2).

Table 2. Drying conditions for investigating the moisture influence on the wedge peel strength (ND:
nondried, D: dried).

Label Drying before Placement Drying before Peel-Test

ND/ND 72 h at 21 °C
and 41% humidity

72 h at 21 °C
and 41% humidity

ND/D 72 h at 21 °C
and 41% humidity

72 h at 60 °C
in vacuum oven

D/ND 48 h at 100 °C
in vacuum oven

72 h at 21 °C
and 41% humidity

D/D 48 h at 100 °C
in vacuum oven

72 h at 60 °C
in vacuum oven

The results can be seen in Figure 8. The ND/ND samples had the highest peel strength
(2.04 N/mm), whereas the samples dried before the placement showed a significant reduc-
tion in peel strength resulting in a peel strength of around 0.9 N/mm. This is to be expected,
because moisture acts as a plasticizer in the polymer. Plasticizers decrease the Tg and Tm
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and provide chain mobility by reducing the secondary forces between the macromolecules.
This effect results in a decrease in tensile strength, hardness, or elastic modulus while
increasing the elongation at break or toughness [61]. Those effects results in a more ductile
crack propagation compared to dry samples [62]. Samples not dried before the placement
but dried before the peel test also showed a reduction in peel strength, but it was not as
drastica compared to the samples dried before the placement. The peel strength for those
samples reached an average level of 1.39 N/mm.

Figure 8. Effect of drying the samples before the placement and before the peel test on the wedge
peel strength (ND: nondried, D: dried).

3.3. TGA Measurements

Thermal degradation deteriorates the polymer matrix by cutting the molecular chains
by rupture or scission [63]. During ATP, heating rates of 500 °C/s can occur. However, the
exposure to high temperature levels is usually very short (<0.2 s) [4,16]. Figure 9 shows the
results from TGA tests on five composite material samples. The onset of degradation was
annotated at around 362 °C and was set at a weight loss of 3%, because PA6 absorbs around
3 m% of water at standard conditions (23 °C and 50% humidity) [64]. These results were
verified by measuring 17 tapes with the moisture analyzer. The tapes have been kept at a
humidity of 43% and a temperature of 22 °C. All tapes were dried for 7 min at a temperature
of 120 °C with the halogen lamp of the moisture analyzer. The tapes lost 2.73 m% water on
average with a standard deviation of 0.11 m%. The degradation temperature for PA6 was
found by other researchers at around 350 °C [65] to 400 °C [66], and the material was fully
decomposed at around 500 °C [67] to 530 °C [66] in a nitrogen atmosphere. A temperature
above 390 °C was shown to lead to a more intense degradation (the degradation took
place faster) [68]. The water loss took place from the start of the measurements (25 °C)
to the degradation point. A faster mass loss was seen from the start to around 150 °C.
After this point to the degradation point, a slower loss was observed (around 1% mass
loss from 150 °C to 360 °C). The degradation temperature was determined after the loss
of all water (around 3 m%). This yielded a degradation temperature of 361.8 °C with a
standard deviation of 8.6 °C. After the initial mass loss due to the absorbed water, the
matrix degraded from 361.8 °C to around 500 °C, thus leaving around 56.3 m% (standard
deviation of 0.5 m%) carbon fibers behind (at a temperature of 550 °C). The fiber mass
content was 2.3 m% higher compared to the data sheet of the material. Slight deviations in
the degradation temperature between the samples were observed. The fastest degradation
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was found at 455.8 °C with a standard deviation of 1.0 °C. The results from Hanna [69]
verify the decomposition stages found in this study: At temperature levels up to 150 °C,
the matrix was loosing absorbed water, which resulted in a small weight loss of about 2%.
The second stage ranged from 280 to 450 °C, where the PA6 was getting decomposed, and
above 450 °C, were the impurities and undecomposed PA6 were lost. A higher degree of
crystallinity was found to lead to faster decomposition at higher temperature. A higher
activation energy is needed at higher crystallinity to break the crystalline parts [69].

Figure 9. TGA curves of 5 samples with degradation onset annotated at 350 °C.

3.4. DSC Measurements

Figure 10a shows the two heating cycles and the cooling cycle for the sample placed
at a frequency of 80 Hz and a pulse width of 2200 μs. The heating cycle 1 was offset by
0.4 W/g for better visualization. The curves would otherwise fall together with the heating
cycle 2. Both the melting and crystallization temperature were taken from the endothermic
and exothermic peaks. It can be seen that the melting temperature of the as-processed
samples (heating cycle 1) was around 2 °C higher compared to the heating cycle after
cycling to the infinite polymer melting point T∞

m . This can also be seen for all other tested
samples in Figure 10b, which showed samples ranging from 40 to 80 Hz and a sample
at 30 Hz, which showed no bonding. A higher melting point was associated with the α
phase crystals, whereas a lower melting point was associated with the γ phase crystals.
However, the α phase formed at slow cooling rates, and the γ phase at fast cooling rates.
α phase crystals have a melting temperature of around 225 °C and the γ phase crystals at
215 °C [63]. The heating and cooling rates of the ATP process, however, were much higher
compared to the 10 °C/min used in the DSC. Therefore, the samples manufactured by
ATP would have a higher degree of the γ phase. The formation of the crystalline structure
is influenced by thermal conditions, applied stress, additives within the polymer [70],
water content [71], or high pressure during crystallization [72]. The α phase is observed
to form at temperatures above 190°C, and the γ phase below 130 °C when the polymer
is kept at those temperatures for longer periods of time. At temperature levels between
130 °C and 190 °C, a mixture of both phases will be present. Short crystallization times
at 200 °C can lead to both crystallization forms [73]. The results from Figure 10a indicate
that there was a higher amount of α phase crystals in the first heating cycle resulting in
a higher melting temperature. The endothermic heat flow was more narrow compared
to the heat flow of the second heating cycle, thus indicating the α phase [74]. A wide
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heat flow curve indicates either the γ phase or the β phase (also called mesophase). The
mesophase, however, was a result of high cooling rates of thin samples and not likely to
occur at 10 °C/min cooling rates [75,76]. Both the γ and β phase are hard to distinguish
using DSC. Wide-angle X-ray scattering is a method commonly used to distinguish between
the different crystalline phases. However, the γ and β phase share a similar scattering
angle [74,76]. A clear description of the crystalline phase is not possible with DSC tests.
Changes in the crystallinity can also occur during the heating cycle of the DSC tests. The
evaluation of the crystalline phase of the processing parameters used in this work needs
to be investigated in a future study. The Tg could not be determined in the samples. This
is possibly due the moisture in the sample. Studies have found that the time of sample
preparation is sufficient to absorb enough moisture for the Tg to drop from the dry value of
around 54 °C to a value between 15 °C and 20 °C. Due to the starting point of the DSC in
this test (25 °C), the Tg did not appear in the samples. Furthermore, the Tg is likely to be
overseen in undried samples, as the moisture loss during the DSC would overlap with the
silent exothermic crystallization [77].

Figure 10. (a) DSC heating and cooling cycles for different heating system frequencies (Heating cycle
1 offset by 0.4 W/g for better visualization). (b) Melting temperature before and after cycling to
the melting point of the infinite crystals, as well as crystallization temperature (all temperatures are
peak values).

3.5. Micrographs

Figure 11 shows cross-sections of polished samples from different heating system
parameter variations (corresponding to the values in Table 1) around 300 mm from the start
of the lay-up. The cross-sections were used to evaluate the homogeneity of the laminates
and not to analyze any damages resulting from the placement. All images were taken with
a digital microscope from Keyence (VHX-7000) at a magnification of 150×. At the lower
power levels (to around 3229 W) of the tapes with constant pulse width, the individual
tapes of each layer can be clearly distinguished, whereas the layers of the tapes with
constant frequency cannot be clearly separated from 2676 W upwards. This corresponds
to the peel strength values shown in Figure 6. The clearly separable samples show lower
wedge peel strength (<1.3 N/mm). At higher wedge peel strengths, the different states
of inhomogeneity of the tape became less visible. The thickness of the samples was
measured with ImageJ over 25 points across the tape width. The thickness of the tapes
with a constant pulse width showed a linear trend of decreasing thickness with increasing
frequency. The tape with 40 Hz had a average thickness of 0.796 mm with a standard
deviation of 0.011 mm, whereas the tape placed with 80 Hz had a thickness of 0.651 mm
with a standard deviation of 0.015 mm. The thickness of the tapes placed with constant
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frequency showed more variation and no linear trend. The tape placed with 2950 μs had
a thickness of 0.765 mm and a standard deviation of 0.013 mm, whereas the tape placed
with 6200 μs had a thickness of 0.675 mm and a standard deviation of 0.025 mm. A full
overview of the measured tape thickness is shown in Table 3. The reduction in thickness
is attributed to the higher processing temperature and matrix squeeze-out due to lower
matrix viscosity at elevated temperature. The fluctuation of the thickness with increasing
temperature can be explained with uneven tape thickness and varying temperature during
the placement due to the pulsing operation of the system and nonuniform fiber volume
fraction along the tape. Another possible explanation for the varying thickness reduction in
the samples with constant frequency could be due to a higher matrix viscosity compared to
the samples with varying frequency. Higher frequencies could lead to a higher excitement
of the molecular chains and thus reducing the London dispersion forces, which reduces
the matrix viscosity [78]. Moreover, a shift in frequency could also leads to a shift in
wavelength, which could result in a better absorption of the energy emitted from the light
source by the molecules.

Figure 11. Micrographs of the center of the samples from different heating system parameters.
(a) Frequencies from 40 Hz to 80 Hz and constant pulse width of 2200 μs. (b) Pulse widths from
2950 μs to 6200 μs and constant frequency of 30 Hz.

Table 3. Tape thickness measured from micrographs for all processing conditions.

Frequency [Hz] Pulse Width [μs]
Mean Thickness

[mm]
Standard Deviation

[mm]

40 2200 0.796 0.011
50 2200 0.767 0.012
60 2200 0.685 0.010
70 2200 0.667 0.011
80 2200 0.651 0.015
30 2950 0.765 0.013
30 3700 0.729 0.012
30 4550 0.747 0.010
30 5400 0.756 0.014
30 6200 0.675 0.025

4. Conclusions

In this study, the impact of the processing conditions of a flashlamp heating system on
the bonding strength and the temperature evolution of the incoming tape was evaluated.
Furthermore, the influence of moisture within the CF/PA6 tapes on the bonding strength
was investigated. The bonding strength between the layers was investigated using a wedge
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peel test rig. The frequency and the pulse width of the flashlamp heating system were
varied, and their effects on 25.4 mm wide tapes placed at 50 mm/s were analyzed. TGA
was used to determine the degradation temperature of the material used in this study. A
degradation temperature of around 362 °C was found by analyzing five samples. DSC
measurements of samples placed with different frequency settings and constant pulse
width were analyzed, as well as micrographs for all parameter combinations. The DSC
measurements showed no thermal degradation, which would lead to changes in the melting
or crystallization temperature. The melting temperature was found to be around 222 °C
right after processing and at 219 °C after cycling to the infinite melting point of the polymer.
The crystallization temperature was found to be at around 193 °C. No significant differences
could be seen for the tested samples. Micrographs showed a linear thickness reduction of
the samples manufactured at a constant pulse width, whereas the thickness of the samples
placed with constant frequency showed varying thickness with higher temperature. A
decreasing thickness correlated with an increase in wedge peel strength. It has to be noted
that a higher matrix squeeze out could lead to a significant loss in wedge peel strength.
Matrix squeeze out reduced the resin rich areas between the tapes, which is expected to
reduce the bonding strength [16]. More matrix squeeze out was to be expected at higher
temperature. It was seen that a higher temperature led to higher residue buildup on the
quartz guides used for the flashlamp system. Chamfered guides were more susceptible to
residue buildup, as the tape drags over the chamfered radiating surfaces at the end of the
lay-up. The quartz guide with only one radiating surface (directed at the nip-point) was
seen to be more stable in terms of temperaturem as less residue was building up on this
geometry. The humidity was found be an significant factor regarding the bonding. Samples
dried before placement had lower peel strength compared to nondried samples. This is the
result of the plasticizing effect of moisture within the polymer matrix. The highest peel
strength was found to be at a frequency of 80 Hz and a pulse width of 2200 μs. This sample
furthermore showed the highest temperature. The variation in the wedge peel strength
increased with higher temperature, as well as the variation within the temperature. The
results for the DSC and TGA measurements in this study were expected. The increase
in peel strength with power is to be expected; however, the differences between a higher
frequency and a higher pulse width (while keeping the other parameter low) were not
expected at identical power values. More research needs to be conducted to explain these
results in more detail. An analysis of the emitted spectral range of the flashlamp system
should be conducted to gain a deeper insight into the heat transfer of the heating system.
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Abstract: The tack of prepreg is a key factor affecting the automatic tape laying process. During the
manufacturing process of large composite parts, prepreg material may be stored at room temperature
for several days, resulting in a decrease in its tack. In this study, a new tack test tool was designed,
and the decay rate of prepreg tack at different temperatures was tested. We proposed a prepreg tack
decay model, which assumes that the main factor in tack decay is the reduction in resin chain activity
during storage. The maximum deviation between the model calculation results and the experimental
results of the tack decay rate is 9.7%. This study also proposed a new statistical unit for prepreg tack,
which can establish the relationship between the tack of prepreg and its remaining storage time and
reduce prepreg management costs.

Keywords: handling life; tack; prepreg; composite

1. Introduction

Composite materials can enhance the fuel efficiency of commercial aircrafts; thus, their
mass fraction becomes a benchmark for assessing the manufacturing level of commercial
aircraft. Currently, the main automated production processes for producing aircraft com-
posite parts are automated fiber placement (AFP) and automatic tape laying (ATL). The
ATL process is often used in the production of large wings. Currently, the ATL process for
wings employs thermosetting prepreg materials, and the tack of thermosetting prepregs
is a critical factor affecting the manufacturing process [1]. Prepregs are stored at room
temperature during production, and large parts may cause this storage to approach the
handling life limit of the prepreg [2]. Therefore, it is necessary to study the decay of prepreg
tack with storage time. However, the tack of prepreg as a material property lacks clear
quantification testing standards and mechanistic models [3].

Initial studies on the tack of prepregs used pressure-sensitive adhesive testing methods,
such as ASTM D6195 adhesive loop tack strength testing [4] and ASTM D3121 rolling ball
test [5]. However, both of these test methods are difficult to accurately measure prepreg
tack. Dubois et al. [6] used a probe method to measure the tack of prepreg and analyzed
the load curves during bonding and separation. However, this method is essentially a
modified version of measuring tack using fingers [7]. Ahn et al. [8] measured the bonding
strength between prepregs by compressing and separating multiple layers of prepreg.
This test method of removing the prepreg as a whole is very different from the process
of peeling the prepreg from the laminate. Nguyen et al. [9] designed a single-lap-based
adhesion measurement method that is suitable for evaluating the connection strength of
lap joints used for prepreg extension in automated production. Böckl et al. [10] developed
a friction-based tack test method that measures the lateral friction of the prepreg tape
passing through a measuring roller. The test results can be used to monitor the automatic
placement process, but the transferability of the test results to the prepreg bonding strength
remains to be verified. Crossley [11] designed a tack-measuring fixture that measures the
force required to peel a prepreg from a stainless steel plate. Endruweit et al. [12,13] used
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the same method to study the effect of tape laying process parameters on prepreg tack.
Brooks [14] also used the peeling method to measure the tack of prepreg. His test method
had an independent sample preparation device, and he tested the peeling force using a
universal testing machine. The peel test method designed by Crossley and Brooks is closer
to the reverse process of tape laying and is more suitable as a quantitative test standard for
prepreg tack.

Researchers found that the tack of prepregs decreased with aging until it could not be
measured [15,16]. The aging process is also accompanied by changes in the properties of
the resin. Researchers have found that high-pressure liquid chromatography shows that the
resin composition will change during the aging process [17]. Moreover, aging will increase
the glass transition temperature (Tg) of the prepreg [18], and Fourier-transform infrared
spectroscopy results also prove that the functional groups of the resin will change during
the aging process [19]. The researchers not only tested the tack decay of prepregs but also
proposed different models for the mechanism of tack decay. The tack decay of prepreg is a
change in its surface properties [20]. Unlike adhesives that form chemical bonds with the
bonded surfaces [21,22], the prepreg tape laying process only takes a few seconds, which is
not enough time for the reaction to form a chemical connection. The adhesive force comes
from the van der Waals force and hydrogen bonds generated by the resin chains [23,24].
The changes in the resin during the aging process will lead to a decrease in the van der
Waals force and hydrogen bond strength between the prepreg resin molecules, thereby
reducing the tack.

This study designed a tack testing device based on the automatic tape laying machine,
and measured the tack changes of prepreg during the aging process. Based on the test
results, a prepreg tack decay model based on resin molecule movement and the Arrhenius
equation was proposed. Finally, this study proposes a new tack measurement unit to
reduce the prepreg handling life management cost.

2. Experimental Section

2.1. Experimental Device

The test device of Crossley is a peeling fixture that needs to be operated by a universal
testing machine. Therefore, the speed, pressure, and other parameters will be limited by
the performance of the testing machine. Brooks used a specialized sample preparation
device to overcome the parameter limitation, but there was no fixture constraint during
the peeling process in his test method, so the measured load curve fluctuated greatly. This
study combines the advantages of the two methods, specialized sampling device that
allows the parameters to be set closer to the ATL process, and the design of a peeling fixture
to make the load curves less noisy. The test device is shown in Figure 1, which includes
an automatic tape laying device and a peeling fixture. The automatic tape laying device
was designed based on the basic functional requirements of the ATL machine and consists
of a work platform and a laying head. The work platform surface can fix the prepreg by
negative pressure, and a weighing sensor is placed at the bottom of the work platform to
provide feedback on the laying pressure. The laying head consists of a 60 mm diameter
rubber pressure roller, cylinder, and support frame. The hardness value of the pressure
roller is 30A–35A. The cylinder provides uniform and controllable pressure to the prepreg
tape being laid through the pressure roller. The laying head is installed on the guide rail of
the work platform and is driven by a motor, allowing the platform to lay prepreg up to
a maximum width of 150 mm. The entire system is controlled by a PLC (Programmable
Logic Controller). During the sample preparation process, the prepreg to be bonded is
placed on the platform and in the guide groove, and the laying pressure and speed are set.
The device then starts to complete the bonding. In this study, the laying speed was set to
50 mm/s, and the laying pressure was set to 500 N.
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Figure 1. Test device. (a) Automatic tape-laying platform; (b) peeling test fixture.

To solve the problem of high noise from the force sensor caused by sample oscillation
during peeling, this work designed a special peeling fixture, as shown in Figure 1b. The
fixture consists of a support frame, clamping head, traction end, guide columns, and peeling
rollers. The clamping head is connected to the traction end via a wire rope pulley system.
After clamping the prepreg, the universal testing machine pulls the traction end to peel it.
During the peeling process, the guide column on the frame can constrain the prepreg to
only move vertically, the peeling roller constrains the peeling angle of the prepreg, and the
transparent limiting plate constrains the swinging direction of the prepreg.

The aging experiment was conducted using the CH225R-type environmental test
chamber from Tuode Environmental Testing Equipment Co., Ltd, Dongguan, China. This
chamber has a temperature control accuracy of ±1 ◦C within the range of −10 ◦C to 100 ◦C,
and a humidity control accuracy of ±5% RH.

2.2. Experimental Materials

This paper tests three types of carbon fiber epoxy uni-directional prepregs that are
widely used in the aerospace industry, namely T, C, and H. The T-type prepreg has a resin
content of 35% by weight, while the C-type and H-type prepregs have a resin content
of 34% by weight. The manufacturer of T-type prepregs has provided a handling life
table, which shows the decay rate of the handling life at different aging temperatures, as
presented in Table 1.

Table 1. Manufacturer’s recommended handling life table for T-type prepregs.

Temperature Handling Life Decay Rate Ratio

<26 ◦C 1
26~32 ◦C 2
32~37 ◦C 3
37~43 ◦C 4.5

2.3. Experiment Procedure

To evaluate the tack decay rate of T-type prepreg at different aging temperatures, an
experimental matrix was established, as presented in Table 2. Since the humidity in the
production workshop was constant and the manufacturer’s data did not include changes
in humidity, it was not considered a variable in this study. To ensure significant differences
among the test values, the most severe value in Table 1 was chosen as the experimental
condition, and the humidity was set at 65% RH. To guarantee uniform changes in the life
value between adjacent test points, aging times at various temperatures were calculated
based on the life decay rate ratio.
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Table 2. Aging test table.

Aging temperature/◦C 43 37 32 26

Aging time/Hour

5.3 8 12 24
21.3 32 48 96
37.3 56 84 168
53.3 80 120 240
69.3 104 156 312

The prepregs were cut to the size shown in Figure 2a and then placed into the CH225R-
type environmental test chamber. After aging, the prepregs were transferred to a constant
temperature room at 23 ◦C for testing following sample preparation on the automatic
lay-up platform. The samples were clamped on the designed peeling fixture and tested.
The load–displacement curve obtained from the experiment includes a low plateau region
and a high plateau region, as shown in Figure 2b. The former is due to the frictional force
generated by the entire system, and the latter is the result of the former plus the tack of the
prepreg. Figure 2c shows that the resin distribution is inhomogeneous, and therefore the
loads do not present a straight line. Contamination of the bonding surface was prevented
during the aging process and sample preparation. To minimize sample aging during the
waiting period, the nine samples were divided into three groups for testing, and each point
on the graph was obtained from the average of nine experiments.

Figure 2. (a) Dimensions of the specimen. (b) Load–displacement curve for T stripping. (c) Inhomo-
geneous distribution of the resin.

3. Results Analysis and Discussion

3.1. Analysis of Aging Results

The tack decay curve of the T-type prepreg after aging is shown in Figure 3. Due to
the long experimental time, it is impossible to use the same batch of prepreg to complete
all aging test points within its process life. Therefore, the experiment only ensures that the
same batch of prepreg is used at the test points of each curve to ensure the continuity of
the aging process. The slope of the tack decay rate after aging at different temperatures
was fitted, and it was found that the decay rate increased with increasing temperature. We
calculated the ratio of decay rates at different temperatures relative to 26 ◦C. The ratio of
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decay speed at different temperatures was 1.0 (26 ◦C):1.9 (32 ◦C):3.1 (37 ◦C):4.9 (43 ◦C). The
Nash–Sutcliffe model efficiency coefficient test formula for the fitting results is as follows:

R2 = 1 − SSres

SStot
(1)

SSres = ∑
i
(yi − ŷi)

2 (2)

SStot = ∑
i
(yi − y)2 (3)

where y is the true value, ŷ is the predicted value, y is the mean value, R2 is the coefficient
of determination, SSres is the sum squared regression, and SStot is the total sum of squares.

Figure 3. Decay of tacks of T-type prepreg at different aging temperatures.

The results of R2 are shown in Table 3, which shows a good fit for the decay results.
The deviations between the ratio of the fitted results and the manufacturer’s results were
−5% (32 ◦C), 3.3% (37 ◦C), and 8.9% (43 ◦C), respectively. While it is not possible to know
the manner in which the manufacturer evaluates the prepreg decay rate, the methodology
used herein yields similar results.

Table 3. R2 test for T-type prepreg.

Temperature T-Type Prepreg of R2

26 ◦C 0.996
32 ◦C 0.995
37 ◦C 0.905
43 ◦C 0.989

3.2. Tack Decay Model

In this study, a tack decay model of prepreg based on resin chain diffusion and the
Arrhenius equation was proposed. Wool [25] proposed a resin movement theory for
thermoplastic resin welding. The model assumes that the depth of resin chain diffusion
determines the joint strength, and the movement of the resin chain can be equivalent to
a random walk chain diffusing in a tube. The resin chain movement ability is affected by
the molecular mass of the resin. The prepreg bonding process also involves the formation
of van der Waals forces and hydrogen bonds between resin chains after resin diffusion.
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Therefore, the model proposed by Wool is also applicable to uncured thermosetting resins.
The resin chain movement model is as follows:

σd = qn0χ (4)

where σd indicates the force between resin chains, q is a constant, n0 means the total number
of constraints per unit volume of the virgin bulk material, and χ means chains self-diffusing
across the interface to an interpenetration depth.

The diffusion motion of the molecular chain can be equivalent to the model of a
random walk chain diffusing in a tube [26,27], as shown in Figure 4.

Figure 4. (a) Processes of resin movement. (b) The model of a random walk chain diffusing in a tube.

The relationship of random penetration depth can be obtained as follows:

〈
χ2
〉 1/2

= α(2Dct)1/4 (5)

where α is the coefficient, Dc is the diffusion coefficient, and t is the diffusion time.
Since Dc depends on the molar mass M of the resin,

Dc ∼ 1/M (6)

The diffusion capacity of the resin chain depends on its molecular mass, and cross-
linking reactions of the resin will increase its molecular mass and thus reduce its diffusion
capacity. Therefore, the rate of decay of prepreg tack at different temperatures should be
positively correlated with the rate of reaction of the resin. The reaction rate of the resin at
different temperatures follows the Arrhenius equation.

k = Ae−Ea/RT (7)

where k is the reaction rate constant, A is the Arrhenius constant, Ea is the activation energy
of the reaction, R is the gas constant, and T is the thermodynamic temperature.

Janković [28] used the invariant kinetic parameters method to obtain a reaction activa-
tion energy of 71.4 kJ/mol for the T-type prepreg’s resin. The ratios of the reaction rates
calculated using the Arrhenius Equations (7) were 1.0 (26 ◦C), 1.8 (32 ◦C), 2.8 (37 ◦C), and
4.7 (43 ◦C), respectively. This result deviated from the data provided by the manufacturer
of the T-prepreg by −10.0% (32 ◦C), −6.7% (37 ◦C), and 4.4% (43 ◦C), and from the experi-
mental results by −5.3% (32 ◦C), −9.7% (37 ◦C), and −4.1% (43 ◦C). This result indicates
that the results of tack decay are consistent with the rate of chemical reaction and indirectly
demonstrates that the curing reaction of the resin is a factor in the tack decay of the prepreg.
The ratios of decay rates are shown in Figure 5.
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Figure 5. Ratios of tack decay rates obtained by different methods.

3.3. The Unit of Handling Life

In order to establish a relationship between the change in tack value of the prepregs
and time, the magnitude of the decrease in tack for one hour of aging at 26 ◦C/65% RH was
recorded as a unit of handling life. A 26 ◦C/65% RH meets the environmental conditions
of most composite material workshops. Using the unit of handling life as the horizontal
coordinate, the curve of tack change with the unit of handling life is plotted. Figure 6
shows the change in tack of T-type prepregs with handling life unit. The four curves in
the figure show the same slope, which indicates that when the handling life unit is the
horizontal coordinate, the tack decay at different temperatures shows the same law. The
unit of handling life allows the composite manufacturer to translate the available tack
range of the prepreg into the maximum operating downtime at 26 ◦C/65% RH. Even if
the prepreg is subjected to complex temperature aging during downtime or transport, the
remaining handling life can be determined by measuring the difference between the tack
of the prepreg and the minimum tack permitted for production. The handling life unit
establishes a relationship between tack and remaining shelf life and reduces the cost of
managing prepregs for manufacturers.

Figure 6. The tack of T-prepregs at different aging temperatures decays with handling life unit.
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3.4. Model Adaptability

To evaluate the method’s applicability to other products, C-type and H-type
epoxy prepregs were also tested using the method, and the results are presented in
Figures 7a and 8a. The decay rates of C-type prepreg at different aging temperatures are
1 (26 ◦C):2 (32 ◦C):3 (37 ◦C):12.3 (43 ◦C), while those of H-type are 1 (26 ◦C):2 (32 ◦C):3.6
(37 ◦C):4.6 (43 ◦C). The decay curves for each prepreg are parallel when using the handling
life unit as the horizontal coordinate, as shown in Figures 7b and 8b.

Figure 7. Decay of tack of C-type prepreg at different aging temperatures. (a) Change in tack over
time. (b) Change in tack with handling life unit.

Figure 8. Decay of tack of H-type prepreg at different aging temperatures. (a) Change in tack over
time. (b) Change in tack with handling life unit.

The test method in this paper can also obtain the results of its tack decay rate at
different temperatures on H-type and C-type prepregs. It proves that this method has
good adaptability between different types of prepregs. The R2-test results of the above
two prepregs are shown in Table 4. It can be seen from the R2 results that the linear fitting
effect of C-type prepreg is worse than that of H-type prepreg. The reason is that with the
increase in aging time, the attenuation amplitude of C-type prepreg gradually decreases. It
has been found that C-type prepregs add thermoplastic components to the resin in order
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to improve toughness [29], and therefore may have an effect on the change in tack, which
requires further study.

Table 4. R2 test for H-type prepreg and C-type prepreg.

Temperature H-Type Prepreg of R2 C-Type Prepreg of R2

26 ◦C 0.981 0.547
32 ◦C 0.983 0.705
37 ◦C 0.900 0.707
43 ◦C 0.862 0.793

4. Conclusions

In this paper, a new prepreg tack test device is designed. The device was used to
test the law of prepreg tack decay over time at different temperatures. Based on the
experimental results, a prepreg tack decay model was proposed. The model assumes that
the resin reaction reduces the mobility of the resin chain, resulting in a decrease in tack.
The reaction rates at different temperatures were calculated using the Arrhenius equation,
and the maximum deviation from the decay rate measured by the tack experiment was
9.7%. We proposed the concept of a handling life unit, which is used as a life unit by
measuring the value of tack lost by aging a prepreg for one hour at the operational ambient
temperature. This concept allows for the establishment of a relationship between prepreg
tack and remaining shelf life, reducing the administrative costs for manufacturers.
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Abstract: This study investigates a novel approach in modeling the system limits of a braked, high-
speed yarn-laying process with in situ impregnation. Special attention is paid to the investigation
of the yarn spool overrun after the robot has come to a standstill. This phenomenon occurs at low
yarn tensions in combination with high traversing speed and/or acceleration. The modeling of the
yarn spool overrun is carried out using physical equations, taking into account the travel speed,
acceleration of the robot, and braking force of the spool brake. Previous research has confirmed
various operating points of the yarn-laying process, but a comprehensive and complete analysis of the
system limits at different operating points and speeds up to 2 m/s is missing. The result of the study
is a novel model that describes the system boundaries of the direct-yarn-placement. Furthermore,
models for robot braking time, carbon spool diameter, and spool mass are developed. The proposed
models have an R2 > 0.9674. Regarding the system stability boundaries, the calculations reveal that,
as acceleration rises, the minimum tension requirement also increases. The same trend is found for
system velocity. At a = 12.5%, a minimum tension of 16 N suffices, compared to 23 N and 32 N at
a = 25% and 50%, respectively. The impact on tension of quadrupling the speed outweighs that of
acceleration, with tension increasing by factors of up to 22.5 and 2, respectively.

Keywords: direct-yarn-placement; yarn laying; filament winding; fiber placement; pultrusion; pin-
assisted impregnation; in situ; carbon fiber heavy tows; carbon fiber composite; robotic filament
winding; unwinding; process stability; spinning conditions; spooling

1. Introduction

The current developments of population growth and global warming pose major
challenges for the construction industry. To reduce CO2 emissions in building construction,
reinforcements based on textile materials offer possible solutions. Direct-yarn-placement
technology using an industrial robot is proving to be a promising method for the automated
production of individual reinforcements. Here, typically a carbon yarn is unwound and
impregnated in situ with the resin matrix directly within the placement head.

High efficiency and quality are required for an economically efficient automated pro-
cess. The efficiency of the process can be achieved primarily by increasing the production
speed. In addition to good impregnation, a key factor with regard to quality is a continuous
yarn tension during yarn placement. Modeling of the yarn-placement system limits is an
important challenge, especially for fiber placement with high speed. They require a precise
knowledge of the yarn spool overrun after the stoppage of a robot movement.

The focus of this scientific article is the detailed investigation of a specific yarn-
placement process, which is characterized by the simultaneous application of low yarn
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tensions, high travel speeds, and an exclusively braked placement. Previous studies have
demonstrated setups for selected operating points of up to 0.5 m/s, whereby systems
with braked and driven bobbins were considered. However, to the best of the author’s
knowledge, a comprehensive analysis of the system boundaries at different operating
points in conjunction with a braked spool has not yet been carried out.

Since the fabrication of a single textile reinforcement requires the laying of multiple
strands in vertical and horizontal directions, achieving short cycle times is highly dependent
on production speed. To be competitive with warp knitting machines, it is essential to
reduce production time. Consequently, the authors investigate system limits at speeds of
up to 2 m/s, a fourfold increase from the currently proposed 0.5 m/s.

The aim of this research is to address this gap by systematically analyzing the inter-
actions between the aforementioned variables of speed, acceleration, and braking force.
Through modeling of the system limits, knowledge can be gained that will contribute to
the optimization of the investigated yarn-placement process. These furthermore form the
basis for the subsequent design of the in situ impregnation unit in terms of the yarn tension
to be tolerated.

2. State of the Research

The method of direct-yarn-placement (DYP) involves the precise deposition of continu-
ous filaments with in situ impregnation onto a base frame. This technique offers advantages
such as enhanced control over fiber placement and the ability to create intricate structures
with varying fiber orientations.

A key feature is that, unlike textile reinforcements fabricated with conventional textile
technologies such as weaving or knitting, no subsequent trimming of the grid reinforcement
is necessary. As a result, no waste or scrap is generated, and the necessary finishing steps
are eliminated. This makes DYP resource- and cost-efficient compared to traditional
manufacturing technologies [1].

Currently, only small literature entries are found for DYP, but the technology is
comparable to yarn-laying advancements in additive manufacturing, fiber placement,
and filament winding. This paper aims to provide a overview on recently developed
technologies, exploring different mechanical builds and their process variables, such as
speed, acceleration, and yarn tension.

2.1. Search Criteria

To explore the state of research, a comprehensive search was conducted using Google
Scholar, focusing on papers published since 2020. The search encompassed a wide range
of topics related to carbon fiber composite production, with specific emphasis on filament
winding, fiber placement, and spool overrun. Different combinations of keywords extracted
from the paper’s keyword section were used (Table A1).

2.2. Additive Manufacturing
2.2.1. Typical Builds of the Laying Head

The research landscape in the realm of additive manufacturing for continuous fiber-
reinforced composites (CFRCs) is diverse, reflecting a range of methodologies and designs
aimed at optimizing the yarn-laying head. Terekhina et al. [2] explore in-nozzle impregna-
tion during fused filament fabrication (FFF), employing a modified nozzle combining a
brake and motor for yarn and polymer filaments. Mosleh et al. [3] also leverage modified
FFF nozzles, utilizing a single port nozzle for CFRTC manufacturing. An et al. [4] adopt
an in situ pin-assisted melt impregnation approach, utilizing a heating block with pins for
impregnation. Wang et al. [5] focus on melt impregnation, employing an impregnation
mold designed for optimal impregnation pressure and filament shaping. Additionally,
Zhi et al. [6] utilize hot-melt impregnation for direct 3D printing, incorporating heating
rods and a shaping die. Elderfield et al. [7] introduce discrete in situ consolidation (DISC)
using a conical stainless steel tool, whereas Parmar et al. [8] discuss various designs
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tailored for prepregs, including preimpregnation with subsequent additive manufactur-
ing. Cheng et al. [9] provide a comprehensive review, encompassing various impregna-
tion methods, such as in-nozzle and in-line impregnation. Furthermore, Tao et al. [10]
and Hu et al. [11] offer extensive reviews covering a spectrum of impregnation tech-
niques and designs, including dual-channel extruder heads and specialized FDM nozzles.
Kipping et al. [12] focus on path planning for reinforcement rather than impregnation
specifics, utilizing multi-axis additive manufacturing for carbon fiber reinforcement. Lastly,
Wang et al. [13] employ a specific nozzle design for carbon fiber impregnation in con-
junction with low-energy electron beam curing. These studies collectively contribute to
advancing the state of the art in yarn-laying head design for CFRC additive manufacturing.

2.2.2. Investigated Speeds, Acceleration, and Tension Settings

In examining the state of research concerning laying speed, acceleration, and tension
in additive manufacturing for continuous fiber-reinforced composites (CFRCs), a variety of
methodologies and designs have been explored across different studies. Terekhina et al. [2]
focused on in-nozzle impregnation during fused filament fabrication (FFF) with a laying
speed of 0.01 m/s. Elderfield et al. [7] explored discrete in situ consolidation (DISC),
with a laying speed of 0.004 m/s. An et al. [4] adopted an in situ pin-assisted melt
impregnation approach with a laying speed of 0.00167 m/s. Wang et al. [5] investigated
melt impregnation with an optimal speed of 0.067 m/s. Mosleh et al. [3] studied solution
impregnation for fiber prepreg with a laying speed of 0.001 m/s. Chen et al. [14] examined
melt impregnation with a speed of 0.0167 m/s. Wang et al. [13] combined EB curing with
FFF printing with a speed of 0.01 m/s. Notably, laying acceleration and yarn tension were
not explicitly specified in these documents.

2.3. Fiber Placement
2.3.1. Typical Builds of the Laying Head

In the landscape of advanced composite manufacturing, the design and functionality
of yarn-laying effectors are recognized as critical factors for achieving high-quality output
and operational efficiency. Donough et al. ([15]) emphasize the importance of heat sources
and roller configurations in their review of in situ consolidation processes, offering valuable
insights into effector considerations. Ji et al. ([16]) focus on laser irradiation, utilizing a
semiconductor laser with adjustable power settings, showcasing a specific effector configu-
ration tailored to their process. Parmar et al. ([8]) provide a comprehensive overview of
various manufacturing techniques, which indirectly underscores the significance of effector
design in composite manufacturing. Raps et al. ([17]) employ heated tooling for in situ con-
solidation, contributing to the understanding of effector functionalities, although specific
details about effector design remain undisclosed. These studies collectively highlight the
importance of further research to explore and refine effector design, thereby advancing
composite manufacturing practices.

2.3.2. Investigated Speeds, Acceleration, and Tension Settings

The yarn-laying speed, acceleration, and tension results from the studies are sum-
marized as follows: Donough et al. [15] did not provide specific values but discussed
speeds of up to 0.35 m/s. Ji et al. [16] reported movement speeds ranging from 0.02 m/s to
0.08 m/s during the laser-assisted in situ consolidation additive manufacturing process.
Parmar et al. [8] highlighted a maximum yarn-laying speed of 0.1 m/s in their review.
Raps et al. [17] specified a layup speed of 0.125 m/s, but detailed information on accelera-
tion and tension was not provided beyond the use of heated tooling for in situ consolidation.
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2.4. Filament Winding
2.4.1. Typical Builds of the Laying Head

Research on yarn-laying head design [17–44] showcases a diverse array of effector builds
catering to specific impregnation needs. Traditional wet impregnation baths with multiple
pins remain prevalent [21,30–33,35,38–41,43,44], offering versatility in impregnation.

Moreover, some studies explore specialized setups optimized for specific processes,
including robotic coreless filament winding systems [23,24,41]. These systems often in-
tegrate tension control mechanisms within the effector, ensuring uniform impregnation
and winding. Another notable trend is the incorporation of tension sensors directly into
end-effectors for real-time monitoring [41].

In addition to practical implementations, digital approaches such as Bayesian op-
timization are gaining traction for fine-tuning impregnation machine parameters [34].
These methods offer increased efficiency and accuracy in impregnation, contributing to
advancements in yarn-laying head technology.

2.4.2. Investigated Speeds, Acceleration, and Tension Settings

The laying speed, acceleration, and tension settings in the various papers exhibit
a wide range of variables and values, showcasing the diverse approaches in filament
winding and related processes [19,20,24,33,35–37]. Usun et al. (2021) focused on 3D printed
composites, utilizing a laying speed of 0.01 m/s [19]. Shi et al. (2022) optimized winding
parameters with a laying speed of 1 m/s, and tensions varied from 5 N to 25 N [20]. Bodea
et al. (2022) developed a cyber-physical manufacturing process for large coreless filament
wound composite elements, achieving an average laying speed of up to 0.148 m/s, with
tensions ranging from 190 N to 320 N during traveling [24]. Sinha et al. (2024) studied the
effect of fiber tension on carbon/epoxy composite specimens, with a processing speed of
0.056 m/s during impregnation [33]. Sieira et al. (2021) explored the impact of spinning
conditions on the diameter and tensile properties of mesophase petroleum pitch carbon
fibers, achieving a winding speed of up to 0.57 m/s [36]. Hopmann et al. (2021) detected
and evaluated fiber deposition parameters during wet filament winding, with winding
speeds ranging from 0.28 to 0.96 m/s and resin bath temperatures from 40 to 60 °C [37].
Siegl et al. (2024) examined the winding process of fiber-reinforced thermoplastic tubes,
achieving an impregnation line speed of up to 1 m/s [35].

Further information regarding acceleration was not provided in the reviewed papers.
The focus primarily remained on laying speed and tension settings, with little mention of
acceleration values.

2.5. Winding Models

In the realm of winding dynamics research, several models have been proposed to
elucidate various facets of the process. Pušnik et al., in their study [45], explored the effect of
winding angle on yarn unwinding, emphasizing the optimization of boundary conditions
influencing balloon formation. They developed a mathematical model describing yarn
motion during unwinding, incorporating balloon theory, Coriolis force, and the effects of
gravity and tangential air drag. Through theoretical modeling and computer simulations,
they demonstrated the significance of winding angle and apex angle on yarn angular
velocity, thereby impacting tension reduction during unwinding.

Kevac et al. delved into the dynamics of sudden jumps during rope winding pro-
cesses [46]. Their investigation centered on analyzing the nonlinear and pulsed nature of
these dynamics, with a test matrix incorporating variables such as the rotational speed
of the winch and rope tension. The employed methods include the analysis of nonlinear
dynamics through simulation and experimental validation. The results encompassed the
identification of cyclicality in the rope winding (unwinding) process and demonstrated the
nonlinear and pulsed nature of the dynamic variables. However, specific details regarding
the interaction of tension, velocity, and acceleration on spool overrun were not discussed in
their study.
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The study by Zhang et al. (2023) endeavored to comprehend yarn tension and vi-
bration dynamics during carbon fiber bobbin unwinding [47]. Employing a test matrix
with variables including spring preload and unwinding speed, the researchers developed
a dynamic model grounded in an axially moving strings theory, utilizing MATLAB sim-
ulations for analysis. Their study showed a close relation between yarn tension during
unwinding and spring preload. To avoid damage to the carbon fiber yarn, the speed and
tension should be controlled.

2.6. Research Gap

While the given studies contribute valuable insights into winding processes, there
remains a gap in the comprehensive examination of acceleration, velocity, and tension
dynamics simultaneously, along with the analysis of spool overrun in degrees. Existing
literature lacks detailed analyses in these areas, particularly across a broad speed range.
While previous studies have explored single work points in additive manufacturing and
fiber placement, they often lack specifics on tension, acceleration, and drive-train dynamics.
Similarly, in filament winding, research primarily focuses on limited speed ranges and lacks
comprehensive tension and acceleration data. In most cases, the system is optimized with
regard to a single work point. The proposed model aims to bridge this gap by providing a
holistic framework for understanding and optimizing laying processes across a wider range
of work points for different combinations of the parameters laying speed, yarn tension,
and robot acceleration.

3. Modeling the Carbon Spool Overrun

Efficient filament winding processes rely on precise control of the carbon spool to
prevent overrun during robot movements. As the robot accelerates and decelerates while
laying yarn, the inertia of the rotating spool fluctuates, potentially leading to overrun if
not properly managed. To mitigate this issue, it is essential to accurately model the carbon
spool overrun dynamics. The deceleration curve of the robot is modeled as illustrated in
Figure 1.
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Figure 1. Illustration of the necessary constants for modeling the robot deceleration ramp.

At time t1, the robot begins decelerating from a constant speed, v. This deceleration is
characterized by a linear decrease between the starting time, t1, and the ending time, t2.
The duration of this deceleration, denoted by the variable t, represents the time delta from
start to finish.

The speed progression of the spool is encapsulated within t. The constant speed, n, of
the carbon spool before t1 is assumed to be based on the speed, v, of the robot according
to Equation (5). The deceleration behavior of the spool is influenced by the spool brake
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torque, M, and the combined inertia of the spool and brake shaft, J. The required time for
the carbon spool to come to a stop is modeled as follows. Equations (1), (4), (8) and (10) are
derived from the work of Heinemann et al. [48].

M = Jω̇ = 2π Jṅ (1)

∫ t2

t1

ṅ =
∫ t2

t1

M
J ∗ 2π

dt =
∫ t

0

M
J2π

dt, (2)

t =
−nJ2π

M
, (3)

where the rotational speed, n, as a factor of the yarn speed, v, is given by:

v = ω ∗ r (4)

n =
v

πdo
. (5)

To calculate their inertia, the brake shaft and carbon spool are defined as cylindrical
tubes with an inner diameter, di, outer diameter, do, and mass, m.

Jbrake,spool =
1
2

m

((
do

2

)2
+

(
di
2

)2
)

(6)

J = k1(Jbrake + Jspool) (7)

The total inertia is represented by the sum of the two individual components. Addi-
tionally, a calibration factor, k1, is introduced to account for potential variations between the
assumed inertia values based on supplier data and the actual system. The torque applied
to the carbon spool during unwinding depends on the carbon spool’s outer diameter, do
(Figure 2).

Figure 2. Torque applied to the carbon spool.

M = Fdo/2 (8)

Based on the spool stopping time, t, and the robot deceleration time, t f , the time for
spool overrun, Δt, can be determined.

Δt = t−t f (9)
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In setups where the robot deceleration time is shorter than the necessary spool stop-
ping time, an overrun will occur. The overrun is represented in degrees of spool rotations,
denoted as α.

ω =
dα

dt
(10)

α = ωΔt =
v ∗ Δt

r
[rad] (11)

In the event of a spool overrun, the spool rotation speed is lower than that at the
beginning of the deceleration process. The prevailing speed at the time of the overrun,
referred to as Δv (immediately after the robot has stopped), is modeled by downscaling the
original speed with a constant factor, k2.

Δv = v ∗ k2 (12)

4. Materials and Methods

4.1. Investigation of the Spool Overrun

A passive yarn feeding mechanism has been selected for yarn laying, where the yarn is
exclusively tensioned by braking forces acting on the spool. This was chosen over an active
feed mechanism because it would have required frequency converters combined with high
torque motors, which increase the weight and cost of the laying head. Should any slack be
present within the setup, the laying head must traverse to eliminate it, as back-winding
of the spool is not possible. The presence of slack could result in yarn guiding failures
within the feeding apparatus, potentially causing the yarn to slip out of the guiding rollers,
leading to severe system damage. To maintain high process stability, it is imperative to
ensure that no slack occurs.

During yarn laying, the electro-mechanical systems of the robot and laying head
interact. An industrial robot, KUKA KR150, is utilized for yarn placement, programmed
in KUKA Robot Language with a soft linear velocity profile (SLIN). The robot’s code
incorporates velocities and accelerations as per the test matrix.

In the process of yarn laying, a specially developed robot effector (laying head) is
utilized (Figure 3a). The carbon filament spool is mounted on a magnetic powder brake
(IBD Wickeltechnik GmbH, type B.0351.V24), featuring an expansion clamping shaft of
length l = 300 mm and a mass of approximately 6 kg. Multiple sensors on the laying
head monitor process variables such as input tension, output tension, filament speed, yarn
width, ambient temperature, ambient humidity, and impregnation unit filling degree. These
sensors are calibrated and managed by an Adafruit Feather STM32 Express programmed in
Python, while yarn tension control is executed by an Industrial Shields ARDBOX 20 I/Os
Analog HF Plus programmed in C. Yarn exits the laying effector via a 360-degree rotatable,
ball-bearing-mounted deflection head.

The carbon fiber yarn material used is TENAX-E STS40 F13 3200 tex [49]. The spools
used weigh approximately 2 kg. The spool clamping diameter is di =77 mm. The outer
diameter is initially do = 145 mm and changes throughout the process.

To monitor spool overrun, a grid pattern with 45° angles has been affixed to the outer
end of the brake shaft. Optical tracking of the overrun is conducted using an Apple iPhone
SE 2020 using its slow-motion recording capabilities. Subsequently, overrun values are
manually extracted from the recorded videos based on the 45° gridding.

The impregnated yarn is positioned by the robot onto a worktable equipped with mag-
netic deflection points. These points are automatically positioned using a robot equipped
with suitable fixtures for the deflection elements, according to the required size and mesh
width of the desired textile reinforcement (Figure 3b). For yarn laying, a horizontal grid
comprising 20 strands was selected. The laying distance spans 3.3 m, with the overall width
of the reinforcement measuring 1.2 m. The diameter of the deflection rollers is 50 mm.
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To assess the influence of the robot, brake system, and spool properties on spool
overrun, the key variables outlined in Table 1 were identified. The primary variables,
actively manipulated during the trials, are the focus of the experiment. Meanwhile, the
secondary variables remain unmanaged throughout the experiment. With regard to the
spool properties, such as diameter and weight, this implies that, due to carbon yarn
consumption throughout the experiment, its values will alter over the course of the trial.

(a)(a)

(b)

Figure 3. Insights on the direct-yarn-laying process: (a) yarn-laying head with sensor: (1) magnetic
power brake, (2) carbon spool, (3) unwound carbon filament, (4) input tension sensor, (5) 360-degree
rotatable deflection head, (6) output tension sensor, (7) impregnation unit, (8) camera for yarn width
sensing, (9) robot mount, (10) unwinding speed sensor; (b) yarn-laying head during the DYP process:
(11) deflection element used for yarn positioning.

Table 1. Identified variables of the experiment.

Primary Variables Unmanaged Variables

velocity v spool diameter do
acceleration a spool mass m
brake value

The primary variables were tested in a full factorial matrix, as shown in Table 2. Three
stages were tested for each variable, resulting in 3 × 3 × 3 = 27 trials. For each trial,
six samples were tested, totaling 162 samples in all. Each sample is represented by one
horizontal strand (refer to Figure 3b for illustration).

To construct the spool overrun model, the following measurements are required: spool
overrun, robot deceleration time, spool properties (diameter and mass), and yarn tension.
Spool overrun is measured through video recording. The speed velocity profile is directly
logged by the robot output via a Python script. The spool circumference is determined
using a tape measure, allowing back calculation of spool diameter and mass for the model
construction. Yarn tension is measured by the input force sensor. The data is then extracted
using a Python code, which calculates the mean values in the robot’s constant speed zone.
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Table 2. Overrun test settings to determine system stability.

Laying Acceleration (%) Brake Value (%) Laying Speed (mm/s)

12.5, 25, 50 12, 20, 28 250, 1000, 2000

The variable settings are controlled as follows: the acceleration value is set in the
KUKA software KSS 8.5.8 as a percentage. The brake value is adjusted to various constant
percentages of the maximum brake torque of 35 Nm. Based on the authors previous work,
these selected values are known to be compatible with the in situ impregnation device,
ranging from approximately 5 N to 25 N. The speed is configured in the KUKA software,
utilizing an SLIN movement.

4.2. Carbon Spool Properties

The characteristics of the carbon spool play a critical role in the overrun model.
Equations (5) and (8) demonstrate that the outer diameter of the spool serves as an im-
portant input parameter. For determining do, a methodology relying on circumference
measurement was adopted. A tape measure marked at 1 mm intervals was wrapped
around the spool to determine its circumference, U.

With the values obtained through circumference measurements and the manufac-
turer’s data, it is possible to first calculate the outer diameter and second determine mass
based on the outer diameter. To achieve this, it is essential to compute the outer spool
diameter from the measured variable, U. For determining the spool weight, a conversion
function based on the manufacturer data is selected (Table 3).

do =
U
π

(13)

Table 3. Manufacturer data of mass to outer diameter ratio [49].

Outer Diameter do (mm) Net Weight m (kg)

105 0.5
120 1
145 2
180 4
205 6
225 8
245 10

4.3. Robot Speed Ramp

Characterizing the robot speed ramp involves key variables: rising time, constant
speed, and falling time, all logged in the experiment as previously stated. Data extraction
from the KUKA speed log follows a specific procedure. Initially, the maximum value of the
robot speed signal, vmax, is determined. Subsequently, the timestamps where the signal
enters and exits the tolerance goal of 90% vmax is ascertained. Based on these values, the
rising and falling times of the robot speed curve is calculated. The rising time signifies the
duration of the acceleration ramp from v = 0 mm/s to 90% vmax. In contrast, for the falling
time, it represents the period from leaving the 90% vmax tolerance band until reaching a
minimum speed value. These configurations were found to effectively filter the complex
speed behavior at different acceleration settings of the robot, as depicted in Figure 6d. Due
to the robot’s continuous movement during the laying process, the minimum speed value
is 50 mm/s.
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4.4. Spool Overrun Model Development

For the development of the spool overrun model, equations from the literature are
employed, with solutions calculated separately for each trial. The process involves multiple
steps conducted using Excel.

Firstly, rotational speed, n, is computed using Equation (5). Subsequently, the inertias
of the carbon spool (Jspool) and the magnetic powder brake shaft (Jbrake) are determined
with Equation (6). For the carbon spool, parameters, including a diameter (di) of 77 mm
and model values for outer diameter (do) and mass (m), are employed. For the brake shaft,
a mass m = 6 kg and an outer diameter do = 77 mm are employed. The inner diameter is
set to di = 50 mm.

The momentum is then calculated by multiplying the measured tension, T, with the
outer diameter of the carbon spool. The estimated time for spool stopping is derived from
Equation (2), while spool overrun time is determined using Equation (9), with a measured
values of t f .

Before computing the overrun angle, the remaining overrun speed (Δv) is computed
with Equation (12). For determining the values of the constants k1 and k2, a python code
for a curvefit based on the library scipy/optimize/curve_fit is used. The code numerically
solves the overrun model for different values of k1 and k2, in combination with the mea-
sured variables of each trial. It then returns the values of the constants that showed the
strongest model fit to the experimental data.

4.5. Simulation of System Boundaries

In exploring the system boundaries, the previously developed overrun model is
tailored to the following framework conditions. To ensure system stability, it is imperative
to eliminate any spool overrun, implying that the maximum tolerated overrun time, Δt,
must be zero. Consequently, it follows that constant k2 becomes unnecessary for predicting
system stability. Furthermore, from Equations (3) and (9) with Δt = 0, it can be deduced
that t = t f . With this representation, the model for predicting the system boundaries is
established.

t f =
−nJ2π

M
(14)

In achieving high productivity, production speed plays a key factor and should be as
high as possible. Furthermore, different accelerations can be given to the system in order
to reach long constant speed times. Assuming the latter are fixed, the remaining factor to
transfer the system into a stable state is the yarn tension. This is, however, limited by the
requirement of the impregnation unit in respect to a low input tension.

Based on the illustrated conditions, the lowest possible input tension is simulated in
respect to different speed and acceleration inputs.

With M = F ∗ r:
F =

−nJ2π

t f ∗ r
(15)

To calculate the falling time, the regression model derived from the robot speed
analysis is utilized. To ensure a conservative estimate of system boundaries, a worst-case
scenario approach is adopted. Here, the model prediction t fwc is downscaled based on the
identified errors of the falling time model. This is due to the representation of a worst-case
scenario by short robot deceleration time, t f .

t fwc = t f ∗ te2 − te1 (16)

The selected error values, based on the results of the previous section, are set to
te1 = 0.218 s and te2 ≈ 10%. Concerning the carbon fiber spool properties, it is assumed
that a weight of 2 kg is consistent across all simulations. An unused spool is expected
to exhibit the highest overshoot, given that its mass and outer diameter are at maximum
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compared to an already unwound spool. Utilizing manufacturer data, do = 2r = 145 mm
and m = 2 kg are employed for the simulation. The speed range is interpolated from 250
to 2000 mm/s in increments of 50 mm/s, with three accelerations of 12.5%, 25%, and 50%
employed for the simulation.

5. Results

5.1. Experiment on the Spool Overrun

The experiment results indicate the significant influences of the primary variables on
the system. Both robot acceleration (a) and robot speed (v) demonstrate direct influences,
while the magnetic powder brake value exhibits an indirectly proportional effect. Addition-
ally, the secondary variable, spool circumference, U, experiences significant fluctuations
throughout the experiment. Raw data are presented in Table 4, detailing the determined
target values: carbon spool circumference, U, robot deceleration time, t f , yarn tension,
Tin, and spool overrun, α. These values are obtained by calculating the means of the six
samples in each trial, with circumference measurements conducted every three trials. The
standard deviations are available in Table A2, located in Appendix A.

Table 4. Results of the overrun experiment.

Trial a (%)
Brake
Value

(%)
v (mm/s) U (cm) t f (s) Tin (N) α (°)

1 25 12 250 41.0 2.37 3.5 0
2 25 12 1000 0.84 3.5 285
3 25 12 2000 0.52 5.5 1380
4 25 20 250 39.8 2.39 4.5 0
5 25 20 1000 0.91 5.0 83
6 25 20 2000 0.62 5.5 1110
7 25 27 250 38.6 2.4 17.0 0
8 25 27 1000 0.91 18.0 3
9 25 27 2000 0.6 14.0 183
10 50 12 250 37.2 1.42 5.5 0
11 50 12 1000 0.58 6.0 170
12 50 12 2000 0.35 7.0 1080
13 50 20 250 36.1 1.41 6.5 0
14 50 20 1000 0.55 7.5 113
15 50 20 2000 0.39 8.5 848
16 50 27 250 34.8 1.45 18.0 0
17 50 27 1000 0.58 17.5 0
18 50 27 2000 0.36 15.0 244
19 12.5 12 250 33.5 3.62 7.0 0
20 12.5 12 1000 1.40 7.5 0
21 12.5 12 2000 0.99 8.0 473
22 12.5 20 250 32.0 3.63 8.0 0
23 12.5 20 1000 1.45 8.0 0
24 12.5 20 2000 0.9 10.0 263
25 12.5 27 250 30.6 3.64 20.8 0
26 12.5 27 1000 1.43 20.5 0
27 12.5 27 2000 29.4 0.94 20.0 0

The raw data illustrates the general relationship between the settings. It is observed
that, as the speed increases, the spool overshoot rises sharply; for example, from 0 to 1380°
from trial 1 to trial 3. Additionally, an increase in the brake value corresponds to a lower
spool overshoot. Regarding acceleration, it is observed that only at the lowest setting
(a = 12%) is a stable condition of zero overrun consistently maintained across all speeds
(trials 25–27).
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5.2. Carbon Spool Properties
5.2.1. Spool Diameter do

The calculated values are depicted in Figure 4, revealing a linear relationship between
the number of trials and the spool diameter. To allow subsequent solving of the overrun
model for each trial, a linear regression analysis is performed using the following equation.
The resulting linear regression exhibits an R2 value of 0.9978 and a maximum error of 1.1%.
This demonstrates a strong fit to the experimental data and is utilized for further analysis
and processing.

0 5 10 15 20 25 30
90

100

110

120

130

trial

d o
[m

m
]

experiment
regression

Figure 4. Visualization of the calculated spool outer diameter, do, per trial.

5.2.2. Spool Mass m

To obtain a function describing the net weight in relation to do, both linear and
quadratic regression functions, denoted as mregL and mregQ, respectively, are evaluated.
The results, depicted in Figure 5, reveal that, within the available range of spool masses
from 0.5 kg to 10 kg, an exponential relationship exists. Consequently, the quadratic
function closely aligns with the manufacturer data compared to the linear regression and is
thus chosen for further analysis. The R2 values obtained are 0.9746 and 0.9998, respectively,
with maximum errors of 63% and 1.1%.

mregL = 0.0720 ∗ do − 8.2755 (17)

mregQ = 3.3266 ∗ 10−4 ∗ x2 − 4.9041 ∗ 10−2 ∗ x + 2.0957 (18)
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Figure 5. Visualization of the calculated spool outer diameter, do, per trial. The supplier data is taken
from the data sheet [49].

5.3. Robot Speed Ramp
5.3.1. Data Overview

The analysis indicates that the robot signal times remain consistent across varying
brake values. To consolidate common data points for the robot timing (brake values are
equal), mean calculation is employed. This process yields values for the robot signal times
based on 18 samples each. The summarized results are presented in Table A3 and visually
depicted in an overview plot shown in Figure 6.

The experimental data further demonstrates the dependence of robot traveling times
on both speed and acceleration. Rising and falling times decrease with increasing speed
or acceleration. However, an asymmetry is observed, with rising times being generally
longer than falling times. This asymmetry increases with lower acceleration values. This
trend is illustrated in Figure 6d through mean curves interpolated from six samples of
trials 2, 11, and 20, driven at a constant speed of 1000 mm/s at varying accelerations. The
average standard deviation of the robot speed was 2.3%, 1.2%, and 0.6% for 250, 1000, and
2000 m/s, respectively.

Moreover, the size of the constant speed zone is directly proportional to acceleration.
The maximum speed of the robot also varies with a, notably reaching a plateau at a = 25%
that is not equal to the target speed of 1000 mm/s.

This behavior suggests potential areas for future research, particularly in addressing
the non-stable speed curve behavior observed in trials with SLIN movement.
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Figure 6. Results of the robot speed ramp analysis: (a) rising time, tr, constant speed time, tc, and
falling speed time, t f , for an acceleration of a = 12.5%; (b) timings for an acceleration of a = 25%;
(c) timings for an acceleration of a = 50%; (d) mean robot speed curves of 6 samples for different
acceleration settings at a target speed of 1000 mm/s.
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5.3.2. Model Development

Based on the behavior observed in the robot SLIN movement, a model for the falling
time, t f , is developed. This is done due to t f being one of the main influencing factors for
later calculation of the spool overrun. Through trials, it is observed that increasing speed
or acceleration leads to a decrease in t f . An empirical model is thus selected to represent
this relationship, with constants c1 and c2 calibrated based on experimental data.

t f =
c1

v ∗ a
+ c2 (19)

The values for acceleration (a) are input as percentages and for velocity (v) in m/s.
Utilizing a Python code for curve fitting from the library scipy/optimize/curve_fit, the fol-
lowing constants are obtained: c1 = 0.1046 and c2 = 0.4618. The model exhibits a fit to
the data with an R2 value of 0.978 and a maximum time error of 0.22 s. Experimental and
model predictions are visually compared in Figure 7. For t f > 0.8 s, the model predicts the
experiment with a maximum error of 10.9%, while for values below 0.8 s the maximum
error is Δt = 0.218 s (27%).
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Figure 7. Comparison of the developed falling time model with the experimental results of each trial.

5.4. Modeling the Spool Overrun

Based on the measurements of t f , Tin, and α, combined with the models for the spool
outer diameter, do, and mass, m, the overrun model is calibrated. This calibration involves
calculating values for the constants. The model solutions are calculated for each trial
separately and are displayed in Table A4. A comparison of the experimental and model
behavior per trial is presented in Figure 8a.

The model demonstrates the ability to predict both large and small overrun angles, α,
while also following the reduction of spool weight and outer diameter during the trials.
Notably, large overruns (α > 400°) are reliably detected, although error percentages increase
for smaller angles. The maximum angle errors are 191° and 176° for angles of α ≤ 400° and
α > 400°, respectively. However, for predicting system boundaries, a precise modeling of
experimental angles to the degree is unnecessary. Instead, the focus is on detecting the
presence or absence of overrun (Boolean True or False detection), where True indicates
α > 0 and False indicates α = 0. Intermediate calculations are summarized in Table A4.

A comparison of Boolean overrun detection is depicted in Figure 8b, demonstrating
the model’s ability to accurately predict instability due to overrun without false detections
across all trials. All instances of overrun are accurately anticipated, demonstrating the
model’s proficiency in capturing the influence of speed, brake value, acceleration, and
spool properties. The rate of detection is 100%.
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Parameter values for constants k1 and k2 are obtained via curve fitting with Python
code, yielding k1 = 1.68 and k2 = 0.58. The model’s strong fit to experimental data is
reflected in an R2 value of 0.9674.
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Figure 8. Results of the overrun model development: (a) comparison of the predicted model overrun
angles with experimental results of each trial; (b) comparison of the Boolean system instability
detection as a stacked plot (peak present: 1, no peak present: 0).

5.5. Modeling System Boundaries Based on Overrun Model

The adjusted overrun model enables the prediction of crucial minimum tension values
for system stability in respect to a worst-case scenario. While there is potential for full
overrun compensation at slightly lower values in practical scenarios, the study primarily
aims to reliably estimate values where system stability is thought to be assured.

The calculations, illustrated in Figure 9a, show that, with rising acceleration, the
necessary minimum tension increases, showing a similar trend concerning system velocity.
For high velocities with low tension, a minimum acceleration is recommended. For instance,
at a = 12.5%, only 16 N is required, compared to 23 N and 32 N at a = 25% and 50%,
respectively.
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Figure 9. Results of the system boundary simulation: (a) expected minimum tension values in respect
to laying speed, v, and acceleration, a, for the no-overrun scenario (for values, refer to Table A5);
(b) comparison of the present tension values of the trials with overrun (blue) with the minimum
necessary input tension according to the boundary model (red).

The influence of speed on tension is significantly greater than that of acceleration. This
is evident from the observation that the necessary tension increases by factors of 45, 35, and
26 for accelerations of 12.5%, 25%, and 50%, respectively, over a speed range increase of a
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factor of 8. Conversely, when the acceleration is increased by a factor of 4, the maximum
tension increase only rises by a factor of 2.

A comparison of the boundary model results with the experiment are displayed
in Figure 9b. It demonstrates that the model predicts higher tension values than those
observed in the experiment, suggesting an average tension increase of 2.9 times to avoid
overrun.

Based on the evaluated curves, it is possible to predict necessary minimum tensions,
which are a key factor for impregnation unit development. In scenarios where the sys-
tem demands high-speed yarn laying, optimizing the impregnation unit to accommodate
greater input forces becomes imperative. Therefore, future research will delve into devel-
oping a modeling approach tailored to addressing this aspect.

6. Discussion

6.1. Spool Diameter Model

A linear regression model, developed based on the experiments, demonstrates a good
fit with a low maximum error. However, its validity is limited to the current experimental
background, as the yarn usage per trial depends on the total laying distance and the
number of samples. Further research is necessary to create a more comprehensive model,
considering variations in laying length and sample size. Alternatively, a mathematical
approach involving back calculation of the spool trial number relative to laying path length
and sample number could be explored. Despite its limitations, the model proves valid
within the proposed experimental context.

6.2. Spool Mass Model

A model was constructed to establish a relationship between spool diameter and mass
using manufacturer data. Both linear and quadratic models were examined, revealing an
exponential behavior in the manufacturer data. However, as the spool was not weighed
during or after each trial in the experiment, fluctuations to the estimated model may occur
in reality. While these influences could not be validated for the selected model, a sufficient
fit is estimated based on the manufacturer data. Combining the mass model with the
overrun model compensates for fluctuations between reality and experiment by using
calibration factors.

6.3. Robot Speed Ramp Model

To the authors’ knowledge, recent yarn-laying experiments combined with in situ
impregnation have not yielded any models concerning a robot movement model for
calculating deceleration time (falling time, t f ). Hence, a model was devised based on the
acceleration and velocity settings combined with an SLIN movement type.

Experimental findings showed a complex interplay between acceleration and velocity
settings concerning the falling time. Despite minor discrepancies in dimension estimation,
the selected model captures the interaction of these settings on falling times. To refine the
model, falling times were adjusted downwards using error values derived from maximum
fluctuations between reality and model. Consequently, the speed ramp model allows for
practical application through worst-case scenario calculations. This worst-case scenario is
defined by the possibility that the calculated minimum yarn tension may exceed the actual
requirement in practice.

Future research should concentrate on enhancing the model by exploring additional
settings and various motion types affecting the resulting robot falling time. Despite its
fluctuations, within the chosen experimental parameters the model reliably predicts values
with essential accuracy.

6.4. Modeling the Spool Overrun

Although overrun prediction relied on mechanical equations, two fitting constants
were required to achieve a good match between reality and experiment. Subsequent cali-
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bration improved the model’s accuracy in predicting spool overrun across varying speed,
acceleration, and brake values, effectively accounting for changes in spool properties. How-
ever, the model exhibits weaknesses in precisely calculating the overrun angle, resulting in
both over- and underpredictions during experimentation. Nevertheless, for system stability
analysis, estimating the occurrence of overrun suffices, obviating the need for precise angle
measurements. Analysis of the model in a Boolean manner demonstrated its capability to
predict situations of system instability with a 100% success rate, indicating its suitability for
delineating system boundaries. While acknowledging the potential for slight deviations
in reality, this highlights the potential for further investigation, especially in cases where
the model predicts small overrun angles (<15°). Here, predictive accuracy may be refined
through targeted research efforts.

6.5. Modeling System Boundaries Based on Overrun Model

The evaluation of the model for system boundaries involves utilizing the calibrated
overrun model to predict situations where no overrun occurs initially, representing stable
system conditions. By incorporating known errors into the model prediction, they serve
as a safety coefficient to ensure stability of the evaluated behavior in reality. The model,
acting as an initial prediction tool, can be used to develop subsequent components of the
laying head based on worst-case assumptions. Additionally, it is noted that, in reality, the
final laying head may potentially be stable at lower values as estimated, although this
adjustment is not obligatory if the system is already stable.

Regarding the comparison between model predictions and experimental outcomes, it
is evident that the model consistently recommends an increasing tension to compensate the
spool overrun that occurred in the experiments. This observation underscores the model’s
capability to accurately approximate the necessary data points.

6.6. Area of Application of the Models

In the development of a direct-yarn-laying effector, the proposed model serves as the
initial step, offering valuable insights. Once the specifics of yarn spool weights, materials,
process speeds, and acceleration are determined, it is possible to approximate the minimum
yarn tension required based on the model. This estimated tension becomes crucial for
designing the impregnation unit. Within the impregnation unit, tension on the yarn
increases due to shear and friction, potentially leading to fiber breakage. Therefore, based
on the estimated input tension values, the impregnation unit can be optimized to ensure
that tension increases remain within the tolerable process window for the textile yarn.

7. Conclusions

Based on the comprehensive analysis conducted, it is evident that this research has
made significant strides in understanding the dynamics of the direct-yarn-laying process
and its associated parameters. The experiments conducted on spool overrun, carbon spool
properties, robot speed ramp modeling, spool overrun modeling, and system boundary
modeling have provided valuable insights into the intricate relationships between various
process variables.

The results of the experiment on spool overrun highlighted the direct influences of
robot acceleration and speed, as well as the indirect influence of the magnetic powder brake
value on the system. Additionally, the fluctuations in spool circumference were observed
throughout the experiment, further emphasizing the complex nature of the process.

The models developed for spool diameter and mass exhibited strong fits to the ex-
perimental data, providing valuable tools for further analysis and processing. Similarly,
the robot speed ramp model successfully captured the interplay between acceleration and
velocity settings, allowing for practical applications in approximate calculations.

The spool overrun model, despite its reliance on fitting constants, demonstrated a
high degree of accuracy in predicting system instability across varying parameters. While
precise angle measurements proved challenging, the model’s ability to anticipate overrun
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situations with a 100% success rate underscores its utility in delineating system boundaries.
Furthermore, the evaluation of system boundaries based on the overrun model highlighted
the model’s effectiveness in recommending minimum tension values for stable system
conditions.

Overall, the models developed in this research hold immense potential for practical
applications in the development of direct-yarn-laying effectors. By providing insights into
minimum tension requirements, these models pave the way for optimizing the impregna-
tion unit to ensure stable process conditions while minimizing the risk of fiber breakage.
Future research endeavors could focus on refining these models and exploring additional
variables to further enhance their predictive capabilities in real-world scenarios.
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Appendix A

Appendix A.1. Search Entries Used for the State of Research

Table A1. Search entries used.

Direct-Yarn-Placement with In Situ Impregnation Spool Overrun

• carbon textile reinforcement production direct yarn laying
• textile reinforcement though carbon impregnation during

direct yarn laying
• in situ impregnation of textiles
• carbon filament winding in situ impregnation
• carbon fiber placement in situ impregnation
• carbon fiber robotic automated fiber placement in situ im-

pregnation
• carbon robotic automated filament winding in situ impreg-

nation
• carbon filament winding pin-assisted impregnation

• carbon filament winding spool overrun analysis
• carbon filament winding spool tension control
• carbon filament winding spool unwinding analysis
• carbon filament winding process stability
• carbon filament winding spinning conditions
• carbon filament winding spooling optimization
• carbon filament winding spooling dynamics
• carbon filament winding spool overrun compensation
• carbon filament winding spool overshoot compensation
• carbon yarn placement in situ impregnation
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Appendix A.2. Standard Deviations in the Overrun Experiment

Table A2. Standard Deviations in the overrun experiment.

Trial t f (s) Tin (N) α (°)

1 2.37 ± 0.05 s 3.5 ± 0.1 N 0 ± 0°
2 0.84 ± 0.05 s 3.5 ± 0.2 N 285 ± 65°
3 0.52 ± 0.03 s 5.5 ± 0.6 N 1380 ± 90°
4 2.39 ± 0.07 s 4.5 ± 0 N 0 ± 0°
5 0.91 ± 0.05 s 5 ± 0.3 N 83 ± 13°
6 0.62 ± 0.06 s 5.5 ± 0.3 N 1110 ± 40°
7 2.4 ± 0.07 s 17 ± 0.9 N 0 ± 0°
8 0.91 ± 0.06 s 18 ± 1.4 N 3 ± 3°
9 0.6 ± 0.06 s 14 ± 1.1 N 183 ± 3°

10 1.42 ± 0.05 s 5.5 ± 0.3 N 0 ± 0°
11 0.58 ± 0.06 s 6 ± 1 N 170 ± 12°
12 0.35 ± 0.04 s 7 ± 0.8 N 1080 ± 36°
13 1.41 ± 0.06 s 6.5 ± 0.1 N 0 ± 0°
14 0.55 ± 0.02 s 7.5 ± 0.3 N 113 ± 18°
15 0.39 ± 0.05 s 8.5 ± 0.9 N 848 ± 68°
16 1.45 ± 0.05 s 18 ± 0.4 N 0 ± 0°
17 0.58 ± 0.04 s 17.5 ± 0.3 N 0 ± 0°
18 0.36 ± 0.04 s 15 ± 0.9 N 244 ± 41°
19 3.62 ± 0.16 s 7 ± 0.3 N 0 ± 0°
20 1.4 ± 0.08 s 7.5 ± 0.1 N 0 ± 0°
21 0.99 ± 0.05 s 8 ± 0.6 N 473 ± 68°
22 3.63 ± 0.15 s 8 ± 0.2 N 0 ± 0°
23 1.45 ± 0.08 s 8 ± 0.2 N 0 ± 0°
24 0.9 ± 0.04 s 10 ± 0.5 N 263 ± 60°
25 3.64 ± 0.18 s 20.8 ± 0.4 N 0 ± 0°
26 1.43 ± 0.11 s 20.5 ± 0.6 N 0 ± 0°
27 0.94 ± 0.05 s 20 ± 1.3 N 0 ± 0°

Appendix A.3. Robot Speed Ramp Data Overview

Table A3. Results from the robot speed ramp analysis.

a (%) v (mm/s) trise (s) tconstant (s) t f all (s)

12.5 250 13.58 ± 0.12 2.65 ± 0.01 3.63 ± 0.01
12.5 1000 3.55 ± 0.51 0.83 ± 0.0 1.42 ± 0.02
12.5 2000 1.47 ± 0.03 0.4 ± 0.03 0.94 ± 0.04
25 250 5.01 ± 0.1 6.9 ± 5.13 2.39 ± 0.01
25 1000 1.55 ± 0.09 2.35 ± 0.13 0.89 ± 0.04
25 2000 0.85 ± 0.15 1.01 ± 0.05 0.58 ± 0.05
50 250 3.13 ± 0.03 10.62 ± 0.01 1.42 ± 0.02
50 1000 0.3 ± 0.03 2.72 ± 0.01 0.57 ± 0.02
50 2000 0.34 ± 0.0 1.25 ± 0.03 0.37 ± 0.02

Appendix A.4. Overrun Angle Calculation Overview

Table A4. Overview of the calculated variables for the computation of the overrun per trial.

Trial a (%) brakeVal (%)
v

(mm/s)
αexp
(°)

n (1/s)
Jspool

(kgm2)

Jbrake
(kgm2)

M
(Nm)

αmodel
(°)

1 25 12.5 250 0 0.6098 0.0039 0.0077 0.2284 0
2 25 12.5 1000 285 2.4651 0.0037 0.0077 0.2260 232
3 25 12.5 2000 1380 4.9834 0.0035 0.0077 0.3513 1140

134



Fibers 2024, 12, 47

Table A4. Cont.

Trial a (%) brakeVal (%)
v

(mm/s)
αexp
(°)

n (1/s)
Jspool

(kgm2)

Jbrake
(kgm2)

M
(Nm)

αmodel
(°)

4 25 20 250 0 0.6297 0.0033 0.0077 0.2843 0
5 25 20 1000 83 2.5467 0.0031 0.0077 0.3125 10
6 25 20 2000 1110 5.1502 0.0030 0.0077 0.3399 1107
7 25 27 250 0 0.6510 0.0028 0.0077 1.0390 0
8 25 27 1000 0 2.6339 0.0026 0.0077 1.0877 0
9 25 27 2000 183 5.3286 0.0025 0.0077 0.8363 93
10 50 12.5 250 0 0.6739 0.0023 0.0077 0.3248 0
11 50 12.5 1000 170 2.7273 0.0022 0.0077 0.3501 126
12 50 12.5 2000 1080 5.5198 0.0021 0.0077 0.4037 1163
13 50 20 250 0 0.6983 0.0020 0.0077 0.3704 0
14 50 20 1000 113 2.8275 0.0018 0.0077 0.4222 70
15 50 20 2000 848 5.7252 0.0017 0.0077 0.4726 930
16 50 27 250 0 0.7246 0.0016 0.0077 0.9884 0
17 50 27 1000 0 2.9354 0.0015 0.0077 0.9488 0
18 50 27 2000 244 5.9465 0.0014 0.0077 0.8029 411
19 12.5 12.5 250 0 0.7530 0.0013 0.0077 0.3699 0
20 12.5 12.5 1000 0 3.0519 0.0013 0.0077 0.3911 0
21 12.5 12.5 2000 473 6.1856 0.0012 0.0077 0.4117 517
22 12.5 20 250 0 0.7837 0.0011 0.0077 0.4062 0
23 12.5 20 1000 0 3.1780 0.0010 0.0077 0.4006 0
24 12.5 20 2000 263 6.4447 0.0010 0.0077 0.4939 374
25 12.5 27 250 0 0.8170 0.0009 0.0077 1.0106 0
26 12.5 27 1000 0 3.3149 0.0009 0.0077 0.9842 0
27 12.5 27 2000 0 6.7265 0.0008 0.0077 0.9464 0

Appendix A.5. Simulation Results of the System Boundaries

Table A5. Detailed overview of the simulation results for the necessary minimum tension values in
respect to selected speed and acceleration settings.

v (m/s) T (N), a = 12.5% T (N), a = 25% T (N), a = 50%

250 0.359741 0.677758 1.214638
300 0.511727 0.953846 1.679269
350 0.688147 1.269509 2.197946
400 0.888132 1.622174 2.764676
450 1.110853 2.009483 3.374321
500 1.355517 2.429277 4.02245
550 1.62137 2.87957 4.705221
600 1.907692 3.358538 5.419289
650 2.213794 3.864496 6.161722
700 2.539019 4.395892 6.929949
750 2.882737 4.951287 7.721695
800 3.244348 5.529352 8.534949
850 3.623274 6.128853 9.36792
900 4.018966 6.748643 10.21901
950 4.430894 7.387656 11.0868

1000 4.858553 8.0449 11.96999
1050 5.301457 8.719451 12.86745
1100 5.75914 9.410443 13.77811
1150 6.231156 10.11707 14.70105
1200 6.717076 10.83858 15.63541
1250 7.216486 11.57426 16.5804
1300 7.728992 12.32344 17.53533
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Table A5. Cont.

v (m/s) T (N), a = 12.5% T (N), a = 25% T (N), a = 50%

1350 8.254214 13.08552 18.49954
1400 8.791783 13.8599 19.47244
1450 9.34135 14.64603 20.45349
1500 9.902575 15.44339 21.4422
1550 10.47513 16.2515 22.43809
1600 11.0587 17.0699 23.44076
1650 11.65299 17.89815 24.4498
1700 12.25771 18.73584 25.46487
1750 12.87256 19.58259 26.48561
1800 13.49729 20.43803 27.51174
1850 14.13162 21.3018 28.54295
1900 14.77531 22.1736 29.57898
1950 15.42812 23.05309 30.61958
2000 16.0898 23.93999 31.66453
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Abstract: Additive Manufacturing (AM) enables the automated production of complex geometries
with low waste and lead time, notably through Material Extrusion (MEX). This study explores Large
Format Additive Manufacturing (LFAM) with carbon fiber-reinforced polyaryletherketones (PAEK),
particularly a slow crystallizing grade by Victrex. The research investigates how extrusion parameters
affect the mechanical properties of the printed parts. Key parameters include line width, layer
height, layer time, and extrusion temperature, analyzed through a series of controlled experiments.
Thermal history during printing, including cooling rates and substrate temperatures, was monitored
using thermocouples and infrared cameras. The crystallization behavior of PAEK was replicated
in a Differential Scanning Calorimetry (DSC) setup. Mechanical properties were evaluated using
three-point bending tests to analyze the impact of thermal conditions at the deposition interface
on interlayer bonding and overall part strength. The study suggests aggregated metrics, enthalpy
deposition rate and shear rate under the nozzle, that should be maximized to enhance mechanical
performance. The findings show that the common practice of setting fixed layer times falls short of
ensuring repeatable part quality.

Keywords: material extrusion; additive manufacturing; high-performance polymers; PAEK

1. Introduction

AM is a family of production techniques that enables the automated production of
complex geometries with low material waste and lead time without needing tooling [1].
Among the AM technologies, MEX is the most common [2]. In desktop-sized printers, it is
known as Fused Filament Fabrication (FFF) or Fused Deposition Modeling, but it can also
be scaled to large formats. These machines often use single screw extruders for material
plasticization, and the process is referred to as LFAM or Extrusion Deposition Additive
Manufacturing (EDAM) [3,4].

MEX has thus far primarily been used for prototyping and to produce tooling and
molds in more advanced applications, especially as LFAM. However, using technical or
high-performance polymers with fiber reinforcement, the technology can also address the
production of end-use parts replacing both metals and other manufacturing techniques. The
granulate fed single screw extruders of LFAM systems are capable of processing materials
with high fiber content from a cost-effective feedstock and at high material output. This
makes LFAM both technologically and economically attractive.

The implementation of AM by MEX, both on small and large scales, is challenging due
to the quality of mechanical properties in the produced material. MEX deposits material
along lines in stacked layers to form the part. The processing conditions of each line, as well
as the conditions of the layer being built upon, affect how well these bond together and can
significantly affect the quality of the part [5–7]. Therefore, a comprehensive understanding
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of the interactions between the process parameters is the foundation for optimizing the
quality towards the requirements of end-use parts.

Material selection for MEX often has relied on polymers originally developed for
injection molding, which had been adapted for AM using additives and fillers during
the compounding process. This generally results in a compromise between the needed
properties in the final part and the processability. Adding fiber reinforcement, particularly
carbon fibers, offers benefits both to the final part and processing. It improves the mate-
rial’s strength and stiffness and, particularly relevant to molds, limits the coefficient of
thermal expansion (CTE). The low CTE reduces warping and stabilizes the part at higher
temperatures during processing [8].

Initially, the polymers used in MEX were predominantly amorphous grades, as crystal-
lization hinders the bonding of the printed lines and layers in the printing process. Crystal
formation stops chain mobility and, thus, bonding of the layers by diffusion across the
interface. Crystallization introduces a time dependence of layer bondability in addition
to the temperature dependence and elevates the bondable temperature. Most materials
developed for injection or compression molding have been optimized to accelerate crystal-
lization and reduce the cycle time in these processes, resulting in inferior performance in
MEX, particularly in LFAM [9].

In recent years, new grades of semi-crystalline polymers have been specifically de-
veloped for AM. These materials possess tailored crystallization kinetics, with some of
these materials crystallizing slow enough to be printed fully amorphous [9]. This enables
the deposition of lines on amorphous layers, followed by gradual crystallization as the
following layers are built, thereby showing amorphous behavior during the critical stages
of processing, but then developing crystallinity and the associated favorable properties,
while avoiding additional annealing steps in post-processing [10].

Polyaryletherketones (PAEKs), such as Polyetheretherketone (PEEK) and Polyether-
ketoneketone (PEKK), have particularly benefited from these developments, with several
manufacturers introducing new grades. These polymers are used in industries striving for
the highest performance, like aerospace, oil and gas, and medical, which have already been
early adopters of AM as an innovative technology. PAEK materials, while costly, are valued
by these industries for their superior thermal stability, chemical resistance, and mechanical
properties, making them suitable for high-performance applications [11–13].

The objective of this study is to investigate the effect of extrusion parameters on
the mechanical properties of the final parts in LFAM using a slow crystallizing, short
carbon fiber-reinforced PAEK material. A set of experiments is conducted varying the
line width, layer height, layer time, and extrusion temperatures [14]. The resulting layer
contact temperature is measured during processing. We attempted to determine fiber
misalignment in the lines after printing from cross-section microscopy, and crystallization
is reproduced by replicating the thermal history in differential scanning calorimetry (DSC)
measurements. Through this intermediate step of dynamic in-process temperatures and
material microstructure, the observed effects on material strength and stiffness are expected
to be better explained. The printed parts are evaluated by three-point bending to assess the
mechanical properties along the extrusion lines and between the layers. The understanding
of the impact of basic extrusion parameters and their interactions on the resulting material
quality, including macroscopic mechanics and microstructural features like crystallinity
and fiber alignment, can then be used to optimize processes for future high-performing
applications for AM, transitioning further from the original use in prototyping towards
direct part manufacturing.

2. Materials and Methods

2.1. Materials

The material used is a 30 wt.% short carbon fiber-reinforced PAEK developed for AM
by Victrex plc (Thornton Cleveleys, UK). The recently commercialized AM200 stems from
the same approach and is comparable, yet this material has an even slower crystallization
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behavior. DSC measurements showed that for constant cooling rates above 20 K/min, the
crystallization is completely suppressed. The onset of cold crystallization is at 193 ◦C and it
has three melting peaks at 288 ◦C, 316 ◦C, and 328 ◦C, and the glass transition is at 154 ◦C.
An exemplary DSC curve is shown in Figure 1. The material’s base polymer has previously
been investigated and has shown significant potential for LFAM with a 650% improvement
compared to an injection molding grade [15]. The material was compounded and provided
directly by Victrex.
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Figure 1. DSC measurement at 10 K/min.

2.2. Sample Preparation
2.2.1. Large Format Additive Manufacturing

The material was dried for at least eight hours at 120 ◦C in a Vismec (Padua, Italy)
DP80 dryer and fed directly to the single screw extruder by an air conveyor. An AM
Flexbot by CEAD (Delft, The Netherlands) with a G25 extrusion unit, consisting of a single
screw extruder with 25 mm screw diameter and a 5 cc volumetric gear pump for accurate
material dispensing, was used to manufacture the samples. An 8 mm brass nozzle was
used for printing. The heat zones were set to 330 ◦C and 350 ◦C for the first two, with
the remaining three zones (extruder zone 3, gear pump, and nozzle) set to the values of
the design of experiments. The print bed was heated to 100 ◦C and the machine was
enclosed in a protective cell which maintained an average ambient temperature of 31 ◦C
(minimum 25 ◦C, maximum 33 ◦C) during printing; the ambient temperature for each print
was recorded.

The temperature of the part during the printing process was recorded in two ways.
An infrared camera, a Teledyne FLIR (Wilsonville, OR, USA) a325sc was positioned so that
it could observe the printed specimens horizontally. Additionally, thermocouples were
introduced into the print by placing them on top of a printed line and holding them in
place while the next layer was deposited on top and solidified, fixing the thermocouple in
place. The measurements yielded a surface and core temperature for the printed lines and
were used subsequently for the analysis of assumed surface-temperature-based bonding
between layers and core-temperature-based crystallization of the polymer by replicating
the measured thermal history.

2.2.2. Sample Geometry and Parameter Settings

Sample geometry was chosen as cubes with 300 mm edge length and corners rounded
to 50 mm radii in the printing plane, printed in a spiral mode. This yielded 200 mm by
300 mm flat plates on each side for sample preparation and allowed for the extrusion to be
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under almost stationary conditions. Coupons for subsequent testing were then milled from
the plane faces, an approach which has already been validated on a smaller scale to yield
more repeatable results than direct printing of the coupons [16].

