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1 | INTRODUCTION

Ceramics are extensively used in the aerospace indus-
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Abstract

Based on alumina ceramics, we employ the phase-field method to study the
effects of thermal conductivity, specific heat, density, thermal expansion coef-
ficient, Young’s modulus, and fracture toughness on thermal shock cracks. The
results show that increasing thermal conductivity and fracture toughness will
reduce thermal shock damage. That is, the long crack length becomes shorter,
or the crack density becomes smaller. However, increasing the thermal expan-
sion coefficient and Young’s modulus will increase thermal shock damage. It is
consistent with the previous thermal shock theory. The effect of material param-
eters on crack propagation speed was also considered. In addition, we carried out
a thermal shock test of the zirconia. The results of the phase-field calculation are
the same as the thermal shock results of the zirconia. This paper verifies that
the phase-field method is suitable for simulating thermal shock cracks in other

ceramics.
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been some theoretical models to study thermal shock
crack initiation and propagation of ceramics, including
phase-field,” ' meso-damage,'"'? energy minimization,"

try instead of metals because of their excellent high-
temperature properties.'* However, due to the brittleness
of ceramics, it is easy to fail due to thermal shock when
the ambient temperature changes sharply, which is the
inherent disadvantage of ceramic materials.>*

Due to the complexity of the multi-field coupling frac-
ture in thermal shock, the simulation analysis of fracture-
induced failure plays an important role in designing
materials or structures. In recent 10 years, there have

nonlocal failure,'* bond-based peridynamic," and gradient
damage.'®!” These theoretical works verify and comple-
ment each other and have achieved remarkable scientific
progress.

Because the phase-field method does not need addi-
tional discontinuity and tracking of the crack surface, it is
very convenient to calculate ceramic thermal shock. For
example, Mandala,” Tangella,® Chu,” and Wang® calcu-
lated the thermal shock crack of alumina by the phase-field
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method and obtained the same conclusion as the test,
however, due to the limitations of the thermal shock
test. The previous phase-field method mainly focuses on
the thermal shock test of alumina ceramics, and there
are almost no other ceramics. Besides, few studies have
been conducted to study the effects of different mate-
rials or different material parameters on thermal shock
crack growth. It hinders the applications of the phase-
field method to other materials. Therefore, it is urgent to
understand the effect of material parameters on thermal
shock crack propagation and verify that the phase-field
method can predict the thermal shock damage of other
ceramics.

The present paper studied the effects of thermal conduc-
tivity, specific heat, density, thermal expansion coefficient,
Young’s modulus, and fracture toughness of materials on
thermal shock cracks by phase-field method and com-
pared with the previous thermal shock theory.!®" In
addition, by verifying the thermal shock crack of zirco-
nia, we believe that the phase-field method should be
suitable for simulating thermal shock cracks of other
ceramics.

2 | EXPERIMENT

2.1 | Materials and preparation

Alumina ceramic (grain size 7.5 um; Jiawei Ceramics Co.,
Ltd., Zhuhai, China) was prepared by tape casting and sin-
tered at 1650°C for 2 h without pressure. 3Y-ZrO, ceramic
(grain size 0.6 um; Jiawei Ceramics Co., Ltd., Zhuhai,
China) was also prepared by tape casting and sintered at
1450°C for 2 h without pressure. The microstructure of
the ceramics was characterized using scanning electron
microscopy (SEM, Tescan Amber, Briinn, Czech Repub-
lic). The relative density of Al,O; and 3Y-ZrO, was about
98% and 99%, respectively, by calculation from measured
weight and dimension.

