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Abstract

The link between experimental characterization and the constitutive behav-
ior of an anisotropic linear viscoelastic unidirectional carbon fiber-reinforced
thermoplastic composite is explored using micromechanics modeling. Dy-
namic torsion tests were conducted at 1 Hz over a wide temperature range,
from the glassy to the rubbery states of the polymeric matrix, on both the
pure matrix and the composite, for various cutting angles relative to the
fibers. A two-step modeling procedure in the frequency domain is presented
to predict and validate the effective behavior of the composite. The first step
involves FFT-based homogenization, which maps the microstructure and con-
stituent behaviors to effective transversely isotropic viscoelastic properties.
The second step consists of finite element simulations using the effective be-
havior calculated from homogenization as input to replicate the experiments.
A comparison between experimental results and model predictions across the
entire temperature range is performed. The modeling predictions show good
accuracy at low temperatures, where the matrix is in the glassy state. At
high temperatures, where the matrix is in the rubbery state, the predicted
behavior becomes too soft. As the phase contrast increases and the ratio of
matrix bulk modulus to shear modulus rises significantly, the impact of fiber
arrangement on the effective properties becomes more pronounced.
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1. Introduction

Unidirectional (UD) carbon fiber-reinforced polymers are advanced mate-
rials known for their exceptional strength-to-weight ratio and stiffness, mak-
ing them ideal for applications in aerospace, transportation, storage, and
sports equipment. These materials exhibit viscoelastic behavior due to the
polymer matrix, which can be advantageous for energy dissipation, such as
in vibration reduction, but problematic when it leads to undesired creep for
instance. Thermoplastic matrices are gaining popularity over thermosets due
to their recyclability, though their potential for flow in certain industrial ap-
plications necessitates accurate predictions of their viscoelastic behavior. In
typical applications, the fiber volume fraction ranges between 50% and 60%.
This study focuses on a thermoplastic matrix filled with 53% long aligned
carbon fibers, used in hydrogen tanks. Given that these tanks experience
constant loads over extended periods, understanding the viscoelastic behav-
ior across a wide temperature range is crucial for predicting long-term creep.

In the mechanical characterization of the viscoelastic properties of such
composites, several measurement techniques and mechanical tests operate
either in the time or frequency domain, such as creep, stress relaxation,
dynamic mechanical analysis (DMA), or wave attenuation (Lakes, 2004).
However, experimental characterization is not standardized and is often de-
pendent on the specific setup (Treviso et al., 2015). DMA is a common and
widely used technique for isotropic materials because it provides measure-
ments over a wide range of temperatures and frequencies. Its use has been
extended to UD composites, which are typically transversely isotropic. For
these materials, dynamic torsion tests (Huayamares et al., 2020) or 3-point
bending tests (Pathan et al., 2017a; Melo and Radford, 2005; Huayamares
et al., 2020) are common methods. The 3-point bending test is usually pre-
ferred due to the absence of clamping effects, though it requires large sample
dimensions (Swaminathan and Shivakumar, 2009). It may also be limited
in temperature range, as the unclamped sample might not follow the im-
posed oscillations at high temperatures, depending on the angle between the
sample and the fibers (Ropers et al., 2017). DMA characterization studies
often assume that a direct measurement of material viscoelastic parameters
is possible, though this is rarely verified or discussed.

In terms of modeling, micromechanical models allow for scale-transition,



enabling the prediction of the effective properties of the composite based
on the behavior and spatial arrangement of its phases. The linear elastic
properties of UD composites have been extensively studied over the past few
decades. Mean-field models were proposed (Hashin and Rosen, 1964; Chris-
tensen and Lo, 1979; Mori and Tanaka, 1973; Huang, 2000; Chamis, 1989;
Halpin and Tsai, 1969), as detailed in the review by (Vignoli et al., 2019).
Full-field methods, primarily finite element homogenization approaches (Sun
and Vaidya (1996); Xia et al. (2003); Huang et al. (2008), among others),
have been employed to evaluate both the efficiency of mean-field models
and the influence of microstructure and phase behaviors. Micromechani-
cal modeling of effective elastic properties has mainly focused on tempera-
tures below the glass transition temperature, with attention to the impact of
fiber volume fraction and spatial distribution (Oh et al. (2006); Huang et al.
(2008); Vignoli et al. (2019); Younes et al. (2012), among others). Beicha
et al. (2016) investigated the effect of phase contrast on elastic properties,
assuming isotropic phases and a constant matrix Poisson’s ratio. Their study
showed a significant influence of fiber spatial arrangement on effective elas-
tic properties, particularly for high fiber volume fractions and high phase
contrast.

In the linear regime of steady-state harmonic oscillations, elastic mean-
field models can be extended to linear viscoelastic ones in the frequency do-
main using the elastic-viscoelastic correspondence principle (Hashin, 1970).
Micromechanical models can also access viscoelastic properties in both the
time and frequency domains. Recently, Gusev and Kern (2018) applied finite
element homogenization to demonstrate that the mean-field 3-phase cylin-
der model (Hashin and Rosen, 1964; Christensen and Lo, 1979) accurately
reproduces the effective linear viscoelastic properties of an epoxy matrix re-
inforced by either long transversely isotropic carbon fibers or long isotropic
glass fibers. Their numerical study focused on low temperatures (with the
matrix in the glassy state) and varying fiber volume fractions. Tsai and Chi
(2008) highlighted the impact of different periodic fiber arrangements on loss
factors in the glassy state. However, few studies have investigated the effects
of temperature or frequency on the effective viscoelastic properties of UD
composites (Pathan et al., 2017a,b; Liebig et al., 2019). Most research in
the frequency domain examines composite behavior when the polymer is in
the glassy state, often neglecting the temperature-dependent behavior from
the viscoelastic glass transition to the rubbery state. In particular, there is
a notable lack of studies linking fiber dispersion to the effective viscoelastic



properties of unidirectional composites at high temperatures, in the rubbery
state. Furthermore, no studies have compared DMA experiments to pre-
dictions at high temperatures. Exploring the behavior of such composites
at elevated temperatures is of interest for at least two reasons. First, since
the time-temperature superposition principle applies to amorphous polymer
matrices, long-term viscoelastic responses can be predicted by studying vis-
coelastic properties at high temperatures. Second, as the temperature in-
creases, the phase contrast between the matrix and fibers becomes more
pronounced, amplifying the effect of fiber arrangement.

