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1. Introduction

Additive manufacturing (AM) has emerged as a transformative approach to fabricat-
ing complex geometries with tailored architectures, offering significant advantages in terms
of design freedom, material efficiency, and on-demand production. Among the diverse
materials applicable to AM, fibre-reinforced polymer composites (FRPCs) have garnered
increasing attention due to their exceptional mechanical properties, high specific strength,
and lightweight nature [1-3]. The synergistic combination of reinforcing fibres and poly-
mer matrices significantly enhances structural integrity, stiffness, and impact resistance,
rendering FRPCs suitable for a wide array of high-performance applications, including
aerospace, automotive, marine, biomedical, and consumer products [4,5]. Furthermore, the
incorporation of bio-based and biodegradable matrices has elevated FRPCs as promising
candidates for sustainable material systems, aligning with global efforts toward carbon
neutrality and circular economy strategies [6].

Recent developments in AM technologies have further expanded the potential of FR-
PCs by enabling the incorporation of both short and continuous fibres within thermoplastic
and thermosetting matrices [7-9]. Advanced printing techniques such as fused deposi-
tion modelling (FDM), stereolithography (SLA), and selective laser sintering (SLS) have
been tailored to accommodate fibre reinforcements, offering unprecedented opportunities
to control fibre orientation, layer thickness, and part topology [10,11]. Moreover, novel
strategies, such as curved layer deposition, voxel-level printing, spatially controlled fibre
alignment, and hybrid AM processes, have been proposed to overcome traditional chal-
lenges in manufacturing fibre-reinforced components, resulting in enhanced mechanical
performance and structural optimization [12,13]. High-performance engineering polymers,
including polyether ether ketone (PEEK), polyamide (PA), and polylactic acid (PLA), have
been successfully integrated into AM platforms, thereby extending the application scope of
FRPCs to demanding environments, such as aerospace propulsion systems and medical
implants [14].

Despite the substantial progress made, several challenges remain in fully realizing the
potential of AM-FRPCs. Key issues include controlling the interfacial adhesion between
the fibre and matrix, mitigating voids and porosity during printing, managing thermal
residual stresses, and addressing the anisotropic behaviour caused by layer-by-layer de-
position [15,16]. To address these limitations, recent studies have explored computational
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simulation, machine learning-assisted process optimization, and real-time monitoring sys-
tems to guide printing accuracy and material behaviour [17]. Meanwhile, the use of natural
fibres, nanocellulose, and lignocellulosic reinforcements offers eco-friendly alternatives that
retain competitive mechanical and thermal performance [18,19]. This Special Issue brings
together recent innovations in materials design, processing technologies, and characteriza-
tion techniques to advance the fundamental understanding and practical implementation
of additive manufacturing for fibre-reinforced polymer composites.

2. Overview of the Published Articles

The Special Issue “Additive Manufacturing of Fibre-Reinforced Polymer Composites”
brings together 13 impactful studies that delve into various facets of additive manufactur-
ing (AM) applied to fibre-reinforced polymer composites (FRPCs). These contributions
span innovations in mechanical property enhancement, process optimization, material
sustainability, and smart sensing functionalities. Each article provides valuable insights
that collectively represent the forefront of this rapidly evolving field.

The study by Wang et al. (Contribution 1) focuses on improving the interlaminar
fracture toughness of aramid fibre/epoxy resin composites by incorporating laser-induced
graphene (LIG) and short Kevlar fibres. A major bottleneck for aramid composites in
structural applications is their poor Mode II interfacial toughness. Through Mode II
and tensile tests, this research shows that LIG, combined with Kevlar fibres, significantly
enhances toughness by 381.60%. More impressively, LIG offers a functional role in damage
monitoring due to its piezoresistive properties, enabling the real-time resistance-based
detection of delamination and crack propagation. Although LIG slightly reduces the tensile
strength, this drawback is mitigated by the Kevlar additions. SEM analysis confirms
enhanced surface roughness and fibre bridging, indicating improved crack deflection
pathways. This multifunctional strategy represents a notable step toward intelligent FRPCs
capable of both load bearing and structural health monitoring.

Zhang et al.’s (Contribution 2) work provides an in-depth evaluation of glass fibre-
reinforced polymer (GFRP) main spars for wind turbine blades containing artificial de-
lamination and wrinkle defects. By combining tensile testing with acoustic emission (AE)
monitoring, the study analyses how these defects evolve under load and affect mechanical
integrity. Using K-means clustering of AE data, the research successfully classifies different
damage modes and correlates them with microstructural observations. Notably, the AE
signature and characteristic frequencies remain consistent across different defect types,
suggesting a degree of universality in GFRP damage responses. The study offers practical
guidance for condition-based monitoring in renewable energy structures and contributes
significantly to our understanding of defect-driven failure in FRPCs.

Andreozzi et al. (Contribution 3) investigates the buckling behaviour of isogrid
structures manufactured using continuous carbon fibre-reinforced polymers via an Aniso-
print Composer A3. This paper demonstrates that increasing the infill density enhances
the buckling resistance and transitions failure from local to global buckling, leading to
more uniform stress distribution. However, SEM and optical analyses highlight voids
as a persistent issue that undermines the mechanical performance. By employing coex-
trusion technology and geometrically optimized structures, this study bridges the gap
between high-performance aerospace-grade components and cost-effective 3D printing
processes. The findings are especially relevant for aerospace and automotive industries
seeking weight-efficient, load-bearing printed components.

Stepanov et al. (Contribution 4) addresses the challenges associated with 3D printing
high-viscosity, glass fibre-filled PEEK composites. Using a combination of Taguchi design,
FEM simulation, and artificial neural networks, this study identifies the optimal printing
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parameters (460 °C extruder temp, 20 mm/min travel speed, and 4 rpm screw rotation) that
yield homogeneous microstructures and low porosity. Computed tomography validates
these parameters, showing porosity levels under 10%. Furthermore, strategies for fibre
alignment and post-printing treatment are proposed to enhance mechanical performance.
This comprehensive approach to parameter tuning sets a benchmark for high-temperature
engineering polymers and their applications in biomedical and aerospace components.

Wang et al. (Contribution 5) contributes an analytical and numerical framework
for assessing the low-velocity impact behaviour of clamped rectangular sandwich tubes
composed of fibre metal laminates (FMLs) and foam cores. Using a modified rigid plastic
model, the study evaluates the effects of the metal volume fraction, fibre content, and
foam strength on impact resistance. Validation against finite element simulations confirms
the model’s predictive accuracy. The results reveal that a higher fibre content and foam
strength substantially enhance energy absorption and the load-bearing capacity. This study
not only informs the structural design of impact-resistant components, but also showcases
the synergy between fibre layups and hybrid core structures.

Almeida (Contribution 6) explores the development of eco-friendly FFF filaments by
reinforcing polylactic acid (PLA) with cocoa husk-derived cellulose fibres. Both untreated
(UCFF) and chemically treated (TCFF) fibres are investigated, with TCFF yielding an
18% improvement in tensile strength. Through SEM, TGA, and FTIR analyses, the study
reveals that chemical treatment enhances fibre-matrix interactions and thermal stability.
ANOVA confirms the statistical significance of these improvements, and the high R2 values
underscore the robustness of the experimental design. This work highlights the viability of
agricultural waste as a reinforcement for AM biocomposites, offering a sustainable path
forward in reducing the reliance on petroleum-based materials.

Zhang et al. (Contribution 7) explored the potential of integrating continuous carbon
fibres (CCFs), short carbon fibres (SCFs), and short glass fibres (SGFs) within polyamide
(PA) and polylactide (PLA) matrices to design high-performance I-beam structures using
AM. Employing a multi-objective optimization approach grounded in the NSGA-II algo-
rithm, the study developed three I-beam types: primitive (P-type), designed (D-type), and
optimized (O-type). Mechanical testing demonstrated remarkable improvements in the
stiffness-to-mass and load-to-mass ratios, with optimized I-beams exhibiting increases of
30.05% and 40.59%, respectively. The study underscored the effectiveness of structural
optimization in enhancing AM-fabricated composite components and emphasized the
critical role of fibre type and matrix selection in tailoring mechanical performance.

Wang et al. (Contribution 8) presented a systematic investigation into the flexural
behaviour of PLA-based composite panels fabricated via multi-material fused filament
fabrication (FFF). Three PLA derivatives, including foam agent-modified and glass fibre-
reinforced eco-friendly variants, were combined in varying sequences and ratios. The
Taguchi method was used to analyze the influence of four parameters: material sequence,
relative volume ratio, filling pattern, and filling density. The study identified the optimal
configurations for maximizing the bending strength and modulus of elasticity. The material
sequence emerged as the most influential factor, with performance varying up to 60%
depending on the configuration. The validated results provide important guidelines for
future multi-material 3D printing applications, particularly in lightweight structural design.

Niu et al. (Contribution 9) addressed the challenge of enhancing the toughness and
durability of cement-based composites by incorporating multi-walled carbon nanotubes
and polypropylene fibres. Through comprehensive mechanical testing and microstructural
analysis, the study revealed that MWCNTs improve compressive strength and reduce
mass loss, while PP fibres increase flexural performance and resist crack propagation. The
synergistic effect of MWCNTs and PP fibres led to improved internal densification and
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pore refinement. Notably, the optimized composites showed a 19.1% increase in flexural
strength and a reduction of more than 25% in key durability indicators. This study provides
a practical pathway for developing advanced, fibre-modified, cement-based composites for
construction and infrastructure.

Wang et al. (Contribution 10) examined how printing path strategies affect the struc-
tural integrity of continuous fibre-reinforced polymer honeycomb structures (CFRPHSs)
fabricated using FDM. By experimenting with multiple path configurations, the team
found that fibre dislocations at path corners resulted in stiffness variations and localized
weaknesses. Among the tested geometries, the staggered trapezoidal path yielded the
best mechanical outcomes, achieving the highest specific load capacity (68.33 N/g) and
flexural stiffness (627.70 N/mm). The study concluded that printing path planning plays
a vital role in ensuring mechanical uniformity and enhancing the load-bearing capacity
in CFRPHSs, contributing valuable insights into structural design optimization. Zhang
et al. (Contribution 11) proposed a novel approach to fabricating multilayer truss structures
using continuous fibre-reinforced thermoplastic composites and spatial 3D printing. The
design enabled the creation of pyramid trusses with tunable density and directionally
extended layers. Experimental tests showed high specific stiffness (up to 401.91 MPa)
and compressive strength (30.26 MPa), with relative densities as low as 1.45%. The flex-
ibility of layer-by-layer design allowed for targeted performance customization based
on application demands. This work highlights spatial 3D printing as a promising route
for creating multifunctional structures in aerospace, civil engineering, and other sectors
requiring low-weight, high-efficiency materials.

Baranowski et al. (Contribution 12) introduced a simulation-driven strategy to op-
timize a new laser-sintering platform for fabricating continuous carbon fibre-reinforced
polymer parts. Using COMSOL Multiphysics, the authors evaluated the heat distribution
and fibre-matrix integration efficiency. The optimized process significantly reduced the
width and depth of the heat-affected zone (by 56% and 44%, respectively) and shortened the
fibre integration time by over 230%. This contribution demonstrates the value of numerical
modelling in refining the AM process parameters and enhancing throughput, especially for
high-strength, low-batch components in aerospace and defence. Bogusz (Contribution 13)
offered a high-resolution, experimental investigation into the in-plane shear behaviour of
GFRP composites using +-45° off-axis tension tests and digital image correlation (DIC). The
non-contact DIC technique enabled the visualization of strain fields and crack initiation in
real time. The study identified microcrack formation and strain localization as contributors
to shear nonlinearity. The comparison with strain gauge data validated the methodology
and highlighted the importance of sensor placement in mechanical analysis. The findings
provide crucial insights into failure mechanisms and serve as a benchmark for validating
finite element models of fibre-reinforced composites.

Collectively, these 13 articles exemplify the current trajectory of research in the additive
manufacturing of fibre-reinforced polymer composites. From structural optimization and
sustainable biocomposites to simulation-enhanced process control and advanced character-
ization, each study contributes distinctively to the scientific and practical understanding of
next-generation AM materials and methods.

3. Conclusions and Outlooks

In conclusion, the research contributions featured in this Special Issue collectively
underscore the dynamic progression of additive manufacturing (AM) in the realm of fibre-
reinforced polymer composites (FRPCs). From advanced structural design and process
parameter optimization to the development of multifunctional and sustainable composite
systems, these studies demonstrate the diverse capabilities of AM technologies to meet the
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evolving demands of high-performance applications. Notably, the integration of contin-
uous and short fibres into thermoplastic matrices, the use of eco-friendly reinforcements,
and the adoption of simulation-guided approaches have significantly advanced both the
mechanical performance and functional sophistication of AM-FRPC components. More-
over, the contributions highlighting the role of artificial intelligence in process optimization
and digital image correlation in failure analysis signal a trend toward data-driven, digitally
informed manufacturing ecosystems.

Looking forward, the future of AM-FRPCs will likely be shaped by several strategic
research directions. Firstly, there is a pressing need to develop scalable AM processes that
ensure consistent fibre alignment, void-free structures, and robust interfacial bonding. This
can be achieved by integrating real-time monitoring, closed-loop control systems, and in situ
process diagnostics. Secondly, the exploration of hybrid material systems, such as bio-based
polymers combined with advanced synthetic fibres, holds promise for balancing sustainability
and performance. Thirdly, multi-material and functionally graded composites fabricated
via voxel-level or multi-axis AM platforms could unlock next-generation components with
spatially tuned properties. Additionally, machine learning and physics-informed models can
further support intelligent process planning and quality assurance. Finally, standardization in
testing protocols, lifecycle assessments, and the long-term performance evaluation of AM-
FRPCs will be critical for accelerating their adoption in safety-critical industries such as the
aerospace, energy, and biomedical sectors. By addressing these opportunities, the research
community can continue to push the boundaries of what is achievable through the additive
manufacturing of fibre-reinforced composites.
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Abstract: This study presents an experimental investigation of an in-plane shear of a glass lamina
composite using a +45° off-axis tension test. Typically, the shear stress curve, shear modulus, and in-
plane shear strength for composite lamina-type materials are identified. Previous research indicated
that a loading rate affects the strength of this composite. This study extends the existing literature by
utilising a non-contact optical digital image correlation (DIC) method to measure strain distribution
during the test. Two cross-head displacement rates were examined. The obtained strain maps reveal
an uneven distribution resembling fabric texture. As the deformation progresses, the differences in the
strain pattern increase. Subsequently, a quantitative analysis of the differences between regions with
extreme (minimum and maximum) strain values and regions with average values was conducted.
Based on these measurements, shear stress—strain curves, indicating variations in their courses, were
constructed. These differences may reach several percent and may influence the analysis of numerical
simulations. The DIC results were validated using strain gauge measurements, a commonly utilised
method in this test. It was demonstrated that the location of the strain gauge installation impacts the
results. During the tests, the occurrence of multiple microcracks in the resin was observed, which can
contribute to the nonlinearity observed in the shear stress—shear strain curve.

Keywords: fibre-reinforced polymer-matrix composite; vinyl-ester resin; in-plane shear test; experimental
mechanics; digital image correlation method; strain map

1. Introduction

In recent decades, the usage of fibre-reinforced polymer-matrix (FRP) composites
as structural elements in a variety of applications due to their advantageous properties
has increased. The most commonly used FRP is mainly made of glass fibre (GFRP),
carbon fibre (CFRP), and aramid fibre (AFRP). In general, they offer high strength, low
self-weight, ease of handling, low maintenance requirements, high durability, high tensile
strength, high chemical resistance, and lower rates of aqueous corrosion. A great variety
of tensile properties of various FRP materials causes some limitations during the design
process. GFRP composites, in general, indicate lower tensile modulus and strength than
CFRP composites; however, GFRP composites exhibit higher deformability, better impact
resistance, and a much lower material cost. Therefore, GFRP composites currently dominate
the reinforcement components in pultruded products due to their exceptional performance
at a competitive cost [1-3].

Pultruded Glass Fibre-Reinforced Polymer (GFRP) refers to a composite material that
is formed in the pultrusion process. In this process, continuous glass fibres are impregnated
with a polymer resin, typically a thermosetting resin such as polyester or epoxy. The
impregnated fibres are then pulled through a heated die, in which the resin cures and
solidifies, resulting in a continuous, reinforced profile or structural shape.
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GFRP is commonly used in various industries, including construction, infrastruc-
ture, aerospace, and automotive, to produce beams, columns, rods, and other structural
components.

In finite element method simulations (FEM), the laminae are typically homogenised
and modelled as linearly elastic-brittle orthotropic or monotropic materials. To determine
the constants of elasticity, strength, and ultimate strains for FRP composites, standard tests
are commonly used, or non-standard strength tests are proposed [4]. In the case of compos-
ite materials, the in-plane shear properties can be identified via a £45° off-axis tension test.
This test follows the specifications outlined in ASTM D3518/D3518M-94 and PN-EN ISO
14129 standards [5,6]. The test produces a well-known shear stress—shear strain curve with
a strong non-linear behaviour. The standard procedure involves displacement-controlled
loading at a crosshead displacement rate of 2 mm/min and determines parameters such as
an initial in-plane shear modulus, ultimate in-plane shear strain (0.05), and in-plane shear
strength corresponding to shear strains <0.05.

Quasi-static +45° off-axis tension/compression tests were investigated in [7-15] on
various FRP composite materials with thermoset or thermoplastic matrices at different
crosshead displacement ratios [4]. Only short-term displacement-controlled processes were
examined. The following laminae were subjected to testing: woven glass/polyester [7],
unidirectional carbon/epoxy [8-10], unidirectional graphite/polyimide [11], unidirectional
glass/epoxy [12,13], unidirectional carbon/polymer matrix [14], and stitched glass/vinyl-
ester [15]. The following crosshead displacement ratios were used: 0.1 mm/min [8],
0.6 mm/min [10,14], 2 mm/min [9,12,15], and 5 mm/min [7].

In [14], the tests were conducted using a split-Hopkinson bar to investigate high
strain rates. Significant increases in shear strength and yielding strength were observed
along with an increase in strain rate from 5 x 10% 1/s to 1.3 x 103 1/s, while the failure
strain decreased along with the increasing strain rate. This phenomenon can be attributed
to the viscoelastic properties of polymers and polymer-matrix composites, as higher
strength and reduced ductility were observed in epoxy compression tests conducted at
higher rates. The viscoelastic properties of polymers and polymer-matrix composites
were extensively discussed in numerous papers. In [16,17], the constitutive viscoelastic
modelling of unidirectional glass/polyester composites was developed using a fractional
exponential function.

In [4], the authors conducted a study on a Glass Fibre-Reinforced Plastic (GFRP)
composite. The off-axis tensile tests of the composite were performed at four different
levels of displacement rates: 0.02 mm/min, 2 mm/min, 20 mm/min, and 200 mm/min.
The objective was to demonstrate that the high nonlinearity observed in the shear stress—
shear strain curve is caused by the viscoelastic flow of the resin at low shear stress levels,
as well as the combined effects of viscoelastic flow and plastic microcracks in the resin at
high shear stress levels. To confirm this, a classic short-term (1 h) in-plane shear creep test
was conducted on +45° off-axis samples. These samples were subjected to in-plane shear
stress equal to 67% of the average in-plane shear strength obtained in the previous test.

Contemporary numerical models require precise measurements of experimental
curves and strength parameters. DIC measurement is currently the most important and
constantly developed non-contact strain measurement method [18-21]. Its most significant
3D version has been extended to numerous research fields, including standard materials
such as metals, plastics or thermoplastics [22], advanced polymeric composites [23], and
biological materials such as tissues [24] or carotid arteries [25]. Therefore, DIC has become
an important method in the field of experimental mechanics [18].

The DIC method was used by other researchers to study the strain field of composite
materials. The study conducted in [26] investigated the shear properties of carbon/epoxy
composites with 0°/90° textile reinforcement structures and varying layer thicknesses un-
der +£45° tensile loading. To analyse the deformation process on the sample surfaces during
loading, an optical 2D DIC measuring method was employed. The findings indicated that
shear behaviour is influenced by the layer thickness and the weight per unit area of the
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reinforcement. Contrary to the authors’ expectations, the optical deformation analysis of
the sample surfaces revealed an uneven strain distribution.

In [27], a novel oblique end tab was designed to mitigate stress concentration and
in-plane bending moments resulting from off-axis tension loading. Finite element analysis
and experiments were conducted on polyetheretherketone (PEEK)/AS4 unidirectional
thermoplastic composites (CFRTP) to assess the effectiveness of the proposed testing
method. Simulation and test results demonstrated that the utilisation of oblique end
tabs successfully eliminated stress concentration and bending movements. The digital
image correlation (DIC) method was employed to investigate the deformation response,
specifically tension/shear coupling, across the entire field of the off-axis specimen. The
test results revealed significant non-linear behaviour and non-uniform strain distribution
under combined tension/shear stresses. A fractographic examination was carried out to
explore the damage mechanisms under the tension/shear combined stress state. Specimens
with off-axis angles of 30°, 45°, and 60° exhibited failure in a mixed tension/shear mode.

In paper [28], DIC was utilised for tensile and bond tests on composite reinforcements
with varying textiles and matrices. The results obtained from two DIC software programs
were validated by comparing them with displacement and strain transducers. DIC provided
additional insights into the damage pattern, such as crack location and width, as well as
the load transfer mechanism between the composite and the substrate. One advantage
of DIC is the ability to select multiple measurement points after the test, overcoming the
limitations of traditional transducers. However, since DIC only monitors the outer surface
of the specimen, direct information about the embedded textile in the matrix is not available.
The combination of DIC and traditional sensors in laboratory testing allows for improving
the understanding of the mechanical behaviour of composite reinforcements as well as the
identification of their fundamental properties.

FRP composites are vulnerable to the presence of holes and cutouts, as several ex-
periments have shown a significant decrease in strength. This strength degradation is
primarily attributed to a stress concentration around the hole. In review [29], the objective
was to understand the impact of holes on the mechanical properties of FRP laminates, with
a specific focus on carbon FRP laminates and experimental findings. A comprehensive
analysis of the tensile, compressive, flexural, and post-buckling properties of laminates
with holes was provided to facilitate the optimal component design. The strain field near
the holes obtained via DIC was compared to the output of finite element analysis, and a
good agreement was observed between both sets of results.

In [30], a series of dynamic longitudinal compression tests were conducted on cross-
ply IM7/8552 samples cut at different off-axis angles to produce different combinations
of compression and shear stresses. Together with the results from quasi-static tests [31]
performed in a similar manner, quasi-static and dynamic fibre kinking failure envelopes
were obtained using a classical laminate theory. The experimental results revealed that
while the leading fibre kinking theories accurately predicted the effects of a strain rate on
uniaxial compression strength, they failed to account for shear effects, both in quasi-static
and dynamic scenarios. The digital image correlation method was employed to validate
strain gauge measurements and ensure the adequacy of the testing conditions.

FRP materials commonly employed in civil engineering exhibit significant asymme-
tries and heterogeneity due to manual installation procedures [32]. This study aimed to
explore the applicability of an optical full-field DIC technique for strain field measurement
on FRP structures in the civil engineering industry. The DIC method and more traditional
measurement methods were compared. The DIC results provided valuable insights into
the stress distribution around the structure. Consistent measurements demonstrated the
potential of DIC in capturing rupture strains of FRP materials and understanding their ca-
pacity under the influence of these strains. Furthermore, DIC offered improved capabilities
for detecting debonding effects.

The authors of [33] focused on the experimental investigation of tensile testing of
CERP-UD coupon specimens using the 10° off-axis test and DIC strain mapping to measure
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the full-field deformation response. A sensitivity analysis of the measured stresses, strains,
and moduli was performed by varying the aspect ratio of the specimens and the location of
strain measurement. Test-related uncertainties, such as the loading angle and specimen
preparation details, were investigated and quantified with the use of these full-field DIC
measurements.

This present study extends upon the research presented in [4]. In addition to the
previous study, DIC measurements were performed on the same GFRP composite. This
method enabled the measurement of strain distribution on the composite in a +45° off-axis
tension test. Similar papers can be found in the literature. However, this manuscript specif-
ically focuses on a unique G/V composite and presents specific results. The assessment of
strain maps and their comparison with the strain gauge method, which is not extensively
documented in the literature, was conducted.

Two strain rates, 0.02 and 20 mm/min, were selected for this study. The measured
DIC maps revealed non-uniform strain distributions. Subsequently, a quantitative analysis
of the differences between regions with extreme (minimum and maximum) values and
regions with average values was conducted. Based on these measurements, shear stress—
strain curves, presenting variations in their courses, were constructed. These differences
can reach several percent and may influence strength parameters, consequently affecting
the analysis of numerical simulations. During the testing process, the formation of multiple
microcracks in the resin was observed, which can contribute to the nonlinearity observed
in the shear stress—shear strain curve, and, thus, supports the statement presented in [4].

2. Materials and Methods

This research involved conducting +45° off-axis tension tests to measure shear prop-
erties of flat rectangular samples of a Glass Fibre Reinforced Polymer (GFRP) composite
(producer: ROMA Co., Ltd., Grabowiec, Poland) in order to analyse strain distribution. The
samples were made and tested in accordance with the guidelines contained in the PN-EN
ISO 14129:2000 standard [6]. The nominal dimensions of the samples were 250 x 25 mm.
The overall thickness of the plate was approximately 2.6 mm. The samples had adhesive
patches, with a length of 70 mm and a thickness of 3 mm, applied on both sides of the grip
sections. The scheme of a sample is presented in Figure 1.
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Figure 1. The scheme of a glass/vinyl-ester sample.

The investigated G/V composite is a layered composite made of Polimal VE-11M
vinyl-ester resin (producer: CIECH Sarzyna S.A., Nowa Sarzyna, Poland), used as a matrix
reinforced with GBX800 [£45] glass fabric (producer: DIPEX Co., Sered’, Slovakia). This
composite design mixture is utilised for large-scale roof coverings. Glass composite is more
cost-effective than carbon-reinforced composites yet still suitable for this purpose.

The G/V composite under investigation is a layered composite consisting of Polimal
VE-11M vinyl-ester resin (manufacturer: CIECH Sarzyna S.A., Nowa Sarzyna, Poland)
used as a matrix and reinforced with GBX800 [£45] glass fabric (manufacturer: DIPEX Co.,
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Sered’, Slovakia). This composite is employed, among others, for extensive roof coverings.
Glass composite is a more economical alternative to carbon-reinforced composites while
remaining suitable for this specific application.

The Polimal VE-11M resin is a flame-retardant neutral vinyl-ester resin known for
its high thermal and chemical resistance. The curing system used for 1 kg of this resin,
at a temperature above 18 °C and low air humidity, includes Cobalt accelerator Co 1%
(10 mL) and MEKP low reactive hardener (20 mL). Post-curing of the resin is required
at an increased temperature of 80 °C for 4 h. Resin V is suitable for vacuum infusion
technology [34]. The basic parameters of this resin before and after curing/post-curing
are summarised in Table 1. Tensile strength is equal to 80 MPa, the tensile modulus is
3500 MPa, and relative elongation at break is 3.5%.

Table 1. Mean values and standard deviations for in-plane shear modulus Gj; and in-plane shear
strength Ry, of the G/V composite [4,34].

Parameter, Standard Unit Value
Viscosity at 25 °C, DIN 53015 [mPa - s] 300 =+ 500
Gelation time at 25 °C, ISO 2535 [min] 10 =30
Tensile strength, ISO 527-2 [MPa] 80
Relative elongation at break, ISO 527-2 [%] 3.5
Tensile modulus, ISO 527-2 [MPa] 3500
Heat distortion temperature under load (HDT), ISO 75-2 [°C] 85

The GBX800 fabric (referred to as G) is a stitched E-glass fabric with a nominal surface
density of 800 g/m?. It is quasi-balanced, orthogonal, and bi-directional fabric with a
+45 warp/weft orientation in relation to the longitudinal axis of a fabric strip and test
samples.

Composite plates of G/V were manufactured by ROMA Co., Ltd., Grabowiec, Poland,
using vacuum infusion technology and had a [£45],5 fabric sequence. The plates were post-
cured following the guidelines in [34]. The key parameters of one lamina were determined
to be thickness of 0.663 mm, fibre volume fraction of 48%, and mass density of 1.70 g/cm?3.

For the measurement of shear strains, two Vishay strain gauges (producer: Vishay
Precision Group, Inc., Wendell, NC, USA) with resistance of 120 () were installed in the
central measurement zone of the samples following the T-rosette scheme, as shown in
Figure 2. The strain gauges were attached along and perpendicular to the axis of the sample
in accordance with standard requirements. This allowed for the evaluation of shear strains
occurring in the composite fabrics oriented at a 45° angle, while the sample, itself, was
subjected to axial tension.

T-rosette DIC stochastic pattern

Figure 2. A sample with a T-rosette attached and a stochastic pattern applied.

For the purpose of DIC measurements, a stochastic black-white pattern was applied to
a section of the sample used for measurements (see Figure 2). The pattern had dimensions
of approximately 25 x 25 mm. The T-rosette strain gauges were located at the centre of
a sample, while the DIC stochastic pattern was positioned close to this centre. It was
considered essential to keep this pattern as far away as possible from the gripping area.

In the DIC measurements, the GOM Aramis system (producer: GOM mbH., Braun-
schweig, Germany), specifically designed for capturing deformations and strains on mate-
rials under load, was employed. The testing setup, along with cameras of the DIC system,
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is presented in Figure 3. The system utilises two cameras equipped with a CMOS sensor
(Figure 3b) to capture a 3D image with resolution of 4 megapixels. The cameras, fitted with
lenses with a fixed focal length of 50 mm, were positioned at a distance of 345 mm from the
measurement object. The distance between the cameras in this configuration was 126 mm,
while the cone angle was set to 25°.

(b)

Figure 3. Testing setup (a) with DIC measurement cameras (b).

The calibration procedure was applied to determine parameters such as the relative
position of cameras, lens distortion, and intensity and uniformity of lighting. The system
was calibrated within a measurement volume of 85 x 65 x 45 mm. The calibration deviation
was 0.028 pixels.

The utilized DIC system involves the application of a virtual regular grid of regions,
known as facets, onto the recorded image sequence. These facets are then correlated with
the corresponding areas on the image captured using the adjacent camera at the same stage,
followed by correlation with the remaining pairs of images taken. The facet size was set
at 18 x 18 pixels (approximately 0.4 x 0.4 mm) with separation of 13 pixels (resulting
in 2-pixel overlap). The default overlap between neighbouring facets was 2 pixels. By
utilising directional strain measurements, the shear curve and related strength properties
were determined. The strain maps revealed an uneven strain distribution. The DIC strain
measurements and the strain gauge measurements were compared.

Shear via tension testing of rectangular GFRP composite samples was conducted at an
ambient temperature of 24 °C using the Instron 8802 (producer: Instron Illinois Tool Works
Inc., Norwood, MA, USA) universal strength testing machine (Figure 3a). The strains were
measured using both strain gauges and the DIC method. All data was synchronised using
the force signal from the testing machine. Two loading rates were tested: 0.02 mm/min
and 20.0 mm/min. The frequency of the images was set at 0.05 frames/s for the slower
loading rate and 5 frames/s for the higher loading rate.

Gamma strains presented in the shear curves were calculated using the procedure
outlined in standard [21]:

, )

where ¢, represents strain in the axial direction measured with DIC or a strain gauge
method, and ¢y is strain in the perpendicular direction measured with DIC or a strain gauge
method.

v = |ex| + |ey
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Identical procedures were applied for both strain gauge and DIC measurements.
Although the standard sets the limit for the shear strain at 5%, the tests were actually
conducted until the sample fracture. Optical measurements allowed for determination of
the gamma until fracture, while the strain gauges were damaged at a gamma strain level
below 10%.

3. Results

The research presented in paper [4] aimed to investigate the influence of a loading
rate on the shear stress—strain curve and material properties of the G/V composite. The
determined values for material constants Gy, and Ry, along with their standard deviations
obtained during the research, are presented in Table 2. These values were derived following
the procedures described in [5,6].

Table 2. Mean values and standard deviations for in-plane shear modulus Gj, and in-plane shear
strength Rj, of the G/V composite [4].

Loadine Rate In-Plane Shear Standard In-Plane Shear Standard
& Modulus G, Deviations Gy Strength Rqp Deviations Ry,
[mm/min] [mPa] [mPa] [mPa] [mPa]
0.02 3395 74 38.4 0.6
2.0 3885 109 474 1.9
20.0 3952 194 49.3 1.6
2000 3502 100 58.2 3.1

It is worth noting that the shear strength is limited to a gamma strain of 0.5% on the
shear curve. However, if the tests were analysed until failure, the in-plane shear strength
would likely be higher. The reason for limiting the gamma strain to 5% was the assumption
that the state of pure shear would be lost in such cases.

Based on the data presented in Table 2, a graph in Figure 4 was created to illustrate
the relationship between the in-plane shear strength and the loading rate. The X-axis of the
graph was scaled logarithmically to accurately represent the dependencies. The observed
increase in strength is typical for polymer composites exhibiting viscoelastic properties [14].
In this representation, linear regression was applied, which resulted in a good fit to the
data. The coefficient of determination for the regression is close to 1.

70 1 + G/V Shear strength

] ---- Logarithmic approximation
60 —:-
40 +

30 +

In-plane shear strength [MPa]

20 +

2=0.9897

0 T Tt Tt —r T T oo T T rorrrrr

0 0 1 10 100 1000 10,000
Loading rate [mm/min]

Figure 4. In-plane shear strength as a function of loading rate.
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Directional strain maps calculated in the DIC system are presented in the subsequent
figures. The maps illustrate the axial strains (direction X) corresponding to the measure-
ments taken by the strain gauge installed parallel to the sample axis (Figure 2). In order to
compare the results from both measurement methods, DIC strains in the perpendicular
direction (Y direction) were also obtained. Due to the material and load symmetry, the
directional strains are approximately equal to each other and are approximately half of the
corresponding gamma strain, as described by Equation (1).

The directional maps illustrating strain rates of 0.02 and 20 mm/min are presented in
Figure 5 and Figure 6, respectively. Four maps representing selected stages are provided for
each loading rate. The corresponding stage numbers, displayed below the maps, indicate
comparable levels of shear state advancement for both loading rates. The time interval
between subsequent stages depends on the set frequency. The frequency of the images on
the DIC system was set at 0.05 frames/s for the slower loading rate and 5 frames/s for the
higher loading rate. The time interval between subsequent stages was 20 s and 0.02 s for
the 0.02 and 20 mm/min speeds, respectively.
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Figure 5. Facet maps representing strain distribution in the X direction for a sample tested at a
loading rate of 0.02 mm/min: (a) stage 2; (b) stage 30; (c) stage 60; (d) stage 90.
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Figure 6. Facet maps representing strain distribution in the X direction for a sample tested at a
loading rate of 20 mm/min: (a) stage 2; (b) stage 26; (c) stage 52; (d) stage 78.

The results reveal significant non-uniformities in the strain distribution across the
measured area of the sample. The traces in the form of a net pattern, caused by the presence
of the near-surface layers of glass fabric in the composite, are visible. In the first two stages,
the net pattern is distinct; however, it becomes increasingly blurred in the subsequent
maps.

It is also noticeable that as the damage progresses, an increasing number of areas with
higher strain values, exceeding two percent, appear in the DIC maps. These areas become
more pronounced in the third and fourth images, accompanied by an increase in local
strain values. During the 20 mm /min shear test, a higher number of defects were observed
(Figure 6c,d) compared to the slower test (Figure 5c,d). They are distributed across the
entire area and have higher strain values. This effect can be associated with the occurrence
of microcracks and defects within the composite structure. In the case of the slower test,
the areas seem to grow less and appear less frequently. These defects may contribute to the
non-linearity of the shear curve, as described in [4].
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A quantitative analysis of these differences was conducted. Three different measure-
ment areas of facets were selected for each tested loading rate. The areas selected are
presented in Figures 7 and 8, for 0.02 and 20 mm/min, respectively. The facets’ fields had
dimensions of approximately 2 x 2 mm, which is comparable to the dimensions of the
strain gauge used in the test (Figure 2). For each area, an average value was calculated using
the DIC software. The first measurement area (labelled as “aver”) included facets with
both low and high strain values, resulting in a balanced average value. The second area
(labelled as “high”) was selected only from locations with higher strain facets. The third
area (labelled as “low”) consisted of facets, in which lower strain values were measured. In
Figure 6, the shifting of the low-value facet area during testing is illustrated.

(b)

Figure 7. Facet fields: (a) area of high-value facets, (b) area of average-value facets, and (c) area of
low-value facets for a sample investigated with 0.02 mm/min loading rate.

©

Figure 8. Facet fields: (a) area of high-value facets, (b) area of average-value facets, and (c) area of
low-value facets for a sample investigated with 20 mm/min loading rate.

In order to quantitatively compare the strains obtained from all three groups of
facets and validate them in relation to the strain gauge measurements, appropriate graphs
illustrating directional strains were created. Figure 9 displays the results for a loading rate
of 0.02 mm/min, while Figure 10 presents the results for a loading rate of 20 mm/min.
The strain gauge measurements were presented using a black line, while the facet groups
(average, high, and low) were represented by red, blue, and green curves, respectively. The
XY coordinate system is assumed to lie within the plane of the composite plate, with the
X-axis aligned along the sample axis and the Y-axis perpendicular to the sample axis.

The strain in the X direction is positive, while the strain in the Y direction is negative.
Due to the load and symmetry material properties, the moduli of strain values are similar.
A deformation range for strain gauges is limited, typically around 5%. As a result, the
strain gauge curves terminate within that range. Optical methods, such as this DIC system,
allow for less precise strain measurements compared to strain gauges but offer a wider
strain range, exceeding even 100%. Strain gauges can accurately measure strains of a few
pum/m, while the DIC system is limited to an accuracy of approximately 0.2%. However,
the strain measurement range for strain gauges is narrower, about 5%. The presented
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curves were limited to approximately 8%. Within this range, DIC maps are also presented
(Figures 5 and 6). Testing at a speed of 0.02 mm/min is 1000 times longer.
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Figure 9. Directional strain comparison for different strain measuring methods. The loading rate is
equal to 0.02 mm/min.
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Figure 10. Directional strain comparison for different strain measuring methods. The loading rate is
equal to 20 mm/min.

As expected, higher strain values were measured in the regions with high-value facets
(in terms of the modulus), corresponding to the areas depicted in Figures 7b and 8b. The
curves for the average-value facets (Figures 7a and 8a) fall in the middle, while the curves
for the low-value areas (Figures 7c and 8c) are the lowest. The differences between the
regions are more pronounced in the loading direction than in the transverse direction.
These dependencies were observed for both tested loading rates.

The strain gauge curves in both figures lie between the high and low DIC measure-
ments. However, it can be observed that for a velocity of 0.02 mm/min (Figure 9), the
strain gauge curve closely aligns with the strains from the low-value region. This suggests
that the strain gauge in this particular is located in the area dominated by lower strain
values, randomly selected within the measurement area. In the case of the second test
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(Figure 10), the curve runs more towards the middle, indicating that the measurement is
more averaged.

There is a noticeable peculiarity in the strain curves (Epsilon X), clearly visible in
Figure 10 at approximately the 7-s mark. At that specific moment, a significantly increased
localised strain began to emerge in the analysed faced fields, indicating the occurrence
of a microcrack within the sample. This crack is visibly depicted as a red area within the
selected facet fields, as illustrated in Figure 8. It is worth noting that this red area is absent
at the beginning of the test and starts to manifest around the 7 s mark. Additionally, the
crack specifically manifests in the X direction and does not appear in the Epsilon Y curves.
Furthermore, the strain gauge measurement does not capture this crack as the T-rosette is
positioned in a different area of the sample.

The relative differences between the high-value and average-value areas, as well as
between the low-value and average-value facets, were analysed. Table 3 presents the results
for the test at a loading rate of 0.02 mm/min, with values determined at 5000, 10,000, and
15,000 s. Table 4 presents analogous results for 5, 10, and 15 s of testing at a loading rate of
20 mm/min.

Table 3. Analysis of relative differences in directional strain measurements with different measure-
ment fields selected. The loading rate is set at 0.02 mm/min.

Time Epsilon_Xaver Epsilon_Xmax Epsilon_X;, The Difference Relative to Xayer of
[s] [mm/mm] [mm/mm] [mm/mm] Xmax Xmin
5000 0.0163 0.0173 0.0143 6.2 —12.4
10,000 0.0338 0.0385 0.0283 13.9 —-16.2
15,000 0.0502 0.0553 0.0430 10.3 —-14.3

Time Epsilon_Yaver Epsilon_Ymax Epsilon_Yni, The Difference Relative to Yayer of
[s] [mm/mm] [mm/mm] [mm/mm] Ymax Y min
5000 —0.0133 —0.0136 —0.0118 1.9 -12.9
10,000 —0.0304 —0.0333 —0.0261 9.6 —21.6
15,000 —0.0472 —0.0494 —0.0419 4.5 —15.1

Table 4. Analysis of relative differences in directional strain measurements with different measure-
ment fields selected. The loading rate is set at 20 mm/min.

Time Epsilon_Xaver Epsilon_Xmax Epsilon_Xpyin The Difference Relative to X,ver

[s] [mm/mm] [mm/mm] [mm/mm] Xmax Xmin
5 0.0141 0.0158 0.0106 12.0 —-25.0
10 0.0311 0.0360 0.0232 159 —25.4
15 0.0485 0.0553 0.0376 14.1 —22.6
Time Epsilon_Yaver Epsilon_Ymax Epsilon_Ypnin The Difference Relative to Yaver
[s] [mm/mm] [mm/mm] [mm/mm] Ymax Ymin
5 —0.0093 —0.0101 —0.0112 8.3 11.6
10 —0.0256 —0.0232 —0.0247 —94 6.4
15 —0.0402 —0.0388 —0.0406 —-3.5 4.6

Differences in strain measurements depending on the selected facet groups can reach

several percent. At the beginning of the test, with a loading rate of 0.02 mm /min, choosing
facets from a high-value area resulted in approximately 6% higher strains in the X direction
compared to a balanced selection (average-value area). On the other hand, selecting
extremely low-strain fields led to measurements underestimating the values by over 12%
compared to the averaged values. As the test progressed, the relative differences increased.
After 10,000 s, a relative difference for the high-strain field reached nearly 14%, while the
low-strain field underestimated the values by 16%. It is important to note that the difference

19



Polymers 2023, 15, 2846

between the highest and lowest strain fields also increased. During the subsequent reading

at 15,000 s,

the differences stabilised and slightly decreased.

The analysis of transverse strains confirms the aforementioned trend. The differences
in the second reading reach up to 20% for the lowest strain field. However, it is worth
noting that the differences are lower compared to the axial direction.

The results obtained from the strain gauge measurement method and various DIC
facet areas were used to generate shear stress—strain curves, which are presented in
Figures 11 and 12. In all cases, the shear strain values were calculated using Equation (1).
These graphs illustrate how the location of the strain measurement area influences the
shape of the shear stress curve. The electro-resistant curve (black colour) generally lies
roughly between the high- and low-value DIC curves.
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Noteworthy differences can be observed, particularly in the transitional region where
the shear curve shifts from linear to nonlinear. This can have a significant impact on the
measurement of strength parameters, such as the shear offset yield strength. For a loading
rate of 20 mm/min, readings can range from 27 to 32 MPa (indicated by the dotted line
in Figure 12), depending on the selection of the measurement area or the positioning of
the strain gauge. At a lower loading rate, the values can fluctuate between 21 and 27 MPa
(indicated by the dotted line in Figure 11).

It can be concluded that choosing a location on the sample surface with a lower level
of strain results in an increase in the shear stress curve because the given load value is
recorded for a lower strain. The electro-resistant curves lie roughly between the upper and
lower DIC curves. In the DIC analysis, it is possible to choose any area. The choice of the
location for strain gauge mounting is random.

4. Discussion of the Results

The determined material properties of the G/V composite, as a function of strain rate,
indicate that the shear strength increases with higher strain rates. This relationship can
be represented by a straight line on logarithmic loading rate coordinates. Such a trend is
commonly observed in polymer matrix composites that demonstrate viscoelastic behaviour
and is consistent with findings reported in the existing literature.

The investigation of the shear stress—strain curve was extended with optical measure-
ments, enabling the determination of strain distribution on the G/V composite. An uneven
distribution of the strain field was observed, characterised by a net-like pattern caused by
the presence of surface layers of glass fabric in the composite.

Based on measurements from various facet areas, it was observed that there are relative
differences of several percent between the areas of the averaged facets and the areas of the
facets with high or low values. These differences are more pronounced at higher loading
rates, where they can reach up to 25%.

DIC measurement is well suited for detecting anomalies and damaged areas in FRP
composites, as investigated in [32]. During the G/V test, it was observed on the DIC maps
that as the damage progresses, an increasing number of areas exhibit significant levels of
strain. This phenomenon can be attributed to the development of damage, formation of
defects, and microcracks. This could potentially explain the non-linear shape of the shear
stress—strain curve.

In the shear graphs (Figures 11 and 12), the gamma strain is limited to 10%. However,
shear-by-tensile tests were carried out until failure. An example image of a DIC area from
one of the samples is provided in Figure 13. Despite being observed at low magnification,
numerous cracks, indicated by ellipses, are visible on the surface of the samples. Neverthe-
less, associating specific cracks with the corresponding DIC image can be challenging due
to potential overlapping and alterations that may occur throughout a test.

Figure 13. An example image of a DIC area from one of the samples tested with a loading rate of
20 mm/min reveals the presence of multiple visible cracks in the field, examples of which were
indicated with the red ellipses.
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Strain field optical measurement methods, such as Digital Image Correlation (DIC),
appears to be the optimal choice for capturing non-uniform strain distribution on the
surface of GFRP composites. When analysing DIC results, it is essential to pay attention to
potential variations in the strain distribution. In the case of observing regions with higher
strain values, it is important to verify whether they are a result of deformation or material
damage.

The shear stress—strain curve obtained via tensile testing does not take into account
the non-uniform strain distribution on the composite. Usually, the curve is determined
based on strain gauge measurements. However, the installation of T-rosette strain gauges
is random with respect to the described strain distribution. Consequently, the placement of
the strain gauge or choosing a DIC facet area can influence the determined gamma strain
and strength parameters. In particular, it may influence the measurement of the shear
offset yield strength. When using the electrical resistance method, it is recommended to
place multiple strain gauges on the measurement surface of the tested material in order to
achieve more reliable results and understand the variability of values. This allows for the
determination of strains at multiple measurement points and the identification of any areas
with atypical responses.

The literature on FRP composite research is extensive, with numerous studies utilising
the DIC method for strain field measurement. However, most of these studies concentrate
on carbon FRP composites and cover a wide range of strength tests conducted under differ-
ent conditions, making direct comparisons with this work challenging or even impossible.
Nevertheless, the overall findings remain consistent. The strain field is observed to be
non-uniform, as demonstrated in studies such as [26,27,33], which were dedicated to CFRP
composite. During testing of the G/V, the occurrence of cracks, damage, and delamination
becomes clearly visible on DIC maps.

When conducting strain measurements using both strain gauges and DIC, it is impor-
tant to compare the results obtained from these methods to identify any differences and
understand their causes.

5. Conclusions

This study aimed to investigate the non-uniformity of the strain field during the
off-axis tensile test of the G/V composite and its influence on the shape of the shear curve.
The following key conclusions can be drawn:

e  Significant non-uniformities in strain distribution were observed on the tested samples’
surface, manifested as a mesh-like pattern.

e  The choice of the measurement area had an impact on the shape of the stress—strain
curve. Differences in strain measurements depending on the selected areas could
reach several percent and influence the obtained stress—strain curves and strength
parameters.

e  The DIC method proved to be valuable in detecting anomalies and damages in FRP
composites. As the damage progressed, an increasing number of regions with higher
strain values exceeding two percent, were appearing on the DIC maps. Microcracks
and defects were identified within the composite structure. This could potentially
explain the non-linear shape of the shear stress—strain curve.

e Itis essential to consider potential variations in strain distribution when analysing
DIC results. In the case of observing regions with higher strain values, it is important
to verify whether they result from deformation or material damage.

e  When utilising the electrical resistance method, it is recommended to place multiple
strain gauges on the measurement surface of the tested material in order to achieve
more reliable results and understand the variability of values. This allows for the
determination of strains at multiple measurement points and the identification of any
areas with unusual responses.
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e  When conducting strain measurements using both strain gauges and DIC, it is impor-
tant to compare the results obtained from these methods to identify any differences
and understand their causes.
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Abstract: Additive manufacturing using continuous carbon-fibre-reinforced polymer (CCFRP)
presents an opportunity to create high-strength parts suitable for aerospace, engineering, and other
industries. Continuous fibres reinforce the load-bearing path, enhancing the mechanical properties
of these parts. However, the existing additive manufacturing processes for CCFRP parts have nu-
merous disadvantages. Resin- and extrusion-based processes require time-consuming and costly
post-processing to remove the support structures, severely restricting the design flexibility. Addi-
tionally, the production of small batches demands considerable effort. In contrast, laser sintering
has emerged as a promising alternative in industry. It enables the creation of robust parts without
needing support structures, offering efficiency and cost-effectiveness in producing single units or
small batches. Utilising an innovative laser-sintering machine equipped with automated continuous
fibre integration, this study aims to merge the benefits of laser-sintering technology with the advan-
tages of continuous fibres. The paper provides an outline, using a finite element model in COMSOL
Multiphysics, for simulating and identifying an optimised operating point range for the automated
integration of continuous fibres. The results demonstrate a remarkable reduction in processing time
of 233% for the fibre integration and a reduction of 56% for the width and 44% for the depth of the
heat-affected zone compared to the initial setup.

Keywords: laser sintering (LS); continuous carbon-fibre-reinforced polymer parts (CCFRP); fibre
integration unit; heat-affected zone; finite element model; central composite design (CCD)

1. Introduction

The utilisation of continuous carbon-fibre-reinforced polymer (CCFRP) parts in indus-
trial applications presents a substantial opportunity for achieving significant reductions in
future product consumption and CO2 emissions while maintaining economic viability [1].
CCEFRP parts are notable for their favourable weight-to-strength ratio and impressive me-
chanical tensile properties along the fibre orientation. Continuous fibres play a crucial role
in enhancing the mechanical characteristics of fibre-reinforced parts along the load-bearing
pathway [2].

Additive manufacturing processes offer a promising avenue for the tool-less and
time-efficient production of CCFRP parts, allowing for high levels of customisation and
shape complexity. Material extrusion (MEX), which includes techniques like fused layer
modelling (FLM) and ARBURG plastic freeforming (APF), has gained prominence in the
literature as a viable method for the additive manufacturing of CCFRP parts [3-9]. Another
category of processes employed for CCFRP parts is vat photopolymerisation (VPP) [10-12].
However, it is essential to note that CCFRP parts produced using these processes (MEX
and VPP) have decisive disadvantages. The inherent nature of these processes necessitates
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using support structures, which must be removed and managed after production. This
results in additional time and cost implications for the disposal and post-processing steps.
Furthermore, the reliance on support structures restricts the ability to create features such as
overhangs, cavities, and undercuts, consequently limiting the complexity of the produced
parts. Additionally, removing support structures can potentially introduce surface defects
to the remaining part surfaces, leading to a less uniform appearance of the parts. Moreover,
MEX and VPP processes do not facilitate cost-effective small-batch production.

In contrast, the laser-sintering (LS) process is a compelling alternative for CCFRP parts.
In a comparative analysis of the mechanical and thermal properties, as well as the long-term
stability of polymer parts produced via material extrusion (MEX), vat photo polymerisation
(VPP), and LS, the LS process exhibits notable advantages, notably in the creation of durable,
functional parts akin to those produced through injection moulding [13,14]. As reported
in [13], laser-sintered specimens demonstrate a higher Young’s modulus compared to their
injection-moulded counterparts, attributed to the increased crystallinity in the molecular
structure of the semi-crystalline thermoplastics. The tensile strength in the LS-produced
specimens closely approximates that of their injection-moulded counterparts. Additional
merits of the LS process include the absence of support structures, offering greater design
flexibility. In LS, unprocessed powder is a natural support structure, eliminating the
need for labour-intensive and costly post-processing steps [15]. Furthermore, LS can
generate near-net-shape functional parts with intricate features like undercuts, cavities, and
overhangs in a single manufacturing step. The LS process’s ability to efficiently position
parts vertically and horizontally within the powder bed facilitates cost-effective small-batch
production [13,16]. Compared to parts produced through fused layer modelling (FLM), LS-
produced parts exhibit significantly reduced anisotropy, enhanced dimensional accuracy,
and reduced surface roughness [13,17]. Consequently, the LS process offers promising
foundational properties (matrix) for CCFRP parts. However, it is worth noting that there
are currently no commercially available LS machines that fully integrate the advantages
of the LS process with those of continuous fibres. Challenges associated with integrating
continuous fibres into the LS process primarily revolve around intricate temperature control
and the repetitive recoater movement for each layer.

To harness the distinct advantages of the LS process and leverage the promising
attributes of continuous carbon fibres, a technical demonstration of feasibility was con-
ducted [18-20]. This involved the layer-wise integration of continuous rovings (fibre
strands) into laser-sintered parts composed of PA12, facilitated by a newly developed LS
machine. Central to this prototype LS machine is a dedicated fibre integration unit designed
to seamlessly incorporate the rovings into the pre-existing layers of the parts. A heated
fibre nozzle is employed to liquefy the polymer locally, creating a heat-affected zone (HAZ)
characterised by specific width and depth parameters. Subsequently, a synchronised series
of movements involving the roving feed rate and the nozzle feed rate is used to introduce
the roving into the liquefied polymer melt. In a prior study [19], an in-depth examination
of the extended LS process was conducted, focusing on temperature control during the
integration of fibres to determine the optimal operational conditions for achieving curl-free
roving integration. Furthermore, an investigation into the impact of the process parameters
and their interactions on the dimensions of the HAZ was carried out [18] using a split-plot
design (SPD). The findings from these previous studies [18,19] served as the foundational
knowledge for this research. However, the insights gained from [18] led to an inefficient
production process for continuous carbon-fibre-reinforced polymer CCFRP parts. The pro-
duction speed was relatively slow, necessitating a low feed rate for roving integration. This
low feed rate resulted in an economically disadvantageous and time-consuming production
of CCFRP parts. Additionally, the dimensions of the HAZ, particularly its width and depth,
were more significant than desired, requiring the placement of rovings at a significant
distance from the part edges. This oversized HAZ resulted in a limitation in achieving
a higher fibre volume content (FVC) and the corresponding mechanical properties. As a
result, the full potential of the new LS process with continuous fibre integration remained

26



Polymers 2023, 15, 3975

untapped. Only by identifying an optimised operational point for roving integration is
it possible to reduce the dimensions of the HAZ and, crucially, the processing time in a
targeted manner. A systematic approach to determining an operating point that ensures
a secure process and a suitably compact HAZ while enabling swift roving integration is
imperative for the cost-effective production of LS components with elevated FVC and
enhanced mechanical properties.

Therefore, the objective of this paper is the simulation-based identification of an
optimal operating point range within which the smallest possible HAZs can be generated,
and the rovings can be integrated into the part as quickly as possible but simultaneously
in a process-safe manner. Using COMSOL Multiphysics (Version 6.1), the process zone is
first modelled with the help of a macroscopic modelling approach. Using this FE model,
the creation process of the HAZ, due to the heat input of the heated fibre nozzle, is to
be simulated, and an optimised operating point range is to be identified in a subsequent
simulation study. Section 2.1 presents the principle of roving integration. The influencing
and target variables on the roving integration caused by the fibre integration unit are
discussed in the same section. The procedure for deriving the FE model in COMSOL
(Version 6.1) is described in Section 2.2. The same section presents the evaluation procedure
for evaluating the FE model’s accuracy using a convergence analysis and a plausibility
check. Section 2.3 describes the approach for the simulation-based identification of an
optimised operating point range with the help of a central composite design (CCD) with
initially assumed factor levels within which an optimised operating point range is sought.
Finally, the identified operating point range derived by the FE model is experimentally
validated, and the roving integration is analysed in the same chapter using an adjusted,
more detailed CCD. Section 3 presents and discusses the results concerning the initial state.

This study successfully showcased a substantial 233% reduction in the processing time
required for roving integration. Consequently, this achievement paves the way for the more
cost-effective production of CCFRP parts using the developed LS machine. Furthermore,
56% and 44% reductions in the width and depth of the heat-affected zone (HAZ) were
attained. This advancement enables the integration of rovings closer to the edges of the
parts, thereby permitting a higher fibre volume content (FVC). As a result, this study
offers optimised operation points that can guide future research efforts in systematically
enhancing the FVC and the accompanying mechanical properties of CCFRP parts.

2. Materials and Methods
2.1. Principle of Roving Integration

This section outlines the process flow to provide a fundamental understanding of
roving integration within the developed LS machine—see Figure 1a.

It is important to note that this paper does not offer an exhaustive description of
the machine itself or the achievable properties of the produced parts, as those details
can be found in [18,20]. The process begins within a heated process chamber of the LS
machine, maintained at approximately 110 °C. Subsequently, a fresh layer of powder is
evenly applied by the recoater, and the powder bed’s surface temperature is homogenised
using infrared (IR) emitters. Black PA12 powder (Sintratec AG, Brugg, Switzerland) with
a melting temperature of approx. 185 °C is used as the matrix material. The laser beam
then liquefies the applied powder layer. Following ISO 6983 G-code instructions, the layer-
specific (2D) integration of one or more rovings is carried out sequentially. In order to be
able to process parts with the developed LS machine, a MATLAB app was developed in xy
to slice the parts (.stl) and generate the G-code for roving integration [21]. The developed
LS machine uses 1K rovings (HTA40) with 67 tex (Teijin Limited, Tokyo, Japan), a width of
about 365 pm and a thickness of about 110 um. The 1K rovings have an elliptical shape in
their delivery condition. To facilitate this process, the entire fibre integration unit, with an
additional heat source and a heated fibre nozzle, is moved rapidly in the x and y directions
to reach the initial point of the first roving path located in the stable sintering region.
Detailed descriptions of all symbols used in this process can be found in Tables 1 and 2.
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Figure 1. View of the process chamber of the developed LS machine (a) with a detailed view of the
fibre integration unit (b). Schematic representation of the heat fluxes and influencing factors (c).

Detailed illustrations of the fibre integration unit and its constituent components are
provided in Figure 1b,c. Throughout the entire roving integration process, the structure of
the fibre integration unit moves into the path of radiation from the infrared (IR) emitters
installed within the LS machine. This movement results in the shadowing of IR radiation.
To maintain the powder bed’s part and surface within the sintering window, a metal plate
fitted with an adhered silicone heating mat (functioning as an additional heat source) is
positioned parallel to the powder surface. It is situated at a distance of hyyys beneath
the bottom side of the fibre integration unit. The term “sintering window” refers to a
temperature range encompassing the interval between the onset of crystallisation and the
melting of the semi-crystalline thermoplastic material used. The PA12 material employed
in this study corresponds to an approximate crystallisation temperature of 154 °C and a
melting temperature of around 184 °C, resulting in a sintering window of 30 °C [19,22].
The interaction between the heated fibre nozzle, operating at temperature T3 , and the
part’s surface induces the formation of a localised melt zone or heat-affected zone (HAZ).
The dimensions of this HAZ, namely, its width byjaz and depth tyjaz, describe the extent
to which the polymer’s viscosity is locally reduced. The successful embedding of rovings
within the part relies on creating a sufficiently deep HAZ through the action of the heated
fibre nozzle. The resultant molten material adheres to the roving, firmly anchoring it to the
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underlying layers. Positioned above the fibre nozzle, a cutting blade trims the continuous
roving to a length specified by the programmed instructions in the G-code. It is important
to note that the built-in diode laser, operating at 450 nm with a power output of 1.6 W,
remains inactive during the roving integration process. Following the successful integration
of the rovings, the fibre integration unit returns to its designated home position, and the
recoater applies a fresh layer of powder. Once the infrared (IR) emitters have sufficiently
heated and homogenised the powder bed surface to reach the sintering temperature of
approximately 175 °C, the laser is employed to melt the new powder layer, thereby fully
incorporating the roving within the polymer matrix. This sequence is repeated until all
rovings have been integrated per the instructions specified in the G-code. Subsequently,
after the printing process concludes, a controlled cooling process is initiated for the powder
bed housing the CCFRP parts.

Table 1. Influencing variables for keeping the part/powder bed surface temperature within the
sintering window.

Symbol Description Unit Setting Value
dr Thickness of the 1K roving pm State of delivery ~ 365
Distance between fibre nozzle and
hp mm PLC 0-2
powder bed surface
. . ) dpo >2
dpo | dp; Outer dp,, and inner diameter dp; of the mm Lathe D,oi_
fibre nozzle dp; = 0.6
K The curvature of the fibre nozzle - Lathe Planar/concave
Apwms Area of the heat source (metal plate) mm? Laser cutting ~ 22,500
Air gap width (additional heat source to g
hpvs powder surface) mm Feeler gauge tape 0-2
The emissivity of the fibre nozzle . -
D (black-oxidised) ) Varnished =09
The emissivity of the already molten part . -
ep (Sintratec PA12) - State of delivery ~ 09
The emissivity of the matte-black-painted . -
EHM3 metal plate - Varnished ~ 09
Tp Fibre nozzle temperature °C PLC ...400
To Powder bed surface temperature °C PLC ...200
Tavs Heat source temperature (metal plate) °C PLC ..200
—C Heat due to radiati Y
QSfB cat osses duetota %a ?on Disturbance variables
—Qk Heat losses due to radiation W

Table 2. Target variables for successfully heating the part/powder bed surface within the sintering
window during roving integration.

Symbol Description Unit
VD Process time expressed by the nozzle feed rate S
byaz Width of the HAZ mm

hg Overlap of the roving as a measure of process reliability mm
Depth of the HAZ. For a process —
tHaz mm

safe roving integration, tyjaz > 350 um is assumed.

2.1.1. Transferred Heat with Influencing and Target Variables during Roving Integration

An analytical examination of the heat transfer process is employed to determine the
variables that have an affect and those are aimed for in the context of roving integration.
One-dimensional heat flows were utilised to simplify this analysis to characterise the
influencing and target variables outlined in this study. The heat transfer during the roving
integration process can be mathematically described in Equation (1).

QmulJl = Qums + QN 1)
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The first term in Equation (1) accounts for the heat delivered to the surface of the
powder bed via the additional heat source. The part and the powder bed surface are
kept warm within the sintering window, with the assistance of the additional heat source
denoted as Qyq\3, located on the bottom side of the fibre integration unit to ensure the
integration of rovings in a secure and replicable manner. For an extensive analysis of the
additional heat source and Qgy3, please refer to [19].

The second term in Equation (1) represents the heat the heated fibre nozzle conveys.
This heat flow primarily plays a pivotal role in directing heat energy transfer, thus facilitat-
ing the formation of the HAZ. The heat transferred through the fibre nozzle is quantified
according to Equation (2).

Qs = (o~ ds) (W O S (o) e @
D w1

The first term within the parentheses in Equation (2) pertains to Fourier’s law, de-
scribing the heat exchange between the ring-shaped fibre nozzle characterised by inner
diameter dp; (responsible for guiding and transmitting the roving inside the fibre nozzle),
outer diameter dp ,, nozzle curvature k, and the surface of the powder bed. It is assumed
that heat is exclusively transferred through heat conduction across the air gap hyns, which
constitutes a scenario of free convection involving internal flow and heat radiation [18,20].
Under these conditions, the Rayleigh number (Ra) is less than 1, indicating a stable strat-
ified fluid layer with no induced flow (Nusselt number, Nu, equals 1) [23]. The second
term within the parentheses in Equation (2) corresponds to the Stefan-Boltzmann law,
incorporating an additional radiation exchange between the front surface of the fibre nozzle
and the surface of the powder bed. From the standpoint of a stationary point on the part’s
surface, Atpy signifies the temporal duration during which the heated fibre nozzle with a
surface area Ap(dp,, dp,,) imparts heat to the part at a feed rate of vp . The duration Atgy
for heat transfer can be influenced by the feed rate vp of the fibre nozzle. It is important to
note that potential convection currents between the fibre nozzle and the supplementary
heat source and heat dissipation at the peripheries of the additional heat source into the
surroundings were assumed but not considered in this analysis.

The parameters outlined in Equation (2) summarise the factors influencing the roving
integration process within the developed laser-sintering machine, and their definitions
are provided in Table 1. It is imperative to mention that this analysis did not incorporate
influences arising from the laser-sintering process, such as interactions between the laser
and the part, material composition, or ageing effects of the powder. These factors were
maintained as constant as possible throughout the studies, as detailed in Section 2.3.

The target variables for successfully integrating rovings in the developed LS machine
are depicted in Figure 2.

o

unfavorable l favorable Fresh powder layer
hR>hS ! hR%hS ! hR<hS
Recoater
level
hgr . hs
o 0
56
251 Level of the
S Eps build surface
Yer | | Heat-affected zone

Roving (buaz tnaz)

Figure 2. Schematic representation of the influence of the HAZ on the roving overlap hg.
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It is crucial to create a HAZ to position the roving below the recoater’s movement
level, denoted as hg (the predetermined layer thickness during the printing process), to
ensure the successful integration of rovings. In practical terms, tiaz needs to be adjusted
to sufficiently immerse the roving in the molten material, meaning hg should be less than

hg. This configuration avoids the formation of any disruptive contours for the recoater,
ensuring process reliability.

