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In this paper, the tensile damage and fracture process of fibre-reinforced ceramic-matrix composites (CMCs) under the effect
of pre-exposure at elevated temperatures are investigated. The damage mechanisms of the interface oxidation and the fibre
failure are considered in the stress analysis, matrix multi-cracking, interface debonding and fibre failure. Combining the
stress analysis and damage models, the tensile stress-strain curves of the fibre-reinforced CMCs for the different damage
stages can be obtained. The effects of the pre-exposure temperature and time, interface shear stress, fibre strength and
fibre Weibull modulus on the tensile damage and fracture processes are analysed. The experimental tensile damage and
fracture process of the fibre-reinforced CMCs with the different fibre preforms are predicted for the different pre-exposure

temperatures and times.

INTRODUCTION

With the rapid development of aerothermodyna-
mics, structural mechanics and material science, turbofan
engines with large bypass ratio are developing towards
high efficiency, such as low fuel consumption, low emi-
ssions, low noise, easy maintenance, high reliability
and a long life. Without changing the existing layout of
the turbofan engines, relying on innovative materials
and novel configurations becomes a fundamental solu-
tion. Over the past half century, the thrust-to-weight
ratio of commercial aeroengine technology, especially
the combustion chamber technology, has significant-
ly improved. At present, the requirements of the high
thrust and high thrust-to-weight ratio of the engine
are more and more stringent to reduce the emissions
of NO, and CO. As a result, the turbocharging ratio,
turbine inlet temperature, combustion chamber tempe-
rature and rotational speed of the engine must also
be continuously increased. As far as the materials
are concerned, the current high-heat gas of the high-
efficiency aeroengine has already reached the limit of
its operational temperature of the traditional titanium
alloy and nickel-based superalloy. The existing alloy
material cannot meet the heat-resistant requirements
of the next generation of advanced engine design. The
high-temperature components have to be protected by
air-cooling and a thermal barrier coating. However,
the application of air-cooling reduces the combustion
efficiency of the engine. In addition, it complicates the
structure of the components, which not only increases
the difficulty of the processing, but also increases the

cost of the development and maintenance. The high
performance aero-engine tries to continuously raise
the turbine inlet temperature. The high temperature
strength, corrosion resistance and anti-oxidation per-
formance of the hot-section components are increasingly
in demand. The turbine inlet temperature of engine
with a thrust-weight ratio of 15 - 20 will reach 1927 °C.
Ceramic matrix composites (CMCs) with excellent pro-
perties such as high temperature resistance, low density,
metal-like fracture behaviour, insensitivity to cracks,
and no catastrophic damage, can replace the superalloys
to meet the needs of the hot-section components in the
higher temperature environments of an aero engine. It is
not only beneficial to greatly reduce weight, but it also
can save the cooling air or even need no cooling, thus
increasing the total pressure ratio, and further increasing
the working temperature by about 400 - 500 °C, and
reduces the structural weight around 50 - 70 % compared
with the traditional superalloy [1, 2, 3, 4].

