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A B S T R A C T

Oxide/oxide-ceramic matrix composites (ox/ox-CMCs) are excellent candidates for material applications in high-
temperature and oxidizing environments, which exhibit complex couplings between the thermal and mechanical
fields. Uniaxial tensile tests are conducted for 0°/90° and ± 45° fiber orientation of the thermal shocked ox/ox-
CMCs. The study reveals that the anisotropy properties of the thermal shocked ox/ox-CMCs result in different
degrees of thermomechanical damage, which are reflected in the degeneration of the modulus. Based on the
detailed experiments and analysis, a cyclic thermal shock-induced thermomechanical damage model of the 2-D
woven ox/ox-CMCs is proposed, incorporating two tensile scalar damage parameters, and one shear scalar da-
mage parameter. The model will contribute to predicting the thermomechanical damage evolution throughout
the composite structure under thermal transient conditions. In addition, the model was validated with numerical
simulation to demonstrate the damage model performance, which is relatively crucial in damage tolerance
analysis in the aeronautical industry.

1. Introduction

Oxide/oxide-ceramic matrix composites (ox/ox-CMCs) exhibit high
strength, low density, high-temperature stability, and excellent corro-
sion resistance, which can meet the thermomechanical property re-
quirements of various high-temperature applications [1–3]. Therefore,
CMCs are good candidates for aeronautical industry applications, such
as thermal combustors, nozzle guide vanes, and flame stabilizers in gas
turbines. The mechanical responses of CMC structures are always re-
lated to the factors present in the combustion environment, such as
cyclic thermal shocks, thermal aging, water vapor, and corrosion [4].
High-temperature gradients under harsh environments will result in
excessive thermal stresses and accompanying microstructural changes,
which accelerate premature damage and failure of the composite
structures. Consequently, it is of considerable significance to investigate
the residual mechanical behavior and thermomechanical damage me-
chanism of ox/ox-CMCs under thermal transient loading and to quan-
titatively describe the thermomechanical damage evolution of mate-
rials.

Several studies have been performed on understanding and de-
scribing the mechanical behavior of these composites at high tem-
peratures [5,6], notably considering the effect of matrix cracks and
interfaces on the mechanical properties of composites. Singh and Wang

[7,8] discovered that the main thermal shock damage mechanisms are
matrix cracking and delamination for three types of continuous fiber-
reinforced CMCs after thermal shocks when observing the mechanical
behavior. Kagawa [9] investigated the development of thermo-
mechanical damage in the SiC-fiber-reinforced SiC-matrix composites
fabricated by the chemical vapor infiltration (CVI) process under
thermal shocks, and the experimental results demonstrated that the
crack initiation is related to the critical temperature. Kastritseas et al.
[10,11] observed multiple matrix cracking in cross-ply Nicalon/calcium
aluminosilicate (CAS) CMCs after thermal shocks, and proposed a semi-
empirical formula to predict the critical thermal shock temperature for
crack initiation. Salekeen et al. [12] studied the degradation of me-
chanical properties of the SiC/SiNC CMCs manufactured by the polymer
impregnation and pyrolysis (PIP) process owing to thermal shocks, the
results show that both the elastic modulus and strength decrease by
about 20% after five thermal shock cycles. Mei and Cheng [13] in-
troduced the time dependence and stress dependence of cyclic fatigue
(both thermal and mechanical) damage of C/SiC composites and ex-
perimentally discussed the effects of the fatigue cycles and the fatigue
stress levels on the tensile behavior of composites. Leanos and Prab-
hakar [14] investigated the compressive properties of the original and
thermal shocked 2-D C/C composites, which shows that the compres-
sive strength and stiffness decrease as the thermal shock temperature
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increases. Udayakumar et al. [15] quantified the interfacial bond
strength in SiCf/SiC composites and reported the materials mechanical
properties before and after thermal shocks. Zhang et al. [16] studied the
tensile properties of 2.5-D C/SiC composites reinforced by woven T-300
carbon fiber in the warp and weft direction influenced by the thermal
cycles. They found that the modulus decreases with increasing thermal
cycles, and the degradation of modulus in the warp direction is 37% for
the as-received material, whereas that of the weft modulus is only 18%.
Triantou et al. [17] evaluated the performance of carbon-bonded fiber
composites and CMCs on thermal shock tests through scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS). Un-
fortunately, little attention has been paid to characterizing and quan-
tifying the thermal shock-induced thermomechanical damage of ox/ox-
CMCs, and there is no reliable model to investigate and predict the
thermomechanical damage evolution for ox/ox-CMCs under cyclic
thermal shocks.

