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ARTICLE INFO ABSTRACT

Keywords: Several stress-based failure criteria (von Mises, dilatational strain energy density, parabolic stress and Drucker-
3D woven composites Prager) are implemented in a numerical model of a 3D woven composite to predict initiation of damage due to
Mesoscale

cooling after curing. It is assumed that the composite is completely cured at elevated temperature and the
residual stresses arise due to difference in the thermal expansion coefficients of fibers and matrix. The stresses
are found by finite element analysis on the mesoscale while the effective thermoelastic properties of fiber tows

Finite element analysis
Failure criteria

Microcrackin . . . . .. . . . .
Damage & are determined by micromechanical modeling. The matrix is modeled as an isotropic material with temperature
Curing dependent elastic properties and thermal expansion coefficient.

Comparison of numerical simulation results with the microcomputed tomography data obtained for a one-by-
one orthogonally reinforced carbon/epoxy composite shows that the parabolic stress and the dilatational strain
energy criteria provide the most accurate predictions of cure-induced damage. However, the accuracy of the
parabolic failure criterion is dependent on the choice of the mechanical tests used to determine the values of its

two material parameters.

1. Introduction

3D woven composites are a relatively new class of materials pos-
sessing superior mechanical properties compared to 2D woven com-
posite laminates. This advantage comes from continuous reinforcement
in all three dimensions resulting in high strength and additional fatigue
resistance of the 3D woven composites under multiaxial loading. The
reinforcement architecture can be designed for specific applications
[1]. As such, parts manufactured as 3D woven composites have been
increasingly used in aerospace industry and other performance-driven
applications such as those in the automotive or power industries.

Some 3D woven composite material systems, however, are prone to
matrix microcracking during manufacturing. Fig. 1 illustrates micro-
cracks that developed in a 3D woven carbon/epoxy composite with
significant through-thickness reinforcement after matrix curing at ele-
vated temperature. We assume that the major factor in processing-in-
duced microcracking of woven composites is the residual stress due to
mismatch of thermal expansion coefficients (CTEs) of carbon fibers and
epoxy matrix developing when completely cured matrix cools from the
curing to room temperature. Note that other contributing factors to the
development of the residual stress may include flow- and thermal-

induced stresses during resin injection and chemical shrinkage due to
cure [2,3].

The residual stresses resulting from the elevated temperature curing
of composites with thermoset matrices have been investigated in sev-
eral publications. On the microscale (interaction between fibers), Jin
et al. [4] studied the effect of fiber arrangement, i.e. square, hexagonal
and random, on the distributions of residual thermal stresses in carbon
fiber reinforced polymers (CFRPs). Zhao et al. [5], and Yang et al. [6]
studied the effect of residual stresses due to cooling after curing on the
strength of unidirectional glass-fiber reinforced composites using 2D
FEA with maximum normal stress and Drucker-Prager failure criteria,
respectively. Lu et al. [7] and Han et al. [8] performed similar studies
for carbon fiber reinforced polymers using 3D FEA with, correspond-
ingly, parabolic and Drucker-Prager failure criteria. Karami et al. [9]
and Han et al. [10] employed 3D FEA to evaluate residual stresses in the
matrix around fibers of bidirectional composites. On the mesoscale
(interaction between yarns or tows), Sweeting and Thomson [11] used
FEA to examine maximum principal stress distribution in Z-pinned la-
minated composite structures. The authors concluded that the stresses
in the matrix around Z-pins exceeded failure stresses and therefore
microcracking was to be expected. Their conclusions were supported by
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Fig. 1. Optical micrograph of a 3D woven composite with significant through-thickness
reinforcement showing microcracking in the matrix.

the microscopy data. Xiong et al. [12] proposed a micromechanical
model for prediction of residual thermal stresses in plain-weave fabric
composites. On the macroscale, Hirsekorn et al. [13] simulated war-
page of a homogenized asymmetric composite laminate after curing and
compared the results with experimental measurements.

A comprehensive study involving thermo-mechanical tests of the
neat resin was presented in a series of papers [14-16]. The authors
utilized experimental data to establish the material parameters of the
resin and predicted possible matrix failure assuming fully cured resin
and using either the equivalent von Mises stress or the so-called
“parabolic” failure criterion (see discussion in Section 3 of this paper).
Systematic characterization of RTM6 epoxy resin was performed in [17]
including its chemically induced volumetric shrinkage during curing,
temperature dependence of its Young’s modulus and CTE, and the re-
sin’s relaxation behavior for different temperatures and degrees of cure.
The numerical simulations in the paper were limited to unidirectional
carbon epoxy composites with square packing of fibers.

