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A B S T R A C T

Woven ceramic matrix composites (CMCs) hot-section components will sustain spatially non-uniform stress
and temperature fields in service, and the mechanical response in CMCs under inhomogeneous stress and
strain fields remains indistinct. This study focuses on one noteworthy aspect of this issue: the effects of weave
architecture on the mechanical response of CMCs under off-axis and thermomechanical loading. To this end, the
stress and strain evolution of wavy tows in CMCs are investigated by establishing a meso-scale finite element
model, which reflects the real weave architecture. Besides, the model is verified by comparing the predicted
results with the experimental results of a representative woven CMC. The strain and stress concentrations
appear at the location of tow cross-overs because of the bending and straightening of tows, resulting in the
woven composites strength may be inferior to that of laminate composites. Although the scope of this work
is limited to one type of weaving, it is expected that the modeling method can be useful in examining other
types of weaving.
1. Introduction

Woven ceramic matrix composites (CMCs) are the core strategic
materials for thermal protection systems of hypersonic vehicles (Ma>5)
and hot-section components of advanced aero-engines [1–4], with
higher out-of-plane stiffness, strength, and toughness properties com-
pared with unidirectional composites. During the service process, CMCs
components will undergo high temperatures above 1200 ◦C, complex
loading and large temperature gradient thermal shocks, with the ad-
dition of braided structure and porosity in CMCs, non-uniform stress
and strain fields will arise in wavy tows of CMCs [5,6]. Compared with
laminated composites, the initial failure may arise earlier in the most
seriously strained areas of woven composites due to the spatially non-
uniform strains [7,8]. Moreover, the defects, such as pores and sintering
cracks [9,10], in the matrix of CMCs will exacerbate the non-uniform
strains. It is a challenging issue to accurately describe and predict
the mechanical behavior of fiber-reinforced CMCs under heterogeneous
stress and temperature fields.

There is a great challenge to extend the traditional mechanical
approaches and frameworks used for laminated composites to the
analysis of woven CMCs, due to the complexity of material com-
position and microstructure of woven CMCs, such as heterogeneous
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matrix and wavy tows [11]. Therefore, researchers have been de-
voted to applying the computational method to predict the deformation
and distribution of woven composites, and further progress has been
made [12]. Cox et al. [13] investigated the effects of stochastically
varying microstructure on the damage evolution of continuous-fiber
composites by establishing a finite element (FE) model, it should be
mentioned that the virtual specimen generator was used to obtain the
idealized FE model of weave architecture. Zhang et al. [14] developed
an FE-based model for an 8 harness satin woven (8HSW) CMC, and
the stress–strain relationship, as well as fracture behavior, can be
predicted using the approach, considering the strain-induced damage.
Shojaei et al. [15]investigated the microscale damage mechanisms in
CMCs and developed a continuum damage mechanics (CDM) model to
study matrix/interphase fracture and fiber sliding. As for the multiscale
modeling of composites, Leonetti [16] proposed a multiscale method
to investigate the masonry structures considered periodic composites,
which can be extended to woven composites with periodic archi-
tectures. Colatosti [17] applied micropolar modeling to a composite
consisting of rectangular rigid blocks and elastic interfaces, and the
non-local theory was used to take into account scale effects. To capture
the influence of through-thickness constraint on the stress and strain
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Fig. 1. Microstructural analysis of the composite. (a) Cross-sectional surface of a
[

0∕90
]

S lay-up, reveal extensive sintering shrinkage microcracking perpendicular to the plies
and some remnant porosity in the matrix; (b) Volume reconstruction of the microstructure by high resolution X-ray computer tomography data; and (c) Representation of the
hierarchical pores present in the composite, the blue color represents pores.
distribution, Rossol et al. [1] developed a series of meso-scale FE
models for an 8HSW SiC/SiCN composite, including one-ply, two-ply,
four-ply, two-ply infinite model, and the effects of weave architecture
were also studied. However, most of the research focus on the stress–
strain response of the woven composites under on-axis tensile loading,
the CMCs components often suffer off-axis or 2-D loading in actual sit-
uations. Therefore, it is of importance to capture the material response
and the effects weave architecture of CMCs under off-axis loading.