Under tensile loading of the fibre-reinforced
CMCCs, the tensile stress-strain curve can be divided into
four stages, i.e., (1) the linear-elastic stage, the strain
increases in direct proportion to the stress; (2) the da-
mage stage with matrix cracking and fibre debonding
at the interface, which makes the CMCs appear to have
the characteristics of pseudo-plastic fracture and high
toughness; (3) the damage stage with saturation of the
matrix cracking and complete interface debonding;
and (4) the fibre failure stage. Many researchers have
investigated the tensile behaviour of fibre-reinforced
CMC:s. Lietal. [5, 6, 7] investigated the tensile behaviour
of unidirectional, cross-ply, 2D and 2.5D CMCs at room
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temperature. The damage models of the matrix cracking,
interface debonding and fibre failure were considered
and combined with a shear-lag model to predict the
tensile stress-strain curves of the fibre-reinforced CMCs
with different fibre preforms. Wang et al. [8] compared
the tensile behaviour of 1D (unidirectional), 2D (plain
woven) and 3D (braided) C/SiC composites at room
temperature. The tensile stress-strain curves of C/SiC
depended on the fibre volume along the loading direction
and the interface properties. Zhang et al. [9] investigated
the strength degradation of a 2.5D C/SiC composite after
exposure at elevated temperature in air conditions. The
composite tensile strength and failure strain decreases
after exposure at an elevated temperature. Mei et al.
[10] investigated the thermal cyclic damage of a C/SiC
composite in an oxidising environment. Under thermal
cyclic behaviour between the temperature of 900 °C
and 1200 °C under a constant stress of 62.5 MPa, the
damage of matrix cracking, fibre debonding, sliding and
breaking attributed to the strain increased with thermal
cyclic number. At elevated temperatures, the interface
oxidation degrades the interface and the fibre properties,
which affects the tensile properties of the fibre-reinforced
CMCs [11, 12]. Hou et al. [13] investigated the influence
of high temperature exposure to air on the damage to
3D C/SiC composites. The composite was exposed in
an air atmosphere at the elevated temperatures of
600 °C, 900 °C and 1300 °C for 0 to 15 h, and then was
loaded under a three-point bend test at room tempera-
ture. The matrix microcracks caused by a difference of
the coefficients of the thermal expansion between the
matrix and carbon fibres in the cooling process after the
composite preparation acted as oxygen diffuse paths,
however, the damage decreased with the temperature
at the same exposure time. Wallentine [14] investigated
the effect of prior exposure at elevated temperatures
on the tensile properties and stress-strain behaviour
of different fibre-reinforced CMCs, i.e., SiC/SiNC,
C/SiC, C/SiC-B,C and SiC/SiC-B,C. The CMCs were
heat treated in laboratory air for 10 h, 20 h, 40 h and
100 h at over-temperatures (1300 °C or 1400 °C) and for
100 h at the operating temperature (1200 °C or 1300 °C),
and then tensile loaded to failure at room temperature.
The prior exposure at the elevated temperature caused a
reduction in the tensile strength and changed the tensile
stress-strain behaviour due to the oxidation of the
inter-phase and fibres. Gowayed et al. [15] investigated
the effect of oxidation on the strain accumulation of
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Figure 1. The unit cell of the shear-lag model.

SiC/SiNC and SiC/SiC composites under dwell-fatigue
loading. The stress level and cracking density affected
the internal damage and accumulation strain. However,
the tensile and damage fracture processes of the fibre-
reinforced CMCs under the effect of pre-exposure at
elevated temperatures have not been investigated.

In this paper, the tensile damage and fracture
process of the fibre-reinforced CMCs under the effect of
pre-exposure at elevated temperatures are investigated.
The damage mechanisms of the interface oxidation and
fibre failure are considered in the stress analysis, matrix
multi-cracking, interface debonding and fibre failure.
Combining the stress analysis and damage models,
the tensile stress-strain curves of the fibre-reinforced
CMC:s for the different damage stages can be obtained.
The effects of the pre-exposure temperatures and time,
interface shear stress, fibre strength and fibre Weibull
modulus on the tensile damage and fracture processes
are analysed. The experimental tensile damage and
the fracture process of the fibre-reinforced CMCs with
different fibre preforms are predicted for the different
pre-exposure temperatures and times.

THEORETICAL

As the mismatch of the axial thermal expansion
coefficient between the carbon fibre and the silicon car-
bide matrix, there are unavoidable microcracks within
the SiC matrix when the composite is cooled down
from the high fabricated temperature to the ambient
temperature. These processing-induced microcracks
mainly exist in the surface of the material, which do not
propagate through the entire thickness of the composite.
However, at an elevated temperature, the microcracks
serve as avenues for the ingress of the environmental
atmosphere into the composite. The oxygen reacts with
the carbon layer along the fibre length at a certain rate of
d{/dt, in which { is the length of the carbon lost on each
side of the crack. [16]

=0, {1 ~exp [— %’ﬂ (1)

where b is a delay factor considering the deceleration
of the reduced oxygen activity; and ¢, and ¢, are the
parameters dependent on the temperature and described
using Arrhenius type laws.

