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A novel method is presented to determine the particleeparticle fracture of yttria stabilized zirconia
(YSZ), which is crucial in predicting the thermal cycle properties of solid oxide fuel cells (SOFCs). The
method is demonstrated by determining the Weibull and normal distribution parameters via resistivity
variation of YSZeAl2O3 composites undergoing thermal cycle processes. A straightforward approach is
developed to relate YSZ mechanical property with its conductivity based on fracture statistics distri-
butions and percolation theory. By the measurement of the conductivity change in thermal cycles, the
fracture between YSZ particles caused by thermal stress can be statistically “counted”, approaching these
parameters with a statistical principle, and offering a possible way to understand particleeparticle
fracture in microscale, and to predict the effect of microstructure change using electric signals. Finally,
this method offers a potential to precisely forecast the performance degradation in the different thermal
cycle processes for SOFC components such as doped ceria electrolytes and perovskite electrodes.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Solid oxide fuel cells (SOFCs) are a forward looking technology
for highly efficient, environmental friendly power generation
[1e3]. Nevertheless, they have a common requirement for high
durability in thermal cycling due to the fault condition or mainte-
nance shutdown. Therefore, thermal cycling durability is a desir-
able feature for SOFC commercial applications [4]. There have been
many observations documented about the effects of thermal
cycling on SOFCs. Bujalski et al. [5] have studied the transient
performance of SOFCs under various thermal cycling conditions to
understand the degradation mechanisms. Taniguchi et al. [6] have
reported cracks formation in electrolyte-supported planar SOFC
undergoing only one thermal cycle. Despite the effect of tempera-
ture gradients, the performance degradation in thermal cycling is
essentially a mechanical process, induced by the mismatch of
coefficients of thermal expansion (CTE) between the fuel cell
materials. Since the real failure is difficult to be measured and/or
observed during thermal cycling in experiments, thermo-
mechanical models are developed to calculate the residual
stresses at room temperature [7,8] and thermal stresses at the
operating conditions [9] in SOFCs using finite element-based
: þ86 551 3601592.
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approach. Combining with the Weibull analysis [8,10] and/or
a multi-scale micromechanics model [11], the thermal cycling
durability can be predicted base on the mechanical properties of
the relevant components of solid oxide fuel cells.

However, for thermo-mechanical models, much attention is paid
for the structural integrity in a relatively large scale, and few
researches have been conducted to the failure inside the composite
electrodes, which are widely used to extend the reaction sites.
There is always difference in the thermal expansion coefficients
of composite components. In typical composites such as
(La0.85Sr0.15)0.9MnO3�d (LSM)e(Y2O3)0.08(ZrO2)0.92 electrodes, the
difference is relatively small. However, the difference can be very
large in some composites such as La0.6Sr0.4CoO3�deSm0.2Ce0.8O1.9.
The different thermal expansion behavior builds up thermal stress
which will cause cracking in thermal treatments, typically thermal
cycle. Due to the high porosity of the electrode, cracking will
suspend in pores and the failure presents particleeparticle fracture.
The particleeparticle fracture caused by the thermal stress not only
blocks the electronic and oxygen ions transportation, but also
destroys the so-called three-phase boundaries (TPBs), which are
critical for electrode performance. Consequently, the electro-
chemical performance degrades and the interfacial polarization
resistance increases [12]. Therefore, for practical applications, it is
crucial to understand the evolution of the particleeparticle fracture
so as to evaluate the electrochemical properties as well as the
structural reliability regarding thermal treatments such as heating,

mailto:xiacr@ustc.edu.cn
www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
http://dx.doi.org/10.1016/j.jpowsour.2012.03.063
http://dx.doi.org/10.1016/j.jpowsour.2012.03.063
http://dx.doi.org/10.1016/j.jpowsour.2012.03.063


Y. Wang et al. / Journal of Power Sources 211 (2012) 77e8378
thermal cycle. However, the particleeparticle failure characteristics
such as the parameters for the Weibull distribution of SOFC
components are still difficult to find in literatures, due to the diffi-
culty in manufacturing or testing [13].

