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1. Introduction

The steady rise in fibre-reinforced plastics (FRP) being a material of
choice for mechanical design solutions in various applications over the
past decades is to a large part ascribable to their remarkable high
stiffness and strength. At the same time FRP are of low density com-
pared to conventional materials such as metals. While this offers a
variety of opportunities in the design of lightweight structural compo-
nents for aerospace, automotive, shipbuilding and energy applications,
the time and strain rate dependency of those materials with polymeric
matrices still poses a challenge to the engineer. On the one hand, vis-
coelastic creep and relaxation processes can be undesirable and need to
be accounted for in the design and dimensioning phase of product de-
velopment. On the other hand, viscoelastic materials also allow for
material damping when subjected to dynamic loads without the ne-
cessity of additional structural damping elements. Fundamental work in
the field of describing viscoelastic effects in terms of fibre-reinforced
composites is done by Schapery [1], Hiel et al. [2] and Brinson and
Knauss [3]. In any case, an adequate depiction of the viscoelastic ma-
terial behaviour of FRP becomes necessary in order to apply those
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materials in structural components. Commonly referenced material
models are published in Refs. [4-7].

Owing to the time- and cost-intensive identification of viscoelastic ma-
terial parameters by means of relaxation respectively creep tests or DMA,
numerical micromechanics have been proven a viable alternative in a
number of recent publications [8-12]. The advantages of dynamic steady-
state analyses on statistically representative volume elements (SRVE) have
so far only been exploited by Pathan et al. [13,14] and found to be suitable
for depicting the viscoelastic behaviour of FRP by Javid et al. [15]. How-
ever, only a limited frequency range is considered and no further elabora-
tion is given on the implementation of the viscoelastic material models
based on the homogenised data. Rosner et al. [9] use homogenisation
techniques on an RVE to parametrise a nonlinear orthotropic viscoelastic
material model. The model is only implemented in the time domain and the
fact that merely a second order generalised Maxwell model (GMM) is
considered forbids the transition to a wider frequency range.

In contrast to previous works, which focused mostly on creep and
relaxation, in this work, a micro-scale approach considering the trans-
verse isotropy and viscoelasticity of FRP under dynamic loads in the
frequency domain is developed. This concept allows for the use of
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computationally efficient steady-state analyses as opposed to the re-
source demanding time-domain modelling of long lasting creep and
relaxation tests. On the micro-scale (discrete modelling of individual
fibres embedded in a matrix), an SRVE of a unidirectionally (UD) FRP
under harmonic excitation is developed. Its frequency response can
then be directly obtained via homogenisation by volume averaging over
the SRVE [16] and thus the identification of material parameters de-
scribing the linear viscoelastic behaviour on the macro-scale. Further-
more, a user-defined material model (UMAT), for which a minimal
working example can be found in the supplementary data, is developed
and implemented for the use in frequency domain steady-state analyses
in the commercial FEM software Abaqus’.

2. Numerical modelling approach
2.1. Statistically representative volume element

Numerical studies on the micro-scale are performed on an SRVE
under periodic boundary conditions by using commercial FE software
Abaqus’. An established algorithm for the creation of random fibre
distributions for the use in SRVEs is developed by Melro et al. [17] and
is implemented for this study. According to the approach from Melro
et al. [17] the high fibre volume content for the random distribution of
fibres is achieved in three steps: 1. Fibres are randomly placed within
the volume; 2. Fibres are stirred to create matrix-rich areas where
further fibres can be placed; 3. Compaction of fibres in the outskirts
leads to further possibilities to place fibres. All steps include a com-
patibility check to avoid fibre overlapping.

Following model parameters refer to the coordinate system as de-
fined in Fig. 1. The length a; = 0.5 um of the SRVE in fibre direction has
been chosen in order to accommodate only one row of elements. Among
others, Melro et al. [18] concluded, that the model length in fibre di-
rection does not influence the prediction accuracy for mechanical
properties of FRPs. The mean fibre diameter (d; = 7 um + 0.3 um) and
its standard deviation are determined from a light microscopy image.
Based on those, a Gaussian distribution for the fibre diameter is as-
sumed and the SRVE is created accordingly as explained above. The
cross section's dimensions a, = a; = 87.5 um are chosen so that the as-
pect ratio § = a,/d;y = 12.5 is respected. This is the minimum ratio
identified by Pathan et al. [13] which is needed for accurate and sta-
tistically meaningful predictions of viscoelastic properties on SRVEs.
Element types C3D20R and C3D15 with an approximate length of
0.5 um are used, resulting in meshes containing approximately 40000
elements. The element size has been identified by a mesh fineness
study. Fig. 2 shows SRVEs with different fibre volume contents v of
30%, 40%, 52%, 56%, 60% and 69%, which are studied in the following.

