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ABSTRACT

3D woven composites are well known for their high strength, dimensional
stability, delamination, and impact resistance. They are often used in aerospace,
energy, and automotive industries where material parts can experience harsh service
conditions including substantial variations in temperature. This may lead to
significant thermal deformations and thermally-induced stresses in the material.
Additionally, 3D woven composites are often produced using resin transfer molding
(RTM) technique which involves curing the epoxy resin at elevated temperatures
leading to accumulation of the processing-induced residual stress. Thus,
understanding of effective thermal behavior of 3D woven composites is essential for
their successful design and service.

In this paper, the effective thermal properties of 3D woven carbon-epoxy
composite materials are estimated using mesoscale finite element models previously
developed for evaluation of the manufacturing-induced residual stresses. We
determine effective coefficients of thermal expansion (CTEs) of the composites in
terms of the known thermal and mechanical properties of epoxy resin and carbon
fibers. We investigate how temperature sensitivity of the thermal and mechanical
properties of the epoxy influences the overall thermal properties of the composite.
The simulations are performed for different composite reinforcement morphologies
including ply-to-ply and orthogonal. It is shown that even linear dependence of
epoxy’s stiffness and CTE on temperature results in a nonlinear dependence on
temperature of the overall composite’s CTE.
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INTRODUCTION

3D woven composite materials are broadly used in aerospace, energy and
automotive industries owing to their high strength, light weight, impact and
delamination resistance which distinguish them from other textile and laminated
composite materials [1]. These materials often experience challenging service
conditions such as impact loadings [2], cyclic loadings [3], [4] and significant
variation in service temperature [5] and [6]. Thus, it becomes crucial to determine
effective coefficients of thermal expansion (CTEs). There are many publications
dedicated to the analytical micromechanical predictions of the effective coefficients
of thermal expansion of composites. A comprehensive discussion of analytical
approaches to predict CTEs for various microstructures can be found in [7]. However,
when the microstructure of a composite material is of a complex woven morphology,
obtaining analytical solutions for the homogenization of thermo-mechanical
properties may not be possible. Then a direct FE modeling approach can be used. For
example, Tan et al. [8] predicted effective CTEs of 3D woven carbon/epoxy
composites. Ai et al. [9] calculated effective CTEs of carbon/carbon composites at
high temperatures reporting temperature dependent effective CTEs of the composite
as compared to the experimental measurements published in Wang et al. [10].
Dong et al. [11] predicted effective CTEs of carbon/epoxy plain woven composites,
the authors reported temperature dependent CTEs of the composite and compared the
numerical predictions with the experimental data. Gou et al. [12] performed similar
numerical studies predicting effective CTEs of plain weave composites. Siddgonde
and Gosh [13] evaluated effective CTEs of 3D woven carbon/carbon composites, the
effective CTEs were presented as functions of temperature, and the impact of the
fabrics reinforcement morphology on the effective CTEs was investigated.

Often, carbon/epoxy composites are produced using resin transfer molding
(RTM) technique which implies curing of the epoxy resin phase at elevated
temperatures. Since CTE of resin is higher than CTE of fiber, this leads to an
accumulation of residual stresses and strains in the material when it is cooled down.
The state of the material when it has zero thermal strains is usually called the
reference state and the temperature where this reference state exists is a reference
temperature. There is no agreement in the literature on whether the reference state of
the material has to be taken into account during effective CTE determination using
mesoscale FE modeling. For example, authors in [8], [9], [13], and [14] performed
their numerical calculations assuming that the reference state of the composite exists
at each given level of temperature, whereas authors in [11] and [12] took into account
the fact of reference temperature being different from the temperature of interest.

In this work, we investigate the effect of the reference temperature being different
from the temperature of interest on the prediction of the effective CTE of 3D woven
carbon/epoxy composites with temperature dependent thermo-mechanical properties
of the constituents. We also demonstrate how mesoscale FE models developed for
prediction of the residual stress accumulation in the 3D woven composites (see for
example [15], and [16]) are used to determine effective CTEs. We propose a simple
and efficient way to account for the reference state of the composite in the calculation
of the effective CTEs.

