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a b s t r a c t 

The oxide/oxide ceramic-matrix composites exhibits superior mechanical properties and complex nonlinear be- 

havior in a high-temperature environment. This paper developed a constitutive model utilising an elastoplastic 

modeling framework to represent the nonlinear mechanical response of the thermal shocked ox/ox-CMCs under 

off-axis tensile loading accurately. The model captures main features such as the effects of the thermal shock tem- 

peratures on material response. The main interest of the proposed model is the ability to predict the nonlinear 

mechanical response for thermal shocked ox/ox-CMCs, which is of importance for industrial applications. The 

validity of the constitutive model is verified by analysing the mechanical behavior of an open-hole specimen and 

comparing the simulation result with the experimental data. 
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. Introduction 

The oxide/oxide ceramic-matrix composites (ox/ox-CMCs) have

een regarded as candidate materials in the use of gas turbine com-

onents such as flame stabilizers, combustion chamber and nozzle

1–3] , due to their excellent thermomechanical properties and oxida-

ion resistance at high temperatures compared with non-oxide CMCs.

he desired service environment could be very harsh as the ox/ox-CMC

omponents will be long-term operated at temperatures in excess of

000 ∘C with varying thermomechanical loads as well as varying mois-

ure and contaminant corrosion [4] , and there are many factors affect-

ng the mechanical properties of composite structures, such as cyclic

hermal shocks [5] , long-term thermal aging [6,7] . More essentially,

he effects of factors on mechanical performance are normally entan-

led. It will be critical in determining the nonlinear stress-strain re-

ponse of these composite structures when subjected to the complex

ervice environment. In addition, CMCs possesses a relatively low frac-

ure toughness K IC , combined with a low coefficient of thermal con-

uctivity k , and can even fail under cyclic thermal shocks [8,9] . Con-

equently, considering the effects of cyclic thermal shocks, investigat-

ng the constitutive response of the ox/ox-CMCs under thermomechan-

cal loading conditions is of great importance to aeronautical industry

pplications. 

Numerous studies have been focused on the nonlinear mechani-

al behavior of the composites, and the proposed methods can be

roadly categorized as (i) microscopic models and (ii) macroscopic mod-
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ls [10,11] . The microscopic models take into account the microstruc-

ure of the composites [12–14] , which are difficult to explicitly deter-

ine the component properties, such as matrix, fiber/matrix interface.

onsequently, investigating the nonlinear behavior of the composites

n the macroscopic scale especially when considering complex ther-

omechanical loads is more suitable [15–18] . Sun and Chen [19] in-

roduced effective stress and plastic strain increment and developed

 one-parameter flow rule for orthotropic plasticity to describe a uni-

ersal nonlinear stress-strain behavior of the orthotropic composites;

yas and Pinho [20] developed a constitutive model to represent the

onlinear mechanical response of fibre-reinforced composites by utiliz-

ng an elastoplastic modeling framework, moreover, the effect of yield

tress and multi-axial loading on the applied pressure and the effect

f hydrostatic pressure on the material response are taken into con-

ideration; Zarga et al. [21] investigated the thermomechanical bend-

ng of functionally graded material (FGM) plates, and the effects of

hermal load, geometrical parameters and gradient index are exam-

ned on the response of thermomechanical bending. Many other stud-

es also investigated on the aspect of FGM [22–25] . Xie et al. [26] es-

ablished a combined elastoplastic damage model to study the non-

inear mechanical behavior of 3D needled C/C-SiC composites, they

roposed a new plastic potential function considering the anisotropy

lastic deformation in the fiber direction for composites particularly;

iu et al. [27] developed an elastoplastic constitutive model consid-

ring variations of hardening behavior over the stress states by intro-

ucing a novel loading function considering the angle affection. The

odel can account for heterogeneous initial yield and complex hard-

ning behavior but can not be used in describing the materials un-

er complex loading such as cyclic thermal shocks. Unfortunately, all
9 February 2020 
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Fig. 1. SEM micrograph of a polished ox/ox-CMCs cross-section. 
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anism. 
he works do not consider the influence of environmentally relevant

ariables on the material constitution, and there is no reliable model

vailable to describe the stress-strain behaviors of the thermal shocked

x/ox-CMCs with the porous matrix, which shows the crack-deflecting

ehavior, similar to that in weak fiber/matrix interface composites

28–30] . 