In this study, we aim to characterize and predict the linear viscoelas-
tic properties of unidirectional (UD) composites across a temperature range
spanning from the glassy to rubbery states of the matrix. By considering
this wide temperature range, we seek to better understand the relationship
between microstructure and viscoelasticity at the macroscale, as it can be
measured in the lab. Additionally, the attempt to use actual DMA exper-
imental data to define the anisotropic behavior for structural calculations,
such as finite element simulations, will reveal the challenges involved in this
approach. The proposed two-step modeling procedure, which (i) estimates
the homogenized behavior of the composite using full-field micromechanics
modeling and (ii) reproduces DMA experimental tests through finite element
simulations with the homogenized behavior as input, has not been attempted
before. The homogenization step will extend the work of (Gusev and Kern,
2018) beyond the glassy state, enabling a more comprehensive investigation
of the impact of fiber arrangement and a more complete comparison with
mean-field model predictions, which have so far been limited to the glassy
state. Additionally, it will address the presence of matrix-rich regions result-
ing from the fabrication process.

The manuscript is organized as follows. In the next section, the mate-
rial is described, and experimental results are presented. Scanning electron
microscopy (SEM) images were used to determine the fiber volume frac-
tion, while DMA torsion tests characterized the structural shear moduli of
the polymer matrix and the composite. In Section 3, a brief finite element
analysis is conducted in linear elasticity to highlight the gap between the ex-
perimental measurements and the parameters required for the transversely
isotropic stiffness matrix in mechanical calculations. Next, the two-step mod-
eling procedure, which includes Fast Fourier Transform (FFT)-based homog-
enization and finite element simulations on homogeneous structures, is de-
tailed. Section 4 presents the main results of the homogenization study. A
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convergence analysis, in terms of number of fibers and fiber voxel resolution,
is performed and may serve as a reference for future work. The impact of
fiber spatial arrangement is also explored by comparing random and hexag-
onal distributions at different temperatures and fiber fractions. Finally, the
last section presents the results of the finite element simulations of the torsion
experiments, with comparisons to the experimental data. The influence of
the microstructure, particularly fiber arrangement and the presence of matrix
bags, is discussed.

2. Material microstructure and linear viscoelasticity characteriza-
tion

2.1. Material

The material of interest is a UD composite produced by Arkema with
T700S fibers all oriented in the same direction and embedded in thermoplastic
Elium resin. The available information on the fibers includes their diameter,
Tum, and a tensile modulus of 230 GPa in the fiber direction. As for the
Elium matrix, in the glassy state, the Young modulus is 3 GPa, and the
tensile strength is 54 MPa, while the glass transition temperature lies in the
range of 115-120°C. The composite material was received as a 1.35 mm-thick
plate. A plate of pure Elium resin was also prepared to characterize the
linear viscoelasticity of the isotropic amorphous polymer matrix.

In order to characterize experimentally the matrix and composite vis-
coelasticities through dynamic torsion tests, slender rectangles of length
L = 55 mm, width W = 8 mm and thickness t=1.35 mm were cut in both
plates. Due to its unidirectional structure and the behaviors of the constitu-
tive phases, the composite is transversely isotropic, hence the sample cutting
direction matters. Defining 6, as the angle between the direction of the fibers
and the direction of the sample length, specimens were cut at § = 0°, 45°
and 90° and are referenced as UD6 (i.e. UDO, UD45 and UD90).

2.2. Composite microstructure analysis

After mechanical and ion polishing, followed by gold deposition, a trans-
verse cross-section of the composite was observed using a field emission
gun environmental scanning electron microscope (FEG-ESEM), model FEI
Quanta 650. The resulting image, shown in Figure 1, reveals that the fibers
are well-aligned, as indicated by their circular cross sections. Additionally,



Figure 1: Scanning electron microscope image of a transverse cut of the composite and
illustration of the automatic fiber detection.

the random distribution of fibers is not perfectly homogeneous, as regions of
varying matrix sizes can be seen scattered throughout.

The grayscale contrast between the fibers and the matrix did not allow
for direct image segmentation. Instead, a circle detection method was suc-
cessfully employed to distinguish between the two phases (Figure 1). The
fiber diameter was confirmed to be 7um with no significant variation. By
counting the number of detected circles, the fiber volume fraction was calcu-
lated. The chosen procedure involved selecting a random seed point in the
image and defining a box in which the fiber volume fraction was measured.
The box size was then gradually increased until convergence was reached for
an area of 3 mm?2. Volume fraction estimates from four different seed points
using the same approximate 3 mm? box size yielded a mean value of 53%,
with a dispersion of approximately 2.5%.

2.3. DMA characterization of matriz and composites

Samples were submitted to DMA in torsion with a MCR502 rheometer
from Anton Paar. Oscillations at f = 1 Hz and equilibrated temperatures
were recorded for strain amplitudes €y of 0.02% for the composite and 0.1%
for the matrix. Three samples were tested for each material and orienta-
tion. Following the classical DMA analysis, an oscillatory rotation angle
is applied as ¢(t) = @osin(27ft), resulting in a sinusoidal torque signal
7(t) = Tosin(27 ft + &) where ¢ is the phase shift between the angle and
the torque. It is convenient and common to work with complex quantities,



by defining 7 = 79.!®™/*+9)_ Then, the torsion solution of Saint-Venant is

applied, -
* / yall 7_*

G = GG = A = 0.630(/W)) (1)
with L, W and t the length, width and thickness of the sample, respectively.
The storage shear modulus G’ and the loss shear modulus G” characterize
the responses in-phase and out-of-phase with the applied strain. The shear
storage and loss moduli are plotted with respect to the temperature in Figure
2 for the matrix and the composite samples. The error bars are small enough
to be included in the symbol size.

The matrix and composite exhibit a viscoelastic transition between 90°C
and 145°C. As expected, the composite is significantly stiffer than the matrix
and its behavior is strongly influenced by the cutting angle relative to fiber
alignment. Notably, the damping factor peaks occur at the same temperature
for all samples, except for composite UD45. This suggests that the matrix’s
glass transition temperature remains unaffected when cured within the fibers.
The slight shift towards a higher temperature observed in UD45 is likely due
to some parameter coupling, which requires further investigation.

Another noteworthy feature is the intersections of the curves of UD0O and
UD45 composite samples. At high temperatures, when the matrix is in the
rubbery state, the storage and loss moduli of samples UD0, UD45 and UD90
are ordered from the higher to the lower values. At low temperatures, in the
glassy state, UDO shows values still above UD90 but below UD45. The latter
result is in agreement with other data obtained on glassy UD composites sub-
mitted to quasi-static torsion experiments (Zhang and Hartwig, 1998; Adams
and Bacon, 1973). Such an intersection between UDO and UD45 has not yet
been reported in the literature, and its explanation is not straightforward,
particularly due to the sample being clamped at both ends, which signifi-
cantly perturbs the strain field compared to simple torsion. Consequently,
several material parameters contribute to the resulting stress.