Significantly less attention has been devoted to 2-D loadings,
wherein the stress is not aligned with the tow axes [18–21]. Predicting
deformation and fracture in these loadings requires that the off-axis
response of the composite, as manifested in its 45◦ tensile behavior, be
accurately captured. Lu et al. [22] investigated the damage behavior
of on-axis and off-axis tension for 2.5D woven composites, by means of
a multi-scale progressive damage model, and the deformation mecha-
nisms and tensile strength were obtained. Zhang et al. [23] found the
effects of the off-axis angles on the material behaviors, damage change,
as well as failure mechanisms, and they founded that the main failure
modes for off-axis samples are debonding and pull-out breakage. Yang
et al. [24] utilized the digital image correlation to capture the strain dis-
tribution of orthotropic woven carbon-epoxy composites when they are
under off-axis tensile loading, the load-bearing and failure mechanisms
were also observed. Kesba et al. [25] established a modified shear-
lag model to investigate the influence of crack density on different
off-axis angles of composite layers. Yang et al. [26] developed strain
partitioning and damage decoupling methods in studying the behavior
of CMCs under macroscopic plane stress. From the literature survey,
most investigation concentrate on the macroscopic failure mechanism
or deformation response for woven composites under off-axis loading,
the quantitative knowledge of the role that the weave architecture plays
during the off-axis loading remains imperfect.

In addition to the off-axis response of CMCs, the thermomechanical
loading is another factor causing the non-uniform stress and strain
fields. Kastritseas et al. [27,28] investigated the onset of multiple
matrix cracking in unidirectional CMCs under thermal shocks, and a
semi-empirical formula was established to obtain the critical temper-
ature gradient. Mei et al. [29] compared the mechanical response of
2D and 3D C/SiCs suffering mechanical fatigue and thermal cycling,
and the residual strengths and microstructural characterization were
used to assess the damage. Han et al. [30] investigated the effects of
thermal residual stress on the strength of composites by establishing a
microscopic computational model. Yang et al. [31] developed a con-
tinuum damage model for 2D woven CMCs under thermal shocks, and
the microstructure evolution, as well as thermomechanical damage,
were also represented [32]. Despite that many researchers have been
devoted to the macroscopic qualitative characterization of CMCs under
thermal shocks [33–35], the influence of non-uniform stress and strain
on mechanical response under thermal shocks still need attention.
2

The principal objectives of the present work are: (i) provides in-
sights into the mechanical response of woven CMCs under non-uniform
stress and strain fields; and, (ii) probes the effects of off-axis loading
and thermo-mechanical loading on fiber stress and strain distributions.
In view of this, a meso-scale FE model of woven CMCs is established
considering the effects of porosity. To assess the proposed FE model
and material property, the macroscopic material responses of the finite
element model will be compared with the experimental results under
off-axis tensile and thermo-mechanical loadings. The stress and strain
distributions, the role of matrix properties considering the porosity, and
the potential fracture initiation will be investigated by the FE results of
woven CMCs.

2. Materials and experiments

2.1. Materials

To investigate the effects of the weave architecture for CMCs
under non-uniform stress and strain fields, the 8HSW oxied/oxied-
CMCs(ox/ox-CMCs) was chosen as the object of study, which consists of
uncoated Nextel™ 610 (99% 𝛼−Al2O3) fibers and Al2O3 −SiO2 −ZrO2
matrix, with the lay-up of [0/90]2𝑠. The volume fraction of the fiber
phase is 44%, and the density is 4.0 g/cm3. The density of the matrix
is 4.2 g/cm3, then the total material density is 2.71 g/cm3. The finished
composite panel is 2.8 mm in thickness.