The mechanical properties of cyclic thermal shocked ox/ox-CMCs

ave also been investigated by proceeding experimental studies. Re-

ently, Yang et al. [31–33] investigated the thermomechanical damage

n the ox/ox-CMCs under thermal shock condition and established an

nisotropic damage model to describe the damage evolution and the af-

ections to the mechanical response. However, the model was limited

n the qualitative description of nonlinear mechanical behaviors and ig-

ored the inelastic behavior in the modeling. Inelastic behavior of the

hermal shocked CMCs needs much more effort in mechanical under-

tanding and constitutive modeling. 

The present work aims to develop a quantitative method to represent

he mechanical behavior of the cyclic thermal shocked ox/ox-CMCs. An

lastic-plastic constitutive model is introduced considering anisotropic

ardening behaviors and cyclic thermal shock effects in the cyclic ther-

al shocked ox/ox-CMCs. An orientation-temperature-dependent hard-

ning rule is adopted to describe the inelastic behavior of the thermal

hocked ox/ox-CMCs. Different off-axis tension tests, as well as center-

oled tensile panel tests, confirm reasonable accuracy of the model. The

xpectation is that the developed model will broader applications in the

ngineering design community. 
Fig. 2. The tensile spe
. Materials and experiments 

.1. Materials 

The material studied in the present work comprises uncoated

extel TM 610 fibers in the 8-harness satin weave, and a matrix (85wt%

l 2 O 3 and 15wt% 3YSZ) made by slurry infiltration and a second sinter-

ng process for several hours at the temperature of 1000–1300 ∘C. Some

emain pores and extensive micro-cracks in the matrix were observed in

canning electron microscope (SEM) micrographs ( Fig. 1 ). The sintering

hrinkage in the matrix causes matrix tensile stress, leading the micro-

racks in the matrix to accommodate the stress. The sintering shrinkage

racks have been investigated in many studies [29,34] , which is general

n oxide/oxide composites. These cracks are normal to the fiber direc-

ion predominantly, and clustered in the matrix-rich regions. 

.2. Thermal shock tests 

Thermal shock tests are carried out by heating the specimens to a

re-determined temperature, then holding for 10 min to allow for tem-

erature equilibrium, and then drop the heated specimen into distilled

ater with room temperature. The maximum test temperature is set to

100 ∘C, as the material application is limited to 1200 ∘C. The details

f the thermal shock test which may influence the quantitative descrip-

ion of thermal shock effects were discussed in the authors’ previous

ork [35] . When the ox/ox-CMCs undergo a cumulative 8-cycle ther-

al shock ( T shock = 1100 ∘C), the thermomechanical damage caused by

he cyclic thermal shocks is nearly saturated [36] . Therefore, the 8 times

yclic thermal shocked ox/ox-CMCs have been selected for mechanical

ests in this work. 

.3. Mechanical tests 

To establish the constitutive description of the cyclic thermal

hocked ox/ox-CMCs, the stress-strain relationship has to be determined

rom tension tests, which define the relation between the effective stress

nd equivalent plastic strain. 

After thermal shocks, the specimens with off-axis angle 0 ∘, 45 ∘, 90 ∘

ere tested under monotonic tensile loading condition to recognize the

tress-strain relationship. As shown in Fig. 2 , the specimens are cut into

 shape of 160 mm × 20 mm by water jet. Two strain gages were imple-

ented to measure the strains along x axis and y axis. All experiments

re conducted on a MTS 809 servo-hydraulic test machine under dis-

lacement control at room temperature. The loading speed of 10 −4 mm/s

nsures a quasi-static loading process. 

On completion of the tensile tests, the micro-structures of the spec-

mens were characterized principally using SEM, to examine the defor-

ation in the thermal shocked composites and to study the failure mech-
cimen geometry. 
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Table 1 

Mechanical properties of the thermal-shocked ox/ox-CMCs. 