In this work, a novel method is presented to determine the
particleeparticle fracture of typical SOFC component, yttria stabi-
lized zirconia (YSZ). Fracture is described bymonitoring the gradual
decrease in conductivity (or increase in resistivity) of the conduc-
tive ceramic composites (YSZeAl2O3) undergoing heating and
cooling processes. The conductivity change is linked quantitatively
with percolation theory to fracture evolution within the compos-
ites. In general, conductivity is directly bound up with the coordi-
nation number of the conductive component in a porous composite
consisting of a conductive and an insulative material [14,15]. When
a tensile stress is applied to the conductive phase, the coordination
number decreases as a result of particleeparticle fracture, thus
increasing the resistivity. The increment therefore presents the
statistic fracture between the conductive particles. In other words,
the probability of failure between the conductive particles may be
counted via the increment based on percolation theory which is
a well developed statistic principle regarding the conductivity and
particle connection of composite systems. Furthermore, the
temperature change is related quantitatively to a stress which is in
situ generated due to CTE mismatch and applied directly on the
particles undergoing thermal-cycle processes. In another word,
various stresses can be applied via the changes of temperature.
Accordingly, particleeparticle fracture can be quantitatively linked
to the stress. Therefore, this method offers potential for under-
standing the fracture between particles, which are microscale in
size and comparable to the fracture inside the electrode at any
temperature ranges. Moreover, this method is also applicable to the
other SOFC materials such as doped ceria electrolytes and perov-
skite electrodes.

2. Theoretical development

2.1. Thermal stress applied to the conductive particles

The YSZeAl2O3, which is used to determine the
particleeparticle failure of YSZ, is a conductive composite that is
composed of a conductive phase (YSZ) and an insulative phase
(Al2O3). The two phase particles are frequently considered as
Fig. 1. Schematic diagram of (a) a two-phase porous composite in the original state without
state; and (d) the network of the single j-phase in stress free state, assuming that CTE of i-
a random packing system as illustrated in Fig.1a, where i represents
the conductive phase and j the insulative phase. The composite is
practically synthesized when the two-phase particles are thor-
oughly mixed and sintered at high temperature, resulting in strong
connection between particles, and thus forming i and j phase
networks as well as pores. The conductive and insulative networks
are in stress free state when they are formed by heating the loosely
packed particles at the sintering temperature (Fig. 1a). However,
stress is generated and applied to each other when the temperature
decreases since their CTEs are different. The stress is a function of
the CTEs and the average CTE, aave, which can be estimated as [8,16]

aave ¼ �
aiEi þ ajEj

���
Ei þ Ej

�
(1)

where ai(j) and EiðjÞ are the CTE and effective moduli of single i(j)
phase, respectively. The modulus can be simplified as [8,16,17]

Ei ¼ Eifi

�
1� fg

�.
ð1� 2niÞ (2a)

Ej ¼ Ejfj

�
1� fg

�.�
1� 2nj

�
(2b)

where Ei(j) and ni(j) are the Young’s modulus and the poisson ratio
corresponding to fully dense i(j) phase materials. 4g is the porosity
of the composite. 4i(j) is the volume fraction of the conductive (i)
and insulative (j) particles to the total solid material, respectively,
4i þ 4j ¼ 1.00.

The porous composite can also be considered to consist of i phase
and j phase using the interface and steric hindrance. When the
composite experiences a process of cooling from the sintering
temperature to a low temperature, stresses are gradually generated
and applied to the i and j phase networks due to the CTE mismatch.
ThebalancestrainDεbalance (Fig.1b) andthe freestrainDεi (Fig.1c) and
Dεj (Fig. 1d) for i and j phase network, respectively, are given by [4]

Dεbalance ¼ aaveDT (3a)

Dεi ¼ aiDT (3b)

Dεj ¼ ajDT (3c)

where DT is the temperature difference. So, imposition of these
different strains between the free and balance state results in
any stress; (b) in stress balance state; (c) the network of the single i-phase in stress free
phase (YSZ) is higher than j-phase (Al2O3).