The paper is organized as follows. Mesoscale modeling approach is described in
the first section which includes information on micromechanical homogenization
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procedure of the tow phase, FE models development, and application of boundary
conditions. Various effective CTEs determination techniques are also discussed. The
second section presents the effect of the temperature dependence of the constituents’
properties on the effective CTEs of the composite for the composite with simplified
reinforcement architecture and the actual as-woven fabrics. The third section
provides conclusions of this research.

MESO-SCALE MODELING APPROACH

Finite Element Models Development

As fabric reinforcements in textile composites are periodic, only the smallest
repeatable portion of the material — unit cell (UC) — is needed to be modeled to predict
composite’s effective properties. The outline of the procedure, published earlier in
[17], is as follows.

The process starts with development of the geometric representation of the
reinforcement. There are multiple different approaches to model the reinforcement,
e.g. [18], [19], [20] and [21]. In our models we adapted the approach published in
[22] and used Digital Fabric Mechanics Analyzer (DFMA) software to obtain as-
woven geometric representation of the reinforcement architecture.

Next step is to produce a finite element mesh representing the reinforcement and
matrix phase of the composite. The mesh for the reinforcement is created based on
the geometric data obtained from DFMA. For the matrix phase, it is generated by
filling the space between the reinforcement tows and creating flat top and bottom
surfaces of the composite plate. Note that we neglect possible defects in the matrix
and/or tows, such as pores, cracks and discontinuity at the interface between matrix
and reinforcement phases, assuming that each composite phase is homogeneous and
the contact between the tows and matrix is perfect.

The resulting finite element mesh needs to be periodic (compatible on the
opposite sides of the UC). This requirement is imposed by application of the periodic
boundary conditions (PBCs) which are usually used in the woven composites
modeling to preserve continuity of the material, e.g. [19], [23], [24]. The 2D in-plane
periodicity for a woven plate is formulated as:

W' =ui + 8, (i=x (warp), y (weft)) (1)

where uand u; are the nodal displacements on the opposite faces of the unit cell
(positive and negative, respectively) and J; is an average displacement in i direction.
Note that the unit cell represents the entire thickness of the composite plate, so only
in-plane periodicity needs to be enforced.

Micromechanical Modeling of the Tows
In our simulations, we treat the reinforcement tows (aligned carbon fibers

impregnated with epoxy resin) as a transversely isotropic unidirectional composite
material. One of the commonly-used micromechanical approaches to predict elastic
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properties of the tows by using Chamis formulae [25]. However, as it has been shown
in [26] and [27], Chamis approach may lead to the effective properties exceeding the
rigorous Hashin-Shtrikman bounds, [28]. Thus, in our modeling we used a
combination of different approaches to perform homogenization of the mechanical
and thermal properties of the tows. Longitudinal Young’s E; modulus and Poisson’s
ratio v, were obtained using Chamis formulae and transverse Young’s modulus E,,
shear modulus G, and Poisson’s ratio in the transverse plane v,; were obtained using
Hashin approach, see [29]. Explicit expressions for the effective elastic properties
and more detailed description of the micromechanical modeling in our research is
provided in [15].

In addition to effective elastic properties of the tows, their effective CTEs must
be calculated. In this paper we use formulae provided in [30] to calculate longitudinal
CTE of the tows:

_ EipaifVetEmamVm (2)
EifVi+EmVm

24T

where E; is the longitudinal Young’s modulus, @ is the longitudinal CTE and V¢

is the volume fraction of the fibers. E,,, a,, and V},, are Young’s modulus, CTE and
volume fraction of epoxy resin. To calculate transverse CTE we use expressions
given in [29]:

a
Ay = (lszf (1 + v12f ﬁ) + ame(l + Vm) - (vlszf + Ume)(th, (3)

where a5, vy, are the transverse CTE and Poisson’s ratio of the fibers and vy, is
the Poisson’s ration of the resin.

Thermo-mechanical Properties of the Matrix Phase

In our meso-scale models, we simulate matrix phase as homogeneous isotropic
solid with temperature dependent Young’s modulus E,, and CTE «a,, and constant
Poisson’s ratio v,,. Both Young’s modulus and CTE of epoxy are expressed as linear
functions of temperature [31]:

Ep = EXC — BT, 4)
U = Q€ = YT, (5)

. . [ [ .
where T is temperature in °C, and ES, ¢, a9, ¢, 3,, and y,,, are the material parameters.

