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The mechanical properties of Nextel™610-reinforced ceramic composites in the on-axis direction after a long-
term thermal exposure at 1200°C for 200 h are studied using tensile tests. To clarify the mechanisms underlying
the effects of thermal exposure on the macromechanical properties of oxide/oxide ceramic matrix composites,
variations in the microstructure and micromechanical properties of these materials (including the fibre grain size
and the porosity distribution) are analyzed. Grain coarsening is the most significant feature arising from heat

treatment and porosity decreases with increasing heat-treatment time. The dimensions and weight of the spe-
cimen also decrease. Given the microstructural changes observed after heat treatment, a model based on me-
soscopic-scale approaches is proposed to clarify the influence of thermal exposure on the mechanical properties
of the composite, including its stiffness, ultimate failure modes, and strength.

1. Introduction

Ceramic-matrix composites are some of the most promising mate-
rials for high-temperature applications owing to their exceptional
properties such as their specific stiffness, specific strength, and oxida-
tion resistance in extreme high-temperature and corrosive environ-
ments. Although the oxide/oxide ceramic matrix composites exhibit a
high oxidation resistance, long-term exposure to a thermal-overloading
environment in an aeroengine causes the degradation of their me-
chanical properties [1-5], with obvious implications for the service
performance of ceramic matrix composite components. Therefore, it is
important to clarify the effects of thermal-exposure conditions on the
mechanical properties of such composites.

Intensive research has been conducted on the evolution of ceramic
matrix composite microstructures during thermal exposure.
Microstructural variations in different components made from oxide/
oxide ceramic matrix composites have been studied. Effects of thermal
overloading, with regard to its temperature and duration, on the
strength of oxide-fibre bundles were discussed by Schmdiicker [6,7]. The
fine-grained fibre microstructure is not stable at high temperatures and
the fibre strength decreases with increasing fibre grain size [7,8].
Vokmann [9] analyzed the evolution of the oxide-fibre microstructure
in ceramic matrix composites, and indicated that the matrix composi-
tion significantly influences the fibre microstructure after heat
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treatment. Sintering the matrix accelerates fibre grain coarsening. As
the bearing capacity of composites is mainly determined by the fibre
properties, the overall performance, especially the composite strength,
decreases after thermal exposure. Then, because of the matrix densifi-
cation induced by sintering, it is clear that the microhardness and mi-
croporosity increase and the macroporosity decreases [10].

The effects of heat treatment on static properties such as strength
and stiffness have been widely studied [11-13]. Despite extensive stu-
dies into the evolution of the microstructure and mechanical properties
during thermal exposure, their correlations after heat treatment have
not been adequately investigated to date. The underlying mechanism
governing the influence of thermal exposure also awaits further in-
vestigation. Recently, Yang [14] presented an experimental study on a
long-fibre-reinforced oxide/oxide ceramic matrix composite (Ox-CMC),
focusing on the thermally induced damage produced after aging at
1200°C for up to 500 h. An analytical model was also proposed, de-
scribing the relation between the change in porosity due to thermal
aging, damage, and compressive strength.

In the present work, oxide/oxide ceramic matrix composites were
heat-treated for 100, 200, and 500 h at 1200°C. The microstructure of
different components of the as-received and heat-treated composites
were analyzed by several microstructure observation methods. Then,
on-axis tensile tests were conducted on the as-received materials and on
the heat-treated materials following different heat-treatment durations
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to study the effects of thermal exposure on the on-axis mechanical
properties of the composites. The failure modes of the as-received and
heat-treated materials have been discussed. Then, the correlation be-
tween the microstructural variations in the fibre and matrix material
and the overall mechanical properties (including the stiffness and
strength) on the mesoscopic scale have been discussed, based on the
observations of microstructure variations and mechanical experimental
data.

