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ARTICLE INFO ABSTRACT

Keywords: The present work focuses on the manufacturing, mechanical characterization, and modeling of hybrid Flax/
Flax Hemp/Polypropylene (PP) composites under dry conditions. Geometric parameters of the fibers were measured
Hemp both before and after the melt processing. The results indicated that the processed fibers, especially the hybrid

Hybrid composites

Damage mechanism
Mechanical characterization
EVP constitutive model
Perzyna-type model

ones, had a narrowed length distribution with an average fiber length of 0.48 mm for hybrids compared to 0.62
mm for non-hybrids. The hybrid composites were mechanically characterized using basic and loading-unloading
tensile tests with various fiber combinations and weight percentages. The study also examined the effect of strain
rate and cutting angle on the behaviors of the composites. The results demonstrated the significance of fiber
orientation as the primary factor in explaining mechanical variations. The tensile strength and Young’s Modulus
of FH30 composites (PP + 15 wt% flax + 15 wt% hemp) increased by about 24.1 % and 10.9 %, respectively,
when the plates were cut into dumbbell shapes at a 90° angle to the injection molding flow direction, compared
to a cut at 0° The study also showed that the tensile strength is directly proportional to the mass fraction of
reinforcements, with an increase in tensile strength by 7.9 % for 0° cut angle specimens between FH10 (PP + 5
wt% flax + 5 wt% hemp) and FH30 bio-composites, while the uniform strain is inversely proportional to the mass
fraction of reinforcements, evidenced by a reduction in uniform strain of 30 % between FH10 and FH30 samples.
Morphological observations revealed the presence of bands indicating the propagation of micro-cracks, as well as
debonding or cohesive failure. Finally, a Perzyna-type elasto-viscoplastic constitutive model was applied to
accurately predict the overall mechanical response of a hybrid composite material. Specifically, the model
successfully captured the tension deformation behavior of hybrid natural short-fiber thermoplastic composites,
including the elastic stage, yield stress, and nonlinear hardening.

applications. Like every other polymer, polypropylene has a few dis-
advantages compared with some thermosets: it has high flammability,

1. Introduction

Bio-composites are defined by the inclusion of one or more materials
(fibers or matrices) obtained from natural sources. Although natural
fiber-based thermoplastic composites are known to have inferior me-
chanical properties compared with thermoset composites, they have
advantages for design flexibility, great capacity to be recycled, and are
consumed in large volumes.

For this type of composite, polypropylene (PP) is widely used as a
polymer matrix due to its versatility, low density, resistance to damage,
non-toxicity, and low cost. In addition, the processing ease of PP, with its
low melt viscosity, makes it highly suitable for injection molding

* Corresponding authors.

poor adhesion properties, and it is susceptible to UV degradation and
oxidation.

Natural fibers are classified into three categories based on their
origin, namely plant fibers, animal fibers and mineral fibers. Nonwoven
bio-composites can be manufactured from a large range of plant fibers,
but the most commonly used fibers are flax, hemp, or jute. These natural
fibers offer similar strength and stiffness to glass fiber, presenting op-
portunities to replace synthetic fibers in semi-structural automotive
parts and in applications requiring high-vibration damping, such as
sporting goods and musical instruments [1,2,3]. Additionally, they
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possess enormous advantages compared to E-glass fibers such as low
density, renewable resources, short growth cycle times, low energy
production, recyclability, biodegradability, and excellent specific me-
chanical properties that are equivalent to those of glass fibers.

Despite the interesting specific properties of natural fibers, they
exhibit certain drawbacks compared to conventional fibers (glass fiber).
These disadvantages include lower thermal stability (this limits the
manufacturing process and the choice of the polymers), higher moisture
absorption, and lower mechanical performance. These disadvantages
limit the use of natural fibers as reinforcements in composite materials.

Flax (Linum usitatissimum) and Hemp (cannabis) are the major plant
fibers cultivated in northern Europe and are mainly used in the textile
sector. Considering the interesting properties of these two natural fibers,
hybridization, which consists of two or more types of fibers in the same
composite system could be used to provide additional benefits, including
greater energy absorption and lower cost [4].

Several studies have been carried out to explore the mechanical
properties of natural/synthetic or natural/natural binary hybrid fibers
reinforced laminate composites. These include research on flax fiber
combined with glass fiber [5,6,7,8,9,10], flax fiber combined with car-
bon fiber [11,12,13], and flax fiber combined with basalt fiber [14,15,
16,17]. Other studies have investigated the hybridization of three fiber
types embedded in a common matrix such as abaca/jute/glass fibers
[18], flax/banana/glass fibers [19], jute/banana/glass fibers [20], and
flax/basalt/glass woven fabrics reinforced epoxy composites laminate
fabricated using vacuum bagging process [21,22,23]. However, only a
few studies have examined the hybridization of four or more fiber types
in the same composite system. Notable among these, is the research
work assessing the mechanical performance of laminated composites
based on basalt/flax/hemp/glass fibers [24,25]. Additionally, other
studies have assessed the mechanical properties (tensile, flexural,
in-plane shear, interlaminar shear and bearing properties) of hybrid
fiber metal laminates (FMLs) which are constructed by sandwiching a
hybrid fiber-reinforced composite between thin layers of metals with
aluminum as the metal component and jute, glass, aramid, carbon, and
basalt fabrics as composite components [26,27,28]. The aforementioned
studies investigated the mechanical, thermal, and damping properties of
hybrid laminated composites made from a combination of natural fibers
(e.g. flax, jute, and abaca) and synthetic fibers (e.g. glass, carbon, and
basalt). The findings suggested that increasing the concentration of
glass, carbon, or basalt fibers enhances the tensile and flexural proper-
ties and that hybrid composites offer superior mechanical performance
compared to mono-composites. The layer arrangement significantly af-
fects the tensile strength and failure strain, while leaving the modulus
unchanged. Additionally, flax layer positioning was shown to impact
both the bending stiffness and damping. Hybridization has been
demonstrated to enhance fracture toughness, interlaminar shear
strength, thermal stability, and water repellence. On the other hand,
hybrid laminated composites provide exceptional damping capabilities
and reduce weight while maintaining specific mechanical properties.

