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A particular emphasis is placed on the thermal aged oxide/oxide ceramic matrix composites under cyclic thermal
shocks, which exhibit hierarchical internal structures spanning multiple volume/scales. The present work focuses
on establishing thermo-mechanical loading conditions-structure-property linkages for the thermal aged oxide/
oxide ceramic matrix composites under cyclic thermal shocks. Firstly, the matrix micro-cracks and delamination
were identified by SEM observation, and the compressive mechanical behaviors were studied after different

cyclic thermal shock numbers. The thermal aging process resulted in apparent changes in thermal shock resis-
tance of materials. Considering the material deterioration induced by the thermal aging process, aging-related
factor was introduced to predict the compress behaviors of the thermal aged oxide/oxide ceramic matrix com-
posites under cyclic thermal shocks. The correlation between porosity and strain energy release rate was also
constructed, which provided an excellent agreement with the experiments.

1. Introduction

Ceramic matrix composites (CMCs) exhibit outstanding properties of
high strength, high stiffness and stiffness-to-density ratios as well as
good thermal stability at high temperature [1,2], which have aroused
the interest of many researchers to consider them as the attractive
candidates for high-temperature applications, such as aerospace pro-
pulsion system components and thermal protection systems for re-entry
vehicles [3,4]. The structural materials for aero-engine applications
require the long-term thermal durability under a variety of conditions
involving temperature and loadings, not only in constant states but also
under cyclic thermal shocks. More specifically, two typical types of
thermo-mechanical damage would be encountered when the composite
structures service with high temperature combustion environment:
thermal cycling especially cyclic thermal shocks (thermal fatigue) and
long exposure to elevated temperatures (aging), which can cause
changes in the morphology, strength and stiffness [5,6]. Unfortunately,
the knowledge on the mechanical behavior of thermal aged oxide/oxide
CMCs under cyclic thermal shocks is rather limited. Consequently, it is
necessary to investigate the effect of thermal aging on the cyclic thermal
shocks behavior for theses composites.

The long-term thermal aged CMCs have been thoroughly
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investigated. Xu et al. [7] observed the tensile strength of a-alumina
Nextel 610 fibers under exposure temperatures of 900°C, 1100°C and
1300 °C, the results show that the grain growth and defects induced
during high-temperature exposure contribute to the loss of the fiber
strength. Carelli et al. [8] presented the changes in the mechanical
properties of an all-oxide fiber-reinforced composite with long-term
exposure (1000 h) at temperatures of 1000-1200°C in air, which sug-
gests that the matrix and the fiber/matrix interfaces seem to be
strengthened during aging, but the main tensile properties, including
strength and failure strain in the 0°/90° orientation, are unchanged.
Kostopoulos et al. [9] investigated the anisotropic damage of alumi-
na/alumina continuous fiber ceramic composites under a
corrosive/high-temperature exposure, in which stiffness matrix com-
ponents and strength were experimentally defined as a function of
exposure duration. Cluzel et al. [10] developed a model for the me-
chanical behavior and lifetime of CMCs with self-healing matrix, the
result shows that the coupling of mechanical and physicochemical
mechanisms is important in predicting the behavior of materials in the
complex thermo-mechanical and oxidizing environment. Vokmann et al.
[11] studied the effects of heat treatments on the mechanical and
microstructural properties of a fiber-reinforced weak interface com-
posite in the oxidative atmosphere. CMCs with alumina, SiOC-based
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Table 1
Mechanical and thermal properties of the fiber and matrix in original oxide/
oxide CMCs at room temperature [21,22].

Materials phases CTE E Ou
(10°/°C) (GPa) (MPa)

99% a-Al,03 fiber 8.8 373 2930

85% Al,03-15% 3YSZ matrix 10.2 210 ~45

ceramics, and ZrO,-Al,03 matrix were further investigated in Ref. [12]
and the obtained results indicated the importance of microstructural
investigations for CMCs. Hay et al. [13,14] presented the possible re-
lationships between strength and grain-size and other causes of strength
degradation after heat-treated at 1100°C-1500°C for 1 h-100h in air.
Almeida et al. [15] observed the behavior of an oxide fiber at elevated
temperatures before and after thermal exposure. The heat treatments
increase the fiber stability and creep resistance but reduce the tensile
strength, which is related to the observed microstructural
transformations.