In general, the SRVE is excited with a sinusoidal varying displacement of
constant amplitude under steady-state conditions, so that an isostrain state
in terms of strain amplitude is reached. The simulations are carried out by
using a direct-solution steady-state dynamic analysis covering a frequency
range of 10~° Hz to 10% Hz. Six load cases are considered, each leading to a
single strain component becoming non-zero.

X

Fig. 1. Statistically representative volume element (SRVE) dimensions and its
coordinate system.
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In this study a UD FRP with the following mechanical characteristics
of fibres and matrix is investigated. The carbon fibres are assumed to
behave transversely isotropic and are modelled based on Torayca’
T700S high strength carbon fibres by Toray Carbon Fibers America, Inc.
The linear elastic material properties are listed in Table 1 and are based
on the manufacturer's data sheet [19], namely the Young's modulus Ej..
The remaining elastic constants (Et, vi1, Gur and Grr) not listed in the
data sheet are retrieved from Schiirmann [20] for an equivalent carbon
fibre, which has similar elastic properties. According to the manufac-
turer's data sheet, the fibre density is p; = 1.8 gcm™ [19]. The matrix is
modelled as an isotropic linear viscoelastic material with the linear
elastic properties summarised in Table 2, where the Young's modulus E,
Poisson's ratio v and density o, are provided by Hexcel [21]. Also
provided by the manufacturer are dynamic mechanical data of the
epoxy at a frequency f= 1 Hz between 20°C and 200°C. According to
Martynenko and Lvov [10], the difference in temperature dependency
between the reinforced composite (transverse loading direction) and
the neat epoxy is negligible, so the procedure described in Sec. 3.2 is
chosen to determine the dynamic viscoelastic properties of the matrix.

2.2. Deduction of the macroscopic viscoelastic material models

For linear elastic materials, the generalised Hooke's law describes
the constitutive relation between stress o and strain ¢

€8]

Here, o corresponds to the Cauchy stress tensor, ¢ to the infinitesimal
strain tensor and C to the fourth-order stiffness tensor. In the following,
Eq. (1) is represented in a contracted notation compliant with Abaqus/
Standard Eqn

o = Ce.
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The stiffness tensor C has a maximum of 21 independent elastic
constants for fully anisotropic materials. When considering a transver-
sally isotropic material displaying an infinite number of symmetry
planes all perpendicular to a single axis of symmetry, the number of
independent material constants can be reduced to five. Transverse
isotropy is particularly suitable when describing UD FRP with a random
distribution of fibres.

A generalised three-dimensional expression of linear viscoelasticity
in the frequency domain is obtained by replacing the stiffness tensor C
with the complex form

C'(w) = C'(w) + iC”"(w), 3

consisting of a real part (storage modulus C’(w)) and an imaginary part
(loss modulus C” (w)).

Here, w is the circular frequency and corresponds to the frequency f
by w = 27f. The storage modulus describes the elastic part of the ma-
terial behaviour and is proportional to the elastic deformation energy
which is stored in the loaded material and which can be fully recovered
after unloading. In contrast to that, the loss modulus represents the
viscous part and corresponds to the dissipative energy which is con-
verted into heat by internal friction. A transversely isotropic con-
stitutive relation is obtained accordingly. This procedure is compliant
with the viscoelastic correspondence principle, introduced by Read
[22], stating that an elastic solution can be transformed to a viscoelastic
one by replacing all quantities in the constitutive relation with appro-
priate complex functions representing viscoelastic properties. In gen-
eral, a three-dimensional representation is thereby given by

' (@) = C'(w)e" (). €))



Fig. 2. Cross sections (dark gray coloured are fibres, light gray coloured is the matrix) of SRVEs with fibre volume content of a) v¢ = 30%, b) v¢ = 40%, c) v¢ = 52%, d)

ve = 56%, €) v¢ = 60% and f) ve = 69%.