It should be mentioned that there are hierarchical pores in the
ox/ox-CMCs due to the manufacturing process, which can be demon-
strated by micro-CT, as shown in Fig. 1. The pores in the materials
can be taken into two populations: the first one can be observed in the
matrix with a diameter of a few nanometers, so-called nanopores; the
other one named micropores exists in both matrix and fibers, with a
diameter of a few microns. The cause of the formation for hierarchical
pores may be divided into two aspects: When the gas is trapped in
the matrix during the material process, the pores will take shape [36].
Besides, during the fabrication process, the high-temperature gradient
will cause thermal stress in the fiber and matrix, and the mismatch of
the coefficient of thermal expansion (CTE) may lead to excessive micro-
cracks. The hierarchical pores play an important role in the mechanical
response, which has been discussed in the previous work [32,37].

2.2. Experiments

2.2.1. Cyclic thermal shocks
As CMCs are widely used in thermal protection systems, extreme

temperature environments may cause the failure of the CMC com-
ponents. It is significant to investigate the material response under
thermomechanical loading. Cyclic thermal shock, as a typical thermo-
mechanical loading in service and is easy to quantify [24], was chose
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Fig. 2. (a) The stress–strain response with different off-axis angles of the ox/ox-CMCs; (b) Damage evolution during tensile loading, with the strain increases, cracks occur in the
matrix and the material has permanent deformation, if the crack extends to the fiber bundles and lead to the failure of fibers, the material loses its carrying capacity.
Fig. 3. Geometry of the uniaxial tension specimens and the off-axis angle.

to study the effects of thermomechanical loading on the mechanical
response in the present work.

The thermal shock experiments are conducted by heating the spec-
imens to 1100 ◦C using the muffle furnace, and holding for 10 min
to confirm the uniform temperature of the specimens, then putting the
specimens into the water for cooling. Repeating the above process, the
specimens can suffer cyclic thermal shocks. For the details of cyclic
thermal shock tests can refer to the authors’ previous work [37]. Then
the thermal shocked specimens were performed on-axis tensile loading
at room temperature.

2.2.2. Off-axis tension tests
Besides, to investigate the effects of off-axis loading, the off-axis

tension tests were performed for the original CMC specimens, and 0◦,
30◦, 45◦, 90◦ off-axis was chosen to discern the stress–strain relation-
ship. The geometry of the different off-axis angle specimen is illustrated
in Fig. 3, and the tension tests were performed on a MTS 809 servo-
hydraulic test machine under displacement control, the displacement
control speed is 10−4 mm/s. The dimensions of the specimen and test
methods are referred to ASTM standards designated C1275-00.

2.3. The stress–strain response behavior

The stress–strain response with different off-axis angles for the
ox/ox-CMCs were obtained, as shown in Fig. 2(a). In general, the stress–
strain behaviors of different off-axis angles consists of three regions
until it fails: (i) In the first region, the curves are nearly linear, which
means that the material shows the elastic behavior; (ii) With the strain
increases, the stress reaches yield stress, and then the curves show
nonlinear, due to the fact that cracks occurs in the matrix and the
material has permanent deformation. It should be mentioned that the
yield stresses for different off-axis angles are quite diverse, on account
of the speed of crack generation, and the off-axis will accumulate the
speed. (iii) If the crack extends to the fiber bundles and leads to the
failure of fibers, the stress reaches the third region, which means the
damage in the material reaches saturation and the material loses its
3

Fig. 4. (a) The real paths of weft and warp tows in CMCs were obtained by the
SEM observation, which were used for the establishment of RUC; (b) The final weave
architecture of the RUC, which contains eight weft tows and eight warp tows.

carrying capacity. It should be mentioned that the curves of 30◦ and
45◦ show obvious saturation region, and the curves of 0◦ and 90◦ are
almost linear, dues to that the region of the damage saturation is short
for 0◦ and 90◦ loading, and it will reach the failure stage rapidly. The
reason for this phenomenon is that when the materials suffer 0◦ and 90◦

loading, loads are applied axially along with the fiber bundles, leading
to the fast failure of fibers at the third region, while for 30◦ and 45◦

loading, the load is distributed across the fiber bundles.
The damage evolution process is demonstrated in Fig. 2(b), and the

stress–strain curves for the CMCs after thermal shocks show similar
behavior with the 0◦ original specimen, except that the elastic modulus
decrease [31].