It is well known that thermoset resins exhibit time dependent vis-
coelastic behavior. These effects are more pronounced in the viscous
liquid state prior gelation and rubbery solid state between gelation and
vitrification [18]. Comprehensive numerical modeling of these effects
has been discussed in [18-20]. The authors concluded that the full
viscoelastic formulation can be substituted by path dependent con-
stitutive model that incorporates the temperature dependent stiffness of
resin [20]. Several papers addressed the issue of chemical shrinkage
and its contribution to the residual stresses after curing. According to
[21], most of the curing shrinkage in RTM6 resin occurs before vi-
trification when the elastic shear modulus of the resin is too low to
generate significant residual stresses. This was also confirmed by our
measurements of the development of stresses during constrained
cooling after curing as reported in [22]. Such a treatment is in good
agreement with the parametric studies in [17] and the approach pre-
sented in [23] where the authors state, based on their experimental
work, that for carbon fiber reinforced RTM6 composites contribution
from the chemical shrinkage of the RTM6 matrix can be omitted.

The primary objective of this paper is to present a numerical mod-
eling approach to quantifying processing-induced residual stresses in
3D woven composites with significant through-thickness constraint and

(b)
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predict initiation of damage in their resin rich areas. We validate our
model predictions by comparing the simulation results with available X-
ray computed microtomography data. For this purpose, we develop
realistic finite element models of the composite on mesoscale, and
perform numerical simulations utilizing micromechanically homo-
genized properties of resin infiltrated carbon tows and temperature-
dependent material properties of resin. Our main assumption is that
residual stresses arise solely from the difference in CTEs between
carbon fibers and epoxy matrix during cooling from the curing to room
temperature and that, as discussed above, the chemical shrinkage and
viscoelastic effects can be ignored.

The paper is organized as follows. Section 2 describes our approach
to geometric modeling and generation of finite element mesh of a 3D
woven composite unit cell. The four stress-based failure criteria con-
sidered for damage initiation predictions are introduced in Section 3.
Section 4 presents the temperature dependent material properties of the
matrix and the micromechanical homogenization formulas used to
predict the effective thermo-elastic properties of the reinforcement
tows. The results of the finite element analysis are given in Section 5.
They include calculation of the effective elastic properties of the com-
posite at room temperature and distribution of residual stresses due to
cooling after curing. In the same section, we compare the processing-
induced damage initiation predictions of the four stress-based criteria
with the X-ray computed microtomography observations performed on
actual composite specimens. Section 6 presents the conclusions of this
research.

2. Finite element mesh preparation

Thermal mismatch stresses in 3D woven composites can be quan-
tified by utilizing numerical models on the meso-scale (see other studies
on meso-scale, e.g. [24-26]). In these models the composite is re-
presented as a two-phase material consisting of homogenized bundles
of fibers (tows) and a matrix, as illustrated in Fig. 2. The tows are
classified as warp (longitudinal), weft (transverse) and binder (through-
thickness) based on their directions. The configuration shown in Fig. 2
is the so-called “one-to-one orthogonal” reinforcement architecture that
has possibly the maximum through-the-thickness constraint of 3D
woven architectures. Note that at the micro-scale, tows consist of sev-
eral thousands of individual fibers. An accurate prediction of the intra-
tow damage initiation and the resulting tow failure would require
multiscale modeling including both meso- and micro-scales. However,
for the purpose of studying the cure-induced microcracking of matrix,
we restrict ourselves to the dual-phase meso-scale model utilizing in-
dependently homogenized properties of tows.

The meso-scale FEA models of woven composites are usually de-
veloped for the smallest repeating portion of the material — the so-called
“unit cell” (UC). The entire composite is represented as a continuous
assemblage of such unit cells. We use the numerically simulated geo-
metry of woven reinforcement for unit cells [27,28] to develop three-

(d)

Fig. 2. The structure of 3D woven composite material on meso- and micro- scales: a) matrix; b) composite unit cell; ¢) reinforcement represented by bundles of carbon fibers (tows); d)

individual filaments in a tow.
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dimensional finite element models of the considered composites as
described in [29]. These models are subjected to the appropriate
loading and boundary conditions to determine distributions of stresses
in the matrix and tows. Periodic boundary conditions are prescribed to
the corresponding faces of the UC to preserve periodicity of the UC and
material continuity. An overview of the model development and im-
plementation is given below.