Elastic modulus (GPa) Yield stress (MPa) Failure stress (MPa) Failure strain (%) 

0 ∘–800 ∘C 87.71 104.25 124.80 0.135 

0 ∘–1000 ∘C 84.20 90.22 116.08 0.150 

0 ∘–1100 ∘C 82.00 85.01 110.11 0.191 

90 ∘–1100 ∘C 60.80 52.14 107.14 0.146 

45 ∘–1100 ∘C 40.83 45.18 48.04 0.16 

Fig. 3. The stress-strain curves of the thermal-shocked ox/ox-CMCs with differ- 

ent off-axis angles. 
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Fig. 4. The stress-strain curves of the thermal-shocked ox/ox-CMCs with differ- 

ent thermal shock temperatures. 
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. Characterization of the materials 

.1. Mechanical properties 

Based on the experimental tests, the stress-strain curves for different

ff-axis angles and thermal shock temperatures of the thermal shocked

x/ox-CMCs were obtained. The characteristic material properties are,

urthermore, summarized in Table 1 . Obviously, the values varying with

oading angles are not characteristic for the materials and have to be

orrelated with a material representation. 

From the stress-strain response of different off-axis angle specimens

hown in Fig. 3 , the stress-strain curves could be divided into two re-

ions before it fails. When the loading condition is within the first re-

ion, the stress-strain response of the materials is nearly linear and elas-

ic, the irreversible deformation is considered to be zero. When the stress

eaches to yield stress of the materials in the loading direction, the stress-

train response will come into the second stage. As the materials are

eak matrix composites, crack initiates and propagates from the matrix

rst and permanent deformation will begin to accumulate. The fibre

lies in the 90 ∘ direction are much more inflected than in 0 ∘ direction

ecause of the weaving technique, leading to reduction of the effective

bre volume fraction in 90 ∘ direction, and the elastic modulus in the

0 ∘ direction is small than that in the 0 ∘ direction. 

Fig. 4 shows the stress-strain response of the thermal shocked ox/ox-

MCs with different thermal shock temperatures. As shock temperatures

ncrease, the elastic modulus decreases, due to the micro-cracks and

elamination caused by thermal shocks, and the yield stress and the

ailure stress also decrease. 

.2. The failure mechanism 

The failure mechanism of the thermal shocked ox/ox-CMCs is re-

ated to the loading conditions. For 0 ∘ monotonic tensile specimen, the

racture surface is flat and perpendicular to loading direction yet for
5 ∘ monotonic tensile specimen the fracture surface is irregular and not

erpendicular to the loading direction. Furthermore, more information

ould be obtained by SEM observations of different fracture surfaces. 

Fig. 5 shows the fracture surface of the 0 ∘ on-axis specimen, which is

elatively smooth and the main feature of the fracture surface is cracks in

atrix. Cracks initiate in matrix because the strength of matrix is much

ower than fibers. When cracks approach fibers, they will defect at the

nterface between fibers and matrix and then extend along the interface

ecause of the high strength of fibers. Some longitudinal fibers will be

ulled out during the loading process when the matrix surrounded these

bers is broken enough and fibers lose supporting of matrix. When the

ensity of cracks in matrix achieves a critical value, the material loses

earing capacity and fails in the macro-scale immediately. 

The fracture surface of 45 ∘ specimen is much different from that de-

cribed above, as illustrated in Fig. 5 (b). Because of the in-plane shear

tress along with the interface between matrix and fiber, induced by the

elative sliding between the interfaces, the phenomenon of fiber bun-

le pull-outs and single fiber pull-out can be observed. The shear stress

long the interface between fiber and matrix has a great influence on

he failure modes of the off-axis tension specimens. 

. Constitutive model 

To describe the macroscopic nonlinear behavior of the elemen-

ary orthotropic thermal shocked ox/ox-CMCs under tensile loading, an

lastic-plastic constitutive model was proposed in this section, which

ncludes a plastic part for describing the plastic behavior under tensile

oading. 

.1. Plasticity framework 

In the framework of elastic-plastic mechanics, the total strain incre-

ent can be divided into two parts, the elastic part and the plastic part:

 𝜺 = d 𝜺 e + d 𝜺 p . (1)
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Fig. 5. The SEM of fracture surfaces for the thermal-shocked ox/ox-CMCs: (a)0 ∘ on-axis specimen; (b)45 ∘ off-axis specimen. 