The damage mechanic approaches to formulating the constitutive
laws for the damaged materials can be classified into two categories:
the micromechanical approaches and the macroscopic approaches
based on continuum damage mechanics (CDM) [18–20]. Micro-
mechanical approaches have been developed over the past few decades,
which provide essential insights for analyzing the mechanism of mi-
crostructural damage (i.e., fiber pullout, matrix cracking, debonding).
However, they are difficult to extend to the materials with laminates
and to the macro-scale in a generic manner [21,22]. The CDM ap-
proaches are generally attractive when modeling damage initiation and
development for composites, as the damage is the primary energy dis-
sipation source in these materials [23,24]. The damage evolution laws
can be governed by thermodynamic forces and calibrated using ex-
tensive experimental data. Recently, Yang and Yuan [25,26] in-
vestigated cyclic thermal shock-induced thermomechanical damage in
CMCs and found that the micro-cracks in the matrix induced by thermal
stresses mainly result in macroscopic damage during thermal transient
conditions. The material degradation is characterized by a reduction in
elastic modulus and driven by the elastic strain energy. A thermo-
mechanical damage model was developed based on experiments within
the framework of CDM. However, the model is based on the isotropic
assumption and neglects the effect of anisotropy on the damage evo-
lution for the composites. As the damage in ox/ox-CMCs involves sev-
eral mechanisms that are highly anisotropic, it is of importance to take
into account the effects of anisotropy on the mechanical properties
when describing the damage in the thermal shocked CMCs.

In the present work, the mechanical behaviors of 0°/90° and ± 45°
fiber orientated 2-D woven oxide/oxide CMCs related to the thermal
shock temperature and cumulative number of thermal shock cycles are
investigated. Meanwhile, the evolution of microscopic damage me-
chanisms is also experimentally analyzed. A thermomechanical damage
evolution model for ox/ox-CMCs under cyclic thermal shocks is pro-
posed using the framework of CDM and thermodynamics, in addition,
the verification and validation of this model are realized through nu-
merical simulations in the ABAQUS/Standard integrated environment.

2. Materials and experiments

2.1. Materials

The 2-D woven ox/ox-CMCs were manufactured using uncoated
Nextel™ 610 (99% α-Al O2 3 ) fibers and Al O2 3 –SiO2 – ZrO2 matrix. The
Nextel™ 610 fibers with a diameter of 10μm account for approximately
44% of the total material volume, and the density of fibers is 4.0 g/cm3.
The matrix has a chemical composition of 85 wt% Al O2 3 and 15wt%
3YSZ (3mol% Yttria-stabilized monoclinic and tetragonal ZrO2), the
density of which is 4.2 g/cm3. First, the fibers woven in 8-harness satin
(8HS) were impregnated with the paste-like Al2O3 slurry by blade
coating. Then the 8 plies of fiber layers were infiltrated with 3YSZ-sol,
stacked in 0°/90° order. Finally, the sintering process was performed at

a temperature of 1000–1300 °C for 5 h. The finished composite panel
was 2.8 mm in thickness, and the total open porosity, determined by the
mercury intrusion method, is 27.6%. A schematic representation of 8HS
weave ply is shown in Fig. 1.