@ =7.021x107 Xexp(%j ®))
@,=227.1xexp (— @j 3)

where ¢, is in mm and ¢, in s”; ¢, represents the
asymptotic behaviour for long times, which decreases
with the temperature; and the product ¢,p, represents
the initial oxidation rate, which is an increasing func-
tion of the temperature.
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Stress analysis considering
the interface oxidation
and fibre failure

When the matrix cracking and interface debonding
damage occur in the fibre-reinforced CMCs, the shear-
lag model can be used to analyse the micro stress
distributions in the interface oxidation region, interface
slip region and interface bonded region, as shown in
Figure 1. The distributions of the fibre and matrix axial
stress distribution, and the fibre/matrix interface shear
stress can be determined using the following equations.
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where V; and V,, denote the fibre and matrix volume,
respectively; z; and 7; denote the interface shear stress
in the interface oxidation region and interface de-bon-
ded region, respectively; 7, denotes the fibre radius; /;
and /, denote the interface de-bonded length and the
matrix crack spacing, respectively; p denotes the shear-
lag model parameter; and o, and o,,, denote the fibre
and matrix axial stress in the interface bonded region,
respectively.

E
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where E,, E,, and E, denote the fibre, matrix and com-
posite elastic modulus, respectively; a, o, and a, de-
note the fibre, matrix and composite thermal expansion
coefficient, respectively; and AT denotes the tempera-
ture difference between the testing temperature and
fabrication temperature.

When a fibre failure occurs, the fibre axial stress
in the interface de-bonded and bonded region can be
determined using the following equation.
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where T denotes the intact fibre stress.

Matrix multi-cracking considering
the interface oxidation

The two-parameter Weibull distribution is used
to describe the tensile strength of the matrix, and the
failure probability of the matrix can be determined
using the following Equation. [17]

o~ (O-mc B ath)

(UR - Uth ) - (O-mc - O-Ih)

P =1-exps— (10)

where o denotes the matrix characteristic strength; o,
denotes the matrix first cracking stress; o,, denotes the
matrix thermal residual stress; and m denotes the matrix
Weibull modulus.

When the applied stress increases, the matrix crac-
king density increases. The matrix failure probability
is related to the instantaneous matrix crack space and
saturation matrix crack spacing, as follows:

Pm = lsat/lc (11)

where

12)

where A denotes the final nominal crack space, which is
apure number and only depends on the micromechanical
and statistical quantities characterising the cracking;
and J, denotes the characteristic interface sliding length.

i Vo aR+[ —T—fjat)
T
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Using Equations 10-13, the instantaneous matrix
cracking space can be determined using the following

equation.
-1
o—(o

mc o—lh )
(GR - Gth ) - (Gmc - Jth)

(14)

Interface debonding considering
the interface oxidation

When the matrix cracking propagates to the fibre/
matrix interface, the fracture mechanics approach is
used to determine the interface de-bonded length [18].

F ow,(x=0) 1.[zdr.8v(x)

d 15
)
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where &, denotes the interface de-bond energy; F (=
= rrr*0/V;) denotes the fibre stress on the matrix cracking
plane; w;(x = 0) denotes the fibre axial displacement at
the matrix cracking plane; and v(x) denotes the relative
displacement between the fibre and the matrix.
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The relative displacement v(x) between the fibre
and the matrix is described using the following equation.
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Substituting w,(x = 0) and v(x) into Equation 15, it
leads to the following Equation 19.
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Solving Equation 19, the interface de-bonded length
is determined using the following Equation 20.
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O
(e
2p

Fibre failure considering the
interface and fibre oxidation

(20)
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The two-parameter Weibull model is adopted to
describe the fibre strength distribution, and the Global
Load Sharing criterion is used to determine the stress
distributions between the intact and fracture fibres [19].

%= T(1-P(T)) +% (L) P(T) 21)

where (L) denotes the average fibre pullout length; and
P (T) denotes the fibre failure probability.

P(T)=1 —exp{—(l] f ]
GC

where m, denotes the fibre Weibull modulus; o}, denotes
the fibre characteristic strength of length J, of the fibre.
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The time-dependent fibre strength of o,(f) can be
determined using the following equation. [20]
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The composite tensile strength is given by the

following equation.
o
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Tensile stress-strain curves considering
the effect of the pre-exposure

i

o, (t)= (24)
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For the fibre-reinforced CMCs without damage, the
composite strain can be determined using the following
Equation 26.

e, =0olE, (26)

When damage forms inside the CMCs, the com-
posite strain can be determined using the following
Equation 27.

& _ o (x)dx—(a,—a;) AT

TR @7)

When the matrix cracking and interface debonding
occurs, the composite strain can be determined using
the following Equation 28.
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When a fibre failure occurs, the composite strain
can be determined using the following Equation 29.