Consequently, the finite element (FE) model must yield a value for tgaz correspond-
ing to a roving thickness of approximately 365 pm. If the roving extends too far beyond
the part’s edges hr > hg, it could lead to a collision between the recoater and the roving
during the subsequent recoating process. Such an occurrence may result in the part being
displaced by the recoater, necessitating the stop of the printing process. Additionally,
minimising bpaz is essential for enabling rovings to be placed as close to the edges of the
part as possible without causing the unsintered and loose powder to melt beyond its edges.
According to the results of the SPD from [21], byaz and taz of the HAZ constantly change
with a constant aspect ratio byaz / tgaz when varying the process parameters (e.g., fibre
nozzle feed rate and nozzle temperature). In other words, if, for example, tpaz of the HAZ
is reduced by increasing the nozzle feed rate, byyaz is reduced simultaneously. For this
reason, only tpaz is considered in this paper, as this is primarily responsible for the process
reliability of the roving integration. Regarding cost-effective production, the duration
required for roving integration plays a crucial role. This processing time is determined by
the feed rate vp of the fibre nozzle. The specific objectives for successful fibre integration
are outlined in Table 2.

Initial studies were conducted in [18,19] for the influencing and target variables
listed in Tables 1 and 2. The experimental analysis and quantification of the effects and
interactions of vp, hp, dp o, hms, k, and Tp on the width and depth of the HAZ (without
the influence of roving integration) were analysed using an SPD in [18,24]. According
to [18], vp, hp, dp, , and Tp have the most significant influence on the shape of the HAZ.
hp cannot be set smaller than 0.6 mm from the powder bed surface; otherwise, the powder
can adhere to the fibre nozzle and, thus, reduce the effective fibre nozzle distance. This
leads to entrainment effects in the powder bed or the part. Furthermore, an outer diameter
of the fibre nozzle of 2 mm has been established. dp , directly influences the bygz. Due to

dp; = 0.6 mm, the outer diameter cannot be reduced further, as this would weaken the
fibre nozzle too much. According to [19], an operating point was found for Tz and hipvs
at Tivs = 190 °C and hyvs = 0.8 mm, where rovings can be reliably integrated into the
parts. This leaves Tp and vp for an optimisation of twgz. In other words, the two factors,
Tp and vp, can be varied to optimise twgz. According to the SPD in [19] and Equation (2),
a further reduction of twgz is achieved by increasing Tp and vp as optimisation direction.

This paper aims to determine an operating point range in which the condition
tHaz > 365 um is achieved with the highest possible fibre nozzle feed rate vp using
an FE model in COMSOL Multiphysics (Version 6.1). The findings from the SPD in [19]
are used to evaluate the FE model’s plausibility and accuracy with the help of a CCD
with initially assumed factor levels within which an optimised operating point range
(tmaz > 365 um) is sought. Finally, the adjusted operating point range derived by the
FE model is validated with the help of an adapted and experimentally performed CCD
with more detailed factor levels. In addition, the influence of roving integration on the
depth of the HAZ is analysed, and an optimised operating point for roving integration is
experimentally derived. The results are described and discussed in Section 3.

2.2. Numerical Modelling

In this section, a systematic derivation of an FE model for modelling the formation
process of the HAZ is carried out based on physical assumptions and simplifications. The
results generated from the FE model are first compared with the results of the SPD from [18]
to evaluate the plausibility and accuracy of the FE model. The FE model was then used to
identify an optimal operating point range for Tp and vp.
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2.2.1. Modelling Approach

A macroscopic modelling approach is employed in which individual particles within
the part are not individually considered. Instead, the molten part is treated as a continuous
medium with homogenised properties. The fluctuations in temperature within the molten
part due to the heat source Qp; are described using a nonlinear heat transfer equation as
defined in Equation (3) [25].

oT
PPCP o = -Vq+Q 3)

The quantities pp [kg/m?®] and Cp [J/(kg-K)] represent the part’s density and heat
capacity. Equation (3) delineates the alterations in the part’s temperature resulting from
the heat fluxes q [W/m?| and external heat sources Q [W/m?], predominantly involving
conduction, convection, and radiation.

2.2.2. Model Assumptions and Simplifications

For the derivation of the FE model, some physical assumptions and simplifications are
made based on the findings from [18,19] to keep the computing time and the required stor-
age space low while still gaining maximum knowledge. The most important assumptions
and simplifications are listed in the following points.

e  The supplied heat flow Q3 compensates for heat losses due to radiation and con-
vection according to Equation (1), consisting of heat conduction through the air gap
and the radiation exchange between the installed additional heat source and the part
surface. Consequently, the heat losses are not considered in the FE model but only the
supplied heat Qg3 of the additional heat source.

e  According to Equation (2), the heat input is based on heat conduction through the air
gap and the radiation exchange between the ring-shaped fibre nozzle and the part’s
surface. The FE model does not consider possible convection flows between the fibre
nozzle and the additional heat source.

e  The surrounding and loose powder bed is not considered in the FE model, but only
the already manufactured part. The part edges are isolated in the FE model.

e  Modelling approaches from the current state of research and technology for analysing
the laser-sintering process consider the phase transformation from powdery to molten
states [26,27]. However, in the developed LS machine, the HAZ is generated in
the molten state of the part, which the laser has transformed. The phase transition
has, therefore, already taken place when the HAZ was created. Therefore, only the
material properties of the molten state of the part are used. Isotropic part properties
are assumed. This means that constant values are used for the thermal conductivity of
the part Ap for the part density pp, and, thus, for the porosity of the part ®p and the
specific heat capacity cp (constant pressure). The thermal conductivity of the air in the
air gap is the only variable with a temperature dependence A (T).

e To determine the target value tyaz in the FE model, only the part area with a
temperature value equal to or higher than the melting temperature of the PA12
part Ty is evaluated.

e  According to Figure 1b, there is symmetry in the centre of the fibre nozzle and along
the y-axis (axis of movement of the fibre nozzle). Due to this symmetry property, only
half of the process zone is modelled in the FE model.

e  To simplify the FE model, not the entire additional heat source is modelled, but only
the immediate vicinity of the process zone, consisting of the PA12 part, fibre nozzle,
air gap, feeler gauge tape, metal plate of the additional heat source, and guidance.

e Due to the roving’s current scattering position/orientation in part [18], only the
formation process of the HAZ is modelled. The influence of the roving on the HAZ
is, therefore, not an object of investigation of the FE model. For a simulation-based
identification of an operating point range with the highest possible fibre nozzle feed
rate, a value of tiaz ~ 365 um is assumed. According to Table 1, this corresponds to
the approximate thickness of a 1K roving.
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2.2.3. Geometric Model Structure

To build an FE model in COMSOL Multiphysics (Version 6.1), a geometric representa-
tion of the process zone to be investigated must first be created. According to Section 2.1.1,
the process zone consists of the PA12 part in which the HAZ is generated, along with the
air gap, the feeler gauge tape with guidance, and the fibre nozzle, which is mandatory for
creating the HAZ. These components are modelled within COMSOL so that the settings
to be investigated can be parameterised. A parameterisation of the geometry parameters
(hp, hpvs, dp o, and k) enables a simple and automated variation of the influencing vari-
ables using a MATLAB script linked to the FE model when carrying out parameter studies.
Figure 3a shows the CAD model, including the installed components of the process zone.
For comparison, Figure 3b shows the simplified geometry of the process zone realised
in COMSOL.
Closed nozzle slot e
Feeler gauge tape Yiliie Siiilts

o Steel stiffener

Guidance
Fibre nozzle

Feeler gauge

Silicon heating mat tape

Matt black lacquered
aluminium plate Air gap
(@) (b)

Figure 3. Three-dimensional view of the additional heat source with fibre nozzle, feeler gauge tape,
and guide (a), and geometry implemented in COMSOL for process zone (b).

PA12 part

2.2.4. Material Properties with Initial Settings

Table 3 shows the material parameters relevant to the FE model with numerical values
and sources. In addition, Table 3 shows the initial values for all materials that form the
starting point for the simulation.

Table 3. Material parameters and initial values are defined in COMSOL.

Symbol Description Value Unit Source
p Density of the molten part 1040 % [28]
P Porosity of the part 8.5 % [29]

Tm Melting temperature of PA12 184 °C [30]
To Temperature of the smte.re.q part, as well as the part 179 oC [19]
surface (initial value)
Ta The initial temperature of the air in the air gap 179 °C [31]
Ap Thermal conductivity of the PA12 part 0.26 (I;N—K) [28]
cp Specific heat capacity of the PA12 part 2.66 (k;]K) [26]
ep The emissivity of the PA12 part 0.90 - [19]
The emissivity of the black lacquered metal plate of
“HM3 the additional heat source 0-97 ) [32]
EFN The emissivity of the copper fibre nozzle (oxidised) 0.76 - [32]
EFGT The emissivity of the feeler gauge tape 0.85 - [32]

As described in Section 2.2.2, isotropic material properties are assumed for the PA12
part. For modelling heat conduction through the air gap, the heat conduction coefficient
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through the air is relevant. The temperature-dependent thermal conductivity can be
approximated according to [23] using Equation (4).

A(T) = 0.0651T + 24.881 @)

2.2.5. Meshing Zones and Moving Mesh

To reduce the calculation time, the individual meshing zones of the assembly are
meshed with different degrees of resolution according to their expected influence on the
simulation results. For this reason, the geometry from Figure 3 is partitioned into sections.
The following Figure 4 shows the meshing zones used.

(6) Extruded mesh -
stretched

(2) Mesh PA12

(1) Common and partitioned mesh for the fibre
nozzle and air

(5) Extruded mesh — compressed

Figure 4. Process zone with the occurring mesh zones and initially assumed mesh resolution.

Table 4 lists the individual meshing zones with the initially assumed mesh resolu-
tion. The meshing parameters for the individual mesh resolutions are in the COMSOL
documentation [33].

Table 4. Individual meshing zones with initially assumed mesh resolution.

Meshing Zone Description Mesh Resolution
1 Common mesh for the fibre nozzle and air. Fine
2 PA12 Fine
3 PA12 Coarse
4 PA12 Coarse
5 Extruded mesh—compressed Coarse
6 Extruded mesh—stretched Coarse

For a detailed description of the mesh specifications, please refer to [33]. The PA12, the
front surface of the nozzle, and the air near the nozzle are significantly involved in the heat
transfer and the formation of the HAZ. Consequently, a fine mesh is initially assumed there.
The nozzle and the air section mesh in a standard mesh using a parameterisable selection
cylinder along the rotation axis of the fibre nozzle in COMSOL. The PA12 part is also
partitioned. In this way, a correspondingly fine mesh can be selected in the area where the
HAZ is formed, and the low-influence areas of the PA12 part can be more coarsely meshed.
The guidance, the feeler gauge tape, and the black lacquered metal plate are provided with
a coarser mesh. By default, geometries in COMSOL are meshed tetrahedrally. To replicate
the one-dimensional movement of fibre nozzle feed along the y-direction, the moving mesh
knot is used in COMSOL. The moving mesh knot allows the deformation of the extruded
meshes (zones 5 and 6), which realises a relative movement between zones 1 and 2. The
extruded mesh in zones 5 and 6, represented by a rectangular mesh, includes the edge
zones of the feeler gauge tape, the black lacquered plate of the additional heating mat, and
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the air. It is assumed that these zones along the extrusion axis have a minor influence on
the target variables. The following Figure 5 shows the displacement of the mesh along
the y-axis.

(b)

Figure 5. The initial state of the moving mesh at time t = 0 s (a) and the extruded mesh at a relative

fibre nozzle offset of 40 mm (b).

Figure 5a shows the initial state of the mesh at time t = 0 s. Figure 5b shows the
extruded mesh at a relative fibre nozzle offset of 40 mm. Zone 1 moves continuously,
whereas the extruded meshes in zones 5 and 6 deform. Equation (5) is used to simulate the
nozzle feed rate vp. A

s [mm
Y0 = ¢ [ min) ©)

Here, As represents the travelled path of the fibre nozzle within a discrete time step
At. To ensure relative movement between zones 1, 5, and 6, sliding conditions are defined
on the surfaces of the deformable zones so that no fixed nodes to neighbouring areas are
generated during meshing.

The mesh resolutions initially assumed in Table 4 are optimised in Section 2.3.1 with
the help of a convergence analysis. The model’s accuracy can be increased with more
account points. However, this happens at the expense of computing time and memory
requirements. Therefore, a compromise must always be found between accuracy and
computing time or storage capacity.

min

2.2.6. Physics with Initial and Boundary Conditions

The meshing zones for the PA12 part and the air are selected in the physics module
heat conduction—see Figure 6a.
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Figure 6. The volumes (purple) involved in the FE model in which heat conduction occurs (a) and
the surfaces (purple) involved in the FE model which are involved in radiation exchange (b).

The heat conduction within the heating mat is insignificant for the FE model. There-
fore, only the additional heat source’s black lacquered metal plate surfaces are given a
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temperature boundary condition (Tyns3), which can be adjusted via the model’s parameter
list. This conducts heat through the air gap between the black lacquered metal plate and
the PA12 part. The heat conduction from the fibre nozzle is also ensured by a temperature
boundary condition (Tp). The air and the PA12 part are given an initial value (Tp) at the
beginning of the simulation, corresponding to the LS machine’s preheating. Furthermore,
the circumferential surfaces of the FE model receive a thermal insulation condition. On
the one hand, the surfaces in the symmetry plane of the FE model must be insulated, as
there are no heat flows here. On the other hand, the outer surfaces of the air region and the
PA12 part are isolated. Since only a section of the black lacquered metal plate is shown in
the FE model, no heat transfer from the heating mat to the surrounding process chamber
occurs there.

The thermal radiation physics module in COMSOL is applied to all surfaces involved
in radiation exchange—see Figure 6b. These include the surface of the black lacquered
metal plate, the bottom of the feeler gauge tape, and the surfaces of the PA12 part and the
fibre nozzle. The direction of the emitted radiation is determined by the opacity, which
is why the radiation exchange takes place through the air areas. The total heat Qpy to
be transferred according to Equation (2), the multiphysics function heat transport with
surface-to-surface radiation, is applied in COMSOL.

2.2.7. Determination of the Depth of the HAZ

To determine the width and depth of the HAZ, the General Projection function in
COMSOL is used [34]. For each discrete time step At of the moving mesh, the heat
propagation in the PA12 part is calculated. Using the General Projection operator, starting
from the centre of the HAZ, the distance along the Cartesian axes is integrated until the
condition Tys > 184 °C is fulfilled. A detailed description of how the General Projection
Operator functions is given in [34]. The result is a value for the width and depth of the
HAZ. The result of the simulation, the HAZ, is shown in Figure 7.

Fibre nozzle

biaz

Temperature
profile of the HAZ 460

(a) (b)

Figure 7. Isometric view of the evolution of the HAZ within the part when moving mesh is executed
(a), as well as a front view of the HAZ with half width and total depth of the HAZ (b).

By default, COMSOL Multiphysics defines the time steps At = 3 s used to solve
a time-dependent problem. The predefined settings, however, lead to irregular HAZs
that do not occur in reality. The greater the feed rate of the nozzle, the worse the HAZ
reproduced. To counteract this, time steps are given to the temporal solver of the FE
model. A further convergence analysis examines the effect of the selected time step on the
HAZ—see Section 2.3.1.

2.2.8. Evaluation of Model Quality

As described in Section 2.2, a compromise must be found between model accuracy
and computing time or storage capacity. The meshing zones introduced in Section 2.2.5
are increasingly refined during a convergence analysis, starting from the initially assumed
mesh resolution. The resulting changes in the target value tyaz as a function of the
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number of elements/mesh resolution are presented with the help of tables and a diagram
indicating the number of elements and calculation time. In addition to the standardised
mesh resolutions in COMSOL (fine, finer, extra fine, and extreme fine) [33], two additional
customised mesh resolutions, according to Table 5, are also used.

Table 5. Additional and customised meshing parameters of the convergence analysis.

Mesh Max. Min. Max. Curvature Resolution
Proverties Element Size Element Size Element %ac tol: of Narrow
P [mm] [mm] Growth Rate Areas
Custom 1 1 0.017 1.3 0.2 1
Custom 2 0.5 0.017 1.3 0.2 1

To determine a suitable time step At of the moving mesh function, the procedure is
analogous to the convergence analysis described above. The only difference is using a time
step At instead of the mesh’s number of elements/mesh resolution. In addition to the time
step of three seconds automatically defined by COMSOL, the time steps 2s,1s,0.75 s, and
0.5 s are used as time steps.

After completion of the convergence analysis, it is qualitatively checked whether
the FE model correctly determines the calculated results for the depth of the HAZ. In
other words, it is checked whether the physics and material parameters in the FE model
correspond to the experimental results up to that point. Using a plausibility check, the
results of the FE model are compared with the results of the SPD from [18]. The results
of this SPD are the main effect and interaction diagrams for the investigated parameters
(Tp, havs, Tawms, hp, k, and dp o). To check the plausibility of the developed FE model,
the exact repetition of the SPD from [18], including the factor-level combinations, is carried
out with the help of the FE model and Minitab (2022 Cloud App). A detailed description of
the SPD is not given here. For this, please refer to [18]. The plausibility is checked using
arrows by comparing the main effect and interaction diagrams concerning the slope. If, for
example, the effect has a positive slope when changing from the first to the second level
value of a factor, an ascending arrow symbol 1 is assigned to this diagram. A descending
arrow symbol | is assigned in the case of a negative slope. The procedure for the other
factors is analogous. Finally, the agreement of the arrow symbols, i.e., the agreement
between simulation and experiment, is checked (v). For the interactions, two arrows are
used instead of one arrow.

To determine the model accuracy, the quantitative results (mean values) of the SPD are
compared with the simulated results of the FE model for the same factor-level combinations.
The degree of agreement, i.e., the model accuracy, epg, between simulation and experiment
is expressed in %.

2.3. Simulation-Based Identification of an Optimal Operating Point Range

The starting point for the simulation-based optimisation of vp and tiyaz is the knowl-
edge of the SPD from [18]. Section 2.1.1 describes process parameters Tp and vp, which
must be increased to reduce the target value tyaz (optimisation direction). The correlation
between the dependent target variable tyj57 and the independent influencing variables Tp
and vp is required to determine an optimal operating point range.

2.3.1. Determination of an Optimised Operating Point Range

To identify an optimised operating point range for Tp and vp, in which tyaz ~ 365
um can be achieved, the relationship between tiaz(Tp, vp) is first derived with the help
of a central composite design (CCD) with initially widely spaced factor levels. A CCD
consists of a full factorial or partial factorial ground plan and a central star. CCD designs
have an orthogonal design with a two-stage structure. The two-stage basic design can be
evaluated in advance. The star can be used to create both square and cubic models. Such
experimental designs are preferably used for the optimisation of target variables. Due to
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two independent influencing variables and a dependent target variable, the cause—effect
relationship of these variables can be described in three-dimensional space. Following
the Stefan—-Boltzmann law as outlined in Equation (2), it is observed that alterations in
temperature exhibit a nonlinear impact on the transferred heat Qgy. Therefore, Equation (6)
serves as a fundamental framework for comprehensively depicting the linear and nonlinear
influences of Tp and vp on tygayz -

f(x,y) = ag + ayx + agy + agxy + agx® + asy” + agx’y? ©)

To determine the coefficients from Equation (6), assumed factor-level combinations of
a central composite design (CCD) are first set and varied using the developed FE model
and a linked MATLAB script, and the target value tyaz is determined. The initial factor
levels are selected so that the results of the CCD include tgayz = 365 um. Information on
the construction and derivation of a CCD can be found in [35]. Since the results of the FE
model are not subject to scatter, the factor-level combinations are not repeated, nor are
randomisation and block formation.

The following considerations determine the initial factor levels for Tp and vp of the
CCD within which the value taz ~ 365 is expected.

e  The basis for optimisation is the best operating point of the production process so
far [35]. According to the results of the SPD, the best operating point range so far
is based on the process understanding gained in [18], where the process parameters
have a constant value of Tz = 190 °C and dp, = 2 mm and the fibre nozzle has
a planar front surface. This factor-level combination achieves an average value of
taaz(TD = 280 °C, hp = 0.8 mm, and vp = 60 mm/min) = 52 pm. According to
Equation (2), a heat quantity of approx. Qgy = 28.7 joules is transferred to the PA12
part. This heat quantity of 28 joules, thus, forms the lower edge of the operating point
range, which must be applied to generate a HAZ. The largest heat quantity of approx.
Qpn =152.8 joules is reached at a factor-level combination of tyaz (Tp = 310 °C,
hp = 0.4 mm, and vp = 30 mm/min). A mean value tgaz (Tp =310 °C, hp = 0.4 mm,
and vp = 30 mm/min) = 783 pum is achieved. Thus, the heat quantity of 152.8 joules
represents the upper edge of the operating point range. The heat quantities were
calculated using Equation (2), along with an averaged heat conduction coefficient for
the air between the heated fibre nozzle Tp and powder bed surface To.

e Itis assumed that, for higher values of Tp and, especially, vp, a tgaz ~ 365 pm can
be identified as long as the amount of heat transferred to the part is within the range
of 28.7 joules < Qpy < 152.8 joules.

e  As the first upper factor level (1), a value of Tp = 360 °C and vp = 150 mm/min is
initially set. The amount of heat Qgy (Tp = 360 °C, vp = 150 mm/min) thus trans-
ferred is 29.3 joules. The setting of the SPD with Tp =310 °C and vp =60 mm/min is
determined as the CCD’s lower factor level (—1). The factor-level combinations of the
initial CCD are shown in Table 6.

Table 6. Factor levels used for the initial CCD with abbreviations and heat quantity transferred.

Tp VD Orn
310 (—1) 60 (—1) 50.9
360 (+1) 60 (-1) 73.2
310 (—1) 150 (+1) 20.4
360 +1) 150 (+1) 293
299.7 ) 105 ©) 26.6
370.4 +.2 105 0) 446
335 0) 414 ) 89.7
335 0) 168.6 +2 22
335 0) 105 0) 35.3
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The first four columns contain the factor-level combinations of the CCD. The last
column contains the amount of heat transferred to the part. Three values are below
28 joules. Since this initial CCD intends to find a parameter constellation for Tp and vp at
which a value of tgaz ~ 365 um can be achieved, the CCD assumed in Table 6 is used as
a first approximation. According to [18], and for reasons of process safety (Section 2.1.1),
hp has a constant value of hp = 0.6 mm for all factor-level combinations. Using the FE
model and based on the factor-level combinations given in Table 6, an optimised operating
point can be found for which a tyaz(Tp, vp) &~ 365 um can be achieved. Based on this
identified operating point, a more detailed CCD is derived, based on which the operating
point determined by the FE model is to be validated experimentally.

2.3.2. Experimental Validation of the Adjusted Operating Point Range

The starting point for the experimental validation is the more detailed CCD deter-
mined by the FE model and adjusted concerning the factor levels. The samples with
integrated HAZ are produced with the developed LS machine’s help to validate the operat-
ing point range according to the adapted CCD'’s factor-level combinations. The generated
HAZ is then measured in its depth. The specimens used in this study were rectangular
parts with dimensions of 60 x 15 x 3 mm? (1 x w x h) and were constructed using PA12
material (specifically, Sintratec black). The design of these specimens was adapted from
a previously established geometry described in [19]. Notably, the specimens’ thickness
and width were significantly larger than the HAZ. Consequently, the heat input occurred
exclusively within the generated part structure, preventing any melting of the unsintered
powder. The positioning of these specimens within the powder bed of the developed LS
machine is depicted in Figure 8 below.

s Stable built area (105 mm X 105 mm)

ot o N Path of the fiber nozzle

wn

BT pecimens|

Path of the .
fiber nozzle

{ \

Roving integration area
(105 mm X 80 mm)

(a) (b)

Figure 8. 3D view of the arrangement of the specimens in the built volume of the LS machine (a) and
a top view (b) with the movement path of the fibre nozzle (red lines).

The specimens were placed at a separation of 2 mm from each other along the x-
axis. Furthermore, adjacent specimens were positioned with a 0.5 mm offset along the
z-axis, corresponding to the build direction. The HAZ insertion occurred after 2.5 mm,
corresponding to the 25th layer of each part. The fibre integration unit executed a rapid
traverse to reach the initial position for the path of motion, indicated by the red line in
Figure 8b. Subsequently; it moved at the feed rate specified in the experimental design,
following which it returned to its home position via rapid traverse. Five central points were
selected for each block to generate orthogonal blocks [35]. Each combination of factor levels,
including two replications and the corresponding central point, was produced within a
single print run, forming one block. The sequencing of experiments within two blocks
was randomised using Minitab software (2022 Cloud App). The settings employed for
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producing the samples with the developed LS machine aligned with those described in [18].
Notably, the travel distance of the fibre nozzle, and, thus, the area subjected to melting,
exceeded the dimensions of the part itself, resulting in a protrusion at the end faces of
the specimens. The specimens were prepared in a manner that allowed the HAZ to be
observable for evaluation to ascertain the depth of the HAZ. This was achieved by trimming
off the projecting portion (a “slug”) of the melted area at the front of the specimens using
a scalpel. The depth of the HAZ was then measured using a microscope (specifically, the
Keyence VHM 7000), following the procedures outlined in [18].

2.3.3. Influence of Roving Integration on the Depth of the HAZ

In addition to the previously outlined experimental design, an analysis was conducted
to assess the impact of roving integration on the HAZ. The modified CCD was replicated
while considering the influence of roving integration to accomplish this. The results were
compared with those from the CCD experiments conducted without roving integration.
However, given that it is challenging to visually distinguish the roving from the surround-
ing matrix when examining the specimen from the front (as illustrated in Figure 9a), a
scalpel was employed to incise the specimen, as demonstrated in Figure 9b. This incision
allowed for the measurement of the overlap of the roving [26].

Figure 9. The surface of a sample with embedded 1K roving uncut (a) and cut open with a scalpel (b).

In addition to the depth of the HAZ, the roving overlap is an important target value
for roving integration. If the roving overlap is too high, a dragging effect of the part and
the roving can occur. To determine the roving overlap, the total part thickness is first
determined. Based on the known number of powder layers per part ny = 30, the thickness
per layer hg (~0.095 mm) can, thus, be determined—see Figure 10. This layer thickness
h¢ is necessary since the part will shrink during cooling. In addition, the roving overlap
hg can be determined from the known integration layer of the roving at ng; = 25. The
roving overlap is compared to the set powder layer thickness during printing and/or the
movement level of the recoater at hg (= 0.1 mm) and should ideally be hg < hs.

Part layers 1K RQving

hp < hg

Mot

Figure 10. Schematic representation for calculating the roving overlap within a specimen.

The machine settings employed in this study mirrored those utilised in [18]. The
roving selected was a coated 1K roving (67 tex, HTA40) sourced from Teijin Limited. The
chosen roving featured a coating material comprising a thermoplastic-compatible polymer
dispersion known as PERICOAT AC250 [36] to facilitate adequate bonding between the
fibre and matrix. The coating content was maintained at 5% [35]. Finally, the process un-
derstanding gained in this paper is validated using a demonstrator part. The demonstrator
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part is a battery tab gripper for handling battery electrodes within an agile battery cell
production line [37].

3. Results and Discussion
3.1. Model Quality

During the convergence analysis, a change in the mesh resolution for the initially
assumed coarse meshing zones 3 to 6 does not lead to a significant difference in the target
value tigaz. For meshing zones 1 and 2 and time step At of the moving mesh, changes in
tyaz could be recorded based on the convergence analysis.

Figure 11 below shows the result of the convergence analysis for meshing zone 1.

0.335
Number of elements Time

0.33 . . 1201 54 min
0.325 1504 1h 4 min
3273 1h 11 min
0.32 11022 1h 25 min
0 10,000 20,000 30,000 28165 2h 11 min

Number of elements
(a) (b)

Figure 11. Depth of the HAZ as a function of the number of elements (a) and required calculation
time (b) for meshing zone 1.

It can be seen in Figure 11a that the target tijaz converges relatively early. According
to Figure 11b, the required calculation time is 54 min for the smallest number of elements
and 2 h 11 min for the highest number of elements. A number of elements of 110,022 are
selected for this mesh (Custom 1).

Figure 12 shows the result of the convergence analysis for meshing zone 2 (PA12).

03 Number of elements Time

0.25 996 21 min

4930 25 min

02 24591 38 min
0.15 220384 2h 25 min
100 1,000 10,000 100,000 1,000,000 440891 5h 10 min

Number of elements
(a) (b)

Figure 12. Depth of the HAZ as a function of the number of elements (a) and required calculation
time (b) for meshing zone 2.

It can be seen in Figure 12a that the target value tgaz appears to change extremely
late, i.e., at a high number of elements. According to Figure 12b, the required calculation
time is 21 min for the smallest number of elements and 5 h 10 min for the highest number
of elements. Due to the significant jump between the extremely fine mesh and the Custom
1 mesh concerning tpjaz of about 0.05 mm, a number of elements of 220,384 are chosen for
meshing zone 2 (Custom 1).

Figure 13 shows the result of the convergence analysis for the time step At.
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Figure 13. Depth of the HAZ as a function of the time step At (a) and required calculation time
(b) for the moving mesh.

It can be seen in Figure 13a that the target value tyjaz does not converge even at a very
high mesh resolution, i.e., at an increased number of elements. However, the changes in
tiaz are still approximately 0.02 mm for the tiniest time steps. According to Figure 13b, the
required calculation time is 34 min for the smallest number of elements and 1 h 22 min for
the largest number of elements. Due to the relatively small change in the target value with
small time steps, a time step of 0.5 s is, nevertheless, selected since it was shown during the
CCD that the high values of the fibre nozzle feed rate could be better reproduced with this
time step.

Table 7 summarises the mesh resolutions for the meshing zones 1-6.

Table 7. Selected mesh resolutions for meshing zones 1 to 6.

Meshing Zone Description Mesh Resolution
1 Common mesh for the fibre nozzle and air Custom 1
2 PA12 Custom 1
3 PA12 Coarse
4 PA12 Coarse
5 Extruded mesh—compressed Coarse
6 Extruded mesh—stretched Coarse
Time step Moving mesh 0.5s

In the following, the results of the plausibility check are presented. Table 8 contains
the results of the plausibility check comparing the slopes of the main effects of the SPD
from [18] and the slopes of the main effects of the FE model. For this purpose, the results of
the FE model were evaluated using Minitab (2022 Cloud App).

Table 8. Comparison of the slopes of the main effect diagrams between the FE model and the SPD.

Factor Factor Level 1—Factor Level 2 Experiment Slope Simulation Slope Concordance
K (planar—concave) 3 + v
dp,o (2 mm—4 mm) 1T v
hp (0.4 mm —0.8 mm) + 1 v
o (280 °C—310 °C) 1 1 v
VD (30 mm/min—60 mm/min) i J v
ThM3 (190 °C—200 °C) 0 T v

It can be seen from Table 8 that the slope characteristics simulated by the FE model
correspond to the slope characteristics of the main effects of the experimentally conducted
SPD from [18]. Thus, it can be assumed that, at least for the main (linear) effects, the FE
model provides a correct estimation for an optimised operating point range.

In Table 9, the slopes identified from the SPD for the significant interactions are
compared with those from the FE model for the same interactions.
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Table 9. Comparison of the slopes of the interaction diagrams between the FE model and the SPD.

Interaction Factor

1/Factor 2 Experiment Slope Simulation Slope Concordance
k/dpe T 7 v
</ hp H H v

dp,e / Tp o = v

dpo / VD N 1 v

vo /1o W H v

As in Table 8, it can be seen in Table 9 that the slope curves of the interactions simulated
by the FE model match the slope curves of the experimentally performed SPD from [18].
Thus, in addition to the main effects, it can be assumed that the FE model provides a correct
estimate for an optimised operating point range when performing the CCD in Section 3.2.

To determine the model accuracy egg, the results of each factor-level combination of the
FE model were compared with the measured values for tyjs7 from the SPD. The maximum
model deviation is 22%. This results in a model accuracy of e, = 78%. The most probable cause
for the model deviation of 22% is the unfavourable position of the factor-level combination.
For this factor-level combination, the transferred heat quantity Qgy is a value of 28.7 joules.
This heat quantity corresponds to an average value of tpaz (Tp = 280 °C, hp = 0.8 mm,
vp = 60 mm/min, k =Concave, Tz = 190 °C, and dp , = 2 mm) = 52 pm. When evaluating
this factor-level combination, it was found that the generated HAZ was barely visible and,
thus, could not be reliably measured. This factor-level combination was repeated several
times to obtain a statistically reliable result. With another factor-level combination, an average
value of tyaz (Tp = 310 °C, hp = 0.4 mm, vp = 30 mm/min, k =planar, Tz = 190 °C,
and dp, = 2 mm) = 783 um was obtained. At this setting, a heat quantity of 152.8 joules is
transferred to the part. For this factor-level combination, a model accuracy of 82% could
be achieved in comparison. Further causes for reduced model accuracy are listed in the
following points:

e  Depending on the position of the parts in the powder bed, the porosity of the parts can
vary significantly due to temperature differences caused by the installed IR emitters or
the additional heat source on the powder bed surface [13]. This has a direct influence
on how the heat propagates within the part. The result is scattered values for the
width and depth of the HAZ.

e  Furthermore, the mixing ratio of the PA12 powder used has a decisive influence on
the part properties. Although a mixing ratio of 60% new powder and 40% old powder
was used for the SPD, according to [38], the proportion of old powder contributes to
the scattering.

e  Another cause of the reduced model accuracy is the possible convection flows in the
air gap between the heated fibre nozzle and the part surface due to the nozzle velocity.
These convection currents can influence the transferred heat quantity Qgy.

e  The values in the FE model are partly based on literature values. Depending on
the powder composition of the manufacturer, the material characteristics assumed
in Table 3 may differ from the real material characteristics. Furthermore, the mesh
resolutions have an additional influence.

In summary, it can be said that, according to the results of the plausibility check, the
FE model can reflect the experiments well concerning the slope curves. A model accuracy
of e; = 78% is classified as acceptable. Due to the proven plausibility and considering the
FE model’s accuracy of e, = 78%, the FE model is used to identify an operating point range
for Tp and vp, in which tgaz ~ 365 um occurs with high probability.
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3.2. Operating Point Range for Roving Integration

In this section, the simulation-based derivation of an operating point range is carried
out within which the rovings can be integrated into the part as reliably as possible, i.e.,
sufficiently deeply and with the highest possible fibre nozzle feed rate. Since the FE model
does not consider the roving, an operating point range is sought with the help of the FE
model by achieving a value of tyaz ~ 365 um. tgaz ~ 365 um is the average roving
thickness. It is assumed that, at tiyaz ~ 365 um, the roving is integrated sufficiently deeply
into the part without forming an interfering contour for the recoater.

3.2.1. Adjustment of the Operating Point Range

The starting point for the simulation-based identification of an operating point range
for vp and Tp are the factor-level combinations of the CCD listed in Table 6 and initially
assumed. With the help of the FE model and the MATLAB link, these factor-level combina-
tions were set, and the regression equation and the coefficient of determination R? were
determined. In the following Figure 14a, the generated surface response diagram and the
simulated points of the FE model can be seen in red.

370
360
W mse |

o 30}

2 330}

/ =116 mm/min
320} 3
310 +
300 : . . . . i
T [°C 40 60 80 100 120 140 160
D [°C] vp [mm/min] v, [mm/min]
(a) (b)

Figure 14. The results (red dots) of the initial CCD simulated with the FE model and the surface
response diagram (a) derived with Minitab. Possible parameter constellations (blue line) for vp and
Tp for which the condition taz ~ 365 um applies (b). Selected operating point at Tp = 345 °C
(black dot).

It can be seen that the determined factor-level combinations from Table 6 include
and can map the assumed condition tgaz(Tp, vp) ~ 365 um. The regression equation
calculated from Minitab (2022 Cloud App) is shown in Equation (7).

tiaz(Tp, vp) = —400 + 3.7vp — 3.4Tp — 0.001v3 + 0.009T% — 0.003vpTp 7)

With a coefficient of determination of R? = 0.98, this value is close to 1. Thus, with
the help of the determined regression equation, the simulated target value tyaz(Tp, vp)
is very well reproduced. Figure 14b shows the possible parameter constellations for Tp
and vp, where a value of tgaz & 365 um is achieved. The fibre nozzle feed rate in mm/min
is plotted on the x-axis, and the nozzle temperature in °C is plotted on the y-axis. The
graph in Figure 14b represents the function values calculated by the regression model at
constant tHAZ(TD/ VD) ~ 365 um.

To achieve a high fibre nozzle feed rate for tiaz (Tp, vp) ~ 365 um and, thus, a reduced
process time, the nozzle temperature Tp must be increased at the same time according
to Figure 14b so that the same amount of heat is transferred to the part. According to
Figure 14b, the desired operating point range for Tp and vp, thus, moves to the upper
right corner. Since a high fibre nozzle feed rate is sought, an initial setting at a temperature
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of Tp = 345 °C is defined as the first starting point of the CCD to be adjusted, which
will be used for the experimental validation. This temperature value, while maintaining
the requirement taz(Tp, vp) ~ 365 um and according to Figure 14b, corresponds to
a feed rate value of approximately vp = 116 mm/min. This factor-level combination
Tp = 345 °C and vp = 116 mm/min is, thus, determined as the central point of the new,
adjusted CCD. According to [35], starting from this starting point (central point), a factor-
level combination is selected in the assumed optimisation direction, i.e., in the direction of
a higher fibre nozzle feed rate vp (reduced process time for roving integration). Table 10
shows the factor-level combinations selected for the adjusted CCD with the new, more
detailed operating point range.

Table 10. Factor levels used for the adjusted CCD with abbreviations.

Factor -2 -1 0 1 V2
Tp(°C) 335 338 345 352 355
vp(mm /min) 92 99 116 133 140

3.2.2. Experimental Validation of the FE Model in the Adjusted Operating Point Range
without the Influence of Roving Integration

Based on the factor levels for the adjusted CCD in Table 10, PA12 parts were produced
using the developed LS machine and the generated HAZ (without roving) was measured.
The measured and FE-model-simulated values for the depth of the HAZ are listed in
Table 11, together with the prevailing model deviation.

Table 11. Comparison of simulated and experimental results for tyjoz with deviation and an indica-
tion of model accuracy.

Tp vD tgaz[um] FE Model  ty,7[um] Experiment  Atgaz[um] Deviation [%]
338 (-1) 99 (1) 388 391 4 1
352 (+1) 99 (1) 426 400 —26 6
338 (—1) 133 (+1) 308 275 -33 12
352 (+1) 133 (+1) 345 292 —53 18
335 ~ 2 116 (0) 337 295 —42 14
355 + \/2 116 0) 391 336 —55 16
345 (0) 92 ) 426 447 21 5
345 0) 140 +2 313 284 —-29 10
345 (0) 116 (0) 365 354 —11 3

The experimental results for the depth of the HAZ are close to the simulated results.
The last column shows that the relative maximum model deviation between the experiment
and the FE model is max. 18%. Compared to the initial model accuracy of 22%, which was
determined with the help of the SPD, the model accuracy could be reduced with the CCD.
A possible reason for this could be the reduced number of factors. Compared to the SPD,
where six factors are varied, with the CCD, only two factors are varied, and the rest are
kept constant. This reduces the scattering influence of the factors that are held constant.
Figure 15 compares the surface response diagrams of the CCD derived using Minitab for
the FE model (top) and the experiments carried out (bottom).
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Figure 15. Surface response diagram for the results determined with the FE model (top) and the
experimental results (bottom).

Equation (8) shows the regression function generated by Minitab (2022 Cloud App) to
describe the depth of the HAZ for the experimentally performed CCD without the influence
of the roving integration (lower surface response diagram).

traz = 46,214 — 274.1Tp — 13.56vp + 0.3980T2 + 0.01903v3 + 0.0168Tpvp  (8)

The standard error of the regression, S, for the depth of the HAZ was low at 32.41 pum.
Therefore, the predicted deviation from the actual value was only 36.68 pm. The coefficient
of determination is R? = 0.78 and is rated as acceptable. Furthermore, Equation (9) shows
the regression function describing the depth of the HAZ for the simulation-based CCD
(upper surface response diagram).

traz = —400 + 3.7Tp — 3.4vp — 0.001T2 4 0.009v2 + 0.003Tpvp )

The standard error of the regression, S, for the depth of the HAZ was also low at 32.41
pum. Therefore, the predicted deviation from the actual value was only 36.68 um. The
coefficient of determination is R? = 0.98, close to 1 and rated as very good.

It can be said that the two surface response diagrams are relatively close. The surface
response diagrams are further apart for high feed rate values vp than for lower feed values.
Furthermore, it can be seen in Figure 15 that the surface response diagram for Equation (9)
drops for both high and lower temperatures. The causes for deviations between the
surface response diagrams could be the same as in Section 3.1. In addition, the longer
sample geometry could be another reason for a reduced coefficient of determination for
Equation (9). Due to the longer length of the samples compared to the samples from
the SPD, the samples from the CCD may lie in areas on the powder bed where the heat
distribution is no longer constant. The result is an increased pore content of the parts and a
reduced value for the depth of the HAZ.

3.2.3. Influence of Roving Integration on the Depth of the HAZ

The identical sets of factor levels from the modified CCD were selected to examine the
impact of roving integration on the depth of the HAZ, as outlined in Table 10 [21]. Equation
(10) represents the regression function derived from the CCD outcomes, used to model the
HAZ depth with consideration of the roving’s influence.

traz = 39,969 — 224.5Tp — 18.14vp + 0.33T3 + 0.0651v3 (10)
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The standard error of the regression (S) for the HAZ depth was notably low, measuring
35.69 um. Although the coefficient of determination R? of 0.72 was lower than that of the
model presented in Equation (10), it is considered acceptable. In Figure 16a, a surface
response plot based on Equation (9) of the FE model (excluding the influence of the roving)
was compared with Equation (10) (considering the influence of the roving).

With the integration of rovings, it is evident that the depth of the HAZ becomes
more substantial compared to scenarios without roving integration. Furthermore, roving
integration primarily influences the depth of the HAZ, increasing it by approximately
100 pm. In comparison, the width of the HAZ experiences a marginal increment of about
32 um, consistent with findings in [18]—this increase in depth primarily results from
the heat transferred from the heated fibre nozzle to the roving. The stored heat of the
roving contributes to additional melting, resulting in an average increase of 110 um in the
HAZ depth. Figure 16b presents the contour diagram for Equation (10) (CCD with roving
influence). According to the contour lines in Figure 16b, the minimum depth is observed in
the top-left region. In this case, it corresponds to a nozzle temperature between 335 °C and
345 °C and a feed rate between 130 mm/min and 140 mm/min. The predicted HAZ depth
within this range falls below 540 um and above 520 pm.
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Figure 16. Surface response diagram of the FE model (bottom) and surface response diagram of the
experimentally performed CCD with the influence of roving integration (top) (a). Contour diagram
of the upper surface response diagram from (a) with contour lines (b).

To assess the reliability of the roving overlap above the integrated part level, it was
observed that there was no significant influence on the nozzle feed rate within the range
of 92 mm/min to 140 mm/min. Consequently, additional specimens were employed to
explore the limitations of the nozzle feed rate. A nozzle temperature of 345 °C was set for
these particular specimens, while the nozzle feed rate was systematically adjusted. The
supplementary feed rates used were 160, 180, 200, 220, 240, and 300 mm /min, each repeated
twice for reliability. Furthermore, only those derived from the modified CCD using a nozzle
temperature of 345 °C were used for consistency among the specimens. Figure 17a presents
the results concerning the measured roving overlaps (blue dots), the recoater’s movement
level (red), and a linear trend line (black) to represent the estimated measurement points.
Figure 17b illustrates the rovings’ orientation in the selected specimens’ parts.
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Figure 17. Influence of nozzle feed rate on roving overlap (a) and uncontrolled roving orientation
within the specimen (b). The blue dots indicate the roving overlap and the red line in (a) indicates
the layer thickness during printing.

The recoater’s movement level depicted in Figure 17a remained constant at 100 pum,
aligning with the predetermined layer thickness during printing. Figure 17a provides
a visual representation of the measured values’ variability. However, an increase in the
nozzle feed rate resulted in the roving being less deeply embedded in the heat-affected
zone (HAZ), which raised the risk of the recoater encountering the roving or potentially
becoming entangled with it. Notably, while there were fewer data points for specimens
with feed rates exceeding 140 mm/min, three values (representing 25% of these specimens)
surpassed the 100 um limit. Examining Figure 17b reveals significant variations in the
shape and orientation of the rovings among the specimens. Some specimens exhibited flat
and wide rovings, while others had tall and narrow ones. This underscores the substantial
impact of orientation as a significant source of variation affecting the successful integration
of rovings. The arbitrary orientation of the rovings has a significant effect on the overlap
of rovings and, consequently, the reliability of the process. Process limits are established
based on the conducted tests and the previously established relationships to address
this issue. Increasing the nozzle feed rate while reducing the nozzle temperature led to
the shallower embedding of the roving within the part. This heightened the risk of the
recoater encountering and entangling the roving. Furthermore, this condition increased the
likelihood of powdered material adhering to the nozzle, potentially disrupting the printing
process. The powder adhering to the nozzle was observed at 335 °C with a feed rate of
160 mm/min and 345 °C with a 200 mm/min feed rate. In the experimental CCD study,
a detailed examination was conducted within the temperature range of 335 °C to 355 °C
for the nozzle and within the feed rate range of 92 mm/min to 140 mm/min. Notably, no
disturbances were encountered during the production of 52 specimens within this range,
leading to the conclusion that a process-reliable integration of fibres can be achieved within
these parameters.

The following factors are potential explanations for the lower coefficients of determi-
nation and the lack of control over roving orientation:

e  The entire structure of the fibre integration unit remains within the process chamber of
the developed LS machine during the printing process, leading to thermal expansion
and potential changes in manually set values (e.g., nozzle distance) compared to the
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system’s cold state. Additionally, thermal expansion of the feed spindles that position
the fibre integration unit can introduce errors and alter nozzle feed rate values.

e  The PLC temperature setting accuracy is approximately -1 °C, which can contribute
to variations in the measurement results.

e  The inner diameter of the fibre nozzle exceeds the thickness of the roving, resulting
in an increased play of the roving within the fibre nozzle. This play can lead to
uncontrolled roving placement within the part.

e  Other factors, such as the placement of specimens in the powder bed, the condition
of the powder’s ageing, and the condition of roving delivery, may also contribute to
result deviations.

3.2.4. Determination of an Optimal Operating Point

All target parameters must be considered to determine the optimal operating point
for the developed LS machine. Notably, the settings for nozzle temperature and nozzle
feed rate exert opposing effects on the target variables. A higher nozzle feed rate proves
advantageous for the width and depth of the HAZ (heat-affected zone) and processing
speed. Conversely, lowering the nozzle temperature results in reduced HAZ dimensions.
Conversely, a higher nozzle temperature and a lower nozzle feed rate enhance process
reliability. The adjusted CCD analysis identified an optimal range between 335 °C and
345 °C at a nozzle feed rate of 130 mm to 140 mm per minute for the HAZ depth. Further
reductions in either nozzle temperature or increases in nozzle feed rate should be avoided
for process safety. Considering these factors, a nozzle feed rate increase enhances all three
remaining target values. Therefore, a process limit of 140 mm per minute was selected
for optimisation. At the same time, nozzle temperature variations have a relatively minor
impact within the range of 335 °C to 345 °C; a limit of 340 °C was set to ensure greater
process reliability. Considering process reliability, speed, and HAZ size, the optimised
operating point corresponds to a nozzle temperature of 340 °C and a nozzle feed rate of
140 mm per minute. According to the FE model, this setting is expected to yield a HAZ
width of 2638.72 pym and a HAZ depth of 523.36 pum. An overview of all settings for the
optimal operating point is provided in Table 12.

Table 12. Identified operating points evaluated as optimal for reproducible and process-reliable

roving integration.

Operating Points

Tp (°C) 340
vp (mm/min) 140

In the future, several approaches can be considered to enhance process reliability and
reduce processing time:

e  Modifying the fibre nozzle’s inner diameter to match the roving’s shape or making it
smaller can provide better control over the orientation of the rovings within the part.

e Implementing additional twisting of the rovings before coating could result in a
rounder shape. This, combined with adjustments to the inner diameter of the fibre
nozzle, may improve deposition accuracy within the part.

3.2.5. Manufacturing of a Battery Tab Suction Gripper

For the experimental validation of the identified and optimised operating points
from Table 12, this section involves the production of a battery tab suction gripper with a
function-integrated spring, i.e., without subsequent assembly, for agile fuel cell production.
Figure 18a shows the 3D model of the suction grip with integrated roving paths (red) inside
the struts to be reinforced, which was created using generative design.
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(b)

Figure 18. Three-dimensional view of the 3D model in the slicer app with roving paths in red (a) and
manufactured suction gripper with integrated spring (b).

In the struts, within which the rovings are to be integrated, the part has a minimum
part diameter of 3.5 mm. The risk of the HAZ protruding from the part, thus affecting the
struts” overall appearance and reducing the struts” surface quality, is, therefore, relatively
high. Using the optimised operating point from Table 12, three rovings could be integrated
into each strut according to Figure 18b, and, thus, the part could be successfully manufac-
tured and reinforced. The surface of the struts differs only marginally from the rest of the
part.

4. Conclusions

The LS machine developed for the additive manufacturing of CCFRP parts aims to
combine the specific advantages of the LS process with continuous roving reinforcement.
This technology enables the future production of intricate, near-net-shape functional parts
with favourable matrix properties. The approach allows for load-path-oriented reinforce-
ment with continuous rovings, offering economic benefits by eliminating the need for
support structures and reducing post-processing efforts.

This study pursued the systematic optimisation of roving integration within a newly
developed LS machine. This involved utilising an FE model in COMSOL and conducting
experiments using a CCD. The optimisation focused on crucial aspects such as processing
time, process reliability, and the HAZ’s shape. The critical findings of this study are
summarised as follows:

e Using a convergence analysis and plausibility check, the developed FE model could
be verified concerning model plausibility. The FE model shows the same physical
behaviour as the split-plot design (SPD) in [18]. When comparing the results from the
SPD and the FE model, an initial model accuracy of the FE model of 78% is achieved.

e A large percentage of the deviations between the developed FE model and the con-
ducted experiments most likely originate in the pure LS process and the course of
roving integration. Depending on the position of the parts in the powder bed, the
porosity of the parts can vary significantly on the powder bed surface due to tempera-
ture differences caused by the installed IR emitters in the LS machine or the additional
heat source of the fibre integration unit [20]. This has a direct influence on how the
heat propagates within the part. The result is scattered values for the width and depth
of the HAZ. Furthermore, the mixing ratio of the PA12 powder used has a consider-
able influence on the part properties. Another cause for reduced model accuracy is
the occurrence of possible convection flows in the air gap between the heated fibre
nozzle and the part surface due to the nozzle feed rate. These convection currents
can influence the transferred heat quantity Qpy;. The material parameters or the mesh
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fineness used in the FE model in COMSOL can also affect the target values and, thus,
the model accuracy.

e  With the help of the derived FE model and a CCD with initially widely spaced
factor-level combinations, an operating point range could be identified in which
taz(Tp, vp) ~ 365 um occurs. Based on a selected operating point at Tp = 345
°C and vp = 116 mm/min, a new, more detailed CCD was derived as the basis for
experimental validation of the FE model.

e The adapted CCD was carried out experimentally and simulatively. In a result com-
parison, the model accuracy of the FE model could be reduced to 18%. The reasons
for this are the reduced number of varying factors and, thus, a reduced scattering
effect. The experimental regression model for the detailed CCD has a coefficient of
determination of 0.78 and is close to 1. The target variable tyyaz(Tp, vp) can thus be
described relatively well by the influencing factors.

e  Additional factors contributing to the lower coefficients of determination include the
thermal expansion of the fibre integration unit, potential deviations in temperature
settings controlled by the PLC, the interaction between the roving and the inner
diameter of the fibre nozzle, and scattering effects linked to the laser-sintering process
(such as material properties and specimen placement within the powder bed).

e Integrating rovings into the part results in an expanded HAZ. Specifically, the depth
of the HAZ is notably increased compared to scenarios without roving integration.
Roving integration primarily influences the depth, which sees an average increase
of 100 um. This heightened depth can be attributed to the heat transferred from the
heated fibre nozzle to the roving. Moreover, the roving’s intrinsic heat contributes to
additional melting, increasing the average HAZ depth of 110 pum.

e  This study successfully demonstrated a substantial 233% increase in the nozzle feed
rate, achieving a 140 mm/min rate for roving integration. Consequently, more cost-
effective production of CCFRP parts in the developed LS machine becomes feasi-
ble. Furthermore, the width and depth of the HAZ were effectively reduced to
2638.72 pm —56%) and 523.36 pm (—44%), respectively. This reduction enables the
integration of rovings closer to the part edges, facilitating higher fibre volume content
(FVC) settings. The study, thus, provides optimised operational parameters for future
research endeavours.

e However, certain limitations persist, particularly in terms of processing time. Al-
though a 233% increase in processing time may seem substantial, the manufacturing
duration for CCFRP parts with a high FVC can still be considerable. The increase
in manufacturing time is only marginal for CCFRP parts, necessitating localised re-
inforcement in highly stressed areas with a lower FVC requirement. Additionally,
it should be noted that, when rovings are placed near part edges, this may lead to
protrusions of melted material or the HAZ from the part surface. Achieving a uniform
surface requires the removal of these protruding materials.

Subsequent research efforts will focus on systematically augmenting the FVC and its
correlated mechanical properties. In tandem with positioning rovings close to part edges,
careful consideration will be given to the relative distances between rovings in both the
vertical (build-up direction within the LS process) and horizontal (across the powder bed
surface) axes. Tensile specimens will be fabricated to elucidate the mechanical attributes
and, ultimately, reveal the potential of this LS process integrated with continuous rovings.
Moreover, an investigation into the influence of nozzle temperature on roving properties is
slated for exploration.

Furthermore, the established FE model can be leveraged to determine an operational
point conducive to successful roving integration with alternative materials in the LS process
(such as PA11, PA6, TPU, etc.). The potential applications of this LS process for CCFRP
parts extend into the domain of production engineering. Notably, the cost-effective and
time-efficient production of lightweight tools, purposefully tailored for industrial robot
applications (e.g., gripper fingers featuring internal air channels for parallel jaw grippers
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or suction grippers equipped with integrated springs), stands as a promising avenue for
reducing both moving masses and energy demands.
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Abstract: Continuous fiber-reinforced composite truss structures have broad application prospects
in aerospace engineering owing to their high structural bearing efficiency and multifunctional
applications. This paper presents the design and fabrication of multilayer truss structures with
controlled mechanical properties based on continuous fiber-reinforced thermoplastic composite 3D
printing. Continuous fiber composite pyramid trusses fabricated by 3D printing have high specific
stiffness and strength, with maximum equivalent compression modulus and strength of 401.91 MPa
and 30.26 MPa, respectively. Moreover, the relative density of a truss structure can be as low as 1.45%.
Additionally, structural units can be extended in any direction to form a multilayer truss structure.
Structural performance can be controlled by designing the parameters of each layer. This study
offers a novel approach for designing a multifunctional multilayer truss structure, a structure with
low-density needs and unique load-bearing effects.

Keywords: spatial 3D printing; continuous fiber; lightweight structure; mechanical properties

1. Introduction

Continuous fiber-reinforced composites are used for a wide range of applications
in the automotive and aerospace industries owing to their excellent mechanical proper-
ties, which include low density, high specific strength, and high modulus [1-4]. Because
3D printing is flexible and customizable, it has improved the use of continuous fiber-
reinforced materials in industrial applications and made it possible to fabricate complex
structures [5-7]. Studies on 3D printing of continuous fiber composites have primarily
focused on ways of increasing fiber content and achieving a denser microstructure for better
mechanical characteristics [8-10]. However, the interest in the design and manufacture of
lighter structures with superior mechanics has been increasing among researchers.

Topological optimization [11] and lattice structure [12,13] designs are extensively
utilized in 3D printing to produce lightweight designs, and the optimization method
is used to produce a variety of composite structures. The topological optimization of
composite structures has been studied extensively. The difficulties in the topological
optimization of continuous fibers, such as the fiber discontinuity, length scale separation,
decreased design freedom, and fiber orientation of CFRSs with complicated forms, have
recently been resolved by a number of studies. Li et al. [14], for instance, provided a brilliant
path-designed 3D printing method based on the composite’s evaluated stress states, taking
into account the load transmission path and anisotropic property of the continuous fiber
filament. Based on this methodology, Wang et al. [15] developed a load-dependent path
planning method under the stress-vector-tracing algorithm for 3D-printed CFRPCs, where
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fiber trajectories are generated along the load transmission path. In order to produce these,
Tian et al. [16] created a multiscale design and production approach that included the
concurrent optimization of fiber orientation and macro structural topology, taking into
account hatch space and printed fiber radius. Continuous fiber composite structures with
simultaneously optimized fiber orientations and topology structures were produced by
3D printing. At present, regardless of the kind of topology optimization method, the path
planning is carried out within a plane, and compared with the spatial structure, there is
still a certain gap in the density and specific intensity. For the lattice structure design, 2D
CFRSs with various filling forms [17], including rectangular, circular, honeycomb, rhombus,
trapezoidal, and corrugation, can be created using the conventional layer-by-layer 3D
printing technique. Unique cell shapes, such as negative Poisson’s ratio units [18] and re-
entrant units [19], are also used to create 2D cellular architectures. Due to the limitations of
the additive manufacturing process, such as requiring layer-by-layer stacking, it is difficult
to manufacture spatial lattice structures.

Some researchers are starting to manufacture 3D lattice structures using new processes.
First the continuous carbon fiber-reinforced thermosetting composite grid was fabricated
with the winding printing approach [20]. Similarly, He et al. [21] printed spring and
grid structures using UV-curable thermosets. Eichenhofer et al. [22] printed an ultra-
lightweight sandwich structure with a pyramidal truss core using a continuous lattice
fabrication process. In addition, Li et al. [23] and Luan et al. [24] manufactured continuous
fiber-reinforced thermoplastic lattice structures using a free-hanging 3D printing method.
However, research into space composite structures still needs to be further improved from
the aspects of technology and structure. Owing to the unique properties of continuous
fibers and the requirement for a continuous path, it is challenging to create continuous fiber
composites with a general structure [25,26]. However, because most partial composite truss
structures need to be fabricated and assembled, the overall fabrication of truss structures
remains a challenge [27]. The integrated fabrication of continuous fiber composite truss
structures still requires further research, and the mechanical properties of continuous fiber
truss structures are still lacking, especially the control of the mechanical properties of
multilayer truss structures.

In this study, multilayer pyramid truss structures with variable structural parameters
are designed and fabricated using continuous fiber-reinforced thermoplastic composite
additive manufacturing technology for pyramid truss structures with different structural
parameters and by employing spatial path planning, as opposed to the conventional
additive manufacturing process of layer-by-layer manufacturing. Pyramid trusses with
different structural parameters were tested for compressive strength, and the effects of
different structural parameters on the mechanical properties of the pyramid truss structure
were theoretically analyzed. Based on the study of the pyramidal truss structure, horizontal
and vertical extensions of the pyramidal truss were carried out, allowing for the extension
of the truss unit in all directions. Each layer of the multilayer truss was individually
designed to obtain a multilayer truss structure with special mechanical properties. In the
face of the shortcomings of existing research, the design and manufacture of multilayer
truss structures with different mechanical properties were achieved through the design of
parametric truss structures on the basis of continuous fiber additive manufacturing. The
manufacture of structures with better mechanical properties was completed at as low a cost
as possible while still being able to cope with a variety of different load environments.

2. Design and Manufacturing
2.1. Pyramid Truss Unit Design

Truss structures are widely used in various industrial scenarios, and the concise and ef-
ficient design of a structure can be achieved by programming its mechanical properties [28].
We needed to choose a truss for parametric design, and in the end, we chose the pyramid
truss because the pyramid truss has the following advantages: the structural form is simple
and there are fewer structural parameters, which is conducive to using the structural
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parameters to control the mechanical properties; the structure is stable and uniform, with a
strong bearing capacity; and the shape of the structure makes it easy to plan a continuous
print path, with no overlap in the paths in the important bearing structure part, which is the
most important reason. Maintaining a continuous print path can achieve better mechanical
properties. As shown in Figure 1, the main parameters included in the unit are truss length
(L), truss inclination angle (0), truss width (d), truss thickness (h), and overlap thickness
at the fold (Ax). A pyramid truss structure was formed by overlapping two continuous
fiber composite filaments; furthermore, the four fulcrums at the bottom were connected
and fixed with composite filaments. Here, the pyramidal cells are extended in two ways:
(1) along the direction of the pyramidal cell composite wire, which allows for a simple
array in both the horizontal and vertical directions but has the disadvantage of having
many layer-to-layer individual nodes, which prevents the formation of tight connections
and force transfer; (2) along the 45° direction, which doubles the relative density compared
with the first method and allows for connections between the nodes and a tighter bond
between the layers in the vertical direction.

Continuous fiber  resin

Figure 1. Pyramid composite truss units and their different types of arrays stacked in 0/90°and
45° directions.

The relevant parameters of the pyramid truss structural unit can be obtained using
the following calculation:
The base length of the pyramid truss structural element is expressed as follows:

Ly = V2 x (L x cosb + Ax) 1)

The height of the pyramid truss structural element is expressed as follows:
H=Lxsinf+h (2)
The relative density p of the pyramid truss structural element is expressed as follows:

(4x (L+Ax)+4xLxcos®) xbxh+2xb*xh
Ly x H

p= ®)
2.2. The Manufacture of Pyramid Truss Structure
2.2.1. Material and Equipment

The pyramid truss structure was fabricated using a continuous fiber-reinforced ther-
moplastic composite 3D printer (Shanxi Fibertech Technology Development Co., Ltd.,
Xi’an, China), as shown in Figure 2. In this study, continuous fiber-reinforced thermoplastic
composites were composed of continuous aramid fibers for reinforcement and polylactic
acid (PLA) polymer material as the matrix. Combining the two materials can provide a
composite truss with a better bearing capacity and a lighter relative density. In the present
study, a continuous aramid-fiber material (Kevlar fiber with linear density of 670 dtex, den-
sity of 1440 kg/m3, breaking strength of 152 N, specific strength of 23.0 cN/dtex, modulus
of 700 cN/dtex, from DuPont Corp) with excellent stability in 3D printing for CFRCs was
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used as the reinforcement material, and polylactide (PLA /1.75 mm, density of 1240 kg/m?)
from Polymaker in China was used as the thermoplastic material.

( l) ) Resin filament

Filament feeder = ? ] Heat element

Molten resin

Nozzle

Figure 2. (a) Continuous fiber composite 3D printer physical image, and (b) continuous fiber
composite space structure printing schematic.

To prevent interference between the nozzle and forming structure, a custom extended
nozzle was used to finish the printing process. The outer layer of the nozzle was pasted
onto a thermal insulation layer to make the temperature inside the nozzle as uniform
and as constant as possible. The wire-feeding motor fed the resin wire into the heating
chamber. The continuous fiber and melt resin were completely compounded inside the
heating chamber. The composite monofilament was extruded from the nozzle while being
pulled by the continuous fiber and rapidly cooled by an air cooler.

2.2.2. Pyramid Truss Manufacturing Process

The printing of a continuous-fiber thermoplastic composite space truss differs from
that of the standard 3D printing layer-by-layer manufacturing procedure. Although the
printing path and forming structure can be freely designed in space, spatial printing results
in the deformation of the printed portion owing to the nozzle movement, which changes
the printing results. Therefore, it is necessary to replicate the print path.

The nozzle temperature analysis produced the following results: The mechanical
properties of thermoplastic resin changed with the temperature; specifically, its stiffness
decreased with increasing temperature. As a result, after cooling, the section that was
farther away had a higher rigidity, whereas the part closer to the nozzle always maintained
a lower rigidity. The material in this portion was softened and easily distorted when the
nozzle moved because the temperature of the thermoplastic resin near the nozzle was lower
than its glass transition temperature (Tg). The length of the softened part depended on the
nozzle temperature and cooling rate and remained a fixed value during the printing process.
As a result, when the nozzle moved, certain continuous traction force was generated in the
fiber, which deformed the printed structure. To avoid this deformation, it was necessary
to re-plan the printing path to ensure that the final printing result was consistent with the
designed structure.

In the truss 3D printing process, the main errors arose from the following three factors:
First, the deformation of the structure was caused by the traction force of the nozzle on
the printed structure during the printing process, as shown in Figure 3. For this part, we
changed the initial print path to print a larger tilt angle and then printed the designed
tilt angle by moving it horizontally. We denoted the angle deviation value and nozzle-
generated traction force as Af and F, respectively. The traction force perpendicular to the
truss structure is Fy. The deflection of the truss is regarded as the process of bending the
single rod of the truss, and the maximum deflection i,,,, of the beam deformation under a
simple load gives the formula for the angle deviation value A6, as follows:
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_ Fxsindx (I + Al)? A
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For instance, we selected a pyramid structure with a truss length of 12 mm and
a tilt angle of 50° for theoretical calculation. The process parameters of the 3D printer
included a nozzle diameter of 1.6 mm and a nozzle temperature of 230 °C to ensure the
quality of the unsupported printing, and the adopted printing speed was 50 mm /min.
The tractive force F of the printing nozzle under this process parameter was measured
with a tension meter. The modulus of elasticity of the material was E (the elastic modulus
of the material here refers to the mechanical properties of continuous fiber-reinforced
thermoplastic composites [8]), and we could easily calculate the angular deviation.

A

(a)

Figure 3. Main errors of continuous fiber-composite-printed space truss structure: (a) inclination
angle error, (b) lateral error of starting and landing point, and (c) inter-layer error.

