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bstract

he present work examines the size effect of thermal shock crack patterns in ceramics and develops quantitative predictions. A set of water-
uenching experiments on thin ceramic specimens of different widths yielded two-dimensional, periodic and hierarchical readings of thermal
hock crack patterns, which showed the strong size-dependence of the crack length and length hierarchy, and the size-independence of the crack
pacing. Furthermore, the effective convective heat transfer coefficients inversely estimated from the crack spacing data were observed to be size-
ndependent. Such a finding may help engineers to assess the thermal shock failure of practical ceramic components by designing specimens of
tandard size. Numerical simulations were conducted and the results are in good agreement with experimental data. Several interesting phenomena
f the evolution of thermal shock crack patterns were revealed and discussed. The present study has led to a much improved scientific understanding

f thermal shock cracking phenomenon of ceramics.

 2014 Elsevier Ltd. All rights reserved.
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.  Introduction

The excellent high temperature mechanical performance
akes ceramic materials be widely used in the frontier fields

f aerospace, power generation, and engine et al. However, the
nherent brittleness of ceramic materials makes them particularly
usceptible to thermal shock failure, even catastrophic fracture.
he high temperature application of ceramics is an example that

echnique has largely preceded scientific understanding. It is rec-
gnized that a basic understanding of thermal shock failure must
e gained to give full play to the potential of ceramic materials

1
t high temperatures.
Numerous studies on the thermal shock failure of ceram-

cs have been conducted. Kingery2 studied the thermal shock
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esistance of ceramic material and proposed the critical stress
racture theory based on the thermo-elastic stress analysis.
asselman3 proposed the thermal shock damage theory from the
iewpoint of energy, and soon afterwards he4 developed a unified
heory of thermal shock fracture initiation and crack propagation
n brittle ceramics. Lu and Fleck5 analyzed the thermal shock
esistance of brittle solids using a stress-based fracture crite-
ion for a plate containing a distribution of flaws. Collin and
owcliffe6 studied the thermal shock behavior of brittle materi-
ls using the indentation quench method, obtained crack growth
s. temperature curves, and derived an expression for predicting
he thermal shock resistance.

The thermal shock resistance of ceramic materials is affected
y many factors, including quench medium,7–9 porosity,10,11

urface roughness,12 specimen size,13–22 and so on. Among

hem, the size effect attracted many researchers’ attentions.
asselman13 theoretically indicated that strength of rods after

hermal shock is inversely proportional to the 1/4 power of the
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patterns on both of the sides of the specimen were identical,
which showed that that the crack geometry was two-dimensional
and convenient to observe and measure.

Inconel wires Asbestos thread 

Free fall 
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od diameter, and this conclusion was supported by experimental
ata for two rod sizes. Becher et al.14 pointed out that at extreme
f large specimen size (thickness > 4 mm), the values of critical
hermal shock temperature difference become insensitive to size,
hile for small specimens, the effects of specimen size on ther-
al shock resistance, namely critical thermal shock temperature

ifference, are significant. Furthermore, Becher15 pointed out
hat for room-temperature water quenching, the rapid increase
n heat transfer coefficient as temperature overrides any changes
n other factors, including specimen size; by raising the quench
ater temperature to 100 ◦C, a strong size dependence of critical

emperature difference for small sizes was observed experimen-
ally. Many studies on various materials revealed that the critical
emperature difference16,17 and the residual strength16,18–22 after
hermal shock decreases with the increase of specimen size.

The crack is the primary cause for the degradation of
he strength in ceramic materials subjected to thermal shock.
esearchers very early noticed that thermal shock cracks exhibit
enerally regular and elegant patterns, such as periodic and hier-
rchical characteristics, which are of practical importance for

 clear understanding of the thermal shock failure mechanism
f ceramics. Bažant23 and Nemat-Nasser et al.24,25 studied the
tability of propagated thermal shock cracks (or drying shrink-
ge cracks) using the energy principle, and they theoretically
iscussed the length hierarchy phenomenon. Bahr et al.26–28

stablished a fracture-mechanical model based on the time-
ependent energy release rate to explain the thermal shock
ehaviors. Jenkins29 used a method based on energy minimi-
ation to determine the spacing and penetration of a regular array
f cracks in a shrinking slab due to a changing temperature field.
houles et al.30 studied the thermal fracture of ceramic thermal
arrier coatings and indicated the variations in crack patterns
ith the coating thickness and the thermal shock temperature.
In above mentioned studies, no quantitative predictions were