In order to better understand the complexity of the experimental results
at hand, we propose to reproduce the torsion test by finite element analysis,
considering an elastic transversely isotropic material. This will show the
difficulties to reach the composite behavior parameters and will prove the
benefit of a micromechanics approach to predict the composite viscoelasticity.
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Figure 2: Storage modulus G’, loss modulus G” and damping factor tan §, measured by
1 Hz torsion oscillation performed at equilibrated temperatures.
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3. Motivation for the micromechanics approach

In this section, the response of a homogeneous transversely isotropic rect-
angular beam, submitted to torsion as in the rheometer, is explored by finite
element analysis, in order to better understand the impact of the material
behavior and the experimental boundary conditions on the resulting struc-
tural shear modulus. Then, a two-step modeling procedure, based first on
FFT-homogenization to predict the transversely isotropic equivalent homo-
geneous behavior, and second on finite element modeling of the torsion test,
is proposed to reproduce the experimental viscoelastic results.

3.1. Torsional response vs material transversely isotropic behavior and test
boundary conditions

The composite, made of an isotropic matrix and isotropic or more likely
transversely isotropic fibers all oriented in the same direction, is transversely
isotropic and therefore five independent parameters characterize its mechani-
cal behavior. Working in the frequency domain, the composite behavior may
be described by a complex (*) compliance tensor S*,

E}: —2F —ELT 0 0 0

—”E?T El}* =000
s=|"#% "B om O 0 0 (2)

= 0 0 0 & 0 0

0 0 0 0 & 0

0 0 0 0 0 &

with temperature and frequency dependent complex parameters denoted:
E7 for the longitudinal Young modulus in the fibers direction, E7 for the
transverse Young modulus in the directions perpendicular to the fibers, G%.
the transverse shear modulus in the transverse plane (i.e. plane perpendic-
ular to the fibers), G%, the longitudinal shear modulus, v, the longitudi-
nal Poisson’s ratio, and v}, the transverse Poisson’s ratio with the relation

In order to assess if some of these parameters can be directly inferred from
the DMA experiments, the torsional response of a transversely isotropic ho-
mogeneous material has been evaluated by finite element analysis for several

sets of parameters. Moreover, the sample orientation characterized by the
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angle 6 has been mimicked by rotating the behavior fourth-order tensor. For
the sake of simplicity, the study has been restrained in this subsection to lin-
ear elasticity. For purpose of comparison, the shear modulus G| is calculated
as performed by the rheometer, using Saint-Venant approximation,

3Lt

Go = ©W3(1 — 0.630(t/W))’

(3)

with ¢ the applied rotation angle and 7 the resulting torque. As a reminder,
the sample dimensions are equal to L = 55 mm, W = 8 mm and t=1.35 mm.

Simulations were performed on (Abaqus/Standard, 2021). Two types of
Dirichlet boundary conditions were considered. The first one corresponds
to Saint-Venant torsion conditions. The second one represents the actual
boundary conditions of the DMA test, where both bottom and top surfaces
are clamped and the top face is submitted to the torsion angle . In order to
evaluate the impact of the experimental boundary conditions, the resulting
torsional modulus calculated as in Eq. (3) has been evaluated for a fictive
material with parameters, £y, = 100 GPa, EFr = 1 GPa, Gy, = 3.5 GPa,
vir = 0.35 and vppr = 0.4, for several angles 6. A sample length of 200 mm
was chosen for the first boundary conditions in order to satisfy Saint-Venant
assumptions of long specimens, while a length of 45 mm was chosen otherwise
to match the experiments, the dimensions of the rheometer thermal chamber
limiting the specimen length. Figure 3 shows how G varies with respect to
0 for both types of boundary conditions. The values of GGy are significantly
larger for the clamped specimen, except for # = 90°, where the moduli are
similar. Additionally, Saint-Venant’s conditions provide direct access to Gy,
at # = 0°, unlike the experimental conditions, where restricted displacement
along the torsion axis introduces a coupling between G, and Ey. Reducing
Grp from 3.5 GPa down to 2.5 GPa, while keeping all other parameters
constant, results in a structural modulus of 3.5 GPa for the clamped specimen
oriented at 0°.

Considering the experimental clamped boundary conditions only, and
varying the material parameters, Figure 4 shows how (G is impacted by
varying Ey, Er and Gpr. The blue reference curve corresponds to the pre-
viously discussed case with G, = 2.5 GPa (instead of 3.5 GPa). Doubling
Er results in the green curve, where Gy increases, except at § = 0°. The
red curve corresponds to the same parameters as the reference blue curve,
except for a significant reduction in Grp. Doubling E, while keeping the
same parameters as the red curve, produces the black plot. It is interesting

10
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Figure 3: Impact of the test boundary conditions on the resulting torsional modulus Gy

(Eq. (3)) with respect to the angle 6 between the sample length direction and the material
longitudinal direction.
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Figure 4: Impact of the transversely isotropic parameters on the shear modulus Gy (Eq.
(3)) with clamped boundary conditions as applied experimentally.
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to note that the peak of Gy occurs at a value of 6 that depends on the ma-
terial parameters. Moreover, the value of GGy at 6 = 0° is influenced not only
by Grr but also by E, as discussed earlier, and appears independent of E7.
At 0 = 90°, Gy is strongly dependent on G and also on Ep as shown by
the difference between the blue and green curves. Comparing the red and
black curves shows that beyond 6 = 40°, the impact of £} becomes negli-
gible, while the impact of Er is minimal below # = 5°. Finally, variations
in the two other independent material parameters Gpr and vpr, induce less
changes in Gy.

Figure 5 displays the evolution of Gy at § = 0° and € = 90° with respect
to Grp, with all other material parameters remaining the same as in the
reference case. This figure confirms that the shear modulus measured in
torsion at both angles differs from Grp.

104 3
e /=0 o7 .
o =90 et
—— =2 .
103- * //"
= N
[ Pid
Ay Jas
\E/ 102 L4 o,/’. ’
(e} L ,//
U Y ,/’/
. JRe
1013 Lo
100 ol , , ,
10° 10! 102 10° 104
GTL (MPa)

Figure 5: Finite element analysis of the torsional modulus at 0° and 90° with respect to
Gryr. The values of the parameters are Ey, = 100GPa, Er = 1GPa, v = 0.35 and
vrr = 0.4 (hence G = 0.357GPa).