Experimental research has been also conducted on the mechanical
properties of oxide/oxide CMCs under cyclic thermal shocks [16-18].
Recently Yang et al. [19,20] investigated cyclic thermal shock-induced
thermo-mechanical damage of oxide/oxide CMCs, they found that
micro-cracks in the matrix lead to the macroscopic damage, which is
induced by the thermal stress during the shocks. Due to its complex
microstructure, the thermal aged CMCs are expected to possess
complicated mechanical behavior under cyclic thermal shocks. How-
ever, much research has been devoted to the mechanical properties of
CMCs after long-term aging as above, few studies have been published
on the contribution of the long-term thermal aging to the cyclic thermal
shock resistance of CMCs.

In the present work, the 2-D woven oxide/oxide CMCs with different
thermal aging conditions (aging duration up to 500 h at a temperature of
1200°C) were tested under cyclic thermal shocks. The microstructural
evolution and mechanical behaviors of thermal aged CMCs under cyclic
thermal shocks were analyzed in detail by the hierarchical porosity and
compressive modulus. The aging-related factor from the thermal aging
process was proposed and introduced to the compress modulus predic-
tion. The correlation between porosity and strain energy release rate was
also obtained, which can provide references for the hot end components
design of a gas turbine.

2. Materials and experiments
2.1. Materials description

The 2-D woven oxide/oxide CMCs investigated in the present work
consist of the Al,03-Si02-ZrO, matrix and the reinforced fiber Nextel ™
610 (99%a-Al,03) that exhibits advantageous specific mechanical
properties including strength and stiffness. The uncoated Nextel™ 610
fibers are in 8-harness satin weave (8HSW) with a volume fraction of
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approximately 44% and a density of 4.0 g/cm? with 0°/90° woven
layers. The matrix has the chemical compositions of 85 wt% Al,O3; and
15 wt% 3YSZ(3 mol% Yttria-stabilized monoclinic and tetragonal ZrO,),
the density of which is 4.2 g/cm®. The CMCs are made by a vacuum bag
process under low pressure and low temperature followed by a pres-
sureless sintering technique.

The coefficient of thermal expansion (CTE), elastic modulus and
ultimate tensile strength of the original oxide/oxide CMCs are listed in
Table 1. As the total density of the original CMCs is 2.71 g/cm®, taking
into account the density of fibers and matrix, the materials possess a
total porosity of 34%. Due to the high porosity, the effective property of
materials must be much lower than those summarized in Table 1.

Fig. 1 shows the porous microstructure of the original CMCs. There
are numerous shrinkage matrix cracks exist on the specimen surface,
which are formed by the mismatch of CTE between matrix and fibers
during processing [19]. The microstructure of the cutting surface in
Fig. 1 (a) reveals that there are a lot of cylindrical pores in size of >
100 ym distributed in the fiber direction and the thickness. The pore
surface is smooth and uniform, which indicates that the pores exist
before cutting and may affect the material stiffness. As shown in Fig. 1
(b), the fibers can be considered to be dense compared with the matrix,
and there are some micro-pores around the fibers.

Fig. 1(c) implies that the matrix is a collection of alumina particles
and micro-pores, and the size of micro-pores is less than 50 nm which is
much smaller than that of alumina particles. If the particles are
approximated as ellipsoids, the porosity of micro-pores in matrix can be
calculated as 48%. As the matrix volume fraction is 56%, the micro-
pores in matrix account for 28% of the material volume, which means
that there are ca. 7% micro-pores in fiber plies [20].

2.2. Experiments

2.2.1. Thermal aging tests

Currently, a temperature of 1200°C is chosen for the thermal aging
test of composites, which is approached the maximum recommended
operating temperature of the Nextel™ 610 fibers. As for the extreme
environmental problems such as thermal overload, it is without the
scope of the present work. To simulate the working conditions of ma-
terials in the gas turbine, the specimens were isothermally exposed to a
high temperature environment of 1200°C, and aged from 100 h to 500 h.