Second, in the nozzle lifting and falling process, because the nozzle diameter d was
not negligible, the position of the truss node was shifted to the left by A = d/2 via upward
lifting. Similarly, when the nozzle fell, the position of the truss node shifted to the right
by A. The third factor focused on the effects of pressure and heat on the lower layer when
printing the upper structure when connecting trusses on each floor, as well as the bending
deformation of the printed structure caused by gravity when printing horizontally without
support. It is necessary to ensure that the fibers are always tensioned during the printing
process. At this time, the printed structure maintains a certain straightness owing to the
traction force and achieves a certain stiffness requirement through rapid cooling.
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This study adopted measures such as error compensation and maintaining continuous
fiber tension to achieve high-precision printing. To achieve this, the print path of the
structure was designed, and the corresponding difference compensation was calculated.
Furthermore, the specific coordinate points printed for each path and the resin wire feed
rate were calculated, which could be used to convert these coordinates into the G-code for
the 3D printer using MATLAB.

3. Result and Discussion

This section investigates the mechanical compression performance of continuous fiber-
reinforced thermoplastic composite truss structures. Further design and manufacturing of
the multilayer pyramid structures can be achieved by studying the mechanical properties
of truss structures with different structural parameters. A compression rate of 1 mm/min
was used to test the sample, Mechanical tests of the CFRTCTT samples were performed
using a universal testing machine (MTS 850/25t, MTS Corp., New York, NY, USA).

3.1. Single-Layer Pyramid Structure

The pyramidal structural unit was expanded into a 2 X 2 array structure as a per-
formance sample for compression testing, as shown in Figure 4. Furthermore, two main
parameters of the continuous fiber composite pyramid truss structure, the inclination angle
0 and truss size L, were studied. Here, the other parameters were constant, for example:
truss width (d = 2 mm), truss thickness (h = 0.4 mm), and volumetric fiber content (8.75%)
(compared with normal printing, the volume content of fiber in this sample was lower
because the resin extrusion volume of the space truss was higher). In this study, we de-
signed two groups of experiments. The first group, Group 1, had a fixed inclination angle
of 50° and truss length L of the pyramid structure ranging from 6 mm to 18 mm, and each
group consisted of three samples, with the same parameters for truss lengths differing by
2 mm. The second group was named Group 2, in which the length of the trusses was fixed
at 12 mm and the truss inclination angle of each group of samples varied from 30° to 65°
every 5°, and the number of samples in each group was also 3. The relative density of the
pyramid truss with different structural parameters was calculated based on the design of
the pyramid truss structure in Section 2, as shown in Tables 1 and 2.

Table 1. Structural parameters (variable angle) and relative density.

Type Inclination Angle © Truss Size L/mm Relative Density p
Al 30° 2.98%
B1 35° 2.81%
C1 40° 2.74%
D1 45° 2.76%
El 50° 12 2.88%
F1 55° 3.11%
Gl 60° 3.48%
H1 65° 4.06%

Table 2. Structural parameters (variable size) and relative density.

Type Inclination Angle © Truss Size L/mm Relative Density p
A2 6 8.30%
B2 8 5.46%
C2 10 3.86%
D2 50° 12 2.88%
E2 14 2.23%
F2 16 1.78%
G2 18 1.45%
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Figure 4. (a) The 2 x 2 pyramidal truss unit structure samples, (b) pyramidal truss structure samples
of different scales, (¢) pyramidal truss structure samples of different tilt angles, (d,f) compressive
curves with different truss inclination angles, and (g,e) compressive curves with different truss scales.

The compression performance of a pyramidal truss unit was directly influenced by
two crucial structural variables: truss length and truss angle. Here, we plot the force—
displacement curve of the pyramidal truss structure in compression under various parame-
ters using the data from a batch of samples that best reflect this structural parameter, as
shown in Figure 4. Evidently, when the tilt angle was gradually increased from 30° to 65°,
the load capacity of the pyramidal truss unit increased with the increasing tilt angle, and
the maximum load capacity increased from 173 N to 485 N when the length of the truss was
fixed at 12 mm. Therefore, from the perspective of energy absorption, an increase in the an-
gle can further increase the energy absorption. However, for another structural parameter,
the length of the truss, which gradually increased from 6 to 18 mm, the load capacity of the
pyramidal unit decreased as the length of the truss increased; furthermore, when the length
of the truss was increased, the energy absorption decreased. At a fixed tilt angle of 50°, the
maximum load capacity dropped from 689 N to 130 N. From the force-displacement curves,
it can be concluded that these two structural parameters are important for the pyramidal
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truss. This result can be easily explained because as the tilt angle increased, the direction of
the pressure was closer to the direction of the continuous fibers. For composite structures,
the more the direction of the force agreed with the direction of the material, the better the
mechanical properties that the structure could exhibit. For lattice structures, the smaller the
lattice size, the better the mechanical properties, so the structure showed that the smaller
the truss size, the better the load-bearing performance. Therefore, by quantitatively analyz-
ing the influence of the two parameters on the mechanical properties, pyramidal trusses
can be designed with different structural parameters for different demand scenarios.

It is not comprehensive to judge structural parameters based only on their maximum
load-carrying capacity. Further analyses should be conducted by comparing their equiva-
lent strength and equivalent stiffness and the effect of different structural parameters on the
mechanical properties of the pyramid truss. The equivalent bearing capacity, equivalent
strength, and equivalent stiffness of the pyramid truss structure were calculated under
different parameters. Their equivalent bearing capacity, equivalent strength, and equivalent
stiffness, are the results obtained from the tests divided by the relative densities of the
different structures. As shown in the Tables 3 and 4, with an initial increase in the angle,
the equivalent bearing capacity of the pyramid truss with variable angles increased rapidly.
When the angle was close to 60°, the specific bearing capacity had little difference, while
the equivalent strength and equivalent stiffness increased significantly with the increase
in the angle; furthermore, the maximum equivalent strength was 28.52 MPa, and the
equivalent stiffness was up to 401.91 MPa. For a pyramid truss with a variable length, its
equivalent bearing capacity exhibited a relatively complex law, and the equivalent strength
and stiffness increased with a reduction in the truss length. When the truss length was
L = 6 mm, the maximum equivalent strength was 30.26 MPa and the equivalent stiffness
was 251.96 MPa. The mechanical behaviors of the 3D-printed pyramid truss structure
also should be compared with those of the conventional truss structure, such as the pyra-
midal fiber composite lattice by Xiong [29] and the tetrahedral fiber composite lattice by
Zhang [30]. The strength and stiffness of the pyramid truss structure created in this paper
are not as good as those of the standard process truss structure in terms of mechanical
parameters. In terms of equivalent strength, the truss structure in this study had a lower
relative density and performed similarly to the standard process truss structure.

Table 3. Structural parameters (variable angle) and mechanical behaviors.

Type The Equivalent Maximum force F/p (N)  Equivalent Strength o/ p (MPa)  Equivalent Elastic Modulus E/ p (MPa)

Al 1451.34 4.73 37.82
B1 2117.43 7.57 68.89
C1 2454.38 9.80 99.39
D1 2463.77 11.21 124.48
El 2586.80 13.71 164.42
F1 2813.50 17.83 228.03
Gl 2765.80 21.61 291.59
Hi1 2850.98 28.52 401.91

Table 4. Structural parameters (variable size) and mechanical behaviors.

Type The Equivalent Maximum Force F/ p (N) Equivalent Strength o/ p (MPa)  Equivalent Elastic Modulus E/ p (MPa)

A2 2075.30 30.26 251.96
B2 2138.28 20.97 210.62
Cc2 2610.10 18.38 185.19
D2 2586.81 13.71 164.42
E2 2296.14 9.49 117.34
F2 1853.93 6.14 55.55

G2 2603.45 7.10 67.11
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From the compression test results of the single-layer pyramid structure sample, we
obtained the rule of the influence of these two parameters on the mechanical properties of
the period. However, further analyses enabled us to design a pyramid-structured sample
with controllable mechanical properties.

3.2. Multilayer Pyramid Structure

After systematically analyzing the relationship between the properties of the pyra-
midal unit structure and structural parameters, we further verified that the mechanical
properties of the pyramidal unit were controllable in a multilayer structure. In the previous
section, we accomplished the design and fabrication of a single layer of 2 x 2 pyramidal
cells, in which it was necessary to fabricate a multilayer pyramidal structure; therefore, we
designed several types of multilevel pyramid truss structures, as shown in Figure 5.

Figure 5. Samples of multilayer truss structure: (a) vertically stacked three-layer truss sample

(uniform structure design and non-uniform structure design per layer), and (b) 45° connected stacked
three-layer truss sample (uniform structure design and non-uniform structure design per layer).

The first type of pyramid truss adopted a vertical linear array. The apex of each
pyramid structure was at the center of the upper pyramid structure. The advantage of this
stacking method is that it maintains a low relative density, although this involves high
requirements for the printing process and path planning. For the pyramid truss of this
vertical array, samples with the same and different structural parameters for each floor were
designed as three-floor truss structures. The height of each floor of the former was 10 mm
with a 45° truss inclination. The heights of each floor of the latter from top to bottom were
10, 8, and 6 mm, respectively. The inclination also changed with height. In the previous
section, based on the influence of the structural parameters on the mechanical properties,
we speculated that, for a uniform single-layer truss structure, the stress of each layer is
consistent when it is compressed. Under theoretical conditions, the three-layer structure
undergoes uniform deformation and eventually fails simultaneously. For a non-uniform
structure, owing to the difference in the bearing capacity and compression strength of
structures with different parameters, the structure fails from top to bottom.

The second type of multilayer pyramid truss structure was designed by combining
the pivot of the upper pyramid element with the vertex of the lower pyramid element;
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thus, the number of elements in each floor is different. The number of pyramid elements
on each floor from top to bottom was 1, 4, and 9, respectively. The advantage of this
design is that the overall structure with overlapping nodes is more stable and reliable, and
the force transmission is more continuous during the compression process. The overall
structure remains a pyramid, reflecting the design of a multilevel structure. Although
the structural parameters of each floor are the same, the experiment inevitably leads to
failure from top to bottom, owing to the large difference in the number of units on each
floor. However, designing the structural parameters can enable us to design structures
with similar bearing effects between the three floors. Therefore, the original design sample
had a uniform pyramid truss structure. The truss inclination of each floor was 45°, the
truss length was 14 mm, and the unit structural parameters of each floor were consistent.
Through calculations, we designed the truss inclinations of the bottom floors to be 7°, the
truss inclination of the second floor to be 28°, and the truss inclination of the top floor to be
60°. The truss length changed with a change in inclination. Under this design, the load
capacity of each floor was relatively close, and an overall slow failure could be realized.

The compression of a multilayer pyramidal truss structure was analyzed using the
compression test data and photographs, as shown in Figure 6. For pyramidal truss struc-
tures arranged directly in the vertical direction, regardless of whether the structure had
three layers of the same height or three layers with varying height gradients, it maintained
a certain load capacity until the overall structure failed and deformed completely. Evi-
dently, for pyramid structures designed at the same height, when the strain was 0.78, all
the three layers underwent deformation. Additionally, the second layer of the structure
was damaged first; then, the top layer structure was compressed; and finally, the third
layer of the structure was fully compressed owing to the printing accuracy. However,
for pyramid structures designed at different heights, it can be clearly seen that the top
layer was compressed first. From the influence of the structural parameters on mechanical
performance, it can be seen that the top layer’s parameters lead to the failure of its structure
more easily thus indicating a top-down failure form.

From the test results, it is evident that, for the second type of multilayer pyramid truss
structure, layer-by-layer failure occurs in compression, with collapse deformation occurring
from top to bottom. The force-displacement curves both show three peaks corresponding
to the peak forces at the three layers when the damage occurs. In the case of the uniform
pyramidal truss structure, the form of failure of the individual cells was the same as that
of the single-layer cell structure. The load capacity of the layer rapidly decreased when
the structure failed and the layer compressed to its limit. The load capacity then began
to increase to the peak load capacity of the next layer, which resulted in the failure of
the next layer structure, and the load capacity rapidly decreased. The ratio of the three
peak forces to the number of truss units in the three-layer structure was 1:4:9. For the
non-uniform structure, the failure form and overall damage process were similar to those of
the uniform structure. Because of the adjustment in the inclination angle of each layer, the
peak forces of the three-layer structure failure were relatively close to each other, indicating
that special overall mechanical properties can be achieved through the adjustment of the
unit structure. In general, this proves that it is feasible to design the structural parameters
of a unit structure to affect its mechanical properties.

There may be some deviation between the predicted situation and experimental results
owing to the printing error and instability of the truss connection at each floor. However,
through the design of the structural parameters, it was found that the mechanical behavior
of the pyramid truss realized under different conditions changed significantly and was
close to the designed situation. The mechanical properties of each layer can be controlled
through various aspects such as the number of units in each layer and the angle of the
truss. Furthermore, a pyramidal truss structure with a specific mechanical behavior was
obtained, demonstrating controllable mechanical behavior.
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Figure 6. Compression performance curves of different multilayer pyramid structures. (a,b) com-
pression performance curves of vertically stacked three-layer truss sample (uniform structure design
and non-uniform structure design per layer), and (c,d) ompression performance curves of 45° con-
nected stacked three-layer truss sample (uniform structure design and non-uniform structure design

per layer).

3.3. Discussion
3.3.1. Theoretical Analysis

To obtain further quantitative effects of the structural parameters on the mechanical
properties, the relationship between the structural parameters and the load bearing should
be obtained. We conducted theoretical modeling for a pyramid truss structure with four
inclined trusses. The mechanical properties of the continuous fiber composite space truss
structure were systematically studied and analyzed, as shown in Figure 7. First, a mechani-
cal analysis for a single truss unit in the truss structure was carried out: the length of the
unit was set to L, the inclination angle was set to 0, the cross-sectional area was A, the
variation in the height of the truss was Ah, and the modulus of elasticity of the material was
E (the elastic modulus of the material here refers to the mechanical properties of continuous
fiber-reinforced thermoplastic composites [8]).
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Figure 7. (a) Actual photo of 2*2 pyramid truss unit compression, (b) force analysis diagram of pyra-
mid truss unit, (c) force analysis of simplified pyramid single truss, and comparison of experimental
data and theoretical peak force: (d) different truss length and (e) different inclination.

Ideally, the stress of a single truss is uniform; therefore, we only analyzed the stress
of one truss. The distance of movement 6 downwards was decomposed into the distance
along the truss direction 6, and that perpendicular to the truss direction Js. Similarly, the
force along the truss direction and that perpendicular to the truss direction were divided
into F; and F;, respectively. The relationship between the stress and the strain in the elastic
deformation range by Hooke’s law can be obtained as follows:

The axial force F; of a single truss:

Fa:%xéa:%xAhxsinG 5)

The normal force F; of a single truss:

2Bl 12EI

F; 3 X bs = I % Ah x cost (6)
The load on a single truss:
EA x L2 x sin*0 + 12E1 2
F = F; X cosf+F;s x sinf = X LT st X cos™0 x Ah (7)

I3

For instance, we selected a pyramid structure with a truss length of 12 mm and a
tilt angle of 50° for theoretical calculation. According to the experimental results, the
displacement when the maximum peak force was reached was 0.75 mm, so we calculated
that the overall bearing capacity of the truss was 337 N when the displacement was
0.75 mm through Formula (7), and we considered this theoretical calculation value to be
the theoretical maximum bearing capacity of the truss under the structural parameters.
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From the theoretical calculation, it can be concluded that the most important physical
parameters affecting its compression performance are the tilt angle 6 of the truss structure
and the single rod length L of the truss. These two physical parameters directly affect its
mechanical performance; therefore, we studied different unit length trusses and different
tilt angle trusses with the unit length L at 6 mm~18 mm and the tilt angle at 30°~65°.
For different length units, although the reduction in truss length brings about greater
load-carrying performance, the relative density of the truss structure further increases
and the relative density of the truss structure needs to be considered simultaneously with
the load-carrying performance. The theoretical calculation results and the results of the
experimental data trends remained consistent, and the error was within a certain range of
control. The main reason for the error could be the instability of the printing process. From
the experimental data and theoretical structure, we can explain the angle and length on the
mechanical properties of the structure with the specific influence. Therefore, we can design
and estimate the pyramid structure with different performance outputs.

3.3.2. Failure Deformation Analysis

The response of the structure to load deformation determines the ability of the pyra-
midal truss structure to exhibit excellent equivalent load bearing, equivalent strength,
equivalent modulus, and low relative density. Evidently, when the material properties are
the same, the key structures act as stresses. In the pyramid-shaped truss structural unit
proposed in this paper, the bottom truss serves to fix the position of each inclined truss
while the peripheral frame is created to guarantee the continuity of the path throughout the
continuous fiber printing process. The peak load of the truss without an external frame was
reduced by 15% compared with the truss with an external frame, as can be seen from the
mechanical characteristics of the original and frameless connection samples. Furthermore,
the bottom truss undoubtedly plays an important part in the overall truss’s stability during
compression; the peak load of the truss without the bottom truss is exceedingly low, as
illustrated in Figure 8.

Understanding the truss failure modes is crucial for developing high-performance
trusses. As shown in Figure 8, when the pyramid truss structure is subjected to compression
deformation, there are various deformation modes of truss bending deformation, such as
fiber and resin matrix separation, truss structure fracture, and truss bending. Our failure
criteria here include structural load failure (when the peak force dropped to 80%, the
structural failure mode could be easily found), the various failure forms, the structural
deformation buckling, the material fracture at the macro level, as well as the separation of
the fiber resin interface at the micro level. The different failure modes are caused by the
uneven stress of the four inclined trusses during structural compression, so the trusses
in the same direction receive greater impact, resulting in more serious failure. When the
four trusses are subjected to more uniform forces, all four trusses will bend in the same
direction of rotation and the structure will not undergo a complete destructive failure, such
as fiber and resin matrix separation, truss structure fracture, and truss bending. Among the
various failure forms, the overall structural load-bearing performance is better when the
four trusses constituting the pyramid structure fail uniformly at the same time.
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Figure 8. (a) Compression failure performance of different structures, (b) compression failure damage

form of inclined trusses, and (c) deformation in different stages.

4. Conclusions

In this paper, a multilayer pyramid truss structure with different structural parameters
was manufactured by using the method of space continuous fiber thermoplastic composite
additive manufacturing. Firstly, through the optimization of the printing path and the
design of the process parameters, the manufacture of the pyramid truss structure with
relatively high precision was realized. On this basis, experimental and theoretical studies
were carried out on the pyramid truss with different structural parameters, the relationship
between the structural parameters and the bearing performance was obtained, and the man-
ufacture of a pyramid truss structure with controllable mechanical properties was finally
realized. The preliminary results indicated that a 3D-printed continuous fiber composite
truss structure is a feasible and promising load-bearing structure. Truss structures with
different mechanical properties can play different roles in dealing with different bearing
environments. For example, in the case of heavy loads, a truss with a higher bearing per-
formance can realize the load of the final structure, while in the case of low loads, the truss
can achieve a certain deformation and energy absorption effect. It may also be possible to
achieve a shock absorption effect in the field of construction. This possibility provides a
potential design method for multilayer structures in the future.
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Abstract: Continuous fiber reinforced polymer composites are widely used in load-bearing compo-
nents and energy absorbers owing to their high specific strength and high specific modulus. The
path planning of continuous fiber is closely related to its structural defects and mechanical properties.
In this work, continuous fiber reinforced polymer honeycomb structures (CFRPHSs) with different
printing paths were designed and fabricated via the fused deposition modeling (FDM) technique.
The investigation of fiber dislocation at path corners was utilized to analyze the structural defects
of nodes caused by printing paths. The lower stiffness nodes filled with pure polymer due to fiber
dislocation result in uneven stiffness distribution. The bending performance and deformation modes
of CFRPHSs with different printing paths and corresponding pure polymer honeycomb structures
were investigated by three-point bending tests. The results showed that the enhancement effect of
continuous fibers on the bending performance of honeycomb structures was significantly affected by
the printing paths. The CFRPHSs with a staggered trapezoidal path exhibited the highest specific
load capacity (68.33 + 2.25 N/g) and flexural stiffness (627.70 & 38.78 N/mm). In addition, the fiber
distributions and structural defects caused by the printing paths determine the stiffness distribution
of the loading region, thereby affecting the stress distribution and failure modes of CFRPHSs.

Keywords: 3D printing; continuous fiber reinforced polymer; honeycomb structures; path planning;
structural defects; bending behaviors

1. Introduction

Due to their lightweight, high strength, and superior energy absorption capacity,
honeycomb structures are widely used as load-bearing components and energy absorbers
in the forms of sandwich structures and thin-walled structures, owing great application
potential in many industrial fields such as aerospace, automobile, and construction [1-5].
The macroscopic performance of honeycomb structures depends on the structural design
of their cells and material selection [6-8]. With the advancement of design, numerous
cells with various forms have been applied in the evolution of honeycomb structures, such
as Kagome [9], re-entrant [10], chiral honeycombs [11], etc. The materials of honeycomb
structures have also expanded from traditional metals and wood to various newly devel-
oped composites, such as polymer composites with excellent mechanical properties and
lightweight performance [12-14].

Adding continuous fibers as reinforcement in polymers could significantly improve
the specific strength and modulus while maintaining their lightweight performance [15-
18]. Traditional preparation methods of continuous fiber reinforced polymers (CFRPs),
such as hot press molding [19], vacuum-assisted molding [20], and filament winding [21],
require complicated multi-step processes and expensive manufacturing equipment, while
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the manufacturing of honeycomb structures commonly needs custom molds and subse-
quent bonding processes [22,23]. These factors became obstacles to the development of
continuous fiber reinforced polymer honeycomb structures (CFRPHSs). However, 3D
printing techniques with high design freedoms and multi-scale molding capabilities allow
a non-mold-based approach to manufacturing structures with customized materials and
complex geometric shapes, providing the possibility for the integrated manufacturing of
CFRPHSs [24-26]. According to the ISO/ASTM 52900 standard, 3D printing technologies
are divided into seven types, among which material extrusion (MEX) technology is very
suitable for 3D printing of polymers [27,28]. Fused deposition modeling (FDM), as one of
the most widely used MEX technologies, with rapid prototyping and low-cost character-
istics, combines continuous fibers with polymer matrix [29-31]. Many researchers have
introduced CFRPs with lightweight and high specific strength features into the design of
honeycomb structures via the FDM technique [32-34]. For example, Kentaro et al. [35]
printed a series of CFRPHSs with hexagon, rhombus, rectangle, and circle core shapes
through the FDM technique. The experimental results showed that bending properties
increased with the increase of core density, and the CFRPHSs with a rhombus core shape ex-
hibited the strongest bending properties. Dou et al. [36] fabricated hexagon-filled CFRPHSs
and studied their in-plane compression properties. The results showed the specific energy
absorption of composite honeycomb was 186.58% and 596.84% higher than that of pure
polymer matrix and aluminum alloy, respectively.

In addition, the printing path also had a crucial influence on the arrangement and
orientation of continuous fibers and further affects the mechanical properties of the
structure [37-39]. Some researchers have tried to improve the manufacturing process and
mechanical properties of CFRPHSs by printing path planning [40,41]. For most FDM-based
3D printers without fiber cutting and jumping functions, the one-stroke printing path
planning was an inevitable choice to achieve cyclic printing in the height direction [42,43].
Based on one-stroke printing path planning, Quan et al. [44] designed and fabricated a
group of auxetic honeycomb-filled CFRPHSs. The compressive stiffness and energy ab-
sorption of the CFRPHSs were increased by 86.3% and 100%, respectively, compared to
the structures made of pure polymer matrix. Dong et al. [45] investigated the influences
of printing paths on the tensile properties of diamond-filled CFRPHSs. The improved
trapezoid-like path allowed an even fiber distribution without weak nodes in the CFRPHSs,
exhibiting excellent tensile strength.

Depending on the path planning, there were various situations of the fiber crossing at
the nodes of the honeycomb structures [46]. The nodes without fiber interlacement might
result in structurally weak regions [45], and printing path corners inevitably appeared
at the nodes owing to the structural features of the honeycomb. Some printing defects,
including fiber dislocation and the absence of fiber, can occur at the corner paths, which
might further exacerbate the structural defects of the CFRPHSs [47-50]. The details of
the fiber distributions and printing defects were effectively displayed on the honeycomb
structures, especially at the nodes. These fiber distributions and structural defects caused
by printing paths affect the mechanical behavior of CFRPHSs during loading. However, to
the best of the authors” knowledge, only a small amount of literature has investigated how
the printing path planning affects 3D printed continuous fiber reinforced structural defects
and further mechanical properties.

In this study, diamond-filled CFRPHSs with four different printing paths were de-
signed and fabricated. Three corners (45°, 90°, and 135°) that appeared in the printing
paths were selected to investigate the fiber dislocation phenomena at the path corners.
Three-point bending tests and morphological analysis were conducted to investigate the
influence of the printing path and printing defects at path corners on the bending behaviors
of CFRPHSs. This study analyzed the mapping relationship between the printing path plan-
ning, structural defects, and final structural and mechanical performance, aiming to provide
guidance for the printing path planning of 3D printed CFRPHSs with high performance.
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2. Materials and Methods
2.1. Design and Fabrication

In this study, a honeycomb structure with a diamond configuration was designed
to investigate bending behaviors and failure mechanisms, as shown in Figure 1a. The
honeycomb core consisted of a repeating arrangement of unit diamond cells. The included
angle of the diamond cell was 90°; the length (L) and width (W) of the CFRPHSs were
determined by the diamond cell length (P); the height (H) of the CFRPHSs was 10 mm.

11 Continuous fiber ~ Polymer
filament

Figure 1. Schematic presentations of (a) the diamond-filled CFRPHSs with geometrical dimensions
and (b) 3D printer using the in situ impregnation FDM technique.

Polyamide (PA) filament (Polymaker Inc., Changshu, China) with a diameter of
1.75 mm was adopted as the polymer matrix of the CFRPHSs. The continuous carbon fiber
(CCF) (HTA40-E15-1K, Toho Tenax Co., Ltd., Tokyo, Japan) was used as the reinforced fiber,
which was a flat fiber bundle with a width of 0.80 mm. Before printing, the filaments were
sealed and stored at 20 °C. According to the instructions from the materials supplier, the
mechanical properties of the PA filament and CCF are listed in Table 1.

Table 1. Properties of the 3D printing PA filament and CCF.

Filament Type Density (g/cm®) Tensile Strength (MPa) Tensile Modulus (GPa) Elongation (%)
PA 1.12 31.40 1.05 216.50
CCF 1.77 4100.00 240.00 1.70

A commercial 3D printer (COMBOT-200, Fibertech Technology Development Co., Ltd.,
Shaanxi China), based on the FDM technique, was used to fabricate the CFRPHSs. The
schematic representation of the 3D printing process is shown in Figure 1b. The PA filament
(blue) and CCF (black) were simultaneously fed into the extrusion head through these
two feed ports, respectively. The in situ impregnation of CFRPs was realized in the heated
mixing chamber. Then, CFRPs were extruded onto the printing bed and solidified rapidly.
With the relative motion of the printing nozzle and the printing bed, the subsequent CFRPs
were dragged out from the printing nozzle, ensuring the continuity of the printing process.
The models of the CFRPHSs were sliced before manufacturing and the slice data was
recorded in the G-codes developed by our team, including the printing paths, geometrical
parameters, and printing parameters. For all samples in this study, the printing nozzle
temperature was 260 °C, and the printing bed temperature was 50 °C. The printing speed
was 180 mm/min, and the layer height was 0.4 mm.

One-stroke printing path planning was required for the CFRPHSs to ensure the in-
tegrity of CCF due to the printer’s lack of jumping and fiber-cutting features [51]. The
manufacturing of 3D printed CFRPHSs was based on the layer-by-layer stacking mecha-
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nism of FDM, which was only needed to design a single-layer printing path and print the
same single-layer printing path repeatedly in Z-direction. Based on the flexibility of the 3D
printing path planning, the printing paths at the nodes lapped between the core and face
sheets of the CFRPHSs could be crossing or non-crossing, resulting in fiber interleaving or
adjacency [45,46]. Figure 2a shows three printing path strategies at the nodes. According
to these different path strategies, four printing paths for the diamond-filled CFRPHSs
were designed in this study, as shown in Figure 2b—e. These complete single-layer paths
were decomposed into multiple branches distinguished by different colors according to the
printing order; these branches were printed successively from the outside to the inside. The
combined graphs of the path branches were shown at each bottom. The printing nozzle
began from the start point of a single-layer printing path and moved along the arrow
direction during printing. After completing the one-stroke path of each layer, the printing
nozzle returned to the start point. Then, the printing bed moved downward by a layer
height along the Z-direction to repeat the print for the next layer. In the whole printing
process, the continuous fibers remained intact. On the right side of these printing paths, the
corresponding fiber distribution modes at the nodes were displayed, including antagonistic
distribution, symmetrical distribution, and cross-distribution. In addition, pure polymer
honeycomb structures (PPHSs) were also prepared with the same geometrical parameters
and printing parameters.

tagonistic |
istribution

]
/

Figure 2. Printing path planning: (a) printing path strategies at the nodes, and (b—e) four printing
paths of the CFRPHSs (the arrows indicate the printing directions, and the colors indicate different
printing orders of continuous fibers).

2.2. Experimental Methods

The fiber dislocation inevitably appeared at the path corners in the CFRP’s printing
process. The morphology of the fiber dislocation at different path corners was recorded
by a digital camera (5D mark IV, Canon, Tokyo, Japan). Image] version 1.53t software
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was used to measure the actual angle and position of the fibers at these corners, and a
quantitative evaluation method of fiber dislocation was used to analyze the obtained data.

Honeycomb structures are subjected to a complex stress state during the bending
process, and these are helpful in studying the influence of the printing path on mechanical
behaviors [52,53]. Therefore, the three-point bending tests were performed on a universal
material testing machine (E44, MTS Co., Eden Prairie, MN, USA) to investigate the bending
properties and failure modes of 3D printed CFRPHSs with different printing paths and
PPHSs. The schematic diagram of the three-point bending test is shown in Figure 3. The
span between the supports was 80 mm, and the loading roller radius was 5 mm [35,54].
The displacement loading was applied to the samples with a speed of 2 mm/min, and
the maximum displacement was 20 mm. The load and displacement data of all tests
were automatically collected in the data acquisition system, and the whole test process
was recorded by the digital camera. The failure areas of the samples were characterized
through an optical microscope (AO-3M150GS, AOSVI, Shenzhen, China). According to the
measured load-displacement curves, several indicators were used to quantify the bending
properties, including specific load capability and flexural stiffness. The specific load
capability (SLC) was calculated by dividing a maximum peak load by the structure mass:

SLC — Fpeak

@
where m is the mass of the sample, and Fp is the maximum peak load. The flexural
stiffness was calculated as the slope of the load-displacement curve in a low displacement
regime where the curve was almost linear. Each group of tests was repeated five times to
ensure reliability, and the average results are reported in this study.

Figure 3. Schematic diagram of the three-point bending test (the arrow indicates the
loading direction).

3. Results and Discussions
3.1. Investigation of Fiber Dislocation at Path Corners

The corner paths appear at the nodes (i.e., the corners of the honeycomb walls) due
to the structural features of honeycomb structures. At the nodes lapped between the core
and face sheets in the CFRPHSs, the printing paths are composed of different corner paths
distributed in different forms (e.g., crossing or non-crossing), which are the distinctions
between different printing paths of the CFRPHSs [45,46]. The printing defects of fiber
dislocations are inevitably generated at the corner paths [48,49]. The corner paths with fiber
dislocation may cause structural defects at the nodes of the CFRPHSs, which can further
affect the mechanical properties and deformation modes.

The degree of fiber dislocation was mainly affected by the angle of path corner and the
shortest length of straight paths forming the corner [47]. For the diamond-filled CFRPHSs,
there were only three kinds of path corners (45°, 90°, and 135°) in all printing paths, as
shown in Figure 4a. The shortest straight path (Ls) of the CFRPHSs was limited by the
structural geometric parameters. Here, Ls was equal to the diamond cell length (P), as well
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as the width of the CFRPHSs (W). Thus, a corner path consisting of two equal straight
paths (L) is designed in Figure 4b, which could be 45°, 90°, and 135°. Under the default
printing process parameters, these corner paths were printed as Ls = 10 mm, 15 mm, and
20 mm, corresponding to Figure 4d—f, respectively. Noticeable carbon fiber dislocations at
these path corners could be observed. To further quantify the degree of fiber dislocation at
these corners and determine the appropriate geometric parameters for the CFRPHSs, the
angle distortion ratio (¢) and the height distortion ratio (5) were used as the quantitative
evidence, and are expressed as follows:

X — &

0] ” (2)
&
6= 3)

where «( denotes the programmed angle of the path corner, a; refers to the actual angle of
the CCF at the path corner,  is the theoretical height of the CCF raised at the corner, and ¢
is the retraction distance of the CCF at the corner, as shown in Figure 4c.

" ERRRRX | TR
3 trajectory
4 Ls

¥ ! PA matrix
o o a
%~: 4\_6___/'5 5 0
° 90

45

° 135°

&y=90° @, =123.1°

. &

a;=135° a;=148.2° a=135° a,=141.1° @y 135" ‘o~ 138:1°
10 mm 10 mm 10:mm

Figure 4. Fiber dislocation of the path corners: (a) three path corners in the printing paths: 45°,
90°, and 135°; (b) the printing paths for three path corners; (c¢) schematic diagram of the evaluation
methods; geometric images of three path corners in different L, (d) Ls = 10 mm, (e) Ls = 15 mm, and
(f) Ls =20 mm.

According to Formulas (2) and (3), the calculated values of ¢ and ¢ of these path
corners are exhibited in Figure 5a,b, respectively. It can be observed that the values of ¢
and 0 increased with the decrease of wg, as well as the decrease of Ls. According to the
schematic diagram in Figure 6a, the incompletely solidified matrix could not constrain
the fiber effectively [47], which was the main factor causing the fiber dislocation at the
corner paths. A pulling force F, generated by the movement of the nozzle during printing,
pulled the subsequent CCF out of the nozzle to ensure the continuity of the printing. After
the nozzle turned, the direction of the pulling force F changed, which was parallel to the
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second straight path. However, there was some incompletely solidified matrix close to the
printing nozzle due to the short cooling time and inadequate solidification, which could
not provide enough constraints for the CCF at the corner. As a result, the printed CCF
at the end of the first straight path was pulled out by the pulling force F. The direction
of the first straight path and its vertical direction were defined as the X-direction and
the Y-direction, respectively. Fx and Fy are the two vertical components of the pulling
force F in the X-direction and Y-direction. When ay > 90°, the fiber dislocation is mainly
caused by Fy, while Fy along the X-axis positive direction has no negative effect. The
vertical component Fy increased as ay decreased when F was constant, exacerbating the
fiber dislocation. When «g < 90°, the CCF, pulled by Fy along the X-axis positive direction,
and Fy, exhibited significantly higher angle distortion and height distortion. Therefore,
the values of @ and 6 were increased with the decrease of xg, and they were significantly
higher when ag = 45°. The length of the incompletely solidified matrix close to the nozzle
was almost fixed under the same process conditions. The proportion of the fiber dislocation
area in the corner increased with the decrease of Ls when the angle was constant. Therefore,
both the values of ¢ and ¢ increased with the decrease of Ls, as shown in Figure 5.
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Figure 5. The degree of fiber dislocation at the path corners in different Ls and ag: (a) angle distortion
ratio (¢) and (b) height distortion ratio ().

(@ . (b)
Incompletely A~ o Actual trajectory CCF
solidified matrix L of CCF Top of
Printing nozzle port the corner
Solidified matrix
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Figure 6. Schematic diagrams of the fiber dislocation at the path corners: (a) the incompletely

solidified matrix could not constrain the CCF effectively; (b) the CCF could not maintain a fixed
position relative to the printing nozzle port.

In addition, the fiber could not maintain a fixed position relative to the nozzle port,
which was another factor causing fiber dislocation [48], as shown in Figure 6b. To reduce
fiber damage during printing, there was a difference between the cross-sectional area of
fiber and the nozzle port, resulting in the CCF with a high degree of freedom in the nozzle
port. The relative position of CCF could not remain fixed during nozzle turning owing to

the high fluidity of the molten polymer matrix. Therefore, the CCF could not reach the top
of the corners.
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According to the above investigation, the angle distortion ratio of the 45° corner
reached 133.1%, and its height distortion ratio reached 45.7% when Ls = 10 mm, showing
serious printing defects. To maintain the fiber dislocation at relatively low levels, Ls could
not be less than 15 mm. Moreover, the CFRPHSs show better mechanical properties with
increasing filling density, which tended to be with a smaller Lg [55]. Therefore, Ls was set
as 15 mm of the CFRPHSs with different printing paths.

3.2. Effect of Printing Path on Bending Properties

The distribution and orientation of continuous fibers within the CFRPHSs were deter-
mined by their printing paths, which affects the mechanical behaviors [56]. To investigate
the influence of the printing path on the bending performance of the 3D printed CFRPHSs,
three-point bending tests for the CFRPHSs with four printing paths and the PPHSs were
carried out. According to the discussions in Section 3.1, L and W of the CFRPHSs were
set as 120 mm and 15 mm, respectively. The maximum bending displacement was 20 mm.
Figure 7a,b shows the photographs of the bending test samples at displacements of 0 mm
and 20 mm, respectively.

Figure 7. Photographs of the three-point bending test samples at displacements of (a) 0 mm and
(b) 20 mm.

Figure 8a exhibits the load-displacement curves of the CFRPHSs with four print-
ing paths and the PPHSs under three-point bending tests. It can be observed that the
load-displacement curves of these CFRPHSs can be divided into three clear stages: the
elastic stage, yield stage, and plateau stage. The CFRPHSs initially exhibited short-term
elastic deformation during the bending process, and the load increased almost linearly up
to the initial peak load, which was the elastic stage. After elastic deformation, the CFRPHSs
quickly entered the yield stage. In this stage, the load dropped rapidly to a relatively low
value with the progressive failure of structures. Subsequently, the load-displacement curves
presented a plateau stage accompanied by small fluctuations in the load. Meanwhile, the
deformation stages of the PPHSs were similar to those of the CFRPHSs.
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Figure 8. The bending properties of the CFRPHSs with different printing paths and the

PPHS; (a) three-point bending test load-displacement curves; (b) specific load capability and
flexural stiffness.

The specific load capability and flexural stiffness of these CFRPHSs and the PPHSs
were calculated to further evaluate the bending properties, as shown by the results in
Figure 8b and Table 2. It was observed that the addition of continuous fiber greatly
improves the flexural stiffness of honeycomb structures. In particular, the CFRPHSs with
path C exhibited the highest flexural stiffness (627.70 £ 38.78 N/mm), which was 241.8%
higher than the PPHSs. However, the enhancement effect of continuous fiber on specific
load capability was more significantly influenced by the printing paths. The CFRPHSs with
path C showed the highest specific load capability (68.33 & 2.25 N/g), while the specific
load capability of the CFRPHSs with path B (44.12 & 3.04 N/g) was close to that of the
PPHSs (43.48 + 2.46 N/g). Therefore, the printing paths would affect the improvement
effect of continuous fibers on the bending performance of honeycomb structures.

Table 2. The bending properties of all samples.

Properties

Path A

Path B

Path C

Path D

PPHSs

Specific load capability (N/g)
Flexural stiffness (N/mm)

63.23 £ 2.53
627.70 £ 33.59

4412 £ 3.04
696.44 £ 41.28

68.33 £ 2.25
627.70 £+ 38.78

60.74 £ 2.85
484.56 + 35.64

43.48 £2.46
183.62 + 26.57

During the bending process, the upper face sheet was directly subjected to the load,
whereas the honeycomb core showed supporting and strengthening effects for the face
sheet to slow the deformation [57]. Figure 9 further exhibits the fiber distributions of the
CFRPHSs in the loading region, distinguished by the color lines. There were three fiber
distribution modes at the red node beneath the loading roller, including antagonistic
distribution, symmetrical distribution, and cross-distribution, as shown in Figure 9a. The
symmetrical distribution consisted of two opposite and symmetrical 45° path corners
corresponding to path B. Based on the discussions in Section 3.1, the fiber dislocation of the
45° path corner was the most severe. Thus, a large area of polymer matrix without fiber
filling formed at the red node of the CFRPHSs with path B, resulting in a lack of direct
support for the compression area of the upper panel because of the low stiffness of pure
polymer. It caused the lowest flexural stiffness and specific load capacity of path B. The
antagonistic distribution was a 90° path corner with the tip facing the upper face sheet,
corresponding to path A. And the cross-distribution was composed of two intersecting
135° path corners, corresponding to paths C and D. The red nodes with these two fiber
distribution modes had higher stiffness than the nodes filled with pure polymer and could
provide better support to the loading region of the upper face sheets, causing higher flexural
stiffness and specific load capacity of the CFRPHSs compared with path B.
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Figure 9. Fiber distribution modes at the nodes in the loading region of the CFRPHSs with different
printing paths: (a) the red node beneath the loading roller; (b) the green node close to the lower face
sheet (the red circles indicate the region beneath the loading roller, and the green circles indicate the
region close to the lower face sheet).

In addition, the load acting on the upper face sheet was transmitted to the lower face
sheet through continuous fibers distributed in the core. The fiber distribution modes (45°,
90°, and 135° corners) close to the lower face sheet would affect the load transmission
from the core to the lower face sheet, as shown by the green nodes in Figure 9b. Among
them, the CCF distributed at 135° corner had the largest contact area with the lower face
sheet in path C, which could better transfer the load to the lower face sheet and obtain the
support from the lower face sheet. Moreover, the staggered trapezoidal path C allowed
CCF intersections at all nodes of the CFRPHSs, ensuring a strong connection between core
and face sheets [58]. These enabled the structure to have good load transfer performance
and fully utilize the supporting function of the honeycomb core. Thus, the CFRPHSs with
path C showed the strongest specific load capacity and flexural stiffness compared to other
CFRPHSs and PPHSs.

The core and face sheets of honeycomb structures were subjected to a complex stress
state during the bending process, accompanied by potential failure modes, including face
sheet indentation and core shear. Figure 10 shows the bending deformation states of the
PPHSs at displacements of 6 mm and 18 mm, corresponding to the yield stage and the
plateau stage, respectively. In Figure 10a, plastic yielding occurred in the lower face sheet
near the node, causing the load to begin to decrease. When the displacement reached
12 mm, the PPHSs exhibited indentation failure and core shear failure induced by the
core upper member buckling, as shown in Figure 10b. The plastic yielding of the lower
face sheet was deepening, accompanied by fracture and delamination. Due to the contact
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between adjacent honeycomb core members and face sheets, the rate of load decline slowed
down, and the PPHSs entered the plateau stage.

Figure 10. Deformation states of the PPHSs at displacements of (a) 6 mm and (b) 18 mm.

Figures 11 and 12 show the photographs of the bending deformation states of these
CFRPHSs at two different moments during the yield and plateau stages, which corre-
sponded to the colored lines in Figure 8a, to further analyze their failure modes. The
CFRPHSs at the state I began to enter the yield stage. It can be observed in Figure 11
that the upper face sheet bending beneath the loading roller occurred in all CFRPHSs.
Meanwhile, the core shear failure began to occur in the CFRPHSs, resulting in a decrease in
their structural bearing capacity. Two possible core shear failure modes are caused by core
member buckling or core member yielding, respectively [54]. For paths A, C, and D, the
initial failure modes were core shear failure caused by core member buckling, as shown
in Figure 11a,c,d. The degrees of core member buckling in these CFRPHSs were different.
Path C, with the most severe core member buckling, resulting in the most rapid drop in
state I in the load-displacement curve. However, for path B, two 45° corners with severe
fiber dislocation were distributed close to the lower face sheet (see Figure 9b), where the
nodes filled with pure polymer had low stiffness, resulting in yield failure easily occurring
at the end of core members, as shown in Figure 11b. The core shear failure caused by
yielding had a smaller effect on the support of the honeycomb core to the upper face sheet
than that caused by buckling, maintaining the load of path B declining at a slower rate.
Therefore, the core shear failure modes of the CFRPHSs were affected by fiber distribution
modes at the nodes. The rate of load decline in the yield stage was determined by the mode
and degree of core shear failure.

& T,g#

~Buckling’

Buckling

10 mm Buckling 10 mm

Figure 11. Deformation state I of the CFRPHSs with (a) path A, (b) path B, (c) path C, and (d) path D.
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Figure 12. Deformation state II of the CFRPHSs with (a) path A, (b) path B, (c) path C, and (d) path D.

At state II, the CFRPHSs began to enter the plateau stage. Indentation failure oc-
curred on the upper face sheets beneath the loading rollers, and core shear failure further
deepened in all CFRPHSs, as shown in Figure 12. It could be observed that the CFRPHSs
with paths A, C, and D exhibited indentation failure induced by the core upper member
buckling (see Figure 12a,c,d), while the indentation failure of path B was induced by the
core lower member yielding (see Figure 12b). The results indicated that the antagonistic
distribution and cross-distribution of paths A, C, and D endowed their nodes with good
stiffness, providing better support to the loading region. Thus, the stress concentration
was close to the upper face sheet in the early stage in the core members, which finally
resulted in core shear failure on the upper side caused by core member buckling in the
plateau stage. Their failure mode was similar to that of PPHSs. However, for path B,
the symmetrical distribution and the 45° corners close to the lower face sheet had severe
fiber dislocation, causing the low-stiffness nodes to be filled with pure polymer and the
uneven stiffness distribution in the loading region. The uneven stiffness distribution led
to a stress concentration in the core members close to the lower face sheet, and the end
of core members yielded easily, ultimately resulting in core shear failure on the lower
side. Thus, depending on the printing paths, the fiber distribution modes, and structural
defects determined the stiffness distribution in the loading region, further affecting the
stress concentration regions as well as the locations and types of core shear failure in the
CFRPHSs.

In addition, some core members and face sheets touched each other with the deepening
indentation failure and core shear failure, causing structural densification. Therefore, the
bending loads of these CFRPHSs rose in a small amplitude after state II, as shown in
Figure 8a. Moreover, combined with the microscopic morphologies after unloading in
Figure 12, severe plastic deformation and damage of the polymer matrix, as well as obvious
fiber breakage and fiber detachment from the matrix, could be observed in the areas
of core shear failure, which caused irreversible structural failure and a decrease in the
bearing capacity.

4. Conclusions

In this study, diamond-filled continuous fiber reinforced polymer honeycomb struc-
tures (CFRPHSs) with different printing paths were designed and fabricated via the FDM
technique. The fiber dislocation at the path corners was investigated to characterize the
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structural defects of the CFRPHSs caused by the printing path. The bending behaviors and
failure modes of the CFRPHSs with the different printing paths and pure polymer honey-
comb structures (PPHSs) were studied by three-point bending tests. The results showed
that the fiber distribution modes and structural defects determined the stress concentration
regions and core shear failure modes of the CFRPHSs. This study revealed the mapping
relationship between the printing path planning, structural defects, and structural and
mechanical performance, providing references for the printing path optimization of the 3D
printed CFRPHSs with high performance. The main conclusions can be drawn as follows:

(1) There were three fiber distribution modes at the nodes lapped between the core
and face sheets of the CFRPHSs, including symmetrical distribution, antagonistic
distribution, and cross distribution, which were determined by the printing paths.

(2) The structural defects at the nodes of the CFRPHSs were caused by the fiber dis-
locations at path corners. Low stiffness nodes filled with pure polymer caused by
severe fiber dislocation led to uneven stiffness distribution in the loading region of
the CFRPHSs. As the angle of the corner and the length of the straight path increased,
the degree of fiber dislocation at path corners would decrease.

(3) The enhancement effect of continuous fibers on the bending performance of hon-
eycomb structures was affected by the printing paths. The path C with staggered
trapezoidal distribution ensured a strong connection and good load transfer perfor-
mance between the core and face sheets of the CFRPHSs, fully utilizing the support-
ing function of the honeycomb core, exhibiting the highest specific load capability
(68.33 &= 2.25 N/ g) and flexural stiffness (627.70 £ 38.78 N/mm).

(4) The nodes of the CFRPHSs with fiber antagonistic distribution and cross distribution
had good stiffness, providing better support to the loading region, leading to a stress
concentration in the upper core and final core shear failure on the upper side caused
by core member buckling. The failure mode of these CFRPHSs was similar to that of
the PPHSs.

(5) When the fibers were symmetrically distributed, the low-stiffness nodes filled with
pure polymer caused uneven stiffness distribution in the loading region of the
CFRPHSs, resulting in concentrated stress in the core members close to the lower face
sheet, which ultimately led to yielding at the 45° corners.

This study has guiding significance for the printing path planning of other continuous
fiber reinforced polymer two-dimensional cellular structures. It is necessary to carry out
finite element simulation studies incorporating fiber path planning for further optimization
of structural parameters in future work.
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Abstract: In order to improve the mechanical properties and durability of cement-based materials, a
certain amount of multi-walled carbon nanotubes (MWCNTs) and polypropylene fiber (PP fiber) were
incorporated into cement-based materials. The mechanical properties of the multi-walled carbon
nanotubes/polypropylene fiber cement-based materials were evaluated using flexural strength tests,
compressive strength tests, and splitting tensile tests. The effects of multi-walled carbon nanotubes
and polypropylene fiber on the durability of cement-based materials were studied using drying
shrinkage tests and freeze-thaw cycle tests. The effects of the multi-walled carbon nanotubes and
polypropylene fibers on the microstructure and pore structure of the cement-based materials were
compared and analyzed using scanning electron microscopy and mercury intrusion tests. The results
showed that the mechanical properties and durability of cement-based materials can be significantly
improved when the content of multi-walled carbon nanotubes is 0.1-0.15%. The compressive strength
can be increased by 9.5% and the mass loss rate is reduced by 27.9%. Polypropylene fiber has little
effect on the compressive strength of the cement-based materials, but it significantly enhances the
toughness of the cement-based materials. When its content is 0.2-0.3%, it has the best effect on
improving the mechanical properties and durability of the cement-based materials. The flexural
strength is increased by 19.1%, and the dry shrinkage rate and water loss rate are reduced by 14.3%
and 16.1%, respectively. The three-dimensional network structure formed by the polypropylene fiber
in the composite material plays a role in toughening and cracking resistance, but it has a certain
negative impact on the pore structure of the composite material. The incorporation of multi-walled
carbon nanotubes can improve the bonding performance of the polypropylene fiber and cement
matrix, make up for the internal defects caused by the polypropylene fiber, and reduce the number of
harmful holes and multiple harmful holes so that the cement-based composite material not only has
a significant increase in toughness but also has a denser internal structure.

Keywords: multi-walled carbon nanotubes; polypropylene fiber; cement-based materials; mechanical
properties; durability performance; microstructure; pore structure

1. Introduction

As a traditional building material, cement-based materials play a vital role in various
fields. However, their own brittleness, poor crack resistance, and other shortcomings cannot
be ignored [1,2]. These shortcomings limit the application of cement-based materials to
a certain extent. In order to improve the shortcomings of cement-based materials and
improve the application range, after a large number of experiments and studies by many
scholars, it has been found that the mechanical properties and durability of composite
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materials have been significantly improved by adding fibers or nanomaterials to cement-
based materials [3-6].

As a hollow carbon crystal curled by multilayer graphite sheets, carbon nanotubes can
be divided into single-walled carbon nanotubes and multi-walled carbon nanotubes [7].
Multi-walled carbon nanotubes (MWCNTs) are the most commonly used in the field of
cement-based materials. Generally, the diameter of single-walled carbon nanotubes is
between 0.4-2 nm, and the diameter of multi-walled carbon nanotubes is 1.4-100 nm, and
they have extremely high strength, toughness, and elastic modulus [8]. However, there are
strong van der Waals forces between the tubes; therefore, carbon nanotubes are generally
agglomerated. If they are directly added to the cement matrix, it is easy to cause stress
concentration, which will not only fail to enhance the corresponding effect, but will also
reduce the performance of the cement matrix [9,10]. Based on this consideration, researchers
usually use mechanical stirring dispersion, ultrasonic dispersion, electric field-induced
dispersion, surfactant modification, and other methods to achieve uniform dispersion of
carbon nanotubes in the cement matrix [11-13].

Compared with auxiliary cementitious materials such as silica fume and fly ash, a very
low content of carbon nanotube materials can achieve higher mechanical properties and
durability [14-17]. For example, Cerro-Prada E et al. [18] found that only a small amount of
multi-walled carbon nanotubes can increase the compressive strength and flexural strength
of cement-based materials by 25% and 20%, respectively, within 90 days using conventional
mechanical tests. Qin et al. [19] found that multi-walled carbon nanotubes changed the
fracture process in the cement matrix and significantly increased the fracture energy when
micro-cracks were initiated using laboratory tests and molecular dynamics simulations,
thereby improving the overall mechanical properties. In addition, multi-walled carbon
nanotubes with different sizes and morphologies have significant differences in their effects
on the properties of cement-based materials. For example, Gao et al. [20] studied the
effects of multi-walled carbon nanotubes with different diameters (10-20 nm, 20—-40 nm
and 40-60 nm) on the mechanical properties of cement-based materials. It was found
that multi-walled carbon nanotubes with a diameter of 40-60 nm had the best effect on
improving the flexural strength of cement, and 10-20 nm had the best effect on improving
the compressive strength of cement-based materials. Ramezani et al. [21] found that the
average length and average diameter of carbon nanotubes were 10-20 um and 20-32.5 nm,
respectively, which were most favorable for improving the mechanical properties of cement-
based materials. Li et al. [22] used machine learning methods to predict the single-system
and multi-system compressive strength of cement-based materials doped with carbon
nanotubes. Some optimal parameters of carbon nanotubes were determined by the multi-
system SHAP results: the optimal length and diameter of carbon nanotubes are 20 pm and
25 nm, respectively.

The improvement effect of carbon nanotubes on the mechanical properties and dura-
bility of cement-based materials is mainly attributed to its size effect and filling effect [23].
Chen et al. [24] studied the effect of carbon nanotubes on the structure of hydration prod-
ucts using nanoindentation tests. It was found that carbon nanotubes can bridge the
pores in cement paste, promote the formation of calcium hydroxide, and promote the
conversion of low-density calcium silicate hydrate to high-density calcium silicate hydrate.
Wang et al. [25] used a variety of microscopic analysis methods to study multi-walled car-
bon nanotube cement-based materials. It was found that multi-walled carbon nanotubes
can improve the hydration process, increase the number of hydration products, and reduce
the porosity of cement-based materials. It has the effect of inhibiting crack propagation
and improving compactness. Naqi A et al. [26] found that properly dispersed MWCNTs
provide additional nucleation sites for the formation of hydrated calcium silicate (C-S-H),
filling the fine pores in the cement matrix, resulting in a denser microstructure, thereby
increasing strength and limiting autogenous shrinkage.

In the study of fiber-reinforced cementitious composites, steel fiber [27-29], basalt
fiber [30,31], glass fiber [32,33], and polypropylene fiber [34,35] are often mentioned. How-
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ever, steel fiber is easily agglomerated during the mixing process, and it is heavy and easy
to corrode, which will incur significant cost and affect all aspects of the performance of
the matrix material [36]. Polypropylene fiber has the advantages of a high tensile strength,
low density, good thermal stability, and low cost [37,38]. It can significantly improve the
crack resistance, toughness, and control ability of cracks caused by early shrinkage of the
cement matrix [39-41]. For polypropylene fibers of different sizes, different contents enable
them to be effectively distributed in the matrix, thereby giving the matrix a higher flexural
strength [42—44]. The crack resistance of fiber-reinforced cement-based materials is closely
related to the interface bonding between the fiber and matrix [45]. However, the application
of polypropylene fiber is greatly affected by the smooth surface of polypropylene fibers,
poor hydrophilicity, poor dispersion, and insufficient matrix bonding in cement mortar [46].
Researchers often use nano-coating, chemical modification, surface oxidation, etching, graft-
ing, etc. to achieve adhesion between polypropylene fibers and matrix materials [47,48].
This method can further improve the mechanical properties and freeze—thaw resistance
of composites. For example, Jia et al. [49] prepared a series of polypropylene composite
fibers by melt-spinning using micro-silicon as a hydrophilic modifier and studied their
structure and properties. It was found that, compared with unmodified polypropylene
fibers, the composite fibers showed a rougher and more hydrophilic surface, and the
interfacial bonding strength between the polypropylene fibers and cement matrix was
significantly improved. Feng et al. [50] used nano-calcium carbonate to modify the sur-
face of polypropylene fibers and incorporated them into cement-based materials. They
found that the modified polypropylene fiber cement-based materials had better bend-
ing resistance. However, the above surface treatment methods for polypropylene fibers
also have problems, such as a complicated operation, high equipment requirements, and
poor stability.

According to the survey results, it was found that the size effect and filling effect of
carbon nanotubes can effectively promote the hydration process of cement, fill holes, and
make the matrix more dense, thus effectively improving the mechanical properties and
durability of the cement matrix. Although polypropylene fiber can improve the flexural
and tensile properties of cement-based materials, due to the lack of hydrophilic groups in its
molecular chain, its bonding with the cement matrix is poor, and cracks are prone to occur
at the fiber-matrix interface, thus reducing the reinforcement effects of the polypropylene
fibers. Therefore, carbon nanotubes and polypropylene fibers were selected as modifiers.
Multi-walled carbon nanotubes/polypropylene fiber cement-based composites were pre-
pared via double mixing in order to demonstrate the excellent properties of multi-walled
carbon nanotubes, improve the bonding performance between polypropylene fibers and
the cement matrix, and achieve the purpose of improving the mechanical properties and
durability of cement-based composites. The effects of multi-walled carbon nanotubes and
polypropylene fibers on the mechanical properties of the cement-based materials were
studied using flexural tests, compressive tests, and splitting tensile tests. The durability of
the multi-walled carbon nanotubes/polypropylene fiber cement-based materials was evalu-
ated using drying shrinkage tests and freeze-thaw cycle tests. The microstructure and pore
structure of the multi-walled carbon nanotubes/polypropylene fiber cement-based materi-
als were characterized using scanning electron microscopy and mercury intrusion tests,
and the synergistic mechanisms of the multi-walled carbon nanotubes and polypropylene
fibers were revealed.

2. Materials and Methods
2.1. Raw Materials

The multi-walled carbon nanotubes (MWCNTs) were produced by Suzhou Carbonfeng
Technology Co., Ltd. (Suzhou, China), and their related technical indexes are shown in
Table 1. The technical indexes of the polypropylene fibers (PP fibers) are shown in Table 2.
The polypropylene fiber has a smooth surface, stable chemical properties, and a high aspect
ratio. Its microstructure is shown in Figure 1. Polyvinylpyrrolidone (PVP) was selected as
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the dispersant, which is an amphiphilic polymer with a special structure. The pyrrolidone
group is a hydrophilic group, and the main chain is a hydrophobic segment of the C-C
bond. Introducing it into the surface of multi-walled carbon nanotubes can significantly
improve their dispersion. The PVP and other raw materials and their technical indexes are
shown in Table 3, which meet the requirements of the specifications.

Table 1. Technical indexes of multi-walled carbon nanotubes.

Item Dl(a;rrile)ter Length (um) Purity (wt%)  Specific Surface Area (%)
MWCNTs 10-20 5-15 >97% 90-120 m?/g

Table 2. Technical indexes of polypropylene fibers.

Item Indexes
Fiber type Bunchy monofilament
Tensile strength (MPa) >486
Elastic modulus (GPa) >4.8
Melting point (°C) 169
Density (g/ cm?) 0.91
Length (mm) 9
Diameter (um) 18-48

15 keV

SE

(a) Appearance morphology of PP fibers (b) PP fiber cross-section

Figure 1. SEM of PP fibers.

Table 3. Related raw materials and indexes.

No. Types Materials Indexes
PO 425 Fineness, 5.4%; standard consistency water consumption,
1 Binding material . ’ 26.1%; initial setting time, 255 min; final setting time,
Cement .
365 min; soundness, 1.2 mm
2 Binding material Fly ash (I grade) Mean diameter, 20.13 pm; fineness, 9.8%; water demand

ratio, 93.1%; moisture content, 0.2%; loss on ignition, 1.35%
White powder; K-value, 27.0-32.4; pH value, 3.0-5.0; total
nitrogen content, 11.5-12.8%; ignition residue, <0.1%;

3 Dispersant Polyvinyl pyrrolidone aldehyde content, <0.05%; formic acid content, <0.5%;
vinylpyrrolidone content, <0.001%; plumbum content,
<0.001%; water content < 5.0%
Yellow-brown powder; water reduction, 8-14%; bleeding
rate, 55%; gas content, 3.0%; 28 d shrinkage ratio, 110%

5 Sand ISO standard sand Grain diameter, 0.08-2 mm

4 Auxiliary material Naphthalene water reducer
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2.2. Preparation of Cement-Based Composite Materials

Through many experiments in the laboratory, the following preparation process was
determined. First, a certain amount of polyvinylpyrrolidone (PVP) was weighed, and
the mass ratio of MWCNTs to PVP was 1:2. The amounts were added to a beaker and
completely dissolved in water via magnetic stirring. Then, the MWCNTs were weighed
(weighed according to the mass of the cementitious material) and added to the mixed
solution via magnetic stirring. Finally, the solution was placed in the ultrasonic dispersion
device, and the oscillation time was 40 min to obtain the MWCNT dispersion suspension.
By consulting the relevant literature and through many experimental studies, the water-to-
cementitious ratio (W/C) was determined to be 0.43. Then, polypropylene fiber (volume
content) was mixed with standard sand dryly, in which the cement-sand ratio was 1:3, and
cement and fly ash (fly ash replaces 20% cement quality) were added. Then, water, water
reducer, and suspension were added and stirred to a uniform fluid state, and the amount of
water reducer was obtained by referring to the relevant literature and debugging according
to the actual mix ratio. Finally, the mixture was slowly filled into a mold that had been
painted with oil, and the surface was smoothed. After being placed in an environment at
20 °C for 24 h, the mold was removed and the specimens were cured under standard curing
conditions. After the curing was completed, the corresponding tests were performed, as
shown in the Figure 2. The mix proportions of the cement-based composite materials are
shown in Table 4.

|
Polypropylene fiber cement, sand, fly

ash, water, etc. Pour into the Demoulding

mould after 24 h.

Suspending liquid

: 1 Scanning electron microscope Mercury intrusion test
L

Figure 2. Preparation process and test flow chart.

Table 4. Mix proportions of cement-based composite materials.

Scheme W/C MWCNTs (wt%) PP Fiber (%)
TO 0.43 0 0
T1 0.43 0.05 0
T2 0.43 0.1 0
T3 0.43 0.15 0
T4 0.43 0.2 0
T5 0.43 0 0.1
T6 0.43 0 0.2
T7 0.43 0 0.3
T8 0.43 0 0.4
T9 0.43 0.1 0.1

90



Polymers 2024, 16, 41

Table 4. Cont.

Scheme W/C MWCNTs (wt%) PP Fiber (%)
T10 0.43 0.1 0.2
T11 0.43 0.1 0.3
T12 0.43 0.1 0.4

2.3. Test Methods
2.3.1. Fluidity Test and Mechanical Tests

The fluidity tests were carried out according to GB/T 2419-2005, and the fluidity
was measured using the jump table test. According to GB/T 17671-1999, the mechanical
properties of the cement-based composites were tested, including the use of flexural
strength tests and compressive strength tests. The curing ages of the specimens were 3
d, 7 d, and 28 d. The flexural strength test adopted the central loading method. One side
of the test body was placed on the support cylinder of the test machine. The long axis of
the specimen was perpendicular to the support cylinder. A load was uniformly applied
vertically to the relative side of the prism at 50 N/s through the loading cylinder until
it broke. Then, the compressive strength test was carried out on the samples after the
flexural test. The loading rate of the compressive strength test was 2400 N/s, and the
average speed was loaded until the specimen was destroyed. The splitting tensile test
was used to study the tensile properties of the cement-based materials. The specimen size
was 70.7 mm x 70.7 mm x 70.7 mm. After curing for 28 days, the splitting tensile test was
carried out. The qualified specimens were placed in the center of the pressure plate, the arc
pads were placed above and below the pressure plate, and the loading rate was set to 0.08
MPa/s.

2.3.2. Durability Tests

(1) Drying shrinkage test

The drying shrinkage test was carried out according to JC/T 603-2004. The size of the
specimen was 25 mm X 25 mm x 280 mm. After curing in the standard curing box for 24 h,
the mold was removed, and the specimens were placed in water at 20 °C for 48 h. After
2 days of curing, the initial length and initial weight of the specimens were tested using a
specific length meter and balance. After the measurements, the specimens were placed in
the curing box for drying and curing and measured again at each age (3d,7d, 14d,21d,
28 d, 56 d, 90 d). Finally, the dry shrinkage rate and water loss rate were calculated.

(2) Freeze-thaw cycle test

The freeze—-thaw cycle test was carried out according to JGJ/T 70-2009. The size of the
specimen was 40 mm X 40 mm x 160 mm. After removing the formwork, the specimens
were cured in a standard curing box for 28 days, and then the specimens were immersed in
water at a temperature of 20 °C for 4 days. The initial mass of the specimens was weighed,
then the freeze-thaw cycle test was started. The freeze—thaw cycle test was completed in an
automatic low-temperature freeze-thaw testing machine. The single freeze-thaw cycle test
piece lasted 2 h, the melting lasted 0.5 h, the freezing temperature and melting temperature
were —18 °C and 5 °C, respectively, and the number of freeze-thaw cycles was 100. The
results of the freeze—thaw cycle test are expressed as the mass loss rate and strength loss
rate. The strength test was carried out according to Section 2.3.1.

2.3.3. Scanning Electron Microscopy

A MAGNA emission scanning electron microscope produced by Taisiken Co., Ltd.
(Shanghai, China) was used for the test. The sample size was approximately
lem x 1em x 0.3 cm. Before the test, the selected samples were soaked in anhydrous
ethanol to terminate the hydration of the cement samples. The soaking time was 24 h. After
soaking, the samples were dried. Due to the poor conductivity of cement-based materials,
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the samples were polished and sprayed with gold. Finally, the samples were placed in the
scanning chamber for observation.