T  

a  

 

t  

i  

fi

𝐹  

w  

s  

f  

c  

c

𝐹  

h  

T  

p

𝑓  

w  

p  

p  

a

 

o  

w  

fl

d  

i  

t

d

d  

d

 

v

d  

a  

e  

t

d  

w  

t  

r  

w

𝜅  

w  

c

4

 

s  

i  

m  

a

𝜎

𝜎

𝜎

w

 

n

𝜎  

w  

t

ℎ

 

t  

t

d  

 

t

d  

 

𝜀

𝜎  
he elastic part d 𝜺 e is calculated based on elasticity theory of composites

nd the plastic part d 𝜺 p is discussed within the framework of plasticity.

Generally, when the effective stress reaches the yield stress, the ma-

erial strain hardens. It is called hardening because the stress is increas-

ng relative to perfect plastic behaviour, then the yield function is de-

ned by, 

 ( 𝜎, 𝑝 ) = 𝑓 
(
𝜎𝑖𝑗 

)
− 𝜎

y 
(2)

here f ( 𝜎ij ) is the plastic potential function expressed the effective

tress, 𝜎
y 

is the yield stress. The yield criterion is given by 𝐹 ( 𝜎, 𝑝 ) = 0
or plastic deformation. when considering hardening, the yield stress

an increase, as a function of effective plastic strain, �̄� p . It is therefore

onvenient to write the plastic yield function as 

 ( 𝜎, 𝑝 ) = 𝑓 
(
𝜎𝑖𝑗 

)
− 𝜅

(
�̄� 𝑝 
)
= 0 (3)

ere 𝜅( 𝜀 𝑝 ) is the hardening law to describe the evolution of yield stress.

he potential function is generalized to the woven composites with two

rincipal directions, as 

 

(
𝜎𝑖𝑗 

)
= 

√ 

𝑎 1 𝜎
2 
11 + 𝑎 2 𝜎

2 
22 + 𝜎2 12 = 𝜎 (4)

ith two model parameters, a 1 , a 2 related to the anisotropy of the com-

osites and need to be determined by experimental data. The stress com-

onents above are defined in the material principal coordinate system,

nd 𝜎 is the effective stress. 

It is assumed that only if the plastic potential function is larger than

r equal zero, the stress state reaches the yield surface, the plastic strain

ill appear during the loading process. Based on the associated plastic

ow rule, the plastic strain can be obtained, 

 𝜀 
p 
ij 
= d 𝜆 𝜕𝑓 

𝜕𝜎ij 

(5)

n which d 𝜆 is the scalar proportionality coefficient which determines

he increment of the plastic flow. Then, the plastic strains become: 

 𝜀 
p 

11 = 

𝜕𝑓 

𝜕 𝜎11 
d 𝜆 = 

𝑎 1 𝜎11 
�̄�

d 𝜆

 𝜀 
p 

22 = 

𝜕𝑓 

𝜕 𝜎22 
d 𝜆 = 

𝑎 2 𝜎22 
�̄�

d 𝜆 (6)

 𝜀 
p 

12 = 

𝜕𝑓 

𝜕 𝜎12 
d 𝜆 = 

𝜎12 
�̄�

d 𝜆

According to the plasticity theory, the plastic work increment of unit

olume is expressed as, 

 𝑊 p = 𝜎d 𝜀 p = 𝜎𝑖𝑗 d 𝜀 
p 
𝑖𝑗 
. (7)

bove 𝜎 is the effective stress calculated by the yield function, d 𝜀 p is the

quivalent plastic strain increment, 𝜎ij is the stress component, d 𝜀 
p 
𝑖𝑗 

is

he plastic strain tensor increment. 
Submitting the flow rule into Eq. (7) follows 

 𝜀 p = d 𝜆. (8)

hich implies that the equivalent plastic strain increment is the propor-

ionality factor. The power law is widely used to describe the hardening

ule of the composite materials. Then the hardening function can be

ritten as (
�̄� p 
)
= 𝑅 0 + 𝐴 

(
𝜀 p 
)𝑛 = 𝜎 (9)

here R 0 , A and n are parameters to fit the experimental hardening

urve. 