This numerical study highlights the fact that no parameter may be di-
rectly assessed from the experiments due to the strong coupling effects caused
by restricted motion along the rotation axis imposed by the clamped grips.
Moreover, the complex interactions between the parameters seem difficult to
evaluate without a modelling approach. Therefore, we propose a two-step
numerical modeling approach to determine whether the linear viscoelasticity
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of the composite can be predicted based solely on the linear viscoelasticity
of the matrix, the elasticity of the fibers and the fiber volume fraction.

3.2. Modeling procedure

The modeling procedure is illustrated in Figure 6. It consists in estimating

ET E'} EL 0 0
=l o 0 1
0 = 0 0
GTL
o 0 0o o L

Structural
shear
modulus
G"(0)

Step (1) :
FFT-based
homogenization

Step (2):
Finite elements
method

Transversely isotropic
behavior of composite: S *

T ””‘Wznu
@parison\ o \”D
simulations- —>5 o,
Qperimenyi h” \n "
Fibers and matrix behaviors - —

Fibers volume fraction A
Fibers radius vs box size

Spatial distribution of fibers Experimental data
(DMA)

Figure 6: Modeling procedure to predict experimental data plotted in Figure 2. At each
temperature, Step (1): FFT-based homogenization approach run in the frequency domain
to assess the effective linear viscoelastic behavior of the composite. Step (2): Finite
element simulation of the torsion test in the frequency domain with the effective behavior
as input to estimate the structural modulus for UD0O, UD45 and UD90.

the effective viscoelastic behavior of the composite by defining the compli-
ance tensor in the frequency domain from simple FFT-based homogenization
calculations run in complex. This step (1) is a full-field method which en-
ables to replace the heterogeneous material by an equivalent homogeneous
one, taking into account the mechanical behaviors and spatial arrangements
of the phases. It has already been applied successfully for estimating the
torsion modulus measured during temperature sweeps in heterogeneous poly-
mers (Diani and Strauch-Hausser, 2021). Then, the predicted effective linear
viscoelastic behavior of the composite, Eq. (2), is used as input in finite
element simulations, Step (2), of the experimental torsion calculated in the
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frequency domain, using the correspondence principle between linear elastic-
ity and viscoelasticity in the harmonic regime (Hashin, 1970). This two-step
procedure allows for the estimation of the structural shear modulus, G§, for
UDO0, UD45 and UD90. When repeated for each temperature, from 50°C to
165°C with AT = 5°C temperature steps, the theoretical results provide for
a full comparison with the experimental data shown in Figure 2.

4. Frequency domain composite effective properties estimated by
homogenization

The random microstructure generation and the numerical aspects of the
Fast Fourier Transform (FFT)-based homogenization method are first de-
scribed. Then, the mean-field model from (Hashin and Rosen, 1964; Chris-
tensen and Lo, 1979), which is defined for infinite cylinders embedded in a
matrix, is presented for comparison purposes. The effective properties of the
composite, in terms of the temperature-dependent storage and loss moduli,
are calculated for random and hexagonal fiber distributions. Comparisons
between the full-field calculations and the mean-field model predictions are
discussed, as well as the impact of the fiber spatial arrangement, fiber vol-
ume fraction and fiber mechanical behavior that can be either isotropic or
transversely isotropic.

4.1. FFT-based homogenization procedure

A full-field homogenization approach has been chosen to accurately esti-
mate the linear viscoelasticity of the composite. In the frequency domain, the
linear viscoelastic problem mirrors the linear elastic problem, where strain,
stress, and behavior become complex quantities (Hashin, 1970; Gusev and
Kern, 2018). Considering periodic realistic representations of the composite,
their responses to simple shear and uniaxial tensile loadings are estimated
thanks to the FFT-based homogenization method (Moulinec and Suquet,
1994, 1998) in order to reach the five parameters required to define S*, as
in Eq. (2), for the composite. The method is faster than the finite ele-
ment approach for linear behavior and does not require meshing. Despite
its advantages, only few studies have applied the FFT method to fiber com-
posites (e.g. Wang et al. (2019); Sosa-Rey et al. (2023)). The model inputs
are the mechanical behaviors of the constitutive phases and a 3D voxel grid
representation of the periodic microstructure.

14



Focusing on harmonic loadings, the linear isotropic viscoelastic behavior
of the matrix may be characterized by two parameters, G* and K*. The
complex shear modulus, G* = G’ +iG”, has been determined by the dynam-
ical torsion experiments at 1 Hz (section 2.3). Note that in order to account
for the experimental gripped boundary conditions, the raw experimental out-
puts, as plotted in Figure 2, have been divided by a constant factor estimated
at 1.1 following (Diani and Gilormini, 2017). The viscoelastic bulk modulus
is significantly more difficult to measure and its dependence to temperature
is limited compared to the shear modulus (Tschoegl et al., 2002). Therefore,
it is commonly considered as purely elastic and independent on temperature.
A typical value of K = 3000 MPa was chosen. However, its limited impact
has been tested and will be discussed later. Finally, the interface between
the fibers and the matrix is modeled as perfect.

The carbon fibers are considered purely elastic and temperature indepen-
dent. Since only the Young modulus is known to be 230 GPa, both isotropic
and transversely isotropic carbon fibers are considered, using the values from
another type of carbon fibers for the missing parameters (Soden et al., 1998).
The elastic parameters are reported in table 1.

Transversely isotropic Isotropic
EL (GPa) &
Er (GPa) 15 | £ (GPa) 230
GTL (GP&) 15
GTT (GP&) 7 14 0.2
Vit 0.2

Table 1: Elastic constants for the carbon fiber behavior. Input from the manufacturer is
underlined, the other values comes from T300 carbon fibers (Soden et al., 1998).

The fiber arrangement may be extracted from SEM images (Figure 1).
However, to extend the study to other fiber volume fractions, microstructures
with randomly distributed carbon fibers were also generated numerically. For
volume fractions below 55%), a random sequential addition (RSA) algorithm
was used, while for volumes above 55%, a Monte Carlo Metropolis method
was employed (Torquato, 2002). Figure 7 displays a random microstructure
with a 53% fiber volume fraction generated by the RSA algorithm. Due to
the microstructure’s invariance in the fiber direction, the grid is restricted
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Figure 7: Random microstructure generated by a RSA algorithm (left) and hexagonal
microstructure (right) for 53% volume fraction of fibers. The random microstructure
contains 196 fibers of 30 pixels radius for a box size of 1024 x 1024 x2 voxels. The hexagonal
microstructure presents fiber of 76 pixels radius.

to a minimum of two pixels in that direction. Additionally, a hexagonal
microstructure, where fibers are arranged periodically in a hexagonal array,
was considered as an idealized transversely isotropic model (Li, 2001). The
unit cell for this hexagonal arrangement with 53% fibers is also shown in
Figure 7.