Table 1
The properties of (La0.85Sr0.15)0.9MnO3�d (LSM), (Y2O3)0.08(ZrO2)0.92 (YSZ) and Al2O3.

Material Density
(g cm�3)

Young’s
modulus (GPa)

Poisson
ratio

CTE
(�10�6 �C�1)

Refs.

LSM e 29.7 0.300 11.7 [16]
YSZ 5.99 212 0.320 10.0 [18,19]
Al2O3 3.90 380 0.250 8.00 [20]
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a couple of equal and opposite stresses, si acts in i phase network
and sj acts in the j phase network. Holding si ¼ �sj ¼ s, so [4]

si ¼ ðaiDT � aaveDTÞEi (4a)

sj ¼
�
ajDT � aaveDT

�
Ej (4b)

s ¼ �
ai � aj

�
DT=

�
1=Ei þ 1=Ej

�
(4c)

Thus, in the cooling process, a tensile stress is generated by the
network of the phase with low CTE (j phase in Fig. 1) and applied to
the network of the phase with high CTE (i phase in Fig. 1) and of
course to the particles. Because the i phase particles are uniformly
mixed with the j phase particles to form a composite which is
theoretically considered as a random packing system, the expan-
sion of the network can be assumed to be homogeneous and the
particles are expected to suffer the same normal stress. This stress
is not introduced from outside but in situ generated by the
composite itself in the cooling process. It is gradually releasedwhen
the composite undergoes a heating process. In general, the CTEs
depend on temperature. For ceramic materials such as Al2O3 and
YSZ, CTEs are almost constant in temperature ranges where phase
transformation does not happen. In this work, mean CTE values are
used to simplify the calculation process. And then, the stress
depends linearly with the temperature. Inversely, the stress can be
precisely controlled by varying the temperature. For instance, Fig. 2
shows the seDT relations for LSMeYSZ, LSMeAl2O3 and YSZeAl2O3
composites. Their mechanical and thermal properties are summa-
rized in Table 1. In addition to the temperature difference, the
thermal stress depends on the mismatch of CTE, and the mechan-
ical properties. High CTE mismatch corresponds to high stress.
However, though the CTE mismatch between LSM and Al2O3 is
larger than that for YSZ and Al2O3, the thermal stress in the
LSMeAl2O3 composite is smaller than that in the YSZeAl2O3 due to
the weak mechanical properties of LSM. Clearly, the thermal stress
is in situ generated, and can be quantitatively controlled by varying
the temperature difference.

2.2. Statistically counting of particleeparticle fractures

For a conductive composite as show in Fig. 1a, when the i phase
is conductive and the j phase is insulative or the conductivity of j
Fig. 2. Thermal stress at various temperature difference for YSZeAl2O3, LSMeAl2O3

and YSZeLSM porous composites (4i ¼ 4j ¼ 0.500 and 4g ¼ 0.440).
phase is negligible compared with the i phase, according to the
percolation theory [13], its resistivity (r), which is the reciprocal of
the composite conductivity, is given by [14,15,21]

r ¼ gr0

h
1=

�
1� fg

�iz½ð1� ncÞ=ðni � ncÞ�m (5)

where m is a universal exponent, m ¼ 2.00 in a three dimensional
system [15]. r0 is the resistivity of pure i phase material. z is the
Bruggeman factor that accounts for tortuous conduction pathways,
and it is typically assumed to be 1.50 [21]. g is an adjustable
parameter which takes account the effect of the necks between
particles and can be experimentally determined. ni is the fraction
number of the conductive particles, and nc is the critical fraction
number or the percolation threshold below which the composite is
not conductive. The fraction number can be ascertained with [15]

ni ¼ k2
.�

k2 � 1þ Z=Ziei
�

(6a)

nc ¼ k2
.�

k2 � 1þ Z=Zc
�

(6b)

where k ¼ rj/ri and ri, rj denote the radius of conductive and insu-
lative particles, respectively. Z is the average total coordination
number in a random packing system of mono-sized spheres, which
is widely assumed that Z ¼ 6:00; [14,15] for a porous randomly
packing system, It should be noted Z value is different for dense
ceramics. Zc is the coordination number at the percolation
threshold and Zc ¼ 1.76 [14,15,22]. Ziei is the average coordination
number among the i phase particles, and is a function of the
composition and k as [14,15]

Ziei ¼ Zfi

.�
fi þ fj=k

�
(7)

Combining Eqs. (5, 6a, 6b), it is noted that the resistivity is only
a function of the average coordination number among the
conductive particles for the same composite, where its composi-
tion, porosity and particle sizes are fixed. That is, Ziei can be
experimentally determined by measuring the resistivity.

