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Preface

This Special Issue is dedicated to the captivating and intricate field of polymer science and

technology, particularly the myriad factors that shape the properties of polymer-based materials. In

this context, it is crucial to equip our readers with a foundational understanding of what failure

signifies in a polymer-based material. This understanding is not just a matter of academic interest but

a pressing need in the field of polymer science and engineering.

From a fundamental perspective, fractures in a material involve surpassing the bond forces that

hold its constituent atoms together. However, the diverse ways these atoms are bonded as molecules,

leading to various supramolecular aggregates, give rise to intricate questions. This complexity,

which underscores the heterogeneous nature of these materials, is a challenging and fascinating

characteristic that may intrigue and captivate our readers.

In determining material strength capabilities, it has been undisputed that a fracture will always

take place in the weakest region of a material; however, the search for empirical and semi-empirical

approaches based on the results of conveniently designed mechanical testing procedures restricted

to material or part performance still represents an open research question. These considerations

have become especially relevant in the case of heterogeneous materials based entirely or partially

on organic polymers. Also, it has been well established that the stress/strain relationship is not linear

because it strongly depends on time and temperature effects on the applied external force level and

morphological changes in the material bulk due to environmental conditions. This underscores the

ongoing importance of research in this field, fulfilling essential research requirements and ensuring

reproducible and reliable results.

Ultimately, the findings in the literature have made it clear that mechanical energy interacts with

matter and materials in different ways in different environments and conditions. This, together with

the correct analysis of material responses, will continue to be vital in the development of mathematical

models to assist in material design optimization within a general framework of sustainability, with

the end purpose of avoiding catastrophic failure situations such as structural collapses or material

ruptures.

The works compiled in this work offer excellent examples of the current and future trends in

the field of the mechanical properties of polymeric materials. The eleven novel articles in this Special

Issue provide information and inspiration for future approaches in this fascinating field of science.

Emilia P. Collar and Jesús-Marı́a Garcı́a-Martı́nez

Editors
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Editorial

Mechanical Behavior of Polymeric Materials: Recent Studies
Emilia P. Collar * and Jesús-María García-Martínez *

Polymer Engineering Group (GIP), Polymer Science and Technology Institute (ICTP), Spanish National Research
Council (CSIC), C/Juan de la Cierva, 3, 28006 Madrid, Spain
* Correspondence: ecollar@ictp.csic.es (E.P.C.); jesus.maria@ictp.csic.es (J.-M.G.-M.)

This Special Issue is devoted to one of the most exciting fields in polymer science and
technology: the many factors that influence the properties of polymer-based materials.
Therefore, it is pertinent to provide readers with some fundamental information on what is
meant by failure in a polymer-based material (and thus in its mechanical properties). From a
fundamental approach, fracture in a given material means overpassing the bond forces that
keep its constituent atoms together. However, the ways in which these atoms are bonded
as molecules and appear as very different types of supramolecular aggregates lead to
complex questions, implying a heterogeneous character in these materials. In determining
material strength capabilities, it has been undisputed since early studies by Griffith [1] that
a fracture will always take place in the weakest region of a material; however, the search
for empirical and semi-empirical approaches based on the results of conveniently designed
mechanical testing procedures restricted to material or part performance still represent an
open research question.

These considerations have become especially relevant in the case of heterogeneous
materials based entirely or partially on organic polymers. From early times in materials
research [2–4], it has been well established that the stress/strain relationship is not linear,
because it is strongly dependent on time and temperature effects on the applied external
force level and morphological changes in the material bulk as a result of environmental
conditions [5–7]. This underscores the ongoing importance of research in this field fulfilling
key research requirements and ensuring reproducible and reliable results. The development
of inter-laboratory protocols and international standardized procedures is testament to
the reliability of our results, and these efforts are crucial in providing robust mechanical
parameter values [8–13]. These values should be suitable for incorporation into solid
databases to feed polymeric part and material design software [14] in order to forecast
the mechanical behavior of a polymeric material once it reaches the solid state after the
processing steps that determine the emerging morphologies of the organic fractions in this
type of material [15,16].

Ultimately, findings have made it clear that the study of mechanical energy interacts
with matter and materials in different ways in different environments and conditions. This,
together with the correct analysis of material responses, will continue to be vital in the
development of mathematical models to assist in material design optimization within a
general framework of sustainability, with the end purpose of avoiding catastrophic failure
situations. A significant number of manuscripts were submitted for consideration for this
Special Issue, but only a limited number were published following the rigorous revision
process of Polymers. This Special Issue includes eleven exciting works related to this hotspot
in polymer R&D. The articles compiled in this volume fully align with the philosophies
mentioned above. The aim of this Editorial is not to elaborate on each of the texts but to
encourage the reader to browse them in depth.

Sun et al. [17] present a finite element numerical simulation calculation for pavement
structure load responses, considering that there is still a lack of research on polyurethane
(PU) mixture composite pavement load responses because of our lack of understanding

Polymers 2024, 16, 2821. https://doi.org/10.3390/polym16192821 https://www.mdpi.com/journal/polymers1
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of the mechanical characteristics of PU mixture composite pavement. To fill this gap, this
article analyses the mechanical properties of PU mixtures using the dynamic modulus test,
the uniaxial penetration test, fatigue tests, and the finite element theory calculation method,
to perform a load response calculation for an orthogonal-design composite pavement
structure. The results show that PU mixtures exhibit more obvious elastic characteristics
with good shear resistance, fatigue, and temperature stability and can be employed as shear
and anti-fatigue layers. Using these data, a comparison with conventional pavement is
performed and fascinating conclusions are drawn.

The article by Shishkovsky et al. [18] presents a study on the mechanical and thermo-
mechanical performance of shape memory PLA parts by employing many sets, considering
five variable printing parameters, in an FDM printing method. The results show that the
temperature of the extruder and the nozzle diameter were the most significant parameters
when it came to achieving better mechanical properties in the final part. In other words,
this comprehensive study demonstrated a complex operational relationship between the
mechanical and thermomechanical properties determined, combining the characteristics of
a thermoplastic material with the shape memory effect and FDM printing parameters.

Vozniak et al. [19] investigated the mass transfer process of binary esters of acetic acid
in poly(ethylene terephthalate) (PET), poly(ethylene terephthalate) with a high degree of
glycol modification (PETG), and glycol-modified poly(cyclohexanedimethylene terephtha-
late) (PCTG), finding that the desorption rate of the complex ether at the equilibrium point
was significantly lower than the sorption rate, depending on the type of polyester and the
temperature and permitting the accumulation of ester in the polyester bulk. This effect is
beneficial as a physical blowing agent in the filament extrusion additive manufacturing
(AM) process, and it represents the main advantage of the obtention of nonbrittle foams
compared to conventional polyester foams.

The work by Ehrmann et al. [20] is focused on the use of textile fabrics in fabricating
stab-resistant garments with the advantage of being lightweight, considering most materials
on the market. These research attempts are currently focused on textile fabrics, mostly
through impregnation with shear-thickening fluids (STFs) or ceramic coatings, as well as on
lightweight composites. In this work, the authors discuss different measurement methods,
including dynamic and quasistatic methods, and the correlations of stab resistance with
other physical properties jointly with an overview of recent developments and research on
stab-resistant polymers, by employing different materials and combinations of materials
and structures.

The investigation by Wildemann et al. [21] is focused on the effect of various types of
external loadings on composite structures, leading to a decrease in mechanical properties
in a system as a whole. For this purpose, many experimental investigations into the
mechanical behavior of composites under uniaxial cyclic loading had previously been
carried out. In contrast, in this study, new data on reducing composite materials’ mechanical
characteristics under multiaxial cyclic loading were examined. Hence, these authors
performed an experimental investigation into the mechanical behavior of fiberglass tubes
under proportional cyclic loading and static and fatigue tests conducted under tension with
torsion conditions. Further, the accumulation of structural damage was examined. Finally,
the authors conclude that multiaxial cyclic loading significantly reduces the mechanical
properties and must be considered in composite structure design.

The research article by Sebaey, Wagih et al. [22] demonstrates an enhancement in
notch sensitivity in a hybrid carbon/epoxy (CFRP) composite with a Kevlar core sandwich
compared to monotonic CFRP and Kevlar composites, bearing in mind that so-called
fiber-reinforced plastic composites are sensitive to holes inducing out-of-plane stresses.
The study is performed through open-hole tension (OHT) tests and further comparison of
the open-hole tensile strength and strain and damage propagation. The results show that
hybrid laminate has a lower notch sensitivity than CFRP and KFRP laminates because the
strength reduction rate with the hole size is lower.
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Belaadi et al. [23] present a comprehensive study of the elements that enhance the
performance of biocomposites or sustainable ropes created from vegetable fibers, which
need to have a high confidence interval (95% CI) for the mechanical characteristic data of
performance materials in order to be useful for the design of parts due to the enormous
variation in plant fibers properties. To achieve this, the authors implemented an experimen-
tal design involving four groups, varying the number of tests to determine the mechanical
properties (modulus, strength, and strain at break) of sisal yarn in order to ensure that the
CI was at least 95%.

The work by Peponi et al. [24] reports their study into the mechanical behavior of
woven and non-woven PLA/OLA/MgO electrospun fibers in detail using the Box–Wilson
surface response methodology as a follow-up to a previous work by the authors, where the
diameters and thermal responses of these fibers were discussed in terms of the different
amounts of magnesium oxide nanoparticles (MgO), as well as the oligomer (lactic acid,
OLA) used as a plasticizer. The results suggest that these works can be strongly correlated.
Critical points for both MgO and OLA were identified. Therefore, the approach presented
by the authors permits the design of tailor-made electrospun nanocomposites with specific
mechanical requirements.

The contribution by Koutsos et al. [25] addresses variability in the thermomechan-
ical behavior of virgin and recycled polypropylene/high-density polyethylene blends
without other components. The authors highlight the fact that understanding the per-
formance variability in such blends is a crucial aspect in enabling recycled materials to
re-enter the consumer market in terms of the circular economy, requiring further research
to minimize the inhomogeneity of recycled materials. For these purposes, the authors
performed a complete thermal and mechanical characterization of virgin and recycled
polypropylene/high-density polyethylene blends, concluding that recycled and virgin
blends are immiscible. This study was complemented by a dynamical mechanical anal-
ysis showing a slight variation in the storage modulus of recycled and virgin blends but
lower alpha and beta relaxation temperatures in recycled blends. Additionally, the authors
conclude that the tensile properties of recycled blends exhibit worse properties, which
they explain.

The article authored by Cauich-Robriguez, Peponi et al. [26] explores the possibility
of mimicking the architecture of human coronary artery native vessels for biomedical
applications. The authors used roto-evaporation to engineer a three-layer polyurethane
vascular graft (TVG). They synthesized two segmented polyurethanes using lysine (SPUUK)
and ascorbic acid (SPUAA) to create the intima and adventitia layers, respectively. In
contrast, the media layer was fabricated from a commercially available polyurethane and
compared to single-layer vascular grafts (SVGs) from individual polyurethanes and a
polyurethane blend (MVG). They found that the TVG exhibited the highest circumferential
tensile strength and longitudinal forces compared to single-layer vascular grafts of lower
thicknesses made from the same polyurethanes. The TVG also showed higher suture and
burst strength values than native vessels. Additionally, the authors performed an indirect
cytocompatibility test, showing 90 to 100% viability for all polyurethanes, surpassing
the minimum 70% threshold needed for biomaterials deemed to have cytocompatibility.
Except for SPUUK, all exhibited poor fibroblast adhesion and hemolysis values under the
permissible limit of 5%, as well as longer coagulation times.

Finally, Minh et al. [27] present a study investigating the mechanical properties of
coconut sawdust powder combined with polypropylene (PP) by observing the effect of
the compatibilizer, wood powder (WP) content, and injection molding parameters on the
properties of coconut wood powder composite (WPC). Based on a Taguchi experimental
design, the authors performed an interesting investigation to determine the influential co-
ordinates required to obtain optimized mechanical properties (tensile and flexural strength
and hardness), aided by scanning electronic microscopy (SEM). They mainly concluded
that the parameters influencing the ultimate properties follow a hierarchy, with the wood
powder being the most influential and the melt temperature being the least influential.
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To conclude, as the Guest Editors of this fascinating Special Issue, we can comfortably
say that the topic “Mechanical Behavior of Polymeric Materials” represents an essential
framework in the field of Polymer Science and Technology, now and in the near future. For
this reason, a second Special Issue on this topic, to be published in 2025 in Polymers, is now
in progress and open for submissions, and contributions are welcomed.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Finite element numerical simulation calculation of pavement structure load response is
widely applied; however, there is still a lack of research on the polyurethane (PU) mixture composite
pavement load response. The mechanical characteristics of PU mixture composite pavement are not
well understood, and there is a lack of research on typical pavement structures of PU mixtures, which
limits their application in pavement structures. Therefore, herein, the mechanical properties of PU
mixtures are analysed using the dynamic modulus test, uniaxial penetration test, and fatigue test.
Further, the finite element theory calculation method is used to realize the load response calculation
of orthogonal design composite pavement structure. The results show that PU mixtures exhibit more
obvious elastic characteristics and have good shear resistance, fatigue stability, and temperature
stability, and can be used as shear and anti-fatigue layers. The structure of ‘4 cm SMA-13 + 5 cm PUM-
20 + 6 cm PUM-25 + semi-rigid base’ is recommended for the PU mixture composite structure. In
comparison to typical asphalt pavement, the analysis shows that except for shear stress, temperature
has little effect on the load response of PU composite pavement structures, while high temperatures
lead to a significant increase in the load response of typical asphalt pavement structures. The PU
composite pavement can bear greater loads and has a reduced thickness of its surface layer by about
3 cm in comparison to conventional pavement. The results of this study provide theoretical support
for the design of PU mixture pavement structures and promote the popularization and application of
PU mixture pavement.

Keywords: mechanical properties; polyurethane mixture; load response; composite pavement;
pavement structure

1. Introduction

Asphalt pavement has the properties of good driving comfort, low noise during
driving, strong environmental adaptability, and technical and economic benefits, so it is
widely used in all kinds of road pavement [1]. At present, the pavement structure of three-
layer surfaces and cement-stabilized gravel bases is often adopted in China [2]. However,
as a viscoelastic discontinuous material, the mechanical properties of asphalt mixtures are
easily affected by external environmental factors. Early issues such as ruts, potholes, cracks,
and uneven subsidence occur frequently during the use of asphalt mixtures [3]. Much
fuel is consumed to heat mineral materials and asphalt; this produces large amounts of
emissions [4]. The aforementioned defects of asphalt mixtures have become an important
factor restricting the higher-quality development of pavement [5].

At present, there is an increasing body of research on polyurethane (PU) mixtures
in pavement engineering [6–10]. Compared to traditional mixtures, PU mixtures have
better durability, temperature stability, waterproof properties, and crack resistance, which
can reduce maintenance frequency [11–15]. However, as a new type of road construction
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material, the conventional pavement structure design method is not applicable [16–20].
Therefore, it is necessary to study the mechanical properties of PU mixtures and their
composite pavement load response behaviour, providing a basis for the structural design
of PU mixture pavement.

At present, some research has been conducted into the load response of composite
pavement structures. Angel Mateos et al. identified the two main distress mechanisms in
concrete overlays on asphalt pavement based on the analysis of the structural response of
test sections and finite element modelling [21]. A two-dimensional finite element model
was developed using the Mich-Pave software to predict pavement responses, and the
responses of flexible pavement were evaluated comprehensively [22]. A three-dimensional
finite element (3D FE) model was used by Feng et al. to investigate the temperature field
and thermal responses; it was found that the maximum principal tensile stresses of the
contact interface between the pipe and the surrounding concrete were larger [23]. Haibin
Wei used the ANSYS static structural analysis module to analyse three indicators of EPDM
pavement [24]. Zhu et al. used a finite element method to analyse the mechanical response
of hydronic asphalt pavement (HAP); the results indicated that the concrete between
adjacent pipes was subjected to significant tensile stresses [25]. The mechanical response of
hydronic asphalt pavement under temperature–vehicle coupled loading was evaluated by
Zhu et al., who found that the concrete between adjacent pipes was subjected to significant
tensile stresses [25]. Huang et al. established a numerical model to characterize the fracture
process of a reinforced concrete (RC) beam strengthened with fiber-reinforced polymer
(FRP) in detail [26]. Yu et al. carried out an investigation on marble, and an impact factor
of weak disturbance was defined [27]. Li et al. proposed a transfer learning pipeline and
enabled a distress detection model to be applied to other untrained scenarios [28]. Different
models, such as finite element models [29], three-dimensional finite element models [30],
and ANSYS static structure modules [31], have been adopted by scholars to assess and
analyse pavement structural responses, composite pavement, and snow-melting heated
bridge deck systems [32,33].

It is clear that the current calculation method of pavement structure load response is
relatively mature; however, there is a lack of research on PU mixture composite pavement
load responses. The mechanical characteristics of PU mixture composite pavement are not
known, and there are no relevant suggestions for the typical pavement structure of PU
mixtures, which limits the popularization of PU mixtures in pavement structures. Therefore,
the load responses of orthogonal design composite pavement structures are analysed basing
on mechanical properties of PU mixtures and numerical simulation calculations, and the PU
mixture composite pavement structure is recommended. The load response of PU mixture
composite pavement structures is comprehensively analysed and compared with that of
typical asphalt pavement structures, which provides theoretical support for the design of
PU mixture pavement structures and promotes the popularization and application of PU
mixture green roads.

2. Material Composition and Typical Pavement Structure
2.1. Raw Materials

(1) Polyurethane binder

In this study, a one-component moisture-curable PU binder is used, produced by Wan-
hua Chemical Co., Ltd., Yantai, China. It is a modified isocyanate prepolymer containing a
certain terminal isocyanate (NCO) group, which is polymerized by isocyanate, polyether
polyol, vegetable oil, and catalysts. The specific technical indicators of 25 ◦C are shown
in Table 1.
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Table 1. Technical indexes of PU binder [34].

Technology Index Unit Technical Requirement Typical Values

Viscosity mPa·s 1200–2200 1600
Isocyanate group

content % 10.3–11.3 11.1

Density g/cm3 1.05–1.11 1.08
Surface dry time h 5–10 6
Tensile strength MPa ≥10 26

Elongation at break % ≥100 200

The NCO group in the PU binder is extremely chemically active. The first step of the
reaction is that the NCO group reacts with water to form diamines and releases carbon
dioxide. The second step is that the diamine substance further reacts with NCO, undergoes
chain extension reactions, and generates the urea group, which solidifies the material.

(2) Asphalt

The 70# base asphalt and SBS-modified asphalt are used, the technical indicators of
which meet the provisions of JTG F40-2004 [35].

2.2. Mixture Composition

The composition design of SBS-modified asphalt with a maximum nominal particle
size of 13.2 mm (SMA-13), PU mixture, and asphalt mixture with a maximum nominal
particle size of 19.0 mm and 26.5 mm (PUM-20, AC-20, PUM-25, AC-25) are carried out
respectively. The aggregate gradations of the mixtures are shown in Figure 1. The composi-
tion design results of the mixtures are shown in Table 2.
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Figure 1. Mineral aggregate gradation of the mixture. 
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Table 2. The composition design results for various mixtures.

Mixture Binder Nominal Maximum
Particle Sizes/mm Binder Content/% Void Ratio (VV)

SMA-13 SBS-modified asphalt 13.2 5.8 5.3
AC-20 70# based asphalt 19.0 5.0 4.5
AC-25 70# based asphalt 26.5 4.8 4.6

PUM-20 PU binder 19.0 4.8 4.9
PUM-25 PU binder 26.5 4.6 5.0
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3. Test Scheme and Calculation Theory
3.1. Test Scheme
3.1.1. Dynamic Modulus Test

The dynamic modulus specimens are cylinders with a diameter of 100 mm and height
of 150 mm, and one set of tests has three parallel specimens. According to the pavement
working temperature, four temperatures of 10 ◦C, 20 ◦C, 35 ◦C, and 50 ◦C are selected, and
nine loading frequencies of 0.1 Hz, 0.2 Hz, 0.5 Hz, 1.0 Hz, 2.0 Hz, 5.0 Hz, 10 Hz, 20 Hz, and
25 Hz are used. The specimens are kept at the test temperature for 5 h before tested. The
dynamic modulus test is carried out in accordance with T 0738-2011 of JTG E20-2011 [36].
The five mixtures’ dynamic modulus tests are carried out.

3.1.2. Uniaxial Penetration Test

According to JTG D50-2017, uniaxial penetration tests of the five mixtures are con-
ducted [37]. The UTM-100 dynamic hydraulic test system is used for the test. A cylinder
with a diameter of 42 mm is used. The loading rate is 1 mm/min and the pressure and
displacement are recorded. When the stress value is reduced to 90% of the stress extreme
point, the test is stopped, and the maximum shear failure load is taken at the inflexion point
of the test curve, accurate to 0.001 KN.

The uniaxial penetration tests of the five mixtures are carried out at 15 ◦C, 20 ◦C, 30 ◦C,
40 ◦C, 50 ◦C, and 60 ◦C. The uniaxial penetration strength and modulus of the mixture are
calculated as follows. The test apparatus and loading method are shown in Figure 2.
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Figure 2. Uniaxial penetration test device.

3.1.3. Four-Point Bending Fatigue Test

Firstly, four-point bending static loading tests of five mixtures were carried out. The
specimen size is 380 mm × 50 mm × 63.5 mm and the test temperature is 25 ◦C ± 0.5 ◦C.
The displacement control mode is used to load at a speed of 0.01 mm/s until the specimen
is broken, and the ultimate bearing capacity and flexural strength are obtained [32].

Secondly, according to the ultimate bearing capacity and stress level, the control
stresses of the five mixtures are calculated. Previous studies have shown that the fatigue
life of PU mixtures is long [16,17], so the stress levels of asphalt mixtures are 0.3, 0.4, and
0.5, and the stress levels of PU mixtures are 0.5, 0.6, and 0.7.

Finally, four-point bending fatigue tests are carried out under stress control mode.
Continuous partial sinusoidal loading mode, loading frequency 10 Hz ± 0.1 Hz, loading
waveform is a non-interrupted asymmetric constant amplitude sine wave. The cyclic
characteristic value (the ratio of Fmin to Fmax) is R = 0.1, where the maximum cyclic loading
is the product of the stress level S and the ultimate bearing capacity, and the minimum
loading is the product of the maximum value and the cyclic characteristic value R [33].
Load is not stopped until fatigue fracture of the specimen occurs. The loading waveform
curve is shown in Figure 3, and the loading method is shown in Figure 4.
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3.2. Orthogonal Design of PU Mixture Composite Pavement Structure

Three-layer surfaces and cement-stabilized gravel bases are often adopted in China,
and the uppermost layer is usually an SBS-modified asphalt mixture wear layer to maintain
the pavement [13–15]. Therefore, the 4 cm SMA-13 mixture is used as the upper layer of the
pavement, and this study focuses on the structural design of the middle and lower layers.
Previous studies have shown that PU mixtures have significant elastic properties, and their
dynamic modulus is obviously larger [16,17]. Therefore, the thickness of the PU mixture
layers is appropriately reduced in the design of the pavement structure.

The four-factor mixed-level orthogonal design of composite pavement structures is
shown in Table 3. The middle and lower layers are given different thicknesses: the middle
layer thicknesses are 3 cm, 4 cm, and 5 cm; the lower layer thicknesses are 6 cm, 7 cm, and
8 cm. The AC-20 and PUM-20 mixtures are randomly matched to the middle layer, the
AC-25 and PUM-25 mixtures are randomly matched to the lower layer, and the base layer
is a double-layer cement stabilized gravel mixture.
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Table 3. Orthogonal test design of PU and asphalt composite pavement.

Numbering
Factor A

(Middle Layer
Thickness mm)

Factor B
(Lower Layer

Thickness mm)

Factor C
(Middle Layer Material)

Factor D
(Lower Layer Material)

1 1 (30 mm) 1 (60 mm) 1 (AC-20) 2 (PUM-25)
2 2 (40 mm) 2 (70 mm) 1 2
3 3 (50 mm) 3 (80 mm) 1 2
4 1 2 1 2
5 2 3 1 2
6 3 1 1 2
7 1 2 2 (PUM-20) 1 (AC-25)
8 2 3 2 1
9 3 1 2 1

10 1 3 2 1
11 2 1 2 1
12 3 2 2 1

The deflection of the pavement surface, vertical compressive strain of the asphalt
surface, shear stress between the asphalt layer and PU layer, tensile stress at the bottom of
the base layer, and vertical compressive strain at the top of the subgrade are selected as key
mechanical calculation indexes of the pavement load response. In addition, the material
cost of the pavement structure is one of the key factors to be considered in pavement
structure design. The pavement material cost calculation results of pavement with a width
of 30 m and length of 100 m are used as an evaluation index for orthogonal design.

3.3. Theoretical Calculation
3.3.1. Finite Element

The load responses of PU mixture composite pavement are calculated using the
ABAQUS finite element software. The model size is 10 m (length) × 6 m (width) × 6 m
(height); the x-direction in the model is the driving direction, the y-direction is the road
depth direction, and the z-direction is the lateral direction of the road. The standard axle
load of BZZ-100 is selected for model loading, the tire grounding pressure P is 0.7 MPa,
and the tire grounding size is 0.226 m × 0.156 m. The elastic continuous layered system
theory is used for calculation [34]. The structural layers of the pavement are connected
through binding. The materials of each layer are divided by eight-node linear hexahedral
elements. The established model structure is shown in Figure 5.
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3.3.2. Calculation Parameters and Conditions

The calculation models for the twelve pavement structures in the four-factor mixed-
level orthogonal design table are established. Based on the analysis of the load responses
of orthogonal design pavement structure, the PU mixture composite pavement structure is
recommended. The load responses of the PU mixture composite pavement structure and
typical asphalt pavement structure, with temperatures of 20 ◦C and 50 ◦C, are calculated
and compared. The material parameters of different materials are shown in Table 4.

Table 4. Material parameters of each pavement structure layer.

Structure Layer Type 20 ◦C Dynamic Modulus/MPa 50 ◦C Dynamic Modulus/MPa Poisson Ratio

SMA-13 10,184 720 0.25
AC-20 9383 642 0.25
AC-25 9483 692 0.25

PUM-20 11,310 7395 0.25
PUM-25 10,567 7642 0.25

Cement-stabilized gravel (base) 16,000 16,000 0.25
Cement-stabilized gravel (subbase) 12,000 12,000 0.25

subgrade 70 70 0.40

The vertical compressive strain of the asphalt surface layer, tensile stress of the base
bottom, road surface deflection, maximum shear stress, and vertical compressive strain of
the subgrade surface are taken as the orthogonal design analysis calculation indexes.

4. Results and Discussion
4.1. Dynamic Modulus Test Results
4.1.1. Dynamic Modulus

The dynamic modulus test results for the five mixtures are shown in Figures 6 and 7.
The results show that the higher the test temperature, the lower the dynamic modulus of
the five mixtures at the same loading frequency. The high temperature reduces the ability
of the five mixtures to resist loading. With increases in the test temperature, the dynamic
modulus of the SMA-13, AC-20, and AC-25 mixtures decrease greatly, while those of the
PUM-20 and PUM-25 mixtures decrease slightly. This indicates that SMA-13, AC-20, and
AC-25 mixtures are significantly affected by temperature, while the PUM-20 and PUM-25
mixtures have better temperature stability.

Polymers 2023, 15, x FOR PEER REVIEW 7 of 18 
 

 

PUM-25 10,567 7642 0.25 

Cement-stabilized gravel (base) 16,000 16,000 0.25 

Cement-stabilized gravel (subbase) 12,000 12,000 0.25 

subgrade 70 70 0.40 

The vertical compressive strain of the asphalt surface layer, tensile stress of the base 

bottom, road surface deflection, maximum shear stress, and vertical compressive strain of 

the subgrade surface are taken as the orthogonal design analysis calculation indexes. 

4. Results and Discussion 

4.1. Dynamic Modulus Test Results 

4.1.1. Dynamic Modulus 

The dynamic modulus test results for the five mixtures are shown in Figures 6 and 7. 

The results show that the higher the test temperature, the lower the dynamic modulus of 

the five mixtures at the same loading frequency. The high temperature reduces the ability 

of the five mixtures to resist loading. With increases in the test temperature, the dynamic 

modulus of the SMA-13, AC-20, and AC-25 mixtures decrease greatly, while those of the 

PUM-20 and PUM-25 mixtures decrease slightly. This indicates that SMA-13, AC-20, and 

AC-25 mixtures are significantly affected by temperature, while the PUM-20 and PUM-25 

mixtures have better temperature stability. 

0 5 10 15 20 25 30 35
0.0

2.0×103

4.0×103

6.0×103

8.0×103

1.0×104

1.2×104

1.4×104

D
y

n
am

ic
 M

o
d

u
lu

s 
/ 

M
P

a

 PUM-25-10℃

 PUM-25-20℃

 PUM-25-35℃

 PUM-25-50℃

 PUM-20-10℃

 PUM-20-20℃

 PUM-20-35℃

 PUM-20-50℃

Load Frequency / Hz  

Figure 6. Dynamic modulus of PU mixtures. 

0 5 10 15 20 25 30 35
0.0

2.0×103

4.0×103

6.0×103

8.0×103

1.0×104

1.2×104

1.4×104

D
y

n
am

ic
 M

o
d

u
lu

s 
/ 

M
P

a

 SMA-13-10℃

 SMA-13-20℃

 SMA-13-35℃

 SMA-13-50℃

 AC-25-10℃

 AC-25-20℃

 AC-25-35℃

 AC-25-50℃

 AC-20-10℃

 AC-20-20℃

 AC-20-35℃

 AC-20-50℃

 

Figure 7. Dynamic modulus of asphalt mixtures. 

The dynamic modulus of the two mixtures increased with increases in the loading 

frequency. The dynamic modulus of the SMA-13, AC-20, and AC-25 mixtures is obviously 

affected by the loading frequency. The dynamic modulus of PUM-20 and PUM-25 

Figure 6. Dynamic modulus of PU mixtures.

11



Polymers 2023, 15, 417

Polymers 2023, 15, x FOR PEER REVIEW 7 of 18 
 

 

PUM-25 10,567 7642 0.25 

Cement-stabilized gravel (base) 16,000 16,000 0.25 

Cement-stabilized gravel (subbase) 12,000 12,000 0.25 

subgrade 70 70 0.40 

The vertical compressive strain of the asphalt surface layer, tensile stress of the base 

bottom, road surface deflection, maximum shear stress, and vertical compressive strain of 

the subgrade surface are taken as the orthogonal design analysis calculation indexes. 

4. Results and Discussion 

4.1. Dynamic Modulus Test Results 

4.1.1. Dynamic Modulus 

The dynamic modulus test results for the five mixtures are shown in Figures 6 and 7. 

The results show that the higher the test temperature, the lower the dynamic modulus of 

the five mixtures at the same loading frequency. The high temperature reduces the ability 

of the five mixtures to resist loading. With increases in the test temperature, the dynamic 

modulus of the SMA-13, AC-20, and AC-25 mixtures decrease greatly, while those of the 

PUM-20 and PUM-25 mixtures decrease slightly. This indicates that SMA-13, AC-20, and 

AC-25 mixtures are significantly affected by temperature, while the PUM-20 and PUM-25 

mixtures have better temperature stability. 

0 5 10 15 20 25 30 35
0.0

2.0×103

4.0×103

6.0×103

8.0×103

1.0×104

1.2×104

1.4×104

D
y

n
am

ic
 M

o
d

u
lu

s 
/ 

M
P

a

 PUM-25-10℃

 PUM-25-20℃

 PUM-25-35℃

 PUM-25-50℃

 PUM-20-10℃

 PUM-20-20℃

 PUM-20-35℃

 PUM-20-50℃

Load Frequency / Hz  

Figure 6. Dynamic modulus of PU mixtures. 

0 5 10 15 20 25 30 35
0.0

2.0×103

4.0×103

6.0×103

8.0×103

1.0×104

1.2×104

1.4×104

D
y

n
am

ic
 M

o
d

u
lu

s 
/ 

M
P

a

 SMA-13-10℃

 SMA-13-20℃

 SMA-13-35℃

 SMA-13-50℃

 AC-25-10℃

 AC-25-20℃

 AC-25-35℃

 AC-25-50℃

 AC-20-10℃

 AC-20-20℃

 AC-20-35℃

 AC-20-50℃

 

Figure 7. Dynamic modulus of asphalt mixtures. 

The dynamic modulus of the two mixtures increased with increases in the loading 

frequency. The dynamic modulus of the SMA-13, AC-20, and AC-25 mixtures is obviously 

affected by the loading frequency. The dynamic modulus of PUM-20 and PUM-25 

Figure 7. Dynamic modulus of asphalt mixtures.

The dynamic modulus of the two mixtures increased with increases in the loading
frequency. The dynamic modulus of the SMA-13, AC-20, and AC-25 mixtures is obviously
affected by the loading frequency. The dynamic modulus of PUM-20 and PUM-25 mixtures
at different loading frequencies changes slightly, and the influence of different loading
frequencies on PU mixtures is relatively small.

The reason for this is that asphalt is a temperature-sensitive binder. Increases in the
temperature lead to a transition of asphalt from an elastic state to a viscous state, which
affects its mechanical properties [16]. The strength of the PU mixture is formed by the
curing reaction of the PU binder, which is irreversible. When the ambient temperature rises,
the mechanical properties of PU mixtures do not change; thus, PU mixtures exhibit good
temperature stability.

4.1.2. Phase Angle

The phase angle of 10 Hz is shown in Figure 8, and the phase angle of 20 ◦C is shown
in Figure 9.
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Under different test temperatures and loading frequencies, the phase angles of PUM-
20 and PUM-25 mixtures change between 4◦ and 6◦; the overall change range is within
2◦. The phase angles of SMA-13, AC-20, and AC-25 mixtures are between 15–40◦, and the
phase angle varies greatly with the loading frequency and test temperature. The phase
angle is used as an index to analyse the elasticity and viscosity coefficient of the material.
The larger the phase angle, the more obvious the viscosity characteristics of the material.
The test results show that the elastic properties of PU mixtures are relatively obvious, while
the viscous properties of the asphalt mixture are relatively obvious; further, the temperature
has little effect on the viscoelastic properties of PU mixtures.

4.2. Uniaxial Penetration Test Results

The uniaxial penetration strength and shear modulus of the five mixtures are shown
in Figures 10 and 11. The uniaxial penetration strength and shear modulus of PUM-20 and
PUM-25 mixtures are far greater than those of SMA-13, AC-20, and AC-25 mixtures, and the
temperature has little influence on the uniaxial penetration strength of PU mixtures [8]. The
PU mixtures have high uniaxial penetration strengths and are less affected by temperature,
indicating their high bearing capacity and good temperature stability. The shear moduli of
PUM-20 and PUM-25 mixtures are much larger than those of SMA-13, AC-20, and AC-25
mixtures, and the temperature has little effect on the shear modulus of PU mixtures, which
is consistent with the dynamic modulus test results. Therefore, PU mixtures can be applied
to the shear layer of pavement structures.
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4.3. Four-Point Bending Fatigue Test Results
4.3.1. Four-Point Bending Static Loading Tests

The four-point bending load–displacement curves of the five mixtures are shown in
Figure 12. The maximum deformation and bending failure stress are shown in Figure 13.
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The load–displacement curves of the PUM-20 and PUM-25 mixtures differ from those
of the SMA-13, AC-20, and AC-25 mixtures. The bending stresses of PUM-20 and PUM-25
mixtures increase rapidly under loading, and the mixture fails after bending for about
3 s, while the time–stress curves of PUM-20 and PUM-25 mixtures are relatively flat, and
the mixture fails after loading for 15 s. In addition, the bending failure stress of PUM-20
and PUM-25 is about four times larger than that of SMA-13, AC-20, and AC-25, while the
maximum deformation of SMA-13, AC-20, and AC-25 is about 15 times larger than that
of PUM-20 and PUM-25. This indicates that the PU mixture has a strong ability to resist
loading; however, its plastic deformation under loading is small, easily leading to brittle
failure [12].

4.3.2. Four-Point Bending Fatigue Tests

The stress-controlled four-point bending fatigue life test results of the five mixtures
are shown in Figure 14.
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With increases in the stress level, the fatigue life of the five mixtures gradually de-
creases. When the stress level of SMA-13, AC-20, and AC-25 mixtures increases to 0.5,
the fatigue life is only 1000–2000 cycles, while the fatigue life of the PUM-20 and PUM-25
mixtures at the 0.7 stress level can still reach 2000–3000 cycles; that is, PU mixtures still
have good fatigue resistance at high stress levels. At the 0.5 stress level, the fatigue life of
PUM-20 and PUM-25 mixtures is more than 25 times that of the SMA-13, AC-20, and AC-25
mixtures, indicating that the PU mixture has a strong ability to resist fatigue load [12]. The
four-point bending fatigue test shows that the PU mixture has strong fatigue resistance and
can be applied at higher stress levels.

4.4. Analysis of Pavement Structure Orthogonal Design Results and Pavement Structure
Recommendation

The calculation results for the twelve pavement structures of the orthogonal design
table are shown in Table 5.
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Table 5. Orthogonal test results for PU mixture composite pavement.

Number Factor A Factor B Factor C Factor D
Vertical Compressive

Strain of Asphalt
Surface/µε

Tensile Stress of Base
Bottom/10−3 MPa

Road Surface
Deflection/0.01 mm

Maximum Shear
Stress/10−3 Mpa

Vertical Compressive
Strain of

Subgrade Top/µε

Material
Cost/CNY Ten

Thousand

1 1 1 1 2 52.86 137.5 17.10 49.10 39.6 89.5
2 2 2 1 2 48.49 138.0 26.24 49.80 39.42 97.9
3 3 3 1 2 40.13 126.4 13.00 38.00 36.70 106.4
4 1 2 1 2 53.91 134.6 16.85 48.93 38.75 94.8
5 2 3 1 2 40.24 128.7 13.11 36.40 37.32 103.3
6 3 1 1 2 39.95 132.0 13.37 39.80 38.31 95.7
7 1 2 2 1 52.38 135.1 16.60 49.35 39.05 94.8
8 2 3 2 1 39.60 128.8 13.07 43.60 37.48 103.3
9 3 1 2 1 39.65 130.8 13.18 39.90 38.00 95.7
10 1 3 2 1 39.62 131.8 13.26 43.10 38.37 100.2
11 2 1 2 1 39.62 133.8 13.77 43.40 38.89 92.6
12 3 2 2 1 39.65 128.3 13.03 43.60 37.31 101.0

The range (∆K) under different factors and levels is calculated as shown in Table 6, and
is then used to analyse the impacts of each factor on different indicators in the orthogonal
test, and to determine the optimal factor combination corresponding to different indicators.

Table 6. Orthogonal data processing results.

Response Range (∆K) Optimal Structure
CombinationFactor A Factor B Factor C Factor D

Vertical compressive strain of surface layer/µε 39.39 34.84 25.06 25.06 A3B3C2D1
Tensile stress of base bottom/10−3 MPa 2.15 2.03 0.86 0.86 A3B3C2D1
Pavement surface deflection/0.01 mm 13.61 20.28 41.76 41.76 C2D2B3A3

Maximum shear stress/10−3 Mpa 29.18 30.58 0.92 0.92 B3A3C1D2
Vertical compressive strain of subgrade top/µε 5.45 4.93 1 1 A3B3C1D2

Material cost/CNY ten thousand 19.5 39.7 0 0 B1A1CD

According to the results of the aforementioned method, the influence factors for the
mechanical indexes of pavement structures are discussed as follows. The factors affecting
the vertical compressive strain of the surface layer and the tensile stress of the base bottom
are ranked as A > B > C = D. The pavement structure with A3B3C2D1 can obtain the
minimum vertical compressive strain of the asphalt surface layer and the tensile stress
at the bottom of the base layer. The influence order of the pavement surface deflection
factors is C = D > B > A. The pavement structure of C2D2B3A3 can obtain the minimum
pavement surface deflection and improve the pavement-bearing capacity. The influence of
the maximum shear stress factors is B > A > C = D, and the B3A3C1D2 pavement structure
can obtain the minimum interlayer shear stress and reduce the interlayer displacement.
The influence of vertical compressive strain factors on the top surface of the subgrade is
A > B > C = D, and the compressive strain of the top surface of the A3B3C1D2 pavement
structure is the smallest, reducing the deformation of the subgrade. The influence of the
material cost factors is B > A > C = D, and the pavement structure cost of B1A1 is the lowest.

Combining various load responses and pavement structure costs, the final preferred
pavement structure is A3B1C2D2; that is, ‘4 cm SMA + 5 cm PUM-20 + 6 cm PUM-25′ is
proposed as the PU and asphalt mixture composite structure.

4.5. Load Response Behaviour of Composite Pavement Structures

To comprehensively characterize the load response of PU composite pavement, the
load responses of typical asphalt pavement structure (typical structure) and PU and asphalt
mixture composite pavement (composite structure) are also calculated and compared. The
two pavement structures are shown in Figure 15.
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4.5.1. Vertical Compressive Strain of the Subgrade Surface

The vertical compressive strain calculation results of the subgrade surface are shown
in Figure 16.
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Figure 17. Upper-layer maximum shear stress. 

Figure 16. Subgrade surface compressive strain.

It can be seen that the load response curves of PU and asphalt composite pavement
and typical asphalt mixture pavement are similar. The vertical compressive strain of the
top surface of the subgrade decreases with increases in the load distance. With increases in
the temperature, the subgrade surface compressive strain of the two pavement structures
increases, and the temperature has a great influence on the subgrade surface compressive
strain of typical asphalt mixture pavement. The maximum subgrade surface compressive
strain changes from 142 µε to 167 µε, while the temperature has a relatively small influence
on the subgrade surface compressive strain of the PU composite pavement; the maximum
subgrade surface compressive strain changes from 139 µε to 142 µε. This may be because
the PU mixture has good temperature stability, and the mechanical properties change
slightly under high-temperature conditions, while the asphalt mixture changes from elastic
to viscous under high-temperature conditions, resulting in large vertical compressive
strains on the top surface of the subgrade of typical asphalt pavement [30,38].
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4.5.2. Interlayer Shear Stress

The upper-layer bottom shear stress and the maximum shear stress in the depth
direction of the two pavement structures are shown in Figures 17 and 18.
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Figure 18. Shear stress in the depth.

The maximum shear stress at the bottom of the upper layer decreases with increases
in the load distance, as shown in Figure 17. The maximum shear stress at the bottom of the
upper layer of the PU composite pavement and the typical asphalt pavement structure at
10 ◦C and 50 ◦C is similar to the lateral distribution of the road. The temperature has little
effect on the upper-layer maximum shear stress of the typical asphalt pavement structure,
except the wheel load position. The interlayer shear stress of the composite pavement load
position under high-temperature conditions reaches 254 KPa.

The shear stress distribution curve in the depth direction of the load position is shown
in Figure 18. The shear stress value is larger at the depth of 4–10 cm of the two pavement
structures. The shear stress distribution in the depth direction of typical asphalt pavement
structures is only slightly affected by temperature changes; however, the shear stress of the
PU mixture composite pavement structure increases at high temperatures, and the shear
stress value reaches 400 KPa at a 4–6 cm depth of the pavement structure [31]. Therefore,
it is necessary to carry out layer treatments between the PU mixture and asphalt mixture
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layer; on the basis of previous research results, a two-component PU adhesive layer of
0.4 L/m2 should be sprayed.

4.5.3. Vertical Compressive Strain of the Composite Pavement Structure Surface

The vertical compressive strain curves of the surface layer in Figure 19 show that
the two structures exhibit the same change trends. The vertical compressive strain of the
PU mixture composite pavement is relatively small at different temperatures, and the
values are close, indicating that the pavement structure has high-temperature stability,
mainly due to the strength formed by the cross-linking curing reaction of the PU mixture,
which does not easily deform with temperature changes [32,39]. However, the vertical
compressive strain of typical asphalt pavement is the largest at 50 ◦C, primarily due to the
high-temperature sensitivity of the asphalt binder.
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Figure 19. Vertical compressive strain of the surface layer.

4.5.4. Deflection

The deflection calculation results of the two pavement structures are shown in
Figure 20. It can be seen that the maximum deflection appears at the position of load
action, and the deflection of the composite pavement structure is smaller than that of
typical asphalt pavement, which indicates that PU mixture composite pavement has a
higher structural bearing capacity and can be adapted to higher-grade loads.
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4.5.5. Composite Pavement Structure Base-Layer Bottom Tensile Stress

From the base-layer bottom tensile stress curves in Figure 21, it can be seen that the
change trends of the two structures are the same; the stress decreases with increases in the
load distance, and the base-layer bottom tensile stress at the same position increases with
increases in the temperature. Further, the temperature has a great influence on the base-
layer bottom tensile stress of typical asphalt pavement, and the base-layer bottom tensile
stress of asphalt pavement under high-temperature conditions is the largest. Because of
the lower base-layer bottom tensile stress, a relatively long service life of the PU composite
pavement base is ensured [40].
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In conclusion, the responses of the two pavement structures near the edge of the
pavement are relatively similar, but the mechanical response values of the PU and asphalt
composite pavement structures near the load are relatively small; in addition to the shear
stress, the temperature has little effect on the load responses of the PU composite pavement
structure, and high-temperature effects lead to significant increases in the load response of
the typical asphalt pavement. This shows that the PU and asphalt composite pavement can
bear greater loads and resist higher temperatures, and the surface layer thickness of PU and
asphalt composite pavement is about 3 cm smaller than that of typical asphalt pavement,
which can save a significant amount of road construction material. Furthermore, the excel-
lent durability of the PU mixture can effectively reduce the maintenance and reconstruction
cost investment, reducing the interference of road traffic flow during operation.

5. Conclusions

The PU mixtures exhibit more obvious elastic characteristics and have good shear
resistance, fatigue stability, and temperature stability, and can be used as shear and anti-
fatigue layers; the conclusions are as follows:

(1) The influence of the temperature and loading frequency on the dynamic modulus and
phase angle of PU mixtures is relatively small. The phase angle is between 4◦ and
6◦, and the elastic characteristics of the PU mixture are relatively stable. The uniaxial
penetration strength and shear modulus of the PU mixture are greater than those of
asphalt mixtures, and are less affected by temperature. PU mixtures have good shear
resistance and temperature stability, and can be used as shear layers.

(2) The bending failure stress of PU mixtures is much larger than that of asphalt mixtures,
which have a strong ability to resist loads; however, its plastic deformation is small
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under loading, and the failure speed is fast, which may be more prone to brittle failure.
PU mixtures have excellent fatigue resistance and can be applied to anti-fatigue layers
due to the need for use in layers with high stress levels.

(3) Based on the calculation of load responses of orthogonal design pavement structures,
the typical PU mixture composite pavement structure is recommended, which is a
‘4 cm SMA-13 + 5 cm PUM-20 + 6 cm PUM-25 + semi-rigid base’ pavement structure.

(4) In comparison to the load response calculation structure of typical asphalt pavement,
the analysis shows that—other than for shear stress—temperature has little effect on
the load response of PU composite pavement structure. The PU composite pavement
can bear greater loads and has strong resistance to high temperatures. The load
responses of PU composite can meet the requirements of high-grade highways, heavy
load pavement, long longitudinal slope sections, and intersection sections.

(5) The theory of elastic layered system is adopted. The viscoelastic characteristics of
asphalt mixture are not fully considered, which may affect the numerical analysis
results to a certain extent. The recommended polyurethane mixture composite pave-
ment structure is still more expensive than conventional asphalt pavement structure,
and can potentially be applied to special road sections.
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Abstract: In this study, the mechanical as well as thermomechanical behaviors of shape memory
PLA parts are presented. A total of 120 sets with five variable printing parameters were printed
by the FDM method. The impact of the printing parameters on the tensile strength, viscoelastic
performance, shape fixity, and recovery coefficients were studied. The results show that two printing
parameters, the temperature of the extruder and the nozzle diameter, were more significant for
the mechanical properties. The values of tensile strength varied from 32 MPa to 50 MPa. The use
of a suitable Mooney–Rivlin model to describe the hyperelastic behavior of the material allowed
us to gain a good fit for the experimental and simulation curves. For the first time, using this
material and method of 3D printing, the thermomechanical analysis (TMA) allowed us to evaluate
the thermal deformation of the sample and obtain values of the coefficient of thermal expansion
(CTE) at different temperatures, directions, and running curves from 71.37 ppm/K to 276.53 ppm/K.
Dynamic mechanical analysis (DMA) showed a similar characteristic of curves and similar values
with a deviation of 1–2% despite different printing parameters. The glass transition temperature for
all samples with different measurement curves ranged from 63–69 ◦C. A material crystallinity of
2.2%, considered by differential scanning calorimetry (DSC), confirmed its amorphous nature. From
the SMP cycle test, we observed that the stronger the sample, the lower the fatigue from cycle to cycle
observed when restoring the initial shape after deformation, while the fixation of the shape did not
almost decrease with each SMP cycle and was close to 100%. Comprehensive study demonstrated a
complex operational relationship between determined mechanical and thermomechanical properties,
combining the characteristics of a thermoplastic material with the shape memory effect and FDM
printing parameters.

Keywords: shape memory polymer (SMP); fused deposition modeling (FDM); viscoelasticity;
thermomechanical testing; biodegradable polymer; polylactic acid; 4D printing; mechanical strength

1. Introduction

The widespread use of additive manufacturing (AM) techniques has been linked to
the fact that AM technologies save product development costs and time. The mechani-
cal performance of the most widely used polymers is often the factor limiting possible
applications because the AM process and parameters influence the resulting mechanical
properties, which could be radically different from the unprocessed material. The most
common additive manufacturing technique is fused deposition modeling (FDM), where
a material is layered from a molten thermoplastic filament extruded by a heated nozzle.
By adjusting several variables of the printing regime including the infill, density, filament
orientation, and print speed, the FDM technique allows for the mechanical qualities to be
customized. According to the literature, the parameters, which include printer settings
and part characteristics, have a direct impact on the strength properties of the part [1,2].
Customizing printing parameters is a delicate procedure with numerous aspects that influ-
ence the quality and characteristics of the components. Printing and process parameters
influence the bonding process between adjacent filaments that, in turn, influence the void
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density and bond strength, which means directly defining the mechanical properties of the
FDM components. Some parameters have a negligible effect, while others are decisive. For
example, the height of the layer affects the interlayer bonding, and the nozzle temperature
affects the detail and strength. Furthermore, the rougher the surface of the previous layer
of the printout, the better its adhesion with the subsequent layer will be. Better adhesion
can be achieved by adjusting the bed temperature and even the print speed, as examined
by Vannamei, El Magri et al. [3]. They noticed that the variation of 40 ◦C in the platform
temperature resulted in an 11% increase in tensile strength and the increase of 20 mm/s in
print speed resulted in a 14% increase.

Rankouhi et al. [4] examined the effect of the thickness and orientation of the layer on
the tensile properties. It was found that the acrylonitrile butadiene styrene (ABS) part with
a layer thickness of 0.2 mm showed higher tensile strength properties than with a layer
thickness of 0.4 mm. A similar study presented by Wang [5] concluded that a smaller layer
thickness increased the tensile strength due to smaller interlayer gaps and fewer air pores
in the cross-section. Chacon et al. [6], in contrast, argued that in the vertical samples, the
tensile and bending strength increased as the layer thickness increased. A more reliable
approach would be to estimate the ratio of the nozzle diameter and the layer height and its
effect on the strength of the part. This ratio is characterized by the area of the interlayer
contact surface [7]. An increase in the ratio of the nozzle diameter to the height of the layer
results in a cross-section of the thread similar to a circle; with a decrease in the layer’s
height, the cross-section of the thread resembles a rectangle. Most of the air remains at the
junction of the perimeters, which reduces the strength of the printout.

Regarding the filling pattern, the published study by Khan et al. [8] showed greater
strength for ABS parts with a rectilinear infill pattern, while a concentric infill pattern
yielded the best elongation, and the honeycomb pattern was recognized as irrational due to
a waste of material. Yeoh et al. showed that different filling patterns influenced the strength
and flexibility of the part to varying degrees [9], and PLA with a zigzag infill pattern
showed the highest tensile strength in comparison with grid and concentric patterns.

The 3D printing of smart materials such as shape memory polymers (SMP) has led
to the development of 4D printing technology [10]. The novelty of the topic is that the
shape of 3D printed products can be transformed over time, achieving 4D printing. The
difference is that the 3D object is static, but the 4D object is already dynamic. In this case,
the fourth dimension is the response time to the stimulus and the subsequent change in
shape [11]. Shape memory materials have the capability to change their shape upon the
application of an external stimulus [12]. The ability to physically change the size and shape,
particularly compression, expansion, and twisting, has allowed for the use of SMPs for
artificial muscles, parts for aerospace ships, transforming medical devices, and intelligent
textiles. In our recent review [13], it was shown that the 4D printing of SMP opens up
the bio-fabrication possibilities of hierarchical auxetic metamaterials. There are artificial
devices such as coronary stents, filtration and drug delivery systems, implants and many
others where the ability for high-precision tuning are highlighted.

Typically, the materials used for 4D printing have a SME. However, a group of scientists
has proposed a new approach to 4D printing without SMP and extra operations such as
synthesis and blending [14,15]. They created encapsulated and bilayer macroscopic SMP
structures (PCL-TU) using multimaterial printing of nonshape memory polymers. This
solved the problem of a limited selection of printable SMP materials, making it possible to
use all commercial filaments.