The overall microstructure of the original ox/ox-CMCs is presented
in Fig. 2. It illustrates that some residual pores and extensive micro-
cracking appear in the matrix. The pores arise during the material
processing, which have been created by gas trapped with the matrix
infiltrated fiber preform. Because of the stress concentration occurring
at the corner of the pores, the micro-cracks will initiate from the corners
of the pores when suffering the cyclic thermal shocks. The excessive
shrinkage of materials is caused by the high-temperature gradients
during material fabrication, and the degree of shrinkage between fiber
and matrix is mismatched owing to the different coefficients of thermal
expansion (CTE) in fiber and matrix, which leads to the existence of
micro-cracking. These inherent pores and micro-cracking have a sig-
nificant effect on the mechanical properties, as discussed in Refs.
[26,27].

2.2. Cyclic thermal shock tests

The cyclic thermal shock tests were performed at the maximum
thermal shock temperature of 1100 °C, which is slightly below the
maximum potential operating temperature of the ox/ox-CMCs. During
each thermal shock cycle, specimens were elevated in the center of the
muffle furnace for about 10min at 1100 °C. Once the sample and the
environment in the furnace reached a sufficient thermal balance, the
sample was immediately taken out and placed in a distilled water bath
at a temperature of 20 °C. After the water quenching, the specimens
were dried in air at room temperature before putting back into the
furnace for another thermal shock cycle. Further details for the cyclic
thermal shock tests can be found in Refs. [25,27]. After finished the
preselected thermal shock number, SEM was used to examine the mi-
crostructural evolution of the materials.

2.3. Mechanical test

To represent the in-plane mechanical properties of the ox/ox-CMCs
under cyclic thermal shocks, the residual modulus in 0°/90° and ± 45°
fiber orientated composites were measured using uniaxial tensile tests
at room temperature. The specimens from the same batch were cut into
the standard shape of 160mm × 20mm with a gage length of 15mm by
a water jet, as shown in Fig. 3. For each specimen, a strain gage rosette
was affixed to the gage section of the specimen to measure the tensile
strains and its corresponding transversal strains. All the tensile tests
were performed by strain control in a servo-controlled MTS mechanical
testing machine [25], with constant strain rate −10 /4 s ensuring quasi-
static loading conditions.

Owing to the limitations of the test conditions, the in-plane shear

Fig. 1. Schematic of 8-harness satin weave in ox/ox-CMCs.
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test was not performed to evaluate the pure shear mechanical proper-
ties after cyclic thermal shocks. Therefore, the shear properties were
determined by tensile test data of ± 45° off-axis specimens, in ac-
cordance with the ASTM standard D3518 [28]. The in-plane shear
modulus can be determined based on the following relationship
[27,29]:

=
−

G σ
ε ε2( )

,x

x y
12

(1)

where σx is tensile stress of the ± 45° off-axis specimens, =σ F A/x , and
A is the cross-sectional area for the specimen in the tensile direction.
The axial strain εx and the transverse strain εy are measured using the
strain gage rosette.

3. Characterization of residual mechanical properties

3.1. Microstructural evolution

To study the damage mechanism of the ox/ox-CMCs under cyclic
thermal shocks, a large number of detailed SEM observations were
performed, and two kinds of damage mechanisms can be observed.

(i) Delamination in the interface of fiber and matrix, which is caused
by high-temperature gradients and different CTEs for the fiber and
matrix.

(ii) Micro-cracks, along with the thickness of the matrix, caused by the
tensile stress. As the matrix between the fiber bundle is brittle and
stiffer, and the matrix has larger built-in pores than the fiber
bundle, thus the matrix begins to crack first. The corresponding
crack grows between and inside the fiber bundles at the transverse
plane under the thermomechanical loading, which is oriented by
the fibers, as shown in Fig. 4.

