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A B S T R A C T

Achieving process stability in the thermoforming of fiber reinforced polymer materials (FRPs) for aerospace
or automotive manufacturing is usually associated with a costly trial-and-error process, where experimental
boundary conditions and other influencing factors, such as, for example, material composition, need to
be adjusted over time. This is especially true when material phenomena on the microlevel, such as the
crystallization kinetics of the polymer matrix or resulting stresses from temperature gradients, are the cause
of the process instability. To reduce the experimental effort and reliably predict the material behavior during
thermoforming, finite element simulation tools on multiple scales are a useful solution. Hereby, incorporating
micromechanical phenomena into the model approaches is crucial for an accurate prediction by further
reducing the deviation between simulation and experiment, in particular with regard to the underlying
nonlinear material behavior. In this work, unit cell simulations on the microscale of a unidirectional glass
fiber reinforced polymer (UD GFRP) are conducted to predict effective thermomechanical properties of a single
material ply and ascertain the effect of individual ply constituents on the homogenized material behavior. The
polymeric matrix material model used was identified in a prior publication with experimental data at various
temperatures for polyamide 6 blends with varying degrees of crystallinities. Various randomization methods
are tested to generate the unit cells and replicate the composites’ random fiber distribution, with a focus on
process automation. The simulative results are successfully compared to an experimental study on glass fiber
reinforced polyamide 6 tested at various temperatures, demonstrating the potential of the approach to reduce
both time and cost required for material characterization. Finally, the unit cells are used to generate a database
to predict untested load cases that will be used in future work to characterize a homogenized macroscopic
material model.
1. Introduction

Nowadays, fiber reinforced polymers (FRPs) are extensively used in
applications where good thermomechanical properties are required in
combination with weight savings and cost-effective mass production.
These composite materials are manufactured with a broad variety of
constituents and more and more often recyclability and reusability are
key factors for the design process. However, despite their popularity
in industry and cross-sector usage the accurate prediction and perfor-
mance of forming processes such as e.g. thermoforming often remains
a process of trial and error. In many cases, the final product exhibits
unwanted deformations after forming that need to be eradicated with
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time-consuming and costly experiments until all process parameters are
dialed in. Especially, the complex behavior of the polymeric matrix
material undergoing a second order phase change around the glass
transition regime is difficult to predict and still an ongoing research
topic on its own today (see e.g. Hadipeykani et al., 2020; Xie et al.,
2020). In the case of a semi-crystalline polymer matrix, the recrystal-
lization during cooling is another process that is crucial not only for
the resulting material performance but also for the interplay between
fiber and matrix at their interface is a challenging factor.

Experimentally obtained results for one specific FRP system cannot
be extrapolated to other configurations with different fiber volume
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fractions or constituent properties, such as for example the matrix
degree of crystallinity (DOC). Therefore, to characterize material model
formulations for various material systems, experiments need to be
repeated, leading to a massive investment for model identification
and verification (see e.g. Naya et al., 2017). To consider microme-
chanical effects, which are often critical to understanding material
failure during a forming process, additional experiments are required
to account for the individual constituents, even though the mate-
rial behavior of the composite may already be known. In addition,
the simultaneous consideration of an increasing number of boundary
conditions and material phenomena, such as temperature, moisture
content, environmental factors, time-dependent material behavior, un-
derlying morphology, kinematic rotation of the fibers during forming,
or damage, dramatically increases the number of experiments required.
Consequently, computational approaches are needed to reduce the
set of experiments without compromising on data and at the same
time increasing the reusability for different material systems through
a universal approach.

To investigate micromechanical effects and further incorporate
them on the macrolevel without conducting new experiments, several
computational approaches exist (Geers et al., 2010). Classical, fully
coupled modeling schemes such as FE2 (see e.g. Feyel and Chaboche,
2000; Schröder, 2014; Raju et al., 2021) or FE-FFT (see e.g. Spahn et al.,
014; Schneider, 2021; Gierden et al., 2022) pass the macroscopic
deformation to the microscale in every Gauss point, where an addi-
tional boundary value problem is solved on a unit cell. The resulting
stress state as well as the tangent operator are transferred back to the
macroscale as volume averages over the microscopic domain to achieve
a global solution. Herein, several contributions also address multiphys-
ical problems such as, for example, thermomechanical coupling (see
e.g. Özdemir et al., 2008; Temizer and Wriggers, 2011; Li et al., 2019;
Wicht et al., 2021; Schmidt et al., 2023) or damage (see e.g. Spahn
et al., 2014). These approaches are known to predict the macroscopic
material behavior with a high degree of accuracy, provided that there
is sufficient separation of scales. However, the computational cost is
usually very high (cf. Geers et al., 2010). Another method to achieve
he homogenized macroscopic solution are uncoupled multiscale ap-
roaches, where numerical simulations on a representative part of the
omposite microstructure are used as virtual experiments to generate
nput data for the characterization of the material models on the
acroscale (see e.g. Naya et al., 2017). Thereby, the homogenized
icroscopic response in terms of e.g. effective material properties is in
lose agreement with experimental data on the higher scale given an
ppropriate choice of the microscopic domain. In addition to the lower
omputational cost associated with the uncoupled solution, complex
xperimental stress or strain conditions such as multiaxial loadings
an be reproduced without the corresponding experimental effort.
urthermore, varying boundary conditions can easily be applied on the
icrostructure and their effect on the macroscale can be investigated
n detail.
In the context of FRPs, computational micromechanics have been

sed intensively to study the composites failure behavior. Melro et al.
2013b), for example, developed a constitutive damage model for an
poxy matrix that was used in a micromechanical analysis with unidi-
ectional (UD) fiber reinforcement to predict ply properties in Melro
t al. (2013a). Apart from the matrix damage, the delamination be-
ween fibers and matrix at their interface was studied using cohesive
one elements. Similar investigations were conducted by Naya et al.
2017), who further incorporated a cohesive damage-friction model for
iber matrix debonding and validated the numerical results against ex-
erimental data. Interfiber/interlaminar failure prediction was studied
y Hinton et al. (2004) and Daniel et al. (2009), whereas Selmi et al.
2011) used mean-field homogenization to investigate the biaxial yield
s well as the plastic regime of short glass fiber reinforced polyamide.
ore recent publications from Poggenpohl et al. (2022b,a) focused

n the development of a homogenization approach for the failure n

2 
one of carbon fiber reinforced polymers (CFRPs). The generation of
tatistically equivalent fiber distributions in unit cells was discussed by
.g. Vaughan and McCarthy (2010), Wang et al. (2016) and Bargmann
t al. (2018), while the influence of the shape of the individual fibers
n the resulting macroscopic material behavior was investigated by,
or example, Herráez et al. (2016). The influence of the fiber volume
ontent and the fiber length distribution on the elastic and thermoe-
astic behavior of short fiber composites were studied by Hine et al.
2002), whereas the influence of the thermal history on the interfacial
roperties of carbon fiber reinforced polyamide 6 composites was
tudied by Li et al. (2016). In terms of multiphysical micromechanical
nvestigations, especially regarding the thermomechanical behavior of
RPs, only a few contributions are available, where, to the authors’
nowledge, the influence of the DOC is not taken into account yet.
herefore, in this work, a micromechanical analysis will be conducted
n glass fiber reinforced polyamide 6 repeating unit cells (RUCs) and
xtended to account for the effective thermal material response in order
o generate a virtual data basis for the identification of a homogenized
acroscopic material model. For validation purposes, an experimental
tudy is carried out on the composite.
In contrast to existing publications, this approach employs a thermo-
echanically coupled matrix material formulation developed by
euvers et al. (2024) and Kulkarni et al. (2022, 2023) in a preceding
tep. This formulation has been validated through extensive mechanical
nd thermal experimental studies conducted on polyamide 6 blends.
ts applicability is demonstrated across a wide range of crystallinities
nd temperatures. Consequently, the authors are able to generate
irtual composite data for a wide range of matrix degrees of crys-
allinity (DOCs) and temperatures after validating the results of the
icromechanical analysis for one DOC. This approach thus leads to
significant decrease in the overall experimental effort without any
ompromise to the experimental findings. In other words, the presented
pproach allows for the generation of experimental data in a virtual
anner, thereby enabling the testing of a broad variety of boundary
onditions or load cases that would otherwise require an extensive
mount of time if tested experimentally. Furthermore, the integration of
urther micromechanical phenomena related to the polymeric matrix,
uch as damage or moisture dependence, is straightforward. The same
ethodology can be applied to other semi-crystalline thermoplastic
omposite materials in the future.
The accompanying experimental preparation and procedure are

tated in Section 2, where a direction dependent mechanical and ther-
al analysis is carried out. Next, in Section 3 the thermodynamically
onsistent, thermo-mechanically coupled material model formulation
or the polyamide 6 matrix is briefly summarized. Here, the degree of
rystallinity serves as a constant input variable. Visco-elastic and elasto-
lastic contributions are combined together with a nonlinear kinematic
ardening of Armstrong–Frederick type and a tension–compression
symmetry in yielding. In Section 4, the generation of repeating unit
ells is discussed using various different randomization methods with a
ocus on process automation. Moreover, a statistical analysis is carried
ut to determine the resulting mesh and RUC size. The identification
f the matrix model with experiments carried out on polyamide 6
lends in Reuvers et al. (2024) is briefly summarized in Section 5
ogether with an extension of the parameter range to account for the
omposite material. Subsequently, the numerical results are compared
o experimental findings to examine the validity of the RUCs. Further
echanical and thermal numerical results enrich the data basis for the
haracterization of a macroscopic material model formulation. Finally,
n Section 6 a conclusion is drawn, and an outlook is given.

. Experimental investigation

.1. Specimen preparation

The objective of the experimental investigation was to obtain engi-

eering stress–strain data for various constant temperatures and strain
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Fig. 1. Schematic overview of the sample geometries and mechanical test cases.
ates in the direction of the fibers (𝑥-direction) and perpendicular
o them (𝑦- and 𝑧-direction). Therefore, unidirectionally (UD) fiber
einforced plates were manufactured by Bond Laminates (Lanxess)
s 102-RGUDm317 Tepex® dynalite sheets with 40% fiber volume
ontent and a polyamide 6 matrix.1 To ensure comparability with the
xperiments conducted to characterize the existing matrix material
odel (see Reuvers et al., 2024), the same PA6 granulate was used
or the production of the plates. Here, randomly distributed UD roving
lass fibers with a diameter of approximately 17 μm were used for UD
ape production and stacked in 16 or 32 layers for manufacturing to
chieve two material thicknesses of 5 and 10 mm, respectively. In the
ollowing, the 5 mm plates were used for all tension and bending tests
s well as for the thermomechanical analysis (TMA) and the dynamical
echanical analysis (DMA), whereas the 10 mm plate served for com-
ression and conduction tests. After production, the plates were cut into
00 × 5 × 10 mm3 and 100 × 5 × 20 mm3 specimens for the tension
ests in fiber direction and perpendicular to it, in line with DIN EN ISO
27-5. Note here that all tests under varying fiber angle were performed
ith the latter specimen size as well. For the compression tests, smaller
amples with 10 × 10 × 10 mm3 were needed according to DIN EN
SO 604. For the three-point bending experiments in 𝑦- and 𝑧-direction,
he specimens were cut into strips of 100 × 15 × 5 mm3 in line with
IN EN ISO 14125. An overview of the sample geometries and the
oordinate system that will be used throughout this work is provided
n Fig. 1. For cutting, a diamond saw was utilized together with a
ater jet for cooling purposes, since the heat generated during sawing
ould potentially alter the degree of crystallinity of the polyamide 6
atrix. Afterwards, the wet specimens were stored in a MP Dry Cabinet
V ST (MP Elektronik Technologie, Svitávka, Czech Republic) until the
oisture content obtained from an Aquatrack (Brabender (Anton Paar),
uisburg, Germany) measurement was less than 0.1%. Until testing,
he specimens were stored in vacuum sealed aluminum bags to prevent
ater absorption due to the hygroscopic matrix material.