2.2 | Thermal shock process

We employed the ceramic sheets with 1.0 mm X
10 mm X 50 mm to study the thermal shock crack
morphology by water quenching. We stacked the sample
with four identical ceramic slabs and bound them up with
Inconel wires from both ends of the slabs to prevent water
access to the side faces, as shown in Figure 1. We heated
the sample to the test temperature and held that temper-
ature for 30 min. Then, we dropped the specimen into a
20°C water bath. Taken out and dried, we impregnated the
specimens with blue ink to observe the cracks morphology

Inconel wires "
— l 1 > 'l T \ 1 ’ T L T \
After quenching ~

[ [

(1\!){)|_

Bound specimen for thermal shock test

[

FIGURE 1

FIGURE 2

The phase-field model simulates the ceramic crack
under thermal shock. d is the phase-field by which the internal
discrete crack is approximated as a diffusive crack topology, and [ is
the width of the diffusive crack.

after quenching. We studied the crack patterns in the face
of 10 mm X 50 mm using digital scanning.

2.3 | Phase-field model for thermal shock
The present study uses a thermal-mechanical coupled
phase-field model to simulate the thermal shock crack
under thermal shock loading.?’ The experimental condi-
tion allows us to regard the thermal-mechanical field as
two-dimensional, and surfaces of the model are subjected
to convective heat transfer, as illustrated in Figure 2. In the
phase-field model, the crack is considered a discrete crack
by a scalar phase-field variable d with d = 0 means the
ceramic is intact, and d = 1 means the ceramic is wholly
damaged. I represents the width of the crack, as illustrated
in Figure 2.

According to Shao et al.,” quenching crack propaga-
tion can be considered a quasistatic process. Then the
free energy density of thermoelastic solid for our problem

1.’21
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TABLE 1 Mechanical and thermal parameters of alumina and zirconia used in calculation
Young modulus Poisson’s Fracture toughness Coefficient of thermal
Ceramic E (GPa) ratio v K;c (MPa m'?) expansion « (107° K1) Ref.
Al, 04 370 0.22 3.8 Figure 3C 25
3Y-ZrO, 200 0.3 5 11.7 23

contains elastic strain energy, fracture energy, and thermal
energy can be defined as*’-?

PT,d) = / (g (@) pF () + Y7 (c9)dV
Q
Gc 2 2 2
+/§(d + IVl )av
q “le

T
—/Q<ch1nT—0>dV (€))

whereu, T, Ty, G, ¢, and p are displacement, temperature,
critical energy release rate, reference temperature, specific
heat, and density, respectively; e = e—¢” is the elastic strain
tensor, where ¢ and &7 are total strain and thermal strain;
g(d) = (1—d)? + § is the degradation function, and & is a
parameter chosen to be as small as possible to ensure the
problem converges; z,b;)r (%) and 9 (&°) are the tensile and
compressive parts of the elastic energy density**:

prE =Sl wx Y (€)@

with <a>, =1/2(a + lal), A and u are the Lamé constants,
Ef(i =1, 2, 3) values are the principal elastic strains. Mini-
mizing the system’s free energy, we can get the governing
equation for the phase-field evolution:

% (d—12V2d) =2(1—-d)H )

where H = rrl[%x](;b+) is a local history field of the max-
se€|0,t

imum energy density to ensure that the crack growth is
irreversible.

Then, combining the momentum conservation equation
and heat transfer equation, we can obtain the governing
equations of our problem’s evolution of the displacement,
phase, and temperature fields. Discretized the governing
equations by finite element, we can obtain numerical solu-
tions to our problem. Details are described elsewhere, and
this method has given a good description of the thermal
shock crack of Al,05.57%

The model’s dimensions are L = 50 mm and H = 10 mm
in the X and Y directions, respectively. The left 1/2 area
of this model is shown in Figure 2. The size of the
finite element is 0.012 mm, and the input parameters of

ceramics used in the simulation are listed in Table 1. To
make simulation consistent with the actual situation, the
thermal conductivity and specific heat of two ceramics and
the thermal expansion coefficient of Al,O; were consid-
ered temperature-dependent in the range 20-500°C,**~%°
as shown in Figure 3. The length-scale parameter is chosen
as I, = 0.05 mm. The convective heat transfer coefficient h
of ceramics at the critical thermal shock temperature, 400
and 500°C are 40 000, 86 000, and 57 000 W/m? K used in
the calculation,'>?’ respectively.