The SME in a material can be estimated by the recovery coefficient from cycle to
cycle. Therefore, it is appropriate to emphasize that FDM parameters can impact the
shape recoverability. In [16], Liu et al. showed that the thickness of the sample layer
printed on a 3D printer had a significant impact on the recovery efficiency. The lower
the layer height, the higher the elastic modulus and yield strength corresponding to it.
The choice of nozzle temperature also plays an important role. Therefore, it was revealed
that lower printing temperatures and higher printing speeds improve the characteristics
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of self-bending and shape recovery [17,18]. In another study, the authors summarized
that the combination of a lower nozzle temperature with a higher printing speed had a
negative effect on the recovery time and percentage, since high-viscosity materials have a
limited time for extrusion as a result of the fast printing process [19]. Soleyman et al. [20]
investigated the 4D printing capability of shape memory thermoplastic PET as well as the
influence of printing temperature and speed on the emergent curved third shape during
recovery. Despite the different values of the printing parameters and the degree of the
polymer chain extension, the shape recovery for the two samples exceeded 96%.

As above-mentioned, the ability to keep and restore shape characterizes SMPs, which
is due to the glass transition of thermally activated amorphous SMPs. The amorphous
shape memory effect (SME) is dependent on molecular interactions [21]. Structurally, poly-
mers look like long flexible macromolecules capable of changing the spatial arrangement of
atoms under the influence of mechanical and thermal action, while the mobility and speed
of conformations depend on the temperature regime [22]. Temperature has a considerable
influence on the mechanical characteristics of polymeric materials [23]. At higher tempera-
tures, an amorphous polymer that is stiff at ambient temperature becomes bendable and
stretchy. The mechanical characteristics of the SMPs change with temperature, particularly
around their glass transition temperatures. The glass transition temperature is the temper-
ature at which the polymer chains become more mobile and there is a transition from a
glassy rigid state to a rubbery deformable state [24]. The glass transition temperature is
an essential result of dynamic mechanical analysis (DMA) as well as differential scanning
calorimetry (DSC) and thermomechanical analysis (TMA). In fact, the value is not strictly
defined, as depending on the way that it is determined, the value will vary [25]. There are
three ways to determine the glass transition temperature from DMA data, and all three
curves can show their own value of a given temperature. The Tg can be determined by
the drop in the storage module, the peak of the loss module, or the peak of the tan(δ).
Viscoelastic properties are manifested at temperatures exceeding Tg.

The mechanical properties of specimens from the same PLA material can vary signifi-
cantly. In our study for the above-mentioned material, we not only obtained the mechanical
characteristics for different printing parameters, but also investigated the thermal behavior
of the FDM printed samples providing TMA + DSC as well as DMA analyses. Aside from
everything else, we conducted cyclic thermomechanical tests to study the SME. The results
were brought together to create a more detailed portrait of the PLA material, its parts,
and its behavior under different conditions. Furthermore, we were able to compare the
experimental results of the tensile test and DMA with the FEM calculations.

2. Materials and Methods
2.1. Materials

In all stages of the research, the material used was a SMP from polylactic acid—PLA
(Createbo, Ningbo, China). Despite the variety of printing materials, PLA is the most
usable and widespread as a building material in FDM [26]. PLA is a synthetic aliphatic
polyester derived from agricultural resources. PLA is favored due to its biodegradability,
renewability, and its low toxicity, so is strongly recommended for medical applications. The
material has a lower shrinkage and melting temperature than other 3D printing polymers,
making polylactic filament easier to extrude through the FDM nozzle. The PLA filament
is an amorphous polymer in which the glass transition temperature is a critical point of
phase transition, and hence the critical temperature to study the SME.

There are three types of the polylactic acid structure due to the different optical rotation,
L-polylactic acid, DL-polylactic acid, and D-polylactic acid [27]. The degree of amorphous
branching inside the polymer chains differs. Both PLLA and PDLLA polymers are naturally
crystalline with a glass transition temperature of 60 ◦C, which means that they take on
ordered molecular structures. Poly(DL-Lactide) PDLLA is an amorphous polymer with a
glass transition temperature of about 55 ◦C. According to the supplier, the type of material
used in this project was PDLLA.
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2.2. Uniaxial Tensile Tests
2.2.1. Sample Fabrication

A dog-bone shape was chosen as the specimen geometry with dimensions of the
rectangular part of 60 mm in length, 3 mm in width, and 3 mm in thickness according
to ASTM D638-10. Five printing process parameters were selected. For each parameter,
the following values were defined based on the values reported in the literature and the
capabilities of the FDM systems used in this research:

• Infill density: 20%, 25%, 50%, 70% and 80%;
• Infill pattern: grid, line, gyroid;
• Layer thickness: 0.2 mm, 0.3 mm;
• Diameter of the nozzle: 0.3 mm, 0.5 mm;
• Temperature: 210 ◦C, 240 ◦C.

Other printer parameters remained constant throughout the study. The bed tempera-
ture was considered to be equal to 60 ◦C. The printing speed was set to 60 mm/s. Printing
parameters were chosen based on the preliminary literary analysis and our own experience
in working with a 3D printer. The literature states that the most important printing param-
eters are layer thickness, infill, and temperature [28,29]. The values for the infill density
were selected based on preliminary attempts to evaluate the quality of the printed parts.
Therefore, details with a density of less than 20% were unacceptable, and a huge difference
in strength was not observed between 80% and 100%, where only time consumption and
waste material were highlighted.

According to the parameters and values selected, 120 combinations were fabricated
using a Picasso Designer X Pro 3D printer (see Supplementary Materials). Every regime
comprised 4 of the same specimens, which means that 480 specimens were printed and
evaluated for the tensile test.

2.2.2. Uniaxial Tensile Experiments

The uniaxial tensile tests were performed following the ASTM D638-02 standard.
Uniaxial tensile tests were performed on an Instron 5969 universal material testing machine
(Instron, Norwood, MA, USA). Displacements of the center section were measured with an
extensometer with a gauge length of 25 mm. The allowable travel of the extensometer was
2.5 mm, which corresponded to the limit of measuring strain of 10%. The basic experimental
conditions were a room temperature of 22 ± 0.5 ◦C, and a relative humidity of around 35%.

The initial sample dimensions (width and thickness) were measured. The specimens
were settled into the grips of the testing machine. A load at a constant speed of 1 mm/min
was applied. A gradual load of 1.0 kN was applied to the samples until the moment of
failure, and the resulting loads and displacement were recorded by the testing machine for
each individual sample. The tests ended automatically when the specimens fractured.

2.3. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is the most commonly used method of thermal
analysis, in which the difference in the amount of heat required to increase the temperature
of the sample and the reference is measured as a function of temperature. The value of
measuring the energy flow is that it allows us to determine the range of different transitions
that can occur in a sample when it is heated or cooled. To avoid temperature gradients
inside the sample, a small sample size is preferable. A DSC test was conducted on the
ASTM D3418 standard. The dimensions of the studied sample were 3 mm × 3 mm ×
3 mm. A sample was heated or cooled and the changes in its heat capacity were tracked as
changes in the heat flow. This allows for the detection of transitions such as melts, glass
transitions, phase changes, and curing. The experiment was carried out on the DSC3+
Excellence system (Mettler Toledo, Greifensee, Switzerland). To conduct the measurements,
the sample was placed in a calorimetric crucible and sealed. The DSC temperature program
was determined in the range of 0–180 ◦C with a heating rate of 10 K/min in a nitrogen
medium with a flow rate of 50 mL/min in an Al crucible at 40 µL.
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2.4. Thermomechanical Analysis

The TMA experiment was carried out on the TMA/SDTA2+ system (Mettler Toledo,
Greifensee, Switzerland) under static load using various sensors to measure the changes in
the length of the sample depending on temperature. The most important measurements
of TMA include the determination of the coefficient of linear thermal expansion—α and
the glass transition temperature Tg (ASTM E831 and ASTM E1545). The size of the test
sample experiment should not exceed 4–5 mm. The dimensions of the tested sample were
3 mm × 3 mm × 3 mm. It is important to note that the initial dog-bone specimen was cut
in the central part into cube form. The surface was pre-polished to achieve smoothness.
The experiment program was based on the results of the DSC measurements and consists
of several consecutive segments:

• Isotherm 0 ◦C during 10 min;
• First heating 0–90 ◦C;
• Cooling 90–0 ◦C;
• Second heating 0–150 ◦C.

The heating rate was 3 K/min in a nitrogen medium with a flow rate of 30 mL/min,
and a probing constant load of 0.02 N in the dilatometric mode. Purge gas, N2, provided a
continuous laminar gas flow to prevent the formation of air turbulence when the temper-
ature rose, prevent the deposition of decomposition products inside various parts of the
device, increase heat transfer to the sample, and prevent oxidation at high temperatures.
To measure the internal properties of a material, the thermal history of the samples must
first be erased. The treatment was performed in a thermal analysis device by heating the
sample to a temperature exceeding its glass transition temperature.

2.5. Dynamic Mechanical Analysis

The DMA tests were conducted using a DMA Q800 machine (TA Instruments, Houston,
TX, USA) to determine the glass transition temperature Tg of the SMP specimen as described
in ASTM D4065. Four specimens with different printing configurations were selected for
analysis. A rectangular sample with dimensions of 60 mm × 5 mm × 2 mm was placed in
the DMA device using a dual cantilever clamp configuration. A small dynamic load with
an amplitude of 10 µm with a frequency of 1 Hz was applied to the roller. The sample was
examined in the range from room temperature to 150 ◦C. The heating rate of 3 K/min was
used to avoid the effects of a fast temperature rise on the experimental results. The data
were collected every 3 s during thermomechanical analysis.

2.6. Thermomechanical Shape Memory Cycle

Uniaxial tensile tests were carried out on a servo-hydraulic testing machine Instron
8801 (Instron, Norwood, MA, USA) equipped with a temperature chamber and an opti-
cal window to conduct observations inside the chamber. The overall length was set to
210 mm, the gauge length of sample was 60 mm, and the cross-section was 50 mm ×
7 mm. Deformation control was carried out using the Digital Image Correlation method
(DIC) [30,31]. Vic-3D (Correlated Solutions, Irmo, SC, USA) software was used to keep
track of the shooting and process the photos that were captured. Figure 1 shows sample no.
17 during the first and fifth cycles with a field of measurement in the DIC system before
and after mechanical testing.

A typical cycle to study the SME is a sequence of heating–loading–cooling–unloading–
heating steps [32]. In this study, this heating–cooling process was carried out on up to
five shape memory cycles. A specimen was heated up to 70 ◦C with rate of 3 ◦C/min
and subsequently deformed with 60% strain, then allowed to cool down, keeping the
deformation. The cooling rate was set to 3 ◦C/min. The length of the sample during
stretching was set to 60 mm, and the stretching speed was 50 mm/min.
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After heating, the recovery ratio could be calculated from the recovered shape of the
samples. Tandon et al. proposed the following definition of the shape memory ratios [24]:

R f ix =
εu

εp
·100%, (1)

where R f ix measures the ability of the specimens to fix the shape; εu is a strain obtained after
unloading; and εp represents the maximum strain. The shape recovery ratio is expressed as:

Rrec =
(

1− ε f

)
·100%, (2)

where ε f is the final strain expressed through the relation between the change in length
after recovery and the initial specimen length.
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2.7. Numerical Simulations
2.7.1. Uniaxial Tensile Test

The finite element method to solve basic control equations and related boundary
conditions specific to a particular task was implemented in Ansys Workbench 2019 (Ansys
Inc, Canonsburg, PA, USA). Finite element analysis (FEA) was used to simulate the tensile
load on the sample up to the moment before destruction. The built-in library contains a
large selection of various materials including PLA. However, for nonlinear analysis, only
having embedded data is not sufficient. To process and apply experimental data as input,
it is necessary to define a model. Here, we considered the Mooney–Rivlin model with 3, 5,
and 9 parameters [33]. The model with 3 parameters showed the worst fit, while 5 and 9
parameters fitted the curve equally well. Therefore, we chose the Mooney–Rivlin model
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with 5 parameters as the determining one. The coefficients of the five-parameter Mooney–
Rivlin model were found by approximating the experimental data using Ansys Workbench.
The specimens were meshed at the resolution of 5 mm/cell with HEX20 elements. The load
was applied to the upper plane of the sample and the boundary conditions were applied to
the lower part.

2.7.2. Viscoelastic Behavior

PLA material showed viscoelastic behavior, as studied by DMA. This viscoelastic
behavior is typical for amorphous polymers at temperatures close to the glass transition.
Linear models are most often used to describe viscoelastic behavior. The linear viscoelastic
Prony model is relatively simple, and at the same time, quite informative [34]. The Prony
model contains a time relaxation series for each component, so relaxation occurs not at
once, but over a certain time. This model, or rather the components characterizing it, can
be specified in the finite element calculations of structures using the Ansys Workbench
software. Based on the limited amount of data obtained experimentally, it is possible to
determine the rheological parameters of the viscoelastic model.

Here, we considered the method to calculate the Prony series from DMA data. The
determining relation is represented by the viscoelastic Prony model in the case of the
absence of volumetric relaxation [35]:

G(t) = G0

[
αG

0 + ∑N
i = 1 αG

i exp(− t
τG

i
)

]
, (3)

where G(t) is the shear relaxation modulus; αG
i are the relative shear modulus for the shear

relaxation times τG
i ; N is the number of shear relaxation times.

In the equation described above, it is assumed that the material only experiences shear
relaxation and is characterized by a constant volume compression modulus. Often, to
obtain experimental parameters, test data are used not for shear, but for uniaxial tension,
as was also used in our study. Therefore, the relaxation module for uniaxial stretching will
be represented as [35]:

E(t) = E0

[
c0 + ∑N

i = 1 ci exp(− t
βi
)

]
, (4)

where ci is the relative module of tension–compression for relaxation times βi; N is the
number of the shear relaxation times of tension–compression relaxation; E0 is a modulus
when t = 0. All ci must be positive and in sum <1 [36].

Using the calculation part with related equations in the approach by Smetannikov
et al., we assumed [35]:

E′ = E∞ + ω2E0 ∑N
i = 1

β′2i ci

1 + β′2i ω2
, (5)

E′′ = ωE0 ∑N
i = 1

β′ici

1 + β′2i ω2
, (6)

where E′ and E′′ are the real and imaginary parts of the complex modulus of elasticity; E∞
is a modulus when t = ∞. The relaxation times given are in accordance with the principle
of the temperature–time analogy:

β′i =
βi

A(t)
, (7)
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where A(t) is the shift function. Time–temperature superposition is achieved by the
William–Landel–Ferry (WLF) shift factor as given in the next equation [35,36]:

lg(A(T)) =
C1(T − Tr)

C2 + (T − Tr)
, (8)

where lg(A(T)) is the shift factor in logarithmic form; Tr represents the glass transition
temperature obtained from the experiment; the constants C1 and C2 are empirical constants
of the material and approximated as 17.44 and 51.6, respectively [36].

The storage and damping properties of the generalized Maxwell model (GMM) [36]
were used to estimate the master curve for viscoelastic behavior. The GMM model with
a number of Maxwell elements using Prony series coefficients of relaxation time βi and
weights αG

i fit the experimental data. For practical use, curve fitting can be implemented
using software, however, it is necessary to determine the optimal number of Prony com-
ponents. Each commercial CAM software package may have a different definition of the
Prony series. We used the Origin 2021 software (Origin Lab, Northampton, MA, USA) to
set the user-defined function, which contained a viscoelastic equation (Equation (5)) for the
storage modulus, to fit a nonlinear curve.

2.7.3. Finite Element Modeling of DMA

The mechanical properties of the proposed model, which depend on temperature,
were evaluated via step-by-step modeling of the DMA experiment with a dual cantilever.
Along with determining the Prony coefficients, the thermomechanical characteristics should
also be considered. The PLA material specification in different temperatures were into
engineering data of Ansys. The defining relations corresponded to the viscoelastic Prony
model using the Williams–Landell–Ferry shift function (Equation (8)) in the calculation.

The preliminary convergence study with refined meshing allowed the appropriate
mesh size to be set to 1 mm. The mesh was created using TET10 elements. During
the simulation, a rectangular sample was subjected to cyclic loading in accordance with
a sinusoidal waveform at a frequency of 1 Hz with an amplitude of 10 microns. The
displacement of 10 × 10−3 mm was applied to the small cross-section of the specimen.
Boundary conditions were applied both to the upper surface and to the lower one. The
value of the dynamic elastic modulus was calculated as [37]:

Edyn(ω) = |E∗(ω)| = σ0

ε0(ω)
, (9)

where σ0 and ε0 are the stress and strain amplitude, respectively.

3. Results
3.1. Thermomechanical Analysis and Differential Scanning Calorimetry

The thermogram of the PLA sample contained several thermal events, as shown in
Figure 2.

The printed material was examined in three directions relative to the original shape of
the bar:

1. Normal to the sample is the thickness (Z coordinate of the 3D printer);
2. Across the sample is the width (X coordinate of the 3D printer);
3. Along the sample is the length (Y coordinate of the 3D printer).

The coefficient of thermal expansion (CTE) was determined from the TMA measure-
ments. From the upper part of Figure 2, we observed how significant different CTE was
not only found in different directions, but also in the first heating, second heating, and
cooling run. The cyclical heating–cooling–heating method is commonly applied in TMA
studies to eliminate the thermal history and reduce the internal stresses in the sample. The
transition temperatures are determined by the sample’s internal stresses, and hence its
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thermal history. This explains why the curves observed in the first and second heating runs
had distinct forms.

As it turned out, the most dramatic effects were observed in the first heating, while
geometry changes not related to thermal expansion began to take place already at tem-
peratures higher than 41 ◦C. The nature of the change in the measured deformation effect
differed significantly for the three directions of the coordinate grid of the sample, which
indicated a serious CTE anisotropy of the studied material. Without considering the ther-
mal expansion, the thickness of the sample (Z coordinate black) decreased (maximum) by
1.3%, the width (X coordinate red) decreased by 0.07%, and the length (Y coordinate blue)
increased by 0.7%. Furthermore, the sample sought to compensate for the deformation
effect, which may be associated with the beginning of the crystallization process.
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The cooling and second heating curves looked more predictable. While cooling, the
CTE changed in three directions and was less visible: the normal direction at a glassy state
had a CTE equal to 75.97 ppm/K and above the Tg, the CTE was equal to 269.93 ppm/K
and 251.72 ppm/K for the normal and across directions, respectively. The second heating
run curve was examined in the same way. In the glassy state, the CTE was 74.36 ppm/K
for the normal direction, 69.9 ppm/K for the across direction, and 71.37 ppm/K for the
along direction. Above the glass transition temperature, the CTE showed 276.53 ppm/K for
the normal direction, and 205.8 ppm/K for both the along and across directions. The CTE
values are necessary in the process of modeling the behavior of the material in order to take
into account the change in stress with temperature changes. From [38], the value of CTE is
98 ppm/K in the glassy state. This is more than the value we received of 14–20 ppm/K.
The changes in the CTE values are shown in Table 1.

The glass transition temperature itself was well fixed on the cooling (54.55 ◦C) and
heating (54.22 ◦C) curves and located as the intersection of tangents corresponding to the
change in the CTE before and after the phase transition. Residual anomalies of geometry
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change continued to be observed in the second heating curve in the range of 85–105 ◦C.
After 147 ◦C, the sample melted and began to deform under the influence of probing stress.

Table 1. Coefficients of thermal expansion for different cases.

Direction Glassy State Above Tg

First heating curve

Normal (Z)
75.46 ppm/K -Across (X)

Along (Y)

Cooling curve

Normal (Z) 75.97 ppm/K 269.93 ppm/K
Across (X)
Along (Y) 84.71 ppm/K 251.72 ppm/K

Second heating curve

Normal (Z) 74.36 ppm/K 276.53 ppm/K
Across (X) 69.9 ppm/K 205.8 ppm/K
Along (Y) 71.37 ppm/K

The DSC curve is shown at the bottom of Figure 2. In the range of 55–60 ◦C, a jump
in the heat capacity (Delta Cp) of 0.57 J/(g K) was observed, corresponding to the glass
transition of the polymer with onset Tg = 55.9 ◦C, midpoint Tg = 58.2 ◦C, and endpoint
Tg = 60.5 ◦C. Then, in the range of 93–135 ◦C, there was an exothermic peak of polymer
crystallization at 115.15 ◦C, followed by the latent heat of crystallization of about 23.97 J/g.
After 135 ◦C, melting occurred with an endothermic peak at 151.4 ◦C and the latent heat of
the melting was 26.02 J/g.

The percent crystallinity was determined using the following equation [39]:

%Crystallinity =
∆Hm − ∆Hc

∆Hm
◦ ·100% (10)

where ∆Hc is the latent heat of crystallization and ∆Hm is the latent heat of melting; ∆Hm
◦

is a reference heat of melting for a 100% crystalline polymer (for a 100% crystalline PLA
∆Hm = 93 J/g) [39,40].

Based on the ratio from [40] of the energy effects of the exo- and endo-peaks, it can
be assumed that %Crystalinity = 2.2% and the polymer is predominantly amorphous,
which confirmed the information from the supplier.

3.2. Uniaxial Tensile Test

A total of 480 samples were tested for tension. For each sample, a strain–stress curve
was obtained, which is the maximum value of the stress that the sample experiences until
the moment of fracture. The test results were processed by the methods of statistical
analysis (see Section 3.3) using Statistica (ver. 13). Table 2 consists of the tensile strength
values for the top ten sample printing modes that were of greatest interest.

Conditionally, they can be divided into three groups: modes with the best mechanical
properties, modes with the worst mechanical properties, and the two modes that were
recorded as outliers on graphs when performing the ANOVA analysis. Moreover, the
nature of the behavior of the properties in these two modes did not correspond to the
general logic of the behavior of the other samples. These specimens were selected to be
tested with the shape memory cycle.
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Table 2. Specimens selected for the shape memory cycle test.

Specimen D of the
Nozzle

Layer
Height

Infill
Pattern

Infill
Density

Extrusion
Temperature

Tensile
Strength

Specimens with the highest tensile strength values

10 0.5 mm 0.2 mm Line 80% 240 ◦C 50.1 MPa
16 0.5 mm 0.3 mm Grid 20% 240 ◦C 49.9 MPa
17 0.5 mm 0.3 mm Grid 25% 240 ◦C 49.8 MPa
15 0.5 mm 0.2 mm Gyroid 80% 240 ◦C 49.1 MPa

Specimens with the lowest tensile strength values

113 0.3 mm 0.3 mm Line 50% 210 ◦C 32.9 MPa
117 0.3 mm 0.3 mm Gyroid 25% 210 ◦C 34.2 MPa
115 0.3 mm 0.3 mm Line 80% 210 ◦C 34.9 MPa
107 0.3 mm 0.3 mm Grid 25% 210 ◦C 35.2 MPa

Samples with ambiguous behavior

2 0.5 mm 0.2 mm Grid 25% 240 ◦C 43.2 MPa
45 0.5 mm 0.2 mm Gyroid 80% 210 ◦C 44.5 MPa

According to Table 2, the highest values of the tensile stress were shown by samples
with a print temperature of 240 ◦C and a nozzle diameter of 0.5 mm while the lowest values
were for samples with a print temperature of 210 ◦C and a nozzle diameter of 0.3 mm. A
sample with 80% filling and line pattern provided the highest ultimate tensile strength.
This sample had a maximum tensile strength of 50.1 MPa. As can be seen from the table, the
same line drawing with 50% filling, but already with a nozzle temperature of 210 ◦C, nozzle
diameter of 0.3, and a layer height of 0.3 mm, showed the lowest ultimate tensile strength
of 32.9 MPa. The study in [41] showed that the value of the tensile strength for a linear
pattern was greater than for grid filling, which, by and large, was implicit in our study
regarding the presence of more significant parameters. In a study by Corapi et al. [42], the
tensile strength of the PLA sample ranged from 28 to 58 MPa, depending on the orientation
of the print. Rao et al. [43] estimated the effect of the layer height in the PLA sample on the
tensile strength, which was in the range from 21 to 26 MPa. The strength values obtained
by us during the experiment corresponded to the reality and were in the upper limits for
this material.

Below, we demonstrate the outcomes of the Ansys numerical approach on a single
specimen out of 480. Figure 3 shows the simulation of the dog-bone specimen for a tensile
test based on the experimental data for printing regimen no. 17, which presented the
highest tensile strength. The difference between the experimental and simulation data is
presented in Figure 4.
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Thus, the results of the tensile test simulation were in good agreement with the
experimental data and confirmed the adequacy of the selected Mooney–Rivlin model.

3.3. Analysis of Variance

The ANOVA analysis was performed in this study to determine the degree of influence
of one or more parameters on the sample’s tensile strength. This allowed us to determine
the most notable printing regimes for the further thermomechanical study after examining
the dependencies. Statistica software (ver. 13) was used to conduct the analysis. The tensile
strength was chosen as the output parameter, while all five printing parameters were
chosen as inputs. As a result, the multivariate analysis of variance was used to determine
the impact of numerous factors on the dependent variable.

First, each parameter’s independent impact on the stress value was analyzed. The
dependence of strength on parameters such as nozzle diameter and extrusion temperature,
for which the p value was less than 0.05, is shown in Tables 3 and 4. The same data in terms
of plots are presented in Figures S1 and S2 (Supplementary Materials).

Table 3. Descriptive statistics for the nozzle diameter factor.

Nozzle Diameter Mean (MPa) Standard Deviation

0.5 mm 46.87 0.45
0.3 mm 38.31 0.45

Table 4. Descriptive statistics for the extrusion temperature factor.

Extrusion Temperature Mean (MPa) Standard Deviation

240 ◦C 43.18 0.45
210 ◦C 41.99 0.45

The difference between the average values of the factor is significant if the p value
is small (p < 0.05). As a result, these two factors had a large influence on the dependent
variable. The primary assumption was that a greater value of the nozzle diameter corre-
sponded to a greater stress value and the higher the temperature of the extruder, the greater
the strength of the part we observed. Whether everything was so unambiguous was found
out during our evaluations. Considering other printing parameters such as the layer height,
infill pattern, and density, in our research, their single impacts on the tensile strength were
too insignificant with a p-value >> 0.5.

The next step was to consider the combined influence of factors. First, we studied the
combined effects of two factors. Among the 10 combinations, only one showed statistically
significance—extrusion temperature and layer height. Next, we continued to increase the
number of factors for the total influence assessment. The mutual influence of two and three
parameters on the tensile strength is presented in Tables 5 and 6. The same data in in terms
of plots are presented in Figures S1 and S2 (Supplementary Materials).
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Table 5. Descriptive statistics for the combined influence of the extrusion temperature and layer
height.

Extrusion Temperature Layer Height Mean (MPa) Standard Deviation

240 ◦C 0.3 mm 43.69 0.64
240 ◦C 0.2 mm 42.67 0.64
210 ◦C 0.2 mm 42.51 0.64
210 ◦C 0.3 mm 41.47 0.64

Table 6. Descriptive statistics for the combined influence of the extrusion temperature, nozzle
diameter, and layer height.

Nozzle
Diameter

Extrusion
Temperature Layer Height Mean (MPa) Standard

Deviation

0.5 mm 240 ◦C 0.3 mm 47.47 0.9
0.5 mm 240 ◦C 0.2 mm 47.06 0.9
0.5 mm 210 ◦C 0.2 mm 46.53 0.9
0.5 mm 210 ◦C 0.3 mm 46.39 0.9
0.3 mm 240 ◦C 0.3 mm 39.92 0.9
0.3 mm 210 ◦C 0.2 mm 38.48 0.9
0.3 mm 240 ◦C 0.2 mm 38.27 0.9
0.3 mm 210 ◦C 0.3 mm 36.55 0.9

Here, we focused on the parameters that had previously been highlighted as being
significant. However, since there are so many parameters and determining how they
interact is a complex challenge, we summarized the results of our analysis for a further
selection and study of the samples. It can be assumed that the nozzle diameter of 0.5 mm
corresponded to higher values of maximum stress, and the temperature of the extruder
significantly affected the result. The smaller the ratio of the layer height and diameter, the
better for the strength properties in the case when the temperature was 210 ◦C. The reverse
situation was typical for a temperature of 240 ◦C.

3.4. Dynamic Mechanical Analysis

The printing modes shown in Table 7 were selected and studied for DMA based on
the ANOVA results. The choice of the tested samples can be explained by the versatile
combinations of the printing parameters and different values of mechanical strengths. We
selected two samples, no. 10 and no. 17, with the highest strength values, and two samples
no. 113 and no. 117, with the worst. Sample no. 2 showed average stress values under
uniaxial tension.

Table 7. Specimens and printing modes selected for DMA.

No. Printing Regime D of the Nozzle Layer Height Infill
Pattern

Infill
Density

Extrusion
Temperature

Tensile
Strength

1 10 0.5 mm 0.2 mm Line 80% 240 ◦C 50.1 MPa
2 17 0.5 mm 0.3 mm Grid 25% 240 ◦C 49.8 MPa
3 2 0.5 mm 0.2 mm Grid 25% 240 ◦C 43.2 MPa
4 117 0.3 mm 0.3 mm Gyroid 25% 210 ◦C 34.2 MPa
5 113 0.3 mm 0.3 mm Line 50% 210 ◦C 32.9 MPa

We tried to consider critical cases to expect different data, since there was the assump-
tion that the DMA results for one material would be similar despite the print parameters.
One essential result of DMA was the glass transition temperature, which corresponded to a
rapid fall in the storage modulus or a peak in the tan delta and loss modulus curve. The
behavior of the storage modulus, loss modulus, and tan delta as a function of temperature,
obtained as a result of the measurements, is depicted in Figure 5.

36



Polymers 2023, 15, 1162

1 
 

(a) (b) 

(c) (d) 
 

Figure 5. The DMA results for the (a) specimen with printing regime no. 2, (b) no. 17, (c) no. 113,
(d) no. 117.

The glass transition temperatures obtained by these three curves varied by up to
5 ◦C. In addition, we observed a 10 ◦C deviation from the DSC defined glass transition
temperature (Figure 2). It is crucial to describe how the Tg should be obtained and in which
experimental conditions. The experimental results are shown in Table 8.

Table 8. The DMA results.

Specimen
Tg

(Storage
Modulus)

Tg
(Loss

Modulus)

Tg
(Tan Delta)

Storage
Modulus

at T = 30 ◦C

Storage
Modulus

at Tg

Loss
Modulus

at T = 30 ◦C

Loss
Modulus

at Tg

2 64.22 ◦C 64.09 ◦C 69.04 ◦C 2188 MPa 859.6 MPa 20.37 MPa 555 MPa
17 63.51 ◦C 64.22 ◦C 68.74 ◦C 2049 MPa 1051 MPa 20.04 MPa 543.8 MPa

113 63.69 ◦C 64.19 ◦C 68.84 ◦C 2264 MPa 1064 MPa 19.02 MPa 553.8 MPa
117 63.50 ◦C 63.99 ◦C 68.53 ◦C 2056 MPa 1078 MPa 19.36 MPa 556.7 MPa

The glass transition temperature was in the range of 63–64 ◦C from the storage or loss
modulus and 69 ◦C determined from the tan delta. The Tg value for each sample varied
within 1%, which means that this is an acceptable measurement error, and its value is
unique for samples from the same material.

37



Polymers 2023, 15, 1162

Experimental data were used to fit the curve specified in Equation (5), which allowed
us to determine the components of the Prony series, which are necessary to use the vis-
coelastic model in Ansys. The number of Prony terms (relaxation time and modulus) can
be any; the only condition is the convergence of the curves. In this study, we tried to use
only two terms, but the convergence was far from ideal, after which we experimentally
increased the number of terms to N = 8. In our case, Ansys requests a table with the ci
terms representing the normalized Prony coefficients for the shear behavior, and the βi
values represent the relaxation times of the Prony series. Figure 6 contains graphs showing
the result of fitting the curve to the experimental points.
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Figure 6. Convergence of the experimental and fitted curves of the specimen: (a) specimen with
printing regime no. 2, (b) no. 17, (c) no. 113, (d) no. 117.

In a section up to 50 ◦C, the fitted curve had a non-uniform representation in the
form of steps. Increasing the Prony series to eight arguments led to a decrease in the
move of these steps, but it was not possible to achieve a fully linear representation of this
section. Increasing the number of arguments up to nine, convergence was not observed.
The obtained results were evaluated as optimal. Each curve corresponded to its own set of
Prony series.

The experimental results of DMA were used to extract the viscoelastic characteristics,
which were subsequently used as defining parameters of the model in the simulation. The
modulus of elasticity was calculated from the curve of the storage modulus according to
Equation (5). In addition, the values of the coefficient of thermal expansion at room tem-
perature and at the glass transition temperature were obtained during thermomechanical
analysis. Here, we used the CTE values for the normal direction and the second heating
curve from Table 1. Table 9 contains the data used in Ansys simulation to define the PLA
material model.
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Table 9. Data of the temperature dependent material from the TMA and DMA data.

Temperature Tensile Moduli Poisson’s Ratio Thermal Expansion
Coefficient [Table 1]

22 ◦C 2300 MPa 0.36 74.36 ppm/K
64 ◦C 929 MPa 0.42 276.53 ppm/K

As output values from the Ansys simulation, the amplitude of strain and stress were
successfully obtained. Every temperature point starting from 30 ◦C to 80 ◦C with an
increment of 5–10 ◦C (near Tg 1 ◦C) was simulated and had its own value of strain and
stress. The phase shift δ was taken from the experimental tan(δ) data. For each temperature
point, these values were substituted into the corresponding formula (Equation (9)) to
calculate the storage module (Equation (5)). All calculations were performed and save in
an Excel file and then exported to Origin 2021 software. To compare the simulation and the
experiment, we plotted two curves of each sample on the same graph. The temperature
dependence of the real part of the complex module was determined during the experiment
and as a result of the numerical solution, is shown in Figure 7.
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Figure 7. Comparison between the experimental results and simulation for the (a) specimen with
printing regime no. 2, (b) no. 17, (c) no. 113, (d) no. 117.

Consider the printing regimes no. 2 and no. 17, where the difference in parameters
was the value of the layer height (0.2 mm and 0.3 mm, respectively). At the starting point,
the storage modulus experimental value was 2188 MPa for sample no. 2 (2070 MPa for
sample no. 17) and the modeling value was 2064 MPa for sample no. 2 (2337 MPa for
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sample no. 17). As the free volume continued to increase with the increasing temperature,
the glass transition occurred. The onset of the storage modulus curve drop was used to
detect this transition point. The experimental curve had a step at Tg = 64.22 ◦C for sample
no. 2 (63.51 ◦C for sample no. 17) and the simulation had a step at Tg = 63 ◦C for sample no.
2 (62.8 ◦C for sample no. 17). The experimental storage modulus value at Tg was 859.6 MPa
and the simulation value was 1029 MPa for sample no. 2. The sample with printing
mode no. 17 had an experimental storage modulus equal to 1211 MPa, and the simulation
curve showed 1314 MPa. Thus, we received the overestimated storage module values per
103–170 MPa. The curve also showed the softening process at the glass transition, where
the modulus fell to less than 10 MPa. The storage modulus changed by about two orders
during the glass transition. The area after the Tg had a rubbery plateau. The modulus in
the plateau region was 1 MPa for sample no. 2 (6 MPa for sample no. 17).

Printing regimes no. 113 and no. 117 had common parameter values (nozzle diameter
0.3 mm, layer height 0.3 mm, extruder temperature 210 ◦C) and differed in filling (no.
113—lines 50%, no. 117—gyroid 25%). These samples showed the worst mechanical tensile
properties. In the very beginning (T = 30 ◦C), the experimental storage modulus was
2264 MPa for sample no. 113 (2056 MPa for sample no. 117) and the modeling value
was 2414 MPa for sample no. 113 (2155 MPa for sample no. 117). The glass transition
temperature was Tg = 63.69 ◦C for sample no. 113 (63.50 ◦C for sample no. 117) and from
the modeling curve, the Tg = 63 ◦C for sample no. 113 (63 ◦C for sample no. 117). The
storage modulus at the Tg point in the experiment was 1064 MPa and the simulation value
was 1071 MPa for sample no. 113. For sample no. 117, the experimental storage modulus
was equal to 1078 MPa and the simulation curve was 1085 MPa. The modulus in the plateau
region was 5 MPa for both. In the cases discussed, we connected the difference between
the experimental and numerical values of the storage modulus with the need to further
improve our numerical model.

The apparent difference between the numerical and experimental curves can be ex-
plained by the insufficient correctness of the temperature–time analogy used in the cal-
culation when passing through the glass transition interval. It is important to note that
the values of the physical characteristics that were obtained experimentally are not truly
accurate; various factors of influence must be taken into account, for example, the inter-
action of the sample with the grips of the testing machine. The causes and elimination of
inaccuracies require further research.

3.5. Thermomechanical Shape Memory Cycle

SMPs showed excellent performance at temperatures below and above the glass
transition temperature Tg. The shape recovery ratio indicates the ability of the SMP to
recover its original shape from a temporary or deformed shape. The shape recovery and
shape fixity ratios for different printing regimes and five cycles per each are presented in
Tables 10 and 11, respectively.

Table 10. The experimental shape recovery ratio for different specimens.

Specimen Rrec
1 Cycle

Rrec
2 Cycles

Rrec
3 Cycles

Rrec
4 Cycles

Rrec
5 Cycles

2 86.1% 81.2% 77.9% 64.5% 59.9%
10 91.4% 86.5% 84.0% 76.2% 71.6%
15 75.0% 60.5% 52.4% 48.0% 42.1%
16 84.4% 73.5% 50.9% 47.4% 45.5%
17 93.1% 78.7% 68.3% 63.1% 61.3%
45 74.6% 60.8% 57.5% 47.7% 41.8%

107 73.0% 59.9% 56.7% 52.7% 51.2%
113 78.2% 67.8% 63.1% 62.6% 55.3%
115 76.0% 56.0% 35.0% 32.0% 29.0%
117 79.2% 91.0% 96.4% 97.1% 96.5%
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Table 11. The experimental shape fixity ratio for different specimens.

Specimen Rfix
1 Cycle

Rfix
2 Cycles

Rfix
3 Cycles

Rfix
4 Cycles

Rfix
5 Cycles

2 98.46% 99.14% 97.94% 97.22% 96.96%
10 99.17% 99.47% 99.33% 99.36% 99.58%
15 99.73% 99.05% 98.14% 98.63% 98.86%
16 97.48% 99.48% 99.21% 98.98% 98.66%
17 99.26% 99.05% 98.34% 98.33% 98.11%
45 99.74% 99.46% 99.31% 99.18% 97.21%

107 99.72% 98.06% 98.64% 98.46% 98.19%
113 99.74% 99.06% 99.55% 99.41% 97.22%
115 99.77% 99.66% 99.56% 99.10% 98.86%
117 99.56% 97.96% 97.22% 98.14% 97.80%

The shape memory cycle was repeated up to five times for each sample in order to
assess the effect of fatigue on the characteristics of the SMP. The deformation remained
constant at 60% relative to the original gauge length. Figure 8 illustrates the specimen with
printing mode no. 17 before and after the shape memory cycles.
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Figure 8. The specimen no. 17: (a) before the shape memory test; (b) after 5 SMP cycles.

The fixation of the shape practically did not change during the entire experiment and
was close to 100%. Another situation arose when assessing the ability to recover the shape,
which, even after the first cycle, was not comparable to the maximum 100%, and each cycle
deteriorated significantly. Printing modes no. 10, no. 15, no. 16, and no. 17 showed the
best mechanical tensile properties (tensile strength 49–50 MPa). All samples were printed
at an extruder temperature of 240 ◦C and a nozzle diameter of 0.5 mm. When the density
changed from 20% to 25% (printing modes no. 16 and no. 17, respectively), the coefficient
of shape recovery for the first cycle increased from 84.4% to 93.1%, and for the last cycle
decreased from 45.5% to 61.3%, accordingly. The average value of form fixation for all
cycles was 98.76% for no. 16 and 98.62% for no. 17. With different line and gyroid filling
patterns (printing modes no. 10 and no. 15, respectively) and the same other parameters,
the coefficient of shape recovery for the first cycle was 91.4% for the line pattern (no. 10)
and only 75% for the gyroid (no. 15). After five cycles, the recovery ratios changed to
71.6% and 42.1%, respectively. The average fixation coefficient for all cycles of sample
no. 10 turned out to be 99.38%, and for sample no. 15, it was 98.88%. SME in the PLA
after five cycles of stress–strain training in comparison with the first cycle is shown in
Figure 1. We can conclude that the density and method of filling the sample volumes
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during printing significantly affected the appearance of the SME in the polymer. However,
these manifestations were multidirectional.

The shape fixity and recovery for the specimens with the highest tensile strength are
shown in Figure 9.
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Information about the regimes that showed the worst mechanical properties (tensile
strength 32–35 MPa) is presented in Figure 10.
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Figure 10. Shape recovery and fixity for the specimens with the lowest tensile strength.

The following printing values were common for all modes (no. 107, no. 113, no. 115,
no. 117): nozzle diameter 0.3 mm, layer height 0.3 mm, extruder temperature 210 ◦C.
Comparing the two modes, no. 107 and no. 117, one with a grid filling of 25%, and the
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other with a gyroid of 25%, respectively, we can say that the coefficient of shape recovery
for the first cycle was 73% and 79.2% and after five cycles, their values changed by 51.2%
and 61.7%, respectively. For both modes, the average fixation coefficient was 98%. Samples
no. 113 and no. 115 differed only in density (lines 50% for no. 113, lines 80% for no. 115).
The coefficient of form recovery after the first cycle was 78.2% and 76%, and after the fifth
cycle, it was 55.3% and 29%, respectively. For both modes, the average fixation coefficient
was around 99%.

The shape memory and shape fixity coefficients of printing modes no. 2 and no. 45
are presented in Figure 11.
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Figure 11. Shape recovery and fixity for specimens with ambiguous behavior.

Samples with printing modes no. 2 and no. 45 (tensile strength 43–44 MPa) were not
in the categories with the best or worst mechanical characteristics. They aroused interest
at the ANOVA analysis stage because they had an atypical behavior among other modes
(see Section 3.3). Sample no. 2 (nozzle diameter 0.5 mm, layer height 0.2 mm, with a mesh
filling of 25% and an extruder temperature of 240 ◦C) showed recovery after the first cycle
by 86.1%, and after the fifth cycle by 59.9%. The average fixation of the form was 97.4%.
Sample no. 45 (nozzle diameter 0.5 mm, layer height 0.2 mm, with gyroid filling 80%, and
extruder temperature 210 ◦C) showed recovery after the first cycle by 74.6%, and after the
fifth, it was 41.8%. The average fixation of the form was 98.9%.

The results of the stress–strain–temperature curve in 3D space for four different
samples after the first cycle are shown in Figure 12. As expected, the stress–strain curve
followed a linear trend for the first step (1), with a maximum strain value of 60%. As the
temperature decreased, residual stresses accumulated due to the interaction of thermal
and mechanical energy (2). The third stage showed stress relaxation and the ability of the
material to memorize the shape, since the restriction is removed at low temperature (3). The
shape was restored only after the temperature exceeded 64 ◦C (4). The deformation after
the shape recovery stage was fixed at a level of more than 20%. The maximum stress value
for mode no. 2 was 1.68 MPa, and the value of the final deformation was 0.23 mm/mm.
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Figure 12. Shape memory baseline for the (a) specimen with printing regime no. 2, (b) no. 17, (c) no.
113, (d) no. 117.

Printing regimes no. 2 and no. 17 only showed a difference in the layer height (0.2 mm
and 0.3 mm, respectively). Other parameters such as nozzle diameter 0.5 mm, infill line
80%, and an extruder temperature of 240 ◦C were the same for both. The coefficients of
shape recovery were 86.1% and 93.1% due to the differing residual stresses of 1.68 MPa
and 1.72 MPa, respectively. Two printing regimes, no. 113 and no. 117, with a difference in
the infill and density (line 50% and gyroid 25%) had the same nozzle diameter of 0.3 mm,
layer height of 0.3 mm, and an extruder temperature of 210 ◦C. The values of their shape
recovery ratios were equal to 78.2% and 79.2%, respectively. The residual stresses rose to
1.87 MPa and 1.06 MPa, and the values of the final strain were 0.218 and 0.208 mm/mm,
respectively.

4. Discussion

The results reported here confirm that the initial parameters of the printing mode
directly influence the mechanical performance. From the ANOVA, we observed that
the contribution of the extrusion temperature and nozzle diameter was the maximum
compared to the other process parameters. However, it is important to emphasize that
when talking about the diameter of the nozzle, it is necessary to consider the height of
the layer. The experimental maximum in tensile strength of 50.1 MPa was observed for
the 0.5 mm nozzle diameter, 0.2 mm layer thickness, line infill with 80% density raster,
and temperature of 240 ◦C. The lowest tensile strength values were found in samples with
printing modes in which the layer height and nozzle diameter were equal, and the extruder
temperature was 210 ◦C.
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We suppose that the number and size of the voids formed between the strands had a
significant impact on the total strand adhesion. While the expected finding was presented
in [44], this study showed that when the ratio between the layer height and the nozzle
diameter decreased from 1 to 0.125, the porosity decreased from about 20% to 3%. In our
study, this ratio took values from 1 to 0.4, where 1 corresponds to modes with a nozzle
diameter D = 0.3 mm and a layer height H = 0.3 mm, and a ratio of 0.4 corresponds to
modes with D = 0.5 mm and H = 0.2 mm. Therefore, for modes with a layer height of
0.2 mm and 0.3 mm with a nozzle diameter of 0.3 mm, the porosity was much higher than
for modes with a nozzle diameter of 0.5 mm. This means that an influence of the ratio of
these two parameters on mechanical performance was observed.

The experimental strain–stress curve and the identical simulation curve exhibited
a similar trend with low inaccuracy when they were compared. On this basis, it can be
assumed that the Mooney–Rivlin model with five parameters used to represent the PLA
material in the simulation corresponded well with the actual data, implying that the model
can predict and recreate the material’s real mechanical response to the applied uniaxial
tensile load. The same conclusion was reached by Meng et al. in his study of the tensile
properties of polymers [45].

The obtained DSC results show the energy effects of the exo- and endo-peaks, the ratio
of which it can be concluded that the samples under study were predominantly amorphous.
This means that the transition point between the phases was characterized by the glass
transition temperature, the value of which had also been estimated as Tg = 55 ◦C. Based
on the obtained TMA information, it was interesting to see how the thermal expansion
of the sample changed in the temperature range before the transition to the rubber state.
In the glassy state, the CTE was about 70–80 ppm/K only, and above the glass transition
temperature, it was 250–270 ppm/K. Moreover, the significantly anisotropic nature of the
CTE behavior was discovered and its changes at the stages of heating and cooling were
not obvious.

The DMA experiment showed that, regardless of the configuration of the printing
process, the values of the glass transition temperature of the elasticity modulus at the
initial stage of the curve were in the same range, and did not differ from each other by a
value greater than 1–2%. The glass transition temperature for all samples with different
measurement curves ranged from 63 to 69 ◦C. This is quite acceptable, given that the values
of the glass transition temperature obtained within the same curve (for example, the curve
of the storage module) differed within 1 ◦C. The output values confirmed our assumption
that the DMA was not sensitive to the internal parameters of the FDM part, and that only
the material under study is important. Similar conclusions were drawn by Bopp and
Behrendt in [46], who demonstrated that frequency dependence in DMA is constant across
a wide range of parameter settings.

When comparing the simulation curve with the experimental curve, a noticeable
difference in the values of the elastic modulus could be observed. The reason for this could
be an inaccurate reconstruction of the PLA material model in the simulation environment.
Thus, the model requires further clarification. We assume that in order to obtain a more
accurate curve, we could use a Prony series from a possible relaxation experiment, which
was not conducted in our research.

Thermocycle tests showed that the samples had a SME. For this study, the samples
were divided into groups with the best mechanical and worst mechanical properties as
well as those modes that showed average strength values, but did not fall into the typical
trend of the ANOVA curve. Sample no. 10 (nozzle diameter 0.5 mm, layer height 0.2 mm,
with a line filling of 80%, and an extruder temperature of 240 ◦C) showed one of the highest
tensile strengths (50.1 MPa) and the best values of the shape recovery coefficient for five
cycles. There was a slight deterioration from cycle to cycle, but its drop was significantly
less than in other samples (2–6%). The worst values were demonstrated by sample no. 115
(nozzle diameter 0.3 mm, layer height 0.3 mm, with a line filling of 80%, and an extruder
temperature of 210 ◦C). Since these two samples (no. 10 and no. 115) showed high and low
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values in tensile strength, respectively, we can believe that the strength featured had an
effect on the shape recoverability. Speaking of the fixity ratio, with each cycle, it decreased
by 0.1–1%; for all samples, the values were close to 100%.

5. Conclusions

This study presented mechanical and thermomechanical tests aimed to predict the SMP
behavior in PLA printed samples, especially in the range of glass transition temperature.
In addition to evaluating the mechanical tensile strength, DSC, TMA, DMA, and the shape
memory tests for five cycles were investigated.

We obtained results showing that the use of different printing parameters in sample
production affects the tensile strength. It has been shown that samples with an extrusion
temperature of 240 ◦C and a nozzle diameter of 0.5 mm had the highest values of ten-
sile strength, while the lowest values were observed with an extrusion temperature of
210 ◦C and a nozzle diameter of 0.3 mm. The Mooney–Rivlin hyperelastic model with five
parameters resulted in a good match between the simulation and the experimental data.

For the first time for the PLA material and FDM approach, the TMA experiment
allowed us to evaluate the features of the thermal deformation of the samples to obtain the
CTE values at different temperatures, space directions, and running curves. Experimentally
obtained CTEs showed strong anisotropy and were successfully used in the material
description during DMA simulation in Ansys. Based on the results of the DSC experiment,
we were convinced of the amorphous structure of the sample, and determined the glass
transition temperature as the phase transition point for the SME.

The FEM was implemented to simulate the dynamic response of the samples in a
temperature regime. The viscoelastic characteristics of the PLA material were obtained
by fitting the experimental curve to the Prony series, the time–temperature superposition
method was applied. A comparison between the experiment and simulation curves showed
that the values of the storage modulus in the range of glass transition temperature varied,
but the curves showed a similar nature.

Our study highlighted that PLA really has a SME. Moreover, we noticed the influence
of the mechanical characteristics of the samples on its ability to recover the shape. Thus,
the stronger the sample, less fatigue from cycle to cycle was observed when restoring the
initial shape after deformation. A significant decrease in the recovery ratio from cycle to
cycle can be explained by the too large value of the applied deformation, despite the shape
fixity, which did not decrease with each SMP cycle.

Future efforts should aim to create a polymer model with the SME, which will include
elastic, viscoplastic, and thermal deformation, and is likely to contribute to the correct
prediction of the SMP behavior. The final goal of such endeavors is to combine all of the
experimental and simulation data into a neural network as well as to build a digital twin of
the FDM process for SMP materials.
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//www.mdpi.com/article/10.3390/polym15051162/s1, supplementary file (S1) presents a dataset
with all of the printing regimes (Table S1 All printing regimes.) and ANOVA results with Figure
S1 The effects of a single parameter on strength: (a) the effect of nozzle diameter; (b) the effect of
extrusion temperature. and Figure S2 The combined influence of two and three factors: (a) extrusion
temperature and layer height; (b) extrusion temperature, nozzle diameter and layer height.
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Abstract: The mass transfer process of binary esters of acetic acid in polyethylene terephthalate (PET),
polyethylene terephthalate with a high degree of glycol modification (PETG), and glycol-modified
polycyclohexanedimethylene terephthalate (PCTG) was studied. It was found that the desorption
rate of the complex ether at the equilibrium point is significantly lower than the sorption rate. The
difference between these rates depends on the type of polyester and temperature and allows the
accumulation of ester in the volume of the polyester. For example, the stable content of acetic ester
in PETG at 20 ◦C is 5 wt.%. The remaining ester, which has the properties of a physical blowing
agent, was used in the filament extrusion additive manufacturing (AM) process. By varying the
technological parameters of the AM process, foams of PETG with densities ranging from 150 to
1000 g/cm3 were produced. Unlike conventional polyester foams, the resulting foams are not brittle.

Keywords: polyethylene terephthalate copolyesters; sorption properties; mechanical properties;
foaming; additive manufacturing

1. Introduction

Low-molecular-weight organics are commonly used as solvents in a variety of indus-
trial applications. Their ability to dissolve organic material is very valuable, but solubility
is not always desirable, especially when material resistance or permeation properties are
involved [1]. The interaction of polymeric materials with solvents may have some impor-
tant applications [2]. Solubilization of low-molecular-weight polymers is a common basis
for coatings [3]. For high-molecular-weight polymers, interaction with solvents is usually a
problem of chemical resistance and stability or permeation under the influence of certain
media [4].

For high-polymer solvents, the extent of compatibility may vary. Depending on the
chemical and molecular structure, solvent diffusion may or may not be limited. When dif-
fusion is not limited, the polymer and solvent form a solution; in contrast, limited diffusion
can produce a wide range of structures, such as gel-like structures and plasticized systems.
Polymeric materials consist of long molecules organized in some form under the molecular
structure, which is a result of the manufacturing process of the thermochemical history
of the material. Low-molecular-weight solvents can penetrate the molecular structure by
diffusion processes and affect the sub-molecular structure of the polymer [5]. The influence
of the solvent on the polymer can be summarized in terms of solubility parameters, thermo-
dynamic compatibility, and intermolecular bonds that refer to specific chemical groups. In
general, diffusion without influence on material properties can be described as permeabil-
ity properties [6], diffusion with influence on intermolecular distance—as plasticization,
diffusion with influence on the sub-molecular structure—as solvent crystallization and
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solvent cracking. The sorption of low-molecular-weight molecules affects the dimensional
stability of the material [7].