2. Materials and experimental procedure
2.1. Characterization of the as-received material

The as-received ceramic matrix composite studied in the present
work is composed of an uncoated Nextel™610 fibre reinforcement in
8HSW with a woven layer of 0°/90° and a porous matrix containing
85% Al,O3 and 15% 3YSZ, which is provided in the form of 2.8-mm-
thick plates. The textile structures were impregnated with the paste-like
Al,O3 slurry using knife blade. Then stack 8 layers together, press and
dry at 80°C-150°C. After that the sintering process was began at 1100°C-
1300°C for 5 h. The ultimate continuous service temperature is 1150°C.
The fibre volume content of the composite is approximately 44 vol%.
The mechanical properties of the as-processed fibre and material, in-
cluding the elastic modulus E and ultimate strength o,, are listed in
Table 1

The original elastic modulus of the matrix is notably close to that of
the fibre. However, the strength of the matrix is considerably less than
that of the fibre.

2.2. Heat treatment and mechanical experimental procedure

To clarify the effects of heat treatment on the microstructure and
mechanical properties of the oxide/oxide ceramic matrix composite,
some materials were placed in the high-temperature ambient environ-
ment of a muffle furnace (at 1200 °C), separately for 100, 200, or 500 h,
and cooled in air naturally. A temperature increase rate of 10 "C/min,
up to the maximum temperature, was chosen to avoid causing addi-
tional thermal damage to the material, further details for the heat
treatment tests can be found in Ref. [14].

The present work investigated the influence of heat treatment on the
changes in the mechanical properties of the ceramic matrix composite
by conducting monotonic tensile tests on both as-received and heat-
treated materials in the 0° direction at ambient temperature based on
the ASTM standard C1275. Monotonic loading tests were performed in
displacement-control mode with a loading speed of 0.001 mm/s to
ensure a quasi-static loading process. All the tests were conducted by
MTS809. To determine the mechanical properties of the ceramic matrix
composite after heat treatment, several dog-bone-shaped specimens
with a gauge length of 35 mm (as displayed in Fig. 1) were machined
using a water-jet, and strain rosettes were used to determine the strain
states in the gauge section of the specimens. As the stiffness and
strength of the composite is mainly dependent on the elastic modulus
and strength of matrix and fiber which are related to the microstructure
of these components directly, some essential characteristics of matrix
and fiber are studied including the porosity of the material and grain
size of fibre before and after heat treatment. Mercury intrusion is a
widely adopted method for measuring porosity and the size distribution
of open holes in porous materials. We measured the porosity using a

Table 1

Mechanical properties of the as-processed fibre and matrix material [14-17].
material composition E (GPa) oy(MPa)
Fibre (99% Al,0O3) 373 2930
Matrix (85% Al,O3 15% 3YSZ) 210 45
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Micromeritics Autopore IV 9510 porosimeter at room temperature in a
vacuum. Then the grain size of fibre are observed by SEM.

3. Microstructure variations and experimental results
3.1. Microstructure variations of the material after heat treatment

To investigate the effects of thermal exposure on the oxide/oxide
ceramic matrix microstructure, SEM observations were conducted on
the cutting surface of the as-received and heat-treated materials after
500 h of thermal exposure. The obtained SEM images are shown in
Fig. 2.

The matrix region of the as-received material displays many voids
and cracks resulting from matrix shrinkage, induced by thermal stress
during the preparation of the composite. The fibres are dense and the
matrix contains voids and numerous microcracks. Then, because there
is no fibre coating at the interface, a microscopic gap is formed between
the fibre and the matrix.

As the mechanical properties of the oxide/oxide ceramic matrix
composite are directly related to the internal microstructure, it is es-
sential to investigate the effects of thermal exposure on the material
microstructures. The present work therefore performed microstructural
measurements, in particular for the porosity, morphology, and grain
size of fibres.

The measurement results for the as-received and heat-treated ma-
terials (after 100, 200, and 500 h of thermal exposure) are character-
ized in Ref. [14]. The overall porosity of these materials can be ob-
tained from the intersections of the corresponding curve with the y-
axis, as listed in Table 2.

The measurements indicate an overall decrease in the porosity of
the oxide/oxide ceramic matrix composite with increasing heat-treat-
ment time, which may be induced by matrix sintering. For a heat-
treatment duration less than 100 h, the overall composite porosity de-
creases rapidly with increasing heat-treatment time. Then, between 100
and 200 h, the overall porosity also decreases significantly with in-
creasing thermal-exposure duration, albeit significantly more slowly.
Heat treatment beyond 200 h shows no clear reduction in the overall
porosity.