It seems that the delamination is independent of cyclic thermal
shock numbers, but the matrix crack density increases with the thermal
shock cycle number, which leads to the continuous degeneration of the
material property with cyclic thermal shocks. More specifically, when
suffering only a limited number of thermal shock cycles (the shock
cycle number is about 8 for the present materials and the thermal shock
temperature = ∘T 1100shock C [25]), the rate of increase of the micro-
crack density slows down, as the fiber reinforcements change the crack
initiation and crack propagation behavior. Ultimately, the thermo-
mechanical damage of the ox/ox-CMCs reaches a saturation level
(characteristic damage state (CDS)).

3.2. Mechanical property characterization

As analyzed previously, the increase of micro-crack density results
in the degeneration of mechanical properties, thus it is essential to in-
vestigate the residual mechanical property of the ox/ox-CMCs under
cyclic thermal shocks materials. The 0°/90° and ± 45° fiber orientations
of the composites are chosen to conduct tensile tests as the mechanical
response of the ox/ox-CMCs depends on the applied load direction. The
mechanical behavior in the 0°/90° orientation is dominated by fibers in
the in-plane loading direction. The load in the ± 45° off-axis direction is
transferred to the fiber by the matrix, and the matrix dominates the
stiffness and strength behavior in the ± 45° orientation.

For a single thermal shock with different thermal shock tempera-
tures, the elastic modulus E1, E2 and in-plane shear modulus G12 of the
ox/ox-CMCs decrease with thermal shock temperature Tshock increases,
the drop in G12 reaches 18.5%, whereas E1 and E2. are reduced by 14%
and 8%, respectively, as indicated in Fig. 5(a). The experimental results
show that the elastic modulus E1 and E2 differ by as much as 22%,
although the material is a 0°/90° symmetrical laminate. There are two
possible explanations for the difference: (i) The edge effects, because

Fig. 2. SEM observations of a cross-section through the as-received ox/ox-CMCs. (a) Micro-pores and sintering shrinkage cracks in the matrix (perpendicular to the
plies of the matrix). (b) Nano-pores of the matrix, enabling crack initiation and deflection at the fiber/matrix interface.

Fig. 3. Schematic illustration of the specimen geometry, a strain gage rosette is used for room-temperature mechanical property measurement.
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the width of the gage section is lower than the length [30], and the fiber
braiding mode leads to inconsistencies in the fiber distribution in length
and width; (ii) The coefficient of heat conduction in direction 1 is larger
than that in direction 2, causing higher thermal stress when suffering
thermal shocks, and there are more thermal shock-induced micro-
cracks in the 1 direction, which finally result in more decrease of E1.
The difference between the properties of warp and weft directions is the
case in most of the composites with woven fibers [31].

The difference in E1, E2, and G12 experimentally verifies that the
orthogonal material property of the ox/ox-CMCs affects the material
degeneration. Moreover, the stiffness reduction of the three principal
directions occurs when the shock temperature reaches 400 °C as this is
the thermal shock temperature threshold. Furthermore, the elastic
modulus reaches a saturation level, as Tshock exceeds 1000 °C and even
higher temperatures.

Fig. 5(b) shows the residual modulus of the ox/ox-CMCs under
cyclic thermal shocks, with the thermal shock temperature of 1100 °C.
The modulus E1, E2, and G12 decrease with cyclic thermal shock number
increases, and the overall reduction of E1 is higher than E2, as the
change rate of E2 is lower compared with E1, which displays the same
phenomenon as the materials under single thermal shock. Here E1 and
E2 reach saturation after eight thermal shocks, whereas G12 approaches
the final state after four thermal shocks. As the crack grows with the
number of cyclic thermal shocks, the release of strain energy will re-
duce the stress concentration occurring at the corner of pores, and when
the crack tip reached another pore between fiber bundles, cracks will be
stopped, thus it seems natural for the modulus to eventually become

saturated.