2.3.4. Mercury Intrusion Test

The mercury injection test was carried out using AutoPore9600/9510 automatic pore
size analyzer. The maximum working pressure of the mercury injection instrument was
400 MPa, and the measurable pore diameter range was 0.003~950 pum. Firstly, after 28 days
of standard curing, a long strip of 0.5-1.5 g of each of the samples was taken and immersed
in anhydrous ethanol for 24 h. Then, the hydration was terminated, and the samples
were dried, loaded into an expansion meter, and tested under low pressure and high
pressure conditions.

3. Results and Analysis
3.1. Workability and Mechanical Properties Analysis
3.1.1. Workability Analysis

The fluidity was used to evaluate the workability of the cement-based composites.
The test results are shown in Table 5, and the test process is shown in Figure 3.

Table 5. Fluidity of the cement-based composites.

Scheme

TO T1 T2 T3 T4 T5 T6 T7 T8 T9 T10

T11

T12

Fluidity (mm) 225 210 195 183 180 207 193 181 170 204 184

174

165

Figure 3. Fluidity test.

It can be seen from Table 5 that the addition of MWCNTs and PP fibers reduced
the fluidity of the cement-based composite mixture. The contents of the MWCNTs were
0.05%, 0.1%, 0.15%, and 0.2%, and they could be decreased by 6.7%, 13.3%, 18.7%, and 20%,
respectively, compared with T0. The PP fiber contents were 0.1%, 0.2%, 0.3%, and 0.4%, and
the fluidity decreased by 8.0%, 14.2%, 19.6%, and 24.4%, respectively, compared with TO.
When the content of PP fiber was 0.4%, the fluidity did not meet the requirements of the
specifications. Compared with T0, the fluidity of T9-T12 decreased by 9.3%, 18.2%, 22.7%,
and 26.7%, respectively. The fluidity of the composite materials was negatively correlated
with the content of MWCNTs, and the fluidity gradually decreased with increasing contents
of MWCNTs. This is due to the large specific surface area of MWCNTs. After adding the
MWCNTS5, the total specific surface area of the cement-based materials increased, and the
free water adsorbed on the surface of the MWCNTs increased significantly. This made the
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cement paste become sticky, and with the increase in the MWCNT content, the fluidity
of the composite material decreased more obviously. The addition of PP fiber has an
adverse effect on the fluidity of the composites. When PP fiber is added to the cement-
based material, a three-dimensional network structure is formed inside the mixture, which
increases the friction between the aggregates. At the same time, there is a certain viscous
effect between the PP fiber and the slurry, resulting in a decrease in the fluidity of the
cement mixture. With the increase in fiber content, it is difficult to disperse in cement-based
composites, and the distribution spacing of PP fibers becomes smaller. Therefore, the fibers

were easily agglomerated during the mixing process, which hindered the fluidity of the
cement paste.

3.1.2. Flexural Strength and Compressive Strength

The flexural strength and compressive strength at 3 d, 7 d, and 28 d were selected to
characterize the mechanical properties of the cement-based materials. The macroscopic
morphology of the specimens after the flexural strength tests and compressive strength
tests are shown in Figure 4. The test results are shown in Figures 5 and 6.

(b)

Figure 4. The macroscopic morphology of the specimens. (a) The macroscopic morphology of the
specimens after the flexural strength test. (b) The macroscopic morphology of the specimens after the
compressive strength test.
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Figure 5. Flexural strength test results.
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Figure 6. Compressive strength test results.
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It can be seen from Figure 5a that the incorporation of MWCNTs has a certain effect
on the flexural strength of the composites. The enhancement effect increases first and
then decreases with increasing contents. At the same time, the increases at 3 d and 7 d
were significantly higher than that at 28 d. Compared with T0, the incorporation of
MWCNTs can promote the hydration reaction of cement and have obvious improvement
effects on the flexural strength of the composite materials in the early stages. When
the age of the specimen was 28 d, compared with T0, the flexural strength of T1, T2,
T3, and T4 increased by 5.6%, 10.1%, 15.7%, and 6.7%, respectively, and the flexural
strength of T3 increased the most. It can be seen from Figure 5a that when the age of the
specimen was 28 d, the flexural strength of the material increased by 10.1%, 18.0%, and
19.1%, respectively, when the PP fiber content was 0.1%, 0.2%, and 0.3% compared with
T0. When the PP fiber content was 0.3%, the improvement effect was the best, and the
improvement effect of the PP fiber on the flexural strength of the composite was better
than that of carbon nanotubes. When the PP fiber content was 0.4%, it was reduced by
4.5% compared with the reference group. This is because the appropriate amount of PP
fiber can enhance the toughness of the composite material and play a role in reinforcement
and crack resistance. When the amount of PP fiber is greater, the dispersion of the fiber
in the cement matrix is poor, and the stress concentration phenomenon occurs, which
seriously weakens the flexural performance of the cement-based material. These results
are consistent with previous research conclusions [38]. From Figure 5b, it can be seen that
when the specimen age is 28 d, compared with T2 (0.1% MWCNTs), the flexural strength of
the carbon nanotube /polypropylene fiber composites of T9, T10, and T11 increase by 10.2%,
18.4%, and 9.2%, respectively, while the flexural strength of the T12 scheme decreases
by 10.2%. Combined with scanning electron microscopy and mercury injection tests, the
incorporation of MWCNTs can improve the internal structure of PP fiber composites and
reduce the porosity of the PP fiber composites. At the same time, due to the nucleation of
MWCNTs [26], the hydration of cement is promoted, the bonding performance between
fiber and matrix is enhanced, and the toughening effect of PP fiber is further improved.
However, the excessive amount of fiber results in a decrease in the mechanical properties.

From Figure 6a, it can be seen that MWCNTs have a certain effect on the compressive
strength of cement-based materials. When their contents are increased, the compressive
strength shows a trend of first increasing and then decreasing. When the age of the specimen
is 28 d and the MWCNT content is 0.05%, 0.1%, 0.15%, 0.2%, the compressive strength of
the composite material is increased by 7.4%, 13.4%, 10.2%, and 1.3%, respectively, compared
with the reference group. This is because MWCNTs have a size effect and filling effect,
optimizing the pore structure of the composite material, enhancing the compactness of the
structure, and giving the composite material superior compressive properties [23,24].

When the age of the specimen was 28 days, compared with the TO group, the compres-
sive strength of the composite was increased by 0.4%, 3.9%, and 2.4% when the PP fiber
content was 0.1%, 0.2% and 0.3%, respectively. When the PP fiber content was 0.4%, the
compressive strength decreased by 9.7% compared with the TO group. It was found that
when the content of PP fiber was too low, the fibers could not form a strong support system,
having little effect on the compressive strength. When the fiber content was too large, the
fibers agglomerated in the composite material and could not inhibit the development of
small cracks. At the same time, the fiber agglomeration increased the number of internal
pores and reduced the density of the composite material, thus causing the compressive
strength of the composite material to decrease. These findings are consistent with the
results of Li [39] and Al-Katib [41]. It can be seen from Figure 6b that when the age of the
specimen is 28 days, compared with the T2 group, the compressive strength of the carbon
nanotube/polypropylene fiber composites of the T9 and T10 schemes is increased by 8.5%
and 9.3%, respectively. When the content of PP fiber in the composite group is 0.3% and
0.4%, it is reduced by 0.4% and 12.8%, respectively. This shows that, although the combined
addition of MWCNTs and PP fiber can further improve the compressive strength of the
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composite, the enhancement effect cannot be completely superimposed. When the content
is too high, the compressive strength of the composite is weakened.

3.1.3. Split Tensile Strength

The splitting tensile strength at 28 d was used to characterize the tensile stress re-
sistance of the cement-based materials. The macroscopic morphology of the specimens
after the split tensile strength test is shown in Figure 7. The splitting tensile test results are
shown in Figure 8.

Figure 7. The macroscopic morphology of the specimens after the split tensile strength test.

=
=3
T

%)
53

Split tensile strength (MPa)
5 & & & B8

=
n

0.0

TO T1 T2 T3 T4 T5 T6 T7 T8 T9 TIO TIl TI2

Figure 8. TO-T12 results of the splitting tensile tests.

It can be seen from Figure 8 that when the content of MWCNTs is 0.05%, 0.1%, 0.15%,
and 0.2%, the splitting tensile strength of the cement-based composites increases by 2.9%,
6.8%, 10.7%, and 4.2%, respectively, compared with the reference group. MWCNTs have a
nanoscale size and excellent tensile strength, which have good filling effects on the internal
micro-pores of the composite material. They also improve the compactness of the matrix
and play a bridging role to a certain extent, which has a certain inhibitory effect on the
development of cracks [19,24]. When the content of PP fiber was 0.1%, 0.2%, and 0.3%,
the splitting tensile strength of the cement-based composites increased by 1.9%, 9.1%,
and 12.6%, respectively, compared with the reference group, while it was decreased by
1.6% when the fiber content was 0.4%. The toughening and crack resistance effects of PP
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fiber have a significant effect on the splitting tensile strength of the composite material.
These results are consistent with previous studies [40,44]. When the matrix reaches the
critical failure load, due to the existence of the fiber, the concentrated stress at the crack
is transferred to the other interface of the matrix through the fiber, which reduces the
stress concentration at the crack end and inhibits the continuous development of the crack.
Compared with 0.1% MWCNTs, the splitting tensile strength of the 0.1%, 0.2%, and 0.3%
composites can be increased by 4.2%, 6.7%, and 5.8%, respectively. When the PP fiber
content is 0.4%, it can be decreased by 6.7%. Compared with the single-doped method, the
composite-doped method shows more excellent tensile strength. Combined with the results
of the scanning electron microscopy and mercury intrusion tests, it can be assumed that the
addition of MWCNTs improves the bonding degree of the PP fiber—cement interface and
ensures the toughening and crack resistance effects of the PP fiber on composite materials.

3.2. Durability Analysis
3.2.1. Drying Shrinkage Test

The durability of the cement-based composites was characterized by the dry shrinkage
and water loss rate. The test results are shown in Figure 9.

From Figure 9a, it can be seen that when the MWCNT content was 0.1%, the reduction
in the drying shrinkage rate of the composite material was the best. With increasing
curing ages, it showed a trend of first increasing and then decreasing. Compared with
the reference group, the drying shrinkage rate of the composite with 0.1% MWCNT was
decreased by 15.7%, 16.1%, 13.5%, 13.1%, 12.5%, and 12.1% at3d, 7 d, 14 d,28 d, 60 d,
and 90 d, respectively. The incorporation of MWCNTs significantly improves the drying
shrinkage of the composite. This is because, on the one hand, the size effect and filling effect
of MWCNTs significantly improve the pore structure of the composite material. At the same
time, when 0.1%MWCNTs is added to the cement-based material, the water loss rate of the
composite material improves the most. The water loss rate showed a trend of decreasing
first and then increasing with increasing MWCNT contents, and the improvements in the
water loss rate gradually decreased with increasing age. When the content of the MWCNTs
is too much, it agglomerates locally in the matrix, destroys the capillary pore structure of
the composite, and accelerates the water loss. From Figure 9b, it can be seen that when the
content of PP fiber is 0.3%, the drying shrinkage rate of the composite material reduces the
most. The drying shrinkage rate of the composite material with 0.3% PP fiber at the ages
of3d,7d,14d, 28 d, 60 d, and 90 d was reduced by 13.3%, 13.8%, 14.5%, 16.4%, 14.4%,
and 14.3%, respectively, compared with the TO group. In addition, the PP fiber reduced the
water loss rate of the composites. At the early ages, with the increase in curing age, the
reduction effect is more significant. When the curing age exceeded 28 d, the water loss rate
of the composite material decreased, and the water inside the composite material was lost.
When the content of PP fiber was 0.3%, the water loss rate of the composite was the lowest.
When the fiber content is low, the fiber is distributed inside the cement paste, and the fiber
is almost not observed on the surface of the matrix. This phenomenon results in an increase
in the water loss channels generated by the fiber and the slurry, resulting in an increase
in the water loss rate. With the increasing fiber contents, the water loss rate gradually
decreases. This is because the fiber is not only dispersed inside, but it is also distributed on
the surface of the matrix. Because the water loss channel is blocked by the fiber, the water
loss path inside the composite is reduced, and the water evaporation rate is reduced. It
can be seen in Figure 9c that the dry shrinkage rates of the cement-based composites with
carbon nanotubes /PP fibersat3d,7d, 14 d, 28 d, 60 d, and 90 d were 4.3%, 8.7%, 2.1%,
7.0%, 5.0%, and 4.6% lower than those of the 0.1% MWCNT group, respectively. When the
MWCNTs and PP fibers act simultaneously in the composite, the drying shrinkage of the
composite is further improved, and the two materials jointly bear the anti-drying shrinkage
ability of the composite. Using the compound blending combination method, when the PP
fiber content was 0.2%, the water loss rate of the composite material was further reduced,
and the drying shrinkage improvement effect was also optimal.
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Figure 9. Results of the drying shrinkage tests.
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3.2.2. Freeze-Thaw Cycle Test

The mass loss rate and strength loss rate were used to characterize the durability of
the cement-based materials. The macroscopic morphology of the specimen after the test is
shown in Figure 10, and the test results are shown in Table 6 and Figure 11.

Figure 10. The macroscopic morphology of the specimens after the freeze-thaw cycle test.

Table 6. The mass loss rate test results.

Freeze-Thaw Cycle (Cycles)

Scheme
25 50 75 100
TO 0.11 0.85 2.45 441
T1 —0.08 0.30 2.10 3.65
T2 —0.23 0.19 1.90 3.18
T3 —0.18 0.26 2.01 3.39
T4 —0.14 0.46 2.20 3.74
T5 —0.02 0.37 2.11 3.78
T6 —0.05 0.21 1.95 3.30
T7 —0.03 0.30 2.02 3.65
T8 —0.01 0.55 2.23 3.95
T9 —0.10 0.41 2.10 3.42
T10 —0.25 0.14 1.78 2.87
T11 —0.13 0.36 2.01 3.25
T12 —0.05 0.54 2.28 3.76
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Figure 11. Strength loss rate.

It can be seen from Table 6 that, except for the TO group, the mass loss rates of the
other 12 groups of specimens were negative after 25 freeze—thaw cycles. The reason for
this phenomenon may be due to the water absorption of the carbon nanotubes and PP
fibers. When the freeze-thaw cycle was completed 50 times, the cement was fully hydrated,
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the adsorbed water inside the material was saturated, and the mass loss rate began to be
greater than the mass growth rate due to freeze-thaw damage. As the freeze—thaw test con-
tinued, the degree of damage to the specimen gradually increased, and the mass loss rate
increased sharply. The MWCNTs were added to the cement-based materials and subjected
to 100 freeze-thaw cycles. The mass loss rate of the composite material can be reduced
to a certain extent compared with the reference group, and the reduction is different for
different dosages. When the MWCNT contents were 0.05%, 0.1%, 0.15%, and 0.2%, the
mass loss rate was reduced by 17.2%, 27.9%, 23.1%, and 15.2%, respectively, compared with
the reference group. It can be seen from the mass loss rate of the composite material that
the optimal content of the MWCNTs was 0.1%. According to the results of the scanning
electron microscopy and mercury intrusion tests, it can be seen that MWCNTs can optimize
the pore structure, enhance the density of the material, and improve the freeze-thaw resis-
tance. In addition, when the composite material produces expansion pressure during the
freeze—thaw cycle, the bridging effect and excellent mechanical properties of the MWCNTs
can resist part of the pressure and inhibit the generation of cracks. When the content of
the PP fiber was 0.1%, 0.2%, 0.3%, and 0.4%, the mass loss rate was 14.3%, 25.2%, 17.2%,
and 10.4% lower than that of the reference group, respectively. It can be seen from the mass
loss of the composite material that the optimum content of PP fiber is 0.2%. During the
freeze—thaw cycle, when the cement matrix is subjected to expansion pressure, cracks begin
to appear inside the matrix, and the bridging effect of the fiber inhibits the expansion of the
cracks to a certain extent. At the same time, due to the binding effects of the PP fiber, the
integrity of the composite material is ensured, and the anti-stripping ability is improved.
In the composite group (T9-T12), when the content of PP fiber was 0.1%, 0.2%, 0.3%, and
0.4%, the mass loss rate was reduced by 22.4%, 34.9%, 26.3%, and 14.7%, respectively, after
100 freeze—thaw cycles compared with the reference group. When the content of PP fiber
was 0.2%, the improvement effect on the mass loss of the composite material was the best.
It can be seen from Figure 11 that the strength loss of composite materials in all the
test schemes increased with increasing numbers of freeze-thaw cycles. This is because
with increasing numbers of freeze-thaw cycles, the matrix continues to be subjected to
freeze-thaw damage, the internal micro-cracks continue to expand, and the compactness
decreases, resulting in a sharp decline in the mechanical properties. When the number
of freeze—thaw cycles is 50 and the MWCNT content is 0%, 0.05%, 0.1%, 0.15%, and 0.2%,
the flexural strength loss rate of the composite is 40.2%, 31.2%, 30.7%, 29.2%, and 36.5%,
respectively, and the compressive strength loss rate of the composite is 27.0%, 18.3%, 17.0%,
17.7%, and 19.7%, respectively. When the number of freeze—thaw cycles reaches 100 and the
MWCNT content is 0%, 0.05%, 0.1%, 0.15%, and 0.2%, the loss rates of the flexural strength
of the composites are 82.8%, 73.1%, 69.3%, 73.6%, and 77.1%, respectively, and the loss
rates of the compressive strength of the composites are 61.9%, 55.4%, 52.8%, 54.5%, and
56.5%, respectively. It can be found that the addition of MWCNTs significantly improved
the strength loss of the composites under the freeze-thaw cycles. When the number of
freeze-thaw cycles is 50 and the content of PP fiber is 0%, 0.1%, 0.2%, 0.3%, and 0.4%, the
flexural strength loss rates of the composites are 40.2%, 33.0%, 27.5%, 34.6%, and 43.8%,
respectively, and the compressive strength loss rates of the composites are 27.0%, 19.8%,
18.6%, 21.0%, and 27.9%, respectively. When the number of freeze-thaw cycles reaches 100
and the PP fiber content is 0%, 0.1%, 0.2%, 0.3%, and 0.4%, the flexural strength loss rate of
the composite is 82.8%, 77.7%, 68.6%, 72.9%, and 84.3%, respectively, and the compressive
strength loss rate of the composite is 61.9%, 58.2%, 57.9%, 58.4%, and 61.9%, respectively.
The incorporation of PP fiber has a significant improvement in the toughness of the
cement-based materials. At the same time, the three-dimensional network structure formed
by the fiber inside the composite material improves the overall stability of the composite
material. Therefore, it has a higher resistance to freeze—thaw cycles than the reference group,
and the strength loss is also reduced. When the number of freeze-thaw cycles was 50,
the flexural strength loss rates of the T9-T12 cement-based composites were 31.5%, 28.4%,
33.3%, and 36.7%, respectively, and the compressive strength loss rates of the composites
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were 18.0%, 16.8%, 19.5%, and 22.0%, respectively. When the number of freeze—thaw
cycles reached 100, the flexural strength loss rates of the T9-T12 cement-based composites
were 70.4%, 66.4%, 70.6%, and 77.8%, respectively, and the compressive strength of the
composites were 55.2%, 52.2%, 55.4%, and 57.6%, respectively. Compared with the single-
doped combination method, the composite-doped method enables the cement matrix to
maintain higher mechanical properties under freeze—thaw cycles.

3.3. Scanning Electron Microscopy Test Analysis

The microstructures of T0, T2, T6, and T10 were observed using scanning electron
microscopy. The test results are shown in Figures 12-15.
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Figure 12. TO microtopography.
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Figure 13. Cont.
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Figure 14. T6 microtopography.

By comparing Figures 12 and 13, it can be seen that a large number of hydration prod-
ucts were attached to the surface of the composites doped with MWCNTs, and the number
of tiny pores was significantly reduced. This shows that MWCNTs have a significant filling
effect on the micropores of the composite material, exerting an inhibitory effect on the
generation of micro cracks and making the composite material more dense. Figure 13¢
shows the micromorphology of the crack when it is magnified 10,000 times. It can be
found that some MWCNTs are lapped at both ends of the crack, and some MWCNTs are
pulled off. When the crack appears and further expands, the presence of MWCNTs delays
the continued expansion of the crack and transfers the stress of the crack propagation to
different spaces inside the material.
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Figure 15. T10 microtopography.

From Figure 14a, it can be seen that some fibers are in a state of tensile fracture. When
the fiber is subjected to tensile stress, tensile deformation occurs. When it exceeds its own
tensile strength, the fiber is broken. The PP fiber reduces the brittleness of the composite
material through the bridging effect. Figure 14b shows the morphology of the joint of PP
fiber and cement matrix under 5000 times magnification. It can be seen that PP fiber plays
a certain role in hindering the expansion of cracks. When the crack appears and begins
to develop, the crack propagation is hindered due to the presence of the fiber. When the
crack changes the development direction or passes through the fiber, the internal stress
field of the composite material is weakened to a certain extent, and the concentrated stress
at the crack tip makes it difficult to support the crack propagation. At the same time, it
can be seen that there are small cracks in the interface transition zone between the fiber
and the cement matrix. However, there are some hydration products around the fiber,
indicating that the combination of PP fiber and cement paste has certain deficiencies, and
the toughening effect of the composite material cannot be fully reflected. From Figure 14c,
it can be found that a certain amount of C-S-H is attached to the surface of the fiber. These
hydration products have a strong bonding force with each other, and the fiber and the
matrix are anchored together. The more hydration products, the better the anchoring effect.

By comparing Figures 14 and 15, it can be seen that there is a better bonding effect
between the fiber and the matrix. Figure 15b shows a microscopic diagram of the connection
between the PP fiber and cement matrix under 10,000 times magnification. It can be seen
that the multi-walled carbon nanotube/polypropylene fiber cement-based material has
more hydration products than the polypropylene fiber cement-based material. This is due
to the fact that PP fiber has no obvious improvement effects on cement hydration, while
the addition of MWCNTs promotes an increase in hydration products. The distribution
of C-S-H gel is more dense, and a large number of hydration products wrap the PP fiber,
which strengthens the bonding ability between the fiber and matrix. At the same time,
MWCNTs can fill the tiny pores generated when PP fibers are combined with the matrix,
enhancing the compactness of the internal structure, improving the binding capacity of PP
fiber and cement matrix, and enhancing the toughening effect of PPA.

3.4. Mercury Intrusion Test

Mercury injection experiments were carried out on the T0, T2, T6, and T10 specimens,
respectively, to study the influence of multi-walled carbon nanotubes and polypropylene
fibers on the pore structure of the cement-based materials. The experimental results are
shown in Table 7 and Figure 16. The internal pores of the composite material were divided
into four categories [51]: harmless pores less than 20 nm, less harmful pores between 20 nm
and 50 nm, harmful pores between 50 nm and 200 nm, and more harmful pores greater
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than 200 nm. The porosity of the different types of pores was counted, and the pore size
distribution is shown in Table 8.

Table 7. Mercury injection test results.

Scheme Average Pore Medium Pore Median Volume Median Surface Area
Size (nm) Diameter (nm) (ccg™1) (m? g1
TO 73.31 128.23 0.0287 2.253
T2 59.95 91.33 0.0175 1.452
T6 87.94 135.21 0.0301 2.295
T10 69.82 108.45 0.0195 1.784
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Figure 16. Cumulative pore volume.

Table 8. Pore size distribution test results.

Pore Size Distribution (%) Most Probable .
Scheme . Porosity (%)
<20 nm 20-50 nm 50-200 nm >200 nm Pore Size (nm)
TO 2.3183 3.0358 1.2712 2.1205 40.2718 8.7458
T2 2.3472 3.0868 0.8142 1.2002 26.2991 7.4484
T6 2.2501 2.8872 1.4742 2.1928 45.7543 8.8043
T10 2.2748 2.9015 09177 1.8334 36.3927 7.9274

It can be seen from Figure 16 that the porosity curve of the T2 group was lower
than that of the TO group, and it gradually tended to 0 with increasing pore sizes. At the
same time, according to the Table 7, the pore structure parameters, such as the average
pore size and median pore size, of the T2 group were lower than those of the TO group.
This indicated that the multi-walled carbon nanotubes could effectively change the pore
structure of the cement-based materials. By comparing T0 and T6, it can be seen that the
addition of PP fibers had an adverse effect on the overall pore structure of the composite.
However, compared with the T6 group, the pore structure parameters of the T10 group
were improved to some extent, indicating that the incorporation of MWCNTs had a certain
refinement effect on the pore size of the PP fiber composite. This is due to the filling effect of
MWCNTs and the promotion of cement hydration. The improvement in the pore structure
improves the compactness of the composite. It can be seen from Table 8 that the number
of harmful pores and multi-harmful pores of the composites was reduced through the
optimization and improvements in the pore structures of MWCNTs, and the proportion of
harmless pores and less harmful pores was increased. Since PP fiber may bring in trace
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air when it is added to cement-based materials, bubbles are generated in the composite
material, resulting in an increase in harmful pores. At the same time, due to the insufficient
bonding ability of the fiber in the composite material with the cement slurry, the porosity
of the composite material increases after the fiber is added. The number of harmful pores
and multi-harmful pores in the T10 group was lower than that in the T6 group. Therefore,
the addition of MWCNTs in the PP fiber composite improved the pore structure to a certain
extent, reduced the adverse effects of PP fibers on the internal structure of the composite,
and enhanced the compactness of the composite.

4. Conclusions

(1) When the content of MWCNTs is 0.15%, the 28 d flexural strength and splitting
tensile strength of the composites are the best, which are 15.7% and 10.7% higher than those
of the reference group, respectively. Compared with the reference group, when the content
of MWCNTs is 0.1%, the compressive strength of the composite is improved by 9.5%. At
the same time, the durability of the composite is also significantly improved. The 90 d
dry shrinkage rate and water loss rate are reduced by 12.1% and 4.2%, respectively. After
100 freeze-thaw cycles, the mass loss rate, flexural strength loss rate, and compressive
strength loss rate are reduced by 27.9%, 16.3%, and 14.7%, respectively.

(2) When the content of PP fiber is 0.3%, compared with the reference group, the
flexural strength and splitting tensile strength of the composites at 28 d can be increased by
19.1% and 12.6%, respectively, and the dry shrinkage rate and water loss rate at 90 d can
be decreased by 14.3% and 6.1%, respectively. When the content of PP fiber is 0.2%, the
28 d compressive strength can be increased by 3.9% compared with the reference group.
After 100 freeze-thaw cycles, the mass loss rate, compressive strength loss rate, and flexural
strength loss rate can be decreased by 25.2%, 17.1%, and 6.5%, respectively, compared with
the reference group.

(3) The mechanical properties and durability of the 0.1% MWCNTs/0.2% PP fiber
composites are further improved. At the age of 28 d, the flexural strength, compressive
strength, and splitting tensile strength can be increased by 18.4%, 9.3%, and 6.7%, respec-
tively. The dry shrinkage rate and water loss rate of the composites at 90 d are 4.6% and
3.3% lower than those of the single-doped MWCNTs, respectively. After 100 freeze—thaw
cycles, the mass loss rate, flexural strength loss rate, and compressive strength loss rate are
reduced by 9.7%, 4.2%, and 1.1%, respectively, compared with the single-doped MWCNTs.

(4) MWCNTs significantly improve the internal structure of the composite material,
promote the production of cement hydration products, and improve the compactness of
the composite material. The porosity of the single-doped MWCNTs is 14.8% lower than
that of the TO group. PP fiber has obvious toughening and crack resistance effects on the
composites. However, the porosity of the single-doped PP fiber is 0.7% higher than that of
the TO group. When the MWCNTs and PP fibers are mixed, the porosity of the composite
material is 10.0% lower than that of the single-doped PP fiber. This shows that adding
MWCNTs to the PP fiber composite material can make up for the adverse effects of the PP
fiber, enhance the bonding ability between the fiber and the cement matrix, and improve
the compactness of the composite material.
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Abstract: This study prepares composite panels with three Polylactic acid (PLA)-based materials via
the multi-material fused filament fabrication method. The influences of four processing parameters
on the mechanical properties of 3D-printed samples are investigated employing the Taguchi method.
These parameters include the relative volume ratio, material printing order, filling pattern, and
filling density. A “larger is better” signal-to-noise analysis is performed to identify the optimal
combination of printing parameters that yield maximum bending strength and bending modulus
of elasticity. The results reveal that the optimal combination of printing parameters that maximizes
the bending strength involves a volume ratio of 1:1:2, a material sequence of PLA /foam-agent-
modified eco-friendly PLA (ePLA-LW)/glass fiber-reinforced eco-friendly PLA (ePLA-GF), a Gyroid
filling pattern, and a filling density of 80%, and the optimal combination of printing parameters for
maximum bending modulus involves a volume ratio of 1:2:1 with a material sequence of PLA /ePLA-
LW/ePLA-GEF, a Grid filling pattern, and 80% filling density. The Taguchi prediction method is
utilized to determine an optimal combination of processing parameters for achieving optimal flexural
performances, and predicted outcomes are validated through related experiments. The experimental
values of strength and modulus are 43.91 MPa and 1.23 GPa, respectively, both very close to the
predicted values of 46.87 MPa and 1.2 GPa for strength and modulus. The Taguchi experiments
indicate that the material sequence is the most crucial factor influencing the flexural strength of the
composite panels. The experiment result demonstrates that the flexural strength and modulus of the
first material sequence are 67.72 MPa and 1.53 GPa, while the flexural strength and modulus of the
third material sequence are reduced to 27.09 MPa and 0.72 GPa, respectively, only 42% and 47% of
the first material sequence. The above findings provide an important reference for improving the
performance of multi-material 3D-printed products.

Keywords: multi-material fused filament fabrication; PLA-based composites; sandwich panels;
flexural properties; Taguchi method

1. Introduction

Additive manufacturing (also known as 3D printing) creates complex geometries by
depositing materials in a layer-by-layer manner [1]. Unlike traditional subtractive meth-
ods, Additive Manufacturing (AM) reduces material and time costs in parts and tooling
rapid-prototyping [2], making it a widely used technique across various industries [3-5].
Among the AM approaches, material extrusion AM is one of the most popular methods
due to its low cost in hardware and high ability to deal with a wide range of polymeric ma-
terials. Fused Filament Fabrication (FFF) is a common approach within material extrusion
AM, where a continuous thermoplastic filament is melted via a heated nozzle and then
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deposited onto a pre-heating print-bed to form 3D objects. Engineering plastics, including
Acrylonitrile Butadiene Styrene (ABS), Polylactic Acid (PLA), Polycarbonate (PC), and
others, can be easily processed by FFF systems. Among these, PLA has garnered significant
attention due to its high degree of biodegradability, which is environmentally friendly [6,7].
Nevertheless, virgin PLA polymers exhibit relatively low mechanical properties as com-
pared to other competitive plastics products (e.g., ABS, PC) due to their linear molecular
structures. To overcome this limitation, fibrous reinforcements are incorporated into the
PLA matrix to produce PLA composites with superior mechanical performances [7-9].
Dong et al. [10] investigated the effects of coconut shell fiber content and alkali treatment
on the mechanical, thermal, and biodegradable properties of PLA/coconut shell fiber
bio-composites fabricated by the compression molding process. Their study found that the
treated fiber composites had improved the tensile and flexural moduli. Although natural
fiber-reinforced PLA materials exhibit higher environmental friendliness, natural fibers
are less strong and more hydrophilic, which can accelerate the degradation of PLA mate-
rials, thereby hindering their practical application in engineering. In contrast, synthetic
fibers such as carbon fibers and glass fibers [9,11] possess superior mechanical properties.
Ruz-Cruz et al. [12] fabricated cellulose microfibers (MFCs)-reinforced PLA composites
and a blend of MFCs and cellulose nanocrystals (CNCs)-reinforced PLA composites. The
thermomechanical properties of these multi-scale PLA biocomposites were investigated us-
ing thermogravimetry (TGA), differential scanning calorimetry (DSC), bending mechanics,
and dynamic mechanics tests (DMA), revealing that replacing MFCs with CNCs within
the range of 1-5% effectively enhances the thermal stability of the materials, improves
the crystallization of PLA materials, and increases the bending mechanical properties at
room temperature by ~40%. The crystallinity of a polymer affects its physical properties,
such as hardness, modulus, tensile strength, stiffness, and melting point, and for PLA, to
some extent, its degradation rate [13]. Glass fibers are the most extensively used fibers for
reinforcing polymers due to their excellent mechanical properties, low cost, and high heat
resistance [11,14]. Chicos et al. [15] evaluated the impact of 3D printed packing density on
the mechanical and thermal properties of short glass fiber-reinforced PLA specimens. Their
findings indicated that the specimens exhibited optimal mechanical properties at 100% fill-
ing density, while those with 50% and 75% filling density demonstrated higher toughness
compared to their 100% filling density counterparts. In addition to fiber fillers, several
studies also reported that the polymer additives were effective in modifying the material
properties of PLA [16-20]. The addition of foaming agents resulted in the production of
lightweight PLA materials with high porosity and a high strength-to-weight ratio. Kanani
et al. [21] prepared foamed-PLA using FFF systems tensile, where they observed that the
foaming expansion was directly related to the extrusion temperature and nozzle moving
speed. Damanpack et al. [22] conducted a parallel study and reported that the microscale
material bonding of FFF-deposited foamed PLA materials was significantly influenced by
the printing temperature.

The aforementioned observations indicate that the reinforced PLA materials exhibit
enhanced mechanical performances when compared to the virgin polymer. Furthermore,
in light of the recent advanced multi-material FFF system:s, it is now feasible to 3D print
composite panels utilizing various feedstock materials, thereby incorporating multiple func-
tionally reinforced composites into a single entity (e.g., [23-26]). Kamaal et al. [27] aimed at
the mechanical properties of 3D-printed carbon fiber-reinforced polylactic acid composite
(CF-PLA) in the fused deposition modeling (FDM) method and attained the best parameter
set that provides the maximum strength using the minimum material. In addition, regard-
ing PLA-TPU (Thermoplastic polyurethanes) and PLA-ABS, Yavas et al. [28] explored the
microstructural and mixed-mode fracture characteristics of the PLA-TPU interfaces and
improved the energy absorption capacity. Rasheed et al. [29] utilized Taguchi orthogonal
optimization to study the influence of distinct FDM process parameters on the mechanical
properties, and they determined the optimal parameters for better tensile strength for a
bi-layered composite of PLA-ABS. Another set of studies on PLA-ABS introduced the
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idea of laying down a high-toughness material on the 3D-printed carbon fiber-reinforced
polymer composite sheet. Ahmed et al. [30] made a hybrid composite of laminar structures
and printed the CF-PLA/ABS hybrid laminar composite. The impact toughness was opti-
mized by adjusting the 3D printing parameters, and the fracture surface was characterized.
Recently, short-carbon fiber-filled PLA and toughness-enhanced-additive-modified PLA
were integrated into layered composite specimens. The resulting integrated specimens
displayed a combined and adjustable tensile strength contingent on the relative fraction of
the two constituents [31]. To further explore the functional complexity of the composite
panels fabricated using multi-material FFF systems, composite sandwich panels composed
of three types of PLA-based ingredients are prepared, including virgin PLA, rigid glass fiber
reinforced PLA (PLA-GF), and foam-agent-modified PLA (also referred to as lightweight
PLA, i.e.,, PLA-LW). The effects of various processing parameters on the composite panel
preparation are evaluated, such as the constituent material stacking-order, relative fraction,
printing infill pattern, and infill density. The Design of Experiments The taguchi method is
employed to reduce the extensive number of experiments. The flexural properties of the
specimens are utilized as representatives of material performance. By comparing the mea-
sured data, the optimal processing parameters for achieving superior material properties
are recommended.

The presented study highlights that the sequence of material printing is a crucial
determinant of the bending performance of sandwich specimens, emphasizing its signifi-
cance for future studies of multi-material 3D printing. Regarding the scope of this study,
the manufacturing approach offers a novel perspective for the design and production
of protective materials. These sandwich panels can be employed in wearable protective
equipment such as helmets, sports knee pads, and medical braces. Our study also fills the
gap in the current research on the preparation parameters of sandwich composite panels
made of PLA-based composites.

2. Materials and Methods

The multi-material FFF system applied for the specimen fabrication is also presented.
Furthermore, the procedure of our Design of Experiment (DOE) with the Taguchi method
is discussed.

2.1. Materials

In this study, PLA and its composite materials, ePLA-LW and ePLA-GF, are em-
ployed (note that ePLA refers to an eco-friendly PLA resin that is designed to enhance
the bio-degradabilities of PLA composites). The feedstock filaments are supplied by Esun
(Shenzhen Esun Industrial Co., Ltd., Shenzhen, China). As the selected materials are
PLA-based, we would expect that the multi-material 3D-printed specimens exhibit a high
quality of interlayer adhesion. Therefore, in the results discussion, we could ignore the
effect of interlayer bonding issues. Finally, the material properties provided by the supplier
are given in Table 1. Differential scanning calorimetry (DSC-500C.Jiezhun Instrument
Equipment Co., Ltd., Shanghai, China) is employed to test three materials, and the DSC
curves for these materials are presented in Figure 1. Compared to pure PLA, the glass tran-
sition temperature, cold crystallization temperature, and melting temperature of ePLA-GF
have all decreased. The cold crystallization and melting peaks of the ePLA-LW material
also diminish. This study indicates that the crystallinity of PLA material is influenced
by chemical modification during the foaming process [32]. This may be attributed to the
addition of the foaming agent, which hinders the development of the crystalline structure
in PLA.

Notably, ePLA-GF filament is reinforced with 16 wt.% short glass fiber, resulting in
enhanced stiffness and strength. ePLA-LW filament is modified by adding a thermally
sensitive foaming agent, i.e., allowing for increased porosity with elevated nozzle tempera-
tures (the recommended temperature range is from 210 to 270 °C). From pre-experiments
on the printing temperature of ePLA-LW, it was found that the temperature of 230 °C with
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an extrusion rate of 75% exhibits the best expected performance. The detailed results from
these preliminary experiments are provided in Appendix B for reference. The resulting
foamed PLA exhibits lower material density and rigidity, but higher toughness. Finally, a
multi-material FFF system is employed, utilizing the constituent materials in a prescribed
layer-stacking formation. It is anticipated that the designed composite panel will exhibit
favorable material properties.

Table 1. Material properties of constituent materials from the supplier.

Material PLA ePLA-LW ePLA-GF
Density (g/cm?) 1.2 1.2 1.31
Tensile Strength (MPa) 72 32.2 59.27
Flexural Strength (MPa) 90 41.31 85
Elongation at Break 11.8 68.9 7.99
Flexural Modulus (MPa) 1915 1701 4414.89
Heat Distortion Temp. (°C) 53 53 56
3.5 8.1 6.36

Melt Flow Index (8/10min) 19500 /2 16kg)  (190°C/2.16kg) (190 °C/2.16 kg)
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Figure 1. Three materials: DSC Curves.

2.2. Three-Point Bending Specimen Preparation with Multi-Mat FFF

The three-point bending test specimens are designed in accordance with the ASTM
D790 standard [33]. SolidWorks 2020 (Dassault Systemes Corp., Vélizy-Villacoublay,
France) is used for generating the STL digital file. Cura 4.13.0 (Ultimaker Corp., Utrecht,
The Netherlands) slicing software is employed to configure the printing parameters and
generate the corresponding G-code file for the fabrication process. As previously men-
tioned, three distinct constituent materials are incorporated within the specimen. Given
the layer-by-layer manufacturing nature of FFFE, the specimen is ultimately fabricated as a
sandwich panel. A GEEETECH A10T (Shenzhen Geeetech Technology Co., Ltd., Shenzhen,
China) 3-in/1-out multi-material FFF 3D printer is utilized to print sandwich specimens.
The 3D printer featured three extruders, enabling control over up to three material fil-
aments extruded from a single nozzle. It should be noted that the original G-code file
generated in Cura 4.13.0 does not guarantee successful printing of the sandwich structure
composed of three materials by the GEEETECH A10T. To address this issue, the number of
layers, printing temperature, and extrusion rate for each material are modified in the code
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according to the printing parameters of the three materials and then imported into the 3D
printer for printing.

To properly establish the printing parameters of the constituent materials, pre-experiments
are conducted. To ensure optimal conditions for the fabrication of the bending sandwich
specimen, the filaments are uniformly dried at 50 °C for 5 h. This pre-drying process helps
establish an ideal condition for the filaments prior to their use in the printing process. A
series of pre-tests are performed on specimens with varying parameters, specifically noting
that the heat-foaming ePLA-LW exhibits the best mechanical properties prior to foaming
(i.e., nozzle temperature at ~210 °C). Conversely, the density of ePLA-LW decreases as the
degree of foaming increases. In our case, the nozzle temperature of the ePLA-LW is set at
230 °C with an extrusion rate of 75%, resulting in a relatively high strength-to-weight ratio
property. The general printing parameters are finalized as appearing in Table 2, aiming to
achieve consistent and superior flexural strength.

Table 2. General printing parameters are applied for specimen preparation.

Nozzle Temp. Relative Feeding Number of Layer Thickness Printing Speed Print-Bed Temp.

Material ©0) Rate (%) Outline Shell (mm) (mm/s) Q)
PLA 210 100 2 0.2 50 60

ePLA-LW 230 75 2 0.2 50 60

ePLA-GF 230 100 2 0.2 50 60

2.3. Design of Experiments

The influence of four essential processing parameters on the flexural properties of
printed composite panels is examined in this study. These parameters include constituent
material volume fraction ratio, material stacking order, infill pattern, and filling density. For
open-ended FFF 3D printing, previous studies often employed the Design of Experiments
(DoE) Taguchi method to optimize the printing parameters when dealing with varying
materials (e.g., [34-39]). Consequently, the Taguchi method was also employed to efficiently
perform the experimental tests. Accordingly, a Ly orthogonal array was generated to test
the effects of the four parameters at three levels, reducing the originally large number of
tests to nine trials in total [35]. As shown in Table 3, we established three-level values
for each parameter factor. The volume ratio indicated the volume of each material in the
sandwich specimen, which is divided into four equal parts according to the deposition
direction and then partitioned into three sections in the form of Figure 2a—c. The material
stacking order refers to the sequence of the three materials in the deposition direction, and
in this study, three distinct orders are adopted, as demonstrated in Figure 2d—f. The printing
pattern employed in this study corresponds to the internal filling structure pattern within
the specimen. Each sandwich specimen is filled with a specific infill pattern throughout the
entire sample. Within Cura 4.13.0 software, three distinct filling patterns are chosen: Gyroid,
Grid, and 45°/135° Lines (as depicted in Figure 3). Additionally, a brim configuration is
implemented in Cura 4.13.0 (highlighted in the blue section of Figure 3) to enhance material
adhesion to the printing platform. Note that the 45° /135° Lines filling pattern represents an
overlap of lines between different layers, while the Grid filling pattern involves an overlap
within the same layer. To preclude material intrusion caused by specimen deformation,
top-bottom layers between different materials are incorporated to separate them. This
design increases the contact area and facilitates intermolecular diffusion, thereby bolstering
interlayer bonding strength and effectively ameliorating the mechanical properties of the
specimen. Furthermore, as illustrated in Figure 4, a printed sandwich specimen example is
demonstrated where all three materials are employed [25].
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Table 3. Design of experiments with an L9 orthogonal array.

Exp. Number Volume Ratio ~ Material Sequence  Filling Pattern  Filling Density

1 2:1:1 1 Gyroid 40%
2 2:1:1 2 Lines 60%
3 2:1:1 3 Grid 80%
4 1:2:1 1 Lines 80%
5 1:2:1 2 Grid 40%
6 1:2:1 3 Gyroid 60%
7 1:1:2 1 Grid 60%
8 1:1:2 2 Gyroid 80%
9 1:1:2 3 Lines 40%

I ePLA-GF

[ePLA-LW

(a) IPLA

(b)

—~
l¢]
~—

(c)

5

Figure 2. Diagram of Volume Ratio: (a) 2:1:1, (b) 1:2:1, (c) 1:1:2; The schematic diagram refers to
the ordering of materials based on a sample volume ratio of 2:1:1. (d) PLA/ePLA-LW/ePLA-GF;
(e) PLA/ePLA-GF/ePLA-LW; (f) PLA/ePLA-LW/ePLA-GF/PLA.

dd-layer beads and even-layer
§|beads are in different orientation,
nd deposited staggered.

(a) (b) (c)

Figure 3. Filling pattern when filling density is 40%: (a) Gyroid, (b) Grid, (c) 45° /135° Lines (Different
colors indicate the overlap of 45°/135° straight lines between layers).

Figure 4. Example of the printed sandwich specimen (volume fraction ratio 1:2:1, material stacking
order: PLA/ePLA-LW /ePLA-GF).
3. Results

The Taguchi method was employed in this study to efficiently identify the optimal
combination of processing parameters by reducing the number of trials. Initially, ANOVA
analyses were performed on our measured flexural properties. The results revealed that all
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the investigated parameters (cf. Table 3) highly contribute to the experimental results in a
similar way, making the differences between the parameters indistinguishable (to be concise,
the ANOVA results were provided in the Appendix A). Alternatively, the Taguchi method
categorizes the experimental factors into controllable and noisy components. Controllable
factors are parameters or variables that can be controlled and remain constant following
selection. Noisy factors refer to variables that are uncontrollable under normal conditions,
i.e.,, random variables. The Signal-to-Noise ratio (5/N) is the resistance to noise interference.
A higher S/N ratio indicates a control factor setting that minimizes the impact of the noise
factor, resulting in the specimen having more consistent and stable performance. The S/N
ratio quantifies the effect of multiple parameters on the experimental output values by
calculating the signal-to-noise value to identify the optimal parameter settings [40]. In
Taguchi experiments, there are three types of expectations: expecting small (smaller is
better), expecting large (larger is better), and expecting eye type (nominal is better) [38].
Herein, the “larger is better” analysis for optimization of stiffness and strength is adopted.
The equations for “larger is better” can be written as

S/N = —1010gl71127.1 1] 1)

i=1,,2
Yi

where y; refers to the experimental results of the i-th test, and 7 is the total number of the
tests. Herein, five specimens are prepared for each experimental group to undergo bending
testing. The mean value of the orthogonal experiment test is derived by eliminating the
maximum and minimum values from the results of each experimental group, and thus
n = 1. Additionally, taking the average of the other three specimens as the experimental
values, the experimentally measured flexural properties of the FFF-produced sandwich
specimens and the S/N analysis are presented.

3.1. 5/N Analyses on Measured Flexural Properties

According to the orthogonal experimental sequence presented in Table 3, each group
of experimental samples undergoes a three-point bending test utilizing a GTM universal
material testing machine capable of exerting a maximum force of 10 KN (Xie-Qiang Instru-
ments Manufacturer Corp., Shanghai, China). The bending span measures 50 mm, and a
loading speed of 2 mm /min is applied, as illustrated in Figure 5 The bending strength is an-
alyzed employing the “larger is better” signal-to-noise ratio analysis in Minitab 19 (Minitab,
LLC, State College, PA, USA). The experimental values and signal-to-noise ratio values are
provided in Table 4. The average value of the experimental results of the three samples
within each group is computed. Table 5 displays the signal-to-noise ratio values at various
levels of each parameter. Delta signifies the range of signal-to-noise ratios at different levels
of the same factor. The width of the range indicates the extent of impact distinct levels of
alteration have on the empirical outcomes. Considering the size of the range is crucial in
determining the level of impact, as a broader range indicates a greater degree of influence.
Consequently, evaluating the range size is crucial when determining the magnitude of
change required to achieve a significant effect. Referring to the data presented in Table 5, it
is evident that the material sequence yields the most pronounced influence on the bending
strength, whose delta reaches 7.15, followed by the filling density with a delta of 3.29. In
contrast, the filling pattern exhibits the least impact on the bending strength among the
processing parameters evaluated in this study, with the smallest delta of 0.96. Drawing
conclusions from the main effect plots of the signal-to-noise ratio as depicted in Figure 6, the
combination of processing parameters leading to the maximum bending strength consists
of a material volume ratio of 1:1:2, a material sequence of PLA/ePLA-LW/ePLA-GF, a
Gyroid filling pattern, and a filling density of 80%.
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Figure 5. Three-point bending test.

Table 4. Bending strength and S/N ratio values.

Volume Material Filling Filling Bending Standard S/N
Number Rati . Strength .
atio Sequence Pattern Density Deviation (dB)
(MPa)
1 2:1:1 1 Gyroid 40% 30.44 0.45 29.67
2 2:1:1 2 Lines 60% 21.49 0.14 26.65
3 2:1:1 3 Grid 80% 17.47 0.35 24.84
4 1:2:1 1 Lines 80% 4473 0.39 33.01
5 1:2:1 2 Grid 40% 19.31 0.29 25.71
6 1:2:1 3 Gyroid 60% 18.58 0.93 25.36
7 1:1:2 1 Grid 60% 39.65 0.15 31.96
8 1:1:2 2 Gyroid 80% 33.30 2.93 30.38
9 1:1:2 3 Lines 40% 14.09 0.16 22.98
Table 5. The S/N ratio response value to bending strength.
Level Volume Material Filling Filling
Ratio Sequence Pattern Density
1 27.05 31.55 28.47 26.12
2 28.03 27.58 27.54 27.99
3 28.44 24.39 27.51 29.41
Delta 1.39 7.15 0.96 3.29
Ranking 3 1 4 2

Moreover, the signal-to-noise ratio analysis is conducted on the flexural modulus of the
composite penal samples. Table 6 shows the nine experimental results and signal-to-noise
ratio values listed in the orthogonal experiment. In Table 7, we further provide the response
values, where the degree of influence of different levels between individual factors on
the flexural modulus can be clearly seen. The largest range of signal-to-noise ratios was
observed under the factor of material sequence at three levels, up to 6.59. This indicates
variations in material sequence can significantly affect the bulk stiffness of the composite
panels. It is noted that the material sequence is a crucial factor affecting bending strength,
followed by filling density (The range is 3.44). However, unlike the trend of strength data,
the volume ratio demonstrated minimal impact on the results of elastic modulus, whose
delta are only 1.28. Overall, our findings indicate that the material sequence parameter
exerts the most significant influence on both the strength and stiffness of samples in this
experimental model. Furthermore, filling density also significantly impacts the flexural
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performance of samples. By analyzing the signal-to-noise ratio at each level, an optimal
combination can be identified via Figure 7, which maximizes the stiffness of the samples.
Ultimately, a favorable set of processing parameters is suggested as follows: The volume
ratio is 1:2:1, the material order is PLA /ePLA-LW /ePLA-GF, the fill pattern is Grid, and

the fill density is 80%.
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Figure 6. Main effects plot of the levels of each factor on the bending strength.
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Table 6. Bending modulus and S/N ratio values.

Flexural

Number Volume Material Filling Filling Modulus S?J;:;Zi S/N
Ratio Sequence Pattern Density (AVG) (x10-2) (dB)
(GPa)
1 2:1:1 1 Gyroid 40% 0.75 0.37 —2.48
2 2:1:1 2 Lines 60% 0.48 0.63 —6.38
3 2:1:1 3 Grid 80% 0.54 0.58 —5.40
4 1:2:1 1 Lines 80% 1.14 2.40 1.13
5 1:2:1 2 Grid 40% 0.52 113 —5.62
6 1:2:1 3 Gyroid 60% 0.51 0.09 —593
7 1:1:2 1 Grid 60% 1.10 1.02 0.81
8 1:1:2 2 Gyroid 80% 0.75 1.72 —2.49
9 1:1:2 3 Lines 40% 0.36 0.42 —8.97
Table 7. The S/N ratio response value to bending modulus.
Volume Material Fillin 11 .
Level Ratio Sequence Patteri Filling Density
1 —4.75 —0.18 —3.63 —5.69
2 —3.47 —4.83 —4.74 —3.83
3 —3.55 —6.77 —3.41 —2.25
Delta 1.28 6.59 1.34 3.44
Ranking 4 1 3 2
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Figure 7. The main effects plot shows the levels of each factor on the bending modulus.

Furthermore, optimizing the combination of processing parameters beyond the se-
lected levels, as previously studied, can lead to enhanced flexural strength and modulus
properties, as predicted by the Taguchi method. We validate the predicted values through
relevant experiments, as illustrated in Figure 8. In each experiment, three-panel samples are
prepared to calculate the mean value and standard deviation of the measured properties.
The small values of the standard deviation indicate the high stability of the experimental
data. By comparing the validation experimental measurements with the predicted values
(as in [39,41]), it is observed that this experimental model aligns with the prediction of the
Taguchi method. The experimental values are 1.23 GPa and 43.91 MPa for modulus and
strength, which approximate the predicted values of 1.2 GPa and 46.87 MPa, respectively.
The Taguchi method can predict an additional 72 experimental data points outside of the
9 groups of experiments presented in the orthogonal table of this paper, thereby expanding
the optimization area of the processing parameters.

1.4 52

- Forecast mean

I Experimental mean

50

Modulus (GPa)
Strength (MPa)

Modulus Strength

Figure 8. Taguchi comparison of predicted values and experimental values.
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3.2. Meso-Structural Analysis of Failure Mechanisms

Based on the results of Section 3.1, we further analyzed the fracture mechanism of
the sandwich structure under bending load. Using the Dino-lite (AnMo Electronics Corp.,
Taiwan, China) handheld microscope, the morphology of a single sample crack in each
group of experiments in Table 3 is observed from the Side view and Bird view perspectives,
as shown in Figures 9 and 10. The Keyence VHX-7000 optical microscope was employed to
observe the material interfaces between PLA and ePLA-GF, PLA and ePLA-LW, as well as
ePLA-GF and ePLA-LW, as shown in Figure 11.

(8) (h) (i)

Figure 9. Crack propagation from a side view (The loading direction for all specimens in the figures
is consistent with (a)). Note that numbers 1-9 correspond to the experimental cases appearing in
Table 3. (a) Number 1; (b) Number 2; (c) Number 3; (d) Number 4; (e) Number 5; (f) Number 6;
(g) Number 7; (h) Number 8; (i) Number 9.
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(8) (h) (®)

Figure 10. Crack propagation from a bird’s-eye view. Note that numbers 1-9 correspond to the

experimental cases appearing in Table 3. (a) Number 1; (b) Number 2; (c) Number 3; (d) Number 4;
(e) Number 5; (f) Number 6; (g) Number 7; (h) Number 8; (i) Number 9.
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Figure 11. Microscopic imaging of interfaces between different materials: (a) PLA and ePLA-GF;
(b) ePLA-LW and ePLA-GF; (c) PLA and ePLA-LW.
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The infill density determines the amount of material present in the printed part, which
directly affects its strength and stiffness. Higher infill density generally leads to higher
strength, as there are more material layers and interconnections between them. Moreover,
the arrangement and orientation of the printed material are determined by the infill pattern.
The chosen infill pattern can influence interlayer adhesion and bonding, thereby impacting
the overall mechanical performance of the printed part. Consequently, adjusting both infill
density and pattern becomes crucial as they directly affect material distribution within the
printed object, subsequently influencing its mechanical characteristics such as strength and
stiffness [42]. We can assess the mechanical properties and further adjust the infill density
and pattern based on crack propagation in the sample.

By examining the crack propagations of samples from the side view (cf. Figure 9),
it is observed that fracture cracks predominantly initiate and propagate in the PLA and
ePLA-GF layers. The ePLA-LW layer, however, demonstrates a lower likelihood of failure
due to its high toughness. Consequently, an increased relative volume of the ePLA-LW
layer can decrease the likelihood of crack propagation (e.g., Figure 9d). Alternatively, the
ePLA-GF layer exhibits a high probability of fracture, often characterized by delamination
within the inter-beads of the layer, causing the crack to extend laterally along the inter-bead
boards (e.g., Figure 9f). Furthermore, the crack expansion between inter-beads within the
PLA layer is relatively parallel to the direction of the applied bending force. However,
the PLA layer demonstrates a relatively low capacity for resisting cracks once the crack
initiates (e.g., Figure 9a). Figure 10 offers a bridged view of the crack propagations (i.e., of
the outermost layer of the samples’ bottom surface). The filling pattern and filling density
have a significant impact on the crack. Under the same filling density, samples with a
45° /135° Lines filling pattern exhibit a zigzag line at the bottom of their cracks, leading to
irregular serrations (taking 60% filling density as an example, such as Figure 10b,f,g), while
Gyroid-filled samples display a relatively straight line of bottom cracks. Notably, although
different filling patterns are employed, the shape of the crack tends to be straighter as the
sample filling density increases. Furthermore, the smaller the density, the higher the degree
of zigzag in the resulting bottom crack, suggesting that the filling pattern predominantly
governs the crack line formation at relatively low infill density, with the infill density
becoming a more dominant factor as it increases to a larger value.

Furthermore, the characterization of the microstructures depicted in Figure 11 reveals
that the interfacial adhesion between each pair of the constituent materials is in excellent
condition, which may be likely attributed to our pre-designed top-bottom layers for each
sub-part of the sandwich material, i.e., the outermost side of each material layer is printed
with fully saturated materials. This configuration also enhances the interlayer bonding
quality between distinct materials. Given these configurations, it is postulated that the
interlayer adhesions between different constituent materials should not detract from the
bulk mechanical performance of the 3D-printed sandwiches when subject to external
bending loads. However, it is noted that the impact of interlayer bonding quality is a
crucial factor in determining the material properties of the sandwich samples under other
loading conditions. Future in-depth studies are desired to further explore these aspects.

3.3. Controlled Variables Method on the Material Stacking Order

It should be highlighted that the interactive effects among the four investigated pa-
rameters on the printed components have been disregarded, assuming that each processing
parameter produces independent effects on the resulting material properties. From the ex-
perimental results, it is evident that the arrangement of materials has a significant influence
on the flexural strength and modulus of composite panels fabricated using multi-material
FFF. To further delve into this factor, an additional study under the controlled variables
method is conducted to assess the impact of material sequence on the strength and modu-
lus of printed samples. The printing parameters for the samples are specified as follows:
45°/135° Line filling pattern and 100% filling density, with other general conditions identi-
cal to those outlined in Table 2. The samples in this controlled variables method utilize the
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same ASTM-D790 standard, except for a slight modification in thickness to 5.4 mm, result-
ing in equal-length pieces for the three layers of constituent materials. Note: Figure 2d—f
depicts the three levels employed in this experiment. Figure 12 exhibits the stage curves
of three groups of samples during three-point bending tests [38] (note that the curves are
terminated at the maximum bending strength). We combined three samples at each level
into one curve and depicted the discrepancy between different sample curves through
error bars. The results indicate that the first-level sample exhibits both maximum stiffness
and strength, while the plastic deformation area of the third-level sample is larger than its
elastic deformation area, suggesting superior ductility. The stiffness of the second-level
sample surpasses that of the third-level sample, yet its ductility is better than that of the
first-level sample.
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Figure 12. Three-point bending mechanical curve.

Furthermore, we compute the mean values of the maximum strength and modulus
in the three experimental groups, along with the error bars of the data, as depicted in
Figure 13. The results indicate that the first level of material order exhibits the highest
strength and stiffness. Samples prepared using the “PLA /ePLA-LW /ePLA-GF” sequence
exhibited smaller error bars, suggesting more stable mechanical properties. As illustrated
in Figure 13, the first level demonstrates the highest bending strength, reaching 64.72 MPa,
while the third level exhibits the lowest bending strength (only 27.09 MPa), at ~42% of the
bending strength of the first level samples. The second level exhibits a higher bending
strength than the third level, up to 45.63 MPa, at ~71% of the first level. However, the
mechanical properties of the second-level sample are less stable than those of the other two
levels, as indicated by the error bar. In addition, Figure 13 depicts the maximum flexural
modulus of the three levels of samples. The first level sample exhibits the highest modulus
at 1.53 GPa, followed by the second sample, which decreases to 0.96 GPa at only ~63% of
the first level sample. The error bar of the second level sample is the largest, while the third
level exhibits the lowest modulus of 0.72 GPa at ~47% of the first level sample.

Under the controlled variables method, our data reveal that the distinct printing
sequences of the three materials have a substantial impact on the mechanical properties
of the samples, with the maximum disparities in bending strength and stiffness among
different stacking orders being approximately 58% and 53%, respectively. It is worth noting
that the interface adhesion quality among the constituent materials could significantly
contribute to determining the bulk flexural properties of the printed panels (e.g., [43]).
Consequently, the material stacking order is deemed the most critical processing parameter
in the 3D printing preparation of the composite panels. It is important to highlight that
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the interlayer bonding strength between different materials is intricately associated with
several factors, such as thermodynamics [23], chemical affinity [44], and FFF process
parameters [45]. It is anticipated that complexity will be delved into further through
separate, in-depth studies.
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Figure 13. Histogram of average mechanical data for each horizontal bend.

4. Conclusions

Utilizing the Taguchi method, we design an orthogonal experiment designed to
investigate the impact of four processing parameters on the mechanical properties of the
prepared samples, namely volume ratio, material printing sequence, filling pattern, and
filling density.

By employing a larger-is-better signal-to-noise ratio analysis, we identify the optimal
parameter combinations for achieving maximum flexural strength and stiffness properties.
The combination that maximizes flexural strength includes a volume ratio of 1:1:2, a
material sequence of PLA /ePLA-LW/ePLA-GEF, a Gyroid filling pattern, and an 80% filling
density. Similarly, the combination that maximizes flexural modulus consists of a volume
ratio of 1:2:1, a material sequence of PLA/ePLA-LW/ePLA-GF, a Grid filling pattern, and
80% filling density. They have the largest S/N ratios of 7.15 and 6.59 compared to other
combinations.

The Taguchi prediction method is applied to forecast the performance of an optimized
processing parameter combination obtained from signal-to-noise ratio analyses. Subse-
quently, the predicted results are validated through related experiments, demonstrating
the accuracy of the Taguchi prediction with a minimal deviation between experimental
and true values of less than 10%. The experimental values of modulus and strength are
1.23 GPa and 43.91 MPa, which are more or less the same as the predicted values of 1.2 GPa
and 46.87 MPa, respectively.

Through the analysis of signal-to-noise ratios across various processing parameter
levels, we discover that the material stacking order (the range reaching 6.59) is the most
significant factor influencing the flexural performance of the PLA composite panels. Conse-
quently, we conducted a controlled variables method experiment as applied to the three
levels of the material stacking order parameter, revealing that the first material sequence
exhibits the highest flexural strength and modulus with the smallest error bar, at 67.72 MPa
for strength and 1.53 GPa for modulus. In contrast, the third material sequence demon-
strates the lowest strength and stiffness while displaying higher ductility in mechanical
performance. Its flexural strength and modulus, declining to 27.09 MPa and 0.72 GPa,
respectively, are 42% and 47%, respectively, compared to the first material sequence.
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This research concluded that the Taguchi method is a useful tool for optimizing
printing parameters and highlighted the importance of material stacking sequence in deter-
mining the bending performance of multi-material 3D-printed components. By adjusting
the mechanical properties, printed components can be customized to suit specific appli-
cations. The manufacturing approach employed in this study introduces a novel concept
for designing and fabricating protective materials with potential applications in wearable
protective equipment such as helmets, sports knee pads, and medical guards.
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Appendix A

The ANOVA analyses on the measured flexural strength and modulus data are per-
formed, and the results are given in Tables A1 and A2 as follows.

Table A1. Analysis of the variance of strength.

Source DOF SS MS F P
Volume ratio 2 168.29 84.14 75.33 0.000
Material sequence 2 2137.91 1068.95 956.97 0.000
Filling pattern 2 17.92 8.96 8.02 0.003
Filling density 2 501.21 250.61 224.35 0.000
Error 18 20.11 1.12
Total 26 2845.44

Table A2. Analysis of the variance of modulus.

Source DOF SS MS F P

Volume ratio 2 0.12 0.06 437.53 0.000
Material sequence 2 1.39 0.70 5184.48 0.000
Filling pattern 2 0.02 0.01 71.10 0.000
Filling density 2 0.32 0.16 1186.47 0.000

Error 18 0.00 0.00

Total 26 1.85
Appendix B

Considering the limitations of the existing equipment in handling high temperatures,
preliminary experiments are carried out according to the extrusion parameters provided by
the material supplier. In order to avoid the temperature fluctuation of the nozzle caused by
high-temperature printing, the test temperatures were selected at 220 °C, 230 °C, and 240 °C.
For each temperature condition, we print three groups of samples and perform three-point
bending experiments after obtaining the weight of each sample. We average the bending
strength, bending modulus, and weight of each group of specimens as reference values.
Then, we divide the average value of flexural strength and modulus by the average weight
to obtain the performance-weight ratio for each group of specimens. In the following,
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Figure Al represents the strength-to-mass ratio of the specimens prepared with the three
printing parameters, and Figure A2 illustrates the modulus-to-mass ratio. When the
printing temperature is 220 °C, the foaming effect of this sample is very poor, and there
is almost no foaming. As a result, its sample performance is largely superior to other
samples that have been foamed, which also leads to its higher performance-to-weight ratio.
When the temperature is above 230 °C, the sample appears to be in an obvious foaming
state. When the material extrusion parameters are 230 °C and the extrusion rate is 75%, the
foaming effect is the best, and the performance-to-mass ratio is much higher than that of
the sample printed at 240 °C.
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Figure Al. Strength-to-Weight ratio.
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Abstract: By integrating fiber-reinforced composites (FRCs) with Three-dimensional (3D) printing,
the flexibility of lightweight structures was promoted while eliminating the mold’s limitations. The
design of the I-beam configuration was performed according to the equal-strength philosophy. Then,
a multi-objective optimization analysis was conducted based on the NSGA-II algorithm. 3D printing
was utilized to fabricate I-beams in three kinds of configurations and seven distinct materials. The
flexural properties of the primitive (P-type), the designed (D-type), and the optimized (O-type)
configurations were verified via three-point bending testing at a speed of 2 mm/min. Further,
by combining different reinforcements, including continuous carbon fibers (CCFs), short carbon
fibers (SCFs), and short glass fibers (SGFs) and distinct matrices, including polyamides (PAs), and
polylactides (PLAs), the 3D-printed I-beams were studied experimentally. The results indicate that
designed and optimized I-beams exhibit a 14.46% and 30.05% increase in the stiffness-to-mass ratio
and a 7.83% and 40.59% increment in the load-to-mass ratio, respectively. The CCFs and SCFs result
in an outstanding accretion in the flexural properties of 3D-printed I-beams, while the accretion is
2926% and 1070% in the stiffness-to-mass ratio and 656.7% and 344.4% in the load-to-mass ratio,
respectively. For the matrix, PAs are a superior choice compared to PLAs for enhancing the positive
impact of reinforcements.