Numerical modeling of three-dimensional woven composites pre-
sents significant challenges related to accurately representing the as-
woven geometry of the reinforcement. The approaches found in the
literature are either based on the nominal description of composites or
involve a certain degree of mechanically justified deformation of the
tows. The most commonly used software packages are TexGen,
WiseTex, DYNAFAB, ScotWeave, DFMA, and LS-Dyna as described, for
example, in [27,30-33].

In this paper we consider an example of the one-to-one orthogonally
reinforced composite panel consisting of ten layers of warp and weft
tows with a through-thickness binder tow as can be seen, for example,
in Fig. 1. The panel is 4.1 mm thick with in-plane unit cell dimensions of
5.1 x 5.1 mm. The finite element (FE) mesh of the unit cell is generated
based on the results of fabric mechanics simulations performed in
DFMA software (see [27,34,35] and later publications by the research
group). In the simulations, the user starts with generating an initial
pattern of the reinforcement architecture based on the weave pattern,
number of tows, their areas and intertow spacing. The tows in the initial
pattern (represented by single a cylindrical fiber each) are then sub-
divided into sub-tows subjected to tensile forces. The relaxation of these
forces mimics the weaving process of 3D woven composites. For better
accuracy, the number of sub-tows is increased and the relaxation pro-
cess is repeated until a realistic reinforcement geometry is achieved.

One of the challenges in the conversion of the geometrical model
into a robust FE mesh is the commonly occurring geometric in-
compatibility problem, which is manifested in the interpenetration of
tow cross-sections. Several authors [36-38] have developed remedial
procedures including semi-automatic deformations of the tow shapes,
reductions of their cross-sectional area, and special procedures to pre-
scribe changes in cross-sectional area and/or axial rotation of tows. We
developed a MATLAB script to automatically process the reinforcement
surface mesh exported from DFMA and remove geometric in-
compatibilities. The script identifies the nodes of a tow inside another
tow and moves them in the direction of the mean normal of all pene-
trating surface elements until interpenetration is removed. This method
ensures minimal disturbance of the tow geometry and produces FEA
mesh of the reinforcement geometry ready for analysis. Fig. 3 illustrates
our geometric model development and its comparison with X-ray
computed microtomography scan. Good correlation between the gen-
erated and the actual microstructures is observed.

The FE mesh of the UC (see Fig. 4) is imported into the commercial
FEA software MSC Marc Mentat. The reinforcement and matrix meshes
are processed as separate element sets. All model preparation steps are
performed automatically within the MSC Mentat software using a
custom Python script. At the completion of script, the user is presented
with a ready-to-run model. The use of the automation script not only

(b)
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streamlines the process of model preparation, but also ensures con-
sistency of the simulation results data. This, in turn, simplifies post-
processing of the data from various loadcases and architectures. The
details of DFMA output processing and FEA model preparation can be
found in [29,39].

3. Damage initiation criteria

There are several possible mechanisms of failure of glassy polymers
that can be activated by different states of stress in the material. They
are reflected in various failure criteria used to predict initiation of da-
mage in the polymer using the components of stress tensor.

The most popular criterion is based on the second invariant of the
stress tensor (von Mises yield criterion) and assumes that the resin
failure is accommodated by deviatoric yielding. The criterion has been
applied, for example, in [16] to investigate microscopic yielding of
epoxy matrix in unidirectional carbon fiber composites due to the re-
sidual stressed caused by cooling the composites from curing to room
temperature. However, this approach does not predict failure when
polymers are subjected to stresses with a substantial dilatational (hy-
drostatic tension) component. In such cases, the first invariant of the
stress tensor has to be included, as discussed, for example, in [40,41].
The authors refer to these types of criteria as pressure-modified von
Mises criteria. In the cases when the deviatoric component of stress is
considerably lower than what is required for shear yielding so that the
dilatational effects are dominant, [40] propose to use the dilatational
energy criterion, see also [23] and [42].

In this paper, we compare the ability of the above mentioned ap-
proaches to predict initiation of damage in the matrix of a 3D woven
carbon/epoxy composite as it cools down from the curing to room
temperature, which causes residual stresses due to the mismatch of the
CTEs between the carbon fibers and epoxy matrix. Note that several
research groups proposed to apply separate failure conditions to dif-
ferent states of stress in the matrix [43,44]. However, we focus on
whether a single criterion can be universally applied to all complex
stress states and satisfactory predict initiation of cure-induced damage
in the matrix of a 3D woven composite.