For this, the cubes were separated into the four side planes. One was used for coupons
for analysis of fiber orientation and two were used for coupons for mechanical testing by
3-point bending. The coupons for mechanical testing were cut on one along X and the
other along Z. This allowed for testing of fiber-dominated behavior along X, and matrix-
dominated behavior along Z. The specimens for the analysis of fiber alignment and porosity
were cut so the XY and YZ planes were visible with fiber orientation determined in XY and
porosity in YZ. The remaining plate had the thermocouples inside and was used for DSC
analysis samples. Crystallization was then reproduced with the material and approximate
thermal history of the respective cube.

The experimental set was based on parameter variation in line width, layer height,
layer time, and extrusion temperature using a D-optimal design of experiments in Modde 13.
The set consisted of 30 experiments including three center point repetitions. The observed
responses and method of measurement were as follows in Table 1.

Table 1. Responses measured in the experimental design.

Response Measurement Method Unit

Material core temperature at deposition
(Temperature the material is quench-cooled to) Thermocouple overprinted ◦C

Material core temperature at second layer
(Target temperature for fast cooling in DSC cycles) Thermocouple overprinted ◦C

Cooling rate (high): Topmost layer Thermocouple overprinted K/min
Cooling rate (low): After coverage with additional layers Thermocouple overprinted K/min

Layer contact temperature: surface just before nozzle IR Camera ◦C

Fiber misalignment Image analysis on cross-section micrographs in XY plane Standard deviation of orientation
distribution in ◦

Bending strength along extrusion lines (fiber-dominated) 3-point bending MPa
Bending strength across layers (matrix-dominated) 3-point bending MPa

Elastic modulus along extrusion lines (fiber-dominated) 3-point bending MPa
Elastic modulus across layers (matrix-dominated) 3-point bending MPa

Strain at break along extrusion lines (fiber-dominated) 3-point bending %
Strain at break across layers (matrix-dominated) 3-point bending %

Crystallization onset (temperature and time) DSC of feedstock ◦C/s
Crystallization peak (temperature and time) DSC of feedstock ◦C/s

Crystallization enthalpy DSC of feedstock J/g
Relative crystallinity DSC of feedstock %

The factor ranges were as follows in Table 2.

Table 2. Factor ranges set in the experimental design.

Parameter Lower Limit Upper Limit

Line width 8 mm (100% of nozzle diameter) 12 mm (150% of nozzle diameter)
Layer height 2 mm 4 mm

Extrusion temperature 350 ◦C 400 ◦C
Layer time 40 s 120 s

2.2.3. Machining of Coupons and Polishing of Cross-Sections

Coupons for mechanical testing were machined from the plates by first machining
both sides of the plate flat to remove layer lines and then cutting the specimens by contour
milling. The resulting coupons were smooth on all sides to avoid notch effects of the
layers influencing mechanical characterization and provide homogeneous specimen shape
throughout extrusion width and height settings. Flood cooling was used to minimize the
temperature increase during milling, which could potentially weld the layers and affect
the measured layer bonding. Samples were dried and then conditioned at 23 ◦C and 50%
humidity for at least 48 h and kept in the climate chamber until their testing.

For cross-section microscopy, samples were embedded in transparent epoxy resin for
stabilization prior to polishing. Polishing was conducted in steps on a water-lubricated
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disc grinder using silicon carbide sandpaper in grit steps of 180, 320, 800, 1200, 2400, and
4000 to achieve scratch-free surfaces for analysis. The cross-sections were recorded on an
Olympus BX41M incident light optical microscope (Tokyo, Japan) with a 10× magnification
and automatic multiple image alignment to record the entire extrusion line width in one
image. Five specimens were imaged per parameter set. Analysis was conducted with a
greyscale analyzing program previously used for the study of smaller specimens from
fused filament fabrication [17].

2.3. Material Characterization
2.3.1. DSC Measurement for Recreating Thermal History

DSC measurements were performed to accurately recreate the LFAM process’s thermal
history. The DSC measurements were performed to investigate the occurrence of crystal-
lization during the cooling cycle and determine if it was suppressed due to the fast cooling
rates present in the additive manufacturing process.

The thermocouples introduced during printing provided time-continuous temperature
data that allowed the replication of the three distinct cooling phases experienced by the
material during printing.

The three cooling phases consisted of the following:

1. Quench-Cooling: After extrusion, the fresh molten material immediately comes into
contact with the print surface, leading to rapid quench-cooling. During this phase, the
material was rapidly cooled to an elevated temperature slightly below the extrusion
temperature. In Figure 2, this corresponds to the drop in the extrusion temperature of
350 ◦C to the maximum recorded temperature of 260 ◦C. This occurs within the 15 s
from the first onset temperature increase at −15s and corresponds to a cooling rate of
360 K/min in this example.

2. Fast Cooling: Once the layer was deposited and free on three sides, fast cooling
occurred to a second, lower temperature at time 0 to 90 s in Figure 2 to 170 ◦C. Cooling
rates during this phase were between 60 and 120 K/min, in the example shown, at a
relatively low rate of 60 K/min compared to the other experiments.

3. Slow Cooling: After the next layer was deposited, after a short increase in temperature,
the cooling rate of the material, now only free on its sides, was reduced. This slower
cooling phase could provide sufficient time for the material to achieve crystallization,
if transition to the slow phase occurred at a high enough temperature level. Cooling
rates in this phase were lower than 25 K/min, in the example, from 120 s onwards at
on average 15 K/min until 360 s.

To recreate the three observed cooling phases, a Perkin Elmer (Shelton, CT, USA)
DSC8500 was used. This DSC enabled cooling rates of up to 750 K/min, providing the capa-
bility to recreate the rapid cooling rates and measure the effect on material crystallization.

The cooling profiles were set to begin after a five-minute isothermal step at the extru-
sion temperature with a so-called “ballistic cooling” step in the instrument settings, which
is uncontrolled cooling at the maximum achievable rate of the instrument to the first target
temperature. From there, constant cooling occurred at the average rate of phase 2 to the
temperature at which the next layer was deposited, determined by the lowest temperature
measured by the thermocouple before the spike in temperature from the deposition. The
last cooling step was conducted with the cooling rate determined by the pre-deposition
temperature and the temperature recorded three minutes later. The sample was cooled at
this rate until 120 ◦C, which is below the glass transition temperature. At that point, no
more crystallization was expected, and it was held there in a two-minute isothermal step,
allowing the sample and instrument to settle, before beginning a heating cycle at a constant
20 K/min to the extrusion temperature.

During cooling, the temperatures of onset, peak, and end of crystallization were
observed. During heating, the melt enthalpy of crystals formed was determined. As
the DSC is only calibrated for one heating rate, the temperatures determined during the
cooling cycles may be less accurate than the values specified during heating. However, as
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crystallization generally occurred during the last stage of cooling, which was at rates lower
than 25 K/min, and the instrument was calibrated for the 20 K/min of the heating cycle,
the expected error is smaller than 1 K, which was accepted.

Figure 2. Exemplary cooling curve as recorded by thermocouple during experiment #9. The time
zero point is set at the maximum recorded temperature at the deposition.

Crystallization of the material is important as it both hinders bonding of the layers
if it occurs too early in processing and improves the material’s properties in the finished
print if completed [18].

2.3.2. Fiber Alignment

The alignment of fibers inside the printed lines through the squeeze flow underneath
the nozzle has a strong effect on the mechanical properties [19–21]. Accurate assessment of
the fiber orientation within the prints is crucial for understanding the resulting mechanical
properties. A proven precise method for determining the fiber orientation is computed
tomography; however, to achieve a resolution high enough to identify the individual fibers,
specimens must be small and substantial amounts of data are generated. This makes it
unpractical for the screening of sets with a high number of parameters and large specimens,
as in this study. For this reason, for this study, we attempted to use image analysis of
cross-section micrographs with the help of a previously developed Python script. The core
assumption is that fibers are mostly oriented in the XY plane and cross-sections can be
made parallel. This had previously proven accurate for fused filament fabrication printed
specimens with low layer heights [17]. However, in this study, it became evident that
the approach is less effective for LFAM, as the significantly higher layer heights result
in more out-of-plane fiber orientation. With regions within the extruded line showing
significantly different fiber alignment, highly aligned around the edges of the line and
highly randomized in the core, the resulting distribution of the measurements is strongly
affected by the position of the cross-section inside the line. This resulted in a very high
variance in measurement results of repetitions on the same specimen and would only have
been possible to remedy with a significant additional effort to ensure precise positioning of
the cross-section, defeating the purpose of being able to analyze a large number of samples
quickly. For interested readers, the results are still included in the tables in Appendix A but
will not be included in the article. The measurement is performed by creating a histogram
of all fiber orientations, which follows a normal distribution, and then determining the
standard deviation of the distribution, effectively measuring the fiber misalignment rather
than alignment.
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2.3.3. Mechanical Testing

Mechanical testing was performed by 3-point bending on a universal test machine, a
UPM250 by Hegewald&Peschke (Neu-Ulm, Germany). The loads were measured using
a 5 kN load cell, and deflection was measured using a DK830SLR extensometer by Mag-
nescale (Tokyo, Japan). Conditioned specimens were removed from the climate chamber
as a set and immediately tested. Six specimens were evaluated per orientation for each
parameter set.

2.3.4. Data Analysis

In addition to the original four factors, extrusion width, extrusion height, extrusion
temperature, and layer time, two calculated metrics were formed that consider the inter-
actions of these factors. For both of these, the cross-section area of the extrusion line is
used and approximated as a stadium or discorectangle shape, as shown in Figure 3, with
the layer height w corresponding to the radius and the extrusion line width w to the line
width, which is the length of the straight sides a and twice the radius. The extrusion line
cross-section area AEL can then be calculated as:

AEL = π ×
(

h
2

)2
+ h × (w − h)

Figure 3. Approximated extrusion line cross-section as stadium shape.

With this approximation, the following metrics can be calculated:
Enthalpy Deposition Rate

.
H: As the combination of extrusion temperature and ma-

terial output, this metric is the enthalpy of the material deposition rate. It indicates the
power at which thermal energy is introduced into the part. Output is calculated from the
line cross-section, simplified as a rectangle of extrusion width by layer height, with Tool
Center Point (TCP) speed indirectly set in the experiments by the layer time.

.
H =

(
c × (TEx − TA) + HCrysMax

)
/ρ × (A × vTCP)

with specific heat c, extrusion temperature TEx, ambient temperature TA, maximum crystal-
lization enthalpy HCrys_Max, density ρ, and Tool Center Point Speed vTCP.

This assumes that cooling of the part and the enthalpy deposition rate must form an
equilibrium and the layer temperature will be related to this aggregate.

Shear Rate
.
γ: Pibulchinda et al. [19] have previously proposed using Jeffery’s equation [22]

using empirical modifications to calculate the shear rate as a metric to investigate how
shear and flow affect fiber orientation. This approach was also mentioned in previous
publications [23–29]. The equation is modified from the formulation by Pibulchinda et al.
using the extrudate and bed velocity, or in this case, nozzle velocity, by using the relation
of nozzle orifice area AN to extrusion line cross-section AEL. The extrudate velocity is
calculated by assuming that the volume flow through the nozzle must be equal to that
flowing into the extrusion line, with the ratio of flow velocities then equal to the inverse
ratio of areas. By simplifying the line cross-section in the same manner as before, the shear
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rate can then be calculated from the factors of the experiment using the TCP speed of the
machine, which depends on the set layer time, as follows:

.
γ =

vTCP
h

×
(

1 − AEL
AN

)

The nozzle orifice area is assumed to be a circle with nozzle diameter DNozzle and
AN = π +

(
DNozzle

2

)
.

The effect of process responses is visualized by linking these metrics to mechanical
properties as desired part responses, under the assumption that the enthalpy deposition
rate will affect the properties dominated by welding processes between layers and shear
rate the properties dominated by fiber orientation in the squeeze flow under the nozzle.
This aims to improve the understanding of the material responses by linking them to
process conditions resulting from the process parameters, which only indirectly affect the
material responses.

3. Results and Discussion

A complete table of results for the experiments is included in Appendix A. The key
results are summarized in graphs and interpreted in the following sections.

3.1. Thermal History and Crystallization

The basic parameters showed no correlation to only a very weak correlation and high
variance between the resulting layer temperatures during processing. Only the layer time
was found to have a strong negative correlation with the substrate temperature. However,
the substrate temperature varied by almost 100 ◦C for identical layer times, depending
on the combination with the other parameters of extrusion height, extrusion width, and
extrusion temperature, as can be seen in Figure 4.
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Figure 4. Correlation of substrate temperature over layer time.

The previously introduced enthalpy deposition rate showed much higher correlation
with the resulting layer temperature just before deposition of the next layer, as can be seen
in Figure 5. A comparison of temperature measurements during printing by thermography
and introduced thermocouples is included in the same figure. As expected, the thermocou-
ple readings show slightly higher temperature than the thermography, since they measure
the inside of the deposition rather than the free surface. The difference between readings
is demonstrated by the one-side error bars in Figure 5, with the marker indicating the
reading of the IR camera and the end of the error bar the reading of the thermocouple. This
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difference is most prominent in the range between about 180 and 260 ◦C, which is close
to the crystallization window of the material of about 180 to 245 ◦C. While the difference
indicates that the temperature gradient within a single layer is small, mostly less than 10 ◦C,
outside of the crystallization window, it can reach up to 35 ◦C when the layer is completed
just as the crystallization reaches its peak.
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Figure 5. Measured substrate temperature by thermography and overprinted thermocouple, showing
higher internal temperature in crystallization window between 180◦ and 260 ◦C.

Substrate surface temperature correlates with the enthalpy deposition rate, and ex-
periments with very different process parameters achieve similar layer temperature if the
aggregate is similar, as can be seen in the pairwise examples of Table 3.

Table 3. Pairwise comparison of experiments with similar deposition powers but different
extrusion parameters.

Number in
Figure 6

Extrusion Temperature
in ◦C

Extrusion Width
in mm

Layer Height
in mm

Layer Time
in s

Enthalpy Deposition Rate
in W

Surface Temperature
in ◦C

1 350 8 4 93 142.1 170.3
2 400 9 4 120 141.9 172
3 400 12 2 40 301.6 257.7
4 350 12 4 67 301.8 236.9

Figure 6 shows the side IR image of the prints, showing that for the observed tempera-
ture, it is similar not just for the last layer, but also for the material below, independent of
the extrusion height, width, and temperature, as long as the enthalpy deposition rate is
similar. Higher enthalpy deposition rate leads to a higher substrate temperature at contact
with the deposition but also shifts the thermal profile along Z to a higher level, as can be
seen in Figure 7. But while the spatial temperature distribution is very similar, due to the
different build up rates, the cooling rates can be significantly different.

The difference of the readings of the surface by IR camera and internal thermocouple,
as shown in Figure 5, increases when transitioning below about 260 ◦C, at which the
internal thermocouple reading seems to plateau in the 300 to 400 W range, before achieving
higher temperatures at higher enthalpy deposition rates. This matches the measured onset
of crystallization during DSC. This could explain the relative increase in temperature of the
thermocouple reading inside the material against the IR reading of the surface.

The DSC measurement also showed that the achieved crystallinity was highest for
experiments in which the consecutive layers were deposited when the layer had cooled
to temperatures slightly above the window of crystallization onset. A higher layer tem-
perature showed lower crystallinity, as shown by the histogram in Figure 8. This is likely
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due to the two-staged nature of crystal growth, with nucleation preceding crystal growth.
Supercooling the melt causes a higher nucleation rate but decreases crystal growth rate.
An optimum for crystallization seems to exist at which a supercooling to the crystallization
onset temperature causes a high nucleation rate and seeds crystals which can grow in
the subsequent slower cooling phase. Higher layer temperature may either result in less
nuclei being formed or nuclei being dissolved by the temperature increase caused by the
deposition of the next layer, as can be seen in Figure 9. Another plausible explanation
could be the increased formation of a higher enthalpy crystal phase, as indicated by the
multiple melting peaks [30–32]. If the layer had cooled below ~200 ◦C, the crystallization
was almost suppressed.

Figure 6. IR images of examples of Table 1, numbers 1–4 indicating the corresponding row of Table 3.
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Figure 9. Crystallization enthalpy over substrate temperature.

3.2. Fiber Misalignment

Determining the fiber orientation through micrographs proved susceptible to measure-
ment errors. Therefore, the results should be seen as indicative values and are only included
for completeness. A trend to more aligned fibers with shear rate was noticeable and agrees
with the determined fiber-dominated mechanical properties in X. For completeness, this
trend is shown in Figure 10 over the shear rate.

Overall, the experiments agree with the expectation that a higher shear rate leads to
lower fiber misalignment. However, because of the flawed measurement technique, no
conclusion should be drawn due to the high variance of measurement results. Logarithmic
trendlines have been added for the highest and lowest extrusion temperature experiments,
respectively, 400 and 350 ◦C, which have a difference in viscosity. The trend for lower
temperatures points towards better alignment at high temperatures, which is plausible,
as the higher viscosity would lead to higher stress and larger aligned edge regions in the
extrusion line.
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Figure 10. Fiber misalignment over shear rate.

3.3. Mechanical Properties

The measured thermal history and microstructure of fiber alignment inside the lines
during processing were expected to have a strong effect on the mechanical properties of
the resulting part, which three-point bending tests could confirm. The results showed
that the intermediate step of thermal history has a clear correlation with the resulting
matrix-dominated mechanical properties. In contrast, the impact of the material flow on
fiber-dominated properties along the extrusion lines could only show a tendency without a
clear correlation.

3.3.1. Matrix and Thermal History Dominated in Z

The matrix dominates the mechanical properties of the part perpendicular to the layer
plane. Strength is mostly determined by the bonding of the layers through welding by
chain diffusion. This is a strongly temperature-driven process, and an increase in substrate
layer temperature at the time of deposition leads to an increase in strength, as shown in
Figure 11. As the substrate temperature depends strongly on the enthalpy deposition rate,
as previously described, and substrate temperature influences strength and stiffness; a
correlation between deposition power and mechanical properties was also found, as seen
in the figures. However, as fusion bonding is also a time-dependent process, cooling rates
from the substrate temperatures will also have an effect that is not captured by this metric.

A similar dependence was found for the determined modulus of the specimens. As
fibers align mostly in the layer plane, this increase is expected to be due to a higher
crystallinity of the matrix and a more difficult crack propagation along layer interfaces [33].

Figure 12 shows that samples with high crystallinity have high mechanical properties;
however, the correlation is weak. Results above 70 MPa strength and 3000 MPa stiffness
occurred only at high crystallinity. However, the presence of results with lower mechanical
properties at high crystallinity indicate that other influencing factors are present.

Overall, it can be concluded that higher deposition rates leading to higher processing
temperatures improve the matrix-dominated material properties. However, there is a
natural limitation to this. One of the experiments, with an extrusion temperature of 400 ◦C,
line width of 12 mm, layer height of 4 mm, and layer time of 40 s, resulting in a deposition
power of 579 W and a substrate layer temperature of 311 ◦C, was on the limit of collapse
and substrate layers were pushed aside during printing. Testing was only possible as line
width was high enough to machine deep enough into an uncompromised layer stack.
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Figure 11. Three-point bending strength and modulus in Z over substrate temperature and enthalpy
deposition rate.

Figure 12. Strength and stiffness over crystallization enthalpy.

3.3.2. Fiber Alignment and Material Flow Dominated in X

To investigate the effect of extrusion parameters on mechanical properties affected
by fiber alignment, the shear rate is used. As the measurement of fiber alignment was
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inaccurate and unreliable, the mechanical properties were not correlated to these mea-
surements. Figures 13 and 14 illustrate that a correlation between the shear rate and the
mechanical properties exists, with high shear rates leading to high strength and stiffness.
This is assumed to be due to a higher fiber alignment. Linear trendlines have been added
for the experiments at 350 and 400 ◦C again to give an indication of the effect of lower
viscosity. The trendline for the cooler and, thereby, more viscous material shows higher
material strength and stiffness, possibly due to more fibers being aligned through thicker
edge regions with high alignment. These experimental results agree with the simulated
results of Pibulchinda et al. [19].
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Figure 13. Flexural strength determined by 3-point bending along X.
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Figure 14. Modulus determined through 3-point bending along X.

Strain at break is low for all specimens with only weak correlation to the shear rate,
shown in Figure 15. A higher strain at break at higher temperatures is visible for higher
extrusion temperatures.

3.4. Effects of Extrusion Parameters

The results show indirect correlations between the settable extrusion parameters and
the resulting material properties, with their interactions having a more direct impact, as
seen from the calculated metrics deposition power and shear rate. While the shear rate
affects mostly fiber-dominated properties of the material, the deposition affects mostly the
matrix-dominated properties.
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Figure 15. Strain at break determined through 3-point bending along X.

Fiber misalignment was expected to strongly affect the mechanical properties of the
material, but it could not be accurately measured using only microscopy. However, a high
degree of fiber misalignment leads to lower stiffness and strength along the extrusion lines.
High values of shear rate were shown to improve these, suggesting that it also helps in
aligning the fibers inside the extrusion lines [24,34,35]. This trend fits well with the mean
values of the observed fiber misalignment. Large layer heights resulted in more inaccurate
measurements of the fiber misalignment and a larger portion of the line core having high
out-of-plane fiber misalignment. This behavior is similar to injection molding, where the
fiber misalignment in the core increases [36,37]. A design guideline like a maximum wall
thickness in injection molding for a maximum extrusion line height and possibly also for
the ratio of width to height in MEX should be considered.

The thermal history of the part during printing has a strong influence on the matrix
material, affecting the welding process between the layers, the crystallization, and warping
of the part. This temperature strongly correlates with the deposition power of the process,
with different extrusion settings resulting in similar thermal conditions when the aggre-
gates are similar. Higher deposition powers lead to higher substrate temperatures during
deposition. This also suggests that the common approach of using a set layer time is not
valid if the layer height or line width is changed.

Perpendicular to the layer plane, the matrix dominates the mechanical properties. The
strength developed during bonding of the layers through chain diffusion is a temperature-
driven process. The substrate layer temperature during deposition is a key factor affecting
the final part strength. Higher substrate temperatures strengthen bonding and improve
mechanical performance [38,39].

Layer temperature and cooling rates are also critical for the crystallization behavior,
and the experiments demonstrate that higher layer temperatures lead to higher crystallinity.
However, there is an optimum temperature range for crystallization, and excessively high
layer temperatures can result in lower degrees of crystallinity. Highly crystalline samples
showed high stiffness compared to samples with low crystallinity.

AM materials with a slower crystallization kinetic, like the investigated PAEK material,
show significantly enhanced strength between layers compared to materials designed for
injection molding with faster crystallization kinetics [12,40]. For end-use applications,
crystallization must be completed to ensure the desired material properties. Yet, the
experiments have shown that for a wide range of layer temperatures, a high degree of
crystallinity can be reached [41,42]. This would make post-processing annealing necessary.
The transition to full suppression is fast when the material cools fast enough to affect the
crystallinity developed.
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4. Conclusions

This experimental study emphasizes the importance of extrusion parameters in LFAM
to optimize the mechanical properties of printed parts [43]. The results provide insights for
designing end-use parts with LFAM, particularly when using high-performance polymers
with fiber reinforcement. As the investigated aggregates affecting the material properties
are influenced by the same extrusion parameters, such as layer height, line width, and
print speed, not all can be adjusted independently to achieve a desired outcome of material
properties, and they need to be considered with their interactions.

The enthalpy deposition rate should always be maximized to ensure that the layers are
bonded together; this results in high crystallinity and productivity. This can be achieved
both through small lines at high print speeds or large lines and small print speeds; however,
material degradation and part slumping set limits on how far this can be increased. The
shear rate can be adjusted to achieve a desired fiber alignment, stiffness, and strength
along X.

If the highest strength and stiffness are desired, the shear rate should be high by using
small extrusion line dimensions and high print speed, ideally with extrusion of the same
width as the nozzle orifice diameter to avoid material flow and fiber alignment in the Y
direction, in the print plane but perpendicular to the movement direction. On the other
hand, if a more isotropic behavior with more random fiber orientation is desired, shear
rates should be lower, by using large lines printed at low speeds, ideally overexpanding
the line to widths larger than the nozzle orifice diameter to achieve a squeeze flow under
the nozzle with the resulting fiber misalignment from the movement direction.

The shear rate depends only on the squeeze flow under the nozzle and can be predicted
with little effort to design the process according to the desired material morphology. Layer
temperature depends on the balance of introduced energy through the enthalpy deposition
rate and the dissipated heat from the part that is dependent on the geometry and ambient
conditions and therefore much more difficult to predict. It would be beneficial to develop
a system to monitor and adjust this in real time during the process. It is likely easier to
control in a closed loop by adjusting cooling or introducing energy as needed, or if possible,
without compromising the shear rate and affecting the properties along X, by adjusting the
machine speed.

Author Contributions: Conceptualization, P.C. and M.F.; methodology, P.C.; formal analysis, P.C.;
investigation, P.C., M.F. and B.B.; resources, K.D.; data curation, P.C.; writing—original draft prepara-
tion, P.C.; writing—review and editing, P.C. and M.F; visualization, P.C.; supervision, K.D.; project
administration, P.C.; funding acquisition, P.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors upon request.

Acknowledgments: The authors would like to thank Victrex for the materials provided.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A

Table A1. Full list of factor settings.

Set Factors Calculated Metrics

Number Temperature in ◦C Extrusion Width in mm Extrusion Height in mm Layer Time in s TCP Speed in mm/s Shear Rate in 1/s
Enthalpy Deposition

Rate in W

1 350 12 2 40 27.05 7.298 260.30

2 400 12 2 40 27.05 7.298 301.58
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Table A1. Cont.

Set Factors Calculated Metrics

Number Temperature in ◦C Extrusion Width in mm Extrusion Height in mm Layer Time in s TCP Speed in mm/s Shear Rate in 1/s
Enthalpy Deposition

Rate in W

3 400 12 4 40 27.05 0.767 578.87

4 350 12 2 120 9.02 2.433 86.67

5 400 12 2 120 9.02 2.433 99.79

6 350 12 4 120 9.02 0.256 166.59

7 400 12 4 120 9.02 0.256 192.17

8 350 8 2 67 16.43 5.742 103.87

9 350 8 4 93 11.73 1.266 142.12

10 350 8 3 40 27.37 5.117 253.65

11 350 8 3 120 9.12 1.705 83.87

12 350 12 4 67 16.25 0.461 301.84

13 350 9 2 120 9.10 2.998 65.25

14 350 11 4 40 27.13 1.309 464.80

15 400 8 2 93 11.73 4.099 85.49

16 400 8 4 67 16.43 1.774 225.31

17 400 8 3 40 27.37 5.117 289.09

18 400 8 3 120 9.12 1.705 96.91

19 400 11 2 40 27.13 7.861 274.31

20 400 9 4 120 9.10 0.801 141.90

21 366.7 8 2 40 27.37 9.561 181.54

22 383.3 8 2 120 9.12 3.185 63.45

23 383.3 8 4 40 27.37 2.953 360.03

24 366.7 8 4 120 9.12 0.984 114.01

25 366.7 12 4 40 27.05 0.767 528.51

26 375 12 3 80 13.53 1.454 207.82

27 375 10 3 80 13.60 2.002 171.48

28 375 10 3 80 13.60 2.002 171.30

29 375 10 3 80 13.60 2.002 170.91

30 375 10 3 80 13.60 2.002 170.58

Table A2. Responses of the experiments, part 1 of 2.

Responses Part 1

Number

Material Core
Temperature
at Deposition

in ◦C

Material Core
Temperature

at Second
Layer in ◦C

Cooling Rate
(High): Topmost
Layer in ◦C/min

Cooling Rate
(Low): After

Coverage with
Additional

Layers in ◦C/min

Layer Contact
Temperature:

Surface
Just before

Nozzle in ◦C

Fiber
Misalignment

in ◦ with
Standard Dev.

Bending
Strength along
Extrusion Lines

(Fiber-Dominated)
in MPa with

Standard Dev.

Bending Strength
across Layers

(Matrix-Dominated)
in MPa with

Standard Dev.

1 275.60 240.00 60 13 214.20 17.30 ± 1.75 209.71 ± 7.52 80.60 ± 1.66

2 315.86 270.12 92 13 235.60 19.50 ± 1.61 200.57 ± 4.07 78.08± 1.41

3 357.32 311.10 67 18 292.50 28.43 ± 3.63 176.42 ± 4.06 79.03 ± 2.70

4 264.95 129.56 69 −1 122.40 20.35 ± 5.71 184.63 ± 6.31 63.68 ± 2.84

5 289.64 142.84 77 −2 136.50 22.33 ± 4.57 160.17 ± 12.70 55.82 ± 3.74

6 292.78 179.00 56 6 172.00 38.95 ± 5.57 NA NA

7 349.14 198.38 73 6 185.50 37.70 ± 4.53 151.44 ± 5.53 64.88 ± 2.45

8 248.70 156.60 90 7 156.80 20.55 ± 4.86 185.38 ± 11.00 57.29 ± 3.03

9 260.38 171.33 61 11 158.60 27.70 ± 4.55 NA NA

10 277.50 219.25 104 16 224.60 14.58 ± 0.62 187.37 ± 7.06 70.31 ± 4.41

11 266.70 128.48 70 3 125.20 13.03 ± 1.19 NA NA

12 282.10 237.85 46 13 228.80 34.7 ± 4.79 180.03 ± 7.66 61.54 ± 4.57

13 252.99 111.97 73 −2 105.10 16.75 ± 4.37 181.46 ± 4.58 39.74 ± 5.79
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Table A2. Cont.

Responses Part 1

Number

Material Core
Temperature
at Deposition

in ◦C

Material Core
Temperature

at Second
Layer in ◦C

Cooling Rate
(High): Topmost
Layer in ◦C/min

Cooling Rate
(Low): After

Coverage with
Additional

Layers in ◦C/min

Layer Contact
Temperature:

Surface
Just before

Nozzle in ◦C

Fiber
Misalignment

in ◦ with
Standard Dev.

Bending
Strength along
Extrusion Lines

(Fiber-Dominated)
in MPa with

Standard Dev.

Bending Strength
across Layers

(Matrix-Dominated)
in MPa with

Standard Dev.

14 308.83 268.01 48 17 258.20 28.98 ± 4.03 164.59 ± 5.63 74.27 ± 1.14

15 325.98 139.81 123 2 136.50 20.40 ± 1.86 173.13 ± 5.52 31.68 ± 1.36

16 292.26 222.46 65 17 219.80 19.73 ± 6.03 192.92 ± 4.62 60.03 ± 3.22

17 343.44 272.37 105 22 249.30 17.50 ± 2.44 192.66 ± 5.89 66.06 ± 3.55

18 328.86 142.65 99 1 140.70 21.88 ± 3.51 163.62 ± 5.90 38.50 ± 4.03

19 314.73 262.62 95 14 230.10 21.85 ± 4.25 192.25 ± 5.45 70.06 ± 1.29

20 344.27 174.25 84 5 165.30 31.00 ± 11.67 155.40 ± 3.24 60.83 ± 1.63

21 276.93 220.79 94 16 199.70 14.48 ± 2.19 227.92 ± 5.04 71.45 ± 2.87

22 265.19 111.23 80 −2 110.50 18.05 ± 2.78 192.85 ± 6.55 31.85 ± 6.74

23 307.53 270.98 82 21 253.80 18.07 ± 2.06 164.03 ± 7.32 73.54 ± 1.96

24 297.00 153.83 80 3 146.70 16.88 ± 2.33 187.80 ± 7.39 50.85 ± 1.94

25 302.90 280.78 44 18 269.70 35.25 ± 9.88 191.57 ± 6.48 82.75 ± 3.28

26 305.55 210.99 76 8 191.20 21.53 ± 8.01 169.49 ± 5.31 60.82 ± 1.13

27 277.01 196.72 67 10 183.30 36.33 ± 8.77 160.87 ± 5.48 36.25 ± 2.73

28 289.63 192.61 76 9 179.80 27.83 ± 6.94 168.29 ± 7.26 47.06 ± 3.43

29 292.92 198.71 74 10 183.20 26.45 ± 8.59 185.73 ± 2.10 57.01 ± 1.29

30 296.36 199.83 79 10 182.00 19.03 ± 8.49 191.63 ± 6.43 64.00 ± 2.31

Table A3. Responses of the experiments, part 2 of 2.

Responses Part 2

Number

Elastic Modulus
along Extrusion

Lines
(Fiber-Dominated)

in MPa with
Standard Dev.

Elastic Modulus
across Layers

(Matrix-Dominated)
in MPa with
Standard Dev.

Strain at Break
along Extrusion

Lines
(Fiber-Dominated)

in % with
Standard Dev.

Strain at Break
across Layers

(Matrix-Dominated)
in % with

Standard Dev.

Crystallization
Onset

(Temperature and
Time)

Crystallization
Peak

(Temperature and
Time)

Crystallization
Enthalpy in J/g

Relative
Crystallinity

1 14,442.09 ± 882.07 3699.49 ± 128.40 1.78 ± 0.06 2.27 ± 0.06 232.36 ◦C/89.7 s 219.82 ◦C/146.72 s 15.79 89%

2 13,056.70 ± 139.78 3030.32 ± 258.25 1.92 ± 0.05 2.90 ± 0.11 240.13 ◦C/137.26 s 214.87 ◦C/246.4 s 16.80 95%

3 11,260.26 ± 580.24 3304.45 ± 116.92 2.08 ± 0.07 2.62 ± 0.08 242.03 ◦C/305.84 s 220 ◦C/391.5 s 12.84 73%

4 12,162.61 ± 1246.39 2905.32 ± 257.26 2.04 ± 0.05 2.40 ± 0.08 NA NA 1.92 11%

5 9066.43 ± 1696.87 2502.00 ± 191.26 2.32 ± 0.11 2.62 ± 0.18 NA NA 1.28 7%

6 NA NA NA NA NA NA 4.81 27%

7 8449.26 ± 742.96 3039.19 ± 311.83 2.16 ± 0.15 2.24 ± 0.13 195.01 ◦C/128.846 s 185.15 ◦C/199.04 s 10.48 59%

8 15,237.24 ± 1015.82 2735.67 ± 166.47 1.83 ± 0.06 2.47 ± 0.17 NA NA 1.37 8%

9 NA NA NA NA 163.31 ◦C/216.3 s 50.29 ◦C/284.04 s 2.04 12%

10 14,957.735 ± 690.65 2898.58 ± 110.57 1.54 ± 0.04 2.71 ± 0.20 231.95 ◦C/78.54 s 217.92 ◦C/131.22 s 17.07 97%

11 NA NA NA NA 219 ◦C/82.17 s 124.09 ◦C/100.17 s 2.41 14%

12 11,860.29 ± 493.62 2858.21 ± 334.94 1.92 ± 0.04 1.82 ± 0.11 228.43 ◦C/111.04 s 214.28 ◦C/174.98 s 15.31 87%

13 13,539.99 ± 1219.94 2054.35 ± 195.74 1.79 ± 0.12 2.06 ± 0.36 NA NA 1.80 10%

14 9321.80 ± 1171.16 2982.68 ± 167.64 2.01 ± 0.13 2.55 ± 0.11 243.21 ◦C/131.36 s 225.57 ◦C/189.6 s 14.86 84%

15 12,292.56 ± 969.49 1864.83 ± 24.20 2.02 ± 0.08 2.34 ± 0.20 NA NA 1.40 8%

16 13,099.85 ± 458.59 2854.93 ± 287.18 1.86 ± 0.08 2.29 ± 0.14 214.05 ◦C/161.52 s 198.14 ◦C/213 s 8.44 48%

17 14,182.86 ± 607.97 2632.01 ± 159.46 1.84 ± 0.02 2.73 ± 0.14 226.98 ◦C/160.54 s 221.62 ◦C/217.26 s 10.63 60%

18 11,098.65 ± 543.68 1787.53 ± 116.11 2.15 ± 0.15 2.71 ± 0.32 NA NA 1.53 9%

19 13,170.27 ± 271.35 2896.77 ± 177.64 1.99 ± 0.09 2.46 ± 0.14 229.28 ◦C/137.44 s 204.3 ◦C/233.7 s 17.66 100%

20 9767.92 ± 381.98 2904.11 ± 129.96 2.21 ± 0.15 2.40 ± 0.11 NA NA 1.66 9%

21 17,182.23 ± 412.13 3271.46 ± 176.69 1.70 ± 0.07 2.34 ± 0.18 208.51 ◦C/97.08 s 194.57 ◦C/147.66 s 11.71 66%
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Table A3. Cont.

Responses Part 2

Number

Elastic Modulus
along Extrusion

Lines
(Fiber-Dominated)

in MPa with
Standard Dev.

Elastic Modulus
across Layers

(Matrix-Dominated)
in MPa with
Standard Dev.

Strain at Break
along Extrusion

Lines
(Fiber-Dominated)

in % with
Standard Dev.

Strain at Break
across Layers

(Matrix-Dominated)
in % with

Standard Dev.

Crystallization
Onset

(Temperature
and Time)

Crystallization
Peak

(Temperature
and Time)

Crystallization
Enthalpy in J/g

Relative
Crystallinity

22 14,738.96 ± 668.09 1786.57 ± 78.67 1.92 ± 0.09 2.33 ± 0.77 NA NA 1.49 8%

23 9605.70 ± 456.95 3679.72 ± 152.73 2.14 ± 0.08 2.31 ± 0.09 227 ◦C/126.87 s 199.80 ◦C/206.04 s 10.42 59%

24 14,095.51 ± 1410.61 2838.41 ± 110.80 1.79 ± 0.09 2.21 ± 0.12 NA NA 1.59 9%

25 12,653.63 ± 537.95 3781.61 ± 245.08 1.93 ± 0.04 2.46 ± 0.09 241.25 ◦C/305.34 s 209.94 ◦C/399.58 s 15.08 85%

26 10,558.26 ± 359.14 2376.69 ± 60.07 2.07 ± 0.07 2.08 ± 0.08 201.84 ◦C/129.6
s 189.60 ◦C/208.77 s 15.58 88%

27 11,640.79 ± 566.11 1537.75 ± 151.19 1.80 ± 0.08 2.33 ± 0.31 180.61 ◦C/192.3
s

90.19 ◦C/233.04
s 3.92 22%

28 12,463.96 ± 340.84 1950.33 ± 234.21 1.71 ± 0.13 2.10 ± 0.14 NA NA 2.66 15%

29 13,342.17 ± 619.77 2475.26 ± 130.41 1.77 ± 0.08 1.98 ± 0.10 192.54 ◦C/189.87 s 183.09 ◦C/235.02 s 3.82 22%

30 13,958.45 ± 915.31 2430.76 ± 117.29 1.77 ± 0.05 2.23 ± 0.08 NA NA 0.00 0%
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Abstract: Continuous carbon fiber (cCF)-based 3D-printed polymer composites are known for their
excellent flexural properties; however, the optimization of the overall process is still desired, depending
on the material types involved. Here, the improved manufacturing of cCF-based composites is reported,
considering virgin polyamide (PA) and postindustrial waste polypropylene (PP), and the parameters
affecting the material properties are evaluated. Firstly, the prepregnation technique was optimized to
manufacture cCF polymer filaments with various fiber-to-polymer ratios. Secondly, the fused filament
fabrication (FFF) technique was optimized. It was observed that the layer height needs to be sufficiently
low for proper interlayer adhesion. The influence of the printing temperature is more complicated, with
filaments characterized by a lower fiber-to-polymer ratio requiring a higher nozzle diameter and higher
temperatures for efficient printing; and for lower diameters, the best flexural properties are observed for
parts printed at lower temperatures, maintaining a high interspace distance. Plasma treatment of the
cCF was also explored, as was annealing of the produced parts to enhance the flexural properties, the
latter being specifically interesting for the PP-based composite due to a lower wetting caused by a higher
viscosity, despite supportive interfacial interactions. Eventually, overall guidelines were formulated for
the successful production of cCF-based composites.

Keywords: 3D printing; polyamide (PA); polypropylene (PP); composite; continuous carbon fiber (cCF);
enhanced flexural properties

1. Introduction

Additive manufacturing (AM) is a processing technique to fabricate parts with basic
and complex shapes via layer-by-layer deposition of materials such as metals, polymers,
and ceramics [1–3]. The advantages of AM, i.e., short design cycles, the possibility to
manufacture complex structures, and high material utilization as compared to traditional
manufacturing, have facilitated its wide application [4–13]. AM is specifically used for the
processing of (thermoplastic) polymers and polymer-based composites, the latter being the
focus of the present work, considering fused deposition modeling (FDM), which is also
known as fused filament fabrication (FFF).

FDM/FFF is one of the leading AM processes based on extrusion and relies on the melting
of a polymer filament in the extrusion nozzle and its subsequent deposition on a moving bed
to create the final product layer by layer [5–7,14]. FFF has already established itself within
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the manufacturing industry [8,9]; nevertheless, the main limitation remains the relatively
poor tensile properties of the printed products due to void formation [6,15,16]. Hence, it is
worthwhile to, for instance, reinforce the printed parts, explaining why the production of
3D-printed polymer matrix composites with short or long continuous carbon fibers (cCFs) has
grown [17,18]. It can be expected that such modification enables enhancement of the tensile
properties and achievement of a high performance while maintaining the lightweight nature
of the produced components in diverse industries.

cCF is often used as reinforcement for polymeric composites due to its low density,
high strength, and high elastic modulus with applications for aerospace, windmills, the
automotive industry, and sports appliances [15,16]. In general, cCF significantly enhances
the tensile and flexural properties of the polymer composite parts [19]. As, e.g., shown by
Isobe et al. [20], the utilization of cCF allowed for a seven-times increase in tensile strength
and a five-times increase in elastic modulus. More recently recycled products could be
made as well, broadening the market potential [19]. For instance, Alarifi et al. [21] showed
that cCF-based composites from virgin and recycled polyethylene terephthalate glycol
(PETG) have comparable thermal, mechanical, and rheological properties. The authors
also showed that recycled PETG has better interfacial interactions with cCF, due to a lower
viscosity. Consistently, Tian et al. [22] reported the production of recyclable cCF-poly(lactic
acid) (PLA) composites with 100% cCF and 73% PLA recovery potential.

Another important characteristic of cCF, highlighted by Li et al. [23,24], is its superior
fatigue and corrosion resistance when compared to traditional metal materials. This quality
explains why cCF-based composites are widely used in various anchoring technologies.

As shown in Figure 1, two techniques are typically used to exploit the FFF principle to
produce cCF-reinforced composites [22,25], i.e., a technique based on in situ (in-printhead) melt
impregnation [26] and a technique based on pre-impregnation followed by 3D printing [27].
During in situ melt impregnation (Figure 1A), the cCF is dragged through the die of an
extruder, which melts the matrix material typically in filament form, toward simultaneous
composite production and printing. For the pre-impregnation technique, the cCF polymer
filament is first manufactured in a separate device and then the filament is used for the actual
3D printing [27,28]. Note that both techniques are two-stage, as highlighted in Figure 1B.
However, the pre-impregnation-based process gives more control over the quality of the
produced filament, as the so-called prepreg parameters can be varied, ensuring a good
wetting of cCF with the polymer [29,30], playing with different polymer-to-cCF ratios [31].

One of the ways to enhance interfacial interactions during pre-impregnation is cCF
plasma treatment [32]. For instance, Yuan et al. [33,34] showed that plasma treatment
increased the surface roughness of the carbon fibers and changed the functional groups
on the surface. Cho et al. [35] additionally showed that plasma treatment significantly
increased the storage modulus and impact strength of CF–polycarbonate composites.
Furthermore, Ma et al. [36] studied the effect of oxygen plasma treatment on the interface
of CF–epoxy composites. The authors highlighted that the treatment enhanced the surface
roughness and increased the surface free energy by 45% after 3 min of plasma treatment.
Another parameter that can influence the wetting of cCF by the matrix is the viscosity of
the polymer. If the viscosity is too high, the wetting is rather ineffective, even in the case of
favorable interfacial interactions from a functional group point of view [37,38].

It should be admitted that it remains a challenge to develop an impregnation device
that allows the production of prepreg filaments at high speeds and low cost [39]. The
prepregnation system should allow sufficient contact of the cCF with the polymer melt,
knowing that the nozzle diameter of the prepregnation chamber influences the ideal
polymer-to-cCF ratio. Installing a good winding system is also important, as the diameter
of the produced prepreg filament is small, making it very brittle.
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Figure 1. Two techniques were used to print continuous carbon fiber (cCF)-reinforced polymers.
(A) Set-ups. (B) General descriptions.

To engineer a proper contact of the cCF with the polymer melt, three main techniques
exist, namely, the pultrusion, passive pin, and active pin techniques [40]. The pultrusion
technique is applied in a liquid matrix medium which can be a monomer precursor, a
solution, or a polymer melt, whereas the passive pin technique uses the generated pressure
between the spreader pin and the fiber bundle in the melt chamber as a driving force
for the proper cCF impregnation. The active pin technique involves the injection of a
liquid/molten polymer between a bundle of fibers and a cylindrical friction surface to
ensure that the entire volume of the matrix material is impregnated with cCF.

It should be further realized that the prepregnation is only one step in the right-
hand part of Figure 1, and one should also put emphasis on the optimization of the FFF
process as such, i.e., the tuning of the layer height (h), the nozzle temperature (Tn), and
the printing pattern, to minimize voids during printing. In this framework, Kuznetsov
et al. [41] investigated the effect of h on the flexural strength (σf lex) of PLA printed parts,
showing that a smaller h provides a higher σf lex and implicitly lesser voids. Similarly,
Wang et al. [42] highlighted the better tensile, flexural, and impact strength of 3D-printed
polyetheretherketone (PEEK), CF/PEEK, and glass fiber/PEEK parts. Hu et al. [27] showed
that h significantly influences the final strength and modulus of PLA-based parts, while the
printing temperature and speed have only a minor effect. Li et al. [43], in turn, demonstrated
that when the printing temperature increased from 180 ◦C to 230 ◦C, σf lex and the flexural
modulus (Ef lex) of PLA printed parts increased by 46% and 32%, but as soon as h increased
from 0.35 mm to 0.55 mm, the flexural properties of the specimens decreased dramatically.
In agreement with the above findings, the model of Garzon-Hernandes et al. [44] predicts
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an increase in tensile strength in acrylonitrile–butadiene–styrene (ABS) polymer parts with
a lower h.

Complementary material design can also be performed after the FFF or 3D printing
step, as the 3D-printed parts can be subjected to a post-treatment, e.g., annealing, to induce
closure of the voids, adhesion of the layers, and recrystallization of semi-crystalline poly-
mers and residual stress release of amorphous ones [45,46]. By annealing above the glass
transition temperature (Tg) and below the melt temperature (Tm) for amorphous polymers,
or below the recrystallization temperature (Tcc) for semi-crystalline thermoplastics, the
void content can be significantly decreased [47]. Notably, Bhandari et al. [48] explained
that the main mechanism of tensile property increase by annealing is caused by the better
incorporation of polymer molecules between layers, providing adhesion, rather than by
increasing the crystallinity. Typically, annealing has only a positive effect on the mechanical
properties if a slow cooling is applied [48]. Hence, to adjust cCF-reinforced polymeric
parameters, several design steps can be conducted, as summarized in Figure 2.

Figure 2. Methods for the enhancement of the material properties of cCF-based printed materials
during different steps in Figure 1 or via post-treatment.

In this contribution, cCF-based composite filaments were manufactured with a recy-
cled polypropylene (PP) or a virgin polyamide (PA) matrix. The prepregnation filament
fabrication technique was employed to produce the parts, employing an in-house machine
for the prepregnation process with an enhanced active pin system. The processing param-
eters for prepregnation of the filament were systematically varied (e.g., nozzle diameter
(D)), as were the conditions for FFF (e.g., layer height (h), interpath distance (s), and nozzle
temperature (Tn)), to gain an understanding of their influence on the flexural properties of
the resulting parts. To enhance the quality of the filaments, the influence of cCF plasma
treatment was also studied, along with an exploration of the impact of annealing on the
morphology of the printed parts and their flexural properties. In other words, all optimiza-
tion methods shown in Figure 2 were addressed, making the current work detailed and
complementary to the state of the art.

Based on the overall findings, general guidelines for 3D printing-based manufacturing
of cCF-reinforced composite parts for both virgin and recycled polymers were formulated.

2. Materials and Methods

2.1. Materials

Sabic PP 108MF10 postindustrial clean waste polypropylene (PP) from car parts
supplied by Maier s.coop group (Bizkaia, Spain), and Rilsamid® AMNO TLD–PA12 from
Arkema (Colombes, France) were used as polymer matrix materials. Torayca® T300B–
3000 yarn from Toray Composite Materials America (Inc, Tacoma, WA, USA), containing
an average of 3000 individual fibers, was used as the cCF. Table S1 in the Supplementary
Materials shows an overview of the most relevant material properties for the matrix
materials and cCF.
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2.2. Manufacturing cCF Prepreg Filaments

cCF prepreg film manufacturing was conducted on an in-house machine, with the
main components displayed in Figure 3 [49]. The machine consists of a single screw micro-
extruder (element 2 in Figure 3) with two temperature zones (Ts1 and Ts2) [50] which
delivers molten polymer to a heated mold (element 3 in Figure 3). To further optimize the
prepreg process, three active temperature-controlled pins were introduced (temperatures
Tp1, Tp2, and Tp3), which are equipped with a slit to inject the liquid polymer between
the cylindrical contact surface and the fiber bundle to avert the dry contact between the
fiber and the spreader pin, as shown in Figure S1 in the Supplementary Materials. The
pulling system (elements 1 and 4 in Figure 3) pulls the cCF through the polymer melt in
the impregnation mold (element 3 in Figure 3). The produced filament is then mounted on
a spool by a winding system (element 5 in Figure 3) in view of subsequent FFF. The system
is controlled by a Programmable Logic Controller (PLC) through TwinCAT3 software
(Version 3.1, Build 4024.56), which gives real-time data and feedback through sensors.

Figure 3. (A) Concept of the pre-impregnation process, starting from the principles introduced in
Figure 1. (B) Actual implementation. 1: Continuous carbon fiber (cCF) bundle, 2: single screw
extruder with two heating zones (Ts1 and Ts2), 3: heated impregnation mold with 3 impregna-
tion pins (Tp1, Tp2, and Tp3), 4: pulling system which controls the pultrusion speed (Vpultrusion),
5: winding system.

For the filament production, the extruder screw temperatures were optimized (Ts1
and Ts2, element 2 in Figure 3), as were the rotational speed of the extruder (N, element 2
in Figure 3), the temperature of the impregnation chamber (TC, element 3 in Figure 3), the
temperature of the impregnation pins (Tp1, Tp2, and Tp3; element 3 in Figure 3), and the
pultrusion speed (Vpultrusion, elements 1 and 4 in Figure 3).

The heated impregnation chamber is also equipped with nozzles with variable diam-
eters, which control the diameter of the prepreg filament and consequently the polymer-
to-fiber fraction. Four nozzle diameters were used (D, element 3 in Figure 3) for PA- and
PP-based prepreg filaments, namely, 1.1 mm, 0.9 mm, 0.7 mm, and 0.6 mm. The PA fiber
volume fractions (Vf ) were, e.g., 13.5%, 18.7%, 30%, and 37.6%, respectively. These fiber
volume fractions were measured experimentally by thermal degradation of the polymer
matrix and weighing the remaining fibers using sample sizes ranging from 500 mg to 5 g of
the initial composite material and performing the degradation below 500 ◦C in a vacuum
oven for 2 h. The following equations were used to calculate the filler volume fraction:

Mf =
m f

mc
(1)

Vf =
ρm Mf

ρ f + Mf

(
ρm − ρ f

) (2)
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where mc is the composite mass [kg], mf is the filler mass [kg], Mf is the filler mass fraction
[-], ρ f is the filler density [kg m−3], ρm is the matrix density [kg m−3], and Vf is the filler
volume fraction [-] [49].

Table 1 lists the specifications of the 17 filaments produced with the optimized prepreg
parameters. The variables were determined through trial and error by testing various
parameters to identify the optimal ones.

Table 1. Parameters of the filament production from polypropylene PP108MF10 (PP), polyamide
Rilsamid AMN O TLD (PA12), and Torayca T300B-3000 continuous carbon fiber (cCF) potentially
treated with plasma. Vf —fiber volume fraction; Vpultrusion—pultrusion speed; TS1 and TS2—extruder
screw temperature; TC—temperature of impregnation chamber; TP1, TP2, and TP3—temperature of
impregnation pins; D—nozzle diameter; and N—rotational speed of the extruder.
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TS1 [◦C] TS2 [◦C] TC [◦C] TP1 [◦C] TP2 [◦C] TP3 [◦C] D [mm] N [rpm]

PP F001 16.43 300 180 230 230 230 230 230 1.1 0.68–0.8
F002 1 14.84 300 180 230 230 230 230 230 1.1 2.05
F003 2 15.23 300 180 230 230 230 230 230 1.1 2.05–2.2
F004 16.37 300 180 230 230 230 230 230 1.1 2.05–2.2
F005 11.27 300 185 225 215 240 240 240 1.1 0.65

PA F006 13.50 300 185 225 225 240 240 240 1.1 1.15
F007 12.63 300 185 225 225 240 240 240 1.1 1.1
F008 14.91 300 185 225 225 240 240 240 1.1 1.1
F009 14.73 550 185 225 225 240 240 240 1.1 2
F010 14.02 425 185 225 225 240 240 240 1.1 1.8
F011 14.39 675 185 225 225 240 240 240 1.1 2.3
F012 14.33 800 185 225 225 240 240 240 1.1 2.3
F013 18.70 300 185 225 225 240 240 240 0.9 0.95
F014 30 300 185 225 225 240 240 240 0.7 0.47
F015 30 300 185 225 225 240 240 240 0.7 0.47
F016 37.60 300 185 225 225 240 240 240 0.6 0.35
F017 37.60 300 185 225 225 240 240 240 0.6 0.35

1 Carbon fiber was treated with O2 + He plasma. 2 Carbon fiber was treated with Ar + He plasma.

2.3. Fused Filament Fabrication of cCF Prepreg Filaments

For FFF, an in-house developed machine was used (Figure 4A) consisting of an alu-
minum printing bed coated with polyetherimide moving in the X, Y, and Z directions, with
a printing volume of 250 × 200 × 145 mm3. The printing chamber is heated by two infrared
radiators mounted below the nozzle. The machine is insulated by using an insulator wall of
5 cm thickness from Recticel (Wetteren, Belgium) to minimize warping and improve layer
adhesion. During FFF, the layer height (h), interpath distance (s), and nozzle temperature
(Tn) were controlled. The nozzle temperature was chosen between 200 and 235 ◦C. The bed
temperature was set at 110 ◦C for cCF-PA and ranged from 60 to 110 ◦C for cCF-PP (see
Table S8 in the Supplementary Materials).

It should be further noted that the printing of cCF prepreg filaments could not be
performed with a zig-zag pattern to obtain a complex shape (e.g., a dog-bone shape for
the tensile test) because of the high stiffness of cCF. Hence, rectangular specimens were
printed, as shown in Figure 4B. The individual tracks of the test specimens were deposited
in the same direction due to the spiraling pattern. Upon adding more than one layer, a
small loop was made to start a new layer using the same X and Y pattern.
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Figure 4. (A) Sketch of in-house FFF printer. The bed and driving system are in blue, and the extruder
is in yellow. (B) Top-view sketch of the toolpath of the printed specimens. (C) Actual printed part
(printing condition P141 in the Supplementary Materials).

To optimize h and minimize voids, the long straight paths were printed at 120 mm/min,
and the curves and short sides were printed between 30 and 60 mm/min. The actual view
of the printed specimen is shown in Figure 4C. All printing conditions are summarized
in Table S8 in the Supplementary Materials, while Table 2 lists examples of key printing
parameters that were used for the production of the parts (notation with P), starting from
filaments listed in Table 1 (notation with F).

Table 2. Layer height (h) and interpath distances (theoretical s and actual s, sactual) of printed parts,
starting from 4 filaments with specifications in Table 1.

D (mm) Filament Sample Tn (◦C) h (mm) s (mm) sactual (3 × sactual) (mm)

1.1

F001 P002 215–235 0.35 1.67 7.02

F001 P004 215–235 0.45 1.30 5.46

F001 P005 215–235 0.55 1.06 4.46

0.9

F013 P126 215–235 0.29 1.37 5.50

F013 P135 215–235 0.37 1.06 4.50

F013 P145 215–235 0.45 0.87 3.85

0.7

F014 P154 205–235 0.22 1.06 4.85

F014 P164 205–235 0.29 0.83 4.10

F014 P172 205–235 0.35 0.68 3.75

0.6

F016 P184 200–225 0.19 0.91 4.40

F017 P185 200–225 0.25 0.71 3.80

F017 P195 200–225 0.30 0.58 3.35

2.4. Plasma Treatment

Certain cCF materials were treated in continuous mode using an Atmospheric Pressure
Glow Discharge (APGD) device, model PLATEX 600–LAB VERSION, obtained from Grinp,
S.r.l. (Settimo Torinese, Italy). The two-planar electrode equipment operated with a
frequency range from 20 to 45 kHz to partially ionize gases and/or vapors of precursors.
Two types of plasma treatment were used, namely, oxidation with He/O2 and etching with
He/Ar gases. The flow was kept at 2.5/1.5 L/min in both cases, and the power was set to
700 W. The speed of the cCF pultrusion was 1 m/min.

After plasma treatment of cCF, the pre-impregnation process was run with PP as a
matrix material to produce the prepreg filaments F002 and F003 in Table 1 with oxygen–
helium plasma- and argon–helium plasma-treated cCF, respectively. Conditions P093 and
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P095 were used for FFF, incorporating oxygen–helium plasma and argon–helium plasma
treatments for cCF, respectively, as shown in Table 3, which also includes the reference
untreated case.

Table 3. Printing parameters of untreated and treated CF with PP. Specification of original filaments
in Table 2.

Filament Printing Conditions cCF h (mm) s (mm) Tn (◦C) Tbed (◦C)

F001 P004 untreated 0.45 1.30 230 60

F002 P093 He/O2 0.45 1.30 235 80

F003 P095 He/Ar 0.45 1.30 235 80

2.5. Annealing

The printed specimens for both polymer types were annealed in a vacuum oven
for 3 h (excluding heating time). All annealed selected specimens were compared to the
unannealed specimens with the same printing parameters, as shown in Table 4.

Table 4. The annealing and printing parameters. Specification of original filaments in Table 1.

Matrix Printing Conditions Filament D (mm) h (mm) s (mm) Tn (◦C) Tb (◦C) Annealing Temperature (◦C)

PP

P088
F004 0.9 0.45 1.30 235 80 90, 120, and 140P089

P092

PA12

P113–P115 F009

0.9 0.35 1.67 215 110 140, and 165P122–P125 F010

P116–P119 F011

P120–P121 F012

2.6. Rheological, Morphological, and Thermal Property Characterization

Rheological measurements for the PP matrix material were performed for the compression-
molded disk-shaped specimens with a 25 mm diameter and a 1 mm thickness manufactured in
a hot press (Fontijne Holland, Vlaardingen, The Netherlands) at 200 and 230 ◦C. The frequency
sweep tests were performed in an MCR 702 rheometer (Anton-Paar, Graz, Austria), using the
parallel plate configuration with a 25 mm diameter and a 1 mm gap. The complex viscosity
(η*) was monitored as a function of the angular frequency (from 600 to 0.1 rad/s), with a strain
amplitude of 0.1%, under a nitrogen atmosphere. The strain amplitude was defined employing
amplitude sweep tests, and all the materials were assumed to be tested in the linear viscoelastic
regime. All materials were dried at 60 ◦C in a vacuum dryer overnight prior to molding and
rheological testing. The rheological data for PA12 were obtained from the datasheet.

Optical microscopy for the printed parts was performed on a VHX-7000 Keyence
OM (Keyence International NV/SA, Mechelen, Belgium) and applying its accompanying
software. The obtained images from the OM were subsequently subjected to processing
and analysis through the ImageJ software (Version 1.51), to evaluate the voids volume.
Scanning electron microscopy (SEM) images were obtained on a Phenom Pro electron
microscope (Benelux Scientific, Ede, The Netherlands). The samples were coated with a
10 nm gold layer, and images were taken at 5 kV.

The thermal properties of the polymer matrices and the prepreg filaments were studied
via differential scanning calorimetry (DSC) with a DSC 214 Polyma device (NETZSCH-
Gerätebau GmbH, Selb, Germany). All the materials were heated up from 25 to 250 ◦C with
a 10 ◦C/min ramp considering two heating–cooling cycles. Thermographic analysis (TGA)
was performed on a Netsch STA 449 F3 (NETZSCH-Gerätebau GmbH, Selb, Germany).
Tests were performed under a nitrogen (N2) atmosphere, with a flow rate of 50 mL·s−1 and
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a heating rate of 10 ◦C·min−1, according to the standard ISO 11358-1 [51]. All samples had
an initial mass of ca. 10 mg.

2.7. Flexural Property Measurements

The test samples were cut from the printed specimens (Figure 4B,C) according to
ISO 14125 [52] (Table S2). All flexural tests were performed for samples that were con-
ditioned for 48 h in the lab before conducting the “climatized samples” test, using a
three-point flexural testing set-up and a 2 kN load cell on an Instron 4464 machine at a rate
of 1 mm/min. The flexural modulus (Ef lex) was calculated to be between 0.15% and 0.20%
strain. The values mentioned for σf lex are the maximal stress values of the flexural curves,
which are typically reported for continuous fiber composites [49].

3. Results and Discussion

To gain an understanding of the influence of the composition on the manufacturing
process, 17 filament formulations were prepared (see Table 1) with varying matrix materials
(PP or PA12) and fiber volume fractions (Vf ). These formulations were used for printing
according to 215 conditions (see Table S8 in the Supplementary Materials) to identify
relations between printing and overall process parameters and morphology, including
plasma treatment and annealing. In what follows, the main results are discussed, focusing
first on the wetting potential, both theoretically and by morphological analysis, and then
on the void minimization by tuning the process parameters, and finally on the tuning of
flexural properties.

3.1. Wetting Degree after Impregnation

The interfacial interactions can be theoretically assessed based on the surface free
energies of the matrix and filler, γA and γB, respectively. In general, the surface energy
of the filler should be greater than that of the matrix for proper wetting to take place. For
the chosen cCF and the selected matrix polymers, data in the literature suggest that this
is the case, with the PA12 γPA being equal to 40 mN/m [53] and the PP γPP being equal
to 30.1 mN/m [54], both lower than the γCF of 53 mN/m [55]. Thus, from a theoretical
standpoint, both polymers should demonstrate good adhesion to cCF.

However, the SEM analysis in Figure 5A,B shows deviation from this theoretical
insight, as the compression fracture of CF-PP displays a clear separation of the individual
fibers and matrix, indicative of poor wetting. In more detail, a delamination zone inside
the fiber bundles was observed, which was due to inefficient wetting causing the fibers to
break during printing (Figure S2b in the Supplementary Materials). On the contrary, PA12
followed the theoretical insights and showed much better adhesion to cCF (Figure 5C,D).

A good dispersion of cCF in the matrix can be observed here and a very flat fracture
surface, where the fiber and matrix broke as a whole (Figure 5D), which shows that
individual fibers are (close to) fully coated with PA12, which was not observed for PP.
Additional SEM images (Figure S3 in the Supplementary Materials) for the PA12-based
composite further support the good wetting of the fibers with the matrix material. Evidently,
on the microscopic level, PA12-based composites possess superior properties due to the
proper wetting of the fibers by the matrix.

Another parameter to consider for the optimization of the wetting is the viscosity
of the polymer melt, with a lower viscosity facilitating the wetting. Figure S6 in the
Supplementary Materials shows that the viscosity of PP is significantly higher than that of
PA, disfavoring the wetting of the cCF with PP, as was observed via SEM. Note that in the
theoretical calculations, such viscosity variation is not included, at least partially explaining
the differences with the SEM images. For further investigation, the estimated shear rate
(γ.w) for PP during the printing process was calculated at three different temperatures,
215 ◦C, 225 ◦C, and 235 ◦C, employing the following equations [56]:

γ ˙a =
4Q

πR3 [s−1] (3)
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γ ˙w =
γ ˙a

4
(3 +

1
n
) [s−1] (4)

where Q represents the volumetric flow rate, which is derived from the melt density (ρ)
and the weight per unit time discharged from the printer at the used extrusion speed.
The melt density (ρ) was obtained from the melt flow index test, the nozzle diameter was
2R = 2 mm, and n was the power law index determined from rheological data, taking on a
value of n = 0.2 for PP. Table S3 in the Supplementary Materials shows low values for the
estimated shear rate (γ ˙w). Therefore, the lack of wetting in the cCF-PP specimens was
due to high viscosity. Additionally, the voids analysis showed a slight reduction in void
content for samples at higher temperatures (235 ◦C) compared to samples printed at 225
◦C (see Table S4 in the Supplementary Materials). This decrease is attributed to a lower
viscosity, facilitating improved wetting between the matrix and the filler.

Figure 5. SEM images of the compression fracture surface of cCF/polypropylene (PP) (A,B) and
cCF/polyamide (PA) (C,D) printed parts. (A) Filament F001, printing condition P002. (B) Higher
magnification of image (A). (C) Filament F013, printing condition P126. (D) Higher magnification of
image (C). The green oval shows the (almost) complete wetting of the fiber with the polymer matrix.

3.2. Optimization of FFF Parameters to Decrease Voids

Due to the layer-by-layer nature of FFF with imperfect interlayer adhesion, the 3D-
printed part may contain voids, which can affect the material properties, justifying the
control of printing parameters to reduce the void content and sizes. The filaments were first
theoretically considered to be incompressible solids with an elliptical cross-section so that
the void cross-section would have a four-arm star shape (Figure 6A). These macro-void
volume fractions (Vmac) exist between the individual deposited tracks and are determined
using Equation (5). By reducing the ratio of the layer thickness (h) to the individual strand
width (w), Vmac can be reduced. Additionally, by adjusting s, which is the distance between
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two tracks, the shape and the content of these voids can change. In particular, Equation (6)
can be used for the connection of s and w:

Vmac =
h
w
(1 − π

4
) (5)

s = w − ξ·h·(1 − π

4
) (6)

where ξ is the void-filling factor, which ranges from 0 to 1. The complete derivation of
Equation (6) is included in the Supplementary Materials.

 

Figure 6. (A) Theoretical cross-section of the 3D-printed incompressible printed specimen. w—the
width of an individual strand, s—the distance between two tracks, h—the layer height; the void
cross-sectional surface area (highlighted with a red circle) is star-shaped. (B–D) Influence of the void
filling factor on the cross-section of the 3D-printed parts: (B) s = w, ξ = 0; (C) s << w, ξ = 1; (D) s < w,
ξ = 0.5. (E) Dependence of the void cross-sectional surface area on the layer’s height for smaller
(upper image) and larger (lower image) h values. Optical images of (F) cross-section of CF-PA12-
based part, with s = 1.37 mm and h = 0.29 mm (printing condition P126), and of (G) cross-section
of CF-PA12 specimen, with s = 1.06 mm and h = 0.22 mm (printing condition P154). Colors used to
facilitate identification of printing quality, with green indicating better quality.

Figure 6B shows a theoretical situation in which filament strands are deposited next
to each other, with w = s and ξ = 0, which is the case for an incompressible filament with
star-shaped voids. If ξ = 1 (Figure 6C), the nearby tracks overlap too much, decreasing
the quality of the printed part. If ξ = 0.5 (Figure 6D), a good balance between void filling
and printability can be achieved [49]. Additional discussion of the influence of ξ on the
void content is provided in the Supplementary Materials. Notably, h affects the void size
as well, with Figure 6E making it theoretically evident that the voids between layers with
different thicknesses diminish if the layer thickness becomes smaller. Figure S9 in the
Supplementary Materials shows a comparison between the calculated and experimental
impact of h on the void content. In general, h is determined by the filament diameter (D), by
the distance between the printing head and the bed, and by the deformation of the filament
during printing. Furthermore, with a larger s, the filament has more room to deform during
melting, which results in smaller voids as well.

In view of the theory mentioned above, four nozzle diameters were selected (D = 1.1 mm,
D = 0.9 mm, D = 0.7 mm, and D = 0.6 mm) to study the influence of h. Optical microscopy
was used to study the effect of the printing conditions on the quality of the part and voids
content. Figure 6F,G, for example, show optical microscopy images of a three-layered CF-PA12
specimen with s = 1.37 mm and s = 1.06 (specimen F013, printing conditions P126 and P154;
Table 2). Indeed, a denser composite with a lower void content was observed when h was
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smaller (Figure 6F). Upon exploring the range of printing conditions, s could be gradually
brought to 1.2 mm, at which point both cCF-PP and cCF-PA12 experienced complete breakage
of the filament during printing. A complete overview of the results for all printing conditions
is given in Table S8 in the Supplementary Materials. More optimal parameters always include
a larger s and a smaller h.

3.3. Optimal FFF Parameters to Tune Flexural Properties

To evaluate the material properties, a comparison was made between the flexural
strength, the flexural modulus, and the failure mode of PP- and PA-based printed parts.
This failure mode strongly differed for cCF-PP and cCF-PA12, consistent with the already
discussed wetting results. The cCF-PA12 part was always totally fractured after delamina-
tion or partially cracked (Figure S10B in the Supplementary Materials), unlike the cCF-PP
samples, which never broke as a whole (Figure S10A in the Supplementary Materials).

A typical flexural curve of a cCF-PP sample exhibits, first, a linear slope, and then multiple
smaller stress drops, followed by a larger drop, as shown in Figure S10A in the Supplementary
Materials. The small drops can be attributed to partial delamination and breakage of fiber
bundles. During the last drop, the remaining polymer broke but the specimens were still held
together by an outer PP layer and a cCF intact bundle. The flexural test was manually stopped
at one point as the specimens never broke completely, and the stress level remained constant.
The convex side of the sample, i.e., the side in which the tensile stress is created, showed
PP stress whitening. There are two potential explanations for discoloration, strain-induced
crystallization or formation of cavities [57]. For more insights, the DSC test was conducted on
samples from a broken area and samples that did not undergo the flexural test to assess the
degree of crystallinity using the following equation [58]:

Xc(%) =
ΔHm − ΔHcc

ΔH∞
m .w

× 100% (7)

where ΔHm is the melting enthalpy, ΔHcc is the cold crystallization enthalpy, ΔH∞
m is the

melting enthalpy, and w is the weight fraction of the sample in grams.
The results indicated a significant reduction in crystallinity, dropping from 23.7% to

6.69% for the samples that were not subjected to the flexural test and those from the broken
area, respectively. This suggests that the likely cause of the observed stress whitening is the
formation of cavities (see Figures S11 and S12 in the Supplementary Materials).

Figure S10B in the Supplementary Materials displays two typical flexural curves of
cCF-PA12 samples. The dotted curve shows a typical first type of failure mode, which
indicates that the composite breaks as one homogeneous material. This mode of failure
suggests that the interface between the CF and the PA12 polymer matrix is optimal. The
second failure mode, which is displayed as a full line in Figure S10B, exhibits several drops
in flexural stress after the linear increase. Unlike the failure mode in cCF-PP parts, the final
drop of stress in the second failure mode of cCF-PA parts indicates a complete fracture of
the specimen. It should be noted that only in rare cases did cCF-PA12 samples not show
the second type of failure mode.

To obtain a deeper insight into the relation between printing conditions and the
material properties of the samples, the response surface analysis approach was additionally
applied [59]. The experimental data that were used to construct the response surfaces
can be found in the Supplementary Materials. Table S5 in the Supplementary Materials
summarizes the flexural measurement results, considering both the flexural modulus (Ef lex)
and the flexural strength (σf lex), while Figures S16–S22 in the Supplementary Materials
show the strength–strain curves for the measured samples and the bar charts used to
analyze the results.

Selecting a D of 0.6 mm, Figure 7 shows for the PA-based composite the response
surfaces for σf lex and Ef lex depending on s, h, and the printing temperature (Tn). A major
influence of the printing temperature can be observed in Figure 7A on σf lex, due to the need
for sufficient melting of the polymer and thus better interlayer adhesion. It is interesting to
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note that the best flexural strength results were observed when the printing temperature
was at the lower limit for a smaller D, which evidently minimizes the degradation of the
polymer material. Increasing the value of s from 3.35 to 4.4 mm has a notable effect on the
material properties, as shown in Figure 7A. A synergy is even observed when the material
is printed at lower temperatures and a higher s, as the (molten) filament has enough room
to flow during melting, resulting in smaller voids and enhanced material properties.

Figure 7. For the PA-based composite, response surface plots of the relationship between the (A) flex-
ural strength (σf lex), interpath distance, and printing temperature; (B) flexural strength (σf lex), layer
thickness, and printing temperature; (C) Ef lex modulus, interpath distance, and printing temperature;
and (D) Ef lex modulus, layer thickness, and printing temperature of the samples. Specimens from
F016 and F017, printing conditions P184–P215, with a D of 0.6 mm (Table S8). (E) Schematic represen-
tation of how the filament and printing parameters influence the flexural properties: the direction
of the arrows indicates an increase/decrease in the printing parameter; the color reflects a positive
(white) or negative (dark blue) impact on the flexural properties, and the blue ellipse highlights that
the combination of the parameters has an influence.

Figure 7B further shows that h significantly contributes to the σf lex of the printed parts.
σf lex increases more than two times, from ca. 400 MPa to 900 MPa, when h decreases from
ca. 0.3 mm to ca. 0.2 mm. However, the influence of temperature is more complicated in
comparison with Figure 7A. A positive effect on σf lex is observed with a higher tempera-
ture, but the best results are only obtained when h and the temperature are smallest. In
general, a small h ensures more efficient melting and interlayer adhesion, even at the lowest
printing temperature, whereas a higher temperature may induce polymer degradation
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and overflow of the printing stands, as schematically shown in Figure 6C, leading to poor
material properties.

The dependence of Ef lex on temperature and s (Figure 7C), as well as on temperature
and h (Figure 7D), follows the same trend as for σf lex, already discussed in Figure 7A,B. In
particular, the highest Ef lex is obtained when the part is printed at the lowest temperature
with the highest s (Figure 7C). It should be noted that, although the dependence is more
pronounced, the modulus values decrease more rapidly if s deviates from the maximum
and the temperature increases. In particular, Ef lex decreases by 35% upon going from the
lowest printing temperature to the highest, whereas only a 20% variation upon changing the
printing temperature was observed for σf lex (Figure 7A). A similar evolution of modulus
vs. printing temperature can be observed when h changes (Figure 7D). The synergy of a
low printing temperature and sufficient s is thus more important for the modulus value
than for the strength.

A similar dependence of the flexural properties on the temperature and h was observed
for the filament with D = 0.7 mm (instead of D = 0.6 mm), still focusing on the PA-
based composite, as shown in Figure S13 in the Supplementary Materials. However, it is
interesting to note that for the filaments with an even higher D = 0.9 mm, the influence of the
temperature becomes more crucial. As Figure S14 in the Supplementary Materials shows,
only the highest printing temperature leads to the best material performance independently
of s and h. Evidently, a large filament diameter and a higher fraction of polymer (a higher
diameter and a lower fraction of cCF) require more energy to enable sufficient melting,
resulting in a greater influence on the printing temperature.

Figure 7E summarizes conceptually the influence of s, h, and printing temperature
(Tn) on the flexural properties (assuming a good wetting, as for the PA-based composite),
with the direction of the arrows indicating an increase/decrease in the respective printing
parameter, whereas the color variation reflects the positive/negative influence on the
flexural properties.

3.4. Effect of Plasma Treatment and Annealing

As observed from the SEM images, the interfacial interactions of the cCF and PP matrix
are poor. Hence, the attempt to improve the flexural properties was initiated with plasma
treatment of the cCF before pre-impregnation. The results of the flexural tests of CF-PP
with plasma-treated CF are summarized in Figure S16 in the Supplementary Materials. No
significant difference can, however, be observed between Ef lex and σf lex for the sample
prepared with the plasma treatment (printing conditions P093 and P095, Table S8 in the
Supplementary Materials) and the non-treated cCF sample (printing condition P004, Table S8
in the Supplementary Materials). Thus, the main factor hindering the efficient wetting of the
cCF with the PP matrix can be considered to be the high melting viscosity of the PP matrix.

The printed samples were alternatively annealed to close the voids and enhance the
flexural properties. Prior to annealing, DSC analysis was performed to select the annealing
conditions for PP and PA12, as the annealing temperature for semi-crystalline polymers
should be selected between Tg and Tm, and ideally it should be close to Tcc. To exclude
the negative influence of the possible crystallinity increase after annealing, the DSC data
were compared before and after annealing for both polymer matrix materials, as shown in
Figures S24–S29 in the Supplementary Materials. The results show that the crystallinity
percentage and the shape of the melting peak of the annealed parts are almost the same as
those of the unannealed ones.

For the recycled PP (Figure S24 in the Supplementary Materials), no exothermal cold
crystallization peak was observed during the first and the second heating DSC cycle. The
small exothermal peak at approximately 120 ◦C in the heating stage was possibly due to
a small contamination by (low-density) polyethylene ((LD)PE). The melting temperature
was Tm = 167 ◦C. Consequently, an annealing temperature should be selected between
Tg = −20 ◦C and this melting temperature. Three temperatures were selected, namely,
90 ◦C, 120 ◦C, and 140 ◦C, for the annealing of PP samples. The DSC curve of PA12 (the
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right-hand side of Figure S24 in the Supplementary Materials), by contrast, shows in its
first run a cold-crystallization peak at around 165 ◦C. In this context, 140 ◦C and 165 ◦C
were selected to anneal the cCF-PA12 parts.

Analysis of the flexural curves shows that the annealed cCF-PP exhibits a slight change-
over in the failure mechanism, as shown in Figure 8A. The annealed samples showed larger
and more uniform drops in stress levels compared to the unannealed samples, which
showed multiple smaller drops. Such a flexural curve profile is typical in case of increased
interlayer strength and/or increased strength between the paths, which is achieved due
to (partial) void closure. ImageJ analysis results demonstrated that the void volume in an
annealed sample at 140 ◦C is reduced compared to the unannealed sample, as illustrated in
Figure S32 in the Supplementary Materials. The small drops in the flexural strength (σf lex)
of the unannealed samples are due to more local delamination or fractures, whereas the
layers of the annealed material are more uniformly delaminated.

Figure 8. Representative flexural curves of (A) cCF-PP parts unannealed and annealed at 140 ◦C
(specimen F004, printing conditions P002 and P088, respectively) and (B) cCF-PA12 parts unannealed
and annealed at 165 ◦C (specimen F007, printing condition P107; specimen F009, printing condition
P114, respectively). Effect of annealing at different temperatures on (C) cCF-PP parts at 90 ◦C, 120 ◦C,
and 140 ◦C and (D) cCF-PA12 parts at 140 ◦C and 165 ◦C.

Note that a change-over of failure mode for the cCF-PP could result in better interlayer
bonding in the annealed samples. No significant increase in flexural strength (σf lex),
however, was noticed for the annealed specimens at 90 ◦C and 120 ◦C (Figure 8C). In
contrast, at 140 ◦C, which allows for PP melting, an increase of ca. 30% in the flexural
strength (σf lex) was noticed compared to the unannealed samples and the samples that
were annealed at lower temperatures. The flexural modulus (Ef lex), however, remained
unaffected (Figure 8C). Hence, only a careful selection of the annealing conditions allowed
us to improve the mechanical properties of the cCF-PP parts.
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For cCF-PA, no changes in the failure mode were observed, as the annealed parts
broke similarly to the unannealed parts (Figure 8B). This suggests that the interlaminar
strength did not improve significantly with the annealing process. Indeed, no increase
in flexural strength (σf lex) was observed for cCF-PA12 (Figure 8D) after annealing at all
the selected temperatures. This result implies that the printed (unannealed) cCF-PA12
already exhibited optimal mechanical properties, and additional thermal treatment could
even degrade PA12. Figure S33 in the Supplementary Materials displays unannealed and
annealed samples of cCF-PA12 exhibiting effective closure of voids. Annealing is therefore
likely unnecessary for improving the mechanical properties of the cCF-PA12 composite. In
other words, annealing seems to be only necessary when the wetting is less.

4. Conclusions

This research focused on the manufacturing of polymer-based composites reinforced
with continuous carbon fibers for utilization in 3D-printing applications. Initially, 17 fila-
ment formulations were developed using different matrix materials (recycled polypropy-
lene and virgin polyamide 12) via a prepregnation process. Subsequently, bending bars
were 3D-printed via FFF using the prepared prepreg filaments.

The study examined the influence of various 3D printing parameters, including the
layer height (h), interpath distance (s), printing temperature (Tn), and nozzle diameter of
the impregnation mold (D), on the void formation and the flexural properties of the printed
components. Explorations involved a range of h values from 0.19 to 0.55 mm, s values
from 0.58 to 1.67 mm, Tn values from 200 to 235 ◦C, and D values from 0.6 to 1.1 mm.
Additionally, plasma treatment of cCF was assessed, and optimization of prepregnation
parameters, such as cCF fractions ranging from 11.27% to 37.60%, was performed.

The cCF-PP specimens exhibited poor wetting characteristics. Analysis of the esti-
mated shear rate (γ.w) demonstrated low values, suggesting that the inadequate wetting
observed in cCF-PP specimens can be attributed to high viscosity levels. Moreover, the
void analysis indicated a slight reduction of 8.16% in void content for samples printed
at higher temperatures of 235 ◦C compared to those printed at 225 ◦C. This decline is
associated with reduced viscosity, facilitating improved wetting between the matrix and
the filler components.

DSC results of cCF-PP specimens exhibited a substantial reduction in crystallinity of
72%. This reduction indicates stress whitening, attributed to cavitation formation. However,
plasma treatment showed no significant difference and did not result in improvement. On
the contrary, the cCF-PA specimens exhibited proper wetting of the fibers by the matrix,
resulting in superior properties.

Both a high printing temperature (Tn) and a larger interpath distance (s) had a positive
impact on flexural properties, especially when combined with larger nozzle diameters
(D), leading to a notable 20% increase in flexural strength. However, specimens with a
high cCF fraction of 37.60% and a smaller nozzle diameter of 0.6 mm experienced negative
effects from high temperatures, where a synergistic effect occurred with higher interpath
distances and lower printing temperatures. In any case, reducing the layer height (h) from
0.3 mm to 0.2 mm resulted in a significant enhancement in flexural strength, demonstrating
a remarkable increase of 125%.

In summary, this research offers guidelines for enhancing the flexural properties of cCF-
based parts. For instance, annealing at sufficiently high temperatures proves particularly
beneficial for PP-based composites, potentially increasing flexural strength by up to 30%.
This strategy compensates for the reduced wetting observed in PP-based composites due to
higher viscosity. Contrarily, for PA-based composites, wetting does not need to be further
optimized and the focus can be on the optimal printing settings alone.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma17081788/s1, Figure S1: Cross-section of a spreader pin and
fiber bundle (dashed line) forces; Table S1: The properties of the cCF and the polymers matrices;
Table S2: Dimensions of ISO-14125 flexural specimens (ISO-14125); Figure S2: SEM results of PP
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composite obtained from printing F001: (a) compression fracture, (b) delamination zone, (c) poor
interfacial interaction between the matrix and the fiber, and (d) broken fibers inside the matrix;
Figure S3: SEM results for PA12 composite obtained from F013: (a) CF dispersion in the matrix PA12,
(b) compressive fracture for composites, (c) interfacial interaction between the matrix and the fiber,
and (d) individual fiber that is fully coated with PA12; Figure S4: Cross-section of the annealed
sample made with CF-PA12; Figure S5: Cross-section of the annealed sample made with CF-PP;
Figure S6: Viscosity vs. shear rate temperature dependence for (a) PA12 and (b) PP; Table S3: The
estimated shear rate for PP during the printing process; Table S4: The results of the void analysis
of PP printed samples; theoretical support for Equation (6) in the main text; Figure S7: (A) Defor-
mation of the printing filament during the FFF process. (B) Cross-section of the printed strand;
Figure S8: (A) The effect of partially overlapping composite tracks, where s 	 w and ξ ≈ 1. The order
of strand deposition is indicated by increasing numbers. Cross-section of a single-layer composite
perpendicular to the fiber direction. (B) Reduction in the macro-void content by slightly overlapping
the composite tracks, where ξ = 0.5. Cross-section of a triple-layer composite perpendicular to
the fiber direction; Figure S9: The relationship between h and the voids showcases a comparison
between calculated and actual values; Figure S10: Averaged flexural stress curves for (A) cCF-PP
(specimen F001, printing condition P002; Table S8) and (B) cCF-PA12 (specimens F007 and F009,
printing conditions P107–P113; Table S8); Figure S11: DSC results for PP-cCF samples taken from a
broken area; Figure S12: DSC results for PP-cCF samples taken from samples that did not undergo the
flexural test; Figure S13: Response surface graphs of the relationship between the (A) flexural strength
(σf lex), interpath distance, and printing temperature; (B) flexural strength (σf lex), layer thickness,
and printing temperature; (C) Ef lex modulus, interpath distance, and printing temperature; and (D)
Ef lex modulus, layer thickness, and printing temperature of the samples (specimen F014, printing
conditions P154–P183, with D = 0.7 mm); Figure S14: Response surface graphs of the relationship be-
tween (A) flexural strength (σf lex), interpath distance, and printing temperature; (B) flexural strength
(σf lex), layer thickness, and printing temperature; (C) Ef lex modulus, interpath distance, and print-
ing temperature; and (D) Ef lex modulus, layer thickness, and printing temperature of the samples
(specimen F013, printing conditions P126–P153, with D = 0.9 mm); Figure S15: Response surface
graphs of the relationship between (A) flexural strength (σf lex), interpath distance, and printing tem-
perature; (B) flexural strength (σf lex), layer thickness, and printing temperature; (C) Ef lex modulus,
interpath distance, and printing temperature; and (D) Ef lex modulus, layer thickness, and printing
temperature of the samples (specimen F001, printing conditions P001–P066, with D = 1.1 mm);
Figure S16: Flexural strength (σf lex) and flexural modulus (Ef lex) of plasma-treated and untreated
cCF-PP (specimens F001, F002, and F003). The printing conditions are highlighted in the plots;
Figure S17: The sample failure mode of F013, printing condition P126, with D = 0.9 mm (PA12 as a
matrix); Figure S18: The sample failure mode of F014, printing condition P164, with D = 0.7 mm (PA12
as a matrix); Figure S19: The sample failure mode of F017, printing condition P190, with D = 0.6 mm
(PA12 as a matrix); Figure S20: Flexural strength and modulus of the samples with filament di-
ameter D = 1.1 mm; Figure S21: Flexural strength and modulus of the samples with D = 0.9 mm;
Figure S22: Flexural strength and modulus of the samples with D = 0.7 mm; Figure S23: Flexural
strength and modulus of the samples with D = 0.6 mm; Table S5: Flexural strength and modulus of the
samples with different D, T, s, and h values; Table S6: DSC test parameters; Figure S24: DSC results for
PP; Figure S25: DSC results for PA12; Figure S26: DSC results for unannealed cCF-PP; Figure S27: DSC
results for annealed cCF-PP; Figure S28: DSC results for unannealed cCF-PA12; Figure S29: DSC
results for annealed cCF-PA12; Figure S30: TGA results for PP; Figure S31: TGA results for PA; Table
S7: Estimated flexural properties of the cCF composites for varying fiber fractions; Figure S32: ImageJ
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Abstract: In this research work, the suitability of short carbon fibre-reinforced polyamide 6 in pellet
form for printing an aeronautical mould preform with specific thermomechanical requirements is
investigated. This research study is based on an extensive experimental characterization campaign, in
which the principal mechanical properties of the printed material are determined. Furthermore, the
temperature dependency of the material properties is characterized by testing samples at different
temperatures for bead printing and stacking directions. Additionally, the thermal properties of the
material are characterized, including the coefficient of thermal expansion. Moreover, the influence of
printing machine parameters is evaluated by comparing the obtained tensile moduli and strengths of
several manufactured samples at room temperature. The results show that the moduli and strengths
can vary from 78% to 112% and from 55% to 87%, respectively. Based on a real case study of its
aeronautical use and on the experimental data from the characterization stage, a new mould design
is iteratively developed with multiphysics computational guidance, considering 3D printing features
and limitations. Specific design drivers are identified from the observed material’s thermomechanical
performance. The designed mould, whose mass is reduced around 90% in comparison to that of the
original invar design, is numerically proven to fulfil thermal and mechanical requirements with a
high performance.