.2. Differential scanning calorimetry

Prior to the mechanical and thermal experimental investigations,
he degree of crystallinity of the composite was determined via dif-
erential scanning calorimetry (DSC) at the Polymer Service GmbH

1 The thermal histories associated with the production of the tape and
aminate are not available due to the commercial nature of the product.
3 
Merseburg (PSM) Germany. For this procedure, only a small fraction
of material (ideally < 10 mg) is needed. However, due to the random
dispersion of the glass fibers in the polyamide 6 matrix, cutting and
testing a small part of a specimen does not guaranty the desired 40%
fiber volume content in the probe. To overcome this problem and to
achieve sample material with the correct fiber volume content, slices
from four different measurement positions of a specimen were taken
and subsequently ground to powder. Next, a fraction of the powder was
used for the DSC analysis and afterwards burned via thermogravimetric
analysis (TGA) to determine the true amount of glass fibers in the tested
sample. As can be seen in Table 1, the four locations yielded similar
results in the DSC analysis and the TGA confirmed that the correct
amount of fibers was met when calculating the volume percentage
with the fiber density. Next, the melting enthalpy 𝛥𝐻𝑚 obtained from
the integrated area under the peak of the heat flow over time of the
first and second heating run was corrected with the PA6 mass fraction
to resemble a material with 100% PA6 content (𝛥𝐻100,PA6

𝑚 ). Together
with the specific fusion enthalpy for a hypothetically 100% crystalline
material (𝛥𝐻100

0 = 190 J/g from Campoy et al. (1998)), the absolute
DOC of the matrix was calculated by

𝜒 =
𝛥𝐻100,PA6

𝑚

𝛥𝐻100
0

. (1)

The mean value for the first heating run of the four test locations was
found to be 𝜒 ≈ 0.41. This value will be used in the following to obtain
the matrix properties together with the results of the identification
procedure in Reuvers et al. (2024).

Similar to Reuvers et al. (2024) for pure PA6, the glass transition
temperature of the composite was around 58 ◦C. The authors antici-
pated this outcome, given that the same PA6 granulate was used for
specimen production and the glass fibers behave purely amorphously.

2.3. Microscopic examination

To gain a direct insight into the materials’ microstructure for the
unit cell generation in Section 4, microscopic in-ply images were taken
on a Zeiss Axiophot (Zeiss, Oberkochen, Germany) microscope with Pro-
gRes SpeedXT Core 5 (Jenoptik, Jena, Germany) camera at the Institute
of Mechanics, University of the German Federal Armed Forces, Munich.
Therefore, a small sample of the composite material was enclosed in
epoxy, and further ground and polished with a LaboSystem LaboPol-

30 and LaboForce-100 (Struers, Champigny sur Marne cedex, France)
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Table 1
Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA): Results and average at four different measuring
locations.

Weight [mg] Melting enthalpy [J/g] GF content [mass-%] Corrected melting enthalpy [J/g] DOC [%]

1.HR 2. HR 1.HR 2. HR 1.HR 2. HR

M1 6.48 29.77 30.36 0.6274 79.90 81.48 42.05 42.88
M2 6.72 28.26 28.75 0.6334 77.09 78.42 40.57 41.28
M3 7.68 27.27 29.04 0.6396 75.67 80.58 39.82 42.41
M4 7.10 31.39 31.46 0.6047 79.41 79.59 41.79 41.89

Avg. 7.00 29.173 29.903 0.6263 78.015 80.017 41.06 42.11
Fig. 2. Microscopic pictures showing the random fiber distribution and the layer structure of the composite.
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achine until a clear image was visible under the microscope. In
ig. 2, two material sections are shown with different magnification.
s indicated in the picture, the glass fibers are randomly distributed
n the polyamide 6 matrix. Additionally, supporting fibers in weft
irection are visible, which are necessary to ensure stability during
he production process. According to the manufacturer specifications,
nly three percent of the total fiber volume content are supporting
ibers, hence, these fibers are neglected for the unit cell generation in
ection 4. Moreover, the glass fibers show a variation in cross-sectional
rea. To incorporate this phenomenon, further microscopic images on
range of samples would be necessary in combination with statistical
nvestigations which is beyond the scope of this work. Therefore, the
uthors chose to approximate the cross section of the glass fibers as
ircular disks with a constant diameter of 17 μm according to the man-
facturer. Interestingly enough, in the left image in Fig. 2a laminate
ike pattern is visible, where layers consisting predominantly of matrix
aterial separate layers including fibers.
This effect stems from the production process, where firstly prepregs

re produced out of a single layer of unidirectional glassfibers coated
ith PA6 powder. In the next processing step, several prepreg rolls
re layered and combined to a composite during an impregnation and
onsolidation step. Here, the PA6 powder melts under temperature and
orms the matrix. The application of pressure ensures an air pocket
ree composite in which every fiber is surrounded by the thermoplastic
atrix. In our case, 16 and 32 layers were realized for a resulting
omposite thickness of 5 and 10 mm, respectively. Naturally, the
ayered structure remains even after consolidation, resulting in areas

here only matrix material is present. w

4 
.4. Mechanical testing

.4.1. Experimental setup and boundary conditions
For the mechanical tests, a ZwickRoell Z005 (ZwickRoell, Ulm, Ger-
any) universal testing machine was utilized together with a 10 kN
orce cell. Additionally, a temperature furnace (ZwickRoell, Ulm, Ger-
any) was incorporated in the experimental set-up for all test tem-
eratures above room temperature. Monotonic, uniaxial tension tests
ere conducted in fiber direction (𝑥-direction) and perpendicular to
he fibers (𝑦-direction) as displayed in Fig. 1 together with cyclic tests
n both directions. In addition, monotonic uniaxial compression tests
𝑧-direction) were performed to complete the set of in-plane material
haracteristics and determine differences in the material related to
he loading direction. Here, cyclic tests were conducted as well. For
ll compression tests, a load string with a reversal cage was used
hat converts tensile forces to a compressive load to reduce the effort
n changing the experimental set-up from tension to compression. In
ddition, a lubricant was used to reduce bulging of the specimens in
ine with DIN EN ISO 604.
To gain insight into the material behavior for multiaxial strain

tates, monotonic tension tests under varying fiber angle (15◦, 30◦, 45◦,
0◦) were conducted as well at room temperature and one elevated
emperature (150◦). For these tests, material from a second order was
sed that was made several month after the first one, thus a comparison
etween first and second batch of material will be given as well.
To obtain non-tactile displacement measurements, an ARAMIS 4M

Zeiss, Oberkochen, Germany) digital image correlation (DIC) system

as exploited during testing. Therefore, the specimens were primed
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with a white color coat, on which graphene speckles were applied in
a secondary step to generate a stochastic pattern visible for the DIC
system. Outside the temperature furnace, 3D DIC measurements were
taken with two cameras for all tension tests, while testing at elevated
temperatures required changing to a 2D set-up with one camera due
to the small window of the temperature furnace and the reflections
caused by the window pane. In these cases, major attention was paid to
achieve a perpendicular alignment between the specimen surface and
the camera lens with a translative motion test serving as a verification.
The effect of barrel distortion or thinning of the specimen (change
in distance to the camera) that could lead to differences between
2D and 3D measurements was tested in advance with several 2D
room temperature tensile tests in the temperature furnace compared
to the 3D results outside the temperature chamber see Fig. 6(a). In
general, the 2D measurements resulted in a softer material behavior
compared to the measurements with two cameras. The deviation in 𝑦-
direction is negligible, in 𝑥-direction, however, a significant change in
stiffness is present. The authors believe that this difference does not
only result from the change between 2D and 3D DIC measurements
but is influenced by several factors such as the window pane of the
temperature chamber and the smaller specimen size. As a consequence
of the blurring effect of the window pane and the increased distance
between camera and specimen, it was necessary to adjust the stochastic
pattern to a coarser grid. This resulted in a reduction in the number of
interpretable data points, particularly in 𝑥-direction, where the number
of available data points was significantly decreased due to the smaller
specimen dimensions. Without the change in speckle size, however,
the camera was unable to focus, and thus the adjusted stochastic
pattern served to mitigate the issue caused by the temperature furnace.
Though explainable, the measurement differences will be visible in the
upcoming results in fiber direction and need to be interpreted with care.
Here, a better camera system and more light sources, especially in the
blue light range, could lead to an improvement. Additionally, indirect
lighting from the side window of the temperature furnace could be con-
sidered. In terms of the compression tests, only 2D DIC measurements
were possible at room temperature since the distance between the spec-
imen and the camera needed to be reduced due to the small specimen
size. For the compression tests above room temperature, unfortunately,
no DIC measurements were possible. This can be attributed mostly
to the reversal cage that caused severe shadowing on the backwards
offset specimen in combination with the light sources arranged at an
angle to the window pane to reduce reflection. The use of compression
plates that were not available at that time would improve the set-up
and reduce shadowing. Nonetheless, the increased distance between
the camera and the specimen due to the temperature furnace would
need to be resolved as well. In total, experiments were conducted at
three distinct temperatures, both below and above the glass transition
temperature of the matrix material (𝑇𝑔 ≈ 58 ◦C, cf. Reuvers et al.,
2024): 23 ◦C, 100 ◦C, and 150 ◦C. The heating time for achieving a
homogeneous temperature distribution across the specimens measured
15 min prior to testing for the tensile specimens and 30 min for the
compression specimens due to the increased thickness. To allow for
thermal expansion, the tension specimens were clamped only at the
upper part during heating.

To ensure comparability with the tests conducted in Reuvers et al.
(2024), two strain rates (�̇�𝑡min = 2.1 mm/min and �̇�𝑡max = 4.2 mm/min)
were prescribed for all tension tests independent of the fiber direction
to study the rate dependent material behavior that is reported for PA6
(see e.g. Shan et al., 2007; Ayoub et al., 2011). Hereby, the loading
ate was controlled by the cross head speed of the machine. In terms
f the loading rate for the compression tests �̇�𝑐min = 0.3 mm/min and
�̇�𝑐max = 3.0 mm/min were used. Converted to the dimensions of the re-
pective specimens, the lowest loading rate for each test corresponds to
.0005 s−1, as used for the experiments on PA6 blends in Reuvers et al.
2024). The tests were terminated once the specimen broke or the max-

mum force of the testing machine (5 kN) was reached. Each procedure i

5 
as repeated three to four times. The strain data was obtained using the
IC data averaged over the whole specimen domain, whereas the force
ata was taken directly from the 𝑍𝑤𝑖𝑐𝑘𝑅𝑜𝑒𝑙𝑙 machine. To avoid effects
ue to imperfect stochastic pattern or imperfections during cutting, the
rea close to the specimen edge was excluded from the evaluation of the
IC measurements. All results are given in terms of engineering stress
𝑃 = 𝐹∕𝐴0) ,defined as the current force 𝐹 divided by the undeformed
ross-sectional area 𝐴0, over engineering strain (𝜀 = 𝛥𝐿∕𝐿), defined
s the ratio of the change in length 𝛥𝐿 to the original length of the
pecimen 𝐿.
Lastly, three-point bending tests were conducted at room tempera-

ure in 𝑥- and 𝑦-direction to determine the Young’s modulus in bending
s well as the flexural stress–strain response of the material. Here, DIC
easurements were omitted, due to the short distance between load
ell and cross head in this set-up which reduces the slip significantly.