2.2.2. Cyclic thermal shock tests

On completion of the thermal aging treatments, the cyclic thermal
shock tests (thermal down shock) were performed for the specimens.
Firstly, the specimens were put into a muffle furnace preheated to the
desired temperature of 1100°C in accordance with the application of
materials, held for 10min for homogenization, then quenched in
distilled water (20°C of bath temperature). When the specimens have
cooled to the room temperature, they were dried and inspected for
visible damage. The thermal shock process was repeated to study the
effects of cyclic thermal shocks. More details about the thermal shock
tests can refer to Ref. [19].

Fig. 1. Microstructure of the original 2-D woven oxide/oxide CMCs. (a) Overview, (b) fiber and matrix, (c) the porous matrix.
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Table 2
Thermal aging and cyclic thermal shock conditions for all tested specimens.

Material States Cyclic thermal shocks (N)

Thermal aging duration (h) 0 1 4 8
0 (original) 1 - - _
100 I - \% VI
200 I - VII VI
500 v X X XI
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Fig. 2. The relationship between the applied pressure and the cumulative
mercury intrusion.

The experimental protocol employed in this study is shown in
Table 2, each state corresponds to a set of specimens. All the specimens
were inspected before tests in order to ascertain their initial state as the
reference state, which is a prerequisite for the subsequent evaluation of
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the test results.

2.2.3. Mercury intrusion porosimetry tests

The mercury intrusion method is widely used in measuring the
porosity of porous materials. The relationship between the pressure
applied to mercury and the radius of pores through which mercury can
penetrate is as follows:

Pr= —2ycos @ 1

where P is the pressure applied to mercury; r is the pore radius; y is the
surface tension of mercury and @ is the contact angle between mercury
and the test materials. The formula apparently provides a simple and
convenient relationship between pressure and pore radius. As the
pressure increases, the mercury will gradually enter the finer pores, the
distribution of pore radius can then be determined by tracing the
amount of mercury entering the pores and the increasing pressure
provided.

To determine porosity as well as generate the pore size distribution
of the thermal aged CMCs under cyclic thermal shocks, a Micromeritics
Autopore IV 9510 porosimeter is used. After performing the predeter-
mine thermal process, the samples were put in a sample tube of which
the volume was measured, and the sample tube was vacuumed below
50 yum Hg through the vacuum pump in the system, then filled with
mercury and pressurized to 0.001-0.003 MPa.

Fig. 2 reveals the pressure-cumulative mercury intrusion curve for
four different states of CMCs: state I, state IV, state X and state XI, as
listed in Table 2. The mercury entering the sample can be divided into
two parts: one is the mercury entering the sample at lower pressure, and
the mercury volume accounts for the large particle gap volume in the
sample, which is presented as manufacturing micro defects, the other is
the mercury entering the sample at higher pressure, which implies the
volume of nano-voids in the particles.

2.2.4. Mechanical test
In order to quantify the effects of thermal shock cycles on the

Fig. 3. Microstructure of the thermal aged oxide/oxide CMCs under cyclic thermal shocks. (a) Matrix sintering; (b) Fibers/matrix bridging; (c) Matrix cracks; (d)

Delamination.
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Fig. 4. Pore size distributions determined by the mercury intrusion porosimetry.

mechanical properties of thermal aged CMCs, the in-plane mechanical
properties of CMCs were investigated by uniaxial monotonic compres-
sive loadings in the fiber direction (the weft direction). The compressive
specimens were machined into the shape of 30 mm x 20 mm using the
water jet, and the gauge length is 15 mm [23]. All tests were performed
by the servo-hydraulic MTS Bionix testing machine at room tempera-

ture, with a constant displacement rate of 0.06 mm-min’.

3. Microstructural characterization

Due to the highly transient processes of thermal shock and the re-
strictions of the temporal and spatial resolution for current experimental
methods, it is difficult to do the in-situ observations during thermal
shock tests. Thus, the understanding of the mechanism of microstructure
evolution for the thermal aged materials under cyclic thermal shocks is
still limited.