The macroscopic behavior of short natural fiber reinforced com-
posites (SNFRCs) with a PP matrix is strongly related to three factors:
nature and physico-chemical characteristics of the matrix, reinforce-
ment, and fiber/matrix interfacial bonding (quality of the fiber/matrix
adhesion, contact surface). The mechanical and physico-chemical
properties of flax and hemp fibers vary according to the fiber orienta-
tion [29,30,31], the aspect ratio of the fiber reinforcement [32], the
volume or mass fraction of fibers, and the processing temperature of the
thermoplastic composites.

For the assessment of the (visco)elastic and visco(plastic) charac-
teristics of aligned/nonaligned short-fiber composites, many modeling
approaches of varying accuracy and complexity were applied [33]. The
numerical modeling of these composites is possible at different scales:
micro, meso, and macro-scale [34]. For instance, Sandberg and Rydholm
[35] investigated the impact response during two complex load cases
and compared the results of a simple elastoplastic material law and
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failure model with a more complex crash model, while Chethan et al.
[36] used a bilinear material model defining yield strength and tangent
modulus for hemp polyester composites. Puech et al. [37] developed an
original method for the characterization and prediction of the impact
behavior of short hemp fiber-reinforced biocomposites through the
combination of experimental impact testing, high-speed imaging, and
finite element modeling. A macroscopic non-linear material model was
used to describe the material behavior during impact and a strain-based
erosion criterion was used to model damage. Kebir and Ayad [38] pro-
posed another approach based on a multi-scale numerical model, named
‘Projected Fibers (PF)’, to estimate the macroscopic elastic properties
(Young’s modulus, Poisson’s ratio, shear modulus, ...) of reinforced
hemp fiber polypropylene composites, from those of their components
(matrix and fibers). The model uses a specific finite element procedure
which is associated with a random distribution of short fibers, and it
considers the geometry and the mechanical properties of composite
components. Shu and Stanciulescu [39] proposed a finite element
framework based on the development of representative volume element
(RVE) and an analytical homogenization strategy for the characteriza-
tion of SNFRCs with flax fiber and PP matrix, followed by a study on the
influence of imperfect interfaces and complex microstructures on the
effective properties of the composites. Kern et al. [40] used
aligned/non-aligned-fibers finite element analysis (FEA) models to
explore the stress fields within the matrix and fibers and along the
fiber-to-matrix interface. These models are configured to the geometric
and elastic properties of wheat straw fiber and PP matrix. Pan and Zhong
[41] developed a nonlinear constitutive model of SNFRCs with sisal fi-
bers and PP matrix to describe the kinetic processes of moisture ab-
sorption and mechanical degradation. These correlated thermodynamic
processes have been described by introducing an internal variable to
reflect the energy dissipation. Modniks and Andersons [42] applied an
orientation averaging technique to numerically predict the non-linear
stress-strain diagrams in the tension of a flax/polypropylene compos-
ite with different fiber volume fractions. A unit-cell single-fiber FEA was
created, and the result of a single model was used to obtain the me-
chanical behavior of the multi-fiber model by orientation averaging
technique. Sliseris et al. [43] developed a micromechanical model to
generate and simulate the mechanical properties of flax short
fiber-reinforced polymer composites. The fiber defects and the interfa-
cial zones of fiber bundles are modeled using a nonlocal isotropic con-
tinuum brittle damage model whereas the PP matrix is modeled by a
non-linear standard Mises plasticity model with an isotropic hardening
law.