Polyesters are a widely used and industrially important class of high-molecular-
weight polymers. Members of the polyester family include polyethylene terephthalate
(PET), polybutylene terephthalate, and polylactide, which are the most important polymers
nowadays [8]. From a historical perspective, PET was one of the first industrial polymers
and is now one of the most important standard polymers [9]. During the decades of in-
dustrial use of PET, polyester has been modified and improved for various end uses [10].
Containers made of PET polyester represent a revolution in the field of liquid foodstuffs, as
they have exceptional properties and are easy to manufacture [11]. Moreover, the impor-
tance of packaging applications has changed the manufacturing technology of polyester
from homopolymers to copolymers, which is now the common name for PET polyester.
Further development of PET polyester is aimed at further influencing the crystallization
behavior through more complex chemical modifications, leading to the creation of polymers
of the PET copolymer family. PET polyester with a high degree of glycol modification, or
PETG, is the second member of the family to exist as a stand-alone polymer [12]. PETG
polymers with low crystallization rates are the ideal choice for thick-walled transparent
packaging. The low crystallization rate is the result of the inhomogeneity of the molecular
structure, which affects the folding of long molecules into thermodynamically stable struc-
tures. Low crystallization ability leads to amorphous structures with low glass transmission
temperature, which is responsible for the thermal stability of the material during the ap-
plication [13]. Another important member of the PET polyester family is glycol-modified
polycyclohexanedimethylene terephthalate (PCTG) [14].

The interaction with volatile organic compounds (VOC) can be a key factor in the
final application of the article made from a particular polymer material [15]. Contact
sorption and vapor-phase sorption are common types of VOC interaction in real industrial
applications [16]. Mass transfer analysis is the most reliable and rapid method to investigate
possible interactions between polymer and VOC [17].

Additive manufacturing (AM) is a modern manufacturing approach and an important
element of the fourth industrial revolution that is changing traditional manufacturing
principles [18]. Adding or patterning materials layer by layer in a programmable manner is
an evolutionary approach in many manufacturing industries. Polymeric materials were one
of the first applications for additive manufacturing technology, which is now spreading to
all industries [19–21]. Additive manufacturing is a modern application of PETG that takes
advantage of certain material properties. The low melting point and amorphous structure
create ideal conditions for cohesion between layers and low shrinkage of parts. Polymer
AM uses different materials in different physical forms—liquids, filaments, powders, and
granulates [22]. The most widely used process is material extrusion, specifically, melt
extrusion and its most widely used type—fused filament fabrication. The main advantages
of fused filament fabrication are its wide availability and the simplicity of equipment [23].

AM consists of a physical and programmable technology layer. A unique future
of AM is programmable shape transformation into a core-shell structure, which enables
the creation of new structures and materials with new property combinations [24]. Pro-
grammable transformation offers myriad possibilities for material distribution in the space
of the final product and provides a background for new materials and technologies such
as metamaterials, shape-memory materials, and smart materials. New AM technologies
are emerging and gaining the attention of researchers, such as 4D printing, multi-material
printing, controllable shape transformation materials, and many others [25–29]. At the
current stage of development of AM technology, there are already so many ways to in-
fluence material properties that it is difficult to imagine how to investigate and evaluate
all of them. One of the most important possibilities for a programmable part in an AM
process is the infill structure or programmable distribution of the material in the volume.
The volume of the part can be completely or partially filled with material, allowing control
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of the direction and distribution of the material flow and the creation of a cellular structure
similar to conventional foam.

Foaming is a technology for the production and application of polymer composites
with the goal of density reduction, insulation, etc. Generally, foaming technologies are
classified according to the method of pore formation. There are two main types of foaming
agents to form bubbles: physical and chemical. The most common is a chemical foaming
agent, in which the blowing gas is formed as a result of the reaction, e.g., heat-induced
decomposition of the chemical substance at the process temperature. Physical foaming
agents, classified as either atmospheric gases (such as argon and helium) or as volatile
liquids (e.g., propanes or heptanes), are metered directly under pressure into the polymer
melt to generate bubbles [30].

In additive manufacturing, foaming technology can be applied as follows: (1) in a
programmable way as a filling pattern, and (2) by using materials that can foam during the
AM process. Foaming technology for extrusion AM is available as commercial filamentary
material with a premixed chemical blowing agent [31–33]. The decomposition temperature
of the blowing agent is in the same temperature range as material extrusion.

For PET polyester, industrial foaming technology is available as physical foaming with
carbon dioxide or fluoro-organic compounds injected under pressure into the polymer melt.
The application of supercritical carbon dioxide to PET polyester with extended sorption is
used to foam materials [34]. Currently, physical foaming has not been developed for the
AM process. In the current study, a special type of foaming is proposed for a series of PET
polyester polymers. The application of polymer material with equilibrium VOC can also be
used for other polymers. Polymer additive manufacturing uses interaction with solvents
and VOC to smooth and bond the surface of parts [35–40].

The aim of the present study is to investigate the influence of binary acetic acid esters
on the long- and short-term properties of common and modern PET polyesters. The
investigation of the long-term mass transfer properties of polyester materials leads to the
identification of a specific material property and its perspective application in a common
additive manufacturing process.

2. Materials and Methods
2.1. Materials

Acetic esters—ethyl acetate and butyl acetate—were supplied by Telco LLC, Kyiv,
Ukraine as commercial purity solvents. Glycol-modified PET polyester Skygreen® KN100—
PETG, PCTG Skygreen® JN100, and PET copolymer Skypet® BR were supplied by Biester-
feld Special Chem, Kyiv, Ukraine.

2.2. Experimental Setup

Sorption of acetic acid esters in the polyester polymers was carried out in saturated
vapor and in direct liquid contact under stabilized temperature conditions in a temperature-
controlled chamber. Vapor sorption was carried out in a closed glass exicator in a saturated
vapor medium directly under the liquid phase.

The polyester polymers were converted into films and monofilaments using laboratory
extrusion equipment. Prior to extrusion, the material was dried in a Memmert ULP
500 convection oven.

PET copolymer—drying time 10 h, drying temperature −160 ◦C. PETG and PCTG
polyesters—drying time 8 h, drying temperature 60 ◦C.

The tape samples were extruded through a flat slit die into a hot water bath in the
vertical direction. The samples were cooled in the hot water bath to achieve the fastest
possible cooling. The water bath temperature was 70 ◦C. The extrusion rate of the ma-
terial was 1.8 kg/h. Before further experiments, the tapes were measured with a contact
micrometer to check the uniformity of the thickness with reasonable tolerances in the range
of ±1.5%. The spinneret draw ratio of 200% was kept constant for all extruded materi-
als. The temperature profile of the extrusion line was constant for all materials and was
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240–275–260–265 ◦C from the first heating zone to the die head. A single screw extruder
with a diameter of 27 mm and a ratio of 30 L/D was used with a speed of 22 to 26 rpm
depending on the bulk density of the material and constant mass productivity.

Monofilament extrusion was carried out in the horizontal direction with the same
extruder setup and a round spinneret head. The melt was extruded through a 2.5 mm
round die with an L/D ratio of 10. The draw ratio of the spinneret was kept in the range of
200 to 250% to obtain the desired filament diameter. The melt was cooled in a horizontal
water bath with forced hot water circulation. Water bath temperature 70 ◦C. The extrusion
rate of the material was 1.2 kg/h. The extruded samples were wound onto a plastic spool
with as little tension as possible.

The film specimens were used for punching out standard specimens for tensile testing.
Samples and cutting blade were preheated to 60 ◦C before the cutting procedure in order to
minimize edge cracking.

2.3. Characterization

The samples of polyester material were prepared by melt extrusion and cooling. The
sample was cooled at a high cooling rate to obtain an amorphous structure. The material
density was measured by hydrostatic weighing.

Sorption and desorption of acetic acid esters were studied by weighing the samples
over a time scale. Samples for sorption were cut to a size of 20 × 20 mm with a thickness of
0.5–0.6 mm.

Liquid-phase sorption was performed by immersing the polyester sample in a glass
containing ester, which was placed in a temperature-controlled chamber. The jar containing
the ester and the sample was sealed with a lid to prevent evaporation of the ester and heat
absorption. To observe the sorption kinetics, the samples were accurately weighed after
exclusion from the liquid phase.

The desorption was carried out under ambient conditions, elevated temperature, and
reduced pressure in the vacuum-drying chamber LMM LP40412. The desorption of acetic
ester was performed under a normal atmosphere in a temperature-controlled chamber.
Forced desorption was carried out in a forced-air oven at an elevated temperature and
in the vacuum-drying chamber at reduced pressure. Polyester samples were studied at
different stages of sorption and desorption. Mechanical properties—tensile strength and
elongation at the break—were measured on standardized specimens according to ISO
527-2:2012 [41]. Shore D hardness was measured on the same specimens with a thickness
of 4 mm ISO 7619-1:2010 [42]. Material density was measured by hydrostatic weighing in
water ISO 1183-1:2019 [43]. The relative error in the determination of density was not more
than 2%. The melt flow rate was measured according to ISO 1133 [44] using a capillary of
2.095 mm diameter and weight of 2.16 kg.

The material samples were analyzed by surface FTIR using Perkin Elmer Spectrum
3 infrared spectrometer according to ASTM D5477—18 [45]. Thermal analysis was con-
ducted using DSC TA devices, such as DSC 2920 according to ISO 11357-1:2009 [46]; the
heating rate was 5 ◦C per minute. The material structure was evaluated by SEM JEOL JSM
−5500 LV.

3. Results and Discussions
3.1. Liquid-Phase and Vapor-Phase Sorption of Ethyl Acetate for Polyesters

Acetic ester is a common ingredient in industrial solvents and some detergent formu-
lations. When developing product packaging, the chemical formulation of the product
must be tested for short- and long-term compatibility with the polymer material of the
packaging. In routine compatibility testing of PETG polyester, the authors observed that
limited sorption of ethyl acetate occurs in liquid phase contact sorption after a prolonged
period of time. This limited sorption leads to swelling of the material and changes in
hardness and flexibility. Acetic acid esters of different molecular weight—ethyl acetate and
butyl acetate—were used as sorption media in the liquid and vapor phases.
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Liquid-phase sorption of ethyl acetate is concentration-limited and has a stable max-
imum extent that is temperature dependent. At 20 ◦C sorption extent reaches 19.2% for
PETG, 18.04 wt.% for PCTG, and 16.0 wt.% for PET. Temperature increase from 20 ◦C to
40 ◦C results in increasing the sorption extent to 25%. The PETG exhibits the highest value
of consumed ester for both temperature set points, probably due to the higher content of
amorphous phase among the polyesters studied.

An important observation in liquid-phase sorption is an intense cohesive bonding of
the material surfaces, which is probably due to the self-healing effect of the surface and the
plasticization effect. This effect is known for most semi-crystalline polyesters when reaching
or exceeding the glass transmission temperature [47]. The main reason for cohesive bonding
is molecular mobility at the surface, which may be favored by temperature or sorption of
low-molecular-weight substances.

Another observed effect is a change in sample color and light transmission, with trans-
parent samples changing their base color to opalescent white due to possible propagation
of the solvent-induced crystallization process (Figure 1).
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Figure 1. The appearance of PETG polyester sample before and during sorption of acetic ester.

The sorption of ethyl acetate in the vapor phase at 20 ◦C is shown in Figure 2a. The
sorption maximum in the vapor phase is lower by 12–14% than in the liquid phase for all
the polyesters studied. An increase in temperature from 20 ◦C to 40 ◦C leads to an increase
in the maximum extent sorption for PETG by 14%, for PET by 1%, and for PCTG by 3%.
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Figure 2. Sorption in the vapor phase: (a)—ethyl acetate, (b)—butyl acetate.
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To describe the influence of the molecular weight of the acetic acid ester, the acetic
acid ester with a higher molecular weight such as butyl acetate was used for comparison
(Figure 2b). Butyl acetate exhibits different kinetics and extent. The sorption of butyl acetate
has a two-step equilibrium behavior, the sorption rate is lower compared with ethyl acetate,
but the maximum sorption extent at equilibrium is much higher. Butyl acetate has a higher
molecular weight than ethyl acetate; however, both have a high maximum sorption degree.
This observation may be related to molecular conformation and compatibility.

Due to the condensation production process, polyesters are known for their affinity for
water vapor sorption [48]. The influence of initial water content in polyester was studied
in the vapor sorption of ethyl acetate and polyester samples in the ambient and dried
conditioned state. The water content was determined by weighing the samples before and
after the vacuum-drying process at 40 ◦C and 10 mbar pressure, and it was 0% and 0.32%.

Dried samples show higher maximum sorption and sorption rate: for PETG by 15%,
for PET by 1.6%, and for PCTG by 3.5% higher than for standard samples. These results
can be explained by the higher affinity of the solid molecular structure of the polyester for
the smaller water molecules and the same type of polar intermolecular interaction. The
increase in the maximum sorption range for dried samples is significantly higher than the
water content in conditioned samples. Thus, water has some simultaneous sorption with
polyesters and influences the extent of sorption of acetic acid esters.

The rate and extent of sorption are the highest in the first 24 h of the sorption process
(Figure 3). There is little change with respect to sample weight during the first two hours,
and the rapid mass transfer begins after this induction period. This behavior can possibly
be explained by the surface penetration of acetic ester.
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Figure 3. Sorption in the vapor phase of ethyl acetate. T = 20 ◦C in the first 24 h.

3.2. Desorption of Acetic Esters from Polyesters

Limited sorption of acetic esters in the saturated vapor is reversed by evaporation
when the sample is stored at ambient conditions. Desorption of acetic esters was carried
out under ambient conditions and at elevated temperatures in a temperature-controlled
chamber with natural air circulation.

It was found that the desorption of acetic esters from polyester under ambient con-
ditions and at elevated temperature is partial or incomplete, which is called incomplete
desorption (Figure 4a). The desorption rate is significantly lower than the sorption rate
for all polymers and esters studied. Butyl acetate shows a twofold desorption curve
(Figure 4b). The desorption does not reach its full value for all the polyesters studied and
shows a stable equilibrium value over time. The extent of residual equilibrium desorption
is temperature-dependent for all polyesters and esters studied.
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Figure 4. Desorption of acetic acid esters from polyesters: (a)—ethyl acetate, (b)—butyl acetate.

A long-term study of the residual ester content shows a very slow decrease in ester
content over time. At 20 ◦C and ambient pressure, the ester content can decrease to 0.9% by
weight after one year of desorption. The slow rate of desorption in the equilibrium zone is
significantly affected by temperature. At 60 ◦C, complete desorption for PETG and ethyl
acetate can be achieved after 27 days. At 60 ◦C and vacuum (pressure 10 kPa), complete
desorption for the same system is achieved in 36 h. For other polyesters, complete desorp-
tion can be reached in a similar way but within a different time period. The desorption of
esters from polyesters is relatively slow, which offers the possibility to control the residual
ester content by choosing specific conditions for the desorption process.

3.3. Influence of Sorption of Acetic Acid Esters on Material Properties

The process of sorption of selected acetic acid esters is accompanied by dramatic
changes in the material physical properties (Figures 5 and 6). Sorption is found to be
accompanied by swelling of the polyesters and a decrease in their hardness, which is due
to the plasticizing effect of the esters on the polyesters. The behavior of density correlates
with the behavior of hardness.
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The tensile properties of polyesters at different stages of sorption and desorption of
acetic ester were studied on tape and filament samples. The following measurements were
carried out on the samples: under steady-state conditions—initial condition, conditions
of maximum sorption extent; and under stable conditions—incomplete desorption and
conditions of complete desorption. The results are listed in Table 1.

Table 1. Mechanical properties of polyesters under stable sorption conditions (the table shows
average values).

Polyesters Tensile Strength,
MPa

Tensile
Elongation, %

Tensile Modulus,
MPa Density, kg/m3 Hardness,

Shore D Scale

Initial
PETG 68 ± 2 32 ± 2 2160 ± 108 1264 60 ± 3
PCTG 70 ± 2 48 ± 2 2060 ± 103 1245 62 ± 2
PET 72 ± 2 56 ± 1 2240 ± 112 1340 61 ± 3

Maximum
sorption

PETG 38 ± 2 158 ± 8 240 ± 22 1234 25 ± 1
PCTG 22 ± 1 370 ± 18 150 ± 13 1220 25 ± 2
PET 34 ± 2 320 ± 16 230 ± 21 1331 30 ± 2

Incomplete
desorption

PETG 53 ± 4 54 ± 3 1350 ± 130 1299 54 ± 3
PCTG 48 ± 3 220 ± 11 1450 ± 142 1224 57 ± 3
PET 51 ± 4 200 ± 10 1540 ± 150 1380 56 ± 3

Full
desorption

PETG 56 ± 4 14 ± 1 2050 ± 200 1269 61 ± 3
PCTG 62 ± 5 27 ± 2 2110 ± 210 1253 63 ± 3
PET 61 ± 5 21 ± 1 2360 ± 205 1356 64 ± 3

The mechanical properties at the maximum sorption level are characterized by a
significant increase in tensile elongation and a decrease in tensile strength and tensile
modulus, which can be attributed to the plasticization effect. Samples with incomplete
desorption of the ester show similar behavior, indicating a moderate decrease in mechanical
properties. Compared with the original properties, the level of properties of materials with
incomplete desorption is suitable for some functional applications.

Materials after complete desorption of the ether have a low tensile elongation and a
higher tensile modulus than the original material. The change in the current properties
can be explained by the crystallization caused by the ether. All polyesters used in the
current study are semi-crystalline polymers, so sorption of the ester and swelling may
cause an increase in molecular mobility, which may facilitate the crystallization process at
elevated temperatures.

FTIR spectroscopy and DSC studies were performed for PETG. The FTIR spectra of
PETG polyester under stable sorption conditions are shown in Figure S1 (in Supplementary
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Materials). Compared with the initial sample, sorption of the ester resulted in a decrease in
absorbance at the 3400 cm−1 band, which can be attributed to the terminal hydroxyl group
of the polyester. One possible explanation for this behavior is hydrogen bonding between
the ester and polyester. No other discernible changes in the spectrum were observed.

To investigate the effects of ester mass transfer on the amorphous and crystalline
phases of the materials, thermal analyses by DSC were performed on the initial samples
and on the samples after the complete desorption of the ester (Figure 7).
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Figure 7. DSC of PETG—ethyl acetate: 1—sample in equilibrium desorption state, 2—initial sample.

The DSC heating curves of the original PETG and PETG after the complete desorption
of the ester show an increase in the glass transition temperature from 73 to 78 ◦C. The
increase in glass transition temperature and the appearance of a more pronounced melting
peak can be explained by the contribution of ester mass transfer through the material to the
formation of a crystalline structure in PETG.

3.4. Melt Processing and Additive Manufacturing

The melt index was measured on samples of polyesters in the initial state and the
state of complete desorption after appropriate drying. The results shown in Table 2 indi-
cate that there is essentially no change in melt viscosity after the desorption of the ester
from the polyester.

Table 2. Melt flow index of polyester samples at 260 ◦C, 2.16 kg.

Polyester Type Initial Sample After Full Desorption of Ester

PETG 16.4 16.8
PCTG 17.2 17.6
PET 9.5 9.2

Melt index measurement experiments performed on polyester in the incomplete
desorption state show that the material can physically foam during melting and extrusion.
By filling such material into the heated chamber, fine foam can be extruded from the
capillary nozzle of the melt indexer. This experiment was the starting point for the idea
of using ester sorption for physical foaming. Filament samples were introduced into a
standard 3D printer and passed through an extruder device. The results obtained in this
way confirm the general possibility of the proposed idea.

PETG polyester was selected because of the high degree of equilibrium desorption
at room temperature. Ethyl acetate was chosen primarily because its odor is relatively
acceptable for indoor use, while the odor of butyl acetate is irritating. Filaments of PETG
polyester were extruded with a diameter of 1.62 mm. The PETG filament was wound
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on a metal spool and dried at 60 ◦C for 8 h in a forced-air chamber. Sorption of acetic
ester was performed in a glass exicator in the vapor phase. The sorption temperature
was set at 20 ◦C to reduce the sorption rate. Sorption at room temperature and higher
temperatures is associated with intense cohesive bonding of the material. For filamentary
material wound on a spool, this leads to complete adhesion of the filament in many places
and difficulties in unwinding. Experimental work provides several ways to eliminate these
problems—e.g., by reducing the sorption rate and using a surface treatment of the filament.
Surface treatment with potassium soap, silicone oil, and talcum powder is used with some
results. The use of a very low winding tension along with a low sorption temperature is
the simplest solution to the bonding problem. Filaments with an initial diameter of 1.62
mm absorb 5.5% ethyl acetate after 9 h of sorption at 20 ◦C and swell to 1.77 mm diameter.
The process diagram and parameters for filament fabrication are shown in Figure 8 and
Table S1 (in Supplementary Materials).
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Figure 8. Principal process diagram of AM with PETG foaming: 1—initial material drying,
2—filament extrusion, 3—sorption of acetic acid ester, 4—additive manufacturing.

Additive manufacturing with the filament PETG (ethyl acetate) was performed on a
standard Prusa 3D printer, model I3, without any modification. The model of the article
with the specific shape was prepared for the AM process in the slicing software Utilmaker
Cura 4.1.

The most successful (from the authors’ point of view) process and slicing parameters
determined during numerous experimental trials are listed in Table 3.

Table 3. AM and slicing process parameters for PETG foaming.

Process Parameter Value

Nozzle diameter, mm 0.4
Extrusion width, mm 2.5

Layer height, mm 1.5
Infill rate 100

Extrusion rate, % 80
Nozzle temperature, ◦C 260

Built platform temperature, ◦C 60
Printing speed, mm/min 4000

First layer speed, % 50
Air cooling 100%

Retraction, mm 1

It was experimentally found that the physical foaming of PETG is accompanied by
high swelling of the extrudate, which can reach 500–800% of the original die diameter. The
AM process can be carried out at a relatively high printing speed and high temperature.
At a low printing speed, most of the ester can escape from the melt zone of the extruder.
Compared with the AM process with normal filament, a very high extrusion height and
width are used. Nevertheless, width values are able to maintain adequate interlayer
cohesion and article consistency. Foam density can be regulated by printing speed (material
residual time), die temperature, and extrusion feed coefficient. Extrusion height and width
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can also significantly affect material density and structure due to the mechanical action of
the heated die on the over-expanded foam.

At ambient conditions and the type of material used, the equilibrium desorption value
is 6%. This value is sufficient for the foaming process. Experimental tests have shown
that ester content of at least 3% is required for successful foaming during the AM process.
Regulation of the ester content can be easily achieved by desorption in a vacuum chamber.

It was found that filaments with ethyl acetate can be successfully melted in the extruder
die without significant evaporation of ester. Molten polyester with ethyl acetate is physically
formed during extrusion through the orifice of the spinneret. The expansion of the foam at
the spinneret is significant and suitable for additive manufacturing of foam articles. It is
possible to produce foam articles with low density. The polyester foam stream has strong
cohesion between layers and streams. The structure of the foam still contains sorbet ester,
even after being produced in the molten state. Compared with other foamed materials,
PETG foam is not brittle and can be bent to a high degree without cracking.

The foam specimens were tested for tensile strength in two conditions—as printed
and after complete desorption of the ester residues in the vacuum chamber. Complete
desorption significantly affects the complex properties of the material (Table 4). The
specimens for tensile testing were 3D-printed with two material flow orientations (Figure 9),
which is a standard procedure for such specimens in many scientific papers. The specimens
were 3D-printed with three different density values (Table 4) by adjusting extrusion height
and width, extrusion coefficient, and speed with one material and the same ester content.
The material properties are listed for general information and cannot be directly compared
due to the different printing settings. By changing the pressure parameters, it is possible to
achieve a wide range of material density.

Table 4. Typical properties of PETG foam.

Property

Value for PETG Ester Modified Foam Sample

1 2 3

a b a b a b

Material density, kg/m3 124 118 325 315 650 643
Tensile strength X direction, MPa 4.0 ± 0.3 4.0 ± 0.4 9.0 ± 0.6 8.0 ± 0.4 11.0 ± 0.6 10.0 ± 0.7
Tensile strength Y direction, MPa 5.0 ± 0.3 6.0 ± 0.5 12.0 ± 0.7 13.0 ± 0.7 17.0 ± 1.1 16.0 ± 1.1

Tensile elongation X, % 9.0 ± 0.6 3.0 ± 0.2 12.0 ± 0.7 4.0 ± 0.3 16.0 ± 1.0 4.0 ± 0.3
Tensile elongation Y, % 12.0 ± 0.9 4.0 ± 0.3 16.0 ± 1.2 5.0 ± 0.3 21.0 ± 1.3 4.0 ± 0.3

Ester content, % 1.46 0 1.56 0 1.87 0

a—as a printed sample; b—after full desorption under vacuum.
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Figure 9. Material stream orientation: (a)—Y direction, (b) X—direction.

The appearance of the surface of foamed PETG in the optical observation camera is
shown in Figure S2 (Supplementary Materials). Scanning electron microscope images are
shown in Figure 10.
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Figure 10. SEM image of PETG foam structure of a sample with different densities: (a)—124 kg/m3,
(b)—325 kg/m3, (c)—650 kg/m3.

3.5. Process Limitations and Drawbacks

The most important process limitation is material cohesion or sticking. For filamen-
tary material wound under tension, this results in strong cohesive bonding and limited
possibility of demolding. Another special material property is cracking, which occurs after
contact with the ester. The filament material shatters at irregular intervals, especially at
high winding tension.

A possible solution to this limitation is the goal of further investigation. A possible
solution, already found by the authors, is the influence on material orientation during
filament production or post-orientation in the solid state.
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4. Conclusions

Sorption of esters on polyesters causes plasticizing effect and promotes structural
transformation by crystallization. The desorption of ethyl acetate and butyl acetate has
a stable equilibrium state, the extent of which depends on temperature, and the rate of
desorption is extremely low under these conditions. The sorption of acetic ester affects
the complex physical and mechanical properties of materials in a manner typical of plasti-
cization. The sorption equilibrium conditions are stable over a long period of time, which
opens the possibility of the practical application of this material property.

PETG polyester with ethyl acetate in the equilibrium state of sorption was used for
the extrusion based additive manufacturing process. The remaining ester acts as a physical
foaming agent during melt formation and deposition. The conversion of PETG—ethyl
acetate in the melt, which is accompanied by foaming, does not result in the complete
evacuation of the ester from the polyester. The desorption of the ester from the polyester
is relatively slow even in the molten state, allowing the foaming process to occur. The
properties of PETG foam are determined by the presence of ester residues. The printed
foam samples are soft and not brittle. Foam samples after the complete desorption of the
ester show typical brittle foam properties.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/polym15051138/s1, Figure S1: FTIR spectrum of PETG
polyester; 1—initial sample; 2—sample after incomplete desorption; 3—sample after 1 year of in-
complete desorption; Table S1: Process parameters for the production of PETG filaments; Figure S2:
Appearance of the surface of the 3D-printed PETG foam: a—view of the surface from above; b—view
of the surface of the built platform.
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Abstract: Stab-resistant garments have been used for centuries, utilizing metals, paper, or polymeric
structures, often inspired by natural structures such as scales. Nowadays, stab-resistant vests or vest
inserts are used by police and security personnel, but also by bus drivers, ambulance officers, and
other people who are empirically often attacked on duty. Since stab protection garments are often
heavy and thus uncomfortable and not well accepted, whether in the form of chain-mail or metal
inserts in protective vests, researchers are striving to find lightweight, drapable alternatives, often
based on polymeric materials. These research attempts have recently focused on textile fabrics, mostly
with impregnation by shear-thickening fluids (STFs) or ceramic coatings, as well as on lightweight
composites. The first studies on 3D printed polymeric objects with tailored shapes, as well as
theoretical investigations of the stab-protective effect of different materials, have been published
throughout the last years. Here, we discuss different measurement methods, including dynamic and
quasistatic methods, and correlations of stab-resistance with other physical properties, before we give
an overview of recent developments of stab-resistant polymers, using different materials/material
combinations and structures.

Keywords: body armor; additive manufacturing; functional textiles; sensory textiles; shear-thickening
fluid; reinforcement; stab protection; VPAM-KDIW; HOSDB

1. Introduction

Stab resistant clothing has been used for a long time, mostly by soldiers and nowadays
police, but also by other people who feel potentially endangered of being threatened with
knives. The first stab-protective armor was made from wood, leather, or horn, followed by
metals [1]. While soft body armor was developed to protect the wearer from low-velocity
bullets and protection from fast-velocity bullets was also developed after the First World
War and improved since [2–4], stab resistant garments have been less often investigated.
Nevertheless, stab protection is often more important since stabbing accounts for more
fatal penetrating injuries than gunshot injuries in many studies [5–8].

Stab-resistant vests have been shown to significantly reduce the number of fatal
injuries due to stabbing [9]. However, stab-resistant body armor is mostly heavy and
uncomfortable [10], besides the problem that it does not necessarily protect all relevant
body area from knives and spikes, depending on the wearer’s body shape [11]. To moti-
vate police and other people in potentially dangerous situations to wear stab-protection
garments, lightweight body armor is necessary, ideally from drapable material with low
thermal resistance and high air and water vapor permeability [12–14]. Besides, recent body
protectors used by the police and soldiers often do not fulfill the requirements defined
in various standards for stab protection [15]. This has inspired researchers to investigate
textile and other polymer-based stab-resistant garments. These materials and structures
are discussed in this review.

The paper is structured as follows: The next section gives a brief overview of different
dynamic and quasistatic measurement methods, followed by recent theoretical discussions
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of body armor and correlations between stab protection and other physical properties
found in the scientific literature. As potential polymeric stab-resistance materials, pure
textile fabrics are investigated, followed by coated and impregnated fabrics. Going one
step further, rigid composites and reinforced polymers are presented, before 3D printed
body armor as well as other new polymers and protective structures are discussed.

2. Stab Resistance Measurement Methods

Generally, quasi-static and dynamic test methods can be found in the literature. Recent
test standard differentiate between gloves, e.g., tested according to the EN388, and other
garments. One of the dynamic test methods used to evaluate stab resistance of garments is
the German VPAM KDIW 2004, in the newest version from 2011 [16].

This test standard was published by the association of test laboratories for bullet
resistant materials and constructions (Vereinigung der Prüfstellen für angriffshemmende
Materialien und Konstruktionen, VPAM) and describes testing stab resistance against blade
(“Klinge”), spike (“Dorn”), injection cannula (“Injektion”) as well as impact resistance
against a block (“Würfel”, combined to the abbreviation KDIW). For stab resistance, the
VPAM KDIW defines impact points, strike energies, and angles of incidence which have to
be tested to reach different stab resistance classes, such as K1 (knife 1) using a strike energy
of 25 J which is reached by letting a blade with a drop mass of 2.5 kg (incl. the test tool) fall
from a height of 1.02 m. The test blade and the other test tools are well-defined, as well
as the plasticine, the impact locations on the specimen, etc. Figure 1 depicts exemplarily
a typical VPAM test stand (Figure 1a) with the standard blade in a drop mass (Figure 1b)
and a partly excavated stitch channel (Figure 1c), used to measure the penetration depth.
It should be mentioned that stab penetration depths of 20 mm are allowed for blade and
spike to pass the test, while injection does not allow any stab penetration.
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Another often used standard was published by the British HOSDB (Home Office
Scientific Development Branch) [17]. The Home Office Body Armor Standard 2017, based
on the HOSDB 2007, is very similar to the aforementioned VPAM KDIW. Instead of the
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plasticine back, it uses backing foam to test protection against spike and knife. It necessitates
two tests with different impact energies for both of the two protection levels, e.g., for level
KR1 a maximum penetration depth of 8.0 mm is allowed for an impact energy of 24 J, and
a penetration depth of 20 mm for an impact energy of 36 J. Penetration is measured directly
by a digital caliper as well as with a synthetic witness paper placed below the stab test
sample, allowing the detection the cut length. As opposed to the VPAM KDIW, the spike is
not allowed to penetrate the stab resistant material at all. The test sabot in which the knife
is embedded contains a damper disk to enhance the realism of the test.

The National Institute of Justice of the USA have published the NIJ standard 0115.00
in 2000 and a draft of the subsequent standard 0115.01 in 2020, defining another test
standard for the stab resistance of body armor [18,19]. This standard uses a composite
backing material from neoprene sponge, polyethylene foam, and natural rubber, a velocity
measuring instrument is located near the test item to measure the velocity of the blade or
spike when it reaches the test material. A single-edged blade, similar to the one used in the
VPAM, as well as a double-edged blade and a spike are described in the recent draft of the
NIJ standard 0115.01. Tests with commercial test threats are performed at energies of 24 J
and 36 J, with penetration depths of 7 mm and 20 mm allowed, respectively.

Among the quasi-static test procedures, ASTM F1342 defines a material resistance to
puncture [20]. This standard measures the force which is necessary to penetrate a textile
fabric, a coated material, or an elastomeric material by a pointed puncture probe. Many
reports can be found in the literature about similar tests, using blades, spikes, injection
needles, and similar sharp objects.

Especially for gloves, the EN 388 [21] is often used in Europe, in its newest version
supplemented by the ISO 13997 which defines mechanical properties of protective cloth-
ing [22] and sometimes by an impact resistance measurement according to EN 13594 [23].
The EN388 tests for abrasion, cut, tear and puncture resistance; the performance levels
from 1–4 (1–5 in case of cut resistance) are written on the gloves. The ISO 13997 defines
a cut test method, sometimes called TDM (tonodynamometer) test, which means that it
measures a linear cut with a fixed blade through the examined material, while the coupe
test applied in EN 388 for the cut resistance uses a rotating knife. For gloves used in
situations where higher impact or vibration hazards may occur, the EN 13594 measures the
impact protection. Both of these values can be given with letters behind the aforementioned
numbers on a glove, where A-F define the cut resistance level according to ISO 13997, while
an additional P informs that the impact protection test according to EN 13594 was passed.

While these tests are standardized, several research groups show experiments accord-
ing to modified test parameters, such as different blade shapes, different impact energies,
or quasi-static tests with different sample holders than specified in the respective stan-
dards, leading to the necessity to carefully interpret the results achieved with different
test equipment [24]. Generally, quasi-static tests, as also mentioned in the NIJ Standard
0115.00, are performed on universal test machines, with usually the upper clamp holding
a standardized blade, while the lower clamp is exchanged by either a sample holder in
which the investigated sample is clamped, or by a backing of different foams and sponges
as in the dynamic tests. In this way, the load-displacement curve during the quasi-static
stabbing process is recorded, before the test is stopped at a defined displacement.

Finally, it should be mentioned that the often used maximum penetration depth of
20 mm is related to the fact that this value is the median distance of vital organs from the
skin surface, while the minimum distance was around 10 mm [25], which explains the other
often chosen value of 7 mm.

3. Modeling and Correlations with Other Physical Parameters

While many research groups report on experimental investigations of stab resistant
garments, few studies can be found in the literature describing the mechanism of pene-
tration of a blade, a spike, or a needle through body armor or potential correlations with
other physical parameters, such as thickness, density, elastic modulus, or other properties
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of protective materials. This is the opposite to body armor against hand-gun bullets, where
different parameters play the main role, and which has been investigated intensively [26].

The forces necessary to penetrate the human skin were experimentally found to be
in the range of 5–30 N [27], with clothes having different impact on this value, depending
on the shape and sharpness of the chosen blade [28]. Horsfall reviewed existing studies
regarding the shape and sharpness of the blade and concluded that energy absorption
was performed by friction, bending of the cut material, and finally fracture and other
mechanisms at the crack tip, with different amounts of friction and bending being reported,
depending on the blade geometry [29]. He also mentioned the often large difference
between impact energies in dynamic tests and quasi-static energies, leading to identical
penetration depths, showing that dynamic and quasi-static test procedures can not always
be compared reliably.

An early model of the stab resistance of fibrous systems was suggested by Termonia,
taking into account single-ply and also multi-ply fabric systems [30]. He modeled a
woven fabric in which the yarns can slip over each other at the crossing positions, held
by circular clamps, into which a needle is inserted with constant velocity. Depending on
the deformation morphology, as depicted in Figure 2, he calculated different forces for the
needle penetrating through a Kevlar plain weave fabric, where the largest force was reached
(Figure 2a) directly before the fabric is punctured (Figure 2b), while further displacement of
the yarns around the needle let the force increase again (Figure 2d,e), before the cylindrical
part of the needle with constant diameter is reached, and force as well as fabric deflection
are decreased again (Figure 2f).
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Figure 2. Simulated morphologies of deformation for a needle going through a single ply of plain
weave Kevlar fabric. (a–f) define increasing displacement. Reprinted from [30], Copyright (2006),
with permission from Elsevier.

For weft-knitted aramid fabrics in a flexible Surlyn resin matrix, Liu et al. found
that optimization of the hot-pressing temperature, the pressure and holding time, as
well as of the resin content, could improve the stab resistance properties of the prepared
composites, which they attributed to a combination of shear force, tensile fracture, friction,
and deformation of yarns and fabric as potential energy dissipation mechanisms [31].

A numerical model of Barnat et al. for an aramid fabric stack of 35 layers was com-
pared with the optical investigation of the stabbing process, using a high-speed camera
with 5000 frames/s [32]. The researchers used the movies to plot the knife velocity and
acceleration and showed that the numerically calculated and the measured displacement
vs. time were in good agreement. They described subsequent tearing of the roving bundles
after first moving them away by the knife, and their calculations showed an increasing
contact force between blade and fabrics with increasing penetration into the stack of fabrics.
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A high-speed camera was also used by Du et al. who recently used this technique to
monitor the damage morphology on the material back during puncture [33]. Opposite to
Barnat et al., they worked with quasi-static and dynamic puncture tests on a carbon fiber
reinforced polymer instead of pure fabrics. They characterized the local failure modes of a
laminate with 12 layers of carbon fiber fabrics, as depicted in Figure 3, as a nearly linearly
increasing impact force until the delamination threshold load (DTL) was reached, followed
by increasing force with proceeding delamination failure, until the peak force damage
is reached shortly before the maximum displacement, characterized by the impact force
vanishing. In theoretical calculations and measurements, they showed a disproportionately
high increase in the absorbed impact energy with increasing material thickness.
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Figure 3. Measured characteristic points and local failure modes of 12-layer composite on the
impact force-displacement curve at 24 J impact energy, combined with high-speed camera images of
characteristic points. DTL means delamination threshold load. Reprinted from [33], Copyright (2022),
with permission from Elsevier.

While the aforementioned thickness dependence of the stab resistance of a fabric or
composite seems obvious, Guo et al. studied other parameters of polymers used for stab
resistance [34]. Combining experiments and numeral simulations, they found the largest
effect caused by the shear strength and the surface hardness of the examined materials,
making polycarbonate (PC) ideal for stab resistance and polyethylene (PE) the worst.

As these examples show, the general process of stabbing into a material is generally
mostly understood, with many authors subdividing it into the three phases of cavitation,
penetration, and perforation [34], partly using other nomenclature. Nevertheless, in a real
textile fabric, polymer plate, composite, or similar polymeric object, many interactions
occur, hampering the simple calculation of the stab resistance by measuring some other
parameters. The following sections thus give an overview of recent approaches to improve
the stab resistance of polymeric objects, including new polymers, new shapes, new tech-
niques such as additive manufacturing (3D printing), and more and more improved textile
fabrics with different coatings and impregnations.
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4. New Shapes and Polymers

One possible approach to improving body armor for stab resistance is based on
developing new shapes or new polymers, e.g., inspired by nature. Such bio-inspired
structures can be found in many areas, such as energy absorption [35], impact resistance [36],
or biological armor design [37]. While 3D printing (described in Section 5) offers the
largest degree of freedom and is thus often used to prepare such bio-inspired stab-resistant
structures, there are nevertheless a few other approaches to preparing bio-inspired armor
without additive manufacturing.

Liu et al. prepared a scale-like structure composite from a knitted fabric reinforced
with resin, inspired by pangolin scales [38]. Figure 4 depicts the pangolin with its scales
(Figure 4a), the idea of reinforcing the double-layer scale-like knitted fabric with Surlyn
and polyethylene (PE) resins only at the scales, while the lower fabric parts stay untreated,
the measured hardness values compared to real pangolin scales, and an untreated scale-like
knitted fabric from front and back (Figure 4d–g). By restricting the resin to the movable
scale structure, the authors showed that the composite stays relatively flexible, while the
stab-resistance could significantly be increased by infusing the upper fabric part with resin.
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A warp-knitted scale structure was prepared in the same lab, in this case using epoxy
resin with SiC particles to impregnate the scales [39]. They reported an increase in the stab
resistance due to the addition of SiC particles, but also mention that the knitted material
(here polyester and Spandex) should be changed to a technical yarn, and washing of the
composite structure should be tested.

Besides these ideas to improve stab resistance by sophisticated structures, other re-
search groups concentrated on developing new polymers or blends to enable the production
of better body armor, e.g., by making it flexible. Yong prepared flexible composites from
rubber wood fiber mats in a rubber matrix including silica filler to improve the fiber-matrix
adhesion [40]. He reported good elastomeric behavior at a high fiber loading of about
33 wt% and medium stab-resistance level, tested according to NIJ 0115.00, passing the tests
for knives with one and two cutting edges at threat levels 1 (impact energy 24 J) and 2 (33 J),
while level 3 (43 J) was not reached. The test with the spike was only passed under an angle
of incidence of 0◦, not of 45◦, at level 1, a finding which is often reported since pointed
weapons are generally harder to stop with textile-based objects.
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A non-textile approach to building flexible, often even stretchable stab-resistant objects
is based on hydrogels. Nakahata et al. prepared a hydrogel containing β-cyclodextrin-
acrylamide and adamantane-acrylamide which was not broken by strong compression after
crosslinking, could be stretched over a pencil or a cutter-blade, and showed self-healing
properties [41]. Similarly, Tan et al. used free-radical copolymerization of acrylamide
and adamantane-2-isocyanatoethyl acrylate-β-cyclodextrin to prepare a supramolecular
hydrogel with high notch resistance, stab resistance tested by sharp scissors, and self-
healing properties [42]. Using a poly(acrylamide)/poly(ethylene oxide)/LiCl hydrogel, Li
et al. prepared strain sensors which also showed a high stab-resistance and self-healing
properties [43].

It must be mentioned that these pure hydrogels are not tested according to standards
for body armor, but are used in other stab-resistance applications, where much smaller
impact energies or quasi-static forces are expected. This is often different for the 3D printed
structures discussed in the next section.

5. 3D Printed Polymer-Based Body Armor

3D printing, or additive manufacturing, summarizes several different technologies,
typically based on material extrusion, such as the most often fused deposition modeling
(FDM) technique, on photopolymerization of a resin, such as stereolithography (SLA), or
on melting defined positions inside a powder bed, such as selective laser sintering (SLS),
while a few techniques have other principles, e.g., combining powder with a glue [44].

Using FDM, Cicek et al. printed square specimens of lateral dimensions 40 mm–80 mm
with thickness from 6–10 mm from acrylonitrile butadiene styrene (ABS), poly(lactic acid)
(PLA), and other materials with an infill of 100% [45]. They tested the samples according
to the HOSDB level KR1-E1, meaning an impact energy of 24 J. While they found suitable
mean penetration depths around 8 mm for ABS, PLA was found to fracture in some tests,
as shown in Figure 5. The fracture lines are oriented along the 45◦ direction, i.e., along
one of the printing orientations (in FDM, the molten polymer is typically placed under
±45◦ in subsequent layers). Besides, the authors report that polycarbonate (PC) and tough
PLA (TPLA) were found most suitable for stab resistance, necessitating structures of only
5 mm thickness. Similar results were reported by Maidin et al. who used FDM printing of
ABS and PC-ABS samples which were tested according to HOSDB KR1-E1 with an impact
energy of 24 J, and fractured samples were found in many cases, where PC-ABS showed
higher stab resistance than ABS, and an optimum thickness of 8.0 mm was defined [46].
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Sample fracture was also reported by Jiang et al. who used SLS to produce plates with
a pyramid structure with different tilt angles from polyamide (PA) [47]. They found plate
thicknesses around 7.5 mm to be sufficient to fully block a knife which impinged with an
impact energy of 24 J for tilt angles from 20–30◦, fulfilling the Chinese GA 68-2008 National
Standard, while for a tilt angle of 35◦, even a thickness of 8 mm was not sufficient. The
same structures were investigated by Gong et al. who tested different PA materials, partly
including glass fiber, with very similar results [48]. Including PA/carbon fiber, the same
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structures were tested again, where the PA/carbon fiber specimens needed only a thickness
of 6.5 mm to show sufficient stab resistance [49].

Another shape was investigated by He et al. who used laser sintering of PA to produce
egg-shell-like scale structures [50]. In their experiments, according to GA 68-2008 National
Standard with an impact energy of 24 J, fractures were sometimes found along the weaker
areas between the egg-shell parts, as visible in Figure 6. A larger body armor part was built
by partly overlapping sections with such egg-shell structures in different ways, leading to
sufficient stab protection of the optimized design which had an areal density of 7.3 kg/m2,
which is more than one-third less than common stab resistance body armor vests.
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A special FDM apparatus, the Markforged Mark Two, was used by Sitotaw et al. to
produce nylon/aramid specimens with well-defined aramid filament orientations in each
layer [51]. Stab tests were performed with an impact energy of 25 J according to class K1
of the VPAM-KDIW. While pure nylon samples of a thickness of 3 mm always showed
penetration larger than 70 mm and thus clearly failed, samples of identical thickness with
unidirectional fiber orientation interestingly also failed, independent from the orientation
of the impacting knife with respect to the fiber orientation. Combining fiber orientations
of 0◦/30◦/60◦/90◦/120◦/150◦ as well as 0◦/45◦/90◦/135◦, however, resulted in mean
penetration depths of 17 mm and 15 mm, respectively, showing the severe influence of fiber
oriented in such a composite.

A similar printer, the MarkOne by Markforged, was used to prepare different scale
structures as well as fiber-reinforced polymer samples [52]. Ahrendt et al. found that 4 mm
thick 3D printed fiber-reinforced polymers specimens with different fiber orientations in
subsequent layers fulfilled the stab protection level K2 of the VPAM-KDIW, meaning that
the penetration depth for an impact energy of 25 J was smaller than 5 mm on average and
10 mm maximum.

Generally, 3D printing with its diverse technologies offers many possibilities to prepare
interesting shapes for stab-resistant body armor; however, the best results are reached with
composites that contain fibers or filaments in defined orientations. This is why the next
section gives an overview of reinforced polymers and composites which are prepared with
traditional techniques.

6. Reinforced Polymers and Composites for Stab Resistance

Among the textile fibers, yarns, woven fabrics and nonwovens used in fiber-reinforced
polymers as well as in composites, aramid belongs to the most often reported materi-
als. Aramid, or more exactly p-aramid (poly(p-phenylene terephthalamide), PPTA), is
an aromatic polyamide showing a very high crystallinity, which together with strong in-
termolecular hydrogen bonds makes the material very strong and thermally stable [53].
Kim and Nam investigated composites from p-aramid fabrics in thermoplastic low-density
poly(ethylene) (LDPE) and epoxy resin with thicknesses of 11–16 mm [54]. Applying
quasi-static and drop-tower tests according to NIJ standard 0115.00, epoxy resin of 43 wt%
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add-on to the woven aramid fabric was proven to optimally stop the impinging knife in
the drop tower tests.

Stojanovic et al. combined multiaxial and woven p-aramid fabrics, impregnated
with polyurethane (PU), and laminated them with thermoplastic PU from one side [55].
Afterwards, they were impregnated with silica nanoparticles in a poly(vinyl butyral) (PVB)
matrix. Stab resistance was tested with a quasi-static procedure according to NIJ standard
0115.00. The authors reported improved mechanical and stab-resistance properties upon
addition of amino-modified SiO2.

A matrix of PVB with small fractions of inorganic fullerene-like WS2 nanoparticles and
WS2 nanotubes was chosen to produce composites with woven and cross-plied Kevlar [56].
Simic et al. found in quasi-static tests according to NIJ 0115.00 a significant increase in the
absorbed energy of a knife stab and of the deformation depth for the samples with these
nano-reinforements.

Stab and puncture resistance of a woven Kevlar (brand name of a p-aramid) fabric
were investigated by Zhao et al. who concentrated on the impact of a sizing agent on
the composite’s mechanical properties [57]. The authors prepared a sizing agent from
water-borne epoxy resin, poly(acrylamide) and fatty alcohol polyoxyethylene phosphate
potassium salt in which they immersed the fabrics. The resulting composites were inves-
tigated by quasi-static tests according to ASTM F1342-05, applying a spike, a knife blade
and a bursting impact head. Thy found an optimum sizing rate of 10 wt% for puncture
and stab resistance as well as burst strength, with an increase by a factor of approx. 3–7 as
compared to the pure fabrics which they attributed to the immobilized fiber bundles in the
impregnated fabrics.

Polyethylene (PE), Surlyn® (poly(ethylene-co-methacrylic acid) and Surlyn/PE bilayer
films were used to prepare composites with Kevlar in different thicknesses between 2.67 mm
and 7.95 mm [58]. Mayo Jr. et al. performed quasi-static and dynamic tests according to NIJ
standard 0115.00 to investigate stab and puncture resistance of these specimens. For the
quasi-static and dynamic knife tests, all samples showed damage zones with fiber fracture,
as depicted in Figure 7, while the overall stab-resistance was best for Surlyn impregnation
and significantly lowest for pure aramid.
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Figure 7. Scanning electron micrographs of (a) pure Kevlar, (b) PE composite, (c) Surlyn/PE compos-
ite, and (d) Surlyn composite after dynamic stab testing. Reprinted from [58], Copyright (2009), with
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Besides aramid, other technical fibers or filaments have been used in stab-resistant
composites. Li et al. used ultrahigh molecular weight polyethylene (UHMWPE) impreg-
nated with different thermoplastic films and found especially polyethylene terephthalate
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(PET) and polypropylene (PP) films better suited than polyethylene (PE) [59]. For stab
energies of 24 J, the penetration depth of samples with an areal weight of 8 kg/m2 with PET
and PP films was below 20 mm. Firouzi et al. suggested nylon 6,6 and nylon 6,12 coatings
on UHMWPE fabrics to improve their stab resistance in dynamic and quasi-static tests [60].

Carbon, E-glass, and p-aramid fibers were compared by Cheon et al. who prepared
fiber-reinforced polymer composites with an epoxy matrix and 6–24 fabric layers and
tested their stab-resistance according to the NIJ standard with a drop tower as well as in a
quasi-static test [61]. Besides these samples, hybrid composites from carbon/aramid and
carbon/glass were investigated with 8 layers per material in different orders. Depending
on the material, each layer had a thickness of 0.22 mm to 0.26 mm and an areal weight of
313 g/m2 to 426 g/m2. The authors found a clear dependence of the penetration depth
on the thickness and areal weight, i.e., on the number of layers for all reinforcement
materials, as expected. From the quasi-static tests, they described the blade penetration
and stab resistance mechanism of the samples, as depicted in Figure 8. Besides, they found
the carbon fiber reinforced polymer composite to show optimum stab resistance, with a
thickness of 2.6 mm being sufficient to reach level 1 of the NIJ standard (<7 mm penetration
depth), while the glass composites needed a thickness of 3.2 mm and the aramid composite
needed a thickness of 3.9 mm, making carbon an interesting material for this application.
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An interesting material combination was suggested by Chuang et al. who prepared
PET/PET fiber/matrix composites with woven carbon, aramid, and basalt fabrics [62].
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They combined recycled high-strength polyester with low-melting point polyester, needle-
bonded them to form multilayer fabrics on both sides of a woven fabric, and used hot-
pressing to form a composite bonded by the low-melting point polyester. Quasi-static
puncture tests were performed according to ASTM F1342, showing highest puncture
resistance for the highest amounts of recycled high strength PET fibers, while no significant
differences were visible comparing basalt, carbon, and Kevlar woven fabrics. It should be
mentioned that these experiments, although declared as stab tests, are actually puncture
tests and thus only partly comparable with real stab tests.

Khuyen et al. avoided technical fibers and investigated the stab-resistance of com-
posites with linen and silk plain weave fabrics in water-based PU, urea formaldehyde
(UF) and poly(vinyl alcohol) (PVA) matrices [63]. The highest tensile strength was found
for linen/UF; manual (and thus highly subjective) stabbing tests were performed with
an undefined blade, where 20 layers of hard silk/UF, resulting in a thickness of 7.9 mm,
showed sufficient results. Unfortunately, the different blade and the manual stabbing make
a comparison with other experiments highly unreliable.

Another way to optimize stab-resistant body armor is to concentrate on the structures
in which common materials are used, as described in the previous sections. For this
purpose, composites can contain auxetic structures, i.e., structures with negative Poisson’s
ratio which give them special mechanical properties [64]. Xu et al. used auxetic warp-
knitted spacer fabrics with two-component silicone rubbers with different filling rates
and showed that a larger auxetic effect resulted in less damage which they attributed to
denser face layer structures and more deformable units of fabrics with larger negative
Poisson’s ratio [65]. Novak et al. combined auxetic and non-auxetic layers, laminating non-
auxetic cotton/elastane weft-knitted fabrics with a structured ethylene-vinyl acetate (EVA)
foam with two different auxetic cellular structures (Figure 9), bonded with rubber-based
adhesive [66]. While tensile force-displacement tests showed partly auxetic behavior of
the laminates, stab resistance was here only suggested as a potential application of such
structures and not measured. For a re-entrant auxetic weft-knitted aramid fabric without
lamination, however, quasi-static tests showed a significantly higher energy absorption
by the auxetic fabrics, as compared to plain weft-knitted fabrics [67]. In spite of these
interesting results, composites with auxetic properties are only scarcely investigated with
respect to their stab-resistant properties.
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Generally, different polymers can be used to glue the fibers or filaments of a textile
fabric together and thus increase the fiber/fiber friction, leading to improved stab resis-
tance [68–70]. On the other hand, many textile fabrics with a coating of silica or other
ceramic materials are reported as lightweight stab resistance materials. The next section
gives an overview of such coated textile fabrics.