FFT-based calculations have consequently been run in complex using a
python routine written by the authors and that could be shared upon request.
For each temperature T, the Green operator is computed for an isotropic elas-
tic reference material of parameters, Gy = \/G.,(T)Gy and Ky = /K, K;
with Gy = Ep/2(1 + vir) and Ky = E;/3(1 — 2vpr), for isotropic and
transversely isotropic fibers calculations. A simple (Eyre and Milton, 1999)
scheme has been applied to reach convergence. Simple shears according to
the principal directions of the microstructure provide with estimates of G%.;
once and G7; twice. Simple uniaxial tensile loadings give two values of E7
and v}, and one value of E7.

The accuracy of the full-field homogenization depends on the represen-
tativeness of the microstructure, which is characterized here by the number
of fibers in the periodic box and the fiber resolution, or equivalently, the
number of pixels per fiber radius. The latter parameter is akin to mesh
fineness in finite element simulations. A convergence study was conducted
with regard to both the number and resolution of fibers. In the most critical
case, where fibers and matrix show the highest behavior contrast (at 165°C),
the effective behaviors of 10 random microstructures with 53% fiber volume
fraction were estimated. Figure 8 shows the values of the storage moduli £’
and G-, as a function of the fiber radius in pixels. Each dot represents one
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microstructure. A convergence plateau is observed at 30 pixels. Below this
threshold, the moduli are overestimated. Increasing the number of fibers in
the microstructure reduces the dispersion of the values, although the mean
values of the effective moduli remain approximately the same.

Based on this convergence study, it was chosen that the 53% fiber ran-
dom microstructures contain 196 fibers of 30 pixels radius for a box of
1024x1024x2 voxels. In what follows, considering the very low dispersion
of the results for such a large number of fibers, each FFT-based result is
based on one microstructure representation. For the hexagonal microstruc-
ture, 76 pixels per fiber radius were chosen without optimization since the
microstructure is small enough and therefore simulations very fast. The final
size of the box is 198 x 344 x 2 voxels.

4.2. Mean-field models

Several mean-field models have been developped to predict the effective
elastic properties of long fiber reinforced composites (Vignoli et al., 2019).
These models, originally formulated for linear elasticity, can be extended to
linear viscoelastic properties in the frequency domain, like the FFT-based
homogenization approach. Recently, Gusev and co-authors (Hine and Gu-
sev, 2019; Gusev and Kern, 2018) compared the 3-phase cylinder model,
introduced by (Hashin and Rosen, 1964) and modified by (Christensen and
Lo, 1979), with effective harmonic responses of unidirectional fiber-reinforced
glassy composites obtained through finite elements. For transversely isotropic
carbon fibers, the mean-field model accurately predicted the finite element
results for both random and hexagonal microstructures, with a closer predic-
tion for G%; in the hexagonal representation. In the case of isotropic glass
fibers, the mean-field model accurately reproduced the effective properties
of the hexagonal array, and provided a reasonable estimate for the random
microstructure, although there were underestimations up to 16% for Cj; (real
parts of C* = (S*)71). The finite element simulations also showed sensitivity
to fiber arrangement when fibers were assumed isotropic, which diminished
for transversely isotropic fibers.

While the former study puts a strong case for the 3-phase cylinder model,
it was limited to glassy composites. The current study aims to extend this
comparison to composites with a matrix in the rubbery state.
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4.3. Results

The impact of the phase contrast is studied for 53% of fibers by calculating
the storage and loss moduli characterizing the 1 Hz harmonic response of the
composite for temperatures ranging from 50°C to 165°C, transitioning from
the glassy to the rubbery states of the matrix.

4.8.1. Isotropic vs. transversely isotropic carbon fibers

Figure 9 shows the effective moduli £}, G, and G%, with respect to
temperature obtained from the FFT-based homogenization method on ran-
dom microstructures for isotropic and transversely isotropic carbon fibers.
Note that the values of both the longitudinal modulus £} and the longitudi-
nal Poisson’s ratio vj, are similar for every model and are close to the values

predicted by a simple mixture rule (Voigt’s bound). Therefore these parame-
plotted in appendix B for transversely isotropic fibers as an illustration).
Considering transversely isotropic carbon fibers instead of isotropic ones re-
sults in lower effective moduli, especially at low temperatures. This is a
consequence of both the lower contrast between the fibers and the matrix at
low temperatures, and the fact that transversely isotropic carbon fibers are
less stiff than isotropic ones except in the longitudinal direction where both
exhibit the same stiffness. Given that carbon fibers are more likely trans-
versely isotropic (Soden et al., 1998), simulations are now performed with
transversely isotropic fibers, unless explicitly specified.

ters will not be represented nor discussed further (one can find v}, = v} .

4.3.2. Random vs. hexagonal microstructures
Figure 10 shows the effective moduli £}, G}; and G}, with respect to
the temperature for FFT calculations performed on random (full symbols)
and hexagonal (open symbols) arrangements of fibers. The solid lines repre-
sents the mean-field estimates. The changes of £} and G’ for the hexagonal
and random microstructures are similar at low temperatures but they differ
significantly at temperatures higher than 115°C, the random microstructure
exhibiting higher moduli than the hexagonal one. This difference increases
with temperature, emphasizing the stronger impact of the fiber spatial dis-
tribution on the composite’s effective properties at higher temperatures. For
71, the difference between both microstructures is less pronounced but fol-
lows the same trend with temperature. Despite being small, this difference
is non-negligible at lower temperatures.
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Figure 9: Effective storage moduli (a) and loss moduli (b) with respect to temperature,
estimated by FFT-based homogenization on random microstructures with isotropic fibers
(dashed lines) and transversely isotropic fibers (continuous lines).

The mean-field 3-phase cylinder model accurately reproduces the random
microstructure complex moduli £} and G7,, while it aligns well with G7.
for the hexagonal representation. This mismatched between the mean-field
model and FF'T results becomes more pronounced at higher temperatures.

In the case of isotropic carbon fibers, Gusev and Kern (2018) observed
that the mean-field model’s predictions were closer to those for the hexagonal
array. We found the same result at low temperatures. At higher tempera-
tures, however, while the mean-field prediction for G, remains accurate for
the hexagonal microstructure, the predictions for F} and G7, fall between
both microstructures, trending closer to the random representation (see ap-
pendix C, Figure C.18).