Effective CTE calculation process
According to [32], there are three general approaches to obtain effective CTE a

of'a composite material using finite element models of a composite unit cell. The first
approach is to calculate effective CTEs using displacements of the control nodes used

2639



in the definition of the periodic boundary conditions. For this approach, the periodic
boundary conditions are combined with zero-traction on the faces of the UC and a
finite uniform temperature change of AT is applied to the UC. In this case effective
CTEs are given as follows:

— 1 81' .
a; = EL—l’ (l_la 29 3) (6)

where @;is the effective CTE in i direction, &; is the displacement of the control
node due to the uniform temperature change AT, and L; is the UC size in the i
direction. However, this approach does not allow to calculate CTEs in all three
directions if the periodicity is not enforced in all three directions, as, for example, in
the case of considered 3D woven composites with in-plane periodicity. Additionally,
such an approach makes it difficult to determine nondiagonal components of the CTE
tensor in a general case.

The second approach allows to calculate the effective CTE by expressing it in
terms of the average strain (£) accumulated in the UC due to a uniform temperature
change AT. Similarly to the first approach, the periodicity is imposed to the unit cell
and zero traction is prescribed to the UC faces allowing the material to freely deform
due to the temperature change. Then the components of the average thermal strain
are calculated as follows:

1 . .
<£ij> = V_UC ¥=1(€ij)n ‘Zn, (l,]:]., 2, 3) (7)

where V. is the volume of the UC, (ei j)n is the local thermal strain component in

the centroid of n finite element, V, is the element’s volume, and N is the number of
finite elements in the UC. The effective CTEs are then expressed as follows:

EU = ﬁ(eu) (8)

This approach allows to obtain all the components of the effective CTE tensor.
However, the calculation of the average strain may be computationally expensive,
especially for the UCs modeled with a significant number of finite elements.

The third approach is to calculate effective CTEs by applying uniform
temperature change AT to the UC with zero macroscopic strains prescribed. Such a
loadcase leads to accumulation of the thermally-induced stresses within the material.
Calculating the components of average stress {(o;;) similarly to eq. (7), the effective
CTEs can be obtained as follows:

—_ 1 =
aij = === Sijia{on), €

where §; jki are the components the effective compliance tensor of the composite
material. To use this approach, the effective compliance tensor of the composite has
to be calculated prior to the thermal analysis. The effective compliance tensor
calculation technique is presented, for example, in [33]. The fact that the effective
elastic properties are required to calculate CTEs, makes this approach more
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computationally challenging and time consuming as compared to the previous
methods.

Note that if material properties of the constituents are temperature-dependent, the
calculation of the effective CTE using equations (6), (8) or (9) must be carried out at
each value of temperature of interest.

In this paper, the second approach to calculate effective CTE tensor (average
macroscopic strain) is used. The same approach was used in [14] for the direct FEA
approach to predict effective CTE of the composite.

PREDICTION OF THE CTES FOR TEMPERATURE-DEPENDENT
MATRIX COMPOSITE

As 3D woven composite material constituents often exhibit temperature-
dependent material properties ([31], [34]) and can be manufactured at elevated
temperature, the effective thermal expansion/contraction behavior of the composite
might become nonlinear with respect to temperature even if the properties of the
phases are linearly dependent on temperature. In this case the conventional
approaches to determine effective CTEs described in the previous section might
become inaccurate.

Ilustration by a simple model

To provide an illustration, a model of the layered composite material unit cell is
considered, see Figure 1. The geometric size of this unit cell is ImmXImmXImm
and it is meshed using 1000 hexahedral linear finite elements. Periodic boundary
conditions are applied in 1~2 plane.

The outer layers denoted as “matrix” are modeled as HEXCEL RTM6 epoxy
resin and the inner layer (“reinforcement™) phase is as IM7 carbon fibers impregnated
with RTM6 epoxy. The volume fraction of the reinforcement is V;=0.2. Elastic
moduli and CTEs of the reinforcement phase are shown in TABLE 1. The
reinforcement material is assumed to be transversely isotropic, with the transverse
symmetry axis coinciding with global coordinate axis 1.