The following criteria are investigated.

1. Von Mises criterion was originally proposed to predict yielding
in metals, but was subsequently applied to ductile failure of other
classes of materials [45]. According to this criterion, the material will
not  yield if  the equivalent stress calculated as
oym = \/ 0.5[(01—02)% + (61—03)* + (0,—03)?] is below the critical value:

o < o (€]
where a;, 0,, 03 are the principal stresses. In our simulations, we use the
critical value oy = 67.8 MPa chosen based on the fracture stress
measurements reported in [17].

2. Dilatational energy criterion is based on the energy required
for crack initiation by void nucleation. The criterion was originally
utilized for triaxial state of stress in glassy polymers in [40], where the

stress energy density is calculated assuming linear material behavior

(d)

Fig. 3. Our geometric modeling approach: (a) weave pattern; (b) result of the fabric mechanics simulation; (c) meshed tows after elimination of geometric incompatibilities; (d)

microtomography image of actual composite.
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(Ul + o, + 03)2
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where E is the Young’s modulus and v is the Poisson’s ratio of the
material. This criterion can be re-written as

crit

oy < o, 3)
crit

where oy = %(crl + 0, + 03) is the hydrostatic stress, and 057" is the value
of hydrostatic stress that corresponds to the critical energy density re-
quired for cavitation. The approaches to determine this value include
the poker chip experiments [41,46,47], the constrained tube method
[22,48] and evaluation of crﬁ,m from uniaxial tensile tests [22]. We use
the value o = 58.7 MPa based on the estimate of U = 0.4 MPa for
RTM6 epoxy provided in [23].

3. Parabolic failure criterion was utilized in [15] based on the
description provided in [40]. It combines the first and the second in-
variants of stress as

oy + Ady < Bt

€]

The material parameters A and B are found from mechanical
testing of the material.

For RTMBS6, two sets of values for A and B“# can be produced based
on the test results reported in the literature. Asp et al. [23] provide
failure stresses for RTM6 in tension and compression as o,, = 82 MPa
and gy, = 134 MPa. Using formulae (3), (4) from [40] (see also [49]) we
obtain A = 156 MPa , B = 10,990 (MPa)?. Hobbiebrunken et al. [15]
evaluate these parameters based on uniaxial tension and torsion tests.
In our notation, their results correspond to A = 339 MPa,
B¢t = 17,370 (MPa)?. Both of these sets of values are considered in this
paper.

4. Bauwens (Drucker-Prager) criterion assumes that the linear
combination of von Mises and hydrostatic stress are utilized to predict
failure [40]:

(5)

The material constants C and D can be evaluated from the results
of two mechanical tests, e.g. tension and compression or torsion and
biaxial tension. In this paper, based on tension and compression results
oy = 82 MPa and o,. = 134 MPa provided in [23], the material para-
meters are chosen as C = 0.722, D" = 50.9 MPa.

Note that the dilatational energy density, parabolic and Bauwens
criteria predict different critical values for the hydrostatic stress in the
absence of the deviatoric stresses. When oy, is equal to zero, failure is
predicted at oy = 58.7, 70.5, 51.2, 70.5 MPa by the dilatational energy
density, the parabolic criterion with the material parameters based on
[23], the parabolic criterion with the material parameters based on

oym + CO'H < Derit
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(b)

Fig. 4. Final FE surface mesh of the (a) one-to-one orthogonal reinforcement and (b) matrix.

[15] and the Bauwens criterion, respectively. This difference is defined
by two factors — the choice of the criterion and the choice of the ex-
periments used to determine the numerical coefficients in the criterion.
The disparity between the criteria is even more noticeable when we
compare the predictions of the critical von Mises stresses in the absence
of the hydrostatic component: gy, = 67.8, 104.8, 131.8, 50.9 MPa for the
von Mises, the parabolic criterion with the material parameters based
on [23], the parabolic criterion with the material parameters based on
[15] and the Bauwens criterion, respectively.

Given that different mechanical tests result in different critical va-
lues of oy and oy, one might speculate that the failure criterion at a
given point has to be chosen based on the local state of stress rather
than using the same criterion for the entire volume of the material.
However, in this paper, we investigate whether a single universal cri-
terion (one of the four presented above) can be successfully used to
predict damage initiation in the matrix of a 3D woven composite during
cooling after curing.