.4.2. Experimental results
Fig. 3 shows the results for the monotonic tension tests in and

erpendicular to the fiber direction at room and elevated tests tem-
eratures. Here, the experimental average is given together with the
eviation in terms of maximum and minimum stress of the test series.
n fiber direction (𝑥−direction), the material response is linear at
oom temperature and only slightly nonlinear for elevated temperatures
ue to the high material stiffness and the machine limit of 5 kN. A
lear temperature dependence is visible in 𝑦-direction, where a higher
emperature generally leads to a reduction in material stiffness. The
emperature dependence in 𝑥−direction most likely results from the
ifference in 2D between 3D DIC measurements, as discussed in Sec-
ion 2.4.1. Furthermore, the strain rate dependence is more pronounced
t higher temperatures. Unfortunately, the tests in 𝑥−direction for the
owest strain rate at 150 ◦C are not usable since the exposure to
emperature during pre-heating, combined with the longer testing time,
ed to sliding of the specimens in the clamping area. After testing,
hear marks were visible on the specimens in the clamping area (see
ig. 3), where the bracket was in contact with the fibers due to the
ncreased viscosity of the PA6 matrix at 150 ◦C. Consequently, the
ow friction resistance of the glass fibers compared to the polymer
atrix caused sliding. A reinforcement with CFK at the clamping area
id not improve the test results. Consequently, they were left out of
he plot. Here, pneumatic grips might improve the test situation. For
he tests with higher velocity, the problem was less pronounced due
o the reduced contact time. Note here that sliding occurred only in
iber direction. Compared to the tests in fiber direction, in transverse
irection, the temperature dependence of the material response is more
ronounced in line with Gröger et al. (2021) who tested the same
material system. Here, the matrix material, which shows a pronounced
temperature sensitivity (cf. Shan et al., 2007; Felder et al., 2020b and
euvers et al., 2024) in the considered temperature range, dominates
he material response. Moreover, a more gradual roll-over to yield-
ng is observed for temperatures above the glass transition, where a
ighly nonlinear material response is visible. Overall, the strain rate
ependence is more distinct in 𝑦-direction. Similarly to the results
n 𝑥-direction, the sensitivity to the loading velocity increases with
ncreasing temperature. Fiber sliding was observed in both directions,
specially at room temperature, where the matrix material is less
uctile. Here, the debonding or rupture of individual fibers led to kinks
n the individual force displacement curves and, therefore, resulted
n a higher deviation at elevated strains. In compression, the tests
ere conducted at two different strain rates with a decade difference.
herefore, here the dependence of the material response on the loading
ate is more pronounced compared to the tensile tests.
In Fig. 4, the boundary conditions as well as the results for the

tepwise cyclic tension tests are shown for an exemplary temperature
f 150 ◦C. During the experimental procedure, the specimens were
ubjected to displacement controlled loading followed by an unload-

ng step until the force equaled zero. A subsequent recovery step to
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Fig. 3. (a) Monotonic, uniaxial extension in fiber direction. *Results only available for �̇� ≈ 0.001 s−1 due to sliding at the clamp. (b) Monotonic, uniaxial extension results in
transverse direction. (c) Monotonic, uniaxial compression in transverse direction for various strain rates.
distinguish between time-dependent and time-independent remaining
deformations was omitted here due to the extensive relaxation times
of the matrix material detected in Reuvers et al. (2024). The target
displacements were determined based on the machine results from the
monotonic tension tests to ensure comparability between the varying
material directions. Moreover, high displacements were deliberately
omitted to avoid slipping at the clamping areas, as observed in the
monotonic tension tests (cf. Fig. 3). Due to the lower stiffness perpen-
icular to the fiber direction, an additional load step with 𝑢𝑖∕𝑢max,𝑖 =
% was included to determine the elastic regime. The results of the
yclic tension tests at elevated temperature (see Fig. 4) show a distinct
onlinearity in the loading and unloading paths in both directions,
owever, more pronounced perpendicular to the fiber direction. In
iber direction, no remaining deformation is present for the first two
oad cycles. Thus, the authors conclude that plastic deformation occurs
rom the third load cycle onwards. The remaining deformation at
he end of the loading–unloading procedure, however, measured only
.1%. Perpendicular to the fiber direction, plastic deformations were
lready visible in the 5% load step, corresponding to the lower material
tiffness in 𝑦-direction. Here, the final strain after testing measured
pproximately 1%. Interestingly enough, the hysteresis energy (area
nder the curve of each load step) seemed to increase with increasing
eformation, especially for the results in 𝑦-direction. This observation
uggests a deformation dependent visco-elastic material behavior as
ndicated by e.g. Reese and Govindjee (1998), Lion (1999), Holmes
t al. (2006) and Amin et al. (2006) for the viscosity of polymeric
materials and experimentally detected for PA6 by Felder et al. (2020b)
and Reuvers et al. (2024).

In Fig. 5, the results for the experiments under varying fiber angle
are shown. Firstly, the average material stiffness in GPa for each fiber
angle is calculated from the monotonic tension tests according to DIN
EN ISO 527-5 and plotted over the fiber angle. A severe and nonlinear
reduction in material resistance is visible between the stiffness in fiber
direction (◦) and perpendicular to it (90◦). Initially the material stiff-
ness reduces drastically between fiber angles of 0◦ and 30◦. Afterwards,
6 
the changes are only marginal, suggesting that between 45◦ and 90◦ the
matrix material dominates the material response. Interestingly enough,
the influence of the fibers on the overall material response appears
to be temperature dependent. With increasing temperature, the fiber
influence vanishes already at 30◦ which could be related to a weakened
fiber–matrix-interface due to the increased matrix ductility. This trend,
however, is only visible in the material stiffness and does not translate
to the maximum force of the material shown in Fig. 5(b). Here, the
fiber influence is still clearly visible at 30◦. Note here that the test
in fiber direction (0◦) is left out since the machine maximum (≈ 5
kN) is already reached for a fiber angle of 15◦. In both comparisons,
the results for 90◦ lie slightly above the minima at 60◦ which can
be attributed to testing on two material batches. During specimen
production, the use of the diamond cutting blade, together with a
water jet for cooling purposes, led to more offcuts. Consequently, a
second order of material needed to be placed to substitute the loss.
To ensure comparability, monotonic tension tests in 𝑥- and 𝑦−direction
were repeated with the second batch and compared to the results for
the first batch, see Fig. 6b. In fiber direction, no difference apart from
the expected material scatter is visible. On the contrary, perpendicular
to the fiber direction the response of the second batch appears to
be slightly softer. The authors believe that the changes in the two
batches stem purely from the polyamide 6 matrix and are therefore only
prominently visible when testing perpendicular to the fibers, since the
fibers themself dominate in this case. Though the orders were placed
at different times, with significant temporal distance inbetween, the
authors suspect that inconsistency in the individual components (PA6
granulate, roving glass sheets) is most likely not the reason for the
differences. During production, the polyamide 6 matrix undergoes a
phase transition from melt to solid and, additionally, crystallizes over a
period of time. Here, the cooling rate mainly determines the resulting
amount of crystalline phase. In contrast, the fibers do not change their
material characteristics during the consolidation process. Moreover, the
tested plates are not mass produced but rather a custom-built research
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Fig. 4. (a) Cyclic tension results in fiber and transverse direction at 150 ◦C. (b) Boundary conditions for the cyclic tension tests.
Fig. 5. Experiments under varying fiber angle (a) Material stiffness at various temperatures (* indicates sliding marks) (b) Maximum force.
aterial due to the non-standard material thickness. This high plate
hickness could lead to unwanted temperature gradients during cooling
own from the melt, and therefore to an inhomogeneous crystallization
istribution. For this reason, the authors believe that the crystal config-
ration most likely differs between the plates and that the variance in
he two batches (and most likely the majority of the material scatter as
ell) stems from the polyamide 6 matrix. Nonetheless, the differences
etween both material batches are negligibly small, and can only be
7 
seen in Fig. 5 where results from both batches are combined. In all
other figures, either results from batch one or batch two are used.

The results of the three-point bending tests are shown in Table 2.
Here, the test data at room temperature was enriched with results
conducted at the Polymer Service Merseburg GmbH (PSM) at room and
elevated test temperatures in line with DIN EN ISO 14125. The Young’s
modulus in bending 𝐸𝑓 in 𝑥- and 𝑦-direction was measured together

with the flexural strength 𝜎𝑓𝑀 and the corresponding strain 𝜀𝑓𝑀 .
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Fig. 6. Additional tests: (a) Comparison of 2D (inside the temperature furnace) and 3D (outside the temperature furnace) DIC measurements at room temperature. (b) Comparison
of different material batches in 𝑥- and 𝑦-direction. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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hree-point bending results in 𝑥- and 𝑦-direction at room and elevated temperatures.

Temperature Direction 𝐸𝑓 𝜎𝑓𝑀 𝜀𝑓𝑀 𝜎𝑓𝐵 𝜀𝑓𝐵
[◦C] [MPa] [MPa] [%] [MPa] [%]

23 x 30531 850 2.78 850 2.78
s 650 28.3 0.11 28.8 0.092

23 y 7327 96.3 1.97 96.3 1.97
s 303 3.22 0.146 3.22 0.146

100 x 27388 353 1.40 285 2.53
s 916 17.5 0.04 32.5 0.0923

100 y 2445 57.2 4.07 52.8 4.24
s 82 1.34 0.17 2.52 0.21

150 x 25415 269 1.47 242 2.85
s 609 4.91 0.78 13.7 0.11

150 y 1738 43.0 3.85 37.8 4.03
s 64 2.81 0.41 4.36 0.38

Where available, the breaking stress 𝜎𝑓𝐵 and strain 𝜀𝑓𝐵 are provided
s well. Each test was repeated at least five times, hence all values are
iven as the statistical mean and the standard deviation 𝑠 is shown as
ell below the results.
The results from Table 2 support the findings from the tensile tests

n Figs. 3 and 5, where the material stiffness is temperature dependent
nd an increase in temperature generally leads to a decrease in material
tiffness, especially perpendicular to the fibers. This relation holds for
he maximum stress and the failure stress as well. However, here the
emperature dependence is pronounced in 𝑥-direction as well. More-
ver, at room temperature the failure behavior is brittle corresponding
o 𝜎𝑓𝑀 = 𝜎𝑓𝐵 , whereas for elevated temperature a more ductile failure
s observed. In 𝑥- direction, the material failed due to a combination of
ension and compression, whereas in 𝑦-direction a tension failure was
bserved independent of the temperature.