7. Textile Fabrics with Ceramic Coatings

Ceramic coatings can be used to increase the fiber/fiber friction as well as the hardness
and wear resistance, in this way damaging the penetrating blade and thus reducing its
ability to cut subsequent fibers [71,72]. Manaee et al. suggested an Al2O3/TiO2 plasma-
sprayed ceramic coating to increase the stab resistance of aramid fabrics [73]. They applied
copper and aluminum metal powder as bond coat material and Al2O3–13%TiO2 as the
top coat, as visible in Figure 10. While the tensile strength remained unchanged by these
coatings, quasi-static stab tests showed a severely improved penetration work by Al2O3–
13%TiO2 with either metallic bond coat, in both cases approx. five times the value of the
uncoated fabric, which the authors attributed to fixing the aramid fabric and increasing the
fabric hardness, or in other words improving abrasion and friction by the coatings.
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Figure 10. SEM image of the cross-section of aramid fabric coated with (a) Cu/ Al2O3–13%TiO2 and
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Boron carbide (B4C) coatings on aramid/ballistic nylon were investigated by Nayak
et al. who showed in quasi-static tests according to NIJ 0115.00 a significant increase in
the stab resistance, as compared to the pure textile fabric [14]. Similarly, a boron carbide
coating in epoxy resin on aramid fabrics reached an approximately five times puncture
load in quasi-static puncture tests, as compared to the uncoated textiles [74]. Applied
on UHMWPE fabrics, B4C could also improve the stab resistance approx. by a factor of
five [75].

Besides boron carbide, silicon carbide was investigated as a coating on stab-resistant
plain-weave thermoset-aramid composites [76]. Wei et al. sprayed SiC powder in water
with dispersing agents and PVA as a binder on the fabrics and finally impregnated them
with vinyl ester resin. Dynamic stab tests according to NIJ standard 0115.00 showed a
clear correlation of decreasing penetration depth with increasing SiC concentration up to a
concentration of 20 wt%.

Applying SiO2 coatings on woven aramid fabrics, Javaid et al. showed more than
doubled knife penetration resistance as compared to the pure fabrics, which they attributed
to an increase in the yarn-yarn friction [77]. A PU/p-aramid multiaxial fabric was coated by
PVB with SiO2 nanoparticles and carbon nanotubes, resulting in improved wear resistance
and 35% higher absorbed energy as compared to the PVB coated samples [78]. Similarly,
Kanesalingam et al. observed an increase in quasi-static stab and puncture resistance for
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silica coatings on Kevlar/wool and Kevlar/wool-nylon fabrics, but at the same time an
increase in fabric stiffness, which reduces ergonomics and wearability [79].

It should be mentioned that ceramic aerogels have been suggested as temperature
sensor materials for firefighters, so that a combination of improved stab resistance and
sensory properties may also been taken into account, depending on the specific application
of a stab-resistant garment [80–82].

Besides such ceramic coatings, an interesting approach which is heavily investigated
in recent years is based on coatings with shear thickening fluids (STFs), which will be
discussed in the next section.

8. Textile Fabrics with Shear-Thickening Fluid

Shear-thickening fluids are non-Newtonian fluids which show an increase in viscosity
with increasing stress or shear rate [83,84]. Such STFs are prepared by dispersing con-
centrated colloidal suspensions of solid particles in a liquid, where the transition from
low to very high viscosity is based on forming transient aggregates upon shear [85,86].
They are thus expected to not significantly impact the wearing comfort of an STF-coated
stab-resistant garment, while stiffening in case of an impact and thus offering higher
stab protection than uncoated textile fabrics [87]. This promising material class has been
investigated deeply in recent years.

Decker et al., e.g., prepared STFs by dispersing colloidal silica particles with average
diameter 450 nm in poly(ethylene glycol) (PEG) with molecular weight 200 Dalton and
coated plain-weave Kevlar and nylon fabrics with them by diluting the STFs in ethanol and
soaking the fabrics in this fluid [88]. The resulting coated fabrics are depicted in Figure 11,
where PEG is mostly evaporated in the vacuum of the scanning electron microscope (SEM)
chamber. Drop tower tests according to NIJ standard 0115.00 with knife and spike showed
that a 12-layer STF/Kevlar specimen provided better protection than a 15-layer pure
Kevlar sample, while both had similar areal weights, but the STF coating increased neither
thickness nor bending rigidity, so that an additional STF coating could lead to preparing
thinner, more flexible body armor. In quasi-static tests, STFs significantly increased the cut
resistance of the Kevlar sample. Similar results were found for STF-coated nylon fabrics,
which in general showed less stab resistance than Kevlar samples.

Kang et al. prepared SFT by dispersing fumed silica particles in methanol and blend-
ing this dispersion with medium fluid ethylene glycol [89]. Kevlar plain weave fabrics
were immersed in this STF dispersion, squeezed, and dried. While stress-strain curves of
untreated and coated Kevlar fabrics, bending angle and thickness were similar, quasi-static
stab tests showed significantly higher loads and less damage for the coated fabric. Similar
experiments, coating aramid or UHMWPE with varying silica/PEG STFs with a typical
amount of 35–55% silica, with comparable results were also reported by other research
groups [90–95]. The STF preparation process was slightly varied in some studies, e.g., by
adding a silane coupling agent to improve silica/PEG bonding and thus form siloxane
(Si-O-Si) bonds [96], comparing different silica particle shapes [97] and particle sizes [98],
or varying the impregnation pressure to increase the STF loading of the fabrics [99]. Asija
et al. used poly(propylene glycol) (PPG) instead of PEG as a base material for STF prepara-
tion [100]. Different ionic liquids instead of PEG were tested by Qin et al. who prepared
STFs from silica microspheres in these ionic liquids by ultrasonication [101]. They found
an optimum stab resistance for an STF loading of 35 wt% on the tested Kevlar fabrics and
measured that the yarn-yarn friction was increased by more than one order of magnitude
by the addition of the STF, as compared to the pure aramid fabric.

To further improve STF coatings, several studies combined them with additional
nanoparticles, carbon nanotubes etc. Li et al. suggested STFs combined with multi-walled
carbon nanotubes (CNTs) for improved stab resistance of Kevlar plain-weave fabrics, as
depicted in Figure 12 [102]. In quasi-static stab tests, a significant increase in the peak force
for STF-coated Kevlar fabrics was found, while CNT/STF coatings further increased the
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peak force values. The authors attributed this result to increased rigidity and decreased
yarn mobility upon the coating.
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Figure 12. TEM images of (a) fumed silica nanoparticles, (b) O2-plasma treatment MWNTs and
(c) fumed silica nanoparticles and M-MWNTs, SEM images of (d) neat Kevlar fabric, (e) STF/Kevlar
fabric, and (f) M-MWNT/STF/Kevlar fabric. Reprinted from [102], Copyright (2018) by the authors,
originally published under a CC-BY license.
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Carbon nanotubes were not only shown to increase the stab resistance properties of
STF/Kevlar specimens [103], but were also sometimes discussed in terms of their conduc-
tivity, enabling the use of such fabrics as body movement sensors, etc. [104,105].

Different nanoparticles were also added to STF-coatings on stab-resistant fabrics.
Gürgen and Kushan as well as Gürgen and Yildiz added SiC particles of different sizes,
leading to an increased viscosity profile of the STFs and thus higher energy dissipation, as
well as to a reduced penetration depth in drop-tower tests with spike and knife [106–108].

Combinations of STF and polymer coatings were suggested, e.g., by Zhang et al.
who combined nonwovens from recycled Kevlar and nylon fibers on both sides of an
aramid fabric by needle-punching, impregnated them by STF, and finally coated them with
thermoplastic polyurethane (TPU) [109]. In dynamic and quasi-static tests according to
ASTM F1342-05 with spike and knife, they found an increase in the stab resistance due to
STF coating as well as due to the TPU coating, with the highest stab resistance reached by
combining both treatments. Combining STF with a TPU coating including fumed silica
was suggested by the same group and led to a significantly improved quasi-static stab and
puncture performance, with the optimum stab resistance reached for a coating with 3%
fumed silica [110].

As these examples show, a large part of recent research in stab-resistance reached with
polymeric materials is based on finding new, optimized coatings for aramid and other
high-tenacity fabrics. However, investigations of the fabrics themselves are also important
to further improve the textile components in composites and coated fabrics. The next
section gives an overview of recent studies of pure stab-resistant textiles.

9. Pure Textile Fabrics for Stab Resistance

Pure textile fabrics receive their stab-resistant properties partly from the fiber, filament
or yarn properties, i.e., from the fiber/filament material and titer as well as the production
of the yarn. Mayo Jr. and Wetzel compared different technical fibers, such as different
p-aramids and UHMWPEs, carbon, and S-glass, and pressed an industrial cutting blade
laterally on the single fibers to investigate the angle-dependent failure [111]. They found
similar cut resistance levels for all fiber types, with generally higher average cut resistance
of the inorganic fibers due to their hardness.

Tian et al. suggested using Kevlar- and UHMWPE-covered yarns and reported Kevlar
fiber wrapping around a core fiber leading to enhanced cut resistance, as compared to pure
Kevlar or pure UHMWPE yarns [112]. On the other hand, the cut resistance decreased with
increasing twists of the covered yarns. The authors thus suggested testing such covered
yarns for stab-resistant garments.

Diverse technologies exist to prepare fabrics from these and other yarns or fibers.
Needle-punching is an often used method to create nonwovens. However, needle-punched
composites are usually applied in the form of composites with epoxy resin, thermal bonding
of low-melting point fibers, or similar matrices, when they are to be used in stab resistance
applications [113,114], and investigations of pure nonwovens for this purpose are hard
to find.

Knitted fabrics are also used only scarcely for stab-resistance applications, which
can be explained by their elasticity. Sun et al. nevertheless performed quasi-static stab
resistance tests on auxetic weft-knitted Kevlar fabrics and found a higher stab resistance
than on plain weft-knitted Kevlar fabrics, where the break-points in the auxetic fabric could
be significantly reduced by alternating face and reverse loops [66].

Liu et al. combined UHMWPE with a polyamide/elastane core-spun yarn to shrink the
produced double-layer weft-knitted fabric [115]. They found puncture failure of this double-
layer fabric to be accompanied by fiber cutting and stretching. However, impregnation
with epoxy resin increased the maximum load during quasi-static stab tests by more than
one order of magnitude, showing that the pure knitted fabric is not really suitable for
stab resistance.
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As an effort to reduce the stretchability of knitted fabrics, Zhang et al. prepared
co-woven knitted fabrics, as depicted in Figure 13, with E-glass yarn as warp and weft
and a polyester knitting yarn [116]. In this way, they found maximum penetration forces
around 200 N, which is much higher than values found for pure knitted fabrics [115].
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Figure 13. Co-woven-knitted fabric: (a) structure diagram, (b) fabric map. Reprinted from [116],
Copyright (2022) by the authors, originally published under a CC-BY license.

Most often, woven fabrics are used for stab protection, often using aramid or aramid
hybrid yarns. Tien et al. prepared aramid-core spun yarns from aramid filaments in the core
and cotton staples wrapping them, using a ring-spinning machine [117]. Two strands were
plied to avoid snarls in the yarn and corresponding problems during weaving. Plain-woven
fabrics of these yarns were investigated in dynamic stab tests according to NIJ standard
0115.00, testing for level 1 with an impact energy of 24 J. The penetration depths were
lowest for the densest weaves. The allowed penetration depth of max. 7 mm was reached
by 17 layers of the core-spun yarns or more than 60 layers for pure aramid yarns, clearly
showing the advantage of the core-spun yarns. The same authors later investigated more
hybrid yarns and found basalt/cotton woven fabrics to have the optimum stab-resistant
properties [118].

Basalt was also investigated by Li et al., here in the form of a needle-punched, lam-
inated composite with low-melting point PET [119]. The authors found a significant
impact of the punching density and the needle punch depth as well as the areal weight of
the fabrics.

Fibrilized aramid yarn was the base for plain-weave fabrics investigated by Nasser
et al. [120]. The authors found significantly increased yarn-yarn friction in the fibrilized
aramid, as compared to the native material, and peak loads six times higher than in the
original aramid material, which they attributed to the mechanical interlocking between the
fibrilized fibers.

Besides the yarn, the fabric construction method strongly influences the stab resistance
of a textile fabric. A typical fabric type is 3D warp interlock fabrics, which combine woven
layers with through-the-thickness interlock structures and thus form a 3D structure of a
certain thickness. Li et al. compared different 3D warp interlock structures from UHMWPE
yarns and found a strong dependence on the structure as well as on the number of layers
and their respective orientation [121]. Such fabrics were also investigated in pre-deformed
shapes, especially aiming at modeling molded armor panels, as they are used in women’s
body armor, where the authors found a significant impact of the stab localization on the
fabric [122]. Comparing different orientations of the impinging blade with respect to warp
and weft threads, the authors also investigated the depth of trauma in addition to the usual
depth of penetration and showed again the strong influence not only of the number of
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layers, but also of the chosen fabric construction on the depth of penetration as well as the
depth of trauma [123].

Another interesting possibility for preparing stab-resistant fabrics is given by triaxial
woven fabrics, i.e., fabrics woven from three sets of yarns, oriented approx. 60◦ with
respect to each other. While they are usually not as dense as conventional woven fabrics,
the interyarn friction can be increased, thus supporting energy dissipation in such fabrics.
Stab resistance of triaxial woven fabrics was described by El Messiry and Eltahan who
tested different materials and compared these fabrics with conventional plain weave as
well as weft-knitted single jersey fabrics, applying the drop tower test according to NIJ
standard 0115.00 [124]. They found the best stab resistance for Vectran triaxial fabrics and
only slightly lower values for Kevlar triaxial samples, while the knitted fabrics and even
the plain-weave fabrics had significantly lower stab protection. Recently, El Messiry and El-
Tarfawy combined triaxial fabrics with weft-knitted fabrics and suggested knitted/triaxial
Kevlar multilayer fabrics as optimum regarding the cutting force, suggesting such fabrics
also for stab resistance tests [125].

10. Conclusions and Outlook

As this review shows, many materials and structures can be used to develop polymer-
based stab resistant body armor further. One approach is based on developing new, often
bio-inspired structures which can, for example, be produced by different 3D printing
techniques. Besides such special structures, most polymer-based stab-resistant garments
are based on textile fabrics, either solely or, in most cases, with an additional lamination or
coating. Alternatively, composites with embedded fibers or textile fabrics can be prepared,
which are stiffer than pure or coated fabrics, but more lightweight than metallic body armor.

While recent research approaches are very often based on impregnating textile fabrics
with shear thickening fluids, many more possibilities exist to improve the stab resistant
properties of body armor on the yarn or fabric level, by developing materials, structures,
and production processes further. In the authors’ opinion, especially combinations of new
materials and new shapes, as they can be produced by 3D printing in combination with
textile fibers or fabrics [126], offer further improvements for lightweight, yet efficient body
armor. With this paper, we hope to inspire more researchers working in these fields to
contribute new ideas and experiments to this interesting field of research.
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Abstract: Composite structures during an operation are subjected to various types of external loading
(impact, vibration, cyclic, etc.), which may lead to a decrease in mechanical properties. Previously,
many experimental investigations of the mechanical behavior of composites under uniaxial cyclic
loading were carried out. Acquisition of new data on the reduction of composite materials’ mechan-
ical characteristics under conditions of multiaxial cyclic loading, as well as verification of existing
models for calculation of the residual properties, are relevant. Therefore, this work is devoted to the
experimental investigation of the mechanical behavior of fiberglass tubes under proportional cyclic
loading. Static and fatigue tests were carried out under tension with torsion conditions. Inhomoge-
neous strain fields were obtained using a non-contact optical video system VIC-3D. The structural
damage accumulation processes were analyzed by an AMSY-6 acoustic emission signals recording
system. Surface defects were determined using a DinoLite microscope. Residual dynamic elastic
modules were calculated during fatigue tests, and fatigue sensitivity curves were built. Data was
approximated using various models, and their high descriptive capability was revealed. Damage
accumulation stages were determined. The dependence of the models’ parameters on a stress state
were observed. It was concluded that multiaxial cyclic loading leads to a significant decrease in
mechanical properties, which should be taken into account in composite structure design.

Keywords: composite; tubular sample; multiaxial fatigue; damage accumulation; residual mechani-
cal properties

1. Introduction

Composite materials allow the problem of maintaining a high level of physical and
mechanical characteristics while reducing the structure weight to be solved in industries
such as space, aviation, automotive, construction, etc. Trends demonstrate that the devel-
opment of technology for the production of the composite materials based on a polymer
matrix and the growth of their usage in designs [1–6].

Every unforeseen impact, vibration, or other load, even of low intensity and duration,
can lead to a significant reduction in the exploitation time [7–12]. In this regard, it is
relevant to investigate patterns of the degradation of composites’ mechanical properties
under complex and combined loads. The study of the cyclic exposure influence on the
residual mechanical characteristics of composites, called fatigue sensitivity, is one of the
most significant.

A large number of works on this topic are devoted to the experimental investigation of
the degradation of the polymer composites’ mechanical properties (elasticity modulus and
tensile strength) during uniaxial cyclic loading [13–19]. On the other hand, the overwhelm-
ing majority of composite structures are in a complex stress–strain state, so it is necessary to
study fatigue sensitivity of composites under multiaxial cyclic loading. In this case, many
loading parameters should be taken into account, including the ratio of the amplitudes of
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the stress tensor components [20–22], the phase shift angle between the loading modes [23],
the frequencies ratio [24,25], the mean stress, and the stress amplitude in the cycle [26–29].

Recent testing systems allow the implementation of a complex stress–strain state
by loading cruciform specimens in two orthogonal axes [30–32], the tension of tubular
specimens under the internal pressure [33,34], the torsion of tubular specimens with bend-
ing [35–38], and tension–compression with torsion [39–41]. Experimental studies of the
degradation of the composites’ mechanical properties under multiaxial cyclic loading have
been presented previously [42–44]. The residual characteristics assessment is carried out by
calculation of the elastic modulus during the fatigue test.

The relationship between the mechanical characteristics and preliminary cyclic expo-
sure can be represented as the fatigue sensitivity curve. As demonstrated previously [45],
these curves have three characteristic stages: initiation, where intense damage accumulation
processes occur, leading to rapid degradation of properties; stabilization, where damage ac-
cumulation is slow, and the stage is almost linear; and aggravation, where intense damage
accumulation processes lead to a complete loss of bearing capacity. Previously [45,46], it
was proposed to determine the boundaries of these stages by the points where the damage
value function derivative reaches a certain value (characteristic to the material).

The experimentally obtained fatigue sensitivity curves are necessary to build and
verify residual mechanical properties prediction models. Some of them were proposed
previously [47–51]. However, these models are often only suitable for a particular class of
composite and require the definition of many parameters. Mao and Mahadevan [52]
proposed the convenient approximation of the fatigue sensitivity curve as a sum of
two power functions. The authors of this study previously proposed two models based
on the usage of cumulative probability distribution functions [46]. The advantages of
these models are simplicity and few parameters, which means a reduction in the required
experimental tests.

Nevertheless, an understanding of the damage accumulation processes requires us-
age of additional diagnostic systems. At first, the non-contact optical video system and
digital image correlation method (DIC) allow the observation of inhomogeneous strain
fields on the sample surface. DIC technology showed an advantage in the analysis of the
stress–strain state of composite objects [53,54], the formation and propagation of cracks [55],
the detection of defects, and the quantitative assessment of displacements and deforma-
tions [56]. Compared to traditional strain gauges [57] and finite element simulations [58],
DIC can obtain more accurate and complete information about displacement and strain
fields across the entire surface, not limited by sample geometry [59]. Moreover, since
the destruction of polymer composites is a complex process that occurs at different scale
levels, the identification of damages is necessary to predict the failure mechanism. The
acoustic emission method allows the estimation of the intensity of damage accumulation
and establishment of a connection with the composites’ structural destruction mechanisms
by analyzing the frequency spectrum of the signals [60–65]. For verification of the acoustic
emission signal analysis, optical microscopy is also required.

In this study, we investigate the degradation of mechanical properties during biaxial
static and cyclic loading. The main goals of this work were to obtain new experimental data
on stiffness degradation of fiberglass thin-walled tubes (produced by oblique transverse
longitudinal continuous winding) and to verify previously proposed fatigue sensitivity
curve approximation models. The investigation includes usage of the non-contact video
system, acoustic emission system, and optical microscope.

The paper is organized as follows: the material, equipment, methods, and approxi-
mation models are described in Section 2; Section 3.1 presents the quasistatic tests results;
fatigue experiments results and approximations of fatigue sensitivity curves are discussed
in Section 3.2; and Section 4 closes the paper with the main conclusions of the work.
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2. Material and Methods
2.1. Material

Tubes based on EC glass fiber (1200 tex, ≈580–600 N breaking load value) and cold
curing epoxy resin KER 828 were made by oblique transverse longitudinal continuous
winding at an angle of 85◦ to the axis (this angle is often used in the production of pipes,
which work under internal pressure). The winding tapes consisted of fibers lying along the
tape and had few fibers, which were oriented across it. For testing, thin-walled fiberglass
tubular samples were prepared. The sample length was 140 mm with the working part
length L ≈ 60 mm, inner diameter d = 25.4 mm, and outer diameter D ≈ 30 mm.

2.2. Equipment

Experimental studies were carried out using the large-scale research facilities “Com-
plex of testing and diagnostic equipment for studying properties of structural and func-
tional materials under complex thermomechanical loading” at the Center of Experimental
Mechanics of the Perm National Research Polytechnic University (PNRPU).

Quasistatic and cyclic tests were carried out using the Instron 8802 (±100 kN) universal
servohydraulic testing system. The loading was recorded by a load cell up to 100 kN and
1000 N·m. The loading measurement accuracy is 0.5%. The testing system included a
FastTrack controller. The WaveMatrix V. 1.4 software allowed the implementation of biaxial
loading modes.

Collet grips of the test system Instron 8802 were used to set samples (Figure 1, left
side). Cylindrical steel plugs were inserted for the entire length of the gripping parts to
prevent specimen crushing. When the sample was set, the pressure in the servo-hydraulic
grip circuit gradually increased from 50 to 200 bar. To prevent the occurrence of overloads
during fixation, the values of the axial load and torsional were kept at zero (“Specimen
Protect” was on).

Displacements and strains of the specimen surface were recorded using the VIC-3D
contactless optical video system (Correlated Solutions, Irmo, SC, USA) and the digital
image correlation (DIC) method. A video recording was carried out using the camera
Prosilica GE4900 50 mm with 16 MP resolution (Allied Vision, Stadtroda, Germany). The
recording frequency was 1 frame per 3 s. The normalized sum of the squared difference
(NSSD) was used as the correlation criterion for the mathematical assessment of the digital
image correspondence. The strains were calculated using the Lagrange finite strain tensor.
Transition from the Cartesian to cylindrical coordinate system, associated with specimen
axis, was carried out using VIC-3D software (Vic-Snap Image Acquisition V. 9).

The acoustic emission signals were recorded using the AMSY-6 system (Vallen Systeme
GmbH, Wolfratshausen, Germany). We employed a wideband sensor AE144A (Fujicera,
Fujinomiya, Japan) with a frequency range of 100–500 kHz, a M31 (Fujicera, Fujinomiya,
Japan) sensor with the frequency range of 300–800 kHz, and a preamplifier with a gain of
34 dB. The sensors were attached to the sample using a rubber fixture. The data sampling
frequency was 10 MHz, and the threshold value for recording AE signals was 40 dB. The
energy parameter and the frequency of the spectral maximum (characteristic of the fast
Fourier transform) were considered as informative. The energy parameter of AE signals
was calculated using a special software option in energy units (eu), 1 eu = 10−14 V2·s. The
AMSY-6 and the video system were synchronized with the test system controller using a
16-bit high-speed NI USB-6251 ADC unit. A photo of the diagnostic systems is shown in
Figure 1 (right side).

After testing, we used a Dino-Lite microscope (AnMo Electronics Corporation, New
Taipei City, Taiwan) with DinoCapture 2.0 software in order to determine the sample
surface defects.
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Table 1. Experimental program. 

Sample Number Experiment Type Loading VIC-3D AMSY-6 
1 

Quasi-static Tension 
+ + 

2 − − 
3 − − 

Figure 1. Sample in the testing machine grips and diagnostic systems.

2.3. Methods

Eighteen fiberglass tubular samples were divided into two groups for quasi-static
and cyclic tensile, torsion, and proportional tension–torsion tests with various ratios of
normal and shear stress tensor components. To determine the nominal values of the
fracture load and torque, 6 samples were tested. The speed of the movable grip was
2 mm/min in the tensile (strain rate ≈ 0.033 min−1), and 20 deg/min in the torsion test
(strain rate ≈ 0.087 min−1). In the proportional loading tests, 2 samples were fractured for
each loading mode. The Proportional 1 mode corresponds to the speed of movement grip
1 mm/min (strain rate ≈ 0.017 min−1) and 20 deg/min; for the Proportional 2 mode, it is
2 mm/min and 20 deg/min. On some samples, video recording of the displacement and
strain fields was carried out using the VIC-3D system, as well as the recording of acoustic
emission signals using the AMSY-6 system (Table 1).

As a result of quasi-static tests, the dependences of load, P, on grip displacement, u,
and torque, M, on torsion angle, ϕ, were determined. Normal stress, σ, longitudinal strain,
ε, shear stress, τ, and shear strain, γ (taking into account the length change during tension),
were calculated as:

σ =
4P

π(D2 − d2)
; ε =

u
L

; τ =
16DM

π(D4 − d4)
; γ =

ϕD
2(L + u)

=
ϕD

2L(1 + ε)
(1)

For each of the cyclic loading modes, 2 samples were tested to fatigue failure (R = 0.1,
frequency v = 1 Hz). Acoustic emission signals were recorded on one sample in each
loading mode (Table 1). The maximum stress value during the cycle was equal to a half of
the average maximum normal and shear stress values from the quasi-static tests.

To assess the mechanical properties reduction by changing the dynamic elasticity
modulus, the peak maximum and minimum values of the load, torque, displacement, and
torsion angle were recorded for every 1, 10, and 100 cycles. The values of the secant dynamic
Young’s modulus, E′, and the shear modulus, G′, were determined by the formulas:

E′ =
Pmax − Pmin

umax − umin

4L
π(D2 − d2)

; G′ =
Mmax −Mmin

ϕmax − ϕmin

32L
π(D4 − d4)

(2)
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Table 1. Experimental program.

Sample
Number

Experiment
Type Loading VIC-3D AMSY-6

1

Quasi-static

Tension

+ +

2 − −
3 − −
4

Torsion

+ +

5 − −
6 − −
7

Proportional 1
+ +

8 − −
9

Proportional 2
+ +

10 − −
11

Cyclic

Tension
− +

12 − −
13

Torsion
− +

14 − −
15

Proportional 1
− +

16 − −
17

Proportional 2
− +

18 − −

2.4. Approximation Models

According to the calculated dynamic elasticity moduli for the first loading cycle,
which can be designated as E′0 and G′0, and durability for current loading mode, N0,
fatigue sensitivity coefficients, KE and KG, as well as the relative value of preliminary cyclic
exposure, n, can be calculated for cycle number, N:

KE =
E′

E′0
; KG =

G′

G′0
; n =

N
N0

(3)

The approximation of experimentally obtained dependences, KE(n) and KG(n), was
carried out by three models based on cumulative distribution function usage (Weibull
law and beta distribution) [46] and that proposed by Mao and Mahadevan [52]. The
approximating formulas, respectively, had the form:

KE = 1− λ(− ln(1− n))
1
κ ; KE = 1− Bn(α, β)

B(α, β)
; KE = 1− qnm1 − (1− q)nm2 (4)

The damage accumulation rate can be defined as the damage value function derivative
ω′E (or ω′G):

ω′E =
λ

κ
(− ln(1− n))

1
κ−1 1

1− n
; ω′E =

nα−1(1− n)β−1

B(α, β)
; ω′E = qm1nm1−1 + (1− q)m2nm2−1 (5)

The model parameters were obtained numerically.
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3. Results and Discussion
3.1. Static Loading
3.1.1. Loading Curves

Loading curves (Figure 2) were built using the data from the test machine. It was
noted that under tension, the diagram was almost linear to the maximum load value, and
after the peak, a sharp drop was observed. This behavior corresponds to an elastic–brittle
fracture. During torsion, the diagram was non-linear; the presence of a stage similar to
plastic was noted. In addition, after reaching the peak, in some cases, a gradual torque
decrease was observed, which means a postcritical stage realization [66]. Similar non-linear
behavior of polymer composites under off-axis loading was considered previously [67–69].
For proportional loading modes, both the maximum load and the maximum torque value
decrease. A two-fold slower grip movement in the Proportional 1 loading mode (in
comparison with the Proportional 2 loading mode) led to a change in the ratio between
normal and shear stresses; therefore, a lower load value and higher torque value were
observed. Material sensitivity to the complex stress–strain state can be concluded.
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torsion angle.

3.1.2. Failure Criterion

Maximum values of normal stress, σmax, and shear stress, τmax, were calculated in the
coordinate system, which was associated with sample axis, from the maximum values of
the load and torque using Formula (1) (Figure 3a). However, since pipes were obtained
by continuous winding, and their characteristic types of destruction is matrix cracking
across the tape reinforcement and violations of adhesion between the fibers and tapes, it is
rational to recalculate the stresses into a coordinate system associated with the direction of
winding [70]. The formulas (for winding angle χ = 85◦) are:

σn max = σmax sin2 χ + τmax sin 2χ; τn max =

∣∣∣∣
1
2

σmax sin 2χ + τmax cos 2χ

∣∣∣∣ (6)

If τn max = 0, σn max at the failure moment will be equal to the strength value denoted
as σ0n max. Likewise, if σn max = 0, τn max will be equal to τ0n max strength value. The failure
criterion (similar to the 2-dimensional Hashin failure criterion in matrix tension mode [71])
was proposed as: (

σn max

σ0n max

)2
+

(
τn max

τ0n max

)2
= 1 (7)
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The criterion parameters were obtained numerically by experimental data approxima-
tion and were: σ0n max = 243.4 MPa and τ0n max = 107.7 MPa. A determination coefficient,
R2, was 0.808, which means a good descriptive capability of this model. The experimental
points and line that corresponded to criteria (7) are shown in Figure 3b. The proposed
criteria can be used to define the failure of composite pipes obtained by winding.
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Figure 3. Maximum stress values. (a) In the global cylindrical coordinate system. (b) In a coordinate
system associated with the winding angle.

3.1.3. Inhomogeneous Displacement and Strain Field Analysis

For a composite sample tested under tension, an analysis of the longitudinal strain, εzz,
field evolution on the surface was carried out. As an example, shown in Figure 4a, fields
were obtained for the points marked on the loading diagram in Figure 4b. A convenient
analysis tool is a strain diagram along the line, Lz, as shown in Figure 4c. The evolution of
these diagrams as the load increased was considered (Figure 4d). The plots corresponding
to the states p1–p5 are highlighted in color, the other are shown for clarity. It was found out
that the primary localization was formed at a load of approximately 30% of the maximum
value, Pmax, as evidenced by single bursts in longitudinal strain (peaks 3 and 5 in Figure 4d).
As the loading progressed, bursts along the entire sample length were observed; peak
4 appeared at a load of 35% Pmax, then peak 6 at a load of 36% Pmax, and peaks 1 and 2
at a load of 38% Pmax. The diagrams were similar and gradually increased in the peaks,
while the minimum values were changing slightly. Fracture occurred in the region with the
greatest strain localization. Six strain peaks were recorded, corresponding to the stripes
depicted in Figure 4a. Since these stripes were directed along the winding direction, it can
be assumed that the matrix between the outer reinforcement tapes was most deformed.
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formations, εθz, at the maximum torque value were obtained (Figure 5). The presence of 
significant localization was noted, such as for the tension loading mode; however, there is 
no obvious formation of stripes directed along the reinforcement. The symmetry of the 
displacement field was maintained during loading. The necessity of the video system us-
age in the pipes destruction analysis was conclude since it allows us to evaluate the dan-
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For other loading modes, using a non-contact optical video system, the fields of
axial displacement, uz, longitudinal strain, εzz, circumferential displacement, uθ , and shear
deformations, εθz, at the maximum torque value were obtained (Figure 5). The presence of
significant localization was noted, such as for the tension loading mode; however, there
is no obvious formation of stripes directed along the reinforcement. The symmetry of the
displacement field was maintained during loading. The necessity of the video system usage
in the pipes destruction analysis was conclude since it allows us to evaluate the dangerous
zones of strain localization.
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Stress–strain curves were built according to the data from the video system (using
the built-in module “virtual extensometer”) and from the testing machine (Figure 6). The
usage of data from the machine led to an underestimation of the Young’s modulus by
1.5–1.65 times and the shear modulus by 2.1–2.25 times. However, this ratio is quite stable;
therefore, it is possible to compare various loading modes of cyclic action on the change in
dynamic elastic moduli.
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It should be noted that in torsion tests, the material demonstrated non-linear behavior,
so usage of Equation (2) in secant elastic moduli calculation seems to not be applicable [72].
However, we assumed that plastic strains were slightly influenced by the dynamic elasticity
moduli, and Equation (2) still could be used in the stiffness degradation regularities. The
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influence of composites’ non-linear behavior on stiffness and fatigue behavior will be
considered in further studies.

3.1.4. Analysis of Acoustic Emission Signals

Figure 7 shows graphs of the AE signals spectral maximum frequency distribution for
the fiberglass samples tested under static tension, torsion, and proportional tension with
torsion. For all specimens, three frequency ranges were obtained throughout the test by
sensors AE144A (No. 1, green points) and M31 (No. 2, blue points). Figure 8 represents
AE signals frequency distributions. A significant part of the signals was located in the
ranges up to 100 kHz (matrix cracking) and 250–300 kHz (violation of adhesion between
matrix and fiber). A small number of signals were recorded in the range of 600–800 kHz
(fiber breakage) by the M31 sensor. Similar frequency ranges were observed in other GFRP
tests [73,74].

To assess the damage accumulation intensity, graphs of the complete cumulative
energy (from sensor No. 1) and cumulative energy for frequency ranges of 1–100 kHz,
250–300 kHz, and 600–800 kHz dependences on displacement (or torsion angle) were
constructed, combined with a loading diagram for all specimens (Figure 9). Various nature
and rate of damage accumulations were noted for each loading mode. The complete
cumulative energy value corresponded with the maximum normal stress value; an increase
from ≈5 × 108 eu for pure torsion up to ≈150 × 108 eu for pure tension was observed.
The cumulative energy curves for various frequency ranges had similar characteristics
for the proportional loading modes. The greatest contribution to the AE signals complete
cumulative energy in the torsion loading mode was made by the violations of adhesion
(250–300 kHz range). In other loading modes, the greatest contribution was made by matrix
cracking (up to 100 kHz range). In comparison, fiber breakage (600–800 kHz range) was
almost absent in all of the loading modes. It can be concluded that the failure mechanism
depends on the loading mode.
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3.1.5. Surface Defects after Static Failure

The analysis of defects occurring on the sample surface after static failure was carried
out (Figure 10). The formation of many type I cracks due to the destruction of the matrix
inside the winding tape during the tension test was revealed, which corresponds with
the data obtained by the acoustic emission system. During torsion, a lot of damage was
obtained associated with a violation of adhesion between the matrix and the fibers, which
led to the formation of type III shear cracks on the surface. A mixed-type crack was
formed near the sample gripping part in the Proportional 1 loading mode due to matrix
destruction and adhesion violation. Next, the destruction of the tape fibers (placed along
the sample axis) occurred, which explains the peak in the 700–750 kHz frequency range of
acoustic emission signals. In the Proportional 2 loading mode, mixed-type cracks and few
destroyed fibers (along the winding angle and along the tube axis) were also observed. A
good correspondence between acoustic emission signals analysis and optical microscopy
was concluded.
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Figure 10. Samples after static failure.

3.2. Cyclic Loading
3.2.1. Fatigue Test Results

The results of the fatigue tests are shown in Table 2. The average durability values
were as follows: for uniaxial tension N0 = 40,255, for torsion N0 = 29,972, for Proportional
1 mode N0 = 4066, and for Proportional 2 loading mode N0 = 16,024. In case of equal
ratios of the stress tensor components maximum values in the cycle to their values during
static tests, proportional loading led to a significant decrease in the composite material
durability. Besides, the Proportional 1 mode was more dangerous than Proportional 2,
where the normal stress was greater. A number of cycles less than 50,000 is explained by
many structural defects; maximum stress values must be reduced to increase durability. In
addition, significant variations in durability were obtained; therefore, additional tests are
required. These data will be used in further investigations of the reduction in the strength
properties of fiberglass tubes.

Table 2. Fatigue test results.

Sample Number Loading N0, Cycles

11
Tension

49,681

12 30,828

13
Torsion

29,306

14 30,638
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Table 2. Cont.

Sample Number Loading N0, Cycles

15
Proportional 1

4274

16 3858

17
Proportional 2

11,523

18 20,525

3.2.2. Approximation and Analysis of Fatigue Sensitivity Curves

Figure 11 represents the experimentally obtained curves using Formula (3) depen-
dences KE(n) and KG(n) and their approximations by models based on the Weibull distribu-
tion law (WL), beta distribution (BD), and that proposed by Mao and Mahadevan (MM)
(given in formula (4)). In addition, to determine the boundaries of the damage accumula-
tion stages, diagrams of the damage value growth rate, ω′E(n) and ω′G(n), determined by
Formula (5), were plotted. For all approximation variants, high values of the determination
coefficient were noted: for the WL model, R2 was not lower than 0.957; for the BD model, it
was not lower than 0.920; and for the MM model, it was not lower than 0.885. The high
descriptive capability of approximations was concluded.

The dynamic shear modulus is sensitive to the preliminary cyclic exposure; it de-
creased down to 60–65% of the initial value before the onset of failure. However, this
decrease was not sensitive to the stress–strain state. In addition, the sharpest drop at the
initiation stage was also observed for the shear modulus in all tests (up to 90% of the initial
value). On the contrary, the dynamic Young’s modulus decrease during the cyclic loading
was not so sharp: down to 80% from the initial value before the failure. This dissimilarity
in elastic moduli reduction can be explained, firstly, by the presence of fibers oriented along
the sample axis, and secondly, by weaker adhesion between the fiber and the matrix inside
the tape.

The stabilization stage predicted by the models was quite long; its length ranged from
0.6–0.7 for the shear modulus up to 0.9 for the Young’s modulus of the material. The WL
and BD models gave close experimental data approximations (WL model slightly shifted
the start of the stabilization stage to the right). The MM model described the experimental
data well; however, it had a significant disadvantage as it strongly shifted the start of
the stabilization stage to the right, but at the same time, predicted a sharp increase in the
damage accumulation rate at the aggravation stage. This can lead to an over-prediction of
the material elastic properties at the end of the stabilization stage. In this regard, usage of
models based on the cumulative probability distribution functions is preferred.
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Young’s modulus, Proportional 2. (f) Shear modulus, Proportional 2. 
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rameter m2 of the MM model in all cases was a large number, and its change by 10 or more 
times slightly affects the shape of the fatigue sensitivity curve, so it was not shown in the 
figure). For the same loading mode on different samples, very close parameters values 
were obtained. Hence, identified patterns were reliable. The analysis shows that in some 
cases, the models’ parameters slightly depended on the stress state (κG, αG, βE, m1G). On the 
other hand, several dependences were not only nonlinear, but also nonmonotonic (λG, βG). 
Therefore, it is necessary to carry out additional research of the parameters dependences 
on the ratio between the components of the stress tensor (κ(η), etc.). 

Figure 12 also represents the dependences of the average rates of dynamic elasticity 
moduli reduction at the stabilization stage, ψ [46], on the parameter η. All models gave 
approximately the same value of this parameter: ψ ≈ 0.1 for the Young’s modulus and ψ ≈ 
0.2 for the shear modulus. It seems convenient to use the average rate of dynamic elasticity 
moduli reduction in composite structure design to estimate the mechanical properties 
during fatigue damage accumulation. 
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The ratio between the maximum values of normal and shear stresses in a cycle was ex-
pressed through the parameter η, which lay in the range from 0◦ to 90◦ and was determined
by the formula:

η = arctan
(

σmax

τmax

)
(8)

The models’ parameter dependences on the η value are shown in Figure 12 (the
parameter m2 of the MM model in all cases was a large number, and its change by 10 or
more times slightly affects the shape of the fatigue sensitivity curve, so it was not shown in
the figure). For the same loading mode on different samples, very close parameters values
were obtained. Hence, identified patterns were reliable. The analysis shows that in some
cases, the models’ parameters slightly depended on the stress state (κG, αG, βE, m1G). On the
other hand, several dependences were not only nonlinear, but also nonmonotonic (λG, βG).
Therefore, it is necessary to carry out additional research of the parameters dependences
on the ratio between the components of the stress tensor (κ(η), etc.).

Figure 12 also represents the dependences of the average rates of dynamic elasticity
moduli reduction at the stabilization stage, ψ [46], on the parameter η. All models gave
approximately the same value of this parameter: ψ ≈ 0.1 for the Young’s modulus and
ψ ≈ 0.2 for the shear modulus. It seems convenient to use the average rate of dynamic elas-
ticity moduli reduction in composite structure design to estimate the mechanical properties
during fatigue damage accumulation.
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3.2.3. Analysis of Acoustic Emission Signals

Figure 13 represents the signal frequency spectral maximum distribution for fiberglass
specimens tested under cyclic tension, torsion, and proportional tension with torsion. Only
the AE144A sensor (100–500 kHz) was used. Two typical frequency ranges were observed:
up to 220 kHz (corresponds to matrix cracking) and 220–300 kHz (violations of adhesion).
In comparison with static loading, frequency distributions were smooth. The largest
number of signals was in the range of 220–300 kHz for each loading mode. Figure 14 shows
dependences of the total cumulative energy (complete and for two described frequency
ranges) on preliminary cyclic exposure. The maximum complete cumulative energy was
observed for specimens tested under cyclic tension. In other cases, the maximum complete
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cumulative energy was similar. In addition, under proportional loading, contributions of
matrix cracking and violations of adhesion to the AE signals complete cumulative energy
were practically equal. The stage-by-stage nature of damage accumulation was noted.
During pure tension and torsion cyclic loading, the cumulative energy growth rate was
gradually increasing. On the other hand, during proportional loading, the cumulative
energy growth rate was decreasing up until failure. However, transition from one stage
to another was observed in all cases after preliminary cyclic exposure ≈ 0.25 N0. It seems
appropriate to conduct further studies to establish the relationship between the damage
accumulation stages and acoustic emission signals.
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3.2.4. Surface Defects after Fatigue Failure

The analysis of surface defects was carried out (Figure 15). In all loading modes, the
destruction occurred in the working part. The formation of multiple type I cracks during
cyclic tension was revealed; it corresponded to the static failure. During cyclic torsion,
a lot of adhesion violations occurred between the matrix and the reinforcing fiber (type
III shear cracks). In addition, winding tapes detached one from another and broke. In
the Proportional 1 loading mode, mixed type cracks were observed due to the matrix
destruction and the violation of adhesion; the winding tapes also detached and broke.
During the Proportional 2 cyclic loading, mixed type cracks occurred. Besides, fibers,
which were placed along the sample axis, were destructed. The data on surface damage
was in good agreement with the acoustic emission signals. Therefore, the acoustic emission
system and optical microscopy should be used for further investigations of composites’
mechanical behavior under preliminary cyclic exposure.
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4. Conclusions

This paper presents the results of the investigation of the mechanical behavior of
thin-walled fiberglass tubes under proportional multiaxial cyclic loading. The sensitivity
to the complex stress–strain state and non-linear behavior were observed. The inhomo-
geneous displacement and strain fields were analyzed using a non-contact optical video
system. The necessity of video system usage in defining the mechanical properties of the
composites was concluded. Fatigue tests were carried out under loading modes similar to
those in static tests. Dependences of the fatigue sensitivity curves approximation models’
parameters on the stress–strain state were revealed. We recommend using previously
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proposed models [46], which are based on cumulative distribution functions, to calculate
composites’ residual mechanical properties. Sharing the optical microscope and acoustic
emission system established a connection between the occurring defects and acoustic re-
sponse signals. The stage-by-stage nature of damage accumulation was noted. Further
investigations will be aimed at defining the connection between damage accumulation
stages and occurring defects.

Based on the above, we conclude the necessity and rationality of the fatigue sensitivity
investigation of composites under multiaxial cyclic loading; it must be taken into account
in composite structure design for accurate life prediction.
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Abstract: Fiber-reinforced plastic composites are sensitive to holes, as they cut the main load-carrying
member in the composite (fibers) and they induce out-of-plane stresses. In this study, we demon-
strated notch sensitivity enhancement in a hybrid carbon/epoxy (CFRP) composite with a Kevlar
core sandwich compared to monotonic CFRP and Kevlar composites. Open-hole tensile samples
were cut using waterjet cutting at different width to diameter ratios and tested under tensile loading.
We performed an open-hole tension (OHT) test to characterize the notch sensitivity of the composites
via the comparison of the open-hole tensile strength and strain as well as the damage propagation (as
monitored via CT scan). The results showed that hybrid laminate has lower notch sensitivity than
CFRP and KFRP laminates because the strength reduction rate with hole size was lower. Moreover,
this laminate showed no reduction in the failure strain by increasing the hole size up to 12 mm.
At w/d = 6, the lowest drop in strength showed by the hybrid laminate was 65.4%, followed by
the CFRP and KFRP laminates with 63.5% and 56.1%, respectively. For the specific strength, the
hybrid laminate showed a 7% and 9% higher value as compared with CFRP and KFRP laminates,
respectively. The enhancement in notch sensitivity was due to its progressive damage mode, which
was initiated via delamination at the Kevlar–carbon interface, followed by matrix cracking and fiber
breakage in the core layers. Finally, matrix cracking and fiber breakage occurred in the CFRP face
sheet layers. The specific strength (normalized strength and strain to density) and strain were larger
for the hybrid than the CFRP and KFRP laminates due to the lower density of Kevlar fibers and the
progressive damage modes which delayed the final failure of the hybrid composite.

Keywords: hybrid composites; mechanical properties; fractography; notch sensitivity

1. Introduction

Composite laminates are ubiquitous in the aerospace, automotive, construction, and
marine industries as structural components [1]. Moreover, the superior mechanical, fatigue,
and durability performance of CFRP has supported their application in many primary
structures [2–4]. Combining various types of materials and components into structures
necessitates the existence of holes to facilitate the joining of these distinct components.
Thus, it is usual practice and unavoidable in the design, manufacturing, and assembly
of structures to introduce holes in composite laminates [5,6]. Hole opening creates a
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discontinuity in the fiber and the matrix and results in stress concentration during loading.
These geometrical perturbations also come with large out-of-plane stresses, while laminates
are designed to bear the in-plane load. Holes, as free edges, are systematic hot points in
structures, as out-of-plane-stress-related mechanisms, such as delamination, are active in
these areas. As a result, studies on opening and using a hole in composite structures have
been conducted for many years and are still being conducted for the complicated nature of
the damage mechanisms associated with such a problem [7–13].

The sensitivity of a laminate with the presence of a hole or a notch, in terms of its
mechanical properties, is defined by several factors. These factors include the hole or notch
dimensions, shape, laminate dimensions, fiber orientations, ply stacking sequence, hole-
cutting quality, and materials [14]. Failure stress (strength) and damage propagation vary
significantly by changing one or more of these factors, even for unnotched laminates [15,16].
For instance, Wysmulski [17,18] developed FE models and validated them experimentally
to study the compression behavior and damage prediction in composite laminates with dif-
ferent cross-sections, demonstrating the sensitivity of these structures to stacking sequences
and ply orientations. The most common damage mechanisms associated with the open-
hole tensile test are brittle failure, fiber pull-out, delamination, and their combination [14].
Several experimental and numerical investigations have been conducted to determine how
the composite laminate responds to a hole. Two types of holes are produced in laminates
upon assembly: open hole and filled hole. An open hole is when the hole is left empty, and
a filled hole is when the hole is occupied by a bolt or similar. The scenario with the open
hole is the topic of this research. Research into the open hole of hybrid composite laminates
has been one of the recent focuses [19–23].

Carbon fiber (CF) and Kevlar (aramid) are synthetic fibers known for possessing high
strength, stiffness, and low density. The strength and stiffness of CF are higher compared
to Kevlar. The superiority of aramid over CF is in its toughness, ability to absorb an impact
load, and lower density (1.44 g/cm3) [12–27]. Due to its toughness property, aramid fiber
is frequently employed in military applications for ballistic body armor and cut-resistant
safety equipment. However, aramid has poor compressive strength, is susceptible to
moisture absorption, and is more expensive. As a result, hybrid laminates have been
increasingly popular in recent decades due to their coupling properties.

The use of multiple types of fibers in a single laminate allows the designer to fine-
tune the properties of the laminate to the design requirements [22,28–34]. Hybridization
is expected to gain some enhancement from some properties. A study by Guled and
Chittappa [30] into hybrid CF/Kevlar/Epoxy laminates concluded that using CF lami-
nate on the outer skin enhances the interlaminar shear strength of the overall laminate.
Shaari et al. [20,21,23] studied the open-hole tension (OHT) test for Kevlar/glass fiber
(GF)/epoxy fiber hybrid laminate composites for different hybridization ratios, hole sizes,
and stacking sequences. The OHT of GF laminates improved due to the existence of Kevlar
fiber. Hybridization with glass and Kevlar fibers improved hybrid composite specimens’
tensile strength and failure strain. The failure mechanism shifted from being dominated by
the matrix to being dominated by the fibers as the hole size increased. De Medeiros et al. [22]
investigated the CF/Kevlar hybrid composite laminates. The hybrid laminates that were
studied were composed of CF and Kevlar with different orientations. They concluded
that the hybrid laminate suffered greater deterioration in mechanical properties when the
orientation of the Kevlar fibers was aligned with the direction of the load.

Sebaey and Wagih [26] examined the flexural properties of notched carbon–aramid
hybrid laminates in two different forms: intra-ply and sandwich laminates. Sandwich lami-
nates demonstrated progressive damage; meanwhile, catastrophic damage was indicated
for intra-ply hybrid laminates. Moreover, sandwich specimens showed higher specific
strength compared to intra-ply laminates. Wagih et al. [27] studied the impact and flexural
properties of a hybrid carbon–aramid/epoxy composite in the form of a sandwich, in which
carbon/epoxy plies were used as face sheets and aramid/epoxy plies were used as the
core. They found out that the carbon fiber plies in the bottom part of the laminate were not
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ruptured after the impact and flexural test. Localized damage was found only at the top
carbon fiber ply and the upper plies of the aramid core. Basha et al. [31] examined aramid
plies sandwiched between two face sheets of CFRP. CFRP/aramid sandwich composite
laminates significantly improved their damage resistance under impact and compression
after impact loads and showed better damage tolerance compared to CFRP laminate only.

This study aims to determine how the mechanical performance of composite lami-
nates is affected by the type of fiber and the size of the holes. The composite laminates
were constructed out of carbon fiber, aramid fiber, and the hybridization of both. Pris-
tine and open-hole samples were prepared and subjected to a tensile test. The effect of
varying hole diameters on mechanical properties was investigated. To understand the
failure mechanism, a computed tomography (CT) scan was used to analyze the laminates
after failure.

2. Materials and Methods

As-received laminated panels used in this study were supplied from Dragonplate,
ALLRed & Associates Inc. (Elbridge, NY, USA). Composite laminates with three different
types of fiber-reinforced polymers were utilized, namely, carbon-fiber-reinforced polymer,
Aramid (Kevlar)-fiber-reinforced polymer, and carbon-Kevlar-fiber-reinforced polymer (hy-
brid). The hybrid laminate consisted of a single ply of CFRP on the outer layers and Kevlar
laminates in the core. The benefits of Kevlar are the higher toughness and resistance to
impact. Although not as stiff as carbon fiber, carbon/Kevlar products can be more suitable
than one solely comprising carbon fiber or fiberglass in certain applications (bulletproof).
Additionally, since Kevlar is non-conductive, it is usually suitable for applications where
carbon may cause electromagnetic interference issues, for example, in radomes and UAV
components. In all such applications, connecting composite parts requires a hole, for which
the notch sensitivity is considered as a key design factor.

After cutting the plies from the woven fiber mat, they were laid, and resin transfer
molding was used. The laminate was left to reach its full strength for 20 days. After that,
30 mm was removed from all of the specimen edges to avoid any edge effects. The
specimens, with the desired dimensions, and the holes were cut using waterjet cutting.

All of the laminates had a plain woven-roving nature, with 0/90◦ orientation and a
total thickness of 3 mm. The stacking sequences of the three laminates were

[
(0/90)C

4 ]S ,
[
(0/90)K

8 ]S , and
[
(0/90)C

2 /(0/90)K
4 ]S for CFRP, KFRP, and hybrid, respectively. The CFRP,

KFRP, and hybrid densities were 1.45, 1.31, and 1.32 g/cm3, respectively. The resin used
in this study was NCT 304 with a 140 ◦C glass transition temperature. Other mechanical
properties of the constituent materials are listed in Table 1.

Table 1. Mechanical properties of the fiber and matrix used.