Table 1
Elastic material properties of carbon fibre Torayca T700S.

Young's moduli Poisson's ratio Shear moduli

Er/GPa Et1/GPa vLT/- Gr1/GPa Grr/GPa
230.0 28.0 0.23 50.0 16.7
Table 2
Material properties of epoxy matrix HexPly M77.
Young's modulus Poisson's ratio Density
E/GPa v/- Pm/gem™3
3.41 0.41 1.15

Transversally isotropic material behaviour can be obtained by the
introduction of five independent complex stiffness tensor components
Cii11> Corzzs Crings Coazs and Cpyy,. Commonly used engineering constants
(namely two Young's moduli E; and E;, one Poisson's ratio v;1 and two
shear moduli Gy and Gy;) can be directly derived from the aforemen-
tioned five independent complex stiffness tensor components. The
subscript L relates to a quantity in longitudinal direction of the fibres,
while the subscript T denotes a quantity in transverse direction, thus
perpendicular to the fibre direction. The following equations show the
relation between complex stiffness tensor components and the complex
engineering constants:

. 20,2
EL =Cin— = 1122*
Crz — Coas3 %)
* Coma — Coms * . * )
Er= —=5—=0(Crin(Coam + Cppz3) — 2Chi2)
ClinCon — Cit (6)
o= Ciiz
LT = = T
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Generalised Maxwell model. In order to describe the linear viscoe-
lastic material behaviour investigated in this work, a generalised
Maxwell model is chosen. The GMM can be classified as a rheological
model thus consisting of a number of basic spring and dashpot ele-
ments. Every spring element with its stiffness C; stands for a linear
elastic contribution to the material behaviour whereas every dashpot
element with viscosity w; attributes to the linear viscous behaviour
[23]. The GMM combines a number N of Maxwell elements and a linear
spring in parallel for the storage modulus

ol N etrw?
C'GMM(C())=C0 1- Zci +C0271 L )
i=1 o lttie (10)
and the loss modulus
N
C”GMM(CU) - CO _ bk
Z; 1+ tfw? an

in the frequency domain.

In general, the storage modulus C’ and the loss modulus C” can be
defined as functions of the circular frequency , the elastic (in-
stantaneous) modulus Cy, the normalised relaxation moduli ¢; = C;/Cy
and the relaxation time 7; = y,;/C; of every single Maxwell element i. The
number N of Maxwell elements is chosen depending on the number of
observed decades as recommended by the Abaqus documentation [24].
Corresponding to that, 1 + 2N parameters must be determined per C,-;kl.

Generalised fractional Maxwell model. An extension of the well known
GMM approach can be obtained by replacing the Maxwell elements
from the GMM with “springpots”, which is an interpolation between
elastic (spring) and viscous (dashpot) behaviour. The resulting addi-
tional parameter a is a non-integer derivative and has to be 0 < a < 1.
This leads to

N
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for the loss modulus as described by Costa and Ribeiro [25]. When ¢; is
set to one, the conventional GMM can be obtained. Owing to the ex-
tension of the equations, 1 + 3N parameters, namely C, ¢;, 5 and «;,
must be determined. Further details on fractional calculus are omitted
for brevity but can be found amongst others in Mainardi [26]. A com-
plete set of material parameters corresponding to both models (GMM
and GFMM) can be found in Tables 5-7 in the appendix.

2.3. Homogenisation of frequency dependent material behaviour

The discrete modelling of fibres and matrix with their different
mechanical properties results in inhomogeneous states of stress and
strain within the periodically deforming SRVE. In order to describe the
macroscopic homogeneous material behaviour, averaged quantities are
needed. The quantities obtained from an SRVE are homogenised by
using a volume averaging scheme for averaged strains

* 1 *
g == | gy, 2)dV
' V{ ' a4

and averaged stresses

* 1 *
6i== [ oi(x,y, 2)dV
! V{ ! as)

at 50 discrete frequencies in the given range. Here, V is the SRVE's
volume. This averaging scheme ensures an equivalence in strain energy
between the heterogeneous material and the homogenised macroscopic
material characterised by the averaged strain and stress components. A
mathematical demonstration of this equivalence is described by Sun
and Vaidya [27].