3.3. The modeling of thermomechanical damage

The thermomechanical damage affects the mechanical behavior of
CMCs considerably, which causes degradation in the elastic modulus as
the damage accumulates and grows [32,33]. The plasticity is neglected
when modeling the mechanical behavior of the ox/ox-CMCs, as the
materials exhibit elastic-brittle behavior. More essentially, the damage
can be related to elastic strain energy under thermomechanical condi-
tions. Consequently, to predict the thermomechanical damage initiation
and evolution of the cyclic thermal shocked ox/ox-CMCs, the elastic
thermal-damage law was introduced into the orthotropic constitutive
model to describe the material response behavior of the ox/ox-CMCs
under cyclic thermal shocks.

3.4. Constitutive model

A constitutive description of damage is important in quantifying the
development of thermomechanical damage for the cyclic thermal
shocked ox/ox-CMCs. In the present work, the orthotropic damage is
considered for simplicity according to the orthotropic symmetry of the
materials, and it is assumed that the orthotropy of the materials remains
unaltered during the cyclic thermal shocks, which can be proved by
experiments [25].

Using the stiffness tensor of the damaged material ˜E , the re-
presentation of the actual stress state σ experienced by the damaged

Fig. 4. SEM micrographs of a cross-section through the ox/ox-CMCs after thermal shocks. (a) After one thermal shock, micro-cracks initiated from the corners of
nano-pores of the matrix. (b) After eight thermal shocks, transverse crack density continues up to a saturation point and generates long cracks.

Fig. 5. Residual modulus evolution of the thermal shocked ox/ox-CMCs.
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material and the von Mises effective stress σ̃ are defined as

= =σ ε σ ε˜: , ˜ : ,E E (2)

where =σ σ σ σ[ ]1 2 6 and =ε ε ε ε[ ]1 2 6 considering the orthotropy of the
materials.

Combining Eq. (2), the relationship between the effective stress σ̃
and the actual stress σ can be obtained:

= −σ σ˜ ˜ : ,1
EE (3)

where the damaged stiffness matrix ˜E can be expressed by the internal
state variables D,

= D˜ ˜ ( , ).E E E (4)

On account of the hypotheses and CDM, the scalar damage variables
D1, D2, D6 constitute the internal state variables, as = ⊤D D D D[ ]1 2 6 ,
which characterize the damage in the different principal directions
[34,35],

= − = − = −D E
E

D E
E

D G
G

1 , 1 , 1 ,1
1

1
0 2

2

2
0 6

12

12
0 (5)

where E1, E2, and G12 are the modulus of the damaged materials and the
superscript 0 means the original state of the ox/ox-CMCs. As for the
internal variables, D1 quantifies 0° fiber-direction stiffness degradation
damage, D2 represents 90° fiber-direction stiffness degradation damage,
and D6 represents in-plane shear damage. The experimental observa-
tions generate the database in subsection 3.2 for identifying the damage
values.

Then the −˜ 1
EE in Eq. (3) can be expressed by the damage D, as

=

⎡

⎣

⎢
⎢
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⎤
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1
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1
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6
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(6)

Assuming the isothermal deformation process in orthotropic mate-
rials, the thermodynamic potential function can be reduced to the
elastic strain energy expressed in terms of the material properties and
damage variables,

= =
−

− +
−

+
−

−σ σρ
σ

E D
ν σ σ

E
σ

E D
σ

G D
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2 (1 )

1
2 (1 )

1
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1

12
0

1 2

1
0

2
2

2
0

2

6
2

12
0

6

E

(7)

where ν12
0 is the primary in-plane Poisson ratio and the compliance

coefficient − ν E/12 1 is assumed to be constant. Then, the state law can
be written as the derivative of Φ versus the stress tensor σ :

= ∂
∂

ε
σ

ρ Φ , (8)

where ε denotes the elastic strain tensor.