eported. One of the challenging difficulties is the lack of
ccurate data on material properties at high temperatures. The
ispersion of the available data7,15,31,32 on the heat transfer coef-
cient is high up to one order magnitude. To overcome this
ifficulty and to bridge the gap between theoretical prediction
nd experimental data, Jiang et al.33 developed a semi-inverse
ethod, where the effective heat transfer coefficient (a quan-

ity difficult to measure) was inversely estimated by the crack
pacing (a quantity easy to measure), and predicted successfully
he crack length and length hierarchy using a periodic assump-
ion. Further, Li et al.34 proposed a non-local failure model to
imulate the thermal shock crack evolution. On the basis of the
ariational model to fracture developed by Francfort et al.35,36,
ourdin37,38, Sicsic39, and Cyron40 et al. conducted numerical

tudies for fracture analysis induced by thermal shock. These
ecent works verified and complemented each other, much pro-
oted the studies on thermal shock cracking phenomenon of

eramics.
The purpose of the present work is to examine the size effect
f thermal shock crack patterns in ceramics and to develop quan-
itative numerical predictions. This is not only to gain a better
nderstanding of thermal shock cracking phenomenon of ceram-
cs, but also to help engineers to assess the thermal shock failure

F
a

amic Society 35 (2015) 1263–1271

f practical ceramic components using specimens of standard
ize.

.  Experimental

.1.  Experimental  procedure

An experimental study was conducted to quantitatively
bserve the size effect of the crack patterns in ceramics after
hermal shock by conventional water-quenching technique. 99%
l2O3 ceramic block (Xiongdi Material Co., Jiyuan, China) was

ut into thin specimens with dimensions of 50 ×  2L  ×  1 mm3,
here the half specimen width L  ranges from 5 to 10 mm. Then

he specimens were polished and tightly stacked together in sets
f four, with four thick ceramic plates (5 mm in thickness) on
he outside to prevent the temperature distribution from being
isturbed by coolant accessing the interior surfaces of the speci-
ens, as shown in Fig. 1. Thus only the two opposite long edges

f the specimens were exposed to the coolant. To ensure ther-
al insulation, the other four faces of the specimen stack were

wined by asbestos thread. Finally, the stacks of alumina plates
ere bound with inconel wires positioned 3–4 mm from the ends
f the specimens.

The bound specimens were heated in a furnace at a rate
f 10 ◦C/min to the preset temperature T0 and maintained at
his temperature for 20 min. From previous experiments,33 it
as observed that thermal shock crack patterns varied dramati-

ally and the heat transfer coefficient reached its peak between
0 = 300 ◦C and T0 = 400 ◦C, so the values of T0 were taken as
00, 350, and 400 ◦C. After heating, the heated specimens were
ropped into a water bath at T1 = 15 ◦C by free fall. The speci-
ens were removed from the water bath 10 min later and dried,

hen dyed with blue ink to observe the cracks formed. Two sets
f specimens (8 specimens in total) were tested at every value
f T0 and for every value of L  to estimate the dispersion of
xperimental data.

.2.  Experimental  results

The digitally scanned photographs of dyed specimens are
hown in Fig. 2. It was observed that the thermal shock cracks
ere perpendicular to the top or bottom face, and the crack
Speci mens Thic k ceramic plate s 

ig. 1. Bound specimens for thermal shock, where the cross hatch represent the
sbestos thread.
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and are perpendicular to the boundary. (2) The crack patterns are
hierarchical and periodic, consequently which can be simulated
by a periodic unit. (3) From the assumption (1), the temperature

Table 1
Average crack spacing s0 and corresponding standard deviation in eight spec-
imens at various values of the preset temperature T0 and for various values of
the half width L.

T0 (◦C) L (mm) s0 (mm)

300 6 1.579 ± 0.176
7 1.570 ± 0.128
9 1.563 ± 0.156

350 5 1.211 ± 0.105
7 1.232 ± 0.035
10 1.263 ± 0.113
ig. 2. Thermal shock crack patterns, where the half specimen width L = (a) 6 m
0 mm at T0 = 350 ◦C; L = (g) 5 mm, (h) 7 mm, (i) 10 mm at T0 = 400 ◦C.