In the cooling process, the tensile stress could fracture iei
particle connection. The neck is not conductive at all once it is
broken by the stress. Accordingly, the conductive coordination
number is reduced, i.e. reducing the average coordination number
Ziei. Fig. 3 shows the relation between Ziei reduction and resistivity
increase. The original Ziei is set to be 4.00 and k is assumed to be
0.641. For instance, when 1.00%, 5.00% and 10.0% iei connection is
fractured, r increases 5.00%, 28.5% and 68.1% for an Al2O3eYSZ
composite, respectively. Therefore, the particleeparticle fracture
ratio could be determined by measuring the resistivity. Since the
composite resistivity is calculated based on the percolation theory,
which is derived with probability statistics method, the fracture is
thus statistically counted in the present method. In the following
heating process, the stress is released gradually and the cracking
could hardly be recovered for brittle materials when the temper-
ature is much lower than the sintering temperature. Practically, the
applied temperature of a ceramic composite is usually much lower
than its fabrication temperature. For example, LSMeYSZ composite
electrodes are sintered at 1100e1200 �C while they are operated at



Fig. 4. Typical Nyquist-plots measured at 800 �C for (a) dense YSZ; and (b) porous YSZ.
The high frequency intercept with the real axis corresponds to the ohmic resistance of
the YSZ sample.

Fig. 3. Resistivity change r/r0 versus coordination number between conductive
particles Ziei for YSZeAl2O3 composites (k ¼ 0.641 and Ziei ¼ 4.00 for r0).
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about 800 �C. So, the iei connection could be broken in the cooling
process while the disconnected particle neighbors could not be
re-connected in the following heating process. That is, in each
thermal cycle process, the coordination number decreases. When
only a few thermal cycles are conducted and the probability of
particleeparticle failure is very small, the mechanical properties of
each phase network can be assumed to be invariable. That is, the
probability of failure is independent of the previous loading, after N
heatingecooling cycles, the coordination number is

Ziei;N ¼ Ziei
�
1� Pf

�N
(8a)

where Ziei,N is the average coordination number after N thermal
cycles, and Pf is the probability of particleeparticle failure. Eqs.
(5)e(8) and Fig. 3 demonstrate that the probability of failure, Pf, is
experimentally determinable, inferring that the method is a bridge
from electric signals to the cracking in the materials.

3. Experimental procedure

The method was validated with ceramic composites consisting
YSZ (8% mole yttria stabilized zirconia) and Al2O3. YSZ is an oxygen
ionic conductor while Al2O3 is an insulator. To prepare the
composites, YSZ (Jiujiang Fanmeiya Advanced Materials Co., Ltd.,
China) and Al2O3 (Tianjin Guangfu Fine Chemical Research Insti-
tute, China) powders were mixed with ethanol, ball-milled for 2 h,
and dried at 120 �C. The driedmixturewas then cold-pressed under
120 MPa to form green pellets. The weight ratios of YSZ to Al2O3
were 100:0 (pure YSZ), 85:15, 80:20 and 75:25 in the composites.
The green samples were subsequently sintered at 1100 �C for 2 h,
resulting in YSZeAl2O3 composites about 15 mm in diameter and
0.7 mm thick. 1100 �C is a typical sintering temperature for SOFC
cathodes such as YSZeLSM composites. Three parallel samples
were fabricated and tested for each composition. Density was
measured using the Archimedes method. Ag paste and Ag wires
were used for current collection. The samples were heated at
0.050 �C s�1 to the test temperature, where they were stabilized for
600 s to measure the impedance spectrum using an electro-
chemical station (IM6e, ZAHNER) with a frequency range from
0.01 Hz to 100 kHz and a 10.0 mV perturbation. The resulting curve
is known as Nyquist-plot fromwhich the resistance can be derived.
The samples were then slowly cooled at 0.050 �C s�1 to the next
testing temperature. Thermal cycles were also performed at
heating and cooling rate of 0.050 �C s�1. The microstructure and
morphology of the samples were characterized using scanning
electron microscopy (SEM, FEI XL30).