At each frequency the complex stiffness tensor components are then
calculated by the complex stress strain ratio as written down in Table 3
for all load cases and according to the correspondence principle. The
resulting complex tensor components can be divided into real %(Ci;kl)
and imaginary J (C'i;kz) parts representing storage Cj, and loss C—}[d
moduli, respectively.

These discrete values are now used to calibrate the above mentioned
material models GMM and GFMM to represent the material at hand. In
order to do so, the following error function

\/(ylmodel - y’exp)z \/(y”model - y”exp)2
—— + &,

) — 5
\/y exp

e=¢§ =
\/y exp (16)
is defined for both approaches to minimise the deviation between the
model and the basic dataset [28].

Here, ¥'1odels ¥ model @0 Y'exps ¥’y are vectors containing model
predictions and SRVE results at discrete circular frequencies w, re-
spectively. In addition, two weighting factors £, and £, are included. The
minimisation is achieved by applying a global differential evolution
algorithm and a local optimisation of global minimum by using a lim-
ited-Broyden-Fletcher—Goldfarb-Shanno-bound constraints (L-BFGS-B)
algorithm.

Table 3
Determination of complex stiffness tensor components for all applied load
cases.

Load case Determination of complex stiffness tensor entry

1 Cin = aii/en =R + i3Cnn)
2 Com = Ghlen = R(Comn) + 13(Corn)
8 Ciiz = &n/es; = R(Cp1z) +13(Cr0)
4 Cinz =0n/n, = R(Cpa) + 13(Crar)
5 61*313 = 61*212 = 9“(@;212) + U(Cl*zlz)
6 Conss = Com — 2033/ o = R(Copz) + 13(Crpz)
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Table 4
Coupon specimen dimensions and dynamic mechanical analysis test para-
meters.

Lay-up  Length Width Thickness Gauge Displacement
I/mm w/mm t/mm length U + Uy /mm
lp /mm
[0°]g 170 8 1.3 75 0.08 + 0.0300
[+45°], 170 8 1.3 75 0.08 + 0.0300
[90°]s 167 25 1.3 72 0.15 + 0.0288

3. Experimental validation tests
3.1. Manufacturing process and coupon specimen preparation

For the experimental validation test, common carbon-fibre-re-
inforced plastics (CFRP) prepreg material HexPly” M77/38%,/UD150/
CHS-12 K-T700 from Hexcel Corporation is used. Eight layers are laid-
up by hand and cured in a hot moulding process at a temperature of
150°C by applying a pressure of 40 bar as recommended by the manu-
facturer. After the manufacturing process, coupon specimens are cut out
by water jet cutting technology with the dimensions listed in Table 4.

3.2. Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) tests are carried out according
to ISO 6721-4 [29] on an Instron ElectroPuls E3000 testing machine
equipped with a climate chamber in tension mode to gain temperature
and frequency-dependent data of storage and loss modulus. The gauge
length and the applied displacement values depend on the lay-up and
are set to the values listed in Table 4. For all lay-ups, three coupon
specimens are tested to obtain high accuracy in the measurement data.

All tests are displacement-controlled in a temperature range of
— 60°C to 200°C (temperature increment: 2. 5°C) at the following fre-
quencies: 0.1 Hz, 0.18 Hz, 0.32Hz, 0.56 Hz, 1.0 Hz, 1.78 Hz, 3.0 Hz,
5.62 Hz and 10 Hz. The stiffness of the test setup is measured and taken
into account with a correction factor. The elongation is then calculated
from the crosshead displacement. The selected different loads are due
to testing machine requirements and material properties. To determine
the master curve for storage and loss modulus, the time-temperature
superposition (TTS) is applied at a chosen reference temperature
(Tier = 135°C) according to Refs. [30,31]

—A(T — Ty)

0800 = Ty
rel

a7

The coefficients A and B are determined by curve fitting when hor-
izontal shift factors ar are plotted versus the temperature. Well-chosen
coefficients (A and B) lead to smooth master curves of storage and loss
modulus. Both curves can be described over a wide frequency range and can
be shifted to almost every reference temperature of interest.