Carbon Fiber Kevlar Fiber Epoxy Matrix

Tensile strength (MPa) 3500 2920 66
Tensile modulus (GPa) 230 70.5 3.7

The pristine and OHT test samples were cut from the laminate panels using a water jet
machine. The samples were cut to the dimensions of 200 mm × 18 mm for the pristine test
samples according to the ASTM D3039M standard [33] and 200 mm × 36 mm according to
the ASTM D5766M standard [34] for the OHT test samples. For the pristine samples, tabs
of 2 mm thickness made of glass fiber composite with ±45 stacking sequence were glued to
the sample edges, leaving a 90 mm gauge length to avoid undesirable damage modes as
suggested by the ASTM standard. Meanwhile, the OHT samples were tested without tabs,
as the hole presented a higher stress concentration that ensured failure in the hole section.
The gauge length of all of the samples, open-hole and pristine, was kept constant at 90 mm.
A total of 5 different holes with diameters of 4, 6, 9, 12, and 18 mm were considered to

110



Polymers 2023, 15, 2276

evaluate the notch sensitivity of the produced hybrid sandwich composites, resulting in
5 different width-to-hole-diameter (w/d) ratios of 9, 6, 4, 3, and 2, respectively. Figure 1
shows the samples and X-ray images of the samples, indicating that the samples were free
of damages such as delamination and matrix cracking around the hole, which is a critical
parameter in evaluating the notch sensitivity of structures.
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Figure 1. Photograph of the samples with different hole diameters and X-ray images around the hole.

Tensile tests were performed using an Instron 5882 universal testing machine (Buck-
inghamshire, UK) with a 100 KN load cell. A mechanical grip was used to clamp samples
during loading, as shown in Figure 2. The test was conducted with a crosshead speed of
2 mm/min until there was complete failure for a batch of 3 samples for each configuration.
An additional batch of samples with 6 mm hole diameters was tested and interrupted
before the final failure to observe the damage progression modes. To avoid confusion, the
sample used to characterize the damage mode at a certain loading level was not used again
for mechanical characterization.
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After testing, the hole area was inspected using an X-ray CT scan (Nikon XT H 225,
Nikon Metrology NV, Derby, UK). The prepared samples were then placed inside the
scanning machine for examination. The current was set to 140 µA, the voltage was set to
120 kV, the exposure time per frame was 375 ms, and a voxel size of 10.5 µm was set. A total
of 2001 projections per scan were collected during the scanning process and the 3D CT Pro
reconstruction software was used to reconstruct the scanned images. These images were
then sliced and analyzed using Aviso 2.0 software (Redwood City, CA, USA) to inspect the
different damage modes inside the samples. So, for CFRP, 3 samples were inspected, where
one of them was inspected after final failure while two of them were inspected in different
loading stages. For KFRP, a sample was inspected after final failure and another one was
inspected before final failure. For the hybrid laminate, four samples were inspected: one
after final failure and three in different loading stages.

3. Results

Figure 3 shows the sample results of the stress-strain curves for the pristine hy-
brid laminate and the KFRP laminate with a hole of 6 mm diameter. As is clear from
Figure 3, the stress-strain profile shows good repeatability. It is worth remarking that
the same repeatability level was monitored for all of the test conditions performed. The
elastic regions of the curves are similar and the profiles after the ultimate stress also show
similar behavior.
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Figure 4 compares the stress-strain curves of different hole diameters for different
laminates. The CFRP laminates show a decrease in the ultimate stress and strain at failure
by increasing the hole diameter. The stress-strain profiles for different hole diameters and
pristine samples are similar. The stress rises linearly until reaching the maximum stress, and
then a progressive decrease in the stress occurs, followed by a complete loss of its resistance.
Unlike CFRP, KFRP laminates show a standard brittle behavior for the pristine and OHT
samples, where the stress increases linearly with increasing strain until a sudden stress drop
occurs, causing the complete loss of the load-bearing capacity of the laminate, indicating
brittle failure. The hybrid laminates show a different profile between the pristine and OHT
samples. The pristine hybrid sample shows a typical brittle stress–strain curve similar to
the KFRP laminates. However, the OHT samples show progressive failure, indicating the
failure of different plies of fibers (Kevlar plies and CF plies). Figure 5 shows the typical
macroscopic failure modes in the samples with different hole sizes. It demonstrates that the
KFRP laminate suffered from brittle localized fiber breakage in the high stress concentration
area. On the other side, CFRP and hybrid laminates show dispersed damage modes around
the hole area, which explains the progressive damage mode observed in the stress-strain
behavior (see Figure 4a,c). Table 2 summarizes the modulus and the strength and strain at
failure for the three configurations with different hole diameters. It is worth noting that the
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modulus here is calculated based on the crosshead displacement, as in most of the samples,
the extensometer values are not available.
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Table 2. Strain and stress at failure for the test campaign.

Hole
Diameter

(mm)

Apparent Modulus (MPa) Strain at Failure Tensile Strength (MPa)

CFRP KFRP Hybrid CFRP KFRP Hybrid CFRP KFRP Hybrid

0 9482 ± 220 8733 ± 399 8786 ± 369 0.093 ± 0.012 0.061 ± 0.008 0.074 ± 0.005 806 ± 48 524 ± 76 653 ± 27
4 6426 ± 139 6183 ± 109 5872 ± 171 0.085 ± 0.003 0.051 ± 0.005 0.081 ± 0.002 581 ± 8 322 ± 28 454 ± 19
6 6458 ± 093 6122 ± 215 5712 ± 489 0.081 ± 0.006 0.047 ± 0.001 0.076 ± 0.004 512 ± 11 294 ± 9 427 ± 14
9 6030 ± 347 6112 ± 302 5693 ± 162 0.082 ± 0.003 0.042 ± 0.002 0.076 ± 0.003 490 ± 12 246 ± 6 380 ± 31

12 5748 ± 562 5851 ± 334 5359 ± 078 0.075 ± 0.008 0.035 ± 0 0.071 ± 0.003 365 ± 2 209 ± 4 326 ± 18
18 5372 ± 011 5284 ± 331 5149 ± 392 0.074 ± 0.002 0.03 ± 0.001 0.06 ± 0.002 320 ± 14 154 ± 4 221 ± 9

4. Discussion
4.1. Damage Sequence

Figure 6 displays the CT scan image of samples with a 6 mm diameter hole after
failure. It justifies the different apparent failure modes experienced by each sample type.
Delamination dominates the CFRP’s failure mode, as seen in Figure 6a. Fiber breakage is
also observed near the hole. For KFRP in Figure 6b, the failure mode is governed by fiber
breakage, followed by cracks propagating throughout the matrix between the layers and
repeating until fully broken. Delaminations are completely inhibited for KFRP laminates
due to the fact that Kevlar is much less anisotropic compared to carbon fiber. Therefore, the
generated out-of-plane stresses are less. For the hybrid laminate, fiber breakages of Kevlar
and the separation of the CF laminates from the Kevlar laminate are observed in Figure 6c.
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To better understand the different damage modes, the evolution of these damage
modes, and how they interact with each other, some tests were interrupted before the
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final failure of the laminate and the damage modes were examined. Figure 7 shows the
damage sequence of the CFRP laminate with a hole diameter of 6 mm in different stages
of loading, before the laminates ultimately failed, and the corresponding stress-strain
curves. The damage modes are shown using a 2D cross-sectional view of the laminate in
2 perpendicular planes at the hole center (Figure 7c) and at the edge of the hole (Figure 7d),
as explained in the 3D micrograph in Figure 7b. Matrix cracks appeared first around the
hole edge early during loading, where no significant change in the stress–strain profile
could be observed. These matrix cracks initiated inside the tows are marked with yellow in
Figure 7c,d due to the high interlaminar stress concentrations on the matrix and the free
edge effect around the hole. The presence of the hole and the free edge induced out-of-plane
stress that generated interlaminar shear stress [35]. Just before the final failure, “Point 2” in
Figure 7a, delaminations were observed (see Figure 7c) that were initiated at the hole edge
due to the interlaminar shear stress generated near the hole [36]. Similar phenomena have
been reported elsewhere [14,15,37,38]. These delaminations were initiated and propagated
around the hole in both directions, as shown in Figure 7d, due to the high shear stresses
generated and the woven-roving nature of the plies. The propagation of delaminations
reflects small stress drops in the stress–strain curve just before “Point 2”. These stress
drops were repeated before the final failure due to the propagation of more delaminations
until the saturation of the composite with delamination. Once the laminate was saturated
with delaminations, fiber kinking and a fiber cut occurred, as shown in Figure 7c,d, caus-
ing a large stress drop that reduced the laminate strength to almost zero, referred to as
“Point 3”. In this stage, due to the unstable growth of damage, extensive matrix cracks and
delaminations propagated throughout the whole laminate width, as shown in Figure 7d.
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Figure 8 shows the damage sequence in KFRP with a 6 mm hole diameter. The
damage modes were recorded in two stages: during the load, and before and after the
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maximum stress (Point 1 and Point 2). As previously stated, the stress-strain response is
monotonically linear until the final brittle failure. It is demonstrated that, in the loading
direction, the hole edges do not suffer from any kind of damage even after the final
failure, as shown in Figure 8c. The damage was very localized in the hole center in the
perpendicular direction to the loading. At “Point 1”, single delamination of the first layer
was observed in the direction perpendicular to the loading direction (see Figure 8d), which
can be justified by the cut of fibers during the machining of the holes that produced a larger
stress concentration at this particular interface and hence delamination growth. Apart
from this single delamination, unlike the CFRP laminate, there was no sign of any kind of
damage throughout the laminate thickness. It is well known that KFRP laminates possess
lower interlaminar shear stress (ILSS) compared to CF/epoxy composite laminates [28].
In contrast to CFRP, no delamination was shown on KFRP, even though matrix cracking
throughout the thickness was observed. This can be justified by the lower tensile strength
(lower stress level) of KFRP compared to CFRP, as shown in Figure 4. The damage mode,
after failure, indicated at “Point 2” in Figure 8a, shows a brittle cut of fibers throughout
the whole laminate thickness with few pulled out fibers. During the formation of the fiber
bundle pull-out, a few local delaminations appeared just around the hole. In summary, the
damage mode in KFRP was different than that of CFRP. In KFRP, localized damage in the
hole center occurred, whereas CFRP showed distributed damage throughout the whole
width of the sample with extensive matrix cracks and delaminations.
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The damage sequence in the hybrid laminate with a 6 mm hole diameter is shown in
Figure 9. In this laminate, we tested 4 samples under different loading strains until complete
failure, defined as “Points 1, 2, 3, and 4” in Figure 9a. The stress increased monotonically by
increasing the strain until “Point 1”, where local delamination at the CFRP/Kevlar interface
was initiated around the hole (see Figure 9c,d) due to the low interlaminar toughness
of this interface [26]. Owing to the free edges at the hole, out-of-plane stresses acted as
opening stresses at the interface between the CFRP and Kevlar layers. Once these stresses
reached the interlaminar shear strength of that interface, delaminations were initiated.
These delaminations propagated until “Point 2”, as shown in Figure 9c,d. At “Point 2”,
the initiation of the Kevlar fiber cut occurred at the lower Kevlar plies (see Figure 9(d2))
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due to the loss of the support from the neighbor CFRP plies, as a result of the separation
between the CFRP and Kevlar layers. Just after “Point 2”, a large stress drop occurred due
to the complete fiber cut in the Kevlar plies’ core, as shown in “Point 3”. Additionally,
extensive delaminations at the CFRP/Kevlar interface occurred in this stage, as shown in
Figure 9(c3). It is notable that two interesting phenomena happened with the KFRP core
in the hybrid laminate that did not appear in the KFRP laminate. The first is that Kevlar
fiber breakage (cut) occurred progressively due to the support of the Kevlar plies with
CFRP plies, which increased their in situ strength. The second interesting phenomenon
is that the failure strain of the Kevlar core was larger than the failure strain of the pure
Kevlar laminate. For the pure Kevlar laminate, the failure strain was 0.046, whereas the
initiation failure strain of the Kevlar core in the hybrid laminate was somewhere between
“Points 1 and 2”, corresponding to strains 0.06 and 0.072. Moreover, the strength of the
Kevlar core plies in the hybrid laminate was increased compared to the pure Kevlar plies
in the KFR laminate due to the in situ strength effect. Therefore, the CFRP face plies
strengthened and toughened the Kevlar plies’ core. After “Point 3”, the CFRP face sheets
were the main load carrier during loading, which supported the material until the failure
strain of CFRP was reached and then complete failure occurred, see Figure 9(c4,d4). The
failure strain of the CFRP plies in the hybrid laminate was equal to that of the pure carbon
fiber laminate. Moreover, extensive matrix cracks in the CFRP and Kevlar core plies were
observed after failure, as shown in Figure 9(c4,d4).
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Figure 10 shows the damage modes in samples with a 12 mm hole diameter to evaluate
the effect of hole size on the damage modes. As shown in the figure, the damage modes
observed after failure were similar to those observed for laminates with a 6 mm hole
diameter, as shown in Figures 7–9. Therefore, we can summarize the damage modes in each
of the three configurations considered. For the CFRP samples, progressive damage was
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observed as matrix cracking initiation and propagation occurred, followed by delamination
at the free edges around the hole. Finally, fiber breakage and kinking at the hole edges
and extensive delamination throughout the whole laminate width occurred. For the KFRP
samples, the damage mode was a pure brittle failure with fiber cut and pull-out. For the
hybrid laminate, a progressive damage mode was observed as delamination (separation)
was initiated at the CFRP/Kevlar interface and then propagated, which weakened the
Kevlar plies in the laminate core. After that, the initiation of the fiber cut in the Kevlar plies
in the laminate was followed by the propagation of the fiber cut in the Kevlar plies. Finally,
the fiber was cut in the CFRP plies, which resulted in complete failure.
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the increase in the open-hole diameter, with an exception being the hybrid laminate. The 
higher drop in the strain at failure was experienced by the KFRP composites. The drop in 
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Figure 10. CT scan cross-section of failed open-hole tension samples with 12 mm hole diameters near
the hole.

4.2. Notch Sensitivity

Figure 11a shows the tensile strength of the three configuration composites as a
function of the hole diameter. The strength of the laminates decreased with the increase
in the open-hole diameter of all types of laminates. A hole in a laminate produced stress
concentration and out-of-plane stresses. These two factors altered the failure mechanisms
and degraded the strength of the laminate, which was well established for the OHT test [39].
Other studies also confirmed that larger holes caused a decrement in the tensile strength
of the composites. Stress could be disseminated to a larger region of the specimen cross-
section with a small hole diameter, whereas with a larger hole, the damage zone extended
to a greater portion of the specimen; therefore, less of a region remained to support the
stress [15,21].
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Figure 11b shows the evolution of the strain upon failure with an increase in different
hole diameters. Similar to the tensile strength, strain at failure also showed a drop due to
the increase in the open-hole diameter, with an exception being the hybrid laminate. The
higher drop in the strain at failure was experienced by the KFRP composites. The drop
in the strain due to the increase in the hole diameter is due to the stress concentration at
the hole, which leads to the early failure of laminates. Meanwhile, a slight increase in the
strain at failure was observed for hybrid laminates with 4, 6, and 8 mm hole diameters. The
increase in strain at failure for the hybrid OHT sample, as seen from the failure mechanics
(Figure 11b) and stress–strain curves (Figure 4), can be justified by the delamination of the
CF plies. As seen in Figure 9, hybrid laminates showed two steps of failure. The first one
occurred at the maximum stress due to the breakage of the Kevlar fiber plies, whereas the
second one was due to the failure caused by the delamination between the CF plies and the
Kevlar plies. The enhancement in the ductility of the OHT hybrid laminate samples could
be one of the advantages of the laminate compared to the other two laminates.

Normalized strength was calculated by dividing the open-hole tensile strength of
each composite system by the tensile strength of the pristine composite. The plot of
normalized strength to the w/d is presented in Figure 12a. For a hole diameter of 4 mm
(w/d = 9), a drop to 72.1% of the pristine sample for samples was observed for CFRP,
whereas, for the same ratio, 69.5% and 61.5% were observed for the hybrid and KFRP
laminates, respectively. Meanwhile, at w/d = 6, the lowest drop in strength was shown
by the hybrid laminate at 65.4% of the pristine sample, followed by CFRP and KFRP with
63.5% and 56.1%, respectively. At the largest hole diameter of 18 mm (w/d = 2), the lowest
strength drop was shown by CFRP with 39.7%, followed by the hybrid and KFRP laminates
with 33.9% and 29.4%, respectively. In summary, the KFRP composite had the highest
drop for all conditions compared to CFRP and the hybrid laminate. On the other hand,
the hybrid composite laminate normalized OHT strength was very close to that of CFRP.
A drop in the OHT strength for all of the samples was observed by the decrease in w/d.
The same trends have also been shown by Salleh et al. [19] for fiberglass-reinforced epoxy
composites. KFRP is more notch-sensitive compared to CFRP. The replacement of the outer
layers of KFRP with face CFRP plies to produce the hybrid laminate reduces the notch
sensitivity of the KFRP laminate.
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The normalized strain was also calculated, and the result is presented in Figure 12b.
The figure displays the normalized strain of the three laminates and the change in the w/d.
It shows that KFRP had the highest drop in the strain at failure in comparison to its pristine
sample. The hybrid laminates had higher normalized strain values compared to CFRP.
The presence of CFRP plies in the outer layers of the KFRP laminates enhanced the OHT
strength and the laminate’s ductility simultaneously.

In comparison to CF, Kevlar has a lower density, which also results in composite
laminates that have lower density. Thus, normalized strength and strain in regard to density
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(specific strength and strain, respectively) were also calculated, and the result is presented
in Figure 13. It shows that hybrid laminate has higher normalized strength/density
(Figure 13a) and normalized strain/density (Figure 13b) compared to CFRP and KFRP
for the OHT samples. It showed almost around 7% and 9% larger specific strength than
the CFRP and KFRP laminates. More interestingly, it showed a large enhancement in
specific strain at a larger width-to-hole ratio reaching 20% and 18% compared to CFRP and
KFRP laminates.
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5. Conclusions

Pristine and open-hole tension (OHT) composite laminates of pure CFRP and KFRP
and a hybrid laminate with a core of KFRP surrounded by two face sheets of CFRP were
tested. Micro-computed tomography was deployed to characterize the damage modes and
their sequence during the tensile test. Based on the results and discussion, the following
conclusions can be drawn:

• The progressive damage mode occurred for CFRP and the hybrid laminate under the
OHT test, while KFRP showed a brittle damage mode.

• For CFRP, the damage was initiated as matrix cracks around the hole due to the
interlaminar shear stresses at the hole edges, followed by delaminations at the same
position. Then, fiber breakage occurred progressively after the saturation of the
laminate with delaminations. For the hybrid laminate, the damage was initiated as
delaminations at the CFRP/Kevlar interface that propagated by increasing the applied
strain. Then, the Kevlar core fiber cut was initiated and propagated, causing a partial
loss of laminate strength. Finally, CFRP face sheet fiber breakage and matrix cracking
occurred, causing the final failure of the samples.

• The hybrid laminate showed better notch sensitivity than the CFRP and KFRP lami-
nates due to the progressive damage mode, where the reduction in the strength of the
hybrid laminate by increasing the hole size was the lowest.

• The hybrid laminate showed 7 and 9% higher specific strength compared to the CFRP
and KFRP laminates. At the same time, it showed a 20% and 18% higher specific
failure strain compared to the CFRP and KFRP laminates.
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Abstract: A designer of sustainable biocomposite structures and natural ropes needs to have a high
confidence interval (95% CI) for mechanical characteristics data of performance materials, yet qualities
for plant-based fibers are very diverse. A comprehensive study of the elements that enhance the
performance of biocomposites or sustainable ropes created from vegetable fibers is necessary. The
current study included five groups with varying numbers (N) of tests of 20, 40, 60, 80, and 100 on
the mechanical characteristics at room temperatures. The purpose of this study was to determine
how changing N affects the mechanical properties of sisal yarn. These properties include its strength,
Young’s modulus, and deformation at rupture. A significance testing program including more than
100 tests was performed. Owing to the heterogeneity of the plant yarn, each group received more
than 20 samples at a gauge length (GL) of 100 mm. The tensile strength characteristics of sisal yarns
produced a wide range of findings, as is common for natural fibers, necessitating a statistical analysis.
Its dispersion was explored and measured using the statistical methods. The Weibull distribution
with two parameters and a prediction model with a 95% confidence level for maximum likelihood
(ML) and least squares (LS) were used to investigate and quantify its dispersion.

Keywords: sisal fiber; yarn; mechanical testing; hazard function; statistical methods; SEM

1. Introduction

Due to their potential to be recycled and biodegraded, ecological composites reinforced
with fibers are becoming more and more popular as substitutes for synthetic composite
materials in a variety of applications [1]. Sisal fibers, the toughest natural fibers, are in-
creasingly used in advanced materials such as composites to lessen the material’s overall
environmental effect [2]. High-performance composites made from renewable sources
are becoming increasingly popular in the composites industry and among its consumers.
Because of their exceptional formability, these composites are frequently manufactured
using yarn-based textile engineering [3,4]. However, to use natural thread as a reinforce-
ment system in structural composite applications that are highly loaded, its mechanical
performance must be significantly improved [5,6].

Several studies are now being conducted to better understand the fundamental quali-
ties of natural fibers, such as high-quality biocomposite raw materials [7,8]. These studies
are critical for establishing their intended ideal usage. There is also a discussion about how
to improve the longevity and commercial worth of natural fibers through the study and
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characterization of their qualities and potential applications. Natural fibers have a low
density and high strength-to-weight ratio, making them good candidates for lightweight
composites and reinforcing materials [9]. The chemical composition and microstructure
of fibers have an impact on their mechanical properties, with the fiber cross section being
the most influential variable on fiber strength [10]. Moreover, the anatomical qualities of
fibers differ between species, influencing their density and mechanical properties. Various
factors, such as fiber extraction, storage duration, and environmental conditions, affect the
size and quality of natural fibers [7,11,12].

The mechanical characteristics using vegetable sisal yarns exposed to tension quasi-
static stress with a 13◦ twist angle and 232 tex linear density were examined by
Belaadi et al. [13]. A test procedure was performed on 150 samples. Because natural
yarns vary in quality, more than 30 specimens were evaluated for each GL. Five distinct
GLs (from 50 mm to 300 mm) were used. The findings obtained were then analyzed utiliz-
ing statistical Weibull distributions with two and three parameters for various probability
indexes, and LS and ML estimates. The author showed that as the GL increases, the strain
and tension on the yarn drop from 14.7% to 5% and 180 MPa to 122 MPa, respectively.
Nevertheless, Young’s modulus is unaffected by the GL. A recent study by Belaadi et al. [14]
was taken as the basis to examine the behavior of 30 samples of jute yarn with a GL of
150 mm, an area angle torsion of 10◦ to 13◦, a linearly distributed density of 27.021 tex
(g/1000 m), and an average diameter of 500–1100 m. Based on the data of the tested fibers,
we found the mean strength to be 91.69 ± 21.38 MPa, the average strain to be 2.18 ± 0.34%,
and the Young’s modulus to be roughly 3163± 994 MPa. These numbers (Young’s modulus
and strength) show an increase of almost 14.20% and 22.5%, respectively, compared to
the results found by Codispoti et al. [15] for jute yarn with a gauge length of 100 mm.
Another novel approach was employed by El-Geiheini et al. [16] to enhance the mechanical
properties of cotton yarns. The resulting models were developed by applying artificial
neural network techniques to processed images.

Yan et al. [17] used a 150 mm length soaked for 30 min in a solution of 5 wt% NaOH to
test the tensile strength of three distinct types of processed bamboo, flax, and linen threads.
Ten iterations of each test were conducted. The tensile failure stress of unprocessed flax
single-strand yarn is 115.4% higher than that of unprocessed bamboo and 12.1% higher than
that of unprocessed linen. Linen yarns have over 50% greater elongation at the break point
than flax and bamboo yarns. All three fiber yarns’ tensile strengths and moduli were lower
compared to their alkali-treated counterparts. When compared to untreated specimens,
potassium hydroxide-treated linen, flax, and bamboo strings had lower tensile strengths
and tensile moduli of 16.4%, 18.5%, and 30.7% and 13.0%, 5.9%, and 27.8%, respectively.

On the other hand, alkali-treated linen and flax yarns had greater elongations at rup-
ture. Gomes et al. [18] achieved a comparable outcome in the case of a curaua fiber with
alkali treatment. Saaidia et al. [19] discussed the statistical characterization of the tensile
characteristics of 13 series of 30 samples of raw and treated jute yarns with twisted surface
angles ranging between 11◦ and 13◦, with a linear density of 267 tex at GL = 50 mm. The
yarns were treated with various NaOH concentrations and immersion periods. Weibull
techniques with two and three parameters were used for the statistical analysis. The find-
ings for uniaxial tensile yarns reveal a variance in terms of failure strain, stress, and Young’s
modulus, which is mostly determined by the period of immersion and the concentration
of NaOH. An immersion duration of two hours with a NaOH dosage of 2% produced the
best mechanical characteristics.

Abida et al. [20] conducted an experiment examination on the morphological and
mechanical characteristics of yarns of flax, revealing the three characteristic distributions
to be normal distributions. The suggested model implies that tissue is made up of many
threads that work together like springs, and linen threads are fragile and flexible. A genetic
algorithm with multiobjective analysis was utilized to solve the inverse issue to identify the
yarn characteristics from experimental tensile testing. Abida et al. [21] conducted a new
study on the coefficients of hygroscopic expansion of flax fiber- and flax thread-strengthened
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composites along three orientations using a combined experimental multiscale approach.
This study found that flax yarn had a significant radial coefficient of expansion (βr = 1.06),
and the composite showed strongly anisotropic bulking behavior. In addition, the weft
direction exhibited good dimensional stability: βr = 0.13 ± 0.019. The radial expansion of
the warp threads and matrix is balanced by the negative axial hygro-expansion factor in the
weft threads, which can be explained by the longitudinal and out-of-plane swelling factors.

Wang et al. [22] developed a statistical model to examine the random tensile response
of 30 natural jute fiber yarns at GL = 100 mm, taking fiber crimp and property distribution
into account. The statistical properties of corrugated jute fibers are described as a distri-
bution probability beta function fiber strain. Despite the fact that the effective modulus
of elasticity and thread strength obey the law of normal distribution, the tension graphs
of similar thread specimens exhibit identical form features to the beta dispersion in the
crimped strain. This pattern may provide reasonable forecasting restrictions for the disper-
sion of the jute fiber nonlinear tensile response. Sohbatzadeh et al. [23] presented a new
method for the low-cost modification of the synthetic aramid thread surface. In this study,
plasma systems at atmospheric pressure were used to surface modify the threads with
argon as the working gas and acetone as the precursor. These modifications resulted in
improved tension strength and flotation characteristics, with the treated thread displaying
superb waterproofing and buoyancy characteristics. In addition, the modifications by
plasma enhanced the thread’s mechanical strength and, thus, its suitability for reinforcing
applications. Additionally, the study revealed that desirable carbon-based nano-structures
were synthesizable on the yarn surface.

Consequently, an evaluation of the mechanical performance using the fibers and
threads themselves is necessary for the application of sisal threads as load-bearing cables.
The literature has covered a lot of research on synthetic yarn. However, the use of statistical
methods to estimate the mechanical performance of natural yarns requires further inves-
tigation. In this study, the focus was on the mechanical characterization of yarns using
various sample numbers. Two-parameter Weibull statistics for various estimators and
techniques (ML and LS predictions) were used to assess the tensile properties. Additionally,
a thorough analysis of the study’s findings was conducted and contrasted with information
from the literature. To the knowledge of the authors, this represents the first instance in
which the yarns have been investigated at various sample sizes using a predictive model
with a 95% confidence level.

2. Materials and Methods

The yarns made from the Agave sisalana utilized in this study were formed of carded
sisal fibers, which are particularly suitable for producing yarns and ropes of varying
widths. The Algerian packaging and cable company BLIDA provided the yarns. The
sisal fiber was 0.76 to 1.4 m long, 248 µm in diameter, and had a cross-sectional area
of 0.043 ± 0.008 mm2. The mean mechanical parameters of individual separate-carded
sisal fibers employed for this investigation, with a density of 1.43 g/cm3, were previously
published by Belaadi et al. [24] as = 463 MPa, ε = 7.84%, and E = 7.39 GPa. The sisal yarns
were made up of about 70–80 sisal fibers with a diameter of approximately 2.41 ± 0.64 mm
and a cross-sectional area of 4.52 ± 0.43 mm2. In addition, the sisal yarns (Figure 1a,b) had
a linear density of 223 ± 42 tex (g/1000 m) with a mean twisting angle of approximately
10–13◦ (Table 1). The diameter of each sisal thread was measured using a ZEISS microscope
instrument fitted with a Moticam 2500 camera that was digitally controlled by the Motic-
Images Pro V2.0 visualization software. Over its entire length, the diameter changed.
Ten measurements were performed at various points along the yarn. Using the mean
yarn diameter, the observable cross-sectional measurement for each yarn was computed.
In addition, the fiber cross section was assumed to be circular with a constant diameter
throughout its length [13,22].
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Figure 1. (a) Single specimen; (b) geometry of the sisal yarn used in this work; and (c) specimen clamped.

Table 1. Material characteristics of sisal yarn used in this work.

The Number
of Fibers

Density
(g/cm3)

Yarn Cross
Section Area

(mm2)

Tex
(g/1000 m)

Surface Twist Angle
(◦)

Sisal yarn 70–80 1.433 ± 0.012 4.52 ± 0.43 223 ± 42 10–13◦

Minimum values of 20 basic sisal yarns were used to determine the tensile mechanical
behavior characteristics (the modulus of elasticity, ultimate elongation, and tensile strength)
for five groups (N) of 20, 40, 60, 80, and 100 in accordance with ASTM D2256-01 [25]. The
sisal yarn samples were selected to be a mean length of 100 mm. The latter were carefully
handled to avoid deterioration. The Zwick-Roell testing apparatus with a 50 kN load cell
and mechanical grips was used for all of the experiments (Figure 1c) at GL = 100 mm. At a
steady rate of 5 mm/min, tensile tests were carried out in the laboratory at a temperature
of 25 ◦C and a relative humidity of 40%.

An individual sisal fiber, thread, and sections were examined using a JSM-7600F
scanning electron microscopy (SEM). A thin layer of gold was applied to make the samples
conductive. At an accelerating voltage, SEM micrographs were captured (Figure 2a–i).
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Figure 2. SEM micrographs of (a) longitudinal view of sisal yarn, (b) diameter measurements
for single sisal fiber, (c) topographic surface of sisal fiber, (d) cross-sectional view of sisal yarn,
(e,f) zoomed details of the selected zone in (d,g) another view of the cross section of the same yarn
from (d), and (h,i) zoomed details of the selected zone in g showing the crushing of sisal fiber cells.

3. Weibull Statistics for Sisal Yarns Data

According to the literature, most natural fibers exhibit significant dispersion in their
mechanical characteristics. Such scattering can be described by the concentration of imper-
fections on the surface and the microstructure of the fiber [26,27]. Two- and three-parameter
models were used to statistically examine the values of the sisal yarns’ tensile mechanical
properties (σ, ε, and E).

To describe the degree of variable tensile properties, the Weibull distribution using
different approaches was determined using ML and LS for a confidence level of 95%.
Moreover, using mechanical characteristic data, Anderson–Darling (AD) testing with
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modified quality-of-fit estimations was employed to identify the best fit. Minitab V-16
was used to conduct the statistical analysis. The Laplace–Gauss normal distribution is a
rule of absolutely continuous probability, which is determined by two parameters: the
standard deviation (SD) and the mean (t and α2 is the variance). The parameter (µ) provides
information about the distribution center. The parameter s indicates the extent to which
it has spread. Equation (1) [28] gives the probability density function (PDF). The variable
y = (x− µ)/α is the reduced-centred Gaussian probability density determined using
Equation (2) for the variable µ = 0 and α = 1. The log-normal distribution, on the other hand,
is characterized using two parameters: ξ and λ, with λ > 0, and one obtained for the PDF
(Equation (3)). Equation (4) defines the PDF of the three-parameter Weibull distribution,
often known as the failure distribution, or as the cumulative distribution function (CDF).
In addition, Equation (5) yields the probability density for s0 = 0 [22]. By simplifying
Equation (5), we obtained a Weibull survival probability with two parameters by assuming
s0 = 0 (s0 stands for a threshold or localization parameter), which denotes a mean parameter
value of x (minimum survival time) that can be characterized by Equation (6) [22,29].
Where m and s represent real positive numbers that represent the shape’s factor such as
The Weibull modulus and the scale parameter or characteristic value, respectively.
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1√
2πs

e−
1
2 (

x−µ
α )

2

(1)

ϕ(y) =
1√
2π

e−
y2
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2π
e−

1
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s
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s
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e[−(

x
s )

m ] (5)

F(x|s, m) = 1− e[−(
x
s )

m ] (6)

The ML technique is described by the formula in Equation (7) [30] and is a key ap-
proach for estimating the probability density parameters or Weibull probability. This
strategy depends on the parameters being selected so as to maximize the probability for
the specimen information. Since this method provides estimated parameters that have
higher statistical properties, this approach was selected due to its statistical consistency. The
advantage of this method is that the ambiguity of the distribution of Weibull parameters
with confidence intervals of 95% can be easily and efficiently identified. Another approach,
known as the LS estimate using linear regression, (Equation (8)) [31] was applied from
member to member using the natural logarithm. The Weibull modulus m was determined
from the slope of a straight line of the ln

(
ln
(

1
1−P

))
vr. ln(x). This line’s intercept enabled

us to determine s. In our case, distinctive mechanical parameters, such as the characteristic
Young’s modulus, strength, and strain at failure, i.e., E0, σ0, and ε0, respectively, were ob-
tained. The biggest issue with this methodology is the estimation of the survival probability
(p). The p value was calculated using an estimator or probability index. Pi = (i− τ)/(n− β)
where τ = 0.3, and β = 0.4 are the generic forms of the estimator. The probability index
was extensively used to evaluate the estimator, as shown in Equation (9) [13]. Additionally,
numerous alternatives for estimating the probability index are available in the Minitab
program, such as the median rank or Benard index (Equation (9)).

Likelihood(m, s|x1, . . . , x2) = ∏n
i=1 F(xi) = ∏n

i=1
m
s

( xi
s

)m−1
e[−(

x
s )

m ] (7)
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ln
(

ln
(

1
1− P

))
= m ln(x)−m ln(s) (8)

Pi =
i− 0.3
n + 0.4

(9)

4. Results
4.1. Tensile Behavior of an Elementary Sisal Yarn

At room temperature, the sisal yarns subjected to tensile tests at a speed of 5 mm/min
were divided into five series of 20 specimens, representing a total of 100 elementary yarns
that were chosen at random via the specific lot and gauged at GL = 100 mm. The stress–
strain graphs from 20 static tensile tests performed on the sisal yarns are displayed in
Figure 3a. Clearly, the wide dispersion of results, a phenomenon specific to natural fibers,
calls for an in-depth statistical analysis. The same behavior was observed in the case of jute
yarn reported by Wang et al. [22] and Saidia et al. [19] at GL = 50 mm, and in the case of sisal
yarn [13] and flax yarn [20] in the last 50 samples. As illustrated in Figure 3b, the typical
tensile curve behavior of sisal yarns may be characterized into three zones: the crimp,
nonlinear, and damage region. The nonlinear region (0–4.5% of strain-ε) is most likely
related to the rearrangement of elementary fibers in the yarn. In addition, this phenomenon
has been explained by several authors [13,28] since sisal yarns are produced by twisting
the fibers in a spiral, creating intermediate spaces in the fibers. The Young’s modulus of
the threads was also determined using the linear-elastic region (next phase), which had
a relatively high slope (5–10% of ε and σ between 30–170 MPa). The specimen did not
completely fail until the stress rapidly decreased to a mean strength of 81 MPa, with 80% of
the yarn fibers failing as a result of the third area, i.e., the damage zone.

As a result of 100 tests of sisal yarns at various test numbers (N), the standard devia-
tion (SD) and the mean values of the mechanical characteristics, notably strain at break,
stress, and Young’s modulus, are summarized in Table 1. They were analyzed by calcu-
lating the percentage of the coefficient of variation (CoV%). The coefficient of variation
in percent is defined as the relationship of the mean (µ) to the standard deviation (σ), as
determined through the expression CoV (%) = [(σ⁄µ) × 100], whereas at a low percentage
CoV, it was assumed that there would be little difference in the data. A very high and
significant scatter in the values given for tensile properties with various tests N can be
seen in Table 2. The tensile strength was determined from the cylindrical assumed cross
section of individual threads, with the theoretical area provided by the mean diameter of
the filaments. Nevertheless, Young’s modulus was determined in the elastic portion of the
stress–strain curve, which is the graph’s initial slope, usually in the range of 0.5 to 1.5% of ε.
The high degree of scattering observed in the findings is a natural characteristic of yarns
related to products with vegetable fibers. In fact, there were several factors contributing
to these scatters, which affected the fiber [32,33] and its yarn: (1) Environmental factors
that depend on the particular conditions in which the plant fiber was grown, its type, the
specific position in the plants, and whether it has an irregular geometry; and (2) experi-
mental factors associated with both the choice of test parameters (speed and precision of
deformation, type of machine clamping device, and the environmental conditions in the
laboratory (the relative hygrometry influences the behavior of the saw fiber in relation to its
hydrophilic character)), and the choice of the measurement geometry (the cross section of
the yarn) used in the calculation of the resistance (porosity in percentage). Indeed, it is clear
from Table 2 that the number of tests (N = 20, 40, 60, 80, and 100) has a significant impact
on the performance of sisal yarns. Thus, in this work, the sisal yarn showed maximum
stress values equivalent to 148, 146, 139, 138, and 135 MPa, with a progressive decrease
according to the number of tests until N = 80, followed by stabilization until N = 100 tests.
The same phenomenon was observed with respect to the values of the failure strain, which
also decreased with increasing N: ε = 8.41%, 7.83%, 7.37%, 7.15%, and 6.70%. However,
when N was increased to 100, a higher Young’s modulus E was obtained, i.e., it went from
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528 MPa for N = 20, to 660 MPa. Aside from the strength, there was a decrease in the stress
of about 82% (148 for N = 20 and 135 MPa for N = 100).
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Table 2. Mean, standard deviation, and covariance for different mechanical properties of sisal yarn
tested in tensile static tension in this work.

N
Strength (MPa) Strain (%) Young Modulus (MPa)

Mean SD CoV Mean SD CoV Mean SD CoV

20 148 23.85 10.81 8.41 0.91 16.03 528 93 17.72

40 146 25.71 17.49 7.83 1.29 16.43 633 181 28.48

60 139 27.16 19.53 7.37 1.27 17.28 648 169 26.07

80 138 30.67 26.06 7.15 1.21 16.83 657 172 26.06

100 135 29.87 23.97 6.70 1.14 21.02 660 158 23.97
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It is difficult to compare the experimental data obtained from the literature (Table 3)
given the types of yarn used, its maturity, the environmental conditions in which these
plants were grown, and the methods used to perform the tests, especially to determine the
rate of stress. Nevertheless, it was possible from the literature [1,5,8,13,15,19,20,22,28,34–37]
to synthesize the results on plant yarns in tensile static tests (Table 3). The strength value
obtained from our experiments for sisal yarn equates to 148 MPa for GL = 100 mm in
N = 20 tests, which is similar to the reference for N = 30 [13]. Additionally, it shows that, for
testing with N = 20, a value of E = 528 MPa was obtained, whereas the Young’s modulus for
this reference for the same gauge length of 100 mm was 556 MPa. These results are near to
those from this study for N = 100, which is equivalent to 660, for the same GL and N = 100.
In contrast to the results of the present investigation, the researchers in [15] discovered
lower values for σ and E for GL 100 mm (σ = 31.5 MPa and E = 85.2 MPa) for N = 10 to
15 tests. With GL = 100 mm and N = 20 trials, the strain rate of sisal yarn during breakage
in this investigation was 8.41%, which is nearly identical to the 8.37% for the same GL with
N = 30 found in [13]. On the other hand, a lower result for strain rupture equal to 6.7% was
obtained by raising the number of trials to 100.

Table 3. Summarized mechanical properties data with GL and number of tests of different vegetal
yarns from the literature.

Yarn Strength
(MPa)

Strain
(%)

Young’s Modulus
(MPa)

GL
(mm)

Number of
Tests Reference

Jute 52.8 ± 15.23 3.77 ± 0.77 2.28 ± 0.63 GPa 50 25 [34]

Jute 43 7.5 310 50 50 [5]

Jute 117 - - 100 30 [22]

Jute 248 3.5 - 80 10 [8]

Jute 117 4.39 1978 50 30 [19]

Jute 53.03 3.84 2150 50 10 [35]

Jut 74.8 0.03 2769.7 100 10–15 [15]

Flax 224 ± 45.5 1–3 11,400 ± 2110 500 95 [28]

Flax 271 2.69 10,800 80 30 [20]

Flax 198.1 3.22 5913.6 100 10–15 [15]

Flax 32.7 (N) 1.93 1351 (N) 250 20 [36]

Hemp 124.1 2.94 4236.9 100 10–15 [15]

Hemp 74.86± 6.42 0.277 ± 0.031 1.046 ± 0.172 30 - [1]

Hemp 449 4.28 11,910 50 20 [37]

Coir 51.8 0.16 322.1 100 10–15 [15]

Sisal 31.5 0.38 85.2 100 10–15 [15]

Sisal 180 ± 25 14.76 ± 1.59 336 ± 184 50 30 [13]

Sisal 148 ± 31 8.37 ± 0.97 556 ± 106 100 30 [13]

Sisal 141 ± 28 6.39 ± 0.59 792 ± 232 150 30 [13]

Sisal 127 ± 24 5.70 ± 0.59 688 ± 175 200 30 [13]

Sisal 122 ± 26 5.00 ± 0.46 616 ± 124 300 30 [13]

4.2. Statistical Distribution of Sisal Yarn Data

The wide variability of mechanical characteristics of cellulosic fibers of plant origin is
a challenge for designers of composite structures. To gain a better understanding of the
biocomposites benefits or strings produced from plant-based fibers, it is essential to have a
good knowledge of the constituents that enhance their properties. Figure 4a,b show the
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relationship variation between tensile stress and strain at rupture, Young’s modulus, and
power fit, with a power prediction model for a 95% CI for different test groups. The Young’s
modulus dropped as the strength increased, as shown in the figure, and the relationship
between strain at rupture and Young’s modulus also followed this pattern [13].
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Figure 4. Scatter plots for all 100 tests of sisal yarns for (a) tensile strain as function of Young’s
modulus and (b) tensile strength as a function of Young’s modulus.

Figure 5 illustrates the experimental histograms for the mechanical properties, in par-
ticular, σ, ε, and E in the case of N = 100 tests, according to the various distribution methods.
To select the cells required for the histogram, we followed the standard square root rule
based on the amount of data to be considered. In the field of materials science, various
statistical distributions are available, with the Weibull distribution, normal distribution, and
lognormal distribution being the ones that are employed the most. Therefore, in materials
science, lognormal, Weibull, and normal distributions are frequently used to describe vari-
ous properties of materials. Indeed, in contrast to the lognormal distribution, which is used
to represent the distribution of the size of particles and cracks for materials, the distribution
known as the Weibull distribution is frequently employed for strength forecasting and
to assess the brittle fracture and reliability of materials. On the other hand, the normal
distribution is a versatile distribution that can be used to model a wide range of material
properties and describe random phenomena. For mechanical property information, the
lognormal distribution or Weibull distribution is typically the most appropriate solution.
In this case, to justify this choice, the normality Kolmogorov–Smirnov test (Table 4) was
performed and the estimates of the goodness-of-fit with four distinct distributions via the
Anderson–Darling test (Table 5) and the AD with p-values (Table 6) are presented.

Table 4. Summary table of test for normality using Kolmogorov–Smirnov test criteria for N100 tests.

Failure Strength
(MPa) Strain (%) Young’s Modulus

(MPa)

p-value 0.025 0.043 0.015

Skewness parameter 1.00585 0.75178 1.04974
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Table 5. AD and p-values estimates for different distributions for N100 tests.

Strength (MPa) Strain (%) Young Modulus (MPa)

Distribution AD p AD p AD p

Normal 1.474 0.005 0.751 0.049 0.640 0.092

Lognormal 0.374 0.081 0.442 0.083 0.516 0.087

2P-Weibull 2.606 0.110 1.302 0.132 1.694 0.212

3P-Weibull 0.587 0.133 0.434 0.307 0.620 0.109

Table 6. AD goodness-of-fit estimates for different distributions.

N

Strength (MPa) Strain (%) Young Modulus (MPa)

Normal Weibull Log-
Normal 3P-Weibull Normal Weibull Log-

Normal
3P-

Weibull Normal Weibull Log-
Normal 3P-Weibull

20 1.529 0.921 3.499 1.036 1.255 0.989 2.869 0.835 1.090 0.837 1.923 0.920

40 1.316 0.756 3.402 0.765 0.474 0.484 1.662 0.584 1.389 0.537 2.883 0.628

60 1.085 0.475 2.784 0.860 0.864 0.543 2.358 0.660 1.895 0.482 1.938 0.452

80 1.375 0.503 3.597 0.946 1.721 0.989 4.917 1.252 1.866 0.664 1.814 0.690

100 1.618 0.523 4.400 0.826 0.890 0.551 2.545 0.604 1.771 0.626 1.821 0.637Polymers 2023, 15, x FOR PEER REVIEW 11 of 24 
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(b) strain data and (c) Young’s modulus data.
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As a function of the number of specimens, Tukey or box plots were used to display the
variance in the average mechanical characteristics of sisal yarns, such as tensile strength,
elastic modulus, and strain. (see Figure 6). Box plots were used to show the general trends
in the responses of a group. These diagrams are useful for visualizing the distribution and
other characteristics of the responses of a large group, such as the mechanical properties.
The diagram illustrated in Figure 6 shows a variety of box-plot shapes and positions.
This study presents the distribution of data between the number of samples (N) and the
mechanical characteristics of sisal yarns with a 95% confidence interval of the forecast.
Variable data with maximum, median, minimum, and quartiles (Q1 and Q3) characterize
this representation. The extremes are then extended with segments, resulting in extreme
values for the first and ninth deciles. For instance, for N = 100, the median, first and third
quartiles, and both maximum and minimum numbers of the samples were 131, 118, 148,
245, and 83 MPa for stress, 6.85, 5.85, 7.41, 10.7, and 3.8% for strain, and 651, 551, 763, 1230,
and 371 MPa for Young’s modulus. Additionally, it appears that the yarn’s tensile stress
(Figure 6a), which followed a power tendency line, decreased as N increased (20–100 tests).
Similarly, Figure 5b illustrates the number of samples, N, as a function of elongation at
break. It is evident that when N increased, the elongation reduced. On the other hand, as
N increased, the mean Young’s modulus rose (Figure 6b). This behavior is similar to that
of single Washingtonia fibers, which Dembri et al. [38] observed from 30 to 90 tests before
stabilizing at N = 120 and 150 tests.
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4.3. Normality and Kolmogorov–Smirnov Tests

The test results grouped in Table 4 show that the p-value of normality using the
Kolmogorov–Smirnov test criteria was >0.15 for elastic modulus data only. Thus, the
property dispersion can be described by a 2P Weibull, 3P Weibull, and lognormal distribu-
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tion. Therefore, it is necessary to determine which of these three laws best describes the
experimental results. Additionally, Table 5’s test results demonstrate that the p-values for
the 2P and 3P Weibull distributions were above 0.1, while the p-value for the lognormal
distribution was less than 0.1. Although the p-value was less than 0.1, in order to exclude a
distributional law, the p-value recorded for the 3P Weibull law indicates that it was not as
effective as the other 2P Weibull laws in describing our data. Thus, the dispersion of the
properties can be described using a 2P Weibull distribution.

4.4. AD Goodness-of-Fit of Normality of Sisal Yarn Data

Following the Kolmogorov–Smirnov test for normality, we can conclude that the
Weibull distribution is the best in terms of describing the behavior of our results. To
determine which one of the four proposed distributions (Table 6)—normal, lognormal,
3P-Weibull, or 2P-Weibull—best fits the series (five groups) on which the experimental
data was collected, the Minitab software was used to compute and perform an Anderson–
Darling (AD) good fit test on every distribution in order to determine the smallest values of
AD. This test produces the K-S (Kolmogorov-Smirnov) adjustment. For different numbers
of trials (N = 20, 40, 60, 80, and 100 trials), the 2P-Weibull distribution was used to estimate
the AD quantities for the sisal yarns Young’s modulus, i.e., AD = 0.837, 0.537, 0.482, 0.664,
and 0.626, respectively. These were lower compared to the 3P-Weibull distribution estimates
for AD = 0.920, 0.628, 0.452, 0.690, and 0.637. In addition, with respect to strain and stress,
the smallest amounts were found for the two-parameter Weibull distribution (strain at
break: AD = 0.989, 0.484, 0.543, 0.989, and 0.551 and stress: AD = 0.921, 0.756, 0.475, 0.503,
and 0.523). However, the highest values were for the logarithmic distribution, which are
given as follows: AD = 3.499, 3.402, 2.784, 3.597, and 4.400 for σ; AD = 2.869, 1.662, 2.358,
4.917, and 2.545 for ε; and finally, AD = 1.923, 2.883, 1.938, 1.814, and 1.821 for E.

4.5. Weibull Analysis of Sisal Yarn Data

In this study, the two-parameter Weibull law was used to investigate the data of sisal
yarns’ mechanical properties, including the stress, Young’s modulus, and strain, which
revealed a significant amount of variation. Thus, Figure 7 well represents the distribution
curves according to Weibull-LS and ML, corresponding to the stress, strain, and Young’s
modulus of the experimental data. In addition, using the Minitab software, the associated
parameters are listed in Table 7. From Figure 7, it can be seen that for different numbers
of tests (N), the behavior of the straight lines from the Weibull diagram of two-parameter
LS and ML concerning the sisal yarn was almost linear with a superposition and a slight
difference between them. However, there was an inflection of the line with respect to the
LS and LM Weibull distributions when N = 20 trials with respect to E (Figure 7c,f), which
resulted in the lowest values. This nonlinearity and almost overlapping behavior was
observed at the level of Agave americana plant fibers with different GLs, and at the level
of sisal elemental fibers [39] and yarn [13] (depending on GL). The R2 coefficient is the
primary control for evaluating the variation in the Weibull modulus (m). Furthermore, it
is worth noting the satisfactory linearity of the fit between all datasets (Figure 7). Indeed,
for each estimator, we found a correlation factor (R2) of 0.900, 0.930, 0.958, 0.957, and 0.955
for σ, 0.910, 0.990, 0.964, 0.946, and 0.972 for ε, and 0.944, 0.930, 0.958, 0.964, and 0.969 for
the Young’s modulus. In addition, the two-parameter LS-Weibull model provides higher
correlations (R2 = 0.970–0.990 (Table 7)) with respect to the strain at failure compared to the
other features (σ and E).

Table 7 lists the Weibull distribution’s parameters, forms, and localities (which are
its defining values) for each of the mechanical properties. The corresponding Weibull
moduli (2P-Weibull-LS) least squares (LS) concerning strain (mε), stress (mσ), and Young’s
modulus (mE) relative to various N at 20, 40, 60, 80, and 100 mm were mε = 15.4, 8.7, 6.6,
5.9, 5.2, mσ = 8.3, 6.4, 5.9, 6.2, and 5.4, and mE = 1.7, 6.6, 4.8, 4.8, and 5.4, respectively.
Consistent with reference [13], the length and amount of testing had a significant impact on
the Weibull modulus of the tensile properties of elementary sisal yarns. Thus, for example,
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at 2P Weibull-LS, the stress moduli (mσ) were 7.29, 7.21, 6.42, 6.18, and 6.11, respectively,
for N = 20 to 100 tests. A similar behavior was observed with respect to all values of the
2P-Weibull modulus (ML) for different values of N (mσ = 4.91, 4.69, 4.66, 4.52, and 4.47).
For comparison (Table 7), the mσ and σ0 of the sisal yarn for N = 100 of 2P-Weibull-LS
are 6.11 and 145 MPa, respectively. In contrast, in the 2P-Weibull-ML case, we found that
mσ = 4.47 and σ0 = 147 MPa. The experimental value obtained in this case was 135 MPa
(N = 100 tests).
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Using the Minitab software for Weibull-LS and ML analyses, the probability of survival
at multiple estimates corresponding to the mechanical properties, including strain, stress,
and Young’s modulus, were plotted in Figure 8. For example, the graph in Figure 8a
was constructed with the LS approximation of the probability index (Equation (9)) for
five pairs of Weibull stress parameters (mσ = 7.29 and σ0 = 159, mσ = 7.2, mσ = 6.42 and
σ0 = 149, mσ = 6.18 and σ0 = 149, mσ = 6.11 and σ0 = 145, respectively, for N = 20, 40, 60,
80, and 100 mm). Thus, it can be observed that, when the likelihood P(σ) = 0.4 in the
case of 2P-Weibull-LS, corresponding to a 40% population survival for the wire samples
with N = 80 and 100 trials, the stress was evaluated simultaneously as 147 and 143 MPa.
However, when the survival rate reached approximately 50%, the lowest values were 137
and 140 MPa for the same number of trials. For tensile strain and stress, P(ε) = P(σ) = 0.4,
we obtained 7.2% and 143 MPa, respectively. In addition, for N = 100 tests and for N = 80,
we obtained ε = 7.6%, and σ = 147.
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The cumulative failure plot (Figure 9) allows us to determine the cumulative proba-
bility in % for a yarn element that meets a failure at load levels less than or equal to the
specified load level, and thus, to evaluate the reliability of the sisal yarn from its failure.
Furthermore, the cumulative failure function is the difference between 1 and the survival
function. As an example, based on the data (N = 100 tests) related to the breaking stresses
of the yarns, it appears that the probability of a yarn breaking when the stress reaches
165 MPa is about 0.90. This means that we can be 90% sure that the yarn will break at a tensile
stress of 165 MPa for the LS estimate. This was similar for the other properties: E = 846 MPa
and ε = 8.3% for the Young’s modulus and strain, respectively. For the ML estimate, the stress,
strain, and Young’s modulus values were 172 MPa, 8.5%, and 905 MPa, respectively.
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There are several methods to determine the hazard function, which represents the
probability of a defect as a function of the survival time of the sisal yarn. In the case of
sisal yarn, the probability of a defect is a function of the survival time of the yarn. It can be
observed that all the curves in the figures (Figure 10) have an increasing exponential trend,
which means that the elements have a higher hazard of breaking as the load increases.
In general, an increase in hazard occurs at the end of yarn breakage, especially when
many fibers break simultaneously, resulting in sudden yarn breakage. The profile of the
curve depended on the data, and the model was chosen for the analysis. As an example,
Figure 10a is plotted according to the Weibull-LS function with five pairs of shape and
scale parameters of the data (mσ = 7.29 and σ0 = 159, mσ = 7.21 and σ0 = 157, mσ = 6.42
and σ0 = 149, mσ = 6.18 and σ0 = 149, mσ = 6.11 and σ0 = 145 for N = 20, 40, 60, 80, and
100 mm, respectively). This translates into a hazard plot; therefore, the hazard rate increases
with increasing loading. Furthermore, it is clear that for the same equivalent load rate of
195 MPa, the hazard rate was reduced when the number of tests N increased (rate = 0.17
for N = 20 up to 0.22 for N = 100). Moreover, for Weibull-ML (Figure 10d), the estimated
rate was from 0.09 for N = 20 to 0.13 for N = 100, which is significantly lower than the rate
estimated by the Weibull-LS model. The same interpretation applies to the other figures
(Figure 10b,c,e,f).
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4.6. ANOVA Analysis of the Mechanical Properties for Yarn Data

The statistical treatment applied to the data is a method to better understand and
analyze the significance of the experiment’s findings. In the current study, the population
samples were examined using one-way analysis of variance (ANOVA) based on the mean
and distribution of data. This is because there was a large difference between the averages
of multiple groups. The two potential hypotheses for the ANOVA technique’s kind of hy-
pothesis test are as follows: The first hypothesis states that all sample means are identical or
not statistically distinct from one another. In addition, the number of yarns is a determining
factor in the choice of sample. Thus, to best define any mechanical property parameters,
Fisher’s test, P, CI, MS, and SS were utilized for ANOVA to establish the impact of the
number of tests on the answers.