Long-term exposure also affects the oxide-fibre microstructure sig-
nificantly, with noteworthy consequences for the mechanical proper-
ties, especially the strength dominated by fibres. The present study
therefore investigates the fibre microstructures in the original and heat-
treated materials. The thermal corrosion method was adopted. SEM
images of the fibre microstructures are displayed in Fig. 3, showing the
grain-size distributions for (a) the original and (b) the heat-treated
materials (after 500 h of thermal exposure).

The areas bounded by yellow lines represent grain crystals in the
material.

A comparison of Fig. 3(a) and (b) reveals some microstructural
variations. The fibres of the as-received material contain only single-
phase a— alumina. After heat treatment, some highly dispersed crys-
tallites are created and the average grain size increases relative to the
original material. In other words, a significant coarsening of a-alumina
is induced by thermal exposure, causing significant changes in the
mechanical properties.

The first part of the present article characterized the microstructure
variations of the components of the composite, namely the matrix and
fibres. The next section discusses the relationship between variations in
the overall mechanical properties, namely the stiffness, failure modes,
and strength.

3.2. Mechanical properties of the as-received and heat-treated materials
Stress-strain curves, obtained from uniaxial tension experiments in

the on-axis direction of specimens subjected to different exposure
durations, are plotted in Fig. 4.
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Fig. 2. SEM images of cut surfaces for (a,b) the as-received material and (c,d) the material after 500 h of heat treatment. The most obvious microstructural changes
are the appearance of fibre bridging in the interface and the direct fibre-matrix connection after heat treatment.

Table 2 The monotonic tensile experimental data indicate no clear nonlinear
Porosity of the material for different thermal-exposure durations. behaviour in the stress-strain curve for either the as-received or heat-
treated materials. The elastic modulus after heat treatment is almost
identical to that of the original material. Then, the failure stress and
Porosity 27.6 (%) 24.9 (%) 21.8 (%) 21.6 (%) failure strain decrease significantly after thermal exposure, indicating
that heat treatment increases the brittleness of the material. According
to Fig. 4, the residual strength following heat treatment is directly re-
lated to the thermal-exposure duration. The failure stresses after

as-received 100 h 200 h 500 h

Q

100pm (a) 100pm
/ -

Fig. 3. Fibre microstructures in (a) the as-received and (b) the heat-treated materials after 500 h of thermal exposure.
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Fig. 5. Residual strength versus thermal-exposure duration.

different heat-treatment durations are displayed in Fig. 5.

From Fig. 5, the trend followed by the failure stress is exactly similar
to that of the fibre grain size and the overall porosity of the composite.
Considering the relationship between the microstructure and mechan-
ical properties of the composite, this phenomenon implies that the
oxide/oxide ceramic matrix composite microstructure becomes stable
gradually with increasing heat-treatment time, consistent with ob-
servations and measurements of the microstructure of the constituting
fibre and matrix. The effects of variations in the fibre and matrix on the
overall mechanical properties of the composite are discussed in the
following section.

4. Effects of thermal aging on the mechanical properties of the
ceramic matrix composites

As a result of the changes in the microstructure and micro-
mechanical properties induced by long-term thermal exposure, the
mechanical behaviour of the heat-treated composites subjected to stress
differ from the as-received material. This has significant implications
for the service performance of composite components. Thus, it is im-
portant to study the change regularities of microstructure and micro-
mechanical properties and their effects on the mechanical behaviour.
As microstructural changes have already been discussed 4 above, their
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effects on the mechanical behaviour, including elastic properties and
ultimate failure, are analyzed below.

4.1. Effects of thermal exposure on the stiffness of the ceramic matrix
composites

The composite stiffness depends on the fibre and matrix elastic
moduli, implying that changes in the fibres and matrix during thermal
exposure can significantly influence the overall stiffness of the material.
The influence rule is discussed in the following section.

The overall stiffness of a unidirectional fibre-reinforced composite
can be approximated as

E. = EtV; + Ep Vi (€]

In a woven composite, considering the distinction between long-
itudinal and transverse fibre bundles, approximately half of the fibres
bear the uniaxial tensile loading in the warp direction. Thus, Eq. (1) can
be rewritten as

E, = wE; + En(1 — w) (2

where E is the elastic modulus; the subscripts c, f, and m denote the
composite, fibre, and matrix, respectively; and w is the effective fibre
volume fraction (which represents effects of the volume fraction of
longitudinal fibres). Based on experimental measurements of the ori-
ginal elastic modulus, w is considered to be 0.09.