In this paper, a phenomenological Perzyna elasto-viscoplastic
constitutive law is applied to forecast the hybrid composite’s macro-
scopic behavior, and a material parameter adjustment approach is
employed to select the hardening law and viscoplastic function that best
describes the hybrid composite’s behavior. To the best of the authors’
knowledge, limited research has been conducted on the performance
evaluation of hybrid fiber-reinforced composites incorporating flax and
hemp fibers in a PP matrix. The primary focus of these studies revolved
around the investigation of laminated composite materials [44,45]. The
significance and originality of this research work lie in the integration of
multiple aspects. First, it involves the hybridization of short hemp and
flax natural fibers as reinforcements within a polypropylene matrix,
implemented through the injection molding process. Second, the study
stands out for its extensive mechanical characterizations, encompassing
fiber orientation, fiber geometry, strain rate effects, and damage
mechanisms, particularly in the context of both simple and load/unload
tensile tests. These characterizations offer valuable insights into the
strength capabilities, stiffness, and failure modes of the hybrid natural
fiber composites. Finally, the application of an elasto-viscoplastic (EVP)
constitutive law underscores a commitment to accurately capturing the
intricate mechanical behavior of these composites. This constitutive
model goes beyond the conventional considerations of linear elasticity
and  plasticity, incorporating  time-dependent = mechanical
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characteristics, resulting in a more comprehensive understanding.
Expanding upon these remarkable technical advancements, these
bio-composites show the potential for substituting synthetic fiber com-
posites in a wide range of lightweight and low-cost applications [46,47].
They represent a sustainable solution for various applications, including
materials for insulation and furniture, household utilities, and auto-
motive interior and exterior parts (e.g., composite inserts, trunks,
headliners, spare wheel covers, parcel trays, etc.) [48,49,50,51,52,3].
An example is Refine® Hemp-PP for the inserts and top roll of the door
panels in the Peugeot 308, and the NAFILean™ used as a bio-composite
in the dashboard of the Alfa Roméo Giulia [53]. The hybrid
bio-composites could also be used in aerospace components (e.g.
non-structural components requiring specific properties), and consumer
products (e.g. briefcases, glasses, household items, and appliances).

2. Materials and methods
2.1. Materials

Flax and hemp fibers, with a length of 0.4-1 mm, are used as rein-
forcement. They were purchased from FRD Company (Troyes, France).
Density and mechanical properties were selected to distinguish the two
types of fibers. Table 1 summarizes the physical properties of the
selected fibers.

Polypropylene (PP) supplied by Repsol Company, under the com-
mercial reference ISPLEN PR580C2M, with a melting temperature of
165 °C, was selected as the matrix for this composite. The melt flow
index of this PP injection grade is 20 g/10 min at 230 °C (under a load of
2,16 kg) and the density is 905 Kg/m®.

Fig. 1 shows the natural short fiber (Flax and Hemp), the thermo-
plastic polymer (polypropylene), and their developed hybrid composite.

2.2. Compounding and injection molding processes

An implementation to elaborate short fiber thermoplastic (SFT)
semi-product with different weight fractions of flax and hemp fibers is
conducted by compounding neat polypropylene with the two fibers.
Three different concentrations of natural fibers (10, 20 and 30 wt.%)
were mechanically blended with polypropylene using a Coperion ZSK 18
MEGAlab co-rotating twin-screw (CRT) (screw diameter = 18 mm, L/
d = 40) with a weight flow rate of 10 kg/h and a max screw rate of 1200
rpm for the polymer feed. Fibers were introduced separately into the 4th
zone using a side feeder screw. The temperatures of the 10 heating zones
of the CRT extruder were 170 °C, 190 °C, 200 °C, 200 °C, 210 °C, 200 °C,
200°C, 190 °C, 180 °C, 180 °C. The extrudates were then cooled down in
a cold-water container and pelletized into pellets of 2-3 mm length.
Table 2 collates the composition of the studied compounds.

The SFT compounds were injection molded into plates with a square
of side 10 cm using Krauss-Maffei machine, with an injection capacity of
156 cm® and closure force of 110 tons. The process temperature was
fixed at 190 °C in the barrel and at 210 °C at the nozzle while the mold
was maintained at 40 °C. The plates were then cut into dumbbell-shaped
specimens for different experimental tests.

2.3. Characterization techniques

2.3.1. Geometric parameters verification
Fiber length measurements before and after extrusion and injection

Table 1
Physical properties of flax and hemp fibers.

Density (g/ Tensile modulus Breaking stress Breaking strain
em®) (GPa) (MPa) (%)

Flax 1.4 40-85 800-2000 2.1-3

Hemp 1.48 26-44 500-900 7.6-1.8
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processing were carried out on extracted fibers using a Leica Micro-
systems optical microscope. The obtained fiber’s images were converted
into vector graphics using Inkscape® software and then the overall fiber
and length distributions were evaluated using a developed Python
program. A 12 h Soxhlet extraction was used to dissolve the PP matrix
with xylene solvent, and then extract flax and/or hemp fibers.

2.3.2. Mechanical testing

Injection molded plates were cut into dumbbell-shaped specimens
according to ISO 527-2 1BA standard using a Speedy 400™ Trotec laser
cutter machine. The cut angles are 0°, 45° and 90° with respect to the
injection flow direction as shown in Fig. 2. These angles were chosen to
evaluate fiber orientation influence on the composite behavior. It is
important to note that more cut angles (other than 0, 45, and 90°) may
be explored and a parametric study on the effect of cut angles on the
mechanical performance of the developed composites may be evaluated.
The tensile tests were carried out using a Shimadzu AGX-V testing ma-
chine equipped with 50KN load cell. All the tests were performed at
room conditions which were 23 °C temperature and 50 % relative hu-
midity. Two strain rates were applied for monotonic tensile tests: low
rate3 x 10 3s ! (denoted V3) and high rate 9.7 x 10251 (denoted
V1). In the case of loading-unloading tensile tests only the low strain
rate, V3, was applied for both loading and unloading steps. At least three
specimens were tested and only the results that seemed to be more
realistic were selected.

2.3.3. Morphological testing

The morphology of cryo-fractured surfaces of 16 samples was
examined using a JEOL, JSM 6510 LV scanning electron microscope
(SEM) operating at 10-20 kV. The cryo-fractured surfaces were acquired
from injection-molded bars and then coated with a coating of gold using
an argon plasma metallizer from PELCO 91,000.