Keywords: 3D printing; material extrusion; carbon fibre-reinforced polyamide; mechanical properties;
thermal characterization; design and numerical simulation

1. Introduction

Traditionally, moulds for manufacturing fibre-reinforced polymer matrix composite
components for the aeronautical sector include low-cost metals such as aluminium or plain
carbon steel; high-end nickel–steel alloys such as invar; and composites [1–3]. Invar is
usually the preferred material due to its unique dimensional stability and proper material
properties, which facilitate the fulfilment of the strict tolerances required by end users.
Aluminium is also frequently used because it is lighter and easier to machine than invar.
Mechanical and thermal requirements are commonly specified, which aim at ensuring
the parts’ dimensional tolerances and the needed material properties, respectively. The
thermomechanical properties of metallic materials are commonly well known, so moulds
can be designed based on accurate simulations that allow designers to numerically validate
their behaviour under operating conditions. However, the prices and lead times of large
metallic moulds are high. Therefore, alternative materials, structures and manufacturing
technologies are being investigated to provide lightweight, low-cost, durable and functional
tools for manufacturing high-performance composite structures [2,4].
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Moulds made by tooling prepreg laminates from a machined master model are also
being developed. In this regard, Galiana et al. [5] conducted a cost analysis of the engi-
neering, management and production of an autoclave curing mould when using a carbon
fibre-reinforced polymer (CFRP) or invar, providing guidelines for their selection. CFRP
properties have been extensively analysed; therefore, composite mould designs with multi-
physics computation guidance are regularly used [6,7]. In fact, CFRPs usually have a low
coefficient of thermal expansion (CTE), thus minimizing problems related to shrinkage
and spring-back. Nevertheless, metal moulds used and maintained properly can have a
long service life for the mass production of thousands of composite parts. On the other
hand, tooling prepreg moulds are limited to service in relatively low-volume production
areas [3], mainly due to the surface wear at the lamination area and to the development of
interlaminar vacuum leaks, which are difficult to repair. In addition, the manufacturing of
moulds with tooling prepreg is tedious due to the bonding of the master boards together,
their subsequent machining and the application of coatings, and the need to reinforce the
laminated skin with a reinforced backing structure [8].

Regarding new manufacturing technologies, additive manufacturing (AM) described
in the UNE-EN ISO/ASTM 52900:2021 standard [9] has become a very interesting alter-
native technology to commonly used machinery for the development of moulds because
of associated reductions in lead time, material waste and manufacturing costs [10–13].
Moreover, some investigations have focused on additive manufacturing’s impact in the
supply chain due to the fact that customers can turn into manufacturers by printing their
products on demand and reducing their stock [14]. One of these additive manufacturing
technologies is focused on material extrusion, in filament or pellet form. In the past few
years, there has been an increasing amount of interest in assessing this technology, i.e.,
developing parts for different applications [15,16]. However, the development of large
moulds made of thermoplastics to be used for the production of aeronautical composite
parts using additive manufacturing technology is not easy, since there are very few techni-
cal materials that can withstand the curing conditions [17]. Based on research conducted by
Olusanmi Adeniran et al. [6], in which a review of the different thermoplastic matrices for
additive manufacturing is carried out, these can be classified by commodity, engineering
and high-performance grades. As a general rule, aeronautical requirements imply the
use of high-performance grade materials, which can generally be found commercially
in filament form for FDM (fused deposition modelling) technology [18] at high prices
with critical processing parameters [19,20]. Another more economical alternative is to
use engineering-grade thermoplastics with short-fibre reinforcements [17,21,22]. In this
regard, Ahmed Arabi Hassen et al. [23] describe the development of autoclave moulds
that can be used to fabricate aerospace composite parts with materials that are capable of
withstanding elevated temperatures, such as polyphenylene sulphide (PPS) with variations
in high carbon fibre loading (40%, 50% and 60% by weight). In the same line, Park et al.
developed and tested plastic injection moulds using polyetheretherketone (PEEK) after
manufacturing samples at different high temperatures [24].

Most research studies about the additive manufacturing of thermoplastic polymers
are focused on the analysis of FDM producibility parameters [25–27]. However, additive
manufacturing technology presents some limitations for the fabrication of large moulds [28].
Consequently, in recent years, there has been growing interest in the aeronautical industry
in concepts such as big area additive manufacturing (BAAM) [29–31], wide and high addi-
tive manufacturing (WHAM) [32] and large-format additive manufacturing (LFAM) [33]
for producing large moulds using extrusion-based additive manufacturing (EAM) tech-
nology with thermoplastic materials in pellet form. Some of these forms of thermoplastic
materials reinforced with chopped fibre increase the deposition rate using direct extrusion,
being much more economical in terms of energy intensity consumption [30]. Pignatelli [15]
reviewed the responses of large-format pellet-based AM systems introduced in the last
decade to different real-world market applications. Among these different uses, the pro-
duction of tooling for the automotive sector [34,35], moulds for the naval sector [36,37] and
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moulds for the manufacture of wind turbine blades for the wind energy sector [30,38,39]
were highlighted.

Generally, suppliers of the materials to be printed using extrusion AM technology
provide a basic characterization of the printed samples under specific parameters related to
the temperature or printing speed, among others [40]. Most studies regarding engineering-
grade polyamide 6 reinforced with carbon fibre (PA6/CF) are focused on the analysis of
FDM producibility parameters. In this sense, the material properties of PA6/CF highly
depend on the material form, CF content, manufacturing process and corresponding
parameters [26,41–44] being available at room temperature upon request. For example,
Table 1 shows the relevant mechanical properties at room temperature of two different
polyamides reinforced with 20% carbon fibre after different processing methods. It is
remarkable that the mechanical properties of the BergamidTM B70 KF20 Black do not
depend on the material orientation in this case, as they have been obtained from an
injection process. In addition, the values published for the tensile modulus and strength
are significantly higher than the ones obtained via FDM. The density of the material is
also higher.

Table 1. Mechanical properties of two different polyamides reinforced with 20% CF.

Product #1 [45] Product #2 [46]

Material PolyMideTM PA6/20CF
(Supplementary Material S1)

BergamidTM B70 KF20 Black
(Supplementary Material S2)

Manufacturer Polymaker (Shangai, China) Avient Corporation (Barbastro, Spain)

Form of material Filament Pellet

Processing method FDM Injection Molding

Tensile moduli (X-Y)—GPa 7.5 13.8

Tensile moduli (Z)—GPa 4.4 -

Tensile strength (X-Y)—MPa 105 220

Tensile strength (Z)—MPa 68 -

Density—kg/m3 1170 1210–1250

In case of PA6/CF pellet extrusion-based AM, the data available are very limited
and experimental works are being carried out currently to better understand their prop-
erties. For example, Xiping Li et al. [43] carried out a detailed material characterization
regarding their mechanical properties by assessing the tensile and flexural moduli and
strengths depending on the carbon fibre content. They determined that the highest tensile
properties at room temperature are obtained for a fibre content of 25%. In this case, a
maximum Young’s modulus of 6.9 GPa and a maximum tensile strength of 169.7 MPa
were obtained. Moreover, they analysed how the operating temperature affects the tensile
properties, determining that, in the case of a polyamide reinforced with 35% carbon fibre,
the modulus and strength at 150 ◦C are 75% and 70% lower, respectively, than those at room
temperature. Furthermore, Nevine Tagscherer et al. [47] characterized 40% chopped carbon
fibre-reinforced polyamide 6 at room temperature with production parameter variations,
obtaining a maximum longitudinal modulus of 12.8 GPa. In addition, it was determined
that the transversal tensile strength is up to 27% that of the longitudinal, and the transverse
tensile modulus is up to 20% that of the longitudinal.

Despite the number of works published in regards to PA6/CF, there is very little infor-
mation about the dependency of the material properties on the temperature and process
parameters, such as printing paths, the nozzle diameter and bead dimensions, which are
all considered to be cornerstones. Moreover, the thermal diffusion and thermal expansion
of the material are not well known either. Further, the porosity of printed PA/CF has
rarely been studied, though the ASTM standard defines two types of porosities generated
during AM processes. In addition, pores have an effect on the mechanical properties of
manufactured parts in AM [48]. These key deficiencies in our knowledge about this mate-

181



J. Manuf. Mater. Process. 2024, 8, 34

rial prevent designers, engineers and manufacturers from accurately analysing how the
material behaves under operating conditions (i.e., due to the temperature and pressure in-
side an autoclave during curing processes) and consequently prevents the development of
proper aeronautical mould designs for the manufacturing of composite parts. On the whole,
further research is required to improve the knowledge on the actual thermomechanical
performance of aeronautical moulds printed through pellet-based PA6/CF.

In the present paper, an extensive mechanical characterization of pellet-based PA6
reinforced with 20% short carbon fibre that is randomly distributed in the polymer is
completed for the development of 3D-printed aeronautic mould preforms for composite
manufacturing. Furthermore, a comparison between printed tensile test probes’ perfor-
mance manufactured by three different additive manufacturing machines with different
parameters is included. Also, the porosity via optical microscopy and the density of printed
specimens have been evaluated as these can critically affect the mechanical strength and
stiffness, among other parameters [48]. Based on the experimental data obtained, a detailed
design process is carried out with finite element analysis (FEA) guidance to accurately
predict the thermoelastic behaviour of an aeronautical mould under realistic operating
conditions. According to end-user needs, particular thermal and mechanical requirements
are specified to guarantee the manufacturing of composite parts with adequate dimensions
and material properties. Through these computer modelling activities, several potential
problems related to the material behaviour of moulds printed through this technology are
identified, and design drivers to overcome them are applied; thus, they are capable of ful-
filling the requirements of end users. Apart from this introduction, the paper is divided into
four main sections. Section 2 includes a description of a use case in which an aeronautical
mould and its requirements are presented. Section 3 describes our methodology, including
the working procedure, the material characterization and the computer modelling stages.
Section 4 shows the results of the experimental characterization campaign, along with the
numerical results for validating the thermoelastic performance of the designed mould.
Also, potential problems when using this material for the development of aeronautical
moulds are outlined. Finally, in Section 5, the conclusions and prospects for future work
are summarized.

2. Description of the Use Case

Our current research is focused on an application in aeronautics, as specified by
the end user, in which a mould, also called tool, is required for manufacturing inside an
autoclave an aeronautical composite prepreg part, which is marked by the engineering edge
of part (EEOP) and the manufacturing edge of part (MEOP) area as seen in Figure 1. The
EEOP indicates the dimensions of the finished part, while the MEOP denotes the boundary
to be used for manufacturing the laminate. Currently, the end user relies on an invar mould.
Because of the complex geometry of the composite part, the mould must be formed by
several semi-moulds to ensure the part can be suitably extracted after the curing process.
The overall dimensions of the tool are approximately 400 mm × 300 mm × 250 mm.

Regarding the working conditions corresponding to this mould, the end user indicates
that the manufacturing process is conducted in an autoclave. In this regard, a particular
thermal cycle, characterized by a dwell time of 1 to 5 h at 80 ◦C and a curing phase of 2 to
6 h at 180 ◦C, is specified. Heating rates are required to be in the 1.5 to 3 ◦C/min range.
Besides the pressure exerted by the compaction of the vacuum bag, the mould is stated to
be subject to an additional pressure of 7 bar which is applied by the autoclave.

Concerning the final properties required for the mould, mechanical and thermal
requirements are specified by the end user. On the one hand, it is required that the
maximum deflection at the lamination surface must be lower than 0.1 mm during the
curing stage. On the other, it is required that the temperature at the lamination surface
must be able to properly follow the thermal cycle specified above, with the maximum delay
between the maximum and minimum temperatures along the lamination surface below
2 h.
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Figure 1. Complete designed mould with finite element analysis guidance.

3. Methodology

The main steps of our methodology for the current research study to design the
aeronautical mould are shown in Figure 2. Firstly, the material that best fits the end-user
requirements is assessed based on properties found in the literature.

 

Figure 2. Working methodology for the development of the 3D-printed mould preform for the
manufacturing of aeronautical composite parts using pellets of carbon fibre-reinforced PA6.

The chosen thermoplastic material must be printable without using a heating chamber.
Providing high-performance-grade polymers require highly controlled conditions to be
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printed [49], a preselection of engineering thermoplastic materials (allowing broaden range
for printing conditions) was conducted [6]. As the tool has to support up to 180 ◦C at 7 bar
during the autoclave process, a preselection of engineering thermoplastic materials was
carried out, taking into account the available data provided by the potential suppliers.
The preselected material for manufacturing the moulds was polyamide 6 reinforced with
short carbon fibre (20%) that was randomly distributed in the polymer, which is included
in Table 1 and was supplied by Avient [46]. This thermoplastic material is classified as
semi-crystalline [6,19]; therefore, the service temperature is between the glass transition
temperature, Tg (60 ◦C), and the melting temperature, Tm (222 ◦C), according to the
results of the differential scanning calorimetry (DSC) technique carried out using the
printed material and the Q100 model (TA Instruments, New Castle, UK). Also, one of the
properties able to indicate the stiffness for thermoplastics in service is the heat deflection
temperature (HDT). The HDT values provided of the filament form in the datasheets
of [45] are within the range of the thermal specifications. However, the performance
of the thermoplastic polymer at specific required conditions (in filament or pellet form)
is not available in the datasheet. Therefore, an extensive experimental characterization
campaign, including tensile, compression, flexural and shear tests, has been completed
to enable a detailed assessment of the performance of PA6/CF 20% under operating
conditions. The material’s thermal conductivity, specific heat at room temperature and
CTE in the 25 ◦C to 180 ◦C range are also characterized. This extensive experimental
characterization campaign was performed using specimens obtained after being printed
by a research additive manufacturing system (RAMS). Taking into account that the mould
preforms will be printed using another additive manufacturing systems (AMS), some
similar specimens were characterized to compare the quality between the printed beads in
different AM machines.

3.1. Material Characterization

In order to characterize the printed material, a part was first designed to contain all
the envisaged test probes. As an illustration of the types of specimens included, Figure 3
shows the design of a cube in which the type of test probe is represented according to the
standards indicated in Table 2. The original part was printed by depositing theoretical
5 mm thick and 1.5 mm high beads using a robotic system (RAMS) similar to the one
illustrated in Figure 4 (right), in which a 20XD extruder is attached [50]. The different
test specimens have been machined from a square printed cube of 300 × 300 × 290 mm3

(Figure 4 (left)).

Figure 3. Illustration of the designed square cube to obtain the test specimens for characterization.
Example of test probes.
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Figure 4. Square cube manufactured with RAMS to obtain the test specimens from named walls (left)
and MOLDAM additive manufacturing system for printing parts (right).

Recently, a study evaluating the printability and mechanical properties of regrind-
ing material previously used in large-format additive manufacturing was conducted. It
included an assessment of similar printed parts for the machining of tensile and flexural
samples in a similar way [51]. It is noteworthy that the process parameters were iteratively
optimized by means of several tests in order to ensure proper manufacturing. Being an
orthotropic material, the testing samples are horizontally (H) or vertically (V) machined to
obtain the corresponding properties in the printing (1) and stacking (2) directions, respec-
tively. It is assumed that properties in the printing and stacking directions are constant for
each wall.

Samples for the tensile and shear tests in horizontal and vertical orientations were
machined from wall A and B, respectively. Samples for the flexural test in both directions
were obtained from wall C. The machined specimens for the tensile and flexural tests are
shown in Figure 5. Finally, samples for the compression, conductivity and specific heat
tests were machined from wall D. As one of the requirements is related to rugosity, three
additional samples were machined under the same conditions to evaluate the rugosity
under the ISO 4287:1997 standard [52] using a Surftest SJ-210 (Mitutoyo, Kawasaki, Japan).
The mean values were 3.013 ± 0.568 μm, showing good machinability. As presented in
Table 2, the mechanical tests were repeated at three temperatures (i.e., room temperature
(RT), 80 ◦C and 180 ◦C) to investigate the temperature dependency of the properties. A
total of 98 samples were tested during this characterization stage. Figure 6 shows some
of the specimens under the tests. Also, some additional samples were machined to as-
sess the difference between specimens printed by three similar machines to compare the
behaviour of the same material while applying other process parameters. For the mechan-
ical characterization of the specimens, a Model Instron 5500 R6025 (Instron, Norwood,
MA, UK) universal testing machine applying a 100 kN load cell was used. The thermal
conductivity and specific heat were determined utilizing a hot disk unit in combination
with the measurement unit transient plane surface (TPS) 2500S (Hot Disk AB, Göteborg,
Sweden). The CTE was experimentally calculated using the dynamic mechanical thermal
analysis (DMTA) technique by means of a Tritec 2000 DMA device (Triton Technology Ltd.,
Nottinghamshire, UK).

Additionally, the tensile properties at room temperature (RT) are compared with
those published in the Technical Data Sheet of BergamidTM B70 KF20 Black processed by
injection moulding by Avient [46]. Moreover, additional tensile samples are manufactured
using two different 3D printing machines (AMS I—Additive Manufacturing System I and
AMS II—Additive Manufacturing System II) to investigate if similar material properties are
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obtained. Furthermore, in case of AMS II, samples are printed by using two bead heights,
AMS II (1) and AMS II (2), to compare how this printing parameter affects the tensile
strength and modulus. The main characteristics and parameters used with the different
AM machines are shown in Table 3. As the average dispersion of the measurements (the
standard deviation divided by the mean value) was about 5% and the budget was limited,
the quantity of samples in each test was restricted to three samples.

In order to determine the quality of the bead deposition compared to theoretical
ones, an evaluation of the bead height and width was performed using image analysis
techniques. Hence, some micro- and macro-photographs of the bead structure and profile
were obtained for each case in our study to evaluate the porosity and the maximum length
of the short carbon fibres in the printed beads. Moreover, some additional specimens
were machined to calculate the density of the printed material in each case in our study,
geometrically and experimentally, by means of the Archimedes method.

 

 

 

Figure 5. Machined specimens for tensile (left) and flexural tests (right).

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 6. Specimens manufactured with RAMS during (a) tensile, (b) compression, (c) flexural,
(d) shear and host-disc tests for the characterization of (e) specific heat and (f) thermal conductivity.
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Table 2. Tests conducted with the samples manufactured with RAMS, corresponding standards,
obtained properties and testing conditions.

Test Standard Obtained Properties
Material
Orientation

Temperature
[◦C]

Number of
Samples

Tensile
ISO 527-1 [53]
ISO 527-2
1B Specimens [54]

Tensile Strength
Tensile Modulus
Nominal Strain at Break

1

RT 3

80 3

180 3

2

RT 3

80 3

180 3

Flexural
ISO 14125
3-point test [55]

Flexural Strength
Flexural Modulus
Flexural Strain at Max Load

1

RT 3

80 3

180 3

2

RT 3

80 3

180 3

Compression–Strength
ISO 604
Standard Specimens [56]

Compression Strength
Compression Strength (5%)

1

RT 3

80 3

180 3

2

RT 3

80 3

180 3

Compression–Modulus
ISO 604
Standard Specimens [56] Compression Modulus

1

RT 3

80 3

180 3

2

RT 3

80 3

180 3

Shear
ASTM D5379 (Iosipescu
Fixture) [57]

Ultimate Strength
Shear Cord Modulus

1

RT 3

80 3

180 3

2

RT 3

80 3

180 3

DMTA ISO 6721 [58] CTE 2 −25 ÷ 180 1

Hot disc ISO 22007-2.2 [59]
Thermal conductivity
Specific heat

1 RT 1

2 RT 2

Rugosity ISO 4287:1997 [52] Rugosity, Ra - RT 3

Density UNE-EN ISO
1183-1:2019 [60] Density - RT 1
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Table 3. Main characteristics of the machines and parameters used to manufacture samples for the
experimental characterization.

Parameter RAMS AMS I AMS II (1) AMSII (2)

Extruder Type 20XD Pulsar 20XD 20XD

Nozzle Diameter (mm) 4 3 8 8

Theoretical Bead Width (mm) 5 3.6 8 8

Theoretical Bead Height (mm) 1.5 1.5 4 2

Maximum Mass Flow (kg/h) 30 2.5 30 30

Extruder Temperature (◦C)
1. Feed 210 220 190 190
2. Zone 2 (Middle) 230 235 200 200
3. Nozzle 240 250 235 235

Bed Temperature (◦C) RT 110 90 90

Barrel Length (mm) 720 300 720 720

Print Speed (mm/s) 35 35 35 35

3.2. Preliminary Computer Modelling of the Mould

In a parallel effort, an initial design is proposed for each semi-mould out of the
entire mould, keeping in mind how to assemble and dissemble them to ensure successful
composite part extraction once they are manufactured. Specific fabrication features and
limitations are also taken into account in this initial step. Subsequently, the mould design is
iteratively developed, based on computer-aided engineering (CAE), and taking into account
the material properties obtained in the characterization stage, until a lightweight mould that
fulfils the specified requirements is obtained. The production strategy is also optimized, and
a better mould position is proposed to improve its thermal response. Computer modelling
activities are carried out with Simcenter 3D 2021.2. (1998). Regarding the developed models,
solid meshes are used for both the thermal and mechanical simulations as seen in Figure 7.
Specific load cases that digitally reproduce the loads and the boundary conditions under the
mould are included in the numerical models. For the thermal simulations, a semi-circular
autoclave (Ø700 × 1400 mm) is modelled. The analytical estimation of representative
convection coefficients along geometrically complex moulds inside an autoclave is not
easy, so the results of single thermal analyses with imposed heat transfer coefficients might
not be accurate enough for this application. Therefore, coupled thermal-flow analyses,
in which the convection coefficients are calculated based on representative operating
conditions, are performed instead. To that end, the air volume in contact with the mould
is included in the model, and specific air inlets and openings are applied. In particular,
an air velocity of 1.75 m/s is considered. The mathematical model developed for this
activity is formed by around 42,000 linear tetrahedral elements and 11,000 nodes. A general
thermal impedance of 2000 W/m2 K is modelled among the solid components. For the
mechanical analyses, a finite element model formed by around 76,000 parabolic tetrahedral
elements and 115,000 nodes is built. Rigid joints are considered among the semi-moulds.
The transient temperature contours from the thermal analysis are defined as thermal loads,
assuming a stress-free temperature of 20 ◦C. The operating pressure and gravity are also
applied. A rigid joining is considered among the semi-moulds.
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(a) (b) 

Figure 7. Meshes for the thermal flow (a) and mechanical (b) simulations. Note that the mesh
regarding the internal air is moved upwards to improve the visualization of the internal meshes.

4. Results and Discussion

4.1. Tensile Moduli and Strength Results

The printed material is highly machinable; therefore, testing samples can be easily
obtained. Moreover, a good level of machinability is obtained for each machining process
performed, regardless of the printer or the process parameters used in the manufacturing
of the part from which the sample is extracted. In this regard, the surface roughness, Ra,
was measured under the UNE-EN ISO 4287 [52] and UNE-EN ISO 4288 standard [61] as
2.388 to 3.496 μm, according to the tests conducted.

Concerning the experimental results obtained from the extensive characterization
stage conducted for the samples manufactured with RAMS, it is noteworthy that the ratio
between the longitudinal and transversal moduli and strengths at room temperature is in
line with the values published by Nevine Tagscherer et al. [47]. For convenience, only the
results of the tensile moduli and strength at three temperatures, RT, 80 ◦C and 180 ◦C, are
provided. As derived from Figure 8, the tensile strength and modulus decrease dramatically.
In this sense, the tensile strength in the printing bead direction is reduced by about 37%
and 70% at 80 ◦C and 180 ◦C, respectively; meanwhile, the tensile modulus is reduced up to
56% and 71%. In the stacking direction, the tensile strength is reduced by 10% (80 ◦C) and
73% (180 ◦C). The tensile modulus is reduced by up to 73% (80 ◦C) and 85% (180 ◦C). The
reduction in these mechanical properties at a high temperature is very typical in polymers,
as explained in [62]. The results in the bead direction depend on the material matrix—in
this case, reinforced with 20% carbon fibres. However, the results in the stacking direction
depend on the layer union interface and the effect of the adhesion of the different layers.
The rest of the properties generated in our research are available upon request. They are
included in registered software as part of TECNALIA’s intellectual property.

Taking into account that the mould preforms will be printed using AMS machines,
some similar specimens are characterized to compare the quality between printed beads.
As a consequence, the tensile properties at room temperature are assumed to be a good
characteristic to use in such a comparison. The experimental results show a relatively low
level of dispersion depending on the machine and the parameters used for the manufactur-
ing of the sample, as depicted in Figure 9. In this sense, taking as a reference the properties
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of injected BergamidTM B70 KF20 Black processed by injection moulding, the material
tensile modulus along the bead printing direction can decrease up to 78% or increase up to
112%. The lowest and highest obtained values for the material tensile strength are 55% and
87%, respectively. It is noteworthy that the most extreme values concerning the modulus
are obtained for the same additive manufacturing machine. Accordingly, it is observed that
the lower the bead height, the higher the tensile modulus. It is plausible that this effect is
due to the layers being more compacted, consequently reducing the porosity, as estimated
in Section 4.3. This parameter has a similar effect on the tensile strength of the material, but
its influence is not so notable.

Figure 8. Comparison of the tensile moduli and strengths in the printing bead direction and stacking
direction depending on the temperature using printed Bergamid B70 KF20 Black.

Figure 9. Comparison of the tensile moduli and strengths in the printing bead direction depending
on the machines and/or parameters used for the manufacturing of samples with those for Bergamid
B70 KF20 Black.
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4.2. Bead Height and Width Assessment

At the beginning of our research, it was found that we needed to compare the bead
height and width between the theoretical and the real deposited ones after the extrusion
process. In this sense, some specimens of each cube were cut and prepared to measure
them by means of image analysis software (Photoshop V11.0). In each macrograph, some
measurements were selected under the area of the interest, determining the bead height (m)
and width (n). Figure 10 illustrates an example of the measurement identification. The
mean, standard deviation and error percentage between the theoretical and measured
values of the printed cubes from each machine are included. This analysis found that the
deposited bead size was quite well adjusted in each machine, although some additional
adjustments are needed in the so-called AMS I machine. The compared values are included
in Table 4.

Figure 10. Macrograph of the deposited profile obtained via 3D printer (RAMS).

Table 4. Theoretical and measured bead height and width versus additive manufacturing.

Bead Height and Width RAMS AMS I AMS II (1) AMSII (2)

Theoretical Bead Width (mm) 5 3.6 8 8

Bead Width Mean, m (mm) 4.70 4.16 8.09 8.01

Bead Width Deviation (mm) 0.08 0.37 0.21 0.17

Theoretical Bead Height (mm) 1.5 1.5 4 2

Bead Height Mean, n (mm) 1.48 1.47 3.87 1.92

Bead Height Deviation (mm) 0.04 0.15 0.07 0.15

B. Height Error vs. Theoretical (%) 1.33 2.00 3.25 4.00

B. Width Error vs. Theoretical (%) 5.96 15.44 1.08 0.12

4.3. Porosity Evaluation

Another aim of this research is the evaluation of the porosity during the fabrication
process before any post processing (i.e., thermal treatment) as the porosity can influence
the mechanical characteristics of the tensile strength, as reviewed by Al-Maharma [48].
Moreover, the formation of voids is a common problem when fillers are introduced into a
thermoplastic material [63]. In order to evaluate the porosity percentage of each case in our
study, some specimens were cut and treated to be embedded in bakelite pieces. These parts
were photographed and evaluated via inverted microscopy Eclipse MA200 (Nikon, Tokyo,
Japan) in combination with properly calibrated analysis software.

To calculate the percentage of the porosity of the printed specimens, an analysis of
the volumetric fraction of each case in our study was performed following an internal
procedure based on the ASTM E562 standard [64]. Therefore, after the test specimen
preparation, five representative and homogeneous areas of the total area illustrated in
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each macrograph of Figure 11 were selected, as shown in Figure 11a, which analyses the
percentage in the area of interest.

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 11. Macrographs of the each case in our study: RAMS (a), AMSI (b), AMSII (1) (c) and
AMSII (2) (d), showing the profile of the printed beads and the porosity.

For simplicity, only the first micrograph of each case in our study is included in
Figure 12. In the images (with ×50 magnification), the polymer matrix (grey area) with
short carbon fibres (white marks) and pores (black dots) can be seen. In this study, the
longest short carbon fibres and the biggest pores were identified in each photograph.
According to the magnified images, the pores are quite uniform (spherical) in each case,
apart from AMS I, in which the pores are bigger and irregular. In fact, looking at the
micrographs, there is a lower number of pores than in the other cases.

Separately, the porosity percentage was estimated in contrast with the polymer matrix
and fibres. A summary of the results can be seen in Table 5, showing that the specimens
printed using the AMSII machine with a lower bead height achieve the lowest porosity.
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Figure 12. Micrographs of the first representative field for each case in our study: RAMS (upper left),
AMS I (upper right), AMS II (1) (bottom left) and AMS II (2) (bottom right), showing the greatest
carbon fibre length and porosity.

Table 5. Results of the estimated porosity for each type of specimen.

Porosity RAMS AMS I AMS II (1) AMS II (2)

(A1) Area #1 (%) 4.5 6.73 1.57 1.09

(A2) Area #2 (%) 4.95 3.21 2.29 1.35

(A3) Area #3 (%) 4.47 8.55 2.63 0.43

(A4) Area #4 (%) 4.3 9.77 1.38 0.5

(A5) Area #5 (%) 4.57 3.7 3.84 0.34

Mean Value (%) 4.6 6.4 2.3 0.7

Standard Deviation 0.2 2.9 1 0.4

Confidence interval 95% 0.3 3.6 1.2 0.6

Relative Accuracy (RA %) 6.6 56.3 52 75.2

4.4. Density

An additional evaluation was performed in order to verify the density of the printed
beads based on UNE-EN ISO 1183-1:2019 [60]. Therefore, a square plate approximately
30 mm × 30 mm and 3 mm thick was machined. The aim was to calculate the density exper-
imentally through geometrical measurements and the Archimedes method using a Mettler
AE 240 (Mettler-Toledo, Cornellá de Llobregat, Spain) weight balance and isopropanol-2 as
a liquid medium. The results are included in Table 6, showing that all the calculated values
are lower than those provided in the datasheet of the specimens processed by injection
moulding (between 1.21 and 1.25 g/cm3).
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Table 6. Density of the printed material versus machine.

Density RAMS AMS I AMS II (1) AMSII (2)

X length (mm) 30.13 30.17 30.22 30.14

Y width (mm) 29.98 30.15 30.07 30.09

Z height (mm) 2.78 2.81 3.42 3.97

Weight (g) 2.842 2.991 3.643 4.334

Geometrical- ρ (g/cm3) 1.132 1.170 1.172 1.204

Archimedes- ρ (g/cm3) 1.12 1.17 1.2 1.19

4.5. Observed Potential Problems

During the computer modelling activities, some potential problems related to the
thermoelastic performance of the carbon fibre-reinforced PA6 (manufactured via RAMS)
were found. The authors believe that these issues, described in detail hereafter, may occur
with any aeronautic mould made of this material and printed through this technology.

1. Severe CTE mismatch-related problems (critically high tensile states along the mould
and/or highly heterogeneous deformations that cannot be compensated in prac-
tice) occur under operating conditions when using dissimilar materials (metallic
screws/positioners to join the semi-moulds, for instance).

2. These problems might also occur in moulds that are entirely made of this material
because its CTE is highly orthotropic.

3. Temperature-induced deformations along the fibre-perpendicular direction are large,
much greater than the maximum deflection required, as a result of the material’s CTE.

4. Large displacements are caused in service along the fibre-perpendicular direction,
greater than the maximum deflection required, due to the relatively low stiffness of
the material at the operating temperature.

5. Because of the relatively low thermal diffusivity of the material, the thermal response
of the mould is not valid (excessive thermal gradients on the lamination surface) if a
light enough mould is not designed.

In our research, a specific design strategy is followed to overcome these issues by
applying the design drivers described below. Our numerical results prove that this strategy
allows us to meet the particular thermal and mechanical requirements specified by the end
user for this work.

1. The use of dissimilar materials should be avoided.
2. It is recommended to follow strategic material deposition, thus printing each layer

perpendicularly to the previous one (for example 0/90/0/90/etc.). Such a bidirec-
tional printing strategy results in a mould with homogeneous orthotropic properties.
Therefore, the deformations due to the thermal expansion become uniform along each
direction, and direction-dependent scale factors can be applied to the original mould
geometry to compensate for the large temperature-induced displacements.

3. In the case of moulds formed by several semi-moulds, it should be ensured that the
printing and stacking directions of every semi-mould matches once the mould is
assembled. Positioners made of the same material and placed so that the printing
directions match with the ones of the mould should be used to join the semi-moulds.

4. From a mechanical point of view, solid moulds should be developed as a general rule.
This way, in combination with the printing strategy described in 2, the deformations
due to the operating pressure (which are stiffness dependent) become uniform, and
direction-dependent scale factors to compensate for the pressure-induced displace-
ments can be applied to the original mould geometry.

5. In terms of thermal performance, a thermally light design is required. Moreover,
the design must enable similar thermal impedances at ambient temperature and the
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thermal capacitance should be as uniform as possible along the lamination surfaces to
homogenise the temperature contour.

6. For the cases in which an entirely solid mould does not allow us to ensure proper
thermal behaviour, infill volumes with a particular percentage of material should be
designed instead of totally hollow parts. This way, a high enough stiffness can be
kept without excessively enlarging the thermal capacitance of the component. The
deformations due to the pressure might be uniform enough in these cases. Moreover,
the scale factors for compensating for the deformations due to the autoclave process
could be applied to result in a proper thermal response.

Table 7 identifies the potential problems related to the material performance under
operating conditions with design drivers to overcome them.

Table 7. Identification of the potential problems versus design drivers.

Potential Problem Design Strategy

Severe problems of CTE mismatch.

Avoid the use of dissimilar materials.
Strategically print the semi-moulds and the joining
elements to have uniform thermal expansion in
each direction.

Large temperature-induced displacements. Accurately determine and apply specific scale
factors to compensate for the displacements.

Large pressure-induced displacements.
Manufacture solid semi-moulds as a general rule.
Accurately determine and apply specific scale
factors to compensate for the displacements.

Excessive thermal gradients on the
lamination surface.

In case of a poor thermal performance, print
partially hollow semi-moulds with infill volumes.

4.6. Result of the Computer Modelling of the Mould

As a result of several iterations, the design of the mould finally developed in this
research paper is formed by four semi-moulds. The final mechanical design is shown in
Figures 1 and 13. Such a configuration ensures proper part extraction after the curing
process. Moreover, the design drivers described in previous sections were applied for the
development of this design. It is also remarkable that the simulations conducted during the
iterative design process prove that some of the semi-moulds cannot be entirely solid to have
a proper thermal response. The reasons for this are the quite heterogeneous distribution of
the convection coefficients along the mould and the relatively low thermal diffusivity of the
material. Therefore, a combination of solid and partially hollow (30% infill) semi-moulds
is proposed instead. Concerning the assembly method, the central semi-mould is joined
to the base part by means of two positioners, printed with the same material, while the
external ones are joined through two rectangular pins. Regarding the printing strategy,
every component is strategically printed to ensure a mould with homogeneous orthotropic
properties once the semi-moulds are assembled. Scale factors of 98.2%, 98.2% and 96.6% are
applied for the X, Y and Z directions, respectively. These factors are calculated bearing in
mind the temperature- and pressure-induced deformations. The mass of the whole mould
is lightened by around 90% with respect to the original invar design.

According to the numerical results, the streamlines predicted inside the autoclave
(Figure 14a) involve a relatively heterogenous distribution of convection coefficients
(Figure 14b). It is noticeable that the values obtained are in line with those published
in the literature [65]. The heat exchange with the ambient temperature along the mould’s
external faces is not uniform enough and might involve a heterogenous temperature con-
tour. However, our results indicate that the strategic design of lateral semi-moulds, with
internal infill volumes, enables proper thermal behaviour. Actually, even for the most
demanding heating rates of 3 ◦C/min, an admissible delay of 2 h is foreseen between the
hottest and coldest points to reach the curing temperature if a minimum dwell time of 3 h
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is completed (Figure 14c). The raw displacements, that is, the actual displacements that
take place along the scaled mould due to the operating loads, are proven to mainly be a
consequence of the temperature increase, as expected due to the high CTE of the material
in the fibre-perpendicular direction. The scale factors applied to the mould are, however,
able to compensate for the deformations well enough. Consequently, the determined
displacement with respect the target geometry (net displacements) is proven to be low
enough, lower than 0.1 mm, thus confirming that the mechanical requirements are fulfilled
(Figure 14d). Our numerical results show a very low tensile state once the steady-state
condition is reached (i.e., once the curing temperature is reached in the whole mould).
However, quite high stresses are identified in the transient processes during the heating
stages. It is numerically determined that the most unfavourable condition takes place at 4 h,
when the maximum amounts of stress are reached. Based on the worst principal stresses in
the printing direction and the material strength at corresponding temperatures (≈150 ◦C
on average), an FoS of 2.8 is predicted. It can therefore be confirmed that the material can
withstand the operating conditions with no risks.

Figure 13. Cut view of the complete designed mould according to Figure 1.

  
(a) (b) 

  

(c) (d) 

Figure 14. (a) Air streamlines around the mould, (b) resulting convection coefficients at 180 ◦C,
(c) evolution of the maximum and minimum temperatures at the lamination surface (3 ◦C/min, 3 h
at 80 ◦C) and (d) net displacement contour under maximum operating conditions.
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5. Conclusions and Further Work

The printed pellet-based PA6 reinforced (20%) with short carbon fibre used in this
research paper is found to be a suitable material to print preforms for the aeronautic
moulding of aeronautic parts of composites, considering the design drivers established in
the research.

The completed full experimental characterization allows the authors to determine the
main properties concerning the thermoelastic performance of the material under operating
conditions. The temperature dependency of the mechanical properties was characterized,
and the complete results are available upon request. The experimental results include the
tensile, compression, flexural and shear moduli and strength, both in the printing and
the stacking directions and at room temperature, 80 ◦C and 180 ◦C. The influence of the
temperature reduces the tensile strength in the printing bead direction from 37% to 70%;
meanwhile, the tensile modulus decreases down to 56% and 71% at 80 ◦C and 180 ◦C,
respectively. In the stacking direction, the tensile strength and modulus also decrease
significantly. The effects of the printing machine and/or process parameters on the tensile
moduli and strength, the porosity and the density are also analysed. Regarding the
results of this study, the lower the porosity, the higher the tensile modulus and the tensile
strength, whose values approach the tensile values of specimens processed by injection
moulding. Comparing the tensile properties of injected BergamidTM B70 KF20 Black at
room temperature, the moduli and strength can vary from 78% to 112% and from 55% to
87%, depending on the parameters and type of machine. The main properties regarding
thermal response are characterized as well, and we found that the printed material is
highly orthotropic, with different CTE values depending on whether the stacking or
printing direction is used. In addition, due to the fact that the test specimens have been
machined after the printing process, a good level of machinability was found, with surface
roughness, Ra, values between 2.3388 and 3.496 μm. This work contributes to the literature
by increasing our knowledge about the thermoelastic behaviour of printed carbon fibre-
reinforced PA6.

Based on a real aeronautical application specified by the end user and thanks to its
characterized properties, simulations that accurately reproduce the thermoelastic perfor-
mance of the material under representative operating conditions are completed. In this
sense, the conducted modelling activities allow the authors to iteratively design a 3D-
printed mould for composite parts using pellets of carbon fibre-reinforced PA6. Moreover,
the full design of the mould’s behaviour has been numerically validated in service. The
mould is provn to be able to properly withstand both the curing temperature (180 ◦C) and
the operating pressure (7 bar). A maximum net displacement of 0.04 mm is numerically
determined, which is clearly lower than the maximum distortion required by the end user
(0.10 mm). Moreover, it can ensure good temperature evolution and thermal uniformity
along the lamination surface during the curing cycle. This suitable thermal performance is
numerically predicted to continue even for the most demanding heating rates, in which
the delay between the hottest and coldest points to reach the curing temperature matches
the maximum delay required by the end user (2 h), if a minimum dwell time of 3 h is
completed. Thanks to the advantages of this technology and the proposed material, the
developed solution is 90% lighter than the original invar design. However, some potential
problems that might occur in service for aeronautical moulds printed with this material
are identified as well. These are basically related to the CTE, as the material is extremely
orthotropic and very high in the fibre-perpendicular direction. In this work, the authors
propose and successfully apply some design drivers to overcome these issues, which could
be extended to different aeronautical moulds and sectors.

Taking into account that the mould will be fabricated using AMS II, a balance between
the required time for printing the parts and the highest quality regarding the mechanical
behaviour will determine the parameters for the final process.

Further work is planned concerning the research of moulds printed with PA6/CF6
in pellet form. Currently, semi-moulds based on the design presented in this paper are
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being printed through the AMS II extruder system, fed by pellets and installed at Tecnalia
facilities. Once properly manufactured, it is planned to investigate methods for post-
processing the laminate surface to ensure a smooth finish that is well-adjusted to the strict
dimensional requirements before assembly. Afterwards, we plan to test the moulds under
operating conditions to validate the proposed technology and material for the development
of moulds for composite parts.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jmmp8010034/s1, Supplementary Material S1: PolyMideTM PA6/CF.
Supplementary Material S2: BergamidTM B70 KF20 Black.
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Abstract: Long fiber thermoplastic pellets are pellets containing discontinuous reinforced fibers
and a matrix, offering excellent mechanical properties, good processability, recyclability, and low
cost. Typically, commercial LFTP is manufactured through the hot melt impregnation process,
combining extrusion and pultrusion. Although there is a thermoplastic pultrusion process for LFTP
production, characterized by a simple machine and an easy method, its mechanical properties have
not yet approached those of commercial LFTP. In improving the mechanical characteristics of LFTP
manufactured via thermoplastic pultrusion, this research employed polypropylene-graft-maleic
anhydride as a coupling agent during the injection molding procedure. The LFTP is composed
of polypropylene material reinforced with glass fiber. Mechanical and physical properties of the
LFTP were investigated by introducing PP-g-MAH at concentrations of 4, 8, and 12 wt% through
injection molding. The results revealed that, at a 4 wt% concentration of PP-g-MAH, the LFTP
composites exhibited heightened tensile, flexural and impact strengths. However, these properties
began to decrease upon exceeding 4 wt% PP-g-MAH. The enhanced interfacial adhesion among glass
fibers, induced by PP-g-MAH, contributed to this improvement. Nonetheless, excessive amounts of
PP-g-MAH led to a reduction in molecular weight, subsequently diminishing the impact strength,
tensile modulus, and flexural modulus. In LFTP composites, both tensile and flexural strengths
exhibited a positive correlation with the PP-g-MAH concentration, attributed to improved interfacial
adhesion between glass fibers and polypropylene, coupled with a reduction in fiber pull-out. Based
on morphological analysis by SEM, the incorporation of PP-g-MAH improved interfacial bonding
and decreased fiber pull-out. The presence of maleic anhydride in the LFTPc was confirmed through
the utilization of FTIR spectroscopy. Mechanical properties of LFTP containing 4 wt% PP-g-MAH
were found to be equivalent to or superior to those of commercial LFTP, according to the results of a
comparative analysis.

Keywords: LFTP composite; thermoplastic pultrusion; long glass fiber reinforced polypropylene;
PP-g-MAH

1. Introduction

Long fiber thermoplastic pellets (LFTPs) are plastic pellets composed of reinforced
fibers and thermoplastic. The fibers embedded in the pellets are discontinuous and pos-
sess a length-to-diameter aspect ratio exceeding the critical aspect ratio [1–3]. Normally,
LFTPs are utilized in compression and injection molding processes. Various industries,
including automobile, sports, wind energy, military, aerospace, and electronics [4–6], em-
ploy LFTPs in manufacturing due to their superior mechanical properties, weight sav-
ings, improved damping, good processability, recyclability, corrosion resistance, and low
cost [1,6,7]. Several types of thermoplastic matrices are used in the fabrication of LFTP,
such as polyamide (PA), polymethyl methacrylate (PMMA), polyacrylonitrile–butadiene–
styrene (ABS), and polypropylene (PP), among others [8–11]. These matrices are reinforced
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with glass fiber and carbon fiber [12]. The popular type of LFTP incorporates glass fiber
(GF) reinforcement in polypropylene (PP) due to its low density, low molding tempera-
ture, and cost-effectiveness [13–15]. Glass fiber provides high tensile stress and is also
cost-effective [16,17]. The combination of glass fiber and polypropylene results in a com-
posite with excellent mechanical properties, low density, and cost-effectiveness. The typical
manufacturing process for LFTP involves a hot melt impregnation process, combining
extrusion and pultrusion processes. Continuous reinforced fibers are drawn into the hot
melt impregnation die, where molten thermoplastic from the extruder impregnates the
reinforcing fibers. Subsequently, the material undergoes cooling and is subsequently cut
into the desired length. LFTP products usually demonstrate dimensions of 6 to 25 mm in
length and 2 to 4 mm in diameter [1,18,19].

Currently, achievements have been made in producing LFTP using the thermoplastic
pultrusion process [20,21]. This method demonstrates comparable mechanical proper-
ties to the conventional process but incurs lower costs due to the absence of an extruder
requirement in the machinery setup. Generally, pultrusion processes are used for the
fabrication of constant cross-section and continuous composites. The advantages of this
process include high mechanical properties of products, a high production rate, and low
cost [22]. Pultrusion processes can fabricate both thermoplastic and thermoset compos-
ites [23]. Thermoplastics are gaining interest due to their recyclability, contributing to
the reduction in environmental pollution problems [24]. Thermoplastic composites are
highly ductile, tough to break, impact resistant, recyclable, and quickly processed [25,26].
Therefore, the thermoplastic pultrusion process is interesting to develop for adding new
products, with the capability of fabricating LFTP through this method. In the process of
manufacturing LFTP through thermoplastic pultrusion, continuous thermoplastic fibers
and continuous fibers are drawn into the heated die. The thermoplastic fibers undergo melt-
ing at elevated temperatures, impregnating the fibers, followed by cooling and subsequent
cutting into the required length [21,23]. Although LFTP is fabricated using thermoplastic
pultrusion, which imparts good mechanical properties, its mechanical characteristics may
not be sufficient when compared to some commercial LFTP products. Surface treatment
is one among numerous techniques that can be implemented to boost the mechanical
properties of composites. Interfacial adhesion is improved as a result of surface treatment
of the fiber, which in turn leads to improvements in mechanical properties [27]. Using a
coupling agent [28,29] is a popular method for surface treatment. GF and PP are treated
with polypropylene-graft-maleic anhydride (PP-g-MAH), one such agent [30]. The incor-
poration of PP-g-MAH improves the mechanical properties of the GF/PP composite by
enhancing interfacial adhesion [31,32].

The aim of this study is to improve the interfacial adhesion between GF and PP in
the LFTP composite (LFTPc) by utilizing PP-g-MAH as a coupling agent. The preparation
of LFTPc, which is made up of GF/PP, was carried out through the use of the injection
molding process, alongside the incorporation of PP-g-MAH into this process. The LFTP
was produced through the thermoplastic pultrusion process. The literature review indicates
that PP-g-MAH has been widely used as a coupling agent to enhance interfacial adhesion,
leading to a notable growth of mechanical properties by 10–40% [27,30,33–35]. In the
literature review of PP composites reinforced with long glass fiber (LGF), GF is typically
used at a volume fraction of 10–40 wt% in the composite [1,35,36], with most LFTPs in the
literature being fabricated using the hot melt impregnation process. Therefore, this work
differs in the manufacturing process of LFTP, which is fabricated using the thermoplastic
pultrusion process: a method known for its cost-effectiveness and high productivity.
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2. Materials and Methods

2.1. Materials

The thermoplastic pultrusion method was utilized to produce LFTP in this study. PP
yarn with a density of 0.946 g/cm3 (133 tex or 1200 denier) was purchased from Praditkorn
Co., Ltd., Bangkok, Thailand, and GF yarn with a density of 2.620 g/cm3 (EDR171200386)
was purchased from China Jushi Co., Ltd., Tongxiang, China. The diameter and length of
the LFTP are 3 mm and 10–12 mm, respectively. For injection, LFTP was combined with PP
pellets (POLIMAXX 1100NK) that were purchased from Irpc Polyol Co., Ltd. in Bangkok,
Thailand. As a coupling agent, PP-g-MAH was purchased from Merick Polymer Co., Ltd.,
Bangkok, Thailand.

2.2. Methods

The thermoplastic pultrusion technique was employed in this experiment for manu-
facturing LFTP, with the molding temperature ranging from 160 to 230 ◦C and the pulling
speed set at 10 cm/min. In the process of manufacturing LFTP through thermoplastic
pultrusion, continuous PP fibers and continuous glass fibers are drawn into the heated die.
The PP fibers undergo melting at elevated temperatures, impregnating the glass fibers. This
is followed by fan cooling and subsequent cutting into the required length using a plastic
pellet cutting machine. The preheat die and heating die for the lab-scale thermoplastic
pultrusion machine employed for manufacturing LFTP are both 645 mm in length. The
cross-sectional length of both dies is 300 mm, while their taper length is 345 mm and their
radius is 1 degree. A characteristic of the pultrusion die is its 3 mm diameter.

The LFTP consists of a combination of PP and GF with volume fractions of 87.03 and
12.97%, respectively. The determination of the volume fraction of LFTP employed the
filling ratio equation outlined in the literature [20,21]. LFTP, characterized by a specified
diameter of 3 mm and length ranging from 10 to 12 mm, as indicated in the literature [18]
and aligned with commercial LFTP standards, was utilized. LFTP and virgin PP were
mixed together in dry mixer, with a volume fraction of 15% by weight of GF. Subsequently,
PP-g-MAH was added at weight concentrations of 4%, 8%, and 12% during the injection
molding process. Intermediate materials were subjected to overnight drying at 100 ◦C
in an oven before injection to eliminate moisture from PP-g-MAH, given that MAH is
hygroscopic. The injection molding machine (LG model LGH-50N) was used to prepare
LFTPc specimens for property testing. Molding temperature ranges were set between 170
and 190 ◦C, with an injection speed set at 100 mm/sec, injection pressure at 90 MPa, and
holding pressure at 30 MPa. These parameters were adjusted according to the datasheet of
virgin PP. Figure 1 displays the schematic of the experiment. Specimens were evaluated for
their mechanical and physical properties.

2.3. Characterization and Measurement
2.3.1. Mechanical Properties

Mechanical testing, including impact, flexural, and tensile tests, was conducted to
investigate the properties of LFTPc. A tensile test was performed in accordance with ASTM
D638 [37] standards using a Hounsfield universal testing machine (Load 25 kN) at a testing
speed of 50 mm/min. The dog bone type I structure was used for fabricating the tensile
specimens. A flexural test was carried out, corresponding with the standards of ASTM
D790 [38]. A Hounsfield universal testing machine was utilized, which consisted of a
three-point bending model (load of 25 kN), a test speed of 1.30 mm/min, and a span length
of 48 mm. The head speed was set according to ASTM D790 [38] standards. The impact
properties of LFTPc were carried out using an impact Izod tester fitted with a 2J hammer in
accordance with ASTM D256 [39] guidelines.
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Figure 1. Preparing LFTP through the thermoplastic pultrusion process for injection molding.

2.3.2. Fiber Length Measurement

The fiber length of LFTPc was measured using specimens from injection molding.
These specimens were placed on the black substrate of ceramic tiles and burned at a
temperature of 500 ◦C for 2 h using a Nabertherm furnace. The decomposition of PP in
LFTPc occurred due to the higher degradation temperature of PP, leaving only GF and
ash. The GF was distributed, and the fiber length was measured using a microscope (Motic
model SMZ-171) at 10× magnification. At least 1000 fibers were sampled and measured
using the ImageJ program. The fiber count results were calculated by determining the
number of fibers in each range of fiber length per total number of fibers. Figure 2 illustrates
the fiber length measuring process of LFTPc.
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Figure 2. Fiber length measuring process of LFTPc.

2.3.3. FTIR Spectroscopy

The LFTPc specimens were examined for chemical composition using Fourier trans-
form infrared spectroscopy (FTIR) measurement (using the Thermo Scientific Nicolet iS5,
Waltham, MA, USA) to characterize their functional groups. The specimens were analyzed
over a range of 4000 to 400 cm−1.

2.3.4. Morphology

The surface morphology of LFTPc specimens was examined utilizing a scanning
electron microscope (SEM), examining both the fiber pullout from the specimens and the
interfacial adhesion between GF and PP (using the JEOL model JSM-5410LV, Tokyo, Japan).
Specimens after the impact test were examined at 50× and 500× magnifications.

3. Results

3.1. The Influence of the Coupling Agent on the Mechanical Properties of the LFTPc

Both tensile modulus and tensile strength values are determined through tensile
tests. The tensile modulus of LFTPc is illustrated in Figure 3 at varying concentrations of
PP-g-MAH. Additionally, the characteristics of specimens during testing are depicted. It
was found that the tensile modulus increased while the PP-g-MAH concentration was at
4 wt%, but it decreased when the PP-g-MAH concentration grew higher. For PP-g-MAH
concentrations of 0, 4, 8, and 12 wt%, the tensile modulus values for the LFTPc were
2710, 3183, 2954, and 2830 MPa, respectively. The LFTPc, containing 4 wt% PP-g-MAH,
exhibited a tensile modulus approximately 17.45% higher than that of the LFTPc devoid
of PP-g-MAH, reaching its maximum tensile strength. Despite the decrease in tensile
modulus beyond 4 wt% PP-g-MAH, these values remained greater than those of LFTP
lacking PP-g-MAH.
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(a) (b) 

Figure 3. Correlation between (a) tensile modulus and the concentration of PP-g-MAH in LFTPc and
(b) testing specimens.

Figure 4, which exhibits the results of employing various concentrations of PP-g-MAH,
depicts the tensile strength of LFTPc. The results indicate that an increase in the amount
of PP-g-MAH correlates with a related increase in the tensile strength. At PP-g-MAH
concentrations of 0, 4, 8, and 12 wt%, the tensile strength values for the LFTPc were 38.92,
55.37, 59.84, and 61.98 MPa, respectively. The LFTPc with a 12 wt% PP-g-MAH component
exhibited a tensile strength increase of approximately 59.24% compared to LFTPc devoid
of PP-g-MAH.

Figure 4. Correlation between tensile strength and the concentration of PP-g-MAH in LFTPc.

The results of testing specimens and the flexural modulus of the LFTPc with varying
concentrations of PP-g-MAH are shown in Figure 5. Similar to the tensile modulus, the
results indicate that the flexural modulus increased at a PP-g-MAH concentration of
4 wt% and reduced when the concentrations of PP-g-MAH surpassed 4 wt%. The flexural
modulus values of LFTPc, with concentrations of PP-g-MAH at 0, 4, 8, and 12 wt%, were
1968, 2376, 2244, and 2146 MPa, respectively. The LFTPc containing a concentration of 4 wt%
PP-g-MAH exhibited the greatest flexural modulus, showing an increase of approximately
20.73% compared to the LFTPc devoid of PP-g-MAH. In the same way that the flexural
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modulus values exhibited a reduction when the concentrations of PP-g-MAH surpassed
4 wt%, they consistently remained at levels superior to those of the LFTPc devoid of
PP-g-MAH.

 
(a) (b) 

Figure 5. Correlation between (a) flexural modulus and the concentration of PP-g-MAH in LFTPc
and (b) testing specimens.

Figure 6 presents an illustration of the flexural strength values of the LFTPc using var-
ious concentrations of PP-g-MAH. The results indicate that the flexural strength exhibited
an increase in correlation with the concentration of PP-g-MAH. The respective flexural
strengths of the LFTPc were obtained at 47.27, 68.16, 77.35 and 80.02 MPa, when the concen-
trations of PP-g-MAH were 0, 4, 8, and 12 wt%. The LFTPc containing 12 wt% PP-g-MAH
demonstrated the maximum flexural strength values, an increase of approximately 69.66%
in comparison to the LFTPc devoid of PP-g-MAH.

Figure 6. Correlation between flexural strength and the concentration of PP-g-MAH in LFTPc.

Figure 7 shows the impact strength of the LFTPc with varying concentrations of PP-g-
MAH, along with features of the test specimens. Similar trends were observed in the impact
strength data and the tensile and flexural modulus values. The impact strength increased at
a concentration of 4 wt% PP-g-MAH and decreased beyond that point. The LFTPc exhibited
impact strength values of 54.92, 82.57, 67.43, and 64.90 J/m, respectively, when PP-g-MAH
was present in concentrations of 0, 4, 8, and 12 wt%. The LFTPc that incorporated 4 wt%
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PP-g-MAH demonstrated the most significant increase in impact strength, approximately
50.34%, in comparison to the LFTPc that did not contain PP-g-MAH. While the impact
property decreased with the concentration of PP-g-MAH surpassing 4 wt%, it continued to
surpass that of the LFTPc devoid of PP-g-MAH. These differences corresponded with the
tensile and flexural modulus values.

  
(a) (b) 

Figure 7. Correlation between (a) impact strength and the concentration of PP-g-MAH in LFTPc and
(b) testing specimens.

The mechanical properties of the LFTPc were enhanced by the improved contact adhe-
sion between PP and GF, which was caused by the incorporation of PP-g-MAH. Lin et al.
and Fu et al. [27,36] elucidated the interaction between the hydroxyl groups of GF and the
maleic anhydride of PP-g-MAH. The results align with the literature review [27,35,36,40],
confirming the increased tensile modulus of the LFTPc when incorporated with PP-g-MAH.

The tensile modulus, flexural modulus, and impact strength values of the LFTPc,
however, decreased at concentrations of PP-g-MAH beyond 4 wt% because, as explained by
Lin et al. [27], PP-g-MAH can only enhance the interfacial adhesion between GF and PP; it
cannot increase deformation resistance. Furthermore, a rise in the PP-g-MAH concentration
results in a reduction in molecular weight [28]. The decrease in molecular weight affected
the tensile strength and flexural strength, causing them to remain constant or decrease. In
accordance with the literature, the elongation at break exhibited a rise as the molecular
weight decreased [41]. Thus, when the amount of PP-g-MAH exceeded 4 wt%, the tensile
and flexural modulus values decreased. Gumus [34] described the negative effects of
PP-g-MAH on notched impact properties when the LFTPc incorporated a concentration
of PP-g-MAH exceeding 4 wt%, resulting in decreased impact properties. In addition, the
impact strength has a result in accordance with another study in the literature [36].

3.2. Fiber Length of LFTPc

The fiber length of GF decreased during the injection molding process due to the
screw, cylinder, nozzle, and runner [35]. Figure 8 shows the residual fiber length of LFTPc
with varying concentrations of PP-g-MAH. The results indicate that the fiber length of GF
is distributed across the entire range, from 0.1 to 12 mm. The fiber length ranging from 0 to
2 mm exhibited the highest values, while the range of fiber length from 3 to 4 mm showed
a decrease of only 5–15%. This finding suggests that LFTPc is reinforced by long fibers.
Additionally, the percentage of fiber length in the range of 5 to 6 mm was 9–18%, providing
clear evidence of reinforcement by long fibers. This is supported by the fact that short
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fiber-reinforced composites typically have fiber lengths in the range of 0.1–0.5 mm. [18].
This evidence confirms the reinforcement by long fibers.

 

Figure 8. Residual fiber length of LFTP during the injection molding.

3.3. The Influence of the Coupling Agent on the Morphology of the LFTPc

Specimens were examined using SEM after the Izod impact test to investigate the
surface morphology of the LFTPc with varying concentrations of PP-g-MAH, and the
findings are shown in Figure 9. It was evident that the LFTPc’s pull-out of GF and the
spaces between them and PP was improved by the incorporation of PP-g-MAH. Figure 9b–e
illustrates that the pull-out of fibers decreased as the concentration of PP-g-MAH increased.
Consequently, the fiber pull-out and the interface between GF and PP were effectively
improved by PP-g-MAH. Additionally, SEM images of the LFTPc containing varying
concentrations of PP-g-MAH are displayed in Figure 10 at a 500× magnification. It was
evident that as the amount of PP-g-MAH increased, the interstices between the GF and PP
decreased. Furthermore, the incorporation of PP-g-MAH to the GF surface of the LFTPc
resulted in an appearance of cohesive resin, which indicated a great interface between
the GF and resin. Consequently, an improvement in the GF-PP interface and pull-out of
fibers leads to an increase in mechanical characteristics. The images of the LFTPc with
varying concentrations of PP-g-MAH corresponded with the literature review [27,36,40]. It
effectively communicates that the mechanical properties of LFTPc were enhanced through
the enhancement of interfacial adhesion between GF and PP, a result of the incorporation
of PP-g-MAH.

3.4. FTIR Characterization

The spectra of virgin PP and the LFTPc with a varying PP-g-MAH content were exam-
ined at wave numbers ranging between 4000 and 400 cm−1; these spectra are displayed in
Figure 11. The FTIR spectra exhibit consistent peaks at 2949 and 2915 cm−1, corresponding
to aliphatic C-H stretching, and at 1457 and 1375 cm−1, indicating C-H bending, which,
respectively, demonstrate the presence of PP in the LFTPc [34,42–44]. The carbonyl group
(C=O) of the anhydride and the acid groups, respectively, is represented by peaks at 1740
and 1714 cm−1 in the FTIR spectra of the LFTPc with varying concentrations of PP-g-
MAH [44–46]. It is confirmed that maleic anhydride is present in the LFTPc containing
PP-g-MAH. Therefore, the presence of PP-g-MAH in LFTPc improved interfacial adhesion,
as observed in SEM micrographs. This effect was explained by Tselios et al. [47], with
the reaction of MAH groups of PP-g-MAH with the hydroxyl groups of GF. The generated
carboxylic groups have the ability to form hydrogen bonds with the hydroxyl groups on GF.
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Figure 9. SEM micrographs at a magnification of 50× of (a) virgin PP, (b) LFTP devoid of PP-g-MAH,
(c) LFTP with PP-g-MAH of 4 wt%, (d) LFTP with PP-g-MAH of 8 wt%, and (e) LFTP with PP-g-MAH
of 12 wt%.

211



J. Manuf. Mater. Process. 2024, 8, 53

 

Figure 10. SEM micrographs at a magnification of 500× of (a) LFTP devoid of PP-g-MAH, (b) LFTP
with PP-g-MAH of 4 wt%, (c) LFTP with PP-g-MAH of 8 wt%, and (d) LFTP with PP-g-MAH of 12 wt%.

Figure 11. FTIR spectra of LFTPc with varying concentrations of PP-g-MAH.
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3.5. A Comparison of Properties between LFTPc and Commercial LFT

The mechanical properties were conducted to compare with commercial LFTP at the
same volume fraction of GF, which is 15 wt%, as depicted in Figure 12. The results clearly
demonstrate that the mechanical properties of the LFTPc were better with the addition of PP-
g-MAH. There was an approximate increase of 4.44–17.44% in the tensile modulus values,
42.25–59.26% in the tensile strength values, 9.07–20.72% in the flexural modulus values,
44.19–69.29% in the flexural strength values, and 18.16–50.33% in the impact property
data. While the addition of PP-g-MAH into LFTP led to positive mechanical properties,
exceeding the limit of PP-g-MAH addition will result in a reduction in impact strength,
tensile modulus, and flexural modulus. Furthermore, the cost of PP-g-MAH incorporation
into LFTPcs is taken into consideration. In comparison to the commercial LFTP product,
the mechanical properties of the LFTPc devoid of PP-g-MAH have been found to be inferior.
All mechanical property values in the LFTPc increased to levels that were comparable to
commercial LFTP after PP-g-MAH was incorporated. The LFTPc containing filled PP-g-
MAH component had a slightly greater tensile modulus, tensile strength, and flexural
modulus values than commercial LFTP, by approximately 1–16.76%. The flexural strength
values of the LFTPc incorporating PP-g-MAH content of 8 and 12 wt% were slightly higher
than those of commercial LFTP, by approximately 7.17–10.87%. The impact strength values
of the LFTPc containing a 4 wt% PP-g-MAH content were slightly greater compared to
those of commercial LFTP by approximately 12.36%. Therefore, the LFTPc incorporated
with a concentration of 4 wt% PP-g-MAH was considered optimal for manufacturing LFTP,
as it exhibits nearly equivalent or higher mechanical properties compared to commercial
LFTP. Although the flexural strength value was lower than those of commercial LFTP, it
was only 5.57%.

Figure 12. Comparison of properties between LFTPc and commercial LFT.

4. Conclusions

This study involved the incorporation of PP and GF into LFTP, a material produced
using the thermoplastic pultrusion process. LFTP was incorporated with a varying PP-g-
MAH content through injection molding for the preparation of specimens. The mechanical
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properties of injection specimens were investigated, including tensile, flexural, and impact
tests. The fiber length of LFTPc was measured to confirm the long fiber reinforcement. The
morphology was examined to analyze the interfacial interaction between GF and PP, while
FTIR was employed to study the differences in the chemical structure after incorporating
PP-g-MAH into LFTPc. The study can be summarized as follows:

• Significant improvements were observed in the tensile modulus, flexural modulus, and
impact strength of the LFTPc when an amount of 4 wt% PP-g-MAH was incorporated.
Nevertheless, with the PP-g-MAH concentration exceeding 4 wt%, a decline in these
properties was observed.

• The amount of PP-g-MAH added to LFTPc resulted in increases in both tensile and
flexural strength. The enhanced interfacial bonding between GF and PP, along with
the reduction in fiber pull-out, is the reason for this improvement. Therefore, the
optimal concentration of PP-g-MAH for the LFTPc was found to be 4 wt%. This choice
resulted in mechanical properties nearly equivalent to those of commercial products.

• The fiber length results indicate long fiber reinforcement, as there is a significant
amount of fiber in the range of 3 to 6 mm of fiber length.

This research is significant because it contributes to the advancement of LFTP product
development employing the thermoplastic pultrusion technique. It presents an alternative
approach distinguished by affordable machinery costs and a straightforward process for
LFTP production. In addition, the mechanical properties of LFTP from thermoplastic
pultrusion are nearly equivalent to or higher than those of commercial LFTP. Thermoplastic
pultrusion is an advanced process that should be further developed. In future research,
thermoplastic pultrusion will be used for manufacturing hybrid long fiber pellets to enhance
mechanical properties and improve product performance.
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Abstract: This study focuses on the development of a pilot-scale sizing line, including its initial
design and installation, operational phases, and optimization of key process parameters. The primary
objective is the identification of critical parameters for achieving a uniform sizing onto the fibres
and the determination of optimal conditions for maximum production efficiency. This investigation
focused on adjusting the furnace desizing temperature for the removal of commercial sizing, adjusting
the drying temperature, as well as optimizing the corresponding residence time of carbon fibres
passing through the furnaces. The highest production rate, reaching 1 m sized carbon fibres per
minute, was achieved by employing a desizing temperature of 550 ◦C, a drying temperature of
250 ◦C, and a residence time of 1 min. Furthermore, a range of sizing solutions was investigated
and formulated, exploring carbon-based nanomaterial types with different surface functionalizations
and concentrations, to evaluate their impact on the surface morphology and mechanical properties
of carbon fibres. In-depth analyses, including scanning electron microscopy and contact angle
goniometry, revealed the achievement of a uniform coating on the carbon fibre surface, leading
to an enhanced affinity between fibres and the polymeric epoxy matrix. The incorporation of
nanomaterials, specifically N2-plasma-functionalized carbon nanotubes and few-layer graphene,
demonstrated notable improvements in the interfacial shear properties (90% increase), verified by
mechanical and push-out tests.

Keywords: sizing; carbon fibre; fibre matrix interface; push-out test

1. Introduction

Carbon-fibre-reinforced polymers (CFRPs) are an essential part of present and fu-
ture materials. They are among the most widely employed materials in several sectors
(e.g., aerospace engineering, automotive industry, leisure and sports industry) due to their
enhanced mechanical and physical properties. This can be mainly attributed to carbon
fibres’ (CFs) highly ordered graphite crystal structure and their ability to absorb and re-
distribute mechanical loads imposed on the composites [1–3]. Some unique properties of
CFRPs include their high specific tensile strength and stiffness, high strength-to-weight
ratio, corrosion and thermal resistance [4,5]. The properties of these composite materials
depend also on the chosen matrix, as well as on the degree of interaction at the interface
between the fibre and matrix [6]. Nowadays, research is focused on the development of
novel CFRPs with improved functionalities and the investigation of matrix-CF-tailored
interactions for optimum adhesion [7].

Despite the outstanding individual characteristics of CFs, several problems arise dur-
ing the manufacturing process of CFRPs (e.g., brittle nature of CFs can lead to difficulties or
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handling concerns). One main issue is the lack of reactive functional groups on the surface
of CFs and the subsequent poor adhesion to the polymer matrix, which negatively affects
the overall performance of composites (e.g., displaying of relatively poor interlaminar shear
strength) and sets limitations on their applications [3,6,8].

Various studies have focused on modifying the CFs’ surface to enhance and improve
the adhesion between CFs and the polymer matrix. These include electrochemical treatment,
plasma treatment, chemical grafting, surface roughness adjustment, the addition of carbon
nanotubes (e.g., CVD/microwave-produced CTNs) or nanoparticles for chemical activation
of the surface, and sizing [4,8,9]. However, not all the above methods can improve the
interface bonding effectively and, in addition, some of these cannot be practically applied
in industrial production, due to many problems such as fibre damage or excessive cost [10].

Sizing treatment is considered to be a simple cost-effective process and, during this
process, a thin, homogenous polymeric layer is formed on the surface of the CFs (in most
cases of commercial carbon fibres, the thickness of this layer is about 100 nm) [11]. The
sizing formula includes one or several polymeric compounds, a coupling agent, a lubricant,
and several additives (plasticizers, adhesion promoters, rheology modifiers, etc.). The
mixture is commonly diluted in water to form an aqueous solution, which can be either an
emulsion or a dispersion, in which CFs are immersed for a short period. Afterwards, CFs
are subjected to mild heat treatment to dry and remove excess solvent [12]. The result of this
process is the formation of a coating on the surface of CFs and thus the modification of the
CF’s surface in terms of physical and chemical characteristics, without causing damage [4].
Lastly, a new trend is observed in current research, which involves the incorporation of
nanomaterials in the sizing agent, such as carbon nanotubes (CNTs) and nanoparticles of
various morphologies and dimensions (e.g., zirconium dioxide, graphene oxide/CNTs),
due to their prominent functional, physicochemical, and mechanical properties [2,13,14].

This study focuses on the design, installation, and operation of a pilot-scale CF sizing
line. The main goal is to study all parameters for applying a uniform coating on the
CFs’ surface under optimum conditions, and subsequently the production of fibres with
enhanced mechanical properties and multifunctionality, through the incorporation of
nanomaterials in sizing solutions.

2. Materials and Methods

2.1. Materials

For this study, a 6k CF (Toray, New York, NY, USA) was used. Physical and mechanical
properties of CFs are presented in Table 1 below:

Table 1. Technical information of Torayca T700S.

TORAYCA T700S

Tensile Strength (MPa) 4.900
Tensile Modulus (GPa) 230

Strain (%) 2.1
Density (g/cm3) 1.80

Filament Diameter (μm) 7 μm

Commercial sizing solution, Hydrosize® HP2-06 (Michelman, Aubange, Belgium), was
used to size the CFs (Table 2), with or without the addition of functionalized nanoparticles
(multiwalled carbon nanotubes—MWCNTs; few-layer graphene—FLG). HP2-06 is an
anionic/nonionic phenoxy aqueous dispersion designed for use as a fibre sizing agent
that enhances compatibility between fibres and matrix, resulting in better mechanical
performance of composites. The addition of nanomaterials can have a positive effect on
those properties, due to incorporation of stiff nanoparticles that create stress concentration
areas and lead to additional energy absorption [15].
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Table 2. Datasheet of Michelman’s Hydrosize® HP2-06.

Physical Properties

pH 6.5–8.5
Emulsifier Charge Amine-dispersed

Percent Non-Volatile (%) 24.5–26.5
Recommended pH Range 6.5–8.5

Brookfield Viscosity Range (cps) <2000
Appearance White emulsion

Functionalized CNTs and FLGs were incorporated in the sizing solutions, which were
provided by Haydale Ltd. (UK) [16]. Haydale performs functionalization of nanomate-
rials by utilizing their patented HDPlas plasma functionalization process. For this case
study, O2, N2, NH3 process gases were dissociated into their compartment parts by ap-
plying an electrical potential that subsequently bombards the nanomaterials, producing
chemical groups at their surface. The effect of plasma functionalization is analysed in the
Supplementary File [17–20].

To assess the fibre–resin affinity, the SR1710/SD8822 structural epoxy system from
Fibremax Composites (Greece) was used (Table 3). SR1710/SD8822 is a two-component
epoxy system that cures at 25 ◦C for 24 h and post-cures at 40 ◦C for an additional 24 h.

Table 3. Datasheet of SR1710 injection/SD8822.

Technical Properties

Modulus of elasticity (GPa) 3.65
Elongation at break (%) 2.2
Flexural Strength (MPa) 115

Charpy impact strength (KJ/m2) 17
Shear Strength (MPa) 53

Glass Transition Temperature (◦C) 67
Tensile Strength (MPa) 70

2.2. Design and Description of Pilot Line

In industry, CF sizing is a continuous process; thus, a pilot-scale continuous sizing line
had to be designed for this study. The core compartments of the line were identified, and
an initial sketch was drawn. IZUMI International, a company with experience in fibre line
manufacturing, was selected for the line construction. The compartments were digitalized
with use of SolidWorks, a CAD desktop system that provides product-level automated
design tools [21]. A model was proposed that included all the core compartments and extra
parts that compose the fibre sizing line (Figure 1). The latter are analysed below.

 

Figure 1. Fibre sizing line designed at SolidWorks.
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For the support frame, on which these compartments were mounted, aluminium was
selected. Aluminium frame, known for its cost-effectiveness, durability, and lightweight
properties, provides an optimal structural foundation for the sizing line. For the line
compartments, stainless steel was the material of choice, serving multiple purposes. Its
corrosion-resistant properties are particularly crucial in areas exposed to the aqueous siz-
ing solution and traversed by the CFs. Additionally, stainless steel facilitates the smooth
movement of CFs through the rollers without causing damage. Inner parts of furnaces
were made of ceramic material. This material was selected for its ability to endure high
temperatures and exhibit a low thermal expansion coefficient, making it well suited for the
demanding conditions inherent in the sizing process. In terms of general design consid-
erations, efforts were made to maintain adequate distances between each compartment.
This design choice was driven by the aim of facilitating easy handling and maintenance
for operators, emphasizing user-friendly principles throughout the engineering of fibre
sizing line.

1. The let-off tension creel’s role is to feed the mounted fibre into the desizing unit and, in
cooperation with the take-up winder, to provide the required tension (analysed below).

2. The desizer furnace is responsible for removal of the already existing sizing on a
commercial fibre. The temperature range is wide and covers temperatures from
300 ◦C up to 600 ◦C, enabling the user to remove every unnecessary coating.

3. The fibre sizing bath consists of bath rollers, sizing bath, squeeze rollers, and an
overhead stirring system. Bath rollers guide the desized fibre through the sizing
bath where a solution (aqueous is the most used for CFs [22]) with users’ desired
composition (solids in various concentrations) coats the fibre. The overhead steering
rotor is submerged in the solution to avoid sedimentation. Subsequently, squeeze
rollers remove the excess solution from the fibre so that a uniform coating is achieved.

4. As the fibre passes through the squeeze rollers and the excess is removed, fibre drying
heater evaporates the remaining solvent and slightly solidifies the coating around the
fibre. The temperature does not exceed 300 ◦C, to ensure that the coating remains
intact. This process ensures that the through-thickness fibre entanglements during
winding are avoided and the fibre preform is diminished (fibre needs to be fully dried
before winding so that it does not retain its cylindrical shape during its unwinding).

5. The feed roller system is used to pull the fibre from the let-off creel. Its speed is
adjusted by the user at the control panel (min 0.2 m/min–max 2 m/min). It is a key
parameter since it affects the production rate and controls the residence time of fibre
in the desizing and drying unit.

6. The take-up winder collects the fibre with a mechanical traverse system, in which the
spindle is driven by a constant-torque motor. High tension is not required for fibre
winding, but a specific ratio between the tension of the feed roller inlet and outlet
needs to be followed. Tension is adjusted by changing the torque on control panel.

7. The power control unit supplies electric current to the whole line.

2.3. Run and Evaluation of Parameters

One of the most important aspects of this study was to pinpoint the parameters that
optimize the process. For this purpose, excessive runs were completed to determine these
optimum conditions (Table 4).

• Desizer framework

Every commercially available carbon fibre is coated with a sizing agent that protects
the fibre from being damaged during transport, facilitates handling during operation, and
has a small effect on the fibre–resin adhesion. To assess the sizing solutions developed
within this work, the already existing sizing had to be removed. The desizing furnace
temperature in combination with the line’s operation speed were investigated. Six different
temperatures for the desizer were chosen for the complete removal of commercial carbon
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fibre sizing, starting from 350 ◦C to 600 ◦C with a step of 50 ◦C, while the line’s operation
speed varied from 0.20 to 1 and 2 m/min.

Table 4. Parameter investigation per station.

Furnaces Sizing Solution Winding System

Desizer Dryer Solid
Concentration

Nanomaterial
Concentration Operation speed

Parameter
Investigation

Temperature (◦C) Temperature (◦C) Nanomaterial/Solid
content (% wt) Weight ratio (% wt) Residence time in

furnaces (min)

• Dryer framework

Another important aspect as described in Section 2.2 is the effective drying of resized
fibre. Similarly with the aforementioned method, three different temperatures (200, 250,
300 ◦C) and operation speeds (0.2, 1, 2 m/min) were tested.

• Solid content concentration

The sizing solutions developed within this work were water dispersions with solids
(HP2-06 solids and CNTs and/or FLGs). Based on previous results and the literature
review [23–25], a nanomaterial content of 0.05, 0.1, and 0.25% wt with total solid contents
(HP2-06 solids + CNTs/FLGs) of 1, 2.5, and 5% wt were examined. To produce steady
aqueous solutions with HP2-06 and CNTs/FLGs, the addition of surfactants along with a
sonication process had to take place.

Initially, the goal was to identify the solid concentration (without nanomaterials) that
had the most uniform distribution on the fibre’s surface without any excess.

• Nano-enhanced sizings

As mentioned above, two different nanomaterials were examined, FLGs and CNTs
in different weight ratios (0.05, 0.1, and 0.25% wt) with various modifications (plasma
modification with O2, N2, and NH3), resulting in 18 unique cases. The selection criteria
focused on surface morphology, fibre–resin affinity, and the resulting mechanical properties.

2.4. Characterization Methods
2.4.1. Scanning Electron Microscopy (SEM) and Thermogravimetric Analysis (TGA)

The evaluation of different sizing solution parameters (solid content/nanomaterial
type) on the carbon fibre’s surface was studied using an FEI Quanta 650 FEG SEM (FEI,
Hillsboro, OR, USA), in magnifications up to ×10,000.

The commercial sizing that was removed during the desizing stage was evaluated
also by thermogravimetric analysis using a TGA apparatus (STA 449 F5 Jupiter, Hamburg,
Germany). Instrument calibration for temperature and sensitivity was performed prior to
testing. Two sets of tests were performed with 16 and 24 mg of carbon fibres at a heating
rate of 20 ◦C/min in N2 atmosphere (50 mL/min) from room temperature to 750 ◦C, and
mass change was measured as a function of temperature. The analysis was performed in
accordance with ISO 11358 [26].

2.4.2. Contact Angle Goniometry (CAG)

The modified fibre–matrix affinity was assessed by testing single fibres, aiming to
evaluate the modification’s effectiveness at microscopic level. The fibres were coated with
epoxy resin type SR1710/SD8822. Each isolated fibre was placed on a Plexiglas holder.
Once positioned, the fibres were coated with resin droplets using a micro-pipette and then
examined by optical microscopy through a Zeiss Axio Imager A2 microscope (Carl Zeiss
Microscopy, Ostfildern, Germany). For each specimen, 10 microdroplets were measured
to calculate the average contact angle. Zeiss Axiovision imaging processing program was
utilized to measure the inner contact angles formed between droplets and fibres. The
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measured angle was used as an indicator of improved wettability, with larger angles
indicating enhanced wetting capabilities [27,28].

2.4.3. Mechanical Tests

For the mechanical properties, 3-point bend (3PB), tensile, and push-out tests were
carried out. Regarding 3PB, the specimen was mounted between two supporting pins as
loading pin force was increased progressively in the middle of the specimen, thus causing
it to break. The used device was the SAUTER FH 500 with maximum load of 500 N and
minimum load of 0.1 N. The loading pin’s speed was set at 3 mm/min.

To calculate flexural strength, the following formula was used:

σf = (1.5 × F × L)/(b × d2) (1)

σf: flexural strength (MPa);
F: load at a given point on the load deflection curve (N);
L: support span (mm);
b: width of test beam (mm);
d: depth of tested beam (mm).

The tensile strength test was performed according to ASTM D 4018 [29]. The used
specimens were tabbed resin-impregnated and consolidated fibre bundles. A universal
tensile machine TE Forcespeed/Jinan WDW Series (TE Forcespeed Corporation, building
4-B-3, No.5577, Industrial North Road, Jinan, 250109, China) was used with a load cell of
5 kN.

To calculate tensile strength, the following formulas were used:

MUL = W1/L (2)

MUL: mass per unit length (g/m);
W1: mass of the specimen (g);
L: length of the specimen (m).

UTS = P × ρf/MUL (3)

UTS: ultimate tensile strength (MPa);
P: maximum load measured in tensile test (N);
ρf: fibre density (g/cm3);
MUL: mass per unit length (g/m).

2.4.4. Push-Out Test

The interfacial shear strength (IFSS) of resin-embedded fibres was assessed using
single-fibre push-out testing, where the load–displacement curve was measured when a
single fibre was successfully pushed out from a resin matrix disc (of known thickness). To
accurately and repeatably perform single-fibre push-out testing, thin (<55 μm) composite
samples (with fibres embedded perpendicular to the polished surface) were prepared.
The composite’s matrix consisted of a mixture of EPIKOTE™ Resin MGS RIMR 135 resin
and 4-aminophenyl disulfide hardener in a ratio of 100 g (resin) to 55.051 g (hardener).
The hardener was initially melted by heating at 80–85 ◦C (SNOL 3/1100 muffle furnace)
before the resin was added. The fibres were then held under tension within silicone rubber
moulds (1-inch diameter, Agar Scientific Ltd., Stansted, UK) before being embedded in
the resin and hardener mixture. The composite mixture was then cured by heating at 130
◦C for 1.5 h (SNOL 3/1100 muffle furnace). Thin discs (~1 mm) were abrasion-cut from
initial composite and then ground to reduce disc thickness to a few hundred microns, using
#4000 grit SiC abrasive paper. The surface of the thin slices was polished to a mirror finish
(Struers OP-S) and then attached (using wax) onto a GATAN TEM sample disc grinder. The
other surface was used to thin the composite discs to an approximate thickness of 30–50 μm
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(using #4000 grit SiC paper and 1 μm diamond suspension). A final polish (Struers OP-S)
of both surfaces of the composite discs was carried out and then assessed using optical
imaging (Figure 2). The final composite discs were then glued (Loctite Superglue Precision)
to a metal support with 20 μm wide grooves (which provide the necessary depth needed
for pushing out the fibres) produced by femtosecond-laser fabrication (Figure 3).

 

Figure 2. Sample preparation steps for single-fibre push-out testing of composite discs: (a) thin slice
cut from original composite with CFs in middle, (b) specimen mounted to stub during final thinning
stage, (c) electron microscope image of composite surface after final polishing.

Figure 3. Push-out test sample holder with attached composite slices (a), optical microscope image of
the fabricated grooves on the sample holder (b), overview of the femtosecond laser fabrication of the
grooves (c), overview of the shape of the push-out test conical indenter (d), electron microscope image
of pushed-out fibres on thinned composite slices along the fabricated grooves (e), and magnified
view of the pushed-in and pushed-out sides of a typical carbon fibre following single-fibre push-out
testing (f). Magnified images of specific regions are indicated by red frames and lines.

Single-fibre push-out tests were performed using NanoTest Vantage (Micro Materials
Ltd., Wrexham, UK) nanomechanical instrument fitted with a conical diamond indenter
with a maximum tip diameter of 4.39 μm (Figure 3). To more accurately record the applied
load and to precisely aim the indenter tip, both load and cross-hair calibration of the
instrument were performed on regions of the composite disc above grooves and with no
fibres present. Testing was performed by manually choosing ideal single fibres (i.e., with
no damage and within the grooves) using a 400× optical microscope attached to NanoTest
device. Disc thickness was locally measured at each site by recording physical travel
distance from the focus point on the metal support to the surface point on the composite.
Testing was performed under loading and unloading rates of 0.5 mN/s, with a dwell time
of 5 s at the final load.
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The load–displacement curves for each push-out test were analysed to confirm the
successful pushing-out of fibre without significant prior crack formation or damage to the
fibre or disc. Finally, the composite discs were removed from the metal support (using
ethanol) and imaged (JEOL 7000F FEG SEM). Only push-out data corresponding to a
well-centred contact and with intact fibres (i.e., not crushed) were used for subsequent IFSS
calculations (Figure 3).

The IFSS was calculated by examining the load for complete debonding of the fibre–
resin matrix interface (sudden change in displacement with no increase in load) using the
following equation:

τ = F/(π × d × l) (4)

τ: IFSS between fibre and resin (Pa);
F: push-out load (N);
d: diameter of the pushed-out fibre (m);
l: length of the fibre being pushed out (m).

3. Results

3.1. De-Sizing/Drying Temperatures

As mentioned before, the temperature of the furnaces and the residence time of CFs
inside these furnaces are two of the most important factors that the affect efficiency and
productivity of the sizing line, as both parameters impact the effective removal of sizing.
Higher temperatures facilitate the process, but they might have a negative impact on the
fibre’s properties. On the other hand, a longer residence time can accelerate sizing removal,
though it reduces the production rate (lower-speed line results in fewer meters treated
per hour). The parametric study that follows assesses the parameters that ensure effective
desizing temperatures with a higher production rate.

Operation speeds of 0.2, 1, and 2 m/min correspond to 18 s and 1 and 2 min of
residence time. For this purpose, six different temperatures for the desizer were tested,
starting from 350 ◦C to 600 ◦C with a step of 50 and for the three different dryer temperatures
(200/250/300 ◦C). The line’s operation speed was set to the lowest possible, 0.2 m/min,
that correlates with 18 s for the residence time of CFs inside the furnaces. The results from
SEM analysis of these runs are depicted in Figure 4.

 

Figure 4. Temperature parametric study of sizing removal at operation speed of 0.2 m/min:
(a) 350 ◦C; (b) 400 ◦C; (c) 450 ◦C; (d) 500 ◦C; (e) 550 ◦C and (f) 600 ◦C.
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Evidently, temperatures of 350 and 400 ◦C have an effect on the CF’s surface, as can be
observed from Figure 4a,b. The pre-existing polymeric sizing starts to degrade and debond
from the fibre surface. This indicates that the residence time is not long enough or there
is not enough energy derived from heat (due to low temperature) to entirely remove the
coating. The desizing phenomenon intensifies at temperatures of 450 and 500 ◦C, where
it is obvious from Figure 4c,d that a large amount of the thin polymeric film is detached
from the surface, leaving the exposed CF area available for new sizing. However, it is
only at temperatures of 550 and 600 ◦C that the CF surface area is totally exposed, as the
preexisting sizing is completely removed.

To accelerate the desizing process and increase the production rate, lower but efficient
values of residence time were put to test. Additional runs were executed at 550 and 600 ◦C
(Figure 5) in which two values of residence time were tested (18 s and 1 min).

 

Figure 5. Temperature and residence parametric study of sizing removal: (a) 550 ◦C—18 s;
(b) 550 ◦C—1 min; (c) 600 ◦C—18 s; and (d) 600 ◦C—1 min.

Regardless of residence time, 600 ◦C is sufficient to efficiently remove all the pre-
existing sizing. At 550 ◦C, 1 min of heating is required, due to some polymeric residues
that may be observed on the CF surface, as proved from the tests performed with 18 s
of residence time. As a conclusion, to achieve the highest production rate of the sizing
line, a desizing temperature of 600 ◦C is required, as the line can operate in 2 m/min.
The results from mechanical tests would determine if 600 ◦C affects the properties of the
fibres. If the mechanical properties decrease, then an operational speed of 1 m/min must
be implemented using 550 ◦C as the desizing temperature.

TGA was used to study the thermal decomposition of the commercially sized and
desized CFs to validate the SEM results.
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In graphs like those presented in Figure 6, where mass change differences are consid-
erably low, it is quite challenging to extract solid quantitative conclusions. In this case, the
graph form is of great interest and is the one that provides all necessary information. As
highlighted in the temperature ranges of 231.7 to 342.3 ◦C for the reference fibres, there is a
steep change in the form of the graph, a sudden drop that is attributed to decomposition,
evaporation, or other chemical reactions. In our case, it is decomposition of the pre-existing
sizing. On the contrary, for the desized fibre, there is no similar phenomenon, besides the
normal negligible mass loss over time, indicating that the pre-existing sizing is removed
during the desizing process, confirming what was already assessed from SEM analysis.

 

Figure 6. TGA results from desizing temperature at 600 ◦C.