According to Ref. [18], the matrix elastic modulus depends directly
on the porosity:

a-=)

En \1-p 3)
where EQ and E,, denote the initial and current elastic moduli of the
matrix.

Thermal exposure induces some microstructural changes in the fibre
and matrix, which in turn induce variations in the mechanical prop-
erties. According to Volkmann [10], the fibre elastic modulus changes
negligibly. Thus, the matrix stiffness can be considered to play an im-
portant role in the evolution of the overall stiffness of an oxide/oxide
ceramic matrix composite. Substituting Eq. (3) into Eq. (2), the overall
elastic modulus of a woven oxide/oxide ceramic matrix composite be-
comes

1—
E.= wE + (1 — w)E,‘Q,( P )
1-p, 4)
Eq. (4) relates the variations in the composite elastic modulus and to
those in the porosity. The result is plotted in Fig. 6, with the horizontal
and vertical coordinates being normalized by the porosity of the as-
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Fig. 6. Relationship between the elastic modulus and the relative porosity of
the material for different values of n.
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received matrix and the original elastic modulus.

The effects of using different values of n in Eq. (3) are shown in
Fig. 6. Seven values of n were chosen in the range 0.7-1.3, which is
considered to apply to an oxide/oxide ceramic matrix composite (18).
Notably, there is an approximately linear relationship between the re-
lative elastic modulus of the composite and the relative porosity of the
matrix material. Based on the relationship between thermal-exposure
duration and the matrix porosity, the variations of the elastic modulus
can then be determined. According to the relationship proposed in Ref.
[14], the variation range of the porosity shown in Fig. 6 is small. For a
sufficiently long thermal exposure, the material porosity shows almost
no decrease, and therefore the overall stiffness of the material in the on-
axis direction changes insignificantly.

4.2. Effects of thermal exposure on the ultimate failure and strength of the
ceramic matrix composites

The above analysis suggests that the thermal-exposure duration has
only a very small effect on the overall elastic modulus of the composite,
consistent with the experimental result that the on-axis elastic modulus
of the material varies insignificantly with the thermal-exposure dura-
tion.

To investigate the failure mechanisms of the as-received and heat-
treated materials, their fracture surfaces were observed by SEM, as
shown in Fig. 7.

The fracture surfaces of the as-received and heat-treated materials
are relatively smooth, indicating that brittle fracture plays a dominant
role in the failure process in these materials. However, the fibre pull-out
phenomenon can be observed in Fig. 7(a). Subsequent to heat treat-
ment, it almost disappears completely, and only fibre breakage is ob-
served in Fig. 7(b). These changes in the fracture surface imply that
sliding at the interface is suppressed, or even disappears, because of
fibre bridging during heat treatment, as observed in Fig. 2. They also
imply that the failure mode of the composite changes essentially as a
result of variations in the fibre, matrix, and interface of the material.

According to theory [19-21], when a mechanical load is applied to
a porous-matrix ceramic composite without a fibre coating, matrix
cracks form and subsequently propagate as the external load increases.
As a matrix crack extends to the fibre-matrix interface, it becomes de-
flected along the interface or penetrates into the adjacent fibre, de-
pending on the intrinsic properties of the composite components. The
relationship between the mode of propagation of matrix cracks and the
mechanical properties of the material is exhibited in Fig. 8.

The relationship shown in Fig. 8 involves two control parameters to
analyze crack propagation at the interface: the elastic mismatch para-
meter (E¢-E.)/(Ef + E,) and the transition toughness ratio I';/T’ (see
Fig. 9). Ef and E,, denote the fibre longitudinal stiffness and the matrix
elastic modulus of matrix, respectively, and I'; and I} correspond to the
fracture toughness of the interface and fibres.