4. Material properties of the constituents

4.1. Temperature dependent thermo-mechanical behavior of the matrix
material

The matrix phase (fully cured HEXCEL RTM6 epoxy resin) is si-
mulated as a linear isotropic material with constant Poisson's ratio
v, = 0.35, and temperature dependent Young's modulus and thermal
expansion coefficient [17]:

Ep = Ey=B,T (6)

o =alC+y,T 7)
MP °f _s51 _7 1

where ES = 3500 MPa, §,, = 5.9 oc", a2C =5.10 5 s Y =1.051077 < are

the material parameters, and T is the temperature in °C.

4.2. Homogenized thermo-elastic properties of the tows

In our models, the resin-impregnated fiber tows are modeled as
homogenized transversely isotropic solids. It is assumed that unidirec-
tional continuous filaments are randomly distributed in the isotropic
matrix within the tows. There are several micromechanical formulas
available to predict the effective thermo-elastic parameters of such
material systems. One of the popular approaches in the woven com-
posites literature is to use the formulas proposed in [50], see [37].
However, such predictions might not satisfy the energetically rigorous
Hashin-Strikman bounds [51], see [52,53]. We utilized the following
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formulas based on [54,55] to predict the effective thermal expansion
coefficients and elastic moduli of the resin-impregnated unidirectional
fibers [56]:

_ E]fO{]fo + Enam Vi

5

EyVi + EnViy (®
Oflf
o = A Vi1 + vigp—| + Ve (1 + ) —1y Vs + v Vi) ottss
Qf 9
4(V12r—=V)* V1V,
B = ViBy + Vo + 5 fV’"k [
mlks + Vilky + 1/Gyp 10)
(V12—V) A/ ky—1/ke) VY,
Viar = Vivigr + VinVm + Vf/km v y;; EAdl ”,
m f+ f/m+1/Gm (11)
Vi
G = Gn+ ————,
Giof —Gm ' 2Gm 12)
4k*Gyay
Ey = T A
k* + n~G23[ (13)
k*—n-Gys,
V= o A
k* + n'G23I (14)
-1
a1 iy (4 1 s\ .
where kp = (E—zf—@— By ) s kn = (a—a— B ) s k* =
(kf — k) (km + Gim) 4k, _ a+pvy
ki bV Gnr g =y 7 = 1 T e O =G | 1 557
p—Vp+ LT
nV3+1
_ G B-rB  _ r+B __ km __ N
and = a’ n= 1+y6,° p= y-1° 51 T km+2Gp’ 62 - kf +2Gaaf”

Constants E, G, v, a are the Young’s moduli, shear moduli, Poisson’s
ratios and thermal expansion coefficients, correspondingly; direction 1
is longitudinal (tow direction), and directions 2 and 3 are transverse;
subscript “f” refers to “fibers” and subscript “m” refers to “matrix”.

The tows consist of 12,000 IM7 carbon fibers impregnated with
RTM6 epoxy. The volume fraction of fibers within the tows is set to
80%. Based on the fiber properties provided in Table 1 and the resin
properties E,, = 2.89 GPa, v,, = 0.35, a,, = 65-10‘6% given in Table 2 of
[17], the following properties of the tow are obtained:
Ey, = 221.38 GPa, Ey, = 13.18 GPa, G1y = 7.17 GPa, v15 = 0.35,v53, = 0.35,
ay = —2.29410‘7%, ay = 2.23410‘5%. Note that the properties of the ma-
trix in the tows change with temperature, see formulas 6 and 7. How-
ever, these changes will result in insignificant variations of the homo-
genized properties of the tows (see comparison in Table 2), so in the
numerical simulations the properties of the tows are assumed to be
temperature independent.

The material orientations (principal material axes in the finite ele-
ments relative to the global coordinate system of the FE mesh) of the
tows are assigned using the data from DFMA simulations as described in
[29]. The major principal axis for each of the tow elements is aligned
with the tow centerline (Fig. 5). The second principal axis is taken in
radial direction from the centerline to FE centroid. The third principal
direction is defined as the vector product of the first two.

5. Numerical simulations

Two types of analysis are presented in this work: (1) mechanical
loading at room temperature to evaluate effective elastic properties of

Table 1
Carbon fiber properties.
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the composite; and (2) cooling after resin curing. Both analysis types
involve application of periodic boundary conditions as described below.