4. Results
4.1. Influence of fibre volume content on the homogenised complex stiffness

Fig. 3 shows the storage C’ji; and loss C”j; moduli for circular
frequencies between 10~° Hz to 10 Hz after homogenisation of the re-
sults obtained from the SRVE simulations described above. In Fig. 3a), a
significant dependency of the storage C’1;;; and loss C”13;; modulus on
the fibre volume content is noticeable. The highest value of the storage
modulus C’y;;; = 161 GPa is reached for a fibre volume content of
ve = 69 %, while the composite with the lowest fibre volume content
vs = 30 % only reaches 75 GPa at high frequencies. Curves of the storage
and loss modulus with fibre volume contents between v = 30 % and
v = 69 % lie in between, where a higher fibre volume content leads to
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Fig. 3. Influence of fibre volume content v; in the SRVE on the homogenised storage and loss modulus of the complex modulus a) Cy311, b) Cays, €) Criss, d) Cas; and €)

C51, at temperature T = 20°C.

an increase of storage modulus. Owing to the fibre orientation and the
high Young's modulus of the fibres in contrast to the matrix, all storage
C'1111 and loss C"y11; moduli show low circular frequency dependency.

The Storage moduli C,2222, C,1122, C12233 and C’1212 shown in
Fig. 3b)-e) display a degressive increase over the circular frequency
range. In contrast to that, the loss moduli C"5,,, C"1122, C” 2233 and C" 115
regressively decrease over the circular frequency.

4.2. Comparison of macroscopic material models

In the following the homogenised SRVE, the GMM and the GFMM
are compared to each other for a fibre volume content of vy = 52%

corresponding to the experimental findings. Based on common re-
commendations [24], the order N°MM = 11 is chosen corresponding to
the number of decades under consideration. For the GFMM an order of
NCFMM = 3 s specified based on a convergence study regarding the
value of the error function e in Eq. (16). For all of the aforementioned
five complex stiffness tensor components the storage C’ and loss C”
moduli are determined over a circular frequency range of 10~¢ Hz to 10°
Hz. However, only the components of the complex modulus C;;;; and
C,yy, are shown representatively in Fig. 4. In general, the viscoelastic
material behaviour can be described by both macroscopic material
models, GMM and GFMM, with high accuracy compared to the homo-
genised SRVE results. Differences can be found in the number of
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Fig. 4. a) Storage C'y;; and loss C”1y;; modulus and b) storage C'5y,, and loss C”5,,, modulus for a fibre volume content v = 52% at temperature T = 20°C.

parameters (NCMM = 11 and N®*™M = 3) and in oscillation character-
istics of GMM, owing to the mathematical description of the ap-
proaches.

Based on the error function in Eq. (16) the weighting & and &, be-
tween storage and loss modulus is an essential factor. For this study, the
weighting is on the storage modulus in order to accurately represent the
vibration behaviour as shown in Fig. 4a). This in turn leads to an un-
derestimated loss modulus for both approaches, GMM and GFMM, as it
is illustrated in Fig. 4b). A smoother fit for storage and loss modulus can
be achieved by applying GFMM as opposed to GMM where a typical
oscillation can be observed. Overall, 23 parameters for GMM (corre-
sponding to eleven Maxwell elements) and ten parameters for GFMM
(corresponding to three factional Maxwell elements) must be de-
termined to capture the desired circular frequency range for each sto-
rage and loss modulus. Furthermore, to reach the defined errore = 0.3 a
number of 1050339 and 188222 function evaluations must be carried
out leading to correspondingly long computing times for GMM in
contrast to GFMM approach.