To better understand the impact of the microstructure arrangement, the
local shear strain in the transverse plane (xy) has been plotted in Figure 11,
in the case of microstructures submitted to an average transverse shear strain
€y 7 0 (every other &;; being nil) at 70°C and 125°C. For both random and
hexagonal arrays, the fibers barely deform at 70°C and do not deform at all
at 125°C. The strain field in the matrix is significantly more heterogeneous
at 125°C than at 70°C, and it is also more heterogeneous in the random
than in the hexagonal array. In particular, critically high local strain can
be witnessed in the random microstructure at 125°C when two fibers nearly
touch. At this high temperature, the ratio between the local and macroscopic
strains can reach 55 in the random microstructure whereas it does not exceed

20



10%

—
=

»—
o
T
—_
<

FFT random
FFT hexag

—
o,
©
—
=)

loss moduli (MPa)

storage moduli (MPa)

FFT random
FFT hexag

10°

60 80 00 120 140 160 60 80 100 120 140 160

T (°C) T(°C)
(a) (b)
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estimated by FFT-based homogenization on random (full symbols) hexagonal (open sym-

bols) arrangements and the mean-field prediction (solid lines) for transversely isotropic
fibers.

8.6 in the hexagonal array. At 70°C this ratio does not exceed 7 and 3.7 for
random and hexagonal microstructures, respectively.

As temperature rises, the phase contrast between the fibers and the poly-
mer matrix increases, and the matrix becomes increasingly incompressible,
with the ratio between the bulk modulus and the shear modulus rising signif-
icantly. To determine which change has the greatest impact on local strain
heterogeneity and, consequently, on effective properties, FFT calculations
were performed using a fictive matrix. This matrix had a temperature-

dependent bulk modulus defined as K,,(T) = Km(To).g((;;)) with T = 50°C
and K,,(Tp) = 3000 MPa, keeping its Poisson’s ratio nearly constant. Re-
sults are presented in Figure 12. The random and the hexagonal arrays now
yield nearly the same properties which are relatively well reproduced by the
mean-field model at all temperatures, except for G.;. Thus, the significant
impact of the spatial distribution of fibers on the transverse moduli E}. and
G’ observed at high temperatures is primarily due to the matrix’s quasi-
incompressibility in the rubbery state. The smaller difference observed in

71 remains unchanged and can be attributed to the phase contrast be-
tween the matrix and the fibers.
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(left), random (middle) and random with circular matrix bags (right) microstructures.
The considered temperatures are 70°C (top) and 125°C (bottom) and the fiber volume

fraction is 53% in all cases.
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4.3.3. Effect of fiber volume fraction

To go beyond the material of interest, the fiber volume fraction was var-
ied from 10% to 80%. Figure 13 shows the composite effective moduli EF.,
G, and G%.p with respect to the fiber volume fraction at 70°C and 125°C.
The mean-field predictions (solid lines) are compared to the FFT calcula-
tions performed on random (full symbols) and hexagonal (open symbols)
microstructures. The dispersion of results increases with both temperature
and fiber volume fraction in the case of random microstructures. To address
this, multiple FFT calculations (five in total) were performed and plotted
for the two highest volume fractions considered (60 % and 69 %) at each
temperature. This approach highlights the variability and helps validate the
effectiveness of the mean-field predictions across different fiber distributions
and temperatures.

At 70°C, when the matrix is in the glassy state, the effective moduli E7.
and G’ are relatively insensitive to the spatial arrangement of fibers across
all volume fractions. Both are well-predicted by the mean-field model. The
values of G, at 70°C also show independence from fiber distribution and
are accurately captured by the mean-field model for volume fractions below
30%. For higher volume fractions, the mean-field model predicts the results
of the hexagonal array and underestimates those of the random array, which
is consistent with (Gusev and Kern, 2018). At 125°C and 165°C, when the
matrix becomes nearly incompressible, significant differences emerge between
the random and hexagonal microstructures starting at 30% fiber volume frac-
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tion. The mean-field model performs well in predicting E7. and G%., for the
random arrangement and G7; for the hexagonal arrangement. However, it

24



becomes less accurate in predicting the loss moduli for high fiber volume
fractions (above 60%) at 125°C.

In the case of isotropic carbon fibers, the mean-field model again predicts
results closer to the hexagonal microstructure at low temperatures for all
volume fractions, as previously observed by (Gusev and Kern, 2018). At
higher temperatures, the model accurately reflects G7,; for the hexagonal
packing and provides values for E}. and G’ that lie between those for the
two microstructures but are closer to the random packing across the fiber
volume fractions considered (see appendix C, Figure C.19).

In exploring the effects of microstructure and constitutive phase behav-
iors on the transversely isotropic behavior of unidirectional composites in
the frequency domain, we estimated the UD composite compliance tensor
(Eq. (2)). It was calculated for the random microstructure with 53% of
transversely isotropic fibers and is illustrated in Figure 9. Defined in the
frequency domain at 1 Hz and varying with temperature, this tensor is the
essential input for simulating and comparing experimental results from sec-

tion 2.3 for UDO, UD45, and UD90.

5. Finite element simulations of UD@ torsion experiments

5.1. Simulation procedure

The corresponding principle between elasticity and viscoelasticity in the
harmonic regime is used to simulate the DMA experiments. In the absence of
volumetric forces and with Dirichlet boundary conditions only, the variational
form of the problem reads as,

Find the complex displacement field u*(z) such that,

/Q o (u* (1)) : £ (07(2)) dx = 0, Yo" € Upg (4)

where () refers to the material domain and ,; to the field of admissible
displacements. The linear viscoelastic behavior in the frequency domain
is thus expressed as o*(u*(z)) = (S*)7! : g*(u*(x)) with S* the complex
compliance tensor of the composite. - B

The torsion experiment was simulated with the partial differential equa-
tion solver FreeFem++ (Hecht, 2012), where the above variational form was
implemented explicitly. The geometrical dimensions and the boundary con-
ditions are the same as presented in the experimental section. A torsion angle
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Figure 14: Comparison between the numerical (lines with symbol) and experimental
(dashed lines) storage and loss moduli obtained by torsion tests on UD0, UD45 and U90.

is imposed in one of the clamped end, and the resulting complex torque is
calculated to estimate the complex structural shear modulus with Eq. (1).
To replicate the test with the different angles # between the fibers and the
sample (0°, 45° and 90°), the fourth-order compliance tensor is rotated to
align the material basis.