.2. Representation of the off-axis loads 

The experimental data of the off-axis tension tests are used to repre-

ent the off-axis behavior of the thermal shocked ox/ox-CMCs. Accord-

ng to the stress transformation [37] , the stress components in principal

aterial directions under uniaxial loading experiments can be written

s 

11 = 𝜎𝜃cos 2 𝜃, 

22 = 𝜎𝜃sin 2 𝜃, 

12 = − 𝜎𝜃cos 𝜃sin 𝜃. (10) 

here 𝜎𝜃 is uniaxial stress in the loading direction. 

Submitting the stress components in the principal material coordi-

ate system into the expression of the effective stress 𝜎, then, 

̄ = 𝜎𝜃ℎ ( 𝜃) (11)

here h ( 𝜃) describes effects of the loading direction for the uniaxial

ension, as 

 ( 𝜃) = 

√ 

𝑎 1 cos 4 𝜃 + 𝑎 2 sin 4 𝜃 + cos 2 𝜃sin 2 𝜃. 

Eq. (11) establishes the relationship between effective stress and the

ensile stress in the off-axis tension test. In analogy to the derivation of

he stress representations, the strain transformation can be written as 

 𝜀 
p 

𝜃
= d 𝜀 

p 

11 cos 
2 𝜃 + d 𝜀 

p 

22 sin 
2 𝜃 − d 𝜀 

p 

12 cos 𝜃 sin 𝜃 (12)

Substituting Eq. (11) into the equivalence of the plastic work Eq. (7) ,

he equivalence plastic strain increment is derived: 

 ̄𝜀 p = 

d 𝜀 
p 

𝜃

ℎ ( 𝜃) 
. (13)

Similar to Eq. (9) , 𝜎𝜃 is expressed as a function of the off-axis strain

 

p 
𝜃
, 

𝜃 = 𝜅𝜃
(
𝜀 

p 

𝜃

)
(14)
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Fig. 6. The axial stress-plastic strain curves of different off-axis angles. 

Table 2 

Fitting parameters of different loading con- 

ditions. 

Off-axis angle A 𝜃 n 𝜃 𝑅 0 
𝜃

0 ∘ 177,600 0.87 12.33 

90 ∘ 3956 0.51 12.33 

45 ∘ 297.1 0.25 12.33 
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Fig. 7. The axial stress-plastic strain curves of different shock temperatures. 

Fig. 8. The parameter distribution with the thermal shock temperatures. 
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here 𝜅𝜃 is the hardening function for the present off-axis angle. Com-

ining Eqs. (9) and (14) , 

̄ = 𝜅𝜃
(
𝜀 

p 

𝜃

)
ℎ ( 𝜃) = 𝜅𝜃

(
�̄� p ℎ ( 𝜃) 

)
ℎ ( 𝜃) (15)

q. (15) denotes the stress-strain relation depending on the off-axis angle

ormally. Due to the heterogeneity of the material behavior, the effective

tress is not uniquely determined by the equivalent plastic strain but also

elated to the off-axis loading angle explicitly. 

According to Eqs. (9) and (15) , the hardening function 𝜅( 𝜀 p ) for dif-

erent off-axis experiments could be expressed as, 

𝜃 = 𝑅 

0 
𝜃
+ 𝐴 𝜃

(
𝜀 
𝑝 

𝜃

)𝑛 𝜃 (16)

here 𝑅 

0 
𝜃
, A 𝜃 and n 𝜃 are the fitting parameters related to the off-axis an-

le and can be determined from experimental data. Then the hardening

unction could be determined by the method mentioned above based on

he fitting results for 𝜎𝜃 − 𝜀 
p 
𝜃

relationships of different conditions. Fig. 6

hows 𝜎𝜃 − 𝜀 
p 
𝜃

curves and their fitting results for different off-axis mono-

onic loading tests. The identified fitting parameters are summarized in

able 2 , in which 𝑅 

0 
𝜃
= 12.33. 