3. Results and discussion
3.1. Fiber’s length measurements

The combined impact of melt-processing and fiber hybridization on
the fiber’s length distribution for fiber-hybrid and non-hybrid composite
samples was investigated. Fig. 3 shows the fiber’s length distribution
curves for extracted hybrid and non-hybrid fibers as compared to the
virgin flax and hemp fibers. One can observe that the length distribution
of virgin hemp fibers is wider, suggesting a heterogeneous composition
in terms of fiber length. In contrast, virgin flax fibers have a more
concentrated distribution, with a peak at a shorter fiber length of about
0.3 mm, indicating a more uniform composition of fiber sizes in flax
fibers. Interestingly, the distribution curves of the fibers extracted from
the composites show a noticeable change in fiber lengths post-
processing. Indeed, regardless of the fiber’s type, it is clearly seen that
the melt processing steps significantly affects the length of the fibers,
resulting in a more uniform and narrowed fibers distribution, particu-
larly in the fiber-hybrid samples for the same fiber’s content (10 wt%),
the average length of fibers was found to be 0.48 + 0.31 mm for the
extracted hemp/flax hybrid, whereas it was 0.62 + 0.33 mm for the non-
hybrid flax and hemp fibers. This reduction in the length for hybrid fi-
bers could be explained by a higher interaction and entanglement be-
tween flax and hemp fibers, leading to a more fiber-fiber collision and
subsequent breakage during the melt processes steps [54]. In addition,
the decrease in fiber length may also be due to the temperature and
shearing forces used during the twin-screw extrusion process, which
indicates that the fibers have lower thermal stability compared to the PP
matrix.
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Table 2 100
Composition of the different studied compounds. — Virgin Hemp
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Fig. 2. Plates cut in dumbbell-shaped specimens according to ISO 527-2
Standard at 0°, 45° and 90° with respect to the injection molding flow direction.

3.2. Mechanical properties

3.2.1. Effect of fiber orientation on the fiber-hybrid composite’s mechanical
behavior

Fig. 4 depicts tensile stress-strain curves of flax/hemp fiber-hybrid
composite with two fiber contents: 20 wt% (Fig. 4a) and 30 wt%
(Fig. 4b). Specimens were cut at 0°, 45° and 90° with respect to the
injection molding flow direction (IFD) and loaded at a strain rate equals
t0 9.7 x 10725 ~ 1. For both fiber contents, one can clearly see the in-
fluence of the fiber orientation on the composite behavior by comparing

Fig. 3. Distribution of fiber’s length before and after injection molding process.

the mechanical responses of the three cut angles. Both the elastic stiff-
ness and the tensile strength are higher for 0° cut angle specimens than
those of the specimens cut at 45° and 90° This could be related to the
typical non-uniformity of fiber orientation distribution that character-
izes the injection molded composite parts. Indeed, the fiber orientation
distribution can vary significantly either across the parts’ thickness or
near their edges. It has been demonstrated that the thickness of injection
molded parts made of short glass-fiber reinforced thermoplastics shows
a shell/core/shell structure [55,56]. In shell layers, fibers are mainly
oriented in the IFD whereas, inside the core layer, fiber orientation be-
comes orthogonal to the IFD. In the case of short natural fibers com-
posites, particularly with PP matrix, several studies have tried to better
understand the microstructure of such composites [57,58,59,60,61]. In
these studies, it has been proven that the fibers are arranged in layers
like composites with short glass fibers, however determining the thick-
nesses of these layers remains a delicate task. Furthermore, fiber
orientation distribution, inside the layers, depends on various influ-
encing factors such as injection molding conditions, fiber’s aspect ratios
and fiber content. It has also been shown that usually fibers in the shell
layers, which might be subdivided into two sublayers called skin and
shear/transition zone [59], are mainly oriented parallel to the IFD while
in the core layer, fibers orientation can vary from parallel to the IFD to
random. In the case of the samples cut at 45°, one can note that the
strength is lower than that of dumbbells cut at 90° This can be explained
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Composite FH20: 10% flax + 10% hemp Composite FH30: 15% flax + 15% hemp
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Fig. 4. Effect of fiber orientation on the fiber-hybrid composite’s mechanical behavior (strain rate equals 9.7 x 1025~ Y. (@) Composite FH20 (b) Composite FH30.
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Fig. 5. Tensile strengths and uniform strains obtained from stress-strain curves of neat PP, non-hybrid and fiber-hybrid composites loaded at 9.7 x 1072 s ~ ! strain
rate for specimens cut at 0° and 90° angle. (a) Tensile strength stress. (b) Uniform strain.
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by the fact that, whether in the skins or in the core layer, only a small
number of fibers are parallel to the IFD and the remaining fibers are
probably oriented at 45°, resulting in a decrease of the mechanical
resistance.

Tensile strengths and uniform strains of neat PP and all fiber-hybrid
and non-hybrid composites for two cut angles 0° and 90° are shown in
Fig. 5. One can clearly note that neat PP and its composites display a
higher tensile strength for specimens cut at 0° than those cut at 90° In
the case of neat PP, results show an anisotropic behavior. Indeed, several
studies [62,63,64,65] have shown that injection molding PP is highly
anisotropic and presents a multilayer crystalline structure throughout
the thickness. Each layer is characterized by a specific orientation dis-
tribution of molecular chains with respect to the IFD. These studies have
also revealed that the chain orientation distributions, which are very
sensitive to injection molding conditions, have an important influence
on the mechanical performance of the final PP parts.