After a quick convergence study, the mesh was set on 225 x 40 x 8 (L x
W x t) P2 triangular finite elements.

5.2. Results and discussion

Figure 14 compares the storage and loss moduli obtained by finite element
simulations to the experimental measures for UDO, UD45 and UD90. At low
temperatures, the numerical and experimental results coincide. Moreover,
the intersection between UD0O and UD45 is reproduced, although at a lower
temperature. However, at high temperatures, the numerical estimates appear
well below the experimental data. One may note that the values of the
structural shear modulus at 90° are similar to those of G7;, which is likely
coincidental as revealed by section 3.1.

At high temperatures, we showed that the fiber arrangement has a strong
impact on effective properties. Therefore, a possible reason for the signifi-
cant discrepancy between the model and the experiments stands in the fact
that the actual material shows matrix bags (Figure 1) that have not been
replicated in the random microstructure representation. The consequence of
the presence of these bags is the existence of areas where the fibers are very
close or touch each other, which is a source of large hydrostatic strain. In
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zones without matrix bags, the volume fraction of fibers is obviously higher
than 53%. One may read in Figure A.16 where a cut of the SEM image has
been analyzed by the 2-point correlation function (Torquato, 2002), that the
volume fraction of fibers reaches a much higher value of 67% in fiber dense
areas. Therefore, in order to study the influence of the presence of matrix
bags, a 53%-fiber microstructure with a large matrix area has been created
by removing fibers at the center of a random microstructure with initially
67% of fibers (Figure 11). Considering a circular matrix bag at the center
of the microstructure, does not provide perfect transverse isotropy since the
bags form a cubic arrangement due to the periodic boundary conditions.
However, according to our simulations, this simple strategy was enough to
reach nearly transverse isotropic microstructures and enables us to estimate
the trend in effective properties when accounting for matrix bags.

The effective properties of such a microstructure have been calculated in
terms of £}, Gy and G7%p, as well as the resulting torsion moduli for UDO,
UD45 and UD90, and compared to those of the 53% and the 67% randomly
filled microstructures. Results are shown in Figure 15. The effective vis-
coelastic properties are not affected at low temperatures, however at high
temperatures, the constitutive moduli significantly increase compared to the
microstructure without a matrix bag and with the same volume fraction of
fibers. At 165°C, the apparent fiber content that would lead to the same re-
inforcement in a random microstructure is as high as 60%. Figure 11 (right)

. . € . . .
shows the normalized strain field, ==, for the microstructure with a matrix
xrxr
bag subjected to a macroscopic uniaxial strain &,,, all other macroscopic

strains being nil. It can be seen that the local strain in the matrix, though
higher than the average strain, is not as important as one could expect. The
reinforcement noticed for the microstructure with the matrix bag may be
compared to the case of carbon-black filled rubbers showing occluded (or
trapped) rubber resulting in a higher effective amount of fillers (Medalia,
1972).

In the case of the fictive matrix with constant compressibility for all tem-
peratures, the effective viscoelastic properties of the specific microstructure
are plotted in Figure 12 (circles). It is obvious that the reinforcement for
E% and G7p is significantly reduced at high temperatures, while the increase
in G, remains consistent with the values observed when using a constant
matrix bulk modulus. These results support our interpretation that the im-
pact of fiber arrangement on effective properties is primarily due to matrix
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(a and b) as well as on torsional moduli (e and f), with transversely isotropic carbon fibers.
Storage and loss moduli are plotted on the left and on the right, respectively.

incompressibility for £} and G%.,, and phase contrast for G .

Finally, the torsion test was simulated for the effective viscoelastic pa-
rameters corresponding to the microstructure with a large matrix area at its
center, as an input. In Figure 15, the results for the structural shear moduli
for UDO, UD45 and UD90 are compared to the results plotted in Figure 14 for
the random 53% microstructure. As expected, the storage and loss moduli
remain unchanged at low temperatures but increase at high temperatures.
While the trend is consistent with experimental observations, the magnitude
of the increase is insufficient to fully reproduce the experimental results.

One might question whether incorporating an interphase region could
provide sufficient reinforcement to bring the predictions closer to the ex-
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perimental results. In this study, we did not account for the effect of an
interphase with enhanced properties at the filler/matrix interface. Previous
studies, such as (Feng et al., 2024), have reported an interphase thickness of
approximately 200 nm in carbon fiber/epoxy composites, showing a gradi-
ent in mechanical properties from the fiber to the matrix. It is important
to note that current experimental measurements of interphase thickness and
mechanical properties using atomic force microscopy primarily offer qualita-
tive insights. To roughly estimate the maximum potential impact of such an
interphase on our results, we consider a scenario with a 200 nm interphase
behaving like carbon fibers. This is equivalent to increasing the carbon fiber
volume fraction from 53% to 59%, similar to the effect induced by the ma-
trix bag. However, this scenario represents an upper bound for the potential
enhancement of effective properties due to the interphase. The impact of a
real interphase would be considerably lower due to the gradient in proper-
ties across the interphase and the unlikelihood of the polymer behaving like
carbon fibers.

Hence, although the model performs well in the glassy state, which is the
primary operational condition for these composites, there is still room for
improvement to better predict the behavior in the rubbery state. This study
emphasized the importance of considering both the boundary conditions of
the torsion test to understand the ordering of structural shear moduli values
based on the cutting angle and temperature, and the need for an accurate
description of the spatial arrangement of fibers to achieve accurate effective
properties and quantitative comparisons of the different structural moduli in
the rubbery state.

6. Conclusion and perspectives

It has been reviewed that characterizing the linear viscoelasticity of an
anisotropic unidirectional composite, consisting of a polymer matrix rein-
forced with long carbon fibers, presents significant challenges. Three-point
bending DMA tests are inadequate for assessing material properties when the
matrix softens at high temperatures, and torsion DMA tests involve clamping
that introduces unwanted couplings between moduli in the measured torque.
To address these challenges and accurately capture the linear viscoelastic
behavior of such transversely anisotropic materials, we proposed an origi-
nal two-step numerical procedure. This approach integrates micromechanics
modeling and finite element simulations of the DMA structural test for model
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validation. In the first step, the effective viscoelastic properties of the com-
posite were assessed using full-field FFT-based homogenization, considering
various fiber spatial arrangements. In the second step, the experimental dy-
namic torsion tests were simulated using the finite element method in the
frequency domain, employing the elastic-viscoelastic correspondence princi-
ple for harmonic loading. The effective viscoelastic properties obtained from
the homogenization were used as input for these simulations, enabling a di-
rect comparison between predicted structural shear moduli and experimental
data. Applying this two-step modeling procedure, several original and note-
worthy results have been obtained, which are summarized below.

