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Abstract
Polymer-based composites play a crucial role in lightweighting applica-
tions by providing resource-efficient semi-structural materials. Among these,
polyamides, in particular polyamide 6 (PA 6), serve as widely used matrix mate-
rials in various technical applications, especially in fiber-reinforced composites.
The mechanical properties and performance of PA 6 are significantly affected
by environmental factors such as temperature and humidity. Previous research
has investigated the influence of hydrothermal conditions on the mechanical
properties of pure PA 6. This study aims to extend the preceding investigations
with additional experimental tests. As a preliminary work to later investigate the
influence of the fibers on the hydrothermal behavior, discontinuous long carbon
fiber-reinforced PA 6 is considered formicromechanicalmodeling of the effective
behavior. In this context, a mean-field homogenization approach based on the
Hashin–Shtrikman principle is used. By means of a variable reference stiffness,
an approach specifically tailored to the material system under consideration can
be applied. The simulation data are compared with data from experiments under
tension load indicating good agreements for a specific choice of the reference
material.

1 INTRODUCTION

In recent years, the automotive and aircraft industries have experienced a significant increase in the application of
polymer-based material systems, driven by their potential as lightweight solutions providing high specific stiffness and
strength. These materials, characterized by their processability and cost-effectiveness, enable the construction of tailored
structural parts for specific industrial applications, using both discontinuous (DiCo) and continuous fiber-reinforced com-
posites [1]. Thermosets and thermoplastics serve as common polymer matrices in such composites, with thermoplastic
polymers exhibiting pronounced thermoviscoelastic properties [2, 3]. Extensive studies have focused on characterizing
pure and reinforced polymers in terms of strength [4], damage [5], and cracking behavior [6], as well as on investigating
factors such as temperature [7], crystallization [8], and aging [9] effects on material properties. Various approaches have
been applied to describe the thermomechanical behavior of thermoplastic-based composites, including the prediction of
effective viscoelastic [10], thermoelastic [11], and nonlinear viscoelastic properties [12, 13].
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1.1 Environmental influences on polyamides

Especially in the context of polyamides, the hydrophilic nature, due to the amide functional group in itsmonomers, results
in water absorption when exposed to humid environments, reaching up to 9% of its dry weight [14]. This moisture absorp-
tion does not only increase the chainmobility,which affects the glass transition temperature of thematerial, but also causes
significant changes in mechanical properties during sorption [15]. In addition, the polymer swells as water molecules
diffuse, pushing chain molecules apart [16]. Depending on the operating conditions, polyamide can absorb or release
moisture, affecting its performance. Recent experimental results have shown drying of injection molded polyamide 6
(PA 6) samples during relaxation tests, highlighting the moisture behavior of the material [17, 18]. Ishisaka and Kawagoe
[19] examined the time-water superposition of PA 6 at various relative humidity (RH) levels. They discovered that the shift
factor follows the Williams-Landel-Ferry (WLF) equation. At temperatures below 0◦C, an increase in moisture leads to
an increase in the elastic modulus, exhibiting anti-plasticization behavior. In contrast, at temperatures above 0◦C, higher
moisture levels result in a decrease in the elastic modulus, indicating plasticization behavior. Engelhard and Lion devel-
oped an approach to model the humidity-dependent viscoelastic behavior in ref. [20]. Lion and Johlitz present a general
approach to thermodynamically consistent modeling of the diffusion processes in ref. [21].
In real-world applications, polymer materials are exposed to harsh environmental conditions that can cause damage.