However, in the case of thermoplastic composites, when comparing
tensile strength values of non-hybrid composites with 10wt% of flax and
hemp fibers (F10 and H10 respectively), it can be seen that the tensile
strength of the samples cut at 0° significantly higher for F10 than that for
H10. On the other hand, for dumbbells cut at 90° the composite H10
exhibits a higher tensile strength than that of the composite F10 cut at
the same angle. This could be explained by the variation of shell/core
layers in the composites, i.e. shell layer in the composite F10 is thicker
than that of the composite H10, which results in more fibers oriented
parallel to the IFD and vis-versa for the core layer.

Young’'s moduli data of neat PP and all composites are shown in
Fig. 6. It is observed that neat PP samples cut at 0° are stiffer than those
cut at 90° As explained before, this can be due to the crystalline chain
orientation repartition throughout the thickness [62,63,64,65]. On the
other hand, Young’s moduli for both hybrid and non-hybrid composites
with 10% wt fibers are similar, which can be explained by the significant
decrease in the average fiber’s length observed for the FH10 samples
(see Fig. 5). Compared to the F10, H10 and FH10 composites, FH20 and
FH30 fiber-hybrid composites exhibit an increase in Young’s modulus
for either 0° or 90° cut angle dumbbells. This can be explained by the
higher fiber mass fraction.

3.2.2. Effect of the fiber hybridization and content on the mechanical
behavior of hybrid composites

To highlight the effect of combining two different natural fibers on
the overall composite mechanical behavior, uniaxial tensile tests on
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fiber-hybrid and non-hybrid composites with the same fiber weight
fraction were carried out. Fig. 7a presents stress-strain curves of non-
hybrid F10 and H10 composites (with 10 wt.% of flax fiber and 10 wt.
% of hemp fiber, respectively) and fiber-hybrid composite FH10 (with 5
wt.% short flax and 5 wt.% short hemp fibers). Although these samples
have the same fiber content, fiber-hybrid composite shows intermediate
properties for both the stiffness and the tensile strength compared with
non-hybrid composite. Fig. 7b shows stress-strain curves of the fiber-
hybrid composites with three fiber weight fractions: FH10 (5 wt% flax
+ 5 wt% hemp), FH20 (10 wt% flax +10 wt% hemp) and FH30 (15 wt%
flax + 15 wt% hemp). It is clearly shown that increasing fiber mass
fraction enhances the composite stiffness and strength but decreases the
strain at failure.

Fig. 8 illustrates the effect of the strain rate on the fiber-hybrid
composite behavior. One can observe the elasto-viscoplastic aspect
that characterizes the composite behavior. It is shown that the visco-
plasticity is dependent on fiber content as it becomes more pronounced
with an increase in fiber content.

3.2.3. Mechanical damage evolution inside the composites

Fig. 9 presents loading-unloading tensile curves including an esti-
mate of damage for each loop. Loading-unloading tensile tests were
carried out on non-hybrid (F10 and H10) composites and hybrid com-
posite FH10 at the same cut angle (0°) and strain rate (V3). The damage
variable is identified by the decrease of stiffness according to the con-
tinuum damage mechanics (i.e. d = 1-E/EQ with EO and E are the initial
and the current Young’s moduli, respectively). To determine the current
Young’s modulus E, the slope of a straight line connecting the hysteresis
intersection points for each loop was measured. From Fig. 9, one can
notice that damage values increase where stresses at unloading strains
are more important. For instance, damage in flax composite (F10) shows
higher values in comparison with those of hemp composite (H10). The
same remark can be made for hybrid-fiber composite FH10. Besides, the
level of hybrid composite damage is relatively significant even at a low
unload strain of 0.02. This could be related to the weakness of the fiber/
matrix interface due to the different origins of the fibers and the matrix
as it was demonstrated by SEM images (Fig. 10).

Fig. 10 presents SEM images taken on the surface and the cross-
section fracture of the FH10 hybrid composite dumbbell. Fig. 10a
shows the case of a dumbbell cut at 0° One can see the print of fibers that
are mainly oriented parallel to the IFD which corroborates previous
studies [61,66] demonstrating that the main vegetal fibers in the skin

T T T

14} strain rate: 9.7x102s™!

0.8 [

Young's modulus (GPa)

0.6 |

T

Neat PP
F10

o
-
=

FH10
FH20
FH30

Composites

Cut angle: 0°

Max/min (0°) —e—

Cut angle: 90° Max/min (90°) r—e—

Fig. 6. Young’s modulus of neat PP and composites F10, H10, FH10, FH20 and FH30 obtained from strain-stress curves obtained at a strain rate 9.7 x 10725~ ! for

specimens cut at 0° and 90° angles.
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Fig. 8. Tensile curves of composites a) FH20 and b) FH30 at different strain rates: 9.7 x 107271 (V1) and 3 x 103 s ~ ! (V3).