However, thermal shock or aging mechanical responses are always
related to their microstructure, such as the matrix cracks, fiber/matrix
interface. As the pore scale in fiber and matrix of CMCs is inconsistent
that the effect on material mechanical properties is different, the hier-
archical porosity concept is thus proposed to describe the effect of
porosity on the mechanical performance of porous matrix CMCs. The
various pores observed can be broadly classified as: (i) Micro-pores refer
to pores larger than 200 nm as regards to mercury intrusion, including
matrix voids, intraply and interply micro-pores. (ii) Nano-pores are
considered as pores smaller than 200 nm, existing in matrix between the
alumina-zirconia particles.

Therefore, in the current work, the scanning electron microscope
(SEM), hierarchical porosity method and compress tests are used to
explore the correlations between microstructure and mechanical
behavior of thermal aged CMCs under cyclic thermal shocks.

3.1. Microstructural evolution

In order to study the internal microstructural evolution of thermal
aged materials under cyclic thermal shocks, SEM was used to scan the
specimens, as shown in Fig. 3. After 500 h of thermal aging, there are
some distinct changes in the matrix and interface microstructure: (i) The
sintering occurs between particles of the matrix and at the interface of
the fiber and matrix, as shown in Fig. 3(a), which reduces the porosity in
the matrix-rich region; (ii) The materials become compact, because of
the partial closure of micro-cracks and the filling of pores caused by the
high-temperature aging treatment; (iii) The bridging reinforcement oc-
curs due to the sintering, as illustrated in Fig. 3(b).

The microscopic observation of the thermal aged 500 h specimens
under 8 thermal shocks shows that there are two kinds of failure
mechanisms that affect the overall material property differently, as

illustrated in Fig. 3(c)—(d):

(i) Micro-cracks in the matrix distributed along with the thickness
induced by the in-plane tensile stress. These micro-cracks are
formed due to the low-toughness and high strength characteris-
tics of the matrix, and the crack density in matrix increases with
thermal shock cycles [20].

(ii) Delamination between the fibers and matrix within the
boundary. This delamination is caused by the high temperature
gradients and different CTE in fibers and matrix.

3.2. Variations of the porosity

As analyzed previously, the internal mechanism of micro-pore evo-
lution is the increase of matrix micro-crack density, which may cause the
failure of thermal aged CMCs under cyclic thermal shocks. Therefore,
the matrix microstructure evolution of thermal aged CMCs under cyclic
thermal shocks can be characterized by the increase of micro-pores
porosity.

Fig. 4(a) illustrates the porosity and pore diameter distribution for
the four different CMC states mentioned above. The maximum value
(peak) is approximately reached at a pore diameter of 100 nm for all
states, but for state IV, the peak shifts slightly to the right. However, as
for state X and state XI, the maximum pores gradually increase, and the
peak position shifts slightly to the left, the value increases with the cu-
mulative number of thermal shock cycles.

Fig. 4(b) shows the cumulative porosity distribution of materials in
the four states. The porosity of thermal aged CMCs increases with the
cumulative number of thermal shock cycles, and the nanoporosity takes
the major part of the total porosity. In addition, the porosity of thermal
aged CMCs is about 6% lower than that of the original materials, which
is due to the partial closure of micro-cracks effectively distributed be-
tween particles of the matrix effectively.

To describe and quantify the microstructural evolution of thermal
aged CMCs under cyclic thermal shocks, the change in microstructure
can be characterized by the micro-porosity increment A uniformly.
The variation of the porosity can be expressed by,

Al={— &, (2)

where ¢ denotes the current porosity of both nano and micro pores, and
o is the initial porosity of the original CMCs; A({ represents material
microstructural evolution.

For the thermal aged 500 h CMCs, Fig. 5 elucidates that the porosity
increment caused by the cyclic thermal shocks is not started from 0. The
change in the porosity of thermal shocked CMCs is larger compared to
original CMCs, indicating that the thermal shock resistance of
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Fig. 8. Comparison between experimental measurements and predictions from
the present models for the correlation between elastic modulus and porosity.

composites is weakened by the long-term thermal aging. Evolution of
the different parts of porosity increment is illustrated in Fig. 6, the initial
porosity increment value is precisely equal to the thermal aging-induced
porosity.