.3. Representation of the thermal shock temperatures 

According to the phenomenon mentioned above, not only the equiv-

lent plastic strain, but the thermal shock states will have effects on the

ardening behavior of the thermal shocked ox/ox-CMCs. The param-

ters A and n in the hardening function vary with the thermal shock

emperatures as depicted in Fig. 7 . 

It should be noted that the hardening parameters A and n closely

elate to the thermal shock conditions and this result indicated that an

nvariable master-curve can not describe the anisotropic hardening be-

aviors of the thermal shocked ox/ox-CMCs precisely. Then A and n are

xpressed as functions of the thermal shock temperature T shock : 

 = 𝐴 1 𝜒 + 𝐴 0 , 𝑛 = 𝑛 1 𝜒 + 𝑛 0 (17)

here 𝜒 is the normalized thermal shock temperature, 𝜒 = 𝑇 shock ∕ 𝑇 ref ,
ere T ref is set to 400 ∘C referring to [36] . The fitting results of A and n

re shown in Fig. 8 , which can be used to determine the hardening rule.
Considering the R 0 as the initial stress for plastic strain, R 0 remains

onstant for different off-axis angles, however, as the thermal shock

emperature increases, R 0 changes, implying that the effect of thermal

hocks may change the initial stress for plastic strain. To characterize

he relationship between R 0 and the thermal shock temperature, R 0 

an be defined as a function of 𝜒 using power law, which is shown in

ig. 9 . 

.4. Results and discussion 

After determining the parameters a 1 , a 2 in the plastic potential func-

ion using the experimental data, the yield surface of the proposed

lastic-plastic constitutive model can be obtained. Fig. 11 shows the

omparison of the proposed plastic yield surface and the von Mises

lastic yield surface under the effective stress �̄� = 50 MPa . The proposed

ield surface plotted in red lines is surrounded by the outside of the

on Mises yield surface, which indicates that the stress components of

x/ox-CMCs are higher than the general metal materials which can be

epresented by the von Mises yield surface when the materials reach the

ield stage. Besides, it should be noted that the general plastic potential

unctions are inapplicable for the composite materials, especially the

orous matrix materials such as the ox/ox-CMCs, which may due to the

omplex structures and different component material properties for the

omposites. 

As the parameters in the hardening function have been discussed

nd calculated for different loading conditions, a complete elastic-plastic
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Fig. 9. The relationship between R 0 and the thermal shock temperatures. 
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Fig. 11. Comparison of the proposed yield surface and von Mises yield surface. 
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onstitutive model is obtained to describe the mechanical behaviors of

he thermal shocked ox/ox-CMCs. Fig. 10 displays the predictions of the

echanical response for the thermal shocked ox/ox-CMCs, calculated by

he Matlab code. The predicted stress-strain curves of uniaxial tension

oadings with different off-axis angles 0 ∘/45 ∘/90 ∘ shown in Fig. 10 (a)

grees well with the experimental data at the beginning of the elastic

tage, where the symbols represent the test data point and the curves

epresent the results of predictions. However, with the strain increas-

ng, the predicted curves becomes slightly lower than the experimental

ata in the x-direction, which may due to the calculation errors for the

arameter A and n in hardening law, as well as that the ox/ox-CMCs are

he porous matrix materials, and the strength of matrix is much lower

han that of the fiber, so that the matrix will fail firstly and the fiber

tarts to bear the most of the load when suffering tensile loading, and

he modulus of fiber is high than the matrix, leading to the experimental

ata slightly higher than the simulation results. Besides, the predicted

esults are compared with the results of other model [27] , which is plot-

ed by the dot line in the diagram. The model introduced by Liu et al. is

lso used for the ox/ox-CMCs, and it can be indicated that Liu’s model

redicts well in the elastic stage, but has larger errors when predict-

ng the plastic stage, which is due to that the model didn’t consider the

ffects of the cyclic thermal shocks. 

Moreover, the predicted results compared with the experiments are

hown in Fig. 10 (b) with different cyclic thermal shock temperatures.
Fig. 10. The prediction of stress-strain resp
he results also show a good agreement with the experimental data,

nd the curves in the plastic stage are also slightly lower than the ex-

eriments, which may also due to the reasons mentioned above. The

tress-strain responses can be described accurately according to the com-

arison between experiments and calculations. 