Finally, an operation speed of 1 or 2 m/min must be taken into consideration for the
effective drying of CFs. As indicated by the desizing investigation, these two operation
speeds will give the highest productivity. The drying furnace can reach temperatures up to
300 ◦C, so test runs at 200; 250 and 300 ◦C at operational speeds of 1 and 2 m/min were
executed. As the fibre exited the furnace, filter papers were used to detect the moisture
level. At 200 ◦C and regardless of operation speed, the filter paper was wet. At 250 ◦C, and
at an operation speed of 1 m/min, the filter paper was dry. Evidently, at 300 ◦C, the carbon
fibre was also completely dry for every operation speed.

To conclude, for a desizing temperature of 550 ◦C and drying temperature of 250 ◦C,
the maximum operation speed was 1 m/min, whereas for a desizing temperature of 600 ◦C
and drying temperature of 300 ◦C, the sizing line could work at full speed, 2 m/min,
without any drawbacks.

3.2. Solid Content Concentration

A uniform distribution of sizing solids onto the CF surface ensures the functionality
of this polymeric layer, which facilitates fibre handling and affects mechanical properties.
Solid excess could potentially hinder the solution’s adhesion to the CF. A thicker layer
would act as an extra layer instead of an interlayer, which would improve the affinity of
the CF with the resin matrix system. Alternatively, a thinner layer might fail to provide
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adequate protection during handling and mechanical reinforcement. Achieving the ideal
solid content concentration in the sizing solution and subsequently on the CF surface
is essential for the utilization of the sizing system. SEM analysis provided information
regarding solid content percentages of 1, 2.5, and 5% wt, aiding in the identification of the
optimal ratio (Figure 7).

 

Figure 7. Solid content concentration study of (a) 1; (b) 2.5 and (c) 5% wt at 1000× magnification and
20,000× magnification.

At the 1% wt solid content level, the coating’s performance displayed uniformity
across the total carbon fibre surface. CF stripes were visible, without any local solid excess
spots. In contrast, when the solid content was elevated to 2.5% and 5% wt, it was noticeable
that the desired uniformity was nonexistent. The increase in solid content led to an uneven
distribution and the creation of excess mass, impacting the coating’s ability to uniformly
adhere to the carbon fibre surface. As a result, the 1% wt solid content coating stood out as
the optimal choice, ensuring even distribution and thickness.

3.3. Nanoenhanced Sizings

Based on the findings from Section 3.2, a total solid content concentration of 1% wt
was identified as the optimal choice, demonstrating an ideal layer thickness and uniform
coverage across the CF surface. To study the potential use of nanomaterials in sizing
solutions, CNT- and FLG-sized fibres were examined in terms of surface morphology
through SEM. To define their optimum concentration in sizing solutions, the affinity of
CFs with resin was assessed through CAG and the mechanical performance was assessed
through tensile, 3PB, and push-out testing.

3.3.1. Surface Morphology Assessment

In the case of CNTs, this investigation focused on assessing layer uniformity and
nanomaterial agglomeration and distribution across the CF’s surface. On the other hand,
due to the unique dimensions of FLGs, SEM analysis was primarily focused on uniformity,
as conventional metrics of agglomeration and distribution cannot be applied. Analysis was
performed on samples with 0.25% wt CNTs or FLGs out of the three weight ratios under
investigation (0.05, 0.1, 0.25% wt) and all three possible functionalizations (O2, NH3, N2),
resulting in studying six different cases.

Taking into consideration Figure 8, the addition of CNTs in the sizing solutions does
not appear to have a negative impact on the sizing layer uniformity, with no observation of
sizing pile-up, the presence of boundaries, or delamination of the sizing layer following
the CNT and FLG sizing treatments. This suggests that the sizing layer is uniformly
distributed across the surface with no unsized or excessively sized spots. However, some
potential drawbacks that can be derived from SEM analysis are related to the formation
of agglomerates, especially for the cases of O2 and NH3 plasma-functionalized CNTs
deposited on fibres. The nanomaterial distribution on the fibre surface is inconsistent,
displaying specific localized areas with varying nanomaterial concentrations, alongside
spots with minimal or absent nanomaterial presence.
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Figure 8. Surface morphology study of (a) CNTs O2; (b) CNTs N2; (c) CNTs NH3; (d) FLG O2; (e) FLG
N2 and (f) FLG NH3.

Addressing these drawbacks demands extensive further study. Specifically, under-
standing the interactions among the three different plasma-functionalized particles and
the sizing solution is crucial, offering insights into mitigating the inconsistent distribution
on the fibre surface and the formation of agglomerates. Initial enhancements could be
achieved by investigating the duration for which a stable solution can be maintained during
the preparation of the sizing solution, without the occurrence of agglomerates or sediment
formation. Mechanical tests would determine whether these drawbacks have a significant
effect on the properties of the fibres. FLGs appeared to exhibit a highly uniform distribution
without spots of inconsistency.

3.3.2. Fibre–Resin Affinity

The importance of affinity in composites made of carbon fibre and resin is critical as
it signifies the strength of the bond between them, significantly impacting the material’s
performance and durability. Good affinity facilitates load transfer and enhances mechanical
properties. It also contributes to the material’s resistance to environmental factors, thermal
cycling, and fatigue [26].

Table 5 represents the average contact angle as measured in the Zeiss Axiovision 4.9
imaging processing software (Figure 9). It can be observed that the desized fibre exhibits a
contact angle of 46.1◦, while the contact angle for all the different functionalizations seems
to be smaller, resulting in better wettability. The greatest decrease is observed for samples
with N2 functionalization for both CNTs and FLGs, with contact angle reductions of 7.6%
and 13.4%, respectively.

Table 5. Affinity results.

Desized Michelman CNT-Sized Fibres FLG-Sized Fibres

Contact
Angle (◦)

O2 N2 NH3 O2 N2 NH3
46.1 ± 2.3 43.2 ± 2.1 43 ± 4.5 42.6 ± 1.8 43.8 ± 0.8 43 ± 2.3 39.9 ± 2.8 44.9 ± 1.4
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Figure 9. Indicative contact angle measurement.

The contact angle results for CNT-sized fibres are in agreement with Section 3.3.2,
where fewer agglomerates are observed for the case of CNT-N2-sized fibres, indicating a
potential correlation between fibre–resin affinity and nanomaterial agglomerates.

3.3.3. Mechanical Performance
Three-Point-Bend and Tensile Results

Initially, samples were subjected to tensile and 3PB tests to assess any potential impact
of the sizing process and its steps (e.g., desizing, drying, winding) on the mechanical
properties of fibres. For example, desizing is a process step performed at relatively high
temperatures (600 ◦C); thus, it is important to investigate its effect on fibre performance
and compare it with data retrieved from the literature. Tensile strength is a property that is
mostly dependent on the Young’s modulus of the material. Despite sizing not altering the
Young’s modulus of the fibre, it can promote the fibre–matrix adhesion, which is another
parameter that contributes to a material’s tensile strength [28,30]. A potential increase in
the tensile strength could be related to the latter, especially in the case with nano-enhanced
sizing, indicating some cases with improved properties.

A correlation of the results from mechanical tests with those from morphology and
affinity assessments is the validation mechanism and decision tool to promote the cases for
push-out testing. The push-out test is the optimal method to define the interfacial shear
strength of sized fibres, a property which is highly related to the fibre–matrix adhesion.

Upon comparing the results presented in Table 6 for desized fibres and Michelman-
sized fibres, it is evident that the latter outperformed in both tensile and 3PB strength. This
improvement can be attributed to the sizing’s ability to neatly rearrange the fibres and
reduce disorientation [31,32].
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Table 6. Results regarding the mechanical properties of the different sizing solutions.

Desized
Fibres

Michelman-
Sized
Fibres

CNT-Sized Fibres

O2 N2 NH3
Weight

ratio (%) 0.05 0.1 0.25 0.05 0.1 0.25 0.05 0.1 0.25

3PB
(Mpa) 31.3 ± 3 37.1 ± 4.3 35.6 ± 4.5 36.1 ± 5 37.9 ± 3.8 41.8 ± 3.7 44.5 ± 3 34.2 ± 3.5 36.6 ± 2.4 39.1 ± 3.3 37.9 ± 2
Tensile
(Mpa) 262 ± 31 391 ± 49 317 ± 34 271 ± 24 334 ± 33 430 ± 27 434 ± 12 376 ± 44 333 ± 27 380 ± 32 388 ± 47

FLG-sized Fibres

O2 N2 NH3
Weight

ratio (%) 0.05 0.1 0.25 0.05 0.1 0.25 0.05 0.1 0.25

3PB
(Mpa) 41.3 ± 2.7 43.1 ± 6.6 41.9 ± 3.6 43 ± 4.1 45.1 ± 2.8 41.3 ± 3.1 33.6 ± 3 42.2 ± 3.9 34.2 ± 2.6
Tensile
(Mpa) 343 ± 27 391 ± 49 421 ± 61 391 ± 34 444 ± 39 354 ± 40 441 ± 156 336 ± 41 351 ± 15

In the 3PB test among the three different plasma functionalizations and weight ratios,
0.1% N2-CNT-sized fibres and 0.1% N2-FLG-sized fibres stood out with the best results,
44.5 ± 3 MPa and 45.1 ± 2.8 MPa accordingly. On the other hand, the desized fibres
exhibited the lowest strength, 31.3 ± 3 MPa, as expected.

In the tensile test, and in agreement with the 3PB data, 0.1% N2-CNT-sized fibres
and 0.1% N2-FLG-sized fibres exhibited the highest tensile strengths of 434 ± 12 MPa and
444 ± 39 MPa, respectively. The desized fibres showed again the lowest tensile strength,
measuring at 262 ± 31 MPa.

O2-CNT-sized fibres and NH3-CNT-sized fibres exhibited less favourable or similar re-
sults to Michelman-sized fibres. This can be attributed to the presence of CNT agglomerates
on the fibre surface which can suspend the beneficial effect of CNTs on the fibre–matrix ad-
hesion. These agglomerates pose challenges for interfacial properties and may potentially
introduce stress concentration points during loading, which can impact the mechanical
performance [33].

Evidently, 0.1% N2-CNT-sized fibres and 0.1% N2-FLG-sized fibres consistently yielded
superior results in both the 3-point bend and tensile tests, while maintaining a uniform
coating. These results are in agreement with those from SEM analysis where agglomeration
was observed for O2-CNT-sized fibres and NH3-CNT-sized fibres, and the CAG findings
where the optimum affinity was with N2-CNT-sized fibres and N2-FLG-sized fibres.

The enhanced performance of N2-functionalized nanoparticles can be attributed to
their chemical affinity with the sizing solution. As shown in Table 2, HP206 is amine-
dispersed, while N2 functionalization introduces C-N bonds, as confirmed by XPS results
(see Supplementary File). The incorporation of C-N bonds contributes to a stronger chemi-
cal affinity compared to O2 functionalization, which introduces C-O bonds. Although NH3
functionalization also introduces C-N bonds, the quantity is considerably lower than in
N2 functionalization (area of C-N bond in C1s scan: 4.1% for NH3 FLG compared to 4.7%
for N2 FLGs and 0.49% for NH3 CNTs compared to 1.78% for N2 CNTs). This variation
accounts for the superior overall properties associated with N2 functionalization.

Based on these results, 0.1% N2-CNT-sized fibres and 0.1% N2-FLG-sized fibres were
examined under push-out tests to determine their influence on the interfacial shear proper-
ties of composites.

Push-Out Test Results

Three groups of composites were produced for IFSS evaluation, consisting of pristine,
0.1% N2-CNT-sized fibres, and 0.1% N2-FLG-sized fibres embedded within resin matrices.
The reported IFSS measurements in Table 7 correspond to data from undisturbed push-out
tests (i.e., fibres pushed out smoothly in one go and without damage to the fibres). A clear
increase in IFSS can be seen following the FLG N2 and CNT N2 sizing treatments of the
fibres, with an increase from 50.3 ± 5.5 MPa (pristine) to 70.7 ± 2.9 MPa and 95.4 ± 7.6 MPa,
respectively. As compared with the pristine fibres, this constitutes an IFSS increase of 40.6%
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and 89.7% for the respective treated fibres. Figure 10 illustrates example hysteresis data
of each composite type during the single-fibre push-out testing. Both treated fibres are
found to exhibit significantly greater loading rates (gradient before the push-out event),
thus reaching the push-out load at approximately half the normalised depth as the pristine
fibre. This demonstrates the more efficient transfer of load between the indenter and the
fibre interface, leading to a more minimal deflection of the resin matrix during loading.
The most significant enhancement is found with the CNT N2 treatment, which is observed
to have the best structural rigidity and IFSS within this study.

Table 7. Average IFSS measurements of the pristine, FLG-N2-sized, and CNT-N2-sized carbon fibres.

Treatment IFSS (MPa)

Pristine 50.3 ± 5.5
FLG-N2-Sized 70.7 ± 2.9
CNT-N2-Sized 95.4 ± 7.6

Figure 10. Normalised depth against indentation load during single-fibre push-out testing of pristine,
FLG-N2-sized, and CNT-N2-sized fibres embedded in resin. The length of the fibre (l) and the average
diameter of the fibre (d) are also provided for each sample.

4. Conclusions

In this study, a pilot-scale sizing line for carbon fibres was designed and installed,
serving as an established tool for extensive investigation. Various operational parameters
were thoroughly explored to optimize the line’s performance and productivity. A key
parameter was the necessity of desizing temperature for commercial fibres. This research
demonstrated that a desizing temperature of 600 ◦C was essential to achieve maximum
productivity, ensuring complete removal of the pre-existing sizing agents and enabling the
line to operate at its peak efficiency.

Detailed surface morphology analysis, conducted through SEM, confirmed the signifi-
cance of maintaining a 1% solid content in the coating solution. This specific concentration
was identified as the optimum choice, ensuring uniformity and appropriate film thickness
on the carbon fibre surface. This study then focused on the integration of nanomateri-
als, such as carbon nanotubes and few-layer graphene, aiming to enhance mechanical
performance. This research highlighted the importance of good affinity between these
nanomaterials and the fibres through contact angle tests, a critical factor influencing the
strength and durability of the resulting composites.
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The mechanical tests indicated improved and desirable properties for the treated fibres,
emphasizing the effectiveness of optimized parameters. This study further employed push-
out tests, revealing substantial improvements in the interfacial shear strength of 89.7%
for 0.1% N2-CNT-sized fibres and 40.6% for 0.1% N2-FLG-sized fibres, as compared to
the reference fibres, thereby demonstrating enhanced bonding between fibres and the
surrounding matrix.

The improved chemical affinity of the sizing solution (amine-dispersed) with N2-
functionalized CNTs/FLGs is attributed to the addition of C-N bonds, surpassing both
(a) the C-O bonds introduced by O2 plasma functionalization and (b) the quantity of C-N
bonds in NH3 plasma functionalization.

In conclusion, the outcomes of this research underline the significant potential for
tailoring sizing solutions to match specific requirements. By utilizing the pilot-scale siz-
ing line, besides the scientific finding this study reveals, a practical tool for developing
customized sizing solutions is also provided. These findings encourage the exploration of
tailored sizing solutions, contributing to the advancement of understanding in this complex
domain, enabling innovative applications in the field of composite materials.
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Abstract: This study investigates the impact of carding and blending recycled carbon fibers
(rCF) with crimped thermoplastic polypropylene (PP) fibers on the mechanical properties
of rCF, using a Weibull statistical approach. Tensile properties of rCF were evaluated
before and after carding with varying rCF/PP blend ratios (100/0%, 85/15%, 70/30%, and
50/50%). A comparison between the two-parameter and three-parameter Weibull models
showed that the two-parameter model provided a better fit for rCF properties before
carding. The results show that adding crimped PP fibers during carding helps to decrease
the stress-at-break disparity and move their distribution to higher values. Furthermore,
a slight increase in tensile modulus was observed in carded rCF, with higher PP ratios
associated with smaller scatter modulus distributions. Elongation at break remained
consistent, with the Weibull modulus increasing slightly with carding and the inclusion of
PP fibers, indicating improved consistency. Overall, carding rCF with PP fibers helped in
the mechanical property uniformity of the resulting carded webs without compromising
tensile performance. This work shows the potential of the carding process with or without
thermoplastic fibers to efficiently realign and give continuity to discontinuous recycled
carbon fibers.
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1. Introduction

The reuse of recycled carbon fibers (rCF) is a response to growing environmental con-
cerns associated with the composites industry. Carbon fiber-reinforced polymers (CFRPs)
are widely used in high-performance applications, such as aerospace, automotive, and
renewable energy [1], due to their high strength-to-weight ratios and durability. Recycling
and reusing carbon fibers represents a more sustainable alternative by reducing waste at
the end of the life cycle of composite materials and decreasing dependency on virgin raw
materials. The quality of the initial fiber source and the recycling method used [2] can have
an impact on the variability of the tensile properties of rCF, such as breaking stress, tensile
modulus, and elongation at break. The process used to realign those fibers can also have
an influence on their properties.

While the potential environmental benefits of recycling carbon fibers are significant,
the process also presents technical challenges. Recycling methods, such as pyrolysis [3]
and solvolysis [4,5], are widely used to recover carbon fibers from end-of-life composite
products or manufacturing scrap. However, these recycling processes often result in fibers
that are shorter than their virgin precursors and stripped of their original surface treatments,
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or sizings [6], which were applied to improve fiber–matrix bonding and handling. The
absence of sizing, combined with the inherent brittleness of carbon fibers, makes handling
and reprocessing more difficult, particularly when recycled fibers need to be aligned
or integrated into high-performance applications. Despite these challenges, strategies
and techniques have been developed to reuse recycled carbon fibers in new materials:
depending on the structure and the length, several processing methods can effectively reuse
rCFs. For long rCFs, nonwoven technologies, for instance, involve combining multiple
layers of randomly oriented fibers to create mats. This technique is simple and cost-
effective, but results in limited strength and stiffness when a cross-lapping and needle-
punching manufacturing route is applied [7]. Nonwoven carbon fiber structures are not
only cost-effective but also versatile for a variety of applications beyond semi-structural
reinforcements [8,9]. Recent advancements have demonstrated the feasibility of using
hybrid nonwovens made of rCFs for electromagnetic interference shielding and sound
absorption [10].

The carding process is a preparatory step in the manufacturing of these materials.
Carding disentangles and cleans fibers while forming a continuous web, which serves as
a base for further processing. Depending on the intended application, this process can
lead to different pathways: the production of nonwoven materials, or the preparation
of webs with doubling and drawing steps, which improve fiber alignment and enhance
structural uniformity. Another advantage of the carding process is its ability to create
hybrid structures by blending rCFs with thermoplastic fibers, making it a suitable option
for producing thermoplastic composites.

Various studies have already demonstrated the feasibility of carding rCFs with thermo-
plastic fibers. Hengstermann et al. [11] were able to card 40 mm and 60 mm long rCFs, and
highlighted the influence of fiber length at the card infeed. In another study, a core-sheath
yarn was produced, also with 60 mm carded rCFs in the core, with a co-polyamide as
a sheath [12]. Also, it has been shown that crimped polypropylene helped with mixing
and carrying rCFs, diminishing fiber breakage through the carding process [13]. This
approach aligns with previous works where polyamide and polyester were used as carrier
fibers in blends with rCFs [14]. The morphological and mechanical properties of the fibers
and the resulting web are influenced by both the material properties and the machine
parameters during carding. For example, Manis et al. [15] were able to demonstrate that a
higher number of worker/stripper pairs led to a greater degradation of 60 mm fiber length.
Another study looked at the influence of the distance between the worker and the stripper
on the length of the fibers leaving the carding machine [12]. A higher clearance between
the worker and stripper led to lower fiber length degradation.

Statistical methods help with analyzing and interpreting the variability of the me-
chanical properties of individual fibers. Among these, the Weibull distribution is the most
commonly used in the literature to study the tensile behavior of brittle fibers, such as
carbon fiber [16–19], but also for natural fibers [20,21], as it accounts for variability in fiber
strength caused by defects.

This study focuses on evaluating the effect of the carding process and blending rCFs
with crimped thermoplastic fibers on the mechanical properties of rCFs. Polypropylene (PP)
is incorporated in the carding process of rCFs in the present study. First, the mechanical
performance of rCF is assessed before and after carding across different rCF/PP blend
ratios. A Weibull statistical approach is then used to analyze the variability in tensile
properties, such as stress at break, tensile modulus, and elongation at break. The compara-
tive analysis uses a two-parameter Weibull model, which is found to fit the experimental
data more effectively, particularly for rCF properties before carding when fitted with the
Maximum Likelihood Estimation (MLE) technique. This study provides new insights into
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the mechanical behavior of rCF, a topic that remains underexplored in the literature. Few
studies have specifically investigated the individual behavior of fibers after processes like
carding or the influence of blending ratios with thermoplastic fibers.

2. Materials and Methods

The carbon fibers used in this study are Standard Modulus (SM) carbon fibers re-
claimed by steam thermolysis. The fibers are unsized and cut to a length of 60 mm. rCF
recovered using this technique shows a slight degradation in its initial tensile properties,
about 10%, a good surface condition [22], and well-preserved diameter [23]. rCF before
carding’s properties are listed in Table 1.

Table 1. Fibre properties before and after carding according to their ratio in the webs.

Data
Points

Diameter
(μm)

Stress at Break
(MPa)

Tensile Modulus
(GPa)

Elong. at Break (%)

Numb. Mean Std. Mean Std. Mean Std. Mean Std.

100% rCF 45 7.36 0.45 3221 769 192.8 13.7 1.57 0.36
15–85% rCF 49 7.21 0.46 3406 741 195.5 12.1 1.57 0.29
30–70% rCF 47 7.18 0.34 3563 656 198.5 13.6 1.68 0.30
50–50% rCF 25 7.10 0.48 3413 685 206.4 15.9 1.53 0.27

rCF bef. Card. 51 7.41 0.25 3143 773 186.2 20.8 1.57 0.37

These values are extracted from 51 tensile tests performed using the protocol detailed
in Section 2.2. at a gauge length of 25 mm. These values enabled us to classify these recycled
carbon fibers as low-SM-type fibers [24]. The modulus and stress values were calculated
under the assumption of a circular fiber cross-section.

2.1. Web Manufacturing with a Carding Machine

For carding, individualize the staple fibers provided in entangled pocket, called tuft,
by successive passes between toothed cylinders (Figure 1). The relative orientation of
the faced cylinders permits the opening and transmission of the fibers from the feeder to
the doffer and transforms the fiber in a low-inter-fiber-cohesion web. The fibers in the
manufactured web are distributed randomly on the web surface. However, a preferred
orientation for card manufacturing is reported for the nonwoven rCF needle punch [6].

Figure 1. Carding machine schema.

To manufacture the web, rCF reclaimed from the steam thermolysis process are used
alongside 60 mm long crimped thermoplastic polypropylene fibers at different ratios as
shown in Figure 2. Polypropylene fibers are widely used in the textile industry due to its
low-cost and processability, frequently used as a matrix in thermoplastic composites.
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Figure 2. Carded web with a mix of PP and rCF.

In this study, four webs are manufactured with only changing the rCF/PP blend’s ratio
with, respectively, 50/50%, 70/30%, 85/15%, and finally 100/0%. Other carding parameters
such as feeding density and production speed are kept constant. The physical (diameter)
and mechanical tensile properties of individual fibers extracted from each manufactured
web are then identified.

2.2. Characterization Method and Data Extraction
2.2.1. Fiber Preparation and Testing

The tensile test for individual carbon fibers is performed using NF ISO 11566 stan-
dard [25], which is specific to single carbon fibers. After individualization, a single fiber
is fixed to a cardboard frame using cyanoacrylate glue. The cardboard frame is mounted
on an INSTRON MTS tensile tester (Norwood, MA, USA) mounted with a 10 N load cell,
and the sides of the frame are cut to ensure that the load applied by the tensile tester is
transmitted only to the fiber. The test speed is set at 2 mm/min and the gauge length is
set to 25 mm. Cardboard frames were cut on a laser cutting machine to avoid errors in
the initial length of the fibers. Doing so helps to reduce errors due to misalignment of the
fiber on the cardboard frame, which can introduce measurement errors at shorter gauge
lengths [26]. The compliance values were not considered for study [27–29].

The NF ISO 11566 standard recommends twenty measurements per fiber type. How-
ever, the inherent fragility of carbon fibers makes preparing the test difficult, potentially
leading to measuring errors. Furthermore, a minimum number of tensile tests must be car-
ried out to obtain robust data and representative results for a batch of fibers. For 50 tensile
tests on carbon fiber, the Weibull modulus could vary by +/−1 [30]. Beyond 80 tests, there
is no significant difference in this Weibull modulus value [18], so a balance must be struck
between the time spent on the test preparation and the accuracy of the value.

Considering the number of webs and the preparation time for tensile test at fiber scale,
it was considered necessary to carry out a more thorough test procedure of at least sixty
tests to ensure more sufficient and reliable data.

2.2.2. Diameter Measurements and Circularity Assumption

For each tensile sample, diameter measurements are taken at five points along the
fiber using an OLYMPUS DSX1000 microscope (Waltham, MA, USA, Figure 3, right). A
circular cross-section is assumed for the carbon fibers, as it is supposed that non-circularity
is not significant for the carbon fiber [26].
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Figure 3. Cross-section of rCF before carding (left), diameter measurement of rCF before tensile
testing (right).

To support this assumption, cross-sectional measurements were performed using a
microtome (Figure 3, left). The wool is added during the sample preparation step for
cross-section measurements to improve the visualization of the carbon fibers. As carbon
fibers are black and do not allow light to pass through, the wool provides contrast, making
the fibers easier to observe. The circularity coefficient, calculated from the cross-sectional
area and perimeter, reflects how close the fibers are to being perfectly circular, with a value
closer to 1 indicating greater circularity [31]. This relationship is defined in Equation (1):

Circularity =
4 ∗ π ∗ Area
Perimeter2 (1)

Measurements of the recycled carbon fibers (rCF) before carding, carried out with
ImageJ (version 1.54f), gave a circularity coefficient of 0.956 ± 0.014 across 11 samples,
confirming that the fibers are highly circular prior to carding.

2.2.3. Data Extraction and Analysis

Post-processing on the collected raw data, including apparent diameter, load and
displacement, is performed using a Python script. The start of fiber loading is determined by
identifying the second inflection point on stress–elongation curve. This eliminates the foot
of the curve and ensures that all curves have the same starting point for comparison. The
fiber gauge length is corrected with identified slack distance on the recorded displacement.
The stress and elongation at break are determined for each test and collected for each fiber
batch, per the design of the experiments. The tensile modulus is calculated between 0.1%
and 0.6% of elongation [25] using a regression on the linear part of the stress/strain curve
in order to avoid introducing errors due to data resolution.

These data can be used to conduct a classical comparative statistical study using mean
and standard deviation for each of tensile characteristics mentioned (tensile modulus, stress
and elongation at break). Additionally, it enables the carrying out of Weibull statistical

239



Materials 2025, 18, 302

modeling, suitable for the brittle behavior of fibers. Comparing Weibull parameters pro-
vides information about the variability of data distribution [17,20,30,32] and enables us to
differentiate between the different batches of fibers from the webs produced. This informa-
tion on the disparity in the fiber properties cannot be estimated based on the average values
and standard deviations of the tensile characteristics. This provides a better understanding
of how the crimped thermoplastic fibers can affect the tensile properties of the recycled
carbon fiber during the carding process.

2.3. Statistical Analysis Using Weibull Distribution
2.3.1. Introduction and Model

The elastic–brittle behavior of carbon fiber can be depicted by the Weibull’s statistic,
which assumes that carbon fiber is an assembly of links. Tensile failure of the fiber occurs
when the weakest link in the assembly breaks [16]. Although the Weibull distribution, used
widely in carbon fiber mechanical analysis, is not an intrinsic characteristic of carbon fiber,
it is a statistical model applied to assess the strength variability in carbon fiber composites
which can facilitate the prediction of failure probabilities under varying stress conditions.
The cumulative distribution function (CDF) is used to represent the probability of failure P
at a given value of σ, the applied stress on the fiber following Equation (2), also known as
the 3-parameter Weibull CDF:

P(σ) = 1 − e−( σ−σu
σ0

)
m

(2)

The 3-parameter Weibull model uses the following key parameters: σ0—scale pa-
rameter (indicating the average lifetime under stress at which 63.2% of fiber are broken),
m—shape of the distribution, or Weibull modulus (measuring the variability, the spread
or scatter of fiber strength), σu— location parameter (reflecting the threshold for fiber
failure initiation; below this value, the failure probability is null) and σ— applied stress.
A Simpler form of the Weibull CDF is also considered to simulate the brittle fracture of
fiber by setting the location parameter σu in Equation (2) to zero, known as 2-parameter
Weibull CDF. The location parameter in the 3-parameter Weibull distribution represents a
threshold stress below which failures are unlikely to occur, enhancing the model’s accuracy,
particularly when data exhibit an initial delay in failure observations. Studies on natural
fibers [20,21] have demonstrated differences between the two- and three-parameter Weibull
models in predicting strength, elongation at break, and tensile modulus, depending on the
gauge length.

According to the different manufactured webs, these statistical models are compared
with each other, but also with recycled carbon fiber tensile data before carding.

2.3.2. Model Fitting on Experimental Data

One of the statistical methods used to fit a distribution to experimental data is Max-
imum Likelihood Estimation (MLE). It is the maximization of a likelihood function that
quantifies the probability of the observed data under a particular statistical model. In
the case of the 3-parameter Weibull distribution, MLE is used to determine the shape m,
scale σ0, and location σu parameters, which are the most likely to produce the observed
dataset [33]. Nketiah [34] reported the reliability of MLE in comparison with the Least
Squares method. The likelihood function is expressed in Equation (3) with a set of points
x1, x2, . . . , xn.

L(m, σ0, σu; xi) = ∏n
i=1(

m
σ0

(
xi − σu

σ0

)m−1
e−(

xi−σu
σ0

)m
) (3)

240



Materials 2025, 18, 302

Once each parameter in the Weibull distribution is determined with MLE, the next
step involves the computation of the Hessian Matrix [34]. This square matrix contains the
second derivatives of the log-likelihood function and is essential for establishing confidence
intervals for the estimated parameters. By taking the inverse of the Hessian Matrix, the
covariance matrix is obtained. This matrix contains the variances of the parameters along
the diagonal and the covariances of the parameters off the diagonal. The size of the
covariance matrix corresponds to the number of parameters.

For instance, in case of a 2-parameter Weibull model fitted on experimental data, the
covariance matrix would take the following form, given in Equation (4).

[
Var(m) Cov(m, σ0)

Cov(m, σ0) Var(σ0)

]
(4)

By using this 2 × 2 matrix and taking the square root of the variance of m and σ0, it is
possible to determine the standard errors of each parameter at a certain confidence interval
and be able to explain the difference between the different Weibull moduli calculated for
each batch of fibers before carding or extracted from webs manufactured by carding. This
method was used to fit experimental tensile data for carbon fibers [19] and also natural
fibers [21] with the Weibull model.

2.3.3. Fitting Performance Assessment

To compare statistical distributions, one non-parametric statistical method is the
Kolmogorov–Smirnoff (K-S) test. This test assesses the fit between a sample of data and
a reference distribution by measuring the maximum distance between their respective
cumulative distribution functions [19,21]. A higher relative value indicates a divergence
between the distribution tested and the experimental data. On the other hand, a lower value
suggests a higher degree of similarity between the data and the computed distribution.
In addition, the p-value can be used to assess the significance of the model in relation to
the data. A p-value greater than 0.05 indicates compatibility between the data and the
proposed distribution. With these two metrics, it is possible to determine whether the
Weibull distribution is a good fit for the experimental data. Additionally, to determine
the statistical model best suited to the theoretical data, the Sum Square Error (SSE) can be
calculated. This metric aims to achieve convergence by minimizing the sum of the squares
of the differences between the observed and predicted values. The higher the value, the
greater the disparity between the theoretical and actual values. The K-S test was conducted
using a 2-parameter Weibull distribution model to analyze the static strength and fatigue
life of T300 carbon fiber [35]. Similarly, Rao et al. applied the K-S test to evaluate the
strength probability distribution of virgin carbon fibers, modeled with a two-parameter
Weibull CDF [36].

The K-S test and the SSE values will be used simultaneously to determine the best
model based on the data and the rCF ratios in the web.

3. Results

3.1. Weibull Model Selection

The tensile properties of recycled carbon fibers are experimentally identified, as de-
scribed in Section 2.2, and the data are fitted to two Weibull models, the two-parameter
model and the three-parameter model. The parameters estimated by MLE are then com-
pared with the actual distribution using the K-S test. Figure 4 gives an example of the K-S
test p-values calculated on recycled fibers before carding, for the three tensile parameters
under study, and for the Weibull distributions with two and three parameters.

241



Materials 2025, 18, 302

Figure 4. Weibull model evaluation for rCF before carding.

For fibers before carding, the highest K-S test p-value for tensile modulus, stress at
break, and elongation at break corresponds to the two-parameter Weibull model. The
p-values, which reflect the fit between the theoretical and experimental models, measured
for the two-parameter Weibull model, are higher than for the three-parameter model for
rCF before carding. The fitting between theoretical and experimental values gave a p-value
for stress at break and elongation at break of 0.988 and 0.992, respectively, for the two-
parameter distribution, which suggests a high degree of fit with the experimental model,
with the value being close to 1. For the tensile modulus, the value of the p-value is lower, at
0.737, but still slightly higher than the one obtained with the three-parameter model for
fibers before carding, also suggesting a reasonable fit.

Table A1 (in Appendix A) gives the different values computed with Weibull with two
and three parameters for the different rCF/PP blend ratios. Using the K-S test value, the
K-S test p-value, and SSE calculations to choose the best model, it was decided that the
two-parameter Weibull distribution be used.

Having these values, for generalization purposes and to avoid overfitting for each
of the cases, the two-parameter Weibull (Equation (1), with σu = 0) model was used
throughout this study. Additionally, it is worth noting that the choice of the two-parameter
Weibull model offers a balance between model complexity and goodness of fit, enhancing
the interpretability and robustness of the analysis.

3.2. Tensile Properties

Before each tensile strength test, the fiber diameter is measured using an OLYMPUS
DSX1000 optical microscope. The diameters of the recycled carbon fibers measured for
each batch (Table 1) showed similar variability to virgin carbon fibers, with CV% ranging
from 3.37 to 6.11% [30]. After carding, the average diameter of the fibers decreases very
slightly, while the standard deviation increases. However, all values remain within the
standard deviations of one another, indicating a limited impact of the carding process
on fiber diameter. Additionally, it was observed that the transverse section shape of the
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fibers was not modified by the carding process and remains circular. Figure 5 provides
further insights into the variability of fiber properties depending on the fiber ratio. The
dispersion observed in these tests highlights significant variability, supported by the
standard deviations reported in Table 1.

Figure 5. Stress-at-break boxplots for different blending ratios.

The coefficient of variation (CV%) for the tensile modulus is approximately 11%,
while for stress and strain at break, it reaches 23%. This level of dispersion is typical for
single-fiber tensile tests and underscores the necessity of employing statistical models,
particularly probabilistic approaches, to characterize the behavior of these fibers at failure.
The variability shown in Table 1 for tensile modulus, stress, and elongation at break
highlights the need to use probabilistic models to better analyze and understand the
dispersion in these mechanical properties. For the 50–50% ratio, a sample size of 25 tests
was retained following post-processing of the tensile data. This number was confirmed to
be sufficient through complementary statistical analyses. Levene’s test for homogeneity of
variance [37] (p = 0.7144) indicated no significant differences in variance across all batches,
and a cumulative mean analysis demonstrated that 25 tests were sufficient to achieve result
stability, ensuring the sample size reliably represented the fiber properties.

3.2.1. Stress at Break

From the values in Table 1, the average stress at break for each batch of fiber showed
no significant change in terms of standard deviations. Before carding, the average stress
at break of the rCF was 3143 ± 773 MPa. All the stress-at-break values after carding,
regardless of the proportion of polypropylene fiber in the blend, are within this standard
deviation value.

In order to determine the differences in distributions of the stress at break according
to the PP fiber ratio, these values are also studied using a Weibull modulus from the
two-parameter model in Figure 6.
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Figure 6. Weibull two-parameter probability plot—stress at break.

The MLE technique is used to obtain a mean value and a standard deviation on the
calculated Weibull modulus values. It can already be noted that the number of tests has
a significant impact on the standard deviation of the Weibull modulus. In fact, for the
50–50 blend, whose dataset contains 20 fewer usable trials than the 100% rCF batch, the
standard deviation rises from 0.59 to 0.92 (Table 2).

Table 2. Two-parameter Weibull modulus values of stress at break for each fiber ratio.

Data Points
Two-Parameter Weibull

Modulus
Kol. Smirn.

Mean Std. p-Value

100% rCF 45 4.99 0.59 0.89
15–85% rCF 49 5.26 0.59 0.99
30–70% rCF 47 6.29 0.71 0.99
50–50% rCF 25 5.90 0.92 0.99

rCF bef. carding 51 4.48 0.47 0.99

The p-values provided in Table 2, particularly those close to 1, indicate a good fit of the
experimental data to the Weibull model, apart from the 100% rCF batch where the p-value
is slightly lower at 0.89, suggesting a slightly less consistent fitting for this set.

The Weibull modulus values increase with the carding process (100% rCF) compared
with fibers recycled before carding (Figure 6), indicating a reduced spread in stress at break
data. In relation to the average values and Weibull moduli for each of the fibers extracted
from the webs, it can be observed that on the criterion of stress at break, carding has no
significantly damaging impact on the carbon fibers.

The slight increase in (m, σ0) can be attributed to the selection of fibers with a length
longer than 30 mm for the test. Carding eliminates the weakest fibers, which are broken
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during the process. This reduces the probability of these weak fibers being collected
during the tensile test. Otherwise, weak fibers present in the initial batch of fibers prior
to carding might be selected and included in the tensile test, leading to lower measured
strength values.

Adding the crimped PP fiber leads to decreased data scattering regarding the stress at
break with a higher Weibull’s scale parameter (σ0). This effect varies with the PP ratio. The
highest impact is noted around 30% for a PP–fiber ratio (from 4.99 to 6.29). This leads to
larger increases in the scale parameter in comparison with raw rCF before carding, which
can be attributed to advantage gained in regards to the elimination of weak fibers, which
drafts the distribution to a higher scale parameter. Further, it can be supposed that the
crimped PP fiber (with higher inter-fiber entanglement) induces a higher pull-out force
exerted to individualize a fiber from a fiber tuft.

3.2.2. Tensile Modulus

To avoid variations in stress due to the resolution of the force sensor, the tensile
modulus is calculated by linear regression in the deformation range between 0.1 and 0.6%,
in accordance with standard NF ISO 11566. The average tensile modulus of recycled fibers
calculated before carding is equal to 186.2 ± 20.8 GPa (Table 1) which places them at the
lower end of the range compared with standard modulus (SM) virgin carbon fiber [24].

After carding (Table 1) the tensile modulus of rCFs extracted from webs increases, first
comparatively to the tensile modulus of rCF before carding, also and in relation to the ratio
of PP in webs. This modulus reaches 206.4 GPa for the fibers extracted from the webs with
a ratio of 50–50.

In parallel with the increase in the tensile modulus values for carded fibers compared
to fibers before carding, a corresponding increase in the Weibull modulus on the tensile
modulus value is observed (Figure 7 and Table 3). For the 50–50 ratio, with the lower
p-value, the higher standard deviation on the Weibull modulus can be explained with the
lower number of experimental data points.

Table 3. Two-parameter Weibull modulus values of tensile modulus for each fiber ratio.

Data Points
Two-Parameter Weibull

Modulus
Kol. Smirn.

Mean Std. p-Value

100% rCF 45 16.33 1.84 0.83
15–85% rCF 49 17.85 1.89 0.82
30–70% rCF 47 17.67 1.99 0.84
50–50% rCF 25 14.40 2.18 0.76

rCF bef. carding 51 10.99 1.18 0.74

The heatmap shown in Figure 8 can be used to describe the relationships between two
variables by calculating the Pearson coefficient. An absolute value close to one indicates a
strong linear correlation between two variables. The “Fiber_pct” variable corresponding to
the fiber content in the web shows a strong and positive correlation (0.89) with the value of
the Weibull modulus in the tensile modulus, denoted “Point Estimate” in Figure 8.

This indicates a homogenization of the tensile modulus values with carding, on the
one hand, but also with the increase in the PP ratio in the web where the tested fibers
are extracted. The Weibull modulus values reach a peak for blends 70–30% and 85–15%,
suggesting an optimum value of PP ratio in the webs produced.
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Figure 7. Weibull two-parameter probability plot—tensile modulus.

Figure 8. Heatmap for Weibull modulus on the tensile modulus.

This increase in tensile modulus values is highlighted by scientific studies describing
the phenomenon of the stiffening of the carbon fibers either during the tensile test with
the increase in deformation [38] or during cyclic tensile tests where a slight increase in the
tensile modulus of the fibers was observed due to a realignment of the graphite crystal
microstructure along the fiber axis [39]. In the fiber extraction process using the carding
machine, mechanisms of fiber rupture can occur. When a carding tooth catches a fiber loop,
as shown in Figure 9, if the fiber is trapped at both ends within the fiber tuft, it breaks.

246



Materials 2025, 18, 302

Figure 9. Fiber pull-out from tuft during carding.

Also, if the force applied to extract the fiber exceeds its resistance, the fiber will also
break. The extracted fiber is subjected to successive tensile forces, which can either cause
it to break or to be extracted from a tuft of fibers. Linked to the observation made by
Bunsell et al. [39] on cyclic tensile tests for carbon fibers, this mechanism within the carding
machine provides the beginnings of an explanation for the increase in tensile modulus
values and stiffening, but also for the homogenization of values resulting in an increase in
Weibull modulus values.

3.2.3. Elongation at Break

To complete this investigation, a study of elongation at break values was also carried
out. Before carding, the average elongation at break value of the rCF was 1.57 ± 0.37%
(Table 1).

Since carbon fiber is a rigid fiber, the trends shown for stress at break also apply to
elongation at break. The average values of strain at break of carded rCF, regardless of the
level of PP fiber in the blend, remain stable and within the standard deviation of fibers
recycled before carding (Table 1).

The Weibull modulus values (Table 4 and Figure 10) show the same trend as that seen
for the stress-at-break values. A slight increase in Weibull modulus values was observed
with carding and the addition of PP fiber to the blend. For instance, the modulus increased
from 4.79 for non-carded fibers to 6.94 for carded carbon fibers in a 50–50 mix, reflecting a
homogenization of values as a result of carding and the elimination of weak fibers.

Table 4. Two-parameter Weibull modulus values of elongation at break for each fiber ratio.

Data Points
Two-Parameter Weibull

Modulus
Kol. Smirn.

Mean Std. p-Value

100% rCF 45 5.24 0.62 0.99
15–85% rCF 49 5.87 0.64 0.43
30–70% rCF 47 6.36 0.69 0.96
50–50% rCF 25 6.94 1.10 0.96

rCF bef. carding 51 4.79 0.52 0.99
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Figure 10. Weibull two-parameter probability plot—elongation at break.

The p-values in Table 4. further confirm the good fit of the Weibull two-parameter
model to the experimental data, except for the 15–85 rCF blend, where the p-value is
noticeably lower. This deviation suggests that the two-parameter Weibull model may not
fully capture the distribution of elongation-at-break data for this specific blend. While
no definitive explanation is available for this anomaly, it is worth noting that when a
three-parameter Weibull model is applied (Table A1), the p-value for the 15–85 rCF blend
remains similarly low.

4. Discussion

The influence of the proportion of thermoplastic polypropylene (PP) fibers on the
mechanical properties of recycled carded carbon fibers (rCF) was investigated using a
statistical Weibull approach. The comparison between two-parameter and three-parameter
Weibull models highlights the better fitting of the two-parameter Weibull model for de-
scribing the tensile properties of rCF before carding, leading to its use for the study. Four
different web compositions were prepared with varying rCF/PP blend ratios (100/0%,
85/15%, 70/30%, and 50/50%). The experimental results lead to the following conclusions:

• Impact of the proportion of PP fibers on mechanical properties:
The addition of crimped PP fibers influences the mechanical properties of rCF. Regard-
ing stress at break, the presence of PP fibers decreases the disparity among fibers and
shifts the stress distribution to higher values. This improvement is attributed to the
removal of the weakest fibers during the blending process. For the tensile modulus,
the inclusion of PP fibers further amplifies the slight increases observed after carding
alone, particularly in blends with 85/15% and 70/30% rCF/PP ratios. The addition of
PP fibers ensures a more consistent distribution of tensile modulus values, as reflected
by the increased Weibull modulus. In contrast, elongation at break values remain
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stable across all PP blend ratios, with minor improvements in uniformity, as shown by
slight increases in the Weibull modulus.

• Impact of the carding process on mechanical properties:
Carding improves the mechanical consistency of rCF, particularly in webs composed
of 100% rCF. The process leads to a slight increase in tensile modulus values for fibers
extracted from these webs, indicating improved alignment and structural uniformity.
Carding increased the Weilbull modulus values of stress at break, tensile modulus,
and elongation at break across all rCF/PP blends. Moreover, carding facilitates the
intimate integration of PP fibers with rCF, creating hybrid blends.

Overall, the study demonstrates the potential of carding rCF in conjunction with
PP to produce carded webs. A major innovation of this work lies in the integration of a
mechanical and statistical approach to evaluate the effects of carding and PP fiber blending.
The application of the Weibull statistical model provided insights into the mechanical
behavior of rCF. However, the limitations of the Weibull model in exploring mechanical
variations have been acknowledged. An upcoming publication will investigate alternative
statistical models, including normal, lognormal, and three-parameter Weibull distributions.

Future research will also focus on studying the impact of varying carding parameters
on fiber quality and mechanical performance.

In conclusion, the incorporation of thermoplastic fibers in the production of hybrid
composites leads to modifications in the mechanical properties of recycled carbon fibers.
This impact can be effectively analyzed through a combination of processing techniques
and statistical analysis, as demonstrated in this study. Furthermore, the proposed approach
can be extended to other carding parameters and textile processing techniques, providing
deeper insights into the mechanical properties and ensuring greater consistency in the
processing of recycled carbon fibers.
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Appendix A

Table A1. K-S test and SSE parameter values for 2 and 3-parameter Weibull model for each rCF/PP ratio.

Two-Parameter Weibull Three-Parameter Weibull

rCF
Ratio Tensile Modulus Stress at Break Elongation at Break Tensile Modulus Stress at Break Elongation at Break

SSE KS p-Val SSE KS p-Val SSE KS p-Val SSE KS p-Val SSE KS p-Val SSE KS p-Val

50–50 2.31 ×
10−4

1.28 ×
10−1

7.56 ×
10−1

5.23 ×
10−9

6.76 ×
10−2

9.99 ×
10−1

9.45 ×
10−1

9.64 ×
10−2

9.57 ×
10−1

1.40 ×
10−4

8.56 ×
10−2

9.85 ×
10−1

5.06 ×
10−9

6.80 ×
10−2

9.99 ×
10−1

9.11 ×
10−1

9.67 ×
10−2

9.56 ×
10−1

30–70 7.90 ×
10−5

8.64 ×
10−2

8.44 ×
10−1

3.18 ×
10−8

5.38 ×
10−2

9.98 ×
10−1

4.85 ×
10−1

7.12 ×
10−2

9.57 ×
10−1

8.68 ×
10−5

7.75 ×
10−2

9.19 ×
10−1

3.18 ×
10−8

6.09 ×
10−2

9.90 ×
10−1

5.32 ×
10−1

6.91 ×
10−1

9.67 ×
10−1

85–15 4.22 ×
10−4

8.69 ×
10−2

8.22 ×
10−1

2.42 ×
10−8

5.71 ×
10−2

9.94 ×
10−1

1.49 ×
100

1.22 ×
10−1

4.27 ×
10−1

3.48 ×
10−4

8.28 ×
10−2

8.62 ×
10−1

4.21 ×
10−4

8.69 ×
10−2

8.22 ×
10−1

1.48 ×
100

1.16 ×
10−1

4.80 ×
10−1

100 2.43 ×
10−7

9.01 ×
10−1

8.26 ×
10−1

3.63 ×
10−8

8.32 ×
10−2

8.88 ×
10−1

9.79 ×
10−2

6.36 ×
10−2

9.87 ×
10−1

1.94 ×
10−4

7.87 ×
10−2

9.22 ×
10−1

3.65 ×
10−8

8.19 ×
10−2

8.98 ×
10−1

1.03 ×
10−1

7.03 ×
10−2

9.68 ×
10−1

rCf b. c. 4.63 ×
10−5

9.27 ×
10−2

7.37 ×
10−1

3.90 ×
10−8

5.97 ×
10−2

9.88 ×
10−1

1.30 ×
10−1

5.74 ×
10−2

9.92 ×
10−1

4.61 ×
10−5

9.28 ×
10−2

7.29 ×
10−1

4.43 ×
10−8

7.05 ×
10−2

9.46 ×
10−1

2.25 ×
10−1

7.87 ×
10−1

8.86 ×
10−1
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Abstract: This work investigates the influence of crystallinity on the mechanical properties
of needle-punched non-woven flax/polylactic acid (PLA) biocomposites with different
flax fiber contents. Biocomposites were fabricated by a compression molding adopting
different cooling rates to understand the mechanism of crystallinity and their contribution
to the mechanical properties. Image-based analysis of the fiber distribution in non-woven
preform indicates the probable origins of the residual porosities and the potential nucleation
sites for crystal formation within the composites. The improvement of 25% and 100% in
flexural modulus is observed for the composites with 40% and 50% of flax fiber mass
fractions, respectively, when subjected to a lower cooling rate, which implies the significant
influence of the void content on the brittleness of composites. The impact properties of
the composites decrease from 11% to 18% according to the flax fiber mass fraction when
the cooling rate decreases to 1 ◦C/min, and the composites become more brittle. The
induced impact and flexural properties of the composites are compared with those of other
composites in the literature to emphasize their applicability to semi-structural applications.

Keywords: flax fiber; polylactic acid (PLA); crystallinity; flexural properties; process cycle
time; thermal degradation

1. Introduction

Flax fibers as composite reinforcement are of great interest owing to their reasonable
cost, low density, and high specific mechanical properties, and they are a promising re-
placement for glass fibers in composite materials. In many industrial parts, however, the
applicability of flax fiber thermoplastic composites is limited to semi-structural applica-
tions or non-structural applications. These composites are manufactured using woven
or non-woven (oriented or random) fabrics and mats. Although woven reinforcements
are of great interest owing to high mechanical performance and drapability, their cost is
also relatively higher than their counterparts, i.e., non-wovens. The non-woven fabric
reinforcements are becoming popular in the automotive industry for semi-structural or
non-structural components since the product cost becomes lower than that of woven fabric
parts, which is one of the key driving factors in the automotive sector. Moreover, these
non-woven fabrics are easy to handle and provide greater formability. Additionally, the

Polymers 2025, 17, 493 https://doi.org/10.3390/polym17040493
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non-wovens with random fiber arrangement provide quasi-isotropic behavior, unlike ori-
ented reinforcements [1], which can be tailored according to the required loading direction
and the application. Furthermore, these random non-woven composites exhibit mechanical
performance higher than the injection-molded composites [2] and can be molded into large
complex shapes without drapability issues.

Most thermoplastic flax composites adopt polyolefins matrices [3–7]. Using thermo-
plastics such as polylactic acid (PLA) or other bio-based thermoplastics can be interesting,
owing to their easier end-of-life treatment [3,5,8]. Several studies have investigated the
feasibility of flax/PLA composites in the past two decades [9–18]. Most of these studies
employed injection or compression molding to manufacture flax/PLA composites. The
limitation of injection molding is that one cannot achieve high fiber volume fractions (Vf),
whereas, with compression molding, high fiber volume fractions such as over 30% can
easily be achieved. Furthermore, the fiber length can be much shorter in the case of injection
molded composites leading to low mechanical performance.

Compression molding is one of the main manufacturing processes used to produce
woven and non-woven polymeric composite parts. Compression molding of composites
can be sub-categorized into several manufacturing routes depending on the state of rein-
forcements. In the case of prepregs, the process is simple and straightforward: the prepregs
are cut to the mold shape and consolidated under pressure and heat [19]. In the case
of film stacking, the influence of through-thickness permeability comes into play, which
significantly affects the impregnation quality [20,21]. A higher processing temperature can
be imposed to avoid poor impregnation issues and achieve composite parts with low void
content. Temperatures higher than 200 ◦C are not advised for flax fibers, however, because
they may lead to the thermal degradation of flax fibers [7]. Another solution is using
commingled fabrics since they reduce the resin flow path and process cycle time, which is
a prerequisite for high production volume manufacturing. Commingled fabrics can also be
transformed into tapes, which can be used in laser-assisted tape placement for manufactur-
ing complex-shaped parts [22,23] or can be directly used for other manufacturing processes
such as pultrusion [24–26] and additive manufacturing [27]. Commingled fabrics can be in
the form of fabrics with hybrid yarns or needle-punched non-wovens. In the case of hybrid
yarns, thermoplastic and natural fiber yarns are twisted to maintain the form and facilitate
weaving, but this leads to poor impregnation and low mechanical performance. As the
natural fiber yarns are twisted, the resin penetration can be difficult, leading to high void
content. This arrangement also leads to a significant drop in the mechanical properties of
the composites [28–31].

Polylactic acid (PLA) is a semi-crystalline polymer whose properties are highly sen-
sitive to the cooling rate imposed during composite processing. Rapid cooling results
in reduced crystallinity by limiting the time available for crystal growth at nucleation
sites, such as flax fiber surfaces, whereas slower cooling promotes crystallization, allowing
for the development of more ordered crystal structures [32,33]. Although rapid cooling
is often favored to decrease production time, it can detriment mechanical properties if
crystallization is insufficient. This relationship between cooling rate and mechanical perfor-
mance has been well characterized for glass fiber-reinforced composites [34], yet remains
underexplored for flax fiber-reinforced PLA composites.

The relationship between the degree of crystallinity and flax fiber content in PLA
composites has been sparsely studied [33,35]. While several investigations in the literature
have detailed the crystallization behavior of PLA in the presence of natural fibers [36–38],
the scope of this current work is specifically limited to flax fibers at high mass fractions.
Xia et al. [33] demonstrated that increasing flax fiber content enhances the transcrystallinity
of the PLA matrix, attributing this to the nucleating effect of the fibers. Similarly, Aliotta
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et al. [35] reported that a higher fiber content leads to increased PLA crystallinity, which
improves the mechanical properties of the resulting composites. Furthermore, Bayart
et al. [32] improved the crystallization and interfacial adhesion of flax/PLA composites by
incorporating titanium dioxide. However, these studies lack comprehensive analyses of the
interplay between the crystallization kinetics and the mechanical performance of flax/PLA
composites. This study aims to bridge these gaps by systematically investigating the
contribution of crystallization kinetics to the mechanical properties of non-woven flax/PLA
composites with high fiber mass fractions (Mf > 30%). The research involves characterizing
the mechanical and thermal properties of the composites and comparing the results with
those in the existing literature. Furthermore, the crystallization kinetics are modeled using
analytical approaches. The non-woven composites are fabricated under consistent thermal
processing conditions to ensure reproducibility, and their microstructures are examined
to establish correlations between the process cycle, crystallinity, and resultant mechanical
properties. This comprehensive approach provides a deeper understanding of how thermal
processing affects the structural integrity and applicability of flax/PLA biocomposites in
semi-structural applications.

2. Materials and Methods

2.1. Reinforcement and Matrix Materials

In this study, needle-punched non-wovens were prepared using commercial PLA
filaments from Max model, France, and flax fibers from Procotex SA, Mouscron, Belgium.
The preparation steps of dry-laid fabrics are shown in Figure 1. These fibers were delivered
in an opening Laroche system using two Laroche feeding rooms. The fibers were opened
and weighed to provide an excellent blend with the expected mixture rate to a carding
system. The fibers were laid down on a conveying belt and superposed to be fed to the
opening system. The feeding system was composed of one pin cylinder that nibbled
two layers of fibers and fed a constant and open fiber blend. The fibers were then fed
to a carding machine (Excelle Andritz, Graz, Austria) composed of a pre-working unit
with three carding groups, a main cylinder with five carding cylinders, and two doffers.
The veils coming from these cards were then cross-lapped to form non-woven mats that
were bonded through needle punching. The target areal weight of the fabrics was set
to 175 g/m2 with a nominal thickness of 1.8 mm. Three different configurations were
manufactured in this study with varying flax mass fractions. The following nomenclature
was adopted for non-wovens and their composites: F-XX, where F denotes flax and XX
refers to the mass fraction of flax fibers. The actual areal weight of the fabric was measured
by weighing at least three large fabric samples with dimensions of 500 × 500 mm2. The
variation in the areal weights could be caused by the variability in the carding process
of both fibers. Furthermore, to investigate the spatial distribution of flax and PLA fibers
within the non-woven, the optical measurements of fiber distribution were carried out
according to the method suggested by Cosson [39]. This approach provides the information
about the distribution of fibers and the fiber orientations within the fabric, which can then
be used to predict the degree of anisotropy of the composite properties.

Figure 1. Schematic representation of the carding process.

254



Polymers 2025, 17, 493

2.2. Fabrication of Composite Laminates

In this study, the composite laminates were manufactured using the compression mold-
ing technique. The non-woven fabrics were cut to the mold dimensions, i.e., 250 × 150 mm2,
and were stored in a conditioning room (23 ◦C and RH 50%) for at least 24 h and were not
dried before the manufacturing. Owing to the varied areal weight of fabrics (see Table 1),
the number of layers in each composite plate was not maintained constant. Nevertheless,
the total weight of the stack was maintained constant for each plate. The weight of the stack
was calculated based on the fiber densities of flax and PLA mentioned in Section 2.1. The
cavity height of the mold was 2 mm. The non-woven fabrics were stacked and transferred
onto a preheated hydraulic press (PEI, Charlon sur Saône, France). For rapid cooling, the
mold was immediately transferred to another hydraulic press (Douloets, Soustons, France)
maintained at 23 ◦C. All the composites were demolded when the mold temperature
reached about 40 ◦C. The adopted consolidation cycle is shown in Figure 2. In this study,
a stepped consolidation cycle was selected based on the recommendations of a previous
study [7,40]. A stepped consolidation cycle is advantageous for two reasons: since the
preform is compacted sequentially, the polymer flow will induce lower drag forces on
the fibers, avoiding significant movement during the consolidation step. This approach
also ensures that the entrapped air moves out easily. Furthermore, if a sudden pressure is
applied on a smaller surface area, there could be significant squeeze flow, which would
induce defective parts. At least three plates were manufactured for each composition.

Table 1. Properties of non-wovens.

Non-
Woven

Areal
Weight
(g/m2)

Thickness
(mm)

Strength (N/50 mm) Elongation (%)

MD CD MD CD

F40 161.67 ± 4.19 1.80 ± 0.045 64.0 117.9 73.0 43.5

F50 183.16 ± 0.86 1.88 ± 0.01 52.0 85.9 70.7 43.1

F60 171.67 ± 1.24 1.78 ± 0.02 41.2 63.9 72.1 44.3

Figure 2. Stepped consolidation cycle in compression molding.
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2.3. Flax Fiber Distribution

To understand the variability of the distribution of flax fibers, the optical approach
suggested by Cosson was adopted in this study [39]. The method employs a bracketing
approach that facilitates the calculation of energy received by the camera and facilitates the
calculation of the mean difference to estimate the fiber distributions [41,42]. The approach
is macroscopic and ensures faster analysis compared to microscopy or other advanced
techniques. Single-layer preforms of dimensions 250 × 150 mm2 were consolidated at
170 ◦C and rapidly cooled to ensure no crystals were formed. These single-layer composites
were placed against a light source (a 17-inch LED laptop screen) to capture the images.
These images were further processed using MATLAB to report the local variations. The
image treatment steps are described elsewhere [39].

2.4. Void Content Measurement

The density of the non-woven composites was measured using the Archimedes princi-
ple employing ethanol as the test liquid. The samples with dimensions of 20 × 20 mm2

were cut from the plates randomly to report the average values. Using the apparent density
of composites, the void volume fraction of the composite was estimated according to the
CRAG report [43]. The density of flax and PLA was assumed to be 1.5 g/cm3 [44] and
1.24 g/cm3 [40], respectively.

2.5. Thermal Characterization
2.5.1. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) was used to identify the crystallization kinetics
of the pure polymer (i.e., PLA) and flax/PLA non-wovens. The DSC test samples were
hermetically sealed in an aluminum crucible and weighed about 6–8 mg. The samples
were subjected to a sequential heating and cooling cycle. The heating rate for all the tests
was maintained constant at 5 ◦C/min. To analyze the nonisothermal crystallization, the
samples were subjected to three different cooling rates, viz., 1 ◦C/min, 5 ◦C/min, and
10 ◦C/min. On the other hand, isothermal crystallization was investigated at three different
temperatures, viz., 90 ◦C, 100 ◦C, and 120 ◦C. These temperature values were selected
based on the literature review to analyze the different crystallization behaviors of PLA [45].
The crystallinity (χ) was calculated based on the melting (ΔHm) and cold crystallization
enthalpy (ΔHcc) of the polymer using the following equation (Equation (1)).

χ =
ΔHm − ΔHcc

(1 − φ)ΔH100%PLA
× 100 (1)

where ΔH100%PLA corresponds to the complete melting enthalpy of PLA, equivalent to
93.2 J/g, and φ corresponds to the flax fiber mass fraction. Generally, the mathematical
model suggested by Avrami [46] should be used to model the crystallization kinetics of
flax/PLA composites. Avrami suggested a mathematical relation between the polymer’s
relative crystallinity (χr) and the crystallization time (t). The Avrami equation does not
apply to cases with primary and secondary crystallization. This equation only applies to
the linear part of the Avrami plot [47,48]. Owing to the nonlinearity of relative crystallinity
with time, however, a parallel Avrami model that describes both primary and secondary
crystallization was considered in this study [46]. Equation (2) describes the primary and
secondary crystallization of the polymer and is generally used for PEEK [46]

χr(t) = w1(1 − exp[−k1tn1 ]) + w2(1 − exp[−k2tn2 ]) (2)
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where χr is the relative crystallinity of the polymer at time t, w1, and w2 are weight
factors corresponding to primary and secondary crystallizations, respectively, ki=1,2 is
the crystallization rate constant, and ni=1,2 is the Avrami exponent. The weight factors
are defined as w1 + w2 = 1, indicating that in the absence of secondary crystallization,
Equation (2) will transform into the conventional Avrami equation [46]. The coefficients in
Equation (2) were identified using curve fitting in Python, Version 3.11.

The Avrami equation is applicable for isothermal conditions, and the equation in its
current form cannot be used for nonisothermal conditions. Generally, in order to reduce the
processing time, the isothermal steps are avoided. Hence, the crystallization occurs during
the nonisothermal step, i.e., the cooling step of the process cycle. In order to analyze the
nonisothermal crystallization kinetics, Ozawa [49] suggested a model for the nonisothermal
step by dividing it into infinitesimally small isothermal steps. This was further modified
by Liu et al. [49] by combining Ozawa and Avrami equations, (a.k.a. Mo’s model) and is
written as follows.

log β =
1
m

log
(

K(T)
Z

)
− n

m
logt (3)

logβ = log (F(T))− alog(T) (4)

where β is the cooling rate, n and m are Avrami and Ozawa coefficients, respectively, K(T)
is the crystallinity rate, Z is the rate constant considering both nucleation and growth.
Equation (3) can be further simplified into Equation (4), where F(T) refers to the value of
the cooling rate at a unit crystallization time at a given degree of crystallinity.

2.5.2. Thermogravimetry (TGA) Analysis

To study the thermal stability of the flax/PLA composites, thermogravimetry analysis
(TGA) was performed using a Mettler Toledo TGA/DSC1, Viroflay, France. The test samples
had a mass between 6 and 9 mg. The samples were placed in a ceramic crucible and were
heated at a constant rate of 10 ◦C/min from 25 ◦C to 500 ◦C under an inert atmosphere. At
least three samples were tested for each composition to report the average values.

2.6. Mechanical Tests
2.6.1. Flexural Test

The three-point flexural tests were performed at room temperature in a Zwick/Roell
Z030 Universal Testing Mleaachine (ZwickRoell ltd., Hertfordshire, UK) fitted with a 30
kN static load cell. The flexural properties (flexural strength and modulus) of compression-
molded materials were retrieved according to sample dimensions and support span set
respecting the British standard BS EN ISO 178:2003 [50]. Samples were loaded under
displacement control at 5 mm/min. Flexural strength and moduli were evaluated according
to Equations (5) and (6).

E =
L3m
4bd3 (5)

σ =
3FL
2bd2 (6)

where L is the length of the specimen, b and d are the width and thickness of the specimen,
respectively, m is the ratio between the change in force F and the change in displacement s.

2.6.2. Impact Test

The impact characteristics of composite samples were determined with a Charpy
impact pendulum device type 5102 (Zwick GmbH, Ulm, Germany) according to ISO
179-2:2020 [51], at a room temperature of 21 ◦C. Flatwise positioning of the compression-
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molded un-notched samples was adopted, and a strike energy of 1 Joule was used to test
five specimens (80 mm × 10 mm) for each composite type at a bearing distance of 48 mm.

3. Results and Discussion

3.1. Properties of Flax/PLA Non-Wovens

This section presents the properties of non-wovens, such as the areal weight, thickness,
and tensile strength (see Table 1). As mentioned in Section 2.1, the target areal weight of
the fabrics has been set to 175 g/m2. However, deviations occurred due to the intrinsic
variability of the carding process, which can lead to non-uniform distribution of flax and
PLA fibers. Such variability is particularly distinguished in non-woven systems, where
the fiber orientation and dispersion directly influence the mechanical performance of the
composite, which is a phenomenon previously documented in the literature [15,32,40,52].
These variations can be caused by the non-uniformity of flax, PLA, or both fibers. Using
the methodology described in Section 2.2, an initial trial with unconsolidated preform was
made, but the distribution of fibers in the thickness direction made it difficult to quantify
the variations. In Figure 3, the distribution of flax fibers is presented. The contour plot
represents the normalized fiber distribution of the flax fibers within the preform. In the
case of F40, the fibers are not well distributed, thus resulting in matrix-rich zones (indicated
by dark blue zones), whereas F60 has rather uniform distributions with relatively low
matrix-rich zones. These differences in fiber distribution can significantly affect the local
impregnation and the subsequent change of mechanical properties [40,53]. Owing to these
fiber clusters, the local rigidity of the preform during compaction can increase, leading to
low compaction ratios. This local rigidity can be demonstrated by the void volume fraction
variations within the composite plate, which will be discussed in Section 3.2.1.

Figure 3. Contour plots of fiber distributions in different flax/PLA non-wovens.
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3.1.1. Crystallization Kinetics

In order to analyze the crystallization kinetics of flax/PLA composites, as mentioned
in Section 2.5.1, Avrami and Mo’s equations were used. For the Avrami model, the relative
crystallinity of the material was calculated using Equation (7)

Xr(t) =

∫ t
0 Q(t)dt∫ t∞

0 Q(t)dt
(7)

where Q(t) is the heat flow at time t and t∞ is the total isothermal duration. The
relative crystallinity was then used to analyze the different crystallization kinetics of
flax/PLA composites.

Table 2 shows the fitting parameters for the parallel Avrami equation, as presented
in Section 2.5.2. It can be noticed that the crystallization of PLA occurs in two stages.
The primary crystallization refers to the linear part of the curve, which is induced by the
growth of crystal lamellas from nucleation sites. In contrast, secondary crystallization
is linked to the completion of spherulite formation [54]. The linear part of the Avrami
plot can be directly linked to the accelerated initial crystal growth. In works related to
the study of PEEK crystallization, it was suggested to use the linear part of the curve to
identify the Avrami exponent (n1 and n2) and use them to identify the other unknowns in
Equation (2). In this study, we adopted a universal approach, where the model was fit to the
whole curve without any presumptions concerning the Avrami exponents. Generally, the
growth and number of crystals are governed by the primary crystallization. The molecular
arrangement is more significant at this phase than at the secondary crystallization phase.
The crystals would gradually grow in local zones until the maximum extent is reached,
and the completion of this crystallization can be classified as secondary crystallization [55].
In Equation (2), the Avrami exponent n provides information concerning the nature of the
nucleation and growth process of the crystals during the cooling phase. It is generally
accepted that if the n value is close to 3, the growth of crystal structures is three dimensional,
whereas if the value is between 2 and 3, the growth is two dimensional, such as circular
lamellas. In Table 2, the n1 values indicate that the initial growth of crystals was two
dimensional. Since most nucleating sites are on the surface of flax fibers, crystals tend to
form 2D structures quickly. The n2 values indicate that the nucleation is sporadic in nature,
and the crystals grow into 2D or 1D lamellar aggregates. The addition of flax fibers to
PLA significantly improved the crystallization kinetics; however, no further improvement
in crystallinity can be noticed. It has been previously reported in the literature that a
threshold of flax content exists after which no significant improvement in crystallinity
can be observed [56]. In this study, we can notice a similar phenomenon where the
crystallization kinetics seem to be the same for all three flax/PLA non-wovens. The study
of the growth rate of spherulites or crystal lamellas can be of interest since they can affect
the local mechanical properties as well as the microstructure of the materials [32,54].

Nonisothermal crystallization kinetics (Figure 4) were modeled using the approach of
Mo’s model. This model has been identified to be more accurate than conventional Avrami
and Ozawa models in representing secondary crystallization kinetics (see Equation (4)).
F(T) is the cooling rate parameter, which can be physically described as the cooling rate
required to achieve a relative crystallinity at unit crystallization time. In other words, a
higher value of F(T) indicates that a slower cooling rate is needed to achieve crystallization.
In Table 3, the coefficients of Equation (4) are presented. The F(T) values for the composites
are much smaller than those of the pure PLA matrix, indicating that the crystallization
process is faster for a given cooling rate. This is expected since fibers act as nucleating sites
and increase the crystallization rate, as observed in the case of isothermal crystallization.
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Table 2. Parameters for isothermal crystallization model.

Non-Woven Temperature (◦C) w1 k1 (10−7 s−1) n1 w2 k2(10−7 s−1) n2

F40

80 0.65 1.083 2.182 0.344 2.179 1.369

100 0.63 1.285 2.311 0.363 2.415 1.457

120 0.62 1.251 2.314 0.372 3.343 1.413

F50

80 0.64 0.961 2.19 0.353 2.496 1.346

100 0.62 1.284 2.307 0.371 3.071 1.414

120 0.62 1.253 2.311 0.376 3.975 1.382

F60

80 0.64 0.965 2.195 0.353 2.336 1.357

100 0.62 1.272 2.311 0.371 2.702 1.437

120 0.62 1.264 2.312 0.378 3.801 1.389

Figure 4. Nonisothermal crystallization kinetics of flax/PLA non-woven composites.

Table 3. Coefficients of Mo’s model.

F40 F50 F60 PLA

χ (%) F (T) a F (T) a F (T) a F (T) a

20 1.042 0.46 0.9328 0.3723 1.01 0.3618 1.409 0.4873

40 1.138 0.448 1.289 0.444 1.395 0.4704 1.526 0.4794

60 1.193 0.4419 1.348 0.44 1.47 0.4969 1.606 0.4765

80 1.242 0.4395 1.393 0.4303 1.54 0.4835 1.681 0.4814

3.1.2. Thermal Degradation Analysis

Figure 5 illustrates the thermograms from thermogravimetric analysis (TGA) of var-
ious flax/PLA composites, including pure flax and pure PLA for comparative analysis.

260



Polymers 2025, 17, 493

These thermograms reveal distinct thermal degradation patterns, showing that the majority
of mass loss occurs around 300 ◦C for all specimens, indicative of thermal decomposition
stages for both the flax and PLA components. Initial degradation begins at approximately
220 ◦C, aligning with the known thermal instability of flax fibers at elevated tempera-
tures [7]. As flax fiber mass fraction increases, the thermal stability of the composites
improves slightly, attributed to the higher residual char content, which acts as a thermal
barrier, slowing down further decomposition. The initial mass reduction below 100 ◦C
is likely due to the evaporation of inherent moisture within the specimens, which is a
common characteristic in natural fibers. The mass loss observed between 100 ◦C and
200 ◦C can be linked to the decomposition of organic compounds such as pectin, lignin,
and waxes within the flax fibers, contributing to a gradual weight decrease in the flax and
its composites [57]. This breakdown of organic matter occurs prior to the onset of main
degradation, which involves the degradation of the PLA matrix and further breakdown
of cellulose. Interestingly, the thermal responses of F50 and F60 composites are nearly
identical, implying two possible scenarios: a non-uniform distribution of flax and PLA in
the preform or a threshold beyond which additional flax integration no longer improves
the thermal stability significantly. Higher flax fiber mass fraction may provide enhanced
stability by increasing the amount of char, which acts as an insulating layer, slowing the
rate of thermal degradation in the composite. Additionally, the increased char residue at
high flax mass fractions could imply a protective effect, further enhancing the thermal
stability and integrity of the composite materials during prolonged thermal exposure.
These findings emphasize the role of flax mass fraction in improving composite perfor-
mance under heat, which is crucial for applications where thermal endurance is required at
elevated temperatures.

Figure 5. Thermal behavior of flax/PLA composites.

3.2. Mechanical Properties of Flax/PLA Composites
3.2.1. Void Volume Fraction and Crystallinity of Composites

In Figure 6, the void volume fraction and crystallinity of flax/PLA composites are
presented, highlighting critical structural characteristics influenced by the flax fiber mass
fraction within the preforms. As hypothesized in Section 3.1, the void volume fraction
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increases as the flax fiber mass fraction increases. This rise in void volume fraction can be
attributed to two primary factors: the spatial distribution of flax fibers and the mechanical
behavior of the preform under compaction. Firstly, the non-uniform distribution of fibers
within the composite can lead to local agglomerations of flax fibers, forming a more
tortuous path for the PLA melt to penetrate and fully impregnate the reinforcement. This
phenomenon not only hinders uniform PLA distribution but also creates micro-regions
within the composite where resin infiltration is incomplete, leading to air entrapment.
Secondly, the accumulation of fiber clusters increases the local rigidity of the preform,
which restricts compaction and can result in uneven density across the composite. This
variability in compaction can further contribute to the development of discrete compaction
zones, with varying degrees of fiber packing and air retention. The void volume fraction in
these composites can be classified into two primary categories: air-entrapment voids and
fiber–matrix interfacial voids. Air-entrapment voids are primarily due to the incomplete
displacement of air pockets during the impregnation phase. Meanwhile, voids at the
fiber–matrix interface arise due to insufficient bonding between flax fibers and PLA. These
interfacial voids can significantly influence the composite’s mechanical properties, as
they weaken the stress transfer between the fibers and the polymer matrix, reducing
the overall structural integrity [58]. Additionally, the degree of crystallinity of PLA is
sensitive to flax fiber mass fraction and distribution. A higher flax fiber mass fraction can
increase the number of nucleation sites for the crystallization of the PLA matrix, potentially
enhancing its thermal stability and stiffness. An excess of voids due to poor impregnation
and interfacial gaps may disrupt the crystallinity, however, as air pockets interrupt the
molecular alignment needed for uniform crystallite formation.

Figure 6. Residual void content and crystallinity of flax/PLA composites.

3.2.2. Flexural Properties

In this study, flexural tests were carried out using a three-point bending method as
shown in Figure 7. The influence of cooling rate on the flexural properties of flax/PLA
composites can be observed in Figure 8. F40 and F50 composites exhibited a trend that was
well reported in the literature [34] (see Figure 8). With an increase in the cooling rates, the
F40 and F50 composites showed a drop in flexural modulus, which is coherent with the
cooling rate and degree of crystallinity. Conversely, the trend for the other F60 flax/PLA
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composites was different. This can be caused by the lack of impregnation and increased
void volume fraction, as stated in Section 2.2. It can thus be inferred that the distribution
of PLA and flax fibers in the non-woven fabric was non-uniform, leading to fiber-rich
and matrix zones. However, it has been observed that the flexural moduli obtained in the
current study are slightly higher than the values reported in the literature [59,60].

Figure 7. Experimental setups for mechanical characterization: flexural tests (left) and impact
tests (right).

Figure 8. Flexural properties of flax/PLA composites subjected to different cooling rates.

It is difficult to find a global trend in the flexural strength against the cooling rate. We
can also see that the flexural strength of F60 is significantly greater than that of F40. It can
be hypothesized that this difference can be linked to the flax fiber mass fraction. With the
increase in the flax fiber mass fraction, the reinforcing effect of flax fibers becomes greater.
At the same time, the probability of available nucleating zones increases significantly,
enabling easier crystallization of PLA and resulting in a higher degree of crystallization.
For F60 composites, the flexural strength increases with a decrease in the cooling rate (from
10 to 5 ◦C/min), indicating the transition of the properties of composites into a relatively
brittle behavior. A similar trend can also be noticed for F50 composites. In the case of F40
composites, a drop in the flexural strength was noticed with a decrease in the crystallinity.

To evaluate the performance of flax/PLA composites, their specific flexural modulus
and strength are compared with those of commercial short glass fiber thermoplastic com-
posites designed for semi-structural applications [61]. In our work, flax/PLA composites
with a 40% fiber mass fraction exhibit average specific flexural modulus and strength of
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4.11 GPa/g/cm3 and 55 MPa/g/cm3, respectively. These values are comparable to the
specific flexural modulus and strength of short glass fiber composites (30% fiber mass
volume fraction), which are 3.5 GPa/g/cm3 and 100 MPa/g/cm3, respectively. Although
the flexural strength of flax/PLA composites is lower, it is expected that increasing the flax
fiber mass fraction can reduce this difference. When F60 composites are analyzed, they
demonstrate superior average specific flexural modulus and strength of 6.03 GPa/g/cm3

and 100.45 MPa/g/cm3, respectively. This implies that composites manufactured under
optimal process conditions and material configurations can offer a promising alternative to
short glass fiber composites for such applications.

3.2.3. Impact Properties

In Figure 9, the results of the impact resistance of flax/PLA composites under varying
cooling rates reveal significant differences, highlighting the influence of the cooling rate
on the material brittleness. As the cooling rate decreases and crystallinity increases, the
composites exhibit a more brittle behavior, leading to reduced impact resistance, which is
a phenomenon well reported in the literature [9,62]. Specifically, the impact resistance of
F40 composites decreased by approximately 11% under a slow cooling rate of 1 ◦C/min,
while F60 composites exhibited a more pronounced reduction of 18% at the same cooling
rate. Interestingly, F50 composites showed minimal variation in impact resistance across
different cooling rates, implying that the fiber and matrix distribution may play a stabilizing
role in this configuration.

Figure 9. Impact properties of flax/PLA composites subjected to different cooling rates.

Bax and Mussig reported 11.13 kJ/m2 impact strength for random flax/PLA compos-
ites with 30% of fiber mass fraction, whereas Foruzanmehr et al. [63] reported an impact
strength of 18 kJ/m2 for UD flax/PLA composites with 34% of fiber mass fraction. Com-
pared to the results in the literature [64], the current composites exhibit better impact
properties, and the distribution of flax fibers is likely to have a substantial influence on the
composite’s toughness. Higher flax mass fraction can increase the formation of fiber-rich
zones, which may lead to uneven crystallization and localized brittleness, reducing impact
performance. Furthermore, the differences in void volume fraction have a critical influence
on the impact resistance. Composites with high void volume fraction are less capable of
withstanding impact loads due to insufficient energy absorption and accelerated crack prop-
agation. The voids, especially those at the fiber–matrix interface, act as stress concentrators,
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which weaken the material and lead to faster fracture under impact [10]. Thus, the cooling
rate and fiber distribution both play crucial roles in determining the impact properties
of flax/PLA composites. A slower cooling rate generally promotes higher crystallinity,
which can compromise impact resistance by increasing brittleness, even if it is beneficial to
improve the stiffness.

4. Conclusions

This study systematically investigated the crystallization kinetics and mechanical
properties of flax/PLA non-woven composites under different thermal processing condi-
tions. The composites were fabricated using a dry layup and needle-punching approach,
achieving flax fiber mass fractions up to 60%. The results showed that a 40% flax fiber
mass fraction led to a 25% improvement in flexural modulus, while a 50% flax fiber mass
fraction increased it by 100% under slow cooling conditions. Impact properties, however,
decreased by approximately 11% for composites subjected to a cooling rate of 1 ◦C/min,
implying increased brittleness. Void content analysis indicated that higher fiber loading
led to localized matrix-rich and fiber-rich zones, influencing structural uniformity. Isother-
mal crystallization kinetics were accurately modeled using a parallel Avrami approach,
revealing non-linear growth behaviors, while non-isothermal kinetics demonstrated sig-
nificantly enhanced crystallization rates due to the nucleating effect of flax fibers, with F
(T) values for flax/PLA composites that are 20–25% lower than those of pure PLA. The
specific mechanical properties were excellent, with flexural modulus and strength reaching
up to 6.03 GPa/g/cm3 and 100.45 MPa/g/cm3, respectively, comparable to those of short
glass fiber composites with a 30% fiber mass fraction. These results suggest that flax/PLA
composites are promising for semi-structural applications, providing a sustainable alterna-
tive with enhanced lightweight performance. Furthermore, in addition to their improved
mechanical performance, it would be interesting to carry out a detailed LCA analysis to
understand the influence of process parameters on the environmental indicators.
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Abstract: In this study, we compared the physical properties of coconut fiber/polypropylene (PP)
composite materials with coconut fiber as a reinforcing agent, produced through a hybrid injection
molding process and a layered hot-pressing process. Through comparative experiments, the mechan-
ical properties of both the hybrid injection-molded and layered hot-pressed materials were validated.
The results indicated that, when using a coconut fiber content of 5%, the layered hot-pressed compos-
ite material exhibited optimal comprehensive performance. Specifically, its tensile strength reached
25.12 MPa, showing a 37.6% increase over that of pure PP materials of the same brand and batch. Its
tensile modulus was 1.17 GPa, representing an 11.4% decrease. Additionally, its bending strength
was 35.94 MPa, marking a 49.8% increase, and its bending modulus was 2.69 GPa, which is nearly
double that of pure PP materials. Furthermore, through Creo modeling and an ANSYS simulation
analysis, it was verified that this material could be applied to airbag covers in the field of automotive
safety. This study confirmed that layered hot-pressed coconut fiber/PP composite materials exhibit
superior mechanical properties to traditional materials and injection-molded composite materials,
making them more suitable for airbag covers.

Keywords: automotive safety airbags; coconut shell fiber; polypropylene composite material; stacked
compression molding

1. Introduction

With the rapid development of the automotive industry, there is an increasing de-
mand for lightweight and safe vehicles [1,2]. In this context, fiber-reinforced materials
have become indispensable in the automotive industry due to their excellent mechanical
properties and lightweight characteristics. Notably, natural plant fibers have attracted
significant attention as reinforcing materials in automotive components due to their re-
newable and environmentally friendly characteristics, [3–8]. Traditionally, synthetic fibers
such as glass fiber and aramid fiber have been widely used in automotive manufacturing.
However, these materials do have disadvantages, such as high costs, associated environ-
mental pollution, and limited raw material resources for their production and recycling. To
address these issues, researchers have begun exploring the use of natural plant fibers, such
as coconut shell fiber, as alternative materials. Coconut shell fiber is not only abundant
and cost-effective but also possesses excellent mechanical properties and thermal stability,
making it an ideal choice for reinforcing automotive interior components [9–16].

Coconut shell fiber, a type of cellulose fiber, has a multi-cellular aggregation structure
and contains a high proportion of lignin and cellulose. These components confer unique
chemical and physical properties to coconut shell fiber, including good heat resistance and
high elongation at break [17–21]. These characteristics make coconut shell fiber a highly
promising material for the reinforcement of polypropylene (PP) materials, particularly
in applications such as automotive airbag covers [22]. Despite the broad prospects of
coconut shell fiber for application in composite materials, challenges remain in terms of
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interface bonding with the PP matrix, uniform dispersion, and processing techniques
for the composites [23–30]. Traditional injection molding and emerging layer-by-layer
hot-pressing methods each have their advantages in preparing coconut shell fiber/PP
composites. This study aimed to explore the impact of different processing methods on the
physical properties of composites by comparing the two techniques and evaluating their
feasibility in the production of automotive airbag covers.

The purpose of this study was to present safer, lighter, and more cost-effective al-
ternative materials for the production of automotive airbag covers through comprehen-
sively considering their environmental friendliness, cost-effectiveness, and performance.
Through in-depth research on coconut shell fiber/PP composites, we hope to contribute to
the sustainable development of the automotive industry and promote the application of
environmentally friendly materials in a wider range of fields.

2. Materials and Methods

2.1. Primary Materials

Coconut shell fibers, either with lengths of 120–140 mm or 3–5 mm, or in powder form,
were sourced from Hainan, China. Polypropylene (PP), grade PP-BG2017F, was supplied
by Nanjing Julong Technology Co., Ltd., Nanjing, China. Different chemical reagents
were used to treat the coconut fibers: sodium hydroxide, of analytical grade, supplied by
China National Pharmaceutical Group Corporation (Beijing, China); anhydrous ethanol,
of analytical grade, supplied by China National Pharmaceutical Group Corporation; and
coupling agent KH550, of industrial grade, supplied by Shandong Jinan Guanhe Chemical
Co., Ltd., Jinan, China.

2.2. Instruments and Equipment

A stainless-steel crusher ZG-J210H (Ningbo Zhaoji Electric Appliance Co., Ltd., Ningbo,
China.) was used to cut coconut shell fibers into lengths of 3–5 mm. The treated fibers
were dried at a constant temperature in an electric blast-drying oven (101-00B, Shaoxing
Huyue Instrument Equipment Co., Ltd., Shaoxing, China.). We used a plastic injection
molding machine CJ150M3V, supplied by Dongguan Aiyufa Automation Machinery Co.,
Ltd., Dongguan, China. which was further equipped with an injection mold provided by
Kunshan Yushan Town Oubaijia Testing Instrument Business Department (Kunshan, China)
and used to manufacture the short fiber-reinforced composite samples. A hot press-molding
machine, HH-100A is provided by Huahui Hydraulic Machinery Factory in Dongguan,
China, and is equipped with a hot pressing mold provided by the Oubaijia Testing Instru-
ment Division in Yushan Town, Kunshan City, China, for the manufacture of long fiber
reinforced composite material samples. The mechanical properties of the manufactured
composite samples were measured using an electronic universal testing machine, KQL
WD7-5, from Shenzhen Kaiqiangli Experimental Instrument Co., Ltd., Shenzhen, China.
which was equipped with an extensometer to record strain during tensile tests.

2.3. Sample Preparation
2.3.1. Alkali Treatment of Coconut Shell Fiber

For the surface treatment of coconut shell fibers, we pretreated fibers with lengths
of 120–140 mm and 3–5 mm and fibers in powder form by washing away impurities and
air-drying them at room temperature. We then submerged the cleaned and dried coconut
shell fibers in a 5% concentration (mass fraction) NaOH solution for 15 h before filtering.
We thoroughly rinsed the alkali-treated coconut shell fibers with distilled water to ensure
that no NaOH residue remained before air-drying at room temperature and further drying
at a constant temperature of 90 ◦C in an electric blast-drying oven for 5 h.

2.3.2. Coupling Agent Treatment of Coconut Shell Fibers

For the preparation of the coupling agent, we placed the alkali-treated coconut shell
fiber in a 5% concentration KH550 ethanol solution, let it stand for 1 h, and then filtered it.
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We air-dried the mixture at room temperature and further dried it in an electric blast-drying
oven at a constant temperature of 90 ◦C for 5 h. The pretreatment of coconut shell fiber was
thus completed.

2.3.3. Preparation of Coconut Shell Fiber/PP Composite Material Specimens

During this experiment, we prepared two types of coconut shell fiber/PP composite
material specimens with different fiber lengths and arrangements and one specimen of
pure PP material. They may be described as follows:

1. Cross-arranged stacked hot-pressed coconut shell fiber/PP composite-material speci-
mens with lengths of 120–140 mm were processed using a hot press-molding machine
to form 1 mm thick sheets of polypropylene granules. The pretreated 120–140 mm
coconut shell fibers were then vertically interwoven. These fibers were stacked in
layers on polypropylene resin sheets in a layering ratio of 2:3 and mass ratios of
5:95, 10:90, and 15:85. The stacked layers were placed in a 4 mm mold. Hot pressing
was carried out using a flat vulcanizing machine at a temperature of 200 ◦C, a molding
pressure of 6 MPa, and a holding time of 20 min. The specimens were then allowed to
cool gradually after molding.

2. Samples of 3–5 mm mixed injection-molded coconut shell fiber/PP composite material
were prepared by uniformly mixing pretreated 3–5 mm coconut shell fibers and PP
in mass ratios of 5:95, 10:90, and 15:85. The mixture was then injected into a plastic
injection-molding machine, with a temperature of 200 ◦C, a filling time of 5 s, a cycle
time of 15.0 s, a sol time of 4.47 s, a cooling time of 16.1 s, and a shot end point at
2.1 mm. After sample preparation, the specimens were allowed to cool gradually
after molding.