Keywords: 3D printing; optimization; continuous carbon fiber; I-beam; equal strength

1. Introduction

Fiber-reinforced composites (FRCs) are replacing metal materials and are emerging
as the primary structural material for lightweight transportation and aviation, such as
drones, new energy vehicles, and high-speed rails [1,2]. Due to their exceptional strength,
stiffness, fatigue resistance, and corrosion resistance, the applications of FRCs in structures
are steadily growing, especially in main load-bearing structures [3,4]. For example, the
utilization of pultruded carbon fiber-reinforced beams on large wind turbine blades has
become a consensus in the energy industry [5]. Molds, however, have historically restricted
the design and production of conventional FRCs, resulting in high costs and drawn-out
production cycles [6]. Three-dimensional (3D) printing, also known as additive manu-
facturing, usually refers to the process of freely depositing patterns in the XY plane and
stacking them layer by layer in the z direction to create a structure [7,8]. The emergence of
this technology greatly reduces material waste in the manufacturing process and makes
rapid manufacturing possible [9]. Moreover, it is a promising technology for manufac-
turing composite materials, which has the potential to free FRCs from the limitations of
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molds [10,11]. When producing porous structures using conventional composite materials,
it is typically required to utilize compound molds. By combining 3D printing with FRCs, it
is feasible to achieve quick one-shot manufacturing without the use of molds [9].

In recent years, 3D printing of composite materials based on fused deposition model-
ing (FDM) has been developed due to the affordable equipment and consumables [12,13].
The addition of fibrous reinforcements, such as continuous and short fibers, has demon-
strated significant enhancements in mechanical properties of bending-resistant struc-
tures [14-16]. By employing continuous carbon fibers (CCFs), the tensile and bending
strengths of 3D-printed structures can be increased from 28 MPa and 53 MPa to 80 MPa
and 59 MPa, respectively, compared to the structures made of polylactides (PLAs) [14].
Moreover, if a sizing agent is used for pretreatment, the tensile and flexural strengths will
be increased by 3.25 and 2.94 times [14], respectively. Adding short carbon fibers (SCFs) to
the 3D-printed polycarbonate structure has resulted in a 127% increase in the modulus and
an 18.9% increase in the flexural strength [15]. Furthermore, when 15% and 30% of SGFs
were added to the acrylonitrile butadiene styrene (ABS) matrix, the flexural properties
enhanced by 44% and 59%, respectively [16].

With the introduction of 3D printing, the designability of CCFs has been significantly
improved due to the removal of mold restrictions. Multiple types of beams with diverse
shapes were fabricated using 3D printing and were subsequently evaluated by mechanical
investigation [17-21]. Distinct infill patterns, including rhombus, square, and classic
hexagonal, were utilized to manufacture 3D-printed cellular-cored sandwich beams made
of CCF composite materials [17]. The three-point bending experimental results indicate
that the flexural modulus and bending strength of these beams are comparable with those
of competing structures made of aluminum or glass fiber-reinforced composites. The 3D-
printed PLA-based T-beam exhibits a flexural strength of 85 MPa and a flexural modulus
of 3.5 GPa with an 8 wt.% of SCFs, while the flexural strength increased to 255 MPa and the
flexural modulus could reach 16 GPa with an 8 wt.% of CCFs [18].

Despite the significance of I-beams in several industries such as machining [19], ar-
chitecture [20], and energy [21], there is currently an absence of research on 3D-printed
fibrous I-beams. The pultrusion process is currently the most efficient method for man-
ufacturing composite I-beams. However, it is not capable of producing structures with
variable cross-sections [22]. Advancements in 3D-printing technology enable the flexible
design and manufacturing of I-beams with customizable cross-sections. Nevertheless, the
existing research regarding I-beam structural design and the optimization of 3D-printed
fiber-reinforced composite materials remains restricted, as well as material selection.

In the present work, the primary objective is to enhance the flexural properties of
3D-printed I-beams through structural design and optimization. The 3D printing of I-beams
was conducted with three unique configurations and seven diverse materials. Three-point
bending testing was performed to validate the flexural properties of various configurations,
reinforcements, and matrix materials. Beams are typical and vital components that with-
stand bending loads and are extensively utilized in the manufacturing, building, energy,
and other industries. This study aims to offer a reference for the design, optimization,
and material selection and to guide the utilization of 3D-printed I-beams in lightweight,
bending-resistant structures, which might improve the implementation of 3D-printed
composite beam structures in commercial applications.

2. Materials and Methods
2.1. 3D-Printing Process

Two types of 3D printers were utilized to fabricate continuous and chopped fiber-
reinforced composite I-beams. The scheme of the Mark Two desktop 3D printer (from
Markforged Inc., Waltham, MA, USA) is illustrated in Figure 1a. There are two printing
nozzles in the Mark Two 3D printer, one for printing continuous carbon fiber (CCF)-
reinforced polyamide prepregs and the other for printing Onyx filaments. The adoption of
CCE/PA prepregs could enhance the mechanical properties of the structures, whereas the
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Onyx materials are applied to smooth surfaces and fill corners to ensure the form accuracy
of parts. The CCF/PA prepregs and Onyx filaments were both purchased from Markforged

Inc., Waltham, MA, USA.
(a) (©
P-type D-type O-type
Primitive Designed Optimized
7
CCF/PA Prepreg
Nozzle No.1
(b) (d)
O-type
Optimized

: \ W.
Thermoplastic Filament lf
el
Hot Tank " ’ <— Nozzle L

Figure 1. Schematic diagrams of the 3D-printing process and structural configurations: (a) a scheme
of the Mark Two desktop 3D printer, (b) a scheme of the HB250 desktop 3D printer, (c) the three
configurations of 3D-printed I-beams, and (d) the geometry parameters of the 3D-printed I-beams.

Figure 1b shows an illustration of the HB250 desktop 3D printer from Dongguan
Xianglong 3D Technology Co., Ltd., Dongguan, China. The nozzle extruded the thermo-
plastic filament after it melted inside the hot tank. It is capable of printing a range of
thermoplastic materials that have extrusion temperatures below 350 degrees, including
PAs and PLAs with short carbon fibers (SCFs) or short glass fibers (SGFs). The grades and
basic mechanical properties of filaments used in 3D printing are summarized in Table 1,
whereas the printing parameters are listed in Table 2. The filaments with discontinuous or
no reinforcements were both purchased from the eSUN 3D printing department, Shenzhen
Guanghua Weiye Co., Ltd., Shenzhen, China.

Table 1. The type and mechanical properties of printing materials.

Suppliers Type Tensile Strength/MPa Modulus/GPa Elongation at Break/% Density/g-cm—3
PA-CCF 800 51 1.5 1.4

Markforged Onyx 35.71 3.59 4 12
ePAHT-CF 173.37 5.61 8.93 1.4
ePA-GF 76.93 1.72 20.07 1.35
ePA 57 1.5 196 1.12

eSUN ePLA-CF 28 3.55 4.27 1.21
ePLA-GF 59.27 441 7.99 1.31
ePLA-Lite 61.34 3.82 29.92 1.23

Carbon fibers and carbon fiber-reinforced polymers (CFRPs) have had significant
advancements in recent years, with a compound annual growth rate (CAGR) of around
12.5% globally over the past two decades [2]. An important reason for this is that carbon
fibers offer several benefits, including an exceptional strength-to-weight ratio, a superior
stiffness-to-weight ratio, and an excellent resistance to chemicals and heat. In this study,
the tensile strength of adopted T300 carbon fibers achieves 3530 MPa, while the tensile
modulus could reach up to 230 GPa [2]. These values significantly exceed the tensile
strength (2400 MPa) and tensile modulus (72 GPa) of adopted E-glass fibers [23].

It should be noted that three configurations of I-beams were 3D printed, as presented
in Figure 1c. In order to clearly illustrate the distinctions between the configurations, the
beams are dissected and displayed in a bisected form. The primitive configuration (P-type)
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(a)

has a constant cross-section throughout the entire design interval length (210 mm). The
designed configuration (D-type) modifies the dimensions of the I-beam flanges in terms
of width and thickness, while maintaining uniformity of the top and bottom flanges. The
optimized configuration (O-type) not only adjusts the dimensions of the I-beam flanges in
terms of width and thickness of both top and bottom flanges but also varies the thickness
of different cross-sections across the whole design interval length. Figure 1d. displays
the entire O-type beam with a length (L), width (W), and height (H) of 250 mm, 25 mm,
and 15 mm, respectively. The process of obtaining these arrangements will be further
elucidated in Sections 2.3-2.5. Here, I-beams with seven different materials and three
different configurations were 3D printed to compare the flexural properties of different
configurations, reinforcements, and matrices experimentally.

Table 2. Parameters of 3D printing.

T Layer Nozzle Hatch Printing
ype Thickness/mm  Temperature/°C Space/mm Speed/mm-s—1
PA-CCF 0.125 275 1 15
Onyx 0.2 260 0.5 15
ePAHT-CF 0.2 240 0.5 50
ePA-GF 0.2 240 0.5 50
ePA 0.2 240 0.5 50
ePLA-CF 0.2 210 0.5 50
ePLA-GF 0.2 210 0.5 50
ePLA-Lite 0.2 210 0.5 50

2.2. Three-Point Bending Testing

The three-point bending test loading method is considered a conventional experi-
mental technique for bending-performance evaluation due to its straightforwardness and
the relative simplicity of the fixture and test parameters [9]. Therefore, in this study, the
three-point bending test was adopted instead of the four-point bending test. The DNS200
universal electronic testing machine from the Changchun Research Institute for Mechanical
Science Co., Ltd., (Jilin, China) was adopted to perform three-point bending testing at a
speed of 2 mm/min. The testing machine automatically collects the experimental load and
displacement data. The schematic diagram of the testing is shown in Figure 2a, and the
corresponding snapshot is presented in Figure 2b. The radius of the loading head and the
supporting roller is 5mm, and the span of the supporting roller is 200 mm.

(b)

2mm/min

Figure 2. A (a) schematic diagram and (b) snapshot of the three-point bending testing.

The load-to-mass ratio (LMR) and the stiffness-to-mass ratio (SMR) were chosen as
indicators to quantify the bending performance of the 3D-printed I-beams. The load-to-
mass ratio (LMR) was calculated by dividing a maximum bending load by the mass of
the beams:

LMR = Finax (1)
m
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where Fy is the maximum bending load, while m is the mass of the beams.
The stiffness-to-mass ratio (SMR) was calculated by dividing the stiffness of the linear
stage of the load-to-displacement curve by the mass of the beams:

SMR = E )
m

where E is the stiffness of the linear stage, while m is the mass of the beams.

2.3. Design of Configuration

The primary determinant of strength for beams in engineering is the bending stress
in the normal direction. In general, the shear stress strength requirements could also be
accommodated when the beam is designed according to the normal stress strength criteria,
as follows:

Omax = < [0'] 3)

where 0y is the maximum bending stress in the normal direction, M4y is the maximum
bending moment, W, is the flexural modulus of the section, and [¢] is the allowable normal
stress of the material.

When the beam is subjected to three-point bending loading with a span (S) and a load
(F), as shown in Figure 2a, the bending moment M (x) on the section is a function of the
distance x between the section and the nearest supporting roller:

M(x) = gx(o <x< %) )

This indicates that the bending moment decreases as the distance from the center
increases. According to the equal-strength philosophy [24,25], it is advisable to design a
series of suitable cross-sections and to reduce material in areas where the bending moment
is relatively low. For the I-beam, the flexural modulus of the section is the moment of
inertia relative to the neutral layer (I), as follows:

twhzgu bt?) hzu+t
0 +2 X (== +bt x ( 7

I =
12

)?) (5)

where t is the thickness of the upper and lower beam flanges, f, is the thickness of the web,
h is the height of the I-beam, &, is the height between the upper and lower beam flanges,
and b is the width of the upper and lower e beam flanges.

Material arrangement can be optimized by designing the width (b) and thickness (t)
of the upper and lower beam flanges and the height between them at different locations.
The design of simultaneous variable widths and thicknesses of beam flanges in the form
of a hyperbola was adopted in this study, and their specific geometry parameters of
configuration are shown in Section 2.5.

2.4. Optimization of Configuration
2.4.1. Finite Element Analysis

Catia (version V5-2016) was utilized for modeling and implementing parameterization.
Subsequently, the commercial finite element software Abaqus (version 2022) was introduced
for a finite element analysis (FEA). Due to the structural symmetry of the 3D-printed beams,
a half-beam model is created by establishing symmetry along the positive X-axis direction
around the YZ plane, as seen in Figure 3. Consequently, symmetric boundary constraints
are then applied to the model. The static analysis step was adopted. A rigid supporting
roller and a loading head with a radius of R5 were established. The global size of meshes
was 1.2 mm, and the type of meshes was C3D4. The number of meshes was around 4600,
while the number of nodes was about 11,000.
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E

L.

Figure 3. The finite element mode for three-point bending loading conditions.

Contact constraints were established between the supporting roller, the loading head, and
the beam. The tangential friction coefficient was set to 0.2, whereas the normal behavior was
defined as hard contact. Fixed boundary conditions (U; = Uy = U3 = UR; = URy = UR3 =0)
were assigned at the referenced point on the supporting roller, while displacement bound-
ary conditions (U = U, =0, Uz = 5) were defined at the referenced point on the loading
head.

2.4.2. Indexes and Objective Functions

As shown in Figure 4, six optimizable parameters were constructed for the 3D-printed
I-beams, including Bj, By, B3, Hi, Hy, and R, and R = B4/B3. The aim of structural
optimization is to realize the design of variable cross-sections by manipulating these
optimizable parameters.

250 25 25
,ﬁ, B4 |y B3
e B
| <t
LA |—§é—l B2
Front view Left view Section view A-A

Figure 4. Optimizable parameters of the 3D-printed I-beams.

To achieve the variable cross-section design of the 3D-printed I-beams while ensuring
their structural integrity and improving their structural efficiency, the following conditions
need to be fulfilled: (1) The structure exhibits minimal deflection deformation when
subjected to the identical boundary condition, indicating a high level of bending stiffness.
(2) To increase the structure’s desirable load-bearing capacity, the stress level under the
assigned boundary condition needs to be decreased; here, the first principal stress has been
chosen as the index. (3) The mass of the structure ought to be minimized for the highest
load-to-mass ratio. Since the density of the same material is identical, the volume can also
be utilized to denote structural mass.

The bending stiffness, the first principal stress, and the volume were utilized as indexes
to evaluate the 3D-printed I-beams. The constructed objective functions are as follows:

maxfl = W(Bl, Bz, B3, H1,H2, R)
maxfz = U'(Bl, Bz, Bg, Hl, Hz, R)
maxf3 = V(Bl, Bz, B3, H1,H2, R)
st. 0< By <By ©)
0<B; <25
0<RB3+2< B
0<H £75
0<Hy, <75
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where W (x1, x3, ..., X¢) is the function of the bending stiffness; o (x1, xp, ..., x¢) is the
function of the first principal stress; and V (x1, xy, . . ., x6) is the function of the volume.
Due to the diverse units of the three objective functions, there are significant numerical
disparities that impact the outcomes of an algorithmic analysis. Therefore, it is necessary to
normalize the functions. The Latin hypercube sampling technique is employed to sample
inside the feasible space and to generate a dataset. This dataset is then used to construct
a surrogate model, which serves as a substitute for the time-consuming finite element
analysis. The mean and variance of the dataset were computed, followed by normalization
using the z-score standardization procedure. The final objective function is as follows:

fr=tittiio1, 03 )

i
where y is the mean of the dataset, and ¢ is the variance of the dataset.

2.4.3. Multi-Objective Optimization Analysis

The simultaneous optimization of a 3D-printed I-beam necessitates the consideration
of three objective functions, and the optimal solutions of these functions are contradictory.
Hence, it is necessary to coordinate the goal function in order to achieve the Pareto optimal
solution within the feasible space. The final multi-objective optimization model for the
I-beam design is obtained by incorporating weight values to regulate the influence of the
objective function. The final multi-objective is as follows:

minf = (—wlfl*, ZU2f£k, W3f§k) (8)

where wy =1.16, w1 = 1.2, and wy = 1.

Once the configuration of the beams is established, some geometric parameters need
to be optimized for increased structural efficiency. Hence, the NSGA-II algorithm was
introduced to optimize the geometric parameters of the I-beams, with the objective function
being to minimize mass, reduce stress, and maximize stiffness. The NSGA-II multi-objective
optimization algorithm was adopted, in which each objective parameter is processed
separately. The algorithm performs standard genetic operations of mutation and crossover
on design variables. The selection procedure relies on two primary mechanisms: non-
dominant sorting and crowding distance sorting, and its optimization flow chart is shown
in Figure 5.

Multi-objective optimization aims to identify a collection of diverse solutions that
together represent the optimal trade-off surface for several objectives. The surface generated
in space is referred to as the Pareto front, specifically denoting the Pareto optimum solutions.
Figure 6 displays the collection of Pareto optimum solutions that were obtained. And the
following parameters were selected: By =7, By =25,B3 =1.5,H; =2.1, Hy =4.2,and R = 2.01.
Due to the uneven tensile and compressive strength of 3D-printing materials, with the
tensile strength being superior to the compressive strength, a thickness ratio of 1.5 was
employed. The thickness of the upper and lower edge strips was determined according to
the following formula:

Hu = HZ + (Rub - 1) X HZ/(l + Rub) (9)
Hy = Hy — (Ryp — 1) x Hy/ (14 Ryp)

here H, is the thickness of the upper edge strip, Hy, is the thickness of the lower edge strip,
and Ry, is the ratio of the thickness of the upper and lower edge strips, which is 1.5.
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Select, CRossover and Variants

Generate progeny populations
Qaft)

Fast non-dominant sorting

Congestion calculations

Select the dominant individual
P(t)

Figure 5. A flow chart of NSGA-II multi-objective optimization algorithm.

Figure 6. The collection of Pareto optimum solutions.

2.5. Geometry Parameters of Configuration

The geometry of variable cross-sections is presented in Figure 7, while the portions
were divided into intervals of 21 mm and the sections were labeled sequentially from A-A
to F-F. The corresponding parameters are listed in Table 3, in which W, is the width of the
beam, W, is the width of the web, Hy, is the thickness of the upper edge strip, and Hj, is
the thickness of the lower edge strip.
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Figure 7. The geometry of variable cross-sections.

Table 3. Geometry parameters of configuration.

Type Section Lable Wp/mm Wy/mm Hy/mm Hp/mm
A-A 25 4 45 45
B-B 25 4 45 45
c-C 25 4 45 45
P D-D 25 4 45 45
E-E 25 4 45 45
F-F 25 4 45 45
A-A 25 4 45 45
B-B 24.4 4 441 441
c-C 226 4 412 412
D D-D 19.6 4 3.66 3.66
E-E 15.4 4 3.09 3.09
F-F 10 4 25 25
A-A 25 15 5.04 3.36
B-B 2428 15 492 331
c-C 212 15 457 3.16
o D-D 18.52 15 398 291
E-E 13.48 15 3.16 255
F-F 7 15 21 21

3. Results and Discussion
3.1. Flexural Properties of Different Configurations

Figure 8a illustrates the force-to-displacement curve of the primitive, designed, and
optimized configurations of the SCFs-reinforced PAs. The P-type, D-type, and O-type
I-beams exhibit linear characteristics at the beginning. Despite achieving a 30.63% reduction
in mass through optimization (Figure 8b), the O-type I-beam still maintains a stiffness
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comparable to that of the P-type I-beam. However, the D-type I-beam demonstrates
a significantly lower stiffness compared to both the O-type and P-type I-beams, while
the mass is reduced by 14.46% compared to the P-type I-beams. Conversely, both the
design and optimization resulted in an increase in the displacement of the 3D-printed
I-beam at its maximum load as compared to the primitive one. This indicates that the
3D-printed I-beams’ ability to maintain structural integrity was improved. Furthermore,
the enhancement of structural efficiency and the achievement of lightweight effects in the
designed and optimized 3D-printed I-beams are prominently demonstrated in Figure 8c,d.
Compared with the primitive one, the designed and optimized structures also exhibit a
14.46% and 30.05% increase in the stiffness-to-mass ratio and a 7.83% and 40.59% increase in
the load-to-mass ratio, respectively. These increases mean that D-type and O-type I-beams
have smaller deflections than P-type I-beams under identical load conditions. Moreover,
when the design standard requires the same structural failure load, D-type and O-type
I-beams have less weight compared to P-type I-beams.

(a) (b) (c) (d)

1600 70 35
—— P-SCF/PA [Iscrra I sCF/RA
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Figure 8. The flexural properties of the primitive, designed, and optimized configurations: (a) the
force-to-displacement curve, (b) the mass, (c) the stiffness-to-mass ratio, and (d) the load-to-mass ratio.

A comparison of the failed specimens of the primitive, designed, and optimized con-
figurations of the SCFs-reinforced PAs is presented in Figure 9. In all three configurations
of the 3D-printed I-beams, considerable residual plastic deformation was revealed after the
three-point bending testing. Additionally, marginal circular cross-section indents remain as
the result of the compression of the loading head. These indents are visible in the zoom
view (iv) of the top surface in Figure 9a—c. The primary mode of failure for the P-type
I-beam is delamination, where the separations between the 3D-printed layers propagate
and extend dramatically along the length direction of the beams (Figure 9a). Furthermore,
this delamination failure mode appears on both the top and bottom surfaces of the P-type
I-beam. The occurrence of delamination leads to rapid structural failures, swift load drops,
and the inadequate utilization of material properties. Because at this point, structural dam-
age is dominated by weak interfaces between 3D-printed layers, which is an undesirable
form of damage.

The predominant cause of failure for the D-type and O-type I-beams is a combination
of delamination and tensile failure. The fractures caused by delamination failure exhibit
elongated and narrow apertures, dispersed longitudinally over the top surface of the D-type
I-beam, while the top surface of the O-type I-beam only has indents attributable to the load-
ing head. The fracture, resulting from tensile failure, exhibits an irregular serrated shape
that is perpendicular to the direction of length and is observed on the bottom surface of the
D-type and O-type I-beams. This is consistent with the three-point bending conditions in
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which the top surface of the I-beams is subject to the tensile load, and the bottom surface is
under compression. Improvements in failure modes impact the structural flexural proper-
ties of 3D-printed I-beams. As presented in Figure 9¢c, the appearance of tensile fractures
and the disappearance of delamination fractures indicate that the properties of the material
were utilized to a greater extent. This is further supported by the substantial enhancement
of the O-type I-beam in comparison to its primitive configuration, specifically in terms of
its structural flexural properties (Figure 8).

(a) P-type Primitive

i) Top View iv) Zoom View

ii) Side View

| -

(b) D-type Designed

iv) Zoom View

ii) Side View

[ g -

(¢) O-type Optimized

i) Top View iv) Zoom View

ii) Side View

| | -

Figure 9. A comparison of the failed specimens of (a) the primitive, (b) designed, and (c) optimized
configurations of SCFs-reinforced PAs in (i) top, (ii) side, (iii) down, and (iv) zoom views.

3.2. Flexural Properties of Different Reinforcements

Figure 10a presents the force-to-displacement curve of the CCFs-, SCFs-, and SGFs-
reinforced PAs and PAs in the configuration of the O-type I-beam. The 3D-printed I-beam of
PAs with no fiber reinforcements demonstrates an extremely brief linear stage and exhibits
obvious nonlinear characteristics in advance of attaining the peak load. However, fibers
have the capacity to substantially reduce the nonlinearity exhibited by 3D-printed I-beams.
Among them, the reduction effect of short carbon fibers has a more pronounced reduction
impact compared to short glass fibers. Additionally, continuous carbon fibers have an even
greater reduction effect than short carbon fibers. Nevertheless, the displacement of the peak
load also decreases when fibers are added. This indicates that the addition of continuous
fibers leads to a greater decrease compared to short fibers. Furthermore, the addition of
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short carbon fibers results in a greater decrease than short glass fibers. As the displacement
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Figure 10. The flexural properties of CCFs-, SCFs-, and SGFs-reinforced PAs and PAs in the configu-
ration of the O-type I-beam: (a) the force-to-displacement curve, (b) the stiffness-to-mass ratio, and

(c) the load-to-mass ratio.

As shown in Figure 10b,c, due to the lower density of carbon fibers, the improvement
in flexural properties is superior after taking into account the reduction in mass. Compared
to the corresponding structure without reinforcements, the addition of CCFs increases the
stiffness-to-mass ratio of the 3D-printed I-beam by 2926%. When the structure is subjected
to the same design constraints for structural deformation, the improvement in the ratio
of stiffness to mass allows for a substantial reduction in the weight of the structure. The
continuous carbon fibers, which are evenly distributed along the length of the I-beam, serve
as the framework for the beam structure. Working in conjunction with the matrix, they
facilitate the smooth and uninterrupted transmission of loads. And the increase is 158.6%
when compared to the corresponding structure with short carbon fibers. The addition of
continuous carbon fibers greatly improves structural efficiency and significantly facilitates
achieving lightweight structures. However, currently, printers and consumables for 3D
printing with continuous carbon fibers are relatively expensive. Based on the supplier’s
quotation, the price for 100 g of CCF/PA prepreg yarn is around USD 337.5, whereas
SCF/PA consumables of equivalent quality are priced at only USD 5.5. Consequently,
the utilization of short carbon fibers to enhance structures is a more cost-effective option
in certain industrial application scenarios, such as the structural components of drones,
battery packs of new energy vehicles, and medical device casings, etc. The addition of short
carbon fibers increases the stiffness-to-mass ratio of the 3D-printed I-beams by 1070% in
comparison to the I-beams 3D-printed by PAs, representing a highly notable improvement.
Similarly, the addition of fibers also significantly improves the load-to-mass ratio, which
indicates the load-bearing capacity per unit mass. Compared with the structure without
reinforcements, continuous and short carbon fibers increase the load-to-mass ratio of

3D-printed I-beams by 656.7% and 344.4%,

respectively.

The comparison of the failed specimens of CCFs-, SGFs-, and non-reinforced PAs
in the configuration of the O-type I-beam is presented in Figure 11. Both the CCFs- and
non-reinforced 3D-printed I-beams exhibit little plastic deformation, while the underlying
causes differ. The CCF-reinforced 3D-printed I-beam comprises over 50% of fiber content,
while the content of the short glass fibers is 25% in the structures. Regarding the CCF-
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reinforced 3D-printed I-beam, it is important to note that the low resin content diminishes
the structural plasticity. Conversely, the addition of CCFs leads to the structure attaining
its maximum displacement at 5.61 mm and subsequently fracturing rapidly (Figure 10a).
The limited structural displacement is insufficient to induce significant residual plastic
deformation. For the 3D-printed I-beam made from PAs, the structural stiffness is relatively
low (14.06 N-mm '), resulting in a certain level of overall flexibility in the structure. Upon
eliminating the loading boundary conditions, the entire structure rebounds, leading to
negligible residual plastic deformation. As shown in Figure 11, considering the mode
of failure, delamination is the primary factor affecting CCFs-, SGFs-, and non-reinforced
3D-printed I-beams. There is slight open cracking along the length direction on both their
upper and bottom surfaces, and the cracking on the lower surface is relatively obvious.

(a) CCF/PA

i) Top View iv) Zoom View

i) Side View e

iiii) Down View .~

(b) SGF/PA

i) Top View iv) Zoom View

ii) Side View

iiii) Down View """

(c) PA

i) Top View iv) Zoom View

ii) Side View

iii) Down View

Figure 11. A comparison of the failed specimens of (a) CCFs-, (b) SGFs-, and (c) non-reinforced PAs
in the configuration of the O-type I-beam in (i) top, (ii) side, (iii) down, and (iv) zoom views.
3.3. Flexural Properties of Different Matrices

Apart from the PA matrix, PLA is also utilized with SCFs, SGFs, and no reinforcements
for 3D-printed O-type I-beams. And their flexural properties are illustrated in Figure 12.
The force-to-displacement curve is present in Figure 12a, in which the addition of SCFs and
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SGFs both increase the stiffness of the structure to 96.69 and 124.55 N-mm ™!, respectively.
As depicted in Figure 12b, the mass of the O-type I-beams is reduced by 7.53% through the
combination with SCFs. On the contrary, the mass of the structure is increased by 5.29%
upon the addition of SGFs. Nevertheless, when stiffness and mass are both taken into
account, SGFs prove to be a superior option. Both SGFs and SCFs contribute to an increase
of 32.75% and 13.64% in the stiffness-to-mass ratio of the 3D-printed I-beams, respectively.
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Figure 12. The flexural properties of SCFs- and SGFs-reinforced PLAs, and PLAs in the configuration
of the O-type I-beam: (a) the force-to-displacement curve, (b) the mass, (c) the stiffness-to-mass ratio,
and (d) the load-to-mass ratio.

Nevertheless, the addition of short fibers results in a decrease in the load-to-mass
ratio of the PLA I-beams. Both SGFs and SCFs contribute to a decrease of 10.63% and
13.13% in the stiffness-to-mass ratio, respectively (Figure 12d). As listed in Table 1, the
PLA matrix has an elongation at break of 29.92%, which is much lower than the elongation
of the PA matrix (196%). And the E-glass fiber has a 3% elongation at break, whereas the
T300-carbon fiber only has 1.5% elongation at break. By incorporating short fibers, the
elongation at break of the entire structure will decrease, particularly affecting PLA, which
has an elongation at break that is less than one-sixth of PAs. The force-to-displacement
curve also illustrates the substantial decrease in the peak load of SCF- and SGF-reinforced
PLA I-beams in comparison to the structure with a pure matrix (Figure 12a).

The comparison of the failed specimens of SCFs, SGFs, and non-reinforced PLA in the
configuration of the O-type I-beam is presented in Figure 13. Due to their comparatively
high stiffness and load displacement at peak force, SGF-reinforced I-beams exhibit negligi-
ble residual plastic deformation, while the failed specimens of SCFs- and non-reinforced
I-beams demonstrate substantial residual bending distortion. The SGFs- and non-reinforced
I-beams exhibit extensive structural damage, accompanied by fractures with uneven and
jagged edges that permeate the whole structure. During the experiment, initial observations
revealed the presence of white creases on the surfaces, which subsequently progressed into
the material’s fracture. The material’s fracture dominates, and the delamination cracking
caused by 3D printing is not observed, which indicates that the materials were effectively
utilized. Consequently, the SGFs- and non-reinforced I-beams demonstrate prominent peak
loads (Figure 12a). The initial failure of the SCFs-reinforced I-beams primarily manifests
on the web (Figure 13a), resulting in a reduction in load capacity, which is an undesirable
mode of failure.
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Figure 13. A comparison of the failed specimens of (a) SCFs-, (b) SGFs-, and (c) non-reinforced PLAs
in the configuration of the O-type I-beam in (i) top, (ii) side, (iii) down, and (iv) zoom views.

3.4. Material Selection

The experimental results of the indexes of flexural properties, including the stiffness-
to-mass ratio and load-to-mass ratio, are summarized in the Ashby-type materials selec-
tion charts (Figure 14). The CCFs-reinforced PAs have the most remarkable structural
lightweight effect compared to other materials tested in this study. This is noticeable in
their significantly greater stiffness-to-mass ratio (11.52 N-mm~!g~!) and load-to-mass
ratio (52.59 N- g’l). The SCFs-reinforced PAs have the potential to serve as economical
substitutes for the CCFs-reinforced PAs. The 3D-prined I-beam of the O-type configura-
tion produced by it has a relatively high stiffness-to-mass ratio (4.45 N-mm~'g~!) and
load-to-mass ratio (30.89 N-g~!). The application of SGFs is not recommended, due to the
lack of significant enhancement in mechanical properties and the subsequent increase in
structure weight, unless it is employed in specific industrial scenarios where lightweighting
is not required.

For the matrix of the 3D-printed composites, PAs and PLAs have extremely distinct
properties. The 3D-printed I-beams with pure PA resin demonstrate the lowest bending
characteristics among all specimens. They possess the average stiffness-to-mass ratio of
0.38 N-mm~!g~! and the average load-to-mass ratio of 6.95 N-g~!. However, whether
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the addition of SGFs, SCFs, or CCFs indeed enhances the mechanical properties of the
overall structure significantly remains to be determined. It is noted that reinforcements
always play a crucial and beneficial function in PA composite I-beams. With regard to PLA
resin, the mechanical performances are completely different. While the incorporation of
SGFs and SCFs enhances the stiffness-to-mass ratio of the structure, it leads to premature
structural failure and diminishes the load-to-mass ratio.
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Figure 14. Ashby-type material selection maps: (a) stiffness-to-mass ratio and (b) load-to-mass ratio.
A comparison of the stiffness-to-mass ratio and load-to-mass ratio between this work
and the literature is listed in Table 4. It should be noted that the flexural properties of beams
are greatly affected by the span of supporting rollers. In general, the flexural properties
tend to diminish as the span increases. Despite the fact that the span chosen for the present
study is 200 mm, which is greater than the spans used in previous studies [9,26] (141 mm
and 80 mm, respectively), the load-to-mass ratio demonstrates a reasonably similar level
when identical material is used. As for the stiffness-to-mass ratio, this is more significantly
influenced by the span than the load-to-mass ratio and becomes non-comparable across
different spans. For example, the stiffness-to-mass ratio of [26] is only 4.53% of that of [9]
when the span changes from 80 to 141 mm. Hence, it is suggested that the Ashby-type
material selection maps should be used for the purpose of comparing the flexural properties
of beams when the span and the design envelope (length, width, and height) are the same.
Table 4. Comparison between this work and the literature.
Configuration = Materials  Span/mm  H/mm Stlffnes.s-to-Mass Load-to-Mass Ratio/mm Reference
Ratio/mm
O-type CCF/PA 200 15 11.52 52.59
O-type SCF/PA 200 15 4.45 30.89 This work
D-type SCF/PA 200 15 3.92 23.69
Corrugated CCF/PA 141 23.2 28.49 57.98 [26]
core SCF/PA 141 23.2 10.6 23.44
Diamond core CCF/PA 80 10 627.7 68.33 [9]

4. Conclusions

In this study, the design and optimization of I-beams were performed to obtain
improved configurations. 3D printing was utilized to manufacture I-beams with three
distinct configurations and seven kinds of materials. Three-point bending testing was
conducted to verify the flexural properties of different configurations, reinforcements, and
matrices. The following conclusions can be derived:

1. The flexural properties of 3D-printed I-beams were significantly improved via struc-
tural design and multi-objective optimization, which were based on the equal-strength
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philosophy and the NSGA-II algorithm, respectively. Design and optimization re-
duced the mass of I-beams made of SCFs-reinforced PAs by 24.10% and 30.63%,
respectively. The structures also exhibited a 14.46% and 30.05% increase in the stiffness-
to-mass ratio and a 7.83% and 40.59% increase in the load-to-mass ratio, respectively.
The design and optimization method proved to be effective for 3D-printed I-beams.

2. Compared with pure PA structures, although the CCFs-reinforced PA I-beam exhibited
a substantial improvement (2926%) in its stiffness-to-mass ratio, the addition of SCFs
also increased the stiffness-to-mass ratio and the load-to-mass ratio by 1070% and
344.4%, respectively. Considering that the price of CCFs-reinforced PAs (USD 337.5)
is much higher than SCFs-reinforced PAs (USD 5.5), SCFs-reinforced PAs have the
potential to serve as an economical substitute for CCFs-reinforced PAs. The 3D-prined
I-beam of the O-type configuration produced by SCF-reinforced PAs had a relatively
high stiffness-to-mass ratio (4.45 N-mm’lg’l) and load-to-mass ratio (30.89 N- g’l),
while the corresponding PA structure had a stiffness-to-mass ratio of 0.38 N-mm ~!g~!
and a load-to-mass ratio of 6.95 N-g~!.

3.  Compared with PLAs (elongation at break of 29.92%), PAs (elongation at break of
196%) are a better choice of matrix to demonstrate the adverse effects of reinforce-
ments. The addition of reinforcements, such as SGFs, SCFs, or CCFs, improves the
mechanical properties of PA composite I-beams to a great extent. However, in PLA
resin, the incorporation of SGFs and SCFs increased the stiffness-to-mass ratio but
caused premature structural failure and reduced the load-to-mass ratio. Although the
addition of SCFs increased the stiffness-to-mass ratio of PLA I-beams by 13.64%, the
load-to-mass ratio was reduced by 10.63%.

This work provides valuable insights into the design and optimization of 3D-printed
I-beams, specifically focusing on their flexural properties and material selection. Opti-
mization using the NSGA-II algorithm and structural design based on the equal-strength
philosophy were both demonstrated to be effective for 3D-printed I-beams. Simultaneously,
it is worth noting that the mechanical performances of 3D-printed materials are diminished
during compression as opposed to tension. When financial considerations permit, CCFs
are the optimal material for enhancing mechanical properties. SCFs, however, are com-
paratively economical alternatives. It was discovered that the highly ductile resin matrix
served as a successful medium for adding reinforcements. These findings could facilitate
the lightweight design and optimization of bending-resistant structures.
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Abstract: Vegetable fibers are increasingly used in biocomposites, but there is a need for further
development in utilizing by-products like cocoa husks. Three-dimensional printing, through Fused
Filament Fabrication (FFF), is advancing rapidly and may be of great interest for applying biocompos-
ite materials. This study focuses on developing innovative and fully biodegradable filaments for the
FFF process. PLA filaments were prepared using cellulose fibers derived from cocoa husks (5% mass
ratio). One set of filaments incorporated fibers from untreated husks (UCFFs), while another set
utilized fibers from chemically treated husks (TCFFs). The fabricated materials were analyzed using
scanning electron microscopy (SEM), thermogravimetric analysis (TGA), and Fourier transform
infrared (FTIR) techniques, and they were also tested for tensile strength. ANOVA reveals that both
UCFFs and TCFFs significantly predict tensile strength, with the UCFFs demonstrating an impressive
R? value of 0.9981. The optimal tensile strength for the filament test specimens was 16.05 MPa for
TCFF8 and 13.58 MPa for UCFFS, utilizing the same printing parameters: 70% infill and a layer
thickness of 0.10 mm. Additionally, there was an 18% improvement in the tensile strength of the
printed specimens using the filaments filled with chemically treated cocoa husk fibers compared to
the filaments with untreated fibers.

Keywords: additive manufacturing; bioplastics; lignocellulosic materials; natural fiber; composites

1. Introduction

Biocomposite materials of thermoplastic polymers reinforced with vegetable fibers
have attracted the attention of researchers and companies seeking more sustainable alter-
natives with superior mechanical performance [1]. The mechanical strength properties
of these biocomposites primarily depend on the type of incorporated vegetable fiber, the
aspect ratio (length/diameter), the quality of adhesion at the interface between the embed-
ded fiber and the polymer matrix, and the volume fraction of fiber added to the mixture [2].
While incorporating vegetable fibers into a polymer composite can improve its material
properties, it can also worsen the properties of the material, depending on the interaction
of the abovementioned factors. Beyond the mechanical properties, incorporating veg-
etable fibers can help reduce the consumption of pure polymer and make these materials
more environmentally friendly. Research and development on and the application of
these bio-based materials can benefit the ecosystem and contribute to local socio-economic
development [3].
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Several studies have shown the application of PLA together with a natural filler, such
as bamboo, jute, flax, pineapple, sisal, or kenaf, to produce green composites [3-5]. In Ku-
mar’s study [6], a tensile strength value of 61.07 MPa was reported for a PLA biocomposite
with cellulose nanocrystals at proportions of 99/1%, respectively. Another notable study
was presented by Liu [7] with a PLA biocomposite with sugarcane bagasse at proportions
of 94/6%, respectively, which exhibited a tensile strength of 57.1 MPa. These studies have
demonstrated that it is possible to produce biocomposites with optimized mechanical
strength compared to pure PLA, serving as a reference to this study.

Cocoa husks are highlighted in this research due to their local abundance and frequent
disposal as waste from cocoa processing, making them a significant focus among lignocel-
lulosic raw materials. Their utilization could offer sustainable solutions while addressing
environmental concerns and contributing to local economic (Theobroma cacao L.) production;
the husks represent approximately 80% of the total weight of the fruit. Cocoa fruit husks are
produced in significant amounts within cocoa bean industries, yet they are often discarded
due to their limited market value, despite being generated as waste in cocoa plantations [8].
Cocoa husks are a source of natural vegetable fiber, with lignocellulosic material compris-
ing approximately 87% of the dry weight of the husks. Its chemical composition on a dry
weight basis (%w/w) is approximately 35.4% cellulose, 37% hemicellulose, and 14.7% lignin,
and the remainder consists of ash and other components, such as wax, pectin, moisture,
impurities, etc. [9]. Therefore, pretreatments are essential in the cellulose extraction process
and the removal of impurities.

This study outlines the development of biocomposite materials intended for use as
raw materials (filament) in a 3D printer. Cocoa husk fibers were crushed, and cellulose
microcrystals were chemically isolated. Two types of biocomposites (in the form of 3D
filaments) were produced: one with untreated cocoa husk fibers and PLA and another with
chemically isolated cellulose microcrystals and PLA. Alkaline and bleaching treatments
were employed due to their recognized effectiveness in removing impurities from cellulose
fibers, as well as them being more accessible and cost-effective techniques [10].

The amount of fiber added significantly impacts the mechanical properties of the com-
posite. Studies indicate that the tensile strength tends to decrease, with a more pronounced
reduction as the fiber content increases compared to the polymer. Overall, a lower fiber
content tends to yield superior mechanical performance in biocomposites [8]. The fiber
weight percentage added was 5% relative to PLA in both cases.

The untreated cocoa husk fibers and chemically treated microfibrils were analyzed
using TGA and FTIR tests, while the mechanical properties of the printed parts with the
filaments were tested using tensile tests. The mechanical tests followed international ASTM
D638-14 [11].

2. Materials and Methods
2.1. Materials

PLA granules (Ingeo Biopolymer 3051D) suitable for 3D-printing the filaments, with a
density of 1.24 g.cm 3 were used, sourced from NatureWorks® (Minnetonka, MN, USA).
Cocoa husks were purchased from a local market in Ilhéus, southern Bahia, Brazil. Sodium
hydroxide (NaOH), sodium hypochlorite (NaClO), and glacial acetic acid from Sigma-
Aldrich (Barueri, Sao Paulo, Brazil) were also used, available at the Laboratory of Materials
and Environment (LAMMA) of the State University of Santa Cruz (UESC).

2.2. Processing of Cellulose Fibers

The processing of the cocoa husks is summarized in Figure 1. The cocoa husks were
washed to remove dirt and impurities and then dried at 105 °C in an oven until they
reached a constant weight. Next, the pieces were ground using a knife mill. After grinding,
the fiber was sieved through a mesh #325 (particles smaller than or equal to 44 um). Part
of the ground fibers, referred to as untreated cocoa husk fibers (UCF), was stored in a
hermetic container for later use and analysis (chemical and morphological). The other part
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of the fibers was treated in a beaker with a 4% w/v sodium hydroxide (NaOH) solution at
80 °C for 4 h with mechanical stirring. After this treatment, the fibers underwent vacuum
filtration, followed by washing with distilled water and then vacuum filtration again. Next,
the fibers were treated in a 1:1 aqueous dilution of sodium hypochlorite (NaClO) for 30 min
at 80 °C. Acetic acid was added until the solution reached a pH of 4. The fibers were then
vacuum-filtered, washed with distilled water, dried, and finally ground in a ball mill for
60 min. The chemically treated fibers, referred to as treated cocoa husk fibers (TCFs), were
stored in hermetic containers for later use and analysis.

@105 °C

Ball milling Cocoa Husk
Powder

&\w,‘f,/

NaClO + Acetic Acid NaOH 4% w/v
Treated Cocoa Filtering Filtering
Husk Powder

Oven Cocoa Pod Husk

Figure 1. Processing steps for cocoa husk fibers.

2.3. Preparation of the Filaments and Printing of the Test Specimens

Two types of filaments were created (Figure 2), one using untreated cocoa husk fiber,
referred to as UCFF, and another with chemically treated cocoa husk fiber, called TCFE. In
both cases, the cellulose microfibers and PLA pellets were weighed at a mass ratio of 5%
fiber to 95% PLA and then dehumidified for 12 h at 60 °C. The filaments were manufactured
using a single-screw extruder, where the fiber-PLA mixture was fed through a funnel to
the extruder, and the heater was adjusted to temperatures between 185 °C and 205 °C. The
filament diameter was 1.75 & 0.05 mm.

Filament Extrusion

Cocoa Husk
Powder

PLA 95% + TCF 5%

Figure 2. Extrusion steps for PLA with untreated cocoa husk fiber filament (UCFFs) and PLA with
chemically treated cocoa husk fiber filaments (TCFFs).
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The test specimens (TSs) printed for the tensile test were sized according to the
guidelines of the international standard ASTM D638-14 [11]. The Type I TS used as a
reference is illustrated in Figure 3.

, 165.00
‘ 96.00

3.90

13.00

Figure 3. Type I test specimen for tensile strength testing according to ASTM D638-14.

The planning of the experiments, as well as the quantity of TSs manufactured by the
3D printing process, was defined using face-centered central composite design with two
factors, two blocks, and ten experiments (Table 1).

Table 1. Levels of adjustment for input variables: infill (%) and layer height (mm) for central
composite design, face-centered.

Factor Lower Limit Central Point Upper Limit
-1 0) +1)
Infill (%) 30 50 70
Layer height (mm) 0.10 0.15 0.20

The input variables chosen were infill percentage and layer height. For the infill
percentage factor, a lower limit of 30%, a central point of 50%, and an upper limit of 70%
were adopted. For the layer height factor, a lower limit of 0.1 mm, a central point of 0.15 mm,
and an upper limit of 0.20 mm were adopted. These two variables of the 3D printing process
were identified as critical for the analysis and will be the input parameters studied for
comparison of the results in subsequent tests. The combinations of these parameters are
detailed in Table 2.

Table 2. Central composite design—central face, experiments for the input variables infill and

layer height.
Test Specimen (TS) Infill (%) Layer Height (mm)
01 30 0.10
02 30 0.15
03 30 0.20
04 50 0.10
05 50 0.15
06 50 0.15
07 50 0.20
08 70 0.10
09 70 0.15
10 70 0.20

The mechanical designs of the test specimens (TSs) were created using SolidWorks
2023© software, where they were also later exported into STL file format. These files were
imported into the slicing software PrusaSlicer© 2.7.4, where the G-codes used in the 3D
printer to manufacture each model were generated. The Fused Filament Fabrication (FFF)
process parameters used in the Ender-3 Pro 3D printer (Creality, Shenzhen, China), at
Laboratory of Mechanical Projects and Tribology (LAPMET) of UESC and configured in
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the PrusaSlicer© software for the manufacturing of the CPs are detailed in Table 3. These
parameters were kept constant for all the test specimens to ensure standardization. The
tensile tests were carried out in triplicate, totaling 30 printed test specimens for each of the
two types of filaments.

Table 3. FFF process parameters used in the printing of the TSs.

Parameter Infill (%)
Extruder Diameter (mm) 0.40
Extrusion Multiplier 1.10
Layer Height As per Table 2
Number of Top Layers 4
Number of Bottom Layers 4
Number of Perimeter Lines 3
Internal Infill Pattern Hexagonal
External Infill Pattern Rectilinear
Infill (%) As per Table 2
Internal Infill Angle (°) 45
Extrusion Temperature (°C) 180
Bed Temperature (°C) 60
Extruder Travel Speed (mm/s) 40
Filament Diameter (mm) 1.75

2.4. Characterization Techniques for the Fibers and the Biocomposites

A thermogravimetric (TGA) analyzer model DTG-60H (Shimadzu®©, Barueri, Sao
Paulo, Brazil) at the Laboratory of Research and Innovation in Advanced Materials
(LAPIMA) of UESC was used to perform the thermogravimetric analysis on the untreated
cocoa husk fibers (UCFs) and chemically treated cocoa husk fibers (TCFs). Approximately
6 mg of powder was placed in an alumina crucible and heated to 1000 °C at an incremental
rate of 10 °C-min~! under a nitrogen atmosphere with a flow rate of 100 mL-min .

The Fourier transform infrared (FI-IR) spectra of the untreated cocoa husk fibers
(UCFs) and chemically treated cocoa husk fibers (TCFs) were recorded using an Attenuated
Total Reflectance (ATR) spectrometer, model IRPrestige-21 (Shimadzu®©), at the Laboratory
of Research and Innovation in Advanced Materials (LAPIMA) of UESC. The spectra were
obtained in the wavenumber range between 4000 and 450 cm !

The morphology of the untreated cocoa husk fibers (UCFs) and chemically treated
cocoa husk fibers (TCFs) was visualized using a Quanta 250 Scanning Electron Microscope
(SEM), model (FEI Company®©, Hillsboro, OR, USA), at the Center for Electron Microscopy
(CME) of UESC. The powdered materials were placed on double-sided carbon adhesive
tape in the sample holder. The sample was gently pressed with paper, and the excess
material was removed. Subsequently, the morphological characteristics were visualized.

The tensile strength mechanical tests were conducted according to the guidelines
of the international ASTM standards. For the tensile test, the reference was ASTM stan-
dard D638-14 [11]. The Instron 5982 universal testing machine (Instron©, Norwood, MA,
USA) was used to perform the tensile test, with a crosshead speed of 0.0000254 m.s~!
(1.524 mm.min ') at the Laboratory of Experimental Measurements and Uncertainty As-
sessment (LAMEAT) of UESC.

2.5. Statistical Analyses

Response Surface Methodology (RSM) was employed to investigate the relationship
between tensile strength (ot) and the parameters of internal infill and layer height. The
experimental data were analyzed using Excel 365© and Minitab 21.3.0 © software. Analysis
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of variance (ANOVA) was conducted to determine the significance level of each factor
(linear, quadratic, and a linear combination of these factors).

A significance level of 95% was adopted, corresponding to a p-value of <0.05. Accord-
ing to [12], there are five indices for validating a model: the coefficient of determination
(R%), mean absolute percentage error (MAPE), root mean square error (RMSE), relative
error (%), and multi-objective error function (MO).

The R? and RMSE indices were used. There are no specific values for each of these
indices; however, for R?, the higher the percentage value, the greater the influence of the
analyzed variables on the response. RMSE evaluates the performance of prediction models
by providing a measure of how well the predictions match the observed data. A lower
RMSE value indicates a better fit of the model to the observed data, with a value near zero
indicating a closer match between the observed and predicted values [12].

3. Results
3.1. Characterizations Analysis
3.1.1. Morphological Characterization

A detailed comparative analysis of the surface morphologies of both the untreated
cocoa husk fiber samples and those chemically treated is depicted in detail in Figure 4 using
scanning electron microscopy (SEM). Figure 4a shows a SEM micrograph of the untreated
cocoa husk fibers (UCFs), while Figure 4b displays a SEM micrograph of the cocoa husk
fiber samples subjected to chemical treatment (TCFs). Analyzing the surface morphology of
the fibers was pivotal to discern the surface charge of these samples, especially in the case of
the untreated fibers. In Figure 4a, it is evident that the surface of the untreated cocoa husk
fiber (UCF) exhibits greater uniformity, forming a denser and more filled material due to
the presence of waxes, hemicellulose, pectin, lignin, and other impurities [13]. Conversely,
in Figure 4b, the surface of the chemically treated cocoa husk fiber (TCF) displays increased
porosity, with more empty spaces between the material, attributed to the partial or complete
removal of waxes, hemicelluloses, pectin, and lignin.

RN $
spot| mag EE‘
765 x [11:21:47 AM CME - UESC

4/16/202 W / sp(ftTmég B 4/1€ ———— 50 um

CME - UESC

Figure 4. SEM images of (a) the cellulose fibers from untreated cocoa husk (UCFs); and (b) of the
cellulose fibers from the chemically treated cocoa husk (TCFs).

The SEM micrographs of the fractured test specimens of pure PLA, the test specimens
created with filament using untreated cocoa husk fiber (UCFF), and test specimens created
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with filament using cocoa husk fiber subjected to chemical treatment (TCFF) are presented
in Figure 5. The basic goal was to determine whether there were any observable fiber
aggregates on the fractured surfaces. In comparison to pure PLA (Figure 5a), the surfaces
of the UCFF (Figure 5b) and TCFF (Figure 5c) biocomposites exhibited rougher textures,
with protrusions, small voids (red arrows), and well-dispersed fibers (yellow circles). In the
TCEFF specimen (Figure 5c¢), areas attributed to small fiber aggregates (red circles) can be
observed, which are only visible in the TCFF sample. However, overall, a good dispersion
of fibers was achieved in the UCFF and TCFF biocomposites.

det WD HV | det WD HV spot| mag H | 4/16/2024 |
ETD|13.8 mm|15.00 kV :07: | ETD[12.3 mm|15.00kV| 2.5 | 450 x [10:33:10 AM | CME - UESC

(©)

Figure 5. SEM images of fractured specimens after tensile testing: (a) pure PLA specimen; (b) PLA
specimen with untreated cocoa husk cellulose fibers (UCFFs); (c) PLA specimen with chemically
treated cocoa husk cellulose fibers (TCFFs).
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3.1.2. Thermogravimetric Analysis

The thermogravimetric analysis of untreated cocoa husk fiber (UCF) and chemically
treated cocoa husk fiber (TCF) is presented in Figure 6a. The TGA plot illustrates the
percentage of mass loss concerning the temperature increase. Both samples exhibit distinct
stages of mass loss in the thermogravimetric analysis, indicating the thermal degradation
behavior of untreated and chemically treated cocoa husk fibers. A marginal decrease in
mass percentage is observed in the samples from 20 °C to 110 °C, with the UCF displaying
the highest mass loss in this range, around 14%, and the TCF showing the lowest loss,
approximately 6%. The decline in mass percentage observed in this range is attributed
to the evaporation of moisture adsorbed on the sample surfaces, along with chemisorbed
water molecules bound to the hydrogen within the samples [13,14]. The second region was
identified between 130 and 380 °C in the TCF sample and between 210 and 380 °C in the
UCF sample. This range corresponds to the degradation primarily of hemicellulose and
cellulose, along with a fraction of the lignin. The third region of thermal degradation occurs
at temperatures between 380 and 600 °C. Temperatures above 380 °C are associated with
the pyrolysis of lignin [15] and the oxidation of the fixed carbon present in cocoa husks [13].

pm— UCF
——TCF
0.0 4
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2
1 2 3
-0.8 1
T T T T T T T T T
200 400 600 800 260 4c|)0 600
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Figure 6. TGA (a) and DTG (b) graphs of cellulose fibers from untreated cocoa husks (UCF) and
cellulose fibers from chemically treated cocoa husks (TCF).

Beyond 600 °C, ash formation constitutes the final residue, comprising inorganic
elements. The untreated cocoa husk fiber (UCF) and chemically treated fiber (TCF) left
residues of 9.8% and 5.5% of the initial mass, respectively.

The DTG curves (Figure 6b) of TCF and UCF revealed cellulose degradation peaks
at 295 and 309 °C, respectively. TCF exhibited a maximum thermal stability temperature
of 295 °C, lower than UCF due to the reduced cellulose crystallinity [9], as confirmed
by the FTIR spectral analyses. TCF exhibited a peak at 190 °C, attributed to the residual
hemicellulose [12]. Above 380 °C, a continuous and slow weight loss is attributed to lignin
degradation [13], with a degradation peak at 440 °C for both UCF and TCF.

3.1.3. Fourier Transform Infrared Spectroscopy (FTIR)

The change in the chemical composition of chemically treated cocoa husk fiber (TCF)
relative to untreated cocoa husk fiber (UCF) is illustrated in the FTIR spectrum according to
the absorbance in Figure 7. Through this analysis, the components of the raw material were
verified due to the existence of the principal bands related to cellulose, hemicellulose, and
lignin. While it is a qualitative analysis, the peak amplitudes can indicate the substance
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concentration or the number of molecules with specific vibrations. Thus, the differences in
the amplitudes of the spectra between UCF and TCF are indicative of the removal of lignin,
hemicellulose, and extractives.
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Figure 7. FTIR spectra of untreated cocoa husk fiber (UCF) and chemically treated cocoa fiber (TCF).

The spectral region between 3200 and 3600 cm ! indeed corresponds to the stretching
vibration of the hydroxyl (OH) group band, which is commonly found in biopolymers
such as cellulose, lignin, and hemicellulose. Additionally, this peak includes inter- and
intramolecular hydrogen bonding vibrations in cellulose [13].

With the removal of part of the lignin and hemicellulose, this peak tended to become
narrower and sharper [16] since the TCF was also milled in the ball mill, which caused
some crystalline cellulose structures to break, resulting in a more amorphous structure; a
reduction in signal intensity at 3410 cm ™! can be observed. These results are consistent
with literature reports on the effects of mechanical milling on the structure of cellulose [17].

The peak at 2920 cm ™!, more prominent in the UCF spectrum, corresponds to the
stretching vibrations of C-H from the methyl and methylene groups of lignin and hemi-
cellulose [16,18]. The reduction observed in the TCF indicates the partial removal of these
components. The peak at 1730 cm ™! corresponds to the C=O stretching vibrations of
the acetyl and ester groups found in hemicellulose and fiber extractives [19]. It is solely
present in UCF, suggesting the removal of these components in TCF. The peak at 1620 cm ™!,
attributed to the aromatic ring of lignin [20], can be observed in both spectra, with a lower
intensity in TCF, indicating once again the partial removal of lignin. Similarly, the reduction
in the bands at 1520 cm ! and 1250 cm ™!, related to C=C group and C-H bond vibrations
in lignin’s methylene and methyl groups [21,22], also corroborates these results.

The absorption band at 1429 cm ™! corresponds to the asymmetric stretching of CHp,
indicating the crystallinity of the cellulose material. This peak becomes broader if the
cellulose material has lower crystallinity [23]. In the case of TCF, this signal is broader,
which corroborates the decrease in the crystallinity of the cellulose present, as the TCF
samples were milled in a ball mill.

Aband at 1318 cm ! corresponds to the deformation of O-H and the vibration of CH2
in cellulose [24]. The vibration at 1161 cm ™! is attributed to the anti-symmetric stretching
vibration of the C-O-C bridge, while the vibration at 1105 cm ™! is designated for the
anti-symmetric stretching band of the in-plane ring. The intensity of these two peaks also
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decreases as the crystallinity of cellulose decreases [23]. The band at 1058 cm~! has been
associated with the stretching of C-C and C-O in polysaccharides and lignin [16,17,25];
there was a reduction in signal intensity in TCF, corroborating the removal of hemicellulose
and lignin during the chemical treatment.

The vibration at 898 cm ! results from the stretching of C-O-C in the B-(1-4) glycosidic
linkage. This band is identified as the absorption band of amorphous cellulose, whose
relative intensity increases with a reduction in crystallinity [17,23,26]. There was an increase
in this peak in TCF due to the increase in the amorphous phase of cellulose after milling in
the ball mill.

In UCE there are peaks in the region near 819 cm 1 and 770 em~1, which have been
associated with the functional groups of the deformed C-H bonds present in lignin [27,28];
there was a significant reduction in these bands in TCFE, confirming the removal of part of
the lignin after the chemical treatments applied to the raw fibers.

3.2. Results of Mechanical Tensile Tests

The results from the mechanical tensile test for the PLA /cocoa husk fiber biocomposite
filaments are presented in Table 4. The plot shows the average values of tensile strength
(ot), modulus of elasticity (Et), and strain (¢%) for the PLA filament with untreated cocoa
husk fibers (UCFF) and the PLA filament with chemically treated cocoa husk fiber (TCFF).
The best tensile strength (ot) result for the printed specimen using TCFF filaments was
16.05 MPa (TCFF8), while for the UCFF filament specimen, it was 13.58 MPa (UCFFES), both
printed with the same settings: 70% infill and a 0.10 mm layer thickness.

Table 4. Tensile strength values (ot), elastic modulus (Et), and deformation (¢%) for test specimens
printed with PLA filaments containing untreated cocoa husk fibers (UCFFs) and PLA filaments
containing chemically treated cocoa husk fibers (TCFFs).

Test Specimen Infill Layer Height Tensile Strength Elastic Modulus Strain

(TS) (%) (mm) (MPa) (MPa) (£%)
UCFF1 30 0.10 10.08 358.6 2.82
UCFF2 30 0.15 9.62 3229 2.99
UCFF3 30 0.20 8.67 279.8 311
UCFF4 50 0.10 12.95 466.5 2.81
UCFF5 50 0.15 12.77 442.7 2.89
UCFF6 50 0.15 12.69 436.3 2.92
UCFF7 50 0.20 11.54 379.9 3.05
UCFF8 70 0.10 13.58 474.8 2.88
UCFF9 70 0.15 13.33 449.5 2.99
UCFF10 70 0.20 12.43 389.8 3.19
TCFF1 30 0.10 11.56 382.5 3.02
TCFF2 30 0.15 10.98 336.7 3.27
TCFF3 30 0.20 10.36 306.5 3.39
TCFF4 50 0.10 14.34 485.3 2.96
TCFF5 50 0.15 13.56 446.4 3.04
TCFF6 50 0.15 13.70 446.1 3.08
TCFF7 50 0.20 12.89 408.0 3.16
TCFF8 70 0.10 16.05 542.4 2,96
TCFF9 70 0.15 15.70 511.8 3.07
TCFF10 70 0.20 14.96 4741 3.16

This comparison highlights a remarkable 18% enhancement in tensile strength for
the TCFF filaments, suggesting that the chemical treatment applied to the fibers had
a significant impact on the mechanical property of tensile strength. However, when
comparing the tensile strength of the TCFFS8 filaments at 16.05 MPa with the pure PLA
filaments reported by [29] with ot = 29.5 MPa, we observe a decrease of approximately 45%
in tensile strength for the TCFFs.
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The highest elastic modulus (Et) values recorded for the test specimens printed with
the filaments were TCFF8 = 542.4 MPa and FFCNS8 = 474.8 MPa, respectively. These
figures indicate that the FFCQ filaments demonstrated greater rigidity compared to FFCN
under the specific conditions of the tensile test, emphasizing the positive effect of chemical
treatment on the material’s elastic properties.

The analysis of variance (ANOVA) for tensile strength yielded an R? = 0.9981 and an
RMSE = 0.07079 for UCFF and an R? = 0.9979 and an RMSE = 0.08482 for TCFF. With an
R? = 0.9981 for the variable (UCFF), this suggests that roughly 99.81% of the variation in
tensile strength can be explained by the statistical model used, indicating a strong and
significant relationship between the independent and dependent variables in this context.
The R? = 0.9979 for (TCFF) suggests that approximately 99.79% of the variability in tensile
strength is explained by the corresponding model for this variable. Both results indicate a
strong relationship between the independent variables (infill and layer height) and tensile
strength. Considering the stress data scale in MPa, the RMSE is relatively small in both
cases, suggesting that the prediction errors are proportionate to the inherent variability of
the data. These findings imply that the model holds significance and statistical significance.

Based on the obtained data and the results of the ANOVA for tensile strength, it
was possible to establish a model of tensile strength (ot) as a function of the parameters
percentage of infill (%) and layer height (mm). Figure 8a illustrates the response surface
plot for the UCFF material, whereas Figure 8b shows the response surface plot for the
TCFF material.
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Figure 8. Surface response plot for tensile strength: ot (MPa) x layer height (mm)/infill (%) for
(a) UCFF filament specimens and (b) TCFF filament specimens.

4. Discussion

Biocomposites with PLA granules and cellulose fibers from cocoa husks were premixed
and compounded by extrusion in an attempt to create filaments for 3D printing. The results
obtained in this study demonstrated the feasibility of using this agricultural waste as
reinforcement in PLA biocomposites, applied as raw material in the filament production
industry for 3D printers.

FTIR and TGA analyses revealed significant differences in the structural and thermal
characteristics of the cocoa husk fiber samples. The presence of bands related to cellulose
was confirmed in both samples. Additionally, reductions were observed in bands related
to water molecules, low-molecular-weight organic compounds, metallic oxides, lignin,
and hemicellulose in the chemically treated cocoa husk fibers (TCF). Thermal degradation
changes between UCF and TCF were evident, corroborating the structural changes indi-
cated in the FTIR analyses. The analysis highlights the effectiveness of chemical treatment
in modifying the thermal and structural properties of cocoa husk fibers.
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Morphological studies of cocoa husk fiber and the generated biocomposites showed
good fiber dispersion in PLA; however, small aggregates occurred in TCFF, indicating that
the fibers were not as well dispersed in this composite.

The mechanical tests demonstrated a superior performance by 18% in terms of the
tensile strength of the PLA filament specimens with cellulose fibers from cocoa husks
subjected to chemical treatment (TCFFs) compared to filaments containing untreated fibers
(UCFFs). This analysis highlights the significant influence of chemical treatment on fibers
for enhancing biocomposite performance. However, when comparing the tensile strength
result for the pure PLA filament specimens with that of the TCFF filament specimens,
it was found that the incorporation of fibers resulted in a reduction of approximately
45% in tensile strength properties. Although there was a decrease in tensile strength, the
study highlights the importance of investigating variations in the manufacturing process
to understand their impact on composite performance better. Additionally, a significant
improvement in quality was observed when the fibers were treated. However, other aspects
of the manufacturing process, such as the bonding between the fibers and PLA, the optimal
fiber quantity, and the possibility of adding additives to enhance the composite properties,
also require investigation to optimize performance and applicability.