Among these damage mechanisms, photodegradation caused by ultraviolet (UV) radiation leads to photo-oxidative aging
of the polymer. During this photo-induced process, the polymer chains break and produce free radicals which ultimately
leads to a reduction inmolecularmass [22]. Since polymer aging results in irreversible changes in polymer properties such
as loss of ductility or reduction in strength, the study of environmental effects on the polymer is critical to assessing long-
term performance [23]. However, polymer aging is the cumulative effect of irreversible changes in polymer properties due
to exposure to temperature, radiation, moisture, and oxygen [24]. Thus, the combined effect of multiple aging conditions,
especially UV exposure, can lead to severe and accelerated degradation and damage. Such a combination is given by UV
and water: Water alone typically does not cause significant degradation compared to UV exposure, while UV exposure
alone has a pronounced effect on the surface. The combined exposure, though, results in synergistic aging [25]. In this
work, however, UV exposure is not yet considered, but is the subject of future research and, thus, briefly addressed here.

1.2 Fiber-reinforced composites

Predicting macroscopic properties while accounting for microscopic heterogeneities is a prevailing research focus. Mod-
ern characterization techniques provide detailed microstructural information that is used in homogenization methods
to describe the material behavior. Mean-field methods can be categorized into bounds and estimates for macroscopic
behavior prediction. Voigt and Reuss [26, 27] formulated upper and lower bounds in the context of linear elastic material
behavior for polycrystals based on the minimum potential and complementary energy principle [28]. First-order bounds,
considering only the volume fraction, were introduced byHashin and Shtrikman [29] to include average geometrical prop-
erties of inclusions, with Willis [30, 31] proposing a generalized formulation. Kröner [32] derived higher-order bounds,
which were applied to particulate and fibrous composites by Milton [33] and Torquato [34]. Castañeda [35] extended the
Hashin–Shtrikman principle to nonlinear behavior, with applications to anisotropic polycrystalline materials by Böhlke
and Lobos [36]. Approximation methods based on Eshelby’s solution [37], such as theMori and Tanakamethod [38], have
found wide application, although limited in certain cases [39]. Recent studies employ a two-step homogenization tech-
nique that divides a domain into subdomains with two phases [40, 41]: the matrix and the inclusion medium. First, each
subdomain undergoes individual homogenization, often using the Mori-Tanaka scheme [42]. Subsequently, the overall
properties are computed by averaging over all domains, often using the Voigt and Reuss methods for their simplicity [43].
Given the general limitations of the Mori–Tanaka scheme in its application, this work uses a Hashin–Shtrikman based
method as two-step homogenization instead.

1.3 Contents and originality

In general, the present work is structured as follows: First, the environmental influence of humidity on the
thermoviscoelastic material properties of pure PA 6 is studied by dynamic mechanical analysis (DMA). Then, a

 16177061, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pam

m
.202400135 by K

arlsruher Institut F., W
iley O

nline L
ibrary on [26/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



KEHRER et al. 3 of 10

carbon fiber-reinforced composite with PA 6 as matrix material is considered in a micromechanical approach. A
Hashin–Shtrikman based mean-field model is used to calculate the effective elastic properties.
In addition to previous investigations such as the analysis of the mechanical behavior through static tests as in ref.

[18], special emphasis is placed here on temperature-frequency tests, which reveal shifts in characteristic properties such
as the glass transition temperature, as well as plasticization and anti-plasticization effects at temperatures above and
below 0◦C. With respect to the micromechanical modeling, the Hashin–Shtrikman based two-step approach provides a
tailored method that is particularly suitable when the phase contrast is high. The orientation dependence is addressed
by orientation tensors applied to carbon-reinforced PA 6. The fibers are considered to exhibit isotropic (ISO) material
symmetry as a first approximation of the material properties due to the lack of transversely ISO material properties.