With regard to the as-received material studied in the present work,

100pum
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Fig. 8. Relation of crack-propagation modes and material parameters.
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Fig. 9. Schematic diagram of broken fibres.

as there is no fibre coating at the interface and the fibres are sufficiently
strong, the ratio I;/I} is very small and the initial value is located below
the curve plotted in Fig. 8. Then, according to Table 1, the elastic
mismatch parameter a = 0.3. Thus, the propagation of matrix cracks in
the as-received material is deflected at the interface.

However, as mentioned above, after heat treatment, on account of
matrix densification, the matrix stiffness increases gradually with in-
creasing thermal-exposure duration. The fibre stiffness does not change
significantly during heat treatment [9], and therefore the value of the
elastic mismatch parameter o = (Ef — Ey;,)/(Ef + En) is reduced after
thermal exposure. Then, fibre bridging establishes a direct connection
between the fibre and matrix and induces an enhancement of the in-
terface, increases the value of I}/I; during heat treatment. Therefore,
the position of the material in Fig. 8 moves upward and leftward, in-
dicating that the propagation mode of matrix cracks in the composite is
transformed from deflection at the interface to penetration into the

(a) ‘IO_um

Fig. 7. Fracture surfaces for (a) an as-received tensile specimen, and (b) a specimen after 500 h of thermal exposure.
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Matrix crack

Fig. 10. Mesoscopic diagram of the composite.

Table 3

Material parameters in the mesoscopic model [22].
Material parameter as-received 100 h 200 h 500 h
oc(MPa) 2810 1860 1780 1760
] 0.09 0.09 0.09 0.09
m 3.3 3.4 3.2 3.3

250 T T T T
! —o— Experiment
! Prediction
T 200k ;
=3 !
£ 1
2 1
o) 150 - ! 4
@ i
Q |
B | stage '\ Il stage
8 100f \ -
50 ‘I 1 1 1
0 100 200 300 400 500

Thermal exposure time (h)

Fig. 11. Theoretical and experimental strengths of the material for different
thermal-exposure durations.

fibre. This transition is exhibited in Fig. 8.

As thermal exposure results in the variation of matrix crack pro-
pagation mode, in the meantime, with increasing of heat treatment
these two factors including variations of fiber and matrix's mechanical
properties and matrix crack propagation mode will have significant
influence on the strength of the material. A meso-scale mechanical
model was adopted to discuss the effects of varying the fibre and in-
terface on the tensile strength of the material.

According to Yang [23], the state of a 2D woven composite can be
simplified to the following configuration in Fig. 10:where L is the
spacing between matrix cracks for a given applied stress level o, and Ly
is the interfacial debonding length. The present study neglects the
tensile residual stress induced by the mismatch between the fibre and
matrix thermal expansion coefficients. Based on the theories of Curtin
[24], L is defined as

re KCTf
27 ()

L=

where K is the stress concentration coefficient in the debonding region,
calculated from the fibre and matrix properties [23]:
1 - WEy

V;iE¢ (6)

K=1+

and where 7; is the interfacial shear stress, and r; is the average fibre
radius.
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The failure probability distribution for a single fibre is considered to
be described by a two-parameter Weibull model:

P(T)=1- exp[l - (Z)m]
Oe (@]

where T represents the peak stress carried by intact fibres (determined
in the matrix crack plane), m is the fibre Weibull modulus (set to 4 in
the present work), and o is the characteristic fibre strength with the
gauge length 6. (considered to be twice the debonding length at the
current stress level). According to Ref. [25], o, and &, can be related to
the gauge length of the test specimen [, which can be expressed as:

_m_
m+1

1 1
loog' \m+1 ooreld"
c = , 0=

re T 8)
where ¢ is the characteristic fibre strength with gauge length I,.

With increasing load, the bearing capacity of the matrix decreases
gradually until the volume fraction of matrix cracks reaches a satura-
tion point [23], denoted n. Then, a further increase in load becomes
born entirely by fibres until the fibre stress reaches a critical value,
prompting the destructive failure of the composite. Based on the global
load sharing assumption, the equilibrium equation for a fibre bundle in
the state of ultimate failure, in the presence of debonding, can be
written

Z =1 - P(D) + TP(T)
w (C)]
where T;, represents the stress carried by broken fibres.