Micromechanics modeling results: The effect of the fiber spatial distribu-
tion within the matrix was evaluated through three different arrangements,
hexagonal, uniformly random, and uniformly random with the presence of
matrix bags. Both hexagonal and uniformly random arrangements were con-
sidered across various fiber volume fractions and a broad temperature range,
corresponding to different phase contrasts as the polymer matrix becomes
softer and nearly incompressible at higher temperatures. While the effective
longitudinal modulus £} and Poisson’s ratio v, appear largely insensitive
to the microstructure, the transverse moduli G, and E7, as well as G},
are notably affected. FFT calculations revealed that fiber arrangement im-
pacts these effective properties at high temperatures and high fiber volume
fractions. In such cases, the random arrangement produces larger moduli
compared to the hexagonal array due to localized strain peaks in the matrix
when fibers are closely spaced. The reinforcement mechanisms vary: matrix
incompressibility primarily drives the increases in transverse moduli G-, and
E% (absent at low temperatures), while phase contrast governs the behavior
of Gy

For composites with transversely isotropic fibers, the mean-field 3-phase
cylinder model accurately predicts G’ and E7. for the random microstruc-
ture across all temperatures and fiber volume fractions. It also predicts G7,
for the hexagonal array consistently over the entire range of temperatures and
fractions. For isotropic fibers, the mean-field model matches the hexagonal
arrangement fairly well but underperforms for the random arrangement at
low temperatures, in the glassy state. As temperature increases, the model
accurately reproduces G7.; for the hexagonal array while it falls between the
hexagonal and random representations for transverse properties, remaining
closer to the random array.
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The impact of the presence of matrix bags observed by scanning electron
microscopy, was explored by introducing a pure matrix region into a ran-
dom microstructure of 67% fibers, resulting in an average fraction of fibers of
53%. It was found that at a given fiber volume fraction, the presence of the
matrix bags, while having minimal effect in the glassy state, leads to higher
properties in the rubbery state.

Comparison with the experiments: The torsion moduli, characterized by
DMA for composite samples cut at three different angles relative to fiber
alignment, 0°, 45° and 90°, were estimated through finite element simulations
using the effective properties computed by FFT on random microstructures.
The moduli are accurately reproduced at low temperatures when the matrix
is in the glassy state. Additionally, the storage and loss moduli calculated
for samples cut at 45° are higher in the glassy state and lower in the rub-
bery state than those of samples cut at 0°, aligning well with experimental
results, which exhibited a crossover in the measured moduli. However, at
higher temperatures, the model predictions tend to underestimate the ex-
perimental results.

To further investigate this discrepancy, the structural modulus of the ho-
mogenized composite with the presence of matrix bags was also estimated.
Although the reinforcing effect observed during the homogenization step
brought the predictions closer to the experimental results, it was not suf-
ficient to fully replicate them. Therefore, while the composite behavior has
been well predicted in the glassy state, which is arguably the more likely
state of use for this kind of materials, this study leaves room for improve-
ment for predicting the behavior of UD composites at high temperatures by,
for instance, taking into account the non-linear behavior of the matrix when
local strain increases drastically.

Lastly, for UD composite manufacturers, it is important to note that the
linear viscoelastic properties of their materials can be reasonably and effi-
ciently assessed using the analytical three-phase cylinder model. However, it
should also be remembered that microstructural heterogeneities will signif-
icantly influence the mechanical properties at high temperatures or equiva-
lently during long-term responses.
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Appendix A. Covariances of generated and actual microstructures
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Figure A.16: Comparison between a real microstructure (b) and a microstructure gener-
ated by Monte Carlo Metropolis (a) and the corresponding covariances with respect to the
distance normalized by the fiber radius (c).
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Appendix B. Poisson’s ratio as a function of temperature and vol-
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Figure B.17: Effective Poisson’s ratio of the composite as a function of temperature at
53% fibers (a and b) or as a function of the fiber fraction

arrangement of transversely isotropic carbon fibers. Symbols correspond to results from
FFT calculations whereas the curves represent the prediction by the 3 phase cylinder

mean-field model.
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Appendix C. Results of FFT-based homogenization simulations
with isotropic fibers

10 — (ET 103
< — Y7L
: =
6 10 = FFT random =
— FFT hexag 6 10°
3 .-
3 3
£ 102 8 .
) 1S -
gp @ — G7y
— o — Gy
-8 10t - s FFT random
0 100
o FFT hexag
60 80 100 120 140 160 60 80 100 120 140 160
T(°C) T(°C)

Figure C.18: Effective storage moduli (a) and loss moduli (b) with respect to tempera-
ture, estimated by FFT-based homogenization on random (full symbols) hexagonal (open
symbols) arrangements and the mean-field prediction (solid lines) for isotropic fibers.

35



storage moduli (MPa) storage moduli (MPa)

storage moduli (MPa)

- B
S—E
ot — G
= FFT random
FFT hexag
|
]
1034
0.0 0.2 04 0.6 0.8
fvol
- B
—
103 — Gir
= FFT random °
o FFT hexag
10% . ;
- o 2
o
104
0.0 0.2 0.4 0.6 0.8
vol
- B
— Gy
Gy
10?4 = FFT random e
o FFT hexag 1
o
1
104 > .
- o 1
o
1004
0.0 0.2 0.4 0.6 0.8

f vol

B
6001 — G7y .
= — Gz
& 500 = FFT random e
6 o FFT hexag ' s
= 400 .
S i
3
. o
IS 300
A o
_3 200
100
0.0 02 04 0.6 0.8
f vol
- Bl
— G7y
2000 )
SN0 g,
9_;‘ = FFT random
6 1500 o FFT hexag
=
e
O 1000
1S H o
0
i)
O 500
o v o
0
0.0 0.2 0.4 0.6 0.8
vol
— B
100 an,
— 3 :
< — Grp
& 801 =  FFT random
= o FFT hexag
=S 60
e
o
£ 40
0
i)
L 9

0
0.0 0.2

0.4

f vol

0.6 0.8

Figure C.19: Effective storage and loss moduli of the composite as a function of fibers
fraction, calculated at 70°C (top), 125°C (middle) or 165°C (bottom) for random (full
symbols) and hexagonal (open symbols) microstructures and compared to the mean-field
predictions (solid lines) with isotropic carbon fibers.
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