. Model validation 

The proposed constitutive model was coded into the user-defined

aterial subroutine (UMAT) of the finite element software ABAQUS.

y comparing the calculated results with the experimental data, the

redicted outcomes determined by the proposed constitutive model are

onsistent with the experimental results accurately. 

.1. Experiments 

To further verify the accuracy of the proposed model, an open-hole

pecimen was tested under tensile loading. The experiment was also

onducted in MTS 809 under displacement control at a loading speed

f 0.001 mm/s. Two positions in the specimen were selected to be the

epresentative locations and strains in the representative locations were

easured by a strain rosette. The specimen and representative locations

re displayed in Fig. 12 . 
onse for uniaxial tension experiments. 
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Fig. 12. Schematic of the open-hole specimen. 

Fig. 13. The FEM results for the open-hole specimen under uniaxial tensile load. 

Fig. 14. Comparison of FEM calculation and experimental results. 
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.2. Finite element implementation 

The finite element implementation of the constitutive model is based

n the discrete-time increments, and the backward Euler implicit inte-

ration method is used. Firstly, a trial stress tensor in step 𝑛 + 1 will be

alculated as follows: 
trail 
𝑛 

= S ∶ Δ𝜺 𝑛 (18)

The parameter A and n can be determined by the fitting formula,

hen submit the trail equivalence stress into the yield surface function

nd calculate f 𝑡𝑟𝑎𝑖𝑙 
𝑛 

. If f 𝑡𝑟𝑎𝑖𝑙 
𝑛 

< 0 , the materials keep in the elastic region

nd there will be no additional plastic strains in this step, then elastic

train increment and plastic strain increment can be expressed as 

 

 

 

 

 

Δ𝝈e 
𝑛 
= S ∶ 𝜺 e 

𝑛 

Δ𝜺 e 
𝑛 
= Δ𝜺 𝑛 

Δ𝜺 p 𝑛 = 0 
(19) 

therwise, the materials will come into yield and a plastic strain incre-

ent Δ𝜀 p 𝑛 will appear. As the computational formula of stress increment,

lastic strain increment and plastic strain increment is expressed as, 

 

 

 

 

 

Δ𝝈𝑛 = S ∶ 𝜺 e 
𝑛 

Δ𝝈e 
𝑛 
= Δ𝜺 𝑛 − Δ𝜺 p 𝑛 

Δ𝜺 p 𝑛 = Δ𝜀 p 
𝑛 
𝜕 
𝝈

f 

(20) 

ubmitting these expressions into the yield surface function, an equation

ith the independent variable Δ𝜀 𝑝 𝑛 can be determined as 

( 𝝈𝑛 + S ∶ (Δ𝜺 𝑛 − Δ𝜀 p 𝜕 
𝝈

f )) − 𝜅( 𝜀 p + Δ𝜀 p , 𝜔 𝑛 + Δ𝜔 𝑛 ) = 0 (21)

𝑛 𝑛 𝑛 
hich is solved by the Newton–Raphson iteration. The initial condition

f the iteration procedure can be expressed as 

𝜺 
p , 0 
𝑛 = 0 (22) 

he following iterations are obtained, 

𝜺 
p ,𝑘 +1 
𝑛 = Δ𝜺 p ,𝑘 𝑛 − 

f (Δ𝜺 p ,𝑘 𝑛 ) 

f 
′ (Δ𝜺 p ,𝑘 𝑛 ) 

(23) 

ntil f ( Δ𝜀 p ,𝑘 +1 𝑛 ) ≤ TOL, where TOL = 1 × 10 −10 is the error tolerance in

he present work, and the superscript k is the number of iterations. Then

 

p ,𝑘 +1 
𝑛 , 𝜀 

p ,𝑘 +1 
𝑛 +1 and 𝝈𝑘 +1 

𝑛 
will be calculated and stored as updated solution-

ependent variables (SDVs) after Δ𝜀 p ,𝑘 +1 𝑛 is determined by the iteration

rocedure. 