According to experimental data [8,22], when the thermal-exposure
duration exceeds 100 h, the microstructure and mechanical properties
of Nextel™610 fibres become almost independent of the thermal-ex-
posure time. Thus, the heat treatment process can be divided into two
stages. In the first stage, the fibre strength decreases owing to grain-size
coarsening of the fibres and interface, as a result of fibre bridging. In the
second stage, the fibre microstructure tends to be stable and variations
in the strength of the material are mainly caused by transition in the
matrix-crack propagation mode during tensile loading. Based on these
assumptions, the strength of the material, subjected to different heat-
treatment times, can be analyzed by the following methods.

4.2.1. Strength model for the first stage of heat treatment (t<100 h)
When the heat-treatment time lies within the range for the first

stage, In order to calculate the average stress T, in broken fibres, the

equilibrium equation for broken fibres can be expressed as:

7 Ty (z) = 27rpridz (10)

As the stress in the fracture plane of the broken fibres equals zero,
and the stress in the bonded region carried by the broken fibres equals
T, the boundary condition of the equation is given by

5(0)=0,To() =T (1)

where O represents the location of the fibre fracture plane and I is
obtained by

nT

27 12)

Iy =

Then, in the interval [0, l¢], the probability of fibre breakage is
considered to be expressed by the distribution [26].

1 T\" z(T\"
F = |- -2 —
@ P(T)lf(ac) (exp)[ lf(ac) ] (13)

Hence, according to statistical theory, the average stress in the
broken fibres can be calculated as
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7
Ty = =

T

_1-P(D)

L S wder Foa = T[( P

J -5
As the average stress in fibre is determined, substituting Eq. (14)
into Eq. (9) yields the applied stress o as a function of T:

{3

The theoretical strength for the material in the first stage can be
determined from Eq. (15) by finding the maximum of o versus T.

14

g
[3) (15)

4.2.2. Strength model for the second stage of heat treatment

In the second stage, when matrix cracks propagate in the other
mode that penetrate the adjacent fibre, it is thought that fibres break in
the plane of the matrix cracks. Under this circumstance, the pull-out
stress T, can be neglected and o versus T in the fibre is expressed as

o
—=T|1-P(T
” [ (D] 16)

The corresponding predicted strength can also be obtained using Eq.
(16).

4.2.3. Predicted strength of the material for different thermal-exposure
durations

The material parameters are listed in Table .3.

Based on the data in Table 3, the material strengths resulting from
different thermal-exposure times are predicted by Egs. (15) and (16).
The predictions are compared with experimental results in Fig. 11.

Notably, according to Fig. 11, the predicted strength of the as-re-
ceived material is smaller than the experimental value, whereas the
opposite is true under other conditions. This may result from the co-
existence of different matrix-crack propagation modes in the real sys-
tems and from the weakening of the degradation of the strength of fi-
bres in-situ by the interface enhancement. In general, the strength
model accurately predicts the failure stress of the material after thermal
exposure.

From the above analysis, it can be concluded that variations in the
tensile strength of the composite originate from two main causes:
firstly, the transformation of the failure mechanism induced by matrix
densification and interface enhancement; and secondly, the degrada-
tion of fibre properties induced by an increase in fibre grain size, in
agreement with observations and experimental results.

5. Conclusion

The present study investigated the microstructure and the on-axis
tensile properties of oxide/oxide ceramic matrix composites.
Measurements of the microstructure and mechanical properties indicate
that long-term thermal exposure will cause changes in the micro-
structure of the material and further induce variations of the macro-
scopic mechanical properties of the material. The monotonic tensile
experiments of as-received and heat-treated materials indicate that
thermal exposure significantly influences the on-axis strength of the
composite, with little impact on the elastic modulus. The variation in
the matrix porosity plays an important role in determining the stiffness.
Because of matrix densification and interface enhancement induced by
fibre bridging during heat treatment, the matrix-crack propagation
mode in the composite changes from deflection at the interface to pe-
netration into the neighbouring fibre. Then, the fibre strength is de-
graded by grain coarsening. Acting simultaneously, these two factors
cause a degradation of the composite strength. By considering the
coupling effects of variations in different material properties, the pro-
posed analytical method describes the brittleness and strength de-
gradation of the material after thermal exposure.
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