Besides, it can be recognized that the elastic modulus is inflected
by the off-axis angle, 0◦ shows the maximum elastic modulus, and
45◦ shows the minimum ones. Since the locations of the cross-over for
fiber bundles are different for 0◦ and 90◦ loadings (referring to Fig. 4),
the bearing capacity of the materials in the 0◦ and 90◦ directions is
different, causing the elastic modulus difference between 0◦ and 90◦

loading.

3. Establishment of the FE model

3.1. Woven fibers description

Since the braided structures of the woven composites possess the
characteristic of periodicity, the repeat unit cell (RUC) is applied to
obtain the effective properties of the woven materials, as well as to
investigate the micro deformation during the loading.

To achieve the realism, the RUC should represent the real weave
architecture and tow waviness of the woven composites. In the present
work, the real paths of weft and warp tows were obtained by the SEM
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Fig. 5. The basic principle of the multiscale model, used to determine the property of fiber bundles, as fiber bundles contain fibers and matrix.
Fig. 6. Typical loading conditions used to investigate the effect of off-axis loading on
mechanical response, ranging from (a) 0◦, (b) 30◦, (c) 45◦ and (d) 90◦.

Table 1
The parameters to calculate the effective elastic modulus of matrix and
fibers.

Parameter 𝜂0 𝑎 𝐸0
m (GPa) 𝐸0

f (GPa)

Value 0.87 1.867 373 210

observation as depicted in Fig. 4(a). Besides, it is assumed that the tows
are straight along the principal material directions, except for the cross-
over region between tows. The cross-section of tows is expected to be
elliptical, as for simplification.

The final weave architecture of the RUC is issued in Fig. 4(b),
which contains eight weft tows and eight warp tows. In consideration
of effective computation, each tow is modeled the same, and they are
obtained by translating and rotating one tow, so that the cross-section
and aspect ratios is identical to each other. The total tow volume in RUC
are consistent of the total fiber volume of the entire material, which was
achieved by adjusting the thickness of the matrix.

3.2. Preliminary determination of constituent properties

Direct specifying material constants of the matrix and fiber bundles
using the manufacturer’s data of the original matrix and fiber materials
during the simulation is problematic. On the one hand, due to the
porous nature of the matrix, it is unreasonable to regard the matrix
in the ox/ox-CMCs as original matrix material, which will overrate
the material properties. On the other hand, the fiber bundle, or tows,
consists of fiber and porous matrix, so that the material properties
of fiber bundles reflect the effective properties of fiber and porous
matrix. In view of the consideration, a multiscale modeling method was
applied to calibrate the material property of fiber and matrix, which is
4

Fig. 7. Surface strains computed from different off-axis models. From the top-down, the
figures represent the surface strains computed from 0◦, 90◦, 30◦, 45◦ models. Overlaid
white lines indicate tow boundaries. Two applied strain levels, 0.1% and 0.2%, were
chosen to investigate the change of strain distribution when strain increases.

developed by the previous work [38]. The multiscale model contains
the micro-scale model and the meso-scale model as shown in Fig. 5.
The micro-scale model is established to obtain the effective mechanical
properties of the fiber bundles. As the fiber bundles consist of fiber and
matrix, an RUC of the fiber bundles (the micro-scale model) can be
used to determine the effective elastic modulus and the Poisson’s ratio
of the total fiber bundles. Then, the meso-scale model is established
considering the periodic braided structure of the fiber bundles, and
the properties of the fiber bundles are obtained from the micro-scale
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Table 2
The comparison between the computed elastic modulus of thermal-shocked CMCs and experiments.
Material Original (GPa) After 2nd thermal shocks (GPa) After 8th thermal shocks (GPa)

Predictions 119.8 97.7 81.7
Experiments 120.5 98 82
errors 0.5% 0.3% 0.36%
Fig. 8. The strains along two lines (line A and B in Fig. 7) under 0◦ loading with different cyclic thermal shocks.
model. The modeling details of the multiscale method are introduced
as follows.