.3. Results 

Fig. 13 shows the distribution of 𝜎11 , 𝜀 11 , 𝜀 
p 
11 in an open-hole speci-

en under tensile loading using the proposed model. The obvious stress

oncentration around the hole is observed, which is corresponding to

he collapsed in the center-hole position in experiments. The location

f the maximum stress is around the hole, perpendicular to the loading

irection, where the plastic strain also exists. 

Besides, the load-displacement curve calculated by FEM is compared

ith the experimental data in Fig. 14 (a). The curve can be divided into

wo stages: the load grows linearly with the increase of the distance, and

he elastic behavior is observed in the materials; and with the distance
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ncreases, the materials begin to be plastified, and the rate of increase for

he load is decreased until the final failure. The computed curve shows

 good agreement with the experiment data, and there is an acceptable

rror at the beginning of the curve, which is resulted from the damage

xisting in the matrix around the hole, and the fiber plays a major role

n bearing loading, causing the modulus increases slightly. 

Fig. 14 (b) demonstrates the evolution of load with increasing plas-

ic strain. As the strain distribution is non-uniform around the hole,

hich is on account of the stress concentration effect proved by the

tress distribution mentioned above, three points in the surface of the

pen-hole specimen model are chosen to accurately simulate the exper-

mental strain measure point. The points are located in the centerline

f the hole, with the distance of 1, 2, and 3 mm from the hole edge, as

llustrated in Fig. 14 (b). Then the evolutions of load versus plastic strain

or the three nodes are calculated. The simulated plastic strain 𝜀 
p 
11 re-

ults of node-A coincide well with the experimental data, which means

hat the node-A location corresponding to the strain gage position. Be-

ides, it also shows that under the same loading, the plastic strains of the

oints are grater when the points are closer to the hole, which has been

alidated by the plastic strain distribution. With the load increases, the

lastic strain of the points away from the hole will generate rapidly and

each the critical value, leading to the final failure of the specimens. 

Thus, it can be concluded that the proposed model can predict the

echanical behaviors of the material accurately via the comparison with

he calculation results and experimental data of the open-hole specimen.

. Conclusion 

In the present work, an anisotropic elastic-plastic constitutive model

s developed and verified for thermal shocked ox/ox-CMCs based on

xtensive tensile experimental results. The model accounts for the ma-

erial response of the thermal shocked ox/ox-CMCs in the thermal shock

emperatures, which can provide a sufficiently prediction of the stress-

train response for the thermal shocked ox/ox-CMCs under off-axis ten-

ile loading. However, the complex effects of thermal aging and the

umber of thermal shocks are not considered in this model, which the

x/ox-CMCs often suffer form for the practical application, due to the

imitation of experimental conditions. The following conclusions can be

rawn: 

• The thermal shocked ox/ox-CMCs displayed significant inelastic be-

havior related to plastic deformations as well as material degrada-

tion observed from on-axis and off-axis tensile experiments, which

is related to the off-axis angles. The 0 ∘/90 ∘ specimens show much

higher yield stress than the 45 ∘ specimens. These characteristics in-

dicate that the brittleness of the material in the fiber direction is

obvious while the shear stress will induce the material to be ductile.

• The failure mechanism of the thermal shocked ox/ox-CMCs related

to the loading conditions is revealed in the present analysis. For 0 ∘

monotonic tensile specimen, the fracture surface is flat and the main

feature of the fracture surface is cracks in matrix, yet for 45 ∘ mono-

tonic tensile specimen the fracture surface is irregular and the phe-

nomenon of fiber bundle pull-out and single fiber pull-out can be

observed. 

• The constitutive model developed in the present work decomposes

the off-axis and thermal shock temperature effects into plastic hard-

ening. The plastic hardening is related to the off-axis tensile test,

which provides the possibility to compare the hardening equation

with experimental records directly. 

• The variations of 𝜎 − d 𝜀 p relationships with the loading conditions

were taken into account in the present model. Such formulation pro-

vides a simple correlation among the off-axis load and thermal shock

effects and the material’s principal direction. 

• Introduction of the orientation-dependent and temperature-

dependent hardening rule into the constitutive model provides a

direct strategy to construct anisotropic plasticity for composites.
However, this strategy is perhaps only efficient for 2D materials or

thin plates and needs further verifications based on more extensive

experimental and computational investigations. 
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