4.3. Validation of numerical results

A comparison of master curves between DMA measurements at
room temperature T = 20°C and those obtained from SRVE simulations
is shown in Fig. 5. The complex moduli E;, E; and G calculated ac-
cording to Eq. (5) to Eq. (9) are considered. In contrast to the experi-
mental DMA measurements, the longitudinal storage E’; and loss E",
modulus based on SRVE calculations is almost constant in the given
circular frequency range, as shown in Fig. 5a). With a decrease of the
circular frequency w < 1073 Hz, the experimental storage modulus E'p
begins to decrease while the loss modulus E”y, increases. In Fig. 5b) the
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curves of the transverse storage E’r and loss E”r modulus are illu-
strated. Here, the experimental storage modulus E’r shows a degressive
increase whereas the loss modulus E"y regressively decreases over the
circular frequency range. The matrix dominated mechanical material
behaviour, i.e. the transverse properties, can be well depicted by SRVE
calculations. However, for low circular frequencies the determined
storage modulus E’7 is slightly overestimated at low and slightly un-
derestimated at high circular frequencies. For loss modulus E”y the
curve shape behaves vice versa. At last, Fig. 5c) captures the storage
G'Lr and loss G"1r shear modulus studied by using + 45° coupon spe-
cimens. The same material behaviour is observed as described above for
the Young's modulus Er, where the curves of storage G’y and loss G"i1
modulus can be described very well qualitatively by the SRVE, but on a
slightly lower level for low circular frequencies.

4.4. Application on macro-scale

The results of a use case for the UMATs determining the natural
frequencies w, and the effective damping ratios D = —2R(1)/13(1)l,
where A is the corresponding eigenvalue, of a cantilever beam with a
[90°/0°]s and [+45°]s layup are shown in Fig. 6a) and Fig. 6b). Here, the
test setup (the beam is clamped on one side and excited by a harmonic
force on the opposite side) is in accordance to ISO 6721-3 where the
free length, width and thickness of the specimen is 100 mm, 10 mm and
1 mm, respectively. The results of GMM and GFMM are compared to an
undamped linear elastic material model for the first four modes. All
models predict the same natural frequencies for each mode. It should be
noted, that mode three in Fig. 6a) is a torsional mode in contrast to the
remainder being bending modes. In general, [+45°]; laminates show
higher effective damping ratios when bending modes are excited
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Fig. 5. a) Storage E';, and loss E”;, modulus, b) storage E’t and loss E”t modulus
and c) storage G’y r and loss G";r modulus from experimental and numerical
investigations for a fibre volume content vy = 52% at temperature T = 20°C.

highlighting the anisotropic damping behaviour of the composite. The
discrepancy of GMM and GFMM regarding the effective damping ratio
can be attributed to the differing loss modulus as shown in Fig. 4.

5. Discussion
5.1. Influence of fibre volume content

The results of homogenising SRVEs with different fibre volume
contents show that all stiffness tensor components exhibit the typical
curves over the circular frequency range for their real and imaginary
parts. For all effective storage components Cy; a higher fibre volume
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Fig. 6. Use case of a) [90°/0°]; and b) [+45°]; cross-ply laminate cantilever beam
by using user-defined material models under harmonic excitation.

content leads to a higher modulus underlining the reinforcement cap-
abilities of the fibres. This relation is illustrated in Fig. 7, where the
effective moduli C‘,-jkl and cijkl are normalised with regard to their re-
spective value for a fibre volume content of v¢ = 30% at a frequency of
f=5Hz. It can be noted, that only the real component Cy;;; shows a
linear increase. A similar behaviour is noted for the imaginary part Cj;1;
where the component exhibits a linear decrease. Owing to the in-
creasing fibre volume content, the shear properties of the fibres dom-
inate the mechanical behaviour of the composite, leading to a sig-
nificant increase of the complex modulus C‘l*m. Hence, the fibre
properties should be determined in detail or a methodology is to be
developed in order to deduce the mechanical properties of the fibres by
using reverse engineering of composites containing a high fibre volume
content. The linear relations for both storage and loss moduli of the
complex modulus C‘l*m suggest, that rules of mixture can be used to
predict the viscoelastic material behaviour of an arbitrary composite
based on data from different fibre volume contents. The limitations of
applying rules of mixture to viscoelastic composites are discussed by
Brinson and Knauss [3].