Firstly, to obtain the effective properties of porous matrix and fiber
bundles, the authors have developed a micromechanics-based model
considering the contribution of hierarchical pores [39]. The basic idea
of the model is regarding the hierarchical pores as inclusions in materi-
als but have zero stiffness, then the effective elastic modulus of matrix
and fibers can be expressed as a function of hierarchical porosity:

𝐸f = 𝜂0(1 − 𝜁f − 𝜁m)𝑎−1𝐸0
f

𝐸m = (1 − 𝜁f − 𝜁m)𝑎−1𝐸0
m

where 𝜂0 represents the fiber orientation, and 𝑎 is a material parameter.
𝐸0
f and 𝐸0

m are the elastic modulus of fiber and matrix without pores,
respectively; 𝜁f and 𝜁m denote the porosity in the fiber and matrix.
The parameters to calculate the effective elastic modulus of matrix and
fibers are shown in Table 1. Besides, the porosities of the fiber and
matrix are obtained by the mercury intrusion method, and verified by
the micro-CT.

After obtained both the fiber and matrix property in the fiber bun-
dles, a microscale finite element model will be established to determine
the effective property of the fiber bundles, which will be regarded as
input for the calculation of the mesoscale model.

The inputs of the meso-scale model contain the effective proper-
ties of the fiber bundles and the properties of the matrix. However,
there are some initial manufacturing defects in the matrix, causing
a decrease in the original properties of the matrix. Therefore, there
will be a difference between the calculated properties of the ox/ox
CMCs obtained by the meso-scale model and the experimental results,
and an iterative procedure is necessary to reach higher fidelity after
preliminary determining the constituent properties of the mesoscale
model. The effective fiber bundle and matrix properties are used for
simulation, and the results will be compared with the pertinent ex-
perimental results. If the computed results are quite different from the
experimental results, then judiciously adjust the component parameters
and conduct simulation, repeat the process until the results agree with
the measurements. After some iterations, the mesoscale model can
certainly reproduce the measurements accurately.

3.3. Loading and boundary conditions

Firstly, to investigate the effect of off-axis loading on mechanical
response, typical off-axis loading conditions, ranging from 0◦, 30◦, 45◦

and 90◦, was considered, as illustrated in Fig. 6. As the micro-scale
model and the meso-scale model are based on the RUC, the periodic
boundary conditions are applied to both the micro-scale and meso-scale
5

models. The loading for the micro-scale model is the uniaxial tension
loading along the spindle direction of the model. The loading to the
meso-scale model is the off-axis tension loading along the 0◦, 30◦, 45◦

and 90◦ direction.
Secondly, the effect of thermomechanical loading was realized by

changing the effective elastic modulus of fiber bundles and matrix,
and the RUCs of CMCs after two and eight cyclic thermal shocks were
established, the loading condition is loading in the 0◦ direction.

The mesh type of matrix and tows is 8-node linear brick, reduced
integration, hourglass control (C3D8R). The total number of elements
is 131,400, and the number of nodes is 191,379 for the meso-scale
model. To verify the grid convergence, the grid was encrypted, and the
total number of elements becomes 201,880. The corresponding nodes
in the case of two kinds of grids were selected respectively, and the
stress of the nodes at the same time was compared. The error of the
two groups of simulation results is 0.1776%, which is less than 1%.
Therefore, it can be considered that the mesh convergence is good and
the simulation result is reliable.

4. Material response

4.1. Macroscopic response

To calibrate the proposed meso-scale model, the computed elastic
modulus of thermal-shocked CMCs was compared with experiments, as
demonstrated in Table 2. In general, the simulated results agree with
the experimental results adequately. Therefore, the property of matrix
and fiber bundles is confirmed without more effort.

Notably, the experimental results exhibit the nonlinear behavior
with the strain increases, for two reasons: Firstly, the damage occurs
in the matrix and fiber bundles of materials, leading to the degener-
ation of material property; Secondly, the tows will be geometrically
softened, such as bent or straightened, during tensile loading in the
real composites.