3. Pure PP material specimens were prepared using the same method as that used for the
3–5 mm mixed injection-molded coconut shell fiber/PP composite material specimens.

2.4. Mechanical Properties Test
Tensile Test

The specimens of pure PP material and injection-molded composite material in this
experiment were directly molded using an injection-molding machine and mold. The tests
were conducted according to the GBT1040.1-2018 standard (for Plastics—Determination of
Tensile Properties) [31]. The dimensions of the specimen were 170 mm × 10 mm × 4 mm,
and the speed of the universal testing machine was set to 2 mm/min.

The specimens of laminated compression-molded composite material were made
using a plate-vulcanizing machine for laminated compression molding. The tests were
conducted according to the ASTM D3039-507 standard (the Standard Test Method for
Tensile Properties of Polymer Matrix Composite Materials) [32]. The dimensions of the
specimen were the same as those of the pure PP material and injection-molded composite
material specimens, set to 170 mm × 10 mm × 4 mm, with the speed of the universal
testing machine set to 2 mm/min. All the tests were carried out at room temperature
(23 ◦C ± 2 ◦C), and the humidity was controlled at 60% ± 5%.

3. Results and Discussion

3.1. The Influence of Processing and Arrangement on the Tensile and Bending Properties of
Composite Materials

The materials required for tensile and bending tests include pure PP material; mixed
injection-molded composite materials with 5%, 10%, and 15% coconut shell-fiber contents;
and stacked compression-molded composite materials with 5%, 10%, and 15% coconut
shell-fiber content. There were a total of seven sets of specimens to be tested, with five
specimens in each set. Our results were calculated using formulas based on the measured
data and dimensions of the specimens, and averages were taken.
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3.1.1. Analysis of the Tensile Properties of Composite Materials

Based on the results of the tensile tests described above, including pure PP material,
coconut shell-fiber mixed injection-molded composite materials (with 5%, 10%, and 15%
contents), and coconut shell-fiber stacked compression-molded composite materials (with
5%, 10%, and 15% contents), a total of seven sets of specimens were tested for tensile
strength and modulus. These results are plotted in Figures 1 and 2.

Figure 1. Tensile strength versus coconut shell-fiber content of injection-molded and layered hot-
pressed coconut fiber-reinforced polypropylene composites.

Figure 2. Tensile modulus versus coconut shell-fiber contents of injection-molded and layered
hot-pressed coconut fiber-reinforced polypropylene composites.

1. Tensile strength

Figure 1 shows the tensile strength of composite materials with different coconut shell-
fiber contents, which were subjected to mixed injection molding and stacked compression
molding. The x-axis represents the coconut shell-fiber content in the composite material,
and the y-axis represents the tensile strength of the material.

Both mixed injection-molded and stacked compression-molded composite materials
achieved maximum tensile strength when the coconut shell-fiber content was 5%. The
maximum tensile strength of the stacked compression-molded composite material was
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25.12 MPa, representing a 37.6% increase compared to the tensile strength of pure PP
material of the same grade and batch. The maximum tensile strength of the mixed injection-
molded composite material was 20.23 MPa, representing a 9.8% increase compared to the
tensile strength of pure PP material of the same grade and batch.

The reason for this is that, when the composite material is subjected to external forces
and undergoes deformation under tension, partial separation of the matrix materials occurs.
In this state of separation, the fibers can act as a buffer for the transfer of stress between the
PP and fibers, thereby increasing the overall strength of the material.

As the coconut shell-fiber content gradually increased, both the mixed injection-
molded and stacked compression-molded composite materials exhibited varying degrees of
decrease in their tensile strength. Concerning the stacked compression-molded composite
materials, the tensile strength of the materials with 10% and 15% coconut shell-fiber
contents decreased by 8.3% and 23.4%, respectively, relative to the maximum value. The
materials’ tensile strength at first decreased gradually before decreasing abruptly, reaching
a minimum of 19.24 MPa in the material with 15% coconut shell-fiber content, slightly
higher than that of the pure PP material. Additionally, in the mixed injection-molded
composite materials with 10% and 15% coconut shell-fiber content, the tensile strength
decreased by 5.4% and 19.1%, respectively, relative to the maximum value. The trend in
the decreasing of tensile strength decrease was similar to that of the stacked compression-
molded composite materials, transitioning from gradual to abrupt. However, their overall
decreasing trend was slower than that of the former. The tensile strength of this material
reached a minimum of 16.21 MPa in the material with 15% coconut shell-fiber content,
which is slightly lower than that of the pure PP material.

The reason for this is that, as the coconut shell-fiber content gradually increased, the
proportion of coconut shell fibers, which have a much lower density than PP, increased to
nearly 30% in the composite material. This led to the inability of the coconut shell fibers, as
a form of reinforcement, to uniformly mix into the matrix (or be uniformly interlaid in the
case of stacked compression-molded composite materials). Consequently, the individual
coconut shell fibers came into contact with each other without being bound, thus weakening
the overall strength of the material.

2. Tensile Modulus

Figure 2 depicts the tensile moduli of composite materials with different coconut shell-
fiber contents that were subjected to mixed injection molding and stacked compression
molding. The x-axis shows the coconut shell-fiber content in the composite materials, while
the y-axis shows the tensile moduli of the materials.

Both mixed injection-molded and stacked compression-molded composite materials
exhibited lower tensile moduli than that of pure PP material of the same grade and batch,
at 1.32 GPa. In the stacked compression-molded composite materials, a maximum tensile
modulus of 1.17 GPa was achieved when the coconut shell-fiber content was 5%, repre-
senting an 11.4% decrease in the tensile modulus of pure PP material. Similarly, in the
mixed injection-molded composite materials, a maximum tensile modulus of 0.97 GPa was
achieved when the coconut shell-fiber content was 5%, representing a 26.5% decrease in the
tensile modulus of PP material. The tensile modulus of both mixed injection-molded and
stacked compression-molded composite materials decreased with the increasing coconut
shell-fiber content, but this decrease was non-significant. Moreover, the tensile modulus
of the 15% mixed injection-molded composite material slightly increased compared to
that of the 10% mixed injection-molded composite material, but the overall change was
non-significant and did not exceed 5%.

The tensile modulus of the composite materials was lower than that of the pure PP
material for the following reasons. First, the high proportion of lignin in coconut shell fibers,
which can reach up to 40%, contributes to the decrease in the tensile modulus of coconut
shell-fiber composite materials because lignin has higher strength but lower toughness
than cellulose. Second, the cellulose and lignin surfaces in coconut shell fibers contain a
large number of hydroxyl groups, making them hydrophilic, while the material matrix
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of PP exhibits hydrophobicity. Although the coconut shell fibers were pretreated with
NaOH alkaline solution and coupling agent KH550 solution to significantly alleviate this
problem before composite processing, there may still be insufficient bonding between the
reinforcement and matrix materials, which could potentially affect the tensile modulus of
the composite materials.

3. Sample curves from tensile testing

Based on our data analysis of the tensile strength and modulus of the two different
composite materials with varying coconut shell-fiber contents, we determined that the
composite material with 5% coconut shell-fiber content exhibited an optimal performance.
To provide a more intuitive analysis of the tensile performance of the composite material
with 5% coconut shell-fiber content, we produced tensile curves of the two types of com-
posite materials with 5% coconut shell-fiber content and the pure PP-material specimens,
as shown in Figure 3.

Figure 3. Tensile load–displacement curves of injection-molded and layered hot-pressed 5%wt.
coconut fiber-reinforced polypropylene composites, as compared to pure polypropylene.

To provide a clear and comprehensive display of the tensile process of each material
specimen, two specimens from each of the three types of materials were selected and plotted.
This process facilitated a more intuitive comparison and analysis. Different specimens from
the same material showed consistent trends in their load–displacement curves, indicating
reproducibility within the same batch of material specimens. The differences between
specimens of the stacked compression-molded composite material and pure PP material
were relatively small, whereas the differences between specimens of the injection-molded
composite material were relatively large. We can mainly attribute this to the difficulty
we encountered in achieving homogeneous mixing during the process of blending the
short coconut shell-fiber reinforcement with the injection-molded composite material.
Consequently, it is possible for local fiber clustering and uneven distribution of fibers to
occur, leading to variations in the material properties of different specimens.

Of the three materials, the performance of the stacked compression-molded composite
material is superior. The maximum load borne by the standard specimen can reach around
1000 N, with a deformation of approximately 7.5 at the point of fracture. In comparison,
although the performance of the injection-molded composite material also represents an
improvement upon pure PP material, it is still inferior to the stacked compression-molded
composite material.

In conclusion, among the seven different materials tested, the stacked compression-
molded composite material with a 5% coconut fiber content exhibited the best overall
tensile performance.
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3.1.2. Analysis of the Bending Performance of Composite Materials

Based on the bending-test results mentioned above, including pure PP material,
coconut-fiber mixed injection-molded composite materials (with 5%, 10%, and 15% content),
and coconut-fiber laminated compression-molded composite materials (with 5%, 10%, and
15% content), a total of seven groups of tested materials were used to plot bending strength
and bending modulus, as shown in Figures 4 and 5.

Figure 4. Bending strength versus coconut shell-fiber content of injection-molded and layered
hot-pressed coconut fiber-reinforced polypropylene composites.

Figure 5. Bending modulus versus coconut shell-fiber content of injection-molded and layered
hot-pressed coconut fiber-reinforced polypropylene composites.

1. Bending strength

Figure 4 illustrates the bending strength of composite materials with different coconut
fiber contents that were subjected to injection molding and laminate compression molding.
The x-axis represents the coconut fiber content in the composite material, while the y-axis
represents the bending strength of the material.
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Both injection-molded and laminate compression-molded composite materials exhib-
ited their maximum bending strength when a coconut fiber content of 5% was present. The
maximum bending strength of laminate compression-molded composite materials was
35.94 MPa, representing a 49.8% increase compared to that of pure PP material of the same
brand and batch. On the other hand, the maximum bending strength of injection-molded
composite materials was 27.03 MPa, showing a 12.6% increase compared to that of pure PP
material of the same brand and batch.

When the coconut fiber content exceeded 5%, both injection-molded and laminate
compression-molded composite materials experienced a gradual decrease in bending
strength. For laminate compression-molded composite materials, the bending strength
decreased by 19.1% and 35.4%, respectively, in materials with 10% and 15% coconut fiber
contents, relative to the maximum value. The overall rate of decrease was consistent, but
the magnitude of decrease was significant. When the coconut fiber content was 15%, the
bending strength reached a minimum of 23.22 MPa, which is slightly lower than that of the
pure PP material. Additionally, in injection-molded composite materials with 10% and 15%
coconut fiber contents, the bending strength decreased by 7.1% and 17.6%, respectively,
relative to the maximum value. Bending strength decreased in a similar manner to the
laminate compression-molded composite materials, but the overall decreasing trend was
relatively gentle. The material with a coconut fiber content of 15% had a minimum bending
strength of 22.26 MPa, which is slightly lower than that of the pure PP material and laminate
compression-molded composite materials with the same coconut fiber content.

The significant increase in the bending strength of laminate compression-molded com-
posite materials compared to pure PP material can mainly be attributed to the composite
process, within which the coconut fiber reinforcement and PP matrix are compressed under
a high temperature and pressure. Additionally, coconut fibers undergo alkali treatment
and coupling agent treatment, which removes impurities such as pectin from the surface.
The bonding mechanism involves the hydrolysis of alkoxy groups in the silane coupling
agent to form trihydroxy silane, in which the hydroxyl groups react with the -OH groups
in coconut fibers to form a stable structure [33]. Moreover, the organic functional groups
(-NH2) on the coupling agent react with PP to form a covalently bonded cross-linked
structure, significantly enhancing the interfacial bonding between the fiber and PP material.
This enhancement leads to improved bending strength in laminate compression-molded
composite materials. This principle may be demonstrated as follows:

The ethoxy (-OEt) groups in KH550 hydrolyze to generate silanol (Si-OH) in the
presence of water:

(CH3CH2O)3Si(CH2)3NH2 + 3H2O → (HO)3Si(CH2)3NH2 + 3CH3CH2OH (1)

After hydrolysis, the silanol groups can further condense to form a siloxane net-
work, which reacts with the hydroxyl (-OH) groups on the fiber surface to form a strong
chemical bond:

(HO)3Si(CH2)3NH2 + Fiber-OH → Fiber-O-Si(CH2)3NH2 + 3H2O (2)

The amino (-NH2) groups of KH550 can react with some active groups (such as
carbonyl or carboxyl groups) on the surface of the polypropylene matrix to further enhance
the bonding between the fiber and the matrix:

PP-COOH + NH2-(CH2)3Si-O-Fiber → PP-CONH-(CH2)3Si-O-Fiber + H2O (3)

2. Bending modulus

The graph shown in Figure 5 represents the bending modulus of composite materials
with different coconut fiber contents subjected to both injection-molding and laminated
compression-molding processes. The horizontal axis represents the coconut fiber content
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in the composite material, while the vertical axis represents the bending modulus of
the material.

Both the bending modulus of the injection-molded and laminated compression-
molded composite materials reached their maximum values when the coconut fiber content
was 5%. The maximum bending modulus of the laminated compression-molded composite
material was 2.69 GPa, nearly double that of the pure PP material of the same brand and
batch. For the injection-molded composite material, the maximum bending modulus was
1.75 GPa, representing a 29.6% increase compared to that of the pure PP material of the
same brand and batch.

When the coconut fiber content exceeded 5%, both the injection-molded and laminated
compression-molded composite materials experienced varying degrees of decrease in their
bending modulus as the coconut fiber content gradually increased. Specifically, for the
laminated compression-molded composite material, the bending modulus in materials
with 10% and 15% coconut fiber contents decreased by 21.9% and 43.1%, respectively,
relative to the maximum value. The overall rate of decrease in bending modulus was
similar, but the magnitude of this decrease was larger. When the coconut fiber content was
15%, the bending modulus reached its lowest point, at 1.53 GPa, which is slightly higher
than that of the pure PP material. Additionally, for injection-molded composite materials
with 10% and 15% coconut fiber contents, the bending modulus decreased by 13.1% and
30.9%, respectively, compared to the maximum value. The decreasing trend in bending
moduli was similar to that of the laminated compression-molded composite material, but
the overall rate of decrease was slower. The bending modulus of this material reached its
lowest point, 1.21 GPa, when the coconut fiber content was 15%; this is slightly lower than
that of the pure PP material and laminated compression-molded composite material with
the same coconut fiber content.

After the coconut fiber content exceeded 5%, the decrease in the bending moduli of
the composite materials with greater coconut fiber contents could be attributed to the same
factors causing a decrease in bending strength. Therefore, further elaboration on this point
is unnecessary.

3. Bending test curves of specimens

Based on the analysis of the data above and considering the bending strength and
modulus of elasticity of the two different composite materials with varying coconut fiber
contents, it can be concluded that the composite material with 5% coconut fiber content
exhibited the best performance. In order to provide a clearer and more intuitive analysis
of the bending performance of the composite material with 5% coconut fiber content,
Figure 6 shows bending curves of the two composite materials with 5% coconut fiber
content alongside the curve of the pure PP material.

Figure 6. Schematic diagram of partial spline-bending curve.
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The graph presented in Figure 6 depicts the load–displacement curves obtained
during bending tests of selected samples of pure PP material, the laminated compression-
molded composite material with 5% coconut fiber content, and the mixed injection-molded
composite material with 5% coconut fiber content. In order to comprehensively illustrate
the bending of each material sample and provide a more intuitive comparative analysis,
two samples of each of the three tested materials were selected and plotted on the graph.

In conclusion, among the seven tested material groups, the laminated compression-
molded composite material with 5% coconut fiber content exhibited the best overall
bending performance.

3.2. Scanning Electron Microscopy (SEM) Cross-Section Characterization Analysis

In order to effectively observe and visually demonstrate formation of a composite by
the coconut fiber reinforcement and the PP matrix, we selected tensile specimens of the
laminated compression-molded and injection-molded composite materials with the optimal
5% coconut fiber content (which performed best in the tensile and bending tests) for cross-
section slicing. As the bending specimens reached a preset deflection during testing but did
not fracture, only tensile specimens were selected. We conducted a physical performance-
oriented empirical analysis via a scanning electron microscopy (SEM) scanning analysis
and by taking photographs for characterization.

3.2.1. SEM Characterization Analysis of the Tensile Fracture Surface of Laminated
Compression-Molded Composite Materials with 5% Coconut Fiber Content

Figure 7 shows partial SEM images of the tensile fracture surface of the laminated
compression-molded composite material with 5% coconut fiber content. The bright colum-
nar structures in the image represent exposed coconut fibers on the fracture surface of
the composite material, while the areas with lower brightness and surface irregularities
correspond to the PP material matrix on the fracture surface of the composite material.

Figure 7. SEM characterization of tensile sections of laminated hot-pressed composites with 5%
coconut fiber content, where images (a–d) represent different tensile sections.

278



J. Compos. Sci. 2024, 8, 328

The coconut fiber reinforcement bonded tightly to the matrix material, with no signs
of intact fibers being pulled out. Additionally, no significant voids could be observed
between the fibers and the matrix. However, in the images shown in Figure 7a,c,d, some
minor voids are visible between the fibers and the matrix material. This phenomenon may
be attributed to the fibers continuing to carry the mechanical load even after the matrix
material fractured under tension. As the fibers remained engaged in supporting the load,
the applied force may have caused partial separation between the fibers and the matrix
near the fracture surface.

3.2.2. SEM Characterization Analysis of the Tensile Fracture Surface of Injection-Molded
Composite Materials with 5% Coconut Fiber Content

Figure 8 shows partial SEM images of the tensile fracture surface of injection-molded
composite materials with 5% coconut fiber content. The cylindrical and filamentous
structures visible in the images are the coconut fibers exposed on the fracture surface of the
composite material, while the remaining uneven surfaces feature the polypropylene (PP)
matrix of the composite material.

Figure 8. SEM characterization of tensile sections of mixed injection-molded composites with 5%
coconut fiber content, where images (a–d) represent different tensile sections.

Partial coconut fibers inside the injection-molded composite materials did not fracture
but were fully pulled when the ultimate load was applied during tension. In Figure 8a,
the fracture surface of the coconut fiber appears smooth and regular, indicating that it is
not a fracture generated by the tensile stress but, rather, a smooth cut produced during
fiber processing.

The coconut fibers were distributed unevenly within the matrix, as shown in Figure 8d.
In the same region, the number of fibers varies from 1 to 5, indicating uneven distribu-
tion. This uneven distribution of fibers leads to the increased instability of the composite
material. The primary reason for this uneven distribution is the light weight and large
volume of coconut fibers, thus making it challenging to thoroughly mix them during the
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blending process. Consequently, this uneven distribution can have a certain impact on the
performance of the injection-molded composite material.

The coconut fibers, acting as reinforcement, exhibited a relatively loose bonding with
the matrix material, as evidenced by the frequent occurrence of fibers being pulled out
intact, as seen in Figure 7a,c. Additionally, clear signs of separation between the fibers and
the matrix can be observed in Figure 8b. The primary reason for this phenomenon is that
the weaker bonding force between the short coconut fibers and the matrix makes them
more prone to being pulled out intact, thereby affecting the overall performance of the
injection-molded composite material. In the SEM characterization analysis, this manifested
as the fibers being pulled out intact and a separation between the fibers and the matrix.
Conversely, in the compression-molded composite material, the long fibers had a larger
total contact area with the matrix. Taking into account the same binding force per unit
contact area (due to frictional force and chemical bonding, among other factors), the total
binding force was greater, resulting in a better performance.

The 3–5 mm short fibers in the injection-molded composite material have various
advantages over the long fibers in the compression-molded composite material. The
advantage of short fibers, serving as reinforcement in the injection-molded composite
material, lies in their homogeneity, which results in isotropic properties [34]. On the other
hand, although the compression-molded composite material is heterogeneous and exhibits
anisotropic behavior, its performance is superior within a single plane, making it more
suitable for sheet-like components (e.g., test specimens). Therefore, this compression-
molded composite material is more suitable for the production of panel components of
airbag covers.

4. Finite-Element Analysis

In the current international automotive market, the cover panel of an airbag is typically
integrated with its base, as shown in Figure 9. In actual use, the cover panel is secured
to the car dashboard through slots on the base, ensuring that the airbag can be quickly
deployed through the weakened slots on the cover panel. To verify the feasibility of using
cross-laminated compression-molded coconut fiber/PP composite materials for the cover
panels of airbags for automotive safety, this study utilized Creo for model creation and the
finite-element software ANSYS for simulation and validation.

Figure 9. Panel of an airbag cover (backside).

4.1. Airbag Cover Panel Modeling

The types of weakening grooves commonly found in airbag cover panels in currently
available domestic and international car models include the H-type, U-type, and double
Y-type. Among them, the H-type is easy to process and has shown stable performance,
making it the most universal. Therefore, we selected an H-type weakening groove airbag
cover panel from a Haima automobile, and its actual dimensional data are shown in Table 1.

Based on the dimensions of the H-type weakened groove airbag cover panel, a three-
dimensional model was established, as shown in Figure 10, in which two layers of meshed
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coconut fiber were uniformly embedded in the cover panel. One layer was interrupted due
to the H-type weakened groove, while the other layer remained intact.

Table 1. Size of the selected airbag cover panel.

Length of
over Panel

The Width of the
Cover Panel

The Length of
the Airbag

Compartment

The Width of
the Airbag

Compartment

The Height of
the Highest
Point of the

Airbag
Compartment

The Height of
the Lowest Point

of the Airbag
Compartment

The Thickness of
the Airbag

Cover Panel

0.02 mm 158.46 mm 210.02 mm 112.08 mm 65.39 mm 45.93 mm 4 mm

Figure 10. Model of a laminated hot-pressed composite airbag cover panel.

As shown in Figure 10, the model consists of two layers: one of coconut fiber mesh
and the other the main body of the cover panel. The diameter of the mesh fibers ranges
from 0.3 to 0.5 mm, and the fibers are stacked and distributed to form the mesh struc-
ture. The mesh is evenly distributed within the cover panel, making full contact with the
matrix material.

4.2. Simplified Airbag Cover Model

The airbag cover panel is made of laminated compression-molded composite material,
and its specific structure is shown in Figure 10. However, due to factors such as the
thickness, mechanical strength, and pre-forming condition of the fibrous network, it cannot
be quantified as precisely as conventionally cast parts. Moreover, there are numerous
contacts between the fibrous network and the matrix, meaning there are high demands in
terms of computational resources for finite-element analysis. Therefore, in order to simplify
the model of the cover panel’s fibrous network layer, the mesh layer model was simplified
to a single thin plate [35]. The mechanical properties and stacking direction of the fibers
in the mesh were defined using Hypermesh and ANSYS simulation analysis to obtain
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the final results. The resulting simplified model of the cover panel assembly is shown in
Figure 11.

Figure 11. Simplified model of a laminated hot-pressed composite airbag cover.

4.3. The Selection of Material Models and Element Types

In this study, we utilized cross-laminated hot-pressed coconut fiber/PP composite
materials, which generally exhibit anisotropic behavior. However, for the purpose of finite
element modeling in ANSYS, the composite was simplified by defining each material as a
separate component, assuming isotropic properties for each component [36]. This common
simplification in finite-element modeling makes computational analysis more manageable,
while still providing useful insights. Defining different materials as separate components,
we may acknowledge the distinct mechanical properties of the coconut fiber and PP matrix,
which influence the overall behavior of the composite. Consequently, data for the 5%
coconut fiber material from Table 2 and data for the pure PP material were individually
imported into ANSYS for analysis, allowing for an accurate reflection of the properties of
each component and leading to more reliable simulation results.

Table 2. Experimental data of composite materials.

Tensile
Strength/MPa

Tensile
Modulus/GPa

Bending
Strength/MPa

Bending
Modulus/GPa

Pure PP material 18.25 1.32 24 1.35
5% Stacked

Compression Molding 25.12 1.17 35.94 2.69

In this study, to select the element type, we utilized the SOLID186 element to define
and simulate the performance of the airbag cover panel. SOLID186 is a high-order 3D
20-node solid element, which is defined by 20 nodes, each with three translational degrees
of freedom in the x, y, and z directions. SOLID186 exhibits arbitrary spatial anisotropy
and supports hyperelasticity, plasticity, stress stiffening, creep, large strain, and large
deformation [37]. Therefore, the SOLID186 element is well-suited to this study.
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4.4. Mesh Partitioning

Solid mesh partitioning is typically carried out in one of two ways: mapped mesh
partitioning and free mesh partitioning. Compared to mapped mesh partitioning, free
mesh partitioning is more widely applicable, as it imposes fewer restrictions on element
shapes and features, thus offering greater flexibility and convenience. However, free mesh
partitioning requires more extensive hardware. Considering the relatively simple nature of
our research model, we chose free mesh partitioning. The mesh partitioning of the model
is shown in Figure 12.

Figure 12. Grid partitioning.

4.5. Setting Up Contact, Constraints, and Applying Loads

When a car airbag is activated, the detonation impact force is approximately 1764 N,
resulting in a pressure of about 70 kPa [38]. In actual conditions, the deployment of the
airbag is initiated when it receives signals from sensors, which ignite the explosive device,
and then fill the airbag inside the cover plate. Subsequently, the pressure gradually increases
on the inner wall of the cover plate until it reaches a critical point [39]. At this point, the
cover plate ruptures along the weakening groove, releasing the pressure from the airbag.
This entire process occurs within a very short span of time; therefore, we can consider the
application of the uniform load to the inner wall of the cover plate to be instantaneous. As
the cover plate is a single entity and its base is fixed to the car dashboard, fixed constraints
can be added to various locations on the airbag base, as shown in Figure 13.

Figure 13. Load and constraints of the model.

4.6. Resolution and Analysis

Once the model’s contact, loads, and constraints were set up, the model was solved
to obtain the deformation plot and stress contour of the cross-laminated compression-
molded coconut fiber/PP composite car airbag cover at the moment of ignition, as shown
in Figures 14 and 15.
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Figure 14. Schematic diagram of model deformation.

Figure 15. Cloud map of modeled stress.

From Figures 14 and 15, it can be observed that, at the moment of airbag deployment,
the stress on the airbag cover is primarily concentrated on the H-shaped weakening
groove. This is mainly because the weakening groove is positioned at a relatively weak
spot and located at the center of the cover. Among the weakening grooves, the stress is
predominantly borne by the central long groove, while the stresses on the shorter grooves
on both sides are relatively smaller. Therefore, it can be concluded that, upon airbag
deployment, the airbag cover starts to fracture from the central long groove, gradually
tearing towards the shorter grooves on both sides until the airbag is fully deployed. Thus, it
can be concluded that the studied cross-laminated compression-molded coconut fiber/PP
composite material is suitable for application in automotive airbag covers.

5. Conclusions

This study compared the physical properties of coconut shell fiber/polypropylene (PP)
composites prepared using different processes, showing that layered hot-pressed materials
demonstrated the best comprehensive performance when the coconut fiber content was
5%. In particular, these materials showed enhanced tensile and flexural strength and an
almost-doubled flexural modulus. Even with a 15% fiber content, while the tensile strength
and modulus decreased, layered hot-pressed materials still outperformed mixed injection-
molded materials in terms of mechanical properties. Creo modeling and ANSYS simulation
confirmed the potential of this composite for use in automotive airbag covers. This material
is lightweight, safe, and cost-effective, and is a great example of an eco-friendly material
to be used in the automotive industry which can, therefore, contribute to sustainable
development. Future research will focus on optimizing the parameters of its processing to
enhance its market competitiveness and potential applications.
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Abstract: This study focuses on an equivalent model of Polyvinyl Butyral (PVB) laminated
glass to simulate the Head Injury Criterion (HIC) when a pedestrian collides with a TRAM.
To simulate the collision behavior that occurs when a pedestrian’s head collides with PVB
laminated glass, a comparison was made between the results of the widely used PLC
model for PVB laminated glass modeling and an actual dynamic head impact test. The
material properties of the tempered glass and PVB film used in the PLC and equivalent
models were obtained via four-point bending tests and tensile tests, respectively. The
proposed equivalent model is developed by assigning the thickness, material properties,
and positional information of each layer in the multilayer PLC model to the integration
points of the shell element. The results of the equivalent analysis model were found to
accurately simulate the collision behavior when compared with the results of both the
dynamic head impact test and the PLC model. Moreover, the analysis cost improved to
approximately 15% of that of the traditional PLC model.

Keywords: head injury criterion; equivalent model; PVB laminated glass; numerical
analysis; dynamic head impact test

1. Introduction

The TRAM is a type of rail vehicle, consisting of either individual railcars or self-
propelled trains coupled into multiple units that run on tramway tracks on public roads.
There is an increasing trend in the introduction of trams, driven by the growing demand
for eco-friendly energy. Unlike conventional rail vehicles that run on designated railroads,
trams operate on public roads, raising significant safety concerns not only for the vehicle
itself but also for the objects it may collide with, particularly pedestrians [1–6]. Additionally,
due to the vertically designed windshield shape [7,8], the collision behavior between a tram
and a pedestrian shows a different pattern compared to that of a typical automobile and
pedestrian collision. Therefore, the design of the windshield for trams requires a unique
impact analysis model specifically for tram windshields, rather than relying on the collision
behavior models of conventional rail vehicles or automobiles.

The front glasses of most automobiles, including trams, are primarily composed
of Polyvinyl Butyral (PVB) laminated glass [9–12]. This material combines tempered
glass with a PVB film to achieve the high strength of tempered glass while the PVB film
prevents glass fragments from scattering during collisions. Due to these characteristics,
PVB laminated glass not only ensures sufficient strength for vehicle safety but also prevents
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secondary damage caused by glass fragments during collisions. For this reason, it is widely
used in vehicle windshields. Consequently, analysis methods that consider collisions,
particularly those involving pedestrians, are well-established. For analyzing the effects
of pedestrian-vehicle collisions, dynamic head impact tests are widely utilized. These
tests simulate a pedestrian’s head using a dummy head, which is impacted against actual
vehicles or automotive glass. By analyzing pre- and post-impact velocity and acceleration,
the test evaluates the force and impulse exerted on the dummy head. This makes it an
essential consideration in designing vehicles to minimize risks in pedestrian collisions.

Henn [13] analyzed the head injury criterion (HIC), which measures the likelihood
of head injury from an impact, by comparing real crash tests using Mercedes–Benz cars.
They calculated HIC parameters with and without airbags to compare injury risks, and the
HIC became the standard by which to judge critical injury to a pedestrian’s head during a
collision. Bois et al. [14] proposed a numerical analysis to simulate the crash behaviors of
laminated safety glasses via computational analysis. They presented a laminated safety
structure consisting of glass layers modelled with shell elements and PVB interlayers
with membrane elements. In addition, they conducted spherical impact simulations and
validated their model by comparing their results with those of a single-material model.
Timmel et al. [15] modelled PVB laminated glass as a multilayer structure with solid and
shell elements, conducted ball drop analyses, and compared the results with those of
actual windshield drop tests. They also verified the consistency of the time–acceleration
graphs, which are crucial for measuring the HIC parameters, between the experiments
and analyses. Most studies model PVB laminated glass as multiple layers, considering
glass layers as shell elements and PVB layers as solid elements, and apply the respective
material properties to each layer. They predominantly verified the analysis models by
comparing the fracture patterns and HIC parameter-influencing time–acceleration graphs
resulting from the impacts of spherical rigid bodies simulating human heads against PVB
laminated glass. However, from the perspective of TRAM design, glass often does not break
upon collision with pedestrians, owing to the low operational speed of TRAMs. Therefore,
front glass designs are required to minimize pedestrian injuries in noncracking situations.
Although existing multilayer analysis models effectively simulate the acceleration values
applied to a pedestrian’s head during a collision and the occurrences of cracks in glass, they
require relatively long analysis times and high complexity in re-modeling every layer when
modifications are needed. Consequently, such models are unsuitable for applications in
the initial design step. Therefore, a new analysis model that is easier to modify, has lower
analysis costs, and does not heavily consider glass breakage is needed.

Hence, this study proposes an equivalent analysis model that simplifies the multilayer
structure of PVB laminated glass into a single-layer model. The proposed model maintains
predictive accuracy comparable to experimental results and traditional multilayer models
while dramatically reducing analysis costs to 15%, achieving approximately seven times the
efficiency. This efficiency enables the rapid generation of pedestrian collision data specific
to TRAMs, whose windshield is nearly vertical, aiding safety standard development.
Additionally, it significantly reduces time and costs during frequent design iterations in the
early design stages.

2. Experiments and Methodologies

2.1. Acquiring Material Properties of PVB Laminated Glass

The material properties of the tempered glass and PVB film were experimentally
obtained to construct an analytical model of the PVB-laminated glass. In addition, 4-point
bending tests were conducted on tempered glass to investigate the effect of the strain rate.
Experiments were conducted at three different strain rates (0.001, 0.01, and 0.1/s). Tempered
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glass cannot undergo additional post-processing because of its brittleness. Therefore, the
experimental die set was produced by scaling the ISO 11228-3 standard [16] 4-point bending
die set to fit the size of the prepared tempered glass, as shown in Figure 1. The PVB film
material properties were obtained via quasi-static and high-speed tensile tests that were
conducted at various strain rates (0.004, 1, 10, 100, 200, and 400/s) to consider the high
strain rate during impact. Figure 2 shows a schematic of the tensile test specimen, following
the ISO 573-3 standard. Quasi-static tensile tests were performed using a universal testing
machine (UTM), as shown in Figure 3a, whereas high-speed tensile tests were conducted
using a high-speed teTnsile testing machine available at the Korea Institute of Materials
Science (KIMS), as depicted in Figure 3b. The strain was measured via the 2D digital image
correlation (DIC) method. The material properties of the PVB film were obtained based on
the strain rate, and fitting was performed using the Mooney–Rivlin fitting equation.

Figure 1. Schematic of the 4-point bending test, following the scaled ISO11228-3 standard.

 
Figure 2. Schematic of a tensile test specimen for a PVB film, following the ISO573-3 standard.
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(a) (b) 

Figure 3. Experimental setup for a PVB film tensile test: (a) quasi-static strain rate; (b) high strain rate.

Figure 4 shows the results of the 4-point bending test of the tempered glass. It appears
that there is no change in the modulus with respect to the strain rate, which is attributed to
the highly brittle nature of tempered glass and results in minimal strain rate dependency.
Therefore, the material properties of the tempered glass applied in both the multilayer and
equivalent models did not consider the strain rate effect. In contrast, a significant strain rate
dependency was observed for the PVB film, which is a hyperelastic material that displays
nonlinear behavior. The Mooney–Rivlin fitting equation, which is widely used to fit the
stress–strain curves of hyperelastic materials, was used to fit the stress–strain data of the
PVB film. The Mooney–Rivlin fitting equation is given by Equation (1):

σ = 2λ
(

1 − λ−3
)(

A1λ + A2 + A3

(
λ2 + 2λ−1 − 3 + λ

(
λ−2 + 2λ − 3

))
(1)

λ = 1 + ε (stretch ratio)

A1, A2, A3 : Material constants

The material constants for each strain rate were derived by fitting the stress–strain
curve of the PVB film obtained from the tensile tests at different strain rates, as shown in
Table 1. Figure 5 presents both the raw stress–strain data from the tensile test and data fitted
using the Mooney–Rivlin equation. The fitted data were applied as material properties that
accounted for the strain–rate dependency in the numerical analysis model.

Table 1. Material constants of the Mooney–Rivlin fitting equation with respect to the strain rate.

1/s 10/s 100/s 200/s 400/s

A1 −0.295 −1.027 −4.935 −4.962 −10.984

A2 1.157 3.451 10.793 11.359 20.835

A3 0.073 0.216 0.614 0.562 1.212
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Figure 4. Punch stroke–load graph of tempered glass with respect to the strain rate.

 
Figure 5. Stress–strain curves of PVB film with raw and fitted data, obtained via the Mooney–
Rivlin equation.

2.2. Dynamic Head Impact Test

A dynamic head impact test was conducted using the free-fall method with a ball
equipped with an internal accelerometer. PVB-laminated glass measuring 1000 mm in
width, 700 mm in height, and 9.22 mm in thickness was manufactured for the experiment.
The glass was attached to 30 mm wide and 4 mm thick rubber frame packing and fixed
to a test jig using bolts. Figure 6 shows the PVB-laminated glass attached to the dynamic
head impact test jig and ball for the free-fall. The experiment was conducted for six cases,
using two different impact locations and three impact speeds. The impact locations were
the center impact condition, for which the ball was dropped on the exact center of the
PVB-laminated glass, and the side impact condition, for which the ball was shifted 325 mm
from the center along the longer direction of the glass. The impact speeds for the center
impact were set at 20, 21, and 22 km/h, and those for the side impact were 20, 22, and
24 km/h. These speeds were determined by converting the drop heights of the Dynamic
Head Impact Test equipment into equivalent velocities. The experiments were conducted
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by adjusting the drop height to control the corresponding impact speed. After the free-fall
of the ball, the accelerometer was removed from the ball, and the time-acceleration data
were extracted at the moment of impact between the ball and PVB laminated glass. Figure 7
presents the time–acceleration graphs obtained from the center impact and side impact
experiments. The detailed experimental conditions are also described in Ahn et al. [17].

 
(a) (b) 

Figure 6. Experimental settings for the dynamic head impact test: (a) test jig for the dynamic impact
test; (b) dropped ball, including the accelerometer.

  
(a) (b) 

Figure 7. Time–acceleration results from the dynamic head impact test: (a) center impact results; (b)
side impact results.

3. Numerical Model for PVB-Laminated Glass

3.1. PVB-Laminated Glass Modeling with a Nonlocal Failure Criterion

The PLC criterion, which Pyttel et al. [18] called the nonlocal criterion, is an effective
model for simulating the fracture behavior of glass caused by the impact between PVB-
laminated glass and a pedestrian’s head. Owing to its highly brittle nature, tempered
glass exhibits nonlinear fracture characteristics in which cracks propagate at a high speed
once a certain point of external impact is reached. Consequently, accurate simulations
using general fracture methods are impossible. Hence, an energy-based threshold criterion

292



Polymers 2025, 17, 25

was added to the main criterion. If this criterion is not met, no fractures occur. Pyttel
et al. determined the fracture occurrence threshold based on the energy accumulation of
elements within a certain radius from the point where the initial impact occurs on the glass.
Figure 8 illustrates the initial impact point on the glass and the radius of the circle used to
calculate the energy accumulation around that point. The first impact between the ball and
tempered glass follows the major stress condition represented in Equation (2):

σf ail = max(|σ1|, |σ2|) (2)

The first impact area then becomes the center of the circle, using a predefined radius
(RC). The strain energy inside the finite region is calculated at each time step for each
element.

The strain energy for each time step (i) and each element (e) can be represented as
shown in Equation (3):

ΔEe
i =

�
σ : d

.
εdVeΔti (3)

The total strain energy in the impact area at time tn is represented by Equation (4):

Ee(tn) = ∑i=n
i=0 ΔEe

i (4)

If the accumulated strain energy in the region exceeds the critical value, then the
failure criterion in Equation (2) is activated for each element of the entire glass area. The
critical value (EC) was predefined based on the experiments:

E > Ec (5)

 
Figure 8. General parameters of the nonlocal approach.

Using the above method, a ball-drop analysis was applied to the PLC fracture model
using LS-DYNA 2021 R1 version, based on the widely used multilayer modeling method.
The model was constructed under the same experimental conditions as those used in the
dynamic head impact test. The tempered glass and PVB film layers of the PVB-laminated
glass were modeled separately and combined by applying node–node tie conditions. For
each gripping rubber, hard contact conditions were applied to the parts in contact with
the glass, using a dynamic friction coefficient of 0.2 and a static friction coefficient of
0.3, whereas the nodes on the opposite side were fixed using a fixed boundary condition.
Figure 9 shows a model of the dynamic head impact test. For the glass, a simple linear
elastic model was used based on the experimental results in Section 2.1, and mechanical
properties from the European standard DIN EN 572-1 [19] were applied. These values
included a Young’s modulus of 70 GPa, Poisson’s ratio of 0.23, and density of 2.53 kg/m3.
The material properties of the PVB film were determined by tabulating the stress–strain
curves based on the strain rate. Figure 10 shows the analytical results of the dynamic head
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impact test and the experimental results. The analytical results indicate that the acceleration
trend increases and decreases, closely following the experimental data.

(a) (b) 

Figure 9. Numerical analysis model for the dynamic head impact test: (a) overall modeling;
(b) structure of PVB-laminated glass in the direction of thickness.
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(e) (f) 

Figure 10. Analytical results of the dynamic head impact test with respect to the impact location and
speed: (a) center impact at a speed of 20 km/h; (b) center impact at 21 km/h; (c) center impact at
22 km/h; (d) side impact at 20 km/h; (e) side impact at 22 km/h; (f) side impact at 24 km/h.

3.2. Equivalent Model for PVB-Laminated Glass

A single-layer structure was modelled for the equivalent model, including the material
properties of the tempered glass and PVB film. In the proposed model, the integration
points used in the shell elements were used to simulate each layer of the multilayer model.
The location, thickness, and material properties of each integration point were controlled to
simulate the multilayer structure; therefore, it played a role similar to that of the multilayer
model. In LS-DYNA, the positions and thicknesses of each integration point should be
converted to scaled values, with the total thickness of the structure being normalized to a
range from −1 to 1. Thus, the total thickness of the PVB-laminated glass, that is, 9.22 mm,
was normalized to 1, and 0 mm was normalized to −1. Then, the center points of each
tempered glass and PVB film layer were calculated and applied. However, due to the
single-layer structure of the proposed equivalent model, it is difficult to directly apply
the failure criteria specific to the glass part in the PLC model. As a result, the equivalent
model cannot simulate glass fracture behavior. Nonetheless, dynamic head impact tests
considering TRAM operating speeds demonstrated no fracture of the PVB laminated glass,
validating the equivalent model’s applicability. Figure 11 illustrates the structure of the
PVB-laminated glass and numerical structure of the equivalent model simulated using
integration points.

A numerical analysis identical to the one conducted in Section 3.1 was conducted
by applying the equivalent model proposed in this study. Figure 12 shows the numerical
analysis model with the equivalent model applied, in which the PVB-laminated glass
was modelled as a single layer. All other analysis conditions remained the same, and
six cases from the previous analysis were conducted repeatedly. Figure 13 presents the
time–acceleration graphs measured from the head dummy to depict the results of the
actual dynamic head impact test, PLC analysis model, and equivalent model. The results
demonstrated that the acceleration tendency of the equivalent model closely matched the
experimental results and those of the existing PLC model. The trends aligned under various
experimental conditions. Moreover, in terms of analysis cost, the PLC model required
approximately 8 h to complete the analysis, whereas the equivalent model reduced the
analysis time to less than 1 h for the same case, thus, demonstrating a dramatic decrease in
the analysis cost.
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(a) (b) 

Figure 11. (a) Structure of PVB-laminated glass; (b) numerical structure of the equivalent model.

(a) (b) 

Figure 12. Numerical analysis model for the dynamic head impact test using the equivalent model:
(a) overall modeling; (b) equivalent modeling in the direction of thickness.

(a) (b)

Figure 13. Cont.
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(c) (d) 

  
(e) (f) 

Figure 13. Analytical results of the dynamic head impact test using the equivalent model: (a) center
impact at a speed of 20 km/h; (b) center impact at 21 km/h; (c) center impact at 22 km/h; (d) side
impact at 20 km/h; (e) side impact at 22 km/h; (f) side impact at 24 km/h.

4. Conclusions

In this study, an equivalent model of PVB-laminated glass is proposed to simulate
collision behavior. The PLC model replicates the multi-layer structure of PVB-laminated
glass, including tempered glass and PVB film. However, the proposed equivalent model
simplifies this by modeling tempered glass and PVB film as a single shell element layer,
incorporating the multi-layer characteristics via integration points. This simplification
maintains analytical equivalency with the PLC model. Consequently, the equivalent
model produces results comparable to the PLC model while significantly reducing analysis
time from 8 h to 1 h under the same hardware and software conditions. Although the
proposed equivalent model cannot analyze the fracture pattern of PVB-laminated glass,
it demonstrates high computational efficiency at impact speeds that do not cause glass
fracture. Thus, it is suitable as an analytical model for low-speed vehicles such as TRAMs.
Particularly for TRAMs, which are currently in the introduction and operational stages,
the demand for computational analysis for front glass design is expected to be significant.
By applying the proposed method to the design of TRAMs’ front windshields, which are
increasingly being adopted, the behaviors of pedestrian impacts can be reliably and quickly
analyzed to significantly reduce the time required for front-end design in the initial design
phase of a TRAM.
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Abstract: Carbon fiber-reinforced polymer (CFRP) composites have gradually replaced metals due
to their exceptional strength-to-weight ratio compared to metallic materials. However, the drilling
process often reveals various defects, such as surface roughness, influenced by different drilling
parameters. This study explores the drilling quality of uni-directional CFRP composites, as well
as hybrid Al2O3 alumina and hybrid SiC silicon carbide nano-composites, through experimental
exploration using step, core, and twist drills. Response surface methodology (RSM) and statistical
tools, including main effect plots, ANOVA, contour plots, and optimization techniques, were used to
analyze the surface roughness of the hole. Optimization plots were drawn for optimal conditions,
suggesting a spindle speed of 1500 rpm, feed of 0.01 mm/rev, and a 4 mm drill diameter for achieving
minimum surface roughness. Furthermore, two machine learning models, artificial neural network
(ANN) and random forest (RF), were used for predictive analysis. The findings revealed the robust
predictive capabilities of both models, with RF demonstrating superior performance over ANN
and RSM. Through visual comparisons and error analyses, more insights were gained into model
accuracy and potential avenues for improvement.

Keywords: carbon fiber-reinforced polymer; drilling; response surface methodology; artificial neural
network; random forest

1. Introduction

Among the various classifications of composites, carbon fiber-reinforced polymer
(CFRP) has garnered considerable attention in aerospace circles owing to its exceptional
property of offering a high strength-to-weight ratio [1]. The substantial weight of engine
components in automobiles increases fuel consumption, diminishing efficiency. Conse-
quently, replacing these components with composite materials has been shown to enhance
overall performance [2]. Similarly, weight reductions of 25% have been observed for both
commercial and military aircraft structures, respectively. Notably, in the case of the Boeing
777, a prominent passenger aircraft constructed primarily of carbon fiber epoxy, weight
savings of 15–20% have been achieved. Components fabricated from composites in the
Boeing 777 include flaperons, ailerons, inboard and outboard flaps, landing gear doors,
and engine cowlings [3].
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There has been a notable surge in demand for advanced composites with enhanced
performance characteristics in recent years. Nano-composites represent a cutting-edge
category of materials wherein one or more distinct nanoparticles are incorporated into
the matrix material to further augment performance [4]. Epoxy resin, derived from the
interaction of bisphenol A and epichlorohydrin, has served as a primary matrix material for
the fabrication of these nano-composites for many years [5]. Nano-composites comprising
epoxy and nanoparticle reinforcements have exhibited exceptional mechanical, thermal,
and electrical properties. Key factors such as molecular structure, curing conditions, and the
ratio of epoxy resin to curing agent(s) significantly influence their performance. Nanoparti-
cles are characterized by a high surface area, rendering them invaluable across numerous
applications [6]. Inorganic particles such as alumina (Al2O3) and silicon carbide (SiC) show
high hardness, excellent wear, and temperature resistance, as well as satisfactory chemi-
cal inertness, making them extensively utilized in metallurgical components, composite
fabrication, and electronic industries [7,8].

In a study conducted by Mohanty et al. [9], it was found that incorporating Al2O3
nanoparticles into hybrid carbon and glass fiber-reinforced composites significantly en-
hanced both tensile strength and modulus. Similarly, Priyadarshi et al. [10] investigated the
mechanical characteristics of Al2O3-filled jute epoxy composite under various conditions,
revealing notable improvements such as heightened impact strength (1.902 Joules), aug-
mented flexural strength (72.94 MPa), and a maximum hardness reaching 29.9 Vickers hard-
ness number. Additionally, the authors, in their prior work, reported experimental results
on the enhancement of mechanical properties at different nano-filler loadings (Al2O3 and
SiC) in neat CFRP composite compared to hybrid nano-composites. The maximumHighest
mechanical properties were observed at 1.75 wt.% filler loading for Al2O3 hybrid nano-
composites and at 1.25 wt.% filler loading for SiC hybrid nano-composites [11,12].

Defects such as fiber pull-out, debonding, microcracking, surface roughness, and
delamination occur in the drilled holes after drilling. To determine the extent of drilling-
induced damage, researchers have used a wide range of methods, such as digital image
processing, optical microscopy, C-scan, X-ray, and laser-based imaging, to scan electron
microscopic images. The Taguchi technique and analysis of variance (ANOVA) have been
used in experimental studies, including those conducted by Davim and Reis, [13] to estab-
lish a correlation between surface roughness, feed rate, and cutting speed. Tsao et al. [14]
also suggested that the right tool geometry and cutting parameters might decrease surface
roughness in CFRP composite drilling. Response surface methodology (RSM) is a straight-
forward and efficient method for establishing a relationship between output variables and
machining parameters [15]. RSM was utilized by Palanikumar and Davim [16] to forecast
surface roughness in glass fiber-reinforced polymer (GFRP) composite drilling.

Soft computing techniques serve as valuable supplements to conventional statistical
methods in the analysis of composite drilling processes. Their utilization in this context
aims to tackle the intricate, nonlinear, and ambiguous aspects inherent in process variables.
Through soft computing modeling, researchers can rely on a robust approach that con-
sistently yields thorough, accurate, and dependable results. Recently, researchers have
been using various soft computing techniques, including response surface methodology
(RSM) [17], random forest technique (RF) [18], artificial neural network (ANN) [19], and
design of experiments (DOE) [20]. These methods provide researchers with versatile tools
to navigate the complexities of the drilling process in composites.

Given the typically extensive and high-cost nature of experiments required to assess
the machinability of metals or materials, an effective approach lies in the utilization of
statistically or numerically designed tests, commonly known as design of experiments
(DOE). This methodology enables researchers to strategically plan experimental set-ups,
evaluate the impact of each process parameter, and ultimately minimize the total number
of tests needed to achieve optimal conditions [21].

Jayabal and Natarajan [22] conducted a study to investigate the influence of process
parameters, including drill diameter, spindle speed, and feed rate, on thrust force, torque,
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and tool wear during the drilling of coir fiber-reinforced composite materials. Utilizing the
Box–Behnken design and genetic algorithm (GA) techniques, the researchers were able to
identify the optimal process parameters. Their findings indicated that this approach was
effective in forecasting both main and interaction effects and drilling process output vari-
ables. Moreover, it facilitated the determination of optimal values for drilling parameters.
Therefore, Jayabal and Natarajan concluded that the employed technique demonstrated
practicality in optimizing the drilling process. To predict the delamination and surface
roughness during the drilling of CFRP composite, Enemuoh et al. [23] employed a multi-
layered perceptron neural network (MLPNN) model. They discovered that the predicted
and experimental results for delamination and surface roughness agreed well. Similarly,
to optimize the drilling process output variables during the drilling of the Al/SiCp com-
posite, Karthikaya et al. [24] applied fuzzy logic and genetic algorithm techniques. The
experimental data were trained and simulated using fuzzy logic, and the GA model was
utilized to optimize the process parameters.

It is evident from the literature that the appropriate machining parameters and tool
geometry can lessen drilling-induced damage to CFRP composites. In order to measure
the output variable surface roughness (Ra), this study examines the drilling of hybrid
nano-composites composed of Al2O3, as well as SiC at different cutting parameters (spindle
speed, feed, drill diameter, and drill type). Surface roughness is a crucial factor in machining
processes, influencing product quality and performance of composites. Accurate prediction
models can aid in optimizing machining parameters for desired surface finish. In this study,
along with the experimental and RSM results, two popular machine learning models are
implemented—artificial neural network (ANN) and random forest (RF)—for predicting Ra
in different materials, like Al2O3, SiC, and neat CFRP composites. The implemented models
(ANN, RF) are evaluated based on prediction accuracy, that is, relative error attained for
Ra. Later, a comparative analysis is made against the Ra values obtained from response
surface methodology (RSM) with ANN and RF. RSM is employed to design experiments
with different machine parameters, and main effects plots, contour plots, and optimization
plots aregenerated using experimental results.

2. Material and Methods

2.1. Materials

In this investigation, an unidirectional carbon fiber-reinforced polymer (CFRP) mate-
rial has been employed as a reinforcing agent, along with the utilization of bisphenol-A
epoxy resin and an amine-based hardener serving as the polymer matrix. To enhance the
structural attributes, distinct inorganic nano-fillers, namely Al2O3 and SiC, were carefully
incorporated at varying filler loadings (1, 1.5, 1.75, 2 wt% for Al2O3 and 1, 1.25, 1.5, 2 wt%
for SiC), yielding hybrid nano-composites. The achievement of a homogenous dispersion of
nano-fillers was methodically accomplished through a combined application of sonication
and magnetic stirring methods.

The manufacturing process encompassed the fabrication of both the CFRP and hybrid
nano-composites through a hand lay-up method, succeeded by a compression molding
technique with a curing duration of 24 h at room temperature. The drilling was performed
utilizing a computer numerical control vertical machining center, as represented in Figure 1.
The maximum properties obtained for hybrid nano-composites were at 1.75 wt% for Al2O3
hybrid nano-composites and at 1.25 wt% for SiC hybrid nano-composites, as reported
by authors in their previous work. Drilling was performed for the above hybrid nano-
composites, and their surface roughness was measured.

2.2. Machining Parameters

Table 1 illustrates the selected machining parameters chosen for the investigation. An
experimental design incorporating response surface methodology (RSM) through Minitab
V15 software was employed, utilizing the following machining parameters. Composite
strips measuring 250 mm × 25 mm were precisely cut using an abrasive water jet cutting
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machine. A total of 180 holes were drilled, with 60 holes dedicated to each composite
type. Three types of drill geometry were selected, i.e., twist drill, step drill, and core
drill, as shown in Figure 2. The drill bits were made of solid carbide material, and a
diamond coating was applied using the physical vapor deposition (PVD) method. The
PVD diamond coating provides a higher tool life and improved quality of drilled holes.
Also, it provides resistance to oxidation, corrosion, and wearing of tools. PVD diamond
coating was performed by exposing the cutting tool to the vapor of coating material at
higher temperatures, up to 1000 ◦C, and then allowing it to adhere to the cutting tool.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Vertical machining 
centre 

Blower 

Drill tool 

Composite strip 

Vaccuum suction 

Figure 1. Schematic representation of drilling set-up.

Table 1. Various machining parameters selected for drilling.

Sl. No.
Parameters

Spindle Speed (rpm) Feed (mm/rev) Drill Diameter (mm) Drill Type

1 1500 0.01 4 Twist

2 3500 0.02 6 Step

3 5500 0.03 8 Core

Figure 2. Drill types with PVD coating.
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2.3. Surface Roughness Measurement

The surface roughness (Ra) of the drilled hole was measured by using the Taylor-
Hobson Surtronic 3+ instrument (Model: Surtronic 3+, Taylor Hobson Ltd., Leicester, UK),
as shown in Figure 3. Surface roughness was measured at six different locations with a
probe speed of 0.5 mm/s in the transverse direction, up to 4 mm in length. The average
surface roughness value was noted to determine the surface quality of the hole wall.

 

 

 

 

 

Composite  

Measuring 
probe Clamping 

Digital  
display 

Figure 3. Measurement of surface roughness of the drilled hole.

2.4. Statistical Tools

RSM serves as a predictive and optimization tool for output variables affected by
multiple factors. The modeling and analysis of data involved the application of RSM
employing a full factorial method. An empirical connection between process parameters
was established using RSM’s central composite design (CCD). Equation (1) illustrates the
correlation between various output parameters (‘y’), such as delamination factor, burr
area, surface roughness, and hole temperature, and the corresponding process parameters
(spindle speed (A), feed (B), drill diameter (C), and type of drill (D).

y = βo + β1 A + β2B + β3C + β4D + β5 A2 + β6B2 + β7C2 + β8D2 + β9 AB + β10 AC + β11 AD + β12BC + β13BD + β14CD + ε (1)

where, β0, β1, β2, . . ., β14 are the regression coefficients and ε is the random error.
This study also employed analysis of variance (ANOVA) to assess the impact of

process parameters on the output variables of the drilling process in both the hybrid nano-
composites and the neat CFRP composite. The objective of ANOVA is to identify the
factors and their combinations that have a substantial influence on the machining operation.
The analysis was conducted with a significance level set at α = 0.05, corresponding to a
confidence level of 95%. Similarly, the impact of different process parameters on surface
roughness values was assessed using main effects plots and contour plots. A main effects
plot illustrates the mean response values for each level of a process parameter, allowing
for a clear understanding of its influence. Comparatively, the main effects plot enables the
assessment of the relative intensity of the impacts of various factors. Likewise, contour plots
offer a 2D surface projection to depict the variation in response. These plots are generated
by simultaneously considering two input factors while maintaining the remaining factors
at their median values. The resulting contour lines connect data points with identical
response values, providing a comprehensive visualization of the surface’s behavior.

2.5. Optimization of Process Parameters Using RSM

The process parameters were optimized through response surface methodology (RSM).
In RSM, the desirability function method is commonly employed for the optimization of
multi-output variables. According to this methodology, any process exhibiting a quality

304



J. Manuf. Mater. Process. 2024, 8, 67

characteristic beyond the acceptable limits is considered entirely unacceptable. The primary
objective was to identify process parameters that yield the most favorable output variables.
In this investigation, the desirability function approach was utilized to optimize the output
variable within the framework of RSM. The desirability function transforms the output
variable, specifically the surface roughness value, into a dimensionless variable known
as the desirability index (di), as defined in Equation (2). The desirability index ranges
within the closed interval of (0, 1). A higher desirability index value for output variable
indicates a greater contribution to the overall performance by the respective output variable.
The desirability index (di) is a function of the output variables (yi), and each individual
desirability function assigns a number between 0 and 1, where 0 signifies undesirability
and 1 signifies a desirable or ideal value for the output variable.

di =

(
y − ymin

ytarget − ymin

)q

ymin < y < ytarget (2)

In Equation (2), the output variable y is represented, where ymin corresponds to the
lowest value, ytarget denotes the target values, and q stands for the weight. The weight q
can assume either low value (0 < q < 1) or high value (q > 1), depending on the desired
effect. A value of one produces a linear ramp function between the low, target, and high
values. Increasing the weight facilitates moving the result closer to the desired goal. The
comprehensive assessment of product performance involves calculating the geometric
mean of all desirability indices to derive an aggregate (global or composite) desirability
index D, as expressed in Equation (3).

D = (d1 × d2 × d3. . .. . .dm)1/m (3)

In Equation (3), the desired output variable is denoted as ‘m’. An association is
established between the output responses and the various process or machining factors
through the incorporation of a second-degree polynomial regression equation into the
experimental data. Subsequently, the determination of the output variable’s desirability
is executed to gauge the overall desirability. To identify the optimal overall desirability,
the univariate search method is applied, systematically exploring diverse combinations of
machining factors within the specified experimental range.

2.6. Prediction Methods
2.6.1. Artificial Neural Network (ANN)

ANN is a brain-structured computation model. The structure of neurons provides the
computing capability to identify the relations between the input and the output parameters
through the mapping model. The ANN structure consists of 3 layers:

• Input layer: number of input parameters = number of neurons placed in the input layer.
• Hidden layer: a greater number of neurons placed compared to the input layer.
• Output layer: number of output parameters = number of neurons.

A relation will be created by flowing the information between the input layer to the
hidden layer and from the hidden to the output layer. The forward and back propagation
techniques can be implemented for each iteration, that is, for the input–output pair. In the
case of backpropagation, initially, the result “Y” will be calculated. Then, if the desired
results are not met, the weight adjustment needs to be performed backward from the
output layer to the hidden layer and from the hidden layer to the input layer.

2.6.2. Random Forest (RF)

Random forest (RF) is an effective algorithm that fits the ensemble learning family.
It outperforms individual decision trees. RF involves building multiple decision trees,
and later, it combines their predictions. The significance of RF is a measure of feature
importance based on the contribution of each feature involvement in reducing impurity
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(error) across all the developed trees. This flow helps in parameter tuning, interpreting
results, and identifying the insights, thus leading to flexible handling of various kinds of
data. RF supports the parallelization making the training faster as each tree developed
is independent. In the case of prediction, the individual trees are averaged to attain the
final outcome.

3. Results and Discussion

It is well known that surface roughness is one of the key parameters that decide the
quality of the drilled holes and the cost of production. It largely depends on the kind
of material to be drilled, the drill type to be used, and its cutting speed, feed, and the
cutting force produced in drilling. Table 2 represents the regression equations for hybrid
nano-composites and the neat CFRP composite for each drill type.

Table 2. Regression equations from RSM.

Composite Type Drill Type Regression Equation

Al2O3 hybrid nano-composite

Twist
0.9415 + 0.00.020018 × SS + 1.36 × F + 0.06897 × DD − 0.000000×S×SSS − 9.
4 × F × F − 0.002027 × DD × DD + 0.000088 × SS × F − 0.000001 × SS ×

DD − 0.1000 × F × DD

Step
0.8863 + 0.000014 × SS + 1.36 × F + 0.06112 × DD − 0.000000 × SS × SS −
9.4 × F × F − 0.002027 × DD × DD + 0.000088 × SS × F − 0.000001 × SS ×

DD − 0.1000 × F × DD

Core
1.1867 + 0.000016 × SS + 1.05 × F + 0.06012 × DD − 0.000000 × SS × SS −
9.4 × F × F − 0.002027 × DD × DD + 0.000088 × SS × F − 0.000001 × SS ×

DD − 0.1000 × F × DD

SiC hybrid nano-composite

Twist
1.1715 + 0.000011 × SS + 0.98 × F + 0.04702 × DD + 0.000000 × SS × SS −

1.5 × F × F − 0.000788 × DD × DD + 0.000010 × SS × F + 0.000000 × SS ×
DD + 0.0021 × F × DD

Step
1.1656 + 0.000008 × SS + 0.66 × F + 0.03712 × DD + 0.000000 × SS × SS −

1.5 × F × F − 0.000788 × DD × DD + 0.000010 × SS × F + 0.000000 × SS ×
DD + 0.0021 × F × DD

Core
1.4042 + 0.000010 × SS + 0.97 × F + 0.04317 × DD + 0.000000 × SS × SS −

1.5 × F × F − 0.000788 × DD × DD + 0.000010 × SS × F + 0.000000 × SS ×
DD + 0.0021 × F × DD

Neat CFRP composite

Twist
1.5652 + 0.000021 × SS + 1.23 × F + 0.07933 × DD − 0.000000 × SS × SS +

8.9 × F × F − 0.001777 × DD × DD + 0.000015 × SS × F − 0.000001 × SS ×
DD − 0.0479 × F × DD

Step
1.3385 + 0.000020 × SS + 1.08 × F + 0.06688 × DD − 0.000000 × SS × SS +

8.9 × F × F − 0.001777 × DD × DD + 0.000015 × SS × F − 0.000001 × SS ×
DD − 0.0479 × F × DD

Core

1.8969 + 0.000023 × SS + 1.10 × F + 0.07738 × DD − 0.000000 × SS × SS +
8.9 × F × F

− 0.001777 × DD × DD + 0.000015 × SS × F − 0.000001 × SS × DD −
0.0479 × F × DD

From Table 3, it is observed that the surface roughness decreases with the addition
of nanoparticles. The minimum surface roughness was noted for the Al2O3 hybrid nano-
composite with an Ra value of 1.598 μm, followed by the SiC hybrid nano-composite with
an Ra value being 1.783 μm, respectively. In contrast, the maximum Ra was observed
for neat the CFRP composite (2.533 μm). This represents that the nanoparticle acts as a
lubricant during the drilling of the composite by reducing the friction occurring at the
tool–workpiece interaction. Furthermore, as declared in the previous work of the authors,
it is proven that the addition of nanoparticles improves chemical bonding with polymer
resin. The chemical bonding energy of oxygen atoms of Al2O3 with the hydrogen atoms of
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polymer chains is greater compared to the carbon atom of SiC combining with hydrogen
atoms of polymer chains [11,12]. This good bonding between nanoparticles and resin
molecules has shown improved mechanical properties of the hybrid nano-composites
further indicating improved surface finish observed for hybrid nano-composites compared
to the neat CFRP composite, as noted from Table 3. Also, from Table 3, the standard
deviation values are less than 1, demonstrating that all the datasets are closer to mean
values of the data set.

Table 3. Comparison of surface roughness (Ra) values obtained from experimental and RSM predictions.

Spindle
Speed (rpm)

Feed
(mm/rev)

Drill Dia
(mm)

Drill
Type

Experimental Ra (μm) RSM-Predicted Ra (μm) Error (%)

Al2O3 SiC Neat Al2O3 SiC Neat Al2O3 SiC Neat

5500 0.01 8 Step 1.292 1.468 1.843 1.288 1.463 1.834 0.31 0.32 0.46

5500 0.01 8 Core 1.585 1.774 2.51 1.588 1.764 2.494 −0.21 0.54 0.65

5500 0.02 6 Core 1.543 1.723 2.416 1.544 1.710 2.412 −0.09 0.75 0.16

1500 0.01 4 Twist 1.216 1.391 1.893 1.216 1.373 1.891 0.01 1.27 0.10

3500 0.02 6 Step 1.224 1.411 1.751 1.226 1.402 1.745 −0.13 0.67 0.33

1500 0.01 4 Core 1.417 1.576 2.235 1.420 1.589 2.217 −0.19 −0.83 0.82

3500 0.01 6 Step 1.203 1.395 1.735 1.218 1.395 1.734 −1.23 0.01 0.05

1500 0.01 4 Step 1.134 1.317 1.612 1.123 1.320 1.612 0.94 −0.24 0.03

3500 0.02 6 Twist 1.343 1.481 2.067 1.342 1.484 2.053 0.08 −0.18 0.67

5500 0.02 6 Twist 1.371 1.512 2.097 1.369 1.506 2.084 0.11 0.39 0.63

5500 0.03 8 Twist 1.435 1.612 2.192 1.441 1.588 2.194 −0.45 1.49 −0.07

5500 0.03 4 Core 1.478 1.651 2.317 1.486 1.649 2.320 −0.56 0.13 −0.14

1500 0.01 8 Core 1.559 1.731 2.437 1.553 1.724 2.433 0.40 0.40 0.16

3500 0.01 6 Core 1.513 1.684 2.357 1.516 1.680 2.366 −0.20 0.24 −0.39

3500 0.03 6 Step 1.224 1.419 1.768 1.232 1.408 1.758 −0.62 0.79 0.56

1500 0.03 4 Core 1.432 1.61 2.249 1.428 1.608 2.242 0.30 0.14 0.29

5500 0.03 4 Twist 1.294 1.442 1.983 1.297 1.437 1.989 −0.22 0.32 −0.31

3500 0.02 6 Core 1.527 1.694 2.381 1.521 1.690 2.378 0.40 0.26 0.14

5500 0.01 4 Core 1.466 1.637 2.289 1.471 1.629 2.293 −0.35 0.46 −0.19

3500 0.02 6 Core 1.527 1.694 2.381 1.521 1.690 2.378 0.40 0.26 0.14

3500 0.02 8 Step 1.283 1.457 1.824 1.280 1.454 1.820 0.22 0.22 0.20

5500 0.03 8 Core 1.598 1.783 2.533 1.595 1.784 2.517 0.16 −0.06 0.64

3500 0.03 6 Twist 1.362 1.495 2.078 1.348 1.493 2.068 1.03 0.12 0.50

1500 0.03 8 Twist 1.395 1.547 2.149 1.391 1.543 2.140 0.30 0.28 0.43

3500 0.02 6 Core 1.527 1.694 2.381 1.521 1.690 2.378 0.40 0.26 0.14

3500 0.02 6 Twist 1.343 1.481 2.067 1.342 1.484 2.053 0.08 −0.18 0.67

1500 0.03 8 Step 1.275 1.442 1.815 1.267 1.444 1.807 0.64 −0.11 0.42

1500 0.01 8 Step 1.267 1.435 1.794 1.261 1.431 1.786 0.51 0.29 0.45

5500 0.01 8 Twist 1.423 1.585 2.175 1.428 1.568 2.168 −0.35 1.07 0.33

1500 0.02 6 Core 1.492 1.672 2.342 1.497 1.669 2.343 −0.36 0.17 −0.04

3500 0.02 6 Step 1.224 1.411 1.751 1.226 1.402 1.745 −0.13 0.67 0.33

1500 0.03 4 Step 1.146 1.326 1.633 1.138 1.333 1.637 0.73 −0.50 −0.24

3500 0.02 6 Core 1.527 1.694 2.381 1.521 1.690 2.378 0.40 0.26 0.14

1500 0.03 4 Twist 1.227 1.397 1.925 1.230 1.392 1.919 −0.26 0.34 0.29

1500 0.03 8 Core 1.535 1.742 2.454 1.553 1.743 2.455 −1.17 −0.05 −0.04

3500 0.02 8 Core 1.573 1.755 2.479 1.573 1.754 2.474 −0.02 0.06 0.22

3500 0.02 6 Core 1.527 1.694 2.381 1.521 1.690 2.378 0.40 0.26 0.14

307



J. Manuf. Mater. Process. 2024, 8, 67

Table 3. Cont.

Spindle
Speed (rpm)

Feed
(mm/rev)

Drill Dia
(mm)

Drill
Type

Experimental Ra (μm) RSM-Predicted Ra (μm) Error (%)

Al2O3 SiC Neat Al2O3 SiC Neat Al2O3 SiC Neat

3500 0.02 6 Step 1.224 1.411 1.751 1.226 1.402 1.745 −0.13 0.67 0.33

3500 0.02 8 Twist 1.412 1.562 2.164 1.412 1.556 2.153 −0.01 0.40 0.50

3500 0.03 6 Core 1.535 1.712 2.397 1.524 1.699 2.391 0.73 0.76 0.26

5500 0.03 8 Step 1.302 1.484 1.862 1.301 1.477 1.857 0.05 0.49 0.26

3500 0.02 6 Twist 1.343 1.481 2.067 1.342 1.484 2.053 0.08 −0.18 0.67

3500 0.02 4 Core 1.451 1.625 2.261 1.452 1.619 2.267 −0.08 0.37 −0.28

5500 0.01 4 Step 1.169 1.362 1.682 1.167 1.353 1.676 0.18 0.69 0.35

3500 0.02 6 Step 1.224 1.411 1.751 1.226 1.402 1.745 −0.13 0.67 0.33

1500 0.02 6 Step 1.192 1.389 1.727 1.206 1.385 1.717 −1.19 0.28 0.60

3500 0.01 6 Twist 1.327 1.472 2.035 1.334 1.474 2.041 −0.53 −0.13 −0.27

3500 0.02 6 Core 1.527 1.694 2.381 1.521 1.690 2.378 0.40 0.26 0.14

5500 0.02 6 Step 1.258 1.429 1.781 1.245 1.418 1.774 1.02 0.78 0.40

3500 0.02 6 Twist 1.343 1.481 2.067 1.342 1.484 2.053 0.08 −0.18 0.67

3500 0.02 6 Twist 1.343 1.481 2.067 1.342 1.484 2.053 0.08 −0.18 0.67

5500 0.03 4 Step 1.187 1.371 1.708 1.188 1.366 1.703 −0.10 0.38 0.31

5500 0.01 4 Twist 1.289 1.423 1.962 1.275 1.418 1.960 1.05 0.37 0.12

3500 0.02 4 Twist 1.245 1.415 1.943 1.256 1.405 1.939 −0.85 0.68 0.21

1500 0.01 8 Twist 1.389 1.525 2.127 1.385 1.524 2.115 0.32 0.09 0.56

3500 0.02 6 Step 1.224 1.411 1.751 1.226 1.402 1.745 −0.13 0.67 0.33

3500 0.02 6 Step 1.224 1.411 1.751 1.226 1.402 1.745 −0.13 0.67 0.33

3500 0.02 6 Twist 1.343 1.481 2.067 1.342 1.484 2.053 0.08 −0.18 0.67

1500 0.02 6 Twist 1.312 1.457 1.994 1.314 1.461 2.023 −0.19 −0.30 −1.43

3500 0.02 4 Step 1.157 1.345 1.651 1.155 1.343 1.656 0.18 0.15 −0.30

Standard deviation 0.133 0.131 0.270 0.133 0.132 0.270 0.494 0.412 0.367

3.1. Analysis of Main Effects Plot

The effect of drilling parameters is represented by the main effects plot for the hybrid
nano-composites and the neat CFRP composite, as shown in Figure 4a–c. It can be observed
that all the parameters significantly impact the surface roughness of the hole. For the Al2O3
hybrid nano-composite, the surface roughness is observed to be at a minimum for lower
spindle speed, moderate feed, and lower drill diameter for step drill (Figure 4a). Similar
results are noticed for the SiC hybrid nano-composite and neat CFRP composites with
minimum surface roughness at lower spindle speed, feed, and drill diameter for step drill
(Figure 4b). From the observation made, it is noted that the contribution of spindle speed,
drill diameter, and drill type on surface roughness is more as compared to the feed of
the drill tool. The surface roughness obtained is lower at a lower spindle speed and drill
diameter (Figure 4c). The results are due to the lower heat generated at a lower spindle
speed at the tool–workpiece interface.

3.2. ANOVA Analysis

ANOVA analysis (Table 4) shows the influence of process parameters on surface
roughness. Table 4 shows that the contribution on surface roughness of drill type is 84.75,
84.70, and 92%, respectively, for the hybrid Al2O3 and SiC composites as well as the neat
CFRP composite. The next effective parameter having an influence on surface roughness is
drill diameter, with a 12.96, 13.10, and 7% contribution, respectively, followed by spindle
speed, with a contribution of 1.57, 1.58, and 0.72%, respectively. The contribution of feed
on surface roughness is less than 0.2% for all the composites.
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(b) 

 
(c) 

Figure 4. Main effects plot of surface roughness for (a) Al2O3 hybrid nano-composite, (b) SiC hybrid
nano-composite, and (c) neat CFRP composite.

Table 4. ANOVA table for surface roughness at dry drilling condition.

Source
Al2O3 Hybrid Nano-Composite SiC Hybrid Nano-Composite Neat CFRP Composite

F-Value p-Value Contribution F-Value p-Value Contribution F-Value p-Value Contribution

SS (rpm) 271.56 0.000 1.57% 375.32 0.000 1.58% 439.08 0.000 0.72%

F (mm/rev) 17.07 0.000 0.10% 51.13 0.000 0.21% 67.15 0.000 0.11%

DD (mm) 2237.39 0.000 12.96% 3115.81 0.000 13.10% 4294.96 0.000 7.00%

D 7317.61 0.000 84.75% 10,072.15 0.000 84.70% 28,227.18 0.000 92.00%

Square 6.51 0.001 0.11% 0.96 0.423 0.01% 3.88 0.015 0.02%

SS (rpm) × S (rpm) 0.01 0.920 0.05% 0.09 0.768 0.00% 0.19 0.666 0.01%

F (mm/rev) × F (mm/rev) 0.12 0.730 0.01% 0.00 0.948 0.00% 0.09 0.761 0.00%

DD (mm) × DD (mm) 8.96 0.005 0.05% 1.89 0.177 0.01% 5.90 0.019 0.01%

2-Way Interaction 5.16 0.000 0.27% 5.65 0.000 0.21% 6.13 0.000 0.09%

SS (rpm) × F (mm/rev) 1.22 0.277 0.01% 0.02 0.878 0.00% 0.03 0.866 0.00%

SS (rpm) × DD (mm) 6.35 0.016 0.04% 0.22 0.644 0.00% 1.79 0.189 0.00%

SS (rpm) × D 2.58 0.088 0.03% 1.59 0.217 0.01% 1.00 0.378 0.00%

F (mm/rev) × DD (mm) 1.59 0.215 0.01% 0.00 0.975 0.00% 0.31 0.579 0.00%

F (mm/rev) × D 0.53 0.593 0.01% 0.76 0.473 0.01% 0.09 0.910 0.00%

DD (mm) × D 15.53 0.000 0.18% 22.96 0.000 0.19% 25.42 0.000 0.08%

R-square value 99.76 99.82 99.93

R-square adjusted value 99.66 99.75 99.82

SS—spindle speed; F—feed; DD—drill diameter; D—drill type.
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3.3. Contour Plot Analysis

Contour plots were created to assess surface roughness for hybrid nano-composites
and the neat CFRP composite. Figure 5a indicates that, in the case of the Al2O3 hybrid
nano-composites, superior surface finish in drilled holes can be attained by employing
a 4 mm drill diameter, spindle speeds below 1750 rpm, and a feed under 0.02 mm/rev.
Similarly, for the SiC hybrid nano-composites (Figure 5b), optimal surface roughness results
are achieved with a 4 mm drill diameter, spindle speeds lower than 2000 rpm, and a feed
below 0.03 mm/rev. Likewise, for the neat CFRP composite (Figure 5c), a reduction in
surface roughness is observed when maintaining spindle speeds below 2000 rpm, a feed
under 0.025 mm/rev, and a 4 mm drill diameter.

 
(a) 

 
(b) 

Figure 5. Cont.
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(c) 

Figure 5. Contour plots of surface roughness for (a) Al2O3 hybrid nano-composite, (b) SiC hybrid
nano-composite, and (c) neat CFRP composite.

3.4. Optimization of Process Parameters

Optimization techniques have greatly influenced the choice of diverse drilling process
parameters. Therefore, optimizing these parameters is imperative in the composite drilling
process. Through this optimization, researchers have observed enhancements in the quality
of drilled holes and prolonged tool life. Optimization plots obtained for Al2O3 and SiC
hybrid nano-composites as well as the neat CFRP composite are represented in Figure 6.
The optimum cutting conditions for surface roughness are a spindle speed of 1500 rpm,
feed of 0.01 mm/rev, drill diameter of 4 mm, and drill type step drill. From the optimization
plots, it is observed that the overall desirability index (D) of the surface roughness is 0.9963.

 
Figure 6. Optimization plots of surface roughness for hybrid nano-composites and neat CFRP composite.
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3.5. Confirmation Test

Table 5 represents the confirmation test results, including the experimental and pre-
dicted values of the drilling process output variable (surface roughness) of the neat CFRP
and hybrid nano-composites. The test was performed using the step, twist, and core drill
at the above optimum input process parameters. In the comparison of experimental and
predicted values from Table 5, it is observed that the deviation obtained is less than 3%.
The values obtained from the confirmation test also showcase that the experimental values
obtained are less than the predicted values.

Table 5. Comparison of experimental and RSM-predicted values of surface roughness from the
confirmation test performed.

Optimum Input Process Parameters
Composite Type Experimental

Value
RSM-Predicted

Value
Error (%)

SS (rpm) F (mm/rev) DD (mm) D

1500 0.01 4 Step

Al2O3 hybrid
nano-composite 1.127 1.123 0.28

SiC hybrid nano-composite 1.332 1.321 0.81

Neat CFRP composite 1.642 1.613 1.76

SS—spindle speed; F—feed; DD—drill diameter; D—drill type.

3.6. Validation Test

To check the adequacy of the developed regression models from RSM, the validation
test was performed based on the different sets of input process parameters, as shown in
Table 6, that were not used in performing the experiment earlier but fall within the defined
range of experiments. The results obtained from the validation experiment are displayed in
Table 7. The experimental and RSM-predicted values appropriately agree with each other,
and the percentage error obtained is also represented.

Table 6. Input process parameters selected for validation test.

Experiment No.
Spindle Speed

(rpm)
Feed (mm/rev)

Drill Diameter
(mm)

Drill Type

1 1500 0.02 4 Twist

2 5500 0.03 6 Step

3 1500 0.01 8 Core

Table 7. Validation test results of surface roughness performed for hybrid nano-composites and neat
CFRP composite.

Composite Type

Optimum Input Process Parameters
Experimental

Value
RSM-Predicted

Value
Error (%)

SS (rpm) F (mm/rev)
DD

(mm)
D

Al2O3 hybrid nano-composite

1500 0.02 4 Twist 1.224 1.310 7.03

5500 0.03 6 Step 1.253 1.285 2.55

1500 0.01 8 Core 1.553 1.502 3.28

SiC hybrid nano-composite

1500 0.02 4 Twist 1.383 1.368 1.08

5500 0.03 6 Step 1.424 1.345 5.55

1500 0.01 8 Core 1.724 1.716 0.46

Neat CFRP composite

1500 0.02 4 Twist 1.904 1.853 2.68

5500 0.03 6 Step 1.787 1.685 5.71

1500 0.01 8 Core 2.433 2.498 2.67

SS—spindle speed; F—feed; DD—drill diameter; D—drill type.
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3.7. Prediction Output

The results obtained from both models (ANN and RF) are presented in Table 8. These
tables include predicted Ra values and the errors associated with each prediction for differ-
ent machining parameters. By analyzing the results obtained from Table 8, the table shows
predicted surface roughness (Ra) values from both the artificial neural network (ANN)
and random forest (RF) models across diverse drilling scenarios, revealing commendable
overall performance. Both models demonstrate their effectiveness in predicting surface
roughness, underscoring their utility in understanding complex relationships between
drilling parameters and material characteristics. While variations in prediction errors were
observed across different combinations of spindle speed, feed, drill diameter, and drill type,
the models generally exhibited robust predictive capabilities. This suggests the viability of
ANN and RF models in capturing nuanced patterns and trends in surface roughness out-
comes, offering valuable insights for optimizing drilling processes in composite materials.
The prediction results that were attained showcase that RF outperforms ANN and RSM.
Figures 7–9 represent the visual comparison of ANN and RF predictions for Al2O3, SiC,
and neat CFRP composites. These figures clearly show how well each model performed in
predicting surface roughness (Ra) across various conditions. Further, to assess the accu-
racy of the models, Figures 10–12 illustrate the ANN and RF error predictions concerning
the RSM-predicted Ra values. This error analysis provides insights into areas where the
models may require refinement and highlights potential areas for improvement. Table 8
also provides an insight into the relative error attained for Ra through the statistical RSM
model and machine learning models (ANN and RF). The relative error attained through
the implementation of RF is comparatively lower than with ANN and RSM. The reason
for the best attainment of results is due to the nature of the support of parallelization (i.e.,
combining multiple decision trees leads to a reduction of overfitting of the model) and
the nature of providing better insights into feature relationships. In this case, ANN is
computationally expensive and very sensitive to hypermeters (hyperparameter tuning
is challenging).

Figure 7. Comparison of ANN and RF predictions of Ra for Al2O3 hybrid nano-composite.
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Figure 8. Comparison of ANN and RF predictions of Ra for SiC hybrid nano-composite.

 
Figure 9. Comparison of ANN and RF predictions of Ra for neat CFRP composite.

 
Figure 10. Comparison of ANN and RF error predictions of Ra with respect to RSM-predicted Ra for
Al2O3 hybrid nano-composite.
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Figure 11. Comparison of ANN and RF error predictions of Ra with respect to RSM-predicted Ra for
SiC hybrid nano-composite.

Figure 12. Comparison of ANN and RF error predictions of Ra with respect to RSM-predicted Ra for
neat CFRP composite.

4. Conclusions

In this study, an investigation on drilling was conducted using three distinct drill types
(step, twist, and core drill) on both neat CFRP and hybrid Al2O3 and SiC nano-composites.
A total of 60 holes were drilled in each composite type. Based on the experimental findings,
the following conclusions can be drawn:

• The input drilling parameters namely spindle speed, feed, drill diameter, and drill type
significantly influenced the surface roughness of the investigated nano-composites.
The maximum surface roughness value was observed for a higher drill diameter of
8 mm, followed by 6 and 4 mm drill diameters.

• The minimum surface roughness was observed for the Al2O3 hybrid nano-composite,
followed by the SiC hybrid nano-composite, and maximum surface roughness was
noted for the neat CFRP composite.

• Surface roughness increases with increasing spindle speed, feed, and drill diameter, and
the drill type step drill has shown better performance in reducing surface roughness.

• ANOVA results indicated that the drill type followed by drill diameter showed a
higher percentage contribution to surface roughness.

• The optimization of surface roughness was evaluated using the desirability function ap-
proach. From the optimization plot, it was possible to determine the surface roughness
by redefining the values of input process parameters within the experimental range.
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• The experimental results obtained during the drilling of the hybrid nano-composites
and the neat CFRP composite using a step drill, core drill, and twist drill adequately
correspond with the RSM-predicted values.

• The comparative analysis of ANN and RF predictions for the hybrid nano-composites
and the neat CFRP composite provides visual insights into the performance of each
model across different materials.

• The relative error predictions of both ANN and RF concerning the RSM-predicted Ra
values, while comparing the results, shows that RF outperforms ANN and RSM due
to its interpretability nature.

• The optimized drilling parameters along with the machine learning approach can
be employed to other composites, such as glass, Kevlar, and polyimide fiber, for
determining their surface roughness qualities.
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Abstract: Being a difficult-to-cut material, Fiber Metal Laminates (FML) often pose challenges during
conventional drilling and require judicious selection of machining parameters to ensure defect-free
laminates that can serve reliably during their service lifetime. Helical milling is a promising technique
for producing good-quality holes and is preferred over conventional drilling. The paper compares
conventional drilling with the helical milling technique for producing holes in carbon fiber-reinforced
aluminum laminates. The effect of machining parameters, such as cutting speed and axial feed, on
the magnitude of cutting force and the machining temperature during conventional drilling as well as
helical milling is studied. It was observed that the thrust force produced during machining reduces
considerably during helical milling in comparison to conventional drilling at a constant axial feed rate.
The highest machining temperature recorded for helical milling was much lower in comparison to the
highest machining temperature measured during conventional drilling. The machining temperatures
recorded during helical milling were well below the glass transition temperature of the epoxy used in
carbon fiber prepreg, hence protecting the prepreg from thermal degradation during the hole-making
process. The surface roughness of the holes produced by both techniques is measured, and the
surface morphology of the drilled holes is analyzed using a scanning electron microscope. The
surface roughness of the helical-milled holes was lower than that for holes produced by conventional
drilling. Scanning electron microscope images provided insights into the interaction of the hole
surface with the chips during the chip evacuation stage under different speeds and feed rates. The
microhardness of the aluminum layers increased after processing holes using drilling and helical
milling operations. The axial feed/axial pitch had minimal influence on the microhardness increase
in comparison to the cutting speed.

Keywords: fiber metal laminate; drilling; helical milling; surface roughness; damage; temperature;
force

1. Introduction

The need for lightweight, high-performance materials in the automotive and aerospace
industries has led to an increased demand for new-age composite materials that amalga-
mate the merits of metals and composite materials. The emergence of Fiber Metal Lam-
inates (FMLs) is a response to these intricate demands. They consist of Fiber Reinforced
Polymers (FRPs) sandwiched between thin metal/alloy sheets, combining the strength of
metals/alloys with the exceptional strength-to-weight ratio of FRPs. Presently, the skin
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panel of the upper fuselage of the aircraft is being built primarily by the use of FMLs [1].
Generally, FMLs are identified based on the FRPs used or on the type of metal used [2–4].
Based on the used metal/alloy sheets, the most widely used FMLs are aramid-reinforced
aluminum laminate (ARALL), carbon fiber-reinforced aluminum laminates (CARALL), and
glass-reinforced aluminum reinforced epoxy (GLARE) [5,6]. Identification of FMLs is also
conducted based on the positioning of the metal layers within the multi-layer configuration,
wherein the metal layers can be placed internally or externally during stacking. Another
way in which the FMLs are identified is based on the direction of the fibers in the FRPs as
unidirectional or cross-ply FMLs [7].