Reinforcement

‘ Matrix

Figure 1. FE model of a simple composite RVE with periodic boundary conditions applied.
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TABLE I. Elastic moduli and CTEs of IM7 carbon fibers impregnated with RTM6 epoxy resin.

E,, MPa

E2‘3, MPa

V12

V31

G1,, MPa

ay

a

221378

13180.2

0.35

0.020838

7171.7

-2.423 x 1077

2.1 x10°°

While material properties of the tows are temperature independent (the thermal
sensitivity has shown to be negligible, see [15]), elastic modulus and CTE of RTM6
are linear functions of temperature and are defined by equations (4) and (5) with
coefficients given in TABLE II. The Poisson’s ratio of this epoxy is v,,, = 0.35.

To determine, whether the conventional approach to predict effective CTEs is
applicable for composites with temperature-dependent properties of constituents, the
instantaneous effective CTEs need to be calculated as a derivative of the thermal
strains with respect to temperature:

_ O9{gp)

al-j =7 ,(i,j = 1,2, 3)

(10)

and compared to the values of @;; obtained using equation (6), (8) or (9) when AT is
small. Note that the derivatives are taken using finite backward difference approach.
For the considered unit cell with transversely isotropic reinforcement phase material,
the homogenized elastic properties are orthotropic and nondiagonal components of
effective CTE tensor « are zero.

Mean CTEs a,(T) and a,(T) are calculated at
T = (—60,—40, ...,140,160, 165)°C by simulating the heating of the unit cell by
AT = 2°C from zero-strain state at each value of temperature. The instantaneous
effective CTEs a;(T) and a,(T) are calculated by simulating cooling process from
165°C to -60°C and calculating derivatives of the thermal strains.

Figure 2 presents comparison between effective coefficient of thermal expansion
obtained using conventional approach (&, (T) and @, (T) from eq. (8)) and including
cooling from curing (a4 (T) and a,(T) from eq. (10)). CTEs in directions 1 and 2
only are evaluated because the material properties of the reinforcement in the 3™
direction are resin-dominated which leads to a negligible difference between mean
and instantaneous CTEs predictions. The temperature range is —60°C < T < 165°C
since the original 3D woven composite is cured at 165°C and can be used at -60°C
for 787 Dreamliner main landing gear brace. It is evident that the two methods
provide different results in the considered temperature range, @; is up to 31% smaller
than @, (comparing to a;) and &, is up to 9.2% smaller than a, as compared to a,.
The difference decreases with increase in temperature and vanishes at 165°C where
cooling starts.

TABLE II. Material parameters for RTM6 epoxy resin.
EY¢, MPa Bm, MPa/°C a%c, 1/°C Ym1/°C
3500 5.9 5x107° -1.05x 1077
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4.0E-6
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- @, 1/°C
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- @ 1/°C

2.0E-6 4.0E-5
70 -30 10 50 90 130 170 -70  -30 10 50 90 130 170

A Te B e

Figure 2. Comparison between effective CTEs in directions (A) 1 and (B) 2 obtained by
conventional approach (&, (T) and &, (T)) and accounting cooling from curing (a; (T) and a,(T)).

This is explained by the fact that the composite material consists of two phases
with different elastic and thermal properties and most importantly, the elastic
properties of one of the phases are temperature dependent. In this particular case, the
Young’s modulus of the resin varies linearly with temperature. Thus, as the
composite deforms due to a uniform temperature change, the values of thermal strain
and its derivative are influenced by varying interaction between phases to preserve
continuity of the displacement field. This variable interaction is not included in
equations (6), (8), or (9).

To confirm that the temperature variation of the elastic properties is the sole
factor causing the discrepancy observed in Figure 2, a separate study was performed.
A set of similar simulations was carried out for the composite shown in Figure 1 with
constant Young’s modulus of the matrix phase E,,, = 3854 MPa corresponding to
the modulus of the RTMBG6 resin at -60°C. All other constituents’ properties are kept
the same as in the previous study. For a brevity reason, results for direction 1 only
are presented.