(28)
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For the 2D, 2.5D and 3D CMCs, the effective
coefficient of the fibre volume fraction in the direction
of loading (ECFL) is defined as:

axial
a=l

(30)
f

where V; and V" refer to the total fibre volume frac-

tion in the composites and the effective fibre volume

fraction in the direction of axial tensile loading.
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RESULTS AND DISCUSSION

The effects of the pre-exposure temperature and
time, interface shear stress, fibre strength and fibre
Weibull modulus on the tensile damage process are ana-
lysed. The unidirectional C/SiC composite is used for
the case analysis, and the material properties are given
by: V;=40 %, E.= 230 GPa, £, = 350 GPa, r,= 3.5 pm,
m =6, o= 100 MPa, 1_,,= 150 um, ;= 0 x 10K, o, =
=4.6x10°K',AT=-1000 °C, {;= 0.1 J'm?, ;= 10 MPa,
7= 1 MPa, 6,= 1.6 GPa and m,= 5.

The effect of the pre-exposure temperature
on the tensile and damage process

The effect of the pre-exposure temperature (i.e.,
T = 600 °C, 700 °C and 800 °C) on the tensile stress-
strain curves, interface debonding and oxidation and the
fibre failure of the C/SiC composite corresponding to
the pre-exposure time of # = 20 h is shown in Figure 2.
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Figure 2. The effect of the pre-exposure temperature on: a) the tensile stress-strain curves; b) the interface de-bonded length of
21,/1, versus the applied stress curves; ¢) the interface oxidation ratio of {//; versus the applied stress curves; d) the broken fibre

fraction versus the applied stress curves of the C/SiC composite.
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When the pre-exposure temperature increases, the com-
posite tensile strength and failure strain both decrease;
the interface de-bonded length and the interface
oxidation ratio both increase; and the fibre broken
fraction increases at the low applied stress level.

When the pre-exposure temperature is 7= 600 °C,
the composite tensile strength is oyrg = 445 MPa with
the failure strain of & = 0.57 %; the interface de-
bonded length increases to 2/,/[.= 67.5 %; the interface
oxidation ratio decreases to {/l;= 2.9 %; and the fibre
broken fraction increases to P = 13.3 %.

When the pre-exposure temperature is 7= 700 °C,
the composite tensile strength is oy = 366 MPa with
the failure strain of ;= 0.45 %; the interface de-bonded
length increases to 2/,/[,= 55 %; the interface oxidation
ratio decreases to {//;= 10.3 %; and the fibre broken
fraction increases to P =12.1 %.

When the pre-exposure temperature is 7= 800 °C,
the composite tensile strength is oyrg= 297 MPa with
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the failure strain of &;= 0.37 %; the interface de-bonded
length increases to 2/,/[, = 48 %; the interface oxidation
ratio decreases to {/l;= 27.5 %; and the fibre broken
fraction increases to P =12 %.

The effect of the pre-exposure time on
the tensile and damage processes

The effect of the pre-exposure time (i.e., £ = 10, 20
and 30 h) on the tensile stress-strain curves, interface
debonding and oxidation and the fibre failure of the
C/SiC composite corresponding to the pre-exposure
temperature of 7'= 800 °C is shown in Figure 3. When
the pre-exposure time increases, the composite tensile
strength and failure strain both decrease; the interface
de-bonded length and the interface oxidation ratio both
increase; and the fibre broken fraction increases at the
low applied stress level.
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Figure 3. The effect of the pre-exposure time on: a) the tensile stress-strain curves; b) the interface de-bonded length of 2/,/1,
versus the applied stress curves; ¢) the interface oxidation ratio of {//, versus the applied stress curves; d) the broken fibre fraction

versus the applied stress curves of the C/SiC composite.
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When the pre-exposure time is £ = 10 h, the com-
posite tensile strength is o= 354 MPa with the failure
strain of &= 0.45 %; the interface de-bonded length
increases to 2/y/l,= 53 %; the interface oxidation ratio
decreases to {/I,= 12.3 %; and the fibre broken fraction
increases to P = 13.4 %.

When the pre-exposure time is ¢t = 20 h, the com-
posite tensile strength is o= 297 MPa with the failure
strain of &= 0.37 %; the interface de-bonded length
increases to 2/,/l,= 48 %; the interface oxidation ratio
decreases to (/= 27.5 %; and the fibre broken fraction
increases to P =12 %.