1.4 Notation

The current paper employs a direct tensor notation following Truesdell and Toupin [44]. Scalar quantities are indicated
by lowercase letters (e.g., 𝑎), while vectors are denoted by lowercase bold letters (e.g., 𝒂). A second-order tensor is rep-
resented by 𝑨, and a fourth-order tensor by 𝔸. Scalar and dyadic products are denoted by 𝑨 ⋅ 𝑩 and 𝑨⊗ 𝑩, respectively.
The composition of two tensors of the same order is indicated by 𝑨𝑩 and 𝔸𝔹, while a linear mapping is represented as
𝑨 = ℂ[𝑩]. Additionally, the box product is defined as (𝑨□𝑩)[𝑪] = 𝑨𝑪𝑩. Themajor transposition of a fourth-order tensor
𝔸𝖳 is expressed as 𝐴𝖳

𝑖𝑗𝑘𝑙
= 𝐴𝑘𝑙𝑖𝑗 in index notation. The symmetric identity tensor of fourth-order is denoted by 𝕀𝖲, and of

second order by 𝑰. The brackets ⟨⋅⟩ denote the ensemble average, corresponding to volume averaging in an infinite vol-
ume limit for ergodic media, and are defined for a quantity 𝜓 by ⟨𝜓⟩ = ∑𝑁

𝛾=1
𝑐𝛾𝜓𝛾, with 𝑐𝛾 denoting the volume fraction

of phase 𝛾. Macroscale quantities are indicated by a superimposed bar, for example, 𝝈̄.

2 DMA

2.1 Experimental setup

The thermoviscoelastic properties of materials can be assessed using DMA. The experiments conducted in this study
utilize the GABO Eplexor500N. The basic principles and equations are briefly outlined below, with a comprehensive
overview provided by ref. [45]. In DMA, a sample undergoes a cyclic loading of either strain or stress. In terms of an axial
strain load 𝜀(𝑡), it consists of a static preload 𝜀stat = 𝜀0 superimposed by a sinusoidal oscillation 𝜀dyn = Δ𝜀 sin(𝜔𝑡), where
Δ𝜀 represents the amplitude and 𝜔 the frequency of the cyclic load, reading

𝜀(𝑡) = 𝜀stat + 𝜀dyn = 𝜀0 + Δ𝜀 sin(𝜔𝑡). (1)

During the test, both the sample’s deformation amplitude and the phase shift𝛿 between the cyclic load and thematerial’s
response are measured and given by

𝜎(𝑡) = 𝜎0 + Δ𝜎 sin(𝜔𝑡 + 𝛿). (2)

The storage modulus 𝐸′, reflecting the instantaneous elastic response of the material to the oscillation, and the loss
modulus 𝐸′′, indicating the viscous behavior due to internal friction, can be determined by

𝐸′ =
Δ𝜎

Δ𝜀
cos(𝛿), 𝐸′′ =

Δ𝜎

Δ𝜀
sin(𝛿), tan 𝛿 =

𝐸′′

𝐸′
, (3)

with tan 𝛿 indicating the loss factor. By subjecting the sample to varying temperature and frequency loads, the
thermoviscoelastic properties of the material can be determined.

2.2 Sample preparation

This study focuses on two sample states: dry-as-molded (DAM) and standard atmosphere (ATM-23/50) conditioned sam-
ples. DAMsamples exhibit a nominal equilibriummoisture content below0.3wt.% and are typically observed directly after

 16177061, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pam

m
.202400135 by K

arlsruher Institut F., W
iley O

nline L
ibrary on [26/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 of 10

TABLE 1 Test parameters for temperature-frequency tests by
DMA.

Test parameter Value

Static load 𝜀0 = 0.1%

Dynamic load Δ𝜀 = 0.05%

Frequency 𝑓 ∈ [0.5, 50]Hz

Temperature 𝜃 ∈ [−100, 150]◦C

Abbreviation: DMA, dynamic mechanical analysis.