layer have the IFD orientation. One can also observe that there are no
visible cracks at the surface, suggesting that damage initiations are likely
occurring in the inner layers throughout the dumbbell thickness,
particularly in the core layer. On the other hand, Fig. 10b displays the
SEM image of a dumbbell cut at 90° An important detail revealed by this
figure is the crack at the surface, indicating fiber decohesion inside the
dumbbell. This implies that contrary to a dumbbell cut at 0°, damage
initiates in the skin layer in the matrix and at the interfaces of fibers
which are perpendicularly oriented to the loading direction.
Furthermore, Fig. 10c and 10d show SEM pictures of the fracture

surfaces of dumbbells cut at 0° and at 90° relative to the IFD, respec-
tively. It is evident that the main damage aspects are fiber-matrix
debonding, matrix microcracking, and fiber pull-out. However, fiber
breakage cannot be confirmed primarily for two reasons. Firstly, the
weak bonds between the matrix and the fibers result in no scraps of PP
remaining attached to the pulled-out fiber’s side, mainly due to the
absence of fiber treatments aimed at enhancing matrix/fiber bonds.
Secondly, the relatively high strength of the fibers compared to the
adhesion strength further complicates the confirmation of fiber
breakage.
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Fig. 9. Loading-unloading tensile curves with damage estimate: (a) Composite F10, (b) Composite H10 and (c) composite FH10. All dumbbells were cut at 0° and
tested at the same strain rate: 2 x 1035 ~ ! (V3).

3.3. Macromechanical modeling polymer materials, particularly thermoplastic polymers. The effective-

ness of Perzyna’s viscoplastic model in predicting the nonlinear viscous
behavior of thermoplastic polymers is well-documented in various
studies [70,71]. In the present work, the model was directly applied to
the PP/flax/hemp hybrid composite bypassing the need for homogeni-
zation methods [72,73], which typically require an understanding of the
behaviors of both phases (i.e. matrix and inclusions) along with various
parameters such as volume fraction of each phase, aspect ratio, rein-
forcement orientation, etc. Adopting this direct approach simplifies the
modeling process by reducing the number of parameters that need to be
identified, thus making it more user-friendly. In the following, the basic
assumptions of this model are described in this section, together with a
concrete application on the composite for specimens cut at 0° to the
injection direction, for different weight fractions of fiber-hybrid (10, 20
and 30 %) and for different strain rates (V1 and V3).

The experimental results obtained in section 3.2 have shown that the
mechanical behavior of the hybrid composites is sensitive to strain rates,
whatever the composition of the mixture and the cutting angle of the
samples. In this modeling, it is assumed that viscoplasticity pre-
dominates over damage, especially during the work-hardening phase,
remaining far from the softening phase. As a result, varying the strain
rate has an important impact on both tensile strength and uniform
strain, without significantly influencing the material’s stiffness.

The modeling of viscoplasticity as a rheological phenomenon can be
incorporated into calculations using a range of approaches, each offering
different levels of accuracy and precision. In this study, a simple elasto-
viscoplastic constitutive law was applied to model the mechanical
behavior of the PP/flax/hemp hybrid composite. This decision is moti-
vated by multiple factors. The model, widely employed in the context of
metallic materials [67,68,69], has been successfully adapted for
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Fig. 10. SEM images showing dumbbell surface and cross-section fracture of hybrid composite FH10: (a and ¢) Dumbbell cut at 0°, (b and d) dumbbell cut at 90° (at

strain rate of 9.7 x 1072s ~ 1 - V1).

3.3.1. Total strain decomposition
A three-dimensional elasto-viscoplastic model assumes that the total
strain tensor is subdivided into elastic (¢2) and inelastic (¢™) portions:

e—¢ ten (€D)]
and the stress-strain rate relation is derived from:

6=C": 8" =C": (6" 2
where C% is the fourth-order elastic stiffness operator.

3.3.2. Perzyna elasto-viscoplastic constitutive model

The Perzyna-type elasto-viscoplastic constitutive model [67,68] is
used for the simulations presented in this work. This theory was initially
developed for metals, before being extended to modeling the visco-
plastic behavior of geomaterials and thermoplastics polymers. It con-
siders an isotropic, pressure-independent, viscoplastic response. In this
case, ¢ is denoted €'? and the yield criterion is:

[(6eqsP) = 6ey — (64 +R(P)) 3

where o6 is the Von Mises equivalent stress, R(p) is the hardening
function and o, is the initial stress. The yield function is negative for
elastic deformation, and it may be positive for viscoplastic deformation.

The three hardening functions defined hereafter require two pa-
rameters: the hardening modulus (k [Pa]) and the hardening exponent

(n [-D:

linear hardening : R(p) = kp

powerlawhardening : R(p) = kp" ifp>=0

R(p) =

exponential law hardening : R(p) = k[l — e™"7]
0, otherwise
€]

The accumulated plasticity p is an internal variable of the model
which keeps track of the past history undergone by the material and is
linked to the viscoplastic law:

T 2
plr) = /0 p)dt and p— (%é””:é”’“) ®)

As in elasto-plasticity, the inelastic strain rate is governed by a flow
rule:

&’ af

— s =h5 oiq whichimpliestr(8”) = 0 ©)

However, the multiplier pis not defined by a consistency condition. A
viscoplastic function is used instead:

P=28(0,p) =0 iff>=0 5 p=0iff<0 %)

The two viscoplastic functions defined hereafter require two pa-
rameters: the viscoplastic modulus (1 [Pa.s] or « [1/s]) and the visco-
plastic exponent m[-]:

@ Norton’s viscoplastic power law:

ﬁ(i) ! iff>=0
gv(aeq’p) = n \oy
0, otherwise

®

@ Viscoplastic power law as defined in ABAQUS [69]. This law is ob-
tained by a slight modification of Norton’s power law:

8v(0eg,p) = K(0y+R(P) . 9)

0, otherwise

3.3.3. Analytical based fitting method

An inverse method is used for parameter identification in viscoplastic
deformation. This inverse solution procedure consists of an optimization
method allowing adjustment of the parameters so that the calculated
response matches the one measured in a uniaxial tensile test. For Per-
zyna constitutive model it is shown that the yield criterion is given in
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viscoplastic deformation as follows:
f(6eq,p) =060y — (6,+R(p)) =0, =0 10)

Consider a monotonic uniaxial tension test such that oy; is the only
non-zero component. The Von Mises equivalent stress is given by:

/3
O = Es:s:an an

Using Egs. (1.8), (1.9), (1.10) and (1.11), the viscous stress o, is
written as:

N 1/m
o, (?) (Using Nortons VP power law)
6, = ’

N 1/m
(o, + R(p)) (g) (Using VP power law as defined in Abaqus)
(12)

Finally, using Egs. (1.11) and (1.12), the uniaxial stress is given as
follows:

ol = 5.+ R(p) + o, 13)
[and
p=¢€¥=¢— E
where : 14)
Ij :pn+l —DPn _ ;‘pr1+l —DPn
At Enp1 — &y

6P is the experimentally measured stress and of*dis the fitted engi-
neering stress. In the previous equation there are five parameters to be
determined: yield stress (o), two parameters for the hardening function
(k and n), and two parameters for the viscoplastic function (5 or x, and
m). The optimization minimizes an objective function which is formed
from the square of the difference between measured and simulated stress
response for the considered uniaxial tensile test. The sum of squared
differences (SSD) between the analytical results and the measured data
can be calculated as:

N o
ssp=%" (af“’ - af;j‘““) (15)
i=1

where 67 are the measured stress value data, 6§ are the stress values
obtained from analytical simulation, while N stands for the number of
data points.

3.3.4. Fitting results

To study the performance of the Perzyna elasto-viscoplastic consti-
tutive model, six different combinations are considered, each time
choosing a hardening stress function and a viscoplastic function as
follows:

(1): LHNVP (Linear hardening + Norton’s VP power law)

Forces in Mechanics 15 (2024) 100269

(2): PHNVP (power law hardening + Norton’s VP power law)

(3): EHNVP (Exponential law hardening + Norton’s VP power law)

(4): LHAVP (Linear hardening + Abaqus VP power law)

(5): PHAVP (power law hardening + Abaqus VP power law)

(6): EHAVP (Exponential law hardening + Abaqus VP power law)

The fitted material parameters of the six combinations are listed in
Table 3. E refers to the Young’s modulus, v is the Poisson’s ratio (since
the uniaxial stress response is independent of the Poisson ratio, the latter
is left undetermined), oy is the yield stress, k is the hardening modulus, n
is the hardening exponent, 5 and « are the viscoplastic modulus and m is
the viscoplastic exponent.

Fig. 11 compares experiment results and the response predicted by
Perzyna elasto-viscoplastic model for uniaxial tension test for specimens
cut at 0° at strain rates of 9.7 x 10 2s ~ 1 (V1) and 2 x 107351 (V3).
Material behavior is rate-dependent and is highly nonlinear. The Cauchy
stress tensor is used as stress measure and the nominal strain as strain
measure.

The results show, that the Perzyna constitutive model can charac-
terize the elasto-viscoplastic behavior of the investigated FH10 hybrid
composite with adequate accuracy using the exponential hardening law
combined with Norton’s viscoplastic power law as shown in Fig. 12.

To better understand the obtained results, the impact of the param-
eter n of the hardening function on the stress-strain relationship of the
composite was evaluated. Three values of hardening exponent n are
considered: (i) n = 1 which corresponds to a linear hardening, (ii) n =
0.35 and n = 60 which corresponds to a nonlinear hardening. The
evolution of the hardening functions (linear, power, and exponential
laws) for different values of n are plotted in Fig. 13. It can be shown that
the exponential law hardening with high values of n reproduces the real
behavior of the hybrid composites, i.e., nonlinear behavior followed by a
constant stress in the viscoplastic domain. This explains better the
analytical results obtained with the exponential law hardening as shown
in Fig. 11.

To apply Perzyna’s elasto-viscoplastic constitutive approach to
model the macroscopic behavior of FH20 and FH30 hybrid composites, a
parametric study was carried out to investigate the evolution of Young’s
modulus (E) and yield stress (c,) as a function of fiber-hybrid mass
fraction (see Fig. 14). In this figure, experimental measurements are
represented by large dots. Trend curves are shown as dotted lines.

Fig. 15 presents stress-strain curves of fiber-hybrid composites FH10,
FH20 and FH30 obtained at the strain rates of 9.7 x 10725~ ! (V1) and 3
x 1073 s ~ 1 (V3). The same material parameters of the exponential law
hardening (k and n) and the Norton’s VP power law (# and m) are used
for the three mixtures. In the following, a concise overview of the
distinct material parameters used in the elastic and viscoplastic phases is
presented.