4. Results and discussions

4.1. Resistivities of dense and porous YSZ samples

YSZ is an oxygen ionic conductor. Its resistivity is often
measured using impedance spectroscopy. Fig. 4 shows the typical
Nyquist-plots recorded at 800 �C on dense and porous YSZ samples.
The high frequency intercept with the real axis corresponds to the
ohmic resistance. The dense YSZ pellet, which is prepared by sin-
tering the 100:0 (pure YSZ without any Al2O3) sample at 1500 �C for
5 h, exhibits a resistivity of 28.0 U cm, the value agrees well with
the literature data [23]. Therefore, r0 is determined to be 28.0 U cm
in Eq. (5). The porous YSZ, which is obtained by sintering the green
sample at 1100 �C for 2 h, shows a resistivity of 122 U cm. The
porous sample has a high resistivity as expected from Eq. (5). Its
porosity 4g is 0.410. The pores block the transport of the oxygen
ionic species and make the transportation path tortuous.
Consequently, the resistivity becomes bigger at higher porosity.
Furthermore, because of the low sintering temperature, the contact



Fig. 6. Resistivity at 800 �C of YSZeAl2O3 composites undergoing RT-800 �C thermal
cycle processes (a) pure YSZ; (b) YSZ: Al2O3 ¼ 80:20 (wt.); (c) YSZ: Al2O3 ¼ 75:25 (wt.).
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area between particles is small, i.e. the sintered neck is weak. Thus
the boundary resistance increases. Combining the resistivities of
the dense and porous YSZ samples, the adjustable parameter g,
which takes account the effect of the necks between particles, is
calculated to be 1.98 using Eq. (5). Under fixed sintering conditions,
the sintering necks between particles are almost identical for
various samples, and thus g is a constant.

4.2. Resistivities of porous YSZeAl2O3 composites

For the YSZeAl2O3 composites with different compositions, Eqs.
(5)e(7) demonstrate that the resistivity is a function of coordina-
tion number, which depends on the composition. Fig. 5 shows the
resistivity of YSZeAl2O3 composites with different composition.
With the increasing of the Al2O3 content, more and more position
of YSZ is substituted by Al2O3, the average coordination number
between conductive particles decreases, and thus the resistivity
increases. The specific value can be calculated using the percolation
theory combining with the porosity, which is about 0.440 for all the
composites sintered at 1100 �C for 2 h. By fitting the experiment
data using Eqs. (5)e(7), the effective size ratio, k, can be deter-
mined, k ¼ 0.641. When the porosity and size ratio is experimen-
tally determined, the resistivity is only a function of the
composition. The predicted resistivity is also shown in Fig. 5. The
estimated line agrees very well with the experiment, demon-
strating that the percolation model is a well developed theory in
predicting composite resistivity, further clarifying that the resis-
tivity is a function of coordination number which depends only on
the composition and microstructures such as porosity and particle
size. That is to say, by evaluating the electric resistivity change, the
evolution of the coordination number between conductive parti-
cles can be exactly obtained. The coordination number is derived
and shown also in Fig. 5 as the upper x-axis to further demonstrate
the dependence of resistivity on the coordination number.