Table 8 lists all of the results of the one-way analysis of variance (ANOVA) test with
a 95% confidence level for the sisal yarn mechanical characteristics (ε, σ, and E) for the
various research groups (20, 40, 60, 80, and 100). Due to the p value = 0.000 (p < 0.001) being
below the significance limit (0.05), it is, therefore, not possible to retain the null hypothesis,
indicating that averages would be identical.

Table 8. ANOVA test for strength, strain, and Young’s modulus data of the sisal yarns for 95% CI.

Source DF Seq SS Adj MS Adj SS Contribution F-Value p-Value

A. ANOVA test for ultimate tensile stress (for N = 20 to 100 samples)

BG 4 6860 1714.9 6860 2.55% 1.93 0.105

WG 295 262,000 888.1 262,000 97.45%

Total 299 268,860 - - 100.00%

S = 29.8016; R-sq = 2.55%; R-sq(adj) = 1.23%; PREESS = 270,897; R-sq(pred) = 0.00%

B. ANOVA test for strain at failure data (for N = 20 to 100 samples)

BG 4 71.82 17.955 71.82 12.82% 10.85 0.000

WG 295 488.19 1.655 488.19 87.18%

Total 299 560.01 - - 100.00%

S = 1.28642; R-sq = 12.82%; R-sq(adj) = 11.64%; PREESS = 50.461; R-sq(pred) = 10.10%

C. ANOVA test for young’s modulus (for N = 20 to 100 samples)

BG 4 312,564 78,141 312,564 3.57% 2.73 0.029

WG 295 8,434,610 28,592 8,434,610 96.43%

Total 299 8,747,175 - - 100.00%

S = 169.091; R-sq = 3.57%; R-sq(adj) = 2.27%; PREESS = 8,707,691; R-sq(pred) = 0.45%

BG: between group; WG: within group; DF: degree of freedom; SS: sum of squares; MS: mean square; F: F-test for
ANOVA-one way.

5. Conclusions

In this work, it was evaluated to what extent the number of tests (N) could influence
the mechanical characteristics of elementary sisal yarns (tensile stress (σ), Young’s modulus
(E), and strain at break (ε)). For this purpose, it was necessary to conduct a series of
experimental static tensile tests, which allowed us to determine the mechanical properties
for five series of N tests (20, 40, 60, 80, and 100 tests) to then identify and deduce the most
efficient number of tests. The main conclusions drawn by this study from the experimental
results and Weibull’s law analysis can be summarized as follows:

# From the tensile tests applied to sisal yarn, it was found that σ and ε of the yarn
decreased with the increase in N from 20 to 80 mm and stabilized from 148 MPa to
138 MPa and from 8.41% to 7.15%. This was followed by a slight decrease in values
for N = 100 tests, which produced 135 MPa for stress and 6.70% for strain at break;
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# According to the experimental results, as far as the sisal yarn is concerned, it appears
that the best mechanical performance was obtained for N = 100 tests;

# Moreover, the mechanical properties of the yarns were more consistent with the
2P-Weibull-LS distribution than with the other ML method;

# Finally, a one-way ANOVA analysis was also employed and revealed that N strongly
influenced the sisal yarn mechanical characteristics.

Research results on the tensile properties of sisal yarns have significant practical impli-
cations for improving the manufacture of durable ropes and composite structures. They
provide essential information for optimizing design, improving mechanical performance,
reducing risk, and developing new materials and manufacturing techniques in these fields.
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Abstract: The present work deeply studied the mechanical behavior of woven non-woven PLA/OLA/MgO
electrospun fibers, efibers, by using Box–Wilson surface response methodology. This work follows up a
previous one where both the diameters and the thermal response of such efibers were discussed in terms
of both the different amounts of magnesium oxide nanoparticles, MgO, as well as of the oligomer (lactic
acid), OLA, used as plasticizer. The results of both works, in term of diameters, degree of crystallinity, and
mechanical response, can be strongly correlated to each other, as reported here. In particular, the strain
mechanism of PLA/OLA/MgO efibers was studied, showing an orientation of efibers parallel to the applied
stress and identifying the mechanically weakest points that yielded the start of the breakage of efibers.
Moreover, we identified 1.5 wt% as the critical amount of MgO, above which the plasticizing effect of
OLA was weaker as the amount of both components increased. Moreover, the minimum elastic modulus
value took place at 15 wt% of OLA, in agreement with the previously reported convergence point in the
evolution of the degree of crystallinity. Regarding the yield point, a concentration of OLA between 20 and
30 wt% led to a slight improvement in the yielding capability in terms of tensile strength in comparison
with neat PLA efibers. Therefore, the approach presented here permits the design of tailor-made electrospun
nanocomposites with specific mechanical requirements.

Keywords: electrospinning; poly(lactic acid); magnesium oxide; oligomer(lactic acid); design of
experiments; Box–Wilson response surface methodology

1. Introduction

Nowadays, poly(lactic acid), PLA, has emerged as a prominent polymer substitute for
various petrochemical-based polymers due to its remarkable properties, such as biodegrad-
ability [1,2] or compostability [3,4]. However, from the mechanical point of view, its
inherent brittleness and poor elongation at break has limited its applications [5]. This
limitation is particularly significant in fields such as packaging [6,7] or tissues engineer-
ing [8]. Certainly, the brittleness of PLA constitutes a major problem in the main industrial
fields, where there is no tolerance for cracking or tearing when subjected to force during
manufacturing [9,10].

Efforts have been carried out to enhance these mechanical properties, including
blending with other biodegradable polymers [11,12], copolymerization with other poly-
mers [13,14], reinforcing with nanoparticles, NPs [15,16], or the incorporation of plasticizers
agents [17–20]. Particularly, the design of PLA-based nanocomposites by adding NPs repre-
sents one of the most used strategies to increase and to enhance the mechanical properties
of PLA [12,21].

Regarding the different processing techniques used to obtain PLA-based nanocomposites,
the electrospinning technique has emerged as a suitable technique to fabricate PLA-based
electrospun nanocomposites. This versatile technique enables the easy fabrication of woven
non-woven electrospun fibers (from now on, referred to as efibers) reinforced with NPs
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through the application of a high electric voltage to a dispersion of NPs within a polymer
solution in a volatile solvent under ambient conditions [8,22]. In particular, for biomedical
applications, searching to improve the mechanical properties of pristine PLA efibers to mimic
those of human tissues, the use of organic NPs is reported in the scientific literature, such as
cellulose nanocrystals, CNC, or chitosan NPs with enhanced elongation at break and higher
degree of crystallinity [23]. On the other hand, also, inorganic NPs such as magnesium oxide,
MgO, NPs or silver, Ag, NPs can be used as reinforcements for PLA-based efibers due to their
biocompatibility and antimicrobial properties [8,24,25].

Therefore, electrospun PLA-based nanocomposites represent the combination of, at
least, two different components—in particular, the combination of the PLA polymeric
matrix with other materials on the nanometric scale, such as NPs, in order to significantly
improve their mechanical properties [12]. The improvement in the mechanical properties
of efibers is related to the existence of interactions between NP surfaces and the macro-
molecular chains of the PLA matrix that surround them. Specifically, these interactions
take place at the molecular level, where physical–chemical interactions between NPs and
PLA chains play a crucial role in the overall behavior of the material as a whole [26]. Such a
level of molecular interactions take place at the nanoscale and are related to the mobility of
polymer chains adjacent to NPs and can be affected by some factors, such as the length of
the polymer chains [27,28], the NP surface morphology [29,30], the NP concentration [31],
or the interactions between polymer NPs and other components [32].

Furthermore, to properly tailor the thermal properties of electrospun PLA-based nanocom-
posites, such as its glass transition temperature, Tg, to approach the human body, the incorpo-
ration of plasticizers has been studied in the scientific literature [17,18]. The ideal plasticizer
should exhibit a similar chemical structure, showing comparable intermolecular forces capa-
ble of strongly interacting with the PLA matrix. Additionally, oligomeric lactic acid, OLA,
presents itself as a promising alternative to conventional plasticizers for PLA due to its similar
chemical structure, relatively high molar mass, and renewable origin [33–35]. In fact, look-
ing at the increase of both the mechanical and the thermal properties, preliminary studies
of PLA-based nanocomposites plasticized with OLA can be found in the literature [17,36].
From both the mechanical and thermal points of view, Arrieta et al. reported a significant
increase of the elongation at break of 20% with 15 wt% of OLA in comparison with neat
PLA-based efibers [36], and Leonés et al. reported an increase in the elongation at break with
10–30 wt% OLA content, along with effective modulation of the glass transition temperature
of PLA-based efibers [17].

Additionally, a certain concentration of plasticizer will be considered as the maximum,
named the critical concentration [37], and, consequently, different amounts of plasticizer
are expected to cause increasing improvements of the molecular interactions between
PLA chains and NPs up to a limit close to the critical concentration. Once this critical
concentration is overpassed, no further enhancements in the molecular interactions will
occur between the components. In fact, above this concentration, the structural integrity
of the polymer matrix could be compromised, leading to the possible segregation of
the plasticizer, which could form its own phase decreasing the thermal and mechanical
properties of the nanocomposites [38].

Therefore, understanding the interactions between NPs, plasticizer, and the surround-
ing polymeric chains implies an important aspect to be considered in the study of nanocom-
posites and their final mechanical performance. In this work, we describe the fitting of the
mechanical behavior of PLA/OLA/MgO electrospun fibers to a mathematical model that
permits the design of tailor-made electrospun nanocomposites with specific mechanical
requirements. With this aim, and based on our previous results [18], the purpose of the
present study is to find a correlation between each one of the tensile parameters and the
composition of the PLA/OLA/MgO electrospun PLA-based nanocomposites. Thus, a
Box–Wilson surface response methodology statistical design was used to model the system
behavior in all the experimental range scanned. Once the PLA-based efibers were obtained,
tensile tests were carried out, and the main mechanical properties were calculated. From
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these, a series of remarks concerning the tensile mechanism between MgO NPs, OLA
plasticizer, and the PLA matrix was proposed and properly discussed in this work.

2. Materials and Methods

Polylactic acid (PLA3051D, 3% of D-lactic acid monomer, molecular weight 14.2× 104 g·mol−1,
density 1.24 g·cm−3) was supplied by NatureWorks®, Minneapolis, MN, USA. Lactic acid oligomer
(Glyplast OLA8, ester content >99%, density 1.11 g·cm−3, viscosity 22.5 mPa·s, molecular weight
1100 g·mol−1) was kindly supplied by Condensia Quimica SA, Barcelona, Spain.

Before starting the electrospinning process, each solution was prepared following
the next process. Firstly, the corresponding amounts of PLA and OLA were dissolved
separately in CHCl3 and stirred overnight at room temperature. Secondly, the amount of
MgO NPs was weighed and dispersed in 20 mL of CHCl3; after 30 min, the OLA solution
was added to the MgO NPs solution and dispersed over 60 min. Then, the PLA solution
was added to the MgO NPs and OLA solution and dispersed simultaneously for another
60 min. Finally, the necessary volume of DMF was added to assure the proportion of
solvents (CHCl3:DMF, 4:1). The dispersion process was carried out with a sonicator tip
(Sonic Vibra-Cell VCX 750) of 750 watts and amplitude of 20%. Then, electrospun fiber
mats were obtained in an Electrospinner Y-flow 2.2.D-XXX (Nanotechnology Solutions,
Malaga, Spain). The electrospinning parameters were set as a voltage of 20 kV, distance of
17 cm between the tip and collector, and a polymer solution flux of 3.5 mL·h−1 in order to
obtain randomly oriented efiber mats [18].

The amounts of OLA (wt%) and MgO (wt%) were determined in agreement with the
specifications of the Box–Wilson experimental worksheet (Table 1). Box–Wilson methodol-
ogy is based on a factorial design involving 2k + 2k + 1 experiments with 2 + K additional
replicated central runs, where k represents the number of independent variables [39,40].
The central point variables are coded as (0, 0), while the independent variable interval
(OLA and MgO) is in the range between 6.00 and 30.00 wt% for OLA and between 0.60 and
3.00 wt% for MgO due to the factorial component being coded as (−1, 1). Additionally, the
Box–Wilson experimental model considers α =

√
2 as the coded variable for the star points

of the worksheet [39,40]. Therefore, all coded and controlled factors are listed in Table 1
together with each run number. The trials were carried out in a randomized way, and the
variables studied were statistically analyzed by one-way analysis of variance (ANOVA)
using the statistical computer package Statgraphics Centurion XVII (Statpoint Technologies,
Inc., Warrenton, VA, USA) [18].

Table 1. Worksheet for the Box–Wilson experimental design used.

Coded Factors Controlled Factors

Run OLA MgO OLA (wt%) MgO (wt%)

I −1 −1 6.00 0.60
II 1 −1 30.00 0.60
III −1 1 6.00 3.00
IV 1 1 30.00 3.00
V −√2 0 1.03 1.80
VI

√
2 0 34.97 1.80

VII 0 −√2 18.00 0.10
VIII 0

√
2 18.00 3.49

IX 0 0 18.00 1.80
X 0 0 18.00 1.80
XI 0 0 18.00 1.80
XII 0 0 18.00 1.80
XIII 0 0 18.00 1.80

Once the different polynomials fitted to quadratic models of each mechanical property
studied by following the Box–Wilson surface response methodology were obtained, the
data were then plotted using the 3D response surface plot, as well as the contour plots. In
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particular, the polynomial models corresponding to each mechanical property were plotted
as a function of the OLA and MgO NP contents in all the experimental range scanned using
OriginPro v8.5 software.

Once the efibers mat of each experimental run was obtained, the morphological and
mechanical characterization was carried out. Scanning Electron Microscopy, SEM (PHILIPS
XL30 Scanning Electron Microscope, Phillips, Eindhoven, The Netherlands), and Field Emis-
sion Scanning Electron Microscopy, FESEM (Hitachi S8000), were used in order to study the
morphology of the efibers. All the samples were previously gold-coated (~5 nm thickness) in
a Polaron SC7640 Auto/Manual Sputter (Polaron, Newhaven, East Sussex, UK).

The mechanical properties of the PLA-based electrospun nanocomposite mats were
studied in the tensile test mode at room temperature. For this purpose, an Instron
dynamometer (model 3366) equipped with a 100 N load cell at a crosshead speed of
10 mm·min−1 and initial length between clamps of 30 mm was used. At least five speci-
mens of 10 mm, 6 mm width, and 100 µm of average thickness cut from the electrospun
mats were measured. The mechanical properties identified over the stress–strain tests
were the elastic modulus, E, as the slope of the curve between 0% and 2% of elongation,
the tensile strength, and the elongation at the yield (σy and εy) and at break points (σb
and εb), each one of them reported as the average value from each test. Nevertheless,
since the Box–Wilson methodology does not contemplate the processing step but only
a series of independent terms, the results obtained will be related to the interactions be-
tween components. In particular, in our system, the variables that can influence the final
properties will be the amount of the components of the electrospun nanocomposites (PLA,
MgO, and OLA). We used the same dispersion and electrospinning process parameters for
all the experimental runs in order to reasonably control its effect in the final mechanical
performance of the electrospun nanocomposites.

3. Results and Discussion

Once the different woven non-woven electrospun nanocomposites mats were obtained,
the mechanical characterization of each run was carried out. Table 2 compiles all the results
obtained from the tensile test experiments according to the Box–Wilson two independent
variables experimental worksheet—in particular, the mechanical properties measured in
the main regions at the stress–strain curves: the elastic zone (elastic modulus), and the yield
and break points (strength and elongation in both). In Figure 1, the stress–strain curves for
each run of the PLA-based efibers is reported.

As can be observed, the stress–strain curves are widely affected by the different
compositions of each experimental run according to the Box–Wilson two independent
variables experimental worksheet (Table 1). However, the central points—that is, from run
IX to run XIII—showed similar tensile behaviors due to their similar compositions in terms
of both OLA (wt%) and MgO (wt%) contents.

Table 2. Average mechanical properties obtained from the tensile test of each run.

Run E (MPa) σy (MPa) εy (%) σb (MPa) εb (%)

I 70.8 ± 9.5 2.5 ± 0.8 5.3 ± 0.6 2.9 ± 1.1 37.2 ± 1.6
II 64.7 ± 8.9 1.3 ± 0.7 2.3 ± 0.2 2.7 ± 1.8 39.0 ± 1.3
III 36.3 ± 4.5 0.9 ± 0.3 2.7 ± 0.6 1.6 ± 0.4 22.4 ± 2.1
IV 169.4 ± 6.0 2.5 ± 0.6 2.1 ± 0.6 4.6 ± 1.8 4.2 ± 1.3
V 37.1 ± 7.9 1.0 ± 0.3 3.6 ± 0.4 2.9 ± 0.7 66.8 ± 1.7
VI 156.4 ± 9.3 3.2 ± 0.5 2.5 ± 0.4 6.0 ± 1.2 32.7 ± 1.7
VII 85.6 ± 2.7 2.5 ± 0.5 3.8 ± 0.7 3.8 ± 0.8 54.3 ± 1.4
VIII 56.6 ± 1.3 1.6 ± 0.4 3.9 ± 0.6 2.6 ± 0.6 32.4 ± 1.2
IX 40.9 ± 1.7 1.0 ± 0.4 3.1 ± 0.2 1.8 ± 0.4 27.6 ± 1.5
X 30.8 ± 1.8 1.2 ± 0.3 3.5 ± 0.1 1.2 ± 0.6 15.7 ± 1.7
XI 52.5 ± 9.9 1.6 ± 0.3 3.9 ± 0.5 2.2 ± 0.4 27.7 ± 1.7
XII 91.9 ± 2.4 1.9 ± 0.2 4.5 ± 0.5 4.0 ± 0.8 54.4 ± 1.4
XIII 31.8± 3.1 1.2 ± 0.4 4.4 ± 0.7 1.4 ± 0.8 23.8 ± 1.7
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Figure 1. Stress–strain curve for PLA-based efibers obtained in each run studied.

The results obtained for each one of the studied parameters were fitted to quadratic
models by following the Box–Wilson surface response methodology [39]. Five different
polynomials describing the evolution of E (MPa), σy (MPa), εy (%), σb (MPa), and εb (%)
were properly obtained, having the general form

Y = a0 + a1·x1 + a2·x2 + a3·x1·x2 + a4·x1
2 + a5 x2

2

The coefficients obtained for each polynomial fit are summarized in Table 3, as well
as its percentual confidence values for <r2> (%), the lack of fit, and the confidence factors
coefficients, obtained from the ANOVA.

Table 3. Statistical parameters and coefficients of the polynomial equations from the Box–Wilson
experimental design used (Y = a0 + a1·x1 + a2·x2 + a3·x1·x2 + a4·x1

2 + a5·x2
2).

<r2>
(%)

L. F. *
(%)

C. F. *
(%)

Ind. T. * L. T. * Int. T. * Q. T. *
a0 a1 a2 a3 a4 a5

E (MPa) 82.47 51.0 97.8 145.7 −7.248 −68.16 2.416 0.1661 7.699
σy (MPa) 73.52 16.1 93.9 3.833 −0.1225 −1.695 0.04705 0.002058 0.1850
εy (%) 69.12 31.4 90.8 5.402 −0.007468 −0.8061 0.04288 −0.003415 −0.06892
σb (MPa) 67.29 62.2 89.3 5.648 −0.2686 −1.893 0.05469 0.006783 0.2217
εb (%) 45.79 32.2 59.1 59.91 −1.228 −5.980 −0.3477 0.03279 1.067

* L. F. (lack of fit), C. F. (confident factor), Ind. T. (independent term), L. T. (linear terms), Int. T (interaction term),
and Q. T. (quadratic terms).

As reported in the literature [39,40], <r2> (%) is the statistical parameter that shows
the quality of the fit of the model to a dataset and its predictive capability for the studied
variables. In addition, <r2> (%) values higher than 70.00% are considered indicative of
good fitted quadratic models. In our case, the <r2> (%) values obtained were 82.47% (E),
73.52% (σy), 69.12% (εy), 67.29% (σb), and 45.79% (εb), respectively. Therefore, in our case,
for E and σy, we can remark on the significance of the independent variables chosen, which
are, in this case, the contents of both OLA (wt%) and MgO (wt%), to model the mechanical
behavior of the PLA-based efibers in the experimental range studied. On the other hand,
the <r2> (%) values for ε at yield and σ at break, 69.12% and 67.29% respectively, are in
the limit and particularly low for ε at yield (45.79%) due to the wide variability of the
experimental elongation values at the break point.
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Table 3 also shows the lack of fit values, which are the percentage of pure error,
related to possible factors not considered by the model but significantly influencing the
response. High values of lack of fit suggest that this parameter is more susceptible to the
noise effects present in the experiment process. Additionally, high values for the confident
factor indicate the full significance of the independent variables chosen in the study. As
described above, in our case, the OLA (wt%) and MgO (wt%) contents properly described
the mechanical behavior of efibers. In particular, lack of fit values for the elastic modulus,
51.0%, and tensile strength at break, 62.2%, are the highest, which indicates that these are
the parameters in which pure error is easier to accumulate. This is in agreement with the
fact that both of them can be considered as the most sensitive parameters to the stress
transmission between the PLA matrix and the MgO NPs, being, respectively, the starting
and the end points of the mechanical test.

Likewise, very high values of the “confidence factor” indicate that almost all the
factors considered to build the model play a prime role in the mechanical behavior of the
system, except the elongation at break. As described above, this parameter showed a wide
variability of the experimental values measured, leading to the lowest confidence factor
value of 59.1%.

Additionally, in order to check the limitations of the model, Figure 2 shows the pre-
dicted versus the measured properties for the different mechanical properties. A good
correlation between the predicted and measured values is observed but with some variabil-
ity. As can be seen, homoscedastic distribution of the predicted values with respect to the
measured one can be observed for all the mechanical properties studied.

Otherwise, Table 4 shows the confidence coefficient (%) and t-value related to the
different terms of the Box–Wilson model obtained for the studied properties. As described
in the literature, t-values higher than 2 are considered statistically significant, and the
higher the t-value for a term, the greater the confidence in that particular term [39,40].
Among all the studied mechanical properties, E and σ at yield are the only ones able to
show significant t-values higher than 2 for the linear terms of each independent variable,
OLA (wt%) and MgO (wt%), as well as for the interaction term. Additionally, the elastic
modulus showed a significant t-value of 2.54 for the quadratic term related to the OLA
(wt%) content, which indicated the complexity of the interaction between the PLA matrix
and the plasticizer. For the mechanical properties measured at the break point—that is, σb
and εb—some considerations can be done. In particular, σb showed significant t-values
higher than 2 for the linear and the quadratic terms related to OLA (wt%), while εb showed
significant t-values higher than 2 only for the independent terms, which is in agreement
with the previously described variability of the experimental elongation values measured
at the break point, suggesting that, for this specific mechanical property, εb, the choice of
both the OLA and MgO contents as independent variables is not the more adequate one.

3.1. Influence of the OLA and MgO Contents in the Elastic Modulus of Efibers

Figure 3a shows the 3D response surface plot and Figure 3b the isolines map of the elastic
modulus, E, as a function of the OLA (wt%) and MgO (wt%) contents. It is shown as a convex
saddle-shaped function not centered in the experimental space scanned and well defined in
the region around the 15–22 wt% amount of OLA and above the 1 wt% amount of MgO.

In order to identify the critical points, Figure 3c,d show the parametric evolutions of
the elastic modulus, E, with the OLA (wt%) and the MgO (wt%) contents, respectively,
while the other one remains constant. In addition, the E values of neat PLA efibers have
been included in these plots in order to compare with those of the different PLA-based
efibers (purple dots in Figure 3c,d). It is important to remark that only the PLA-based
efibers with OLA contents above 15 wt% and MgO contents above 1.4 wt% approach or
overpass the E value of neat PLA efibers (E = 91 ± 8 MPa [17]). In fact, we can define
a critical point at 15 wt% of OLA and below 15 wt% of OLA; all the PLA-based efibers
show E values lower than the E value of neat PLA efibers and increase when the amount of
MgO (wt%) decreases. On the other hand, above 15 wt% OLA, the PLA-based efibers with
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the lowest contents of MgO (lower than 1.4 wt% MgO) showed E values lower than neat
electrospun PLA. However, once the amount of MgO (wt%) reaches and passes the 1 wt%
content of MgO, the PLA-based efibers show the higher E values, overpassing the E value
of neat PLA efibers. In particular, from 2 wt% MgO, the highest E values were observed.
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Table 4. Confidence coefficients (%) and t-values for the different terms of the Box–Wilson model obtained
for the mechanical properties (Polynomial Equation: a0 + a1·x1 + a2·x2 + a3·x1·x2 + a4·x1

2 + a5·x2
2).

Ind. T. * L. T. * Int. T. * Q. T. *

x1 x2 x1·x2 x1
2 x2

2

E (MPa) 3.52
(98.9%)

2.49
(95.9%)

2.34
(95.0%)

2.80
(97.4%)

2.54
(96.2%)

1.18
(71.0%)

σy (MPa) 4.68
(99.6%)

2.12
(93.0%)

2.94
(97.8%)

2.75
(97.2%)

1.59
(84.1%)

1.43
(79.7%)

εy (%) 4.72
(99.6%)

0.09
(19.1%)

1.00
(63.3%)

1.78
(88.4%)

1.89
(90.0%)

0.38
(31.7%)

σb (MPa) 3.23
(98.5%)

2.18
(93.6%)

1.54
(82.8%)

1.50
(81.9%)

2.46
(95.8%)

0.80
(53.6%)

εb (%) 2.19
(93.7%)

0.64
(44.9%)

0.31
(28.3%)

0.61
(43.5%)

0.76
(51.2%)

0.25
(25.4%)

* Ind. T. (independent term), L. T. (linear terms), Int. T (interaction term), and Q. T. (quadratic terms).
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Figure 3. (a) Three-dimensional response surface plot and (b) contour plot of the elastic modulus
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15 MPa in the elastic modulus of efibers. (c) Parametric evolution of the elastic modulus with the OLA
content remaining constant at the MgO NP level. (d) Parametric evolution of the elastic modulus
with the MgO NP contents remaining constant at the OLA amounts.
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Therefore, it is important to point out that the minimum in the evolution of E values
takes place at 15 wt% of OLA, in agreement with the convergence point described in
the evolution of the degree of crystallinity, Xc, values widely discussed in our previous
work [18]. In order to compare the region that identifies the minimum stationary points
placed at the surface responses of the electrospun PLA-based nanocomposites, both in
terms of E as well as of Xc, an insert of the parametric evolutions of Xc with the OLA (wt%)
content while the MgO (wt%) content remains constant has been included in Figure 3c.

As can be seen in Figure 3c, the highest E values, as well as the highest Xc values,
are observed at the similar OLA (wt%) content regions—that is, above 15 wt%—but with
inverse behavior related to the content of MgO (wt%). For instance, at the highest amount
of OLA, 30 wt%, the highest E values were observed for the highest amount of MgO, 3 wt%,
while, for the same amounts of OLA (wt%) and MgO (wt%), the Xc values was the lowest
observed (purple isolines in Figure 3c).

The inversion between the E and the Xc evolutions on each corresponding parametric
MgO (wt%) plots was discussed in a previous work [18] and, in this work, will be correlated
with the mechanical response of the nanocomposites.

In fact, the decrease in the E values of the PLA-based nanocomposites with respect
to the E values of neat PLA efibers and increasing the Xc (%) values always higher than
the Xc (%) values of neat PLA efibers confirm the poor contribution of the PLA matrix to
the stiffness of PLA-based nanocomposites. In terms of mechanical behavior, it means that
PLA evolves as an almost amorphous polymeric material, which otherwise agrees with the
Tg evolution of these PLA-based nanocomposites, as previously discussed [18].

From this perspective, the parametric evolutions of the elastic modulus, E, with the MgO
(wt%) content for different contents of OLA (wt%) displayed in Figure 3d allows to identify
1.5 wt% as the critical amount of MgO; above which, the plasticizing effect of OLA that tends
to decrease the E values is weaker as the amount of both OLA (wt%) and MgO (wt%) increase,
until completely disappearing above the 15 wt% amount of OLA, where PLA-based efibers
give the highest E values, even overcoming the E values of neat PLA efibers.

3.2. Mechanical Behavior at the Yield Point of the Woven Non-Woven PLA-Based Efibers

Figures 4 and 5 show the stress and strain responses for the woven non-woven PLA-
based efibers at the yield point, respectively. As can be seen, the expected behavior for
a tensile test carried out at room temperature is shown. Indeed, from the early stages of
the strain processes under normal stress conditions, the matrix polymer chains tend to
minimize the external force effects by flowing and then orienting parallel to the applied
load direction. Then, for neat PLA efibers, the yield point indicates where the polymer
chains of the PLA matrix are able to drag between them, continuing the strain of the
material while the stress level remains constant. However, for PLA-based efibers, the other
components such as the OLA chains and MgO NPs, would be unable to participate in the
drag mechanism—the OLA chains because of their short lengths and the MgO NPs due
to their stiffness. In both cases, the loss of interactions at nanoscale level between the NPs
and the surrounding polymeric chains in those regions under strain processing at constant
stress is expected, which provokes a decrease in the yield point values with respect to those
of neat PLA efibers.

Accordingly, the stress reached at the yield point, defined as the yield strength, σy, is
identified as the point where the slope on a stress–strain curve becomes zero. Figure 4a,b
show the 3D response surface plot and the isolines map of the σy, respectively, in the
experimental space scanned as a function of both the OLA (wt%) and the MgO (wt%)
contents, respectively.

As previously discussed for the evolution of the elastic modulus, E, the σy response
surface evolves as the convex side of a saddle-shaped function, with the minimum station-
ary points placed almost symmetrical in both sides of the experimental space scanned, as
observed in the isolines plots in Figure 4b. The minimum distances between isolines appear
at the lowest and the highest limits of the experimental space scanned for the OLA (wt%)
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and the MgO (wt%) contents, respectively, which allow to identify the higher sensitivity σy
response regions at the minimum variations in the amounts of OLA (wt%) and MgO (wt%).

Furthermore, the parametric plots shown in Figure 4c,d include the σy value of neat
woven non-woven PLA efibers, 2.6 MPa. Only the PLA-based nanocomposites with a content
of OLA of 30 wt% and a content of MgO higher than 2.6 wt%, respectively, exceed this value.
To note again the excellent agreement with the elastic modulus evolution, it is important to
remark that the convergence point for the σy curves is placed above 20–25 wt% OLA and
slightly above E evolution 15 wt%. In particular, below this point, OLA 20–25 wt%, the σy
values slightly decrease for the lowest MgO (wt%) content by increasing the OLA (wt%)
content, remaining always below the σy value for PLA efibers. From the convergence point at
OLA 20–25 wt%, increasing the MgO content up to 2.2 wt% allows to overpass the σy value of
neat PLAs, just as it was found for the E evolution in Figure 3c. Above the convergence point
in σy evolution, better interactions between NPs and the PLA matrix due to the presence of
OLA was evidenced by the fact that the σy increased as the MgO content increased from 2.2 to
3.0 wt%. On the other hand, below the 2.2 wt% MgO content, the σy evolution isolines almost
overlapping until the lowest MgO content, 0.6 wt%.
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Moreover, the response surface and isoline maps of the strain evolution at the yield
point, εy (%), as a function of the OLA (wt%) and MgO (wt%) contents is shown in
Figure 5a,b.

In this case, the response surface evolves as a saddle-shaped function inverting its
curvature with respect to those previously discussed for both the E and the σy evolution. As
can be seen in the isolines map in Figure 5d, the isoline distances decrease in the limits of the
experimental space scanned for the OLA (wt%) and the MgO (wt%) contents, which is in total
agreement with the previously described results for the E and the σy response surfaces.

In order to compare the evolution of the elongation at yield for the different PLA-based
efibers, the parametric plots in Figure 5c,d show the εy values for the neat PLA efibers. In
Figure 5c, the strain at yield values always decrease in the PLA-based efibers with respect
to the PLA matrix, and tend to converge in a wide range of OLA contents between 20 and
25 wt%, which agrees with the previous results describing the σy evolution in Figure 4c.
Otherwise, Figure 5d shows an almost lineal decrease of εy as the MgO (wt%) content
increases, with smoothing and decreasing slopes up to zero for the OLA 22 wt% content.
From this amount of OLA, 22 wt% (green isoline in Figure 5d), the εy isolines raised a
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constant value of εy in the experimental space scanned for MgO (wt%). However, once
overpassing the OLA 22 wt% content, the εy values show slightly positive slopes for OLA
contents of 26 and 30 wt%, respectively (dark blue and purple isolines in Figure 5d).

From the mechanical point of view at the yield point, in our PLA-based efibers, the
presence of OLA in a range of concentration from 20 up to 30 wt% leads the system to
approach a slight improvement in the yielding capability in terms of σy in comparison with
neat woven non-woven PLA efibers. In the range of concentration of OLA between 20 and
30 wt%, the highest σy values were observed, which can be attributed to an improvement
in the interaction level between the surrounding PLA polymeric chains and the NPs.

3.3. Influence of OLA and MgO Contents in the Mechanical Behavior at the Break Point of Efibers

The final breakage of PLA-based efibers is observed at the end of the tensile tests.
This breakage, will occur at the mechanically weakest points of the highly strained system,
which could be the points where randomly oriented efibers contacted between them during
the electrospinning process (yellow circles in Figure 6a,b). However, other weak points
would be those points close to the shortest polymer chains involved in the drag mechanism
or the points on the surfaces of NPs embedded in PLA chains undergoing the strain process.

Polymers 2023, 15, x FOR PEER REVIEW 14 of 21 
 

 

 
Figure 6. (a) FESEM images of PLA-based efibers from run X. (b) SEM images of tensile specimens 
of PLA-based efibers from run X before the tensile test, and (c) fracture surfaces of the same tensile 
specimens of PLA-based efibers from run X after the tensile test. Yellow circles are attributed to 
points where randomly oriented efibers contacted between them during the electrospinning pro-
cess.  

In order to verify the previous proposed tensile mechanism, the break point evolu-
tion of the woven non-woven efibers was studied in terms of σb (MPa) and εb (%). First of 
all, Figure 7a,b show both the 3D response surface plot and the isolines map of the σb 

evolution as a function of the OLA (wt%) and MgO (wt%) contents. 
From the σb evolution point of view, in Figure 7b is observed a convex response sur-

face well characterized by the presence of a minimum stationary point outside the exper-
imental plane scanned moving towards the highest amount of MgO (wt%) and the lowest 
amount of OLA (wt%). As can be seen in Figure 7c,d, the σb values of PLA-based efibers 
are always lower than those of neat PLA efibers; only the electrospun nanocomposites 
with the highest content of OLA 30 wt% overcome the σb value of neat PLA when the 
content of MgO overpasses 1.5 wt%. As previously observed for the mechanical properties 
at the yield point, a convergence point located at OLA 20 wt% was observed, from which, 
by increasing the MgO (wt%) content yields, increases the σb values for the PLA-based 
efibers, which is in agreement with the previously described evolution for the elastic mod-
ulus, as well as the tensile strength at yield. 

Figure 6. (a) FESEM images of PLA-based efibers from run X. (b) SEM images of tensile specimens
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specimens of PLA-based efibers from run X after the tensile test. Yellow circles are attributed to points
where randomly oriented efibers contacted between them during the electrospinning process.

In order to verify the previous proposed tensile mechanism, the break point evolution
of the woven non-woven efibers was studied in terms of σb (MPa) and εb (%). First of all,
Figure 7a,b show both the 3D response surface plot and the isolines map of the σb evolution
as a function of the OLA (wt%) and MgO (wt%) contents.

From the σb evolution point of view, in Figure 7b is observed a convex response surface
well characterized by the presence of a minimum stationary point outside the experimental
plane scanned moving towards the highest amount of MgO (wt%) and the lowest amount
of OLA (wt%). As can be seen in Figure 7c,d, the σb values of PLA-based efibers are always
lower than those of neat PLA efibers; only the electrospun nanocomposites with the highest
content of OLA 30 wt% overcome the σb value of neat PLA when the content of MgO
overpasses 1.5 wt%. As previously observed for the mechanical properties at the yield
point, a convergence point located at OLA 20 wt% was observed, from which, by increasing
the MgO (wt%) content yields, increases the σb values for the PLA-based efibers, which is
in agreement with the previously described evolution for the elastic modulus, as well as
the tensile strength at yield.

The described results obtained for the σb are correlated with the evolution of εb for
the woven non-woven PLA-based efibers. Therefore, Figure 8 shows both the 3D response
surface plot and the isolines map evolution of the εb as a function of the OLA (wt%) and
the MgO (wt%) contents. In Figure 8a,b are observed a convex response surface with a
very low decreasing slope moving towards the limits of the experimental space scanned
for both the OLA (wt%) and the MgO (wt%) contents. Moreover, in Figure 8b, the isolines
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distance remains almost constant all along the contour map, suggesting an almost εb linear
evolution in good agreement with the breakage of a highly strained material once it ended
its yield capabilities.
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In contrast with the previously discussed results for other mechanical properties, as it can
be seen from the parametric plots shown in Figure 8c,d, the εb values are about 3 to 14 times
lower than the εb values for neat PLA efibers in the experimental space scanned. Moreover, it
is important to remark on the disappearance of the convergence point previously observed
at OLA 20 wt%. In addition, in Figure 8c,d, both the parametric evolution of the εb versus
OLA (wt%) and MgO (wt%) contents, respectively, showed almost linear and negative slopes
of εb evolution as the contents of OLA (wt%) or MgO (wt%) increased, which is in excellent
agreement with the previously proposed tensile mechanism.

In order to support the previously discussed tensile mechanism of the woven non-
woven PLA-based efibers, SEM and FESEM images of PLA-based efibers are shown in
Figure 6. These images correspond to a specimen of PLA-based efibers of the central point
of the Box–Wilson worksheet—in particular, run X (18 wt% OLA and 1.80 wt% MgO). As
previously discussed, these amounts of OLA (wt%) and MgO (wt%) are in the region of
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the critical point where the NPs are able to participate in the overall stress transmission
mechanism in an efficient manner.
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First of all, some considerations have to be taken into account. Electrospun woven non-
woven mats are a kind of material constituted by fibers with homogeneous morphology
and free spaces between them [35]. In addition, the framework of efibers usually shows
some contact points between fibers (yellow circles), as observed in Figure 6a,b.

Due to the structure of electrospun woven non-woven mats, it is impossible to observe
the whole tensile fracture surface of continuous materials. Thus, when electrospun woven
non-woven mats are exposed to an external stress until the break point is reached, each
efiber in the woven non-woven mat will break individually. As previously proposed,
once past the yield point, polymer chains will start to align parallel to the applied force
direction, and therefore, the embedded NPs will be dragged by them. Thus, the MgO NPs
dispersed in the PLA matrix may be considered as stress concentrators where the breakage
of the materials will start. It can be assumed that, accordingly with those previously
exposed, the fractures will initiate around the stress concentration sites and lead to the final
breakage of the fibers, as is schematically represented in Figure 9. Moreover, this behavior
is similarly described in the literature [41]. For instance, Curgul et al. reported how the
overall deformation of a fiber is determined by mobility of the polymer chains at the surface
of the fiber and the number of oriented fragments present once past the yield point [42].
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In addition, Arienstein et al. concluded that the orientation of the amorphous chains in
the supramolecular region of the fibers influences the mechanical deformation process of
the fibers [43]. On the other hand, Kim et al. proposed a similar model representation for
the mechanical deformation process of electrospun polymer nanocomposite fibers in good
agreement with our proposed mechanism shown in Figure 9a. In particular, they described
how the presence of nanofillers within the fibers caused the stress concentration and acted
as effective stress concentrators under the tensile load, because they have quite different
elastic properties from those of the polymer matrix [44].

Polymers 2023, 15, x FOR PEER REVIEW 18 of 21 
 

 

 
Figure 9. (a) Schematic representation of the mechanical behavior of the PLA-based efibers during 
the different stages of the tensile test. Red circles are attributed to the elastic region, yield point and 
break point (b) Proposed strain mechanism of PLA/OLA/MgO efibers. 

Figure 9. (a) Schematic representation of the mechanical behavior of the PLA-based efibers during
the different stages of the tensile test. Red circles are attributed to the elastic region, yield point and
break point (b) Proposed strain mechanism of PLA/OLA/MgO efibers.

159



Polymers 2023, 15, 3973

In order to support the described strain mechanism, SEM images both before and after
the tensile test are reported in Figure 8. Firstly, Figure 8a shows the MgO NPs embedded
through the efibers, confirming the good dispersion of NPs by the electrospinning process
carried out. Moreover, randomly oriented and smooth efibers can be observed in Figure 8b
before the tensile test. After carrying out the tensile test, the fracture surface of the specimen
was observed by SEM and is shown in Figure 8c. Firstly, the efibers showed an orientation
parallel to the applied stress. In addition, as can be seen and it is indicated by the arrows,
the broken efibers showed MgO NPs in the broken surface, corroborating the tensile
mechanism. Once the PLA-based efibers are highly strained, the surfaces of MgO NPs in
contact with PLA chains are the mechanically weakest points, yielding to the breakage of
the efibers at these points.

4. Conclusions

The mechanical behaviors of woven non-woven PLA/OLA/MgO efibers were de-
termined by studying their mechanical properties measured in the main regions at the
stress–strain curves: the elastic zone (elastic modulus) and the yield and break points
(strength and elongation in both). A Box–Wilson model was used in order to identify the
level of interactions and look for the optimal compositional ratios. In our case, the <r2> (%)
values obtained were 82.47% (E), 73.52% (σy), 69.12% (εy), 67.29% (σb), and 45.79% (εb),
respectively. In addition, the predicted versus the measured values for E, σy, εy, σb, and εb
showed very good correlations, evolving as homoscedastic distributions.

The parametric evolutions of the elastic modulus, E, with the MgO (wt%) contents for
different contents of OLA (wt%) allowed to identify 1.5 wt% as the critical amount of MgO;
above that, the plasticizing effect of OLA is weaker as the amount of both OLA (wt%) and
MgO (wt%) increase. Moreover, the minimum E values take place at 15 wt% of OLA, in
agreement with the previously reported convergence point in the evolution of the degree
of crystallinity, Xc.

On the other hand, from the mechanical point of view, at the yield point, the presence
of OLA in a range of concentrations from 20 to 30 wt% leads the system to approach a slight
improvement in the yielding capability in terms of σy in comparison with neat woven
non-woven PLA efibers. In the range of concentrations of OLA between 20 and 30 wt%,
the highest σy values were observed, which could be attributed to an improvement in the
interaction level between the surrounding PLA polymeric chains and the NPs.

Moreover, the strain mechanism of PLA/OLA/MgO efibers was described. Firstly, the
efibers showed an orientation parallel to the applied stress. Then, once the material reached
the yield point, polymer chains started to align parallel to the applied force direction, and
therefore, the embedded NPs were dragged by them. Finally, when the PLA-based efibers
were highly strained, the surfaces of the MgO NPs in contact with PLA chains were the
mechanically weakest points, yielding to the breakage of the efibers at these points.
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Abstract: This paper provides evidence and discusses the variability in the thermomechanical
behaviour of virgin and recycled polypropylene/high-density polyethylene blends without the
addition of other components, which is sparse in the literature. Understanding the performance
variability in recycled polymer blends is of critical importance in order to facilitate the re-entering of
recycled materials to the consumer market and, thus, contribute towards a circular economy. This is
an area that requires further research due to the inhomogeneity of recycled materials. Therefore, the
thermal and mechanical properties of virgin and recycled polypropylene/high-density polyethylene
blends were investigated systematically. Differential scanning calorimetry concludes that both the
recycled and virgin blends are immiscible. Generally, recycled blends have lower overall crystallinity
and melting temperatures compared with virgin blends while, remarkably, their crystallisation
temperatures are compared favourably. Dynamical mechanical analysis showed little variation in the
storage modulus of recycled and virgin blends. However, the alpha and beta relaxation temperatures
are lower in recycled blends due to structural deterioration. Deterioration in the thermal and
mechanical properties of recycled blends is thought to be caused by the presence of contaminants and
structural degradation during reprocessing, resulting in shorter polymeric chains and the formation
of imperfect crystallites. The tensile properties of recycled blends are also affected by the recycling
process. The Young’s modulus and yield strength of the recycled blends are inferior to those of virgin
blends due to the deterioration during the recycling process. However, the elongation at break of the
recycled blends is higher compared with the virgin blends, possibly due to the plasticity effect of the
low-molecular-weight chain fragments.

Keywords: polypropylene; polyethylene; blends; recycled; thermomechanical properties

1. Introduction

Plastic waste is a major environmental issue, with only 9% of the world’s plastics
being recycled [1]. Polyolefins, encompassing polypropylene (PP) and polyethylene (PE),
are the main components in municipal waste due to their abundant use in commodity
applications as they possess good mechanical properties and processability, in addition to
having high availability and low manufacturing costs [2–5]. The complete separation of
PP and PE during mechanical waste recovery is uneconomical due to their close densities
and structural similarity; therefore, PP and PE usually remain mixed [6–8]. During the me-
chanical recycling process, PP and PE undergo irreversible thermomechanical degradation
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processes such as chain scission, which lowers the mechanical properties of the recycled PP
(rPP) and recycled PE (rPE) compared with the virgin polymers [9].

Blends of PP and PE are of great commercial interest as they have the potential to re-
duce the deficient characteristics of PP and PE, such as low impact resistance at low temper-
atures and poor environmental stress cracking resistance, respectively [6,10,11]. However,
blends of PP: High-Density PE (HDPE) and PP: Low-Density PE (LDPE) are thermody-
namically immiscible, resulting in poor material performance due to their phase-separated
morphology and low interfacial adhesion between the phases [12,13]. The mechanical per-
formance of immiscible blends are dependent upon the blend components’ crystallisation
behaviour and final blend morphology [14–16]. Several factors are important for mor-
phology development during polymer processing such as composition, viscosity ratio of
the components, interfacial properties, crystallinity and processing conditions [6,14,17–22].
Several studies have reported the mechanical properties, crystallisation behaviour and
morphology of PP:PE blends [6,7,11,22–28].

Although it is important to determine and understand the mechanical and thermal
behaviour of the virgin PP (vPP): virgin polyethylene (vPE) blends in order to optimise the
properties of recycled blends, comparative studies are also important. A comparison of the
thermomechanical properties of vPP:vHDPE and rPP:rHDPE blends over a wide range of
compositions is lacking as the literature mainly focuses on ternary systems (e.g., PP:HDPE
and compatibilisers/co-polymers/other polymers/fillers [5,29–32]). It is important to
understand the variability in performance of rPP:rHDPE blends before the addition of
further components.

Studies into the crystallinities of rPP, rHDPE and rPP:rHDPE blends have found that
crystallinity is affected by degradation mechanisms during the recycling process [33–35].
Interestingly, rPP crystallinity has been found to be higher than that of vPP by several
authors [33,35,36]. da Costa et al. [35] suggested that the higher value of crystallinity of
rPP compared with vPP was caused by a decrease in the molecular weight, which resulted
in an increase in chain mobility. Increased chain mobility improved the ability of chains
to fold into thicker lamella and, hence, an increased crystallisation rate and crystallinity.
Therefore, it is important to understand the variation in crystallinity in rPP:rHDPE blends
in order to optimise the mechanical performance of the recyclates.

Research has been undertaken in the literature to understand the effect of recycling
cycles on the mechanical properties of PP, PE and their blends. For example, Aurrekoetxea
et al. [33] subjected PP to 10 successive injection moulding cycles at 200 ◦C and found that
the degree of crystallinity increased with each cycle. This caused an increase in Young’s
modulus and yield stress. On the other hand, Oliveira et al. [37], who subjected PP to
seven successive cycles at 175–190 ◦C, observed a decrease in Young’s modulus and yield
stress after the third cycle that was attributed to a reduction in tie molecules between the
crystalline and amorphous phases. Conflicting observations by Aurrekoetxea et al. [33]
and Oliveira et al. [37] for the Young’s modulus and yield stress of rPP could be due to
differences in the processing methodology. Aurrekoetxea et al. [33] used injection moulding,
whereas Oliveira et al. [37] opted for a single screw extruder followed by compression
moulding. This highlights the importance of the reprocessing methodology but also
demonstrates the difficulty of comparing the performance of recycled materials in the
literature. Furthermore, chemical analysis studies of recycled PE and PP have revealed
their variability, degradation and the presence of impurities and contaminants [38–40].

PE can be subjected to a higher number of extrusion cycles before any deterioration
in the mechanical properties is observed. Jin et al. [41] found no significant change in
crystallinity and, hence, in the mechanical properties of LDPE up to the 40th extrusion
cycle. However, a decrease in crystallinity was observed between the 40 and 50th cycles,
either caused by short side branches in the backbone chain or side groups, or by crosslinking.
Oblak et al. [42] subjected HDPE to 100 consecutive extrusion cycles at 220–270 ◦C. They
found that chain branching and chain scission, which occurred up to the 60th cycle, resulted
in a decrease in crystallinity and Young’s modulus. However, crystallinity and Young’s
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modulus remained stable after the 60th extrusion cycle due to crosslinking. After the
100th cycle, the Young’s modulus of the rHDPE had only reduced by 20% compared with
that of the vHDPE.

Studies have been carried out to understand the mechanical properties of PP:PE blends
subjected to recycling cycles [9,26,43–47]. Saikrishnan et al. [43] reported that recycling
affected the melt flow behaviour of PP:LDPE blends but found that the tensile properties
were not substantially affected (subjected to up to five recycling cycles). Interestingly, PP
underwent chain scission on each recycling cycle but the overall properties of the blend
were maintained. However, they only investigated the PP:LDPE up to 10 wt% of LDPE. The
literature is typically limited in the blend composition range investigated. However, due to
the variability in the waste streams, it is important to understand the mechanical properties
for all blend compositions without the addition of a third component initially. This would
enable the recycling industry to be reactive to changes in waste stream composition in
different locations and batches and enable more recyclate to re-enter the market. Therefore,
this paper aims to understand the variability in thermomechanical properties for virgin
and recycled PP:HDPE blends.

This study reports the thermal and mechanical properties of vPP:vHDPE and rPP:rHDPE
blends through differential scanning calorimetry (DSC), dynamical mechanical analysis
(DMA) and tensile testing. This comparative study enables the mapping of not only the
challenges but also the potentially unique opportunities of the recycled systems. The
recycling industry is looking to improve the plastic circular economy by obtaining recycled
commingled waste blends with desirable end-use properties acceptable for commercial
applications but at low cost.

2. Experimental Section
2.1. Materials

PP (Moplen EP440G), supplied by LyondellBasell (London, UK), had a melt flow index
(MFI) of 1.3 g 10 min−1 and density of 900 kg m−3. HDPE (HDPE, K46-06-185), supplied
by Ineos (Grangemouth, UK), had an MFI of 4.2 g 10 min−1 and a density of 946 kg m−3.
Post-consumer rPP and rPE were supplied by Impact Solutions Recycled (Livingston, UK).
The rPE was mainly composed of HDPE, but small quantities of LDPE were present. rPP
and rHDPE had MFIs of 15 and 1.5 g 10 min−1, respectively. As shown by the MFI values,
the grades of virgin and recycled PP and HDPE used are quite different; therefore, the
properties are not directly comparable. The comparisons made through the study are more
general between virgin and recycled grades.

Virgin and recycled blends of different compositions of PP and HDPE (P10, P20,
P25, P40, P50, P60, P75, P80 and P90) were prepared, where P denotes PP and the number
corresponds to the percentage composition by weight of PP in the blend PP:HDPE. The pure
100 weight percentage (wt%) PP and HDPE will be denoted as PP and HDPE, respectively.
To denote virgin or recycled, the symbols of v and r will be used, respectively, before the
blend composition, e.g., virgin P10 would be represented as vP10.