In measuring the geometry of the cracks, to remove the effects
f the end boundaries, the regions within 10 mm from two ends
f the specimens were excluded as shown in Fig. 2. The exper-
ments showed that for the same specimen size, the higher the
reset temperature T0, the smaller the crack spacing. In addition,
he long cracks became longer, while the short cracks became
horter as T0 increased. These observations are in agreement
ith the previous experiments,33 where only one single speci-
en size was used.
The experiments focus on the size effect of thermal shock

rack patterns. In a statistical sense, four interesting variation
aws of crack patterns with specimen size were found: (1) The
rack length distribution exhibited elegant periodic and hierar-
hical characteristics at every preset temperature and for every
pecimen width. (2) The hierarchical number of crack length
xhibited an increasing trend with the increase of the specimen
idth. Moreover, the wider the specimen, the longer the cracks
f the longest level. However, the length of the cracks of other
evels remained unchanged. (3) The spacing of the cracks of
he longest level increased with the increase of specimen width,
hereas the spacing of all the cracks was independent of the

pecimen width. (4) The fluctuation in the average crack spacing,
0, in eight specimens at every value of the preset temperature
0 and for every value of the half width L  was very small, and

he maximum standard deviation from the average value was
ess than 10%. The average crack spacing s and corresponding
0
tandard deviation in eight specimens at various values of the
reset temperature T0 and for various values of the half width L
re listed in Table 1.

4

) 7 mm, (c) 9 mm at preset temperature T0 = 300 C; L = (d) 5 mm, (e) 7 mm, (f)

How to interpret these variation laws of thermal shock crack
atterns with the specimen width, and whether we can conduct

 quantitative prediction, these will be studied in the following
ections.

.  Numerical  predictions

.1.  Theoretical  considerations

According to the experimental observations, three simplified
ssumptions were made: (1) The cracks are two-dimensional,
00 5 1.045 ± 0.094
7 1.006 ± 0.081
10 1.035 ± 0.078
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Table 2
Young’s modulus E, Poisson’s ratio ν, the mass density ρ, and the surface energy
density γ of 99% Al2O3 ceramics, which are approximately independent of
temperature. The data are provided by Xiongdi Material Co., Jiyuan, China.

E (GPa) ν ρ (kg/m3) γ (J/m2)
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by experiments of one size specimens to predict the crack pat-
terns of other size specimens, hence experimental effort can be
greatly reduced. In the present numerical simulations, we used
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eld is not disturbed by the cracks and remains one-dimensional.
t can easily be calculated by Fourier’s law of heat conduction.
ccording to these assumptions, the thermal stress-strain field
as determined by numerical method.
The numerical simulation of the thermal shock crack patterns

s based on the minimum potential energy principle, namely opti-
al crack patterns minimize the average total potential energy

ensity W̄ :

¯ (s, p,  t) = W (s,  p,  t)

V
= U (s, p,  t) +  S

V
= U (s, p,  t) +  γpb

V
(1)

here s  is the crack spacing, p  is the crack length, t  is the time,
 is the volume of the computational unit, U  is the strain energy,

 = γpb  is the crack surface energy (the energy required to form
ew crack surfaces) and γ is the surface energy density, b  is the
hickness of computational model.

Computations show that when the preset initial temperature
f the specimen is less than the critical temperature (T0 < Tc), the
inimum value of W̄ is located at p = 0, which indicates there

s no thermal shock crack initiation; however, when T0 > Tc and
fter a very short time, the minimum value shifts to a location
here both p and s become positive finite values, which indicates

hat cracks initiate. Both p  and s  change with time t, and the crack
pacing s  rapidly reaches a minimum s0 due to the appearance
f additional cracks. Then both p  and s  increase continuously
ith time t theoretically. However, considering the irreversibility
f crack growth, the formed cracks will not recede or disap-
ear, so the practical cracks will propagate while maintaining
he constant spacing s0, until the minimum point of W̄ jumps to

 curve representing “spatial period doubling”, i.e. every second
rack continues to propagate, whereas the other cracks stop. The
rocess can be repeated and forms a hierarchical crack pattern.33

.2.  Computational  region  and  material  properties

The finite element software ANSYS was used for the numeri-
al simulations. Noting the symmetry, first a quarter of a periodic
nit was taken as the computational region, seeing the rectangle
OABC in Fig. 3(a), where O is the crack tip, ux and uz are

he displacement components. When “spatial period doubling”
ppeared, the computational region was extended as the rectan-
le DOABEO0FC in Fig. 3(b), where O0 and O are stationary
nd propagating crack tips, respectively.