3.5. Damage evolution for a single thermal shock

For a single thermal shock with different thermal shock tempera-
tures Tshock, the strain energy density release rate, Yi , as the thermo-
dynamic force is used to govern the thermal shock damage evolution, as
described in the previous study [25]. According to the thermodynamics
of CDM and definition of the dissipation potential, the thermodynamic
forces associated with the dissipative mechanisms can be derived from
the energy release rates [36]:

= = =

= = =

= = =

∂
∂ −

∂
∂ −

∂
∂ −
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Assuming that the thermal stress σth that causes damage to the
material is equivalent to the effective stress, =σ σ̃th , the strain energy
density release rate can be obtained:

= =Y
σ

E
i

( )
2

, 1,2,6.i
i

i

th,
2

0 (10)

The second principle of thermodynamics is satisfied, which is
written as the Clausius–Duhem inequality:

− + − ≥σ ε w Y D
q T

T
˙ ˙ ˙ 0.ij ij s ij ij

i ip ,

(11)

As the dissipation is positive, and the thermomechanical damage is
considered to be the only dissipative phenomenon in the materials, the
damage evolution laws should obey the following inequality: ≥Ḋ 0ij .

It is assumed that the damage is uniformly distributed through the
thickness of the composite, thus the definition of the potential function
for the thermal shock damage is [36],

= −Y D( ),i
D

i iF Z (12)

where iZ is defined as the material resistance against damage which has
the form:

⎜ ⎟= + ⎛
⎝ −

⎞
⎠

Y
b

D
D D

1 ln ,i i
i

i

i i
th,

sat

satZ
(13)

where Y ith, is the threshold of the energy density release rate, bi is the
model parameter, and Di

sat represents the saturation of the thermal
shock damage. The damage evolution law is [36],

=
∂
∂

=D λ
Y

λ˙ ˙ ˙ ,i
i
D

i

F

(14)

where λ̇ is the damage multiplier: according to the Kuhn–Tucker con-
dition, it is non-negative for thermal shock conditions. The evolution of
the thermal shock damage becomes,

= − ⟨ − ⟩D D b b Y Y Y˙ exp[ ] ˙ ,i i i i i i i
sat

th, (15)

where ⟨⋅⟩ are the Macauley brackets. Integrating Eq. (15) over [Y Y,i ith, ],
the explicit thermal shock-induced thermomechanical damage expres-
sion is obtained:

= − − ⟨ − ⟩D D b Y Y{1 exp[ ]}.i i i i i
sat

th, (16)

The initial damage resistance Y ith, , the parameter bi, and the sa-
turation damage Di

sat determine the thermomechanical damage caused
by a single thermal shock with different thermal shock temperatures.
The model parameters obtained from the experiments are listed in
Table 1.

Fig. 6 illuminates the damage evolution of the ox/ox-CMCs sub-
jected to a single thermal shock with varying thermal shock tempera-
ture Tshock. When the strain energy density release rate Yi reaches the
threshold value Y ith, , the thermal shock-induced thermomechanical
damage increases rapidly, then reaches the saturation stage, owing to
the decrease of the strain energy damage rate in the maximum principal

Table 1
Thermomechanical damage model parameters of ox/ox-CMCs.

Model parameters D1 D2 D6

Di
sat 0.139 0.073 0.192

Y ith, (MPa) 0.150 0.150 0.090
bi 6.97 18.92 41.26
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stress plane of the materials. Compared with the growth rate of damage
in plane direction 1, the growth rate of in-plane shear damage D6 is
much higher, which demonstrates that the thermomechanical damage
in the matrix is serious, as the shear property of lamina is affected
mainly by matrix. This damage evolution is physically reasonable. On
the other hand, D1 and D2 show different saturation values, even
though the change rates of D1 and D2 are almost the same. It may be
caused by the influence of the specimen size and edge effect, as well as
that the thermal stress gradients in two directions are different due to
the different thermal conductivities in the process of thermal shocks.