F IGURE 1 Temperature-frequency tests for DAM and ATM-23/50 samples indicate not only a thermoviscoelastic material behavior for
both conditioning states of the samples but also a plasticization effect for moister samples and higher temperatures and an anti-plasticization
effect for temperatures below 0◦C (visualized by the vertical arrows). Furthermore, the glass transition is shifted by 50K from higher
temperatures to lower temperatures for the ATM-23/50 sample. DAM, dry- as- molded..

manufacturing. To maintain this condition, the samples can either be stored in desiccators or vacuum bags. In our study,
samples are vacuum oven-dried and then stored in a desiccator. Additionally, conditioned samples are relevant for certain
industrial applications, aiming for specific water absorption levels. Standard atmospheres vary based on application and
polymer, representing average lab conditions with an equilibrium moisture content between 2.5 wt.% and 3.0 wt.%. The
ISO 291 standard [46] defines the ATM-23/50 conditions for 23◦C and 50%RH. Given that the moisture equilibrium state
for PA 6 may only be reached after an extended period of time, up to one year for a sample thickness of 2mm, an acceler-
ated conditioning program, such as that proposed by ref. [47] is employed. Conditioning of samples is conducted at 55◦C
and 50%RH (ATM-55/50) for a minimum of 7 days. Equilibrium is confirmed if weight measurements exhibit a variation
of less than 0.1% between three consecutive measurements. Once equilibrium has been reached, samples are stored at
ATM-23/50 conditions for future use. In this work, the ATM-23/50 and ATM-55/50 conditions are achieved in the samples
using a climatic chamber (Memmert ICH110 L). Further details are given in ref. [17].

2.3 Temperature-frequency tests

The geometry of the samples for DMA testing are given by 83mm × 10mm × 2mm with respect to length, width, and
thickness. To investigate the thermoviscoelastic material behavior, frequency load and temperature are varied as listed in
Table 1 for DAM and ATM-23/50 samples. Here, neat PA 6 is considered.
The results of the temperature-frequency tests are depicted in Figure 1. The solid lines show the data for the storage

modulus 𝐸′ and the dashed lines for the loss factor tan 𝛿 both for DAM and ATM-23/50 conditioned PA 6. In general, a
temperature- and frequency-dependent behavior for 𝐸′ and tan 𝛿 is detected as is typically observed for polymers. Com-
paring the DAM and ATM-23/50 conditioned samples, 𝐸′ of the ATM-23/50 sample is horizontally shifted towards lower
temperatures. Moreover, temperatures above 0◦C indicate a so-called plasticization effect, while below 0◦C, the moister

 16177061, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pam

m
.202400135 by K

arlsruher Institut F., W
iley O

nline L
ibrary on [26/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



KEHRER et al. 5 of 10

F IGURE 2 Manufacturing of long fiber-reinforced thermoplastics by LFT-D process. (A) LFT plastificate position within the press and
(B) resulting plaque after solidification. Pictures adapted from ref. [50].

sample is stiffer compared to the drier sample, indicating an anti-plasticization effect. Similar observations are made in
refs. [47, 48]. Depending on the frequency load, the peak value of tan 𝛿 is shifted by about 15K, from 75◦C to 60◦C for
the DAM sample, and from 30◦C to 15◦C for the ATM-23/50 sample. Considering the peak in the tan 𝛿 distribution as
a characteristic for the glass transition temperature 𝜃g, it is noted that 𝜃g is shifted by about 50K from higher to lower
temperatures when the moisture level is increased.

3 DiCo CARBON FIBER-REINFORCED PA 6

3.1 LFT-D process

Plaques are manufactured from long fiber-reinforced thermoplastics in the direct process (LFT-D)s at the Fraunhofer
ICT (Pfinztal, Germany) on a LFT-D machine by Dieffenbacher (Dieffenbacher GmbH, Germany). The LFT-D pro-
cess starts with the production of an LFT plastificate, whereby polymer pellets are introduced into a screw extruder,
facilitating the melting of the polymer, compare ref. [49]. Subsequently, within a second screw extruder, the molten poly-
mer undergoes mixing with continuous fiber rovings, while the extruder consistently pulls the fiber through rotational
movement. During this process, the fiber rovings undergo shearing, impregnation, and distribution. The thoroughly
mixed composite strand is then discharged onto a heated conveyer belt, where it is cut into long plastificates. Follow-
ing this, the plastificate is transferred to a hydraulic press, positioned at one end, and pressed into plaques, from which
samples can be extracted after the solidification, compare ref. Figure 2. Samples are extracted from the plaques in dif-
ferent directions relative to the flow direction by water jet cutting and re-dried in a vacuum oven. Details are given
in ref. [50].