In the phase-field method, there is a relationship among
G., or (tensile strength), and .. As the parameter [, is alsoa
numerical parameter to adjust the damage concentration,
the choice of [; is not entirely arbitrary. Therefore, if this
relationship is maintained, G. and ot are usually slightly
different from the actual material constant. Because the
critical thermal shock temperature difference, AT, is also
important, we use appropriate G, and [ values to relatively
accurately predict the AT, and crack propagation under
other temperature differences. It makes the simulation
calculation more reasonable.

3 | RESULTS AND DISCUSSIONS

3.1 | Comparison and verification of
thermal shock test

The comparison between numerical and experimental
results of cracks in ceramics after thermal shock is shown
in Figure 4. We can see that they have a similar crack clas-
sification structure. The comparison of crack density and
long crack length between the experiment and calcula-
tion is shown in Figure 5. We can see that the numerical
test results have the consistency of crack array length and
density with the experimental results. In addition, the
comparison result of alumina is very similar to the pre-
vious comparison results.°® Note that, it is difficult to
distinguish the crack with a length less than 0.2 mm, so
we removed these cracks in the statistical simulation and
test crack data. We calculated the crack density by dividing
the total number of cracks on the upper and lower sides by
the total length of both sides and selected the longest nine
longitudinal cracks for comparison because of the crack
morphology.
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FIGURE 3 Thermal conductivity and specific heat of (A)
Al, 04, (B) 3Y-Zr0,,” and thermal expansion coefficient of (C)
Al,0,% versus temperature used in the calculation

We used the phase-field method to calculate the AT, of
Al,05 and 3Y-ZrO,. The calculation results are shown in
Figure S1. The AT, value of Al,03 is about 170°C, whereas
that of 3Y-ZrO, is about 235°C. It is very close to our exper-
imental results that the AT, value of Al,Oj5 is about 180°C,

and that of 3Y-ZrO, is about 260°C. The previous results
show that the phase-field method is suitable for thermal
shock simulation of ceramics.

The classical theory of thermoelasticity considers that
thermal conductivity, specific heat, coefficient of ther-
mal expansion, and Young’s modulus affect the thermal
stress during the process of thermal shock.?® Therefore,
we consider the effect of the previous material parame-
ters, including fracture toughness, in the thermal shock
crack calculation by the phase-field method. Based on alu-
mina, we change one parameter’s values by 0.5, 1, or 2 times
for each calculation, and the other parameters remain
unchanged. The calculated thermal shock temperature
difference AT is 380°C.

3.2 | Effect of thermal conductivity

The thermal shock crack pattern variation with thermal
conductivity k calculated by the phase-field method is
shown in Figure 6. We can see that the number of cracks
decreases obviously with the increase of k. The varia-
tion of crack density and long crack length with k is
shown in Figure 7. As indicated, increasing k reduces
the crack density after crack propagation, whereas the
crack length decreases slightly. From the perspective of
fracture mechanics, it will increase the residual mechan-
ical properties of the sample. That is, the damage to the
material is reduced. It is close to the traditional rule that
materials with higher k will have better thermal shock
resistance.”’ However, our water quenching is a rela-
tively violent thermal shock process. The Biot module 3
= rh/k ~ 27 > 1, where r = 5 mm is a characteristic
body dimension in the direction of the maximum tem-
perature gradient. So, according to Wang’s research,” the
effect of the increase in thermal conductivity becomes
smaller.