In all cases, printing settings with a 70% infill density and a layer height of 0.10 mm
yielded the best results. This configuration demonstrated an effective combination of
high strength, material efficiency, and printing speed, making it a favorable choice. It is
worth noting that balancing the desired strength with practical considerations such as
print time and overall process efficiency is important for optimizing part performance
in real-world contexts. These results provide valuable insights for the optimization of
3D printing processes, as they indicate which specific settings can result in the desired
mechanical properties.

This study demonstrates that the process of creating biocomposites with cocoa husk
fibers is a promising method; however, further research is needed to improve the dispersion
and adhesion of fibers in PLA.
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Abstract: Fiber metal laminated sandwich tubes are made up of alternating fiber-reinforced composite
and metal layers. Fiber metal laminated tubes have the advantages of the high strength and high
stiffness of fiber and the toughness of metal, so they have become an excellent load-bearing and
energy-absorbing, lightweight structure. Due to the complexity of the fiber layup, it is difficult to
establish an analytical model of the relevant structural properties. In this work, introducing the
number and volume fraction of fiber layup, based on the modified rigid—plastic model, an analytical
model is established for low-velocity impacts on sandwich tubes with fiber metal laminated tubes,
which provided a theoretical basis for the design of fiber-metal composite tubes. In addition, a
numerical simulation was conducted for low-velocity impacts on clamped rectangular sandwich
tubes with fiber metal laminated (FML) tubes and a foam core. By comparing the results obtained
from the theoretical analysis and numerical calculations, it is shown that the analytical results can
reasonably agree with the numerical results. The influences of the metal volume fraction (MVF), the
strength ratio factor of the FML metal layer to the FML composite layer, and the relative strength
of the foam on the dynamic response of the rectangular sandwich tubes with FML tubes and a
metal foam core (MFC) are discussed. It is shown that by increasing the fiber content and fiber
strength of the FML tubes and the foam strength, the load-carrying and energy-absorbing capacity
of the rectangular sandwich tubes can be effectively improved, especially by changing the fiber
properties. In addition, present analytical solutions can be applied to make predictions about the
dynamic response of the rectangular sandwich tubes with FML tubes and MFC during impacts with
low-velocity and reasonably heavy-mass.

Keywords: dynamic response; rectangular sandwich tube; FML tube; low-velocity impact

1. Introduction

Fiber metal laminated (FML) tubes are made up of alternating fiber-reinforced com-
posite and metal layers, and the composite layer is made of polymer materials (such as
glass fiber- or carbon fiber-reinforced fibers) and metal alloy materials [1]. FML has excel-
lent properties that combines the properties of metals and composite materials, such as
good impact resistance and plasticity, good mechanical adaptability, and excellent fatigue
properties, as well as low weight [2]. A sandwich tube with a metal foam core (MFC) is
a typical lightweight tube consisting of rigid and strong inner and outer tubes and MFC
sandwiched between the inner and outer tubes. Due to its good energy absorption and
impact resistance, as well as high specific strength and specific stiffness, sandwich tubes
with MFC have been used in many fields such as aviation, space, navigation, high-speed
rail, and so on [3-20]. Sandwich tubes designed with FML tubes and MFC provide more
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choice for energy-absorbing structures. Therefore, there is a need to investigate low-velocity
impacts on sandwich tubes with FML tubes and MFC.

In the past decade or so, the mechanical behavior of sandwich tubes under quasi-static
loading has been extensively studied. Zhang et al. [21] established the yield criterion and
developed an analytical model to predict the plastic behavior of fully clamped slender
rectangular sandwich tubes with MFC. Liu et al. [22] studied the mechanics of sandwich
tubes under lateral loading by a quasi-static transverse indentation test and finite element
calculations, and found that the relative differences in denting characteristics between the
inner and outer tubes are related to the material and geometric properties of the tubes
and the interactions between the layers. Guelou et al. [23] experimentally investigated
the static compression of wood-based sandwich tubes, and found the energy absorption
of such structures under static conditions as well as coupling effects. Niknejad et al. [24]
investigated the indentation behavior of laminated and composite tubes with agglomerated
cork cores under transverse loading by a cylindrical indenter experimentally, and found
that cork-filled composite tubes absorb more total energy. Baroutaji et al. [25] conducted a
systematic investigation on the lateral fragmentation of sandwich tubes with circular tubes
and MFC under quasi-static loading by means of experimental and numerical methods,
and found that a tube with a small inner diameter and larger foam thickness would be
better suited for use as an energy-absorbing component. Kim et al. [26] investigated the
extrusion behavior of square composite sandwich tubes with woven fabric carbon/epoxy
skins and aluminum honeycomb cores by means of quasi-static and dynamic shock tests,
and concluded that the dynamic crushing modes collapsed in a more stable manner than
the corresponding static tests. Fan et al. [27] conducted a systematic study of thin-walled
circular tubes sandwiched with MFC under quasi-static transverse extrusion through
experiments and numerical simulations, and found that the compressive strength and
energy absorption of the sandwiched tubes are greater than the sum of the components,
and sandwich tubes are more weight-efficient than empty tubes. Shen et al. [28] used
experimental, theoretical, and numerical methods to study the transverse crushing response
of sandwich tubes with shot aluminum foam, and concluded that the bonding between
the tubes and the core of the sandwich tubes varies in different crushing modes. Wu
et al. [29] studied the crushing behavior of a sandwich tube with a meta-honeycomb core
with zero Poisson’s ratio under transverse and axial compressive loadings experimentally,
and concluded that it has a stable crushing curve and crushing mode, and is more stable
and efficient than thin-walled composite tubes in energy absorption. Wang et al. [30]
investigated the axial and transverse crushing characteristics of sandwich tubes filled with
plate-lattice in square tubes by means of experimental and numerical methods, and the
findings indicated that the filling of plate-lattice can significantly improve the load carrying
capacity and specific energy absorption of the sandwich tubes.

In addition, the dynamic bending behavior of sandwich tubes has been investigated.
Zhang et al. [31] obtained an analytical solution for dynamic response of fully clamped
rectangular sandwich tubes with MFC under low-velocity impact. Zhang and Guo [32]
obtained an analytical solution for the dynamical response of the clamped rectangular
sandwich tube with MFC under lateral loads, which was shown to be in good agreement
with the numerical results. Guo et al. [33] experimentally investigated the splitting and
curling behaviors of square sandwich tubes with MFC subjected to axial low-velocity
impact. The deformation modes and load-displacement curves were obtained, and the
analytical solution can be used to predict the steady-state load of square sandwich tubes
subjected to axial low-velocity impact. Zhang et al. [34] used experimental, theoretical
and numerical methods to investigate the dynamical response and energy-absorption
characteristics of metal foam-filled circular sandwich tubes under interior blast loads, and
observed that circular sandwiched tubes with gradient cores of negative gradient have the
optimal resistance. Guelou et al. [35] investigated the dynamic crushing of sandwich tubes
with tubes made of carbon or glass fibers and a poplar ply core through experiments, and
the results showed that the wood makes a significant contribution tostructural response.
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Shen et al. [36] conducted a systematic investigation on the dynamic behavior of sandwich
tubes under internal explosive loading by both experimental and numerical analyses, and
obtained an analytical solution for the dynamic response of the sandwich tube under
blast loads. Wang et al. [37] studied the dynamic response of density-graded sandwich
tubes with MFC under internal explosive loading through finite element calculation, and
concluded that the blast resistance decreases as the density gradient of the core increases.

With the demand for FML tubes with good load-carrying capacity, impact resistance,
and energy absorption, more and more attention has been focused on the study of the
quasi-static behavior and impact response of FML tubes. Mansor et al. [38] studied the
crashworthiness of thin-walled FML tubes in axial compression by means of experiment
and numerical calculation, and discovered that FML tubes can be considered as a suit-
able candidate structure for lightweight energy-absorbing applications with considerable
impact resistance. Ahmad et al. [39] conducted a systematic investigation on the impact
characteristics and energy absorption of a thin-walled FML tube under axial impact loads
by means of an experimental and numerical calculation, and concluded that it can with-
stand larger impact loading, absorb higher energy, and is more suitable as an impact energy
absorber. Subbaramaiah et al. [40] conducted a study of the axial crushing behavior of
glass laminate aluminum reinforced epoxy (GLARE) top-hat structures experimentally
and numerically, and the results showed that the crushing response of the GLARE top-hat
structures is preferable to that of the bare metal equivalent. Song et al. [41] analytically
investigated the dynamic response of rectangular sandwich tubes with FML tubes and
MFC under low-velocity impact, considering strength and coupling effects of bending and
stretching. Mansor et al. [42] investigated the energy absorption and impact properties of
a tubular seamless type of FML fabricated from braided fiberglass sleeve and aluminum
alloy tubes experimentally, and concluded that the mechanical properties of the FML tubes
have good potential for application as an efficient energy absorber. Shiravand et al. [43]
proposed an analytical solution for energy absorption of a conical FML tube consisting of
any number of metal and laminate composite layers; the accuracy of analytical solutions
was verified by experimental and numerical results.

As far as the authors know, little work has been carried out on theoretical research of
the dynamic response of rectangular sandwich tubes with FML tubes and MFC subjected
to low-velocity impacts. The main aim of this paper is to analytically and numerically
investigate the low-velocity impacts on fully clamped slender rectangular sandwich tubes
with FML tubes and a metal foam core. The organization of this article is as follows. The
problem statement is presented in Section 2. In Section 3, an analytic solution is presented
for predicting the dynamic response of a rectangular sandwich tube with FML tubes and
MEFC under low-velocity impacts. Section 4 presents the finite element analysis. Section 5
presents a comparison of the numerical and analytical results and discusses the influence
of MVF, strength ratio factor of the two different material layers of the FML, and relative
strength of the foam on the dynamic response of the rectangular sandwich tube. Section 6
contains concluding remarks.

2. Problem Formulation

Now consider a fully clamped slender rectangular sandwich tube with FML tubes and
a metal foam core, as shown in Figure 1. The tube length is 2L in length, and thelengths of
cross-section are b in width and b; in height. The mass per unit length of the rectangular
sandwich tube is Gy, and the FML tube is struck by a heavy impactor. The impactor has
a mass Gs and an initial low-velocity V;. Assume that the impactor is rigid. The MFC
between the FML inner and outer tubes is assumed to be completely filled between them
with no gaps, that is, it is perfectly bonded. As shown in Figure 1a,b, let the thickness of
MEC be h1, and the thickness of FML be £, the thickness of the metal layer of FML be h,,,,
and the thickness of the composite layer of FML be /. In addition, the FML tube has n
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layers of metallic materials and n — 1 layers of composite materials in an alternating layup.
Thus, the thickness of the FML tube is

h = nhy + (n—1)hy 1)

Composite layer —

Metal layer -

(b)

Figure 1. Sketch of a rectangular sandwich tube with FML tubes and MFC under heavy-impact with

low-velocity at midspan. (a) Rectangular sandwich tube and (b) the cross-section of the rectangular
sandwich tube. The red arrow indicates a partial enlarged view of the FML tube.

The density, strength, and elastic modulus of the composite layers and metal layers of
FML tubes are 0 Pms O T, Ef, and E,;, respectively. And the density, yield strength, and
elastic modulus of the MFC are p, 0, and E,. Define a strength ratio factor of FML metal

layer to FML composite layer g, so
= Im

q= o
In order to better analyze the calculations, the different flow strengths and thicknesses
of the components of the FML tubes are defined as the weighted strength o,. The weighted
strength oy, of the inner and outer rectangular tubes are supposed to follow the rigid-
perfectly plastic law, while the yield strength ¢, and densification strain ep of the filled
MEC are supposed to follow the rigid—-perfectly plastic locking (RPPL) law.

@

3. Analytical Solutions

Rigid—plastic theory solutions can predict the dynamic behaviour of the FML when
the plastic behaviour dominates the response of the plate [44]; the solution here is extended
for predicting the dynamic response of rectangular sandwich tubes with FML tubes and
MEFC under low-velocity impact.

To describe the proportion of metal layers in FML, a metal volume fraction (MVF) f is

defined, and can be given by
h
f= ”Tm x 100% ®)
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So, the weighted strength o, can be given by

Ufa:f0m+(l_f)‘7f 4

It is assumed that the ratio of height to span of the rectangular tube is small enough
that the overall deformation of the rectangular tube does not produce a localized denting
under the impactor. Therefore, the cross-section of the rectangular sandwich tube with
FML tubes and MFC maintains its original shape, and the overall deformation profile
under low-velocity impact is the same as that of a fully clamped whole rectangular tube.
Therefore, the equation for the balance of the mass—tube system loaded at the mid-span of
the rectangular sandwich tube can be derived as

GyL?  GiL\ .-
3 2

— * >W0+NW0+2M1=O (5)

where
Gy = (4pfh + chhl) (b+ by — 4 — 2hy),

in which M; and N are the plastic moments and axial forces of the rectangular sandwich
tube; the bending moment M; = M;; at moderate deflections, F and N can be approximately
equal; Wy is the deflection of the rectangular sandwich tube at impact point; WO is the
acceleration of the impactor hitting the mid-span of the rectangular sandwich tube; P is the
impact force of the impactor at impact position, as shown in Figure 2.

Figure 2. Global bending deformation model of the left plastic neutral surface of the rectangular
sandwich tube with MFC under low-velocity impact at mid-span.

Zhang et al. [31] obtained the analytical solution of low-velocity impact analysis of a
rectangular sandwich tube with MFC under low-velocity impact with a heavy-impactor.
Appendix A shows the relationship between the dimensionless reaction force and the
dimensionless deflection of the tube, and the relationship between the dimensionless kinetic
energy of the striker and the maximum central deflection of a fully clamped rectangular
sandwich tube with MFC subjected to low-velocity impact.

Inserting Equations (3) and (4) into Equations (A1) and (A3) yields the analytical
solutions for the dynamic response of rectangular sandwich tubes with FML tubes and
MEC subjected to low-velocity impact. Then, the relationship between the dimensionless
initial impact energy Uy and the dimensionless maximum central deflection ng, and the
relationship between the dimensionless reaction force P; and the dimensionless deflection
Wj for the rectangular sandwich tube with FML tubes and MFC are given by
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and

= [Z(n — DT+ hioep(1 - f)} W > + Won

0 < W, < UZhn)O Al Dly

M [zﬁﬁcpa — )+ (1=28)p(1 = HT| + £ W, 2+ EWG, + 51
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S A a] it

(1-2h1p) (1—f)—2(n— ) f < WE < 1-f=2(n=1)hs
— Om — -

1-f = 1-f
W* W*WI
Mo p(1— )T +1 [* —a;p(1 —f)T] We 2+ 222p(1 = /)T + S5,
1—f—2(n-1)h
— - S Wi, <1
ZLlewékm 2 + S4/ ng 2 1

. % 2 — 7 =
3gc+l{V2VoL2 (20 (n = )T +Tnep(1 - f)] +1}'

0< W< (1*25117)(11*16)*4("*1)@

—F .

e {p[2moe+ (12 7] [0y (n = 1) + (2Rap— 1) (1 - )] }
eadfin{ S e+ (1-20)7] + dewg + s
(1—2’1117)(1__?_4(”_1)% < W < (1_2%’9)(1_1[)_2(”_1)@

7
2
. — (n—=1)h (n=Dh
38%{52 f(”—1>PT[1— nff} 2sz[ = 4} 7

[ Lywr2? Ly (n—
+3g§+1{ 48L2 +[ﬁ( 1hf+h1p ;)
1-2lp)(1—f)—2(n—1)h v o 1=f2
(1-2/p) =" L < W 20

3¢ | Wi 241 L 1
3G+l{ i P(l—f)TJF{ 2_22 )TW}

#2)1i}.

1-f=2(n-1)ky

\=h

3G*  Liyarx
s Mo WO 2 !

163

(6)



Polymers 2024, 16, 1833

where

.o = e = _ o -
f_H C:%IU— o ,q 7 T ( _1)f+]'lv_ UfO/Pf/t_bl\/;f/Uf/
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4. Finite Element Analysis

This section presents a numerical study of low-velocity impact of a clamped rect-
angular sandwich tube with FML tubes and MFC using ABAQUS/Explicit software. In
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this model, both the FML tubes and the MFC are modeled with 3D eight-node linear
hexahedral brick elements (type C3D8R). A rigid roller is modeled to simulate the impactor,
defining a point at its center as a point of concentrated mass and predetermining an initial
low-velocity. The degrees of freedom of the nodes at both ends of the rectangular sandwich
tube are set to zero to simulate a fixed support, that is, all vertical, horizontal, and rotational
displacements are zero. In addition, the contact surface of the rigid roller with the outer
face of the FML outer tube is set to be frictionless contact.

Take the half-span length of the rectangular sandwich tube as L = 200 mm, and the
width and height of the cross-section of the outer FML tube are b = 40 mm and b; = 16 mm.
The thickness of the metal foam is /1; =3 mm, and the thicknesses of the metal layer and
the composite layer of the FML tube are 1, = 0.2 mm and /¢ = 0.1 mm, respectively. For the
convenience of this study, there are three metal layers, that is, n = 3, and then there are two
composite layers. Thus, the total thickness of the FML tube is /i = 0.8 mm, that is, h=4/15,
hy = 0.075, Ef =1/160, p = 2.5, and f = 0.75, respectively. In addition, a suitable radius is
chosen for the loading roller of R = 4.

Based on experimental data [45], the metal layer of the FML is made of aluminum
alloy, and the glass composite woven layer includes quasi-isotropic glass fiber fabrics
infused with vinylester resin. The composite layers of the FML tube are made of composite
material with strength op= 220 MPa, elastic modulus Ef =10 Gpa, elastic Poisson’s ratio
ver = 0.3, and density pr = 1700 kg/ m3, respectively. Due to the stretchable nature of FML
tubes, composite layers can be assumed to be linearly elastic [45]. Using aluminum as the
metal layers of the FML tubes, the yield strength, elastic modulus, elastic Poisson’s ratio,
density, and linear hardening tangential modulus are o, = 460 Mpa, E;, =70 Gpa, vy, = 0.3,
om = 2800 kg/ m?3, and E,;; = 0.02E,, respectively. It is assumed that the layers of the metal
are able to withstand deformation without fracture, that is, they have sufficient ductility.

The plastic compressible behavior of MFC Is modeled In ABAQUS software using
the Deshpande-Fleck constitutive model [46]. The yield strength, elastic modulus, elastic
Poisson’s ratio, plastic Poisson’s ratio, and density are o, = 10 Mpa, E. = 10 Gpa, vec = 0.3,
vp =0, and p, = 405 kg/m3, respectively, for aluminum foam as an isotropic metallic foam
core. The MFC has a long yield stress platform ¢, that continues up to the densification
strain ep = 0.5, and it is assumed that the MFC obeys a linear hardening law with tangent
modulus E¢; = 0.3E,, beyond densification.

A calculation of mesh sensitivity is performed to ensure that the mesh division does
not have an impact on the results. Figure 3 shows the results of the mesh sensitivity
examination of impact force versus deflection of outer surface of the rectangular sandwich
tube with FML tubes and MFC under low-velocity impact at mid-span with G* = 1000 and
V1 =2.5m/s. In this model, the number of elements is N = 85,773. It can be seen that extra
mesh refinement does not significantly change the results of the calculations.

6 T T T T T T
sL ——nN=85773 i
—-=N=101973 :
- = N=125973
4+ 4
r
\
sl i
2+ i
1F i
O 1 1 1 1 1 1
00 05 10 15 20 25 30 35

S

Figure 3. Results of the mesh sensitivity examination of the relationship between impact force and
deflection for the rectangular sandwich tube with FML tubes and MFC under low-velocity impact
with G*=1000 and V; =2.5m/s.
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5. Results and Discussion

The impact force and velocity of the impactor versus time curves are shown in
Figure 4a,b. It can be seen in Figure 4a that the impact force of the impactor gradually
increases to the maximum value and then decreases to zero during the impact process, in-
dicating that the impactor causes the FML rectangular sandwich tube to deflect maximally
and then is rebounded until it leaves the surface of the FML rectangular sandwich tube. As
can be seen in Figure 4b, the velocity of the impactor gradually decreases to zero and then
increases in the opposite direction, indicating that the impactor rebounds after impact.

*n

a3r 1

0 200 400 600 800

0.006

0.003
[~

—0.003

300 600 900
t

(b)

Figure 4. Numerical results of the impact response for the rectangular sandwich tube with FML tubes
and MFC under low-velocity impact with G* = 1000, V; = 2.5 m/s. (a) The relationship between the
impact force of the impactor and time, and (b) the relationship between the velocity of the impactor

and time.

Figure 5a—c show the distribution of equivalent plastic strain (PEEQ) for the outer
FML tube, MFC, and inner FML tube of the rectangular sandwich tubes. It can be seen that
the local denting of the tube is not obvious below the impactor.
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Figure 5. Numerical results of the equivalent plastic strain distribution of rectangular sandwich
tubes with FML tubes and MFC impacted by a heavy mass of G* = 1000 and an initial low-velocity of
V1 =2.5m/s. (a) The outer tube of the rectangular sandwich tube, (b) the MFC of the rectangular
sandwich tube, and (c) the inner tube of the rectangular sandwich tube. It should be noted that
“5e-01” means “5 x 1071 in the color bars.

The analytical predictions and numerical results of the relationship between the di-
mensionless impact force P and dimensionless deflection Wy for the rectangular sandwich
tubes with FML tubes and MFC under low-velocity heavy-mass impact at mid-span are
shown in Figure 6a,b. The geometrical and material parameters are f = 0.75, p = 2.5,
q=23/11,h =4/15, hy = 0.075, and 7 = 1/22. It is known from the figure that the curve has
an upward trend and the impact force increases with the increase in deflection in analytical
predictions. It can also be seen that the results obtained from the analytical predictions are
reasonably well consistent with the numerical results of the post-yield phase. However,
there are some differences between the analytical predictions and numerical results, which
is probably caused by the effects of the shear force, elastic deformation, inertia, and strain
hardening of the material that are neglected in the analytical solutions. It can be noticed
that the numerical results show micro-oscillations in the initial stage, which are most likely
due to the complex interaction between the impactor and the rectangular sandwich tubes.

167



Polymers 2024, 16, 1833

5L Analytical
— — FE 7

35
40r Analytical J
35 - T FE
0.0 0.5 1.0 15 2.0 2.5
W,
(b)

Figure 6. Analytical predictions and numerical results of the relationship between the dimensionless
impact force and deflection for the rectangular sandwich tubes with FML tubes and MFC under
low-velocity impact with a heavy mass impactor. (a) G* = 1000, V] = 2.5 m/s and (b) G* = 2500,
Vi=1m/s.

Figure 7a,b show the analytical results and numerical results of the dimensionless
maximum deflection Wjj,, for the middle span of the outer surface of the rectangular
sandwich tubes versus initial impact energy Uy of the impactor, where f = 0.75, p = 2.5,
q=23/11,h =4/15,hy = 0.075, and 7, = 1/22. It is known from the figure that the curve has
an upward trend and the maximum deflection increases with the increase ininitial impact
energy in analytical predictions. In Figure 7a, it can be seen that the maximum deflection
increases with the increase in impact energy when the mass ratio is constant as G* = 1000.
The cases for given initial velocity V7 = 2.5 m/s and various mass ratio G* are considered
in Figure 7b. It can be seen that the analytical predictions are in good harmony with the
numerical results, while the numerical results may slightly overestimate the analytical
predictions. The disagreement between the analytical predictions and numerical results is
probably caused by ignoring the influence of elastic deformation and strain hardening of
material in the analytical solution.
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Figure 7. Comparisons of analytical and numerical results of the dimensionless maximum deflection
for the middle span of the outer surface of the rectangular sandwich tubes with FML tubes and MFC
versus the initial impact energy of the impactor with (a) a given constant mass ratio G* = 1000 and
(b) a given constant initial velocity V; =2.5m/s.

Based on the analytical solutions, two types of curves are analyzed here, i.e., the
dimensionless impact force P versus deflection Wy for rectangular sandwich tubes with
FML tubes and MFC, and the dimensionless maximum deflection W, for the middle span
of the outer surface versus initial impact energy Uy of the impactor of the rectangular
sandwich tubes. The discussion here focuses on the influence of the MVF f, the strength
ratio factor g, and the foam strength 7. in the FML tubes on these two curves.

The Influence of the MVF f on the W versus P} curves as well as the Uy versus
Wj,, curves of the rectangular sandwich tubes with FML tubes are shown in Figure 8a,b,
respectively, in which n =3, p =25, g = 23/41, h = 4/15, hy = 0.075, 7. = 1/82, G* = 1000.
The smaller the MVE f, the greater the fiber content in the FML. As shown in Figure 8a, the
impact force increases when the MVF f decreases for the constant deflection, indicating
that the greater the fiber content in the FML, the better the load-bearing capacity of the
rectangular sandwich tube. In Figure 8b, when the initial impact energy is constant, the
maximum deflection of the rectangular sandwich tube decreases with decreasing MVE,
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indicating that the greater the fiber content in the FML, the better the impact resistance of
the rectangular sandwich tube.
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Figure 8. The influence of the MVF f on the dynamic response of rectangular sandwich tubes with
FML tubes and MFC under low-velocity impact. (a) The curves of Wj versus P and (b) the curves
of Uy versus Wy,

The influence of the strength ratio factor g of the FML metal layer to FML composite
layer on the W versus P curve as well as the Uy versus W, curves of rectangular
sandwich tubes with FML tubes are shown in Figure 9a,b, respectively, in which n = 3,
p=25,f=0.75, h=4/15, h; = 0.075, G* = 1000. When the strength of the metal layer in
the FML is constant, as the strength of the fiber layer in the FML increases, the value of g
decreases. In Figure 9a, the impact force increases obviously with the decreasing strength
ratio when the deflection is constant, indicating that the higher the strength of the fiber
in the FML, the better the load-carrying capacity of the rectangular sandwich tube. Also,
the dimensionless maximum deflection of the rectangular sandwich tube decreases with
the decreasing strength ratio for a constant initial impact energy, as shown in Figure 9b,
indicating that the greater the strength of the fiber in the FML, the better the impact
resistance of the rectangular sandwich tube. In addition, it is shown that the effect of g on
both the load-carrying capacity and the impact resistance of the rectangular sandwich tube
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is evident. It can be seen that the strength ratio plays an important role in the low-velocity
impact of the rectangular sandwich tube with FML tubes.
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Figure 9. The influence of the strength ratio g on the dynamic response of rectangular sandwich tubes
with FML tubes and MFC under low-velocity impact. (a) The curves of W versus P and (b) the
curves of Uy versus W, .

In addition, the influence of the foam strength 7. on the Wy versus P curves as
well as the Uy versus W, curves are investigated as shown in Figure 10a,b, respectively,
where n =3, p =25, f=0.75, g = 23/11, h = 4/15, hy = 0.075, G* = 1000. As shown in
Figure 10a, the impact force increases with increasing foam strength when the deflection
is constant. Moreover, as shown in Figure 10b, the dimensionless maximum deflection
of the rectangular sandwich tube decreases with increasing foam strength for a constant
initial impact energy. It can be concluded that the higher the strength of the foam, the
higher the load-carrying capacity and the better the impact resistance of the rectangular
sandwich tube.
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Figure 10. The influence of the foam strength 7. on the dynamic response of rectangular sandwich
tubes with FML tubes and MFC under low-velocity impact. (a) The curves of W versus P and
(b) the curves of Uy versus W, .

6. Concluding Remarks

In this paper, the dynamic response of clamped rectangular sandwich tubes with
FML tubes and MFC subjected to the impact of a low-velocity and heavy-mass impactor is
theoretically and numerically investigated. As a new type of composite tube combining
polymer and metal materials, FML tube plays a good role in the energy absorption and
dynamic response of foam-filled tubes under low-velocity impacts. Based on modified
rigid—plastic material approximation and introducing the number and volume fraction of
composite layup, simple formulations for low-velocity impacts of rectangular sandwich
tubes with FML tubes and MFC are obtained. The analytical solution agrees with the
numerical results reasonably well. It is shown that the impact force of the rectangular
sandwich tubes with FML tubes and MFC increases with increasing MVE, strength ratio
factor of the FML metal layer to the FML composite layer, and relative strength of the
foam. Moreover, the maximum deflection of the rectangular sandwich tubes with FML
tubes and MFC decreases with increasing MVE, strength ratio factor, and foam strength.
It is shown that by increasing the fiber content and fiber strength of the FML tubes and
the foam strength, the load-carrying and energy-absorbing capacity of the rectangular
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sandwich tubes can be effectively improved, especially by changing the fiber properties. In
addition, the present analytical model can be reasonably applied to make predictions about
the dynamic response of rectangular sandwich tubes with FML tubes and MFC under
low-velocity impacts. The analytical model also provides a theoretical basis for the design
of FML tubes.
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Appendix A. Analytical Solutions of a Fully Clamped Rectangular Sandwich Metal
Tube Subjected to Low-Velocity Impact

This appendix contains the relationship between the dimensionless reaction force and
the dimensionless deflection for a fully clamped rectangular sandwich metal tubewith MFC
subjected to low-velocity impact, as well as the relationship between the dimensionless
kinetic energy of the striker and maximum central deflection of the tube [31].

Rectangular sandwich tubes with MFC consist of an inner and outer rectangular tube
of thickness 1 and a MFC of thickness /1, in which the width, height, and length of the
rectangular sandwich tube are b, by, 2L and the mass per unit length of the rectangular
sandwich tube is Gy, respectively. The density of the inner and outer rectangular tube is
pf and the density of isotropic MFC is p.. The rectangular sandwich tube with MFC is
impacted by an impactor with a heavy mass Gy and an initial velocity of V;. The inner
and outer rectangular tube are supposed to follow the RPP law of yield strength ¢y, and
the filled MFC follows the RPPL material of yield strength o, and densification strain ¢p.
Based on the flow rules associated with the fully clamped rectangular sandwich tubewith
MEC at both ends, the analytical solution can be obtained using the yield condition [47]
and the expressions for the elongation and angular rotation.

The relationship between the dimensionless kinetic energy of the initial impact Uy
and the dimensionless maximum central deflection Wy, of the rectangular sandwich metal
tube with MFC under low-velocity impact can be expressed as
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in which the fully plastic bending moment M, of the rectangular sandwich tube with MFC
can be given by

Mp = (Tfabh(bl — h) + (73bh1(b1 —2h — ]’11) + (szh(bl —3h — 2]’11) + i()’lb(bl —4h — 2]’1])2 (AZ)
where
4 20 b— 2h1 2 2h b— 2k
A=t e 2= Tfat 5 e 03= 3 0fat —— 0

Meanwhile, defining the impact force between the impactor and the rectangular
sandwich tube as P,, the relationship between the dimensionless impact force P; and
the dimensionless deflection Wy of the rectangular sandwich tube with MFC under low-
velocity impact can be expressed as
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Abstract: The aim of this study was to optimize a set of technological parameters (travel speed,
extruder temperature, and extrusion rate) for 3D printing with a PEEK-based composite reinforced
with 30 wt.% glass fibers (GFs). For this purpose, both Taguchi and finite element methods (FEM)
were utilized. The artificial neural networks (ANNs) were implemented for computer simulation
of full-scale experiments. Computed tomography of the additively manufactured (AM) samples
showed that the optimal 3D printing parameters were the extruder temperature of 460 °C, the travel
speed of 20 mm/min, and the extrusion rate of 4 rpm (the microextruder screw rotation speed).
These values correlated well with those obtained by computer simulation using the ANNSs. In such
cases, the homogeneous micro- and macro-structures were formed with minimal sample distortions
and porosity levels within 10 vol.% of both structures. The most likely reason for porosity was the
expansion of the molten polymer when it had been squeezed out from the microextruder nozzle. It
was concluded that the mechanical properties of such samples can be improved both by changing the
3D printing strategy to ensure the preferential orientation of GFs along the building direction and by
reducing porosity via post-printing treatment or ultrasonic compaction.

Keywords: ANN; PEEK; glass fiber; polymer matrix composite (PMC); FDM; optimization; Taguchi
method; additive manufacturing (AM); computed micro-tomography (micro-CT)

1. Introduction

Polyetheretherketone (PEEK) is a high-performance high-temperature semi-crystalline
polymer with improved physical and mechanical properties, chemical resistance, as well as
bioinertness [1]. Respectively, a significant number of researchers have been investigating
the features of PEEK [2,3]. However, its high cost greatly narrows the range of applications,
primarily towards high-tech industries and medicine.

In the manufacturing of machine parts and friction units, PEEK is typically loaded
with fillers [4,5], among which the most widely used are chopped carbon fibers (CCFs) and
glass fibers (GFs) at contents of about 30 wt.% [6,7]. Antifriction composites, fabricated by
injection molding, contain smaller amounts of reinforcing fibers but they are additionally
filled with polytetrafluoroethylene (PTFE) and/or graphite, for instance, for improving
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their functional characteristics. For such cases, the term ‘high-pressure velocity’” (HPV)
composites has been proposed [8].

Recently, 3D printing methods have become widespread for manufacturing numerous
products from PEEK-based composites [9], in particular with the use of fused deposition
modeling (FDM)/fused filament fabrication (FFF). Typically, neat PEEK is used as a fila-
ment matrix with the content of other fillers (like CFs, GFs, AFs, PTFE, graphite, etc.) less
than <10 wt.%, since melt flow index (MFIs) is sharply reduced at greater concentrations
of CCFs or GFs, preventing the formation of dense and uniform structures of additively
manufactured products. An alternative approach involves the use of both granular feed-
stocks and 3D printing heads with microextruders [10], but few research results have been
published so far on 3D printing with such high-viscosity thermoplastics [11-14].

For 3D printing, including with thermoplastic composites, it is necessary to simulta-
neously optimize a set of technological (input/control) parameters that ensure the high
quality of additively manufactured (AM) products. The latter means the maximum pre-
cision of shapes, the minimum number of discontinuities, the uniformity of both macro-
and microstructure, etc. Their quality is controlled by output (mechanical and structural)
parameters. Thus, the 3D printing process can be represented as a black box, and a given set
of some functional (output) parameters is achieved by varying the input ones. According
to the formulation, such a problem can be solved via the design of experiments [15]. As
compared to the other methods: (i) Box Behnken design [16]; (ii) Rotatable Central com-
posite design of experiments (Box-Wilson Central Composite Designs) [17]; (iii) D-optimal
design [18]; (iv) Doehlert design [19]; (v) Response surface method (RSM) [20] the Taguchi
method [21] is widely applied due to a possibility of multiple reductions in the number of
required results in contrast to full-scale experiments [22].

Another effective approach for solving such problems is the use of artificial neural
networks (ANNSs) [23]. However, their learning requires large training samples, limiting
the possibilities of computer simulation of the 3D printing processes [24]. Therefore, it
is important to implement methods that enable increasing the sample sizes artificially
(non-experimentally) [25]. Enlarging the sample size based on experimental data was
carried out by preliminary analysis of the 3D printing process and synthesis of additional
preliminary knowledge for the limit values of the process parameters.

Despite numerous reported results and some achieved successes in this field of science,
the challenge of 3D printing with high-viscosity thermoplastic composites remains relevant.
The reasons are both specifics of AM and complex dependences of the structure formation
on a set of input (technological) parameters. This issue requires in-depth research in both
materials science and machine learning when ANNSs are implemented to solve the problem
of approximating a vector quantity in the space of multiple parameters.

The aim of this study was to optimize a set of input parameters (the V3p travel speed,
the Text extruder temperature, and the v extrusion rate by varying rotation speeds of the
microextruder screw) for 3D printing with the high-viscosity PEEK/30GF composite from a
commercially available granulate. For this purpose, ANNs were implemented for computer
simulation of full-scale experiments.

As a null hypothesis for AM of high-quality products from the PEEK/30GF composite,
it was assumed that it is necessary to ensure the maximum material feeding into the
printing zone by reducing the V3p travel speed of the moving extruder head by increasing
both the Tex extruder temperature and the v extrusion rate.

The selection of glass fibers as filler material was motivated by their: (i) availability
as a commercial grade feedstock; (ii) lower price; (iii) ease of processing; (iv) large inter-
phase adhesion, and (v) possibility of substantially improving mechanical properties of
PEEK-based composites. Their input in increasing mechanical properties of PEEK-based
composites is a little bit lower in contrast with carbon fibers; however, in terms of affecting
3D printability, they are quite comparable.

The article is structured as follows. Section 2 describes materials and research methods,
including the design of the experiment using the Taguchi method. Section 3 presents the
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results of assessing the mechanical properties and analyzing the structures of the composite,
including scanning electron microscopy (SEM) and IR spectroscopy. Section 4 is devoted
to the optimization of the 3D printing parameters via computer simulation using ANNSs.
In Section 5, the obtained results are discussed and some prospects are justified for this
scientific direction.

2. Materials and Methods

Initially, rectangular shape samples (templates) were fabricated by the FDM method
using the 'PEEK KETASPIRE KT-880 GF30 BG20" granulate with a length of 3 mm and a
diameter of 2 mm (SOLVAY, Shanghai, China) that included 30 wt.% GFs. In this way, an
‘ArmPrint-2’ laboratory 3D printer was deployed (Tomsk Polytechnic University, Tomsk,
Russia). It was controlled by the ‘LINUX CNC” OS operating system and equipped with
a single-screw microextruder with a nozzle diameter of 0.5 mm. The v extrusion rates
(amounts of the fed material) were changed by varying rotation speeds of the microextruder
screw. The temperature of the heated bed of the 3D printer was 180 C. The 3D printer did
not include any thermal chamber, so the air convection of the manufactured samples and
their cooling conditions were not instrumentally controlled. However, the temperature
conditions were identical in all cases.

Digital model files were created using the ‘Repetir-Host V2.1.3" software package
(Hot-World GmbH & Co. KG Knickelsdorf 4247877, Willich, Germany) and the ‘Slic3r’
slicer (licensed under the GNU Aero General Public License, version 3). The software
parameters were preset as the following:

The layer height was 0.2 mm;

The first layer height was 0.3 mm;

The perimeter was 2 lines;

The top solid layer was 0 and the bottom one was 0;

The infill was 80%;

The rectilinear and speed were the same, but the first layer was 50 %; the extrusion
width infill was 100%.

For uniaxial static tensile testing, the type 5 dog-bone specimens were cut out accord-
ing to ISO 527-2:2012 [26]. Their surfaces were processed with sandpapers (grit 240) and
conditioned at room temperature for more than 24 h. The tests were carried out using a
‘Gotech Al-7000M’ electromechanical machine at a cross-head speed of 1 mm/min.

The structures of the samples were analyzed with a ‘LEO EVO 50" SEM (Carl Zeiss,
Oberkochen, Germany) at an accelerating voltage of 20 kV. Initially, the notched samples
were cooled in liquid nitrogen at —197 °C for one hour and mechanically fractured then. In
a vacuum, copper films ~10 nm thick were deposited on the fracture surfaces using a ‘JEOL
JEE-420" vacuum evaporator (JEOL USA, Inc., Peabody, MA, USA). The requirements for
the thickness of the conductive films were justified by the need to preserve the morphology
of the original fracture surfaces. Then, the filler distributions and the supermolecular
structures of the samples were investigated.

The chemical structures of the samples were analyzed by IR spectrometry. IR spectra
were recorded using both ‘NICOLET 5700” (Thermo Fisher Scientific, Waltham, MA, USA)
and ‘FT-801" (SIMEX, Novosibirsk, Russia) Fourier-transform IR spectrometers in the
diffuse reflectance range of 600-4000 cm~! with a diamond (Single Reflection Diamond
ATR).

Computed microtomography (micro-CT) of the samples was carried out with an
‘OREL-MT’ tomograph assembled at Tomsk Polytechnic University [27]. The tomograph
was equipped with a XWT 160-TC” high-focus X-ray machine (X-RAY WorX, Garbsen,
Germany), a ‘PaxScan-2520V’ flat-panel X-ray detector (Varian, Palo Alto, CA, USA), and a
research object positioning system. Conical X-ray beam geometry and projection magnifica-
tion were implemented to increase the spatial resolution of images. The ‘Bruker-microCT’
software package v.1.18 was used for tomographic reconstruction and visualization of the
obtained data [28]. The key characteristics of the tomograph are presented in Table 1.
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Table 1. The key characteristics of the ‘'OREL-MT’ tomograph.

Characteristic Value
X-ray machine XWT 160-TC
(X-RAY WorX, Garbsen, Germany)
Anode voltage, kV 20-160
Anode current, pA 5-1000
Focal spot, um 14
Detector PaxScan-2520V (Varian, Palo Alto, CA, USA)
Pixel size, um 127
Detector operating area, mm 193 x 242
Detector size, pixels 1900 x 1516
Linear manipulator MDirive Plus 42 (Intelligent Motion Systems, Inc.,
Marlborough, CT, USA)
Movement range, mm 0-400

MS208Ec (Physik Instrumente (PI) GmbH & Co.,
Karlsruhe, Germany)
Minimum angular step, degree 0.007

Rotary system

The following micro-CT mode was utilized: an anode voltage of 100 kV, an anode
current of 35 pA, an angular step of scanning projections of 0.2 degrees, a number of
projections of 1800, and a voxel size of 6.35 pm.

The Taguchi method was used for trial optimizing the 3D printing parameters. The
input factors were the V3p travel speed, the Tex; extruder temperature, and the v extrusion
rate. Initially, the levels of these input parameters were empirically determined for the
sustainable 3D printing process within their wide ranges.

The Text extruder temperature was preset at 440 °C since this level enabled the melting
of the high-viscosity PEEK/30GF composite. It was an important parameter for 3D printing
at the V3p travel speeds of about 40 mm /s (to ensure an acceptable production rate). Lower
Text extruder temperatures significantly reduced the 3D printing rate because they did not
allow a sufficient amount of the molten composite material to be extruded. So, the Text
extruder temperatures were 420, 440, and 460 °C (Table 2). The V3p travel speeds were
preset at 20, 30 and 40 mm/s. As mentioned above, the v extrusion rates were controlled
by varying rotation speeds of the microextruder screw. Initially, a multiplier of 4.5 rpm was
determined corresponding to the number of screw revolutions per unit track length upon
3D printing. According to the results of some trial experiments, the shapes of the samples
additively manufactured from the PEEK/30GF composite correlated well with their digital
models. So, the v extrusion rates were preset at 4.0, 4.5, and 5.0 rpm (Table 2).

Table 2. The level numbers and the values of the Taguchi factors according to the L9 format.

Levels and Values of (Technological) Factors

Experiment Number

Extruder Temperature Text, °C Travel Speed V3p, mm/s Extrusion Rate v, Rpm
1 420 (1) 20 (1) 4.0 (1)
2 420 (1) 30 (2) 4.5(2)
3 420 (1) 40 (3) 5.0 (3)
4 440 (2) 20 (1) 4.5(2)
5 440 (2) 30 (2) 5.0 (3)
6 440 (2) 40 (3) 4.0 (1)
7 460 (3) 20 (1) 5.0 (3)
8 460 (3) 30 (2) 4.0(1)
9 460 (3) 40 (3) 4.5 (2)
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3. Results
3.1. Mechanical Properties

Table 3 illustrates representative values of the key mechanical properties obtained by
averaging over at least four experimental points according to the Taguchi L9 design. A
preliminary analysis of these data enabled the conclusion that the ranges of changes in the
input parameters used when planning the experiment did not lead to multiple variations
in the mechanical properties of the AM samples. In addition, the obtained values were
noticeably inferior to the data reported by the feedstock manufacturer since they involved
the use of injection molding or compression sintering as a fabrication method [29].

Table 3. The results of the tensile tests of the samples additively manufactured from the PEEK/30GF

composite.
3D Printing Mode Tensile Strength, MPa Elastic Modulus, MPa Elongation at Break, %
1 86.10 £ 6.12 2100 + 216 48403
2 88.10 £ 6.65 2458 + 346 47+0.1
3 84.00 £2.72 2349 + 232 48+04
4 91.00 £ 6.29 2456 + 232 47405
5 94.50 4 4.39 2359 + 162 51+02
6 84.60 £ 2.19 2326 + 268 46102
7 94.50 4 1.53 2610 £173 48+03
8 93.80 £ 2.75 2542 + 8 52+04
9 85.00 + 1.44 2378 + 357 43+03

Then, graphs were drawn according to the Taguchi method [10], characterizing the
influence of each of the (input) parameters on the mechanical properties of the AM samples.
This made it possible to quantify their effect by analyzing the implemented modes (the
combinations of the 3D printing parameters) and propose the rational one. For this purpose,
the ‘bigger is better” principle and the signal-to-noise (S/N) ratio were applied. According
to this methodology, the maximum S/N ratios characterized the maximum variability of
the output parameters (the mechanical properties) and corresponded to the achievement
of their maximum values. In this case, such a fact reflected the greater significance of a
particular level of a 3D printing parameter.

It should be noted that in contrast to the elastic modulus and the tensile strength used
as the output parameters, for which the maximum values had to be achieved, a target
value of elongation at break was not obvious according to the ‘bigger is better” principle.
Typically, particulate composites at filling degrees of 25-30% were characterized by brittle
failure, corresponding to their high mechanical strength. In this approximation, just a
negligible elongation at the break value reflected the preference of the 3D printing mode.
On the other hand, the porosity of the PEEK/30GF composite significantly reduced its
ductility, being a negative factor. Accordingly, the authors prefer not to discuss in detail the
role of the elongation at break values and not to consider it when analyzing the data on the
influence of technological factors.

For the ‘v extrusion rate” input factor, higher tensile strength and elastic modulus
values were achieved when using its third level of 5 rpm (Figure 1a,b, respectively). At
the same time, a multidirectional trend was observed for the elongation at break levels
(Figure 1c), which confirmed the above reasoning on the inexpediency of taking it into
account. Therefore, the maximum v extrusion rate had to be preset according to the Taguchi
method.

An analysis of the influence of the “Text extruder temperature” input factor on the
mechanical properties of the samples showed that their elastic modulus values were
characterized by a pronounced rising trend with the maximum at Teyx = 460 °C (Figure 1b).
For the tensile strength, higher values were also observed at Text = 440460 °C (Figure 1a),
while the minimum S/N ratio for the ‘elongation at break” parameter corresponded to the
maximum Tex level of 460 °C (Figure 1c). Thereby, the high Text extruder temperatures
had to be preset according to the Taguchi method.
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Figure 1. The S/N ratios for different levels of the technological parameters: (a) tensile strength;
(b) elastic modulus; (c) elongation at break.

Varying the ‘V3p travel speed” input parameter from 20 up to 40 mm/s provided
higher tensile strength and elastic modulus values at its average level of 30 mm/s, despite
they were not significantly lower at the minimum of 20 mm/s. Elongation at break values
was characterized by minimal variability at the applied V3p travel speeds. For this reason,
the authors again preferred to exclude this “output” parameter from the assessment. Based
on the above, the low V3p travel speeds had to be preset according to the Taguchi method.

Finally, the Delta (A) influence degrees of the input (technological) parameters were
ranked according to the Taguchi principle to ensure higher mechanical properties of the
samples (Table 4). From the tensile strength perspective, all three factors had comparable A
influence degrees of 0.804-0.879. For the elastic modulus, the Tey extruder temperature
was two times ‘more important” of a factor than the other two. In the case of elongation
at break, the maximum A influence degree of 0.853 was exerted by the V3p travel speed,
while it was the minimum (A = 0.175) for the Teyx; extruder temperature.

Table 4. Ranking of the input (control) parameters by their A influence degrees.

Delta Parameter A (or Linax — Liin, i-€., the Difference in the S/N Values

Property between the Maximum and Minimum Factor Levels)
Extruder Temperature Text Extrusion Rate v Travel Speed V3p
Tensile strength 0.804 0.808 0.879
Elastic modulus 0.808 0.462 0.485
Elongation at break 0.175 0.561 0.853

As a preliminary discussion, it should be noted that the above findings were some-
what correlated with the results of Deng et al. [30], who applied the Taguchi method for
optimizing the 3D printing mode for neat PEEK (its MFI was surely lower than that of the
PEEK/30GF composite). In that case, the highest tensile strength of 40 MPa was achieved at
the maximum Tyt extruder temperature of 370 °C and V3p travel speed of 60 mm/s, while,
the highest elastic modulus of 1563 MPa was obtained at a lower Text level of 360 °C but
the same maximum V3p travel speed of 60 mm/s. The greatest elongation at break value
of 14.3% was observed at the minimum Vjp travel speed of 20 mm/s. These maximum
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mechanical properties were noticeably inferior to the cast polymer. In [30], it was stated
that 3D printing angles, nozzle diameters, and bead widths had to be optimized as well.

So, the results of the above analysis carried out within the framework of the adopted
Taguchi method did not allow both to determine the exact (but not applied in the experi-
ments) values of the input parameters and to give an unambiguous interpretation of the
reason for their A influence degrees. For clarifying these nuances and assessing the ‘3D
printing mode-structure—properties’ relationship, the micro- and chemical structures of the
samples were examined by SEM and IR spectroscopy, respectively.

3.2. Microstructures

Figure S1 shows lower magnification SEM micrographs of the PEEK/30GF composites
additively manufactured using the FDM modes presented in Table 2. Note, that no signs
of agglomeration of GFs were observed. The pattern of the fracture surfaces (obtained
after exposing the samples to liquid nitrogen) was not brittle. Generally, this fact was
consistent with the relatively high elongation at break values of ~5%, since similar PEEK-
based composites possessed minimal ductility (~1%) at comparable filling degrees. On the
other hand, the presented SEM micrographs did not reveal any fundamental differences in
the “macrostructures” of all investigated samples.

An analysis of the SEM micrographs”take” at higher magnification (Figure 2) enabled
the conclusion that there was no predominant orientation of GFs along the direction of
laying the molten filament, despite the FDM method used for 3D printing, which involved
the extrusion of the molten granular feedstock. The reason could be the fact that GFs were
stochastically oriented in the initial granulate.

3 — -
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Figure 2. The SEM micrographs of the PEEK/30GF composites additively manufactured using the
modes presented in Table 2.
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Nevertheless, the more fundamental identified result was high porosity levels, reach-
ing up to dozens vol.%. In the Discussion section, estimates of the effect of porosity on
the elastic modulus of the PEEK/30GF composite are given, explaining its low level at the
sufficiently high filling degree of reinforcing GFs.

The authors did not attempt to statistically estimate the porosity levels for each of the
nine samples. The reason was the fact that the elongation at break values, which were very
sensitive to porosity, did not change within noticeable limits. For this reason, one could
conclude that it was inappropriate to determine a correlation between the porosity and the
set of the 3D printing parameters.

In addition to the porosity statement and the approximate estimates of its levels given
above, it was important to note the dimensions of pores in order to discuss the aspect of
their formation, including in terms of the applied 3D printing parameters. According to
Figure 2, pores were generally isolated (not through), while their characteristic sizes (with
a predominantly round shape) were several tens of microns. At the same time, the pores
were not predominantly formed near reinforcing GFs.

Thus, the revealed high porosity levels indicated that some thermal destruction of the
polymer could occur at the elevated Text extruder temperatures of 420-460 °C (recall that
the melting point of PEEK was ~343 °C). To verify this fact, the results of the IR spectral
analysis of the samples additively manufactured at different Tey; extruder temperatures
are discussed below.

Note that it was difficult to ensure uniform spreading of the high-viscosity molten
composite containing fibrous inclusions, which differed significantly in rheological proper-
ties, upon 3D printing at high both v extrusions rates and V3p travel speeds. Loading PEEK
with 30 wt.% GFs necessitated a higher extrusion pressure, so the 3D printer equipped with
the microextruder was utilized. For this reason, it could not be expected that the formed
structures were highly dense and continuous. This fact was analyzed in more detail by
computer simulation using ANNSs, the results of which are reported below in Section 4.

3.3. Chemical Structures

Figure S2 presents the IR spectra of the samples of the PEEK/30GF composite addi-
tively manufactured at the Tey; extruder temperatures of 420, 440, and 460 °C. The key
task was to show that short-term heating up to 460 °C, at which the higher mechanical
properties of the samples were achieved, did not contribute to the thermal destruction
of the polymer matrix. Such a statement was based on the fact that the given IR spectra
differed little from each other even for modes 7 and 9, characterized by the Tex extruder
temperature of 460 °C.

4. Application of ANNs for Simulation of the 3D Printing Process

Since the study did not allow for the explicit determination of the exact optimal values
of technological parameters, partly because their preset ranges may not have been wide
enough, ANNs were implemented for computer simulation of the 3D printing process.
Since the sample size of nine experimental points was ultra-small, several additional
experiments were carried out.

In this section, the statement of the research aim could be formulated as follows. As
noted above, computer simulation was an effective tool for optimizing the 3D printing
parameters, i.e., improving the mechanical properties with a minimum number of full-
scale experiments. Previously, a similar problem was solved by the authors for ultrasonic
welding of laminated composites [25]. The proposed methodology involved solving two
key issues: (i) synthesis of a single nonlinear model of 3D printing as a process with
many inputs and outputs, and (ii) the addition of a priori knowledge to ensure acceptable
predictive accuracy of computer-aided simulation using ANNS.
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4.1. Experimental Data Analysis

In addition to the nine modes (combinations of the 3D printing parameters) analyzed
above by the Taguchi method, six additional modes No. 10-15 were tested (Table 5;
Figure 3) in order to expand the training sample. As noted above, four to seven laboratory
experiments were performed for each set of the input parameters (75 in total), as well as
the same numbers of the output ones were determined (tensile strength, elastic modulus,
and elongation at break). An illustration of the distribution of the (input) parameters in a
three-dimensional space is shown in Figure 3.

Table 5. The 3D printing parameters of the laboratory experiments, in addition to those analyzed by

the Taguchi method.
3D Printing Mode Extruder Ter;lp erature Travel Speed V3p, Extrusion Rate v, rpm
Textr C mm/s
10 460 20 4
11 380 20 5
12 380 40 5
13 400 30 5
14 440 10 5
15 440 30 3.5
6
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Figure 3. The 3D printing modes of the laboratory experiments in the space of the (input) parameters.

The obtained data were analyzed by drawing dependencies of the mechanical proper-
ties of the samples of the PEEK/30GF composite on the 3D printing parameters (Figure 4a),
interdependencies of their mechanical properties (Figure 4b), and calculating regression
models for each of them. Among the obtained data, six laboratory experiments were
identified and excluded from a subsequent analysis, the results of which were outside the
range of confidence intervals (at a significance level of 0.05).

The assumption of a significant nonlinear dependence of the mechanical properties of
the samples on the 3D printing parameters was observed in Figure 4a, which was confirmed
by both low coefficients of determination values and high standard errors of multiple linear
regression models (Table 6).
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Figure 4. The dependences of the mechanical properties of the samples of the PEEK/30 GF composite
on the 3D printing parameters (a), as well as both dependences and histograms (b) after verification.
Table 6. The regression statistics of the experimental data.
Predicted Property
Statistics N : - Average
Tensile Strength Elastic Modulus Elongation at Break
Multiple R 0.573 0.243 0.445 0.4203
R-squared 0.329 0.059 0.198 0.1953
Normalized R-squared 0.299 0.018 0.163 0.1600
Standard error 8.846 MPa 378.091 MPa 0.594% -
MSE 0.0983 0.1260 0.0914 0.1052
Multiple R 0.573 0.243 0.445 0.4203
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4.2. Analysis of Priori Knowledge

4.2.1. Prerequisites for a Priori Knowledge

1.

A preliminary analysis of both 3D-printing parameters and predicted mechanical
properties of the samples was based on previously acquired knowledge about the features
of the analyzed process:

The 3D printing process could not be implemented under one of the following condi-
tions: the Text extruder temperature was below the melting point of the polymer ma-
trix (mode 16), the absence of the fed material (at v = 0 rpm, mode 20 or V3p = 0 mm/s,
mode 18). So, the mechanical properties of such samples were assumed to be zero.

It was also assumed that the mechanical properties were lower at an excessively high
Text extruder temperature of 560 °C (mode 17) due to possible thermal degradation
of PEEK. The same applied to high V3p travel speed of 60 mm/s (mode 19) and v
extrusion rate of 8 rpm (mode 21), based on the assumption that an excessive amount
of the extruded polymer did not allow a homogeneous structure to form.

The mechanical properties of the samples of the PEEK/30GF composite, summarized
on the basis of a priori knowledge, are presented in the Supplementary (Tables S1 and S2)
section.

4.2.2. Selecting Acceptable Minimum Values

Then, the authors expertly formulated the requirements for the minimum acceptable
values of the output parameters (the mechanical properties according to Table 7). Checking
the results of the laboratory experiments for compliance with these acceptable values
showed that there was not a single mode among the applied ones (Table 5) that would
meet all the requirements. However, modes 4, 5, 7, 8, and 10 were identified, for which the
acceptable minimum values were achieved in at least one experiment (Figure 5).

Table 7. The minimum acceptable property values for the samples of the PEEK/30GF composite.

Property

Minimum Acceptable Value

Tensile strength, MPa
Elastic modulus, MPa
Elongation at break, %

90
2400
4.8

Extrusion rate, rev/min
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T
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" My
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@ 3D printing modes in which the optimality condition was not satisfied in all experiments
O —3D printing modes in which the optimality condition was met in some experiments

Figure 5. The parameters’ space and the result of checking the 3D-printing modes for compliance

with the minimum acceptable property values.
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4.3. ANN-Based Computer Simulation of the 3D Printing Process

In this study, the authors used two types of simple ANNs that provided nonlinear
computer simulation: feedforward networks (FFNNs) and radial basis function networks
(RBFNNSs). Their inputs were the 3D-printing parameters, while the outputs were the
mechanical properties. The selection of both architecture and parameters was described in
detail previously [25,31,32], so the applied approach corresponded to that reported in [25].

In the first stage, a sample containing the verified experimental data was used, i.e., a to-
tal of 15 vectors of the 3D printing parameters (modes) and 66 vectors of the corresponding
mechanical properties. For the FENN model, the number of hidden layer neurons (from 3
to 8) and activation functions (linear, hyperbolic tangent sigmoid, log-sigmoid) were varied.
Upon their learning, synthesized property vectors formed from the experimental values
with the addition of pseudo-random numbers with zero mathematical expectation and
normalized standard deviation equal to 0.01 were added to the training sample. Computer
simulation was carried out many times with an enumeration of the main parameters of
the ANNSs. For the RBFNN model, the ‘spread’ parameter varied from 0.1 to 0.9, while
the ‘goal” was changed within the 0.100-0.001 range. The results of assessing the areas of
suboptimal parameters (SOPs) of the 3D printing process (Table 6) are shown in Figures 6a
and 7a for the RBFNN and FFNN models, respectively.
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<
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@ 3D printing modes in which the optimality condition was not satisfied in all experiments
O —3D printing modes in which the optimality condition was met in some experiments

Figure 6. The 3D printing modes and a priori knowledge, as well as the SOP area, drawn using the
RBFNN model: (a) spread = 0.3, goal = 0.001, the training sample size of 66 vectors; (b) spread = 0.3,
goal = 0.01, the training sample size of 66 experimental + 54 a priori vectors.

In the second stage, the training sample included the experimental data and a priori
knowledge. In order to estimate the influence of training sample size, its effect on the
accuracy of model construction for the FFNN was carried out at variation of the number of
vectors of input parameters as well as the amount of synthesized data, Figure 8. During
the synthesis of the models, the mean square error (MSE) was utilized as the optimization
function. It allowed for the characterization of the deviation of the model from the training
set. The mean absolute deviation (MAD) of the normalized model values over priory
values not taken/specified /determined in the training set was utilized for characterizing
the prognosis capability of the models. The verification of the FFNN models over the data
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of priory knowledge planes has shown quite different dependence: the presence of MAD
maximum at the sample size of 69 modes (vectors of the input parameters) and 120 vectors
of the corresponding mechanical properties. At the same time, for the FFNN model, the
training sample was enlarged by synthesized data with characteristics similar to those at
the first stage (see above). It might be concluded that the latter has increased the prognosis
capabilities of the developed models. The best characteristics of the ANNs were sought in
the same ranges, so two models were selected, for which SOP areas were characterized by
the simplest structures (Figures 6b and 7b).

21 e23
®18 @20

Extrusion rate, rev/min
Extrusion rate, rev/min

Legend
@ 3D printing modes in which the optimality condition was not satisfied in all experiments
O —3D printing modes in which the optimality condition was met in some experiments

Figure 7. The experimental modes and a priori knowledge, as well as the SOP area, drawn using
the FENN model: (a) 4 hidden layer neurons, the sample size of 66 experimental + 132 synthesized
vectors; (b) 6 hidden layer neurons, the sample size of 66 experimental + 54 prior + 240 synthesized

vectors.
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Figure 8. Results of models’ verification within priory knowledge planes as a function of the size of
experimental and prior vectors of the properties.
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Table 8 presents the statistical characteristics of the learning results for the selected
models. Comparing them with the data obtained using the regression model (Table 6), it
has been concluded that computer simulation using the ANNSs, due to its nonlinearity, was
characterized by a low mean square error (MSE) but a high determination coefficient (R?).
The use of a priori knowledge made it possible to increase the determination coefficient,
i.e., reduce the unexplained variance of the model. However, the root-mean-square error
increased, which was a natural result of enhancing the modeling area in the extrapolation
zone.

Table 8. The statistical characteristics of the selected models, the 3D printing parameters, and the
corresponding predicted maximum property values for the samples of the PEEK/30GF composite.

3D Printing Parameters Mechanical Properties
g
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66 0.0235 0.4543 460.40 25.07 4.10 98.85 2559.17 5.05
RBFNN
66 + 54 0.0427 0.9837 454.54 3091 4.59 100.51 2525.50 5.58
66 + 132 0.0255 0.4124 500 18.64 3.85 99.55 2605.99 5.31
FFNN
66 + 54 + 240 0.0560 0.9788 453.36 13.92 4.51 95.02 2645.10 5.19

For the RBFNN model (Figure 6a), the SOP area was finite and closed. The 3D printing
modes, which partially satisfied the optimality condition, turned out to be outside its
boundaries. The addition of a priori knowledge to the training sample led to a slight
enlargement of the SOP area, compliance with the modes that partially satisfied the target
mechanical properties, and significant complication of its shape (Figure 6b).

The SOP area, drawn according to the FFNN model after its learning based only
on the experimental and synthesized data, was not limited to four planes: high values
of both Tey: extruder temperature and v extrusion rate, as well as both low and high
levels of the V3p travel speed (Figure 7a). Such behavior was caused by the location
of the satisfactory experimental results on the boundaries of the SOP area and the poor
ability of the FFNN model to be extrapolated. Respectively, such a model predicted the
target mechanical properties at the boundaries of the analyzed data area and could not
be considered adequate. Adding a priori knowledge in the field of extrapolation to the
training sample made it possible to limit the SOP area throughout the entire volume and
localize the predicted optimal parameters (Figure 7b).

Within the SOP areas, the 3D printing parameters were sought, at which the mechani-
cal properties were maximum. The weighted root-mean-square value was chosen as the
maximum search measure. The search results are presented in Table 8. Excluding the
“FFNN 66 + 132” model from consideration, all other ones enabled the prediction of the
optimal values of both Tey; extruder temperatures of 450-460 °C and v extrusion rates of
4.1-4.59 rpm. A noticeable discrepancy in the predicted data was observed only for the V3p
travel speeds (from 13.92 up to 30.91 mm/s), which could be explained by the difference in
the general simulation approaches.

The RBENN model was based on the concept of minimizing approximation in each
value of the training sample and searching for the minimum predicted values in the
extrapolation zones. Therefore, it was obvious that it predicted the optimal values close
to the known parameters in all cases. Conversely, the root-mean-square minimization
was applied in the FFNN model to identify general trends in the training sample. This
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algorithm could lead (as was shown in the studied case) to the removal of the predicted
optimal parameters from the region of known values.

The predicted 3D printing parameters were not duly verified for several reasons.
Firstly, they differed slightly from the results of the laboratory experiments, enhancing
the probability of obtaining similar data. Secondly, the results of the applied Taguchi
method (Section 3) were in qualitative agreement with the data obtained by computer
simulation using the ANNs. Thirdly, the achieved mechanical properties of the additively
manufactured samples were lower than the values given by the manufacturer of the
PEEK/30GF feedstock for injection molding, so the reasons for this phenomenon are
discussed below.

5. Discussion
5.1. Computer Simulation on the Effect of Porosity on the Mechanical Properties of the
PEEK/30GF Composites

Since it was convincingly shown above that the formation of porosity could signif-
icantly reduce the mechanical properties of the PEEK/30GF composite, the influence of
pores (air inclusions) of various diameters (from 20 up to 100 um) on the elastic modulus
was assessed by computer simulation using the finite element method (FEM). It should be
noted that the studied effect of lowering the mechanical properties of polymer composites
with increasing porosity was also reported elsewhere [33,34].

The problem of determining the mechanical properties of porous neat polymers
and their composites could be reduced to calculating the stress-strain state parameters
of a representative volume under uniaxial tension. In this way, the equations of solid
mechanics [35-37] were solved with subsequent averaging of the obtained values [38].

In this study, the problem of the plane-stress state of the porous PEEK/30GF composite
was solved to obtain quantitative estimates of the changes in its mechanical properties.
Square computational domains with round pores were applied. Figure 9 shows ones as
finite element meshes of 500 x 500 um in size with a pore content of 30% (the air filling
degree) of different diameters (from 20 to 100 um). The centers of pores were specified
using a random number generator, so they were located as uniformly as possible over the
computational domains.