.5. Thermal analysis

The thermal analysis of the material was conducted at the Institute
f Mechanics, University of the German Federal Armed Forces, Munich
nd Polymer Service GmbH Merseburg (PSM).
To obtain insights into the expansion of the material under tempera-

ure, a thermomechanical analysis was conducted on a TMA/SDTA841e
rom Mettler Toledo (Mettler Toledo, Columbus, USA) in all three mate-
ial directions. In Fig. 7a, the resulting coefficients of thermal expansion
CTEs) 𝛼𝑇 are plotted over the temperature. Here, the thermal expan-
ion in fiber direction (𝑥-direction) is least pronounced and reflects
he lower thermal expansion of glass fibers according to the manufac-
urer (𝛼 = 4.9−5.1 10−6∕K) and in line with experiments from Segal
1979). Additionally, no distinct temperature influence is observed
n this direction. On the other hand, the in-plane thermal expansion

oefficients react sensitively to temperature, especially above the glass s

8 
ransition. However, interestingly enough, the thermal expansion in
- and 𝑧-direction does not coincide. Considering the microscopic im-
ges in Fig. 2, the authors believe that this observation is related to
he production process (cf. Section 2.3), where the consolidation of
repregs results in a layer structure in 𝑧-direction. Consequently, in this
irection, the polymeric matrix behavior is most pronounced, leading
o an increased thermal expansion together with a strong temperature
ependence above the glass transition, in line with the results for pure
A6 in Reuvers et al. (2024). In 𝑦-direction, the CTE lies in-between
he results for the other two directions.
The thermal conductivity was measured on a Hot-Disk TPS 2500S

Hot Disk, Gothenburg, Sweden). For testing, the 1D Hot-Disk method
as employed, utilizing a sensor with a diameter of 12.8 mm. This was
eemed an appropriate choice given that larger sensors generally yield
ore accurate results. The method requires a cylindrical specimen with
diameter that is 2 mm greater than that of the sensor. Consequently,
nly the thickness direction (𝑧-direction) was tested using the measured
omposite density of 𝜌 = 1.8 g/cm3 since the maximum thickness
f the composite plate measured 10 mm in total. It is important to
ote that smaller sensors were available for testing, however, they
id not produce reliable results for the polymeric material, which
s generally low in conductivity. In Fig. 7b, the resulting thermal
onductivity is plotted over the temperature. The composites’ thermal
onductivity is higher compared to that of pure PA6 which can be
ttributed to the influence of the glass fibers (𝜆𝑔𝑙𝑎𝑠𝑠𝑓𝑖𝑏𝑒𝑟 ≈ 1.28 W/m
K). Similar to the results in Reuvers et al. (2024) for PA6, the influence
of temperature on the resulting thermal conductivity is negligible, see
also (Kugele, 2020). Therefore, from this point onwards, a transverse
thermal conductivity of 𝜆𝑇 ,⟂ = 𝜆𝑇 ,𝑦 = 𝜆𝑇 ,𝑧 = 0.6365 W/m K is used in
all calculations. Additionally, the authors expect to see no significant
difference between the results in fiber and transverse direction in line
with results from Kalaprasad et al. (2000) since the heat conductivity
f the glass fibers is isotropic. To verify the assumption, virtual thermal
xperiments on the unit cell will be conducted in Section 5.2 in all
aterial directions. Furthermore, the specific heat capacity is derived
rom the second heating run of the composite DSC experiments in
ection 2.1. Here, the tangent to the experimental curve yields the
pecific heat capacity above and below the glass transition 𝑇𝑔 , which
ncreases with increasing temperature (see Fig. 7c)). Note here that the
teep incline of the heat capacity after the melting of the crystalline
hase is unexpected. Generally, the slope of 𝑐𝑇 should be approximately
qual below and above the glass transition. Thus, the authors suspect
hat structural changes might be the reason for this uncertainty.

. Polymeric matrix material model formulation

The following section provides a brief overview of the material
odel utilized for the polyamide 6 matrix. For a more detailed de-

cription, the reader is kindly referred to Reuvers et al. (2024), where
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Fig. 7. Thermal analysis (a) Direction dependent coefficient of thermal expansion (TMA measurement) (b) Thermal conductivity measurement in 𝑧-direction (c) Specific heat
capacity from DSC measurements in the second heating run.
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the full derivation of the framework is presented together with the
numerical implementation as a user material subroutine UMAT and
UMATHT for the commercial finite element method (FEM) software
Abaqus/Standard (Dassault Système, Vélizy-Villacoublay, France).
Throughout the text, the subsequent notational conventions are em-
ployed:

𝑎, 𝐴 Scalar quantity
𝒂 First order tensor
𝑨 Second order tensor
𝑰 Identity tensor
A Fourth order tensor
̇(∗) Total derivative with respect to time

(𝑨)𝑇 Transpose of 𝑨
(𝑨)−1 Inverse of 𝑨
tr(𝑨) Trace of 𝑨
det(𝑨) Determinant of 𝑨
dev(𝑨) 𝑨 − 1

3
tr(𝑨)𝑰

Grad(𝑨) Gradient of 𝑨 with respect to the reference
configuration

Div(𝑨) Divergence of 𝑨 with respect to the reference
configuration

∶ Double contraction
̄(∗) Quantity in the reference configuration

To accurately capture the material behavior of semi-crystalline poly-
mers (SCPs), a coupled visco-elastic, elasto-plastic framework is chosen,
 c

9 
according to Reuvers et al. (2024). A schematic overview in the form of
a 1D rheological representation of the model assumptions is provided
in Fig. 8. Here, a multiplicative split of the deformation gradient 𝑭

𝑭 = 𝑭 𝑒1 𝑭 𝑝 = 𝑭 𝑒2 𝑭 𝑣, (2)

into elastic (𝑭 𝑒1) and plastic (𝑭 𝑝) (see e.g. Eckart, 1948; Kröner, 1959;
ee, 1969) as well as an elastic (𝑭 𝑒2) and viscous (𝑭 𝑣) part (see
.g. Sidoroff, 1974; Lubliner, 1985; Lion, 1997; Reese and Govindjee,
998) is introduced. Further, an additional split of the plastic part of
he deformation gradient 𝑭 𝑝 = 𝑭 𝑝𝑒 𝑭 𝑝𝑖 (cf. Lion, 2000; Dettmer and
eese, 2004) is performed to model nonlinear kinematic hardening.
The Helmholtz free energy per unit mass is expressed in terms of

ymmetric elastic deformation measures only, namely the elastic right
auchy–Green tensors 𝑪𝑒1, 𝑪𝑝𝑒 and 𝑪𝑒2 defined as

𝑒1 = 𝑭 𝑇
𝑒1 𝑭 𝑒1, 𝑪𝑝𝑒 = 𝑭 𝑇

𝑝𝑒 𝑭 𝑝𝑒, 𝑪𝑒2 = 𝑭 𝑇
𝑒2 𝑭 𝑒2. (3)

ere, 𝑪 = 𝑭 𝑇𝑭 denotes the right Cauchy–Green tensor and 𝑪𝑝 = 𝑭 𝑇
𝑝 𝑭 𝑝

he plastic right Cauchy–Green tensor. Following the assumptions made
n Fig. 8, the total specific Helmholtz free energy

(𝑪𝑒1,𝑪𝑒2,𝑪𝑝𝑒, 𝜒, 𝜃) = 𝜓1(𝑪𝑒1,𝑪𝑝𝑒, 𝜒, 𝜃) + 𝜓2(𝑪𝑒2, 𝜃) + 𝜓𝑐 (𝜃) (4)

s additively decomposed into elasto-plastic (𝜓1) and visco-elastic (𝜓2)
nergetic contributions accompanied by an unspecified caloric part 𝜓𝑐
o ensure flexibility regarding the choice of the function for the heat

apacity 𝑐𝑇 (cf. Felder et al., 2022; Reuvers et al., 2024). Here, the first
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Fig. 8. (a) Schematic illustration of the constitutive model (b) Multiplicative splits of the deformation gradient (reference (𝑟𝑐) and current (𝑐𝑐) configurations, local intermediate
configurations 𝑖𝑐1, 𝑖𝑐𝑖1 and 𝑖𝑐2 for plasticity, kinematic hardening and viscosity).
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term 𝜓1 contains an elastic part 𝜓𝑒1 as well as a defect energy 𝜓𝑝 related
to kinematic hardening

𝜓1(𝑪𝑒1,𝑪𝑝𝑒, 𝜒, 𝜃) = 𝜓𝑒1(𝑪𝑒1, 𝜒, 𝜃) + 𝜓𝑝(𝑪𝑝𝑒, 𝜒, 𝜃), (5)

both dependent on the crystallization state of the material via the
degree of crystallinity 𝜒 . The energy contributions related to the elasto-
plastic model part 𝜓1 are chosen as a compressible Neo-Hookean-type
energy 𝜓𝑒1 in combination with a nonlinear plastic defect energy 𝜓𝑝 to
account for Armstrong–Frederick kinematic hardening

𝜓𝑒1 =
𝜇1
2

(

tr(𝑪𝑒1) − 3
)

− 𝜇1ln
(

𝐽𝑒1
)

+
𝛬1
4

(

det(𝑪𝑒1) − 1 − 2 ln(𝐽𝑒1)
)

− 3𝐾1𝛼𝑇 𝛥𝜃 ln(𝐽𝑒1), (6)

𝜓𝑝 =
𝑐
2
(tr(𝑪𝑝𝑒) − 3) − 𝑐 ln(

√

𝐽𝑝𝑒). (7)

ere, 𝐽𝑒1 = det(𝑭 𝑒1) is the determinant of the elastic part of the
eformation gradient 𝑭 𝑒1 and 𝐽𝑝𝑒 = det(𝑪𝑝𝑒) holds. In terms of the
aterial quantities, the two Lamé constants 𝜇1(𝜒, 𝜃) and 𝛬1(𝜒, 𝜃) are
ntroduced in 𝜓𝑒1 and 𝑐(𝜒, 𝜃) in the defect energy 𝜓𝑝. The expression
or the elastic energy 𝜓𝑒1 in Eq. (6) is extended with a term related
to volumetric thermal expansion incorporating the elasto-plastic bulk
modulus2 𝐾1(𝜃), the coefficient of thermal expansion 𝛼𝑇 (𝜃) and the
emperature difference 𝛥𝜃 = 𝜃 − 𝜃0 between the current temperature 𝜃
nd the reference temperature 𝜃0. All material properties of the elasto-
lastic part depend on both the DOC and temperature. Similarly to
q. (6), the visco-elastic part of the Helmholtz free energy 𝜓𝑒2 is defined
s

2 =
𝜇2
2

(

tr(𝑪𝑒2) − 3
)

− 𝜇2 ln(𝐽𝑒2) +
𝛬2
4

(

det(𝑪𝑒2) − 1 − 2 ln(𝐽𝑒2)
)

− 3𝐾2𝛼𝑇 (𝜃 − 𝜃0)ln(𝐽𝑒2), (8)

where 𝜇2(𝜃) and 𝛬2(𝜃) are the visco-elastic Lamé constants and 𝐾2 is
the visco-elastic bulk modulus2. Furthermore, 𝐽𝑒2 = det(𝑭 2) holds. As
indicated in Eq. (4), all energetic contributions jointly depend on the
temperature 𝜃.

2 The bulk moduli 𝐾∗, ∗= 1, 2 are defined by the two Lamé constants 𝜇∗ and

𝛬 as 𝐾 = 𝛬 +
2𝜇∗ .
∗ ∗ ∗ 3

10 
Next, the constitutive equations are derived from the local form of
the Clausius–Duhem inequality

𝑺 ∶ 1
2
�̇� − 𝜌0(�̇� + 𝜂 �̇�) − 1

𝜃
𝒒0 ⋅ Grad(𝜃) ≥ 0. (9)

ere, 𝑺 is the second Piola–Kirchhoff stress tensor and 𝜌0 represents the
aterial density per unit reference volume. The entropy is introduced
ia the parameter 𝜂 and the heat flux in the reference configuration is
enoted by 𝒒0 with the temperature dependent heat conductivity 𝜆𝑇 (𝜃).
ollowing several mathematical operations (cf. Reuvers et al., 2024) the
tress quantities are introduced as:

Second Piola–Kirchhoff stresses:

𝑺1 = 2𝜌0𝑭 −1
𝑝

𝜕𝜓𝑒1
𝜕𝑪𝑒1

𝑭 −𝑇
𝑝 , 𝑺2 = 2𝜌0𝑭 −1

𝑣
𝜕𝜓2
𝜕𝑪𝑒2

𝑭 −𝑇
𝑣

Mandel stresses:

𝑴1 = 2𝜌0𝑪𝑒1
𝜕𝜓𝑒1
𝜕𝑪𝑒1

, 𝑴2 = 2𝜌0𝑪𝑒2
𝜕𝜓2
𝜕𝑪𝑒2

.