Even though FMLs are processed as near-net-shape structures, almost all practical
applications require the fastening of FMLs during assembly, either through mechanical
fasteners or adhesive bonding [8]. To date, mechanical fasteners that include temporary fas-
teners such as bolts or permanent fasteners like rivets [9] are the preferred joining method,
as such methods do not require additional surface preparation and ease of disassembly
during inspection [10]. In both cases, FMLs are subjected to secondary operations such as
drilling to make holes within the FML structure. It is reported that the number of holes
drilled for commercial aircraft assembly varies between 1.5 million and 3 million [11,12].
For the reliable functioning of the assembled part, it is imperative to produce superior
surface quality holes, which will result in the mitigation of structural failure due to stress
and fatigue. Almost all aircraft industries impose stringent norms, facilitating the require-
ment of a smooth surface finish of the drilled holes to reduce catastrophic failure when
the aircraft is in operation. For commercial aircraft, the drilled holes in composites are
mandated to be burr- and scratch-free and should have a surface roughness value that is
less than 3.2 μm [13]. As a difficult-to-cut material, producing smooth, defect-free holes in
FMLs through conventional drilling is often challenging. The interfaces generated between
the layers of metal and FRP lead to increased machining process complexity. Higher thrust
forces during drilling cause delamination of the FMLs. In fact, as per the published reports,
drilling-induced delamination is the source of 60% of rejections in the aircraft industry.
Deterioration of surface integrity during the drilling of FMLs is also linked to the abrasive
nature of the reinforced anisotropic fibers. Studies have highlighted that the holes drilled
in FMLs are attributed to varying surface roughness throughout the hole depth [14]. Also,
the surface roughness of the metal layer is different from the FRP layer. While drilling
metal/FRP stacks, the chip arising out of the hole drilled in the metal layer has the tendency
to scrape the hole drilled in the FRP. Accordingly, the surface roughness of the hole in the
FRP layer deteriorates compared to that in the metal layer. Additionally, FMLs based on
aluminum alloys such as CARALL, ARALL, and GLARE tend to produce an excessive
built-up edge (BUE) on the drill tool, leading to a higher rate of tool life deterioration [15].
This results in inadequate chip evacuation, and the chips left behind tend to erode the fibers
and metal surface, consequently diminishing the surface finish of drilled holes [16]. The
careful selection of the type of machining operation and the machining parameters becomes
crucial for determining the final hole quality [17,18]. Higher feed and spindle speeds are
reported to positively affect the surface quality of the drilled hole [19]. Boughdiri et al. [20]
reported that during the drilling of GLARE laminates, the production of continuous chips
may hinder the hole surface quality due to the prolonged interaction of the chips with the
composite layer. Hence, it is advisable to have smaller broken chips while drilling FMLs.
Moreover, at feeds lower than 0.08 mm/rev, chips adhere to or entangle with the flutes of
the drill tool, in turn deteriorating the hole quality.

Delamination failure is one of the main types of failure occurring while machining
FMLs. Delamination while machining FMLs occurs when the cutting force exceeds the
interlaminar strength [21]. Thus, keeping the cutting forces to a minimum during the
machining of FML is always desirable. Costa et al. [22] highlighted that during the drilling
of CARALL laminates, cutting forces increase in magnitude when the tool encounters
the aluminum metal layer, which reduces considerably while cutting the FRP layer. The
phenomenon is attributed to the brittle nature of the FRPs. Kayihan et al. [23] performed
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drilling operations on Al-Ti-Carbon Fiber Reinforced Polymer (CFRP) laminates with
different stacking orders and found that at higher speeds and lower feeds, the cutting
forces are independent stacking sequences. Another important machining factor severely
affecting the hole quality was the cutting temperature. It is found that higher cutting speeds
in FMLs lead to accelerated tool wear [24] and resin burn-out [25], which in turn leads to
fiber pull-out and also weakens the FRP and metal interfaces [26]. Thus, modern machining
techniques make use of minimum quantity lubrication (MQL) and cryogenic liquid nitrogen
to bring down the cutting zone temperature during the drilling of FMLs [27]. Studies
have shown improvement in the accuracy of the drilled hole in FMLs when MQL and
cryogenic cooling environments were used [28]. However, the use of such coolants leads
to an increase in production costs. The operational difficulties involved in conventional
drilling necessitate the requirement of an alternate machining process to produce accurate,
good-quality holes in the FMLs.

Helical milling is one such machining technology that has been successfully employed
to produce superior-quality holes in FMLs. This method of hole production has proven to
mitigate the disadvantages involved in conventional drilling. Bolar et al. [29] reported that
the holes produced in CARALL have minimum surface roughness and are characterized
by smaller-sized burrs as opposed to the conventional drilling method. Ge et al. [30]
highlighted that the fatigue life of Al 2024-T3/Ti-6Al-4V stacks with holes produced
by helical milling improved two times in comparison to Al 2024-T3/Ti-6Al-4V stacks
with holes produced by conventional drilling. Sun et al. [31] found in their study that
helical milling of Ti/CFRP/Al stacks results in discontinuous chips, allowing for easy
chip evacuation and improving the surface quality of the hole produced. Li et al. [32]
reported an abrupt increase in axial force between layers as the tool transits from the
CFRP layer to the aluminum metal layer, which results in burr formation at the interlayers.
Accordingly, a tool microlifting technique was proposed to overcome the problem at the
inter-layers of the CFRP/Al stacks. Jiaying et al. [33] deliberated on the influence of cooling
on delamination during helical milling of CFRP/Ti-6Al-4V stacks. Helical milling under
MQL and cryogenic cooling conditions results in smaller delamination with improved
hole surface quality. Xu et al. [34] examined the surface quality of holes produced in
CFRP/Ti6Al4V stacks and concluded that diamond-coated drills fare better than the tool
coated with TiAlN. Boutrih et al. [35] emphasized that the drilling sequence has a bearing
on hole quality while helical milling CFRP/Ti6Al4V stacks. Accordingly, hole quality was
better when drilling Ti6Al4V/CFRP stacks in comparison to the CFRP/Ti6Al4V stack.

The literature review suggests that the helical milling process can be a preferred
technology to produce superior-quality holes in hard-to-cut FML materials. A few studies
have explored the machining performance of drilling and helical milling operations while
machining CARALL and have analyzed the influence of process variables on cutting forces,
machining temperature, surface roughness, and dimensional accuracies of the processed
holes. In the machining of materials like FMLs, thrust force and machining temperature
are very influential, as they affect the performance of stacked materials. Very high thrust
loads and temperatures resulting from unoptimized process variable selection can lead
to surface damage and, in some cases, result in the delamination of the stacked material.
However, research highlighting the influence of the thrust load and machining temperature
on the hole surface finish, surface damage, and microhardness subsurface damage is
scant. Moreover, studies critically evaluating the surface integrity and surface damage in
CARALL are limited. Therefore, the work will initially focus on evaluating the influence of
process variables on the thrust load and machining temperatures while drilling and helical
milling holes in CARALL. It will further explore the effect cutting force and temperatures
have on surface integrity (surface roughness, surface damage, and microhardness) while
drilling and helical milling holes in CARALL. Accordingly, the work aims to minimize
critical damages like delamination and debonding generated during the drilling process
and improve the surface quality of holes made in CARALL FMLs. The outcome of the
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work will provide academicians and industries with the framework to process defect-free
holes in CARALL FMLs.

2. Materials and Methods

The machining experiments were conducted on CARALL laminates. The laminates
were fabricated by sandwiching strips of Al 2024-T3 with 0.5 mm thickness (supplied by
Mangaldeep Metals and Alloys) and unidirectional carbon fiber prepreg (CFP) with 0.2 mm
thickness (supplied by Bhor Chemicals). The layup procedure followed is depicted in
Figure 1a. The CFP was manufactured using epoxy resin (A-45) and has a resin content
of 38 ± 3% and a fiber density of 200 GSM. The mechanical properties of carbon fibers
used in the CFP system and Al 2024-T3 alloy are provided in Table 1. The aluminum layers
were subjected to sulfuric acid anodizing (SAA) to improve the corrosion resistance and
interfacial bonding strength at the metal and FRP interface. Figure 1a shows the surface of
the aluminum sheet, which shows the formation of nanopores as a result of SAA.

 

Figure 1. (a) Surface of aluminum sheet subjected to sulfuric acid anodizing; (b) specimen fabrication
setup; (c) material stacking sequence; and (d) fabricated FML specimen.

Table 1. Mechanical properties of carbon fibers and 2024-T3 aluminum alloy.

Carbon Fiber Al2024-T3

Density (g/cm3) 1.8 2.78
Filament diameter (μm) 7 -
Tensile strength (MPa) 4000 483
Tensile modulus (GPa) 240 73

Elongation (%) 1.7 18
Yield strength (MPa) - 385
Shear strength (MPa) - 283

The CARALL laminates were developed using the vacuum bagging method and
autoclave cured using the setup shown in Figure 1b. The green FMLs were enclosed
in a peel ply and kept on a mold plate. A breather cloth was placed above the peel
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ply to facilitate uniform vacuum pressure on the laminate. A sealant tape was used to
prepare the vacuum bag, and the entire unit was then placed inside the autoclave for
curing. A vacuum pump is used to evacuate the entrapped air from the vacuum bag.
Subsequently, the temperature of the autoclave was raised to 80 ◦C, with a consistent
heating rate of 2 ◦C/min maintained for 30 min. In the second cycle, the temperature
was elevated to 130 ◦C and sustained for 90 min. Throughout both cycles, the curing
pressure remained at 6 bars. Figure 1c illustrates the stacking arrangement, while Figure 1d
showcases the cured CARALL laminates. The holes were then drilled into the CARALL
work specimens affixed to a vertical machining center (AMS Spark), utilizing the setup
depicted in Figure 2a. Drilling and helical milling operations were performed using
the tools shown in Figure 2b. For comparison between the drilling and helical milling
operations, the holes were machined considering the parity between the machining times.
Accordingly, selected process variables and the corresponding machining times are listed
in Table 2.

 

Figure 2. (a) Machining setup; (b) cutting tools for experimentation.

Table 2. Process variable combinations and corresponding machining time.

Case
Cutting Speed

(V) (m/min)

Axial Feed
(fa) (mm/rev)

Tangential Feed
(ft) (mm/tooth)

Machining Time
(tm) (s)

Drilling Helical Milling Helical Milling Drilling Helical Milling

1 20 0.015 0.15 0.09 87 86
2 20 0.030 0.30 0.09 51 52
3 20 0.045 0.45 0.09 39 40
4 40 0.015 0.15 0.09 51 51
5 40 0.030 0.30 0.09 33 33
6 40 0.045 0.45 0.09 27 28
7 60 0.015 0.15 0.09 39 39
8 60 0.030 0.30 0.09 27 27
9 60 0.045 0.45 0.09 23 23

To measure the thrust force generated during machining, a dynamometer (Kistler
9272) connected to a charge amplifier (Kistler 5070A) and an analog-to-digital converter
(type 5697A) are utilized, as depicted in Figure 3a. The force signal was acquired using
Dynoware software (Type 2825D-02), and the sampling rate was set at 1000 Hz. Surface
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roughness was measured using a perthometer (Taylor Hobson—Form Talysurf 50) with
a tip radius of 2.5 μm (see Figure 3b). The evaluation length of 3 mm was used, and the
sampling length was chosen as 0.8 mm.

 

Figure 3. (a) Thrust force measurement; (b) surface roughness measurement; (c) microhardness
measurement; (d) machining temperature measurement; (e) surface morphology imagining.
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The rate of measurement was maintained at 0.5 mm/s, and the measurements were
made at four locations. The microhardness measurements were taken at three different
locations using the digital microhardness tester (Matsuzawa—MMT-X) with a diamond-
shaped indenter by applying a 200 g load for 15 s, as shown in Figure 3c. The Fluke Ti32
infrared (IR) camera measured the machining temperature. The camera has a working
range of 20 ◦C to 600 ◦C and an accuracy of ±2 ◦C. For accurate measurement, the surface
of the laminates was painted black, which possesses a thermal emissivity of 0.95. The IR
camera was positioned at a distance of 0.1 m from the work material (see Figure 3d). The
surface morphology of the machined hole was analyzed with the help of a Carl Zeiss EVO
MA18 scanning electron microscope (SEM), as shown in Figure 3e.

3. Results and Discussion

3.1. Thrust Force

Thrust force is a significant factor when machining materials like CARALL. A very
high thrust load can influence the surface roughness, burr size, and geometric accuracy of
the holes. It can also initiate damages like fiber breakage and microcracking and result in
the delamination of stacks. Such damages can render the FML useless or lower its service
life [20,21]. Therefore, the thrust force behavior of the two hole-making operations was
investigated. Figure 4a displays the effect the cutting speed employed during drilling
has on thrust force. Thrust force was reduced as higher cutting speeds were selected.
For example, for a fixed axial feed of 0.015 mm/rev, a thrust force of magnitude 180.6 N
was measured when a speed of 20 m/min was selected. With 40 m/min employment,
thrust force reduced to 164.6 N, indicating an 8.9% decrease as cutting speed increased. A
favorable lower thrust force of 145.2 N was noted when holes were drilled with a 60 m/min
cutting speed, showing a further 11.8% fall in the force magnitude. The aluminum alloy
is plastically deformed during the machining process, thereby releasing energy in the
form of heat. With higher cutting speeds, the rate of shear deformation increases, thus
increasing the energy dissipation and the heat. At higher temperatures, the material yield
strength is lowered, thus lowering the resistance to shearing and reducing the thrust load.
Moreover, the polymer resin is softened at higher temperatures, easing the cutting process
and reducing the thrust force [20,29]. Figure 4a also depicts the thrust force vs. axial feed
plot for the drilling process. Thrust force increased with the selection of a higher feed.
For a fixed speed of 20 m/min, an average thrust load of 180.6 N was measured while
drilling with a feed of 0.015 mm/rev. At a feed of 0.03 mm/rev, the force increased to
189.7 N. Finally, when the axial feed is at its highest (0.045 mm/rev), the thrust force of
212.5 N is recorded. In this particular case, an increase in feed value from 0.015 mm/rev to
0.045 mm/rev led to a 17.7% increase in thrust force. As axial feed increases, uncut chip
thickness also increases. In such a situation, the resistance offered by the chip increases,
and more energy is required to shear the material. Due to this, there is an increment in
the thrust load as the axial feed increases. Additionally, the hardened FRPs offer higher
resistance during cutting, leading to an increased thrust force [36].
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Figure 4. Thrust force variation with process variables in (a) drilling and (b) helical milling.

Thrust force fluctuation with the process variables during helical milling was similar
to the trend observed during drilling. Thrust force is reduced with the increase in cutting
speed, as seen in Figure 4b. At a feed of 0.15 mm/rev, the thrust force of 60.6 N was
measured when the cutting speed was held at 20 m/min. At a speed of 40 m/min, the
thrust force was reduced to 54.4 N. At the highest selected cutting speed of 60 m/min, a
thrust force of 45.5 N was registered. A decrease of 24.9% in force magnitude was recorded
as cutting speed escalated from 20 m/min to 60 m/min. Similar to the drilling operation, at
higher cutting speeds, the rate of shear deformation increases, thus increasing the energy
dissipation and the heat. At such high temperatures, the yield strength of the material
reduces, thus lowering the resistance to shearing and reducing the thrust load [37]. The
impact of axial feed on thrust force is visualized in Figure 4b. Thrust force increased as
higher levels of axial feed were selected. With the use of a lower feed (0.15 mm/rev),
the measured thrust force was 60.6 N. At an axial feed of 0.30 mm/rev, the thrust force
rose to 77.4 N. At the highest selected axial speed of 0.45 mm/rev, a thrust force of 89.1
N was registered. Notably, there is a 35.1% increase in thrust force as axial feed increases
from 0.15 mm/rev to 0.45 mm/rev. As axial feed increases, the thickness of uncut chips
also increases. This necessitates applying higher energy for material shearing, thereby
increasing the thrust force magnitude [38].

However, it is to be noted that the recorded thrust forces are significantly lower during
helical milling. Figure 5 illustrates the force signals generated for drilling and helical milling
processes at identical machining conditions (Case 3). The mean thrust force during drilling
was 216.6 N, while an average thrust force of 92.5 N was recorded during helical milling.
Reduced thrust load is attributed to the helical milling kinematics. Hole milling is carried
out using an end milling cutter, where the cutting occurs at the frontal and peripheral
cutting edges. Since the load is distributed between the two cutting edges, the thrust load
is reduced compared to the drilling operation [29,39].
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(a) (b) 

Figure 5. Raw force signal for (a) drilling and (b) helical milling.

3.2. Machining Temperature

The cutting temperatures attained while machining composites like FMLs are crucial
as they influence the mechanical and failure behavior of the FMLs. Accordingly, the present
work explores the development of machining temperatures under selected machining
variables during the two hole-making operations. Figure 6a depicts how the machining
temperature changes with the selected cutting speed and feed. At higher cutting speeds,
the machining temperature increased. For instance, with a feed and speed held constant at
0.015 mm/rev and 20 m/min, respectively, a mean temperature of 100.5 ◦C was observed.
However, when the speed increased to 40 m/min, an even higher temperature of 114.3 ◦C
was registered. At the highest speed setting of 60 m/min, a mean temperature of 137.7 ◦C
was observed. As noted, there was a 37.1% rise in cutting temperature when speed was
raised from 20 m/min to 60 m/min. The rate at which the material deforms plastically
increases at higher cutting speeds. In addition, the heat generated during the metal cutting
will be concentrated at the cutting zone, thus increasing the magnitude of the measured
temperature [29]. The machining temperature was also affected by the selected axial feed.
At a constant cutting speed of 20 m/min, using an axial feed rate of 0.015 mm/rev, the
recorded mean temperature was 100.5 ◦C. With the increment in feed to 0.03 mm/rev,
the temperature reduced to 97.2 ◦C. At the highest level of axial feed (0.045 mm/rev),
the measured mean temperature was 93.4 ◦C. With the axial feed increment, a reducing
temperature trend was observed. The mean temperature reduction with the axial feed
increment is ascribed to the cutting time. Employment of higher axial feed reduced the
cutting time. This reduces the work–tool contact and the time available for the heat to
dissipate to the workpiece. The chip takes up a major part of the heat, which lowers the
temperature at the cutting zone. Additionally, chip breakability improves at higher feeds.
This helps reduce contact friction and the associated heat generation and temperature [40].
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Figure 6. Machining temperature variation with process variables in (a) drilling and (b) helical milling.

Figure 6b shows the machining temperature variation with cutting speed during
the helical milling process. When machining with a feed and speed of 0.15 mm/rev and
20 m/min, a mean cutting temperature of 52.9 ◦C was observed. At a speed of 40 m/min,
an increased mean cutting temperature of 60.7 ◦C was recorded. Moreover, when the
highest chosen speed of 60 m/min was applied, the temperature rose to 80.1 ◦C. Similar to
the drilling process, the rate of material deformation increases as cutting speed increases.
Consequently, heat generation and the machining temperature increase. Figure 6b also
reveals the evolution of machining temperature with axial feed. In helical milling, with a
machining speed of 20 m/min and a feed rate of 0.15 mm/revolution, a mean temperature
of 52.9 ◦C was measured. When the feed rate was raised to 0.30 mm/revolution, the
average machining temperature increased to 58.8 ◦C. Upon further increase to the highest
axial feed level of 0.45 mm/revolution, the average temperature escalated to 68.9 ◦C. It is
noteworthy that, in helical milling, the machining temperature rises in correlation with the
axial feed increase. The trend is in contrast with that noticed during conventional drilling.
Unlike drilling, helical milling is characterized by a higher work–tool contact. The end
mill traverses a helical path and continuously interacts with the work material. Since the
cutting occurs at the frontal and peripheral cutting edges, when the axial pitch is higher,
the amount of material undergoing plastic deformation is significantly higher, thereby
increasing the plastic deformation rate and the temperature [29].

When machining FMLs like CARALL, avoiding temperatures exceeding the glass
transition temperature (Tg) and preventing thermal damage to the workpiece is preferable.
In the present study, the selected process variables influence the heat generation rate and
the magnitude of machining temperature in both hole-making operations. In the case
of drilling, the maximum recorded temperature of 141.1 ◦C (Case 7) was higher than
Tg = 130 ◦C for the epoxy resin used in the FMLs (see Figure 7). However, results show that
helical milling for hole making was beneficial, as the recorded machining temperature of
82.7 ◦C was significantly lower than the Tg, indicating a lower probability of temperature-
induced damages in CARALL.
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(a) (b) 

Figure 7. Comparison of machining temperature cartographs obtained for Case 7 during (a) drilling
and (b) helical milling.

3.3. Surface Roughness

In the aerospace industry, the quality of the holes is essential, as it affects the functional-
ity and service life of structural assemblies. Moreover, the choice of hole-making operations
significantly affects the hole quality. Hence, an analysis of hole quality, specifically consid-
ering surface roughness, was conducted for the two hole-making operations utilized in this
study. During drilling, variation in the surface roughness was observed for the selected
speed and feed rates. Figure 8a presents the sway machining parameters that have surface
roughness. As cutting speed increased, surface roughness decreased. At a constant feed of
0.015 mm/revolution, a mean roughness of 2.89 μm was observed when the speed was set
at 20 m/min. At a 40 m/min cutting speed, a mean roughness of 2.65 μm was noted. At the
highest employed speed of 60 m/min, the measured roughness was 2.25 μm. As observed,
when the cutting speed increased to 40 m/min, the average surface roughness decreased by
8.3%. An increase in cutting speed to 60 m/min led to an additional reduction in measured
surface roughness of 13.9%. The increase in surface roughness at reduced cutting speed
can be attributed to chip size and built-up edge (BUE) formation [41]. Drilling at a lower
cutting speed produces long, continuous chips. These work-hardened chips abrade the
hole surface and erode the material from the CFRP layers as it evacuates through the tool
flute [41]. Further, aluminum alloy tends to stick to the tool’s cutting edge when the cutting
speeds are low. However, as the cutting speed increased, surface roughness reduced. The
noted enhancement in surface finish is linked to the decrease in chip size and the elevated
temperatures developed at higher cutting speeds. At higher cutting speeds, small-sized
chips are produced, thereby reducing the intensity of scratches on the drilled holes’ surface.
Higher cutting temperatures soften the resin material, smearing it across the machined
surface and on top of the CFRP layers, generating a smoothening effect [29].

 
Figure 8. Surface roughness variation with process variables in (a) drilling and (b) helical milling.

Selected axial feed also affected the surface roughness in drilled holes. At a cutting
speed of 20 m/min and a feed rate of 0.015 mm/rev, a mean roughness of 2.89 μm was
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recorded. Further, at a feed of 0.03 mm/revolution, the measured mean roughness was
3.11 μm. When utilizing the highest feed of 0.045 mm/revolution, surface roughness was
increased to 3.8 μm. At lower feeds, the drilled holes indicated the presence of feed marks.
However, critical damages like fiber pull-out and breakage were not observed at lower
feeds, thereby producing holes with better surface quality. However, at higher feeds, fibers
were exposed due to increased thrust loads, and fiber pull-out (Figure 9) was noted under
extreme conditions, deteriorating the surface quality.

 

Figure 9. Fiber pull-out was observed at higher feed conditions during drilling.

Figure 8b shows the influence cutting variables have on surface roughness during
helical milling. The surface roughness varied with cutting speed and axial feed. Milling
with a lower feed, the axial feed, and the cutting speed interaction displayed a non-linear
relationship. For a feed of 0.15 mm/rev, the mean surface roughness was 1.85 μm in holes
cut at 20 m/min. When the cutting speed increased to 40 m/min, there was an increase
in the mean roughness, which stood at 1.87 μm. A lower mean roughness of 1.81 μm
was recorded with a 60 m/min speed. At a lower feed of 0.15 mm/rev, higher roughness
at a smaller cutting speed is attributed to BUE formation and a higher force magnitude.
BUE adhered to the bore surface, thereby deteriorating the surface quality. Also, material
plowing was noted at the lower axial pitch, which generated feed marks. Additionally, due
to the higher thrust load, carbon fibers in helical-milled holes were subjected to bending
and eventual peeling. As a result, the CFRP layer exhibited poor surface quality, thus
increasing the surface roughness of the FML as a whole [27]. However, at the higher
selected cutting speed, the softened matrix material showed signs of smearing over the
machined hole surface, thus reducing the surface unevenness and improving the surface
finish.

However, with higher speeds of 40 m/min and 60 m/min, mean surface roughness
decreased as the axial pitch increased. For example, for a 40 m/min cutting speed, a mean
roughness of 1.87 μm was recorded when the axial pitch of 0.15 mm/rev was utilized. At a
feed of 0.30 mm/rev, a mean roughness of 1.67 μm was recorded. Further, a 0.45 mm/rev
feed helped produce surfaces with a mean roughness of 1.58 μm. A similar trend was
obtained for a cutting speed of 60 m/min. Diminished surface finish at lower feed is
ascribed to the formation of feed marks. Material removal resulted in material plowing and
non-uniform plastic deformation at a lower pitch, producing feed marks on the machined
surface. Additionally, the CFRP layers showed signs of fiber peeling and void formation,
thereby increasing the roughness of the hole surface. However, the adaptation of a higher
axial pitch produced defect-free surfaces, thus improving the machined surface quality.
The resin material that underwent plasticization smeared and occupied the gaps available
at the CFRP layers, thereby closing the gaps and improving the surface finish.
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Closer observation reveals that the surface of the holes produced by milling operations
showed an improved surface finish compared to the drilled ones (see Figure 10). Moreover,
the magnitude of surface roughness of all the helical milled holes was considerably lower
than the surface roughness requirements set by SANDVIK (less than 3.2 μm) [42], indicating
the helical mill operation’s capability to produce excellent-quality holes.

 
Figure 10. Comparison of surface roughness profiles obtained for Case 7 during (a) drilling and
(b) helical milling.

3.4. Surface Morphology

The selected hole-making operations influence the hole quality. Figure 11 depicts
the various forms of damage observed during the drilling process. The hole surface
indicated the existence of deep groove marks created by strain-hardened continuous chips
produced during the drilling operation at lower cutting speeds and feed conditions (see
Figure 11a). The chips also interacted with the CFRP layer, resulting in material erosion.
Moreover, fiber shearing, breakage, and fiber pull-out were noted in holes drilled at lower
cutting speeds and higher feed conditions (see Figure 11b). Such damages result from the
higher thrust force and temperatures [27]. Feed marks were observed on the hole surface
drilled with lower axial feed (see Figure 11c). The hole surface showed signs of material
smearing at higher cutting speeds during the drilling operation (see Figure 11d). As
cutting speed increased during drilling, machining temperature also escalated. At higher
temperatures, the resin material underwent thermal softening, smearing the material
against the machined hole wall and improving the surface finish. Waste material ingression
and interlayer burr formation are observed in the drill holes, as seen in Figure 11e. The
selected feed influenced the surface finish of drilled holes. Moreover, adhered debris was
commonly observed on the surface of the drilled holes (Figure 11f). As observed, the holes
produced by drilling showed signs of surface anomalies in the form of feed marks, material
smearing, fiber bundle exposure, and fiber pull-out, mostly attributed to the high thrust
force and machining temperatures. Since helical milling aided in lowering thrust force and
temperatures, the quality of milled holes was also studied to identify the presence of any
surface irregularities [29].
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Figure 11. Surface damages in the form of (a) grooves, (b) fiber pullout, (c) feed marks, (d) material
smearing, (e) material ingression, and (f) material adhesion were observed in the drilled holes.

The characterization of milled holes revealed the presence of chip debris adhering
to the hole surface, as seen in Figure 12a. The kinematics of the helical milling operation
produces broken, discontinuous chips. Due to their light weight and size, these chips
find it challenging to extrude from the cutting area without cutting fluid, thus adhering
to the wall of the milled hole. Material smearing was characterized by holes machined
at higher cutting speed (see Figure 12b). The smearing is the result of high-temperature
material softening occurring at higher cutting speeds [29]. Further inspection revealed
the formation of feed marks on the metal surface (see Figure 12c). The feed marks were
prominent in holes subjected to lower axial pitch cutting conditions. Feed mark formation
is attributed to plowing action, which generates a non-uniform plastic flow of the material
at the cutting edge. At lower axial pitch, the carbon fibers in helical milled holes were
subjected to bending and eventual peeling, resulting from the advancement of the tool
corner into the fiber bundle (see Figure 12d).

In general, hole drilling with low feed and higher speed generated a clean-cut surface
(see Figure 13a). The phenomenon is credited to material smearing observed at such
machining conditions, where the temperature is substantially higher than Tg. Under such
conditions, the resin, which is in the plastic state, is recast on the hole surface, thereby
improving the surface finish. However, in the case of helical milling, an adaptation of
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higher cutting speed and axial pitch produced a defect-free surface, as seen in Figure 13b.
Moreover, in comparison to the drilling operation, far less damage was noted in the helical-
milled holes. The quality of the hole surface was superior to that of the drilled ones,
indicating the better utility of helical milling for processing holes for FMLs.

 
Figure 12. Surface damages in the form of (a) material adhesion, (b) material smearing, (c) feed
marks, and (d) fiber peeling were observed in the helical milled holes.

 

Figure 13. Holes with good surface finish were observed during (a) drilling and (b) helical milling.

3.5. Microhardness

The aluminum material is subjected to severe plastic deformation and temperatures
during machining. Therefore, the microhardness of the holes processed using the drilling
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and helical milling processes was measured and evaluated. For the drilled holes, micro-
hardness ranged between 140.8 and 158.2 HV, showing a 7.3% to 20.5% increase compared
to the bulk material microhardness of 131.2 HV. In the case of milled holes, microhardness
ranged between 152.7 and 168.3 HV, displaying a 16.4% to 28.2% increase. As noted, the
increase in microhardness during drilling is less than during the helical milling process. As
the material is plastically deformed in the drilling operation, an enormous quantity of heat
is generated, resulting in very high machining temperatures. As a result, the aluminum
material is subjected to thermal softening, thus lowering its microhardness. However,
machining temperatures are considerably lower in helical milling than in drilling, and the
material dominantly exhibits strain hardening. The alterations in microstructure due to
strain hardening increase the microhardness.

Additionally, the effect of process variables on microhardness during drilling and
helical milling was investigated. Figures 14a and 15a display the effect the two process
variables have on the microhardness of drilled and milled holes. The feed rate increase
showcased the minimal influence of the microhardness variation. With the rise in drilling
feed from 0.015 mm/rev to 0.045 mm/rev, a minor increment in the microhardness (3.1%
to 4.9%) was noted. Similarly, in the case of helical milling, as the pitch increased from
0.15 mm/rev to 0.45 mm/rev, a 0.9% to 2.7% increase was noted. The increase in microhard-
ness with axial feed and axial pitch is attributed to the higher work-hardening tendency
of the material at higher axial feed. The microhardness displayed a decreasing trend with
the cutting speed for both processes. As the cutting speed increased from 20 m/min to
60 m/min, the microhardness decreased by 3.9% to 6.3%. In the case of helical milling, a
3.1% to 4.7% decrease was measured. The reduction in microhardness with higher cutting
speeds is attributed to the temperature-induced softening of the work material.

 

Figure 14. (a) Average microhardness vs. process variables for drilling operation; (b–d) microhard-
ness at three different layers of the CARALL stack vs. process variables for drilling operation.
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Figure 15. (a) Average microhardness vs. process variables for milling operation; (b–d) microhardness
at three different layers of the CARALL stack vs. process variables for milling operation.

Furthermore, variation in the microhardness at three different layers was analyzed.
In the case of drilling, the entry and exit layers exhibited similar microhardness values in
the majority of the cases explored in the study. However, the microhardness at the middle
layer of the CARALL stack was moderately lower compared to the extreme metal layers
of the stack, as seen in Figure 14b,c. The variation in microhardness can be attributed to
the machining temperatures the metal layers are subjected to during the drilling operation.
The entry and exit layers are subjected to cutting temperatures. However, due to the higher
thermal conductivity of the aluminum alloy, the heat is carried away, cooling the two outer
layers quickly. However, the middle layer, which is subjected to cutting temperatures,
cannot dissipate the heat quickly due to the surrounding epoxy, which has poor thermal
conductivity. To some extent, the higher cutting temperatures during drilling soften the
work material, thereby lowering its microhardness.

In most cases of helical milling operations (see Figure 15b,c), the microhardness was
reduced at the exit layer compared to the entry and middle layers of the CARALL stack.
In helical milling, at the entry layer, the material undergoes plastic deformation and work
hardening, thus exhibiting higher microhardness. However, as the tool proceeds with the
cutting and reaches the middle and exit layers, the frictional heat and the accumulated
heat generated due to the plastic deformation can affect the microstructure, thus lowering
the microhardness.

4. Conclusions

This work investigated the machining performance of helical milling and drilling op-
erations while making holes in carbon fiber-reinforced aluminum laminates. The following
important conclusions were noted:

• Thrust force increased with the axial feed, while a dropping trend was noted with
increased cutting speed. The increase in thrust force with axial feed is attributed to the
increase in uncut chip thickness, while the reduction in thrust force with cutting speed
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is linked to material thermal softening. Moreover, the thrust force recorded during
helical milling is 97–124 N lower than the conventionally drilled force magnitude. The
decrease is attributed to load distribution at the frontal and peripheral cutting edges
of the end mill, which differs from the drill tool, where cutting solely takes place at
the frontal cutting edges.

• Selected process variables affect the machining temperature. A maximum temperature
of 136.7 ◦C while drilling was recorded with a higher cutting speed of 60 m/min and a
lower axial feed of 0.015 mm/rev. The maximum temperature observed in the drilling
was higher than the glass transition temperature of epoxy resin. In the case of helical
milling, a temperature of 80.1 ◦C was recorded for similar productivity conditions,
indicating a lower probability of temperature-induced damages in the FML.

• The selected hole-making operation influenced the roughness of the holes. Higher
surface roughness was recorded in holes processed using the drilling process. A
maximum average roughness of 3.8 μm was noted during the drilling process, while a
roughness of 2.01 μm was observed in helical milled holes, indicating the helical mill
operation’s capability to produce excellent-quality holes.

• The morphology of the drilled holes indicated the presence of defects such as grooves,
feed marks, material smearing, material ingression, interlayer burr formation, fiber
bundle exposure, and fiber pull-out. Helical-milled hole surfaces were characterized
by the presence of smeared material, feed marks, and buckled fibers. Principally, in
comparison to drilled holes, helical-milled holes exhibited better surface quality even
under dry cutting conditions.

• The selected levels of process variables were conductive and favorable for carrying
out drilling and helical milling operations without inducing any critical defects like
delamination and debonding in CARALL FMLs.

• The microhardness of the aluminum layers increased by 7.3% to 20.5% in the case of
drilling and by 16.4% to 28.2% in the case of helical milling. The axial feed/axial pitch
had minimal influence on the microhardness increase in comparison to the cutting
speed. The position of the aluminum layer in the CARALL stacking sequence, to some
extent, influenced the post-machining microhardness.
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Abstract: Poly(methyl methacrylate) (PMMA), with a glass transition temperature (Tg) over 100 ◦C,
shows good mechanical and optical properties and has broad applications after being machined
with single-point diamond turning (SPDT) at room temperature. Because of the high Tg, current
efforts mostly focus on optimizing machining parameters to improve workpiece precision without
considering the modification of material properties. Cryogenic cooling has been proven to be an
effective method in assisting ultra-precision machining for certain types of metals, alloys, and
polymers, but has never been used for PMMA before. In this work, cryogenic cooling was attempted
during the SPDT of PMMA workpieces to improve surface quality. The machinability and surface
properties of cryogenically cooled PMMA were investigated based on the mechanical properties at
corresponding temperatures. Nanoindentation tests show that, when temperature is changed from
25 ◦C to 0 ◦C, the hardness and Young’s modulus are increased by 37% and 22%, respectively. At
these two temperature points, optimal parameters including spindle speed, feed rate and cut depth
were obtained using Taguchi methods to obtain workpieces with high surface quality. The surface
quality was evaluated based on the total height of the profile (Pt) and the arithmetic mean deviation
(Ra). The measurement results show that the values of Pt and Ra of the workpiece machined at
0 ◦C are 124 nm and 6 nm, respectively, while the corresponding values of that machined at 25 ◦C
are 291 nm and 11 nm. The test data show that cryogenic machining is useful for improving the
form accuracy and reducing the surface roughness of PMMA. Moreover, the relationship between
temperature, material properties and machinability weas established with dynamic mechanical
analysis (DMA) data and a theoretical model. This can explain the origin of the better surface quality
of the cryogenic material. The basis of this is that temperature affects the viscoelasticity of the polymer
and the corresponding mechanical properties due to relaxation. Then, the material property changes
will affect surface profile formation during machining. The experimental results and theoretical
analysis show that cryogenically cooled PMMA has good machinability and improved surface quality
when using SPDT compared to that at ambient temperature.

Keywords: poly(methyl methacrylate) (PMMA); mechanical property; cryogenic; single point
diamond of turning (SPDT); nanoindentation; surface roughness

1. Introduction

Single point diamond turning (SPDT) is one of the dominant processes used when
producing ultra-precision parts. It can be used for various materials, including metals,
ceramics, and polymers. Using this process, workpieces with a designed geometry and
specific properties can be obtained for multiple applications like the aerospace industry,
the automobile industry, etc. In recent decades, researchers have exerted great efforts in
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studying the effect of machining parameters, including the feed rate, spindle speed and
cut depth, on component surface quality. Plenty of work has been completed on metals.
For example, stainless steel, aluminum, and copper are processed using SPDT to reach
micro-/nano-level accuracy with optimized machining conditions [1,2]. Nevertheless,
investigations on the SPDT of polymers are quite limited. Only a few types of polymers can
be machined using this process [3,4]. The hardness and Young’s modulus of the polymers
must reach a certain value to use SPDT; otherwise, the accuracy of the final part cannot
be reached because of deformation induced by softness. A representative of the polymers
which cannot be directly machined using SPDT is PDMS, which is too soft to maintain
dimensional precision. Accordingly, the ultra-precision machining of polymers via SPDT is
still a hot topic requiring further research.

PMMA, as a typical example of a polymer with excellent optical properties, has been
used in many applications after being machined using SPDT. Its applications include
biomedical instruments, consumer products, communication systems, and security in-
strumentation, depending on the material properties of PMMA, including its rigidity,
toughness, light transmission, dimensional stability, and surface quality. Among the afore-
mentioned properties, the surface quality of PMMA is a major challenge to address to
extend its use to broader application fields. Researchers have attempted to use Taguchi
orthogonal methods to optimize the machining parameters such as the depth of the cut, the
spindle speed, the tool feed rate, the tool nose radius, and the coolant in order to obtain a
high surface quality [5–8]. Bhaskar Goel et al. reported that the prominent factors affecting
surface roughness were spindle speed, tool overhang and the feed rate of cutting, while
the key factors affecting profile and waviness errors were spindle speed, cut depth and
tool nose radius [9]. K. Jagtap et al. studied the influence of cutting parameters on the
surface quality of PMMA obtained via SPDT [4]. They found that spindle speed is a major
factor affecting surface flatness in the SPDT of PMMA. However, in the abovementioned
published literature studying the effects of machining parameters, all the experiments were
executed at room temperature, and the achievable minimum PV value was only about
0.83 μm, which needs to be lower in order to meet application requirements of PMMA
optical components.

To further improve the surface accuracy of PMMA parts produced using SPDT, in
addition to the machining parameters, the material properties need to be adjusted. The
crystalline structure, glass transition temperature and viscoelasticity can cause significant
form errors in the machined parts [10]. Yasuhiro Kakinuma and collaborators applied
cryogenic cooling to soft PDMS in the cutting process to machine microgrooves [11]. They
successfully changed the material from a rubbery state to a glassy state below the glass
transition temperature in order to obtain a remarkable change in elasticity. With this
material property change, an accurate shape can be obtained easily. Similar methods
have been used for other materials to keep the temperature below their glass transition
temperature in order to increase their hardness for machining [12–14]. The cryogenic
temperature ensures that the polymeric material is ductile and elongational and enables it
to withstand cutting forces without deformation.

Cryogenic cooling has been proven to be one effective way to change the material
properties of polymers to make them suitable for ultra-precision machining. By quenching
them below the glass transition temperature, their hardness can be considerably improved
to avoid flexible deformation during machining. This method has been demonstrated by
many researchers for soft polymers like PDMS and EVA. However, it has not been used for
the SPDT of PMMA. One possible reason for this is that the glass transition temperature of
this polymer is over 100 ◦C, far beyond ambient temperature. The material is in a glassy
state when machining, and thus does not need further cooling. So far, no reports are
available about the material property changes of PMMA for SPDT and the corresponding
effects on the surface quality of the final components.

To obtain high-precision PMMA optical components with a superior surface quality,
this work aims at changing the material properties of PMMA via SPDT with cryogenic
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cooling and investigating the effects on the machinability and surface quality of the final
part. If it succeeds, many high-precision, lightweight parts with a smooth surface can be
manufactured using PMMA, which can be widely used in aerospace, aviation, etc. PMMA
was maintained at a temperature 100 ◦C lower than the Tg during machining. The Taguchi
method was used to change the spindle speed, feed rate and depth of the cut to search
for the optimal conditions for machining a flat surface. In addition, nanoindentation tests
were performed to check the hardness and Young’s modulus of the PMMA at different
temperatures. The purpose was to obtain the relationship between the temperature, ma-
terial properties, processing conditions and surface quality in order to fabricate PMMA
components with high precision.

2. Experimental

2.1. Materials

PMMA materials were supplied by Mitsubishi Chemical Holdings (Beijing, China)
Co., Ltd. Workpieces were obtained by means of turning using a lathe to a size of
Ø10 mm × 10 mm. Cryogenic samples for nanoindentation tests were obtained by soaking
the workpieces in liquid nitrogen for 5, 10, 15 or 60 min, while the workpieces for SPDT
were cooled by flushing liquid nitrogen from a nozzle during machining.

2.2. Temperature Variation Test

In the tests regarding the hardness and Young’s modulus of the materials, as the
PMMA samples could not be maintained at a very low temperature during the tests due
to the restrictions of the instrument, it was necessary to monitor the temperature on a flat
surface by checking the time. The temperature as a function of time was obtained using
the following procedure. The samples were soaked in liquid nitrogen for a certain time,
then taken out and exposed to the air. The temperature shift with time on the flat surface
was measured using an AT4516 multichannel temperature meter (Applent Instrument,
Edison, NJ, USA).

2.3. Nanoindentation Test

First, the workpieces were polished using Mecatech 234 (PRESI, Paris, France) to obtain
a relatively flat and smooth surface for test accuracy. Then, they were soaked in liquid
nitrogen for 5, 10, 15 and 60 min before being taken out for nanoindentation. Hysitron
TI950 (Bruker, Billerica, MA, USA) was used to test the mechanical properties of PMMA in
a micro view for the hardness and Young’s modulus. The indenter had a Berkovich tip with
142.3◦ incl. angle and 100 nm R with a standard holder. To save time and reduce test cost,
an indentation depth of 1μm was selected to ensure elastic deformation by referring to the
literature [15]. As the hardness and Young’s modulus of PMMA are sensitive to strain rates,
following one recent published paper, a strain rate of 0.2/s was used to obtain a stable value
of the Young’s modulus [16]. If the rate was lower than this value, the Young’s modulus
among the tests would have a large variation. Tests were completed for the samples with a
surface temperature of 0, 5, 10, 15, 20 and 25 ◦C. At each temperature, 5 points at different
locations on each sample were tested to obtain the average value. With this method, the
mechanical properties of PMMA as a function of temperature could be obtained.

2.4. SPDT of Cryogenically Cooled PMMA

Nanoform 700 ultra (Precitech, Keene, NH, USA) was used to complete SPDT of the
workpieces with dimensions of Ø10 mm × 10 mm on the flat surface. They were divided
into two groups: one group machined at room temperature as the control samples, and
the other group machined at a low temperature by cooling with liquid nitrogen. The
workpieces were fixed on the spindle using an air chuck and were rotated at the speed
of the spindle. Machining parameters including the spindle speed, depth of the cut and
the feed rate could be set with the movement of the x-axis and z-axis of the machine. The
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diamond tool used had a 0.491 mm radius, a 0◦ rake angle, and a 10◦ clearance angle. The
setup for the SPDT of PMMA is shown in Figure 1.

Figure 1. Setup for the SPDT of PMMA with cryogenic cooling.

2.5. Measurement and Characterization Tools

A Taylor Hobson device (Ametak, Leicester, UK) was utilized to measure the form
profile and surface roughness of the machined flat surface with the contacting method. A
specific holder was designed to fix the PMMA workpiece during the test. The measurement
setup is shown in Figure 2.

Figure 2. Setup of PMMA workpiece measurement with a Taylor Hobson device.

The viscoelasticity of PMMA was tested using DMA. A standard bar of PMMA with
dimensions of 7.3 × 7.4 × 2.0 mm was tested following the frequency sweep and temper-
ature sweep procedures using DMA 8000 (PerkinElmer, Waltham, MA, USA). With the
frequency sweep as the first step, the frequency range for the linear viscoelastic region can
be obtained. Then, at a fixed frequency of 1 Hz, a temperature sweep from 25 ◦C to −70 ◦C
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was completed. An oscillating force was applied and the resulting Young’s modulus and
tanδ could be calculated.

3. Results and Discussion

3.1. Temperature Change of Cryogenically Cooled PMMA in Air

No tool or setup is available to maintain the materials at a low temperature during
the nanoindentation tests. Thus, the tests were generally completed at room temperature.
The purpose of this experiment was to check the temperature shift of the material in air
to determine the surface temperature at a specific time. Then, the material properties
including the hardness and Young’s modulus could be related to surface temperature
by monitoring the time when the test was executed. Accordingly, the effect of material
property change on the machinability of PMMA using SPDT could be investigated. This
temperature shift curve is the basis for further studies on cryogenically cooled PMMA. The
workpieces were soaked in liquid nitrogen for 5, 10, 15 or 60 min to test the temperature
ramp rate in air. As observed in Figure 3, the workpieces could be cooled to −60 ◦C or
even −70 ◦C. After they were exposed in air, the temperature on the surface increased to
room temperature within around 12 min. Analysis of the data proves that the soaking time
has a small effect on the temperature ramp rate. The samples with a soaking time of over
5 min show quite similar temperate shift curves, which can be expressed with the following
fitted equation.

y = a − bcx (1)

Figure 3. Temperature change of cryogenically cooled PMMA with time when exposed to air.

In Equation (1), y is the temperature on the workpiece surface and x is the time of
exposure to air. a, b, and c are constants that are obtained by means of nonlinear fitting. In
Figure 3, a fitting curve for 15 min is provided as an example. With this plot, the temperature
in nanoindentation tests and other types of hardness tests for PMMA workpieces can be
calculated by monitoring the time elapsed since leaving the liquid nitrogen bath.

3.2. Mechanical Property of Cryogenically Cooled PMMA

Examples of using the nanoindentation test to check the hardness and elastic modulus
of PMMA and study the effects of loading rate, holding time, etc., can be found in the
literature. However, all of the published experimental results were obtained at an ambient
temperature. One possible reason for this phenomenon is that major challenges exist
regarding testing at very low temperatures, including possible damage to the indentation
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tip and the whole instrument. Nevertheless, the mechanical properties at temperatures far
below the Tg are very important for studying the structure, performance and processing of
PMMA. Hence, efforts need to be made to investigate the hardness and elastic modulus
of cryogenically cooled PMMA. The samples were soaked in liquid nitrogen for 15 min
and then removed for testing. The tips were compressed into samples when the surface
temperature was 0, 5, 10, 15, 20 and 25 ◦C by monitoring the time in the air. As the total
process, including uploading, holding and unloading, was completed in about 15 s, the
temperature was assumed to be constant during the process.

Typical load–depth curves of PMMA at 25 ◦C and 0 ◦C are shown in Figure 4. A
maximum load of 6500 μN with a load rate of 1300 μN/s was applied to reach a depth
of 1 μm to calculate the hardness and elastic modulus. At each temperature, indentation
tests were repeated five times to obtain the average value of the target parameters. The
indentation tests were performed five times on the exact same sample, including soaking in
liquid nitrogen and measurement at a definite point. The soaking time and corresponding
temperature were calculated based on the relationship obtained in Figure 3.

Figure 4. Representative load–depth curves of PMMA at 25 ◦C and 0 ◦C.

The average hardness and elastic modulus at the above temperatures are shown in
Figures 5 and 6, respectively. As observed from the figures, the test data show excellent
repeatability with small standard deviations. This is attributed to the homogenous mi-
crostructure and the maintenance of a stable state at temperatures far below the Tg. The
nanoindentation hardness and elastic modulus of PMMA continuously increase when
lowering the sample temperature by controlling the initial time of indentation. In particular,
the hardness is significantly affected by temperature. It increases by 37% when the surface
temperature is reduced from 25 ◦C to 0 ◦C. Meanwhile, the elastic modulus is increased
by 22% when the temperature shifts from 25 ◦C to 0 ◦C.

As no tests for mechanical properties of cryogenically cooled PMMA are available
in the literature, the hardness of the samples was retested with a micro hardness tester
for authenticity. A micro hardness tester from Shanghai Shuming Optical Instrument
(HXD-1000 TMC/LCD) (Shanghai, China) was used to check the HV values of the cryogenic
samples. The HV values at the same temperature as tested in the nanoindentation tests
are listed in Table 1. As obtained from Table 1, the HV value decreases with an increase in
temperature. This is attributed to the material properties of PMMA, which is an amorphous
polymer with viscoelasticity, as described in Section 3.4. Meanwhile, the hardness is

345



Materials 2024, 17, 866

positively related to the storage modulus. Accordingly, this is consistent with the result
in Figure 12, showing that the ratio of the loss modulus to the storage modulus increases
with temperature from 0 to 25 ◦C, which means that the hardness will show a decreasing
trend following an increase in temperature. As observed in Figure 5, the unit of hardness
obtained in the nanoindentation tests is GPa, while that obtained with the micro hardness
tester is kgf/mm2. The hardness decreases with increase in temperature, displaying the
same trend as in the nanoindentation tests. In addition, the data show good repeatability
with small errors, indicating uniform surface properties. After being converted to the same
units, the values at the same temperature obtained with the two methods are different.
One interesting phenomenon is that the difference is almost constant for the values at the
five temperature points. The difference between the hardness value obtained with the micro
hardness tester and that obtained from the nanoindentation tests was calculated with the
same unit (GPa). The difference between the values at the five temperature points obtained
with the two test methods was also calculated. For example, at 0 ◦C, the hardness obtained
with the micro hardness tester was HV30.2 (0.29596 GPa), while that obtained with the
nanoindentation tests is 0.38527 GPa, with the difference being 0.08931 GPa. The difference
at the five temperature points was calculated and the average difference was 0.087965 GPa
with a standard deviation error of 0.01030645 GPa. One possible reason for this is that a
system error remains in the two test methods during measurement unit conversion. A
representative indentation point of the PMMA produced by the micro hardness tester under
a microscope is shown in Figure 7. The indented profile as observed in the figure is clear
and large, which indicates that the hardness is low. We observed the trend that the harder
the material is, the smaller the indented area. If the material is super rigid, the indented
area will only cover one small area, like a point. The hardness value (HV) is also calculated
based on the force applied and the cross-sectional area of the indented region. Hence, as
observed from Figure 7, the PMMA material has a relatively low hardness. Comparing the
data obtained using the two test methods, it can be confirmed that mechanical properties
of PMMA are enhanced by lowering the temperature. Both the hardness and the elastic
modulus experience a noticeable increase when the temperature is changed from 25 to 0 ◦C.

Figure 5. Nanoindentation hardness value of PMMA at different temperatures.
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Figure 6. Nanoindentation elastic modulus value of PMMA at different temperatures.

Table 1. HV values of cryogenically cooled PMMA at different temperatures obtained using a micro
hardness tester.

Temperature (◦C) Average HV (kgf/mm2) Standard Deviation

0 30.2 0.09
5 26.4 0.12

10 22.2 0.10
15 21.4 0.11
20 19.8 0.03
25 20.2 0.07

 

Figure 7. One typical indentation point of cryogenically cooled PMMA under a microscope.
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3.3. Machinability and Surface Property of Cryogenically Cooled PMMA

PMMA is widely used in optical components in various fields requiring a high level
of precision, and is commonly processed using SPDT. Thus, to meet the increasing demand
for components with higher accuracy, it is important to study the processing methods of
PMMA for higher precision and efficiency. In this work, liquid nitrogen cooling was applied
to further investigate the machinability of cryogenically cooled PMMA using SPDT, which
causes the temperature of the workpiece’s surface to be 100 ◦C lower than the material’s
Tg. The setup for the SPDT of PMMA is displayed in Figure 1. A simple flat surface was
machined in the SPDT experiments for the comparison of accuracy and efficiency, while a
group of workpieces machined using SPDT at room temperature were used as references.

Machining parameters including the spindle speed, feed rate and depth of the cut were
tested in groups following the Taguchi orthogonal method at the designed temperature to
obtain a high surface quality. For the design of the experiment with the Taguchi method,
according to the authors’ pilot study in SPDT and the reported parameters in the literature,
three input parameters including the spindle speed, feed rate, and cut depth were identified
as factors and three levels of each factor were chosen for the surface quality study. The
factors with the corresponding levels are listed in Table 2. The surface roughness (Ra, nm),
and profile error (Pt, nm) were selected as the principal response parameters, which were
measured via a Taylor Hobson device using the setup shown in Figure 2. To save time
and reduce cost, only one temperature point, 0 ◦C, was used as a demo of cryogenically
cooled PMMA for SPDT. This temperature was controlled by the adjusting flow rate of
liquid nitrogen and was measured in real time using an infrared thermometer.

Table 2. Factors and levels in the SPDT of PMMA.

Factors Levels

Level 1 Level 2 Level 3

Spindle speed (rpm) 1500 2000 2500
Feed rate (mm/min) 5 8 10

Cut depth (μm) 2 4 8

Optimized processing conditions, including spindle speed, feed rate and cut depth,
were obtained for the specified temperature to obtain a high surface quality. The total
height of the profile (Pt) and the arithmetic mean deviation (Ra) were used to evaluate
form accuracy and surface roughness, respectively. For the workpieces machined at room
temperature, a spindle speed of 1500 rpm, a feed rate of 5 mm/min, and a cut depth
of 4 μm obtained the lowest values of Pt and Ra. The measured form accuracy and
surface roughness are shown in Figures 8 and 9, respectively. As observed in the figures, a
Pt value of 291 nm and an Ra of 11 nm were obtained. Following the same procedure, the
optimal processing conditions for the SPDT of cryogenically cooled PMMA at 0 ◦C are a
spindle speed of 2500 rpm, a feed rate of 10 mm/min and a cut depth of 2 μm. The form
accuracy and surface roughness are shown in Figures 10 and 11, respectively. A Pt value of
124 nm and a surface roughness of 6 nm were obtained. Compared to the values at room
temperature, Pt was decreased by 57.4%, and Ra was about 50% lower. It can be inferred
that cryogenic machining is beneficial for improving the surface quality of PMMA. As the
Tg of PMMA is around 105 ◦C, this work was completed at a temperature far below the
Tg (>100 ◦C), which has not been achieved before. One reason for the initiation of this
work was to investigate the effect of cryogenic cooling on machinability and surface quality
for materials like PMMA with a high Tg. As observed from the results, the cryogenically
cooled PMMA can be machined far below its Tg. With cryogenic cooling, a higher surface
quality with low values of Pt and Ra can be obtained. Meanwhile, it is found that a higher
spindle speed, a higher feed rate, and a smaller cut depth are needed to obtain a better
surface quality at low temperatures.
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Figure 8. Surface profile of the PMMA workpiece machined via SPDT at room temperature under
optimal processing conditions.

Figure 9. Surface roughness of the PMMA workpiece machined via SPDT at room temperature under
optimal processing conditions.

Figure 10. Surface profile of the PMMA workpiece machined via SPDT at 0 ◦C under optimal
conditions.

Figure 11. Surface roughness of the PMMA workpiece machined via SPDT at 0 ◦C under optimal
conditions.
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3.4. Relationship between Temperature, Material Property and Machinability

To understand the mechanism of the improved surface quality of cryogenically cooled
PMMA using SPDT, the relationship between the material properties and the machined
surface quality is investigated, with temperature as the connection. At low temperatures,
the hardness and Young’s modulus are significantly increased compared to those at room
temperature. Accordingly, a better surface quality with lower values of Pt and Ra can
be obtained. There is an inherent connection between them. PMMA, as an amorphous
polymer, has typical viscoelastic properties, considerably affecting its mechanical properties
and machinability. Thus, its viscoelasticity was studied using DMA. Tanδ is the ratio of
the loss modulus to the storage modulus, and its change with temperature is shown in
Figure 12. One peak is available around 20 ◦C, which has a high possibility of representing
β relaxation attributed to the side group motion of (—COO—CH3) [17]. With temperature
decreasing from the peak point, γ relaxation mainly occurs with the rotation of the side
group (—CH3), possibly requiring some local main chain motion [18]. These are quite
different from α relaxation, which describes large-scale cooperative rearrangements of the
molecules in the region of glass transition. The glassy state relaxation behavior (α, β, and
γ relaxation process) is closely related to the mechanical properties of polymers [19,20].
In this work, cooling from room temperature shows a typical suppression of the sub-Tg
relaxation process. With a temperature decrease, the number of segments participating
in the β relaxation (i.e., the number of segments dissipating mechanical energy) reduces
and the transition into γ relaxation will be reflected in macroscopic properties such as the
hardness and Young’s modulus, as demonstrated in the nanoindentation tests.

Figure 12. tanδ of PMMA measured at a fixed frequency of 1 Hz from 25 ◦C to −70 ◦C using
DMA8000.

The temperature is 100 ◦C lower than the Tg, which is sufficient to obtain a non-
equilibrium glassy state and maintain the orientation of the chain segments during ma-
chining. The α and β relaxation, which can be explained with free volume theory [21],
describes the molecular change of the polymer, which can provide guidance for SPDT.
At temperatures far below the Tg (Tg-100), no significant change in defect concentration
occurs according to the quasi-point defect model. However, the molecular mobility of
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PMMA is significantly decreased, as verified by the low-temperature part of the γ relax-
ation. The loss of chain mobility is mainly caused by local molecular rearrangements [22].
This reduction in chain mobility increases the stiffness of the workpiece, thus avoiding
detrimental deformation.

Cryogenic cooling far below the Tg is beneficial for the improvement of mechanical
properties, and its effect on the machinability of PMMA is also analyzed through surface
profile modelling in SPDT. In diamond turning, the surface profile is commonly modelled
per feed. As reported in previous studies, the profile is mainly affected by three components:
the duplication effect of the diamond tool edge profile, material spring back and material
plastic side flow [23,24]. Accordingly, the vertical distance between the highest peak and
the lowest valley, i.e., F(x), can be expressed as

F(x) = Rtew(x) +
4(wr − sr)

f2 (− f
2
≤ x ≤ f

2
) (2)

where Rtew(x) is the active tool edge profile with consideration of tool edge waviness rate;
wr is the value of material plastic side flow in the center (x = 0), and sr is the material spring
back at the margin positions (x = ±f /2) in one rate [25].

The surface profiles in this work can be analyzed using this empirical model. In
Equation (1), Rtew(x) is determined by the tool corner nose radius and edge waviness [26].
During the SPDT of PMMA in this work, the same tool was used. Therefore, this factor
can be considered the same when comparing the profiles. The material plastic flow wr
is relatively complex and has insufficient calculation methods to obtain an analytical
solution [25]. Nevertheless, for PMMA, it is mainly affected by the material’s viscoelasticity.
There exists a positive correlation between the plastic flow and the viscous behavior. For
a qualitative comparison, according to the tanδ values at 0 ◦C and 25 ◦C in Figure 12, the
loss modulus plays a more dominant role when temperature is higher, which represents
viscous performance. This indicates that wr will be larger at 25 ◦C. Meanwhile, material
spring back sr can be expressed as a proportional function of the tool edge radius and the
ratio of a workpiece’s material hardness to its Young’s modulus (H/E) [27,28]. In this work,
as proven by the available test data, the value of H/E at 0 ◦C is 1.12 times greater than that
at 25 ◦C. Thus, considering the same diamond tool and value of H/E, the material spring
back value sr at 0 ◦C is larger. A comparison of the three factors at the two temperatures
is summarized in Table 3. Substituting the comparison results into Equation (2), we can
obtain a qualitative result indicating that the value of the surface profile at 0 ◦C is obviously
smaller. This is consistent with the measurement results reflected by the Pt and Ra values.

Table 3. Comparison of three factors of the surface profile model at 25 ◦C and 0 ◦C.

Factors 0 ◦C 25 ◦C

Rtew(x) =

wr >

sr >

A major effect of cryogenic cooling on PMMA is the control of its viscoelasticity.
Lowering the temperature can suppress the viscous behavior of the material so that the
relaxation time is longer, which makes the material more rigid with a higher hardness and
Young’s modulus. Meanwhile, the suppression of viscous behavior is useful for decreasing
the material side plastic flow during SPDT, while the material spring back is enhanced
as a proportional function of the ratio of hardness to the Young’s modulus. Considering
the above two factors, the machinability of PMMA using SPDT is improved by cryogenic
cooling and a better surface quality can be achieved.

Cryogenic cooling has been widely attempted in machining materials including ce-
ramics, polymers, metals, and alloys [29–32]. Nevertheless, no reports are available for the
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cryogenic cooling of PMMA during SPDT. In the previous reports, for example, the effect of
cryogenic cooling on carbide–cobalt alloys mainly led to an increase in hardness compared
to that at room temperature, while maintaining toughness, transverse rupture and impact
strength, which can explain why the carbide tool materials are suitable for the cryogenic
cooling method. Meanwhile, for some high-speed steels, cryogenic cooling does not affect
hardness obviously, which means that cryogenic cooling will not affect their machining
properties [32]. For PMMA, as tested in this work, cryogenic cooling is effective in increas-
ing its hardness, even though its Tg is over 100 ◦C. The increase in hardness is effective in
improving surface quality and workpiece precision during ultra-precision machining with
optimized processing parameters. Accordingly, this work demonstrates that cryogenic
cooling is effective for polymeric materials with a high Tg during ultra-precision machining,
which opens a new avenue for manufacturing high-precision polymeric components. It
contradicts the conventional wisdom that polymeric materials are soft and difficult to use
as high-precision components compared to metal and alloys. The results in this work prove
that it is feasible to fabricate high-precision polymeric components via cryogenic cooling.

4. Outlook

In this work, the effect of cryogenic cooling on the SPDT of PMMA is mainly studied
from the view of material properties. During machining, the effects on tool wear, residual
stress distribution, and chip formation can all contribute to the surface quality of the final
workpiece. These effects will be studied in future work. Even though cryogenic cooling
is helpful in assisting ultra-precision machining, some problems still need to be solved.
One issue with cryogenic cooling is that the super-cold medium needs to be continuously
supplied. The pipeline design and corresponding fixtures increase the cost of the final
parts and consume time. In addition, the position of the output nozzle and volume flux
have notable impacts on the machined parts. The above challenges took the authors plenty
of time to address in this work. Not surprisingly, cryogenic cooling is generally used in
research, but is not yet suitable for large-scale production. Further efforts need to be made
before the cryogenic cooling process can be industrialized.

5. Conclusions

In this work, the machinability and surface properties of cryogenically cooled PMMA
machined via SPDT were investigated. The cryogenic cooling was completed using liquid
nitrogen. The optimal parameters for machining at room temperature and 0 ◦C were
obtained using the Taguchi method. The form accuracy Pt and surface roughness Ra
of the workpieces under optimal conditions were measured and compared. At room
temperature, a Pt value of 291 nm and an Ra of 11 nm were obtained, while at 0 ◦C, a
Pt value of 124 nm and an Ra of 6 nm were observed, displaying a significant improvement
compared to the values at an ambient temperature. For the workpieces machined at room
temperature, a spindle speed of 1500 rpm, a feed rate of 5 mm/min, and a cut depth of
4μm can be used to obtain lowest values of Pt and Ra. The optimal processing conditions
for the SPDT of cryogenically cooled PMMA at 0 ◦C are a spindle speed of 2500 rpm,
a feed rate of 10 mm/min and a cut depth of 2 μm. To reveal the mechanism of this
process, the relationship between the temperature, material properties and machinability
of PMMA was analyzed. The material property changes with temperature were studied
via nanoindentation tests. As demonstrated by the experimental results, the hardness
and Young’s modulus at 0 ◦C increased by 37% and 22% compared to those at room
temperature, respectively. The change in mechanical properties is mainly attributed to the
viscoelasticity’s variation with temperature. When temperature changed from 25 ◦C to 0 ◦C,
the bulk material showed more elastic behavior with a decrease in tanδ, as verified by
DMA tests. In addition, a model of the surface profile in SPDT was used to qualitatively
explain the smoother surfaces at lower temperatures due to change in material properties.
Decreasing the temperature can suppress sub-Tg relaxation, causing an enhancement of
mechanical properties, which results in a better surface quality when using SPDT. It can be
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concluded that cryogenic cooling is effective in the ultra-precision machining of PMMA
due to the material property changes caused by temperature. In future work, cryogenic
machining can be attempted for materials like PMMA with a high Tg to achieve a high
surface quality.
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Abstract: This is the first study of non-woven fabrics elaborated by melt-blowing from polymer
nanocomposites made of Nylon 6 and nanoclay (Cloisite 20A) modified with an amine (1,4 di-
aminobutane dihydrochloride). Morphological and physical characteristics, adsorption capacity, and
antibacterial properties are presented. From the X-ray diffraction (XRD) results, it was possible to
observe a displacement of the signals to other 2θ angles, due to an α to Υ phase shift. The scanning
electron microscopy (SEM) images showed that the mean diameter of fiber decreased as the content
of nanoclay increased. The mechanical tests showed that the tear strength force of neat nylon was
1.734 N, but this characteristic increased to 2.135 N for the sample with 0.5% modified nanoclay. The
inulin adsorption efficiency of the Nylon 6/C20A 1.5% and Nylon 6/C20A 2% samples at 15 min
was 75 and 74%, respectively. The adsorption capacity of Nylon 6/C20A 1.5% and Nylon 6/C20A 2%
for methylene blue and methyl orange remained above 90% even after four adsorption cycles. In
addition, non-woven fabrics present antibacterial activity against E. coli.

Keywords: Nylon 6; non-woven fabric; adsorption; toxins; dyes; E. coli

1. Introduction

Functional textiles are adapted to address the different necessities of human beings.
Functional textiles showed a growth rate of 30% from 2015 to 2020 due to support and
investment from different industries, which seek new technological developments in this
area [1]. Textiles made from fibers with micrometric or nanometric sizes are attractive
in different application areas. Three critical areas are energy generation, medicine, and
environmental care [2].

On the other hand, adsorbent nanomaterials can have different characteristics and
be incorporated into a polymer matrix to make composite materials and apply them in
technical textiles.

Some adsorption studies with carbon-based materials from potato waste have had
good results in the adsorption of dyes such as allura red, carmine, and tartrazine; these ma-
terials present different behaviors of monolayer and multilayer adsorption mechanisms [3].
It has also been seen that other materials designed and manufactured with nanometric
dimensions (MXene nano sheets) effectively eliminate cationic and anionic azo dyes (methy-
lene blue and Congo red) through adsorption processes [4,5]. These nanometric adsorbent
materials can be incorporated into a polymeric matrix and form fibers for application as an
adsorbent at an industrial level.
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Moreover, functional textiles applied in medicine are promising products that help
drug administration; specifically, they can improve the dermal penetration capacity of
the active molecule and avoid the risk of toxicity. Another application is in housing
medical devices for hemodialysis [6,7]. Koh et al. reported the fabrication of nanofibers
for hemodialysis consisting of three layers of nanofibers: the top layer of poly(methyl
methacrylate)-graft-poly(dimethylsiloxane) (PMMA-g-PDMS) nanofiber, the second layer
of polyamide 6 (PA6), and the third one containing nanofibers of polyamide/zeolite for
creatinine removal [8]. In the hemodialysis process, it is necessary to remove some nitroge-
nous molecules in the blood; one is urea because it causes kidney problems and affects
the liver [9]. Abidin et al. prepared hollow fiber membranes to combine filtration and an
adsorption process, removing 39.2% of urea with a double-layer fiber of polysulfone and
polymethyl methacrylate (N-PMMA) [10].

Recent studies on non-woven fabrics incorporating nanoparticles like graphene
nanoplatelets and carbon black have achieved 90% and 80% urea adsorption, respec-
tively [11,12]. Some functional textiles have been used as filtration systems for separation
and cleaning in the environmental care area; their production has increased due to the
increasing environmental demands to remove contaminants from either air or water [13,14].
Various types of contaminants (organic and inorganic) are released into the water. Among
these contaminants, dyes stand out because they are toxic. Dyes such as methylene blue and
methyl orange are persistent pollutants in aquifers because conventional water treatment
methods cannot remove them. Therefore, new methods for removing these contaminants
are needed [15,16].

Some textile studies have reported the removal of dyes of different natures. Dao et al.
studied non-woven polyester fabrics as a support substrate with rGO (reduced graphene
oxide) and Cu2 particles that form a photocatalytic membrane for the degradation of
methylene blue, under the influence of natural sunlight. The manufacturing process of this
compound was carried out in four stages, achieving the elimination of 96% of methylene
blue in 120 min [17]. Rana et al. studied the incorporation of glycidyl methacrylate into
polyethylene non-woven fabric, and carried out a chemical modification of it and applied
it in the adsorption of methylene blue, achieving the elimination of 52% in the first 5 h [18].

Andrade et al. reported on non-woven fabric based on Nylon 6 and ZnO. To remove
methylene blue and reduce antimicrobial performance, one of the experiments involved ac-
celerated washing, which consists of observing the effects on antimicrobial properties [19].

It has been seen that another advantage of using nanoparticles in textiles as antibac-
terial agents is that it reduces the side effects of contact with the skin when compared to
agents that are currently used commercially.

On the other hand, in recent years, our research group has used the ultrasonic-assisted
extrusion method for incorporating nanoparticles into a non-woven fabric. In this methodol-
ogy, a nanocomposite containing a polymer matrix and the nanoparticle as a reinforcement
is first prepared. Then, the non-woven fabric using the melt-blowing method is manufac-
tured. This technique helps the dispersion of the nanoparticles and does not allow the
nanoparticles to detach with washing. Our research group studied the non-woven fabric of
Nylon 6 with different nanoparticles such as ZnO, carbon black, and graphene.

The novelty is that this is the first study of non-woven fabrics elaborated by melt-
blowing from polymer nanocomposites made of Nylon 6 and nanoclay (Cloisite 20A)
modified with an amine (1,4 diaminobutane dihydrochloride) to evaluate its effect on
the physicochemical properties and organic compound adsorption. Finally, this study
evaluates the amine’s antibacterial properties.

2. Materials and Methods

2.1. Reagents

Nylon 6 from DuPont Zytel®7301 NC010, organoclay Cloisite C20A with a particle
size < 10 μm and lamellar spacing of 2.7 nm. 1,4-diamino butane dihydrochloride purity
of 99% was purchased from Sigma Aldrich products (St. Louis, MO, USA). Methylene
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blue (MB) (99%), methyl orange (MO) (99%), and inulin (98%) were purchased from Sigma
Aldrich, urea (95%) was purchased from Faga Lab (Sinaloa, Mexico), and distilled water
with a pH of 7 was used as a solvent to obtain the solutions.

2.2. Chemical Modification of Cloisite 20A by Ultrasonic Tip

Cloisite 20A modification with 1,4-diamino butane dihydrochloride was made fol-
lowing methodologies already reported by Andrade et al. [20]. The chemical modification
treatment was carried out by dispersing 1 g of C20A nanoclay in 20 mL of distilled water,
with 1,4-diaminobutane dihydrochloride, in a 1:1 ratio, using a homemade ultrasonic gen-
erator, with an output power of 750 W, at an amplitude of 50% and a variable frequency of
15 to 50 KHz, catenoidal ultrasonic tip (Branson Ultrasonics Corp., Brookfield, CT, USA;
D, 51.27 cm). For safety reasons, the experiments were carried out in a soundproof cage.
Ultrasound treatment time was 120 min and was used at room temperature. At the end of
the experiments, the C20A clay was filtered and dried at 80 ◦C for 24 h.

2.3. Nanocomposite Preparation

The nanocomposites were prepared according to the method previously reported [21].
Polymer nanocomposite preparation was carried out using the ultrasound-assisted melt
extrusion process (US) to homogenize the mixture of the particles within the polymer. For
the extrusion process, a lab-size twin-screw extruder from Thermo Fisher Scientific (model,
Prism TSE-24MC) with a screw diameter of 24 mm and L/D ratio of 40:1 was assisted
by a catenoidal ultrasonic tip (Branson Ultrasonics Corp., CT; D, 51.27 cm). The extruder
was connected to a homemade ultrasonic generator (15 to 50 kHz, 100% of 750 W). The
temperature profile was a flat one, at 215 ◦C in all areas of the extruder, with a screw speed
of 115 rpm. Nylon 6/C20A nanocomposites were prepared at different concentrations
(0.25% wt, 0.5% wt, 0.75% wt, 1.5% wt, and 2% wt). These experimental conditions help
increase the homogeneous size of the pellet. As a post-extrusion system, a cooling bath was
used at the outlet of the die and a pelletizer (Thermo Fisher Scientific, Waltham, MA, USA).

2.4. Preparation of Non-Woven Fabric Materials

Nylon 6/C20A non-woven fabrics were elaborated by fiber extrusion technology
(FET-UK) pilot machine equipment. The profile temperatures were 240 ◦C extrusion zone
1; 245 ◦C extrusion zone 2; 245 ◦C extrusion zone 3; 250 ◦C extrusion zone 4; 255 ◦C flange
zone; 255 ◦C melt pump zone; 255 ◦C dual heat zone; 255 ◦C melt blow adapter zone; and
255 ◦C melt blow hot air zone. Figure 1 shows the identification of samples, for example,
(Nylon 6/C20A 0.25%) polymer = Nylon 6; C20A = Cloisite 20A modified with 1,4-diamino
butane dihydrochloride; 0.25% = concentration of the modified nanoclays.

 
Figure 1. Identification of non-woven fabric samples.
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2.5. Characterization

The morphology and elemental composition of the materials were characterized by
scanning electron microscopy and energy-dispersive spectroscopy (SEM-EDS) through an
electron microscope model JEOL model JSM-7401F (Jeol LTD., Akishima, Tokyo, Japan).
The sample was coated with gold and palladium before analysis.

XRD (X-ray diffraction) was performed by a Rigaku model Ultima IV Smartlab (Rigaku
Beijing, China) diffractometer operating at 40 kV and 40 mA with stability of 0.01%/8 h
with a scanning interval in the 2θ scale from 10 to 80◦.

The mechanical properties were measured following ASTM D2261 Standard norm
(2013) standard test methods for tear strength properties of fabrics woven from stretch
yarns. ASTM International standard tests were used to evaluate the tearing resistance of
the non-woven fabric by the tongue (single rip) procedure. Tensile strength was carried out
following ASTM D5034 Standard. These tests considered the machine direction (MD) and
transversal direction (TD).

The equipment used for both the tear resistance and the resistance to breakage and
elongation was a United Universal machine with an environmental chamber CEF-80,
tensiometer model SFM-100KN from United Testing.

2.5.1. Adsorption of Uremic Toxins

The preparation of urea and inulin solutions and their measurement and calculations
followed the method described in previous works [12]. First, Nylon 6 and Nylon 6/C20A,
30 cm × 30 cm non-woven fabric specimens were placed in a prototype (see Figure 6c;
the prototype is made of glass and is the actual size of a hemodialysis dialyzer) with the
solutions of uremic toxins. Then, the solution was prepared, which consisted of a mixture of
urea and inulin at a concentration of 390 mg/dL. The simulation of the hemodialysis process
lasted 4 h, and every 15 min, an aliquot was taken to analyze in the UV-Vis spectrometer.

All experiments were performed in triplicate. The removal percentage of each toxin
was calculated with the following equation.

% Removal =
(Ci − Ce)

Ci
× 100 (1)

where Ci is the initial concentration and Ce is the final concentration.
For the analysis of uremic toxin adsorption, the samples were analyzed in a UV-Vis

spectrometer (Duetta Horiba Scientific, Beijing, China) at different wavelengths of 200 nm
(urea) and 270 nm (inulin). The adsorption isotherms data were fitted and the correlation
coefficient (R2) was calculated using the trendline command in Microsoft Excel 2016 for
each isotherm. The Langmuir isotherm was calculated using the following equation.

Ce
qe

=
Ce
qm

+
1

KLqm
(2)

where qe (mg·g−1) and Ce (mg·L−1) are the concentrations of the solid and liquid phases
of adsorbate in equilibrium, respectively, qm is the maximum adsorption capacity, and KL
is the constant obtained from the graph of Ce/qe against Ce.

The Freundlich isotherm was calculated using the following equation.

ln qe = ln KF +

(
1
n

)
ln Ce (3)

where KF (mg·g−1) (L·mg−1) and 1/n are the Freundlich constants related to the adsorption
capacity and n is the heterogeneity calculated by linearly plotting Inqe against InCe [22].
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2.5.2. Adsorption of Dyes (Methylene Blue and Methyl Orange)

Batch experiments followed the methodology reported previously [19]. The adsorption
experiments were carried out by filtering 20 mL of the 200 mg/L solution (MO or MB) with
non-woven fabric (circle 11.5 cm diameter) with a weight of 20 mg at room temperature for
60 min. The non-woven fabric was fixed in a glass funnel and the MB or MO solution was
poured into the non-woven fabric slowly for 60 min. Every 10 min, an aliquot was taken
and read in the UV-Vis spectrometer.

The residual concentration of the dye solution was determined using a calibration
curve prepared at the corresponding maximum wavelength (465 nm MO) (590 nm MB)
using a UV-Vis spectrometer (Duetta Horiba Scientific, Horiba, Beijing, China).

Adsorption capacity (mg/g) and removal efficiencies in the percentage of MB and MO
dyes were calculated using Equations (1) and (2).

qe =
(Ci − Ce)V

m
(4)

%adsorptione f f iciency =
(Ci − Ce)

Ce
× 100 (5)

where Ci and Ce are the initial and equilibrium MO and MB dye (mg) concentrations.
V and m are the volume of dye solution and amount of adsorbent (g). Langmuir and
Freundlich isotherms were plotted using these data.

2.5.3. Reusability Study

Adsorbent materials must remain stable even after several adsorption cycles. The
materials for the organic compounds adsorption were evaluated in four cycles, as described
in Section 2.5.2, without prior material washing. The fabrics were dried at room temperature
to conduct the following adsorption cycle to determine the material utilization.

2.5.4. Antibacterial Activity

The antibacterial activity was evaluated against Gram-negative bacteria (Escherichia
coli). The Kirby–Bauer method was used. The bacteria were incubated at 37 ◦C for 18 h, with
an E. coli concentration equal to 0.5 McFarland Standard. Grown cultures were prepared
and smeared onto the surface of nutrient agar and soy trypticase in Petri plates. Specimens
of approximately 3 mm × 3 mm in size were cut from the textile samples under aseptic
conditions and placed on the agar surface and the plates were incubated at 37 ◦C for 18 h.
The standard antibiotic was gentamicin, the negative control was DMSO, and the diameter
of the formed zone of inhibition (in mm) was determined.

3. Results and Discussion

3.1. X-ray Diffraction (XRD)

Figure 2 shows Nylon 6 and Nylon 6 nanoclay C20A diffraction patterns with different
clay contents (0.25, 0.5, 0.75, 1.0, and 2.0%). Neat Nylon 6 shows two strong signals at
20.33◦ and 24.19◦ corresponding to the α crystalline phase in the planes (2,0,0) and doublet
in (2,0,2)/(0,0,2), respectively [23,24]. All Nylon 6 non-woven fabrics with C20A nanoclay
at different concentrations show a pseudo-hexagonal Υ crystalline phase, consisting of
parallel chains with hydrogen bonds causing torsion on the molecular chains in zigzag
planes [25]. Therefore, it seems that the incorporation of modified nanoclay changes the
crystalline structure of the polymer matrix of the non-woven fabrics, probably because
nanoclay acts as a nucleating agent and increases the crystallization rate. This change is
observed even at the lowest content of nanoclay (0.25%). Another intervening process is the
fusion heat used for the manufacture of the non-woven fabric since some reports referred
that a polymer transformation with an increase in temperature and then cooling such as
that of film formation causes a change in the crystallinity of Nylon 6 [26]. The diffraction
peak centered at 21.77◦ (Υ) in the non-woven fabric Nylon 6/C20A 1.5% shifts towards
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21.23◦ as the nanoclay content increases. It is mainly due to the degree of intercalation of
the nanoclay galleries in the polymer matrix, in addition to the dispersion that helps create
a homogeneous distribution of the nanoclays in the nylon polymer matrix [20]. This peak
for the non-woven fabric Nylon 6/C20A 2% appears at 21.5◦. This observation agrees with
Cabello et al., where the same shift in the crystalline phase was observed when the zeolite
was incorporated [27].

Figure 2. X-ray diffraction patterns of Nylon 6 non-woven fabric and Nylon 6/C20A non-woven
fabric at different concentrations of nanoclay C20A (0.25, 0.5, 0.75, 1.5, and 2.0%).

3.2. Scanning Electron Microscopy (SEM)

The SEM-EDS analysis showed the morphological changes and elemental composition
in the non-woven fabrics, for example, samples of neat Nylon 6 and Nylon 6 C20A (1.5
and 2.0%) (Figure 3). All samples are generally composed of uniform and smooth fibers
randomly oriented, presenting a cylindrical shape (see Figure S1).

In addition, the fiber diameters distribution for the samples are as follows (Table 1).
Figure 3 show frequency distribution for neat Nylon 6 fabric has a mean fiber diameter of
16 and 17 ± 1.5 μm. Nylon 6/C20A 1.5% has a mean fiber diameter of 12 ± 2.4 μm, and
Nylon 6/C20A 2.0% has a main fiber diameter of 12.7 ± 1.76 μm. A decrease in the size of
the fiber diameter is observed as the concentration of the nanoclay increases.

Table 1. Fiber diameter of non-woven fabric at different concentrations.

Sample Fiber Diameter (μm)

Nylon 6 16 and 17 ± 1.5
Nylon 6/C20A 0.25% 16 ± 0.7
Nylon 6/C20A 0.5% 15 ±1.8

Nylon 6/C20A 0.75% 13 ± 2.1
Nylon 6/C20A 1.5% 12 ± 2.4
Nylon 6/C20A 2.0% 12.7 ± 1.76

A reduction in the fiber diameter can be observed as the modified nanoclay content
increases because the nanoclays have amino groups (modifying groups) that can increase
the polymer fluidity acting as a lubricant, reducing the fiber size when it is collected. These
results agree with the results reported by Fukushima et al. These authors reported an
increase in the fluidity of composites of PE-TiO2 obtained by ultrasound-assisted extrusion
attributed to the large exposed surface area of the particles which increased the mobility of
the polymer chains [28].
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Figure 3. Frequency distribution and 500X SEM images of non-woven fabric of neat Nylon 6, Nylon
6/C20A 1.5%, and Nylon 6/C20A 2.0%.

EDS analysis was performed at 1000× magnification for neat Nylon 6 and Nylon
6/C20A 2.0% fabrics (Figure 4a,b). Neat Nylon only showed C and O elements. Ny-
lon6/C20A 2.0% showed C at 0.27 KeV, N at 0.39 KeV, O at 0.52 KeV, Al at 1.48 KeV, Si
at 1.73 KeV, Cl at 2.26 KeV, and Ca at 3.69 KeV. These elements are present in modified
nanoclay and the polymer, as reported previously by Andrade-Guel et al. in PLA/C20A
nanoclay nanocomposites [20].
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Figure 4. EDS and 1000X SEM images of non-woven fabric of (a) neat Nylon 6, (b) Nylon 6/C20A
1.5%, and (c) Nylon 6/C20A 2.00%.

3.3. Mechanical Tests

The mechanical properties are shown in Figure 5 and Table 2. Neat Nylon 6 non-woven
fabric has a tear force of 1.734 N; when the clay is added, the tear force decreases.

Table 2. Mechanical properties of non-woven fabrics.

Sample Tear Force (N)
Maximum Breaking

Strength (N)

Nylon 6 1.734 13.24
Nylon 6/C20A 0.25% 1.334 1.19
Nylon 6/C20A 0.5% 2.334 4.73

Nylon 6/C20A 0.75% 1.4243 5.56
Nylon 6/C20A 1.5% 1.7348 3.66
Nylon 6/C20A 2.0% 1.7792 3.08

The Nylon 6/C20A 0.5% shows a higher tear force than neat Nylon. This behavior
can be related to an effective dispersion at low concentrations. Nanoclay can inhibit the
mobility of the polymer chains, causing a decrease in rigidity [12]. Also, previous studies
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have reported that the interactions between the layers of chemically modified silicates and
the polymeric matrix can drive improvements in mechanical properties.

 

Figure 5. Mechanical properties of non-woven fabrics (a) maximum breaking strength, (b) tear force,
and (c) images of fabrics after maximum breaking strength test.

Figure 5b shows the breaking strength of the non-woven fabrics, while Figure 5c
shows the corresponding images after maximum breaking strength. In Table 2, it can
be seen that the maximum breaking strength for Nylon 6 was 13.24 N, and the Nylon
6/C20A 0.25% sample reached its lowest point (1.19 N) when the modified nanoclay load
increased to 0.75% wt, the maximum breaking strength increased to 5.56 N. This increase
may be because at low concentrations, the nanoparticles act as breaking points and the
polymer chains and cracks in the polymer flow faster, and by increasing the concentration
of nanoclay, the polymer becomes more rigid and the cracks move with more difficulty
at the crack sites. It has been shown that nanoparticles coated in a polymer matrix can
prevent the formation of cracks or self-healing [29].

Regarding the morphological properties, they indicate that by increasing the concentra-
tion of modified nanoclay, the fiber diameter decreases; on the other hand, the mechanical
properties benefited at concentrations of 0.5% and 0.75% of nanoclay, which indicates that
there is a good performance when adding these additive contents.

3.4. Toxin Adsorption of Non-Woven Nylon 6/C20A

Figure 6 shows the adsorption of urea and inulin concerning contact time. The system
equilibrium is achieved at the maximum adsorption efficiency. For urea (Figure 6a), an
adsorption efficiency of 40% is achieved for the non-woven fabric of Nylon 6/C20A 1.5%
and Nylon 6/C20A 2%. However, neat Nylon has an efficiency slightly above 47% because
it has more significant active sites for the union with urea.
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Figure 6. Adsorption profile over time of (a) urea and (b) inulin onto Nylon 6/C20A non-woven
fabric (T = 37 ◦C, adsorbent dose= 380 mg/L), and (c) image of the hemodialysis in vitro prototype.

In a previous study, PLA-Cloisite 20A 5% presented an efficiency of 65%. This differ-
ence is due to the modified nanoclay amount. In the present study, we focus on evaluating
non-woven fabric with a maximum nanoclay concentration of 2% [20]. Figure 6b shows the
inulin adsorption: after 210 min, the maximum adsorption capacity of 48% is reached for
neat Nylon 6. This result is in agreement with Andrade et al. [11]. Non-woven fabric Nylon
6/C20A 1.5% and Nylon 6/C20A 2% present similar behavior in the inulin adsorption
process. After 15 min, 75 and 74% adsorption efficiencies are reached, respectively. These
values indicate rapid adsorption because adsorption sites are generated by the modification
of the nanoclay in the non-woven fabric surface. Figure 6c shows an image of the in vitro
hemodialysis prototype. It is a continuous system where the non-woven fabric is placed
into the device, and the adsorption efficiency is monitored for 4 h.

The experimental adsorption data of urea and inulin in Nylon 6/C20A nanocom-
posites were fitted with the Langmuir and Freundlich models; the results are presented
in Tables 3 and 4, respectively. In Table 3, the correlation coefficient R2 of the Freundlich
model is more significant than that of the Langmuir model, indicating that the experi-
mental data coincide with the Freundlich model in which the adsorption of urea onto
Nylon and all samples of Nylon 6/C20A at different concentrations is carried out in a
multilayer process [22]. All samples have heterogeneous behavior because the adsorption
process takes place in different layers, the mass transport of adsorbate from the solution
to the inner surface of the porous adsorbent where adsorption occurs. The structure of
the amine-modified nanoclay allows electrostatic interactions with urea, carrying out a
chemical adsorption, not only a physical one.

By contrast, the adsorption of inulin (Table 4) adjusts better to the Langmuir adsorption
model, indicating a homogeneous surface, where the occupied sites form a monolayer [30].
All samples have homogeneous behavior because the adsorption process takes place in a
single layer. The inulin structure presents hydroxyl groups that interact with the amino
acid groups of the modified nanoclay, and a monolayer process occurs due to the fact that
the adsorption sites are occupied quickly. The adsorption process in an aqueous solution
can occur through the porosity of the interconnected fibers in the non-woven fabric or
chemically between the functional groups of the inulin and the adsorbent.
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Table 3. Isotherm constants and correlation coefficients for urea adsorption on Nylon 6/C20A
non-woven fabric at different concentrations.

Sample
Langmuir Freundlich

k qmax R2 n KF R2

Nylon 0.02 3.67 0.9948 0.35 12.46 0.9994

Nylon 6/C20A 0.25% 0.04 8.11 0.9986 0.30 7.09 0.9989

Nylon 6/C20A 0.5% 0.4 8.10 0.9906 0.31 7.00 0.9989

Nylon 6/C20A 0.75% 0.11 1.44 0.9996 0.69 9.10 0.9997

Nylon 6/C20A 1.5% 0.01 1.60 0.9903 0.65 8.96 0.9995

Nylon 6/C20A 2% 0.01 1.47 0.9980 0.68 9.12 0.999

Table 4. Isotherm constants and correlation coefficients for inulin adsorption onto Nylon 6/C20A
non-woven fabric at different concentrations.