5.2. Comparison of macroscopic material models

The results of fitting the data obtained on the micro-scale to a
macroscopic representation of the UD lamina show that the storage
moduli are accurately depicted by the GMM/GFMM whereas the loss
moduli of the material under investigation are underestimated by the
GMM/GFMM in this work, i.e. the analytical equation of the GMM/
GFMM is not able to capture the courses of both storage and loss
modulus sufficiently for the given matrix. Therefore, the parameter
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identification procedure focuses on predicting the storage modulus
accurately, which results in discrepancies in the loss modulus. The lack
of experimental data of the master curve for the epoxy matrix and the
corresponding insufficient assumption of the matrix material model in
the SRVE might be a reason for this circumstance. Oscillations of the
GMM approach are observed for the loss moduli and can only be
minimised by increasing the number of parameters. The benefit of
GFMMs in the elimination of oscillations while at the same time in-
cluding fewer fit parameters is also observed by Costa et al. [32],
Jozwiak et al. [33] and Carrera et al. [34].

5.3. Validation of numerical results

The comparison of master curves obtained by means of SRVE si-
mulations with those from DMA experiments show good agreement for
the complex Young's modulus E;. The high storage modulus compared
to the low loss modulus, in both experimental and numerical results,
clearly confirms that the mechanical behaviour in fibre direction is fibre
dominated. The slight overestimation for low circular frequencies for
SRVE in comparison with DMA data indicate, that the SRVE does not
capture the loading conditions from the DMA experiment. While for the
SRVE simulations an optimal load application onto the fibres is
achieved by prescribing a homogeneous periodical deformation state,
the experimental setup imposes the load on the matrix at first via the
clamping. Upon consideration of the fact that DMA experiments are
conducted at higher temperatures at which the epoxy matrix can be
expected to soften significantly, it is assumed that the transfer of loads
into the fibres is limited. Therefore, behaviour in fibre direction is more
matrix dominated than it is in the simulations resulting in the observed
higher dependency of the storage Young's modulus E';, on the circular
frequency. The higher loss modulus observed in the experiment
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compared to the SRVE supports this explanation. Deviations in the
master curves of E'r, E’t, G'tr and G"1, seen in Fig. 5, can be explained
with incorrectly determined master curves for the epoxy matrix owing
to the aforementioned lack of experimental data (see also Sec. 2.1),
especially since the shift factors in the TTS equation do not only in-
fluence the horizontal position of the curves on the frequency scale but
also the curves' shape. Therefore, a full experimental characterisation of
the epoxy matrix by means of DMA in order to identify the shift factors
for the neat matrix material is mandatory when good agreement with
simulations is to be achieved. Furthermore, improved results could be
obtained by taking into account relaxation as well as creep data in
addition to the frequency-dependent data used here. This approach has
previously been proven suitable by Sasso et al. [35] for parametrising
viscoelastic material models based on experimentally determined data.

6. Conclusion

Within the scope of this work micro-scale simulations performed on
SRVEs under periodic boundary conditions are used to identify master
curves of five independent homogenised complex stiffness tensor
components in the frequency domain. These five master curves fully
describe the linear viscoelastic mechanical behaviour of the UD re-
inforced composite in the considered frequency range. Time and re-
source consuming time-domain simulations and, moreover, the con-
version of the data obtained are thus avoided. Studies on the influence
of the composite's fibre volume content show, that while the real part of
all complex stiffness tensor components increases with higher fibre
volume contents, where the component Cy,;, displays the highest in-
fluence. Similarly, the loss modulus Cy,;, increases significantly with
increasing fibre volume content. Both can be drawn back to the dis-
crepancy of the mechanical shear properties between fibre and matrix.
For high fibre volume contents the mechanical fibre properties dom-
inate the material behaviour of the composite. A comparison on the
micro-scale obtained master curves with experimental DMA data of the
same material yields small deviations with regard to Young's modulus
in fibre direction. These deviations are attributed to the differences in
load application in experiment and simulation. The Young's modulus in
transverse direction deviates from the experiment with regard to the
shape of storage and loss modulus curves, resulting from inaccuracies in
modelling the viscoelastic matrix owing to incomplete experimental
material characterisation. A full characterisation of the epoxy matrix
via DMA is therefore considered essential in order to accurately model
CFRP with the chosen approach in the frequency domain.

On the macro-scale, the obtained master curves are depicted by a
generalised Maxwell model (GMM) and a generalised fractional
Maxwell model (GFMM). The transversely isotropic UD lamina is re-
presented by five independent components of the complex stiffness
tensor. While the storage moduli are depicted well by both GMM and
GFMM approach identified in this work, the loss moduli show devia-
tions at high circular frequencies. Oscillations are characteristic of
GMMs and can be avoided by using GFMMs. Both material models are
implemented as user-defined material models for Abaqus and calibrated
by using the parameters identified by homogenisation of SRVE results.