5.1. Periodic boundary conditions and effective elastic properties

In our meso-scale numerical modeling, we employ periodic
boundary conditions prescribed on the external lateral surfaces of the
composite UC to preserve the material continuity on the macroscale
(see, for example, [29,57-59]). The considered unit cell represents the
total thickness of the composite, therefore, periodic boundary condi-
tions in the thickness direction are not prescribed. The boundary con-
ditions in displacements are formulated in [60] as:

u" = u + & (i = warp, weft) (15)

where u;* and u;” are the components of the corresponding nodal dis-
placements on the positive and negative faces; &; is the average dis-
placement.

Conditions (15) are implemented in MSC Marc/Mentat using its
“servo-link” feature [42,61]. Servo-links are used to prescribe multi-
point boundary conditions for nodal displacements in the form of a
linear function with constant coefficients. In such an implementation, &;
represent translational degrees of freedom of a free (control) node, to
which nodes on the opposite faces of the UC are linked. The approach
requires congruent meshes on the lateral surfaces of the UC, which is
ensured by our meshing procedure, see Section 2.

To determine the effective elastic properties of the unit cell shown
in Fig. 4 we subject the UC to 6 load cases: 3 uniaxial tension and 3
shear cases. In our notation, x-axis is the warp direction, y-axis is the
weft direction and z-axis is the through-thickness direction. The
boundary conditions for each load case are applied to the control nodes
(see above) in terms of displacements that correspond to the prescribed
values of macroscopic strain £°. The results of the numerical simulations
are processed using a custom Python script to extract volume-averaged
stress values as follows:

1
D @ VO, i =123
I=1

|4

<O‘ij >m =
(16)
where (gj),, is the volume average of the stress component ij calculated
from the m-th loadcase, V' is the UC volume, (aij-’) )m is the stress com-
ponent ij at the centroid of the finite element [ calculated from the m-th
loadcase, V® is the volume of the element [, and N, is the total number
of elements in the model.

The overall material stiffness components ;{(f, are defined as the
proportionality coefficients relating macroscopic strains with volume-
averaged stresses:

cl-el = (o), ij,k 1=123

i 17)

where the summation over the repeating indices is assumed. The or-
thotropic engineering constants of the composite were found from C;{(fl
and are reported in Table 3 for the considered UC. These values are in
good correspondence with the experimental results obtained via stan-
dard tensile tests with digital image correlation strain measurement as
described in [62].

The value of v, presented in Table 3 appears unusually low and
deserves an explanation. We believe that this specific value of the
Poisson’s ratio represents the result of two competing mechanisms. In a
homogeneous material, simple tension along x-axis is accompanied by
contraction along y and z axes equal to the tensile strain multiplied by

Material Eir (GPa) Exf (GPa)

Gi2r (GPa)

Vigf Vosf ayf (1/K) ar (1/K)

IM7 12K Carbon Fiber 276 23.1

27.6

0.35 0.30 —-4.0E-7 6.0E—6
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Table 2
Comparison of the effective tow properties at different temperatures.
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Material Combination E;. (GPa) E, (GPa) G2 (GPa) Viat Vast aqe (1/K) ay (1/K)

IM7 fibers + RTM6 epoxy (see Table 2 in [17]) 221.38 13.18 7.17 0.35 0.35 —2.29E-7 2.23E-5
Used in simulations

IM7 fibers + RTM6 epoxy at T = 25°C (see Egs. (6) and (7)) 221.47 14.04 7.99 0.35 0.35 —2.40E-7 1.90E-5

IM7 fibers + RTM6 epoxy at T = 100°C (see Egs. (6) and (7)) 221.38 13.22 7.21 0.35 0.35 —2.40E-7 2.11E-5

IM7 fibers + RTM6 epoxy at T = 165°C (see Egs. (6) and (7)) 221.31 12.39 6.48 0.35 0.35 —2.45E—-7 2.30E-5

the corresponding Poisson’s ratios. In this particular composite mate-
rial, due to tow crimp, the contraction along the z-axis (through-
thickness direction) causes straightening of the warp and weft tows. As
a result, the expected in-plane contraction due to Poisson’s effect is
partially compensated by the straightening of the weft tows.

5.2. Predictions of residual stresses

Numerical simulations of cooling after curing of the composite were
performed to predict development of the residual stresses during
manufacturing. It was assumed that the material is fully cured and free
of stress in the beginning of the simulation. The UC was assigned a
uniform initial temperature distribution of Ty = 165°C, and then cooled
from curing to room temperature by prescribing a uniform temperature
drop of AT = —140°C in 40 increments. The temperature dependence of
the Young’s modulus and the CTE of the matrix was implemented using
expressions 6 and 7.