3.2 CT analysis

Samples at different positions on a plaque, as shown in Figure 2B, are examined by CT analysis. A slice of a reconstructed
volumetric CT image is shown as an example in Figure 3. For further analysis, the CT images are subjected to a 3D ori-
entation analysis based on the structure tensor, compare refs. [51, 52]. Fibers with different orientations are highlighted
with different colors within the HSV color spectrum. Here, the orientation analysis is performed for different positions
on the plaque and an overall value as the average fiber orientation is considered for later simulations. Details on CT and
microstructure analysis are given in ref. [50]. The orientation analysis reveals a predominantly planarisotropic (PI) distri-
bution, as indicated by the relatively small magnitude of the third eigenvalue of the orientation tensor compared to the
other two eigenvalues. In Figure 3B, the largest eigenvalue is plotted against the second largest eigenvalue. This gives a
rough indication of the average orientation of the fibers in the material.
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F IGURE 3 (A) Reconstructed CT scan of a carbon fiber-reinforced PA 6 sample with orientation analysis. Differently oriented fiber are
indicated by different colors within the HSV (hue, saturation and value) color spectrum. Pictures adapted from ref. [50]. (B) First and second
eigenvalue of the orientation tensor of second order are depicted for a mean orientation representation of the sample within the cured plaque,
compare ref. [50]. The red dot represents the given mean orientation of the data compared to the special cases of UD, PI, and ISO orientation.
CT, computed tomography; ISO, isotropic; PA 6, polyamide 6; PI, planar isotropic; UD, unidirectional.

4 EFFECTIVE ELASTICMATERIAL PROPERTIES OF CARBON FIBER-REINFORCED
PA 6

4.1 Mean-field homogenization by Hashin–Shtrikman two-step method

The equations for themean-field homogenization of the fiber-reinforced composite are presented in the following. On the
microscopic level, the composite is assumed to consist ofmatrix and fibermaterial with phasewise constantmaterial prop-
erties. Additionally, it is assumed that both the fiber andmatrixmaterial exhibit ISOmaterial symmetry. Thus, the stiffness
tensor of fourth order ℂ is given for each phase 𝛼 by ℂ𝛼 = 3𝐾𝛼ℙ1 + 2𝐺𝛼ℙ2 in terms of the compression modulus 𝐾, the
shear modulus 𝐺, and the first and second fourth-order projector ℙ1 = 𝑰 ⊗ 𝑰∕3 and ℙ2 = 𝕀𝖲 − ℙ1. The microstructure is
characterized by geometric characteristics such as the fiber volume content 𝑐F, the fiber length 𝑙F, and the mean fiber ori-
entation in terms of fiber orientation tensors of second and fourth order,𝑵 and ℕ, respectively. By means of Hooke’s law,
the effective elastic behavior on macroscopic scale is determined by 𝝈̄ = ⟨𝝈⟩ = ⟨ℂ[𝜺]⟩, with 𝝈 denoting the Cauchy stress
tensor and 𝜺 the infinitesimal strain tensor. The local strains onmicroscopic level are generally related to the applied exter-
nal strains on macroscopic level by means of the mechanical strain localization tensor 𝔸, reading 𝜺 = 𝔸[𝜺̄]. The effective
stiffness can then be determined by ℂ̄ = ⟨ℂ𝔸⟩.
Various homogenization methods are derived based on assumptions for the choice of 𝔸. Considering fiber-reinforced

composites, the fibers are often modeled as ellipsoidal-shaped inclusions and are micromechanically accounted for by
means of Hill’s polarization tensor ℙ0, for example, compare ref. [53].
In the previous work [11], a two-step homogenizationmethod, based on the Hashin–Shtrikman approach, is introduced