Sample
Langmuir Freundlich

k qmax R2 n KF R2

Nylon 0.16 25.8 0.999 1.12 11.4 0.9996

Nylon 6/C20A 0.25% 0.06 0.94 0.9996 2.71 18.52 0.9994

Nylon 6/C20A 0.5% 0.006 0.7 0.9999 3.08 20.52 0.9992

Nylon 6/C20A 0.75% 0.04 1.13 0.9998 3.07 20.46 0.9994

Nylon 6/C20A 1.5% 0.059 66 0.9999 3.23 21.30 0.9994

Nylon 6/C20A 2% 0.042 1.24 0.9999 3.05 20.35 0.9995

3.5. Dye Adsorption

Figure 7a shows the adsorption of methylene blue dye with respect to time. In the
case of neat Nylon, after 20 min, the adsorption efficiency reaches 13%. Nylon 6/C20A
nanocomposites show rapid adsorption in the first 10 min. Then, the adsorption capacity
increases, reaching the equilibrium after 60 min, removing 95 and 91% for Nylon 6/C20A
1.5% and Nylon 6/C20A 2%, respectively. In addition, the figure shows images from before
and after methylene blue adsorption in the fabrics. Chen et al. studied the methylene
blue adsorption on polypyrrole nanocomposites with metal oxide nanoparticles of SiO2
and Al2O3. An efficiency of 80% of methylene blue at the equilibrium was reported at
60 min [31].

Figure 7b shows the adsorption of methyl orange (MO) in relation to time. Neat
Nylon 6 fabric shows an adsorption efficiency of 22%. Nylon 6/C20A 1.5% shows a rapid
adsorption in the first 10 min, reaching 60% of MO adsorption efficiency. In addition, at
the equilibrium, 78% adsorption efficiency is reached. Nylon 6/C20A 2% nanocomposite
reaches an adsorption efficiency of 92% at the equilibrium. This value is higher due to larger
vacant sites being occupied by adsorbate molecules [32] because of the higher content of
nanoclay. Additionally, Figure 7a,b show images from before and after dye adsorption of
the fabric.

Tables 5 and 6 show the linear models of the Langmuir and Freundlich isotherms
which determine the adsorption capacity and the type of adsorption. Both tables show that
the R2 of the Langmuir isotherm is higher than the Freundlich isotherm. Therefore, the
adsorption process of Nylon 6/C20A non-woven fabric is better described by the monolayer
isotherm. These results agree with Andrade et al., who studied the adsorption of “uremic
toxins or MB and MO” on PLA/C20A nanocomposite. The data were better adjusted to the
Langmuir model, indicating that the adsorption occurred in a single layer [20]. As shown
in Table 5, the samples Nylon 6/C20A 0.25% and Nylon 6/C20A 0.5% show heterogeneous
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behavior; having a low concentration of the nanoclay, the dispersion allows multilayer
adsorption.

Figure 7. Time effect on the adsorption of (a) MB and (b) MO dye onto Nylon 6/C20A non-woven
fabric (T = 25 ◦C, adsorbent dose = 200 mg/L); images of Nylon 6/C20A 2%.

Table 5. Adsorption isotherm parameters for MO dye adsorbed onto Nylon 6/C20A.

Sample
Langmuir Freundlich

k qmax R2 n KF R2

Nylon 9.3 312 0.9976 4.8 30.4 0.8799

Nylon 6/C20A 0.25% 8.3 113 0.9003 0.18 50.5 0.934

Nylon 6/C20A 0.5% 1.5 132 0.9317 4.9 52 0.9574

Nylon 6/C20A 0.75% 2.2 210 0.9886 4.0 51 0.9297

Nylon 6/C20A 1.5% 0.29 432 0.9994 2.6 8.11 0.9977

Nylon 6/C20A 2% 2 67.6 0.9998 6.5 14.77 0.9945

Table 6. Adsorption isotherm parameters for MB dye adsorbed onto Nylon 6/C20A.

Sample
Langmuir Freundlich

k qmax R2 n KF R2

Nylon 1.20 196.92 0.9387 9.61 52.17 0.9817

Nylon 6/C20A 0.25% 0.03 199 0.9990 0.52 2.77 0.9905

Nylon 6/C20A 0.5% 1.5 186 0.9953 1.25 9.47 0.9545

Nylon 6/C20A 0.75% 1.66 193 0.9973 1.4 6.09 0.9038

Nylon 6/C20A 1.5% 0.23 151.4 0.9933 4.6 11.32 0.9448

Nylon 6/C20A 2% 0.19 343 0.9985 9.7 20.11 0.9565

Table 6 shows the results of the adsorption isotherms. All the samples with different
concentrations of nanoclay conform to the Langmuir isotherm, a monolayer is formed with
the dye molecules on the surface of the non-woven fabric, as well as the MB. It is a cyclic
structure that can form electrostatic interactions with the amino groups of the modified
nanoclay. The Nylon 6 sample without nanoclay fits better with the Freundlich isotherm,
forming multilayers of the MB on the surface of the polymer matrix.
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3.6. Reusability of Non-Woven Fabric Nylon 6/C20A for the Adsorption of Dyes and
Uremic Toxins

After the first process of adsorption, non-woven fabrics were recovered and dried
at room temperature. This process does not require a regeneration with any solvent or
acid solution, which is an advantage of the elaborated material, because most nanoparticle
composites need a regeneration process. Figure 8a,b show the methylene blue and methyl
orange adsorption capacity of Nylon 6/C20A non-woven fabric during four cycles. Even
after four adsorption cycles, Nylon 6/C20A 1.5% and Nylon 6/C20A 2% maintain an
adsorption efficiency above 90%. Figure 8c shows the adsorption efficiency after four cycles.
In the case of neat Nylon, a decrease in adsorption is observed from cycle 3. However, the
adsorption efficiency remains constant for Nylon 6/C20A 1.5% and Nylon 6/C20A 2% at
75 and 77%, respectively. Figure 8 shows the urea adsorption. The adsorption efficiency for
neat Nylon is 47%, decreasing after the third cycle. By contrast, for Nylon 6/C20A 1.5%
and Nylon 6/C20A 2%, the adsorption efficiencies do not decrease and remain constant
after four cycles.

Figure 8. Reusability test for (a) MB, (b) MO, (c) inulin, and (d) urea adsorption.

The adsorption efficiency % of non-woven Nylon 6/C20A for uremic toxins and dyes
was compared with other adsorbents based on nanocomposite reported in the literature
(see Table 7). In the last study with carbon-based nanoparticles, the maximum adsorption
efficiency was 80 to 95% for uremic toxins. This is because the surface area is greater and
due to the chemical modification of the nanoparticles [11]. Andrade et al. reported an
adsorption efficiency for urea of 65% and 97% for methylene blue with the same modified
nanoclays used in this study. It is observed that compared to this study, the material is more
efficient with the PLA polymer, which is due to the polymer structure that has carboxylic
groups that allow efficient adsorption [20]. Le et al. studied the polyamide functionalized
with Fe and observed an adsorption efficiency for urea of 85% [33]. Non-woven based
on Nylon 6/ZnO and polyester-supported cuprous oxide/reduced graphene oxide both
report above 90% for the adsorption of methylene blue [17,19]. Also, composites such as
chitosan/polyvinyl alcohol/zeolite and polyethylene oxide/bentonite/polyaniline present
values above 90% for MO adsorption, like this study [34,35].
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Table 7. Comparison of the adsorption efficiency % for uremic toxins and dyes.

Material
Uremic Toxins (Adsorption %) Dyes (Adsorption %)

References
Urea Inulin Methylene Blue Methyl Orange

Nylon 6/CB 80–90 80–85 ---- ---- [11]

PLA/C20A nanoclay 65 ---- 97 ---- [20]

Nylon 6/ZnO ---- ---- 93 ---- [19]

Polyamide functionalized with Fe-based
metal–organic 85 ---- ---- ---- [33]

Non-woven polyester fabric-supported
cuprous oxide/reduced graphene oxide ---- ---- 96 ---- [17]

Chitosan/polyvinyl alcohol/zeolite
electrospun composite ---- ---- ---- 95 [34]

Polyethylene oxide/bentonite/polyaniline ---- ---- 96 94 [35]

Nylon 6/C20A 1.5% 40 75 90 78 This study

Nylon 6/C20A 2% 40 74 90 92 This study

3.7. Antibacterial Activity

Gram-negative bacteria such as E. coli are widely used to assess antibacterial activity
and ecological safety in materials because their presence in environmental samples, food,
or water indicates recent fecal contamination or poor sanitation practices. In addition to
the materials obtained in this study, an antibiotic like gentamicin was used as a control.

Figure 9 shows the antibacterial activity of non-woven Nylon 6/C20A against E. coli.
The antibiotic presents an inhibition zone of 13.5 mm; conversely, the non-woven Nylon
6/C20A fabric at different contents shows an inhibition zone of 4 ± 0.5, presenting slight
antibacterial activity against E. coli. These results agree with those of Latwinska et al.,
who reported that PP and PLA non-woven fabrics have no antimicrobial activity against
E. coli and S. aureus. However, PP/PLA/CuO.SiO2 composites presented antibacterial
activity [36].

Figure 9. Effect of Nylon 6/C20A non-woven antibacterial activity against E. coli.

The antibacterial activity of neat Nylon 6 non-woven fabrics was presented in previous
work [19]. The modified fabrics have a greater inhibition zone than the pristine nanoclay.
This observation agrees with the study of Nigmatullin et al., where nanoclays Cloisite
20A, 15A, and 30A were modified with biocides and cationic surfactants. Although they
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attribute the antibacterial efficiency to modifying agents, the inhibition zones presented by
these nanoclays were small [37].

The possible antibacterial mechanism of nanoclays may be due to damage to the cell
wall and membrane and the bacteria proteins, as shown in Figure 10. The bacterial cell
membrane has a negative surface charge and the nanoclays have a positive charge due
to the amino groups with which it was chemically modified. Therefore, they bind to the
membrane of the bacteria through electrostatic interactions, then cause damage to the
membrane and interact with biomolecules of the bacteria such as proteins that cause the
death of the bacteria [38].

Figure 10. Diagram of the possible antibacterial mechanism of non-woven fabric.

4. Conclusions

Based on the results previously reported, this study produced non-woven fabrics
based on polymer nanocomposites of Nylon 6 and modified nanoclay with amino groups.
The XRD results showed a displacement of 2θ angles due to the phase shift of Nylon 6. The
SEM images showed that the mean diameter of the fiber decreased as the nanoclay content
increased. The mechanical tests showed that the sample with 0.5% of modified nanoclay
augmented the fiber tear strength to 2.135 N. The inulin adsorption process occurred
mainly after 15 min, presenting efficiencies of 75 and 74%. The adsorption capacity for
methylene blue and methyl orange was 90%, even after four cycles, and the modified
nanoclay non-woven fabrics showed antibacterial activity against E. coli.

As a future perspective, when developing this research on non-woven fabric with
Nylon 6 and modified nanoclay, the objective is to obtain the necessary knowledge, to have
a membrane that can have adsorption properties of uremic and antibacterial toxins, and
then test it in environments that help us see their feasibility and selectivity for use in the
medical field.

5. Patents

MX/a/2022/013972.
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Abstract: Microbial contamination can occur on the surfaces of blow-molded bottles, necessitating the
development and application of effective anti-microbial treatments to mitigate the hazards associated
with microbial growth. In this study, new methods of incorporating anti-microbial particles into
linear low-density polyethylene (LLDPE) extrusion blow-molded bottles were developed. The anti-
microbial particles were thermally embossed on the external surface of the bottle through two particle
deposition approaches (spray and powder) over the mold cavity. The produced bottles were studied
for their thermal, mechanical, gas barrier, and anti-microbial properties. Both deposition approaches
indicated a significant enhancement in anti-microbial activity, as well as barrier properties, while
maintaining thermal and mechanical performance. Considering both the effect of anti-microbial
agents and variations in tensile bar weight and thickness, the statistical analysis of the mechanical
properties showed that applying the anti-microbial agents had no significant influence on the tensile
properties of the blow-molded bottles. The external fixation of the particles over the surface of the
bottles would result in optimum anti-microbial activity, making it a cost-effective solution compared
to conventional compounding processing.

Keywords: anti-microbial activity; E. coli K-12 MG1655; anti-microbial agents; thermal embossing;
extrusion blow molding

1. Introduction

Extrusion blow molding is a common manufacturing method for generating hollow
plastic containers such as bottles and jars. These containers are utilized in many industries,
including food and beverage, pharmaceutical, cosmetic, and household product produc-
tion [1]. However, microbial contamination can occur on the surfaces of blow-molded
bottles, necessitating the development and application of effective anti-microbial treat-
ments to mitigate the hazards associated with microbial growth. For instance, the shelf
life of a contained sensitive material stored in blow-molding plastic containers is highly
dependent upon the level of sterility of the plastic. Sterilization techniques and aseptic
filling are thus commonly employed [2]. Additionally, microorganisms can be transmitted
onto the surfaces of blow-molded bottles through various means [3]. For instance, an
individual may touch contaminated surfaces like door handles, countertops, or packaging
materials and then inadvertently transfer microbes onto the bottles through direct contact.
Microorganisms can also be disseminated through air movement within a production facil-
ity. In environments where microbial aerosols are prevalent, such as hospitals or crowded
spaces, airborne microorganisms can also land on the surfaces of blow-molded bottles in
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their end use location. Airborne fungal spores in a room have been shown to settle on
bottles, leading to contamination [4].

The surfaces of extrusion blow-molded bottles provide an ideal environment for bac-
terial growth due to their smooth texture and organic residues [1]. Colonization of surfaces
by bacteria such as Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), and Pseudomonas
aeruginosa (P. aeruginosa) can result in rapid bacterial growth and the development of
biofilms. Kim et al. (2020) state that biofilms may cause food degradation and perhaps
spread diseases to customers. Biofilms can also serve as long-term bacterial contamination
reservoirs [5]. To prevent bacterial colonization, creating anti-microbial surfaces for blow-
molded bottles is crucial [6]. Growing demand for plastic containers in various industries
has rapidly increased the use of blow molding in recent years [7,8]. Chadha et al. (2022)
remark that population growth, urbanization, and the increased demand for packaged
goods are all factors that affect the extrusion blow molding industry’s market size. The
extrusion blow molding market was estimated to be 100 billion USD in 2020, and according
to Chadha et al. (2022), it is expected to increase at a CAGR of 5% between 2021 and 2028 [9].
Polyethylene (PE) and polyethylene terephthalate (PET) are two of the most widely used
plastics in blow molding and account for a sizable share of global plastic consumption [10].

Advancements in the development of anti-microbial agents for plastics application
have resulted in the emergence of two distinct categories, leachable and non-leachable
agents, according to Gulati, Sharma, and Sharma (2021). Leachable agents can release anti-
microbial compounds from the polymer matrix, offering sustained efficacy [11]. However,
concerns about potentially harmful substance release arise. For example, silver nanopar-
ticles embedded in the polymer gradually release silver ions when they come in contact
with microorganisms, leading to the detection of silver in good it intends to protect [12].
In contrast, non-leachable agents remain fixed on the plastic surface, offering immediate
and localized anti-microbial effects. Non-leachable agents include Mg(OH)2 and chitosan,
a natural biopolymer that has shown promise in anti-microbial packaging [12]. While non-
leachable agents may be susceptible to wear and degradation, recent research has focused
on formulating and evaluating these agents for enhanced performance and safety [11].
Since non-leachable agents require direct contact with microbes to have an effect, they are
better suited as coatings rather than compounded articles, where the additive would be
dispersed inside the matrix [13].

Various anti-microbial substances have been investigated in the field of extrusion
blow molding. Incorporating copper (Cu) may be a viable method for doping in Mg(OH)2,
thereby enabling the modulation of the material’s optical bandgap. CuO can modulate
electron field emission characteristics owing to its low potential barrier [14]. However,
more research is required to determine its effectiveness.

Anti-microbial agents have been incorporated into the process through different
methods. One of these methods is melt-compounding with plastics like PE and PET [15].
Another method is the use of coating technologies applied to the exterior of the bottles [16].

In the case of melt-compounding, the anti-microbial agents are mixed with the plastic
materials during the manufacturing process, creating a uniform matrix of the polymer and
additive [17]. According to Huang et al., the coating process applies a layer of anti-microbial
agent to the bottle surfaces, resulting in a thin layer, with thicknesses typically ranging
from a few to tens of micrometers [16]. The adjustment of concentrations and thicknesses
of anti-microbial agents is contingent upon the targeted degree of anti-bacterial efficacy
and the particular demands of the application, as noted by Huang et al. [16]. Notably, the
types of anti-microbial agents and the coating techniques employed may exhibit variations
across different investigations, contingent upon factors such as the specific microorganisms
being targeted and the intended duration of anti-microbial efficacy [16].

The study conducted by Hutasoit et al. has revealed that Cu-infused Mg(OH)2 could
exhibit robust anti-bacterial characteristics against a wide range of bacteria, including Gram-
positive and Gram-negative strains, such as Salmonella spp., E. coli, and S. aureus because
of the Cu and Mg contents [18]. Another study has shown that the alkyd resin nanocom-
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posite derived from palm oil containing Mg(OH)2/MgO colloidal NPs has displayed
catalytic performance and anti-microbial activity. Some bacteria, including methicillin-
resistant S. aureus and P. aeruginosa, are killed by Mg(OH)2 and Cu(OH)2, respectively [19].
According to Birkett et al., the concentration and thickness of an anti-microbial coating
greatly affect its efficiency [20]. Higher concentrations of anti-microbial compounds are
typically associated with increased anti-microbial action. Darvish et al. pointed out that
obtaining the optimum concentration is essential to avoid unintended implications, such
as altering the polymer’s physical characteristics or making leaching of the agent more
likely [21]. Since the integrity of extrusion blow-molded bottles must be preserved during
anti-microbial treatment, it is crucial to determine the concentration of the anti-microbial
agent needed to achieve this goal [22]. Similarly, the thickness of the coating layer influ-
ences the anti-microbial performance. Thicker coatings can increase protection against
microbial contamination [23]. However, excessively thick coatings may be prone to crack-
ing or peeling, compromising their effectiveness [24]. Recent publications have highlighted
the importance of optimizing the coating thickness to balance both anti-microbial activity
and coating durability [25,26].

Among the various anti-bacterial agents mentioned, copper-infused Mg(OH)2 has
exhibited potential efficacy against Gram-positive and Gram-negative bacteria [27]. The
broad-spectrum anti-bacterial activity of copper ions released from copper-infused Mg(OH)2
targets DNA, proteins, and bacterial cell membranes [27]. This mechanism makes it effective
against a wide range of bacteria, including those with varying cell wall structures [6,27].

The effectiveness of anti-microbial substances such as Mg(OH)2, Cu(OH)2, MgO,
CuCl2, and ZnO can differ, depending on the type of bacteria [28]. According to research
findings, CuCl2 exhibits noteworthy inhibitory properties against the proliferation of
Gram-negative bacterial strains such as E. coli and P. aeruginosa. In contrast, it has been
reported that MgO and ZnO exhibit greater efficacy against Gram-positive bacteria [29].
The observed variation in efficacy underscores the diverse antimicrobial properties of these
compounds, as reported by Jakubovskis et al. [30].

The mechanisms by which anti-microbial particles induce cell death are multifaceted
and contingent upon the particular agent utilized. Some examples of anti-microbial modes
of action are the disruption of cell membranes, the production of reactive oxygen species
(ROS), the suppression of enzymatic activities, or the induction of damage to DNA. Ac-
cording to Imani et al., the anti-microbial effectiveness of Cu-infused Mg(OH)2, Mg(OH)2,
Cu(OH)2, MgO, CuCl2, and ZnO is often attributed to their multi-modal actions [31].
Imani et al. report that one particular mechanism entails the interference of bacterial
cell membranes through the utilization of distinct anti-microbial nanoparticles, namely
Mg(OH)2, Cu(OH)2, MgO, CuCl2, and ZnO [31]. The NPs can interact with the bacterial
cell membrane, thereby compromising its structural integrity and the consequent release of
its cellular constituents. The disruption of the membrane structure and function results
in the disturbance of crucial cellular processes and eventual cell death, as reported by
Imani et al. [31].

An additional mechanism involves the production of ROS. According to Smaoui et al.,
specific anti-microbial particles, including Mg(OH)2 and Cu-infused Mg(OH)2, can produce
ROS upon exposure to moisture or light. ROS, such as hydroxyl radicals and superoxide
ions, elicit oxidative harm within bacterial cells, thus deactivating them [32].

The suppression of enzymatic activity represents another pivotal mechanism utilized
by certain anti-microbial particles. Peters et al. have demonstrated the effectiveness of
Cu-infused Mg(OH)2 and CuCl2 in impeding the function of crucial enzymes in bacterial
cells [33]. This interference with enzymatic function leads to the impairment of crucial
metabolic processes, ultimately culminating in the demise of the bacteria [33].

In addition, it has been observed that anti-microbial agents containing copper, such as
Cu-infused Mg(OH)2 and Cu(OH)2, can potentially induce DNA damage in bacterial cells.
According to Rojas et al., the agents interact with bacterial DNA, resulting in structural harm
and disruption of its replication and transcription mechanisms [34]. The amalgamation
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of physical and chemical mechanisms in these particles effectively contributes to their
anti-microbial properties, thereby enabling them to either inhibit bacterial growth or cause
bacterial death [34].

According to Gumienna et al., the regulatory approval status of anti-microbial agents
utilized in blow-molding applications may differ, based on the particular agent and its
intended application, as determined by the Food and Drug Administration (FDA) [35].
The authors state that certain anti-microbial agents utilized in blow molding have not
obtained approval from the FDA. Some anti-microbial agents, including copper and zinc
compounds, have been generally recognized as safe (GRAS) by the FDA for diverse appli-
cations [36]. The substances that have been designated as GRAS have been deemed to meet
the safety requirements set forth by the FDA and are therefore suitable for use in contact
with pharmaceutical or food items, as per the findings of Mania et al. [36]. Evaluating anti-
microbial agents’ toxicity is critical due to its potential impact on human cells. The toxicity
of various NPs, including Cu-infused Mg(OH)2, Mg(OH)2, Cu(OH)2, MgO, CuCl2, and
ZnO, has been investigated in human cells through research conducted by Naz et al. [37]
Their results indicate that nanoparticles typically demonstrate negligible cytotoxicity at
the lower concentrations that fall within the anti-microbial range, and that they are well
received by human cells [37]. However, high concentrations or prolonged exposure to
specific anti-microbial agents may lead to adverse effects [38].

Furthermore, the durability and longevity of the anti-microbial effects are important
aspects related to anti-microbial techniques in extrusion blow molding applications [22].
The influence of environmental conditions on the performance of anti-microbial coatings,
as well as the development of sustainable and environmentally friendly anti-microbial
agents, are also significant. These aspects are critical for the practical implementation and
commercial viability of anti-microbial solutions in the extrusion blow molding industry [39].

Developing effective anti-microbial techniques in blow molding applications is crucial
to ensuring product safety and effective protection from microbial contamination. The
utilization of anti-microbial agents, including Cu-infused Mg(OH)2, Mg(OH)2, Cu(OH)2,
MgO, CuCl2, and ZnO, has shown promising results in inhibiting bacterial growth on
blow-molded bottle surfaces. These agents’ concentrations, thicknesses, and mechanisms
of action play essential roles in their anti-microbial efficacy. Comprehensive toxicity evalu-
ations are necessary in the future to ensure the safety of these agents for human health.

2. Experimental

2.1. Materials

Linear low-density polyethylene (LLDPE) copolymer (DOWLEX 2045G grade) was
obtained in pellet form from Dow Chemical Company (Midland, MI, USA). These pellets
have the following characteristics: melting point = 120.0 ◦C, density = 920 kg/m3, and
melt flow index (MFI) = 1 g/10 min (190 ◦C/2.16 kg). Mg(OH)2, Cu-infused Mg(OH)2,
MgO, and Cu(OH)2 (purity: 99.99%) were gifted by Aqua Resources (Fort Walton Beach,
FL, USA), both as dry powder and slurry (dispersed in water). ZnO (purity: 99.00%)
was obtained from American Elements (Los Angeles, CA, USA) as a slurry (dispersed
in water). Isopropyl alcohol (purity: 99.99%) was obtained from Macron Fine Chemicals
(Center Valley, PA, USA).

2.2. Preparation of Anti-Microbial Suspensions for Internal Mold Cavity Spray

The Mg(OH)2 NPs were obtained commercially in slurry form (7 wt.% Mg(OH)2
and 93 wt.% water). The Mg(OH)2 slurry (14.3 mL) was diluted with isopropyl alcohol
(85.7 mL) to prepare an Mg(OH)2 suspension at a concentration of 10 mg/mL. The Cu-
infused Mg(OH)2 NPs were obtained commercially as a slurry (7.47 wt.% Cu-infused
Mg(OH)2 and 92.53 wt.% water). The Cu-infused Mg(OH)2 slurry (1.34 mL) was diluted
with isopropyl alcohol (8.66 mL) to prepare a Cu-infused Mg(OH)2 suspension at a con-
centration of 10 mg/mL. The MgO NPs (500 mg) were combined with isopropyl alcohol
(50 mL) to prepare an MgO NPs suspension at a concentration of 10 mg/mL. The Cu(OH)2
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NPs were obtained commercially as a slurry (22.25 wt.% Cu(OH)2 and 77.75 wt.% water).
The Cu(OH)2 slurry (1.75 mL) was diluted with isopropyl alcohol (48.25 mL) to prepare a
Cu(OH)2 NPs suspension at a concentration of 10 mg/mL. The ZnO NPs were obtained
commercially as a slurry (20 wt.% ZnO and 80 wt.% water). The ZnO slurry (2 mL) was
diluted with isopropyl alcohol (48 mL) to prepare a ZnO NPs suspension at a concentration
of 10 mg/mL. The NP suspensions were vortexed at maximum speed for 30 s, and subse-
quently sonicated in an ultrasonic bath (Branson 2510 Ultrasonic Sonicator, Commack, NY,
USA) at 23 ◦C for 10 min to ensure that the NPs were uniformly dispersed. After sonication,
the suspension was vortexed once more at maximum speed for 30 s (Figure 1) [26].

Figure 1. Preparation of the anti-microbial suspensions. Reprinted from ref. [26].

2.3. Blow Molding

The bottles were produced using a Bekum H111S extrusion blow molder (Serial 974948-
5-056), outfitted with a chilled single cavity aluminum mold [40].The mold chiller was type
BMB-II-B, manufactured by Fasti USA (Elgin, IL, USA). The mold was a 500 mL round
bullet/cosmo-style bottle mold (please see Section S1 in the Supplementary Information (SI)
Document). The blow molder was warmed up for at least one hour before each processing
run. The internal cavity of the mold was cleaned with 100% isopropyl alcohol and non-
woven polypropylene (PP) fabric, followed by compressed air, after each cycle when the
anti-microbial suspension was applied. The first five containers retrieved from the machine
were discarded as a method of purging the machine. Then five neat LLDPE bottles were
produced, removed in order, and placed inverted (finish down) in a divided, numbered
sample tray. For anti-microbial treatment, both sides of the mold cavity were sprayed
evenly with the anti-microbial suspension five times (equivalent to approximately 1.8 mL
for each cavity side) using 30 mL capacity fine mist spray bottles (Anyumocz brand, CN)
and left to dry for 50 s before each cycle began (Figure 2).

The Mg(OH)2 nanoplatelets were applied to the mold cavity as a powder using a
cosmetic embossing powder tool (brand: BAOFALI) before the production cycle was
initiated (please see Section S2 in the SI document).

The containers were stored inverted in divided trays to give them time to cool and
to prevent the flash from becoming fused to the other containers. A total of 30 treated
samples, plus 5 controls, were made per run. The bottles were laid out in the sample
trays, as shown in Figure 3. Five minutes after production was complete, the flash was
removed manually by twisting. The containers were then labeled by tray location and
placed right-side up in a new sample tray. The sample tray was labeled with the date, run
number, and manufacturing method.
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Figure 2. Illustration of extrusion blow molding.

Figure 3. Sample tray layout.

2.4. Sample Preparation of Extrusion Blow Molding Bottles
2.4.1. Extrusion Blow-Molded Bottle Washing Techniques

Each set of extrusion blow-molded bottles (Figure 4) was dipped in a plastic container
filled with a deionized water (diH2O), and the outer surfaces were rubbed with a nitrile-
gloved hand to assure the planned characterizations would show only the affixed particles
that were adhered to the surfaces. The plastic container was washed and refilled with
diH2O after each set of treatments. After washing, the bottles were placed vertically on a
piece of aluminum foil to dry for at least 48 h at room temperature.
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Figure 4. Various LLDPE extrusion blow-molded bottles; neat LLDPE (A) and thermally embossed
LLDPE with Cu-infused Mg(OH)2 spray (B), Mg(OH)2 powder (C), Mg(OH)2 spray (D), MgO
spray (E), Cu(OH)2 spray (F), and ZnO spray (G).

2.4.2. Sample Preparation of the Extruded Blow-Molded Bottles

The extrusion blow-molded bottles were cut down to different shapes and sizes as
follows: (i) circular disk (dimension: 20 mm × 0.48 mm), used for anti-microbial, SEM,
and EDX; (ii) square shape (dimension: 50 mm × 50 mm × 0.48 mm), used for barrier
studies; and (iii) tensile bars (dimension: 127 mm × 25.4 mm × 0.48 mm), used to test the
mechanical properties. A JDC PRECISION SAMPLE CUTTER (Thwing-Albert Instrument
Company, Philadelphia, PA, USA, Model: JDC 1-10, Serial No 36757) was used to cut the
strips of sheets into one inch widths.

2.5. Experimental Design and Statistical Analysis

The means, standard deviations, and percentage changes obtained from the investiga-
tion of various properties in the LLDPE extrusion blow-molded bottles thermally embossed
with various anti-microbial nanoparticles were evaluated and compared using JMP soft-
ware (JMP Pro 16.1.0 (539038), SAS Institute Inc., Cary, NC, USA). All experiments were
independently replicated at least three times to properly evaluate the properties of the
LLDPE extrusion blow-molded bottles.

2.6. Characterization
2.6.1. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX)

SEM was used to characterize unprocessed anti-microbial nanoparticles and disks of
blow-molded bottles thermally embossed with anti-microbial agents. The samples were
imaged using a JEOL 7500F field emission SEM (JEOL Ltd., Tokyo, Japan). EDX was
performed using an Oxford Instruments AZtec system (Oxford Instruments, High Wycomb,
Bucks, UK) attached to the SEM. Prior to SEM and EDX analysis, dry powders were adhered
to aluminum stubs using high vacuum carbon tabs (SPI Supplies, West Chester, PA, USA).
Slurry suspensions of nanoparticles were dried by placing two drops of solution onto silicon
wafers (Ted Pella, Inc., Redding, CA, USA), and then the wafers were attached to the stubs.
The disks of blow-molded bottles were attached to the stubs using epoxy glue (System Three
Resins, Inc., Aubur, WA, USA). The samples were coated with either iridium or osmium.
Iridium coating was performed in a Quorum Technologies/Electron Microscopy Sciences
Q150T sputter coater (Quorum Technologies, Laughton, East Sussex, UK). A Tennant20
CVD coater (Meiwafosis Co., Ltd., Osaka, Japan) was used for osmium coating.

2.6.2. Differential Scanning Calorimetry (DSC)

The TA Instrument, Model Q100 system, used DSC to determine the crystallization
temperatures and melting points of the LLDPE samples. All samples were analyzed in
triplicate. The temperature range for analysis was between −20 to 250 ◦C. The rate of
temperature change was 10 ◦C min−1. The process was then paused at −1. The samples
were then cooled at a rate of 10 ◦C min−1 to −20 ◦C and then re-heated at the same rate to

378



Polymers 2024, 16, 1914

250 ◦C. All thermal responses were recorded to determine the crystallization temperature
and melting point. The heat of fusion values were used to calculate the crystallinity degrees
of the LLDPE samples. These values were determined from the second heating runs and
evaluated according to Equation (1):

Xc(%) =

[
ΔHc

ΔH0 · W

]
× 100 (1)

where Xc is the crystallinity of the LLDPE samples, ΔH0 is 100% crystalline LLDPE enthalpy
of fusion [279 J/g] [41], ΔHc is the heat of fusion, and W is the LLDPE fraction in the
composite (weight).

2.6.3. Thermogravimetric Analysis (TGA)

The heat resistance and thermal decomposition of the LLDPE samples were evaluated
using a Q-50 Thermogravimetric Analyzer (TGA) (TA Instruments, New Castle, DE, USA).
Each sample, weighing between 6–10 mg, was subjected to heating at a rate of 10 ◦C/min
up to a maximum of 600 ◦C under a nitrogen purge of 60 mL/min. A minimum of three
replications was conducted for every sample, and the average result of the TGA data was
used for analysis.

2.6.4. Tensile Properties

The test specimens (five replicates) were maintained at standard lab conditions (23 ◦C,
50% RH) for a minimum period of 40 h prior to testing for tensile measurements. Following
the standards of ASTM D882-18 (Standard Test Method for Tensile Properties of Thin
Plastic Sheeting), the tensile tests were conducted using an Instron tensile testing system
(model 5565, Minneapolis, MA, USA). The specimens were held by pneumatic grips with
an initial grip separation of 33 mm. The extension was controlled at a constant speed of
500 mm/min. The test concluded when the sample broke or when a decrease of 60% of
peak force was reached.

2.6.5. Barrier Properties
Water Vapor Transition Rate (WVTR)

The determination of WVTR was carried out at 37.8 ◦C and 90% relative humidity
using a Permatran-W system (Model 3/34, Mocon Inc., Minneapolis, MN, USA), adhering
to the ASTM F1249 standards. The calculation of water vapor permeation was achieved
by multiplying the thickness of the film specimen (two duplicates of each LLDPE sample)
by the observed values for water vapor transmission. Specimens were masked using
self-adhesive foil to provide an exposed surface area of 12.57 cm2.

Oxygen Transition Rate (OTR)

The OTR of the LLDPE film samples was determined at 23 ◦C and 50% relative
humidity using an Ox-Tran system (model 2/22, Mocon Inc., Minneapolis, MN, USA), in
accordance with ASTM D3985. This process involved testing two duplicates of each LLDPE
sample. Specimens were masked using self-adhesive foil to provide an exposed surface
area of 12.57 cm2. The test gas was 100% O2.

2.6.6. Anti-Microbial Testing Method

The anti-microbial activities of the disks were evaluated sequentially for all exper-
iments using the E. coli K-12 MG165. The stock culture was stored at −80 ◦C in a Ther-
moFisher TSX400 system. A streak containing the E. coli K-12 MG165 from the stock culture
was then applied onto Tryptic Soy Agar (TSA) plates. A single colony was selected after
a 24 h incubation at 37 ◦C and transferred to 5 mL of Tryptic Soy Broth (TSB). The broth
was incubated for 18 h at 37 ◦C. After incubation, the cultures were centrifuged using a
Fisher Scientific accuSpin micro 17 R centrifuge at 13,000× g. A total of 1 mL of culture
was centrifuged for 5 min, and the supernatant was discarded. The cells were suspended
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in 1 mL of phosphate-buffered saline (PBS, Crystalgen, Innovation for Science, Commack,
NY, USA), by vortexing. A total of 11.5 mL of PBS was added to the cell suspension after
transferring it to a 15 mL tube.

Aliquots of this suspension were then exposed to the different types of disks. Ev-
ery disk was placed separately in a pod using a contact lens cases manufactured by
Bosch + Lomb. For each pod containing a single disk, 1 mL of bacterial suspension was
added to submerge the disk into the culture broth; subsequently, the pods were closed. The
pods were then attached to a mini rotator (Benchmark Scientific, Roto Mini Plus R 2024,
Sayreville, NJ, USA) and rotated at 20 rpm (Figure 5) around the machine’s horizontal axis
to continuously agitate the broth and cause liquid renewal on the surface of the disks [26].
At 0, 4, and 24 h intervals, a 100 mL sample of the bacterial suspension was removed for the
appropriate number of 1:10 dilutions, then incubated at 37 ◦C overnight after being plated
on TSA. The bacterial cell density at each time point was determined by enumerating the
colony-forming units (CFU) using a Scan300 (InterScience, Saint-Nom-la-Bretèche, France).
Neat LLDPE disks were used as a “negative” control sample, while metallic copper disks
were used as a “positive” control sample. In addition, the anti-microbial activity of different
LLDPE composite disks was tested individually.

 

Figure 5. The pods were attached with tape to the mini rotator device for consistent agitation of the
bacterial broth and surface renewal of the disks inside the pods. The blue tray holding the pods
rotates around the horizontal axis. Reprinted from Ref. [26].

3. Results

3.1. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX)

The SEM characterization for the various pure anti-microbial NPs is presented in
Figure 6.
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Figure 6. The SEM images of various pure anti-microbial NPs; Cu-infused Mg(OH)2 spray (A),
Mg(OH)2 powder (B), Mg(OH)2 spray (C), MgO spray (D), Cu(OH)2 spray (E), and ZnO spray (F).

The SEM characterization of the studied extrusion blow-molded LLDPE bottles ther-
mally embossed with variety of anti-microbial NPs is presented in Figure 7.
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Figure 7. The SEM images of blow-molded bottles thermally embossed with Cu-infused Mg(OH)2

spray (A), Mg(OH)2 dry powder (B), Mg(OH)2 spray (C), MgO spray (D), Cu(OH)2 spray (E), and
ZnO spray (F).

The EDX characterization for the studied extrusion blow-molded LLDPE bottles
thermally embossed with variety of anti-microbial NPs is presented in Figure 8. To review
a detailed report of the EDX mapping, please see Section S3 in the SI document.
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Figure 8. The EDX spectrums for blow-molded bottles thermally embossed with Cu-infused Mg(OH)2

spray (A), Mg(OH)2 dry powder (B), Mg(OH)2 spray (C), MgO spray (D), Cu(OH)2 spray (E), and
ZnO spray (F).

3.2. Differential Scanning Calorimetry (DSC)

The thermal behaviors of the studied extrusion blow-molded LLDPE bottles thermally
embossed with variety of anti-microbial NPs are presented in Figure 9, and the summarized
values along with the crystallinity (%) are listed in Table 1.

Table 1. Thermal properties of various LLDPE samples obtained from DSC measurements.

Samples ΔHm [J/g] Tm [◦C] Tc [◦C] Crystallinity [%]

Neat LLDPE 102.90 ± 1.43 124.87 ± 0.54 104.75 ± 1.32 37.01 ± 1.25
LLDPE Cu-infused Mg(OH)2 (Spray) 96.81 ± 0.99 124.23 ± 0.10 105.87 ± 0.87 34.82 ± 1.77
LLDPE Mg(OH)2 (Powder) 98.25 ± 1.87 123.97 ± 1.54 106.01 ± 1.44 35.34 ± 0.87
LLDPE Mg(OH)2 (Spray) 106.80 ± 1.78 123.91 ± 0.76 106.12 ± 0.45 38.41 ± 0.93
LLDPE MgO (Spray) 99.09 ± 0.81 123.78 ± 0.37 105.75 ± 0.44 35.64 ± 1.34
LLDPE Cu(OH)2 (Spray) 113.40 ± 1.12 124.58 ± 0.88 105.48 ± 1.61 40.79 ± 1.21
LLDPE ZnO (Spray) 103.00 ± 1.09 124.19 ± 0.66 105.84 ± 0.93 37.05 ± 0.82
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Figure 9. The thermal cycle of various extrusion blow-molded LLDPE bottles obtained from the DSC data.

3.3. Thermogravimetric Analysis (TGA)

The thermal stability of each of the studied extrusion blow-molded LLDPE bottles
thermally embossed with variety of anti-microbial NPs is presented in Figure 10, and
the summarized values of the temperatures at which 5% weight loss occurred and the
estimated residual (wt.%) at 600 (◦C) are listed in Table 2.

Figure 10. The thermal decomposition properties of various extrusion blow-molded LLDPE bottles
obtained from the TGA data.
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Table 2. The temperature at which various LLDPE extrusion blow-molded bottles underwent 5%
weight loss, and the estimated residual at 600 (◦C), as determined via TGA measurements.

Sample
The Temperature at Which 5% Weight

Loss Occurred (◦C)
Estimated Residual (wt.%) at 600 (◦C)

Neat LLDPE 402.03 ± 1.62 0.61 ± 0.11
LLDPE Cu-infused Mg(OH)2 (Spray) 413.59 ± 0.86 0.00 ± 0.43
LLDPE Mg(OH)2 (Powder) 441.28 ± 1.98 0.12 ± 0.82
LLDPE Mg(OH)2 (Spray) 426.01 ± 2.32 4.91 ± 0.08
LLDPE MgO (Spray) 422.12 ± 1.11 6.56 ± 0.45
LLDPE Cu(OH)2 (Spray) 425.96 ± 0.95 0.03 ± 1.22
LLDPE ZnO (Spray) 417.58 ± 1.31 8.67 ± 0.65

3.4. Tensile Properties

The tensile properties of various extrusion blow-molded bottles thermally embossed
with variety of anti-microbial NPs are presented in Figure 11.
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Figure 11. Tensile properties of various extrusion blow-molded bottles: Neat LLDPE (A), LLDPE
Cu-infused Mg(OH)2 spray (B), LLDPE Mg(OH)2 powder (C), LLDPE Mg(OH)2 spray (D), LLDPE
MgO spray (E), LLDPE Cu(OH)2 spray (F), and LLDPE ZnO spray (G).

3.5. Barrier Properties

The barrier properties of various extrusion blow-molded bottles thermally embossed
with variety of anti-microbial NPs are presented in Figure 12.
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Figure 12. The WVTR and OTR of each graph represent the following samples on the x-axis; neat
LLDPE (A), LLDPE Cu-infused Mg(OH)2 spray (B), LLDPE Mg(OH)2 powder (C), LLDPE Mg(OH)2

spray (D), LLDPE MgO spray (E), LLDPE Cu(OH)2 spray (F), and LLDPE ZnO spray (G).

3.6. Anti-Microbial Properties

The anti-microbial properties of various extrusion blow-molded bottles thermally
embossed with variety of anti-microbial NPs are presented in Figure 13.

E. coli

Figure 13. The anti-microbial data obtained for the extrusion blow-molded bottles thermally em-
bossed with several types of anti-microbial agents at 4 and 24 h. Metallic copper—positive control (A),
Neat LLDPE—negative control (B), LLDPE Cu-infused Mg(OH)2 spray (C), LLDPE Mg(OH)2 pow-
der (D), LLDPE Mg(OH)2 spray (E), LLDPE MgO spray (F), LLDPE Cu(OH)2 spray (G), and LLDPE
ZnO spray (H).
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4. Discussion

SEM was used to characterize nanoparticle size and morphology, as shown in Figure 6.
Mg(OH)2 nanoparticles appeared as platelets ranging in size from 50–150 nm. Cu-infused
Mg(OH)2 contained similar platelets of Mg(OH)2, with the addition of spherical, lobed Cu
nanoparticles approximately 150 nm in diameter. MgO nanoparticles formed spherical
agglomerates comprised of angular flakes. The flake size ranged from 50–200 nm; spherical
agglomerates of MgO flakes measured 1–6 μm in diameter. Cu(OH)2 appeared in two
distinct sizes; large rectangular crystals greater than 500 nm in length were mixed with
small rectangular nanoparticles of 20–50 nm in size. ZnO nanoparticles had a rounded
shape measuring approximately 10–25 nm.

Blow-molded bottles thermally embossed with anti-microbial agents were analyzed
using SEM and EDX to determine the uniformity of the coatings and to confirm the chemi-
cal composition of the nanoparticle layer. SEM images show uniform nanoparticle coverage
in spray applied coatings of Cu-infused Mg(OH)2, Mg(OH)2, MgO, and Cu(OH)2. How-
ever, ZnO spray provided uneven coating, and large areas of exposed bottle surface were
visible. Mg(OH)2 applied in powder form caused significant aggregation of nanoparticles,
resulting in a spattered, irregular coating, with the bottle surface exposed throughout the
disk, as shown in Figure 7. EDX analysis of uniformly coated areas of blow-molded bottles
confirmed the presence and composition of the expected nanoparticles on the bottle surface,
as shown in Figure 8. In a previous study, we showed that anti-microbial nanoparticles
such as Mg(OH)2 and CuCl2 can be affixed to thermoplastic sheets through a thermal
embossing process [42]. The Mg(OH)2 and CuCl2 nano crystals were coated on the sheet
from a nano crystal suspension, dried, and then the coated sheet was heat pressed. The
sheet successfully killed microbes, and the crystals that were thermally fixed on the surface
were not affected by wiping or washing the surface [42]. A limitation of this approach is
that such thermal embossing methods can only be applied to sheet substrates, and not to
articles with complex shapes, as the heat pressing steps required to fix the crystals to the
plastic’s surface are difficult to achieve for non-flat shapes.

The DSC analysis of the LLDPE extrusion blow-molded bottles thermally embossed
with Cu-infused Mg(OH)2 (spray) showed the following thermal properties: a Tm of
124.23 ◦C ± 0.10, which was 0.51% lower compared to that of the neat LLDPE bottle
(124.87 ◦C ± 0.54), as shown in Figure 9 and Table 1; a Tc of (105.87 ◦C ± 0.87), which was
1.07% higher compared to that of the neat LLDPE bottle (104.75 ◦C ± 1.32), as shown in
Figure 9 and Table 1; a crystallinity (%) of 34.82% ± 1.77, which was 5.92% lower compared
to that of the neat LLDPE bottle (37.01% ± 1.25), as shown in Table 1; the temperature
at which 5% weight loss occurred was 413.59 ◦C ± 0.86, which was 2.88% higher than
that of the neat LLDPE (402.03 ◦C ± 1.62), as shown in Figure 10 and Table 2, and the
estimated inorganic residual (wt.%) at around 600 (◦C) was 0.00 ± 0.43, which was 100%
lower than that of the neat LLDPE (0.61 ± 0.11), as shown in Figure 10 and Table 2. Overall,
the anti-microbial NPs did not significantly impact the thermal properties of the LLDPE
extrusion blow-molded bottles. Cu-infused Mg(OH)2 is a novel anti-microbial agent that
had not been previously used for polymer application [43].

The LLDPE extrusion blow-molded bottles thermally embossed with LLDPE Mg(OH)2
(powder) showed the following thermal properties: a Tm of 123.97 ◦C ± 1.54, which was
0.72% lower compared to that of the neat LLDPE bottle (124.87 ◦C ± 0.54), as shown
in Figure 9 and Table 1; a Tc of 106.01 ◦C ± 1.44, which was 1.20% higher compared to
that of the neat LLDPE bottle (104.75 ◦C ± 1.32), as shown in Figure 9 and Table 1, a
crystallinity (%) of 35.34% ± 0.87, which was 4.51% lower compared to that of the neat
LLDPE bottle (37.01% ± 1.25), as shown in Table 1; the temperature at which 5% weight
loss occurred was 441.28 ◦C ± 1.98, which was 9.76% higher than that of the neat LLDPE
(402.03 ◦C ± 1.62), as shown in Figure 10 and Table 2, and the estimated inorganic residual
(wt.%) occurred at around 600 (◦C) (0.12 ± 0.82), which was 80% lower than that of the neat
LLDPE (0.61 ± 0.11), as shown in Figure 10 and Table 2. Overall, the anti-microbial NPs
did not significantly impact the thermal properties of the LLDPE extrusion blow-molded
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bottles. The Mg(OH)2 is a novel anti-microbial agent because of its unique nanoparticle
sizes and shapes [44]. Mg(OH)2 NPs are broad spectrum anti-microbial agents. Dong et al.
demonstrated the anti-microbial activity of Mg(OH)2 NPs against E. coli and the plant-
associated bacterium Burkholderia phytofirmans [45]. Additional plant-associated pathogens,
Xanthomonas alfalfa and Pseudomonas syringae (Huang et al.), were eliminated by Mg(OH)2
NPs, as were the oral, caries-associated bacteria Streptococcus mutans [46] and Streptococcus
sobrinus (Okamoto et al.) [47]. Additional work from our laboratories showed the Mg(OH)2
and Copper Oxide NPs to be similar in their effectiveness against E. coli (Dong et al.).

The LLDPE extrusion blow-molded bottles thermally embossed with LLDPE Mg(OH)2
(spray) showed the following thermal properties: a Tm of 123.91 ◦C ± 0.76, which was
0.77% lower compared to that of the neat LLDPE bottle (124.87 ◦C ± 0.54), as shown in
Figure 9 and Table 1; a Tc of 106.12 ◦C ± 0.45, which was 1.31% higher compared to that of
the neat LLDPE bottle (104.75 ◦C ± 1.32), as shown in Figure 9 and Table 1; a crystallinity
(%) of 38.41% ± 0.93, which was 3.78% higher compared to that of the neat LLDPE bottle
(37.01% ± 1.25), as shown in Table 1; the temperature at which 5% weight loss occurred was
426.01 ◦C ± 2.32, which was 5.96% higher than that of the neat LLDPE (402.03 ◦C ± 1.62),
as shown in Figure 10 and Table 2; and the estimated inorganic residual (wt.%) at around
600 (◦C) was 4.91 ± 0.08, which was 705% higher than that of the neat LLDPE (0.61 ± 0.11),
as shown in Figure 10 and Table 2. Overall, the anti-microbial NPs did not significantly
impact the thermal properties of the LLDPE extrusion blow-molded bottles.

The LLDPE extrusion blow-molded bottles thermally embossed with LLDPE MgO
(spray) showed the following thermal properties: a Tm of 123.78 ◦C ± 0.37, which was
0.87% lower compared to that of the neat LLDPE bottle (124.87 ◦C ± 0.54), as shown
in Figure 9 and Table 1; a Tc of 105.75 ◦C ± 0.44, which was 0.95% higher compared to
that of the neat LLDPE bottle (104.75 ◦C ± 1.32), as shown in Figure 9 and Table 1; a
crystallinity (%) of 35.64% ± 1.34, which was 3.70% higher compared to that of the neat
LLDPE bottle (37.01% ± 1.25), as shown in Table 1; the temperature at which 5% weight
loss occurred was 422.12 ◦C ± 1.11, which was 5.00% higher than that of the neat LLDPE
(402.03 ◦C ± 1.62), as shown in Figure 10 and Table 2; and the estimated inorganic residual
(wt.%) at around 600 (◦C) was 6.56 ± 0.45, which was 975% higher than that of the neat
LLDPE (0.61 ± 0.11), as shown in Figure 10 and Table 2. Overall, the anti-microbial NPs
did not significantly impact the thermal properties of the LLDPE extrusion blow-molded
bottles. Alwaan et al. showed that the crystallinity of the blends of mLLDPE compounded
with MgO was continuously increased by the loading of MgO when compared with the
neat material [48].

The LLDPE extrusion blow-molded bottles thermally embossed with LLDPE Cu(OH)2
(spray) showed the following thermal properties: a Tm of 124.58 ◦C ± 0.37, which was
0.23% lower compared to that of the neat LLDPE bottle (124.87 ◦C ± 0.54), as shown in
Figure 9 and Table 1; a Tc of 105.48 ◦C ± 1.61, which was 0.70% higher compared to that of
the neat LLDPE bottle (104.75 ◦C ± 1.32), as shown in Figure 9 and Table 1; a crystallinity
(%) of 40.79% ± 1.21, which was 10.21% higher compared to that of the neat LLDPE bottle
(37.01% ± 1.25), as shown in Table 1; the temperature at which 5% weight loss occurred was
425.96 ◦C ± 0.95, which was 5.95% higher than that of the neat LLDPE (402.03 ◦C ± 1.62),
as shown in Figure 10 and Table 2; and the estimated inorganic residual (wt.%) at around
600 (◦C) was 0.03 ± 1.22, which was 95% lower than that of the neat LLDPE (0.61 ± 0.11),
as shown in Figure 10 and Table 2. Overall, the anti-microbial NPs did not significantly
impact the thermal properties of the LLDPE extrusion blow-molded bottles.

The LLDPE extrusion blow-molded bottles thermally embossed with LLDPE ZnO
(spray) showed the following thermal properties: a Tm of 124.19 ◦C ± 0.66, which was
0.54% lower compared to that of the neat LLDPE bottle (124.87 ◦C ± 0.54), as shown in
Figure 9 and Table 1; a Tc of 105.84 ◦C ± 0.93, which was 1.04% higher compared to that of
the neat LLDPE bottle (104.75 ◦C ± 1.32), as shown in Figure 9 and Table 1; a crystallinity
(%) of 37.05% ± 0.82, which was 0.11% higher compared to that of the neat LLDPE bottle
(37.01% ± 1.25), as shown in Table 1; the temperature at which 5% weight loss occurred was
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417.58 ◦C ± 1.31, which was 3.87% higher than that of the neat LLDPE (417.58 ◦C ± 1.31),
as shown in Figure 10 and Table 2; and the estimated inorganic residual (wt.%) at around
600 (◦C) was 8.67 ± 0.65, which was 1321% higher than that of the neat LLDPE (0.61 ± 0.11),
as shown in Figure 10 and Table 2. Overall, the anti-microbial NPs did not significantly
impact the thermal properties of the LLDPE extrusion blow-molded bottles.

The LLDPE extrusion blow-molded bottles thermally embossed with Cu-infused
Mg(OH)2 (spray) showed the following tensile properties: the tensile stress at yield (MPa)
was 8.37 ± 0.51, which was 3.79% higher compared to that of the neat LLDPE (8.06 ± 0.48);
the tensile stress at break (MPa) was 20.81 ± 3.54, which was 9.82% higher compared to
that of the neat LLDPE (18.95 ± 3.01); the tensile stress modulus (MPa) was 185.51 ± 8.11,
which was 1.09% higher compared to that of the neat LLDPE (183.59 ± 7.05); and the
elongation at break (%) was 704.63 ± 10.40, which was 0.33% lower compared to that of
the neat LLDPE (706.99 ± 29.79). Overall, the anti-microbial NPs slightly improved the
tensile properties, as shown in Figure 11. In some cases, especially when dealing with
epoxy coatings, the incorporation of inorganic NPs can improve the mechanical properties
of the polymeric matrices [49]. Impact strength and stiffness, in particular, were enhanced
by the filling of potential pinholes and voids in the matrix.

The LLDPE extrusion blow-molded bottles thermally embossed with Mg(OH)2 (powder)
showed the following tensile properties: the tensile stress at yield (MPa) was 8.77 ± 0.31,
which was 8.80% higher compared to that of the neat LLDPE (8.06 ± 0.48); the tensile
stress at break (MPa) was 20.40 ± 4.44, which was 7.65% higher compared to that of the
neat LLDPE (18.95 ± 3.01); the tensile stress modulus (MPa) was 200.76 ± 8.31, which was
9.35% higher compared to that of the neat LLDPE (183.59 ± 7.05); and the elongation at
break (%) was 692.03 ± 57.85, which was 2.12% lower compared to that of the neat LLDPE
(706.99 ± 29.79). Overall, the anti-microbial NPs slightly improved the tensile properties,
as presented in Figure 11.

The LLDPE extrusion blow-molded bottles thermally embossed with Mg(OH)2 (spray)
showed the following tensile properties: the tensile stress at yield (MPa) was 8.04 ± 0.92,
which was 0.26% lower compared to that of the neat LLDPE (8.06 ± 0.48); the tensile stress
at break (MPa) was 18.30 ± 2.82, which was 3.43% lower compared to that of the neat
LLDPE (18.95 ± 3.01); the tensile stress modulus (MPa) was 179.38 ± 18.91, which was
2.29% lower compared to that of the neat LLDPE (183.59 ± 7.05); and the elongation at
break (%) was 705.47 ± 30.15, which was 0.21% lower compared to that of the neat LLDPE
(706.99 ± 29.79). Overall, the anti-microbial NPs slightly improved the tensile properties,
as presented in Figure 11.

The LLDPE extrusion blow-molded bottles thermally embossed with MgO (spray)
showed the following tensile properties: the tensile stress at yield (MPa) was 8.49 ± 0.44,
which was 5.32% higher compared to that of the neat LLDPE (8.06 ± 0.48); the tensile stress
at break (MPa) was 20.36 ± 3.76, which was 7.44% higher compared to that of the neat
LLDPE (18.95 ± 3.01); the tensile stress modulus (MPa) was 193.21 ± 15.46, which was
5.24% higher compared to that of the neat LLDPE (183.59 ± 7.05); and the elongation at
break (%) was 692.45 ± 28.40, which was 2.01% lower compared to that of the neat LLDPE
(706.99 ± 29.79). Overall, the anti-microbial NPs slightly improved the tensile properties,
as presented in Figure 11.

The LLDPE extrusion blow-molded bottles thermally embossed with Cu(OH)2 (spray)
showed the following tensile properties: the tensile stress at yield (MPa) was 8.07 ± 0.54,
which was 0.11% higher compared to that of the neat LLDPE (8.06 ± 0.48); the tensile
stress at break (MPa) was 19.62 ± 2.66, which was 3.54% higher compared to that of the
neat LLDPE (18.95 ± 3.01); the tensile stress modulus (MPa) was 176.74 ± 9.96, which was
3.73% lower compared to that of the neat LLDPE (183.59 ± 7.05); and the elongation at
break (%) was 695.96 ± 31.80, which was 1.56% lower compared to that of the neat LLDPE
(706.99 ± 29.79). Overall, the anti-microbial NPs slightly improved the tensile properties,
as presented in Figure 11.
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The LLDPE extrusion blow-molded bottles thermally embossed with ZnO (spray)
showed the following tensile properties: the tensile stress at yield (MPa) was 8.71 ± 0.66,
which was 8.05% higher compared to that of the neat LLDPE (8.06 ± 0.48); the tensile stress
at break (MPa) was 20.95 ± 4.01, which was 10.55% higher compared to that of the neat
LLDPE (18.95 ± 3.01); the tensile stress modulus (MPa) was 198.10 ± 12.84, which was
7.90% higher compared to that of the neat LLDPE (183.59 ± 7.05); and the elongation at
break (%) was 710.27 ± 7.11, which was 0.46% higher compared to that of the neat LLDPE
(706.99 ± 29.79). Overall, the anti-microbial NPs slightly improved the tensile properties,
as presented in Figure 11.

The effects of the anti-microbial agents, the variation in tensile bar weight, and the
variation in the tensile bar thickness were statistically investigated to study their possible
impacts on the tensile properties of the extrusion blow-molded bottles. The introduction
of these anti-microbial agents at these loading levels (10,000 ppm and five sprays on each
side of the mold cavity) can be achieved without any impact on the tensile properties,
while providing a significant anti-microbial property to the bottles. The statistical analysis
showed that after adjusting for the variation attributed to tensile bar thickness and bar
weight, none of the six types of anti-microbial agents exhibited significantly different
results to those of the control, as measured by tensile stress at yield, tensile stress at break,
modulus, and elongation at break. A detailed statistical analysis is provided as part of the
SI document (please see Section S4).

The LLDPE extrusion blow-molded bottles thermally embossed with Cu-infused
Mg(OH)2 (spray) showed the following barrier properties: the WVTR (g/(m2·day)) and
OTR (cm3/(m2·day)) were 13.34 ± 1.56 and 1037.56 ± 76.46, respectively, which were
26.54% and 9.63% lower, respectively, compared to that of the neat LLDPE (18.16 ± 1.93
and 1148.11 ± 18.84). Overall, the anti-microbial NPs improved the barrier properties, as
presented in Figure 12.

The LLDPE extrusion blow-molded bottles thermally embossed with Mg(OH)2 (pow-
der) showed the following barrier properties: the WVTR (g/(m2·day)) and OTR
(cm3/(m2·day)) were 16.32 ± 0.63 and 1000.95 ± 62.25, respectively, which were 10.13%
and 12.82% lower, respectively, compared to that of the neat LLDPE (18.16 ± 1.93 and
1148.11 ± 18.84). Overall, the anti-microbial NPs improved the barrier properties, as pre-
sented in Figure 12.

The LLDPE extrusion blow-molded bottles thermally embossed with Cu-infused
Mg(OH)2 (spray) showed the following barrier properties: the WVTR (g/(m2·day)) and
OTR (cm3/(m2·day)) were 13.67 ± 0.62 and 463.50 ± 41.29, respectively, which were 24.72%
and 59.63% lower, respectively, compared to that of the neat LLDPE (18.16 ± 1.93 and
1148.11 ± 18.84). Overall, the anti-microbial NPs improved the barrier properties, as
presented in Figure 12.

The LLDPE extrusion blow-molded bottles thermally embossed with MgO (spray)
showed the following barrier properties: the WVTR (g/(m2·day)) and OTR (cm3/(m2·day))
were 14.43 ± 0.59 and 1018.70 ± 67.63, respectively, which were 20.54% and 11.27% lower,
respectively, compared to that of the neat LLDPE (18.16 ± 1.93 and 1148.11 ± 18.84).
Overall, the anti-microbial NPs improved the barrier properties, as presented in Figure 12.

The LLDPE extrusion blow-molded bottles thermally embossed with Cu(OH)2 (spray)
showed the following barrier properties: the WVTR (g/(m2·day)) and OTR (cm3/(m2·day))
were 14.52 ± 0.37 and 537.29 ± 70.92, respectively, which were 20.04% and 53.20% lower, re-
spectively, compared to that of the neat LLDPE (18.16 ± 1.93 and 1148.11 ± 18.84). Overall,
the anti-microbial NPs improved the barrier properties, as presented in Figure 12.

The LLDPE extrusion blow-molded bottles thermally embossed with ZnO (spray)
showed the following barrier properties: the WVTR (g/(m2·day)) and OTR (cm3/(m2·day))
were 16.81 ± 0.50 and 937.25 ± 64.30, respectively, which were 7.43% and 18.37% lower, re-
spectively, compared to that of the neat LLDPE (18.16 ± 1.93 and 1148.11 ± 18.84). Overall,
the anti-microbial NPs improved the barrier properties, as presented in Figure 12.
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The improved barrier properties were likely due to the fixation of the inorganic crystals
over the outer surface of the extrusion blow-molded bottles. Upon the incorporation of
these particles, the porosities of the bottles were considerably narrowed. In all cases, the
coating improved the gas barrier properties of the bottle. While the improvement of WVTR
is only marginal in most cases, the improvement of OTR for sample (Figure 12D,F) is quite
noticeable, with ~50% improvement. It is known that inorganic-based coatings can improve
gas barrier performance [50]. In this case, the coating was not specifically tuned to improve
gas barrier performance, hence the marginal improvement.

The anti-microbial performance of extrusion blow-molded bottles was tested against
E. coli K-12 MG1655 (8.16 ± 0.10 log), as presented in Figure 13. The metallic copper disks
(positive control) showed a 6.52 ± 0.07 and 8.16 ± 0.07 log reduction at 4 h and 24 h,
respectively. The neat LLDPE disks (negative control) showed a 0.25 ± 0.03 and 0.66 ± 0.12
log reduction at 4 h and 24 h, respectively. The negative control’s performance shows a
bacterial reduction too low to be considered antibacterial and in combination with the
positive control’s result, this constitutes proof of the validity of the anti-bacterial test. The
extrusion blow-molded bottles thermally embossed with Cu-infused Mg(OH)2 particles
(spray) showed a 4.11 ± 0.20 and 8.09 ± 0.07 log reduction at 4 h and 24 h, respectively,
which presented a 99.999996 and 99.999996% reduction from the negative control, respec-
tively. The extrusion blow-molded bottles thermally embossed with Mg(OH)2 particles
(powder) showed a 3.02 ± 0.07 and 5.43 ± 0.03 log reduction at 4 h and 24 h, respectively,
which exhibited a 99.8333336 and 99.999996% reduction from the negative control, respec-
tively. The extrusion blow-molded bottles thermally embossed with Mg(OH)2 particles
(spray) showed a 4.04 ± 0.30 and 8.00 ± 0.05 log reduction at 4 h and 24 h, respectively,
which presented a 99.988886 and 99.999996% reduction from the negative control, respec-
tively. The extrusion blow-molded bottles thermally embossed with MgO particles (spray)
showed a 3.95 ± 0.02 and 8.20 ± 0.07 log reduction at 4 h and 24 h, respectively, which
was a 99.988886 and 99.999996% reduction from the negative control, respectively. The
extrusion blow-molded bottles thermally embossed with Cu(OH)2 particles (spray) showed
a 3.88 ± 0.09 and 7.32 ± 0.04 log reduction at 4 h and 24 h, respectively, which showed a
99.988886 and 99.999996% reduction from the negative control, respectively. The extrusion
blow-molded bottles thermally embossed with ZnO particles (spray) showed a 1.40 ± 0.08
and 3.32 ± 0.10 log reduction at 4 h and 24 h, respectively, which was a 92.9222226 and
99.7888886% reduction from the negative control, respectively.

In all cases, the bacterial reduction after 24 h is highly increased compared to that at
4 h, showing that these coatings require several hours to a day to fully eradicate the initial
incubated bacterial colonies. The ZnO reflects the lowest performance, with only a log 3
reduction after 24 h. ZnO NPs are known to be effective anti-bacterial agents, but superior
additives, such as Ag NPs, are available [51]. For instance, Mg(OH)2 powder provided
better performance, reaching a log 5.5 bacterial reduction after 24 h. The performance
was further enhanced when applying Cu- or Mg-based additives via the spray coating
(Figure 13C,E–G); all have a bacterial reduction > to log 7 after 24 h. This level of sterility is
far superior to that provided by disinfection and can only be achieved through sterilization
techniques such as gamma radiation [52].

5. Conclusions

In this article, a novel method toward the development of anti-microbial extrusion
blow-molded LLDPE bottles was reported, in which various types of anti-microbial agents
(Cu-infused Mg(OH)2, Mg(OH)2, Cu(OH)2, MgO, CuCl2, and ZnO) were introduced onto
the surface of the bottles. The produced samples were characterized via SEM and EDX and
were evaluated for their thermal, mechanical, and anti-microbial properties via DSC, TGA,
tensile, barrier, and anti-microbial testing. The results demonstrate significant improvement
in anti-microbial activities, as well as barrier properties, while maintaining the thermal
stability and mechanical performance of the neat polymer. This approach might be useful
in industrial scale applications to help create environmentally friendly, cost-effective, time-
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efficient, and easily implemented anti-microbial systems. This study provides a promising
alternative to the conventional melt-compounding process, in which the anti-microbial
agents are mixed with plastic materials during the manufacturing process, requiring a
higher load percentage of additives.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym16131914/s1, Figure S1: Illustration of the extrusion blow
molding process; Figure S2: Extrusion blow molding machine and model specifications; Figure S3:
Bottle mold design; Figure S4: Embossing powder tool used for Mg(OH)2 NPs (dry powder) de-
position into the mold cavity; Figure S5: The bottle mold after the application/deposition of the
Mg(OH)2 dry powder; Figure S6: EDX Mapping for LLDPE bottle thermally embossed with Cu-
infused Mg(OH)2 (Spray): SEM image of sample (A), O element mapping (B), Mg element mapping
(C), Cl element mapping (D), and Cu element mapping (E); Figure S7: EDX Mapping for LLDPE
bottle thermally embossed with Mg(OH)2 (powder): SEM image of sample (A), C element mapping
(B), O element mapping (C), Mg element mapping (D), and Al element mapping (E); Figure S8: EDX
Mapping for LLDPE bottle thermally embossed with Mg(OH)2 (spray): SEM image of sample (A),
C element mapping (B), O element mapping (C), and Mg element mapping (D); Figure S9: EDX
Mapping for LLDPE bottle thermally embossed with MgO (spray): SEM image of sample (A), C
element mapping (B), O element mapping (C), Mg element mapping (D), and Ca element mapping;
Figure S10: EDX Mapping for LLDPE bottle thermally embossed with Cu(OH)2 (spray): SEM im-
age of sample (A), C element mapping (B), O element mapping (C), Al element mapping (D), Cl
element mapping (E), and Cu element mapping (F); Figure S11: EDX Mapping for LLDPE bottle
thermally embossed with ZnO (spray): SEM image of sample (A), C element mapping (B), O element
mapping (C), and Zn element mapping (D); Figure S12: Comparison with control decision chart;
Figure S13: Comparison with control decision chart; Figure S14: Comparison with control decision
chart; Figure S15: Comparison with control decision chart; Table S1: Table S1: Results from stepwise
regression on noise factors for each of the outcomes, tensile stress at yield, tensile stress at break,
tensile modulus, and elongation at break. p-values less than 0.05 are in italics; Table S2: Parameter
estimates; Table S3: Comparisons with control summary; Table S4: Parameter estimates; Table S5:
Comparison with control summary; Table S6: Parameter estimates; Table S7: Comparisons with
control summary; Table S8: Parameter estimates; Table S9: Comparisons with control summary.
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Abstract: The superiorities provided by polymeric composite membranes in comparison
to the original membrane have generated increased attention, particularly in the field
of protein separation applications. This work involved the fabrication of polysulfone
composite membranes using variable loadings of activated carbon particle sizes, namely, 37
μm, 74 μm, 149 μm, and 297 μm. The membranes were fabricated via the phase-inversion
method, employing water as the coagulant. In this study, the impact of the AC powder
particle sizes on membrane morphology, water contact angle, porosity, average pore size,
molecular weight cutoff, pure water flux, and protein rejection was examined. Different
membrane morphologies and properties were achieved by incorporating a variety of AC
particle sizes. A porous membrane with the maximum pure water flux was generated by the
loading of finer AC particles. Concurrently, protein rejection is increasing as a result of the
use of AC particles as an infill in the composite membrane. In comparison to all fabricated
membranes, the AC filler with a particle size of 149 μm exhibited the highest rejection of
the lysozyme protein, reaching up to 73.9%, with a relatively high water permeability of 33
LMH/Bar. In conclusion, this investigation provides recommendations for the selection of
AC particle sizes for protein separation in conjunction with PSF ultrafiltration membranes.

Keywords: polysulfone; ultrafiltration; membranes; activated carbon; good health; protein
separation; clean water

1. Introduction

Ultrafiltration has emerged as a highly efficient technique in the field of separation
processes. The cheap investment cost and energy needs, combined with the high separation
efficiency, make it highly advantageous for a range of applications, such as food and
pharmaceutical processing, as well as the chemical products industry. High-purity proteins
have become indispensable raw materials in the food and medical treatment industries [1].
As a result, there has been a huge increase in the need for strong and effective techniques
for separating and purifying proteins. Various methods, such as membrane technology,
centrifugation, precipitation, sedimentation, electrophoresis, and chromatography, have
been created to obtain elevated degrees of protein purification [2–5]. Membrane technology
is considered an efficient method for protein treatment because of its high separation
efficiency. It preserves the structure, integrity, and efficacy of proteins while minimizing the
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need for chemical usage [6]. The operational principle of separation membranes is impeding
molecules that exceed the size of the membrane pore. As a result, membranes of varying
pore sizes can separate molecules according to their molecular weight. Membrane filtration
can be used in a wide range of separation situations by choosing membranes with suitable
pore diameters [7]. Ultrafiltration membranes are often effective for concentrating and
separating proteins because their pore sizes are large enough to prevent protein molecules
from passing through the membrane pores [8]. Membrane fouling, which involves the
adsorption of solute on the membrane surface and the blocking of pores, greatly decreases
the effectiveness of membrane separation [9]. Membranes are commonly produced using
polymers such as polysulfone, polyethersulfone, polyamide, polyethylene, polypropylene,
and polyvinyl fluoride. These polymers are chosen for their excellent mechanical, thermal,
and chemical resistance properties [10].

Polysulfone (PSF) possesses exceptional thermal stability, elevated mechanical
strength, and chemical resistance, rendering it an ideal substance for the production of
filtration membranes [11,12]. Consequently, research endeavors on PSF membranes have
experienced a substantial surge in the past decade. PSF membranes can be modified using
techniques including physical mixing, chemical grafting, and coating. These processes are
used to improve the performance of the membranes [13]. Although surface coating and
chemical grafting onto premade membranes are convenient and flexible techniques, they
encounter notable difficulties, such as pore structural deformation. This deformation re-
sults in a decrease in permeate flux, which ultimately restricts membrane performance [14].
In order to tackle these difficulties, the inclusion of inorganic elements in the solution
is of great importance as it can improve the hydrophilicity, permeation, and antifouling
properties [15,16]. The use of carbon-based materials in polymers to create ultrafiltration
membranes has gained significant attention due to its potential to regulate pore shape, boost
hydrophilicity, improve antifouling characteristics, and increase mechanical strength [17].
Nevertheless, the findings suggest that an excessive inclusion of inorganic particles has a
negative impact on the selectivity, permeability, and shape of the membranes. The main
goal is to employ appropriate inorganic materials with a comparatively lower proportion
of inorganic fillers, improving the hydrophilicity of the membrane without compromising
its permeability and selectivity [18].

Composite membranes composed of PSF and carbon nanotubes have been reported
to demonstrate enhanced hydrophilicity, protein rejection, and water permeate flux [19].
Carbon-based nanoparticles are effective modifiers due to their hydrophilic surface func-
tional groups, chemical stability, lack of toxicity, and excellent surface area [20]. Hosseini
et al. [21] developed mixed matrix nanofiltration membranes based on polyethersulfone
embedded with activated carbon nanoparticles (ACNPs) to remove sulfate and copper
from water. The results indicate that the addition of super activated carbon nanoparticles to
the casting solution significantly enhanced the rejection of sulfate and copper ions. Sharma
et al. [22] fabricated polyethersulfone nanofiltration membranes by incorporating activated
carbon nanoparticles at concentrations ranging from 0 to 1 wt.% to separate lignin from
black liquor. The study’s findings showed that AC-based membranes with a concentration
of 0.1% had improved efficiency in separating lignin from black liquor, while also reducing
membrane fouling. Nevertheless, while choosing additive materials, it is crucial to take
into account not only their performance but also factors such as their local availability
and cost-effectiveness [23]. Consequently, in light of the exorbitant expense associated
with synthesizing nanoparticles, scientific investigation has prioritized the search for more
economical alternatives in terms of powder size. Remy et al. [24] found that the addition of
powdered activated carbon raised the critical flow by 10% and considerably prolonged the
filtration time of the membrane.
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Liu et al. [25] showed that the inclusion of powdered activated carbon resulted in
longer membrane filtering time cycles, suggesting a decreased likelihood of membrane
fouling. Torretta et al. [26] discovered that using a certain concentration of powdered
activated carbon was the most efficient method for improving membrane flow, resulting
in a notable 26% increase. To summarize, the use of powdered activated carbon as a filler
has been found to improve the performance of composite membranes through multiple
functions and mechanisms. Nevertheless, there is a dearth of research investigating the
selectivity and permeability of composite membranes with different diameters of powdered
activated carbon. The aim of this work is to manufacture a PSF composite membrane with
varying loadings of AC particle sizes and investigate how these parameters impact the
membrane characteristics and performance in protein separation.

The work involved incorporating activated carbon particles of different sizes (37 μm,
74 μm, 149 μm, and 297 μm) into a solution of PSF membrane. This was carried out
to create composite ultrafiltration membranes using the wet phase inversion procedure.
An assessment was conducted to determine the influence of activated carbon particle
size on hydrophilicity, porosity, average pore size, pore structure, and molecular weight
cutoff. The surface morphology of the membranes was examined using scanning electron
microscopy (SEM). The evaluation of water permeability and protein separation efficacy of
the membranes was performed using standardized experimental methodologies.

2. Materials and Methods

2.1. Materials

Polysulfone pellets (PSF, 80,000 g/mol, P.T. Solvay Chemicals Indonesia, Jakarta,
Indonesia), N-methyl-2-pyrrolidone (NMP; PT. Samiraschem Indonesia, Jakarta, Indonesia),
Activated Carbon (AC) powder, Filtrasorb 100 (Calgon Carbon Corporation, Pittsburgh, PA,
USA), and an adjustable film applicator (Elcometer 3540/4 Four-Sided Film Applicators,
Elcometer Limited, Manchester, UK) were purchased to prepare the PSF-AC membranes.
Lysozyme (12 kDa), pepsin (35 kDa), and bovine serum al-bumin (BSA) (69 kDa) proteins
from HiMedia Ltd. in Mumbai, India were purchased to prepare protein solutions. Pure
water was used as a gelatinization medium for the membrane fabrication, and droplet
for the water contact angle test and membrane permeability test. The Scanning Electron
Microscopy (SEM) instrument, Phenom ProX (Thermo Fisher Scientific, Waltham, MA,
USA) was employed to analyze the cross section and morphological properties of the
membranes. AC powder was utilized as received, and its specifications are detailed
in Table 1.

Table 1. Specification of AC powder.

Iodine Number, mg/g 850

Moisture by Weight 2%

Effective Size 0.8–1.0

Uniformity Coefficient 2.1

Abrasion Number 75

Screen Size by Weight, US Sieve Series

On 8 mesh 15%

Through 30 mesh 4%

Apparent Density (tamped) 0.58 g/cc

Water Extractables <1%

Non-Wettable <1%
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2.2. Membrane Fabrication

Activated carbon-polysulfone (AC-PSF) membranes for protein separation were pre-
pared by dissolving PSF in NMP, incorporating AC carbon as an additive, casting a thin film
from the resulting solution (containing PSF, NMP, and AC) at varying concentrations (as
indicated in Table 2) onto a non-woven support, and immersing the non-woven substrate
in a pure water bath using the wet phase inversion method. The casting solutions consisted
of PSF with specific particle size distributions: pristine membrane, 297 μm, 149 μm, 74 μm,
and 34 μm, all at a concentration of 1 wt.% as membrane filler.

Table 2. Membrane prepared in this study.

No. Membrane Code AC Powder Size (μm)

1 PSF-CA0 -
2 PSF-CA1 297
3 PSF-CA2 149
4 PSF-CA3 74
5 PSF-CA4 37

2.3. Water Contact Angle Test

A digital microscope (Dinolite Edge 3.0 AM73915MZTL, AnMo Electronics, New
Taipei City, Taiwan) was employed to capture images of a 0.5 μL pure water droplet on the
dried surface. Additionally, CAD software was utilized to measure the contact angle of the
membranes. The contact angles for each membrane were measured three times and then
averaged to ensure accuracy.

2.4. Ultrafiltration Experiments
2.4.1. Water Flux Test

The water flux of all membranes, including both pristine and PSF-AC membranes,
was assessed using a dead-end cell setup, as depicted in Figure 1. This setup incorporates
valves and pressure gauges to regulate the pressure within the feed chamber. Initially, the
membrane sample was positioned at the bottom of the dead-end cell, with an active surface
area of 14.6 cm2. Above the tested membrane, there was a feed chamber with a capacity
of 300 mL. A pressure regulator was employed to control the applied pressure from the
nitrogen cylinder to the feed chamber. A working pressure of 2 bar was applied to the
fabricated membranes. The permeate weight was automatically recorded by a computer
every 2 min over a duration of 30 min in this filtration system. Subsequently, at least three
replicate samples were assessed for each membrane, and the average value, along with its
standard deviation, was reported.

Figure 1. Experiment setup of the water flux test.

398



J. Compos. Sci. 2024, 8, 483

We employed the following equations [27] to calculate both the volumetric flux (Jv)
and the permeability:

Flux(Jv) =
Q

A × Δt
(1)

Permeability
(

Lp
)
=

Jv

ΔP
(2)

In the context of membrane analysis, Q represents the quantity of permeate water
(measured in liters) during the sampling time, Δt denotes the duration of the sampling
period (in hours), A signifies the membrane area (measured in square meters), and ΔP
represents the pressure difference (in bars).

2.4.2. Protein Separation

A solution containing 0.1 wt.% of BSA, pepsin, and lysozyme was carefully produced
in a phosphate-buffered solution with a pH of 7.2. The ensuing protein separation experi-
ment was carried out using a dead-end cell filtration test, with a fixed pressure of 2 bar. In
order to measure the concentration of the protein solution that passed through, we used an
UV–visible spectrophotometer set to a wavelength of 280 nm. The solute rejection (SR) was
determined through meticulous analysis.

%SR =

[
1 − Cp

Cf

]
×100 (3)

In the context of protein concentration analysis, Cp represents the concentration of the
permeated solution, while Cf denotes the concentration of the feed solution.

2.5. Porosity

The study focused on analyzing the membrane’s porosity in order to assess the impact
of including AC powder on the size of the membrane pores. This was carried ut by the
gravimetric method, using the following equation [28]:

ε(%) =
Ww − Wd

ρH2O × A × L
× 100 (4)

where Ww is the weight of the wet membrane, Wd is weight of the dry membrane, the
effective area of the membrane is denoted by A, the thickness of the membrane is denoted
by L, and the density of water (0.998 g/cm3)is denoted by ρH2O.

2.6. Average Pore Size

The average pore size of the surface membranes was estimated using the ultrafiltration
experimental findings. In order to determine the average pore size of the membranes, we
employed the molecular weight of the solute, which demonstrated a solute rejection (SR)
greater than 80%, by utilizing the following equation:

R = 100
( α

%SR

)
(5)

In this context, R indicates the mean pore size (radius), while α refers to the solute
radius, which is calculated by the Stoke radius computed from the solute’s molecular
weight using Sarbolouki’s approach [29].

2.7. Molecular Weight Cutoff (MWCO)

The molecular weight cutoff (MWCO) has a direct correlation with the pore size of
the membrane. The objective of evaluating the MWCO of a membrane is to determine the
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minimum size of an unreactive solute that exhibits protein rejection within the range of
80% to 100% in an ultrafiltration experiment [30]. The BSA, pepsin, and lysozyme were
chosen as the proteins to be evaluated in order to assess any decrease in pore size that may
occur as a result of introducing activated carbon powder.

3. Results

3.1. Contact Angle Analysis

In order to confirm the hydrophobic nature of the membranes, we conducted addi-
tional measurements of the water contact angle for various composite membranes using
pure water. A membrane surface that is more hydrophilic is indicated by a lower water
contact angle value.

Figure 2 displays the static water contact angles of several PSF-CA composite mem-
branes. The pristine PSF membrane (PSF-AC0) exhibits an initial contact angle of around
67.6◦ due to its intrinsic hydrophilicity. The introduction of a 1% AC particle at any range
of powder size resulted in a lower contact angle of 59.5◦, 59◦, 58.2◦, and 57.5◦ for PSF-AC1,
PSF-AC2, PSF-AC3, and PSF-AC4, respectively, in comparison to pristine PSF membranes
(67.6◦). This indicates that the contact angle was further reduced by further reducing
the size of AC particles. This decline indicates a significant rise in the hydrophilicity of
the membranes.

Figure 2. Water contact angle of the fabricated membranes.

The physical characteristics of powder, such as the size of particles, can affect how well
it can be wetted. Powders with a greater particle size have superior wetting characteristics
due to the enhanced ability of water to permeate the bigger interstitial gaps between the
particles [31]. However, in this scenario, the interstitial gaps between larger particles are
the surface of the membrane, which possesses a higher water contact angle. Consequently,
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this circumstance results in the PSF-AC membrane with larger particle sizes exhibiting
more hydrophobicity.

3.2. Membrane Permeability Test

Figure 3 illustrates the water permeability of membranes with varying AC particle
sizes incorporated. Upon comparing the water permeability of the pristine PSF membrane
(14.75 LMH/Bar) with the fluxes of the composite membranes, it was observed that the
fluxes increased as the AC particle size decreased, at the same AC concentration of 1
wt.%. The permeate flux with an activated carbon particle size of 297 microns is 32.5
LMH/bar, reaching a maximum value of 42.5 LMH/bar with activated carbon particles
of 37 microns. According to Figure 2, it is evident that the improved water flux is a result
of the heightened hydrophilicity, since the PSF-AC4 membranes exhibit the highest level
of hydrophilicity. As stated in the contact angle analysis section, when the particle size is
small, it aids in achieving a uniform distribution on the surface of the membrane, hence
facilitating water to permeate through its porous multichannel structure, resulting in a
higher water permeability.

Figure 3. Water flux of the fabricated membranes.

Moreover, the addition of larger particle sizes increases the likelihood of aggregation,
which, in turn, widens the space between particles and exposes the hydrophobic surface
of the membrane. This leads to a decrease in effective porosity by blocking channels that
allow vapor to pass through [32]. As a result, the water transfer facilitated by the porous
multichannel structure of AC is compromised.

3.3. Effect of AC on Protein Rejection

The rejection and permeate capabilities of membranes depend on their morphological
structure in conjunction with the parameters of the feed solution. In this study, three distinct
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proteins of varying sizes were employed as representative solutions for protein separation
experiments. The solution containing BSA, pepsin, and lysozyme dissolved in water is used
as a feed solution to study how the membranes reject these substances. Figure 4 displays the
percentage of membrane protein rejection results, which were determined using Equation
(3). The figure illustrates that the manufactured membranes exhibit a BSA rejection rate
of 90%. All membranes have a pore size that is smaller than the molecular weight of BSA.
The separation test for the membranes was extended using pepsin and lysozyme as solutes
due to their smaller molecular sizes compared to BSA. Figure 4 demonstrates that the
composite membrane exhibits a somewhat higher rejection of pepsin in comparison to the
pristine membrane. A substantial disparity in protein rejection was seen when employing
a lysozyme solution, with composite membranes exhibiting notable rejection of lysozyme.
As shown in Figure 4, the PSF-AC2 membrane has the highest lysozyme rejection rate
(73.9%), whereas the PSF-AC0 membrane has the lowest (49.3%). This can be elucidated
by considering the size of the pores in the membrane. The membrane PSF-AC2 has the
smallest pore size compared to all other produced membranes, resulting in the maximum
rejection of lysozyme. On the other hand, the membrane PSF-AC0 has the biggest pore
size and exhibits the lowest rejection of lysozyme. Hence, the membrane demonstrated
superior size-exclusion separation properties, allowing it to reject protein more effectively
than other membranes that were fabricated [33].

Figure 4. Protein rejection of the fabricated membranes.
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3.4. Effect of AC on Membranes Porosity

An analysis of membrane porosity was used to evaluate the effect of nAC on the
modified polymer membrane. The results of the apparent porosity of membranes that were
incorporated with AC as an additive are presented in Table 3. The particulate size of the
membranes was varied, with pristine membrane (PSF-AC0), 297 μm (PSF-AC1), 149 μm
(PSF-AC2), 74 μm (PSF-AC3), and 37 μm (PSF-AC4). The pristine membrane had the
lowest reported porosity values (63.41 8%) when AC was not present. The manufactured
membrane reached its maximum porosity of 66.92% when the smallest AC powder of
37 μm was loaded. This phenomenon arises due to the fact that, when the concentration
of AC is held constant at 1 wt.%, the decrease in particle size causes a larger quantity
of particles, that, in turn, leads to a membrane with higher porosity and, as a result, an
increased water flux [34].

Table 3. Porosity, pore radius, and MWCO of the fabricated membranes.

Membrane Code Porosity (%)
Pore Radius,

¯
R(A◦)

MWCO (kDa)

PSF-AC0 63.41 30.12 35
PSF-AC1 63.46 29.88 35
PSF-AC2 66.02 27.88 35
PSF-AC3 66.61 27.66 35
PSF-AC4 66.92 27.83 35

3.5. Measurement of Average Pore Size

The average pore size of the fabricated membranes was calculated using Equation (5)
and is depicted in Table 3. The results suggest that the introduction of activated carbon
particles into the membrane matrix resulted in a decrease in the size of the pores in compos-
ite membranes. Specifically, a smaller average pore radius was observed as the activated
carbon powder size decreased from 297 μm to 37 μm in the case of composite membranes.

The pristine membrane, PSF-AC0, had a pore size of 30.12 A◦, whereas the composite
membranes had pore sizes ranging from 27.83 A◦ to 29.88 A◦. Nevertheless, the membrane
made with the smallest AC powder particles (37 μm) had a larger pore size (27.83 A◦)
compared to PSF-AC3, 74 μm (27.66 A◦). The membranes exhibited the following order of
pore size: PSF-AC0 (pristine membrane) > PSF-AC1 (297 μm) > PSF-AC2 (149 μm) > PSF-
AC4 (74 μm) > PSF-AC3 (37 μm). The smaller powder will yield a reduced pore size
since it tends to spread uniformly across the membrane structure, resulting in smaller
pores. The introduction of the 37 μm AC particle led to a little increase in pore size,
possibly attributable to the non-uniformity of the powder size, as the powder was separated
using a sieve shaker, resulting in smaller particles under 37 μm remaining during the
separation process.

3.6. Molecular Weight Cutoff Measurement (MWCO)

Protein solutions with molecular weights of 14 kDa for lysozyme, 35 kDa for pepsin,
and 69 kDa for BSA were employed to ascertain the molecular weight cutoff measurement
for both pristine and PSF-AC composite membranes, with varying powder sizes of AC.
The result of MWCO is presented in Table 3. As shown in Table 3, the molecular weight
threshold of all membranes was initially 35 kDa, which is higher than the MWCO of
lysozyme (14 kDa). Nonetheless, whereas all membranes exhibit an identical molecular
weight cutoff (MWCO) of 35 kDa, there are substantial variations in the rejection % of
lysozyme across each membrane. For instance, as illustrated in Figure 4, AC with a powder
size of 149 μm exhibits a gap of 73.9% relative to the lysozyme molecular weight cutoff
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standard of 80% [31], indicating that, despite the membranes possessing identical MWCO
levels, they demonstrate varying percentages of solute rejection.