Back stress:

𝑿 = 2𝜌0 𝑭 𝑝𝑒
𝜕𝜓𝑝
𝜕𝑪𝑝𝑒

𝑭 𝑇
𝑝𝑒

Mandel stress related to kinematic hardening:

𝑴1,kin = 2𝜌0 𝑪𝑝𝑒
𝜕𝜓𝑝
𝜕𝑪𝑝𝑒

n terms of the evolution equations (see Table 3) a Tschoegl-type or
paraboloid yield criterion (see e.g. Tschoegl, 1971; Ghorbel, 2008;
elro et al., 2013b) is adopted for the elasto-plastic part introducing
he initial yield stress in compression 𝜎0𝑐 and tension 𝜎

0
𝑡 . For the evolu-

tion of plasticity an associative flow rule is chosen together with the
classical evolution equation for nonlinear Armstrong–Frederick kine-
matic hardening (Armstrong et al., 1966). Here, the plastic multiplier
�̇�𝑝 is introduced, as well as the hardening material parameters 𝑏 and
𝑐. The evolution equation for the visco-elastic part is based on a
potential from Reese and Govindjee (1998). For the specific choice of
the nonlinear function for the relaxation time 𝜏, the reader is kindly
eferred to Section 5. In addition, the local form of the energy balance

(�̇� + �̇� 𝜃 + 𝜂 �̇�) + Div(𝒒 ) − 𝑺 ∶ 1 �̇� = 0 (10)
0 0 2
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Table 3
Overview over the constitutive equations in the reference configuration.

Elasto-plastic contribution Visco-elastic contribution

Stresses Stress

𝑺1 = 𝜇1(𝑪−1
𝑝 − 𝑪−1) +

𝛬1

2

(

det(𝑪)
det(𝑪𝑝)

− 1
)

𝑪−1 − 3𝐾1𝛼𝑇 (𝜃 − 𝜃0)𝑪−1 𝑺2 = 𝜇2(𝑪−1
𝑣 − 𝑪−1) +

𝛬2

2

(

det(𝑪)
det(𝑪𝑣)

− 1
)

𝑪−1

�̄� = 𝑐 (𝑪−1
𝑝𝑖 − 𝑪−1

𝑝 ) −3𝐾2 𝛼𝑇 (𝜃 − 𝜃0)𝑪−1

𝒀 = 𝑪𝑺1 − 𝑪𝑝�̄�, 𝒀 kin = 𝑪𝑝�̄�

Yield function

𝛷𝑝 = 3 𝐽2 + (𝑚 − 1) 𝜎0𝑡 𝐼1 − 𝑚 (𝜎0𝑡 )
2

𝐼1 = tr(𝒀 ), 𝐽2 =
1
2
tr((dev(𝒀 ))2), 𝑚 = 𝜎0𝑐 (𝜒, 𝜃)∕𝜎

0
𝑡 (𝜒, 𝜃)

Evolution equations Evolution equation

�̇�𝑝 = �̇�𝑝 (6dev(𝒀 ) + 2 (𝑚 − 1) 𝜎0𝑡 )𝑪𝑝 , �̇�𝑝𝑖 = 2 �̇�𝑝
𝑏
𝑐
dev(𝒀 kin)𝑪𝑝𝑖 �̇�𝑣 =

(

1
𝜏𝜇2

dev(𝑪𝑺2) +
2

9𝜏𝐾2
tr(𝑪𝑺2) 𝑰

)

𝑪𝑣

�̇�𝑝 ≥ 0, 𝛷𝑝 ≤ 0, �̇�𝑝 𝛷𝑝 = 0

Heat generation due to plastic dissipation Heat generation due to viscous dissipation

𝑟1 = �̄�𝑝 =
1
2
𝑪
(

𝑺1 − 𝜃
𝜕𝑺1

𝜕𝜃

)

∶ 𝑪−1
𝑝 �̇�𝑝 −

1
2

(

�̄� − 𝜃 𝜕�̄�
𝜕𝜃

)

∶ �̇�𝑝 𝑟2 = �̄�𝑣 =
1
2
𝑪
(

𝑺2 − 𝜃
𝜕𝑺2

𝜕𝜃

)

∶ 𝑪−1
𝑣 �̇�𝑣

+ 1
2
𝑪𝑝

(

�̄� − 𝜃 𝜕�̄�
𝜕𝜃

)

∶ 𝑪−1
𝑝𝑖 �̇�𝑝𝑖

Second Piola–Kirchhoff stress Elastic heat generation

𝑺 = 𝑺1 + 𝑺2 𝑟𝑒 = 𝜃
(

𝜕𝑺1

𝜕𝜃
∶ 1
2
�̇� +

𝜕𝑺2

𝜕𝜃
∶ 1
2
�̇�
)

Heat flux Entropy

𝒒0 = −𝐽 𝜆𝑇 𝑪−1 Grad(𝜃) 𝜂 = −𝜕𝜓∕𝜕𝜃
a
n
t
a
d
q
u
r

is evaluated, to determine the internal heat sources. Above, the time
derivative of the internal energy �̇� = �̇� + �̇� 𝜃 + 𝜂 �̇� is already incorpo-
rated. In line with e.g. Felder et al. (2020a, 2022) and Reuvers et al.
2024), the heat capacity is approximated by a constant value 𝑐𝑇 =
𝜃 (𝜕2𝜓)∕(𝜕𝜃2) = 𝑐𝑇 (𝜒, 𝜃) in this work and determined experimentally.
he specific expression for 𝑐𝑇 above and below the glass transition
egime can be found in Table 9. An overview of the equations in their
inal form in the reference configuration is provided in Table 3.

. Generation of repeating unit cells and comparison of different
andomization methods

In this section, the generation of repeating unit cells (RUCs) is
escribed in detail. Various randomization methods for the distribution
f unidirectional glass fibers are tested and compared to microscopic
ictures of the PA6 composite material used for the experiments in
ection 2. Furthermore, mesh and size convergence studies are con-
ucted to identify a valid RUC that will be used for comparison with
he experimental results. Throughout the generation of the RUCs, the
ocus lied on the process automation to minimize the effort for e.g. the
onvergence studies. Therefore, the Abaqus - Python interface was
sed to generate a plug-in application that allows for automatic RUC
eneration and testing with mechanical and thermal periodic boundary
onditions (PBCs).

.1. Unit cell generation

The automatic generation of repeating unit cells is separated into
hree main steps. Firstly, the random distribution of the UD fibers
s carried out using three different randomization methods. Next, the
eometry of the unit cell is generated, followed by the automatic gener-
tion of the mesh and the corresponding periodic boundary conditions
PBCs). The input parameters for the Abaqus-Python plug-in are the
onstant fiber volume fraction 𝜑𝑓 = 40% and the diameter of the roving
lass fibers (17 μm) as well as the number of fibers 𝑛𝑓 that determine
he size of the RUC. The fibers are modeled as cylinders under the
ssumption of a perfectly round cross-section, and no inhomogeneities
11 
long the fiber direction. Note here that the fibers in weft direction
eeded for structural support during production (approximately 3% of
he total fiber volume content) are neglected. Moreover, the height
nd width of the RUCs are chosen to be equal, in that way, the
imensions of the RUC are a priori known when evaluating the input
uantities given above. Three different randomization schemes are
sed to generate the random fiber distribution, namely the so-called
andomized method (see e.g. Poggenpohl et al., 2022b), the random
sequential adsorption (RSA) method (see e.g. Hinrichsen et al., 1986)
and a variation of the RSA method based on microscopic images, which
is referred to as clustered RSA (CRSA) in the following.

The randomized method is based on a repetition of a regular grid
of initially two fibers that resemble square closest packing in 2D (see
Fig. 9a)). Each fiber is shifted by a random value with respect to its
original position. Hereby, the shift is restricted such that overlapping
of the individual fibers is prevented (see Fig. 9a)). The number of
fibers for this randomization method is limited to certain even numbers
(𝑛𝑓,randomized = 2𝑛2, 𝑛 ∈ N), based on the base cell for square closest
packing and the restriction to quadratic RUC dimensions.

RUCs resulting from the random sequential adsorption method con-
sist of sequentially generated random fiber coordinates within the limits
of the RUC size. Each fiber is placed in the RUC and only those
fibers are adsorbed that do not overlap with already existing ones (see
Fig. 10 a)). Otherwise, the coordinates are discarded, and new ones
are generated until the desired fiber volume fraction is reached (see
Fig. 9b)). In addition, narrow gaps between the fibers and small or
rather sharp matrix regions in the corners or the edges (see Fig. 10b))
that lead to insufficient mesh quality or problems during mesh creation
are prevented as well. This step is especially important since the mesh
is generated automatically with a predefined element size. Therefore,
mesh refinement in those areas is a priori not possible and would
require manual intervention. In comparison, the RSA method shows
a higher degree of clustering, whereas the fiber distribution in the
RUCs generated with the randomized method is more even. These
differences are reflected in the resulting RUC behavior and, therefore,
as well in the resulting effective material properties of the composite,
as will be shown in Section 4.3. Generally, both methods are suited to
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Fig. 9. Random fiber distribution generated with (a) randomized method (blue box marks base cell of two fibers) (b) random sequential adsorption (RSA) method (c) clustered
SA (CRSA) method. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
escribe a random fiber distribution and the choice should be made
n the basis of microscopic pictures. If, for instance, the fiber content
s relatively high, however, the randomized method is the preferred
hoice since a valid fiber distribution with the RSA method is unlikely
r requires various attempts that result in increased computation time.
saturation in the RSA approach with circular disks is reached with
maximum fiber volume fraction of approximately 54.7% according
o the literature (cf. Feder, 1980; Hinrichsen et al., 1986). Comparing
the microscopic images in Fig. 2 with images of RUCs with both
randomization methods, the authors conclude that the RSA method
better approximates the visible clustering of fibers. Nonetheless, areas
can be indicated where no fibers are prominent, similar to a laminate
structure. This effect stems from the production process, as discussed
in Section 2.3. However, the laminate like structure is not incorporated
in the RUCs yet. Thus, a third set of RUCs is generated for comparison
using a variation of the RSA method, here referenced as clustered RSA
(CRSA). To achieve a higher degree of fiber clustering, the assumption
is made that the majority of the fibers lie in the middle of the RUC,
while the upper and lower edge consists mainly of matrix material, see
Fig. 9(c) for a visual reference. To achieve a random fiber distribution
in each part, the RSA method is used. The resulting new parameters,
namely the height of the middle area 𝐻mid = 𝐻 −𝐻edge and the fiber
volume content in this part 𝜑mid = 𝜑fibers−𝜑edge of the RUC need to be
determined. Here, values between 0.5 and 0.9 for the ratio of 𝐻mid∕𝐻
and values between 0.75 and 0.95 for the ratio of the fiber volume
fraction 𝜑mid∕𝜑fibers are realized in a preliminary parametric study
and further tested and visually compared to the microscopic pictures.
In addition, it is made sure that the resulting RUC behavior differed
from that of the RUCs generated with the RSA method, resulting
in 𝐻mid∕𝐻 = 0.6 and 𝜑mid∕𝜑fibers = 0.9. It should be noted that
the clustered RSA method results in varying material behavior in 𝑦-
and 𝑧-direction (see Section 4.3), thus thwarting the assumption of
transversal isotropy. Consequently, experiments in all three directions
are necessary to validate this method.

After the fiber distributions are found and the geometries are gener-
ated using a sequence of boolean cuts, the mesh is generated automati-
cally using eight node hexahedral elements with reduced integration
(C3D8RT) from the Abaqus element library. Their performance has
been compared to fully integrated elements for several uniaxial strain
states combined with the RSA method. Here, the computation time of
the reduced elements was significantly lower compared to the fully
integrated elements, especially, due to the large history array of the
complex nonlinear matrix material model. In the next step, periodic
boundary conditions are created from the node set, applying Abaqus
specific so-called equation constraints at the edges, faces and vertices
of the RUC that mirror the local fluctuations of the current configu-

ration at the respective boundaries. More specifically, PBCs prescribe a

12 
constant difference in displacement and/or temperature between nodes
that share the same reference coordinates in all but one direction (see
e.g. Miehe, 2002; Kanit et al., 2003; Nguyen et al., 2011). Hereby, the
difference in displacement and/or temperature can either be zero or
non-zero depending on the applied far field strain or temperature state.
During the generation of the PBCs it is made sure that no node is over-
constraint by excluding the respective nodes from the node sets of the
edges, faces and vertices. For a detailed description on how to apply
Abaqus specific displacement equation constraints, the reader is kindly
referred to Omairey et al. (2019). An example for temperature equation
constraints can be found in Tian et al. (2019).