4.2. Strains distribution

To investigate the attribution of the inhomogeneous strain field on
the material property of CMCs, the strain distributions with different
off-axis angles are presented as full-field maps in Fig. 7; Two applied
strain levels, 0.1% and 0.2%, were chosen to investigate the change
of strain distribution when strain increases. From the top down, the
figures in Fig. 7 represent the surface strains computed from 0◦, 90◦,
30◦, 45◦ models.

From Fig. 7, as for the 0◦ axis loading, the location of the maximum
strain is near the cross-overs of tows, to be more exact, the edges of the
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Fig. 9. Axial strain distribution with different cyclic thermal shocks under 0◦ loading. The phenomenon observed by thermal shocked CMC shows a similar tendency with the
original CMC.
Fig. 10. Out-of-plane displacements under 0◦ tensile loading, at 𝜀app=0.2%, of (a) original CMC; (b) CMC after 2nd thermal shocks, and (c) CMC after 8th thermal shocks. The
left figures are the total distribution of the RUC, the right figures are the displacement along two tows C and D.
cross-overs. The reason for this phenomenon is that the tows bend at
the cross-over, leading to the stress concentration. Besides, the location
near the tow cross-overs shows higher strains than the other areas of the
6

tows, except for the edges, which is also due to the bending of the wavy
sections, and the influence of beading will disappear with the distance
increases. The strain distribution under 90◦ axis loading shows a similar
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tendency, the maximum strain located in the edges of the cross-over.
However, as for the 30◦ and 45◦ off-axis loading, the bending effects
n the strain seems not obvious, due to the fact that the loading is not
n axis, and the strain distribution for different tows shows a similar
endency. Because there are no tows along the loading direction, the
train distributions are demonstrated using the most obvious strain. In
ddition, with observation of the strain distribution for higher applied
train, it can be found that the phenomenon displayed at lower applied
train will be more distinct without change.

To quantify the axis strain distribution of one tow and verify the
bove analysis, two lines alone the axis of tows under 0◦ loading were
hosen, which is exhibited in Fig. 7 as lines A and B. The strains along
he lines were extracted, as demonstrated in Fig. 8. It can be seen that
here are eight peaks along the line, and each peak indicates that there
s a tow under the selected tow. The peak of the highest represents the
ocation of the cross-over (seen gray regions), and there are tow second
igh peaks representing the location near the cross-over.

Meanwhile, to determine the damage and failure mechanism of
he CMCs after thermal shocks, the effects of thermal shocks on the
train distribution were also investigated, and the axial strain with
ifferent cyclic thermal shocks under 0◦ loading are display in Fig. 9.

The phenomenon observed by thermal shocked CMCs shows a similar
tendency with the original CMCs, which has been described above. To
further study the effects of thermal shocks, the axis strain distribu-
tion of one tow with different cyclic thermal shocks was exhibited in
Fig. 8. The strains along the tows decrease with cyclic thermal shocks
increase, which means that cyclic thermal shocks may affect the degree
of constraint. This trend further exemplifies local tow bending and
straightening as well as the effects of cyclic thermal shocks on the
degree of constraint. Clearly, strain concentrations in cross-overs are an
outward manifestation of the weave geometry and mechanical property
mismatching.

Besides, the strain distributions can be used to predict the damage
mechanism for CMCs after thermal shocks, as the damages initiation in
the composites, such as the matrix cracks and delamination, are greatly
influenced by the critical strain in the composites.

4.3. Out-of-plane displacement

After obtaining the strain distribution, the out-of-plane displace-
ment for woven composites was also investigated. Fig. 10 shows the
out-of-plane displacement 𝑤 of original CMCs and thermal shocked
CMCs under 0◦ tensile loading with the applied strain 0.2%, and the
left figures are the total distribution of the RUC, the right figures
are the displacement along two tows C and D. It can be seen from
the left figures that, the out-of-plane displacement at the cross-over is
higher than others, which is similar to the strain distribution, and the
location near the cross-overs shows the lowest displacement due to the
curvature of tows. Besides, the out-of-plane displacement is influenced
by the curvature of tows, the location near the adjacent cross-over also
shows the high displacement. This phenomenon can also be observed
in the right figures. There are three peaks along the tow direction, the
highest peak represents the location of the cross-over, and the other
two show the locations near the adjacent cross-over.