3.6. Damage evolution for cyclic thermal shocks

The cyclic thermal shock process is thermal mechanical fatigue in
nature, which may be regarded as energy-dissipative processes in
CMCs. Considering that the damage is cumulative with the dissipation
of energy, the energy methods become imperative for characterizing
damage evolution during cyclic thermal shocks [25]. Then the strain
energy in the damaged materials U can be rewritten as

= − D(1 )i
i

i0
2U U (17)

with

= ⎡
⎣⎢ −

⎤
⎦⎥

αT
ν

ψ B E f η1
2 (1 )

( ) ( ),0
shock

i

2

0U

where α denotes the CTE of composites, ψ B( )i is a function of the Biot
modulus related to the maximum stress and rate of heat transfer, and 0U

is the strain energy per unit volume for the original ox/ox-CMCs.
The evolution of the strain energy in the materials under cyclic

thermal shocks is shown in Fig. 7. Obviously, with the increase in the
number of shock cycles N, the strain energy of the materials will de-
crease as the cyclic thermal shocks cause the damage D in the materials.
In other words, the damage increment DΔ from cycle to cycle represents
the strain energy dissipation, as the damage is the only energy con-
sumer. To illustrate the relationship between the damage and the en-
ergy dissipation, the energy dissipation can be defined as

∑= −
=

−Π ( ),N
i

k

N

k
i

k
i

1
1U U

(18)

where k
iU is the strain energy in the materials after k thermal shocks.

Then the total energy dissipation for a given shock temperature Tshock
can be derived as

= −Π .N
i

N
i

0U U (19)

As N
iU decreases with thermal shock cycles N, ΠN

i increases with the
number of thermal shock cycles. Substituting Eq. (17) into Eq. (19),
then

= − =D D iΠ (2 ) , 1,2,6.N
i

i i0U (20)

Eq. (20) illustrates the relationship between the total energy dis-
sipation and the cyclic thermal shock-induced damage. As shown in
Fig. 8, there is very good agreement between the model and the
available experimental data, and the three directions of damage are on
the same line, which indicates that the model essentially allows the
prediction of damage development in the orthotropic CMCs.

4. Numerical implementation

A user-material subroutine (UMAT) was used to implement the
proposed thermomechanical damage model of the ox/ox-CMCs under
cyclic thermal shocks in the finite element industrial software
ABAQUS/Standard. The geometrical dimensions of the finite element
model are the same as those in the experiments. The simulation results
are compared with the experimental data to verify the accuracy of the

Fig. 6. Damage evolution with the strain energy density release rate for the ox/
ox-CMCs under a single thermal shock with different shock temperatures Tshock.
Symbols denote experimental results, whereas the curves are predictions from
the CDM model.

Fig. 7. Schematic of the energy dissipation evolution with the cumulative
number of thermal shock cycles.

Fig. 8. Cyclic damage evolution with the dissipation energy ΠN .
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proposed thermomechanical damage model.
In the cyclic thermal shock-induced thermomechanical damage

model implementation processing, the incremental approach is driven
by displacement. As numerical integrations over discrete time incre-
ments are requisite, the loading history is divided into a series of time
steps +t t[ , ]n n 1 , ∈ …n {0,1,2, }, each step referring to the ( +n 1)th in-
crement. The backward Euler implicit integration algorithm based on
the damage model is as follows:

⎧

⎨
⎩

=
=
= +

+ + +

+ +

+ +

σ S ε
σ S ε
ε ε ε

:
˜ :

Δ ,

n n n

n n

n n n

1 d, 1 1

1 0 1

1 1 (21)

where εn, +εΔ n 1, and +εn 1 are known quantities; +εn 1, +S nd, 1, and +σn 1 are
unknown solution-dependent state variables to be solved. Fig. 9 is a
computational flow chart of the thermomechanical damage model for
the ox/ox-CMCs under a single thermal shock with different thermal
shock temperatures Tshock. The computational flow for the ox/ox-CMCs
under cyclic thermal shocks is similar to that presented previously.