() (b) (c)

Figure 9. Schematic locations of pores with the diameters of 20 um (a), 100 um (b), and from 20 to
100 pm (c) in the computational domains at the porosity of 30%.

In the laboratory experiments, it was possible to visually estimate both characteristic
pore sizes and porosity levels with certain errors (Figure 2). Therefore, large or small pores
of identical sizes were varied in the calculations (Figure 9). In addition, a combination
of them was used being typical for the studied samples. At the same porosity level, the
number of small pores was evidently greater than that for large ones.

Lengths of the sides of the representative volume were 1000 um for pores with a
radius of 100 pm, but they were 500 pm for ones with a diameter of 20 pm, considering the
convergence of the calculated elastic modulus values within 5%. The mechanical properties
of the matrix in the representative volume were taken on the basis of the data reported for
the PEEK/30GF composite [39]: the elastic modulus was 7000 MPa, the tensile strength
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was 80 MPa, and the Poisson’s ratio was 0.39. The boundary conditions corresponded to
the stretching of the computational domain along the X-axis, so the displacement along the
Y-axis was specified at the top boundary. The bottom boundary was rigidly fixed and the
displacements were zeroed along the X and Y axes. The lateral boundaries were free, so
both normal and shear stresses were set to zero.

Figure 10 shows slightly nonlinear dependences of equivalent elastic modulus values
versus the content of pores of various sizes. With the same porosity, the elastic modulus
was lower in the presence of large pores than in the case of small ones. The discrepancy
between the curves and their nonlinearity could be caused by the distribution of pores
over the computational domain with increasing porosity levels. When pores of different
sizes were present, with a fairly uniform distribution over the computational domain, the
elastic modulus values were approximately in the middle between the two curves shown
in Figure 10.
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Figure 10. The elastic modulus versus porosity dependences for pores with different diameters d.

Figure 11a,b shows stress distributions over the representative volume with the di-
mensions of 1000 x 1000 um in the presence of pores with diameters of 20 and 100 pm,
respectively, at the porosity level of 30%. In addition, Figure 11c presents similar data for
the representative volume 500 x 500 um in size for pores of different diameters. Inside
such pores, stresses were zero, but they were maximum at their boundaries in the matrix.
The locations of the distribution of the maximum stresses near the pores corresponded to
the solution of the Kirsch problem of stretching a plate with a round hole [40]. Theoretically,
the magnitude of the stresses depended on the ratio of the pore radius to the distance
between them in the elastic case: the smaller this ratio was, the lower the stress in the
matrix at the same strains and, accordingly, the lower the elastic modulus was. Considering
the nonlinear behavior of the PEEK/30GF composite, the real values were lower.

Figure 11. The stress distribution surfaces over the representative volume in the presence of pores
with the diameters of 20 um (a), 100 pm (b), and from 20 to 100 um (c) at a porosity of 30%.
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Based on the above, the low experimental values of the elastic modulus of the
PEEK/30GF composite relative to the data reported by the feedstock manufacturer were
reliably explained by the formation of pores in the AM samples.

5.2. Computed Micro-Tomography (Micro-CT)

Since the authors noted porosity as the key factor in reducing the mechanical properties
of the studied samples, and in light of the use of additional modes 10-15 (Table 5), some of
them were examined by the micro-CT. As discussed above, increasing the Teyt extruder
temperature was supposed to reduce the molten polymer viscosity, so selected modes for
the analysis differed primarily in this parameter, in particular mode 12 (Teyt = 380 °C/
V3p =40 mm/min/v = 5 rpm), mode 14 (Text = 440 °C/V3p = 10 mm/min/v = 5 rpm),
and mode 10 (Text = 460 °C/V3p =20 mm/min/v = 4 rpm).

The micro-CT analysis was carried out near the fracture surfaces of the dog-bone
specimens with a height of the tomography area of ~8 mm. Three-dimensional views of the
examined areas are shown in Figure 12, both from the side of the print head (Figure 12a—c)
and from the side of the supporting table (Figure 12d—f). According to these data, no
macro-discontinuities were observed, being characteristic of the FDM method due to the
sequential deposition of melted filament beads.

1 mm 1 mm 1 mm

(d) (e) ()
mode 12 (sample No.19) mode 14 (sample No.28) mode 10 (sample No.30)

Figure 12. The three-dimensional micro-CT views of the samples, from both supporting table (a—c)
and 3D-printing head (d—f) sides; mode 12 (a,d); mode 14 (b,e); mode 10 (c,f).
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Figure 13 presents visualizations of the orthogonal projections of the PEEK/30GF
composite to illustrate their internal (meso)structures. On the one hand, GFs were quite
densely distributed throughout the bulk samples without a predominant orientation due
to the high filling degree, which was noted above when analyzing the SEM micrographs
of the fracture surfaces (Figure 2). At the same time, a denser structure of the sample was
characteristic of mode 12 at the minimum Tey; extruder temperature (Figure 13d,g). In
this sample, delamination was observed on the side of the supporting table (Figure 13a),
which significantly weakened the section. According to the authors, this fact was the reason
for reducing its mechanical properties. Note that the two other technological factors also
affected the structures, so only their complex influence is to be discussed.

(8 (h) 6y
mode 12 mode 14 mode 10

Figure 13. The orthogonal projections of the samples near the fracture surfaces at the image (slice)
sizes of 7.5-8.0 mm (a—c), 7.5-4.5 mm (d—f), and 8.0-4.5 mm (g—i). Red denotes Z- axis section; Blue
denotes X-axis section; Green denotes Y-axis section.

A less ‘loose’ (meso)structure with some ‘variable-density” areas was observed for the
intermediate Text extruder temperature of 440 °C (Figure 13b), while a more uniform and
denser one throughout the analyzed volume was characteristic of the sample additively
manufactured using mode 10 (Figure 13c). The pattern of the structures according to the
other two orthogonal projections (Figure 13d—i) to a lesser extent reflected the difference in
the above-discussed mechanical properties of these samples. Nevertheless, the sample’s
corners could contain large discontinuities, affecting the mechanical properties as well.
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Thus, at the minimum Tey extruder temperature of 380 °C, voids were found on
the upper side of the sample (Figure 13d,g). As it increased, the samples possessed the
more uniform macrostructures (Figure 13e,f,h,i). This fact indicated that the scatter in the
mechanical properties revealed in the study could be caused by the macro-heterogeneity
of the sample structures. In addition, it was consistent with the results of measuring the
cross-sectional areas depending on the position of the section in height for the three samples
(Figure 14). In these cases, the greatest dispersion was characteristic of mode 12, while the
most negligible one was for mode 10. These results were contributed by both porosity and
sample distortions, i.e., deviation from a given rectangular section.
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Figure 14. The comparative results of assessing the cross-sectional areas of the samples depending
on the position of the height section (along the Z axis): mode 12 (sample No.19); mode 14 (sample
No.28); mode 10 (sample No.30).

’

The above data characterized both separate scales of the structures and ‘randomly
examined sections. Using the embedded software package, a quantitative analysis of
the porosity levels was carried out throughout the entire investigated volumes. For the
correctness of the calculation, volumes of interest (VOIs) were selected (cut out) and the
porosity levels were assessed inside them (an example is shown in Figure 15).

(@ (b)

Figure 15. Visualizations of a full tomogram (a) and a cut-out VOI (b).
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For example, Figure 16 shows the sections used for assessing the porosity levels by
applying the following analysis technique. Firstly, a threshold was selected according to
which the tomograms were binarized (as a set of sections). This procedure solved the
segmentation problem, where black areas corresponded to pores, and white ones reflected
to the solid material. The ratios of the cross-sectional areas or volumes characterized
the porosity levels presented in Table 9, decreasing with enhancing the Tey: extruder
temperature.

(a) (b) (c)
Mode 12 Mode 14 Mode 10

Figure 16. Visualizations of the areas (sections) selected for each of the modes to calculate the porosity
levels for the images with sizes of 4.5-7.5 mm (a—c).

Table 9. The porosity levels for the AM samples, according to the micro-CT analysis.

Material Volume,

Mode VOI, mm3 3 Porosity, %
mm
Mode 12 59.76 50.25 16
Mode 14 57.15 50.26 12
Mode 10 57.15 51.71 9.5

The authors were aware that the approach applied for interpreting the obtained
data, which was based on the dominant role of porosity, was idealized. However, it
enabled the analysis of them and suggested a future research direction to improve the
mechanical properties of high-viscosity thermoplastics, namely the porosity reduction.
They also believed that it was important to once again discuss the possible influence of the
orientation of GFs in the initial feedstock.

Figure 17 shows the micro-CT data of the original PEEK/30GF granulate, which
enabled the conclusion that the vast majority of GFs were oriented along its axis. However,
no preferential orientation of GFs was observed after 3D printing (Figure 13).
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Figure 17. The orthogonal projections of an individual PEEK granule. Red denotes Z- axis section;
Blue denotes X-axis section; Green denotes Y-axis section.

5.3. Effects of the 3D Printing Parameters

As a concluding comment, the authors return to the issue of the influence of the 3D
printing parameters on the structures and the mechanical properties of the AM PEEK /30GF
composites (a high-viscosity one, from the extrusion point of view).

It should be noticed, that the optimization of studied technological parameters did
not allow to drastically increase the mechanical properties, including with the use of ANN
simulation. However, it does not mean that they did not affect the structure and functional
properties. The above-cited literature on FDM of PEEK and PEEK-based composites did
focus on variation of the same 3D-printing parameters [30]. However, the use of low-
viscosity polymers allowed for the reduction of the porosity and attained a wider range of
variation of mechanical properties. Thus, the authors were able to compare the results of
this study with those reported in the relevant papers [11,12,30].

Since it was not possible to avoid the high porosity of the 3D printed PEE/30GF
composites by varying the input parameters with the use of an available 3D printer, the
prospect might be the application of post-build processing, i.e., ultrasonic compaction with
the use of US-welding machine. In this regard, the developed approach to ANN simulation
will be efficient both to find out predicted local values of optimum parameters and to
construct estimates of their range.

5.3.1. Extruder Temperature

The influence of this input parameter was most obvious. With its increasing up
to 460 °C, the polymer viscosity decreased. More intense interlayer and intermolecular
diffusion had to stimulate the mutual penetration of segments of macromolecules upon
3D printing. Due to the enhanced interlayer adhesion, the mechanical properties of the
samples had to be improved. Rising the Tey; extruder temperature above a certain threshold
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level could cause thermal destruction of the polymer, which was incorporated into a priori
knowledge for computer simulation using the ANNSs.

5.3.2. Extrusion Rate

This factor could exert a dual effect on the structures and the mechanical properties
of the additively manufactured samples. On the one hand, the PEEK/30GF composite
had to possess a nonlinear viscosity change depending on the v extrusion rate [41]. As
a result, increasing the screw rotation speed could lead to the structuring of the molten
polymer flow, while enhancing the internal energy of its segments could be accompanied
by conformations of the supermolecular structure elements, improving the mechanical
properties of the samples. On the other hand, the extruded molten material could be laid
out more uniformly near the nozzle exit at low v extrusion rates, providing more uniform
structures and improving the mechanical properties.

5.3.3. Travel Speed

The V3p travel speed factor to a certain extent was similar to the previous one since
it determined the amount of the molten material squeezed out from the microextruder at
a time. If it was assumed that denser structures were provided at low V3p travel speeds,
then a decrease in this parameter had to improve the mechanical properties of the AM
samples. Nevertheless, its increasing reduced cooling rates of the additively manufactured
samples, stimulating better spreading of the molten polymer, including when depositing a
subsequent layer or a nearby bead. In such cases, enhancing the V3p travel speed had to
improve their mechanical properties.

6. Conclusions

The effect of the 3D printing parameters on the structures and the mechanical proper-
ties of the samples manufactured by the FDM method from the high-viscosity PEEK/30GF
composite feedstock was investigated. It was shown that the formed macro- and microstruc-
tures limited the achievement of their high levels. In particular, the following conclusions
were drawn.

1. The high viscosity of the molten polymer contributed to the great porosity levels of
the AM samples which was proven in detail by the SEM micrographs. The presence of
pores reduced the elastic moduli below 3 GPa, while the elongation at break values of
~5% were significantly higher than those for similar compression molded (hot-pressed)
composites.

2. By computer simulation using two types of ANNSs, the optimal combinations of
the 3D printing parameters were determined for the PEEK/30GF composite: Ex-
truder temperature: 450 - 460 °C, Extrusion rate: 4.1 = 4.59 rev/min, Travel speed;
13.92 = 30.91 mm/s. When an ultra-small sample was utilized, the application of
priory knowledge made it possible to achieve the appropriate simulation accuracy
(MSE~0.06). In doing so, the RBFNN was able to construct a more realistic model,
while for the FFNN the reasonable limitation of its size was implemented.

3. Aninterpretation of the differences in the results, predicted using the RBFNN and
FFNN models, was proposed based on their operation principles. Generally, the de-
termined optimal values were consistent with those obtained by the Taguchi method,
and physically corresponded to the assumption formulated as the null hypothesis:
higher quality of AM products from the PEEK/30GF composite was ensured by maxi-
mizing material feeding into the 3D-printing zone by reducing the V3p travel speed
of the moving extruder head with increasing both the Tyt extruder temperature and
the v extrusion rate.

4. The effect of porosity on the mechanical properties of the additively manufactured
PEEK/30GF composites was assessed by implementing the FEM-based models of
small, large, and mixed pores. The obtained results made it possible to explain the
experimentally revealed relatively low level of strength.
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5. The applied 3D printing parameters, primarily the Tey: extruder temperature, did
not lead to a change in the chemical structure (in terms of oxidation) of the polymer
matrix and can be used for additive manufacturing of products from the PEEK/30GF
composite by the FDM method.

6.  The micro-CT analysis of the AM samples enabled the conclusion that the optimal
3D printing parameters were the Text extruder temperature of 460 °C, the Vjp travel
speed of 20 mm/min, and the v extrusion rate of 4 rpm. These values correlated
well with those obtained by computer simulation using the ANNs. In such cases,
the homogeneous micro- and macro-structures were formed with minimal sample
distortions and porosity levels within 10 vol.%.

7. The most likely reason for the great porosity levels was the expansion of the molten
polymer when it was squeezed out from the microextruder nozzle of the 3D printer
since the pressure in the chamber was caused by its high viscosity. Probably, the
mechanical properties of such samples can be improved both by changing the 3D
printing strategy to ensure the preferential orientation of GFs in the building direction
and by reducing porosity via post-build treatment or ultrasonic compaction. The
following research by the authors will be devoted to the implementation of these
methods.
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www.mdpi.com/article/10.3390/polym16182601/s1, Table S1: Parameters of 3D-printing (input
parameters); Table S2: Experimentally measured properties (output parameters); Figure S1: The
lower magnification SEM micrographs of the PEEK/30GF composites additively manufactured using
the modes presented in Table 2; Figure S2: The IR spectra of the samples of the PEEK/30GF composite
additively manufactured using modes 3, 7, and 9, according to Table 2.
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Abstract: Composite materials, particularly carbon fiber-reinforced polymers (CFRPs), have become
a cornerstone in industries requiring high-performance materials due to their exceptional mechanical
properties, such as high strength-to-weight ratios, and their inherent lightweight nature. These
attributes make CFRPs highly desirable in aerospace, automotive, and other advanced engineering
applications. However, the compressive behavior of CERP structures remains a challenge, primarily
due to the material sensitivity to structural instability, leading to matrix cracking and premature
failure under compressive loads. Isogrid structures, characterized by their unique geometric patterns,
have shown promise in enhancing the compressive behavior of CFRP panels by providing additional
support that mitigates these issues. Traditionally, these structures are manufactured using automated
techniques like automated fiber placement (AFP) and automated tape laying (ATL), which, despite
their efficacy, are often cost-prohibitive for small-scale or custom applications. Recent advancements
in 3D-printing technology, particularly those involving continuous fiber reinforcement, present a
cost-effective and flexible alternative for producing complex CFRP structures. This study investigates
the compressive behavior of 3D-printed isogrid structures, fabricated using continuous carbon fiber
reinforcement via an Anisoprint Composer A3 printer equipped with towpreg coextrusion technology.
A total of eight isogrid panels with varying infill percentages were produced and subjected to buckling
tests to assess their performance. The experimental results indicate a direct correlation between
infill density and buckling resistance, with higher infill densities leading to increased buckling
loads. Additionally, the failure modes were observed to shift from local to global buckling as the
infill density increased, suggesting a more uniform distribution of compressive stresses. Post-test
analyses using optical microscopy and scanning electron microscopy (SEM) revealed the presence
of voids within the 3D-printed structures, which were found to negatively impact the mechanical
performance of the isogrid panels. The findings of this study demonstrate that 3D-printed isogrid
CFRP structures can achieve significant buckling resistance, making them a viable option for high-
performance applications. However, the presence of voids remains a critical issue, highlighting the
need for process optimizations in 3D-printing techniques to enhance the overall performance and
reliability of these structures.

Keywords: 3D printing; composites; isogrid

1. Introduction

Composite materials are well known both in the scientific literature and in several in-
dustries for their remarkable mechanical performances conjugated to their lightness. Their
applications vary from aerospace to automotive industries, where material performances
are predominant with respect to costs. Carbon fiber-reinforced polymers, based on continu-
ous filaments, are the preferred type of composites, as the highest specific characteristics
are required [1]. Indeed, this kind of material presents very high stiffness, tensile strength,
and fracture resistance. However, concerning compression behavior, CFRPs demonstrate
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some limitations. This is related to the tendencies of CFRP structures to buckle and their
reinforcement fibers to micro-buckle, both compromising structural integrity [2]. Moreover,
the polymer matrix, in which the fibers are embedded, is prone to cracking and delam-
ination under compressive loads, thus reducing the material resistance [3]. To mitigate
this problem, isogrid structures can be used to reinforce thin panels and to provide more
compression resistance without adding significant weight [4-7]. For this reason, isogrid-
reinforced panels are used in demanding applications such as fuselage for aircraft [8].
Isogrids are lattice structures typically produced by automated fiber placement or auto-
mated tape laying (ATL) [9]. These two manufacturing methods, which are based on the
use of robotic arms, are suitable for manufacturing components of very large dimensions,
such as those used in aircraft and the energy sector [10].

The advent of 3D-printing technology, particularly for thermoplastic matrices with
continuous reinforcement, has significantly enhanced the ability to fabricate intricate
structures with high precision, notably for smaller components [11,12], especially for
components with limited dimensions. CFRPs can be 3D printed using a process similar to
the one used for printing plastic products, specifically the fused filament fabrication (FFF)
method [13]. However, handling the continuous reinforcements in the extrusion process
is challenging. Indeed, extruding continuous filaments presents several drawbacks. The
first drawback is fraying, which can occur during filament movement. It happens when
the fibers start to unravel or separate, thus compromising the composite integrity and
aesthetic appearance [14]. Another problem typical of continuous reinforcement extrusion
is related to filament sewing, a phase necessary to produce components without shape
constraints. Cutting a filament could lead to fiber damage, binder removal, and limitations
in adhering to the predefined path for fiber deposition. Another issue worth noticing
is filament impregnation. Indeed, using high-viscosity matrices like thermoplastics can
result in incorrect impregnations within the heated nozzle. Even though the nozzle reaches
a temperature that significantly reduces the viscosity of the thermoplastic matrix, the
materials’ rheology may prevent the thermoplastic from penetrating the fiber bundle. This
results in voids within the 3D-printed composite, leading to a decrease in the mechanical
performance [15].

Some examples of 3D-printed isogrid structures can be found in the scientific literature.
Li et al. investigated the effect of geometric parameters on the compression strength of
3D-printed PVC isogrid, employing a numerical simulation to predict failure load [16].
Guajardo-Travino et al. investigated the effect of raster gaps and infill void in the com-
pressive behavior of 3D-printed plastic isogrids [17]. However, all these studies were
concerned with the use of unreinforced plastics for 3D printing isogrid structures. Some
of the authors of these papers conducted research on isogrid structures 3D printed with
short and discontinuous fibers. They studied the effect of reinforcing rib dimension and
moisture absorption on the compressive behavior of isogrids produced in short carbon
fiber-reinforced polyamide by an FFF process [18-20]. The studies found that varying
the dimensions of the ribs could lead isogrids to fail under local or global buckling when
subjected to compressive loads. In addition, they noted an improvement in compression
resistance due to the structure drying after 3D printing.

Despite the widespread application of CFRPs, understanding the compressive behav-
ior of 3D-printed CFRPs, particularly in isogrid configurations, remains limited. A notable
gap exists in the scientific literature regarding the compression behavior of 3D-printed
isogrid structures that utilize continuous reinforcement. Currently, two commercial desktop
3D printers, namely, the Markforged Mark Two and the Anisoprint Composer, are available
for 3D printing with continuous CFRPs. The Anisoprint Composer in particular employs
composite fiber co-extrusion (CFC) technology, which co-extrudes a composite material
comprising a thermoplastic matrix and continuous fiber reinforcement [21]. To facilitate
the handling of the continuous reinforcement, it is impregnated with a thermoset binder
before the printing process [22]. As the fibrous reinforcement passes through the extrusion
nozzle, it is impregnated with the thermoplastic matrix, resulting in a dual-matrix system.
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Anisoprint dual-matrix technology offers numerous advantages, including the ability to
design and manufacture lightweight yet extremely strong components with improved
tensile, flexural, and torsional strength. This technology also allows for the customization
of fiber reinforcement within the matrix, optimizing the design to meet specific structural
and functional requirements. The control over the distribution of fibers and matrix enables
modulation of the stiffness and mechanical strength in specific directions, significantly
enhancing the performance of the final components compared to traditional manufacturing
methods. Also, this dual-matrix configuration provides unique mechanical properties,
making it essential to explore and understand its behavior, especially under compressive
loads in complex geometries like isogrid structures [23,24].

This paper aims to analyze the impact of different infill percentages on the compres-
sive behavior of 3D-printed isogrid structures fabricated from continuous carbon fiber-
reinforced polymers using Anisoprint dual-matrix technology. If adding more material to
a structure by increasing the infill percentage leads to an increase in its overall strength,
this does not always guarantee an improvement in specific strength, which is the strength
relative to the material weight. Indeed, previous studies [16,20] have shown that increasing
material usage can reduce specific strength, particularly if the added material induces a
different failure mode. To analyze the effect of the infill percentage on the strength and spe-
cific strength of isogrids, eight distinct structures were produced, each with varying infill
percentages. Compressive tests were conducted on standard specimens, while buckling
tests were performed specifically on the isogrid panels. In addition, the isogrid structures
were weighed prior to testing to calculate their specific compressive resistance. These
results were also compared with those of short carbon fiber-reinforced structures to better
understand the role continuous fibers play in influencing buckling behavior. Then, detailed
analyses were carried out on the tested structures to determine whether global buckling of
the overall structure or local buckling of the reinforcements occurred. Finally, the fractured
surfaces of the tested samples were examined using scanning electron microscopy (SEM)
and high-resolution three-dimensional tomography to investigate the internal structures
and defects within the 3D-printed composites.

2. Materials and Methods
2.1. Materials and 3D-Printing Process

In the present study, isogrid structures were manufactured using fused filament fab-
rication technology based on CFC, which enables the printing of thermoplastic polymer
matrix composites reinforced with continuous carbon fibers. The printing system employed
was the Anisoprint Composer A3, developed by Anisoprint Inc., Esch-sur-Alzette, Lux-
embourg, as illustrated schematically in Figure 1. The machine’s print head consists of
two extruders: one for extruding plastic material only (FFF) and the other for extruding
composite material (CFC). Dual-matrix Anisoprint technology enables the simultaneous
co-extrusion of a thermoplastic matrix and a bundle of thermoset resin-impregnated rein-
forcing fibers, allowing the fabrication of composite structures with optimized mechanical
and physical properties. In the process under consideration, a bundle of epoxy resin-
bonded carbon fibers and a thermoplastic filament are fed into a fusion chamber through
two separate inlet tubes. Inside the chamber, the thermoplastic material is melted at a con-
trolled temperature, allowing both the thermoset-impregnated fibers and the thermoplastic
matrix to be extruded simultaneously through a single nozzle. This approach allows for
the creation of a continuous dual-matrix composite structure, combining the advantages of
the thermoplastic matrix, such as toughness and ease of melting, with the high mechanical
properties of reinforced fibers impregnated with thermosetting resin.

CFC PA polyamide is a specialized thermoplastic developed by Polymaker for use
with Anisoprint Technology in composite 3D printing. Its molecular structure of repeating
amide bonds imparts notable mechanical strength and thermal stability. When melted,
CFC PA’s viscosity decreases significantly, enhancing the penetration between reinforcing
fiber bundles during printing, which results in composites with improved mechanical
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properties. It presents a glass transition temperature (Tg) of 53.7 °C. With a low density of
1.03 g/cm? and rapid cooling and solidification rates, it enables precise layer placement
without warping, maintaining dimensional accuracy. Its low hygroscopicity minimizes
moisture absorption, reducing defects like bubbling or poor layer adhesion in open-air
printing. Post-annealing, CFC PA exhibits a high tensile strength of 58 MPa and a Young's
Modulus of 1442 MPa, making it suitable for structural components requiring stiffness and
flexibility. It also has a heat deflection temperature of 104 °C at 0.45 MPa, allowing it to
perform well under elevated temperatures. Compared to standard polyamides like PA6 or
PA66, CFC PA offers better processing ease and performance advantages, making it ideal
for high-performance applications in the aerospace, automotive, and engineering sectors.
While not biodegradable, its durability contributes to sustainability by reducing the need
for frequent part replacements.

REINFORCING
FIBER PLASTIC

CUTTER

COMPOSITE
EXTRUDER

COMPOSITE PART

Figure 1. Scheme of the printing process of the Anisoprint A3 machine.

As reinforcement, continuous carbon fiber (CCF) produced by Anisoprint was utilized
in this study. CCF is a carbon-epoxy composite composed of a bundle of 1500 carbon fibers,
each with an average diameter of 7 um, bonded together with an epoxy-based thermoset
resin. According to the technical datasheet, CCF possesses an elastic modulus of 150 GPa,
an ultimate tensile strength of 2200 MPa, and a fiber volume fraction of 60%. The printing
process, which combines both the composite fiber co-extrusion polyamide and the CCF,
results in a dual-matrix composite material. This composite presents a fiber volume fraction
of 40%. This dual-matrix structure is formed due to the presence of both the thermoplastic
matrix from the polyamide and the thermosetting resin from the carbon fiber, offering
unique mechanical properties. The process parameters used to print the structures were
derived by a previous work by the authors [25]. They are (i) macrolayer height of 0.32 mm,
(ii) extrusion width of 0.65 mm, (iii) extruder temperature of 250 °C, and (iv) build plate
temperature of 60 °C.

Short carbon fiber (SCF)-reinforced polyamide was also used to 3D print reference
isogrid structures. The PA filament is filled with 15% carbon fibers, and it was used in an
FDM process. According to the technical datasheet, its tensile strength and tensile modulus
are equal to 103 MPa and 8.38 GPa, respectively.

2.2. Compression Test

Compression tests were conducted on 3D-printed continuous fiber bimatrix composite
specimens to evaluate the compressive mechanical behavior of the material. The test was
conducted according to ASTM D6641, and the specimens were made with a length of
140 mm, thickness of 3 mm, and width of 13 mm. The gage length of the specimen was
13 mm. The specimens were printed with the fibers arranged in the direction of application
of the compressive load. To ensure the repeatability of the test, five specimens were tested.
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A universal testing machine equipped with a 25 KN load cell was used to perform the tests.
According to the standard, the appropriate test equipment was employed with a nominal
rate of 1.3 mm/min.

2.3. Isogrid Structures

Isogrid structures were created with CAD software Autodesk Inventor Professional
2024, originating from a parallelepiped with dimensions of 106 x 80 x 8 mm (Figure 2).
This geometry was imported into the proprietary Anisoprint slicing software called Aura
v. 2.4.8, where the Isogrid infill pattern was set, enabling the desired lattice structure
to be achieved. In addition, the following printing parameters were set: printing speed
of 6 mm/s, microlayer height of 0.32 mm, extrusion width of 0.65 mm, and build plate
temperature of 60 °C. These parameters are the ones suggested by Anisoprint for achieving
the best printing results. The dual-matrix composite filament extrusion was performed at
a temperature of 250 °C. The isogrids were 3D printed at the following infill percentages:
10%, 20%, 30%, 40%, 50%, 60%, 70%, and 80%. To increase the accuracy of the tests, three
isogrids were printed for each infill percentage.

106 mm

80 mm 8 mm

Figure 2. Example of the 30% isogrid.

Figure 3 illustrates the isogrid geometries at various infill densities. In the figure,
the grey lines represent the reinforced perimeter of the structures, providing external
support and stability, while the red lines indicate the reinforced infill, which contributes
to the internal strength and buckling resistance of the isogrid configurations. These color-
coded lines help visualize the distribution and arrangement of reinforcement within the
isogrid structures, highlighting the differences in infill density and their potential impact
on mechanical performance.

The reference isogrid structures in SCF were printed at 10% and 80% infill densities.

Before testing, the isogrid structures were weighted to determine their mass. The
average values obtained from these measurements are presented in Table 1, both for
continuous and short fiber-reinforced structures. These weight measurements are crucial
for calculating the specific compressive resistance of the structures, allowing for a better
understanding of the relationship between mass and mechanical performance.
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Figure 3. Infill densities of the isogrid structures.

Table 1. Average weight of isogrid structures.

% Infill 10 20 30 40 50 60 70 80
CCF SCF CCF CCF CCF CCF CCF CCF CCF SCF
Weight [g] 1272 10.82 19.73 26.79 3354 39.04 46.12 5219 5823 51.2

Standard deviation +05 +09 £12 +06 +£08 =£13 +07 +04 =£06 =08

2.4. Tomography Analysis

The 3D-printed lattice structures were analyzed using the ZEISS METROTOM 1500 in-
dustrial tomograph, a device that allows for high-resolution three-dimensional imaging.
This technology utilizes X-rays to penetrate the object, providing detailed information
about the internal structure of the isogrid, including porosity, defects, and complex or
hidden geometries that are not visible through surface inspection alone. For the test, the
isogrid structures were positioned with their shorter side on a metal support and placed on
the rotating plate of the machine, located between the X-ray source and the X-ray detector
within the machine chamber. The characteristic parameters of the testing machine are
detailed in Table 2. This setup enabled precise imaging and analysis of the internal features
of the 3D-printed structures, contributing to a deeper understanding of their material
integrity and performance.

Table 2. Tomograph settings used for the isogrid structure analysis.

Voltage 180 KW
Current strength 380 pA
Voxel 64.08 um
Volume 303 x 1479 x 1824 Voxel
Filter Cu 0.5 mm
Integration time 666 ms
X-ray beam size 68 um

2.5. Buckling Test

To examine the behavior of 3D-printed isogrid structures made from carbon fiber-
reinforced polyamide, buckling tests were conducted using an MTS 810 servo-hydraulic
testing machine, with the mobile platen moving at a speed of 0.5 mm/min (as shown in
Figure 4). The isogrid structures were positioned such that their shortest sides were in
contact with the machine plates, allowing the compressive load to be applied parallel to the
fiber orientation, which is critical for accurately assessing the material buckling behavior.
During the tests, a load cell and an inductive displacement transducer (LVDT) were used
to record the values of load the maximum load (Pmax) and displacement (Ah) throughout
the testing process. Additionally, the maximum specific buckling load (Pmax/w) was
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calculated by dividing the maximum buckling load by the weight of the lattice structure.
This provides a normalized measure of buckling resistance relative to the structure mass.

Figure 4. Buckling test of the 30% isogrid.

Images capturing the failure mechanisms of the structures at different infill percentages
were taken using a specialized camera, allowing for a detailed visual analysis of how
varying infill densities affect the structural integrity under compressive loading.

2.6. Scanning Electron Microscope and Optical Analyses

The examination of the isogrid morphology after the buckling tests was conducted
using a Leica DMIS optical microscope, provided by Leica Microsystems GmbH in Wetzlar,
Germany. To gain more detailed insights into the fractured surfaces of the tested specimens,
the field emission scanning electron microscope (FESEM) ZEISS SUPRA™ 40, equipped
with a high-resolution GEMINI® lens, was employed. This advanced microscope enabled
the capture of finely detailed images, revealing the microstructural characteristics and
failure mechanisms of the material. Prior to conducting the SEM analysis, a metallization
process was applied to the specimens to enhance their electrical conductivity, ensuring the
acquisition of high-quality electron microscope images and facilitating accurate analysis of
the material’s internal structure.

3. Results
3.1. Compression Test

Figure 5 illustrates the typical force-displacement curves that describe the compressive
behavior of dual-matrix continuous carbon fiber specimens, which were 3D printed using
the co-extrusion technique. The curve exhibits an irregular pattern due to the progressive
failure of the composite material, which occurs with the formation of bend bands during
the test [26]. As observed, once the elastic region is surpassed, the curve not only becomes
more irregular but also displays a noticeable first peak around 4 KN. This initial peak
corresponds to the onset of partial fiber delamination within the composite. Following this,
a second peak appears at the point of fracture, marking the final failure of the specimen. The
average maximum force recorded during the tests was 4.62 + 0.43 kN, while the ultimate
compressive strength of the specimens was 81.77 £ 1.50 MPa. These values highlight
the material performance under compressive loading, with the irregularities in the curve
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providing insights into the complex failure mechanisms at play during the deformation
and eventual failure of the 3D-printed composite.

5 ¢

45
4

35

Force [KN]

O ", 1 1 I 1 1 I 1 1 1 1 I 1 1 I 1 1 1 I I 1
0 0.5 1 1.5 2 2.5

Displacement [mm]

Figure 5. Typical compressive force-displacement curve.

3.2. Tomography Analysis

Figure 6 sequentially presents the tomography of five layers in the xz plane of the
isogrid structure with 40% infill. The image highlights the emergence of macro-patterns
at the intersections where the filaments are deposited. Specifically, at the nodes where
filaments intersect, there is an overlap of dual filaments per layer, unlike along the ribs,
where only single filaments are present. This overlap causes the filament to elevate slightly
above the underlying layer as the deposition transitions from the rib to the node, creating
areas of discontinuity within the structure. These discontinuity zones, which can potentially
weaken the overall structural integrity, are located at different positions along the y-axis, as
illustrated in the image. This observation is critical for understanding the internal structural
dynamics and potential failure points within 3D-printed isogrid configurations.

Figure 6. Tomography analysis of the 40% isogrid structure.
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3.3. Buckling Tests

Figure 7 shows the average load—displacement curves obtained by the buckling test
of isogrid structures at different infills. The analysis shows that the buckling load Pmax
(maximum load supported by the structures) always increases as the percentage of infill
increases. It can be observed that the curves corresponding to low infill percentages (10%,
20%, and 30%) show a similar behavior. In fact, after reaching the peak load, the curves
show a step that becomes less evident as the infill density increases. The initial peak
corresponds to the beginning of local buckling in the vertical ribs, while the subsequent
peak is due to the onset of global buckling, caused by a greater displacement. In contrast,
isogrids between 40% and 80% infill present a single peak corresponding to the onset of
global buckling.

—10%
20%
—30%
—40%
50%
—60%
70%
—80%

P [KN]

Q 1 2 3 4 S 6 7 8 9 10 11 12 13 14 15 16

Displacement [mm]

Figure 7. Average load-displacement curves.

Table 3 presents the average values of the buckling load and specific buckling load
achieved for different infill densities, along with their respective standard deviations.
Moreover, the results of the buckling test on the SCF-reinforced isogrid are reported as a
reference. The data indicate that, similar to the trend observed with the maximum buckling
load, the maximum specific buckling load also increases as the infill percentage increases.
This relationship underscores the importance of infill density in enhancing the structural
integrity and buckling resistance of the 3D-printed isogrid structures. The standard de-
viations provide an indication of the variability in the measurements, highlighting the
consistency of the results across different samples. At 80% infill, the CCF structure shows
an increase of 66% and 61.5% in maximum load and maximum specific load, respectively.

Table 3. Average maximum load and maximum specific load as the % infill changes.

% Infill 10 20 30 40 50 60 70 80

CCF SCF CCF CCF CCF CCF CCF CCF CCF SCF

MaXif,“um)load 1.16 0.85 1.99 3.12 5.49 7.45 9.80 11.93 14.94 7.08
‘[12“131? +0.12 +0.12 +0.23 +0.35 +0.32 +0.15 +0.24 +0.17 +0.20 +0.30

Maximum specific

buckling load 0.091 0.078 0.101 0.117 0.164 0.191 0.212 0.229 0.257 0.138

(Pmax,/w) +0009 +£0016 +£0012 +0013  +0010 £0.004  =+0.005 +0.003  +£0.004  +0.005
[KN/g]
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The comparison with SCF indicates that the use of CFC significantly contributes to
the buckling resistance, as the increases in the maximum specific buckling load for the 10%
and for the 80% infill are equal to 16 and 85%, respectively.

The graphs in Figure 8 represent the trend, on a bi-logarithmic scale, of the buckling
load (a) and of the specific buckling load (b) as the infill percentage varies. The rate of
growth of the buckling load as a function of the infill % is lower at low percentages (up
to 30%) and then increases at high percentages; in fact, two different slopes of the curve
are evident. The change in slope becomes more pronounced when considering the specific
buckling load, with an increase in the angular coefficient of the straight line, describing the
behavior of the load as the infill density increases by 66% when going from 30% to 40%.
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Figure 8. Buckling load (a) and specific buckling load (b) as a function of % infill, reported on a
logarithmic scale: emphasis on the change in slope between lower 30% infills and higher.

The distinct behavior of structures with infill densities of up to 30% compared to
those with higher densities can be attributed to the different buckling mechanisms these
structures undergo. Specifically, structures with 10%, 20%, and 30% infill densities tend to
fail through local buckling upon reaching the critical load. In these cases, failure is confined
to specific zones within the structure, typically occurring on the xy plane, as illustrated in
Figure 9. Conversely, at higher infill densities, the failure mechanism involves the entire
structure, leading to global buckling. This global failure is characterized by deformation
and buckling that extends across the entire cross-section of the isogrid.

Visual inspection of the isogrids after failure further supports these observations.
Structures with up to 30% infill show localized failure zones, whereas those with higher
infill densities exhibit more widespread failure, involving the entire structure. Additionally,
in the higher-density structures, fiber pull-out is observed not only on the xy plane but also
in the z direction, indicating a more complex and extensive failure mechanism, as shown
in Figure 10. These findings highlight the critical role of infill density in determining the
buckling behavior and overall structural integrity of 3D-printed isogrid configurations.
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Figure 9. The tested 30% infill isogrid structure.

Global
buckling

FRONT

Pull out of fibers in z
direction

Figure 10. The tested 60% infill isogrid structure.

3.4. Optical and Scanning Electron Microscope Analyses

The morphology of the isogrids after the buckling tests was observed through an
optical microscope. Figure 11 shows the 16 x and 12.5x magnifications of the isogrids at
30% and 60% infill. Comparison of the two images highlights distinct failure mechanisms,
which are related to the different modes through which the two structures reach buckling,
either local or global. Indeed, the optical micrograph of the 30% isogrid shows a failure of
the fibers on the xy plane (also observable in the 10% and 20% structures), while the 60%
isogrid exhibits a different failure mechanism, with most of the fibers failing on the xz and
yz planes.

The image of the fracture surfaces of the 3D-printed lattice structure was also observed
by exploiting SEM (Figure 12). The presence of macrovoids between the deposited fiber bun-
dles is evident (recognizable at 500 x magnification), which leads to a non-homogeneous
structure. Single carbon fibers can also be noted. On the other hand, the 1000 x magnifica-
tion highlights the presence of microvoids between the single filaments. The presence of
macro- and microvoids can be attributed to deposition issues and low and inhomogeneous
impregnation of the fiber during extrusion. These defects also affect the mechanical proper-
ties of the material itself. Moreover, they compromise the material mechanical properties
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and make it difficult to achieve the expected mechanical performances. Furthermore, the
voids significantly impact the material’s ability to absorb humidity, further affecting its
overall integrity and functionality.

(a)

= Signal A = SE1 . = Signa! A = SE1 :
30um EHT=20.00kY i $marlic ﬁ sopm  EHT=2000kV i & marlic ﬁ

— WD =555mm Mag = 500X f—— WD =904 mm Mag= 100KX

(a) (b)

Figure 12. (a) The 500x and (b) 1000x SEM magnification of the 3D-printed composite.

4. Conclusions

In this study, composite isogrid structures made from continuous carbon fiber-reinforced
polyamide were fabricated using a 3D-printing process. The research focused on analyzing
the effect of varying infill densities on the buckling behavior of these isogrid structures.
The key findings from this investigation are summarized as follows:

e  The compressive behavior of the 3D-printed specimens closely resembles that of
traditional composite materials, demonstrating comparable mechanical responses
under load.

e  During the buckling tests, the load applied to the isogrid structures increases with
displacement, reaching a peak value that corresponds to the onset of buckling. This
behavior is consistent with theoretical predictions for buckling phenomena.

e The failure modes of the isogrid structures are influenced by the infill density.
Structures with lower infill density predominantly fail through local buckling,
characterized by deformation confined to specific areas. Conversely, structures with
higher infill density tend to fail through global buckling, where the entire structure
deforms uniformly.
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e  The maximum buckling load increases as the lattice infill density increases, regardless
of the type of buckling failure. This indicates that denser structures are better able to
withstand compressive forces before failing.

e  The rate at which the buckling load increases is modest at lower infill densities but
becomes significantly steeper at higher densities. This suggests that there is a threshold
density beyond which the structural integrity is markedly enhanced.

e  The specific buckling load, which normalizes buckling resistance against the structure’s
weight, shows a trend similar to that of the absolute buckling load. This implies that
as the structure’s weight increases, so does its resistance to buckling, making heavier
but denser structures more robust.

e  Continuous carbon fibers significantly increase both the maximum buckling load and
the maximum specific buckling load compared to short carbon fibers.

e  Microscopy analyses provide insights into the failure mechanisms, clearly distin-
guishing between local and global buckling modes in the lattice structures. These
observations are crucial for understanding how to design against specific types
of failure.

e Scanning electron microscopy images reveal the presence of both macro- and mi-
crovoids within the composite structure. These voids are critical defects that negatively
impact mechanical performance, indicating areas for potential process improvements.

This research aims at demonstrating that specific strength can still be improved with
increased material usage, even when different buckling modes occur. These findings are
critical for the design of stronger and lighter 3D-printed composite structures, particularly
in industries like aerospace and automotive engineering, where both weight reduction and
strength are essential.

Isogrid lattice structures manufactured from composites via 3D printing exhibit high
buckling loads, particularly when local buckling is minimized. However, the presence
of voids remains a significant challenge, underscoring the need for further process opti-
mization to reduce void formation and enhance structural performance. Future research
will focus on reducing the porosity and the void quantity in the structures by optimizing
3D-printing parameters and by performing post-processing operations in order to produce
more efficient components, and on exploring the impact of moisture absorption on the
buckling resistance of these isogrid structures.
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Abstract: This paper aimed to understand the AE signal characteristics and damage mech-
anism of wind turbine blade main spar materials with different defects during the damage
evolution process. According to the typical delamination and wrinkle defects in wind
turbine blades, the GFRP composite with defects is artificially prefabricated. Through
acoustic emission experiments, the mechanical properties and acoustic emission charac-
teristic trends of wind turbine blade main spar composites with different defects under
tensile loading conditions were analyzed, and the damage evolution mechanism of differ-
ent defects was explained according to the microscopic results. The results show that the
existence of artificial defects will not only affect the mechanical properties of composite
materials but also affect the damage evolution process of the materials. The size and
location of delamination defects and the different aspect ratio of the wrinkle defects have a
certain influence on the damage mechanism of the material. K-means cluster analysis of
AE parameters identified the damage models of GFRP composites. The types of damage
modes of delamination defects and wrinkle defects are the same, and the range of char-
acteristic frequency is roughly the same. This study has important reference significance
for structural damage monitoring and damage evolution research of wind turbine blade
composites.

Keywords: wind turbine blade; main spar; glass/epoxy composites; acoustic emission;
damage mechanism; damage modes

1. Introduction

The most important part of producing wind energy is the wind turbine blade, whose
production costs make up roughly 23% of the unit cost [1]. The majority of wind farms
are situated in isolated locations, making maintenance and monitoring of the turbines
challenging. Inaccurate assessments made too late could result in catastrophic damage to
wind turbine blades under demanding operating conditions, catastrophic accidents, and
enormous financial losses. The profile structure of large wind turbine blades is depicted in
Figure 1, and more than 90% of the components of wind turbine blades are composed of
composite materials [2].

About 80% of the weight of the wind turbine blades is supported by the main spar,
with the remaining 20% being supported by the leading and trailing edges [3]. The primary
spar’s structure is laminate, and to increase its strength and stiffness, a high unidirectional
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strength glass fiber fabric is utilized as the reinforcing phase [4]. About 90% of the total
brandishing stiffness is contributed by the main spar, and web plates provide internal
support for the two shells to guarantee adequate structural stability [5]. In blade fracture
accidents, the main spar fracture is the most common fracture form. The main spar’s local
stress concentration can be caused by the combination of inadequate vacuum perfusion
and the main spar’s lay-up properties, which can readily result in blade manufacturing
errors. Defects will decrease the material’s fatigue resistance, which will exacerbate damage
initiation and expansion under complex random loads and hasten the main spar’s fracture
process. Currently, blade quality is mostly in danger due to manufacturing faults in primary
spars, which also play a significant role in early failures and blade fracture accidents [6].
Delamination, wrinkles, air bubbles, and a lack of adhesive are examples of defects that
can occur during the main spar laminate preparation process because of the reinforcement,
matrix, and interface between them [7]. For example, the fiber cloth is not set flat during the
cloth layer laying process, which leads to the formation of wrinkle faults. Because the fiber
and resin have different thermal expansion coefficients and rates of moisture absorption,
there is a chance that they will expand to different degrees during the curing process, which
will ultimately result in the formation of lamination defects. In addition, poor air inflow or
exhaust during vacuum perfusion leads to poor resin infiltration of the molded leaves [8].
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Figure 1. Profile structure of wind turbine blade.

The combined influence of unstable components like delamination is the primary
cause of blade damage. The sort of blade defect that most affects the structural performance
of the blade is the delamination defect. Lamination defects are among the most prevalent
types of defects in blades because the composite material used to make blades is made up
of multiple layers, making it simple for defects to occur between them [9]. Wrinkle defects
are a common main process defect found in many manufacturers” goods because they are
reasonably easy to arise in the blade layering process and can have a significant impact on
the reliability of composite material products [10]. In particular, if there are wrinkle defects
in the root, trailing edge, main spar, and other structural areas, in the operation of wind
turbines, the interlayer cracking of fiber-reinforced composite materials in the wrinkle area
will cause lamination damage of blades in serious cases [11]. At present, according to the
characteristics of quality accidents in blades, wind power blades basically have three major
risk sources: raw materials, manufacturing process defects, and design factors. Regardless
of the maintenance faults or scrapping caused by quality reasons, process defects occupy
a dominant position [12,13]. Typical manufacturing process defects of the wind turbine
blade main spar structure are shown in Figure 2.

We aim to investigate the influence of manufacturing defects on the healthy life of
wind power blades. At present, due to the limitations of manufacturing levels and process
technology, the manufacturing defects of wind power blades cannot be completely avoided.
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Therefore, it is very important for the structural health monitoring of wind power blades to
analyze the signal characteristics, damage modes, and damage mechanisms of different
defects with the help of sensors. Over the recent years, a remarkable number of scientific
papers demonstrate the capability of AE in nondestructive testing (NDT), structure health
monitoring (SHM), condition monitoring (CM), and fault diagnosis for RE generation,
transmission, transformation, and storage systems [14]. Due to the high sensitivity of
acoustic emission detection, it can effectively identify and monitor the weak matrix cracks
and fiber damage components and characteristics in structures. The generation of acoustic
emission signals changes with the stress, time, and temperature of the tested component, so
dynamic information of structural damage and damage evolution with the above variables
can be obtained, and long-term continuous state monitoring can be conducted. At present,
acoustic emission monitoring technology has been widely used in damage monitoring,
damage source location, and damage identification [15].

Figure 2. Typical manufacturing process defects of wind turbine blade main spar structure: (a) wrin-
kle defects; (b) delamination defects; (c) air bubble defects; (d) lack glue defects; (e) pore defects; (f)
inclusion defects [16].

In the study of damage evolution, Nikhakht et al. [17] conducted a series of experi-
ments on glass fiber reinforced plastic material samples with different layerings through
acoustic emission data analysis and microscopic imaging methods. The results show that
matrix cracking is the first failure mode, and its frequency ranges from 50 kHz to 200 kHz.
The damage evolution depends on the fiber orientation. In addition, the load displacement
curve, acoustic emission data, and microscopic imaging results have a good correlation in
the initial, evolution, and expansion stages of damage. Loutas [18] et al. conducted tensile
tests on braided carbon/carbon composites, focusing on the influence of the manufacturing
process on the fiber/matrix interface, and conducted online acoustic emission monitoring.
The results show that the impact is related to the damage mechanism under different load
levels. Bourchak et al. [19] conducted tests on carbon fiber reinforced plastic composite
laminates under static and fatigue loads, and used acoustic emission for monitoring. The
results show that the AE energy is correlated with the damage observed by ultrasonic
scanning and microscope in terms of damage type, location, and effective parameters of
damage accumulation. Michalcova et al. [20] used optical equipment and acoustic emission
technology to monitor the crack growth of a double-cantilever spar with plain carbon fiber
reinforced composite materials in the environmental laboratory, and studied the relation-
ship between acoustic emission energy and damage degree. The results show that the
emission energy decreases when the temperature increases and the crack grows.
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In addition to damage evolution research, acoustic emission technology is also widely
used in wind power blade damage monitoring. Xu et al. [21] used acoustic emission
analysis technology to monitor the fatigue test of 59.5 m long blades, extracted the original
AE signal features through wavelet packet decomposition, identified the damage mode,
and verified the robustness of the method. Tang et al. [22] conducted damage monitoring
for the fatigue test of 45.7 m long blades based on AE technology, installed AE sensors near
the web and trailing edge, respectively, and introduced initial defects. With the increase in
fatigue test times, the growth of fatigue damage caused by primary defects and the location
of damage were successfully detected. Zhou Bo et al. [23] used the blind deconvolution
separation method to extract the features of acoustic emission signals collected in the fatigue
test of 3.95 m long reduced ratio blades, and obtained the characteristics of weak cracks in
blade skin and their changing trend with fatigue load. The damage evolution of composite
materials is a complex mechanical process with highly nonlinear, multi-excitation source
characteristic coupling and a large number of random factors. Different defects have
significantly different AE signal characteristics, components, and damage modes in the
process of damage evolution, so the physical meaning expressed by their damage modes is
different [24]. Therefore, as a necessary prerequisite for the realization of wind power blade
health monitoring and condition assessment, it is necessary to clarify the acoustic emission
signal characteristics, damage modes, and damage mechanisms of different defects in the
damage evolution process, so as to improve the interpretation of defect damage behavior.

In summary, the study of acoustic emission signal characteristics and damage mecha-
nisms of different defective main spar composite materials during the damage process can
provide support for the realization of wind turbine blade condition monitoring, contribute
to the realization of wind turbine blade health condition monitoring, reduce the incidence
of major safety accidents, and reduce the huge economic losses caused by late, untimely
repair. In this paper, the artificial prefabrication of GFRP composites containing defects
was carried out to solve the most harmful lamination and wrinkle defects in wind power
blades. The damage evolution of GFRP laminates with lamination and wrinkle defects was
studied using the acoustic emission monitoring technique. The influence of the size and
position of different defects on the mechanical properties of materials was analyzed, and
the acoustic emission signal characteristics and damage modes of different defects during
the damage process were obtained by means of acoustic emission sensor signals, and the
damage mechanism of different defects was analyzed by combining the acoustic emission
signal characteristics and microscopic results during the damage process. This work has
important reference significance for structural damage monitoring and damage evolution
mechanism research of wind power blade composites.

2. Experiment Methods
2.1. Specimen Preparation

Because the thickness of the main spar of the wind turbine blade is much smaller than
the plane size of the blade, the change in surface bending deformation can be ignored.
Moreover, the normal deflection of the main spar surface is constant along its thickness
direction, and the stress perpendicular to the plane direction of the main spar can be ignored.
Therefore, the main spar structure of the blade conforms to the applicable conditions of
the laminate theory, and the use of GFRP laminate specimens in the study conforms to
the practice. According to GB/T25383-2010 wind turbine blade quality standards, wind
turbine blades should be tested for process defects during processing and completion, such
as wrinkle defects, delamination defects, air bubble defects, lack glue, etc. It is necessary to
increase the strength check especially for delamination defects and wrinkle defects, which
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shows that delamination defects and wrinkle defects are important factors affecting the
production quality of wind turbine blades [25].

Vacuum-Assisted Resin Infusion (VARI) was used to make laminates with defective
blades. The technique was Resin Transfer Molding (RTM), which is a high-performance
and low-cost vacuum-assisted perfusion method developed on the basis of RTM [26]. At
present, VARI has become one of the main manufacturing processes for wind power blades,
and the manufacturing method is shown in Figure 3. Under the same process conditions,
the strength, stiffness, hardness, and other physical properties of the parts obtained by
the vacuum perfusion method will be increased by 30-50% compared with the traditional
hand paste process, and the porosity can be reduced to less than 0.2%, and the cost can
be saved by 50%. In addition, compared with the traditional resin molding method, the
vacuum perfusion method can reduce the porosity of composite parts and save 50-70% of
the mold cost [27].

Vacuum film  Vacuum leading direction Hlll Resin

Diversion nets
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Figure 3. Diagram of resin introduction layer structure.

Lay a pre-prepared fiber layer on the bottom mold, cover the mold plate after laying,
and ensure that the bottom and upper mold can be fully closed. A vacuum bag is used to
wrap and seal, and then a vacuum pump is used to pump air to negative pressure. Finally,
the resin liquid is injected into the whole mold through the grease injection port, and the
resin is fully permeated through the layer structure. The concrete implementation steps
of the specimen are shown in Figure 4. Glass fiber unidirectional cloth (ECW600-1270,
600 g/m?) is selected as the lay-up material. The epoxy resin used in the preparation
process of GFRP composites is Araldite LY 1564 SP, with a density of 1.1~1.2g/cm?® and
a concentration of 100% transparent liquid. The curing agent model is Aradur 3486, the
density is 0.94~0.95 g/cm?, and the concentration is 100% blue liquid. The mass ratio of
the epoxy resin and curing agent in the resin matrix is 100:34.

Lay diversion layer Cover vacuum film and vent

() F -

Recirculating resin Heat curing Sealed for 24 hours

Figure 4. GFRP composite manufacturing process.
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Since epoxy resin is a thermosetting resin, the resin liquid and curing agent should be
fully stirred and mixed before heating in the preparation process. It is worth noting that in
the curing heating process, the temperature cannot be set too high, as too high temperature
heating will lead to changes in material properties. At the same time, too low temperature
control will lead to poor fluidity of the resin liquid and difficulty penetrating the fiber layer
structure. In addition, too low a temperature is not conducive to the removal of bubbles in
the resin, and the remaining bubbles will lead to an increase in porosity. After repeated
experiments, the curing heating temperature should be controlled at 70~80 °C.

The prefabrication method of artificial lamination defects is made by placing polyte-
trafluoroethylene film in the fiber prefabrication block. In the process of high temperature
curing, the polytetrafluoroethylene film is deposited on the surface of the resin base, re-
sulting in a better fusion between the resin base infiltrated on the surface and the fiber
layer, thus forming a weak interface. In the cooling process, the weak interface is separated
due to the different thermal expansion coefficient between the polytetrafluoroethylene
film (PTFE) and the composite material, so as to simulate the delamination defect. The
specific operation process of the artificial layered defect production method in this paper is
as follows:

(1). First lay the bottom glass plate mold and keep it clean, and lay the layer from the
bottom to the top.

(2). When the delamination operation is carried out to the layered defect design layer,
place the PTFE film with a thickness of 0.5 mm.

(3). After the layer is finished, lay the stripping cloth, diversion net, and vacuum bag.

(4). Connect the covered paving structure to the vacuum resin filling system, and check
the air tightness of the filling device and mold.

After the inspection is qualified, the grease is injected and finally the curing operation
is carried out. The schematic material samples of the four combinations are shown in
Figure 5. Specimen Al has no delamination defect and specimen A2 has PTFE film with a
size of 25 mm x 25 mm sandwiched between the third and fourth layers. The PTFE films
are 25 mm X 15 mm and 25 mm x 25 mm in size, respectively, sandwiched between the
12th and 13th layers of specimens A3 and A4.

I_ *j

"’J %
1? *3
”T .

Figure 5. Size diagram of delamination defect specimens (units: mm).

When the wrinkle defect is prefabricated manually, the copper wire of uniform material
is generally placed between the fiber cloth and the mold. In the process of vacuum
perfusion, the pre-placed copper wire can change the angle of the fiber cloth layer and
prevent the infiltration of resin on the wrinkle area of the fiber cloth. After cooling and
curing, the pre-placed copper wire is removed by electric winch traction, and the prepared
resin is injected into the empty slot of the copper wire for re-curing, so that the area is rich
in resin, thus simulating the wrinkle defect. In this paper, copper wire with a diameter of ¢
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=2 mm is used to make wrinkles when preforming wrinkle defects. The specific operation
process is as follows:

(1). First clean the sign of the mold plate, and then evenly apply the release agent to the
surface of the mold plate.

(2). Place the copper wire with a diameter of ¢ = 2 mm on the mold plate and place the
glass fiber cloth on the copper wire, and perform the lay-up operation from the bottom
to the top. The copper wire placed at different layer positions produces different
aspect ratios, which are, respectively, labeled Z1 (2:0.2), Z2 (5:1), and Z3 (1.5:0.3). The
specific size parameters are shown in Figure 6. About 1 m of copper wire is reserved
during operation to facilitate fixing on the electric winch.

(3). After the layer is finished, lay the stripping cloth, diversion net, and vacuum bag.

(4). Use an electric winch to remove the copper wire and fill the copper wire empty tank
with pre-stirred resin liquid for curing operation. This area is a rich resin area.

(5). Cut the prepared GFRP composite material into a laminate with a predetermined
size, polish the gap flat, and finally paste reinforced aluminum sheets at both ends of
the specimen.

20 ”L
————
| 250 \

20

| 250 |
15 ‘
P —o
73
} 250 |

Figure 6. Size diagram of wrinkle defect specimens (units: mm).

The microscopic morphology of the resin aggregation layer with artificial prefabricated
wrinkle defects is shown in Figure 7a. It can be seen that the boundary between the resin
aggregation area of artificial wrinkle defects and the composite material forms an “Arched”
transition zone. The change in the fiber layering angle in this region makes the composite
susceptible to stress concentration interference during loading. As shown in Figure 7b
after the natural wrinkle defect is polished, the fiber structure near the boundary of the
resin gathering area changes, which is consistent with the interface structure at the artificial
prefabricated wrinkle defect. In Figure 7c, it can be seen that the fibers near the layered
interface at the macro level do not fully fuse with the resin matrix due to the presence of
the PTFE film. Natural stratification easily weakens the adhesion of the material interface,
resulting in the destruction of the interface structure, and its microscopic morphology is
shown in Figure 7d. By comparing the defect morphology of artificial lamination and
natural lamination, it can be seen that the artificial lamination defect composite method
adopted in this paper can simulate the natural lamination defect better.
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100pm
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Figure 7. Morphological features of defects: (a) artificial wrinkle defects; (b) natural wrinkle defects;
(c) artificial delamination defects; (d) natural delamination defects.

2.2. Acoustic Emission Test Method

The tensile tests of composites were performed according to the ASTM standard
D3039 partly (Standard Test Method for tensile properties of Ploymer Matrix Composite
Materials) [28]. The tensile test was carried out on a WAW-300B servo universal test
machine. The maximum test force is 300 kN, the relative error of the test force indication
value is <£1% of the value, and the test force measurement range is 2~100% of the
maximum test force. The control range of constant displacement is 0.01 mm/s, and the test
system is shown in Figure 8. An acoustic emission sensor was installed at the defect of
the specimen and fixed with tape. In order to provide a good acoustic coupling between
the specimen surface and the sensor, silicone grease was used as the coupling agent and a
pencil fracture test was performed. In order to ensure the effective elimination of electrical
and mechanical noise, the appropriate threshold is fixed at 40 dB through repeated testing.
The initial load is applied to eliminate the noise interference in the loading process of the
reinforced aluminum sheet.

WAW-300B

Testing machine

Specimens

Preamplifier

“n‘
| |
Data acquisition system Data processing system

Figure 8. Acoustic emission testing system.

Testing machine

control system

It is worth noting that the quality of acoustic emission data obtained by the experiment
mainly depends on the timing parameters of the time-domain waveform. The PDT (peak
definition time), HDT (hit definition time), and HLT (hit lock time) are parameters used to
select acoustic emission event characteristics. The main acoustic emission parameters and
definition methods obtained in the experiment are shown in Figure 9. In the experiment, the
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center frequency of the acoustic emission sensor is 150 kHz and the gain of the preamplifier
is 40 dB. The sampling frequency is set to 3 MHz, the peak definition time is 30 ps, the peak
definition time is 150 us, the hit definition time is 150 ps, and the hit lock time is 300 ps [29].

Rise time
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r Counts 'l

Y S———
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Figure 9. Definition of acoustic emission parameters.

The sensor selects four symmetrical sensor channels, and the position of the sound
source is the real lead break position, that is, the red line position, as shown in Figure 10.
Through the arrival time of the acoustic emission signal received by the sensor and the
distance of the sensor ruler, the calibration of the acoustic emission wave speed is completed.
Considering the complex structure of the composite material itself, the acoustic velocity
calibration of the acoustic emission signal needs to be measured several times, and the
average value is taken. In order to solve the attenuation problem of acoustic emission
signals, the sensor signals at different positions are tested during the lead-breaking test. The
amplitude of the lead-breaking signal collected by the sensor should not be less than two
times of the threshold amplitude. Due to the close distance between the acoustic emission
sensor and the defect position in this paper, the attenuation effect of the acoustic emission
signal is relatively small. The sound velocity calculation method is shown in Equation (1).

V:(Ll+L2+ Ls L )/4 1)

o bt fB3—h

pencil lead break

1‘# L3 2'# L1 L2 3‘# L4 4‘#

tl t2
t3 t4

Figure 10. Sound velocity calibration for acoustic emission lead break test.

In the lead-breaking experiment, a 0.5 mm pencil was used, the lead length was about
2.5 mm, and the angle between the lead and the specimen surface was about 30°. The
signal frequency of the experimental interrupt lead test is distributed in 100—400 kHz.
When the characteristic frequency of the broken lead signal is 150 kHz, the amplitude of
the signal is the largest, and the other low amplitude signals may be the interference of
environmental noise.

In the test process, the number of sensors is first determined by the attenuation of
the pencil lead-breaking signal in the pre-test. The specific operation method is as follows:
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Two AE sensors, 40 mm apart, were arranged on the top and bottom of the laminate
specimen, and a pencil lead-breaking test was carried out at the defect center. The AE wave
velocity and attenuation amplitude of the laminates were 4423.7 m/s and 0.22~0.38 dB/cm,
respectively, and the maximum time difference of AE signal attenuation in the pencil
lead-breaking test was determined (Atmax = 0.0084 ms).

An acoustic emission lead-breaking waveform is shown in Figure 11. As can be seen
from the figure, the time difference between sensor 1 and sensor 2 to receive the acoustic
emission signal of broken lead is 0.0018 ms (<Atmax = 0.0084 ms). The test results show that
both sensors can effectively receive acoustic emission signals, and there is no significant
difference in signal attenuation. Therefore, the use of an acoustic emission sensor in the
experiment can also effectively capture the damage characteristics, which is consistent with
the experimental conclusion of Favretto [30].
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Figure 11. The schematic of pencil lead break test.

3. Experimental Results
3.1. K-Means Clustering Analysis of AE Signals

The acoustic emission waveform is stored by a computer and acquisition system,
and the corresponding characteristic parameters such as energy, amplitude, and count
are calculated according to the acoustic emission waveform. Since these characteristic
parameters are derived from acoustic emission acquisition waveforms, the damage char-
acteristics of different defects can be obtained by analyzing them to a certain extent. The
acoustic emission characteristic parameters obtained in the experiment mainly include:
amplitude, energy, count, and peak frequency, etc. All acoustic emission characteristic
parameters are regularized [0, 1], and the characteristic parameter matrix is established.
Due to the complexity of composite structure, the AE source has diversity and uncertainty,
and different AE sources can produce completely different AE signals. However, in real
situations, these feature parameters may exhibit high similarity. This is because they are all
different ways of quantifying physical phenomena produced by the same acoustic emission
source, and these physical phenomena are inherently related to each other. A fully linked
geometric distance metric was used to cluster the feature parameters, and the results show
that the AE number, energy, peak frequency, and amplitude height have some similarity
in describing the damage trend, as shown in Figure 10. Therefore, the feature parameters
with high similarity are selected for K-means clustering analysis.

The K-means clustering algorithm classifies the data features in the sample space,
and uses the optimization iteration function to correct the clustering results in the initial
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supervised learning sample. The K-means clustering algorithm is a clustering algorithm
based on the optimal criterion function, and the criterion function is as follows [31]:

k
J=Y Y x—mf? 2)

i=1 XGC,'

where x is the acoustic emission parameter data sample, k is the number of clusters, C; is the
sample set of the Class i cluster, m; is the mean vector of cluster i, and satisfies the following:

mi:%zxi 3)

XEX;

where 1; is the number of samples in C;. Criterion function | is used to describe the total
error square generated by the k cluster sample set Cq, Cy, -+, C represented by different
clustering centers my, my, ---, my. The smaller the ] value, the higher the similarity of data in
the same cluster sample set. The K-means clustering algorithm uses the iterative function
to continuously adjust the clustering center, so that the error sum of squares criterion
function J of each cluster sample set can obtain the minimum value. Therefore, the number
of clusters k and the initial cluster center should be determined before using this method,
as shown in Figure 12.
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Figure 12. Correlation tree diagram of acoustic emission signal parameters.