The effects of off-axis loading and cyclic thermal shock condition on
the strain concentration can be characterized by 𝑘𝜀 = 𝜀max∕𝜀app (where
𝜀max is the maximum axial strain, 𝜀app is the applied strain). Fig. 11
illustrates the relationship between 𝑘 and applied strain under different
conditions. For all conditions, 𝑘𝜀 is essentially unchanged with the
applied strain increases (independent of 𝜀app). However, 𝑘𝜀 increases
with cyclic thermal shocks increase, varying from 2.18 to 2.22, and
7

the off-axis angle also influences the value of 𝑘𝜀.
Fig. 11. Effects of off-axis load and cyclic thermal shock condition on the strain
concentrations, characterized by 𝑘𝜀 = 𝜀max∕𝜀app (with 𝜀max being the maximum axial
strain).

4.4. Fiber stresses

The fiber stress distributions of original and thermal shocked CMCs
under 0◦ tensile loading were demonstrated in Fig. 12. The maximum
stress appears at the bending region of tows, and the adjacent region
of tow cross-overs also shows fairly high stress. As for the influence
of cyclic thermal shocks, with the cyclic thermal shocks increase,
the stress decreases because the thermomechanical loading affects the
mechanical property, and the elastic modulus degenerates. Besides,
the average stress for the cross-sectional area of one tow (tow E in
Fig. 12) along the axis direction with different cyclic thermal shocks
was displayed in Fig. 13, and the error bars express the maximum
and minimum of the stress in cross-sectional area. From the figure, the
decrease in global stress can also be observed. The gray areas show the
location of the cross-overs, and there is peak stress near the cross-overs.

The results of stress can give further information for the strain
distribution. During 0◦ tensile loading, the transverse tows in cross-over
areas are bent and the axial tows are straightened, leading to the stress
increase. However, the maximum stress is obtained elsewhere: the edge
of the axis tows near the cross-overs.

5. Discussion

In general, the strain and stress distribution have been acquired
by the established meso-scale model, the effects of non-uniform stress
and strain fields on the mechanical behavior can be investigated in the
following:

(i) During the axis tensile loading, the axial tows were unaligned
with the loading axis, leading to both tensile stress and bending stress
within the tows. Therefore, the strain concentration appears at the edge
of the cross-overs of tows.

(ii) As shown in Fig. 14(a), the axial surface tow was bent at the
initial state. When suffering the axis loading, the axial surface tow tends
to straighten, as illustrated by the dotted line. The straighten, in turn,
causes the transverse tow to move, and the transverse tow on the cross-
over tends to move up, leading to the out-of-plane displacement, the
transverse tow near the cross-over moves sideways, resulting in the
increase of axial strain.

(iii) Fig. 14(b) displays the observation of transverse tow, and it can
be seen that the straighten of axial tow affects the bending of transverse
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Fig. 12. Stress distributions of original and thermal shocked CMCs under 0◦ tensile loading, at 𝜀app=0.2%. (a) Original; (b) After 2nd thermal shocks; (c) After 8th thermal shocks.
The maximum stress appears at the bending region of tows, and the adjacent region of tow cross-overs also show fairly high stress.
Fig. 13. Average stress for the cross-sectional area of one tow (tow E in Fig. 12) along
the axis direction with different cyclic thermal shocks, and the error bars express the
maximum and minimum of the stress in cross-sectional area.

tow, and leads to out-of-plane and transverse displacement, as well as
high stress.

The thermomechanical loading can constrain the effects of non-
uniform stress and strain fields discussed above, due to the degenera-
tion of mechanical property. It should be noted that similar description
can be found in Ref. [1], which can prove the discussion above.