Figure 3 (A) shows thermal strain in direction 1 as predicted for the composite
with E,,, varying with temperature vs. being a constant value.
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2.E-4
=
< — Ep = En(T)
Epm = Eq(—60°C)
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B Te

Figure 3. Comparison of (A) thermal strain and (B) effective CTE as obtained using constant
value of matrix Young’s modulus E,, and as a function of temperature.

As seen in the Figure 3 (B), if the elastic properties of the phases are independent
of temperature, both equations (8) and (10) give the same value for effective CTEs.
This confirms the assumption that for the elastic properties varying with temperature,
prediction of overall CTEs of the composite material will be incorrect if zero-strain
state is assumed at each value of temperature and not at the reference state (165°C in
this case).

Effective CTE of 3D Woven Composites with Constituents’ Properties
Varying with T

Calculation of effective CTEs by differentiation of corresponding components of
a thermal strain tensor can be computationally challenging for composite unit cells
containing a large number of finite elements as it requires significant computational
effort to calculate thermal strain variation within the entire temperature range of
interest. We propose an alternative approach to determine effective CTEs accounting
for the variation of the elastic moduli with temperature and avoiding calculation of
the thermal strain derivatives. It requires to perform direct FE simulations including
cooling of the composite from the reference temperature (when the thermal strain is
zero). For example, to calculate the effective CTEs at temperature T* for the 3D
woven composite considered in this research, one would need to simulate a cooling

down or heating up from T,y =165°C to Ty = (T* — AT/ 2) and sequential heating
to T; = (T* + AT/ 2). Then the effective CTE is calculated as follows (e.g.,
modifying equation (8)):

(€ij)Tp p-T1 ~(€ij)T e - To
AT

a;;(T*) = (11)
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Tow

Matrix

Ply-to-ply Orthogonal
Figure 4. FE meshes of ply-to-ply and orthogonal composites’ unit cells.

This allows to avoid calculation of the entire thermal strain evolution while letting
account for the variation of constituents’ elastic properties with temperature.
Equation (11) is used to obtain effective CTEs for two different 3D woven
composites: orthogonal and ply-to-ply. The results are compared to the effective CTE
values obtained using equation (8) to estimate the discrepancy between the two
predictions: when cooling/heating from T, is taken into account and when thermal

strain is assumed to be zero at each value of T,.

Figure 4 shows FE meshes for the unit cells of 3D woven composite materials
with ply-to-ply and orthogonal reinforcement architecture. These FE models were
initially developed to evaluate effective elastic response of these composites [17],
[35], and predict accumulation of manufacturing-induced residual stresses [15] [16].

TABLE III provides information on volume fractions of the composite
reinforcement. The reinforcement consists of two and three types of the tows for ply-
to-ply and orthogonal reinforcement, respectively. The types are warp (along
direction 1), weft (along direction 2) and binder (through-thickness reinforcement),
see Figure 5.

The elastic and thermal properties of the resin-impregnated carbon fiber tows are
given in TABLE I and properties of the matrix phase are defined by equations (4)
and (5) with material parameters provided in TABLE II. The local material
orientation of the tows is prescribed in a way that direction 1’ corresponds to the
longitudinal direction of the tow and directions 2" and 3’ are in the transverse plane.

TABLE I11. Tows volume fractions for ply-to-ply and orthogonal composites (PPI stands for picks
per inch describing number of warp and weft columns within a single unit cell)

V, %
Architecture PPI Binder
Ply-to-ply 12x10 -
Orthogonal 10x10 7.37
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Binder

Ply-to-ply Orthogonal

Figure 5. FE meshes of tows of ply-to-ply and orthogonal reinforcements.

Finite element meshes of both reinforcement morphology unit cells have
congruent mesh on the opposite sides of the unit cells in directions 1 and 2 to allow
application of periodic boundary conditions (Eq. (1)). The unit cells are allowed to
contract or expand freely due to the uniform temperature change preserving
periodicity of the surface displacements. The model of ply-to-ply composite consists
0f'5,548,316 linear tetrahedral elements and the orthogonal composite model consists
of 672,872 quadratic tetrahedral finite elements.