4.3. Resistivity evolution and particleeparticle fracture in
thermal cycle processes

For pure YSZ samples, Fig. 6a shows that the resistivity
keeps xalmost constant in thermal cycle processes. The unchanged
resistivity demonstrates that the conductive coordinate number
Fig. 5. Resistivity at 800 �C as a function of YSZ content and average coordination
number between YSZeYSZ particles for YSZeAl2O3 composites. The coordination
number is derived with Eq. (7) from the content.
remains the same. This result further exhibits that the contact
between YSZ particles is not damaged in the RT-800 �C thermal
cycle processes. Therefore, no tensile stress or negligible stress is
generated and applied to the YSZ networks. Actually, a failure
probability of 0.000% is derived. This suggests that temperature
gradient in the samples is negligible when the heating and cooling
are conducted at 3 �C min�1. So, for the composite samples, the
resistivity changes are caused only by the thermal stress that
originates only from the CTE mismatching of YSZ and Al2O3. At the
sintering temperature of 1100 �C, the composite is in stress free
state, i.e. s¼ 0.When the temperature drop to 800 �C, assuming the
thermal stress is s0, and the sample is in its original state. Fig. 6b
shows the resistivity change of YSZeAl2O3 composites containing
20.0 wt.% Al2O3. The failure probability of the connection between
YSZ particles is estimated to be 0.240% using Eqs. (5)e(8a). For
composites with more Al2O3, failure gets easier due to higher stress
as suggested with Eqs. (2a, 2b, 4c). As shown in Fig. 6c, the
failure probability increases to 0.700% for the composites with
25.0 wt.% Al2O3. The thermal cycle process is not further performed
because the Al2O3 networks may also suffer slight destruction,
which might change their mechanical properties. It should be note
that the model fitting lines shown in Fig. 6 are almost linear,
because the failure probability is so small (less than 1.000%) that
Ziei changes almost linearly with N according to Eq. (8a), That is:

Ziei;N ¼ Ziei
�
1� NPf

�
(8b)
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Moreover, the overall decrease of Ziei is small too (less than
3.00%). In this case, there is a good linear relationship between the
resistivity and Ziei when the change of Ziei is in a very narrow range
as shown in Fig. 3. Therefore, the resistivity changes almost linearly
via the number of thermal cycles as shown in Fig. 6.

Fig. 7a shows the cross-sectional images of the composite with
25.0 wt.% Al2O3. YSZ particles are bigger than Al2O3 particles. Both
particles are notmonodistributed. So, the specific size ratio cannot be
obtained from themicrographs. But the effective ratio of the particle
radius k can be estimated by fitting the resistivity data. There are no
obvious cracking in theoriginal sample.However, thenetworks suffer
a partial destruction as show in Fig. 7b due to the particleeparticle
fractures after four thermal cycles. Because of the high porosity
(0.440), the fracture vanishes when the cracking spreads to the edge
of the pores. And each fracture is almost independently. That is, the
particleeparticle fracture does not affect the stress state of their
neighboringparticles. Themicro-crack showninFig. 7b is the resultof
the independently particleeparticle fracture linking.

4.4. Particleeparticle fracture of YSZ

The strength of a brittle material is not a well defined quantity
and has to be described with respect to fracture statistics. As it is
Fig. 7. Cross-sectional images of the composite with 25 wt.% Al2O3 (a) in the original
state and (b) after four RT-800 �C cycles.
well known, theWeibull distributionwith a flexible two-parameter
analytic formula has been found to successfully describe a large
body of fracture data for brittle materials [24]. It describes the
relationship between the probability of failure, Pf, of a perfectly
elastic body under a tensile stress, s. The simplified Weibull
equation [10,24], which is widely used in estimating the chance of
failure of ceramics, given by

Pf ðsÞ ¼ 1� exp
�� ðs=SÞm� (9a)

where
P

is a normalizedmaterial strength (scale parameter) andm
the Weibull modulus (shape parameter). Then, the probability
density function of the Weibull distribution pf(s) ¼ dPf(s)/ds is
given by

pf ðsÞ ¼ m
�
s
.X�m�1

exp
�� ðs=SÞm�

.X
(9b)

However, the Weibull distribution should be considered as an
empirical one on an equal footing with other distribution functions
like normal distribution which is natural one to apply to the brittle
materials manufactured and handled without special care. Its
probability density function [25] is

pf ðsÞ ¼ 1ffiffiffiffiffiffiffi
2p

p
d
exp

n
�
h
ðs� sÞ2=2d2

io
(9c)

Where s and d are the mean and standard deviation, respectively.
For each distribution, the parameters can describe fracture

strength meticulously. By determining the parameters using the
particleeparticle fracture probability at various tensile stresses
associated with the temperature different. The fracture between
particles can be quantitatively characterized. Accordingly, the
performance attenuation can be predicted regarding conductivity
and residual intensity degradation caused by cracking in thermal
treating processes.