When the pre-exposure time is # = 30 h, the compo-
site tensile strength is o= 269 MPa with the failure
strain of &= 0.35 %; the interface de-bonded length
increases to 2/,/l,= 48.4 %; the interface oxidation ratio
decreases to {/I;= 41 %; and the fibre broken fraction
increases to P = 13.5 %.
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The effect of the interface shear stress on
the tensile and damage processes

The effect of the interface shear stress (i.e., 7;= 5,
10 and 15 MPa) on the tensile stress-strain curves, inter-
face debonding and oxidation and the fibre failure of
the C/SiC composite corresponding to the pre-exposure
temperature of 7= 800 °C and the pre-exposure time of
t =20 h is shown in Figure 4. When the interface shear
stress increases, the composite failure strain decreases;
the interface de-bonded length decreases, and the
interface oxidation ratio increases.

When the interface shear stress is 7;= 5 MPa, the
composite failure strain is &= 0.46 %; the interface de-
bonded length increases to 2/,/, = 84 %; the interface
oxidation ratio decreases to {//;= 15.7 %; and the fibre
broken fraction increases to P = 12 %.

When the interface shear stress is 7;= 10 MPa, the
composite failure strain is g;= 0.37 %; the interface
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Figure 4. The effect of the interface shear stress on: a) the tensile stress-strain curves; b) the interface de-bonded length of 2/,/1,
versus the applied stress curves; ¢) the interface oxidation ratio of {//, versus the applied stress curves; d) the broken fibre fraction

versus the applied stress curves of the C/SiC composite.
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de-bonded length increases to 2/,/l,.= 48 %; the interface
oxidation ratio decreases to (//;= 27 %; and the fibre
broken fraction increases to P = 12 %.

When the interface shear stress is 7;= 15 MPa, the
composite failure strain is g,= 0.35 %; the interface de-
bonded length increases to 2/,/[,= 36 %; the interface
oxidation ratio decreases to {/I;= 36.7 %; and the fibre
broken fraction increases to P =12 %.

The effect of the fibre strength on the
tensile and damage processes

The effect of the fibre strength (i.e., o, = 1 and
2 GPa) on the tensile stress-strain curves and the fibre
failure of the C/SiC composite corresponding to the
pre-exposure temperature of 7 = 800 °C and the pre-
exposure time of =20 h is shown in Figure 5. When the
fibre strength increases, the composite tensile strength
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and failure strain both increase; and the fibre broken
fraction decreases at the low applied stress level.

When the fibre strength is o,= 1 GPa, the composite
tensile strength is o= 278 MPa with the failure strain
of &= 0.31 %; and the fibre broken fraction increases to
P=12.9 %.

When the fibre strength is o,= 2 GPa, the composite
tensile strength is o= 354 MPa with the failure strain
of &= 0.41 %; and the fibre broken fraction increases to
P=134%.

The effect of the fibre Weibull modulus
on the tensile and damage processes

The effect of the fibre Weibull modulus (i.e., m;=3
and 5) on the tensile stress-strain curves and the fibre
failure of the C/SiC composite corresponding to the
pre-exposure temperature of 7 = 800 °C and the
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Figure 5. The effect of the fibre strength on: a) the tensile stress-strain curves; b) the broken fibre fraction versus the applied stress

curves of the C/SiC composite.
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Figure 6. The effect of the fibre Weibull modulus on: a) the tensile stress-strain curves; b) the broken fibre fraction versus the

applied stress curves of the C/SiC composite.
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pre-exposure time of 7 =20 h is shown in Figure 6. When
the fibre Weibull modulus increases, the composite ten-
sile strength and failure strain both increase; and the
fibre broken fraction decreases at the low applied stress
level.

When the fibre Weibull modulus is m.= 3, the com-
posite tensile strength is o= 272 MPa with the failure
strain of &= 0.34 %; and the fibre broken fraction
increases to P = 18.2 %.

When the fibre Weibull modulus is m,= 5, the com-
posite tensile strength is o= 297 MPa with the failure
strain of & = 0.35 %; and the fibre broken fraction
increases to P =12 %.

EXPERIMENTAL

Wang et al. [8] investigated the tensile behaviour of
1D, 2D and 3D C/SiC composites at room temperature.
Zhang et al. [9] investigated the tensile behaviour of
2.5D C/SiC composites after exposure at an elevated
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temperature. The material properties of the 1D, 2D,
2.5D and 3D C/SiC composites are listed in Table 1.