3.3 | Effect of specific heat or density

The thermal shock crack pattern variation with specific
heat c and density p calculated by the phase-field method
is shown in Figure 8. The result shows that the thermal
shock crack pattern obtained by changing c or p is the
same. According to classical heat transfer theory, the tem-
perature field of plate heat transfer is only related to 8 and
thermal diffusivity a = k/pc.>° Because the change of a
caused by the change of c or p is the same, their crack mor-
phology is the same. In addition, it is difficult to see the
law of the crack pattern changing with parameters is at
first glance. The variation of crack density and long crack
length with ¢ or p is shown in Figure 7. We can see that
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FIGURE 4 The comparison between the crack pattern of ceramics after the thermal shock with temperature difference AT and the
calculation of the phase-field method: (A) Al,O; simulation result of AT = 380°C; (B) Al,O; experimental result of AT = 380°C; (C) Al, 0,
simulation result of AT = 480°C; (D) Al,O; experimental result of AT = 480°C; (E) 3Y-ZrO, simulation result of AT = 380°C; (F) 3Y-ZrO,
experimental result of AT = 380°C; (G) 3Y-ZrO, simulation result of AT = 480°C; and (H) 3Y-ZrO, experimental result of AT = 480°C
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FIGURE 5 (A)Crack density and (B) long crack length of two
ceramics after thermal shock with different temperature differences,
and the comparison with phase-field calculation

long crack length and crack density are unchanged with
the increase of specific heat or density; that is, the ther-
mal shock damage is not sensitive to the changes of the
previous two parameters.

3.4 | Effect of thermal expansion
coefficient, Young’s modulus, or fracture
toughness

The variation of thermal shock crack pattern with thermal
expansion coefficient ¢, Young’s modulus E, and fracture
toughness K- calculated by the phase-field method is
shown in Figure 9. We can see that the thermal shock
crack pattern obtained by changing « or E is the same.
The changing trend of the thermal shock crack pattern
obtained by changing K¢ is just opposite to the previ-
ous one. It is because changing o or E to x times and
changing Kjc to 1/x times will get the same phase-field
evolution Equation (3). For example, when Kj- becomes
1/x times, the energy release rate G. becomes 1/x* times
the original value from G = KIZC /E, and the strain energy
H remains unchanged. That is, G.: H = 1: x>. When a or
E becomes x times the original value, G.: H = 1: x* can
also be obtained. Therefore, their crack morphology is the
same.
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FIGURE 6 Variation of thermal shock crack pattern with thermal conductivity k calculated by phase-field method (A) 0.5k, (B) k, and

(C) 2k with the temperature difference of 380°C
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FIGURE 7 The (A) crack density and (B) long crack length
calculated by the phase-field method vary with material parameters
after the thermal shock of AT = 380°C

The change of crack density and long crack length
with a, E, and Kjc by phase-field calculation is shown in
Figure 7. As indicated, with the increase of Kjc, the crack
density becomes smaller, and the length of the long crack
becomes shorter. That is, the damage to the material is

reduced. It is consistent with Hasselman’s thermal shock
damage theory's:

2
(Kic/of)”  EGc

RV = =
1-v szp(l—v)

€]

where o is the fracture strength, and v is the Poisson ratio.
When Kj¢ increases, the energy consumed by producing
the same crack length increases, so the crack is not easy to
expand intuitively.

Because the trend is opposite to that of Kjc, with the
increase of a or E, the damage of the ceramic increases.
It is consistent with the previous research of Hasselman’s
thermal shock resistance theory'’:

O'f(l—U)

R= AT, = ———

©)

From Equation (5), with the increase of E, the thermal
shock resistance parameter R will decrease, indicating the
more prone to thermal shock failure. However, it is incon-
sistent with Hasselman’s thermal shock damage theory
(Equation 4). The possible reason is that the influence of
E in thermal shock damage theory is more suitable for
porous ceramics than dense ceramics.’!

In addition, we study the influence of material param-
eters on the crack propagation speed, as shown in
Figures 6-9, Video S1-S3, and Table 2. We also selected
the longest nine cracks for comparison. We can see
that the changes in density or specific heat significantly
affect the thermal shock crack propagation speed. The
influence of thermal conductivity is slightly smaller. The
thermal expansion coefficient, Young’s modulus, and frac-
ture toughness least affect the crack propagation speed.
We can see that the crack speed is slow, about 10 mm/s,
which can be regarded as a quasi-static process.?' At the

85U80|7 SUOWIWIOD BAITER1D) 8|qeot|dde ayy Aq pausenoh a1 ssppie YO ‘88N JO S8jnl 10y Ariq1T 8UIIUO AB|IA UO (SUORIPUOD-PUB-SWLBH WD A8 | IMAeIq 1 Ul [UO//:SdNY) SUORIPUOD pue SWis | 38U} 88S *[£202/50/80] U0 ArIqiTauljuo A8 |1 ‘(SeD) SOIURYIS N JO SINsu| Aq 0Z/8T 8% [/TTTT 0T/I0p/W0d A8 |imA 1 1pUI|UOSO e B0/ Sty Wo1j pepeojumod ‘2T ‘220z ‘9T62TSST



ZUO ET AL.