The material model formulation used for the polyamide 6 matrix
material can be found in Section 3 with the experimentally identified
mechanical parameters in Appendix A.1. For the fibers, an isotropic
linear thermo-elastic material model from the Abaqus material library
was chosen for simplicity, since the glass fibers behave purely elas-
tically over the considered temperature range (𝜃 = 23 − 150◦C). The
corresponding material parameters can be found in Section 5.

4.2. Homogenization scheme

Based on the hypothesis of equal virtual work density on the mi-
croscopic (∗𝑚) and macroscopic (∗𝑀 ) level, the Hill–Mandel condition
(see Hill, 1963, 1967) with the thermal extension by Özdemir et al.
(2007) states the equivalence of the product of the volume averages
and the volume average of the products for a representative volume on
the micro level

𝛿𝑊𝑀 = {𝛿𝑊𝑚}𝛺0
(11)

⇔

{𝑷 𝑚}𝛺0
∶ {𝛿𝑭 𝑚}𝛺0

− {𝒒0,𝑚}𝛺0
⋅ {Grad𝑚(𝜃𝑚)}𝛺0

(12)
= {𝑷 𝑚 ∶ 𝛿𝑭 𝑚}𝛺0

− {𝒒0,𝑚 ⋅ Grad𝑚(𝜃𝑚)}𝛺0
,

with the microscopic first Piola–Kirchhoff stress tensor 𝑷 𝑚 and the
conjugated deformation gradient 𝑭𝑚 as well as the microscopic heat
flux 𝒒0,𝑚 with respect to the reference configuration and the tempera-
ture gradient Grad𝑚(𝜃𝑚). In line with (Özdemir et al., 2007), the time
variation of the heat storage on the microscale is neglected due to the
negligibly small representative volume. Here, {∗}𝛺0

denotes the volume
average

{∗}𝛺0
= 1
𝑉𝛺0

∫𝛺0

(∗)dV, (13)

with 𝑉𝛺0
as the volume of 𝛺0. The displacement as well as the tempera-
ture PBCs described in Section 4.1 are known to satisfy the Hill–Mandel
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Fig. 10. (a) Rejection of overlapping fibers after projection (b) Abortion of fiber coordinates that lead to narrow gaps and sharp corners to circumvent poor mesh quality.
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ondition (cf. Van der Sluis et al., 2000; Özdemir et al., 2007). Conse-
uently, the stress of a macroscale material point 𝑷𝑀 complies with the
veraged stress of a volume element on the microscale and the same
elation holds for the heat flux

𝑷𝑀 = {𝑷 𝑚}𝛺0
(14)

0,𝑀 = {𝒒0,𝑚}𝛺0
. (15)

sing Abaqus specific equation constraints, 𝑷𝑀 is obtained from the
eaction force of the corresponding reference point divided by the
eference area (see e.g. Omairey et al., 2019). To obtain the elastic
ffective material parameters in the three material directions, six uniax-
al strain states are applied successively on the RUCs under isothermal
onditions at each test temperature. The corresponding tensile or shear
oading conditions are shown schematically in Fig. 11 together with
he associated material parameters. The macroscopic heat flux 𝒒0,𝑀
qually follows from the averaged heat flux over the RUC domain,
ssuming stationary heat conduction. In order to obtain the direction
ependent effective thermal conductivity a temperature gradient is
pplied successively on two opposing sides in each material direction
cf. Tian et al., 2019). Since the effect of the temperature on the
onductivity of the GFRP is negligibly small (cf. Section 2.5), the
ffective thermal conductivity is calculated in Section 5 independently
f the temperature.

.3. Statistical evaluation

In this section, the representativeness of the RUCs is examined in
statistical manner. Therefore, several convergence studies are con-
ucted to investigate the fluctuations introduced by the random fiber
istributions. Note here that the investigations are carried out up to
% maximum strain in line with the experimental results of Section 2.
o model larger deformations, these convergence studies need to be
xtended to verify the RUCs. This is, however, omitted here to reduce
he computational effort.

esh convergence study
For the mesh convergence study, three RUC geometries generated

ith the randomization methods from Section 4.1 are considered.
he corresponding in-plane dimensions are derived from the number
f fibers and the fiber volume fraction (𝜑 = 40%) and measure
16.7 μm × 116.7 μm for the RSA and CRSA method with 𝑛𝑓 = 24 and
01.07 μm × 101.07 μm for the randomized method with 𝑛𝑓 = 18. In fiber
irection, only one element over the thickness is considered, which
esults in a material behavior comparable to plane strain. Different
esh sizes ranging from 1 to 3 μm are evaluated in steps of 0.5 μm.
egarding the boundary conditions, a constant temperature of 150 ◦C
 t

13 
s chosen since at elevated temperatures, plastic yielding in the PA6
atrix occurs already at small strains compared to room temperature
cf. Table 8). Here, the highest DOC of the matrix 𝜒 = 0.29 is used
o determine the matrix material parameters from Table 8. Monotonic,
niaxial tension in 𝑦-direction is the tested load case (see Fig. 11 a2).
he simulations are terminated at a strain of 5% and the resulting
tresses and strains are computed as volume averages of the whole do-
ain 𝛺0. In Fig. 12a), the homogenized stresses at maximum strain are
hown over the element size for the different randomization methods.
For the RSA and the CRSA method, a pronounced mesh dependence

s visible, whereas the results of the randomized method show almost
nstantaneously converged behavior. This can be attributed to the lower
mount of fiber clustering in the randomized method. Comparing the
SA based methods in more detail, a direct correlation between the
mount of fiber clustering and the mesh convergence is visible. The
igher the amount of fiber clustering, the smaller element size is needed
o achieve a converged result. Next, to determine the mesh size at
hich convergence is achieved, the relative errors are computed as the
ifference in the resulting homogenized stress from the current mesh
ize compared to the stress of the next coarser mesh. Here, a change
1% is regarded as a converged solution. Overall, mesh convergence is
chieved for all three fiber distributions. In terms of the randomized
ethod, an element size of 2.5 μm is already assumed to show the
onverged solution, whereas for the RSA and CRSA method a size of
.0 μm is sufficient. Therefore, a mesh size of 1.0 μm is adopted for the
ubsequent simulations.

ize convergence study
A size convergence study is performed for varying sizes of RUCs

enerated with all three randomization methods. Again, the number of
ibers 𝑛𝑓 is used as a measure for the overall RUC size since the fiber
olume fraction and the fiber diameter are assumed to be constant. Due
o the random fiber distribution, for every randomization method and
umber of fibers, 10 different RUCs are generated. Hence, the average
s used for comparison together with the standard deviation indicated
y the error bars. The RUCs are tested in in-plane tension (𝑦-direction)
nd in-plane shear (𝑦𝑧-direction) (see Fig. 11 a2 and b3). Further, in-
lane tension simulations in 𝑧-direction are conducted for the CRUCs
o investigate their direction dependence. Similar to the convergence
tudy for the mesh density, the stresses and strains are computed as
olume averages of the whole domain 𝛺0 and the computation is
erminated at a maximum strain of 5%.
The results of the size convergence study are shown in Fig. 12b) and

) for both loading cases. In line with the results for the mesh density
tudy, the randomized method yields almost instantaneously converged
esults for all RUC sizes. Moreover, compared to the other two methods,

he standard deviation is very small, due to the low amount of fiber
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Fig. 11. Schematic representation of the boundary conditions in terms of the six uniaxial strain states for deriving the effective elastic material properties. (a) Monotonic, uniaxial
tension (b) Pure shear.

Fig. 12. (a) Mesh convergence study (b) Size convergence study: Tension in 𝑦-direction (Standard deviation indicated by the error bars) (c) Size convergence study: Pure shear in
𝑦𝑧-direction (Standard deviation indicated by the error bars). For the corresponding periodic boundary conditions, the reader is referred to Fig. 11. 𝑃 5

∗ indicates the engineering
stress (1. Piola–Kirchhoff stress) at 5% strain.
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clustering. In contrast to the RSA based methods, the material response
in 𝑦-direction is less stiff for the randomized method, whereas in the
case of pure shear, the stiffest material response is present. Thus, a di-
rect correlation between the amount of fiber clustering and the overall
in-plane material response can be drawn, where a higher amount of
clustering generally leads to a higher difference between tensile and
shear behavior.

In terms of the convergence criterion, the deviation to the previous
realization is adopted as previously done for the mesh convergence
study. Consequently, 𝑛𝑓 = 18 can be regarded as the converged RUC
ize for the randomized method. Compared to the randomized method,
he RSA and the CRSA method show pronounced differences between
he shear and tensile response. Here, the CRSA method results in a
lightly stiffer material behavior, especially in the tensile load case. In
eneral, the standard deviation decreases with increasing RUC size and
imilar to the mesh convergence study, the amount of fiber clustering
nfluences the convergence rate. At 24 fibers, convergence is reached
or the RSA method, whereas 32 fibers are needed for the clustered RSA
ethod in 𝑧-direction. Interestingly enough, in 𝑦-direction convergence

for the CRSA is already reached for 24 fibers. Additionally, in this
direction, the unit cell response is similar to the RSA method. In
the following, 𝑛𝑓 = 32 is chosen for all unit cells as the common
denominator.

5. Unit cell identification and validation against experimental
results

5.1. Parameter identification

In Reuvers et al. (2024), the thermomechanically coupled matrix
model for polyamide 6 was developed, characterized and validated
with mechanical and thermal experimental data. Therefore, a staggered
parameter identification procedure was used on the isothermal model
to obtain a set of mechanical and thermal material parameters for
each test temperature. Here, a novel blending technique of the polymer
PA6 together with cyclic olefin copolymer (COC) during specimen
production allowed testing on a broad variety of stable DOCs. The
resulting material model is valid for DOCs between 15% and 29%. In
the following, a brief overview of the identification scheme is given:

1. The total Young’s modulus 𝐸tot was obtained from the initial
slope of the true stress–strain relations for different DOCs. Next,
the exponential dependence of the Young’s modulus on the crys-
tallinity was found using nonlinear regression. In contrast to the
Young’s modulus, the Poisson’s ratio calculated via the negative
ratio of the measured transverse and longitudinal strain, showed
no clear dependence on the DOC. Hence, it was chosen as a
constant 𝜈tot.

2. Based on a post-processing scheme introduced by Amin et al.
(2006), uniaxial long-term relaxation tests at various strain
states revealed a nonlinear dependence of the relaxation time
𝜏 on the visco-elastic overstress 𝝉2 and the corresponding strain
state represented by the visco-elastic right Cauchy–Green tensor
𝑪𝑣 (see Fig. 13). Similar to the Poisson’s ratio, no clear depen-
dence on the DOC was visible, in line with the assumption of
the visco-elastic part corresponding mainly to the amorphous
response of the material. For the relaxation time, the power-
law-type function 𝜏 = 𝜏0‖𝑩𝑣‖

𝛾exp(−𝛿‖𝝉2‖) was chosen. Here,
a dependence on the visco-elastic left Cauchy–Green tensor
𝑩𝑣 = 𝑭 𝑣𝑭 𝑇

𝑣 and the Kirchhoff overstress 𝝉2 was introduced. The
temperature dependent material parameters 𝜏0(𝜃), 𝛾(𝜃) and 𝛿(𝜃)
were identified using nonlinear curve fitting.