Table 1. The material properties of the C/SiC composites.

Items 1D C/SiC 2D C/SiC  2.5D C/SiC 3D C/SiC
A 1 0.5 0.75 0.93
7 (um) 35 35 35 35
Vi (%) 30 35 40 40
E: (GPa) 230 230 230 230
a: (109K 0 0 0.5 0
a, (109K 4.6 4.6 4.6 4.6
m 3 5 6 5
ox (MP2) 100 40 80 80
1., (um) 120 300 80 80
7, (MPa) 10 11
7, (MPa) 1 1 1 1
GOm0l 0.3 0.1 0.1
ours (MPa) 333 149 226 206
& (%) 0.59 0.34 0.56 0.37
mg 5 5 5 5
1.2
—t=10h
1.04 |—t=20h
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Figure 7. a) The experimental and predicted tensile stress-strain curves; b) the interface de-bonded length of 2/, versus the
applied stress curves; c¢) the interface oxidation ratio of {//; versus the applied stress curves; d) the broken fibre fraction versus the

applied stress curves of the unidirectional C/SiC composite.
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The experimental and predicted tensile stress-
strain curves, interface de-bonded length and oxidation
length, and the fibre broken fraction of the 1D C/SiC
composite without and with the pre-exposure at 7 =
=800 °C and ¢ = 10, 20 and 30 h are shown in Figure 7.
With the increasing pre-exposure time, the composite
tensile strength and failure strain both decrease; the
interface de-bodned length and interface oxidation ratio
increase; and the broken fibres fraction increases at the
low stress level. Without the pre-exposure, the composite
tensile strength is oyrg= 333 MPa with the failure strain
of &,= 0.68 %; when the pre-exposure time is # = 10 h,
the composite tensile strength is oy = 314 MPa with
the failure strain of ;= 0.67 %, the interface de-bonded
length increases to 2/,/l,= 1, the interface oxidation
ratio decreases to {/l;= 24.8 %, and the broken fibres
fraction increases to P = 12 %; when the pre-exposure
time is # = 20 h, the composite tensile strength is o=
= 264 MPa with the failure strain of ¢;= 0.61 %, the
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interface de-bonded length increases to 2/,/I, = 1, the
interface oxidation ratio decreases to {/[;= 49 %, and
the broken fibres fraction increases to P = 12 %; when
the pre-exposure time is £ = 30 h, the composite tensile
strength is oy = 239 MPa with the failure strain of
&= 0.59 %, the interface de-bonded length increases to
21/I.= 1, the interface oxidation ratio decreases to {/l,=
= 744 %, and the broken fibres fraction increases to
P=12.8%.

The experimental and predicted tensile stress-
strain curves, interface de-bonded length and oxidation
length, and the fibre broken fraction of the 2D C/SiC
composite without and with the pre-exposure at 7 =
800 °C and ¢ = 10, 20 and 30 h are shown in Figure 8.
With the increasing pre-exposure time, the composite
tensile strength and failure strain both decrease; the
interface de-bodned length and interface oxidation
ratio increase; and the broken fibres fraction increases
at the low stress level. Without the pre-exposure, the
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Figure 8. a) The experimental and predicted tensile stress-strain curves; b) the interface de-bonded length of 2/, versus the
applied stress curves; c¢) the interface oxidation ratio of {//; versus the applied stress curves; d) the broken fibre fraction versus the

applied stress curves of the 2D C/SiC composite.
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composite tensile strength is o= 148 MPa with the
failure strain of & = 0.35 %; when the pre-exposu-
re time is £ = 10 h, the composite tensile strength is
oyrs= 148 MPa with the failure strain of ;= 0.37 %, the
interface de-bonded length increases to 2/,/I,= 38.4 %,
the interface oxidation ratio decreases to {/I,= 8.6 %,
and the broken fibres fraction increases to P = 11.7 %;
when the pre-exposure time is £ = 20 h, the composite
tensile strength is o= 130 MPa with the failure strain
of &,= 0.33 %, the interface de-bonded length increases
to 2/y/l.= 35.4 %, the interface oxidation ratio decreases
to {/l,= 18.6 %, and the broken fibres fraction increases
to P = 12.2 %; when the pre-exposure time is # = 30 h,
the composite tensile strength is oy = 117 MPa with
the failure strain of &, = 0.3 %, the interface de-bonded
length increases to 2/,/[,= 34 %, the interface oxidation
ratio decreases to {//;= 29 %, and the broken fibres
fraction increases to P =10.9 %.