Table 3
EVP parameters of FH10 at 23° identified from experimental data (uniaxial tension tests) for specimens cut at 0° Identification method is explained in subSection 4.3.
LHNVP PHNVP EHNVP LHAVP PHAVP EHAVP
E (MPa) 970 970 970 970 970 970
v _ _ _ _ _ _
oy [MPa] 7.5 7.5 7.5 7.5 7.5 7.5
Linear hardening k [MPa] 112.81 69.42
n[-] 1 1
Power law hardening k [MPa] 35.80 33.38
n [-] 0.36 0.35
Exponential law hardening k [MPa] 11.87 9.51
n[-] 54.73 56.22
Norton’s VP power law n [MPa.s] 1260 43.47 55.60
m[-] 5.72 11.61 2.99
Abaqus VP power law k [1/5] 10 1.15 1.39

m[-]

36.68 2.10 4.56
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Fig. 11. Comparison of the uniaxial measurement data and the fitted Perzyna elasto-viscoplastic model of FH10 hybrid composite for specimens cut at 0°, and at
different strain rates: 9.7 x 10725 ~ ! (V1) and 2 x 10351 (V3): (1) LHNVP, (2) PHNVP, (3) EHNVP, (4) LHAVP, (5) PHAVP, (6) EHAVP.
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Fig. 15. Tensile curves of composites a) FH10, b) FH20 and c¢) FH30 at different strain rates: 9.7 x 102s ' (V1) and 3 x 10735~ 1 (V3).

x: fiber — hybridmassfraction(%)

Young's modulus for the composite FHx(MPa) : E, = 22, 34x + 764, 4
Yiled stress for the composite FHx(MPa) : 6, =0, 11x + 6,35
Exponential law hardening : k = 11,87MPa and n = 54,73

Norton's VP power law : n=55,60MPa.s and m = 2,99

Comparison of the model predictions to experimental uniaxial tensile
tests illustrates the necessity to account for the strain rate dependency in
the VP deformation regime. The loading curves are clearly nonlinear.
This agreement between model and experiment is better with the strain
rate of 9.7 x 1025 ~ 1 (V1). Less accuracy is observed for low strain
rate, even though the curve shape is respected.

It can be found that the perzyna EVP constitutive model is able to
capture the mechanical behavior of the tension deformation of hybrid
natural short-fiber thermoplastic composites, including the elastic stage,
the yield stress, and the nonlinear hardening. In addition, the model has
proved its ability to describe the rate dependent behavior of the hybrid
composite under tension loading within a wide range of strain rates.

While the simplicity and efficiency of the Perzyna model yield highly
satisfactory results, it is essential to acknowledge its inherent limita-
tions. The model’s exclusive consideration of isotropic hardening,
without accounting for kinematic hardening, presents a notable

12

constraint. Additionally, experimental data frequently displays soft-
ening beyond a certain ultimate stress, indicative of a damage-driven
behavior. To accurately predict softening behavior, an integration of
the Perzyna model with a damage model, such as Chaboche’s model
[74], becomes imperative. This synergistic approach not only addresses
the softening phenomena but also elevates the overall predictive capa-
bility of the model, ensuring a more comprehensive representation of
material response that the standalone Perzyna model may not fully
capture.

4. Conclusion

This research investigated the mechanical performance of thermo-
plastic composites reinforced with natural hybrid flax/hemp fibers,
processed using extrusion techniques, through pure tensile and load/
unload tensile tests. The study revealed that the fiber length distribution
was significantly impacted by melt processing and injection molding.
Specifically, processed hybrid fibers exhibited an average length of 0.48
+ 0.31 mm, whereas non-hybrid fibers measured 0.62 + 0.33 mm.
Furthermore, the orientation of fibers was found to be a critical factor in
determining mechanical properties; in the FH30 composite, a change in
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fiber orientation from 90° to 0° led to an increase in tensile strength and
Young’s Modulus by 24.13 % and 10.93 %, respectively. This
orientation-dependency was further demonstrated by a 7.89 % increase
in tensile strength for 0° specimens between FH10 and FH30 composites.
However, a reduction of 30 % in uniform strain was observed. On the
other hand, the damage level in hybrid composites (FH10) was found to
be more significant than in non-hybrid ones (F10 and H10), due to
weaker matrix-fiber bonding in hybrids. This phenomenon was eluci-
dated through SEM observations, showing the progression of cracks and
micro-voids in the matrix surrounding the tips of the fibers. Addition-
ally, distinct patterns of micro-crack propagation, debonding, and
cohesive failure were observed. These damage mechanisms of the bio-
composite are mainly dominated by matrix / fiber debonding, which is
likely accompanied by the formation of micro-cracks within the matrix
and the pull-out of fibers. Finally, the application of the Perzyna elasto-
viscoplastic constitutive model, in conjunction with an analytical
parameter fitting strategy, has effectively predicted the behavior of the
hybrid composite. This modeling approach, especially when integrated
with an exponential hardening law and Norton’s viscoplastic power law,
yielded the most favorable outcomes and provided a robust tool for
understanding and predicting composite behavior.

This study provides a fundamental comprehension of hybrid ther-
moplastic composites reinforced with natural fibers and proposes that
subsequent investigations should concentrate on enhancing the strength
of matrix-fiber bonding in order to improve mechanical properties.
Recommended approaches include fiber surface treatments and the use
of coupling agents like maleated polypropylene (MAPP), which are ex-
pected to enhance the fiber/matrix bonding and consequently, improve
the composites mechanical properties.
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