3. Above room temperature, it was not possible to directly ob-
tain the yield stress in tension 𝜎0𝑡 and compression 𝜎0𝑐 from
monotonic or cyclic tension and compression test. Hence, these

material parameters together with the parameters related to i
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Table 4
Mechanical matrix material parameters for 𝜒 = 0.41 at all test temperatures.
Parameter 23 ◦C 100 ◦C 150 ◦C

𝐸tot [MPa] 3800 832.0 484.89
𝜈tot [–] 0.35 0.45 0.45
𝜎0𝑡 [MPa] 25.0 2.6 2.51
𝑐 [MPa] 17.756 162.39 171.25
𝑏 [MPa] 1.276 147.445 158.90
𝜏 = 𝜏0(𝜃) ||𝑩𝑣||

𝛾(𝜃) exp(−𝛿(𝜃) ||𝝉2||) 𝜏0 [s] 1853.653 1035.238 573.899
𝛾 [–] 4.57 4.3 4.289
𝛿 [–] 0.539 0.759 0.873

Table 5
Mechanical and thermal glass fiber material parameters.
𝐸fiber 𝜈fiber 𝛼𝑇 ,fiber 𝑐𝑇 ,fiber 𝜆𝑇 ,fiber 𝜌0,fiber
[GPa] [–] [10−6/K] [J/g K] [W/m K] [g/cm3]

73 0.22 5.0 803 1.35 2.58

nonlinear Armstrong–Frederick hardening (𝑏, 𝑐) were identified
using a nonlinear multiple curve fitting procedure. Firstly, the
ideal parameters for each DOC were governed using a single
fit independent of the crystallinity. Next, the results for each
parameter were plotted over the DOC and a linear trend line was
identified using a multi curve fit. In this way, the dependence on
the DOC was found and incorporated into the model for each test
temperature.

4. Finally, the parameters related to the thermal characteristics
of the model as the conductivity 𝜆𝑡, specific heat capacity 𝑐𝑇 ,
the thermal expansion coefficient 𝛼𝑇 and the density 𝜌0 were
determined experimentally. Similar to the Young’s modulus, a
dependence on the DOC was found using linear regression.

The complete set of mechanical and thermal parameters for the
matrix material model up to a DOC of 29% is provided in Tables 8 and
in Appendix. In the current work, the DSC results of the composite
aterial revealed a DOC of 𝜒 ≈ 0.41 (cf. Section 2), which is beyond the
dentified parameter range. The extrapolated parameters from Tables 8
nd 9 were tested for their suitability and compared to the experimental
esults from Section 2, however, only the thermal parameters as well
s the crystallinity independent parameters for the visco-elastic branch
ere suitable. In Reuvers et al. (2024), DIC was used only for the visco-
lastic tests to exploit the post-processing procedure by Amin et al.
2006). All other test results were converted to true stress and strain
esults under the assumption of incompressibility. Hence, it is reason-
ble that extrapolated values from these results do not correspond to
he current experimental data, which was obtained using DIC in all test
ases. To obtain suitable parameters for the Young’s modulus, the yield
tress as well as the two hardening parameters, nonlinear curve fitting
as used. Due to the lack of compression data above room temperature,
he tension–compression asymmetry in yielding was neglected (𝑚 =
.0). An overview of the mechanical parameters for a DOC of 𝜒 ≈ 0.41 is
resented in Table 4. For the glass fibers, the temperature independent
arameters were supplied by the manufacturer and can be found in
able 5.

.2. Comparison of RUC and experimental results as well as further numer-
cal calculations

echanical results
In order to derive the effective mechanical material properties and

ompare the results to the experimental findings from Section 2, the six
niaxial strain states (see Fig. 11) are applied successively on the RUCs.
or each randomization method, 10 different RUCs are evaluated under
sothermal conditions. The averaged results are shown in Table 6 for the
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Fig. 13. Results of the visco-elastic post-processing procedure from Reuvers et al. (2024): Inelastic stretch over time and relaxation time over Kirchhoff stress for an exemplary
temperature of 100 ◦C and various DOCs 𝜒 .
Fig. 14. Comparison of experimental and simulative material stiffness in 𝑥- and 𝑦-direction for various temperatures and randomization methods.
s
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three test temperatures together with the standard deviation 𝑠. Gener-
ally, the material stiffness tensor of transverse isotropic materials is de-
fined by the following five material parameters: 𝐸𝑥𝑥, 𝐸𝑦𝑦, 𝜈𝑥𝑦, 𝐺𝑥𝑦, 𝐺𝑦𝑧,
where the symmetry between 𝑦- and 𝑧-direction is already exploited.
This symmetry is, however, weakened for the CRSA method, where
a high degree of clustering in 𝑧−direction leads to differences in the
in-plane material characteristics. Consequently, the resulting material
behavior from the CRSA method is orthotropic and defined by the fol-
lowing nine material constants: 𝐸𝑥𝑥, 𝐸𝑦𝑦, 𝐸𝑧𝑧, 𝜈𝑥𝑦, 𝜈𝑥𝑧, 𝜈𝑦𝑧, 𝐺𝑥𝑦, 𝐺𝑥𝑧, 𝐺𝑦𝑧.
In Table 6, all nine material constants are presented for completeness,
even though in the case of the randomized or RSA method the material
constants are reduced to six. As expected, the material stiffness in
𝑥-direction is higher compared to the stiffness in 𝑦- and 𝑧-direction
due to the dominant fiber influence. Moreover, the dependence on the
temperature is least pronounced in fiber direction, which corresponds
to the finding of Gröger et al. (2021) and the three-point-bending tests
n Section 2. A more detailed overview of the reduction in material
16 
tiffness with increasing temperature is presented in Fig. 14, where the
xperimental material stiffness from tensile and three-point-bending
ests are compared to the simulative results. The simulative results
t room temperature are in good agreement with the experimental
ata. Above the glass transition, the predicted material stiffness in fiber
irection deviates from the tensile response as expected due to the
D measurement error discussed in Section 2. Interestingly enough,
the temperature dependence in 𝑥-direction is more pronounced for the
results of the bending tests compared to the RUC results and findings
from (Gröger et al., 2021). The authors suspect that this softening might
be related to delamination effects at the interface between fibers and
matrix, which could be confirmed by a microscopic examination of
the test specimens directly after testing or DIC measurements during
testing. Another possibility could be a reduction in stiffness of the glass
fibers resulting from the temperature increase. For example in Jenkins
et al. (2015) a reduction in fiber stiffness was reported after ther-
mal conditioning for 25 min at 200 ◦C, suggesting that the stiffness
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Table 6
Effective elastic material parameters for various material directions and randomization methods at temperatures below and above the glass transition. The standard deviation is
indicated by 𝑠.
𝑛 = 10 Randomization method 𝐸𝑥𝑥 𝐸𝑦𝑦 𝐸𝑧𝑧 𝜈𝑥𝑦 𝜈𝑥𝑧 𝜈𝑦𝑧 𝐺𝑥𝑦 𝐺𝑧𝑥 𝐺𝑦𝑧

[MPa] [MPa] [MPa] [–] [–] [–] [MPa] [MPa] [MPa]

23 ◦C Randomized 31350.23 7417.33 7460.11 0.29 0.29 0.50 45.50 44.99 6651.27
s 0.249 21.651 27.396 0.0003 0.0003 0.002 0.153 0.133 24.391

RSA 31352.74 8374.29 8388.99 0.29 0.29 0.44 46.31 46.46 5847.62
s 0.345 188.741 154.343 0.006 0.006 0.011 0.615 0.804 148.625

CRSA 31332.06 8871.82 8463.88 0.29 0.29 0.43 44.59 49.06 5667.99
s 34.717 131.550 104.993 0.001 0.001 0.010 0.367 0.622 79.094

100 ◦C Randomized 29563.95 1776.92 1779.63 0.35 0.35 0.78 9.78 9.94 1465.10
s 0.259 6.280 6.697 0.0007 0.0007 0.002 0.027 0.036 10.883

RSA 29567.14 2219.74 2223.35 0.35 0.35 0.72 10.19 10.21 1236.72
s 0.485 84.704 80.705 0.004 0.004 0.012 0.206 0.147 52.849

CRSA 29547.14 2390.97 2350.33 0.34 0.36 0.71 10.94 9.72 1171.88
s 33.877 76.597 70.923 0.003 0.003 0.010 0.175 0.096 26.188

150 ◦C Randomized 29351.08 1123.51 1127.57 0.35 0.35 0.79 5.76 5.85 1020.05
s 0.232 5.794 6.465 0.0007 0.0007 0.002 0.016 0.022 7.690

RSA 29353.08 1447.69 1450.47 0.35 0.35 0.73 6.01 6.02 835.92
s 0.365 62.314 58.262 0.004 0.004 0.012 0.125 0.089 39.207

CRSA 29332.82 1584.72 1538.37 0.34 0.36 0.72 6.46 5.72 791.60
s 33.817 54.129 48.874 0.003 0.003 0.010 0.106 0.058 19.882
decreased already between room and elevated temperatures. Hereby,
the thermal conditioning time is similar to the heating phase for the
experiments in Section 2. This decrease in fiber stiffness is, however,
not accounted for in the RUC simulations (cf. Table 5) due to the lack
of data from the manufacturer.

As indicated in Table 6, the material stiffness in 𝑦- and 𝑧-direction as
well as the shear moduli 𝐺𝑥𝑦 and 𝐺𝑧𝑥 show no significant deviation for
the randomization and the RSA method. The high degree of fiber clus-
tering in the CRSA method, however, leads to pronounced differences
at room temperature that are negligible above the glass transition.

The Poisson’s ratios 𝜈𝑥𝑦 and 𝜈𝑥𝑧 correspond well with the experimen-
tal findings from Section 2 above the glass transition. However, at room
temperature, the RUC results show an increased lateral contraction
compared to the experimental results. Interestingly enough, below the
glass transition, the Poisson’s ratios 𝜈𝑥𝑦 and 𝜈𝑥𝑧 are independent of the
randomization method, and the differences at higher temperatures are
only minor. In terms of the standard deviation, the results correspond
with those of the convergence studies in Section 4, where the standard
deviation of the randomized method is smaller compared to the RSA
and CRSA methods. This finding translates to the stress fields for an
exemplary temperature of 100 ◦C in Fig. 15 and 𝜀 = 0.25, where the
randomized method shows the most homogeneous stress distribution
in all directions. Hereby, stress peaks are mainly visible in regions with
increased fiber clustering. This phenomenon is particularly evident in
the CRSA method, where slight band formation is also visible in the 𝑦𝑦-
and 𝑥𝑦-directions. In fiber direction, no significant differences between
the stress fields of all randomization methods are present in line with
the results for the material stiffness 𝐸𝑥𝑥 in Table 6. Here, the fibers are
he load bearing component, as indicated by the stress field.
A detailed comparison of experimental and simulative results be-

ond the elastic material regime is presented in Fig. 16 for the material
response perpendicular to the fibers at all respective test temperatures.
The results for the RSA and CRSA method are in good agreement
with the experimental data, whereas the randomized method yields
a softer material response similar to the convergence study results
from Section 4. Consequently, the authors conclude that both the RSA
and the CRSA method are eligible for the present material. For a
further selection, additional tests, such as for example, shear tests or
a detailed microscopic examination of the underlying fiber distribution
beyond the investigations in Section 2 would be necessary, which was,
however, beyond the scope of this work. Nonetheless, both RSA and
CRSA method yield valid results in comparison to the experiments
and can be used to generate a data basis for the identification of the
macroscopic material model.
17 
Table 7
Effective thermal conductivity for various material directions and randomization
methods (s denotes the standard deviation). 𝜆𝑥𝑦 = 𝜆𝑦𝑥 = 𝜆𝑥𝑧 = 𝜆𝑧𝑥 = 𝜆𝑦𝑧 = 𝜆𝑧𝑦 ≈ 0.