For composites with different composition, the stress can be
calculated with Eqs. (2)e(4), and the failure probability under the
stress can derive from the resistivity. So, the Weibull parameters
are derivable with Eq. (9a). The results are

P ¼ 290 MPa and
m ¼ 11.4. For the normal distribution, s ¼ 302 MPa and d ¼ 46.5.
These parameters indicate the probability of failure between
particles under a tensile stress, Fig. 8a. Under low tensile stress
range (<220 MPa), the results for different distribution are similar.
Thus, this work provides a novel method to approach the values of
the parameters and understand the fracture in a small scale.

4.5. Resistivity prediction in various thermal cycle processes

The sePf distribution shown in Fig. 8a is widely used in failure
prediction where s is directly applied to the objective material.
However, it is an indirect forecast for a free-standing composite
undergoing thermal cycle process since s is not directly applied but
in situ generated due to CTE mismatch. In the thermal treating
processes, the controllable parameter is temperature. In case the
temperature gradient within the composite is negligible when the
cooling and heating rates are relatively low (Fig. 6a), s has a linear
relation with DT (Fig. 2), the difference between the upper
temperature (Th) and bottom temperature (Tl) of the thermal cycle
range. Therefore, Fig. 8a can be converted to Fig. 8b, in which Pf is
plotted as a function of DT ¼ Th � Tl for an YSZeAl2O3 composite
containing 25.0 wt.% Al2O3. The DTePf curve should be much more
convenient for practical applications where the conductive
composites have to endure thermal cycles in different temperature
ranges. An experiment is designed to verify the model prediction.
Fig. 8c shows the resistance evolution with time and DT. The
resistance is measured at 800 �C. It increases with cycle number



Fig. 8. (a) Weibull distribution with
P ¼ 208 MPa and m ¼ 11.4 and normal distri-

bution with s ¼ 302 MPa and d ¼ 46.5; (b) DTePf curve derived from the sePf curve
shown in Fig. 8a. The composite contains 25 wt.% Al2O3. The experimental results
obtained at different DT from Fig. 8c are also shown for comparison; (c) Resistivity at
800 �C for an YSZeAl2O3 (75:25) composite undergoing thermal cycles in different
temperature ranges.
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and the increment of each cycle is bigger for a higher DT. Through
calculation of the average coordination number using Eqs. (5)e(7)
at different thermal cycle stage, the failure probability between
YSZ particles is obtained. The results are also shown in Fig. 8b. The
experiment data agrees well with the model prediction derived
from the Weibull distribution with

P ¼ 290 MPa and m ¼ 11.4 as
well as the normal distributionwith s ¼ 302 MPa and d ¼ 46.5. So,
this method can predict the fracture situation of composites
enduring thermal cycles in any temperature ranges.

5. Conclusion

A novel method is presented to detect the relationship between
the particleeparticle fracture of YSZ in the YSZeAl2O3 composites
and the conductivity combining theWeibull or normal distribution,
the percolation theory and a simple approach to calculate the
thermal stress in thermal cycle processes. When YSZ is sintered at
1100 �C, the results are that

P ¼ 290 MPa and m ¼ 11.4 for the
Weibull distribution as well as s ¼ 302 MPa and d ¼ 46.5 for the
normal distribution. Thus, the cracking between particles can be
determined. Accordingly, the influence of the cracking on resistivity
can be precisely predicted. This method provides a new method-
ology to well understand the mechanical behaviors between
particles and to approach the parameters through numerous frac-
tures. In addition, this method makes it feasible to precisely predict
the structural failure of the composite electrodes in SOFCs and
performance attenuation under harsh conditions such as thermal
cycle.
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