The decrement of microporosity can be approximated by a loga-
rithmic function of thermal shock cycle number N,

AL = alo[In(N + 1)]™ 3)

where a and ms are the fitting parameters of the approximation. As
shown in Fig. 5, the shape parameter m; of the original CMCs is incon-
sistent with that of thermal aged 500 h CMCs, indicating that there is a
coupling effect between cyclic thermal shocks and long-term thermal
aging.

3.3. Variations of the mechanical performance

Fig. 7 reveals the correlation between the normalized compression
modulus and thermal shock cycles N of the original and thermal aged
CMCs. The reduction trend for each thermal shock cycle N is referring to
a set of specimens, and compressive elastic modulus are normalized
according to the initial values. As shown in Fig. 7, before performing
thermal shocks, the thermal aging duration progresses lead to the in-
crease of elastic modulus compared to the original CMCs, which may be
due to the matrix densification and the continuously increasing fiber/
matrix interface strength. However, when subjected to the cyclic ther-
mal shocks, the thermal aged CMCs show a rapid decrease in elastic
modulus compared to the original CMCs, suggesting that the thermal
aging treatment reduces the thermal shock resistance of materials.

The micromechanical models of composites can be obtained based
on the properties of individual components and their arrangement [24].
Properties such as the elastic modulus and the relative volume fractions
of both fibers and matrix are the fundamental quantities used to predict
the properties of composites. The rule of mixture is a widely accepted
micromechanical model for calculating the elastic modulus, as

Erom = EnVi + ErV; @

where Erom is the theoretical value of the composite elastic modulus
obtained from the rule of mixture (ROM). V; and V,, are the volume
fractions of fiber and matrix in the composites, respectively, and V¢ =
1 — V. Eq. (4) implies that the elastic modulus is affected by the volume
fractions of both fiber and matrix.

However, the variations of porosity in materials cannot be ignored.
Hence, the modified ROM, considering the total porosity, can be written
as:
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where w is a weight factor representing the influence of fiber and ma-
trix; ¢ is the total porosity of materials; 57, shows the effects of the fiber
orientation, as suggested in Ref. [25], here 7, = 1. Exponential m. is a
material parameter, containing the evolution of composite stiffness.

Fig. 8 shows the composite stiffness degeneration as a function of
porosity for the original and thermal aged 500h CMCs under cyclic
thermal shocks. The results confirm that the model coincides well with
the experiments. Interestingly, the factor m. of thermal aged 500 h CMCs
is determined as 7.34, while m. of original materials is only 2.52, indi-
cating that m, rises after long-term thermal aging, and the material
properties may change after thermal aging process. Since the aging
temperature Taging is a fixed value, m. is considered as a function of the
long-term thermal aging duration t. It should be noted that m. for the
composites under tensile and compress loadings are slightly inconsis-
tent, due to the various damage mechanism for CMCs under different
loading cases, referred to Ref. [26].

To investigate the relationship between m. and the thermal aging
duration, the m, for thermal duration 100h and 200 h are obtained
using Eq. (5). Fig. 9 elucidates that m. can be expressed as a linear
function of the thermal aging duration, which can be used to predict the
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effective modulus of CMCs after thermal aging. As the porosity of porous
matrix CMCs is in the range of 30%-40%, Fig. 10 presents the pre-
dictions of effective modulus for CMCs with a porosity of 20%—-40%.

4. Correlation between porosity and strain energy release rate

The phenomenological study demonstrated the importance of taking
micromechanical effects into account to investigate the macroscopic
failure of materials [20,27]. Cyclic thermal shock-induced macroscopic
failure in thermal aged CMCs is mainly ruled by the nucleation phase, or
initiation phase of the micro-cracks in matrix, rather than the growth
and the coalescence phase that have a dominant role in the very last part
of the failure process [28]. The most effective method to analyze the
initiation of micro-cracks in matrix is the energy method [29], assuming
that the energy is released when the critical strain energy release rate or
the micro-cracks fracture toughness is reached, then the next
micro-crack is formed. In the present work, the relationship between the
strain energy release rate and the microstructure of thermal aged CMCs
under cyclic thermal shocks is constructed by taking into account
porosity.