The mechanical parameters such as Young’s modulus E, Pois-

on’s ratio ν, the mass density ρ, and the surface energy density

 of the material remain approximately unchanged in the range
–600 ◦C, which are listed in Table 2. The coefficient of thermal

F
c

he symmetric boundaries cut from periodic unit.

xpansion α, the thermal conductivity k  and the specific heat c
re strongly temperature-dependent, which are shown in Fig. 4.

One of the biggest challenges in numerical simulations arises
rom the lack of accurate data on the convective heat transfer
oefficient h  in thermal shock. To overcome this difficulty, we
eveloped a semi-inverse method,33 where the effective con-
ective heat transfer coefficient h̄  is inversely estimated from
hermal shock crack spacing which is easily measured from
xperiments. Using the data of the crack spacing listed in Table 1,
he estimated values of h̄ at various values of T0 and for vari-
us values of L  are shown in Table 3. It can be observed that
he variation tendency of h̄ is in agreement with the existing
ata.7,15,31–33

From Table 3, it is observed that at the same T0, the variations
n the effective heat transfer coefficient h̄  with the half width L
re very small, so the size-independence of h̄  can be assumed,
.e. under the experimental conditions in Fig. 1, h̄ is not affected
y the specimen width. Such a finding is of practical importance
ecause it indicates that we can use the data of h̄ estimated
Temperature (K) Temperature (K)

ig. 4. Graphs of the thermal conductivity k,41 the specific heat c,42 and the
oefficient of thermal expansion α43 of 99% Al2O3 ceramics vs. temperature.
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Table 3
Effective heat transfer coefficient h̄ estimated by semi-inverse method at various
values of T0 and for various values of L.

T0 (◦C) L (mm) h̄  (W/(m2 K))

300 6 91,000
7 90,500
9 93,500

350 5 101,500
7 99,000

10 96,500
400 5 87,000

7 89,500
10 88,000
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he effective heat transfer coefficients estimated by the speci-
ens of L  = 7 mm, i.e. h̄ = 90,500, 99,000, 89,500 W/(m2 K) at

0 = 300, 350, 400 ◦C, respectively.

.3.  Numerical  predictions  and  a comparison  with
xperimental results

.3.1.  Size-dependence  of  crack  spacing
Numerical results showed hierarchical characteristics of

rack patterns. It is interesting to notice that if the specimen
idth is not very small (in the present computations, the half
idth L ≥ 2.5 mm), the crack spacing of the shortest level is

ize-independent (apparently, the spacing, s0, of all the cracks is
lso size-independent), whereas the crack spacing of the longest
evel is size-dependent. The variations in the crack spacing s0
ith the half width L  at three values of T0 are shown in Fig. 5,
here the curves represent the numerical predictions and the
oints with error bar denote experimental data. In these simula-
ions, the values of h̄ were estimated by using the experimental
ata on the specimens of L  = 7 mm. It should be pointed out that
hen the specimen width is very small, computations showed

hat no crack appears in specimens. Such results are in agreement

ith previous numerous studies.13–22
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ig. 5. Variations in the crack spacing s0 with the half width L at three values
f T0, where the curves represent the numerical predictions and the points with
rror bar denote experimental data.
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.3.2.  Size-dependence  of  crack  length  hierarchy
The penetration of thermal shock cracks plays a critical role

n failure assessment of ceramic components. Numerical sim-
lations showed that the hierarchical number of crack lengths
ncreases with the increase of the specimen width. The column
harts of computational values of the various level crack lengths

 versus the half specimen width L  at three values of the preset
emperature T0 are shown in Fig. 6, where crack length levels
ere arranged from short to long. From the theoretical consider-

tions in Section 3.1, the ratio of the crack number of a two-level
rack pattern is 1:1, it is 2:1:1 for a three-level crack pattern and
:2:1:1 for a four-level crack pattern. Due to random factors,
xperimental data exhibited some degree of dispersity. Accord-
ng to the above ratios, the experimental statistical results of the
hermal shock crack length in Fig. 2 were classified and depicted
n Fig. 6 by points with error bar. It can be seen that the numeri-
al predictions are in good agreement with experimental results.
bviously the theoretical considerations and numerical simula-

ions can help to capture the essential characteristics of thermal
rack patterns.