Effective CTEs of both composites are calculated using formulae (8) and (11) in
the temperature range from -60°C to 100°C which is a typical range for the service
temperature of these composites. Figure 6 shows prediction of effective CTEs in all
three directions for ply-to-ply composite material. Similarly to the effective CTEs
prediction for the simple composite material (Figure 1), there is a substantial
discrepancy between predictions for CTE in directions 1 (up to 16.5%) and 2 (up to
15.7%) and small difference between predictions for CTE in direction 3 (0.1%).
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Figure 6. Effective CTEs in (A) first, (B) second and (C) third directions for the ply-to-ply
composite as predicted using equations (8) and (11).

This discrepancy can be explained by the fact that if cooling or heating from
curing temperature is not taken into account, the variation of the resin’s elasticity
modulus with temperature is neglected. This becomes important only in case of
composites with temperature-dependent elasticity parameters because for
homogeneous materials stiffness does not influence thermal strain at all and for
composites with temperature-independent constituents the influence (mechanical
interaction between phases) on thermal strain is constant at any temperature. The
magnitude of the discrepancy depends on the difference between CTEs of the phases:
if the difference is small, then thermal behavior of the composite is going to be close
to homogeneous material and mechanical interaction between phases would not be
important. This is confirmed by comparably small difference of 0.1% between a;
and a5 (Figure 6 (C)) as ply-to-ply composites have lower through-thickness
reinforcement if, for example, comparing to orthogonally reinforced materials. Thus,
the thermal behavior in the out-of-plane direction is governed mostly by resin
properties as tows’ elastic and thermal properties in transverse direction are similar
to the ones of resin. Additionally, the discrepancy depends on how strong the
temperature variation of the elastic properties of the phases is.

Figure 7 shows prediction of effective CTEs in all three directions for
orthogonally reinforced composite material. Similarly to ply-to-ply material, the
cooling from curing temperature has to be taken into account when calculating
effective CTEs. The effective CTEs in directions 1 and 2 are predicted to be up to
16.9% and 15.4% lower if cooling is not included.
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Figure 7. Effective CTEs in (A) first, (B) second and (C) third directions for the orthogonal
composite as predicted using equations (8) and (11).

Unlike for the ply-to-ply composite, the discrepancy between a; and @3 is more
noticeable and reaches 1.5%. This is due to more significant level of through-
thickness reinforcement.

Generally, both composites show similar thermal behavior. Predicted CTEs are
nonlinearly dependent on temperature, a5 is larger than a; and a, which is explained
by the low amount of through-thickness reinforcement as compared to volume
fractions of tows in-plane. For both reinforcements a; < a, as volume fractions of
warp tows are larger in both cases. Comparing a; for ply-to-ply and orthogonal
composites, the effective CTE in this direction is lower for ply-to-ply reinforcement
as volume fraction of warp tows is higher compared to the orthogonal reinforcement.
Similar trend is observed in direction 2: higher volume fraction of tows — lower CTE.

CONCLUSIONS

Mesoscale FE models can be utilized to predict effective coefficients of thermal
expansion of 3D woven composites. It has been shown that, to accurately predict
effective CTEs using direct FE simulations, the cooling from curing to the
temperature of interest must be taken into account, otherwise CTEs can be
underpredicted and the farther the temperature of interest from curing temperature
the larger the magnitude of error can be. The cooling/heating from curing should be
taken into account if elastic properties of the phases vary with temperature and this
variation is significant. It has been observed that this effect is not significant if the
volume fraction of reinforcement is low (e.g., out-of-plane direction for considered
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3D woven composites). It has also been shown that thermal behavior of 3D woven
composite can become nonlinear even with linearly varying constituents’ elastic and
thermal properties due to the interaction between the phases.

The correlation of the effective CTEs of carbon-fiber/epoxy 3D woven
composites with volume fraction of the reinforcement is observed, namely the larger
the volume fraction of a particular type of tows the lower the effective CTE in this
direction. It has been shown that addition of through-thickness reinforcement can not
only tailor elastic and fracture properties in out-of-plane direction but the overall CTE
as well. For the fibrous 3D woven composites, the larger the amount of reinforcement
in out-of-plane direction, the lower the effective CTE in the same direction.
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