0.003s  Start

FIGURE 8
(B) cor p, and (C) 2¢ or 2p with the temperature difference of 380°C

0.014s Start

an Ceramic Society

Journal | »

Variation of thermal shock crack pattern with specific heat ¢ or density p calculated by phase field method (A) 0.5¢ or 0.5p,

0.002s

FIGURE 9 Variation of thermal shock crack pattern with thermal expansion coefficient ¢, Young’s modulus E, and fracture toughness
K¢, calculated by the phase-field method: (A) 0.5«, 0.5E, or 2Ki¢; (B) a, E, or Ki¢; and (C) 2a, 2E, or 0.5K;c with the temperature difference of

380°C
TABLE 2
Average speed
(mm/s) Initial 0.5k 2k
0.2s 9.63 +0.49 6.55 + 0.35 13.6 +£ 0.74
Whole process 3.56 + 0.19 2.0 +0.14 5.55+0.52

same time, we find that the crack propagation speed of
Al,O5 is faster than that of 3Y-ZrO,, and the average
speed of 0.2 s is a little more than three times that of 3Y-
ZrO, under the temperature difference of 380°C. Figure 10
shows the SEM of the thermal shock fracture surfaces of
the Al,0; and 3Y-ZrO,, respectively. We can see a mixed
mode of intergranular and transgranular fracture from the
fracture surfaces, but the intergranular fracture is the pri-
mary mode. It is consistent with what was reported by
Kobayashi that the slower the crack propagation speed
of ceramics, the less the proportion of transgranular
fracture.’

Crack propagation speed of thermal shock with different material parameters under the temperature difference of 380°C

0.5¢/0.5p 2¢/2p 0.5¢¢/0.5E/2K; 20/2E/0.5K ¢
14.13 + 0.32 6.34 +0.26 9.11 + 0.67 10.27 + 0.42
6.55 + 0.26 1.98 +0.17 3.44 + 0.24 3.28 +0.14

In a word, the thermal expansion coefficient, Young’s
modulus, and fracture toughness have the most significant
influence on thermal shock damage among the previ-
ous parameters; the second is thermal conductivity; the
changes in density and specific heat have a minor effect
on thermal shock damage. Under the same thermal shock
conditions, compared with alumina, zirconia has a shorter
crack length and smaller density (Figure 5). It is mainly
due to zirconia having higher fracture toughness and
lower Young’s modulus than alumina, which is consistent
with our phase-field calculation. The influence of material
parameters on thermal shock crack is verified.
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FIGURE 10 Scanning electron microscopy (SEM) of the
thermal shock fracture surfaces of (A) Al,O; and (B) 3Y-ZrO,,
respectively

4 | CONCLUSIONS

Based on the successful prediction of the thermal shock
results with alumina using the phase-field method, the
effects of multiple material parameters on ceramic’s ther-
mal shock crack pattern were studied by a phase-field
method. The calculation results show that the increase of
fracture toughness and thermal conductivity will reduce
thermal shock damage; the long crack length becomes
shorter, and the crack density becomes smaller. The
increase in thermal expansion coefficient and Young’s
modulus will increase thermal shock damage. Besides,
specific heat and density seem not to affect thermal shock
damage but have the greatest effect on the crack propaga-
tion speed. Among them, the coefficient of thermal expan-
sion, Young’s modulus, and fracture toughness have the
most significant effect on the thermal shock damage. By
comparing the zirconia test, we verify the effectiveness of
the phase-field simulation method in calculating thermal
shock crack propagation. Therefore, this method should
suit thermal shock cracks simulation in many ceramics.
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