From Figs. 6 and 2, it is found that the length of the longest
racks considerably increases with the specimen width, which
ndicates that the increase of the specimen width can not neces-
arily improve strength.

.  Discussions

In this section an attempt is made to better understand the
ormation mechanics of above mentioned crack patterns from
he angle of the thermal stress and energy.

.1.  Thermal  stress  and  strain  energy  at  crack  initiation

Why does the crack spacing s0 remain size-independent? Let
s examine the distribution of the thermal stress and strain energy
t crack initiation. In the present numerical simulations the time
f crack initiation is about t  = 0.01 s. From the present experi-
ents shown in Fig. 1, the decisive stress is the x-directional

tress σx. Assuming no crack appears at t = 0.01 s, the distribu-
ions of σx and the strain energy density U0 along z-direction
the distance from the thermal shock surface) at T0 = 350 ◦C for
arious values of the half width L  are shown in Fig. 7. It is
een that when L ≥  2.5 mm, the distributions of σx and U0 near
he surface can be regarded as size-independent, thus the crack
pacing s0 determined by σx and U0 can also be regarded as
ize-independent.

The distributions of the x-directional stress σx and the strain
nergy density U0 along z-direction for L  = 7 mm at t = 0.01 s
nd various values of the preset temperature T0 are shown in
ig. 8. It is seen that σx and U0 near the surface increase with

he increase of T0. This fact explains the phenomenon that the
igher the preset temperature T0, the smaller the crack spacing.
.2.  Crack  pattern  evolution  and  total  potential  energy

Section 4.1 shows that the distributions of the thermal stress
nd strain energy at crack initiation are independent of the
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pecimen width 2L  when L  ≥  2.5 mm. Now we discuss the
elation of the crack pattern evolution to the total potential
nergy W  (refer to Eq.1) during crack propagation.

As an example, the evolution of the crack spacing s, crack

ength p  as well as the total potential energy W  with time t  is
hown in Fig. 9, where T0 = 350 ◦C, L  = 2.5, 7, and 10 mm, t1, t2,
3 represent the time points corresponding to the “spatial period
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Fig. 9. Evolution of the crack spacing s, crack length p as well as the total
potential energy W with time t at T0 = 350 ◦C for L = 2.5, 7 and 10 mm, where t1,
t2, t3 represent the time points corresponding to the “spatial period doubling” of
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he crack spacing, and W denotes the total potential energy stored in the 30 mm
easuring region of the specimens as shown in Fig. 2.

f the crack spacing occurs, i.e. every second crack continues
o propagate, whereas the other cracks stop. Fig. 9 shows that at
hese time points the crack propagation speed shows a sudden
ncrease as the strain energy supports propagation of only half of
he cracks. At the stage where W  decreases, the idealized crack
ength p  should decrease as shown by the dotted line in Fig. 9(a),
owever, the cracks formed do not recede or disappear, so the
ractical crack length remains unchanged.

For the convenience of comparison, the total potential energy

 versus time t extracted from Fig. 9(a)–(c) is redrawn in

ig. 10 at T0 = 350 ◦C for L  = 2.5, 7 and 10 mm, respectively.
t is especially interesting to notice from Figs. 9 and 10 that

d
e
a

ig. 10. Total potential energy W versus time t at T0 = 350 ◦C for L = 2.5, 7 and
0 mm, respectively.