for analyzing two-phase composite materials. The method incorporates formulations by Walpole [53] and Willis [31] to
account for eigenstrains.
In this approach, the entire volume is divided into distinct regions, each containing one or more fibers with a specific

orientation, embedded within the matrix material. The number of regions is equal to the number of distinct fiber orienta-
tions. For each region with a unidirectional (UD) structure, Hill’s polarization tensor ℙUD is explicitly defined, compare
refs. [53, 54]. Effective elastic properties are then determined of each domain 𝛾 using the Hashin–Shtrikman principle,
yielding upper and lower bounds, reading

ℂ̄UD+𝛾 = ℂ𝛾 + 𝑐M(ℂM − ℂ𝛾)
(
𝕀𝖲 + 𝑐𝛾ℙ

UD
𝛾 (ℂM − ℂ𝛾)

)−1
, (4)

ℂ̄UD−𝛾 = ℂM − 𝑐𝛾(ℂM − ℂ𝛾)
(
𝕀𝖲 − 𝑐Mℙ

UD
𝛾 (ℂM − ℂ𝛾)

)−1
, (5)

with 𝑐𝛾 and 𝑐M denoting the volume fraction of domain 𝛾 and the matrix material, respectively. In the second step, the
total effective stiffness is computed by averaging over all domains

ℂ̄HS± = ℂ0 − ℙ
−1
0
+ ⟨ 1

𝑐F
(ℙ−1

0
+ ℂ̄UD± − ℂ0)

−1⟩−1 = ℂ0 − ℙ
−1
0
+ ⟨𝔸∗⟩−1oa . (6)
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TABLE 2 Mechanical and dimension parameters for the fiber and matrix material
used for the homogenization scheme, compare ref. [50].

Parameter Matrix material Fiber material

Young’s modulus 𝐸M = 3.1GPa 𝐸F = 202GPa

Poisson’s ratio 𝜈M = 0.386 𝜈F = 0.2

Volume fraction 𝑐M = 0.765 𝑐F = 0.235

Aspect ratio — 𝑎F = 220

The subscript oa denotes the orientation averaging as presented in ref. [55], and 𝑐F represents the volume fraction of the
fibers within the composite. The material behavior is modeled assuming ISO two-point correlation of the domains, with
the reference stiffness formulated as a variable parameter 𝑘, ranging from 0 to 1 to encompass thematrix and fiber stiffness

ℂ0 = (1 − 𝑘)ℂM + 𝑘ℂF, 𝑘 ∈ [0, 1]. (7)

The resulting expressions feature transversely ISO tensors, allowing to account for the mean orientation of the
microstructure by using second- and fourth-order orientation tensors [55], reading

⟨𝔸∗⟩oa = 𝑏1ℕ + 𝑏2(𝑵⊗𝑰 + 𝑰⊗𝑵) + 𝑏3(𝑵□𝑰 + (𝑵□𝑰)
𝑇𝑅 + (𝑰□𝑵)𝑇𝐻 + (𝑰□𝑵)𝑇𝑅) + 𝑏4𝑰⊗𝑰 + 𝑏5𝕀

S, (8)

with 𝑏1 = 𝐴∗
1111

+ 𝐴∗
2222

− 2𝐴∗
1122

− 4𝐴∗
1212

, 𝑏2 = 𝐴∗
1122

− 𝐴∗
2233

, 𝑏3 = 𝐴∗
1212

+ (𝐴∗
2233

− 𝐴∗
2222

)∕2, 𝑏4 = 𝐴∗
2233

, and 𝑏5 =

𝐴∗
2222

− 𝐴∗
2233

.
A detailed derivation of the mean-field model and application to long fiber-reinforced sheet molding compound

composites can be found in ref. [11].