n = 10 Randomization method 𝜆𝑥𝑥 𝜆𝑦𝑦 𝜆𝑧𝑧
[W/m K] [W/m K] [W/m K]

Randomized 0.7991 0.5919 0.5894
s 0.0015 0.0009 0.0008

RSA 0.8040 0.5947 0.5944
s 0.0028 0.0033 0.0035

CRSA 0.8022 0.5840 0.6073
s 0.0042 0.0028 0.0026

Thermal results

To determine the effective thermal conductivity tensor from the
averaged heat flux over the RUC domain a series of 𝑛 = 10 tests is
performed for each randomization method. Therefore, a temperature
difference 𝛥𝑇 = 1 K is successively applied in 𝑥-, 𝑦- and 𝑧-direction
under steady-state heat transfer conditions as stated in Section 4.
In Reuvers et al. (2024), the conductivity of the polyamide 6 matrix
was found to be dependent on the degree of crystallinity, however,
the temperature influence was negligibly small (cf. Table 9). For the
conductivity of the glass fibers no temperature influence is reported by
the manufacturer in the considered temperature range. Consequently,
the effective thermal conductivity tensor of the composite is derived
only at room temperature. The results of the computations are given in
Table 7 as the mean value together with the standard deviation 𝑠. For
all computations, the off-diagonal entries of the thermal conductivity
tensor were four or more orders of magnitude smaller than the entries
on the main diagonal and are, thus, considered as null 𝜆𝑥𝑦 = 𝜆𝑦𝑥 =
𝜆𝑥𝑧 = 𝜆𝑧𝑥 = 𝜆𝑦𝑧 = 𝜆𝑧𝑦 ≈ 0. Hence, only the conductivities in 𝑥-, 𝑦- and
𝑧-direction are presented.

Similar to the mechanical results, the in-ply conductivities for the
randomized and RSA methods are approximately equal, with the ran-
domized method having the lowest standard deviation. For the CRSA
method, the thermal conductivity in 𝑧-direction is higher compared
to the conductivity in 𝑦-direction, which can be attributed to the
higher degree of clustering resulting in a layered structure. Generally,
all results in 𝑦- and 𝑧-direction correspond well with the experimen-
tally determined values in 𝑧-direction of 0.5889 W/m K for 23◦ and
0.6365 W/m K as the median over all test temperatures (cf. Fig. 7).
In fiber direction, the thermal conductivity is fiber dominated and,
thus, higher compared to the in-ply results for all randomization meth-
ods. Interestingly enough, the anisotropic thermal conductivity is not
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Fig. 15. Exemplary in-plane stress fields (Cauchy stress) for all three randomization methods at 𝜀 = 0.025 and 100 ◦C after application of the far field strains in the corresponding
material directions.
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Fig. 16. Comparison of experimental and simulative results perpendicular to the fiber direction for various temperatures and randomization methods.

Fig. 17. In-plane heat flux field for all three randomization methods after application of a 1 K temperature difference in 𝑥-, 𝑦- and 𝑧-direction.
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material-induced but rather geometry induced since both material con-
stituents are thermally isotropic on their own. To give an insight on
local differences between the randomization methods, exemplary heat
flux fields resulting from the application of a temperature difference
in 𝑥-, 𝑦- and 𝑧-direction are shown in Fig. 17. Here, the in-ply heat
flux field of the randomized method is the most homogeneous, whereas
directional dependencies can clearly be indicated for the RSA and
CRSA method. Slight band formation is visible for the RSA and CRSA
method in 𝑦- and 𝑧-direction throughout all realizations, however, most
pronounced for the heat flux of the CRSA RUC in 𝑦-direction, resulting
from the high degree of fiber clustering. In 𝑥-direction, the heat flux
fields of all randomization methods show no significant differences,
consistent with the findings in Table 7.

6. Conclusion and outlook

In this work, a computational micromechanics framework was pre-
sented, incorporating thermal and mechanical effects on the microscale
to predict the homogenized material behavior of an experimentally
tested glass fiber reinforced polyamide 6 single ply. To this end, mono-
tonic and cyclic experimental tests were conducted in various material
directions, e.g. tension, compression and bending, including testing
at various temperatures and strain rates. The results showed the ma-
terials’ direction dependency due to the unidirectional reinforcement
and confirmed the temperature and strain rate dependency mainly
perpendicular to the fibers, where the polyamide 6 material dominates
the material response. Additional tensile tests under varying fiber angle
displayed the nonlinear influence of the fiber angle on the composite
material behavior. Furthermore, the material was thermally charac-
terized, including a TMA, DSC and Hot-Disk measurements indicating
a temperature influence on the thermal material parameters. Next,
a thermomechanically coupled material model formulation for the
PA6 matrix was summarized that captures the nonlinear visco-elastic,
elasto-plastic material behavior, incorporating the Bauschinger effect
via nonlinear kinematic hardening together with a tension–compression
asymmetry in yielding. The degree of crystallinity enters the constitu-
tive equations as a constant input quantity to account for the effect of
the underlying material morphology on the overall material behavior,
as well as the interplay between the biphasic matrix microstructure
and applied thermal conditions. In Reuvers et al. (2024), the model
ormulation was already identified for polyamide 6 blends for a range of
OCs between 15 and 29% and extended up to 41% in this contribution
ith the presented experimental results. Together with an elastic mate-
ial model for the glass fibers, the presented matrix model formulation
as used in the context of repeating unit cell simulations. Therefore,
arious randomization methods were tested during the generation of
he unit cells to predict the random fiber distribution. Here, the focus
ied on process automation. Consequently, a plug-in was developed
sing the Abaqus–Python interface. In the following, a statistical in-
estigation, where the Hill–Mandel condition was exploited to obtain
omogenized mechanical and thermal results indicated the necessary
esh and unit cell size to achieve converged results. The comparison of
xperimental and numerical mechanical and thermal results showed a
trong agreement and confirmed the applicability of the repeating unit
ells. In terms of the mechanical results, the RSA and CRSA methods
ere found to reflect the material behavior best, whereas the effect
f the randomization method ,for example, on the effective thermal
arameters was negligible. In general, the authors would recommend
o use the CRSA method, which showed to be more accurate regarding
he production induced orthotropic material behavior and the visual
omparison with the microscopic images. Moreover, the high amount
f fiber clustering might be able to reproduce delamination phenomena
f damage effects were incorporated in the matrix material. In the
resent case, however, the small plate thickness limited completing
he mechanical and thermal experimental study for all three material

irections. Thus, the RSA method provides a simpler solution, with the

20 
eduction from orthotropic to transversely isotropic material behavior.
n the future, the established and experimentally validated unit cells
ill be used for the development of a broad data basis for the single
ly response of glass fiber reinforced polyamide 6, enabling testing
n additional temperatures and strain rates. Furthermore, previously
nseen loading conditions, as for example shear, can be examined
ithout the accompanying experimental effort. The concept can also
e adjusted to cater for altered material design, as for example, using a
ifferent fiber volume content or exchanging the underlying material
onstituents, given that the knowledge of their individual material
ehavior is known. This data basis will then be used in an upcoming
ublication to identify a homogenized macroscopic material model,
ccounting for the underlying micro-thermomechanical effects through
he presented framework. The macromodel will be tested in the con-
ext of thermoforming simulations to demonstrate the enhancements
ade through the inclusion of the crystallinity dependence and the
hermo-mechanical coupling in the formulation.
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Table 8
Set of mechanical material parameters at different temperatures for a range of DOC between 15 and 29% from Reuvers et al. (2024).
Function Parameter at: 23 ◦C 50 ◦C 100 ◦C 130 ◦C 150 ◦C

𝐸tot(𝜒) = 𝐶1(𝜃) exp(𝐶2(𝜃)𝜒) 𝐶1 [MPa] 2397 2270a 143.1 96.875 102.1
𝐸2 = 𝐸tot − 𝐸1 𝐶2 [–] 0.9106 −0.8716a 5.133 5.565 5.373
𝐸1 = 𝑚𝐸 (𝜒)𝐸tot 𝑚𝐸 [–]
𝑚𝐸 = 1.07143𝜒 + 0.38935
𝜈tot(𝜃) = 𝜈1 = 𝜈2 [–] 0.35 0.45 0.45 0.45 0.45
𝜎0𝑐 = 𝑐1(𝜃)𝜒 + 𝑐2(𝜃) 𝑐1 [MPa] 72.19 138.8 26.95 20.86 13.19

𝑐2 [MPa] 41.96 −21.913 −3.192 −2.969 −1.436
𝜎0𝑡 = 𝑐3(𝜃)𝜒 + 𝑐4(𝜃) 𝑐3 [MPa] 72.19 131.24 25.38 20.27 12.93

𝑐4 [MPa] 41.96 −20.984 −3.006 −2.884 −1.407
𝑐 = 𝑐5(𝜃)𝜒 + 𝑐6(𝜃) 𝑐5 [MPa] 𝑐 = 17.756b 20.86 834.5 597.3 523.8

𝑐6 [MPa] 92.213 −94.56 −69.42 −67.89
𝑏 = 𝑐7(𝜃)𝜒 + 𝑐8(𝜃) 𝑐7 [–] 𝑏 = 1.276b 0 355.4 150.2 196.3

𝑐8 [–] 60.438 −53.15 −22.39 −28.3
𝜏 = 𝜏0(𝜃) ||𝑩𝑣||

𝛾(𝜃) exp(−𝛿(𝜃) ||𝝉2||) 𝜏0 [s] 1853.653 1511.952 1035.238 737.245 573.899
𝛾 [–] 4.57 4.416 4.3 4.872 4.289
𝛿 [–] 0.539 0.814 0.759 0.866 0.873

a Inconsistent results due to testing in the glass transition regime.
b Constant values obtained for 𝜒 = 0.29 only, due to early failure of the remaining blends.
Remark: The reader is kindly reminded, that although some coefficients of the identified functions determining the material parameters, are negative, the material parameters
themselves are always positive for the range of DOCs (𝜒 = 0.15 − 0.29) the model spans.
Table 9
Set of thermal material parameters at different temperatures from Reuvers et al. (2024).
Function Parameter at: 23 ◦C 50 ◦C 100 ◦C 130 ◦C 150 ◦C

𝛼𝑇 (𝜒) = 𝑐9(𝜃)𝜒 + 𝑐10(𝜃) 𝑐9[10−4/K] −0.2601 −0.3586 −5.857 −3.336 −2.238
𝑐10[10−4/K] 0.8756 1.218 3.122 2.565 2.431

𝑐𝑇 (𝜒) = 𝑐11(𝜃) 𝜃 + 𝑐12(𝜃) 𝑐11[J/g K] 0.00471 0.00401 0.00401 0.00401 0.00401
𝑐12 [J/g K] 1.25313 1.52299 1.52299 1.52299 1.52299

𝜆𝑇 (𝜒) = 𝑐13𝜒 + 𝑐14 𝑐13[W/m K] 0.4338 0.4338 0.4338 0.4338 0.4338
𝑐14[W/m K] 0.1855 0.1855 0.1855 0.1855 0.1855

𝜌0(𝜒) = 𝑐15𝜒 + 𝑐16 𝑐15 [g/mm3] 0.4878 0.4878 0.4878 0.4878 0.4878
𝑐16 [g/mm3] 0.9897 0.9897 0.9897 0.9897 0.9897

Remark: The reader is kindly reminded, that although some coefficients of the identified functions determining the material parameters, are negative, the material parameters
hemselves are always positive for the range of DOCs (𝜒 = 0.15 − 0.29) the model spans.
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