efore the cracks of the longest level propagate alone (the other
racks stop), the curves of the total potential energy W  coin-
ide almost with each other for specimens of different widths.
his fact implies a theoretical inference that except the cracks
f the longest level, the crack lengths of various levels and the
orresponding time points of “spatial period doubling” of the
rack spacing should be size-independent. The former part of
he inference can be verified by experimental data as well as by
umerical predictions. From Fig. 6, it can be seen that except the
racks of the longest level, the crack lengths of the correspond-
ng levels for specimens of different widths are almost equal,
here the column charts denote the numerical predictions and

he points with error bar denote the experimental data. The lat-
er part of the inference is verified by the numerical simulations.
rom Fig. 9(a)–(c), it can be seen that the first characteristic time
oint of “spatial period doubling” t1 = 0.025, 0.024, 0.024 s and
he corresponding total potential energy W1 = 1.29, 1.30, 1.30 mJ
or L = 2.5, 7, 10 mm, respectively. The second characteristic
ime point t2 = 0.154, 0.153 s and the corresponding total poten-
ial energy W2 = 2.26 and 2.27 mJ for L  = 7, 10 mm, respectively.
rom Fig. 10 it also can be seen that the maximum value of W
nd the time to reach it increase with the increase of the half
pecimen width L, consequently the number of crack levels and
he length of the longest crack increase with the increase of L.

.3.  Effectiveness  of  the  periodic  model

Finally we discuss the effectiveness of the present periodic
odel. A comparison of the present periodic model and random
odels34,38 with experiments is shown in Fig. 11. As seen in
ig. 11(a), the thermal shock cracks predicted by the present
odel show strict periodic patterns, whereas the experimen-

al photographs exhibit some degree of dispersity. Fig. 11(b)
hows the numerical simulations by non-local failure model.34

he model abandoned the periodic assumption of crack patterns
nd considered the end boundary effects. Fig. 11(c) shows the
umerical simulations by gradient damage model.38 The model

id not adopt any a priori hypotheses on cracks geometry. Appar-
ntly the random models can simulate random disturbance and
re closer to real thermal shock crack patterns, which improves
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Fig. 11. A comparison of the periodic and random models with experiments: (a)
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resent periodic model simulation; (b) non-local fracture model simulation;34

c) gradient damage model simulation.38

he scientific understanding of the formation of thermal shock
rack patterns. It is noted that the random models predicted a
ey feature: the formation of periodic crack patterns. The peri-
dic model can capture the essential feature of thermal shock
rack patterns while greatly reduce computational cost. In other
ords, the periodic and random models verify and complement

ach other.

.  Conclusions

1) A set of water-quenching experiments on thin ceramic speci-
mens at various preset temperatures and for various values of
the specimen width yielded elegant two-dimensional read-
ings of thermal shock crack patterns. It was observed that
the crack length distribution exhibited elegant periodic and
hierarchical characteristics at every preset temperature and
for every specimen width. The hierarchical number of the

crack length and the crack length of the longest level showed
an increasing trend with the increase of the specimen width.
The spacing of the cracks of the longest level increased with
the increase of specimen width, while the spacing of all the
amic Society 35 (2015) 1263–1271

cracks was independent of specimen width. The fluctuation
in the average crack spacing in eight specimens at every
preset temperature and for every specimen width was small.

2) At present, accurate data of the effective convective heat
transfer coefficients at high temperatures are unavail-
able. In this work they were inversely estimated from
the crack spacing data provided by experiments. The
present experiments showed that the effective convec-
tive heat transfer coefficients were independent of the
specimen size. Such a founding may help engineers to assess
the thermal shock failure of practical components by design-
ing specimens of standard size, which will greatly reduce
experimental cost.

3) Based on the minimum potential energy principle, numeri-
cal simulations were developed to investigate the evolution
of crack patterns during the thermal shock process. The
crack patterns predicted by the numerical simulations have
strict periodic and hierarchical characteristics. According
to the predicted ratio of the crack number of various levels,
we classified experimental statistical results of the thermal
shock cracks and found that the numerical predictions are
in good agreement with experimental results.

4) The driving force of thermal shock crack propagation is pro-
vided by the total potential energy. It was found that before
the cracks of the longest level propagate alone, the total
potential energy can be regarded as size-independent. This
fact implies a theoretical inference that except the cracks
of the longest level, the crack lengths of various levels
and the corresponding starting propagation time should be
size-independent. The theoretical inference was verified by
experimental data.

It is concluded that the theoretical and numerical studies not
nly reproduce the evolution of crack patterns during the ther-
al shock process, but also reveal the essential laws governing

he process, which will greatly improve the scientific under-
tanding of thermal shock cracking phenomenon and promote
pplications of ceramics in thermal engineering.
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