Fig. 6a and b illustrate distributions of hydrostatic stress g and von
Mises stress oy in the matrix at the final step of the simulation
(T = 25°C). As expected, the intensity of hydrostatic stress is con-
siderably higher than von Mises in the matrix pockets where the mi-
crocracking of the actual specimens was observed. Post-processing of
the results shows that 6.0% of the matrix volume experiences residual
stresses with the triaxility factor (defined as :—;w) higher than 2.

Figs. 7-9 present distributions of equivalent stresses in several re-
presentative locations within the unit cell. The equivalent stresses
corresponding to the four stress-based failure criteria discussed in
Section 3 are: oym = \/ 0.5[(01—02)% + (61—03)* + (03—03)?],
oy = %(Ul + 02 + 03), Gparavolic = T + AGH, Opauwens = Ovm + Coy. The
locations of the considered cross-sections are indicated in the panels (a)
of the figures. The colormap is chosen so that the black color corre-
sponds to the values of equivalent stress in the matrix exceeding the
limit for the corresponding criterion, see Section 3 for numerical values.
Panel (b) in each figure shows the image of the cross-section obtained
using X-ray computed microtomography (uCT). Black regions in the
uCT images are cracks and voids that form during cooling after curing.

Fig. 7 shows distributions of the equivalent stresses in the slice made
through the middle of the binder tow perpendicular to the weft direc-
tion. It can be seen that von Mises stress criterion (the corresponding
distribution is given in panel (c)) predicts damage on the convex sur-
faces of the binder while the actual composite contains microcracks on

the concave sides. It is evident that Bauwens criterion (panel (d)) sig-
nificantly overpredicts the extent of damage predicting the entire resin
volume to be above the critical value. Both parabolic (panel (e) and (f))
and dilatational energy (panel (g)) criteria appear to correctly predict
the locations of the damaged regions within the unit cell. It is difficult
to make an exact quantitative evaluation — it seems that the actual
damaged area is larger than what is predicted by the parabolic criterion
with the coefficients based on [23], but smaller than what is predicted
by the parabolic criterion with the coefficients based on [15] and the
dilatational energy criterion. Note that propagation of damage is not
included in the presented numerical models. Cracks when formed
would alleviate the stress concentrations and limit the extent of further
damage to surrounding matrix. Thus, it is expected that the numerically
predicted damaged areas are larger than the microcracked regions in
the actual specimens. So it appears that the parabolic criterion with the
coefficients based on [15] and the dilatational energy criterion corre-
late with the microtomography data better.

Analysis of the slice perpendicular to the warp direction as pre-
sented in Fig. 8 shows similar trends. Von Mises criterion (panel (c))
fails to predict damage at the interface between the warp and the binder
tows. Bauwens criterion (panel (d)) predicts complete failure of the
matrix in the cross-section. In this slice, the parabolic criterion with the
coefficients based on [23] (panel (e)) underpredicts the actual damage.
When comparing the parabolic criterion with the coefficients based on
[15] (panel (f)) and dilatational energy criterion (panel (g)), the latter
appears closer to the uCT observations (panel (b)), however, as dis-
cussed in the previous paragraph some overprediction by the numerical
simulations is expected. Therefore, both may provide useful predic-
tions.

An example of a cross-section without considerable damage is pre-
sented in Fig. 9. The only identifiable defect in the uCT slice (inside the
white circle in panel (b)) looks like a trapped gas bubble. When com-
paring predictions of different failure criteria, we observe that von
Mises criterion, parabolic criterion with coefficients based on [23] and
the dilatational energy criterion do not predict any damage within this
slice. As in the previous slices, Bauwens criterion predicts failure of the
entire matrix within the cross-section. Parabolic criterion with coeffi-
cients based on [15] predicts more damage in the matrix than observed
in the uCT image.

Based on our comparisons of the criteria, it appears that the dila-
tational energy criterion and the parabolic criterion with coefficients

Fig. 5. Assignment of the material orientations for a tow:
(a) center points connected into a polyline, (b) first prin-
cipal material orientation after mapping of the polyline onto
tow FE mesh.
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Table 3
Effective elastic properties of the unit cell.
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Ey (warp)» (GPa) Ey (weft)s (GPa) E, (binden), (GPa)

Vxy

Gy (GPa) Gy, (GPa) Gix, (GP)

57.4 67.7 11.7 0.0472

0.403 0.417 4.36 2.97 3.10

based on [15] are more appropriate for predictions of processed-in-
duced matrix damage in 3D woven composites due to mismatch in the
coefficients of thermal expansion between the matrix and the re-
inforcement than other criteria discussed in this paper. This observation
is also supported by analyses of other cross-sections not presented in
this paper.