2.2. Preparation
Extrusion and Injection Moulding

vPP and vHDPE were in the form of pellets, whereas rPP and rPE were in the form
of flakes. Blends were prepared using a lab scale Haake MiniCTW twin screw extruder
(Karlsruhe, Germany) for 5 min with feeder and mixing speeds of 50 rpm and 100 rpm,
respectively. The conical screws were 4–15 mm in diameter, 109.4 mm in length and co-
rotate. The barrel temperature was 180–185 ◦C. Molten blends were transferred to the
Haake MiniJet injection moulder (Karlsruhe, Germany), where the cylinder temperature
was 210 ◦C, mould temperature was 35 ◦C, injection pressure was 50 MPa and hold-on
pressure time was 10 s. The ISO 527-2-1BA [48] and 557–2296 moulds were used for the
dog-bone-shaped and DMA rectangular samples, respectively.

165



Polymers 2023, 15, 4200

2.3. Characterisation
2.3.1. DSC

The melting and crystallisation behaviour of the vPP:vHDPE and rPP:rHDPE blends
were evaluated using a Perkin Elmer DSC 8000 (Waltham, MA, USA). The instrument was
calibrated using an indium sample. Approximately 5–6 mg of the sample was scanned
under a nitrogen atmosphere. Samples were exposed to the following thermal cycle:
heated from 25 to 200 ◦C at 10 ◦C min−1, isothermal at 200 ◦C for 5 min, cooled from 200
to 25 ◦C at 10 ◦C min−1, isothermal at 25 ◦C for 2 min and heated from 25 to 200 ◦C at
10 ◦C min−1. The melting temperature Tm and enthalpy of fusion ∆Hf were obtained from
the first heating ramp. The crystallisation temperature Tc was taken from the cooling ramp.

The degree of crystallinity was calculated by Equation (1),

% Crystallinity =
∆Hobs

f

∆H0
f
× 100 (1)

where ∆Hobs
f is the observed enthalpy of fusions for the individual PP and HDPE peaks,

and ∆H0
f is the 100% crystalline HDPE or PP, which are 287 and 207 J g−1, respectively [6].

∆H PP
f and ∆H HDPE

f were taken from the first heating ramp to calculate the crystallinity.
The thermal history of the sample was erased after the first heating ramp [49]. However,
very little difference was found when comparing the crystallinity obtained from the first
and second heating ramps for the virgin and recycled blends (Tables S1 and S2).

2.3.2. DMA

DMA was used to determine the viscoelastic properties of the virgin and recycled
blends. A Triton DMA (Leicestershire, UK) in dual cantilever mode at a frequency of 1 Hz
was used. A temperature sweep from −50 to 150 ◦C at a heating rate of 5 ◦C min−1 was im-
plemented. Sample dimensions were approximately 45 mm (l) × 10 mm (w) × 2.7 mm (d).
A minimum of three samples were tested, and the average and standard deviation were
calculated for each blend ratio.

The dynamic response was given as the elastic (storage modulus, E′), viscous (loss
modulus, E′′) and damping (tan delta, tanδ) components. The glass transition (Tg) and
transition relaxation processes can be seen as changes in the E′′ or tanδ traces [50]. The tanδ
trace was used to quote the Tg and other relaxation peaks present [51].

2.3.3. Tensile Testing

Tensile properties were determined using an Instron Tensile Machine (Buckinghamshire,
UK) with a crosshead speed of 5 mm min−1 and a 10 kN load cell. Tensile properties were
carried out at ambient temperature in accordance with the ISO 527-2 standard. Young’s
modulus was determined using a Zwick Roell Tensile Machine with a video-extensometer.
A crosshead speed of 1 mm min−1, gauge length of 25 mm and a 10 kN load cell were
used. A minimum of five samples were tested, and the average and standard deviation
were calculated.

The “rule of mixtures” was used to predict the Young’s modulus of the virgin and
recycled PP:HDPE blend samples compared to the experimental data. The rule of mixtures
was calculated by Equation (2),

EBlend = WPPEPP + WHDPEEHDPE (2)

where EBlend is the Young’s modulus of the polymer blend; WPP and EPP are the weight
fraction and Young’s modulus of PP, respectively; and WHDPE and EHDPE are the weight
fraction and Young’s modulus of component HDPE, respectively [52]. The experimental
Young’s modulus of the virgin and recycled homogenous PP and HDPE systems was used
for the virgin and recycled EPP and EHDPE, respectively.
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3. Results and Discussion
3.1. Thermal Properties of Virgin and Recycled PP:HDPE Blends

The melting behaviour of both rPP:rHDPE and vPP:vHDPE blends presented two
separate peaks assigned to PP and HDPE, suggesting that the blends were immiscible
(Table 1 and Figure 1). The two melting peaks present in the rPP and rPE indicated that
contaminants were present due to the challenge of complete separation of PP and PE during
the recycling process [26,29,53]. Little variation in the Tm of virgin and recycled PP, HDPE
and their blends suggested that the blending of PP and HDPE did not significantly alter
the Tm of PP and HDPE (Table 1, Figure S1) [6,29]. In some cases, the rPP:rHDPE blends
had lower Tm than the respective vPP:vHDPE blends, indicating structural deteriorations
of the polymeric components during the mechanical recycling process [54], which could
imply that less-perfect crystallites formed [55].

Table 1. Melting and crystallisation behaviour of vPP:vHDPE and rPP:rHDPE blends obtained from
the first heating and cooling cycles using DSC. Bold values are for vPP:vHDPE blends and un-bolded
values are for the rPP:rHDPE blends. Related graphs are presented in the Supporting Information
(Figures S1–S5).

PP wt%
Content in
PP:HDPE

Peak Melting
Temperature (◦C) Enthalpy of Fusion (J g−1)

Peak
Crystallisation

Temperature (◦C)

Enthalpy of
Crystallisation

(J g−1)

Percentage
Crystallinity (%)

PP HDPE PP HDPE PP HDPE (PP + HDPE) PP HDPE

0
- 134.6 0.0 161.2 - 118.4 161.4 0.0 56.2

159.0 132.9 11.8 115.4 125.0 116.6 147.4 7.3 36.2

10
173.9 132.6 3.8 161.0 - 115.6 161.6 1.8 56.1

166.4 131.7 27.3 87.8 122.5 118.0 131.4 12.5 30.8

20
166.1 130.5 11.4 105.8 - 115.9 159.7 5.5 36.9

166.1 131.5 18.9 87.0 123.1 118.4 137.3 14.0 30.4

25
165.8 130.9 12.9 114.2 - 116.4 148.3 6.2 36.8

165.2 131.5 27.2 72.4 123.4 117.7 116.5 13.9 23.6

40
167.6 130.5 31.1 78.5 124.5 117.1 131.4 15.0 27.4

163.2 131.3 27.6 79.5 122.0 118.4 129.3 12.0 27.2

50
172.8 134.6 41.5 79.7 126.5 117.5 110.4 20.1 27.8

162.2 130.7 30.3 68.6 122.4 117.9 125.8 13.6 21.9

60
165.9 127.9 38.2 55.2 124.1 117.7 117.4 18.4 19.2

162.7 130.8 21.2 60.6 123.1 118.0 116.3 15.7 20.2

75
168.5 128.9 50.0 36.6 123.6 116.9 108.6 24.2 12.7

164.6 130.5 37.5 50.0 122.0 118.5 110.5 16.9 16.4

80
168.0 128.7 55.2 24.0 124.4 116.9 94.5 26.7 8.4

163.2 130.2 31.4 53.7 122.2 118.1 105.3 15.6 17.7

90
168.2 128.7 66.9 5.4 121.8 116.1 88.6 32.3 1.9

161.8 130.3 32.7 41.0 121.8 117.8 107.1 17.0 13.9

100
167.4 - 64.4 0.0 122.3 - 83.0 31.1 0.0

164.9 129.5 42.8 31.1 122.7 118.2 100.2 19.6 10.6
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Figure 1. The melting behaviour of PP:HDPE blends obtained from DSC: (a) vPP:vHDPE blends 
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Figure 1. The melting behaviour of PP:HDPE blends obtained from DSC: (a) vPP:vHDPE blends and
(b) rPP:rHDPE blends.
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As shown in Table 1 and Figure S2, increasing the PP wt% in the virgin or recycled
PP:HDPE blends results a decrease in the enthalpy of crystallisation of HDPE while PP
generally presents an increasing trend. This is in agreement with Jose et al. [6], who
suggested that the decrease in enthalpy of crystallisation could be attributed to the differing
rates of crystallisation for PP and HDPE and the resulting size of crystallites. PP crystallises
at a slower rate compared with HDPE, which enables the formation of large spherulites.
The large spherulites in PP liberate less energy during crystallisation compared with the
smaller crystallites in HDPE [6]. The crystallisation behaviour of semi-crystalline polymers
is more complex compared with their melting behaviour due to the numerous factors that
can affect the phase structure, such as polymer composition and distribution, intra- and
inter-molecular interactions, and processing conditions [56]. The presence of a second
semi-crystalline material also complicates the crystallisation behaviour [8,57]. Typically, PP
and HDPE crystallise separately and at different rates. HDPE has a quicker nucleation and
growth rate compared with PP due to the HDPE’s flexible chain and limited intermolecular
interactions [6,26,56]. In PP, crystallisation is hindered by the bulky methyl groups on the
polymer chain backbone [56]. There was little variation observed in the crystallisation
temperature (Tc) for the recycled and virgin blends (Figure 2, Table 1 and Figure S3). Two
crystallisation peaks were observed for rPP:rHDPE blends at the approximate individual
PP and HDPE crystallisation temperatures. Phase separation is caused by the PP and HDPE
crystals growing at different rates. Crystallisation peaks were observed in the rPP and rPE
due to the presence of PE and PP contaminants, respectively. One crystallisation peak was
observed for vPP:vHDPE blends up to vP25, suggesting co-crystallisation and/or partial
miscibility. However, upon increasing the PP wt% further, two peaks were observed at the
approximate individual PP and HDPE crystallisation temperatures, suggesting an onset
of independent crystallisation and incompatibility. There is literature reporting a single
crystallisation peak for vPP:vHDPE blends over a wide composition range. Lin et al. [27]
and Sutar et al. [30] suggested that the addition of HDPE affected the PP crystallisation rate,
resulting in one crystallisation peak. Jose et al. [6], who studied a range of PP:HDPE blends,
reported only one crystallisation temperature, which possessed an intermediary Tc value
between the Tc values of PP and HDPE. Aumunate et al. [26] found a single crystallisation
peak for vPP:vHDPE blends caused by the merging of the vPP and vHDPE peaks due to
their close Tc. However, they suggested that bimodal behaviour was present at higher
vHDPE contents due to the presence of a slight shoulder peak.

As the PP wt% increased for both the rPP:rHDPE and vPP:vHDPE blends, the PP
crystallinity in the blend increased and the HDPE crystallinity decreased (Table 1 and
Figure 3). rPP crystallinity was higher than vPP crystallinity in HDPE up to the P25 blend.
rHDPE crystallinity was higher than vHDPE crystallinity from P60 to PP. The crystallinity
is affected by the presence of PP and HDPE contaminants in the recycled materials. The
quantity of other plastic contaminants will be dependent on the waste stream composition
and the quality of sorting at the material recycling facility [58,59]. Thermomechanical
degradation, which occurs during recycling, results in an increase in polydispersity caused
by the presence of shorter polymeric chains [60]. Shorter polymeric chains form crystals
more easily compared with long chains due to their low degree of entanglement, which
may lead to an increase in crystallinity [61]. On the other hand, the crystallinities of rPP and
rHDPE were found to be lower than the vPP and vHDPE crystallinities for blends between
P40 and PP, and HDPE and P50, respectively. The presence of other plastics, varying chains
lengths and branching, and impurities such as oxidative moieties and additives can lead
to the formation of imperfect crystallites and a heterogeneous crystalline morphology,
hence reducing crystallinity [58,62]. Therefore, determining the exact cause of (enhanced
or reduced) crystallinity in recycled blends is a challenge. It has to be noted that the Tg
values of PP and HDPE were not observed in the thermograms as they are located below
the starting temperature of the DSC thermograms.
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3.2. Mechanical Properties of Virgin and Recycled PP:HDPE Blends
3.2.1. DMA Measurements of Virgin and Recycled PP:HDPE Blends

DMA was used to determine the viscoelastic response of the blends as a function of
temperature. E′ indicates the relative dynamic stiffness of the material and E′′ indicates
the ability to dissipate energy (Figure 4). No large variation was observed in E′ at dif-
ferent blend compositions for both the virgin and recycled blends. However, there was
a decreasing trend for the loss modulus for the virgin blends. As the PP wt% increased,
the vPP:vHDPE blend’s E′′ decreased, whereas the rPP:rHDPE blends did not show such
an obvious decrease in E′′ with variation in composition. Interestingly, Fang et al. [47],
who investigated the storage and loss moduli of rPP:rPE blends without the addition of a
compatibiliser or filler, found an increase in moduli with rPP content. For example, the rP60
blend presented an E′ at 40 ◦C, which was twice that of the rP45 blend. They concluded that
an increase in stiffness occurs with an increase in PP wt%. The difference in the temperature
at which the moduli were taken, different manufacturing processes and MFI of the rPE and
rPP could account for the differences observed. Structural deteriorations caused by the
recycling process can introduce flexibility and mobility due to the shorter chains. However,
impurities can act as fillers in the recycled materials, imposing a mechanical restraint that
increases the stiffness [63].
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For both virgin and recycled PP, HDPE and their blends, as temperature increased,
E′ decreased and E′′ increased, shown in the tanδ vs. temperature graphs presented in
Figure 5. This is due to material softening and the beginning of relaxation processes with
increasing temperature [64]. HDPE and PP exhibit three relaxation processes: alpha (α),
beta (β) and gamma (γ) [51,65]. Both the virgin and recycled PP:HDPE blends exhibited
α and β relaxation processes in the tanδ vs. T graphs, as shown in Figure 5. γ relaxation
was not observed as it typically occurs below −100 ◦C, which is outside the experimental
temperature range. γ relaxation is associated with the motions of the side chain groups
attached to the main chain in the amorphous region [65]. α relaxation is associated with
the crystalline region, where the CH2 groups within the crystallites have vibrational and
re-orientation motion. The chains are flexible and freely rotating [65–67]. The rHDPE
and rPP alpha relaxation temperatures (Tα) were lower compared with the vHDPE and
vPP, respectively, possibly caused by imperfect crystallite formation due to recycling
(Figures 5 and 6, see also Table S1) [55]. The higher Tα of HDPE compared with PP could
be due to HDPE’s higher crystallinity and amount of crystalline domains compared with
PP [68]. The Tα of the virgin blends decrease as the PP wt% increases, with a similar trend
observed in the recycled blends. The Tα are intermediary between the Tα of PP and HDPE.
As suggested by Karaagac et al. [32], the observed relaxation temperatures of the blends
are likely following the rule mixtures, and caution must be taken before suggesting partial
miscibility at the interface due to the observation of a single peak. As the Tα of PP and
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HDPE are close in value, it is possible that there is an overlap in the peaks causing the
blend to have a broad Tα peak.
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HDPE exhibits an additional relaxation process, α′, which is associated with the crys-
talline region and partially overlaps into the α region [51]. α′ is observed in vHDPE at
approximately 40–50 ◦C (Figure 5a). As the vHDPE content in the virgin blends decreases,
α′ decreases in prominence. α′ is not observed in the rHDPE, possibly due to the recy-
cling process, which causes the formation of imperfect crystallites and the presence of
contaminants, thus decreasing the peak prominence.

β relaxation is associated with the motion of the branches in the amorphous region
and is connected to the Tg [63,66,69]. The PP β relaxation temperature (Tβ) is the Tg. There
are many opposing viewpoints surrounding where the Tg of PE is: (a) in the β region
just below 0 ◦C, (b) in the region of −81 ◦C and (c) in the γ region below −100 ◦C [65,70].
The magnitude of the Tβ is dependent on the amount of amorphous domains, as the
relaxation occurs in the amorphous domain. The Tβ in HDPE may not always be observed
due to the low proportion of amorphous domains compared with crystalline domains.
Additionally, tie molecules between the crystalline and amorphous domains restrict the
complete relaxation of amorphous chains [63,67]. The Tβ observed will be that of vPP as
the vHDPE Tβ is not seen (Figure 5). The vPP Tβ is not visible in the vP10 and vP20 blends
due to the small magnitude of the relaxation. The Tβ of PP becomes visible at 12.4 ◦C for
vP25. The Tβ is present in the rHDPE due to the presence of PP impurities, which cannot
be completely removed in the recycling process [53]. The Tβ of the recycled blends were
lower than the virgin blends and had little variation. The recycling process results in a
decrease in molecular weight. The presence of the low-molecular-weight chains causes an
increase in free volume and reduced chain packing [71]. An increase in free volume lowers
the Tβ as less thermal energy is required for chain mobility.

3.2.2. Tensile Measurements of Virgin and Recycled PP:HDPE Blends

PP, HDPE and their blends undergo macroscopic deformation during a tensile test and
typically exhibit strain hardening and a ductile fracture, as shown in Figure 7. Initially, the
polymers undergo elastic deformation; however, as the force applied continues to increase,
the polymer sample reaches the yield point and enters the region of plastic deformation. At
the yield point, a small neck forms within the gauge section and the polymer chains align in
the direction of elongation. Continuing beyond the yield point, the virgin and recycled PP,
HDPE and their blends exhibit the strain-hardening phenomenon. Strain hardening occurs
when there is resistance to deformation and the neck region propagates and extends, which
is termed necking. The polymer chains continue to orientate and align in the direction of
elongation, which results in an increase in the strength of the plastic. Necking continues
until fracture.
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The recycled blends exhibited deteriorated tensile properties compared with the virgin
blends in terms of Young’s modulus and yield strength (Figure 8). The Young’s modulus
values of rPP and rHDPE were lower than those of the virgin polymers due to structural
deterioration caused by the recycling process [60,72]. However, above rP75, the rPP:rHDPE
blend’s yield strength values approach the virgin blend’s values. Studies have found that
yield strength increases with crystallinity and lamellar thickness, with little or no effect
of molecular weight [73]. The crystallinity of the recycled blends is lower compared with
the virgin blends, and the recycling process results in the formation of imperfect crystals
(which has been discussed in the thermal properties section), thus causing a reduction
in the yield strength. Generally, there was little variation in the yield strength for the
rPP:rHDPE blends.
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The vHDPE demonstrated unexpected behaviour in yield strength (42 MPa) and
elongation at break (29%) (Figure 8). vHDPE did not show typical necking behaviour
and a brittle fracture was observed. No change in crystallinity was found by DSC when
comparing the crystallinity of the HDPE before and after extrusion and injection moulding.
During the injection moulding process, the polymer melt is exposed to a strong shear and
elongational flow in which the chains are stretched and become highly orientated [74].
Flow-induced crystallisation increases HDPE’s crystallisation rate and forms a highly
orientated shish-kebab structure, which improves the strength of HDPE [75]. Lei et al. [76]
found no necking behaviour when vHDPE was blended with 4% ultra-high molecular
weight PE prepared by twin screw extruder and dynamic injection moulding. An increase
in the tensile strength in the flow direction was observed from 23 to 76 MPa, which was
caused by the formation of a web-like shish-kebab morphology and chain orientation.
Therefore, the high chain orientation of the vHDPE could result in an interlocking of the
shish-kebab to form a rigid structure, which affected the yield strength and elongation
at break up to the vP25 blend (Figure 8) [76–78]. The rHDPE did not exhibit the same
unexpected behaviour as vHDPE in its yield strength and elongation at break. This is
most likely due to the presence of lower-molecular-weight chains caused by the recycling
processing, which have a reduced packing ability and degree of orientation. Additionally,
the presence of micro-voids can result in a decrease in compatibility between polymeric
components [79].

The comparison between the elongation at break for the virgin and recycled blends
presents interesting results (Figure 8c). It was expected that recycled blends would have a
lower elongation at break compared with the virgin blends due to the structural deterio-
ration during recycling causing a reduction in molecular weight [80]. For example, Fang
et al. [47] found that with the addition of rPP up to 15 wt% in a PP:PE blend, the elongation
at break decreased, and with over 30 wt%, the elongation at break reached a minimum.
However, the longer elongation at break observed for the recycled blend could be due
to the presence of lower-molecular-weight polymer chains caused by the recycling pro-
cess [81]. It is possible that the low-molecular-weight polymer chains locate at the interface
between PP and HDPE phases and lower the interfacial tension [81]. Additionally, the
lower-molecular-weight chains increase the capability of molecules sliding over each other,
resulting in an increase in deformability [80]. The vHDPE up to vP25 presented extremely
low elongation at break and samples exhibited brittle fractures. The data sheet provided by
Ineos suggests an elongation at break value of 800% for vHDPE at 2 in min−1. As discussed,
this behaviour could be due to the formation of a very rigid crystalline structure for vHDPE
(and up to vP25), which would explain the brittle fracture observed. Due to this behaviour,
a comparison between the virgin and recycled blends is more complex.

The virgin and recycled PP:HDPE blends gave intermediary Young’s moduli values
between PP and HDPE. Comparing the predicted rules of mixtures to the experimental
Young’s modulus shows a negative deviation for most recycled blends (Figure 9b). A
negative deviation suggests poor compatibility and weak adhesion between the phases [6].
It is important to note that the rule of mixtures does not take into account interactions
between components. The Young’s modulus values of the virgin blends showed positive
and negative deviations from the rule of mixtures with composition (Figure 9a): positive
deviation for blends vP10 and vP20, negative deviation between vP25 and vP60, a minor
positive deviation at vP75 and vP80, and a negative deviation at vP90. Lovinger and
Williams [82] observed a maximum deviation at P80 and suggested that PE can play the
role of stiffener to the PP matrix; in sufficient quantities, it enhances the intercrystalline
links. The alternating changes of positive and negative deviations suggest a complex
interplay of morphological factors and crystallinity as the composition varied.
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4. Conclusions

This study investigated the thermal and mechanical properties of virgin and recycled
PP:HDPE blends. Thermal studies carried out by DSC confirmed that both the virgin and
recycled PP:HDPE blends were immiscible. The recycling process was found to lower
the Tm values of the rPP:rHDPE blends due to structural deterioration and the formation
of imperfect crystallites. Interestingly, there was little difference in the Tc values when
comparing the virgin and recycled blends. The PP and HDPE crystallinities were dependent
upon the blend composition. As the ratio of PP increased, the crystallinity of PP increased
and that of HDPE decreased in the PP:HDPE blends. Generally, the rPP:rHDPE blends
had a lower overall crystallinity compared with the vPP:vHDPE blends, suggesting the
formation of imperfect crystallites and a heterogeneous crystalline morphology. However,
the crystallisation of the individual polymers was more complex. vPP crystallinity was
enhanced (compared with rPP) at higher PP content; conversely, rHDPE crystallinity was
enhanced (compared with vHDPE) at higher PP content. rPP and rHDPE could contain
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contaminants due to the difficulty of separating PP and HDPE during the recycling process,
thus affecting the crystallinity behaviour.

DMA analysis found little variation in the E′ of the virgin and recycled blends with
composition. However, a decreasing trend was observed for the virgin blends E′′ as the PP
wt% increased, while the recycled blends’ E′′ was relatively constant. The interplay between
the structure and dissipation mechanisms can be complex. Chain scission caused by the
recycling process can introduce plasticising shorter chains. However, impurities can act as
fillers in the recycled materials that impose a mechanical restraint. Recycled blends were
found to have lower Tα and Tβ due to structural deterioration caused by the recycling pro-
cess. Recycled blends gave a reduced Young’s modulus and yield strength in comparison
with virgin blends due to deterioration during the recycling process. Generally, the recycled
blends gave a higher elongation at break compared with the virgin blends, possibly due to
the plasticity effect of the low-molecular-weight chain fragments. However, a comparison
between the virgin and recycled blends’ elongation at break was not straightforward in all
cases due to the highly orientated vHDPE induced by the injection moulding.

This work explored the variability in the thermomechanical behaviour of vPP:vHDPE
and rPP:rHDPE blends without the addition of other components. Understanding the
performance variability in recycled blends is key to increasing the quantity of recycled
material re-entering the consumer market to contribute towards a circular plastic economy.
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Abstract: This study used the roto-evaporation technique to engineer a 6 mm three-layer polyurethane
vascular graft (TVG) that mimics the architecture of human coronary artery native vessels. Two
segmented polyurethanes were synthesized using lysine (SPUUK) and ascorbic acid (SPUAA), and
the resulting materials were used to create the intima and adventitia layers, respectively. In contrast,
the media layer of the TVG was composed of a commercially available polyurethane, Pearlbond
703 EXP. For comparison purposes, single-layer vascular grafts (SVGs) from individual polyurethanes
and a polyurethane blend (MVG) were made and tested similarly and evaluated according to the ISO
7198 standard. The TVG exhibited the highest circumferential tensile strength and longitudinal forces
compared to single-layer vascular grafts of lower thicknesses made from the same polyurethanes. The
TVG also showed higher suture and burst strength values than native vessels. The TVG withstood
up to 2087 ± 139 mmHg and exhibited a compliance of 0.15 ± 0.1%/100 mmHg, while SPUUK
SVGs showed a compliance of 5.21 ± 1.29%/100 mmHg, akin to coronary arteries but superior to the
saphenous vein. An indirect cytocompatibility test using the MDA-MB-231 cell line showed 90 to
100% viability for all polyurethanes, surpassing the minimum 70% threshold needed for biomaterials
deemed cytocompatibility. Despite the non-cytotoxic nature of the polyurethane extracts when grown
directly on the surface, they displayed poor fibroblast adhesion, except for SPUUK. All vascular
grafts showed hemolysis values under the permissible limit of 5% and longer coagulation times.

Keywords: roto-evaporation; vascular graft; burst pressure; compliance; mechanical properties;
biomedical applications

1. Introduction

Cardiovascular diseases (CVDs) remain the leading cause of death worldwide, even
during the COVID-19 era. In fact, COVID-19 impacts the cardiovascular system in mul-
tiple ways, resulting in increased morbidity in patients with pre-existing cardiovascular
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conditions, as well as causing myocardial injury and dysfunction [1]. According to the
World Health Organization [2], 33% of deaths worldwide can be attributed to CVDs. These
diseases are typically characterized by the obstruction of blood flow through vessels and
damage to the endothelial tissue, leading to a lack of nutrient supply [3]. The prevailing
complications are coronary heart disease (CHD), peripheral artery disease (PAD), thrombo-
sis, intimal hyperplasia, atherosclerosis and myocardial ischemia [4]. Common treatments
for CVDs include the drastic modification of risk factors such as smoking cessation, blood
pressure management, lipid control, weight loss, physical activity and dietary modifica-
tions [5]. However, in advanced cases of cardiovascular pathologies, a vascular surgery
intervention (minimal or invasive) is required involving open surgical and endovascular
procedures such as angioplasty, stenting, atherectomy and, in the worst scenario, the re-
placement or bypass of a damaged or occluded vessel [6]. Coronary artery bypass graft
(CABG) surgery is the gold-standard procedure in patients with complex multivessel coro-
nary artery disease [7]. The preferred conduits for vascular grafting are native veins and
arteries, with saphenous vein (SV) being the most used autograft vessel [8]. Despite substan-
tial advances in CABG surgery in the past decade, graft patency continues to be the ‘chink
in the armor’ of this procedure. Moreover, autologous vessels are not always the best option
due to the limited availability and poor quality of tissue from donors [4,9]. Failures related
to saphenous vein grafts include mechanical mismatch, thrombosis, neointimal hyperplasia,
stenosis and complete occlusion [10,11]. Synthetic vascular grafts are often considered the
best alternative when autologous vessels are not available. The first successful vascular
prosthesis replacement was performed by Voorhees in 1952 [12] using a porous fabric made
from Vinyon “N” (PVC, polyvinylchloride). Ever since, the development of synthetic grafts
has evolved significantly, and prostheses made from Dacron® (PET, polyethylene tereph-
thalate) [13] and expanded Teflon® (ePTFE, polytetrafluoroethylene) [14] have been used as
middle- and large-caliber grafts when autologous grafts are not available. These materials
have been widely adopted due to their biocompatibility, durability and availability [15].
Not showing the same clinical progress as medium and large-diameter vascular grafts,
small-diameter vascular grafts (≤6 mm) are seldom used due to their poor patency rates,
which limit their application in coronary artery bypass graft surgery [3,16,17]. The optimal
vascular substitute must be capable of mimicking native vessels; in other words, it should
be mechanically strong, compliant, kink-resistant with good suture retention, non-toxic,
non-immunogenic, non-thrombogenic and biocompatible [18].

Polyurethanes are versatile biomaterials that have found applications in various fields,
including maxillofacial implants, non-adhesive barriers, controlled-release devices, and
blood contact applications like catheters, aortic valves, coatings for pacemakers, and vascu-
lar grafts [19,20]. Among the different types of polyurethanes, segmented polyurethanes
(SPU) have attracted significant attention due to their ability to adjust mechanical and
biological properties by manipulating the chemical architecture using different hard and
soft segments [21,22]. Polyurethanes can be used in their prepared/synthesized form [23],
in a surface-functionalized form [24] and as scaffolds for soft [25] and hard tissue engineer-
ing [26], making them a versatile class of biomaterials. Taking advantage of the versatility
of polyurethanes to match the properties required in the cardiovascular field, it is possible
to design a small-caliber vascular graft, composed of a three-layer structure with different
thicknesses and compositions comparable to the vascular wall of vessels. Artery and vein
walls are organized into three layers, where the tunica intima is composed of endothelial
cells covering the lumen; the tunica media is composed of elastin, collagen fibers and
smooth muscle cells (SMCs) aligned circumferentially; and the tunica adventitia is formed
of connective tissue and fibroblasts. The proportion of each tunica and the wall thickness is
variable among small-, medium- and large-caliber veins and arteries [27]. With this struc-
ture in mind, several techniques have been proposed to develop vascular grafts, including
electrospinning, bioprinting, 3D-printing [28,29], salt-leaching/the solvent casting method,
films wrapped in a rod, molding [30–32] and even a combination of various techniques in a
sequential manner with the same polymer composition [32,33].
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Considering the low compliances exhibited by high-caliber vascular grafts made from
expanded Teflon and knitted Dacron to date, there is no equivalent of these materials for
their use in small vascular grafts. Therefore, the need for alternatives to PTFE and PET
vascular grafts remains. In this regard, polyurethanes are an excellent alternative, as they
have been used in several cardiovascular applications since 1960. Although polyurethane
vascular grafts’ long-term stability and safety have been a significant concern due to
uncontrolled biodegradation problems and biocompatibility issues without eliciting a
chronic inflammatory response, they can be manufactured by various simple techniques
and can be modified for improved performance.

In this work, we explored a technique based on the rotational solvent casting method
(referred to as roto-evaporation) to form a three-layer vascular graft in a cylindrical mold,
using different polyurethanes for each layer deposited sequentially. The inner layer (in-
tima) was formed with a lysine-based segmented polyurethane (SPUUK), as it has been
proven that alkaline amino acid-based polyurethanes are biocompatible with endothelial
cells [30]. The media layer was deposited by using commercial polyurethane (Pearlbond
703 EXP). The outer layer (adventitia) was formed with an ascorbic acid-based segmented
polyurethane (SPUAA), which has been proven to be non-cytotoxic to fibroblasts and
osteoblasts [34]. We hypothesize that a semi-crystalline polyurethane can exhibit high
compliances (similar or superior to common PTFE/PET grafts) despite having a high
Young’s modulus by tailoring polyurethane composition and thickness. Therefore, the
objectives of this paper are as follows: (i) to obtain three-layer small-caliber vascular grafts
where each layer has a different composition; (ii) to compare the three-layer construct with
small-caliber vascular grafts made from a single layer (only one segmented polyurethane)
or a single layer obtained from physical blends of the three segmented polyurethanes;
(iii) to assess their mechanical performance in simple tension and according to the ISO
7198 standard for cardiovascular grafts (longitudinal and circumferential strength, suture
strength, burst strength and compliance); and (iv) to determine their cytocompatibility and
their hemocompatibility (coagulation time and hemolysis).

2. Materials and Methods
2.1. Materials

Poly (ε-caprolactone) diol (PCL diol, Mn = 2000), 4,4′ (metylene-bis-cyclohexyl) diiso-
cyanate (H12MDI), tin (II) 2-ethylhexanoate, L-lysine dihydrochloride (K) and L-ascorbic
acid (AA) were purchased from Sigma-Aldrich (Milwaukee, USA). Dimethylformamide
(DMF) from Sigma-Aldrich (Steinheim, Germany) and tetrahydrofuran (THF) from JT
Baker (Phillipsburg, USA) were used as received. Thermoplastic Polyurethane Pearlbond
703 EXP was obtained from Lubrizol® and used as a model polyurethane for the core of
the vascular graft. This commercial thermoplastic polyurethane is a hydrolytic-resistant
aromatic-based polymer (toluene diisocyanate) with polycaprolactone diol as the soft seg-
ment, as demonstrated by FTIR, Raman and 1H NMR. It has a Tg of −36 ◦C (measured by
DMA), a melting range between 40 ◦C and 84 ◦C (measured by DSC) and a decomposition
temperature at 389 ◦C (measured by TGA), and it is considered as EU-Food-compliant
(10/2011 regulation).

2.2. Synthesis of Segmented Polyurethanes

Segmented polyurethanes and urea were synthesized with a molar ratio of 1:2:1 (PCL:
H12MDI: K or AA), as previously reported [34]. During the pre-polymer formation, PCL
diol was dissolved in DMF and then reacted with a molar excess of H12MDI added dropwise
in the presence of tin (II) 2-ethylhexanoate as a catalyst. The reaction was conducted under a
dry nitrogen atmosphere and stirred for 4 h at 80 ◦C. For the chain extension reaction, either
K or AA, previously dissolved in DMF, was added to the pre-polymer and left to react for
another 2 h under constant stirring. To stop the reaction, the DMF dissolved polymer was
precipitated in distilled water and stirred overnight. The polymer was thoroughly washed
to eliminate the residual monomers and dried at 65 ◦C in vacuum. The obtained polymers
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were named as SPUUK for lysine-based polyurea urethane and SPUAA for ascorbic acid-
based polyurethane. The chemical structure proposed for the SPUUK and SPUAA is shown
in Scheme 1. Polyurethane synthesis was confirmed by FT-IR and Raman spectroscopy.
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2.3. Physicochemical Characterization

Fourier transform infrared (FT-IR) spectra were recorded with a Nicolet 8700 spec-
trometer (Thermo Scientific, Madison, WI, USA) using attenuated total reflectance (ATR).
A ZnSe crystal was pressed against the samples and each spectrum was collected between
4000 and 650 cm−1, with 100 scans and a resolution of 4 cm−1. Raman spectra were acquired
using a Renishaw inVia Reflex Raman spectrometer (Wotton-under-Edge, Gloucestershire,
UK) in the spectral range of 3200–200 cm−1. A 633 nm laser was used as the excitation
radiation source using 50% of the total power, a 50× objective lens and 10 ms of exposure.

2.4. Rationale/Justification of the Roto-Evaporation Technique for Manufacturing Vascular Grafts

Most standard techniques for manufacturing experimental vascular grafts use electro-
spinning or wrapping onto a mandrel. The first provides suitable wall thickness with long
processing times, while in the second, delamination occurs. Roto-evaporation offers a good
alternative incorporating a different composition and thickness layer without blending the
other biodegradable polyurethanes. The addition of the second layer did not dissolve the
first layer as they have various polymer concentrations and, therefore, different densities
and viscosities. In addition, the fast evaporation of THF did not allow the penetration and
dissolution of a larger polyurethane block (typically, dissolution time for film forming was
24 h at 25 ◦C). Because of this, the different layers do not mix, demonstrating the adequacy
of the technique for manufacturing vascular grafts where the intima layer can be thin,
whereas the media layer can be thicker. However, this method is limited as it does not
provide polymer alignment in other directions other than circumferential directions.

To obtain dense tubular structures, a 6 mm diameter glass rod was immersed for 5–10 s
in a low viscosity polyurethane solution (1 g polymer/30 mL THF). Then, the glass rod was
placed horizontally on a Caframo® overhead stirrer rotating at 60 rpm within a glass test
tube to slow the rate of evaporation, as depicted in Figure 1a,b. The diameter of the glass
rod plus the coating of the polymer was measured with a micrometer Mitutoyo model No.
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547-512. This procedure was repeated until coronary artery thickness was achieved (see
Figure 1c); for the single-layer grafts, the wall thickness was 0.132 ± 0.01 mm, according to
the mean thickness of the intimal tunica in the coronary artery [35].
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2.5. Fabrication of Polyurethane Three-Layer Vascular Graft

Based on high-frequency ultrasound imaging, the coronary artery has a wall thickness
of 0.5 ± 0.1 mm, of which 16 ± 2% corresponds to the tunica intima, 62 ± 10% corre-
sponds to the tunica media and 21 ± 5% corresponds to the tunica adventitia [35–38].
Therefore, to obtain the three different polymer solutions of TVG based on SPUUK,
Pearlbond 703 EXP and SPUAA were prepared and deposited in a sequential manner.
The inner layer of the vascular graft was made using SPUUK until reaching a diameter
of 6.16 ± 0.01 mm (wSPUUK = 0.08 mm for a 6 mm glass rod diameter), while the mid-
dle layer was made using Pearlbond 703 EXP, and the diameter of the SPUUK + Pearl-
bond was ØSPUUK+Pearlbond = 6.77 ± 0.05 mm (wSPUUK+Pearlbond = 0.385 mm). Finally, the
outer layer was made from SPUAA, and the final diameter was ØSPUUK+Pearlbond+SPUAA =
7.00 ± 0.03 mm (w(SPUUK+Pearlbond+SPUAA) = 0.500 mm). All roto-evaporated tubular grafts
in this study had an internal diameter of 6.00 mm. A summary of the process is showed
in Figure 1. To assess the contribution of each individual polyurethane, tubular struc-
tures were fabricated with only SPUUK, Pearlbond 703 EXP and SPUAA, referred to as
SVG. In addition, a physical blend of the three types of polyurethanes (MVG) was pre-
pared by dissolving each polyurethane in THF (1:1:1 weight ratio of SPUUK/Pearlbond
703 EXP/SPUAA).
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2.6. Mechanical Properties of Polyurethane Films and Vascular Grafts
2.6.1. Tensile Properties of Polyurethane Films

The films used for the tensile tests were prepared by means of solvent evaporation.
For this, each polyurethane was dissolved in tetrahydrofuran assisted by magnetic stirring
for 24 h. Then, the polymeric solution was poured onto a 120 × 120 mm2 non-stick mold
and left for 24 h to evaporate the solvent. Mechanical tensile tests were carried out in a
universal testing machine MiniShimadzu AGS-X (Kyoto, Japan) equipped with a 100 N
load cell with a resolution of 0.01 N and operated at a crosshead speed of 50 mm/min
according to ASTM-D882 [39] at room temperature. The samples were dumbbell specimens
25 mm in length, 5 mm in width in the narrow section and 100 to 150 µm in thickness. The
Young’s modulus (E) was calculated from the initial slope of the strain–stress curves in
the strain range of 10%, the ultimate tensile strength (σmax) and strain to failure (εmax) are
reported for at least 10 specimens.

2.6.2. Tensile Properties of Vascular Grafts

The circumferential and longitudinal tensile properties of tubular structures (vascular
grafts) were determined according to Sections 8.3.1 and 8.3.2, respectively, of the ISO 7198
standard [40] for cardiovascular implants and tubular vascular prostheses (ISO 7198:1998).
Figure 2a shows the fixture used for measuring the circumferential tensile strength of 7 mm
long specimens (LC = 7 mm) loaded along the tube radial direction and using two metallic
hooks (diameter (dhook) = 2.4 mm) until the failure of at least 10 samples. For the circumfer-
ential tensile test, the ISO 7198 standard recommends reporting the maximum force reached
(Fmax

C ) divided by 2 times the length of the specimen (Fmax
C /2LC). This was referred to as the

“circumferential tensile strength”, while the maximum displacement during the circumfer-
ential test was labeled as δmax

C . For longitudinal tensile strength (see Figure 2b), 8 tubular
specimens with a nominal length of 50 mm (LL = 50 mm) were used and loaded along the tube
axial direction (lengthwise) until failure. Both tests were carried out in a universal machine,
MiniShimadzu AGS-X (Kyoto, Japan), equipped with a 1 kN load cell and operated at a
crosshead speed of 50 mm/min according to ISO 7198 standard. The tensile force (F) as a
function of crosshead speed displacement (δ) was recorded and the parameters reported were
the maximum force or “longitudinal tensile strength”, labeled as Fmax

L , and the “maximum
displacement” of the crosshead machine upon failure during the test, labeled as δmax

L .

2.6.3. Burst Strength

The burst strength test was conducted using a custom-made piece of equipment de-
signed and manufactured for this type of test [41], as shown in Figure 2c. An 80 mm
long vascular graft was pressurized (0.3 psi/s, ~15.5 mmHg/s, for all tests herein) using
compressed air. By means of an optoCONTROL 1200-30 micrometer from Micro-Epsilon,
Ortenburg, Germany, the external diameter (D0) displacement was measured. The burst
strength was calculated from the maximum pressure average of 8 specimens when these
ruptured. Furthermore, the theoretical burst pressure was also calculated with the simpli-
fied Lame’s equation (Equation (1)):

Pi = σθ

(
D2

ex − D2
in
)

(
D2

ex + D2
in
) [MPa] (1)

where σθ , Pi, Din and Dex are the hoop stress (≈Tensile stress, MPa), internal pressure
(MPa), failure inner diameter (mm) and failure outer diameter (mm) of the theoretical tube,
respectively [42]. The hoop stress at failure was calculated using Equation (2), where Fmax

C
is the maximal load at failure (N), LC is the initial length (mm) and t is the thickness (mm)
of the ring specimen.

σmax
θ =

Fmax
C

2LCt
[MPa] (2)
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To calculate the failure inner diameter (Din) in the specimens during the circumfer-
ential test, Equation (3) was used where C f ail is the real internal circumference of the
ring specimen at failure, dhook is the diameter of the hooks and δmax

c is the distance of
displacement between the hooks [43].

D f ail
in =

C f ail
in
π

=
dhook(π + 2) + 2δmax

c
π

[mm] (3)

The failure external diameter was calculated with Equation (4) assuming the incom-
pressibility of the wall thickness of the tube, where t is the wall thickness.

Dex = Din + 2t [mm] (4)

Circumferential strain (∆D/D0) was calculated as the change in the external diameter
divided by the initial external diameter.
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2.6.4. Compliance

Circumferential compliance (C) was calculated from the experimental data at three dif-
ferent pressure ranges—low pressure (50 to 90 mmHg), medium pressure (80 to 120 mmHg)
and high pressure (110 to 150 mmHg). Compliance was computed from recordings of inner
pressure, Pi, and a computed inner diameter, Din

P , through Equation (5) [42]:

C =

Din
H−Din

L
Din

L

PH − PL
× 104 [%/100 mmHg] (5)
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where Din
H is the internal diameter corresponding to the higher-pressure value and Din

L is
the internal diameter corresponding to the lower-pressure value. The internal diameter
was calculated using Equation (3). Pressure and diameter values were used to calculate a
dimensional stiffness index, β, by means of Equation (6) [42,44]:

β =
ln
(

PH
PL

)

[
Dex

H−Dex
L

Dex
L

] (6)

2.6.5. Suture Retention Strength

According to the ISO 7198 standard (Section 8.8), the suture retention strength test
determines the force necessary to pull a suture from the prosthesis or cause the wall of
the prosthesis to fail (ISO 7198:1998). The suture retention strength was measured using
a 3-0 Nylon suture (Johnson & Johnson), as depicted in Figure 2d. For this, a tubular
specimen was cut normal to the long axis and the suture was stitched at 2 mm from the
end of the vascular graft forming a loop. Then, sutured specimens were placed on the
universal testing machine MiniShimadzu AGS-X (Kyoto, Japan) equipped with a 1 kN load
cell operated at a crosshead speed of 50 mm/min.

2.7. Scanning Electronic Microscopy (SEM)

The morphology and imaging of the grafts before and after testing were obtained using
a scanning electron microscope, JEOL, JMS 6360LV (Akishima, Tokyo, Japan), operating in
low-vacuum mode. The microscope was operated at 20 kV. All samples were coated with
gold in a Desk II Sputter Coater (Moorestown, NJ, USA) at 60 s and 40 mA.

2.8. Biological Characterization of Pristine Polyurethanes
2.8.1. Screening Test for Cytocompatibility

Cytocompatibility screening tests were carried out by means of elution (indirect) assays
employing MDA-MB-231 as testing cells (breast cancer cells) and CCK-8 and crystal violet as
testing probes. MDA-MB-231 (purchased from the American Type Culture Collection) cells
were chosen for this experiment because of their highly proliferative behavior. Working
with robust and highly proliferative cells in screening cytocompatibility/cytotoxicity tests
compensates for parameters/conditions that might lead to false results (either positive or
negative), which might be observed when employing cells with regular (moderate) growth.
Examples of such parameters/conditions include the presence of reductive chemicals and
metal ions in the extract or culture media, even at trace concentrations (which alter the
reduction and color conversion of colorimetric testing probes, CCK-8 in our case) [45,46]
and minute gradients in topography and water contact angle of cell substrates (e.g., tissue
culture plates, which are known to impact the adhesion and proliferation of viable cells) [47].
Parameters like these or their combinations have been found to cause interferences when
working with colorimetric probes, leading to either negative or positive false results from
cytocompatibility tests when caution is not observed [48]. These tests were carried out
according to the ISO 10993−5:2009 elution method with subtle variations [45]. Briefly, 20 mg
of each polyurethane was cut into small pieces and immersed in 2 mL of culture medium
and incubated under standard culture conditions for 48 h to produce extracts. MDA-MB-
231 cells were seeded in 96-well plates at a density of 1000 cells/well with 100 µL of the
cell culture medium and incubated for 24 h. Then, the culture medium was withdrawn
and 100 µL of the extracts were added to the wells and incubated for 24 and 48 h; the cell
culture medium was used as a control. Afterwards, the culture medium was replaced with
100 µL of fresh culture medium administered 10 µL of CCK-8 cell proliferation reagent and
incubated for 4 h. Optical absorbance was measured afterwards at 450 nm using an ELISA
microplate reader (BIO-RAD model iMark, USA). Cytocompatibility after the exposure of
cells to sample extracts, represented as the percentage of cell viability, was calculated using
Equation (7):
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Cell viability(%) =
AExt
ACtrl

× 100 (7)

where AExt is the absorbance of cells after exposure to extracts and ACtrl is the absorbance
of the cell control, non-exposed cells (100% viability). The results were the average of six
independent experiments for each time. The cytocompatibility of the prepared samples
was also determined via the well-known crystal violet staining method [49]. To this end,
the MDA-MB-231 cells were seeded in 96-well plates (100 µL, 15,000 cells/well) and grown
for 24 h under standard culture conditions. Afterwards, the samples were internalized
(100 µL) and incubated for the chosen period (24 h and 48 h). Then, the culture medium
was discarded and the cells were attached to the plate in the presence of 10 µL of a
glutaraldehyde solution (11 w/v% in water). The solution was discarded and cells were
washed two times with Milli-Q water. The cells were then shaken at room temperature
(300 rpm, 15 min) in the presence of 100 µL of a crystal violet solution (0.1 w/v% in 200 mM
orthophosphoric acid, 200 mM formic acid and 200 mM MES, pH 6). The solution was
discarded and the cells were again washed twice with Milli-Q water. Once washed, the
cells were incubated at room temperature overnight for drying. Once dried, the cells were
shaken at room temperature (300 rpm, 15 min) in the presence of 100 µL of acetic acid
(10 w/w% in water). Immediately after this, the absorbance of the resulting solution was
measured at 595 nm. The percentage of cell viability was quantified using Equation (7). The
results were the average of six independent experiments. Sterile conditions were preserved
up until cell fixation with glutaraldehyde.

2.8.2. Cell Adhesion and Proliferation

A live/dead assay was performed to investigate the viability of cells in direct contact
with the samples. For this, flat samples of 5 × 5 mm2 of each polyurethane were cut
and placed in a 96-well plate, where fibroblast L–929 cells (1.5 × 104 cells/well, 100 µL)
were seeded and incubated under culture conditions for 24 h. Then, the culture medium
was withdrawn, 3 µL of a solution 98:1:1 of PBS/calcein-AM/propidium iodide aqueous
solution was pipetted on top of each sample and the samples were incubated for 10 min
at room temperature and dark. Experiments were carried out in duplicates for each kind
of sample. The samples were mounted on coverslips and observed using a LEICA SP8
confocal microscope (LEICA Microsystems Heidelberg GmbH) operating at wavelengths of
488/495–545 and 552/590–700 nm for the detection of calcein AM (green) and propidium
iodide (red), respectively.

Both cell lines were cultured in a glucose-rich DMEM culture medium containing phe-
nol red, supplemented with 10% FBS, 1% pen-strep, 1% non-essential amino acids (NEAA)
and 1% sodium pyruvate. The materials were acquired from Sigma-Aldrich (DMEM, pen-
strep, NEAA and sodium pyruvate) and Biotecfron (FBS). Throughout the experiments,
sterile Milli-Q water was utilized. All samples were sterilized to ensure sterility by immers-
ing them in 70% ethanol for 10 min before characterization. The humidified atmosphere
was kept at 5% CO2 and the temperature was maintained at 37 ◦C.

2.8.3. Clot Formation

To evaluate clotting times, the free hemoglobin method was used on 15 mm-diameter
samples of the different polyurethanes [50]. First, samples were cleaned in an ultrasonic
bath with 70% alcohol (v/v) for 10 min and then sterilized with UV light for 30 min on each
side. For each sample, 100 µL of citrated blood was placed onto the surfaces and 20 µL of
CaCl2 was added immediately. Finally, samples were incubated at 37 ◦C for 5, 10, 20, 30
and 40 min to study the kinetics of clotting. After these incubation times, 2 mL of deionized
water was added and blood cells not entrapped in a thrombus were hemolyzed. One
minute later, 100 µL aliquots of the solution containing the hemoglobin were transferred
to a 96-well plate to perform absorbance reading. Free hemoglobin molecules in water
were measured by monitoring the absorbance at 545 nm using a spectrophotometer ELISA
reader (BioRad mod. 450 Mississauga, ON, Canada). The higher detected quantity of
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hemoglobin is correlated with the low level of clot formation in the presence of the samples.
The test was performed in triplicate with 6 samples per condition each time. Blood from a
different donor was used for each experiment.

2.8.4. Hemolysis

For an early assessment of the possible hemotoxic effects of the different polymers
used, a hemolysis test was conducted based on the ASTM Standard F756-17 (Standard
Practice for Assessment of Hemolytic Properties of Materials) [51]. We collected whole
human blood from healthy donors using citrate-containing blood collection tubes for this
experiment. We placed three samples for each condition in a 15 mL tube and added 10 mL
of sterile PBS 1X to each tube. PBS 1X was used as a negative control and deionized H2O
was used as a positive control. Samples and controls were incubated at 37 ◦C for 30 min. In
the meantime, the collected blood was diluted in PBS 1X to a final ratio of 4:5 (4 parts of
citrated blood and 5 parts of PBS 1X). After the incubation, 200 µL of diluted blood were
added in each tube and carefully mixed by inverting each tube. After that, samples and
controls were incubated at 37 ◦C for 1 h. All tubes were carefully mixed via inversion
after 30 min of incubation. At the end of the incubation, the tubes containing the samples
and the controls underwent a centrifugation step at 800 g for 5 min. The supernatant
was collected and 100 µL aliquots were placed in a 96-well plate. The absorbance (OD)
at a wavelength of 545 nm was recorded and the hemolysis percentage was calculated
according to Equation (8).

Hemolysis(%) =
AS − AN
AP − AN

× 100 (8)

where AS represents the sample absorption value, AN is the negative control absorption
value and AP is the positive control absorption value.

2.9. Statistical Analysis

Data were expressed as means ± the standard deviations of means. Significant
differences were determined by running a one-way ANOVA followed by Tukey’s post hoc
method to test all possible pairwise comparisons and determine where the differences lay.
A value of p-value < 0.05 was considered statistically significant.

3. Results and Discussion

Segmented polyurethane-ureas were synthesized with a molar ratio of 1:2:1 (PCL:
H12MDI: K or AA), leading to a rigid content of approximately 38 wt%. During prepolymer
formation and by using an FDA-approved catalyst (a commonly used catalyst for the
ring opening polymerization of L-lactide and glycolide used in the synthesis of PLA or
PGA), the urethane group is formed, but due to the H12MDI excess used in the first step,
prepolymers and free isocyanates are present. Then, the isocyanate-terminated soft segment
was extended into a polymer by adding either lysine or ascorbic acid. In the case of lysine,
the reaction of isocyanates with amines introduces a urea group. In contrast, an amide is
also formed in the second reaction between isocyanates and carboxylic acids. Furthermore,
chemical reactions between either the urethane or urea groups and isocyanates might form
allophanates and Biuret products.