Due to the high sensitivity of acoustic emission sensors to weak signals, it is also
susceptible to noise interference. During the experiment, the influence of environmental
noise should be avoided as much as possible, but the noise source of the experimental
equipment itself cannot be avoided. The AE data obtained at a high sampling frequency
are very large, so principal component analysis (PCA) is adopted to preprocess the AE
features, reduce the information dimension, and screen effective AE parameters.

The comatrix is established after the normalization of the acoustic emission char-
acteristic parameters selected in the experiment. C is set to represent the comatrix of
acoustic emission characteristic data. The eigenvalue A; can be calculated by the equa-
tion det(C — Aj) = 0. The columns of the eigenvector matrix A satisfy the equation
C = ADAT, where the matrix D is the eigenvalue Ay, Ay, ..., Ay forming a diagonal matrix,
and Ay > Ay > ... > Ay, PCA can transform multidimensional AE data into a series
of linearly uncorrelated new features called principal components. Let A be a matrix of
eigenvectors, a;; is the element that makes up A, and then each principal component can be
represented as follows:

Pd; =) a;p; 4)
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where p; is the initial set of normalized AE signal parameters. The AE signals after PCA
dimensionality reduction were analyzed by K-means clustering. The number of clusters
was evaluated using the Davis-Bouldin and Silhouette indices, and the higher the DB index
and the lower the SI index, the best number of clusters for the sample data [32,33].

1& DW,; + DW;
DB(k) = - il ] )
) = L mar( )
SI = 1 zn b(xi) — a(xi)' (6)

where DW; represents the average distance of the center of mass between adjacent clusters.
DWi, represents the average distance of the center of mass between the cluster center and
other clusters. (DW; + DW;)/DC;; represents the similarity between different clusters,
which is the clustering distance. a(x;) represents the average distance between x; and other
clusters, and b(x;) represents the average distance between x; and neighboring clusters.

Reference [34] compared the clustering sensitivity of different acoustic emission pa-
rameters. The results show that the acoustic emission amplitude, average frequency, and
energy have high variance values, which means that these three acoustic emission pa-
rameters will obtain better clustering results. The clustering number results of composite
specimens are shown in Figure 13. It can be seen from the evaluation results of the DB and
SIindex that the optimal cluster number is 4.
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Figure 13. Evaluation of the number of clusters: specimens A1, A2, A3, and A4.

The clustering results and AE signal quantity of samples with delamination defects
and wrinkle defects are shown in Tables 1 and 2. The matrix cracking stage is represented
by Cluster 1’s characteristic center frequency of 63.2-65.8 kHz, the fiber/matrix stripping
stage by Cluster 2’s characteristic center frequency of 136.9-142.87 kHz, the delamination
of the interface stage by Cluster 3’s characteristic center frequency of 254.46-284.3 kHz, and
the fiber breakage stage by Cluster 4’s characteristic center frequency of 365.2-397.75 kHz,
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according to the clustering results of delamination defect specimens. The typical cen-
ter frequencies of Cluster]l matrix cracking and Cluster2 fiber/matrix stripping were
69.38-73.22 kHz and 137.24-148.53 kHz, respectively, in the clustering results of wrin-
kle defect specimens. The typical center frequency of Cluster4 fiber breakage is
392.83-402.27 kHz, while the characteristic center frequency of Cluster3 interface delamina-
tion is 281.61-287.20 kHz, which corresponds to the interface delamination stage.

In addition, the low frequency component whose peak frequency is less than 30 kHz
is due to mechanical vibration interference during loading. The amplitude of acoustic
emission signals can represent the intensity of sound source features, and the amplitude
distribution is related to the deformation mechanism inside the material. According to
Tables 1 and 2, during the damage evolution process, glass fiber composites containing
lamination defects and wrinkle defects will generate a large number of high-amplitude
AE signals. In the initial stage of damage evolution, the matrix cracking and fiber/matrix
stripping damage characteristics of layered defect specimens are more active than those of
non-defective specimens. The reason is that the existence of delamination defects will affect
the strength of the interlayer structure, leading to the rapid deterioration of matrix cracking
and fiber /matrix spalling during the tensile process. By comparing the defect specimen
with the no-defect specimen, it can be found that the damage characteristics of the layered
defect and the wrinkle defect are basically the same. However, the central frequency of the
damage mode characteristics is different, which indicates that the composite with defects
has a certain influence on the damage characteristic frequency and produces fluctuations.

Table 1. Cluster analysis results of delamination defect specimens.

Specimen Al Specimen A2
Amplitude/dB Center frequency/kHz Amplitude/dB Center frequency/kHz
Cluster1 40.1-91.8 71.31 40.1-91.5 63.20
Cluster2 40.3-86.5 131.84 40.3-83.2 142.87
Cluster3 41.5-72.2 297.60 41.3-71.5 254.46
Cluster4 42.2-66.3 407.25 41.6-67.8 365.20
Specimen A3 Specimen A4
Amplitude/dB Center frequency/kHz Amplitude/dB Center frequency/kHz
Cluster1 40.1-92.3 65.80 40.1-91.2 65.41
Cluster2 40.3-86.5 136.90 40.3-86.5 138.62
Cluster3 41.6-68.4 284.30 41.7-70.2 267.94
Cluster4 42.5-62.3 397.75 42.2-65.3 385.83
Table 2. Cluster analysis results of wrinkle defect specimens.
Specimen Z1 Specimen Z2 Specimen Z3
. Center . Center . Center
Amplitude/dB Frequency/kHz Amplitude/dB Frequency/kHz Amplitude/dB Frequency/kHz
Cluster1 40.1-89.2 71.65 40.1-91.2 73.22 40.1-92.3 69.38
Cluster2 40.5-90.3 144.42 40.3-86.5 148.53 40.3-86.5 137.24
Cluster3 41.0-75.8 284.25 41.7-70.2 281.61 41.6-68.4 287.20
Cluster4 42.2-57.3 398.65 42.2-65.3 392.83 42.5-62.3 402.27

As shown in Figure 14, acoustic emission waveforms and spectrum characteristics of
different damage modes were extracted according to the clustering results. The damage
characteristic spectrum of real wind turbine blades and the acoustic emission waveform
characteristics of glass/epoxy composites were compared. By comparing the damage
pattern recognition results of the reference and this paper, the characteristic frequency
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range of the four damage patterns is basically consistent with the reference results. The
time-domain waveform duration of high-frequency signals is shorter, and the time-domain
waveform duration of low-frequency signals is longer [35-37]. It is worth noting that the
acoustic emission signals of matrix cracks in real wind turbine blades in reference [36]
are compared. In this paper, the acoustic emission signal amplitude representing the
low-frequency matrix crack fluctuates greatly, as shown in Table 1. The reason for this
phenomenon is that in the damage process, the matrix usually starts with small cracks
and gradually expands into larger cracks, which leads to obvious amplitude fluctuation.
In addition, due to the influence of defects, the matrix structure is more likely to produce
high-amplitude acoustic emission characteristics during the damage process.

The relationship between tensile load and peak frequency and time is shown in
Figure 15. The grouping boundaries of Cluster 1 and Cluster 2 AE signals in the low
frequency stage have overlap in the peak frequency clustering results. This behavior is
caused by the low frequency stage’s peak amplitude being very modest and the signal
there being highly contaminated by noise. Therefore, the data partitioning accuracy in the
process of cluster analysis will be affected [38]. It can be seen from Figure 15 that in the
damage mode of the low frequency stage, the entire stretching process happens virtually
concurrently with matrix cracking and fiber stripping. Due to the constant evolution and
quick spread of faults, many fiber breakage characteristic frequency signals emerge prior
to reaching the fault point. The findings indicate that four damage modes will manifest
simultaneously and a large number of high-frequency signals will manifest when the
composite is close to failure.
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According to the results of clustering in Table 1, AE signals of fiber bundle breakage
are characterized by peak frequency and low amplitude, and samples with delamination
defects generate AE signals of peak frequency earlier than standard specimens. In the
second stage of damage evolution, fiber/matrix stripping and propagation lead to the
continuous emergence of high-frequency AE signals. For sample Al shown in Figure 15
(Al), AE signals with high-frequency fiber breakage began to appear when the load was
increased to about 80 kN. Similarly, for specimens A2, A3, and A4 with delamination
defects in Figure 15 (A2-A4) with AE characteristics of high-frequency fiber breakage,
the corresponding loads were 45 kN, 75 kN, and 55 kN, respectively. Compared with
specimens Al, A3, and A4, the high-frequency fiber breakage feature of specimen A2
appears at about 550 s, which is earlier than the peak frequency and irreversible damage
time of other specimens. This is because the closer the lamination defect is to the surface of
the specimen, the lower the structural bearing capacity of the specimen.

According to the above analysis, defect depth and size are related to AE characteristic
frequency. As shown in Figure 15, the depth and size of defects in the damage evolution
process of GFRP composites have a certain influence on the frequency characteristics of
fiber breakage. In layered defects, when the defect depth is the same, the characteristic
frequency of the fiber breakage of the specimen with a large defect size is smaller than
that of the specimen with a small defect size. When the defect size is the same, the
fracture characteristic frequency of the defect depth in the surface layer is smaller than
that in the middle layer. Similarly, the effect of wrinkle defects with different aspect
ratios on damage patterns is roughly the same as that of layered defects. Therefore, the
frequency characteristics of the damage mode of composite materials are related to the
physical properties of the material itself, but different defect sizes and depths will affect the
frequency range of the damage mode characteristics.

As shown in Figure 16, the peak frequency of acoustic emission signals in damage
stage I is 93 kHz, and the frequency components in this stage are mainly low-frequency
characteristics, and there are almost no high-frequency fiber breakage components larger
than 350 kHz. In stage 1II, the acoustic emission peak frequency is mainly 93 kHz, 150 kHz,
and 210 kHz, and there is a frequency characteristic of 290 kHz. In this stage, the main
damage is matrix cracking, fiber breakage, and interface delamination. In stage III, in
addition to the low and medium frequency features, a high-frequency feature with a peak
frequency of 378 kHz appears, indicating that the damage component of fiber breakage is
very active in this stage. The spectrum characteristics of the above transmitted signals are
basically consistent with the clustering results in Figure 15 (A1).
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Figure 16. Acoustic emission signal spectrum characteristics of specimen Al at different dam-
age stages.
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3.2. Acoustic Emission Characteristics of Delamination Defects

According to the tensile test of the composite material specimens with layered defects,
the average failure loads of layered specimens Al, A2, A3, and A4 are determined to be
92.8 kN, 76.41 kN, 85.24 kN, and 79.73 kN, respectively. The displacement change trend of
the composite material sample in the tensile test is shown in Figure 17. In the experiment,
the ultimate breaking load of specimens A1, A2, A3, and A4 is significantly lower than that
of specimen Al when the layered defects are present. This shows that lamination defects
can reduce the ultimate strength of composite structures, and the closer the lamination
defects are to the surface of composite materials, the greater the impact on the structural
strength of composite materials. In addition, when the location of the lamination defect
is the same, the larger the size, the greater the influence on the structural strength of
the composite.

T T T T
121 —e— Al 1
—=— A2

—v—A3

(=]
T

—— A4

Displacement(mm)
(=)} o

~

[\S]

1000 1500 2000

Time(s)

0 500

Figure 17. Displacement curve of specimens in tensile test.

AE amplitude, accumulation count, energy, and count parameters were selected as AE
feature analysis in the tensile test results. Figure 18 displayed the correlation between the
specimen’s accumulated count variations over time and the AE accumulation energy. A low
energy amplitude change is nevertheless visible in the first phase, despite the load being
smaller and the rising rate being slower. This behavior demonstrates that the AE signal
gathered at this point is essentially a noise signal, making it vulnerable to interference
from the noise signal during the initial loading stage. From specimen A1l in Figure 18
(A1), it can be found that AE energy amplitude fluctuates greatly with the increase in time,
which is related to the significant increase in sample damage degree. When t = 1600 s, the
cumulative count and energy of the AE signal increase rapidly. This phenomenon shows
that a large number of high-energy AE signals appear with the beginning and accumulation
of damage in the composite material, which indicates that the early energy accumulation is
partially released at this stage, and the irreversible damage evolution begins.

Compared with specimen Al without delamination defects, the AE characteristics
of delamination specimens A2, A3, and A4 shown in Figure 18 (A2-A4) are significantly
different. As can be seen from Figure 18 (A2), due to the existence of stratification defects,
the AE energy peak and accumulation count of specimen A2 showed an obvious upward
trend when t = 400 s. The reason is that the delamination defect has a great impact on the
structural strength of the material, which directly leads to the irreversible damage caused
by the delamination defect earlier in the damage process. By comparing specimens A2 and
A4, it can be seen from Figure 18 (A4). When the depth of defect increases, the peak value
of AE energy and the active trend of the accumulation count during the damage process
decrease to a certain extent. The results show that when the size of the lamination defect is
the same, the closer the position of the defect is to the surface of the specimen, the greater
the influence on the structural strength of the main spar composite.
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It can be seen from Figure 18 (A3) that when t = 1050 s, the AE energy peak and
accumulation count of specimen A3 show an obvious upward trend, and the activity of the
AE characteristics of specimen A3 in the stable damage stage is significantly weaker than
that of specimens A2 and A4. By comparing the emission energy peak and accumulation
count of specimens A2, A3, and A4, it can be seen that the size of layered defects has the
greatest influence on the damage evolution of materials, followed by the depth of defects.
The existence of delamination defects in the damage process of the material will lead to
the damage of the fiber layer, and the defect part will be damaged in advance under the
action of a high strength load. Furthermore, the entire fiber sliding off at the bridging
contact, the stripping of the fiber-matrix interface, and the damaged defects influence the
surrounding matrix tissue. High-energy AE signals are produced as the fibers break and
pull out, reducing the structural strength within the layer. This can be explained by the
significant quantity of energy released when the specimen’s internal structural damage
rapidly deteriorates.
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Figure 18. AE accumulation energy and accumulation count distribution over time: specimens Al,
A2, A3, and A4.

According to the load curve of layered defective specimens and the AE impact count
history diagram in Figure 19, it can be seen that the AE impact count history diagram
in the damage evolution process can be divided into three stages: (1) In the first stage,
although a small amount of acoustic emission impact number was generated in the initial
stage of loading, its fluctuation range was small. According to the analysis of acoustic
emission frequency variation in the loading process in Figure 15, it can be seen that the
matrix structure of the composite material will produce random distributed micro-cracks
and sporadic fiber breakages at the initial loading stage, resulting in the corresponding
acoustic emission signals. However, such damage has little effect on the overall stiffness of
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the specimen, so the acoustic emission impact count presents a gentle linear increase. (2) In
the second stage, with the increase in load, the internal structural damage of the composite
material is aggravated, and the acoustic emission count increases rapidly at this time. Due
to the influence of the stress state of the fiber and the interface, the fiber bundle tends to
stretch and rotate in the direction of stretching. At this time, the matrix is subjected not only

to tensile stress, but also to extrusion stress. Under the combined action of these stresses,

the matrix presents plastic shear failure. This destruction reduces the bearing capacity of
the material structure to some extent, resulting in an active AE accumulation count. (3) In
the third stage, due to the tensile stress and shear stress of the fiber, the fiber breakage and
fiber stripping damage are very severe. Therefore, the acoustic emission signal increases
rapidly and reaches the maximum amplitude. Most of the acoustic emission signals in the
whole loading process come from the third stage, which is consistent with the mechanical

analysis of the specimen.
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Figure 19. Tensile force and acoustic emission impact history of delamination defect specimens:

specimens Al, A2, A3, and A4.

3.3. Acoustic Emission Characteristics of Wrinkle Defects

The aspect ratio parameters of wrinkle defect specimens Z1, Z2, and Z3 are shown
in Figure 6. The experimental conditions, parameter settings, and number of sensors in
the experimental process are the same as those in the layered defect test method. AE
amplitude and energy are selected as AE feature analysis in the tensile test results. The
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tensile load—AE relative energy curve of wrinkle defect specimens is shown in Figure 18.

The fracture failure loads of wrinkle specimens Z1, Z2, and Z3 are 87.6, 76.2, and 82.1 kN,
respectively. By comparing Figure 20 (Z1, Z2), when the wrinkle height is the same, wrinkle
defects with different aspect ratios have different effects on the mechanical properties of
composite material specimens. When the wrinkle aspect ratio is smaller, the mechanical
properties of the specimens will decrease more. Compared with Figure 20 (Z2 and Z3),
when the wrinkle aspect ratio is the same, the height change in wrinkle defects has different
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effects on the mechanical properties of composite material specimens. The greater the
wrinkle height value, the more the mechanical properties of the specimens decrease.
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Figure 20. Relationship between load and energy of wrinkle defect.

As can be seen from Figure 18, the overall trend of acoustic emission energy increases
with the increase in load. At the early stage of loading, the internal damage of the com-
posite material has no obvious change, and the acoustic emission energy is relatively low.
However, with the increase in load, the AE energy shows a gradually increasing trend,
which indicates that the damage accumulation and evolution inside the composite material
frequently release high-energy characteristics. When the fracture failure load is reached, the
instability failure occurs inside the composite structure, and the variation trend of acoustic
emission energy reaches a peak.

As shown in Figure 21, the acoustic emission amplitude and accumulation count of
different wrinkle defect specimens during the whole loading process can be divided into
two stages: damage accumulation and damage destruction. In the initial loading stage,
there are some high-amplitude signals, but the cumulative count rises slowly, indicating
that the AE signals collected by the sensor in the initial stage contain noise signals [39].
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Figure 21. Time history of AE amplitude and accumulated hits of wrinkle defect.

In addition, different from single-medium metal materials, the damage evolution of
composite materials is a complex random damage process. In the process of damage evo-
lution, random fiber breakage damage characteristics are usually accompanied by higher
energy. Therefore, discrete peak values are associated with random fiber breakage damage
within the material. Although random fiber breakage occurs during the damage process, a
small amount of fiber breakage does not affect the structural strength of the material.

With the increase in load, some acoustic emission signals with an amplitude higher
than 60dB appear, which may be related to the evolution of matrix cracking damage in
the rich resin region of wrinkle defects. In the damage accumulation stage, the acoustic
emission signals are mainly distributed in the amplitude range of 50~65 dB, and the
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acoustic emission accumulation count increases steadily. During the damage and failure
stage, acoustic emission signals with an amplitude ranging from 50 dB to 65 dB increased
significantly, indicating that the matrix damage in the specimen structure was aggravated,
the accumulation and count of acoustic emission accelerated, and high-amplitude acoustic
emission signals greater than 70 dB continuously appeared until the specimen was broken.
In addition, by comparing the variation trend of AE characteristics of different wrinkle
defects in Figure 21, the AE accumulation and counting of wrinkle specimens Z2 and Z3
in the damage and failure stage are significantly faster than that of wrinkle specimen Z1,
which is related to the aspect ratio of wrinkle defects. The smaller the aspect ratio of the
wrinkle, the more the mechanical properties of the material decline and the more obvious
the structural deformation during the loading process, resulting in more active acoustic
emission characteristics in the damage and failure stage.

3.4. Damage Mechanism Analysis of Specimens with Different Defects

The count of acoustic emission signals and the statistics of energy parameters in the
experimental drawing process are shown in Table 3. The AE amplitude distribution of
GFRP composites with different defects during the stretching process is generally between
40 and 90 dB. The AE count increases significantly during matrix cracking and fiber
stripping, which is related to the active degree of damage characteristics. Acoustic emission
energy characteristics can be seen in the phase of amplitude less than 60 dB, and the energy
release is very small. However, with the intensification of damage evolution, the AE
energy increases gradually, especially in the high amplitude range, and the emission of
AE energy is more active. As shown in Table 3, the AE characteristics of different defect
types overlap. Compared with delamination specimen A2 and wrinkle specimen Z1, the
AE impact percentage of both is 0.5% in the range of 85~90 dB.

Table 3. Acoustic emission events and energy percentages of different defective specimens.

Percentage of Acoustic Emission Impacts (%) Percentage of Acoustic Emission Energy (%)
Specimens 40~55 55~70 70~85 85~90 40~55 55~70 70~85 85~90

dB dB dB dB dB dB dB dB
A2 65.1 27.3 7.1 0.5 0.3 3.5 25.8 70.4
A3 61.9 29.3 8.1 0.7 0.8 3.8 26.6 68.8
A4 63.5 27.7 8.2 0.6 0.6 438 254 69.2
Z1 66.1 25.7 7.7 0.5 0.7 4.2 23.2 71.9
z2 67.9 241 7.6 0.4 0.5 3.8 28.2 67.5
Z3 68.9 23.9 6.8 0.4 0.9 5.2 25.7 68.2

In the whole stretching process, with the increase in load, the proportion of the
high-amplitude signal in the acoustic emission signal increases. The acoustic emission
characteristics vary significantly with the load in the general trend, especially when the
composite material specimen is in the instability and failure stage, and the “crackling”
emitted by the specimen can be clearly heard, accompanied by an acoustic emission
amplitude higher than 70 dB. In the whole stretching process, the AE counts with an
amplitude higher than 70dB account for 7.2~8.8% of the total AE events, and the AE
energy accounts for 93.9~96.2%. The reason is that in the uniaxial tensile process of the
GFRP composite with a uniaxial lamination structure, the force direction of the structure
is consistent with the direction of the fiber. However, the matrix inside the material first
succumbed to the force and produced plastic deformation. The existence of glass fiber
inhibits the crack expansion of the matrix to a certain extent, and the strain energy inside
the material accumulates and releases through the interface between the fiber and the
matrix, resulting in interface debonding and delamination, which leads to the weakening
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of the interface properties of the material. The matrix crack, along with the shear failure,
causes a large area of fiber stripping and releases a lot of energy. Due to the particularity of
a one-way GFRP-laminated structure, fiber is the main load bearer of the structure, and the
matrix mainly plays the role of fixing the fiber and transferring load. Therefore, the fracture
failure mechanism of materials is mainly caused by a large number of fiber breakages and
longitudinal splitting, rather than interface debonding [40].

Obviously, when the unidirectional GFRP composite is subjected to tensile load, the
interface properties of the fiber and matrix are weakened, which are manifested as matrix
cracking, fiber stripping, and interface delamination. The experimental analysis shows
that during the evolution of the tensile damage of GFRP composites, the acoustic emission
characteristics change in different stages, and the intensity, energy, and count of acoustic
emission signals are different in each stage. In the initial stage of fiber failure, the amplitude,
count, energy, and duration of fiber failure are low, while the AE signal of fiber breakage
shows high intensity in the instability stage. The whole test process of the AE signal can
be divided into three stages: (1) At the stable stage, the friction and damage evolution
degree between the fiber matrix inside the specimen is low, and the acoustic emission
activity inside the specimen is weak. (2) During the slow rising period, the internal
damage of the specimen began to intensify, evolve, and accumulate gradually, and then
rose slowly, mainly because the internal damage of the specimen accumulated to a certain
extent and released energy, resulting in small-scale macroscopic damage. (3) During the
accelerated rise period, when the stress concentration reaches a certain extent, irreversible
damage evolution occurs inside the specimen, and the internal damage increases sharply.
AE accumulation and count are characterized by accelerated release, indicating that the
damage enters the instability failure expansion.

The metallographic microscope of the fracture position of the layered defect specimen
is shown in Figure 22. The damage mode and failure form of the sample can be clearly
observed through a scanning electron microscope. Figure 22(A1) shows the fracture mi-
cromorphology of specimen Al, from which fiber stripping and fracture can be clearly
seen. Because Al is a no-defect specimen, the fiber inside the structure has high bonding
strength with the matrix, and the stress is evenly distributed along the fiber direction
under the action of load. Therefore, there is no obvious bending deformation of glass
fiber after sample Al fracture. Figure 22(A2) is the microtopography of the fracture of the
A2 specimen, from which it can be observed that a large area of fiber breakage failure is
observed, and some fibers are not sufficiently bonded to the matrix, resulting in the fracture
of nearby fibers. Furthermore, a large number of fiber breakages distribute a portion of the
load to the adjacent fibers, causing an unequal distribution of stress, as indicated by the
random distribution of fiber breakages. Figure 22(A3) shows the fracture micromorphology
of the A3 specimen. The fibers separate from the matrix as a result of the interface between
the local fibers and the matrix breaking. Due to the existence of delamination defects,
the strength of the interlayer structure is reduced, and numerous fibers are pushed out
when the matrix’s adherence to the fiber disintegrates. Figure 22(A4) shows the fracture
microstructure of A4. Due to the large size of the delamination defect of this specimen,
the bearing capacity of the fiber and the binding effect between the fiber and the matrix
are the primary determinants of the internal stress distribution of the material under load.
The stretching of the fiber bundle itself is primarily responsible for the distortion of the
fiber when it starts to experience stress. However, the fiber bundle and matrix will slip and
dislocate when the external force is raised further, resulting in severe fiber deformation. At
this point, the material structure’s bearing capacity significantly decreases due to large-area
fiber breakage and interface delamination, ultimately leading to failure.
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400pm
Figure 22. Micrograph of delamination defect specimens after fracture.

The metallographic microscope of the fracture position of the wrinkle defect specimen
in the experimental results is shown in Figure 23. Different from the layered defects, the
fibers are bent at a certain angle due to the existence of wrinkle defects, and the fibers
are scattered and accompanied by distortion after the specimen is broken. Fiber breakage
occurs at the interlayer of the coated fiber, and interface debonding occurs as a result of
the debonding and sliding between the fiber and the matrix, as shown in Figure 23(Z1).
Considering the mechanical characteristics of wrinkle defects, the rich resin region needs
to bear a combination of axial tensile, compressive, and bending loads under the action of
loads [41]. Therefore, it can be seen from Figure 23(Z2) that matrix cracks are more likely to
accumulate in the rich resin region of wrinkle defects, and the stress concentration of fiber
bedding bending is more likely to lead to interlayer cracking damage.

(Z1)

| Fiber/matrix
stripping

Figure 23. Micrograph of wrinkle defect specimens after fracture.

4. Conclusions

In view of the typical layered defects and wrinkle defects in the main spar structure of
wind turbine blades, this paper uses the vacuum perfusion process (VARI) to fabricate GFRP
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composite materials with artificial prefabrication defects, and describes the manufacturing
process and artificial prefabrication defect method of the main spar composite materials
of wind turbine blades in detail. It provides an experimental reference for subsequent
research on the damage evolution identification of wind power blade girder composites.

Acoustic emission experiments are used to analyze the mechanical properties and
acoustic emission characteristics of wind turbine blade girder composites with various flaws
under tensile loading. In addition to affecting the mechanical characteristics of composite
materials, the presence of engineered defects will also impact the damage progression of
material. For delamination defects and wrinkle defects, the different size of defects and the
position of the layer will affect the damage evolution trend of the material.

The characteristic frequencies of the damage modes of GFRP composites were identi-
fied by K-means clustering analysis of acoustic emission parameters. The types of damage
modes of wrinkle defects and delamination defects are the same, and the range of character-
istic frequency is roughly the same. It is worth noting that the existence of defects will lead
to certain fluctuations in the range of cluster center frequency and characteristic frequency,
which should be paid attention to in the health monitoring of damage characteristics. The
fracture failure mechanism of the material is mainly caused by a large number of fiber
breakages and longitudinal splitting, rather than interface debonding.
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Abstract: The poor interlaminar fracture toughness is a critical limiting factor for the
structural applications of aramid fiber /epoxy resin composites. This study investigates the
effects of laser-induced graphene (LIG) and short Kevlar fibers on the interfacial toughness
and damage detection of aramid composite materials. Mode II tests and tensile tests were
conducted to evaluate mechanical properties and damage detection using the piezoresistive
characteristics of LIG. The results indicate that LIG combined with short Kevlar fibers
significantly enhances the interfacial toughness of the composites, achieving a 381.60%
increase in initial Mode II fracture toughness. Although LIG reduced the tensile strength
by 14.02%, the addition of short Kevlar fibers mitigated this effect, preserving the overall
mechanical performance. Scanning electron microscopy (SEM) analysis revealed enhanced
toughening mechanisms, including increased surface roughness, altered crack propagation
paths, and fiber bridging. Additionally, LIG enabled real-time damage monitoring, showing
a significant increase in resistance upon delamination or crack propagation and a marked
increase in resistance upon the tensile fracture. This research indicates that the synergistic
effects of LIG and short Kevlar fibers not only enhance the interlaminar toughness of
aramid composites but also provide a novel strategy for effective damage detection in
fiber-reinforced materials.

Keywords: laser-induced graphene; short Kevlar fibers; aramid fiber/epoxy resin composites;
fracture toughness; tensile strength; damage detection

1. Introduction

Aramid fibers possess excellent flame resistance, heat resistance, high toughness,
impact resistance, and fatigue resistance. High-performance composites made from aramid
fibers are widely used in various fields, including sporting goods, aerospace, marine
applications, and ballistic protection, particularly in applications such as helmets and
armored vehicles [1,2]. However, the smooth and inert surface of aramid fibers results in
poor adhesion with the resin matrix, which adversely affects the interlaminar mechanical
properties and the overall load-bearing capacity of the structure, thereby limiting the
practical application of aramid fibers [3-6]. Therefore, it is crucial to conduct in situ damage
detection and interlaminar toughening studies for aramid fiber-reinforced composites.

Over the past 30 years, extensive research has been conducted on interlaminar tough-
ening by scholars. Sela et al. [7] enhanced the fracture toughness of structures by doping
second phases such as ceramics and rubber to toughen the resin. Subsequently, resin
toughening techniques have continuously developed, with thermoplastic resins, carbon
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241



Polymers 2024, 16, 3380

nanotubes, and thermoplastic nanofibers utilized as reinforcing materials for toughening
modifications [8-10]. However, these methods can adversely affect the mechanical prop-
erties of the resin matrix. Additionally, Z-fiber toughening techniques such as Z-pin, 3D
weaving, and stitching technology have been proposed and applied to delay delamination
in composites [11-13]. Nonetheless, these approaches face challenges such as high pro-
cessing difficulty, expensive manufacturing costs, and potential impacts on the in-plane
mechanical properties of the structure. In response to the numerous issues associated
with these methods, many researchers have shifted their focus to interlaminar toughening,
which includes particle toughening, film toughening, and short fiber toughening. Minh
Hoang Nguyen [14] introduced toughening particles into the interlayer of carbon fiber
composites, resulting in an approximately 100% increase in the ultimate shear strength.
Salvatore Giacomo Marino et al. [15] inserted 30% and 60% thermoplastic acrylonitrile
butadiene styrene (ABS) overlapping films between the layers of carbon/glass—epoxy
composites. The pseudoplastic strain increased to 0.67% and 0.74%, respectively, while
the carbon fiber volume fraction decreased by 12.7% and 16.5%, demonstrating improved
interlaminar Mode II fracture toughness. Both methods can improve interfacial toughness;
however, they present significant processing challenges.

Compared to other toughening methods, short fiber toughening only requires spread-
ing short fibers between the panels, which has garnered significant attention from re-
searchers due to its operational simplicity. Scholars have investigated the effects of in-
serting various types and contents of short fibers on interlaminar toughness and in-plane
mechanical properties. Dong Quan et al. [16] found that incorporating ultraviolet-irradiated
poly-etherether-ketone (PEEK) fibers into the interlayers of carbon fiber composites signifi-
cantly improved Mode I fracture toughness from 185 J/m? to 726 ] /m?. Melike Kilicoglu
et al. [17] demonstrated that inserting polyamide 6/polycaprolactone (PA6/PCL) mixed
fibers between the layers of carbon fiber composites could markedly enhance Mode I frac-
ture toughness, particularly achieving optimal results at a 60/40 ratio, where the initiation
and propagation toughness increased by 69% and 59%, respectively. Park et al. [18] indi-
cated that surface-modified short Kevlar fibers significantly increased the Mode II fracture
toughness of carbon fiber composites with increasing crack length, from around 1.0 k] /m?
to 3.0-4.0 k] /m?. Zheng Hao et al. [19] concluded that short Kevlar fibers exhibited the
best toughening effect, with the highest Mode I fracture toughness reaching 1.336 kJ/m?,
an increase of 94.8%, determining that the fiber length was 6 mm, while finding that short
fiber insertion did not affect in-plane mechanical properties. A comprehensive analysis
reveals that current short fiber toughening technology is primarily applied to carbon fiber-
reinforced epoxy composites, with short Kevlar fibers demonstrating the most effective
toughening performance. In contrast, aramid fiber composites face limitations due to inad-
equate surface activation, which hinders effective bonding with the resin matrix. Therefore,
it is crucial to modify the surface of aramid fibers to enhance roughness and improve their
bonding efficacy.

Currently, the modification methods for aramid fibers primarily include physical
and chemical modifications. These methods involve the application of plasma or the
introduction of specific chemical agents to improve interfacial properties. However, these
approaches may damage aramid fibers and reduce their tensile strength [20,21]. In 2014,
LIN [22] first employed a carbon dioxide infrared laser system to directly generate laser-
induced graphene (LIG) on the surface of commercial polyimide films (PI). This method
has garnered significant attention due to its simplicity and the fact that it does not require
chemical modification. Jalal Nasser et al. [23] demonstrated that transferring LIG to
the surface of carbon fibers and found that the LIG layer generated at 200 DPI pulse
density increased Mode I and Mode II fracture toughness by 41% and 69%, respectively,
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while maintaining tensile performance, confirming the effectiveness of LIG in improving
interface toughness. LIG also exhibits excellent piezoresistive properties and high electrical
conductivity, enabling resistance-based sensing methods for the detection of strain or
damage in insulating materials. Typically, an electric current is applied to measure voltage,
allowing resistance changes to be calculated based on Ohm’s law; a sudden increase in
resistance is detected when the material sustains damage. LA Groo et al. [24] integrated
LIG into glass fibers to monitor damage accumulation and propagation during tensile
fatigue loading through resistance changes. This resistance-based sensing differs from
using external sensors or embedded fiber sensors as it does not add to the structural
volume or weight [25,26]. Subsequently, Chyan et al. [27] discovered that LIG could be
directly generated on the surface of aramid fibers, facilitating its application in aramid
fiber composites. Lori Anne Groo et al. [28] generated graphite structures directly on
the surface of aramid fibers, demonstrating that these structures could enable in situ
monitoring of tensile and bending strains by measuring resistance. Given the critical
ballistic performance of aramid fibers, Kelsey Steinke et al. [29] utilized LIG for embedded
impact sensing in aramid fiber-reinforced composites, employing resistance measurements
to obtain information about the impact severity. Since the quality of LIG is influenced by
factors such as laser power, scanning speed, and pulse frequency, Iman Naseri et al. [30]
investigated the effects of these laser parameters on the quality of LIG on the surface of
aramid fibers, indicating a significant impact of laser settings on LIG quality. However,
while LIG has been shown to enhance interlaminar fracture toughness and serve as a
resistance sensor, the effects of short Kevlar fibers combined with LIG on aramid fiber-
reinforced composites remain unexplored.

This study investigates the effects of LIG and short Kevlar fibers on the mechanical
properties of aramid fiber/epoxy resin composites while employing LIG for damage
tracking during loading tests. Graphene was generated on the surface of aramid fibers
using laser induction, and short Kevlar fibers were introduced into the interlayers. The
end-notched flexure (ENF) test was utilized to evaluate the impact of these modifications
on the interfacial fracture toughness of the composites, determining the capability of LIG to
track delamination damage. Scanning electron microscopy (SEM) was employed to observe
the fracture surfaces, revealing the toughening mechanisms involved. Additionally, tensile
tests were conducted to analyze the influence of short Kevlar fibers and LIG on the in-plane
mechanical properties of the composites while also assessing the ability of LIG to monitor
damage induced by tensile loading.

2. Materials and Methods
2.1. Materials

In this study, a 1500D meta-aramid woven aramid fiber fabric produced by DuPont
was selected as the panel material, with an areal density of 200 g/m?. Due to its high
strength and abrasion resistance, this material is widely used in various applications. The
smooth surface of the aramid fibers means that the adhesive strength at the fiber-matrix
interface primarily depends on the roughness of the fiber surface after treatment and the
bridging effect of the inserted short fibers.

The epoxy resin system used in this study was prepared by mixing Z105 epoxy resin
(from West System) with slow hardener 206 (from West System) in a ratio of 5:1, ensuring
thorough impregnation of the aramid fiber fabric surface. To ensure adequate bonding
between the short Kevlar fibers and the aramid fiber panel, it is imperative to use sufficient
epoxy resin to guarantee that the short fibers are completely wetted within the voids
between the panel fibers.
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2.2. Short Aramid Fibers Preparation

The short fibers utilized in this study are Kevlar 49, produced by DuPont. According
to the research conducted by Zheng Hao et al. [19], the maximum fiber bridging region and
the best toughening effect occur when the length of the short fibers is 6 mm. Therefore,
Kevlar 49 fibers were cut to a length of 6 mm, with a length tolerance maintained within
£0.5 mm. The chopped short Kevlar fiber bundles were then placed in a blender equipped
with dull blades and mixed at high speed until the fibers transitioned from bundles to a
uniformly dispersed fluff-like consistency. Finally, the short Kevlar fibers were thoroughly
impregnated with the mixed epoxy resin to form a uniformly distributed short fiber film,
based on the desired fiber density. For instance, in this study, short Kevlar fibers treated
with epoxy resin were laid between the aramid fiber panels, resulting in a short Kevlar
fiber film with a mass per unit area of 6 g/m? after curing. The preparation process of the
short Kevlar fiber film is illustrated in Figure 1.

.

1

i
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Aramid Bundle
fiber short Stirring Coating
cloth fiber

Figure 1. Preparation process of short Kevlar fiber film.

2.3. Generation of LIG on Aramid Surface and Characterization

According to the research by Kelsey Steinke et al. [29], graphene was generated on
the surface of aramid fibers. Prior to laser treatment, aramid fabric sheets were cut to
dimensions of 300 mm x 300 mm, with a cutting tolerance maintained within 1 mm.
The edges were then hardened and fixed to prevent the shedding of fine fibers. The cut
aramid fabric was first cleaned in a 95% ethanol solution using electromagnetic waves for
15 min, followed by drying in an oven at 90 °C for 60 min to remove surface impurities and
residual moisture. A CO; infrared laser engraving machine (80W-4060, from Ketai Laser,
Liaocheng, China) was employed to generate graphene on the surface of the aramid fibers.
The laser processing was conducted in raster mode, with a laser power set to 12 W and a
scanning speed of 300 mm/s. The distance between the laser output and the aramid fiber
surface was maintained at 14 mm. To ensure stable laser output, the laser water-cooling was
employed for water circulation temperature control, maintaining the operating temperature
of the laser generator within the range of 20-23 °C. This process facilitated the uniform
generation of graphene arrays on the surface of the aramid fibers. The preparation process
of graphene on the aramid fiber surface is illustrated in Figure 2. After the laser treatment,
a Renishaw 2000 high-precision Raman spectrometer, operating at a wavelength of 532 nm,
was employed to analyze the surface of the aramid fibers before and after treatment.
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Figure 2. Generation of graphene on the surface of aramid fibers.

2.4. Model 11 Specimen Fabrication

The Mode II fracture toughness of the LIG-coated and short Kevlar fibers that toughen
aramid fiber-reinforced composites were assessed following the ASTM D7905. A total of
24 LIG-coated aramid fiber prepregs were fully impregnated with a resin mixture containing
short Kevlar fibers. After impregnation, 12 prepregs were arranged with the LIG-coated
facing upwards, while the remaining 12 prepregs were oriented with the LIG coating facing
downwards, achieving a symmetrical layout. To introduce a pre-crack within the laminate,
a 70 mm long Teflon film was inserted between the 12th and 13th layers, resulting in an
initial delamination length of 50 mm. After impregnation, the aramid fiber fabric is placed
into a 300 mm x 300 mm mold and cured under a constant pressure of 0.3 MPa. The mold
is heated from room temperature to 60 °C in 20 min, held at this temperature for 4 h, and
then allowed to cool to room temperature naturally. After the epoxy resin fully cured, the
6 mm thick laminate was cut into 190 mm in length and 25 mm in width. A thin layer of
white paint was sprayed on the edges of the specimens to facilitate visual observation of
the crack initiation and propagation. For in situ resistance measurements, silver paint rings
were affixed to each side of the laminate and connected to 33-gauge copper wires with
silver paint and electrical tape. This methodology establishes a robust experimental basis
for examining the toughening mechanisms in composite materials.

2.5. Mode II Testing

The completed specimens were tested using an Instron universal testing machine
under quasi-static loading at a rate of 5 mm/min. A three-point bending setup with a 5 kN
load cell recorded data, with a span of 70 mm and a crack tip distance of 50 mm from the
left support. Loading was ceased once the crack propagated to the load center. For the
assessment of failure behavior, the critical strain energy release rate Gc was predominantly
used to characterize the interlaminar toughness of the composite materials, while the Mode
II delamination fracture toughness was calculated using the following equation [31]:

9Psa?

A T\ 1
2W(2L3 + 3a%) @

Gne =
where P is the critical load; J is the corresponding critical displacement; a is the initial
effective crack length; W is the specimen width; and 2L is the span length.

During the delamination testing, a 3 mA DC current was applied via a power supply
(from Kuaiqu Electron, Shenzhen, China) to the copper wire connected to the outermost
silver paint ring. A digital multimeter measured the voltage at the innermost silver paint
ring. A schematic of the loading and in situ monitoring setup is presented in Figure 3.
After testing, fracture surfaces were analyzed using a TESCAN CLARA (from Tescan,
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Brno, The Czech Republic) scanning electron microscope (SEM). A representative fracture
surface of the panel was selected for gold coating to improve conductivity. The analysis
was conducted with an acceleration voltage of 20 kV, and magnification varied from 20 x

to 1000 x.
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Figure 3. Schematic diagram of Mode II specimens.

2.6. Tensile Specimen Fabrication

Three layers of LIG-coated aramid fiber fabric were thoroughly impregnated using a
mixed epoxy resin containing short Kevlar fibers oriented with the LIG side up, using the
same molding process as the Mode II specimens. After the epoxy resin had fully cured, the
0.9 mm thick laminates were cut into specimens measuring 160 mm in length and 12.25 mm
in width according to ASTM D3039. A layer of silver paint was applied to the edges of
each specimen, and 33-gauge copper wire was connected to facilitate the measurement of
electrical resistance changes during tensile testing.

2.7. Tensile Testing

The same loading frame and loading rate used in the Mode II delamination tests
were employed until specimen failure occurred. During the tensile testing, resistance
measurements were simultaneously taken using the same method as in the delamination
tests. A schematic diagram of the loading and in situ monitoring of the tensile specimens is
shown in Figure 4.
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Figure 4. (a) Schematic diagram of the tensile specimens (front view); (b) Schematic diagram of
tensile specimens (side view).
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3. Results and Discussion
3.1. LIG Chemical Characterization

Raman spectroscopy plays a crucial role in the analysis of graphene due to its ability to
accurately characterize the microstructure and chemical composition of the material [32,33].
In particular, Raman spectroscopy effectively identifies key features of graphene, includ-
ing the D peak, G peak, and 2D peak. The D peak (approximately 1350 cm~!) reflects
structural defects in graphene, arising from the breathing modes of hybridized carbon
atoms. The G peak (approximately 1582 cm~!) represents in-plane vibrations of carbon
atoms, indicating the strength and integrity of the graphite structure, and is considered the
primary characteristic peak of graphene. The intensity ratio between the D peak and the
G peak (Ip/Ig) serves as an important indicator of the defect density and crystallinity of
graphene. The 2D peak (approximately 2700 cm 1), also known as the G’ peak, represents
the stacking arrangement of carbon atoms between layers and is independent of structural
defects; its full width at half maximum is primarily used to assess the number of graphene
layers. Consequently, by analyzing these three characteristic peaks in Raman spectra, we
can determine whether graphene has been generated on the surface of aramid fibers and
evaluate the quality of the produced graphene.

Figure 5 presents the Raman spectra of the aramid fiber surface before and after treat-
ment. A comparison reveals that the Raman spectrum prior to treatment (Figure 5b) dis-
plays several characteristic peaks of the aramid fibers at 1182 em 1, 1274 em™1, 1327 em L,
1515 cm ™1, 1599 cm !, and 1647 cm ™! [34]. In contrast, the Raman spectrum after laser
induction (Figure 5a) clearly shows the D band, G band, and 2D band of graphene, located
at 1325 cm 1, 1563 em ™!, and 2679 ecm 1, respectively. Moreover, Ip/Ig indicates that
the graphene generated through laser induction exhibits a high degree of graphitization,
minimal structural defects, and a high level of crystallinity. Therefore, under these laser
parameters, high-quality graphene can be produced on the surface of aramid fibers.
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Figure 5. (a) Raman spectrum of aramid fibers LIG-coated; (b) Raman spectrum of untreated
aramid fibers.

3.2. Interlaminar Fracture Toughness

Due to the susceptibility of composite laminates to interlaminar fracture failure, the
application of LIG onto the surface of aramid fibers can significantly enhance the Mode II
fracture toughness. Furthermore, its piezoresistive properties enable effective monitoring
of delamination failure in the laminates.

This study conducted a detailed analysis of five sets of experimental data, selecting
three sets with outstanding results for further evaluation. The average load and average
fracture toughness were calculated for these data sets. Figure 6a presents the average load
displacement curves for the four types of specimens. It is evident from the figure that
all ENF specimens exhibit a similar trend; they demonstrate a linear relationship in the

247

3000



Polymers 2024, 16, 3380

elastic phase before delamination occurs. As the displacement load increases, the curves
begin to show nonlinearity, indicating the onset of pre-crack delamination, with the cracks
propagating relatively slowly. Once the load reaches its peak, rapid crack propagation
occurs, leading to a decrease in load until complete failure of the specimen.
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Figure 6. (a) Average load displacement curves for the four types of specimens; (b) Fracture toughness
at the onset of delamination.

In engineering applications, there is often a greater focus on the toughness value at the
delamination initiation state [35]. This study identifies the critical point in the linear phase
of the load displacement curve as the initiation point for delamination [36]. This method
is straightforward and offers high precision. The average initiation fracture toughness
for the four types of specimens was calculated using Equation (1), with results presented
in Table 1. The data indicate that the average initiation fracture toughness values for the
untreated laminate, laminate only LIG-coated, laminate only short Kevlar fibers toughened,
and the hybrid laminate are 1964.46 K] x m~2, 3152.53 KJ x m~2,2809.18 K] x m~2, and
9460.79 K] x m~2, respectively. Correspondingly, the fracture toughness values improved
by 60.48%, 43.00%, and 381.60%.

Table 1. Ultimate load and fracture toughness of four types of specimens.

Type Ultimate Load (N) Fracture Toughness (KJ x m—2)
Untreated 752.60 + 32.45 1964.46 £+ 35.11

LIG 947.42 + 33.92 3152.53 + 266.43
(25.89%) (60.48%)

. 1333.47 £ 233.10 2809.48 + 647.82
Short Kevlar fibers (752.60%) (43.00%)

' 1757.91 £+ 513.91 9460.49 + 1704.91
LIG-short Kevlar fibers (133.58%) (381.79%)

The results indicate that both LIG and short Kevlar fibers can enhance the delamination
fracture toughness of laminates. The LIG coating increases the roughness of the aramid
fiber surface, thereby improving the adhesion strength between the panel and the resin
matrix. It also absorbs energy during interfacial debonding and slip processes, allowing
the interfacial layer to better resist crack propagation under shear forces. Moreover, the
high modulus of LIG prevents further crack extension through its own elastic deformation,
thereby enhancing the fracture toughness of the laminate. In the case of short Kevlar
fibers, their inherent toughness allows them to absorb energy through elastic deformation
during crack propagation, preventing direct crack penetration, thereby preventing direct
crack penetration. Additionally, the fracture and pullout behaviors of the short Kevlar
fibers contribute to energy absorption during crack growth, thus enhancing interfacial
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toughness [35]. However, compared to the laminate containing only LIG, the laminate with
only short Kevlar fibers lacks surface modification on the aramid fibers. This smooth fiber
surface fails to form effective bonding with the epoxy resin, resulting in a less pronounced
bridging effect of the short fibers; thus, the improvement in fracture toughness for the
laminate with only short Kevlar fibers is minimal. In contrast, the combined effect of the
LIG-coated and short Kevlar fibers significantly enhances the structural fracture toughness.

To better evaluate the synergistic toughening effect of LIG and short Kevlar fibers,
the Mode II interlaminar fracture toughness of carbon fiber/epoxy composites containing
only LIG generated at a pulse frequency of 200 DPI [23] and those containing only 10 g/m?
short Kevlar fibers [37] were compared (Table 2). The results showed that the fracture
toughness of the carbon fiber/epoxy composites containing only LIG increased by 69%,
while the composites with only short Kevlar fibers exhibited a 61.8% improvement. Both
of these values were lower than the 381.79% increase in fracture toughness achieved by
the synergistic effect of LIG and short Kevlar fibers. Notably, whether containing only
LIG or only short Kevlar fibers, the carbon fiber/epoxy composites exhibited superior
toughening effects compared to the aramid fiber/epoxy composites. This can be attributed
to the stronger interfacial bonding between carbon fibers and epoxy resin, which facilitates
efficient load transfer to the fibers under external forces, thereby enhancing the overall
toughness of the composite material.

Table 2. Comparison of fracture toughness change rates from different studies.

Type Fracture Toughness Change Rate
LIG [23] 69%
Short Kevlar fibers [37] 61.8%
LIG-short Kevlar fibers 381.79%

To further understand the toughening mechanisms of LIG and short Kevlar fibers on
the delamination of laminates under Mode II testing, this study employs SEM imaging to
observe the fracture surfaces of the specimens.

For the untreated specimens, the fracture surfaces exhibit relatively clean character-
istics, with minimal residue of the resin matrix. This phenomenon can be attributed to
the extremely smooth surface of the untreated aramid fibers, which hinders the formation
of a strong interfacial bond with the resin matrix. Interfacial debonding is identified as
the primary cause of failure for the untreated specimens. Additionally, it can be observed
that the transverse fibers are arranged in an orderly manner, while the longitudinal fibers
show slight signs of damage, accompanied by a small number of fiber breakage, pull-out,
and resin residue. This behavior can be explained by the stress distribution characteristics
during loading: transverse fibers primarily bear shear stresses, and their orientation is
perpendicular to the loading direction, resulting in relatively lower tensile stresses. As
the resistance along the transverse fiber direction is minimal, crack propagation tends to
occur along this path. In contrast, longitudinal fibers directly face the predominant tensile
stresses, making them more susceptible to fracture or damage during loading (Figure 7).
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Figure 7. (a—c) SEM micrographs of the fracture surfaces of untreated specimens.

For the specimens toughened only by short Kevlar fibers, observation of the fracture
surface clearly reveals the presence of short fiber breakage bundles in both longitudinal
and transverse directions, while the existing aramid fibers showed no significant damage
in either direction. These micro-damage mechanisms partially obstruct further crack propa-
gation, thereby effectively enhancing the fracture toughness of the specimens. However,
given that no modification treatment was applied to the aramid fiber surfaces, the interfa-
cial bonding between the short Kevlar fibers, the matrix, and the panels remains weak, as
evidenced by the minimal resin residue on the fracture surfaces post-failure. This limitation
restricts the full realization of the toughening effect (Figure 8).

Figure 8. (a—c) SEM micrographs of the fracture surfaces of only short Kevlar fiber specimens.

In comparison, the fracture surfaces of the specimens only LIG-coated exhibit a signifi-
cant amount of resin matrix residue, which appears in a plate-like morphology adhered
to the surface of the aramid fibers. This surface shows a higher roughness compared to
the untreated specimens and those toughened with short Kevlar fibers. This phenomenon
can be attributed to the uniform coverage of the LIG coating on the surface of the aramid
fibers after treatment, resulting in increased micro-roughness. The enhancement in surface
roughness promotes effective wetting between the fibers and the matrix, leading to the
formation of a robust interlocking structure. It is noteworthy that the resin matrix on the
fracture surfaces displays crack propagation in both the longitudinal and transverse fiber
directions, indicating that crack growth is not confined to the longitudinal fiber direction
but also involves the transverse direction. This complex crack path increases the length
and tortuosity of the fracture trajectory, further dissipating fracture energy and effectively
enhancing interlaminar toughness. Additionally, the fiber bridging phenomena observed
on the matrix surface reveal the effective connecting capability of the LIG coating between
adjacent layers, contributing significantly to the toughening effect (Figure 9).
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a

Figure 9. (a—c) SEM micrographs of the fracture surfaces of only LIG-coated specimens.

The fracture surfaces of the specimens containing LIG-coated and toughened short
Kevlar fibers clearly reveal the presence of epoxy resin and bundles of short fibers. This
phenomenon can be attributed to the uniform distribution of the LIG coating on the surface
of the aramid fibers, which promotes effective wetting between the aramid fibers and
the resin matrix, consequently significantly enhancing the interfacial bonding strength.
Furthermore, the incorporation of short Kevlar fibers leads to frequent fiber pull-out
and bridging phenomena, resulting in a more complex crack propagation path. Notably,
the short Kevlar fibers exhibit characteristics of longitudinal fracture failure, indicating
that the Kevlar fibers, due to their exceptional toughness, effectively absorb a substantial
amount of energy through elastic deformation, thereby further enhancing the toughening
performance of the material. Additionally, the fracture sites of the short Kevlar fibers
clearly show residual resin matrix, further suggesting that the Kevlar fibers effectively form
fiber-bridging structures at the interface, which enhances the interfacial toughness and
strengthens the adhesion between the matrix and fibers (Figure 10).

Figure 10. (a—c) SEM micrographs of the fracture surfaces of combined specimens.

The LIG-coated aramid fiber laminates serve two key purposes: Firstly, the laser
treatment enhances the surface roughness of the aramid fibers, improving the adhesion
between the panel and the epoxy resin, thereby increasing interlaminar fracture toughness.
Secondly, the inherent piezoresistive properties of graphene enable the monitoring of de-
lamination within the laminate interface. The variations in stress and resistance with strain
for aramid fiber laminates containing LIG-coated are illustrated in Figure 11. From the
figure, it is evident that there is a correlation between changes in stress and resistance as
strain increases. Initially, the relationship between stress and strain is linear, followed by a
transition to a nonlinear relationship. Simultaneously, resistance exhibits both linear and
nonlinear growth patterns. During the linear phase, the integrity of the laminate structure
is maintained, and the conductive pathways within the laminate remain intact, resulting in
relatively stable resistance. As the system enters the nonlinear phase, pre-cracks start to
propagate, leading to partial disintegration of graphene and affecting the conductive path-
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400

ways, which accelerates the rate of resistance increase. This indicates a correlation between
structural delamination and the rate of resistance change. When the stress reaches a critical
value, cracks begin to propagate rapidly, resulting in the failure of the connections within
the LIG layer, causing a significant increase in resistance and demonstrating a correlation
between crack propagation and resistance change rate. Subsequently, the load experiences
a sharp decline, indicating rapid expansion of interlaminar cracks. Concurrently, resistance
rises sharply; when the stress stabilizes, the rate of resistance increase correspondingly
decreases. Ultimately, bending failure of the laminate leads to a drop in stress, which
corresponds to an increased rate of resistance change. In summary, LIG not only effectively
monitors the initiation of delamination in laminates but also serves as a reliable indicator
for crack propagation and bending failure.
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Figure 11. (a) Stress/resistance—strain curves of aramid fiber laminate with only LIG-coated;
(b) Stress/resistance-strain curves of aramid fiber laminates containing LIG-coated and short
Kevlar fibers.

3.3. In-Plane Mechanical Properties

The previous studies have confirmed that LIG and short Kevlar fibers significantly
enhance the fracture toughness of aramid fiber-reinforced composite laminates. However,
many methods for improving interlaminar toughness often come at the expense of in-plane
performance [38—40]. Therefore, it is crucial to investigate the impact of LIG and short
Kevlar fibers on the in-plane mechanical properties of the composites. This paper examines
the effects of LIG and short Kevlar fibers on the in-plane mechanical properties of aramid
fiber laminates through tensile testing.

The average load displacement curves for the four types of specimens under tensile
testing are shown in Figure 12. It can be observed that all four types of specimens undergo
an elastic deformation phase followed by a plastic deformation phase. During the elastic
deformation phase, the load displacement relationship increases linearly. Subsequently,
in the plastic deformation phase, as the applied displacement load increases, the load
exhibits a nonlinear growth trend, and fiber damage begins to occur. After reaching the
maximum load that the specimen can withstand, the load starts to decrease, indicating that
the specimen has reached its damage limit and ultimately fractures.
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Figure 12. (a) Average load displacement curves of the four types of specimens; (b) Tensile strength
and tensile modulus of the four types of specimens.

The magnified view of the average load displacement curve indicates that the lami-
nated composites containing only LIG-coated aramid fiber and those with a combination of
LIG-coated and short Kevlar fibers exhibit a prolonged linear growth phase. This suggests
that, compared to the other two types of specimens, they are capable of maintaining a
longer elastic phase. This is attributed to the fact that graphene, as a surface coating on
aramid fibers, can effectively distribute stress over the fiber surfaces during tensile loading,
reducing localized stress concentrations and ensuring that the entire laminate can uniformly
withstand external forces during stretching. This capability allows it to endure greater loads
without undergoing plastic deformation, thereby extending the elastic deformation phase.
Furthermore, the LIG coating can partially constrain the sliding of aramid fibers, enhancing
the overall structural integrity of the material at the microscale, resulting in improved linear
elastic characteristics during tensile testing. Furthermore, the slope of the linear phase in
the load displacement curve represents the tensile modulus of the laminate, with values
of 163.65 MPa, 156.01 MPa, 159.94 MPa, and 162.48 MPa, all exhibiting variations within
5% (Figure 12b). This indicates that the incorporation of short Kevlar fibers and LIG did
not significantly alter the tensile modulus of the laminate, resulting in comparable slopes
during the linear phase of the curve.

An analysis of Table 3 reveals that the ultimate load for the untreated aramid fiber
laminate, the laminate containing only LIG-coated, the laminate with only short Kevlar
fibers, and the laminate combining both are 3745.63 N, 3220.62 N, 3624.86 N, and 3729.12 N,
respectively. It is evident that the ultimate tensile load of the laminate containing only
LIG-coated aramid fibers is significantly lower than that of the other three types. This
indirectly indicates that the surface modification of aramid fibers using a 12 W laser has
caused damage to the in-plane fibers, resulting in the formation of surface defects that
compromise the tensile properties of the fibers. Conversely, incorporating short Kevlar
fibers into the laminate containing LIG-coated aramid fibers can partially compensate for
the reduction in fiber quantity due to laser treatment, ensuring that the overall weight of
the fiber fabric does not experience significant loss. Therefore, the laminate that combines
LIG-coated with short Kevlar fibers can maintain the in-plane mechanical properties of the
structure effectively.

Figure 12b illustrates the tensile strengths of the four types of specimens. The tensile
strength of the untreated aramid fiber laminate (339.74 MPa) is comparable to that of the
short Kevlar fiber laminate (328.79 MPa) and the laminate combining LIG-coated with short
Kevlar fibers (338.24 MPa), with variations within 5%. This indicates that both the laminate
containing only short Kevlar fibers and the laminate with LIG-coated and short Kevlar
fibers have a limited impact on the tensile properties of the aramid fiber laminate. This
limitation is attributed to the relatively low number of short fiber interlayers, which do
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not significantly affect the thickness of the laminate, thereby resulting in no change in the
in-plane mechanical properties of the composite material. Conversely, the tensile strength
of the laminate containing only LIG is 292.12 MPa, representing a reduction of 14.02%
compared to the untreated laminate. This decrease is attributed to the transformation of
aramid fiber surfaces into LIG and gaseous substances upon laser irradiation, leading to a
reduction in the number of aramid fibers in both the longitudinal and transverse directions,
which in turn decreases the overall density of the aramid fibers and their load-bearing
capacity. Therefore, although LIG can significantly improve the fracture toughness of
the laminate, this comes at the expense of in-plane mechanical strength. However, the
incorporation of short Kevlar fibers effectively mitigates this loss of strength, preserving
the in-plane mechanical performance of the composite material.

Table 3. Ultimate load, tensile strength, and tensile modulus of four types of specimens.

Type Ultimate Load (N) Tensi(llc\e/I it;)ength Tensi};/[ I\I/Jl:)dulus
Untreated 3745.63 + 98.45 339.74 + 8.93 163.65 £ 8.46
LIG 3220.62 + 160.33 29(2;112 4%5210:')54 15?81:7}/01)'64
Short Kevlar fibers 3624.86 + 156.13 32&22;;3/316 15?3?2).?7}/06)'29
LIG_SEEZ; i(evlar 372912 - 22455 33&(3_2322 (3/3.37 16(2;457:;2.)28

To monitor the damage evolution of the specimens in real time during the tensile
testing, load displacement and load were recorded using a universal testing machine for
the laminate containing LIG. Simultaneously, the four-probe method was employed to
measure the resistance in situ (Figure 13). In the initial stage of displacement loading, the
specimens were in the elastic deformation stage, and the stress—strain curve demonstrated
a linear relationship; correspondingly, the resistance increased approximately linearly. This
is attributed to the laser treatment that transforms the outer fibers of the aramid fibers’
surface into piezoresistive graphene. During the application of tensile force, the number
of carbon—carbon contacts on the surface of the aramid fibers decreases, resulting in an
increase in resistance. At this stage, the laminate experiences minimal damage, maintaining
an intact conductive pathway and relatively stable resistance values. As displacement
increases, the specimens transition into the plastic deformation phase, where changes in
resistance align with stress variations, both exhibiting a nonlinear growth trend. This
behavior is due to the emergence of micro-damage, such as cracks in the laminate, which
leads to localized breakage of the graphene pathways, causing the rate of resistance increase
to accelerate. In this phase, the deformation of the specimens becomes irreversible, and the
separation between graphene surfaces is also irreversible. In the later stages of loading,
the specimens reach critical load, leading to progressive failure of the fiber reinforcement.
The damage intensifies, culminating in macroscopic failure of the laminate, where the
conductive pathways on each layer’s surface separate, resulting in an increased rate of
resistance change and a significant spike in resistance values (Figure 13b). For another
specimen, a sudden drop in resistance was observed due to wire fracture caused by the
failure during displacement loading (Figure 13a).
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Figure 13. (a) Stress/resistance-strain curves of the aramid fiber laminate with only LIG-coated;

(b) Stress/resistance—strain curves of the aramid fiber laminate containing LIG-coated and short

Kevlar fibers.

4. Conclusions

This study investigates the application of LIG coating on the surface of aramid fibers,

using short Kevlar fibers as interlayer toughening agents in aramid fiber/epoxy resin
composites. The effects of LIG and short Kevlar fibers on the interfacial toughness and
damage detection of aramid fiber/epoxy resin composites were systematically explored.
The following conclusions were drawn:

(1) Both LIG and short Kevlar fibers significantly improve the interfacial toughness of

aramid fiber-reinforced composite laminates. The synergistic effect results in a Mode

II fracture toughness of 9460.79 k] /m?, representing a substantial 381.60% increase

relative to untreated composites. In comparison, LIG alone enhances the toughness by

60.48%, while short Kevlar fibers contribute a 43.00% improvement. When compared

to the existing literature on carbon fiber/epoxy composites, the toughening effects
of LIG (69% enhancement) and short Kevlar fibers (61.8% enhancement) are notably
lower than the 381.60% increase observed in aramid fiber composites. Therefore, the

incorporation of LIG and short Kevlar fibers constitutes an effective approach for im-

proving the interfacial toughness of aramid fiber-reinforced composites, significantly

enhancing the material’s interfacial toughness and structural integrity.

(2)  Short Kevlar fibers can compensate for the reduction in in-plane mechanical properties

caused by the LIG-coating. The tensile strength of composites containing only the LIG-

coated is 292.12 MPa, which represents a decrease of 14.02% compared to the untreated

composites. In contrast, the tensile strength of the combined system is 338.24 MPa,

with a variation maintained within 5%. These results indicate that the introduction

of short Kevlar fibers mitigates the decline in tensile load-bearing capacity resulting

from the laser treatment of aramid fiber surfaces, thereby preserving the in-plane

mechanical performance of the structure.

(3) The toughening mechanism of aramid fiber-reinforced composites containing LIG

and short Kevlar fibers was investigated using SEM. The LIG-coating enhances tough-

ness by increasing the surface roughness of the fibers and promoting fiber-matrix

interlocking, while short Kevlar fibers improve toughening effects by introducing

complex crack paths and energy absorption mechanisms through fiber pull-out, fiber

fracture, and fiber bridging. The combination of both components further enhances

the fracture toughness of the laminate by improving interfacial bonding and crack

propagation pathways.

(4) LIG can effectively monitor the delamination and tensile damage processes of lam-

inates. Through resistance changes, it allows for real-time tracking of interlayer

damage and tensile development. During the Mode II tests, the resistance exhibited
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both linear and nonlinear relationships with strain, showing a significant increase in
the rate of resistance change at the onset of delamination and during crack propaga-
tion. This indicates a correlation between resistance changes and the occurrence of
delamination and crack growth. During the tensile tests, resistance initially increased
linearly in the elastic phase and then nonlinearly in the plastic phase. A sudden
increase in the rate of resistance change was observed when the specimen exhibited
tensile fracture damage, suggesting a relationship between resistance changes and
the emergence of damage. Thus, LIG provides a novel method for in situ damage
detection within structures.
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