4.2 Comparison of simulation and experimental results

The experimental data presented in this section are documented in ref. [50] and used here for the comparison
with the simulation results. In this context, DAM samples are considered. Table 2 lists the parameters used for the
mean-field homogenization.
Young’s modulus of the fiber material was tested at the FIBRE institute in Bremen for single fibers in longitudinal

direction. Since no experimental data are available for the transversely ISOmaterial properties of the carbon fibers, Young’s
modulus and Poisson’s ratio are used as ISO material parameters for the fiber material as rough approximation. In this
context, the Hashin–Shtrikman two-step method is used and evaluated for the lower bound in the first step according
to Equation (5). Since the upper bound according to Equation (4) yields results that show significant deviations from
experimental data, only results for the lower bound in the first step are presented, here. To compare simulation results
with experimental data, the orientation-dependent Young’s modulus is determined based on the effective stiffness tensor
by 𝐸̄(𝒅) = (𝒅 ⊗ 𝒅 ⋅ ℂ̄−1[𝒅 ⊗ 𝒅])−1, compare ref. [56]. In Figure 4, the effective Young’s modulus in the 𝑥 − 𝑦 plane is
depicted, that is, 𝐸̄(𝜋∕2, 𝜑). This coincides with the coordinates depicted in Figure 2B: 0◦ corresponds to the 𝑥-direction
and 90◦ to the 𝑦-direction, respectively. Moreover, the experimental data from tests under tension load are depicted by red
dots for differently oriented samples.
For the simulation results, there is a clear dependency on parameter 𝑘 which influences the effective stiffness through

the reference stiffness. In the present investigations, a good agreement for differently oriented samples and their respective
experimental data is given for the choice of 𝑘 = 0.1 which corresponds to a reference stiffness that is near the material
properties of the matrix stiffness. This emphasizes the advantage of this approach since a tailoring to the specific material
system is possible.

5 SUMMARY AND CONCLUSION

In the present study, the influence of moisture on characteristic material properties, in particular the glass transition
temperature, was investigated using temperature-frequency tests performed via DMA. In addition, a shift in the ther-
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F IGURE 4 Orientation-dependent effective Young’s modulus depicted in the contour plot for the 𝑥 − 𝑦 plane. The solid lines
correspond to the simulation results obtained for different parameters 𝑘 of the Hashin–Shtrikman two-step method. The red dots represent
data obtained from experiments under tension load. For a reference stiffness close to the matrix material properties, a good agreement
between simulation results and experimental data for different sample orientations are achieved.

moviscoelastic material behavior induced by varying the equilibrium moisture content within the sample was observed,
complementing the drying effects observed in relaxation tests in previous investigations [17, 18]. Furthermore, at tem-
peratures below 0◦C, the results showed an anti-plasticizing effect, while temperatures above 0◦C led to plasticization,
resulting in a softening of the stiffness. Regarding the carbon fiber-reinforced PA 6, homogenization was performed using
ISO fiber properties as a first approximation in the absence of transversely ISOmaterial properties. In a previous work [11],
the Hashin–Shtrikman based two-step method was developed, formulated with orientation tensors, and applied to sheet
molding compound composites, showing not only good agreement with experimental data, but also the advantage of a tai-
lored approach, compare ref. [57]. Here, by selecting a specific parameter for the reference stiffness, results were obtained
that were sufficiently close to the experimental data, indicating the suitability of this tailored approach to a different
material system. Currently, the simulations are limited to elastic material properties, as the homogenization scheme does
not yet include adjustments for environmental factors such as humidity or temperature. As a preliminary measure, the
homogenization scheme is being applied to the existingmaterial to enable an initial assessment of themethod’s suitability.
Nevertheless, it is imperative to consider the influence ofwater and other environmental factors on carbon fiber-reinforced
composites in order to gain a comprehensive understanding of their impact on thematerial behavior. Furthermore, future
investigations are needed to include transversely ISO properties for the fiber material to accurately capture the material
symmetry properties.
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