3.1. Physicochemical Characterization

FT-IR spectra of SPUUK, Pearlbond 703 EXP and SPUAA are shown in Figure 3a,
demonstrating the suggested structures proposed in Scheme 1. FT-IR spectra of the SPUUK
and SPUAA show the ‘amide bands’, free –NH of urethane bond absorbance at 3300–3400
and amide II band (C–N stretching + N–H bending) at 1552 cm−1 [52]. The peaks observed
at ~2930 and ~2862 cm−1 are associated with the asymmetric and symmetric –CH2 groups.
The peak at ~1725 cm−1 is assigned to the stretching vibration of C=O ester groups. The
peaks located at ~3365, 1725, 1462 and 1095 cm−1 correspond to the –NH, –C=O, –CH2
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and –C–O absorptions and confirm the presence of NHCOO groups in the synthesized
polyurethanes [53]. In FT-IR spectrum of Pearlbond 703 EXP, the band at 3338 cm−1

is caused by the stretching vibration of the N–H bond of the urethane. The bands at
2944 and 2855 cm−1 can be ascribed to asymmetric and symmetric –CH2 groups. The
intense band at 1713 cm−1 represents stretching vibrations of the carbonyl groups and
may be associated with the ester and to urethane carbonyls. The band at 1599 cm−1 can be
associated at –C=C– stretching vibration of the aromatic ring in the diisocyanate [54]. The
Raman spectra of the polyurethanes is shown in Figure 3b. The Raman bands at ~2930 and
~2862 cm−1 is associated with asymmetric and symmetric CH stretching vibrations of the
–CH2 groups [55]. C=O stretching vibrations of urethane and ester groups can be observed
at 1731 cm−1 in the SPUUK and SPUAA and 1724 cm−1 in the Pearlbond 703 EXP. The
intense band at 1617 cm−1 in the Pearlbond 703 EXP spectrum is associated with –C=C–
stretching vibrations and the non-intense band at 3061 cm−1 is associated with the =C– H
of aromatic ring [56].
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Figure 3. FT-IR spectra (a) and Raman spectra (b) of SPUUK, Pearlbond 703 EXP and SPUAA.

The absence of absorption peaks at 2260 cm−1 proved the absence of residual iso-
cyanate. Furthermore, DMF and tin (II) 2-ethylhexanoate were not detected, either by
FTIR/Raman or during biological studies, possibly because of their low concentration and
thorough washing during polymer synthesis. However, it is recommended that 1H NMR
be used for better quantification. Therefore, the safety of these polyurethanes is guaranteed.
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From a chemical point of view, few differences were detected between SPUUK and SPUAA,
considering that they share the same soft segment content. In addition, as demonstrated
later, they exhibited different mechanical behavior and biological properties.

3.2. Tensile Properties of Films and Tubes

Uniaxial tensile testing representative curves of pristine SPUUK, Pearlbond 703 EXP,
SPUAA and films made of a polyurethane blend are shown in Figure 4a. It was observed
that under tension, SPUUK and SPUAA had a similar mechanical behavior, i.e., a de-
formation higher than 1000%, because they share 95% of their chemical structure. In
contrast, Pearlbond 703 EXP showed lower deformation and ultimate tensile strength but
a higher Young’s modulus than SPUUK and SPUAA. Therefore, the physical mixture or
polyurethane blend showed intermediate values of the ultimate tensile strength (UTS) and
deformation between SPUUK/SPUAA and Pearlbond 703 EXP. A rectangular strip cut
from the TVG was also loaded under tension; only samples that broke in the middle section
were considered. Assuming that there is no significant difference between a dumbbell and
a rectangular sample in terms of the Young’s modulus but that failure properties may be af-
fected, TVG tensile properties were lower in terms of tensile strength and deformation than
SPUUK and SPUAA. Figure 4b displays the single-layer grafts assessed under longitudinal
deformation, revealing a consistent trend, SPUAA exhibited the highest longitudinal load
(49.8 ± 8.3 N), while the lowest was observed for Pearlbond 703 EXP (18.1 ± 4.3 N), being
lower compared to three-layer vascular grafts, TVGs (101.3 ± 4.0 N).
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Figure 4. Representative curves of the mechanical behavior of films, tubes, and rings under the tensile
loading of SPUUK, Pearlbond 703 EXP, SPUAA, polymer blends (MVGs) and three-layer vascular
graft (TVGs) for (a) films under uniaxial tensile loading, (b) tubes under longitudinal load, (c) rings
under circumferential load and (d) the suture retention strength test.

In agreement with previous results (see Figure 4c), SPUUA showed the maximum
circumferential strength (5.00 ± 0.61 N/mm), followed by SPUUK (1.49 ± 0.39 N/mm),
while the lowest circumferential force was achieved by the polyurethane Pearlbond 703 EXP

194



Polymers 2024, 16, 1314

(0.87 ± 0.11 N/mm), which seems to be composed of MDI as the isocyanate used for its
synthesis. Polymer blending led to an intermediate value between SPUAA and Pearlbond
703 EXP, even when they were at the same weight percentage. However, the TVG exhibited
the highest circumferential tensile strength (7.17 ± 0.37 N/mm), suggesting the effect
of the thicker layer but also the contributing effect of each layer with a dominance of
SPUAA properties.

Figure 4d depicts the suture retention strength of the single-layer and three-layer
polyurethane vascular grafts. From here it is seen that the highest suture strength was
achieved by the TVG (1123 ± 144 g), followed by single-layer SPUAA (616 ± 97 g), with
the lowest being those exhibited by single-layer SPUUK (396 ± 46 g) and the single-layer
polyurethane blend (404± 57 g). These values are lower than those reported for Dacron but
superior in the case of TVG to those reported for Goretex® using a 2-0 catgut suture [57]. A
summary of the tensile mechanical properties is reported in Table 1.

Table 1. Tensile mechanical properties of films and tubular grafts made from single-layer SPUUK,
Pearlbond 703 EXP, SPUAA, the mixture vascular graft and the three-layer vascular graft a.

SPUUK Pearlbond
703 EXP SPUAA MVG TVG b

Film

E10% [MPa] 3.4 ± 0.4 17.9 ± 3.3 3.3 ± 0.2 10.6 ± 0.3 9.3 ± 2.4
σmax [MPa] 12.76 ± 1.42 7.04 ± 0.73 30.77 ± 4.11 6.8 ± 0.4 9.4 ± 1.6

εmax [%] 1330 ± 125 521 ± 101 1430 ± 88 650 ± 83 930 ± 242
Fmax [N] 14.5 ± 2.5 3.5 ± 0.5 18.8 ± 2.3 4.0 ± 1.4 13.0 ± 3.1

δmax [mm] 158 ± 14 59 ± 14 182 ± 17 65 ± 14 120 ± 31

Graft (longitudinal)

Fmax
L [N] 26.1 ± 6.5 18.1 ± 4.3 49.8 ± 8.3 40.8 ± 5.2 101.3 ± 4.0

δmax
L [mm] 404 ± 40 307 ± 86 373 ± 18 443 ± 26 484 ± 29

Graft (circumferential)

wall thickness [mm] 0.130 ± 0.034 0.130 ± 0.019 0.130 ± 0.027 0.140 ± 0.01 0.499 ± 0.021
Fmax

C /2LC [N/mm] 1.49 ± 0.39 0.87 ± 0.11 5.00 ± 0.61 2.70 ± 0.20 7.17 ± 0.37
Fmax

C [N] 19.2 ± 4.9 11.3 ± 1.4 68.7 ± 8.5 37.3 ± 3.4 107.5 ± 6.1
δmax

C [mm] 48.7 ± 4.5 42.2 ± 7.6 56.2 ± 2.8 56.9 ± 2.2 65.6 ± 1.8
‡ σmax

θ [MPa] 11.55 ± 1.48 6.76 ± 0.88 40.10 ± 6.24 18.97 ± 1.49 14.49 ± 0.71

Suture retention strength

F [N] 3.9 ± 0.5 5.3 ± 1.1 6.0 ± 1.0 4.0 ± 0.6 11.0 ± 1.4
F [g] 396 ± 46 544 ± 111 616 ± 97 404 ± 57 1123 ± 144

a Obtained according to ISO 7198 standard. b Coronary artery-like wall thickness ~0.50 mm. ‡ Calculated using
Equation (2).

The above results show that the TVG exhibited better mechanical properties (longi-
tudinal and circumferential strength) than MVG and single-layer vascular grafts due to
its higher thickness. The TVG’s thickness was chosen because of the reported coronary
artery wall thickness (0.500 mm) and because some PTFE grafts reach up to 0.650 mm,
while Dacron grafts are reported to have a wall thickness of 0.33 mm. Considering the
complex stress state of hyperelastic rings (tension, bending and shear forces), it was not
possible to establish equivalent stresses for rings of different thicknesses. Nevertheless,
analytical solutions exist to address the difference in thickness for circumferential tension,
such as treating the rings as curved beams. However, this approach was not pursued for
the current paper. It is important to note that standard 7198 only considers the structural
and geometrical properties, such as force and diameter, rather than intrinsic properties
tied to the vascular graft wall thickness, i.e., only those properties with commercial or
real-world relevance are considered. However, in the case of longitudinal tension, it can
be normalized by its corresponding area, assuming that there is no compression at the
grips, that the testing area is in the middle or far from the grips where the shape is retained
and that there is no misalignment. Hence, the outcomes can be standardized based on
their thickness or area. Due to this standardization, during longitudinal testing, MVG and
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SPUAA experienced higher stress as compared to TVG, possibly due to the creation of
a single bulk system (miscible or immiscible) instead of an anisotropic layered structure,
indicating a combined contribution of various polyurethanes.

A drawback of our research pertains to the absence of assessment concerning the
viscoelastic characteristics of the polyurethanes utilized in creating the vascular grafts.
These properties are known to be time-dependent and were not measured due to the lack
of a suggested method by the ISO 7198 standard. However, a review of the literature
indicated that stress relaxation and viscoelastic recovery are meaningful, as demonstrated
by Amabili et al. [58], who underscored the significance of cyclic axisymmetric diameter
alterations acquired under physiological pulsatile conditions. Studies have shown that
Dacron grafts are noticeably stiffer around their circumference than the aortic vessels they
replace, resulting in a significant mechanical mismatch between the grafts and the native tis-
sue. While we did not perform dynamic experiments, our circumferential and longitudinal
quasi-static testing observations aligned with the ISO 7198 standard, indicating that longi-
tudinal deformation is more significant than circumferential deformation, with no distinct
J-shape observed. Additionally, the slopes (N/mm) at any deformation were higher in the
circumferential direction than in the longitudinal direction, demonstrating the anisotropic
stiffness of our polyurethanes and supporting the results of prior dynamic experiments.

3.3. Burst Strenght

The changes in the circumferential strain with respect to the internal pressure of the vas-
cular grafts can be seen in Figure 5a. From this figure, it is evident that single-layer SPUUK
grafts experienced a high change in diameter (circumferential strain) under pressure while
exhibiting the lowest burst pressure (373 ± 120 mmHg) compared to the other grafts with
the same wall thickness. In contrast, single-layer SPUAA grafts showed the maximum cir-
cumferential strain (εθ = 151.5 ± 49.4%) of all grafts but needed more pressure to reach the
same strain as SPUUK. The Pearlbond 703 EXP graft showed the lowest change in diameter
under pressure, i.e., it was the least compliant and most stiff. The measured burst pressure
of Pearlbond 703 EXP exhibited the highest value (884 ± 120 mmHg), which is about twice
as high as that measured for the SPUUK (323 ± 120 mmHg) and SPUAA (517± 43 mmHg).
The vascular grafts prepared via polymer blending (MVG) showed a burst pressure located
between SPUUK/SPUAA and Pearlbond 703 EXP, with a value of 523 ± 78 mm Hg, which
is more than four times the upper physiological pressure of 120 mm Hg and more than twice
the hypertensive crisis pressure (180–220 mm Hg) [27]. In summary, the burst strength
of single-layer grafts had the following order: PSPUUK

BS < PSPUAA
BS < PM.V.G.

BS < PPearlbond
BS .

Finally, the burst strength of the three-layer vascular graft (2087 ± 139 mmHg) with a wall
thickness mimicking a coronary artery (~0.50 mm) was higher than the other types of vas-
cular grafts. This value is much higher than any possible physiological blood pressure but
consistent with saphenous veins and carotid arteries, which have burst pressures between
1680 and 2273 mmHg and between 2031 and 4225 mmHg [57,59], respectively.

The burst pressures measured during this study and those estimated according to the
failure diameter (Equation (1)) are shown in Figure 5b. In some cases, burst strength is
overestimated, while in other cases it is underestimated, suggesting a poor correlation with
the experimental results. Figure 6a depicts the compliance values of the five types of vas-
cular prostheses at different pressure levels: low (50–90 mmHg), medium (80–120 mmHg)
and high (110–150 mmHg). The SPUUK, SPUAA, MVG and TVG samples showed higher
compliance at high pressure levels and lower compliance at low pressure levels, indicating
that compliance increases with increasing pressure. In contrast, the Pearlbond 703 EXP
graft exhibited its highest compliance at a low pressure and its lowest compliance at a high
pressure, indicating a decrement in compliance with increasing pressure.

The SPUUK and SPUAA grafts exhibited the highest compliance, measured at
80–120 mmHg of 5.2 ± 1.3 and 4.1 ± 0.5%/100 mmHg, respectively. This finding is
noteworthy because it is closer to the physiological value for human saphenous veins, with
a compliance of 4.4 ± 0.4%/100 mmHg [60]. The MVG graft showed lower compliance
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than SPUUK and SPUAA but a higher compliance than Pearlbond 703 EXP. Figure 6b
illustrates a comparison of the stiffness measured at different pressure ranges. Consistent
with the compliance values, the stiffness index was higher for TVG, indicating that the
lower the compliance, the higher the stiffness index. Table 2 summarizes the burst strength
and compliance values of the various polyurethane vascular grafts.
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Figure 5. (a) Change in external diameter (circumferential strain) as a function of internal pressure
for SVG, MVG and TVG and (b) experimental and theoretical burst pressure estimated via a ring
tensile test using the failure diameter and those reported for human carotid arteries and human
saphenous veins.
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Figure 6. (a) Compliance variation with pressure (50 to 150 mmHg) for single (SPUUK, Pearlbond
703 EXP, SPUAA, MVG) and three-layer vascular grafts (TVG). (b) Stiffness values obtained with
Equation (6).

Table 2. Burst strength and compliances of vascular grafts based on single-layer SPUUK, Pearlbond
703 EXP, SPUAA, the mixture blend vascular graft and the three-layer vascular graft a.

SPUUK Pearlbond
703 EXP SPUAA MVG TVG b

Wall thickness [mm] 0.132 ± 0.008 0.130 ± 0.012 0.142 ± 0.010 0.140 ± 0.004 0.500 ± 0.010
External diameter [mm] 6.27 ± 0.02 6.26 ± 0.02 6.29 ± 0.03 6.28 ± 0.01 7.01 ± 0.01
Burst pressure [mmHg] 373 ± 120 884 ± 120 517 ± 43 523 ± 78 2087 ± 139

PBS
i [mmHg] Df c 634 ± 134 428 ± 66 1877 ± 155 1005 ± 51 2330 ± 136

PBS
i [mmHg] Du c 3642 ± 936 2126 ± 267 12,230 ± 1517 6350 ± 628 15,834 ± 1372

Deformation [%] 49.3 ± 8.2 18.8 ± 2.6 151.5 ± 49.4 48.2 ± 7.6 40 ± 15.3
C 50–90 [%100/mmHg] 3.03 ± 1.06 0.88 ± 0.55 2.58 ± 0.54 2.53 ± 1.22 0.0 ± 0.0

C 80–120 [%100/mmHg] 5.21 ± 1.29 0.71 ± 0.4 4.13 ± 0.53 2.92 ± 0.93 0.15 ± 0.1
C 110–150 [%/100 mmHg] 6.81 ± 0.55 0.57 ± 0.46 5.1 ± 0.66 3.35 ± 0.65 0.44 ± 0.18

Stiffness index 80–120 mmHg 20.3 ± 3.9 143 ± 80 24.8 ± 3.2 37.6 ± 11.1 225 ± 150

a Obtained according to ISO 7198 standard. b This graft had a wall thickness mimicking coronary artery ~0.5 mm.
c Burst pressure computed with Lame’s equation for unload diameter (Du) and failure diameter (Df).
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3.4. Fracture Surfaces of Vascular Grafts after Mechanical Testing

Figure 7a–e present representative SEM cross-sections of the liquid-nitrogen-fractured
surfaces of SVG (SPUUK, Pearlbond 703 EXP, SPUAA and MVG) and TVG obtained via
roto-evaporation. For TVG, good adhesion between the three different polyurethanes that
compose the graft was observed, with a clear demarcation of the inner, middle and outer
layers, (SPUUK, Pearlbond 703 EXP and SPUAA). The inner surface (Figure 7i-Inner) of the
TVG based on SPUUK showed a smooth surface where the polymer was highly compacted
in contact with the glass rod, while the outer surface (Figure 7i-Outer) of the TVG based
on SPUAA showed a rougher surface caused by the evaporation of the solvent during the
rotation. In addition, Figure 7f–h show the three-layer vascular graft after the longitudinal,
circumferential and burst test, respectively. After longitudinal or circumferential failure,
no delamination of the polyurethanes composing the graft was observed. However, the
different compositions can be identified according to the different types of fracture. For
example, after longitudinal tensile tests, the TVG showed a ductile failure in the middle
thicker layer composed of Pearlbond 703 EXP, while brittle failure was observed after
circumferential tensile tests. Figure 7h depicts the surface of the vascular graft after the
burst strength test. The surface exhibited various fracture patterns depending on the
layer composition. Specifically, the outer and inner layers, composed of SPUAA and
SPUUK, respectively, displayed rougher surfaces (indicative of a more brittle fracture). In
contrast, the middle layer, consisting of a commercial polyurethane called Pearlbond 703
EXP, exhibited a smoother surface (suggesting a less brittle fracture).
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Figure 7. SEM micrographs of the cross-section of single-layer vascular grafts made from (a) SPUUK,
(b) Pearlbond 703 EXP, (c) SPUAA and (d) MVG. (e) Three-layer vascular graft prepared with SPUUK,
Pearlbond 703 EXP and SPUAA. (f) Cross-section of TVG after longitudinal testing, (g) circumferential
testing and (h) the burst strength test. (i-Inner) The inner surface of the TVG based on SPUUK and
(i-Outer) the outer surface based on SPUAA.
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3.5. Biological Performance
3.5.1. MDA-MB-231 Cytocompatibility

Figure 8a shows the viability of MDA-MB-231 cells determined by means of the CCK-8
assay after 24 and 48 h of exposure to extracts of the different polyurethanes. Metabolically
active cells can reduce the WST-8 tetrazolium salt present in CCK-8 into a water-soluble
formazan product. Nonviable cells rapidly lose their ability to reduce the WST-8. Therefore,
the production of the colored formazan products is proportional to the number of viable
cells [61]. The three layers comprising the TVG exhibited values ranging from 90% to
100%, surpassing the minimum threshold of 70% required for biomaterials to be considered
cytocompatible [49]. Figure 8b shows the viability of MDA-MB-231 cells obtained using
the crystal violet assay to assess cell membrane integrity, upon exposure to extracts of the
different polyurethanes, normalized with respect to the control (100%) cells at 24 and 48 h.
All samples exhibited cell viability above the 70% required, with values around 100%.
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Figure 8. Viability of MDA-MB-231 cells upon exposure to extracts from the different polyurethanes.
(a) CCK-8 and (b) crystal violet assay. (*) The values shown are the mean ± SD. A value of
p-value < 0.05 was considered significant. (c) Confocal fluorescence micrographs of fibroblast L–
929 cells 24 h after seeding onto selected films. Live cells (stained with calcein-AM) appear in green.

3.5.2. Cell Adhesion and Proliferation

The cytocompatibility of the polyurethane films was also evaluated via the well-known
calcein AM/propidium iodide assay (Live/Dead). Calcein-AM is a small molecule dye that
fluoresces when cleaved by esterases in viable cells, staining them in green [62], whereas
propidium iodide is a fluorescent molecule that binds preferentially to DNA, staining
membrane-disrupted cells in red. As such, the staining by these two dyes proves useful to
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discriminate between populations of live and dead cells [61]. The results from the live/dead
assays are shown in Figure 8c, where few fibroblast cells appeared on the surface with little
proliferation of Pearlbond 703 EXP and SPUAA.

Even when phalloidin staining was not performed to assess proper cell morphology,
SPUUK exhibited good fibroblast adhesion. In terms of the water contact angle, there was
no difference between the three polyurethanes (87.9 ± 3.3◦, 84 ± 2.8◦ and 87.3 ± 1.4◦ for
SPUUK, Pearlbond 703 EXP and SPUAA, respectively). Still, in terms of surface roughness,
there was a slight difference (Ra = 1.02 ± 0.3 µm, 0.52 ± 0.09 µm and 0.31 ± 0.11 µm
for SPUUK, Pearlbond 703 EXP and SPUAA, respectively) that can explain the observed
outcome. As demonstrated by the screening tests of cytocompatibility presented in the
previous section, the moderate adhesion and proliferation of fibroblast cells onto Pearlbond
703 EXP and SPUAA are not expected to be related to any toxic effect of these materials. In-
stead, they could be related to their surface’s structural parameters, such as the topography,
elasticity and water contact angle.

Taking all of these results together, it was observed that both cell metabolic activity and
membrane integrity were uncompromised in the presence of all polyurethane extracts, even
when solvents (DMF), monomers (isocyanates) or catalysts (tin (II) 2-ethylhexanoate) were
used during their synthesis, probably due to their low concentration and exposure time.
In contrast, the direct cytotoxicity test showed that only SPUUK could support fibroblast
adhesion due to a slightly rougher surface. In this regard, many polymers are not cytotoxic
but show poor or little cell adhesion. However, it must be noted that cell adhesion is mainly
mediated by protein adsorption on the surface and not only by chemical composition,
hydrophilic/hydrophobic balance, surface roughness, etc. Therefore, the extra lysine amino
groups in SPUUK promoted the interaction with a negatively charged cell membrane.

3.5.3. Hemocompatibility

Figure 9a illustrates the progression of thrombus formation over time, with observa-
tions made at 5, 10, 20, 30 and 40 min of contact between whole blood and the various
polyurethane surfaces. At 5 min, no significant difference between surfaces was noted, and
the thrombus barely started to form. However, after 10 min, the amount of free hemoglobin
was significantly higher in the SPUUK polyurethane than in the other polyurethanes for
all incubation times evaluated. This is advantageous for the TVG because the inner layer,
which will be in direct contact with blood, comprises SPUUK. Once free hemoglobin values
reach 25%, clot formation becomes evident. According to studies by Boccafoschi et al. [63],
Teflon® shows values of 25% at 20 min. In our research, SPUUK exhibited values of ap-
proximately 25% at around 15 min, whereas Pearlbond 703 EXP and SPUAA exhibited
equivalent values at around 10 min. The blood compatibility of polyurethanes was also
evaluated by measuring the cell hemolysis percentage during contact with red blood cells
in vitro [64]. The percentage of hemolysis depicts the degree of destruction of erythrocytes
when they meet the polyurethane films. Therefore, the higher the number of broken ery-
throcytes, the higher the value of the hemolysis percentage is. A higher degree of hemolysis
indicates poor hemocompatibility of the biomaterial. Figure 9b illustrates the hemolysis
rate values of different polyurethane films. The degree of hemolysis in the presence of
SPUAA was 0.12 ± 0.38%, for Pearlbond 703 EXP it was 1.07 ± 0.96% and for SPUUK it
was 1.82± 0.96%. However, the hemolysis values of all three kinds of materials were under
the permissible limit of 5% [65].
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Figure 9. (a) Clotting time study on polyurethane films. A p-value < 0.05 was considered significant
(*) and was found at 10, 20, 30 and 40 min between SPUUK and the other conditions. The results
are normalized to the plastic control. The values shown are the mean ± SD. Experiments were
repeated three times for three different donors, with n = 3 each time. (b) Hemolysis percentage of
different polyurethanes.

4. Conclusions

A three-layered polyurethane vascular graft that mimics the thickness of each tunica
in an artery was developed through the roto-evaporation method. The properties of
these vascular grafts were assessed using the ISO 7198 standard. It was found that the
500 µm-wall-thickness TVG made from SPUUK (tunica intima), Pearlbond 703 EXP (tunica
media) and SPUAA (tunica adventitia) exhibited the highest circumferential tensile strength
(7.17 ± 0.37 N/mm) and longitudinal forces (101.3± 4.0 N) when compared to single-layer
vascular grafts (100 µm wall thickness) made from the same polyurethanes. In addition, the
three-layer vascular graft showed the highest suture strength (11.0 ± 1.4 N) and exhibited
higher burst strength values (2087 ± 139 mmHg) than native vessels. Lower compliances
(0.15 ± 0.1 and 0.44 ± 0.18 at 80–120 mmHg and 110–150 mmHg, respectively) and higher
stiffness indexes (4054.7 ± 0.01) were achieved for TVG. Although the three polyurethane
extracts exhibited non-cytotoxic behavior when cultured directly on the surface, they
showed poor fibroblast adhesion, except for the lysine-based polyurethane (SPUUK). In
agreement with this, the inner layer of the TVG, a lysine-based polyurethane, exhibited
80% free hemoglobin after 5 min (longer than the plastic control), which was reduced to
10% after 40 min, indicating a long clotting time. Additionally, the inner layer showed low
hemolysis (1.82 ± 0.96%), which is below the acceptable 5% threshold for this parameter.

Determining mechanical properties is a suitable way of assessing the performance of
a vascular graft, with higher only sometimes being better. The tensile mechanical test of
SPUUK and SPUAA films showed that they have higher strength and deformation than
Pearlbond 703 EXP but a lower modulus. Therefore, the three-layer structure improves
the grafts’ tensile properties and allows them to perform better than the corresponding
immiscible polymer blend. However, this led to compliances that were lower than most
natural tissues.

Based on these results, it is concluded that for achieving higher compliances or com-
pliances akin to those of native tissues, the thickness and composition of the media layer
(the thicker one) are the most important factors in the development of synthetic grafts.
Therefore, a three-layer synthetic vascular graft must be at least 50–100 µm thick for high
compliance when the segmented polyurethanes used as a media layer (Pearlbond 703 EXP
in this study) exhibit a high Young’s modulus. Alternatively, it is suggested that compli-
ances can be increased in a tubular form by increasing porosity. Finally, the polyurethane
used for the media layer can be replaced with a low-modulus polyurethane (with no phase
separation) for higher compliance.
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In conclusion, the roto-evaporation method is a good alternative for preparing layered
tubular structures as it allows for different material compositions and thicknesses in a
shorter period. However, further studies are needed to evaluate these synthetic grafts’
long-term performance and biocompatibility before they can be used in clinical applica-
tions. To develop a final vascular substitute, it is recommended to include future studies
related to their performance in animal models, their viscoelastic properties and more
hemocompatibility tests that include platelet or protein adhesion and to observe it via SEM.
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Abstract: This study investigates the mechanical properties of coconut sawdust powder combined
with polypropylene (PP). The effect of compatibility content, wood powder (WP) content, and injec-
tion molding parameters on the properties of coconut wood powder composite (WPC) is evaluated.
The results could be used to figure out the optimal mechanical properties such as tensile strength,
elongation, elastic modulus, and flexural strength by selecting suitable parameters and composi-
tion. The bonding between the WP particles and the PP matrix is good, and the WP is uniformly
distributed across the composite matrix, as indicated in the scanning electron microscopy (SEM)
results. Interestingly, with the presence of the compatibilizer oleamide, increasing the WP content
from 20 wt.% to 40 wt.% did not result in WP accumulation in the composite matrix. Notably, at
20 wt.% WP, the elongation is the highest (at 7.40 wt.%), while at 30 wt.% WP, the elastic modulus
reaches the highest value. The maximum ultimate tensile strength (UTS) value is obtained at 35 wt.%
WP. Higher WP mostly results in greater flexural strength and shore D hardness. At 40 wt.% WP, the
WPC achieves its peak shore D hardness of 77.6. The Taguchi results suggest that WP content is the
most critical factor in the UTS value of coconut WPCs. The filling pressure ranks second, followed by
the packing pressure. Finally, unlike the other characteristics, the melt temperature has a minimal
impact on the UTS value.

Keywords: wood powder; tensile strength; flexural strength; optimization; injection molding

1. Introduction

Recently, exploring ways to reuse waste products has become an attractive method
of reducing pollution, saving energy, and saving material resources [1,2]. For instance,
wood-powder-based composites have become a trend in green policies to reduce the use of
plastics [3–7]. The wood powder (WP) is the bypass product, collected from the process of
wood production. Wood products can be burned to create heat sources. WP can also be
combined with some polymers to create a wood-based composite [8–11]. WP can also be
mixed with ceramics to generate ceramic composites [12–16].

Dikobe et al. [17] investigated the morphology, mechanical properties, and thermal
properties of the WP composite with polypropylene (PP)/linear low-density polyethylene
(LLDPE) and maleic anhydride-grafted polypropylene (MAPP)/LLDPE blend systems.
The composite used 10, 20, and 30 wt.% WP. The MAPP, LLDPE, and WP composites
have stronger interfacial bonding and better thermal stability than the PP, LLDPE, and
WP composites. Nygård et al. [18] improved the feeding ability of the wood fiber during
the extrusion process. They showed that pelletizing greatly reduced the length of wood
fibers while allowing for a regulated feeding of the fibers into the extruder. Buddi et al. [19]
reported the mechanical properties of a 5 wt.% WP and HDPE composite enhanced with
nanoSiO2. With 5 wt.% SiO2, the composite reached the highest tensile and flexural
strengths. The higher SiO2 content led to the segregation of nanoparticles and a reduction
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in the ductility of the composite. The composite obtained the highest impact strength at
3 wt.% SiO2. He et al. [20] mixed WP with polyvinyl alcohol (PVA) by applying solid-state
shear milling and thermal processing, allowing for the high productivity of the composite.
The composites achieved a good tensile strength of 22.5 MPa and elongation of 120.5 wt.%,
which is greatly higher than the traditional mixing method.

Furthermore, wood-powder-based composite (WPC) could be processed by various
technologies such as extrusion, injection, or compression molding [21]. WPC products
can appear in automobiles, construction, and furniture due to the advantages of weather
duration and biological impact. Notably, da Silva et al. [22] reported that polylactic acid
(PLA)/poly ε-caprolactone (PCL) composites combined with WP. The initial mixture is
mixed by a screw extruder, graded, and finally injected by an injection molding machine.
The tensile strength and elastic modulus of the composites are reduced; however, the
impact strength of the composite is higher than that of pure PLA. The composite material
is good enough to generate disposable cups. Interestingly, the WPC could be used as a 3D
printing material [23]. Huang et al. [24] mixed WP, acrylonitrile–butadiene–styrene (ABS)
polymer, and maleic anhydride to create 3D printing materials. They found that the best
percentage of Red Gum WP in the composites is 29 wt.%.

For a denser and stronger 3D-printed WPC product, it is suggested to use wood
particles with more rounded shapes and smoother surfaces. Kajaks et al. [25] mixed
coupling-agent-maleated polypropylene (MAPP) with WP. The use of a coupling agent
significantly increases the tensile strength, flexural strength, and impact strength by up to
1.5–2.2 times. The mechanical properties of high-density polyethylene (HDPE) mixed with
WP are also surveyed [26]. The WP percentage could reach 50 wt.%, while the mechanical
properties are still good enough. The best water resistance is obtained at 5 wt.% MAPP.
Scanning electron microscopy (SEM) results showed that MAPP increases the interfacial
bonding between the WP and HDPE matrix. Salemane and Luyt [27] combined PP and
WP with some compatibilizers to create WPC. The findings suggest that WP settles in
the amorphous component of the matrix, forming new crystalline phases or zones. SEM
micrographs reveal a relatively equal distribution of WP in the PP matrix, which contributes
to reported improvements in material characteristics.

Most of the above studies did not mention the impact of the injection molding parame-
ters on the characteristics of the WPC. Moreover, the coconut sawdust by-products are also
rarely discussed when exploring the WPC. Coconut sawdust is a waste product which is
popular in South and South East Asia. Finding the optimal ways to reuse it could minimize
pollution, save energy, and save materials and resources [1–5]. This report concentrates on
studying the mechanical properties of coconut sawdust powder mixed with PP. The WP is
dried and then mixed with PP and additives, following an extrusion process to generate
granular. The composite is then injected by an injection molding machine to create the
test samples. The impact of compatibility content, WP content, and injection molding
parameters on the characteristics of the coconut WPC are examined. The WPC samples
are tested via tensile, flexural, and hardness tests. The samples are also tested with a water
absorption test, a scanning electron microscope (SEM) test, a shore D hardness test, a water
absorption test, and a differential scanning calorimetry (DSC) test. The optimal tensile
strength, elongation, elastic modulus, tensile strength, and hardness are indicated. The
results might be used to determine the best mechanical qualities, such as tensile strength,
elongation, elastic modulus, and flexural strength, by choosing the appropriate parameters
and composition.

2. Experimental Methods
Materials and Method

Figure 1a,b show the coconut sawdust powder before and after filtering by a fine mesh
with a 60-mesh US standard. Then, it is dried at 90 ◦C for 8 h to remove humidity [28,29].
The WP is then mixed with PP polymer, 5 wt.% compatibilizer, and 2 wt.% lubrication
additive for 30 min in a mixer. Oleamide O2136 lubrication additive is supplied by MERCK
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Company, Darmstadt, Germany. Compatibilizer Scona TPPP 8112 GA is from BYK Kometra
GmbH, Schkopau, Germany. A PP polymer named Advanced-PP 1100 N is supplied by
Advanced Petrochemical Company in Al Jubail 35725, Saudi Arabia, and its characteristics
are shown in Table 1. The coconut WP in the WPC varies from 20 wt.% to 40 wt.%.
After that, the mixture is extruded at 160 ◦C and a screw rotation speed of 150 rpm and
granulated to create composite granulation with the size of 3.2 mm × 5 mm, as shown
in Figure 1c,d. The composition granulation is dried for 8 h at 90 ◦C to remove humidity
before being injected into the injection molding machine Haitian-MA 1200III at different
injection parameters. Each WPC composition has eight samples: four samples for the
tensile test and four samples for the flexural test. In Sections 3.1 and 3.2, the WPC is injected
at a filling pressure of 33 bar, a packing pressure of 40 bar, and a melt temperature of 220 ◦C.

Polymers 2024, 16, x FOR PEER REVIEW  4  of  18 
 

 

 

Figure 1. Sample preparation process: (a) coconut WP before filtering; (b) coconut WP after filtering; 

(c) coconut WP and PP after extrusion; (d) granulation; (e) tensile and flexural injection samples; (f) 

flexural sample dimension; (g) tensile sample dimension. 

3. Results and Discussion 

3.1. Tensile Test Results 

Figure 2 shows the stress–strain diagram of the WPC at different WP percentages. 

The UTS values of the samples are 10.26 MPa, 10.42 MPa, 9.90 MPa, 10.57 MPa, and 10.47 

MPa, corresponding to 20 wt.%, 25 wt.%, 30 wt.%, 35 wt.%, and 40 wt.% WP. The UTS 

value of the WPC varies from 9.90 MPa to 10.57 MPa. This result shows that changing the 

WP content does not strongly impact the UTS value of the WPC samples. Moreover, the 

highest UTS value is 10.57 MPa, which is achieved with 35 wt.% WP. With the WP from 

sanding dust birch wood veneer plywood in the PP matrix, Kajaks et al. [25] indicated that 

increasing from 20 wt.% to 40 wt.% WP does not strongly change the UTS value, which is 

consistent with this report. 

Figure 1. Sample preparation process: (a) coconut WP before filtering; (b) coconut WP after filtering;
(c) coconut WP and PP after extrusion; (d) granulation; (e) tensile and flexural injection samples;
(f) flexural sample dimension; (g) tensile sample dimension.

208



Polymers 2024, 16, 1225

Table 1. Characteristics of Advanced-PP 1100 N.

Properties Unit Test Method Value

Melt flow rate (230 ◦C/2.16 KG) g/10 min ISO 1133 [30] 12

Tensile modulus of elasticity MPa ISO 527-2 [31] 1550

Tensile stress at yield MPa ISO 527-2 35

Tensile strain at yield % ISO 527-2 8

Tensile strain at break % ISO 527-2 >50

Charpy impact strength notched kJ/m2 ISO 179/1eA [32] 3.0

Ball indentation hardness (H 358/30) MPa ISO 2039-1 [33] 78

Melting point, DSC ◦C ISO 3146 [34] 163

Heat deflection temperature—HDT/B (0.45 Mpa) ◦C ISO 75-2 [35] 85

Vicat softening temperature—VST/A50 (10 N) ◦C ISO 306 [36] 154

Density g/cm3 ISO 1183 [37] 0.91

The WPC samples are injected following ASTM D638 for the tensile test and ASTM
D790 for the flexural test [38,39]. After being injected, the samples are subjected to tensile
and flexural tests by a tensile test machine AG-X Plus 20 kN (Shimadzu, Kyoto, Japan) at
a 5 mm/min speed. The fracture surfaces are examined via an SEM microscope TM4000
(Hitachi, Tokyo, Japan) with a voltage of 5 kV, magnification of ×100, working distance
of 6.2–7.7 mm, and an emission current of 65,200–67,900 nA. The samples are also mea-
sured with DSC via DSC 214 Polyma (NETZSCH, Selb, Germany) to indicate the crys-
tallinity percentage at a range of 40–250 ◦C, a speed of 10 K/min, and atmosphere of N2,
40.0–60 mL/min. In addition, the samples are also measured with shore D hardness tester
LX-D (ETOPOO, Zhejiang, China). Finally, the water absorption is tested via standard
ASTM D 570-88, using digital scale FA2204 (JOANLAB, Huzhou, China).

3. Results and Discussion
3.1. Tensile Test Results

Figure 2 shows the stress–strain diagram of the WPC at different WP percentages. The
UTS values of the samples are 10.26 MPa, 10.42 MPa, 9.90 MPa, 10.57 MPa, and 10.47 MPa,
corresponding to 20 wt.%, 25 wt.%, 30 wt.%, 35 wt.%, and 40 wt.% WP. The UTS value of the
WPC varies from 9.90 MPa to 10.57 MPa. This result shows that changing the WP content
does not strongly impact the UTS value of the WPC samples. Moreover, the highest UTS
value is 10.57 MPa, which is achieved with 35 wt.% WP. With the WP from sanding dust
birch wood veneer plywood in the PP matrix, Kajaks et al. [25] indicated that increasing
from 20 wt.% to 40 wt.% WP does not strongly change the UTS value, which is consistent
with this report.

The elongation at break comparison diagram of the WPC at different WP percentages is
presented in Figure 3. The elongation values of the WPC samples are 7.40 wt.%, 5.53 wt.%,
4.97 wt.%, 4.31 wt.%, and 3.98 wt.%, corresponding to 20 wt.%, 25 wt.%, 30 wt.%, 35 wt.%,
and 40 wt.% WP. The results indicate that increasing the WP content mostly leads to
decreasing the elongation at break value. By limiting the mobility of the polymer chains,
the presence of WP in the matrix reduces the sample’s ability to deform [27]. WPC with
20 wt.% WP has the highest elongation value of 7.40 wt.%, while WPC with 35 wt.% WP
obtains the lowest elongation value of 4.31 wt.%. Furthermore, the elongation at the break
value of the WPC samples is smaller than the original PP polymer due to the low elongation
of the WP. Kajaks et al. [25] also indicated the reduction of the elongation at break value
when increasing the WP content from 20 wt.% to 40 wt.%. The reduction value is minor
due to the existence of the compatibilizer in the WPC.
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Figure 4 shows the elastic modulus value comparison of WPC at different WP per-
centages. The elastic modulus values are 308.7 GPa, 364.7 MPa, 433.6 MPa, 422.7 MPa,
and 320.8 MPa, corresponding to 20 wt.%, 25 wt.%, 30 wt.%, 35 wt.%, and 40 wt.% WP.
Different from the elongation diagram, which goes down and then rises when increasing
the WP content, the elastic modulus diagram goes up and then goes down. The reason
is the reverse characteristic of the elongation and elastic modulus values. From 20 wt.%
to 30 wt.% WP, with compatibilizer, there is a strong interaction between the PP and WP
particles. This will reduce chain mobility and increase the elastic modulus with increasing
WP content. On the other hand, the increase in WP could lead to the accumulation of WP,
leading to a reduction in the elastic modulus due to the coarsening of WP. With 30 wt.% WP,
the WPC reaches the highest value of elastic modulus at 433.6 MPa. On the contrary, with
20 wt.% WP, the WPC has the lowest elastic modulus at 308.7 MPa. Salemane et al. [27]
also figured out that increasing the WP content will first lead to an increase in the elastic
modulus, and then, further increases in the WP will result in a reduction in the elastic
modulus of the WPC.
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Figure 5 shows the stress–strain diagram of samples with different WP percentages.
The area below the stress–strain curves reduces gradually when the WP percentage in-
creases from 20 wt.% to 40 wt.%. Notably, from 20 wt.% to 30 wt.% WP, this area reduces
rapidly. From 30 wt.% to 40 wt.%, the reduction speed is slower. These results are con-
sistent with the UTS and elongation results, which are presented in Figures 2 and 3. The
reduction of the area below the stress–strain when increasing the WP content also indicates
the reduction in the toughness of the WPC when increasing the WP content.

In general, the UTS value of the WPC changes slightly around 10.4 MPa when changing
the WP content from 20 wt.% to 40 wt.%. The elongation at break value reaches the
highest value of 7.40 wt.% at 20 wt.% WP, while the elastic modulus obtains the highest
value of 433.6 MPa at 30 wt.% WP. Notably, the WPC with 25 wt.% WP has good tensile
characteristics with a UTS value of 10.42 MPa, an elongation value of 5.53 MPa, and an
elastic modulus value of 364.7 MPa.
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3.2. Flexural Test Results

The stress–strain diagram and flexural strength comparison of WPC at different
WP percentages are displayed in Figure 6. The flexural strength values are 14.06 MPa,
15.48 MPa, 14.64 MPa, 15.49 MPa, and 16.0 MPa. Generally, increasing the WP leads to
an improvement in the flexural strength of the WC. The WPC has the highest flexural
strength of 16.0 MPa at 40 wt.% WP, while at 20 wt.% WP, the WPC has the lowest
flexural strength of 14.06 MPa. Overall, the flexural strength value oscillates gently
around 15 MPa. This result is similar to the UTS value, which also indicates that the
WP content has a slight impact on the UTS and flexural strength. However, the flexural
strength value has a higher deviation value, indicating that WP content has a stronger
impact on flexural strength than the UTS. Kaymakci et al. [40] mixed PP with 50 wt.%
rice husk powder, achieving a flexural strength of 11.27 MPa, which is lower than this
study’s results. Valles-Rosales et al. [41] achieved a flexural strength of 16.2 MPa when
mixing PP with 42.5 wt.% chili-stem waste particles.

The maximum flexural strain at break comparison diagram of the WPC at different
WP percentages is presented in Figure 7. The elongation values of the WPC samples are
15.50 wt.%, 9.67 wt.%, 7.97 wt.%, 7.22 wt.%, and 5.06 wt.%, corresponding to 20 wt.%,
25 wt.%, 30 wt.%, 35 wt.%, and 40 wt.% WP. Interestingly, adding more WP to the WPC
leads to a gradual decrease in the maximum flexural strain value. At 20 wt.% WP, the WPC
has the highest maximum flexural strain value of 15.50 wt.%. It declines to the lowest value
of 5.06 wt.% when the WP content increases to 40 wt.%. The reason is that the WP does not
have as much ductility as the PP matrix; therefore, adding more WP results in a reduction
in the maximum flexural strain at break value.
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Figure 8 exhibits the flexural elastic modulus value comparison of WPC at different
WP percentages. The elastic modulus values of the WPC are 511 MPa, 560.9 MPa,
565 MPa, 623.9 MPa, and 664.2 MPa, corresponding to 20 wt.%, 25 wt.%, 30 wt.%,
35 wt.%, and 40 wt.% WP. Increasing the WP content gives rise to the flexural elastic
modulus value, which is reversed to the maximum flexural strain value. This result is
consistent with Bessa et al.’s study [42], which also indicated that increasing the WP
content leads to an improvement in the flexural elastic modulus of the WPC. However,
increasing the WP content mostly leads to a reduction in the elongation at break and
elastic modulus, as mentioned in the tensile test.
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Figure 9 shows the shore D hardness value comparison of WPC at different WP
percentages. The shore D hardness values of the WPC are 70.8, 0.76 wt.%, 0.97 wt.%,
1.17 wt.%, and 1.58 wt.%, corresponding to 20 wt.%, 25 wt.%, 30 wt.%, 35 wt.%, and
40 wt.% WP. Increasing the WP content gives rise to the hardness of the WPC due to
the higher hardness of the WP compared to the PP matrix. This is also the reason why
increasing the WP content leads to a reduction in the maximum flexural strain and an
increase in the flexural elastic modulus, as shown in Figures 7 and 8. This result is consistent
with the Teymoorzadeh et al. [43] study, which also investigated the impact of WPC on
hardness. In that study, increasing the WP from 0 wt.% to 40 wt.% led to a gradual increase
in shore D hardness from 79 to 89 of the polylactic acid wood composite.

Overall, the flexural strength of the WPC varies around 15 MPa when the WP increases
from 20 wt.% to 40 wt.%. The increase in the WP mainly leads to increased flexural strength.
The flexural elastic modulus also increases when the WP content increases. On the contrary,
the maximum flexural strain decreases when the WP content increases. The maximum
flexural strain value achieves the highest number of 15.50 wt.% at 20 wt.% WP, while the
flexural elastic modulus reaches the highest value of 664.2 MPa at 40 wt.% WP. Remarkably,
if the maximum flexural strain is not critical, WPC samples with 40 wt.% WP are a good
selection due to their good flexural strength of 16.0 MPa and flexural elastic modulus of
664.2 MPa. The highest shore D hardness of 77.6 of the WPC is obtained at 40 wt.% WP.
Increasing the WP content will increase the hardness of the WPC.
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3.3. SEM, DSC and Water Absorption Tests Results

Figure 10 shows the SEM figures of WPC at different WP percentages. Before SEM test-
ing, the samples are not coated with gold or platinum. With the compatibilizer Olenamide
5 wt.%, all WPC samples present good bonding between the WP and PP matrix. There
are no separations between WP and PP matrix, indicating the high quality of the samples.
The WP size varies around 90.2 µm–112.9 µm, which is a fine WP. Moreover, the WP was
distributed evenly on the composite matrix, indicating the good effect of the compatibilizer
Olenamide. Remarkably, with the presence of the compatibilizer Olenamide, increasing
the WP content from 20 wt.% to 40 wt.% does not lead to the accumulation of the WP in
the composite matrix. Ratanawilai et al. [44] indicated that reducing the average WP size
from 315 µm to 180 µm led to a slight increase in the tensile and flexural strength. In this
study, the WP size is smaller than that report, indicating that the WP size is small enough
to generate a good WPC.
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DSC results of WPC at different WP percentages are presented in Figure 11. Each
sample composition uses about 15 mg to conduct the test. The crystallinity is calculated by
the following equation:

X =
∆Hm

∆Hm0
× 100 wt.%, (1)

where ∆Hm is melting enthalpy; the ∆Hm0 of PP is 207 J/g [45].
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The crystallinity values of the WPC are 34.92 wt.%, 34.34 wt.%, 33.92 wt.%, 33.74, and
33.1 wt.%, corresponding to 20 wt.%, 25 wt.%, 30 wt.%, 35 wt.%, and 40 wt.% WP. The
crystallinity of the WPC reduces gradually and slightly when the WP content increases. The
presence of coconut WP, which has an amorphous structure, leads to a lower crystallinity
percentage of the WPC. However, if the true fraction of PP is considered during the
crystallinity calculation, meaning the WP is not counted, the crystallinity values are higher.
The crystallinity values of the PP matrix are 43.65 wt.%, 45.79 wt.%, 48.46 wt.%, 51.91, and
55.17 wt.%, corresponding to 20 wt.%, 25 wt.%, 30 wt.%, 35 wt.%, and 40 wt.% WP. It means
that the PP matrix has a higher crystallinity when increasing the WP in the WPC.
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Figure 12 shows the water absorption of WPC at different WP percentages. Water
absorption measurements are tested via the standard ASTM D 570-88. Water absorption is
calculated following equation:

X =
W1 − W0

W0
× 100 wt.% (2)

where W1 is the weight of the sample after water absorption and W0 is the original weight
of the samples.
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Figure 12. Water absorption of WPC at different WP percentages.

The maximum water absorption of WPC after 30 days is 0.52 wt.%, 0.76 wt.%,
0.97 wt.%, 1.17 wt.%, and 1.58 wt.%, corresponding to 20 wt.%, 25 wt.%, 30 wt.%, 35 wt.%,
and 40 wt.% WP. Increasing the WP content leads to an improvement in the water
absorption of the WPC, which is similar to Bessa et al.’s report [25]. The reason is the
WP has a strong water absorption; therefore, increasing its content will result in a better
water absorption of the WPC. Moreover, the water absorption process for 30 days could
be divided into two stages. In the first stage, from 0 to the 14th day, the water absorption
rises rapidly. Then, in the second stage, from the 14th day to the 30th day, the water
absorption speed reduces as the WP becomes saturated. In general, the WPC samples
have a low water absorption capacity.

3.4. Optimization by Taguchi Method

In this section, the study aims to optimize the tensile strength and flexural strength
of the WPC using the Taguchi method. In Table 2, the injection parameters and WP
are calculated following the Taguchi method via Minitab software version 20.3 with L25
orthogonal array, four factors, and five levels.

Table 3 presents the response table for means of coconut WPC for the UTS value. The
results show that WP content plays the most important role in the UTS value of the coconut
WPC. The filling pressure has the second rank, followed by the packing pressure. Finally,
the surveyed melt temperature does not impact the UTS value as strongly as the other
parameters. Therefore, controlling the WP content could lead to a suitable selection when
using the WPC.
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Table 2. Injection parameters and WP content of coconut WPC.

Sample No. Filling Pressure
(Bar)

Packing Pressure
(Bar)

Melt Temperature
(◦C)

Powder Content
(wt.%)

1 27 35 214 20
2 27 37.5 217 25
3 27 40 220 30
4 27 42.5 223 35
5 27 45 226 40
6 30 35 217 30
7 30 37.5 220 35
8 30 40 223 40
9 30 42.5 226 20
10 30 45 214 25
11 33 35 220 40
12 33 37.5 223 20
13 33 40 226 25
14 33 42.5 214 30
15 33 45 217 35
16 36 35 223 25
17 36 37.5 226 30
18 36 40 214 35
19 36 42.5 217 40
20 36 45 220 20
21 39 35 226 35
22 39 37.5 214 40
23 39 40 217 20
24 39 42.5 220 25
25 39 45 223 30

Table 3. Response table for means of coconut WPC for the UTS value.

Level Filling Pressure
(Bar)

Packing Pressure
(Bar)

Melt Temperature
(◦C)

WP Content
(wt.%)

1 10.352 10.326 10.374 10.276
2 10.302 10.386 10.324 10.446
3 10.366 10.344 10.334 9.994
4 10.382 10.352 10.338 10.556
5 10.332 10.326 10.364 10.462

Delta 0.080 0.060 0.050 0.562

Rank 2 3 4 1

Figure 13 presents the main effects plot for means of coconut WPC for the UTS value.
The optimal parameters that could lead to the highest UTS value are a filling pressure of
36 bar, a packing pressure of 37.5 bar, a melt temperature of 214 ◦C, and a WP content of
35 wt.%. The predicted UTS value that applied these parameters is 10.658 MPa.

Table 4 represents the response table for means of coconut WPC for the flexural
strength value. Similar to the UTS value, WP content also has the highest impact on the
flexural strength value of the coconut WPC. The melt temperature has the second position
on the impact range of the flexural strength value, followed by the packing pressure.
Notably, the filling pressure has the weakest impact on the flexural strength value. This
is different from the UTS value, in which the filling pressure ranks second place. Overall,
the WP content is the most important parameter when considering both the UTS and the
flexural strength values.

Figure 14 shows the main effects plot for means of coconut WPC for the flexural
strength value. The optimal parameters are a filling pressure of 27 bar, a packing pressure
of 45 bar, a melt temperature of 226 ◦C, and a WP content of 40 wt.%. The predicted flexural
strength value that applied these parameters is 10.464 MPa.
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Table 4. Response table for means of coconut WPC for the flexural strength value.

Level Filling Pressure
(Bar)

Packing Pressure
(Bar)

Melt Temperature
(◦C)

WP Content
(wt.%)

1 15.22 15.23 15.24 14.10
2 15.21 15.24 15.21 15.29
3 15.13 15.13 14.86 14.98
4 15.20 14.99 15.24 15.49
5 15.10 15.26 15.31 15.99

Delta 0.12 0.27 0.45 1.89

Rank 4 3 2 1
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4. Conclusions

This study studies the mechanical properties of coconut sawdust powder mixed with
PP. The impact of compatibility content, WP content, and injection molding parameters on
the characteristics of the coconut WPC is surveyed. Some important results are as follows:

- Depending on the coconut WP content and the desired properties, the mechanical
properties of the WPC would achieve their best results at different WP contents. The
highest UTS value is achieved at 35 wt.% WP. The elongation reaches the highest value
of 7.40 wt.% at 20 wt.% WP, while the elastic modulus obtains the highest value of
433.6 MPa at 30 wt.% WP.

- The flexural strength, the flexural elastic modulus, and the shore D hardness have
a linear relation to the WP content. An increase in WP content will increase these
properties, reaching their best properties at 40% WP.

- SEM results show that all WPC samples present good bonding between the WP and
the PP matrix. Moreover, the WP is distributed evenly on the composite matrix due to
the presence of the compatibilizer.

- The crystallinity of the WPC reduces gradually and slightly when the WP content
increases, indicating that the WP does not strongly impact the WPC crystallinity.

- Taguchi’s results show that WP content plays the most important role in the UTS value
of the coconut WPC. The filling pressure has the second rank, followed by the packing
pressure. Finally, the surveyed melt temperature does not strongly impact the UTS
value like the other parameters. Therefore, controlling the WP content could lead to a
suitable selection when using the WPC. Further studies should focus on WPCs with a
coconut WP percentage greater than 45%.
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