The elastic strain energy of materials can be written as [30],

102,
U=2F ©
where E is the elastic modulus of thermal aged CMCs, oy, is the thermal
stress under cyclic thermal shocks and V is the representative volume of
interest, V = I2d. Assuming G is the strain energy release rate corre-
sponding to the total surface area of all cracks, Acrack, then

ou

G=—
aAcra\ck

()

here Acrack = ndl, n is the number of cracks formed under cyclic thermal
shocks, [ is the specimen length and d is the layer thickness.

Define the crack density, p, as the ratio of the total number of matrix
micro-cracks over the length of the specimens [31],

P=T €))

Combining Egs. (6)—(8), G is expressed as a function of crack density,

)
— =G 9
2 o )
Assuming that all the matrix micro-cracks have the same volume,

Vi

wack = Verack, the increase in matrix micro-cracks volume can be
characterized by an increase in relative porosity,

ps=AL 10)

where s is the thickness of a single crack, and it is assumed to be a
constant in this work as suggested by Refs. [27,32], s=1.5pum.
Substituting Eq. (10) into Eq. (9), the following expression for G can be
extracted,

0
755 AL =G an

For cyclic thermal shocks, the thermal stress oy, is proportional to the
shock temperature Tg,ocx, and can be written as [19],

atec Tshock E

S y(B) (12

Own =
with a correction term w(B;) depending on the convection and plate
geometry. Hence, the thermal stress oy, can be obtained from the elastic
modulus measured in the experiments by using Eq. (12).
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Substituting Eq. (5) and Eq. (12) into Eq. (11), the expression of G for
thermal shocks can be further simplified as [26],

G = m(1)y.[1 — (& + A"V (13)

where the total porosity ¢ = ¢, + A¢, and the parameter y,, affecting the
strain energy release rate G, is defined as

_ i |:aTEC Tshock

2
re=3177 - y/(Bi)] [@n,Ee Ve + (1 — @) Exy Vi

Eq. (13) shows that the relationship between the strain energy
release rate and the porosity increment of thermal aged CMCs under
cyclic thermal shocks is controlled by material parameter y, and aging
related parameter m.(t). Eq. (13) can be used to describe the evolution of
strain energy release rate for the thermal aged CMCs under cyclic
thermal shocks.

The relationship between the strain energy release rate and the
porosity increment for the thermal aged CMCs under cyclic thermal
shocks is shown in Fig. 11, illustrating that the strain energy release rate
G is a function of the porosity increment A{ in the thermal aged CMCs
under cyclic thermal shocks and it is decreased with the porosity
increment.

5. Conclusions

In the present work, the effects of thermal aging on the cyclic thermal
shock behavior of oxide/oxide CMCs were studied. The mechanical
properties of the thermal aged CMCs under cyclic thermal shocks were
analyzed by hierarchical porosity analysis and uniaxial compression
tests. The following conclusions can be drawn:

e Two mechanical property degradation mechanisms for the thermal
aged CMCs under cyclic thermal shocks are revealed in Fig. 3: (i)
Delamination between the fibers and matrix within the boundary,
and (ii) micro-cracks in the matrix distributed along with the
thickness.

e For the compressive properties shown in Fig. 7, the thermal aged

specimens showed a slight increase of elastic modulus than those of

the original specimens. However, after cyclic thermal shocks, the
thermal aged CMCs show a rapid decrease in elastic modulus
compared to the original CMCs.

Considering the deterioration of CMCs after thermal aging process,

the aging-related factor m. was introduced into the compress
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modulus prediction of the thermal aged CMCs under cyclic thermal
shocks, which showed good prediction results, as illustrated in Fig. 8.
e The strain energy release rate of the thermal aged CMCs under cyclic
thermal shocks shows a power-law function with the porosity
increment with the thermal aging duration effects, which provides
an excellent agreement with the experiments depicted in Fig. 11.
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