Figs. 10 and 11 illustrate the results of computations compared with
the experimental data of the ox/ox-CMCs under a single thermal shock
with different thermal shock temperatures Tshock and cyclic thermal
shocks, respectively. The good agreement demonstrates the validity of

the thermomechanical damage parameters obtained and substantiates
those assumptions. More essentially, for the single thermal shock,
Fig. 10 demonstrates that the thermal shock-induced thermomechanical
damage increases rapidly with the strain energy density release rate Yi ,
and when the thermal shock temperature exceeds 1000 °C, the thermal
shock-induced thermomechanical damage goes into a saturation stage
which is similar to the experimental results. This phenomenon in ex-
periments may due to that the fiber reinforcements change the matrix
crack propagation behavior and it also shows the fibers/matrices in-
terfaces play an important role in the physical and mechanical prop-
erties of woven CMCs. To simulate the damage evolution process more
accurately, it is necessary to consider the microstructure of composite
materials during modeling in further work. In addition, the in-plane
shear damage D6 is much higher than that in other directions, which
demonstrates that the thermomechanical damage in the matrix is ser-
ious, as the shear property of lamina is affected mainly by matrix. On
the other hand, the simulated D1 and D2 show different saturation va-
lues, which may be caused by the influence of the specimen size and
edge effect mentioned above. Besides, for the cyclic thermal shocks,
Fig. 11 shows that the damage evolution are coincident with the ex-
perimental results for all orientations. Furthermore, when comparing
the simulation results in three orientations, interesting is that the
computed results and the experimental results are on the same line,
indicating that the damage in the three orientations can be represented
by the same evolution law, and the computed results have proved this
phenomenon.

5. Conclusions

In the present work, a CDM model for the prediction of thermo-
mechanical damage in ox/ox-CMCs under cyclic thermal shocks has
been presented and analyzed, which is an extended version of the
model proposed in previous work [25]. The originality of this model
lies in the possibility to predict residual mechanical performance for
anisotropic composites under cyclic thermal shocks. The model can be
also applied to the damage tolerance analysis of CMC structures. Con-
sidering the detailed experimental and computational results, the fol-
lowing conclusions can be drawn.

• The damage mechanisms of the material under thermal shocks are
delamination and micro-cracks, and the matrix crack density in-
creases with the cumulative number of thermal shock cycles, which
leads to the continuous degeneration of the material property. After
only a limited number of thermal shock cycles, the rate of increase

Fig. 9. Computational flow chart of the damage model for a single thermal
shock.

Fig. 10. Comparison of predicted and experimental damage of the ox/ox-CMCs
with a single thermal shock.
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in micro-crack density slows down and reaches a saturation level,
because the matrix crack propagation is limited by the reinforced
fibers.

• The residual stiffness of the investigated ox/ox-CMCs decreases
gradually with increasing temperature/cumulative number of
thermal shock cycles, and the effect of thermal shock on the residual
mechanical properties in 0°/90° and ±45° fiber orientations de-
monstrates the anisotropic behavior, indicating that the orthogonal
material property in the ox/ox-CMCs under cyclic thermal shocks
affects the degeneration of the modulus.

• An anisotropic thermomechanical damage evolution model of the
ox/ox-CMCs has been proposed based on CDM, the identification of
the damage parameters has been obtained by uniaxial off-axis and
on-axis tensile tests. The internal mechanism of thermomechanical
damage in the ox/ox-CMCs under cyclic thermal shocks can be in-
terpreted reasonably and physically through strain energy, under
the hypothesis that the damage occurs in the elastic stage.

Although the proposed thermomechanical damage model has been
proved to perform well for standard specimens of ox/ox-CMCs, it is
necessary for additional validations and developments. Work in this
area is ongoing and will be discussed in future work.
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