3.7. Membrane Morphology

In this study, we provide the surface morphology SEM images of the PSF pristine
membranes and the membranes filled with AC powder as presented in Figure 5. Un-
doubtedly, the impact of AC powder on the surface morphology of the PSF membranes is
substantial. Initially, the PSF composite membranes have a uniformly dispersed surface
with an increased number of pores. This phenomenon can be elucidated by the capacity of
the fine particles to infiltrate and establish a more compact structure with reduced pore
size [35].

Figure 5. Surface morphology SEM images of the fabricated membranes: (a) PSF-AC0; (b) PSF-AC1;
(c) PSF-AC2; (d) PSF-AC3; and (e) PSF-AC4.

The fabricated membranes are illustrated in cross-sectional SEM images in Figure 6.
The PSF membranes are composed of a sponge-like layer and a finger-like layer. The
selective layer is situated on the side of the membranes that contains the finger-like layer.
The cross-sectional morphology of the modified membranes, which contain AC powder,
is comparable to that of PSF pristine membranes. When coarse powder was utilized, the
SEM images reveal that the membrane exhibited a greater tendency to form macro void
structures rather than sponge-like structures [36]. The reduction of finger-like macro gaps
by fine particles can be attributed to their capacity to efficiently fill the interstices, therefore
enhancing the density and reducing the porosity of the structure [35].
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Figure 6. Cross section SEM images of the fabricated membranes: (a) PSF-AC0; (b) PSF-AC1;
(c) PSF-AC2; (d) PSF-AC3; and (e) PSF-AC4.

Table 4 compares previous studies on PSF membrane performance that included AC
and other additives as the principal modulator. In comparison to its modified counterpart,
each column displays the value of the PSF membrane. AC, silver-nanoparticles, polyethy-
lene glycol (PEG), polyvinylpyrrolidone (PVP), carbon nanotubes (CNT), CuCl2, FeCl3,
and APS were among the additives that were incorporated. The majority of membrane
modification investigations utilized PEG and PVP as pore formers. Additional additives at
varying sizes and concentrations were employed to change the membrane. Each method
improves the membranes’ hydrophilicity, flux, porosity, average pore size, rejection capabil-
ities, and morphology. Although the AC particles remained unmodified before application,
the optimal membrane in this study exhibits a performance akin to comparable membranes
from previous research regarding water permeability, protein rejection, and water contact
angle. The membrane modification technique outlined in this work may serve as a pivotal
factor for the expansion of membrane production in the protein separation sector.

Table 4. Overview of research on HA blending in polymeric membranes comparing the native
membrane and modified membranes.

Polymer Modifier
Permeability

Flux, LMH/Bar
Pore Size, nm Rejection (%) ε (%) WCA (◦) Ref.

PSF AC 53.3/116.3 34.1/43.2 ~93.2 (BSA) - - [37]

PSF/PVP Silver-
nanoparticle 12/55 - ~48 (BSA) - 81.2/60.9 [38]

PSF
PANI-CuCl2,

PANI-FeCl3 and
PSF/PANI/APS

30/450 92.12/122.94 96 (BSA) - 41.8-80 [39]

PSF/PEG AC 5/9.8 6.4/7.2 81–93 (total phenolic
compounds) 83–86 48.2–66.7 [40]

PSF CNT 1/8 2.82/10.18 98 (lignin) 74.4/75.5 57.6/74.4 [28]

PSF AC 15/42.5 27.66/30.12
98 (BSA)

90 (Pepsin)
73.9 (Lysozyme)

63.41/66.92 57.5/67.6 This work
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4. Conclusions

A series of polysulfone ultrafiltration composite membranes were fabricated by alter-
ing the size of AC particles via phase inversion processing. The membranes exhibited a
unique shape and performance dependent on the various sizes of AC particles used as a
filler. The inclusion of particles of varying sizes has an impact on the morphology of the
membrane, namely, in relation to the finger-like and sponge structure of the membrane. All
the composite membranes demonstrated a superior water flux and rejection of the lysozyme
in comparison to the pristine membrane. The findings derived from this investigation
are indicative of the significance of the AC particle size in influencing the structure and
functionality of the composite PSF membrane. Hence, the appropriate choice of particle size
is crucial in assessing the effectiveness of membrane performance for different applications,
especially in the context of protein separation and purification.
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Abstract: This research aims to highlight the importance of diverse forms of graphitic carbon nitride
(g-C3N4) as strengthening elements in epoxy composites. It explores the influence of three different
forms of g-C3N4 and their concentrations on the mechanical properties of the epoxy composites.
Various characterization techniques, such as scanning electron microscopy (SEM), dynamic light scat-
tering (DLS), thermogravimetric analysis (TGA), and Fourier-transform infrared spectroscopy (FTIR),
were utilized to comprehend the effects of g-C3N4 morphology and particle size on the physical
and chemical characteristics of epoxy resin. Mechanical properties, such as tensile strength, strain,
modulus, and fracture toughness, were determined for the composite samples. SEM analysis was
performed to examine crack morphology in samples with different reinforcements. Findings indicate
that optimal mechanical properties were achieved with a 0.5 wt% bulk g-C3N4 filler, enhancing
tensile strength by 14%. SEM micrographs of fracture surfaces revealed a transition from brittle to
rough morphology, suggesting increased toughness in the composites. While the TGA results showed
no significant impact on degradation temperature, dynamic mechanical analysis demonstrated a 17%
increase in glass transition temperature. Furthermore, the improvement in thermal breakdown up
to 600 ◦C was attributed to reinforced covalent bonds between carbon and nitrogen, supported by
FTIR results.

Keywords: epoxy resin; g-C3N4; mechanical properties; thermal properties; fracture toughness

1. Introduction and Literature Review

The exponential expansion of manufacturing industries worldwide has triggered a
pressing need for materials that not only offer enhanced mechanical properties but also
address concerns related to environmental sustainability and cost efficiency. Over the past
few decades, polymers have emerged as key substitutes for traditional materials like metals
across various applications. This shift is attributed to several advantages that polymers
offer, including ease of processing, lightweight nature, heightened productivity, and cost
reduction [1]. Polymers used in composite manufacturing are. broadly classified into ther-
moplastics and thermosets based on their chemical bonding characteristics. Thermoplastic
matrix materials consist of one- or two-dimensional molecules, enabling them to soften at
elevated temperatures and regain stiffness upon cooling. In contrast, thermoset polymers
are characterized by strong cross-linkages and undergo curing processes involving heat,
pressure, and/or light irradiation. The inherent structure of thermoset polymers often
results in superior performance in terms of strength and stiffness [2].
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Polymer systems offer a versatile platform for enhancing characteristics like strength
through the incorporation of both organic and inorganic fillers and fibers. Organic fillers,
sourced from natural carbon-based compounds such as nanocrystalline cellulose, carbon
nanotubes, graphene, and carbon fiber, find extensive applications across various disci-
plines, including bio-fabrication, aerospace, and manufacturing [3]. Conversely, inorganic
fillers are commonly utilized in sectors like the food, pharmaceutical, and paper manufac-
turing industries to improve electrical conductivity [4]. The composition, type, quantity,
dispersion, and interaction of fillers within the polymer matrix significantly influence
reinforcement, enabling the production of a wide array of polymer composites with im-
proved qualities for diverse industrial and technical applications [5]. Although significant
progress has been made, issues such as brittleness, inadequate strength, poor stability at
low temperatures, and low fracture toughness continue to present challenges [6].

Carbon nanomaterials are widely employed as reinforcing agents to improve the ther-
momechanical resistance, corrosion resilience, electrical conductivity, and flame-retardant
attributes of polymer composites. This enhancement stems from their exceptional inherent
properties and their ability to uniformly disperse within diverse polymeric matrices [7].

Rajsekhar et al. [8] conducted a study on the mechanical properties of epoxy resins
with the addition of nano-alumina. They observed a notable enhancement in fracture
toughness, which increased by 64% with 0.5 wt% nano-alumina samples.

Wang et al. [9] proposed the use of graphene oxide as a 2D reinforcing agent to improve
the mechanical properties of epoxy and improve the dispersion of carbon nanotubes. Tang
et al. [10] investigated the impact of graphene dispersion on the mechanical properties of
graphene/epoxy composites. Highly dispersed graphene enhances fracture toughness by
52% at 0.2 wt.% loading, compared to a 24% improvement for poorly dispersed graphene.
Tensile and flexural moduli showed no significant differences with varying dispersion
levels. This study highlighted the importance of the good dispersion of fillers for optimizing
the mechanical performance of epoxy composites. Furthermore, Zeng et al. investigated the
impact of self-assembled carbon nanotube montmorillonite on the mechanical properties of
the epoxy matrix, revealing significant improvements in both strength and toughness [11,12].

Kumar et al. [13] prepared epoxy composites with graphene-like nanocarbon sheets
(GNCs) at weight fractions between 0.005 and 2 wt%. The maximum tensile strength and
tensile modulus were obtained at 0.1 wt% GNCs. The specific tensile modulus increased
by 14.7%, from 536 MPa to 615 MPa, and the ultimate tensile strength increased by 3.6%,
from 55 MPa to 57 MPa. Maximum flexural strength and flexural modulus were achieved
at 1 wt% filler. The flexural strength increased from 2.28 GPa to 2.9 GPa, and the flexural
modulus increased from 43.85 GPa to 56.42 GPa at 1 wt% of GNCs. The reinforcement
effect at relatively low GNC weight fractions were attributed to good dispersion and
chemical interaction.

Khan et al. [14] reviewed the polymer composites filled with various nitride com-
pounds, emphasizing their potential applications in electronics and thermal management.
It covers the structure and properties of nitride compounds, such as boron nitride, silicon
nitride, carbon nitride, aluminum nitride, and titanium nitride, and their effects on polymer
composites. These nitride compounds enhance the mechanical, thermal, and electrical
properties of polymers, making them suitable alternatives to expensive and heavy metals
like aluminum and copper. Among carbon nitrides, graphitic carbon nitride (g-C3N4)
stands out as the most stable allotrope at room temperature, representing one of the earliest
polymers reported in the literature [15]. The synthesis of g-C3N4 through the polycon-
densation of nitrogen-rich organic precursors such as di-cyandiamide, melamine, and
thiourea has attracted significant attention [16]. Various synthetic methodologies have been
proposed and the resulting product in terms of shape, morphology, and reactivity were
explored [16,17].

Song et al. [18] found that the interlaminar shear stress was enhanced by up to 37.2%
after the incorporation of g-C3N4 onto the surface of carbon fiber. Another study showed
that the addition of g-C3N4 to epoxy resin for strengthening carbon fiber led to an increase
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in tensile strength by approximately 19.5% [19]. These findings collectively underscore the
significant potential of various nanomaterials in augmenting the mechanical properties of
polymer composites for diverse engineering applications.

This study investigates the influence of utilizing three distinct morphologies of g-
C3N4—nanosheets, bulk, and nanotubes—as reinforcing agents on the thermomechanical
properties of epoxy resin. The research entails the synthesis of these diverse g-C3N4
morphologies derived from melamine. Furthermore, the study explores the impact of
varying g-C3N4 morphologies and different weight percentages on the static mechanical
properties of the epoxy as well as its thermal stability. By analyzing these parameters, the
study aims to elucidate the most effective morphology and optimal weight percentage of
g-C3N4 for enhancing the thermomechanical properties of epoxy resin.

2. Methodology

2.1. Materials

The epoxy resin utilized in this study, Araldite LY 564, along with its corresponding
hardener, Aradur 2954, were procured from Huntsman Inc. (Texas, USA). Melamine, with
a purity of 99%, was obtained from Sigma-Aldrich (Massachusetts, USA). Additionally,
various other materials and chemicals were employed, including nitric acid solution,
ethanol, ethylene glycol, and distilled water, to facilitate the synthesis and processing of
the composite materials.

2.2. Preparation Process of the Particles
2.2.1. Bulk g-C3N4

A measure of 10 g of melamine was subjected to heating in a closed 30 mL ceramic
crucible. The heating rate was maintained at 10 ◦C per minute, gradually increasing the
temperature from 25 ◦C to 550 ◦C. This heating process was carried out in a well-ventilated
furnace. Subsequently, once the temperature reached 550 ◦C, it was held constant for a
duration of 4 h. This controlled heating and holding period facilitated the transformation
of melamine into g-C3N4 powder (~7 g produced), as described in [20].

2.2.2. g-C3N4 Nanotubes

A solution comprising 1 g of melamine dissolved in 30 mL of ethylene glycol was
combined with 60 mL of a 0.1 M aqueous nitric acid solution at a temperature of 25 ◦C
for a duration of 20 min. Afterward, the resultant solution underwent centrifugation
and was subjected to three washes with ethanol to remove any residual nitric acid and
ethylene glycol. Following this, the obtained white precipitate was dried under reduced
pressure at 60 ◦C for a period of 12 h. Subsequent to the drying process, the material was
heated to 400 ◦C at a rate of 5 ◦C per minute and held at this temperature for 2 h. This
process resulted in the formation of a yellow powder, indicative of the presence of g-C3N4
nanotubes, as reported in [21].

2.2.3. g-C3N4 Nanosheets

Nanosheets of g-C3N4 were synthesized through a hydrothermal treatment of melamine
followed by calcination at elevated temperatures. Initially, 2 g of melamine was dispersed
in 30 mL of water and stirred for 30 min. The resulting suspension was transferred to a
50 mL autoclave lined with Teflon and heated to 200 ◦C for a duration of 12 h. After cooling
the white solid to room temperature, it was washed with distilled water and subsequently
dried overnight under reduced pressure at 60 ◦C. The dried product was subsequently
transferred into a 50 mL alumina crucible, which was fitted with a lid, and subjected to
heating in a furnace at a rate of 2.3 ◦C per minute. It was maintained at a temperature of
550 ◦C for 4 h to form g-C3N4 nanosheets [22].

To insure uniformity among the three powders produced, the resulting yellow powder
was crushed using a mortar and pestle before undergoing sieving to achieve a particle size
of less than 38 mm, as detailed in [20].

411



Polymers 2024, 16, 1935

2.3. Preparation of g-C3N4/Epoxy Composites

The required quantity of g-C3N4 for each experiment was determined based on a
weight percentage relative to the combined mass of the polyamine hardener (Aradur 2594)
and epoxy resin (Araldite LY 564).

Nine distinct sets of samples were prepared, each incorporating different weight
percentages of g-C3N4 bulk, g-C3N4 nanosheets, and g-C3N4 nanotubes: specifically, 0.25%,
0.5%, and 1% by weight. The g-C3N4 powder was gradually introduced into a beaker
containing 110 g of epoxy resin, followed by sonication for 30 min, and subsequent mixing
at a speed of 10,000 rpm for 45 min. Due to the elevated mixing speed, the mixture
experienced a rise in temperature, necessitating cooling to room temperature (RT) by
placing the beaker on an ice pack. Once the mixture reached room temperature, 35.8 g
of hardener was slowly added. Following degassing under vacuum at 25 ◦C for 2 h, the
mixture was transferred into an aluminum mold and subjected to an additional 2 h of
degassing at 25 ◦C. The samples were cured at 80 ◦C for 60 min, followed by post-curing
at 140 ◦C for eight hours in accordance with the manufacturer’s instructions, as outlined
in [20].

2.4. Characterization

To evaluate the static mechanical properties of the produced composites, tensile testing
and compact tension testing methods were employed. Mechanical tensile testing was
conducted, utilizing a universal testing machine (UTM) equipped with a 100 kN load cell,
operating at a loading speed of 1 mm/min using ASTM D638 standard test procedure. A
laser extensometer was used to measure the strain. The aluminum mold used for preparing
the tensile specimens had a gauge length of approximately 50 mm and a cross-sectional
area of 13 × 7 mm2 (see Figure 1a). From each batch, at least 5 samples were tested and
analyzed [20]. The elastic modulus and the stress at failure were key parameters analyzed
from the test results.

 
 

(a) (b) 

Figure 1. (a) Specifications of the molds used for fabricating the dog-bone samples intended for the
mechanical tensile test and (b) dimensions of the mold utilized for the compact tension test [20].

The compact tension of the materials was completed using the same UTM, equipped
with a 100 kN load cell, and operated at a cross-head speed of 0.5 mm/min. Square samples
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were prepared with dimensions of 40 mm in width, 10 mm in thickness, and featuring
a 24 mm notch positioned at the center of the sample, using the ASTM standard D5045
(refer to Figure 1b). To conduct the test, a 1 mm crack was initiated at the tip of the notch
using a blade. The results of the compact tension test were evaluated using the following
equation derived from ASTM D5045 to determine the plane–strain fracture toughness, KI
(in MPa.m0.5):

KI =
PQ

B
√

W
× (2 + α)

(1 − α)
3
2
× (0.866 + 4.64 α− 13.32α2 + 14.72α3 − 5.6α4)

The equation involves parameters such as the sample’s width (W) and thickness
(B), crack length to sample width ratio (α), and the change between the maximum and
minimum load (ΔP) in MN.

Following tensile testing, the crack morphology of the samples was observed using a
Tescan MIRA3 Field Emission Scanning Electron Microscope (FESEM). The samples were
coated with a 15 nm thick layer of platinum prevent charging. Similarly, the as-prepared g-
C3N4 samples were examined using the same SEM microscope by adding a small amount of
the power to a stud with carbon tape. The samples were also coated with platinum to avoid
charging. All samples were tested at a voltage of 10 kV using a secondary electron detector.

Dynamic light scattering (DLS) with the Q2000 instrument was employed to ascer-
tain the particle size of the three variants of g-C3N4 (dispersed using different solvents).
Specifically, a concentration of 1000 mg/L of bulk g-C3N4, nanotubes, and nanosheets were
dispersed in two distinct solutions (ethanol and DMF) to identify the most suitable dispers-
ing agent. Following the selection of the optimal dispersing solution, two concentrations of
filler were sonicated for 3 min and subsequently analyzed using DLS at three different time
intervals (t1 = 0 min, t2 = 15 min, and t3 = 2 h), with four measurements conducted and
averaged for each mixture.

The glass transition temperature of the epoxy composites was determined using a
Q100 DSC (TA Instruments, New Castle, Delaware, United States) in a heat/cool/heat
mode with heating and cooling rates set at 10 ◦C/min from −50 ◦C to 200 ◦C. Glass
transition temperatures were calculated based on fluctuations in heat flow observed during
the 3rd cycle (heating, cooling, and heating again).

To measure the thermal stability of the epoxy composites, TGA Q500 (TA Instruments)
was used with nitrogen as the purge gas. Analysis was completed over a temperature
range of 25 to 800 ◦C at a rate of 10 ◦C/min, using samples weighing between 7 mg and
15 mg. The decomposition temperature (Td) was determined from the onset temperature
observed in the obtained thermographs.

Furthermore, Fourier transform infrared (FTIR) spectroscopy was conducted on melamine
(the starting material) and the synthesized g-C3N4 (bulk, nanotubes, and nanosheets) using
an Agilent cary 630 FT-IR instrument (Santa Clara, CA, USA) in ATR mode.

3. Results and Discussion

3.1. Characterization of the Synthesized Particles

The synthesized particles underwent various analyses and characterizations to elu-
cidate their physical–chemical properties and to discern differences in morphology and
particle size among the different forms of g-C3N4. SEM, DLS, TGA, and FTIR were em-
ployed to perform the characterization.

SEM imaging of bulk g-C3N4, g-C3N4 nanosheets, and g-C3N4 nanotubes revealed
substantial variations in morphology, as depicted in Figure 2. While pristine melamine
particles ere known for their stone-like morphology, upon heating, melamine, a trimer
of cyanamide, undergoes pyrolysis and polymerization to yield g-C3N4, resulting in the
formation of flaky sheet-like structures stacked together (Figure 2a,b), as reported in the
literature [23,24].
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Figure 2. SEM micrographs of g-C3N4 (a,b) bulk, (c,d) nanotubes, and (e,f) nanosheets.

The morphology of g-C3N4 nanotubes exhibited structures characterized by open
ends, as illustrated in Figure 2c,d [25]. Additionally, the synthesized g-C3N4 samples
derived from melamine underwent transformation into 2D sheet like structures (Figure 2e,f),
displaying a typical nanosheet structures with smooth surfaces, consistent with findings in
the literature [22]. The TEM images of the g-C3N4 nanotubes and nanosheets are available
in other papers [21,22], from which we have also adopted the synthesis methods.

Our preliminary investigation revealed that g-C3N4 demonstrates superior dispersion
in dimethylformamide (DMF) compared to ethanol (refer to Figure S1). Table 1 presents
the typical particle size distribution of the three g-C3N4 variants (nanosheets, bulk, and
nanotubes) dispersed in DMF at various time intervals, as determined by DLS analysis. As
indicated in Table 1, after 2 h, the size of g-C3N4 bulk and g-C3N4 nanosheets reaches a
minimum value of 3.05 μm and 1.6 μm, respectively, while the size of g-C3N4 nanotubes
remains largely unchanged. It is important to note that the observed average hydrodynamic
diameter of the three forms of g-C3N4 from DLS analysis may be affected by multiple
scattering effects, leading to potential errors [25].
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Table 1. DLS measurements to determine the average particle size of g-C3N4 bulk, g-C3N4 nanotubes,
and g-C3N4 nanosheets at various concentrations and time intervals.

Time (min) t1 = 0 t2 = 15 t3 = 60

Concentration (g/L) 0.25 0.125 0.25 0.125 0.25 0.125

Size (μm)

g-C3N4Bulk 9.6 ± 0.1 9.3 ± 0.1 9.2 ± 0.2 9.2 ± 0.09 3.1 ± 0.09 2.8 ± 0.06

g-C3N4 Nanotubes 3.7 ± 0.07 3.3 ± 0.07 4.9 ± 0.1 3.4 ± 0.06 3.1 ± 0.1 3.0 ± 0.1

g-C3N4 Nanosheets 5.7 ± 0.08 4.2 ± 0.09 5.1± 0.06 3.9 ± 0.08 1.7 ± 0.06 1.9 ± 0.03

DLS quantifies the timescale of light fluctuations reaching the detector resulting from
the random diffusion/movement of suspended particles within a sample cuvette. Smaller
particles exhibit rapid diffusion, resulting in fast intensity fluctuations, while larger particles
diffuse more slowly, leading to slower variations in scattered light intensity. In cases of
multiple scattering, a photon of light is scattered by a diffusing particle, then re-scattered by
one or more particles before reaching the detector, which can distort the observed particle
size [26]. It is important to note that the size measured using DLS refers to the size of the
agglomerates in the suspension rather than individual nanosheets or nanotubes.

The decrease in average particle size distribution over time can be attributed to the
sedimentation of larger particles in the cuvette, leaving smaller particles dispersed for
a longer duration. Consequently, DLS detects smaller particles more prominently over
time, thus explaining the reduction in particle size observed for g-C3N4 bulk and g-C3N4
nanosheets. In the case of g-C3N4 nanotubes, their hollow structure enables them to float
in the solution for longer periods of time. At higher concentrations (0.25 g/L), slight
aggregation of the nanotubes (driven upwards) causes an increase in the detected size
(4.9 ± 0.1 μm). For the following duration of 45 min, some of the nanotubes settled at the
bottom of the vial causing the measured DLS size to drop back to 3.1 ± 0.1 μm. In spite of
this decrease, the stability of the nanotubes in suspension proved superior to g-C3N4 fillers
in bulk and as nanosheets.

Figure 3 illustrates the TGA curves thermograms of pure melamine, g-C3N4 bulk,
g-C3N4 nanotubes, and g-C3N4 nanosheets. Pure melamine undergoes decomposition
and sublimation at around 305 ◦C without any reduction in the weight prior to that
temperature. This indicated that melamine did not undergo any polymerization reaction
in that temperature range and reinforces the need to perform the synthesis of g-C3N4
in a closed-lid crucible to avoid this sublimation. On the other hand, the TGA curves
thermograms of g-C3N4 bulk, g-C3N4 nanosheets, and g-C3N4 nanotubes indicated a
slight weight loss of 2.5% within the range of 25–200 ◦C. While the weight loss below
100 ◦C is attributed to the desorption of water molecules on the surface, the change in
weight above this temperature was an indication of additional polymerization taking place
of the intermediates (melem and melan). This condensation reaction led to the loss of
nitrogen and hydrogen from the samples in the form of ammonia gas. However, the direct
thermal decomposition of g-C3N4 bulk leads to a significant weight loss of 97.5% between
600 ◦C and 760 ◦C, similar to that observed for nanotubes. At this temperature, covalent
bonds between carbon and nitrogen begin to break leading to the full decomposition
of the organic filler. This enhancement is typically attributed to the polymerization of
melamine trimer, leading to the formation of extended 2D chains of g-C3N4. Notably,
g-C3N4 nanosheets exhibited rapid disintegration without any residue within the range of
430–760 ◦C. The lower decomposition temperature of g-C3N4 nanosheets was attributed
to the lower amount of NH2 and NH groups, resulting in fewer carbon and nitrogen
bonds [27].
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Figure 3. TGA thermograms of pure melamine, g-C3N4 bulk, g-C3N4 nanosheets, and g-C3N4

nanotubes.

The FTIR spectrum for melamine (Figure 4) reveals three main absorption regions
in the chemical structures. Clear N-H stretching vibration bands were observed within
3300 and 3000 cm−1 and within 1650 and 1580 cm−1, while peaks between 1020 and
1200 cm−1 correspond to the C-N bending vibration of amines, indicative of vibrations
in melamine’s aromatic rings, as evidenced by the peak around 810 cm−1. A comparison
with the one that is specific to the produced g-C3N4 bulk revealed that previously sharp
and strong absorption peaks in the region of 3000–3600 cm−1 had merged into a broad
peak centered at around 3100 cm−1, corresponding to the NH or NH2 stretching vibrations,
suggesting the calcination of existing amino groups in melamine upon pyrolysis. Other
signals were observed in the 1100–1600 cm−1 region, indicating the condensation of the
triazine rings [27].

A shift in the major signals between g-C3N4 bulk and g-C3N4 nanotubes was also
noted. The appearance of a signal at around 1600 cm−1 could be assigned to the C=N
stretching vibration of the inherent structure of g-C3N4 nanotubes. Vibrations at 1641 cm−1,
1710 cm−1, and 3352 cm−1 could be assigned to the functionalized g-C3N4 nanotubes
(carbonyl, carboxyl, and hydroxyl functional groups), as reported in the literature [28]. The
chemical structure of g-C3N4 bulk and g-C3N4 nanosheets were presumed to be similar
since their FTIR spectra were identical. Peaks related to the N-H stretch of amino groups,
aromatic C-N stretching modes of the s-triazine ring were observed at 3000–3500 cm−1

and 1200–1700 cm−1, respectively [23]. Peaks between 1200 and 1700 cm−1 for g-C3N4
nanosheets appeared sharper than those for g-C3N4 bulk powder, suggesting a more
ordered packing of the s-triazine motifs in the nanosheet layers [24].
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Figure 4. FTIR spectra of pure melamine, g-C3N4 bulk, g-C3N4 nanosheets, and g-C3N4 nanotubes.

3.2. Static Mechanical Properties and Fracture Morphology

The mechanical properties of epoxy composites incorporating various types of g-C3N4
at various concentrations were evaluated, encompassing tensile and compact tension tests.
Table 2 summarizes the average tensile strength, strain, and modulus values, while Table
S1 lists the KI values.

Table 2. Tensile strength, strain, and modulus of elasticity of g-C3N4-reinforced epoxy composites.

Composite
Filler Con-
centration

wt%

Tensile
Strength

(MPa)
% Change

Elastic
Modulus

(MPa)
% Change

Strain
(mm/mm)

% Change

Pure Epoxy 0 44.61 ± 4.6 - 853.6 ± 83.6 - 0.07 ± 0.002 -

g-C3N4 bulk

0.2 48.04 ± 1.23 7 883.4 ± 11.5 3 0.07 ± 0.002 0

0.5 50.82 ± 1.45 14 830.7 ± 76.3 −2 0.06 ± 0.009 −14

1.0 48.73 ± 5.8 9 768.8 ± 95.4 −9 0.07 ± 0.002 0

g-C3N4nanosheets

0.25 46.19 ± 3.8 3 854.08 ± 22.5 0 0.09 ± 0.006 18

0.5 35 ± 3.7 −21 983.5 ± 66.8 15 0.05 ± 0.006 −29

1.0 45.82 ± 2.81 3 803.5 ± 38.2 −5 0.07 ± 0.002 0

g-C3N4nanotubes

0.25 44.12 ± 4.08 −1 921.7 ± 55 8 0.07 ±0.002 0

0.5 47.896 ± 5.55 8 956.8 ± 151 12 0.07 ± 0.002 0

1.0 39.41 ± 5.7 −11 755.64 ± 13.2 −11 0.06 ± 0.004 −14

Figure 5 and Table 2 illustrate that the incorporation of g-C3N4 bulk and g-C3N4
nanotube particles led to an increase in the composites’ tensile strength. Notably, at
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0.5 wt.% of g-C3N4 bulk and g-C3N4 nanotubes, the tensile strength peaked at 14% and 8%,
respectively. However, a gradual decline in mechanical properties was observed beyond
this threshold, particularly evident at 1 wt.% g-C3N4 bulk and g-C3N4 nanotubes–epoxy
composites, hinting at filler agglomeration, as reported in prior studies [27]. It is possible
that the strong interactions between NH2 and NH groups in g-C3N4 and the hydroxyl and
epoxide groups of the resin contributed to these improvements.

Figure 5. The average tensile strength of g-C3N4-reinforced epoxy composites plotted against filler
concentration (wt.%).

Introducing g-C3N4 nanosheet particles exhibited a distinct trend. While strength
initially improved by 3% with 0.25 wt% and 1 wt% addition of g-C3N4 nanosheets, it sharply
declined to −21% with a 0.5 wt% addition, suggesting hindered interactions between the
filler and the matrix, possibly due to the formation of large g-C3N4 agglomerates.

Moreover, increasing the concentration of g-C3N4 bulk and g-C3N4 nanotubes led
to a reduction in the modulus of elasticity, from 853 MPa of pure epoxy to 768 MPa for
g-C3N4 bulk, 803 MPa for g-C3N4 nanosheets, and 755 MPa for g-C3N4 nanotubes–epoxy.
This discrepancy may be attributed to the density difference, as g-C3N4 nanotubes and
g-C3N4 nanosheets are smaller and less dense, potentially leading to increased overall
agglomeration. It is important to note that these nanoparticles tend to aggregate when
mixed with the hardener, and such aggregates may not uniformly disperse in the composite
matrix, further influencing the mechanical response of the resulting composites.

Table S1 reveals that there was no enhancement in fracture toughness in any of the sce-
narios. Incorporating g-C3N4 bulk resulted in either a decrease (up to 16%) or no alteration
in fracture toughness. Likewise, the fracture toughness of g-C3N4 nanosheets and g-C3N4
nanotube composites declined, with a maximum drop of 25% observed upon increasing
the weight percentage. This decline in fracture toughness can be attributed to the type of
crack formation. Previous studies have identified two distinct types of crack propagation:
one involving continuous propagation with minimal fracture tip deformation (0.5–2 μm),
and the other characterized by crack growth in a stick–slip manner. Consequently, the same
material might exhibit both types of fracture behavior [29]. The mechanisms governing
toughening are influenced by numerous factors such as the type, size, volume fraction,
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and particle–matrix bonding. The configurations of the inclusions, whether single or clus-
tered, and their uniform dispersion within the matrix, also impact the material’s fracture
toughness [30].

SEM analysis was conducted on the cracked surface (of the samples) to gain deeper
insights into the outcomes of mechanical testing, as illustrated in Figures 6–9. Pure epoxy
exhibited distinctive brittle behavior, with the crack propagating smoothly and directly
from the bottom left corner to the other corner with minimal deviation (Figure 6). Similar
behavior was observed in samples containing 0.25 wt% of g-C3N4 bulk, g-C3N4 nanosheets,
and g-C3N4 nanotubes (Figures 7, 8 and 9a), as well as in samples with 0.5 wt% of g-C3N4
nanosheets (Figure 8b). In all these cases, the fracture path was distinct and linear, indicates
brittle behavior and weak interactions between g-C3N4 and epoxy.

Figure 6. SEM micrograph of the fractured epoxy sample after tensile testing.

(a) (b) ( ) 

Figure 7. SEM micrograph of the fractured epoxy composite reinforced with g-C3N4 bulk:
(a) 0.25 wt%, (b) 0.5 wt%, (c) 1 wt%.
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(a) (b) ( ) 

Figure 8. SEM micrograph of the fractured epoxy composite reinforced with g-C3N4 nanosheets:
(a) 0.25 wt%, (b) 0.5 wt%, (c) 1 wt%.

(a) (b) ( ) 

Figure 9. SEM micrograph of the fractured epoxy composite reinforced with g-C3N4 nanotubes:
(a) 0.25 wt%, (b) 0.5 wt%, (c) 1 wt%.

However, the addition of 0.5 wt% of g-C3N4 bulk and g-C3N4 nanotubes resulted in a
significantly rougher crack surface with an ambiguous crack trajectory. Due to the potential
deflection of fractures by particles, multiple cracks were observed, extending in various
directions. This observation suggests that the enhancement in mechanical properties with
0.5 wt% of g-C3N4 bulk and g-C3N4 nanotube particles is attributed to increased strain
energy consumption and improved interfacial bonding strength between the filler and
matrix. Achieving a homogeneous dispersion of the filler at 0.5 wt% led to improved
mechanical properties, whereas filler loadings below 0.5 wt% did not yield significant
enhancements in the matrix [20].

For samples with 1 wt%, a similar rough fracture morphology was observed; however,
there is clear evidence of nanofiller agglomeration (as shown in Figures 7c, 8c and 9c).
The increase in wt% of particles led to the formation of island-like structures, rich in filler
within the resin, consistently with the literature [9,31]. These regions containing g-C3N4
agglomerates act as system flaws, promote the growth of additional cracks, and contribute
to the premature failure of the test specimen by creating areas of higher stress concentration
where cracks may initiate [32].
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3.3. Thermal Properties

The thermal degradation behavior of epoxy composites reinforced with various types
of g-C3N4 was investigated through TGA analysis. Figures S2–S4 show the TGA thermo-
grams of the obtained composites and Table 3 provides a summary of the results. The
average degradation temperature (Td) of pure epoxy resin was found to be 396.1 ± 0.4 ◦C,
with a residue content of about 1.12% at 800 ◦C, in agreement with the literature [20]. Once
reinforced, the decomposition profiles of the epoxy composites showed similar Td values
ranging between 399.4 and 401.7 ◦C. This observed increase in decomposition temperature
could be attributed to the so-called “pyrolysis barrier” of g-C3N4, which prevents the
dispersion of gaseous molecules generated during the decomposition of the epoxy matrix.
However, the increase in filler concentration did not significantly affect the Td values. The
residual polymer concentration at 800 ◦C was unaffected by the addition of fillers. This was
predicted from Figure 3, showing complete degradation of fillers before 800 ◦C. Interesting
to note that in comparison to pure epoxy resin, all the reinforced composites demonstrated
a lower rate of decomposition before the Td. As can be observed in the thermograms of
Figures S2–S4, while the decomposition of all samples began at around 100 ◦C, at Td the
observed weight of the samples was approximately 7% higher for all composites. Similarly,
a decrease in the rate of decomposition was observed for the composites after 50% of the
original weight was lost. These observations were an indication of an overall improvement
in thermal stability due to stronger covalent bonding between the g-C3N4 filler and epoxy
resin that prevented the rapid decomposition of the composites. It was concluded that
a low concentration of the filler (up to 1 wt%) cannot enhance the thermal degradation
behavior of the epoxy composites.

Table 3. The average degradation temperature (Td) and the residue % of g-C3N4-reinforced epoxy
composites.

Composite
Filler Concentration

wt%
Average Residue (%) Average Td (◦C)

Pure Epoxy 0 1.12 396.1 ± 0.4

g-C3N4 bulk

0.25 1.14 401.7 ± 0.1

0.5 1.38 401.3 ± 0.5

1.0 1.17 402.9 ± 0.8

g-C3N4 nanosheets

0.25 1.24 400.1 ± 0.4

0.5 1.77 400.5 ± 0.9

1.0 1.72 401.6 ± 0.3

g-C3N4 nanotubes

0.25 1.63 398.7 ± 0.3

0.5 1.21 399.6 ± 0.6

1.0 1.36 399.4 ± 0.4

DSC measurements were used to determine the glass transition temperatures (Tg),
with corresponding thermograms provided in Figures S5–S7, and average Tg values sum-
marized in Table 4. The introduction of fillers increased the Tg value, indicating improved
thermal stability. No evidence of endothermic or exothermic peaks was observed in the
tested temperature range tested, indicating the complete cure behavior of the composites.
The Tg of pure epoxy (132 ◦C) increased with filler addition, reaching a maximum increase
of about 17% for 1 wt% of g-C3N4 bulk. This could be attributed to the covalent bonds
connections between the fillers and the epoxy matrix, which reduce matrix mobility and
result in a larger shift in Tg. The -NH2 groups on the surface of g-C3N4 particles can
potentially react with epoxy monomers during polymerization [33].
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Table 4. The average glass transition temperature (Tg) of g-C3N4-reinforced epoxy composites.

Composite
Filler Concentration

wt%
Average Onset Tg (◦C)

Pure Epoxy 0 132 ± 0.44

g-C3N4 bulk

0.25 152 ± 0.21

0.5 153 ± 0.33

1.0 155 ± 0.43

g-C3N4 nanosheets

0.25 153 ± 0.57

0.5 154 ± 0.36

1.0 151 ± 0.41

g-C3N4 nanotubes

0.25 145 ± 0.39

0.5 149 ± 0.52

1.0 152 ± 0.45

4. Conclusions

This study explored using different forms of graphitic carbon nitride (g-C3N4) to
enhance epoxy resin composites. By varying the concentration and shape of the filler, we
assessed their impact on the composite’s strength. Techniques like microscopy revealed
that adding 0.5 wt% bulk g-C3N4 increased composite strength by 14%. Fractured surfaces
showed a transition from brittle to rough, indicating potential toughness enhancements
due to an improvement in chemical boding between the epoxy matrix and g-C3N4 fillers.
This was also reflected by the increase in glass transition temperature by up to 17%.
Our work addresses the lack of literature on the effects of g-C3N4 morphology on epoxy
composites. We are among the few to demonstrate how these morphologies influence
mechanical properties, suggesting mechanisms where filler shape and dispersion affect
stress distribution and crack propagation. Achieving uniform filler distribution remains a
challenge, highlighting the need for ongoing research to optimize filler–matrix interactions.
Additionally, consistent monitoring of epoxy composites is crucial due to their susceptibility
to environmental factors. In summary, our study offers fundamental insights into the role
of g-C3N4 morphology in epoxy composites, paving the way for future research to develop
more effective composite materials.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym16131935/s1, Figure S1: Comparison between the 2 solutions.
[1]: g-C3N4 bulk in DMF; [2]: g-C3N4 nanotubes in DMF; [3]: g-C3N4 nanosheets in DMF; [4]: g-C3N4
bulk in ethanol; [5]: g-C3N4 nanotubes in ethanol; [6]: g-C3N4 nanosheets in ethanol. Figure S2: TGA
curves for pure epoxy and the manufactured composites with the g-C3N4 bulk. Figure S3: TGA
curves for pure epoxy and the manufactured composites with the g-C3N4 nanosheets. Figure S4:
TGA curves for pure epoxy and the manufactured composites with the g-C3N4 nanotubes. Figure S5:
DSC graphs for pure epoxy and the manufactured composites with the g-C3N4 bulk. Figure S6: DSC
graphs for pure epoxy and the manufactured composites with the g-C3N4 nanosheets. Figure S7:
DSC graphs for pure epoxy and the manufactured composites with the g-C3N4 nanotubes. Table S1:
The average and improvement values of the fracture toughness of g-C3N4 bulk, g-C3N4 nanosheets,
and g-C3N4 nanotubes-Epoxy composites with different concentrations.
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Abstract: Increasing recycled plastic content in cars to 25% by 2030 is one of the key measures for
decarbonizing the automotive industry defined by the European Commission. This should include
the recovery of plastics from end-of-life vehicles (ELVs), but such materials are hardly used in
compounds today. To close the knowledge gap, two ELV recyclate grades largely based on bumper
recycling were analyzed in comparison to a packaging-based post-consumer recyclate (PCR). The
composition data were used to design polypropylene (PP) compounds for automotive applications
with virgin base material and mineral reinforcement, which were characterized in relation to a
commercial virgin-based compound. A compound with a 40 wt.-% ELV-based bumper recyclate
can exceed one with just a 25 wt.-% packaging-based recyclate in terms of stiffness/impact balance.
While the virgin reference can nearly be matched regarding mechanics, the flowability is not reached
by any of the PCR compounds, making further development work necessary.

Keywords: polypropylene; recycling; automotive; morphology; mechanics

1. Introduction

Polypropylene (PP) is one of the thermoplastic polymers with the biggest global
production volumes, reaching about 75 million tons (Mt) in 2020, with a clear trend towards
circularity [1]. At the same time, even in Europe, only 35% of all polymer waste is being
recycled, and according to Plastics Europe, only about 9% of all thermoplastic polymers
used are based on recycled materials [2]. The proportion of mechanical recycling is at
45% higher for materials based on the collection of packaging materials, limiting the
performance range of the thus-produced recyclates. While steel and aluminum recycling
are pretty much standard elements of end-of-life vehicle (ELV) recovery, the contribution
of these processes to plastics recycling is very limited.

The European Commission has defined a target for recycled plastic content in cars
of 25% by 2030, of which 25% should come from closed-loop ELV treatment [3]. This
is only one of a package of measures defined in the cited proposal aiming at an annual
reduction of 12.3 million tons of carbon dioxide equivalents (CO2-eqs.) in 2035, which is
a key contribution to decarbonizing the automotive industry. The measures can also be
seen as one of the elements of the “ReShaping Plastics” program proposed by Systemiq [4]
to achieve plastic circularity of 78% in Europe by 2050. Due to global trade connections,
similar targets can be expected for other world regions as well in the future.

The role of PP-based materials is essential here due to their relatively large share
of the overall plastic content of contemporary vehicles of about 30–40%, according to
Matos et al. [5]. This is higher than in other application areas, and even though the usage
period is longer in the automotive sector, the proportions of all polymers that have been
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recycled since their first market introduction in the 1960s are generally low. According to
Geyer et al. [6], by 2015, only about 9% of all produced polymers had been recycled, while
12% were incinerated and 79%—more than 6 billion tons—ended up in landfills or the
environment. More recent and detailed figures in this respect can be found in material flow
analyses recently performed in Austria [7] and Europe [8]. The Austrian study focuses on
application segments, highlighting the positive trend in plastic waste treatment between
1994 and 2010. In that period, the effective elimination of landfilling was achieved mostly
by moving to incineration, while the mechanically recycled fraction still remained at 9%. In
contrast, the European study covers the years 1950 to 2016 and presents a polymer-specific
analysis. The fate of the 310 Mt of PP consumed in Europe in that period is given as follows:
48% landfilled, 16.5% incinerated (including the use as fuel substituent in the steel and
cement industries), 13.7% “in-use stock” (including automotive usage), and 7.5% recycled
or re-used. The balance is material exported outside Europe or that has an unclear fate.
The recycling fraction for PP given in that study is clearly lower than that for poly(ethylene
terephthalate) (PET) or any of the two polyethylene (PE) classes, high-density PE (HDPE)
and low-density PE (LDPE). This analysis is certainly more comprehensive and far more
detailed than the one used for the aforementioned Systemiq study [4].

Less data on polymer recycling in general are available for other world regions. A
recent study for the US gives an overall recycling rate of just 6.2%, with 77% of all plastic
waste going to landfill sites [9]; for China, the nation with the biggest polymer production
worldwide, an average recycling rate of 29% for the period 1978–2019 is claimed [10], with
42% of polymers being landfilled and 17% discarded without any proper treatment. No
specific data for ELV recycling are available in either case.

Another relevant angle for ELV recycling is the life cycle analyses (LCAs) of cars
and the passenger transportation system in total, which will only be discussed regarding
relevant aspects here. While the use phase of a vehicle with a combustion engine is generally
responsible for the largest environmental impact of its life cycle, both construction and
disposal must also be considered. In a Dutch study from 2003 [11], the increased use of
polymer components for reducing the weight of passenger cars is highlighted, together
with the fact that only a small fraction (<10%) of this ends up in disassembled parts, while
the majority (~90%) becomes automotive shredder residue (ASR) as a side stream of steel
recycling. A more recent Belgian study from 2016 [12] already considers an earlier version
of the EC proposal, treating the polymer-related ASR fraction collectively as ‘shredder light
fraction’ (SLF) and giving it little relevance in the overall LCA. The SLF is a collective light
material fraction retrieved after milling the car body and, thus, comprises not only bumper
elements but also interior and under-the-hood elements.

More relevant for the present study are papers that focus on LCAs of plastic compo-
nents in various applications, mostly dealing with the recycling of short-lived products
like packaging, but also considering components of electrical equipment and vehicles. The
biggest potential for carbon footprint reduction is estimated for mechanical recycling [13],
with the collective treatment of bigger material streams showing further advantages [14].
Few papers specifically deal with LCAs of plastics in the automotive sector: A study ini-
tiated by Renault Group from 2019 analyses the potential of closed-loop polypropylene
recycling [15], concluding that increased PP recovery can generate a volume of 52 kt of
recycled plastic for use in vehicle production. A more general screening of the automotive
sector by Matos et al. [5] sees great potential for circularity, but also severe limitations
resulting from design complexity and multi-polymer usage. An agreement with the more
general LCA studies is that integrating different waste streams, like ELV and electronics
recycling, may improve the situation.

As for the LCA studies, studies on practical aspects of mechanical recycling are mostly
related to packaging or, more generally, to post-consumer plastic waste. Reviews in the
field [16–18] consequently consider differentiated waste collection as the main source
of post-consumer recyclates (PCRs), the composition of which reflects typical polymer
selection for packaging applications. Polyolefins, i.e., the different types of PE and PP,
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dominate the composition next to PET, with a minority fraction of polystyrene (PS) and a
significant sorting residue comprising other polymers and multilayer constructions [19–21].
While the latter are without doubt appropriate solutions for fulfilling complex requirements
of mechanics and barrier, the respective polymer combinations like PET/PE with ethyl–
vinyl alcohol copolymer (EVOH) as an oxygen barrier make mechanical recycling difficult
to impossible due to the resulting multiphase systems with poor compatibility [22].

Cross-contamination effects between PP and PE [23], and especially between poly-
olefins and non-polyolefins [24], reduce the performance of PCR materials in cases of
poor sorting quality. Phase structure, interfacial adhesion, and the relationship in me-
chanics between the phases are decisive factors, similar to multiphase polymer design
in general. This calls for a close analysis of such recyclates prior to their application in
designing compounds [25] and makes the use of specific compatibilizers and modifiers for
improving phase adhesion necessary [26]. The latter is less of an issue in automotive com-
pound design, as PP impact copolymers and PE-based plastomers are commonly used as
components anyway.

Compared to the vast literature on packaging recycling, specific papers dealing with
ELV recycling are rather rare. Probably, the earliest example of using ASR in part design
is the study of Robson and Goodhead from 2003 [27], who applied a skin-core design
with virgin material on the part surface and an ASR compound in the core. In up to five
cycles, a massive drop in tensile strength and energy to break was found when compared
to virgin PP. From the same time is the bumper recycling study of Luda et al. [28]. They
put the focus on the degradation effects of PP-based bumper compositions in mechanical
recycling, finding clearly positive effects of both paint stripping and re-stabilization prior
to compounding.

Rabeau Epsztein et al. (2014) [29] compared the performances of three samples of
recycled polyolefins from ELVs to be used in automobile applications, specifically as
matrices for short glass fiber (SGF)-reinforced compounds. The PE content in the tested
recyclates was rather high, limiting the stiffness and heat resistance of the final products.
The work of Kozderka et al. [30] is rather a model study on the recycling of pure high-impact
polypropylene (HIPP), the most common polymer in car body parts such as bumpers. HIPP
mechanical properties were found to deteriorate from the first reprocessing step, albeit
without significant effects before the sixth reprocessing step.

Yang et al. [31] used a rather special approach for incorporating ASR into compounds,
applying solid-state shear milling (SSSM) and a mixing ratio of 70/30 to 10/90 (by mass)
for the production of recycled PP/ASR compositions. They think that it is an advantage
to avoid complete melting and found an acceptable performance of up to 50 wt.-% ASR
content, increased further by adding a compatibilizer. Maleic anhydride-grafted styrene
elastomer (SEBS-g-MAH) was found to give the best toughness. A very specific study
related to the essential step of paint removal and its effects on PP bumper recyclate perfor-
mance was carried out by Guo et al. [14]. Efficient paint stripping was especially found to
improve the ductility of the recycled material significantly.

Recently, there have also been ideas about alternative fabrication techniques for au-
tomotive components like 3D printing [32]. While this technology is not likely to sub-
stitute high-speed conversion processes like injection molding for bigger parts of a car
like bumpers, it has already been explored regarding its suitability for applying recycled
polymers [33]. It is, however, difficult here as well to manage the balance between the
flowability, solidification speed, and mechanical performance.

The present study had the following dual target:

• Analyzing semicommercially (i.e., as samples from pilot scale) available ELV recy-
clate grades based on bumper or ‘shredder light fraction’ (SLF) recycling in terms of
composition and suitability for automotive compounds;

• Testing these as components in automotive compounds in direct comparison to a
packaging-based post-consumer recyclate (PCR) already established as a compound-
ing component.
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The performance targets for the final compounds were based on typical specifications
of original equipment manufacturers (OEMs), i.e., car brand owners, for passenger ve-
hicle bumpers. For this step, the performance was further compared to a virgin-based
commercial compound.

2. Materials and Methods

2.1. Investigated Recyclates and Modifiers

Shredded flakes from bumper recycling in Germany (PCR-ELV-bumper) and the
polymer shredder light fraction (SLF) in the Netherlands (PCR-ELV light fraction) were
applied, both being produced in semicommercial scale and received under obligation of
not disclosing the precise source. Prior to further characterization and compounding, the
irregular-shaped flakes were pelletized on a twin-screw extruder ZK50 (Collin GmbH,
Maitenbeth, Germany) with an L/D-ratio of 22, using a 200 μm screen-changer-type melt
filter (same supplier), followed by strand pelletization. This was carried out not only to
homogenize the material but also to remove impurities like paint and metal residues. In
this compounding step, 0.30 wt% of a 1:1 mixture of pentaerythrityl-tetrakis(3-(3′,5′-di-tert.
butyl-4-hydroxyphenyl)-propionate (Irganox 1010 from BASF SE, Ludwigshafen, Germany)
and Tris (2,4-di-t-butylphenyl) phosphite (Irgafos 168 from BASF SE, Ludwigshafen, Ger-
many) were added to re-stabilize the material. The third recyclate was a PCR-Packaging
material based on Borealis’ own pilot-scale operations. Table 1 summarizes the key analyti-
cal parameters and composition data for all PCRs (see Section 2 for details), the differences
of which will be discussed in Section 3.

Table 1. The polymer characteristics of the different recyclates (PCRs).

PCR-Packaging PCR-ELV-Bumper PCR-ELV-SLF

MFR 1 g/10 min 25 12 8
Density kg/m3 910 1020 930
Ash 2 wt.-% 1.5 18 3.0

DSC
Tm,PE

◦C 124 124 128
Hm,PE J/g 2.5 0.4 56.6
Tm,PP

◦C 163 165 163
Hm,PP J/g 95.8 56.6 52.1

CRYSTEX
SF wt.-% 10 34 20

C2 total wt.-% 5.8 23 29
C2(SF) wt.-% 26 50 41
C2(CF) wt.-% 3.5 10 27
IV total dl/g 1.60 1.66 1.95
IV(SF) dl/g 1.71 1.75 1.74
IV(CF) dl/g 1.62 1.63 1.96

Mechanics
Flexural modulus MPa 1324 1587 637

NIS +23 ◦C kJ/m2 5.0 34 46
NIS −20 ◦C kJ/m2 2.2 6.6 8.8

IPT +23 ◦C Emax J 3 18 18
IPT +23 ◦C Epunct J 4 29 29
IPT −30 ◦C Emax J n.d. 16 13

IPT −30 ◦C Epunct J n.d. 17 14
CLTE +23/80 ◦C μm/m◦C 123 55 n.d.
CLTE −30/80 ◦C μm/m◦C 100 46 n.d.

1 at 2.16 kg load, 230 ◦C; 2 TGA residue; n.d.—not determined.
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The optical appearances of the flakes and the as-extruded pellets for the PCR-Packaging
and PCR-ELV-Bumper materials are shown in Figure 1, highlighting the effect
of homogenization.

Figure 1. Optical appearance of flakes before compounding and pellets after compounding for
PCR-Packaging and PCR-ELV-Bumper materials.

One of the two PCR-ELV materials, the SLF type, was found to be too soft and too rich
in PE, limiting its stiffness and heat resistance. Compounds were, therefore, only prepared
based on two of the materials from Table 1. Depending on the PCR composition, different
compositions of virgin base copolymers [34,35] with the addition of a PE-plastomer [36,37]
were selected.

The melt flow rate (MFR, 230 ◦C/2.16 kg) and composition data for these two ‘virgin
mixes’ are listed in Table 2. Due to the high mineral residue content in the PCR-ELV-Bumper,
which was identified to be mostly talc via X-ray fluorescence spectroscopy (Mg, Al and Si
as dominant elements), the reinforcing filler content was also adapted. As a reinforcing
mineral filler, talc Steamic 1CA of Imerys, France, with a median diameter d50 of 1.8 μm
and top cut diameter d95 of 6.2 μm, was used.

Table 2. The polymer characteristics of the virgin polyolefin mixes used for upgrading the recyclates
(PCR materials).

Virgin Polyolefin Mix 1 Virgin Polyolefin Mix 2

MFR 1 g/10 min 7.7 9.6

CRYSTEX
SF wt.-% 39 30

C2 total wt.-% 26 12
C2(SF) wt.-% 55 37
C2(CF) wt.-% 5.0 5.0
IV total dL/g 1.8 1.9
IV(SF) dL/g 2.9 3.53
IV(CF) dL/g 1.5 1.5

1 at 2.16 kg load, 230 ◦C.

A commercial virgin-based compound of Borealis AG (Vienna, Austria) was used as a
reference material in terms of performance. It is characterized by an MFR of 22 g/10 min
and a mineral filler content of 15 wt.-%.
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2.2. Analytics and Mechanics

Standard characterization methods, as also used before for recyclates and their com-
positions [25], were used. MFR was measured according to ISO 1133 at 230 ◦C and a 2.16
kg load [38]. Differential scanning calorimetry (DSC) was run according to ISO 11357/part
3/method C2 [39] in a heat/cool/heat cycle with a scan rate of 10 ◦C/min in the tem-
perature range of −30–26 to +225 ◦C with a TA Instrument Q200 performing differential
scanning calorimetry (DSC) on 5 to 7 mg samples. The two melting temperatures corre-
sponding to the PE (Tm,PE) and PP content (Tm,PP) and the two corresponding melting
enthalpies (Hm,PE and Hm,PP) were determined from the second heating step. Density was
measured according to ISO 1183-1/2004 method A [40] on compression-molded specimens.
Thermogravimetry (TGA) was used to determine the inorganic content of the PCR materi-
als according to ISO 1172:1996 [41] with a Perkin Elmer (Waltham, MA, USA) TGA 8000.
Approximately 10–20 mg of material was placed in a platinum pan, and temperature was
equilibrated at 50 ◦C for 10 min and afterwards raised to 950 ◦C under nitrogen at a heating
rate of 20 ◦C/min. The ash content was evaluated as the wt.-% at 850 ◦C.

For determining the crystalline (CF) and soluble (SF) fractions and their respective
properties (intrinsic viscosity, IV, and ethylene content, C2), the CRYSTEX method [42]
was applied. A CRYSTEX QC apparatus of PolymerChar Valencia, Spain, was used for
this analysis, which has developed into an excellent alternative to the frequently used
separation of PP copolymers and compositions into xylene cold soluble and insoluble
fractions (XCS/XCI), followed by analysis of the fractions. The crystalline and amorphous
fractions are separated through temperature cycles of dissolution at 160 ◦C, crystallization
at 40 ◦C,0 and re-dissolution in 1,2,4-trichlorobenzene at 160 ◦C. The quantification of SF, CF,
and ethylene content (C2) was achieved by means of an integrated infrared detector (IR4),
and for the determination of the intrinsic viscosity (iV), an online 2-capillary viscometer
was used.

All mechanical tests were carried out on injection-molded specimens prepared in line
with ISO 19069-2 [43] on an Engel e-motion 310/55 machine (Enel Austria GmbH, Schw-
ertberg, Austria) using a melt temperature of 230 ◦C for all materials, irrespective of the
material melt flow rate. Flexural modulus was determined according to ISO 178/method
A [44], and Charpy notched impact strength (NIS) was determined according to ISO 179
1eA [45], on test bars of 80 × 10 × 4 mm3. Instrumented puncture tests (IPT) were con-
ducted in accordance with ISO 6603-2:2023 [46] on plaques of 60 × 60 × 3 mm3. The
coefficient of linear thermal expansion (CLTE) was determined in accordance with ISO
11359-2 [47] on 10 mm long pieces cut from the centers of same injection-molded specimens
used for the flexural modulus determination. The dimension of the CLTE specimen was
10 × 10 × 4 mm3, testing only in machine direction (MD) for the present study. The
measurement was performed in a temperature range from −30 resp. +23 ◦C to +80 ◦C at a
heating rate of 1 ◦C/min.

The morphology of compounds was evaluated via scanning electron microscopy
(SEM) on cryo-cut surfaces after staining with RuO4 [48] on injection-molded specimens as
for the flexural test. An Apreo S LoVac microscope of ThermoFisher Scientific (Waltham,
MA, USA) was used.

2.3. Compounding

Compounds targeted at property profiles typical for automotive exterior components
like bumpers or side trims were prepared based on two of the recyclates. A ThermoFisher
(USA) TSE24 twin-screw extruder with an L/D ratio of 40, a high-intensity mixing screw
configuration, and a temperature profile between 190 and 220 ◦C was used, followed by
melt strand cooling in a water bath and strand pelletization. The following further additives
were used in compounding: 0.20 wt.-% of the slip agent oleamide and 0.05 wt.-% of the
antioxidant octadecyl 3-(3′,5′-di-tert. butyl-4-hydroxyphenyl)propionate. Both additives
were dosed in a blend with powder of polypropylene homopolymer for better dispersion
in the final compound, with the amount of said blend not exceeding 1 wt.-% of the total
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composition. Compound compositions and all analytical and mechanical characterization
results are presented in Table 3.

Table 3. Conceptual PCR compounds and the resulting properties in comparison to the virgin compound.

Packaging-PCR Compound 1 ELV-PCR Compound 2 Virgin Compound 1

Virgin polyolefin mix 1 wt.-% 58.25 -
Virgin polyolefin mix 2 wt.-% 49.25 -

PCR-Packaging wt.-% 25.0 -
PCR-ELV-Bumper wt.-% 40.0

Talc wt-% 15.0 9.0 -
Additives wt.-% 1.75 1.75 -

MFR 2 g/10 min 10 9.0 22
Ash 3 wt.-% 15.1 17.1 15.0

CRYSTEX
SF wt.-% 30 31 -

C2 total wt.-% 18 16 -
C2 (SF) wt.-% 50 42 -
C2 (CF) wt.-% 5.0 7.0 -
IV total dL/g 1.8 1.9 -
IV (SF) dL/g 2.6 2.6 -
IV (CF) dL/g 1.5 1.7 -

Mechanics
Flexural modulus MPa 1459 1608 1750

NIS +23 ◦C kJ/m2 54 43 40
NIS −20 ◦C kJ/m2 5.9 6 6

IPT +23 ◦C Emax J 20 20 22
IPT +23 ◦C Epunct J 37 34 36
IPT −30 ◦C Emax J 35 17 21

IPT −30 ◦C Epunct J 43 18 31
CLTE +23/80 ◦C μm/m◦C 90 76 71
CLTE −30/80 ◦C μm/m◦C 75 65 56

1 composition not disclosed; 2 at 2.16 kg load, 230 ◦C; 3 TGA residue; n.d.—not determined.

3. Results

3.1. ELV and Packaging Recyclates

The compositions of the three PCR materials differ significantly, reflected by their
analytical and mechanical properties in Table 1. Based on a combination of DSC (see
Figure 2) and CRYSTEX analysis, one can calculate the approximate fractions of PP, PE and
amorphous ethylene–propylene copolymer (EPC) in the respective types. For finding the
crystalline PP and PE contents, the Hm-values related to the two polymers were normalized
to the respective enthalpies for fully crystalline polymers, 293 J/g for PE [49] and 170 J/g
for PP [50]. The result of this calculation, which assumes an equal degree of crystallinity of
both polymers in the composition, was then related to the crystalline fraction (CF) from
CRYSTEX, assuming SF to be identical to the EPC content in line with earlier work [39].

A rough idea of the relationship between crystalline PP and PE can already be obtained
from the heating scans in Figure 2, including the fact that Tm also varies for both parts.
Two of the three PCRs have a certain EP-random copolymer content, as indicated by the
lower Tm,PP, and in none of the compositions is the PE really HDPE, which would have
a Tm,PE of >130 ◦C. The diagram in Figure 3 presents the full results of said calculation,
already excluding the filler fraction, which is high only for the PCR-ELV-Bumper type
(18 wt.-%). Both ELV-PCRs show higher EPC contents, but the ‘light fraction’ (SLF) material
clearly sticks out in terms of PE content. While the other two PCRs bear at least some
compositional resemblance to a virgin PP impact copolymer [51,52], this one is instead a
PP/PE blend with the well-known limitations of such compositions [23,25].
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Figure 2. DSC heating scans (2nd heat) of the three PCR materials: (a) PCR-Packaging, (b) PCR-ELV-
Bumper, and (c) PCR-ELV-SLF.

Figure 3. Relative composition of the polymer part of the PCR materials and the reference virgin
compound based on DSC and CRYSTEX data (material designations as in Table 1; insert figures
indicate ash content).

Three further important factors for the significantly different mechanical performances
need to be considered:

• The molecular weight of elastomer-like EPC, as well as its composition and content, is
decisive for the stiffness-impact balance of impact copolymers and similar composi-
tions [35,51]. The PCR-Packaging type clearly has the lowest C2(SF), related to a rather
high glass transition temperature in the EPC phase [52]. This, in combination with the
lowest amount of SF, is limiting the impact strength. Both ELV types are similar in that
respect, and the IV(SF) representing the molecular weight of the EPC phase is very
similar for all PCRs.

• The molecular weight of the crystalline fractions is the dominant factor for the MFR of
the compositions, but it is also decisive for room-temperature toughness. Only the
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PCR-ELV-SLFtype shows a higher value for IV(CF), likely as a consequence of the high
PE content. This is reflected by the highest Charpy NIS at 23 ◦C.

• Mineral filler content is decisive for the stiffness of the compositions, and the PCR-
ELV-Bumper type also shows the highest flexural modulus. Secondary factors are EPC
content and the PP/PE ratio, as the latter polymer is significantly less stiff.

Taken together, the differences essentially disqualified the PCR-ELV-SLF type for
compound development, as no reasonable PCR content could be achieved with the low
modulus of this composition. Balancing the EPC resp. overall elastomer and mineral
filler content was viable for the other two PCR types, using the experience of normal
virgin-based compound development [7,34,53]. The respective virgin polyolefin mixes
described in Table 2 are both characterized by rather high SF contents and IV(SF) to im-
prove the toughness and ductility of the resulting compounds, with their slightly different
MFRs additionally balancing the overall processability. Variation in the mineral filler con-
tent can be seen as a standard measure not only to improve stiffness but also to reduce
thermal expansion.

3.2. Automotive Compounds

A substantial number of automotive parts for exterior applications such as bumpers
are typically composed of different kinds of polypropylenes in combination with external
elastomers and fillers. The polypropylenes typically include homopolymers and heteropha-
sic (impact) copolymers, in which the polypropylene matrix provides the stiffness and
ethylene propylene elastomer (EPC) ensures the impact performance [34,35]. The external
elastomers, mainly low-density ethylene-alpha-olefin copolymers, due to their low glass
transition temperature and amorphous nature, contribute to the improvement of the impact
behavior at both room and cold temperatures [36,37]. Using the molecular structure and
amount of rubber phase, the dimensional stability and various aesthetic properties can be
controlled [54]. The role of the inorganic filler is mainly to control the stiffness and thermal
expansion, as mentioned above.

The various compound compositions resulted in respective unique phase morpholo-
gies controlling the final properties. Figure 4 represents a typical morphology analysis,
as carried out by SEM to reveal the heterophasic nature of the blends together with the
fine filler distribution. The bright round to slightly elongated objects in the SEM images
represent the elastomer phase, composed from a combination of the reactor-based ethylene-
propylene copolymer and the external plastomer. The elastomeric phase is well dispersed
in the polymer matrix, which appears in black together with fine filler particles in light
grey. The structures of all three compounds are similar, but in particular, Compound 2 com-
prising 40 wt.-% PCR-ELV-Bumper shows more heterogeneity in terms of both elastomer
and filler particle size.

To compare the basic mechanical performance, Figure 5a shows the Charpy notched
impact strength (NIS) (red bars) and the flexural modulus (blue bars) of the pure dif-
ferent recyclates and the resulting compounds measured at room temperature. Due to
the nature of the ELV recyclate, it was possible to incorporate it in a higher amount in
relation to the packaging-based material while preserving the stiffness-impact balance
of the final material. Compound 2 contains 40 wt.-% of PCR-ELV-Bumper, while Com-
pound 1 can accept just 25 wt.-% of PCR-Packaging in order to achieve a comparable
stiffness/impact balance.

For the sake of comparison, the performance of a virgin-based compound, i.e., with
0 wt.-% PCR, is presented to demonstrate the mechanical requirements for the PCR-based
compositions. It should be noted that the processability level of said reference in terms of
MFR is not reached by any of the PCR compounds, meaning that further development work
will be necessary. While less demanding applications are already reachable, this process-
ability issue is still challenging, as increasing the MFR and/or reducing the elastomer-IV of
a composition always results in reduced toughness [51,53]. The usual approach for MFR
increase for PP is visbreaking, designating a peroxide-induced radical process to reduce
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the molecular weight, but this process is difficult in case of multiphase systems like impact
copolymers and elastomer compounds [35]. As PE itself may branch and crosslink under
the influence of radicals, visbreaking such compositions will change the viscosity ratio
between the matrix and the elastomer phase, with negative consequences for mechanics
and surface quality.

  

 

Figure 4. Morphology of tested compounds—SEM images collected from a cross-section of injection-
molded specimens in flow direction; inset arrows indicate components.

 

Figure 5. Application performance of the compounded PCRs and resulting compounds in direct
comparison to a commercial virgin grade for automotive exterior applications: the (a) stiffness/impact
balance and (b) puncture resistance and coefficient of thermal expansion.
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Two further parameters of high relevance for automotive applications, puncture
energy measured during the instrumented puncture test performed at 23 ◦C (blue bars)
and the coefficient of linear thermal expansion (CLTE, red bars), are shown in Figure 5b.
Compound 2 with the ELV-Bumper recyclate shows, in all cases, puncture energy and
CLTE values closer to the virgin grade at higher contents of PCR than Compound 1. Table 3
further shows that the sub-zero impact properties of the recyclate-based compounds, at
−20 ◦C (NIS) and −30 ◦C (IPT), are also comparable to the virgin reference.

4. Summary and Conclusions

The new ELV regulation for the European Union [3] aims at increasing circularity
in the automotive industry by imposing mandatory PCR content targets. Mechanically
recycled plastics from various waste streams can be used to achieve this target, but at
least 25% of the PCR plastic has to originate from end-of-life vehicles. PP plays a major
role in this as it is one of the most popular thermoplastics and the main plastic fraction in
contemporary cars.

The results, collected in this study, demonstrate that packaging and end-of-life vehicle
waste streams are valuable feedstocks to collect PCR PP for automotive applications (see
Figure 6). It was found that a compound with a 40 wt.-% ELV-based bumper recyclate can
even exceed one with just 25 wt.-% packaging-based recyclate in terms of stiffness/impact
balance, which is certainly better than in any of the previous studies [14,28]. The virgin
reference can nearly be matched regarding mechanics, but the flowability (MFR) is not
reached by any of the PCR compounds, meaning that further development work will be
necessary (as explained in detail above, simple visbreaking will not be sufficient).

Figure 6. Scxhematic presentation of recyclate stream and contents in the PCR-Packaging based
compound 1 and the PCR-ELV-Bumper based compound 2.

While the latest generation of mechanically recycled PCR PP from packaging waste is
fit to be used in automotive applications already, ELV waste streams need further attention.
In particular for the shredder light fraction (SLF), the level of purification needs to be
improved before they can enter highly specified automotive applications. The PCR fraction
originating from bumper applications seems suitable for closing the loop and being further
re-used when it comes to achieve the basic mechanical performance.
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Abstract: This study uses an extrusion process to formulate blends based on recycled high-density
and high-molecular-weight polyethylene (recHDPE, recHMWPE) for the manufacture of rainwater
drainage pipes. The main objective of this project is to investigate the effects of incorporating
graphene on the mechanical, thermal, and stress-cracking resistance properties of the recycled HDPE
and HMWPE blends. Also, it aims to demonstrate that the addition of graphene may enable the use
of different recycled polymers without compromising their properties. The effects of adding two
amounts of graphene (0.5 and 1%) to recycled blends on the tensile and flexion properties, stress
crack resistance (SCR) (using a notched crack ligament stress (NCLS) test), thermal behavior (using
a differential scanning calorimeter (DSC) and a rheological plastometer) were investigated. The
experimental results showed a significative enhancement when adding graphene in the SCR, some
tensile properties (elongation at break and tensile strength), and flexural modulus. However, physical
characterization showed that the samples containing 0.5% graphene exhibited lower crystallinity
compared to the reference and, for the blend with 1% graphene, the fluidity also decreased for the
blend filled with the graphene compared to the reference blend without any filler.

Keywords: recycled high-density polyethylene; recycled high molecular weight; graphene; mechani-
cal; thermal properties; stress crack resistance

1. Introduction

Plastic products are omnipresent in our daily lives thanks to their advantages such
as resilience, easy processing, low cost, durability, and impact resistance. The problem is
that these multiple benefits can threaten the environment, since plastic waste is not reused.
Worldwide, plastic production has grown over the last decade; it reached 400.3 million
metric tons (Mt) in 2022 [1]. Unfortunately, most consumer plastics are intended to be
single-use, with limited recyclability, leading to increased worldwide production and
plastic waste consumption [2,3]. The treatment of plastic waste has become a real issue,
especially after the COVID-19 crisis [4]. This is why the development of efficient recycling
methods for plastic waste is necessary to promote the circular economy. Recycling is the
result of the different stages of collection, sorting, washing, and processing of polymers [5].

Ensuring good properties for recycled products is not always guaranteed, since the
properties of recycled plastics are generally not as good as those of virgin resins [6], which
limits the reuse of these plastic wastes in various industrial applications [7,8]. Also, various
problems are encountered during the recycling process due to polymer degradation and
the incompatibility of different polymer types. Several additives are used to remedy
these problems and improve the plastic’s properties, such as antioxidants (AOs), which
are chemical compounds that protect polymers against the thermal oxidation process [9].
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They can interfere with the oxidative cycles to delay the oxidative degradation of polymer
blends [8,9]. Fillers and modifiers are compounds added to the processing stage to improve
the mechanical properties of the polymer blends. Fillers enhance the modulus and tensile
strength but worsen the processability and elongation at break. In comparison, modifiers
improve the elongation at break and impact strength [5]. Heat stabilizers, widely used in
PVC blends, are added to prevent the thermal degradation of plastics [9]. Plasticizers, as
organic substances of low volatility, are used to improve the flexibility and processability
of plastic materials [9]. The use of compatibilizers is essential to exhibit interfacial activities
in heterogeneous recycled polymer blends, and carbon black (CB) is considered as a
reinforcing filler used to boost dimensional stability, as well as an antioxidant to extend
service life [8,10]. Additives are crucial compounds of plastic materials, enabling the
performance and modification of the polymer’s properties and long-term use. The main
objective of adding these components in the recycling stage is to prevent degradation
phenomena during the recycling process and to improve the properties of the extruded
materials generated in the recycling process [11].

To improve the mechanical properties of polymer blends based on recycled post-
consumer high-density polyethylene (HDPE) and high-molecular-weight polyethylene
(HMWPE), carbonaceous nanofillers such as carbon nanofibers, carbon nanotubes, and
graphene nanoplatelets are widely used [5,12–15]. Since discovering graphene in 2004 [16],
and thanks to its high mechanical performance, graphene has become a promising filler for
the development of polymer composites with good mechanical properties [17].

Graphene is a two-dimensional (2D) allotrope of carbon consisting of a single layer of
carbon atoms with a honeycomb lattice [18,19] bonded via weak Van der Waals forces [20]
that has been found to have exceptional mechanical [19,21], electrical [19,21], and thermal
properties [22,23]. Due to its exceptional two-dimensional structure, graphene has excellent
mechanical properties, an ultimate tensile strength of 130 GPa, and a Young’s modulus of
1TPa [24], with a high thermal conductivity of 5000 w/(m.k), displaying high mobility of
charge carriers [17].

Incorporating graphene as a micro-filler in a polymer matrix improves the mechanical
properties of polymer composites [25]. The addition of graphene to the polymer increased
the Young’s modulus and tensile strength of the polymer blend [26,27]. Moreover, Wang
et al. compared the effect of adding graphite and carbon black to high-density polyethylene
(HDPE) [28], and the results showed that HDPE/graphite improved tensile and impact
strength better than HDPE/carbon black. Other papers have highlighted the effect of
incorporating exfoliated graphite nanoplatelets into polypropylene (PP); this additive
enhanced the dimensional stability and rheological behavior of the material.

Yassmin et al. studied the effect of adding graphene to an epoxy matrix; they con-
cluded that the addition of this nanofiller increased the elastic modulus [29]. Another
study, conducted by Gupta et al. [30], showed that the incorporation of graphene in vinyl
ester nanocomposites significantly improve the storage modulus, loss modulus, and glass
transition temperature of this material.

This study is conducted on an innovative industrial decontamination line. It inves-
tigates the mechanical and physical properties of a recycled HDPE and HMWPE blend
reinforced with graphene. The composites were processed using an industrial twin-screw
extruder. The effects of the processing parameters, such as filler concentration, were experi-
mentally analyzed through thermal and rheological characterization, tensile and flexural
tests to assess the mechanical behaviour, and notched crack ligament stress (NCLS) to
evaluate the stress crack resistance of the PE blend (SCR).
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2. Materials and Methods

2.1. Materials
2.1.1. Polyethylene

Recycled polyethylene blends were prepared via a twin-screw extruder using recycled
HDPE (recHDPE) and recycled HMWPE (recHMWPE). The reference blend is based on
35% recHDPE and 65% recHMWPE.

The RecHDPE used in this study is a post-consumer recHDPE with a melt flow index
of 0.5 g/10 min (190 ◦C/2.16 kg load) and a density of 0.951 g/cm3. The RecHMWPE is
also a post-consumer plastic with a melt flow of 0.1 g/10 min (190 ◦C/2.16 kg load) and a
density of 0.948 (g/cm3), Soleno inc., Saint-Jean sur Richelieu, QC, Canada, provided all
these materials.

2.1.2. Graphene

The filler used in this study consists of graphene particles and is a multifunctional
carbon additive formulated for across-the-board performance enhancements in thermo-
plastics and rubbers. The graphene was supplied in the form of a masterbatch based
on medium-density PE (MDPE) filled with graphene Black 0X. Graphene pellets 0X are
two-dimensional (2D) with 6 to 10 layers, a primary particle size of 0.5–1 μm, and a density
of 0.2–0.3 g/cm3.

Graphene was added to the reference blend in two different amounts (0.5 and 1%). Its
composition and technical properties are presented in Tables 1–3 below:

Table 1. Graphene masterbatch composition.

Composition Loading (wt%)

Carrier MDPE 70
Filler Graphene Black 30

Table 2. Chemical composition of graphene 0X.

Element Value (wt%)

Carbon >97
Oxygen <1

Table 3. Technical properties of graphene masterbatch.

Property Value (SI) Test Method

Density 1.12 g/cm3 ASTM D792 [31]
Fluidity 8 g/10 min ASTM D1238 [32]

2.2. Methods
2.2.1. Preparation of Blends

The preparation of blends consists of extruding the pellets using a co-rotating twin-
screw extruder at 1200 rpm, with a temperature profile between 190 and 210 ◦C. Initially,
a premix of recHDPE with 5 wt% of the graphene masterbatch was prepared using an
electric mixer. Subsequently, the prepared premix was added to the reference blend based
on 35% recHDPE and 65% recHMWPE via a feeder. Two amounts of graphene masterbatch
were tested (0.5 and 1 wt%) in the extrusion process. The main objective is to test the effect
of adding (0.5 and 1 wt%) graphene on the thermomechanical and stress crack resistance
properties of recHDPE and recHMWPE blends. The compositions of the extruded blends
are illustrated in the Table 4 below:
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Table 4. Blends composition.

Blend Number recHDPE (wt%) recHMWPE (wt%) Graphene (wt%)

1 35 65 -
2 35 64.5 0.5
3 35 64 1

2.2.2. Samples Preparation

Samples for mechanical characterization (Tensile, Flexion, NCLS, IZOD) were prepared
using a press machine at 180 ◦C for approximately 20 min. The molded plates were cooled
to 80 ◦C; once the plates were ready, they were placed in a conditioning room (21 ± 2 ◦C)
for 24 h before starting the characterization.

2.3. Physical Characterization
2.3.1. Mechanical Properties

The mechanical behavior was assessed using tensile and flexural tests. Tensile tests
were performed based on the ASTM D638-14 [33] on five dog-bone-shaped specimens
(specimen type IV: Figure 1) cut from the 3.2 mm thick molded plate. Tensile tests were
performed on a Lab Integration machine with a crosshead speed of 50 mm/min at room
temperature 23 ◦C; five specimens were tested for each test. Tensile strength, elongation
at break, and Young’s modulus were determined from stress–strain curves. Bending tests
were carried out on the same machine as the tensile test in three-point bending mode
with a crosshead speed of 10 mm/min according to ASTM D790 [34] on five rectangular
specimens to determine the flexural modulus.

 
 

Figure 1. Dimensions (mm) of tensile specimens.

Resistance to crack propagation was also assessed using the notched constant ligament
stress (NCLS) test according to the F2136-18 standard [35]. This test method is used to
evaluate the crack resistance under constant ligament stress for high-density polyethylene
resins or corrugated pipelines. The NCLS test subjects a dumbbell-shaped notched test
specimen to constant ligament stress in the presence of a surface-active agent (lgepal) at an
elevated temperature [35]. The purpose of this test is to measure the failure time associated
with each dumbbell-shaped notched test specimen.

The NCLS test consists of notching five test specimens, then determining the load to
be placed on each specimen and loading the weight tubes with a shot. Before attaching the
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shot tube to the lever arm, we must attach the specimens to the loading frame and place
them into the bath conditioned at a temperature of 50 ± 1 ◦C for 30 min. Then, the weight
is connected by a tube to the lever arm for each specimen and the specimen timer is begun
immediately. The time to failure for each specimen was recorded.

The impact resistance of blends was evaluated using the IZOD test according to the
ASTM D256-10 standard [36]; its main objective is to measure the energy absorbed by a
material when a notched specimen is subjected to a sudden impact load. The IZOD test
consists of notching and testing the 8 notched specimens with a V-shaped notch using a
pendulum. Figure 2 illustrates (a) sample preparation, specimens (b) loading, (c) failure
and (d) dimensions of the specimen. During the test, the energy absorbed by the specimen
indicates the impact resistance and toughness of the material.

Figure 2. Steps of the NCLS test. Specimen (a) dimension [36], (b) notching, (c) loading in the test
basin, and (d) failure.

2.3.2. Thermal Properties

Thermal analysis was realized using a differential scanning calorimeter (DSC) ac-
cording to ASTM-D3895-14 [37] using a TA instruments DSC. Samples of 5–10 mg were
encapsulated in an aluminium pan and heated from the ambient temperature to 80 ◦C in
an inert gaseous environment (nitrogen) at a constant rate of 10 ◦C/min. Then, the samples
were isothermally kept at 80 ◦C for 1 min before heating again up to 200 ◦C.

2.3.3. Rheological Properties

The melt flow index measures the fluidity of a polymer; this test method consists
of determining the rate of extrusion of molten thermoplastic resins using an extrusion
plastometer. The preheated resin is extruded through a die with a specific length and orifice
diameter under a specific load, temperature, and piston position in the barrel. The fluidity
was evaluated using a Lab Integration plastometer [32].
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3. Results and Discussion

The composite blends were manufactured using 35% recHDPE and 65% recHMWPE
as a matrix and graphene as an additive. Their mechanical, thermal, and stress cracking
propagation properties were studied.

3.1. Melt Flow Index (MFI)

The fluidity of the extruded blends was realized to evaluate the effect of graphene
on the MFI. After adding the graphene, the MFI decreases from 0.177 for the reference
blend without any filler to 0.148 or 0.149 g/10 min for the blends with 0.5% graphene or
1% graphene, respectively. This decrease can be explained by the increase in the viscosity
of the blends due to reduced chain mobility and enhanced molecular entanglement when
adding the graphene. The graphene acts as a reinforcement filler in the polymer, providing
a higher viscosity and therefore a lower MFI. It does not significantly affect the viscosity.

3.2. Tensile and Flexion Test

Additives play an important role in the processability and applications of plastic
materials. Incorporating additives can improve the properties of the plastic materials and
make them suitable for different applications [11].

It is important to evaluate the mechanical behavior by determining the strength and
rigidity of the blends. To do this, tensile and flexion were realized. Figure 3 shows the
tensile and flexural properties for the reference blend without graphene and the blends
with 0.5% graphene and 1% graphene.

Figure 3. Tensile and flexural properties of PE blends with and without graphene.

It can be observed that the tensile properties of the reference blend without graphene
are lower than those of the blends with graphene. Adding 0.5% or 1% graphene to the
reference blend significantly improves the elongation at break by 15% or 30%. Similar
results were obtained for the tensile strength and Young’s modulus, which had increases of
5% and 4% for blends with 0.5 and 1% of graphene. The Young’s modulus increases slightly
by 2% for blends with 0.5% graphene and decreases by 2% for blends with 1% graphene.
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These results show that the ductility of the recycled PE blends increases significantly when
increasing the amount of graphene. Comparable effects were observed for the flexural
properties, with increases of 4% and 10% in the flexural modulus for blends with 0.5% and
1% of graphene, respectively. The same results were reported by Diallo A.K. et al. in their
study [6], where there was an improvement of 7% and 12% in the flexural modulus and 6%
and 7% in the tensile strength, respectively, when incorporating 1% few-layer graphene
(FLG) in a 1:4 ratio of prime/recHDPE and 1:1 ratio of prime/recHDPE [6]. The authors
explained that this result is consistent with the SEM images, showing a more homogeneous
and refined blend morphology in the presence of FLG. Also, smaller droplet domains help
increase the mechanical performance [6].

Adding graphene to recycled HDPE/HMWPE blends increases the mechanical prop-
erties because microparticles transfer more tension and improve the connectivity of the
composite components [38]. Thanks to the good mechanical properties of graphene and
its very high surface area, even small amounts of graphene mixed with polymers can
increase the mechanical properties of the blends [38]. The method of adding and choos-
ing the required amount of graphene has a direct impact on the final properties of the
blends, exceeding a specified quantity of graphene causes plates to form over each other
and the reduction of adhesion between the components of the blends. In general, using
low amounts of graphene is an advantage because it avoids agglomeration, which can
decrease the mechanical properties. For example, adding up to 0.8 wt% graphene to a
wood-fiber-recycled polypropylene composite increases its mechanical strength. On the
other hand, the properties are reduced by the addition of 5 wt% graphene [39,40].

3.3. Stress Crack Resistance

Evaluating the stress crack resistance of the blends is critical, since toughness is a
crucial mechanical property extremely relevant to pipeline applications. To meet the
standards required by the BNQ (Bureau de la normalisation du Québec), the minimum
break time is 24 h. The result from NCLS tests of the blends without and with graphene are
illustrated in the graph below (Figure 4):

Figure 4. NCLS tests of PE blends as a function of graphene amount.

Crack resistance is an important factor affecting the long-term sustainability of poly-
mers. The stress crack resistance is affected by the incorporation of graphene. It was
observed that adding graphene increases the stress crack resistance by 73% and 20%, re-
spectively, for 0.5 and 1% of graphene. The significant increase related to adding 0.5% of
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graphene can be explained by the reinforcing effect of graphene, which can potentially
slow down crack propagation.

Using graphene as an additive enhances resistance to crack propagation because
graphene hinders crack propagation, facilitating stress redistribution and delaying crack
propagation. However, adding 1% graphene to the reference blend did not significantly
improve the stress crack resistance. With the increase in graphene amount, the microcrack
zones become closer to each other, resulting in the coalescence of microcracks, which
facilitates the propagation of a major crack [17]. Several studies have proven that the
addition of graphene simultaneously enhances stiffness, toughness, and ductility [41].

3.4. Impact Strength Resistance

The effect of adding graphene to the reference blend on the impact strength resistance
is illustrated in the graphic bellow (Figure 5):

Figure 5. Impact strength resistance of recycled PE blends.

The impact strength resistance of the reference blend without graphene was 165.69 J/m.
Adding 0.5% graphene to the reference blend slightly increased the impact strength re-
sistance by 7%. In contrast, the addition of 1% graphene decreases the impact strength
resistance by 15%. The observed decrease is due to the agglomeration of the filler. The addi-
tion of 1% graphene into reference blend increased the brittleness along with the proportion
to rigidity, as shown in the flexural modulus results (Figure 3). Adding graphene to the
reference blend may lead to more voids, which decreases the impact strength resistance [41].
The obtained results align with other studies [38,42].

3.5. Thermal Behavior

During the processing of polyolefin blends, thermo-oxidative degradation occurs
within the polymeric chains, resulting in a finished product of inferior quality [6]. Some
of the mechanisms activated during the thermo-oxidative degradation are cross-linking,
chain scission, elimination of substituents, and formation of double bonds [43].

The thermal behavior of the blends and the effect of adding graphene were investigated
using a DSC. The melt peak temperature and enthalpy were determined directly from the
DSC curves, while the degree of crystallinity of blends was calculated from Equation (1).
All the data are presented in Table 5.

446



Materials 2024, 17, 4733

Table 5. Thermal behavior of extruded blends.

Sample Melt Peak Temperature (◦C) Meling Enthalpy (J/g) Crystallinity (%)

Reference 129.4 135.3 46.2
0.5% Graphene 131.5 138.5 47.3
1% Graphene 130.6 144.7 49.4

ΔH0
f presents the enthalpy of fusion of a 100% crystalline polyethylene estimated in

the literature at 293 J/g [44].

χc =
ΔHf

ΔH0
f

(1)

where ΔHf is the melting enthalpy of the sample measured during the test (in J/g) and
ΔH0

f represents the melting enthalpy of a 100% crystalline polyethylene estimated in the
literature at 293 J/g [44].

The results show that the melting peaks of blends increased slightly (by 1 to 2 ◦C). As
a result, the melting enthalpy increased by 3.2 to 9.4 ◦C, resulting in an enhancement of the
degree of crystallinity by 2% and 7% for blends with 0.5% and 1% of graphene, respectively.
Since the degree of crystallinity of these polymer blends is less than 50%, the amorphous
regions are larger than the crystalline regions, which provides them more flexibility, al-
lowing them to stretch further before breaking and resulting in increased elongation at
break. Adding graphene reduces the degree of crystallinity and, contrarily, increases the
elongation at break, as demonstrated by the tensile test. The degree of crystallinity affects
the physical properties as well as the mechanical properties of semicrystalline polymers.

4. Conclusions

In this study, we investigated the effect of adding graphene to a reference blend based
on recHDPE and recHMWPE. The purpose of this study was to assess the effect of adding
graphene on the thermomechanical behavior and the stress crack resistance of the reference
blend. The experimental tests showed that adding graphene improves tensile strength,
elongation at break, and flexural modulus. Furthermore, stress crack and impact strength
resistance are enhanced when using low amounts of graphene (0.5%). Adding graphene to
recycled polyethylene blends could be an interesting alternative to ensure good mechanical
properties and resistance to crack propagation that is comparable to virgin PE blends.

Moreover, rheological and microstructural experiments are being performed to evalu-
ate the effect of adding graphene on the interfacial adhesion between the different phases
of the blend in the presence of graphene.
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