We attribute the differences in predictive power of the parabolic
criterion with two different sets of material constants (based on [15]
and [23]) to different types of mechanical experiments used to evaluate
the parameters A and B“™. It is also worth noting that the consistent
overprediction of damage by the Bauwens criterion could be caused by
the inappropriate choice of the material parameters based on the lim-
ited set of data (tension and compression only).

6. Conclusions

Meso-scale finite element simulations were performed to predict
initiation of processing-induced damage in 3D woven composites due to
mismatch in the thermal expansion coefficients between fibers and
matrix. Carbon fiber/epoxy resin composite with high level of through-
thickness reinforcement (one-to-one orthogonal architecture) was
considered because such reinforcement architectures have been shown
to develop processing-induced microcracks. Combination of digital
fabric mechanics simulations [27,34,35], geometry processing and fi-
nite element meshing technique [29] was used to generate highly rea-
listic FEA model of the composite’s periodic unit cell.

A complete distribution of the residual stresses within the composite
unit cell was obtained from FEA. It was observed that a significant
amount of matrix material in resin rich areas was subjected to high
levels of hydrostatic tension. Analysis of the numerical results showed
that 6.0% of the intertow matrix experienced residual stresses with the
triaxility factor higher than 2.

The applicability of four commonly used failure criteria for pre-
diction of processing-induced damage in the matrix of the 3D woven
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Fig. 6. (a) Von Mises stress distribution; (b) hydrostatic stress distribution (tows are not shown).
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composite was investigated. The critical value for the von Mises stress
was chosen from the experimental studies of the RTM6 resin reported in
[17]. The critical value of the dilatational energy was taken from [23].
Two sets of material parameters were utilized for the parabolic stress
criterion: constants obtained from tension and compression tests of [23]
and uniaxial tension and torsion tests of [15]. Finally, the parameters
for the Bauwens criterion were based on tension and compression re-
sults of [23].

The considered criteria predict considerably different critical hy-
drostatic stress values in the absence of the deviatoric stresses and
critical von-Mises stress values in the absence of the hydrostatic
stresses. The disparity can be explained by the fact that the experiments
used to calculate the parameters in these criteria activated different
material failure modes. These observations indicate that choosing the
failure criterion at a given point based on the local state of stress may
provide more accurate predictions than using the same criterion for the
entire volume of the material.

Comparison of the numerical damage predictions with X-ray com-
puted microtomography data indicates that the dilatational energy
density criterion and the parabolic stress criterion appear to be the most
suitable for analysis of residual stresses leading to microcracking due to
mismatch of CTEs during cooling after curing. However, the accuracy of
the latter criterion depends on the choice of experiments used to de-
termine the material parameters A and B". One can speculate that
better predictions of failure with parabolic criterion are achieved when
the experiments used to determine these parameters activate relevant
failure mechanisms in the material.

Our observations indicate that the FEA model presented in this
paper can be successfully utilized to predict susceptibility of 3D woven
composites to processing-induced microcracking. It has the potential of
lowering the development costs of new 3D woven architectures by re-
ducing the need for manufacturing of expensive physical prototypes
required for studying the microcracking phenomenon.
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(2

Fig. 7. Distribution of the equivalent stresses in the matrix of the UC after cooling: (a) slice location within the UC; (b) microtomography image; (c) von Mises; (d) Bauwens; (e) parabolic
criterion with coefficients based on [23]; (f) parabolic criterion with coefficients based on [15]; (g) dilatational energy criterion. The colormap ranges from blue (zero) to yellow with
regions above critical value shown in black. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Distribution of the equivalent stresses in the matrix of the UC after cooling: (a) slice location within the UC; (b) microtomography image; (c) von Mises; (d) Bauwens; (e) parabolic
criterion with coefficients based on [23]; (f) parabolic criterion with coefficients based on [15]; (g) dilatational energy criterion. The colormap ranges from blue (zero) to yellow with
regions above critical value shown in black. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Distribution of the equivalent stresses in the matrix of the UC after cooling: (a) slice location within the UC; (b) microtomography image with a microvoid highlighted by a white
circle; (c) von Mises; (d) Bauwens; (e) parabolic criterion with coefficients based on [23]; (f) parabolic criterion with coefficients based on [15]; (g) dilatational energy criterion. The
colormap ranges from blue (zero) to yellow with regions above critical value shown in black. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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