The experimental and predicted tensile stress-strain
curves, interface de-bonded length and oxidation length,
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and fibre broken fraction of the 2.5D C/SiC composite
without and with the pre-exposure at 7 = 900 °C and
t=10 h are shown in Figure 9. Without the pre-exposure,
the composite tensile strength is oyrg= 225 MPa with
the failure strain of &= 0.54 %; when the pre-exposure
time is ¢ = 10 h, the composite tensile strength is
oyrs = 191 MPa with the failure strain of &,= 0.48 %,
the interface de-bonded length increases to 2/,/[.= 1, the
interface oxidation ratio decreases to {/l,=25 %, and the
broken fibres fraction increases to P = 23.5 %.

The experimental and predicted tensile stress-strain
curves, interface de-bonded length and oxidation length,
and the fibre broken fraction of the 3D C/SiC composite
without and with the pre-exposure at 7= 800 °C and
t =10, 20 and 30 h are shown in Figure 10. With the
increasing pre-exposure time, the composite tensile
strength and failure strain both decrease; the interface
de-bodned length and interface oxidation ratio increase;
and the broken fibres fraction increases at the low stress
level. Without the pre-exposure, the composite tensile
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Figure 9. a) The experimental and predicted tensile stress-strain curves; b) the interface de-bonded length of 2/, versus the
applied stress curves; c¢) the interface oxidation ratio of {//; versus the applied stress curves; d) the broken fibre fraction versus the

applied stress curves of the 2.5D C/SiC composite.
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strength is oy = 203 MPa with the failure strain of
& = 0.38 %; when the pre-exposure time is t = 10 h, the
composite tensile strength is o= 192 MPa with the
failure strain of &= 0.38 %, the interface de-bonded
length increases to 2/,//,= 83 %, the interface oxidation
ratio decreases to {/l;= 15 %, and the broken fibres
fraction increases to P = 13.1 %; when the pre-exposu-
re time is £ = 20 h, the composite tensile strength is
oyrs= 161 MPa with the failure strain of &,= 0.33 %, the
interface de-bonded length increases to 21,/[.= 79 %, the
interface oxidation ratio decreases to {//;= 31 %, and
the broken fibres fraction increases to P = 11.7 %; when
the pre-exposure time is £ = 30 h, the composite tensi-
le strength is oyg= 145 MPa with the failure strain of
&= 0.32 %, the interface de-bonded length increases to
214/1.= 83 %, the interface oxidation ratio decreases to
{/ly= 44 %, and the broken fibres fraction increases to
P=10.8 %.
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CONCLUSIONS

In this paper, the tensile damage and fracture
process of the fibre-reinforced CMCs under the effect of
pre-exposure at elevated temperatures are investigated.
The damage mechanisms of the interface oxidation and
fibre failure are considered in the stress analysis, matrix
multi-cracking, interface debonding and fibre failure.
Combining the stress analysis and damage models,
the tensile stress-strain curves of the fibre-reinforced
CMC:s for the different damage stages can be obtained.
The effects of the pre-exposure temperatures and time,
interface shear stress, fibre strength and fibre Weibull
modulus on the tensile damage and fracture processes
are analysed. The experimental tensile damage and
fracture process of the fibre-reinforced CMCs with the
different fibre preforms are predicted for the different
pre-exposure temperatures and times.
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Figure 10. a) The experimental and predicted tensile stress-strain curves; b) the interface de-bonded length of 2/,/I, versus the
applied stress curves; ¢) the interface oxidation ratio of {//; versus the applied stress curves; d) the broken fibre fraction versus the

applied stress curves of the 3D C/SiC composite.

Ceramics — Silikaty 64 (1) 50-62 (2020)

61



LiL.

e When the pre-exposure temperature and time increa-
se, the composite tensile strength and failure strain
both decrease; the interface de-bonded length and the
interface oxidation ratio both increase; and the fibre
broken fraction increases at the low applied stress
level.

e When the interface shear stress increases, the compo-
site failure strain decreases; the interface de-bonded
length decreases, and the interface oxidation ratio
increases.

e When the fibre strength and Weibull modulus increase,
the composite tensile strength and failure strain both
increase; and the fibre broken fraction decreases at the
low applied stress level.
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