The further conclusion can be obtained that, due to the stress
concentration in the axial tows near the cross-overs, the strength for
the woven composites may be inferior to that of laminate composites
(the fibers in the composites are straight). Even though the progress of
fiber fracture and coalescence leading to composite fracture depends
on the length scale of stress height persistence and loading transfer
characteristic between the fractured fiber and the surrounding material,
the worst case scenario may be that the failure occurs at stresses that
8

are inversely proportional to the rise in relative stresses. For example,
if the peak stress rise to 20% and failure is assumed to occur at the
local fiber stress reaches its inherent tow strength conservatively, the
fracture stress will be reduced by 1 − 1∕1.2 = 16.7%. A corresponding
reduction in failure strain can be expected. Of course, the estimates
ignore the complexity of tow failures as the fibers are not uniformly
stressed: this problem remains unsolved.

The present data available for the woven composites obtained here
and elsewhere seem to support the previous view, despite the difficulty
to directly convert the predicted stress distribution into the failure
strain of the composite material. In general, the ratios of these failure
strains are consistent with the fiber stress heights calculated in this
work.

The validity of the proposed meso-scale model needs more critical
examination for woven composites. The comparisons between experi-
ments and predictions under different loading conditions are required.
Therefore, although the model and methods used in this study match
the results of experiments, they may need some improvement to capture
the behavior in a wider load range. For example, the nonlinearity
of the mechanical property for woven CMCs under loading was not
considered when modeling the RUC, which has been observed in ex-
perimental results. Despite these limitations of the present model,
it is useful in providing insights into the origin and magnitude of
stress/strain concentrations in woven composites under off-axis loading
and thermomechanical loading.

6. Conclusions

The present work focuses on the tensile deformation response of
8HSW CMCs under non-uniform strain fields. The effects of weave
architecture on stress and strain distributions of woven composites un-
der off-axis loading and thermomechanical loading are investigated by
establishing a meso-scale FE model. Although the scope of this work is
limited to one type of weaving, it is expected that the modeling method
can be useful in examining other types of weaving. The following
conclusions are drawn for the study:

• A meso-scale FE model was established, and the real weave
architecture was considered in the model. The weft and warp tow
paths were determined by the SEM observation. Elements within
the fiber tows were treated as being transversely isotropic, and the
elements except the tows were ascribed to the property of matrix.
Besides, the effects of porosity in the tows and matrix were taken
into consideration in the model.

• The stress–strain response of the computed results was compared
with experimental results. The results show that the method
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Fig. 14. Schematics showing: (a) when suffering the axis loading, the axial surface tow
tends to straighten, as illustrated by the dotted line. The straighten, in turns, causes the
transverse tow to move, resulting in the increase of axial strain; and (b) the observation
of transverse tow, and it can be seen that the straighten of axial tow affects the bending
of transverse tow, and leads to out-of-plane and transverse displacement, as well as the
high stress [1].

can better match the tensile stress–strain curve at small applied
strain, but underestimates the measured value at high applied
strain. The difference between small and high strain is due to
the degeneration of material property and the softening of the
bending tows during experiments.

• As for the strain distribution, the maximum strain appears near
the cross-overs of tows when CMCs under on-axis loading, due
to the tows bending at the cross-over. Besides, the location near
the tow cross-overs shows higher strains than the other areas of
the tows. The bending effects on the strain seem not obvious
under off-axis loading, and the strain distribution for different
tows shows similar tendency.

• The stress distribution shows a similar tendency to strain, the
maximum stress appears at the bending region of tows, and
the adjacent region of tow cross-overs also shows fairly high
stress. Besides, with the cyclic thermal shocks increase, the stress
decreases due to the degeneration of the mechanical property.

• Due to the stress concentration in the axial tows near the cross-
overs, the strength for the woven composites may be inferior to
that of laminate composites, and the proposed model is useful in
providing insights into the origin and magnitude of stress/strain
concentrations in woven composites under off-axis loading and
thermomechanical loading.
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