Future work on this subject could include the transition of the
proposed material models into the time-domain while still using the
same set of material parameters identified in the frequency domain. A
study on the accuracy compared to material parameters identified in
creep or relaxation tests in time-domain simulations should be con-
ducted. Furthermore, the approach by Sasso et al. [35] mentioned
above could be used to combine the numerically determined data from
both domains in order to minimise the deviations seen between the
predictions of the SRVEs and the parametrised models GMM and
GFMM. Additionally nonlinear viscoelastic material models of the
Schapery type could be parametrised by the frequency domain ap-
proach introduced in this work in order to better capture the behaviour
of the given matrix system.
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Appendix

Table 5
Equilibrium elastic material parameters of CFRP.

Clin Com Cliz Cooss Ciz
Co/MPa 125109.87 12781.12 6281.46 7071.35 3461.32
Table 6
Viscoelastic material parameters for GMM representation of CFRP.
N Chn Con Cliz Cooss Clz
/= /s /= /s /= /s ci/= T/s i/~ T/s
1 3.14.1073 1.22.10M4 2.12-1072 7.35-1071 1.98-1072 2.92-1073 2.09-1072 7.95-1071 1.24-1071 1.59-10*5
2 2.30-1073 8.08-101 3.24.1072 1.23-10*2 2391072 9.90-10+0 2.12:1072 5.28-1077 2251072 2.43-1073
3 4.98-1073 1.35:10*3 1.89-1072 1.78-1074 2.05-1072 4.67-1072 5.87-1072 1.48-10+4 6.43-1072 1.41-10*4
4 1.91-1073 5.94-10*0 5.94.1072 1.46-10™4 1.87-1072 1.00-107° 3.19-1072 1.28-10*2 4.71-1072 1.41-10%3
5 1.67-1073 2.95-1072 1.16:107! 1.59-10*5 1.17-107! 1.59-10*5 1.98-102 5.22:1072 2.56-1072 4551077
6 1.57-1073 1.92:1073 2361072 1.01-10*! 2151072 7.13-1071 1.84-102 1.89-1074 2611072 8.57-1010
7 1.48.1073 1.16:1074 1.94-1072 3.00-1073 1.93-1072 1.74-1074 1.90-102 3.23-1073 2.30-102 3.83.1072
8 1.40-1073 6.58-107° 2.02-1072 4.82:1072 2.22:1072 5.06-1077 2.33.1072 1.08-10*1 2.13-1072 8.83-107°
9 2.57-1073 1.08-10%3 4.30-102 1.48-10%3 6.01-1072 1.45-104 1.14-1071 1.59-10"° 2.37-1072 5.93-10!
10 1.50-1073 3.33.1077 1.84-1072 1.02:1073 4.36:102 1.47-10%3 1.79-102 1.06:1073 3.56-1072 1.14-10*2
11 1.78:1073 4.29-1071 2.19:1072 5.11-1077 3.28-1072 1.22.10*2 4.24-1072 1.51-10*3 2.20-1072 1.49-1074
Table 7
Viscoelastic material parameters for GFMM representation of CFRP.
N ci/- /s ai/-
Ciin 1 1351072 2.93-107° 1341071
2 1.35-1072 1.57-10*3 2.08-1071
3 6.80-1073 1.59-10*3 565101
Crm 1 3.01-1071 7.86-1073 1.91-107!
2 6.70-1072 5.09-107° 3.52:107!
3 1.43.1071 1.59-10%3 6.29-1071
Cii2 1 3.06:1071 8.67-10+3 191.107!
2 6.93-1072 5.45-107° 3.49-1071
3 1.44-1071 1.59-10%3 6.30-1071
Cr3 1 6.42:1072 4.99-10° 3.56:1071
2 2.94-1071 7.15-10+3 1.92:1071
3 1.43-1071 1.59-103 6.29-1071
Cia12 1 8.28-1072 6.06-1075 3.37:1071
2 3.43.107! 1.20-10*4 1.88:107!
3 1.47-1071 1.59-10%3 6.25-1071
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