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Thermal shock of an alumina-based ceramic material, which occurs widely in metallurgical furnaces, was
studied in this paper. The water quench test was applied to determine the thermal shock resistance of the
material. The behavior of the ceramics after thermal shock treatments was investigated. The level of deg-
radation of the samples was monitored using image analysis tools and the defects morphology character-
istics were simultaneously determined. The stress state of the samples with simplified damage shapes
was simulated by the finite element method (FEM) and the influence of the surface damage geometry
on the stress in the sample was examined. The analysis revealed that the surface defects tend to spread
on the surface of the specimen instead of increasing their depth. This explained the morphology of defects
and the way of propagation of the damage that were in accordance with experimental observations.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Alumina-based ceramics are used in many special applications
where density, high hardness, chemical inertness and good high
temperature properties are required. Alumina ceramics are known
for high hardness and good resistance to oxidation, thermal shock,
and corrosion. These excellent thermo-mechanical properties of
alumina materials, as compared to those of conventional metals,
suggested the employment of alumina in high-temperature envi-
ronments [1].

The thermal stability of refractory materials is defined as the
resistance of the material to sudden temperature changes. Refrac-
tory materials are built into the walls of furnaces and aggregates
that are exposed to the influence of heat waves of greater or less
intensity. For certain parts of the industrial furnaces, where the
thermal gradients are especially important, the necessity for the
use of materials with high thermal stability is paramount. Thermal
stability could be viewed from two perspectives: the heat transfer
and/or fracture mechanics [2].

Refractory material develops induced stress when exposed to
sudden temperature changes [3]. Unequal expansion occurs for
three possible reasons: a nonlinear temperature profile along the
body, material inhomogeneity and the anisotropic nature of the
material.
The classic theory on the thermal shock resistance of brittle
ceramics was established by Hasselman [4,5]. Yuan et al. [6] inves-
tigated the correlation between the porosity of ceramics and their
resistance to thermal shock. The main attention was directed to
crack growth, and it was found that the extent of cracking that oc-
curred during the quenching of a heated body into water at room
temperature depended on the value of the temperature change,
DT, and the volume fraction of pores. At lower temperatures differ-
ences, relatively few cracks were formed, but at the highest values
of DT there was a tendency for the occurrence of lateral growth of
cracks and some cracks had a ‘‘fir-tree’’ structure. Thermal shock
resistance of Al2O3–TiC composites was compared with varying
particle sizes of Al2O3 with monolith by You et al. [7]. The addition
of TiC particles to the alumina matrix decreased the Al2O3 grain
size, improved the mechanical properties and thermal shock resis-
tance of the composites. Thermal quenching of refractories leads to
a nucleation and/or crack propagation, resulting in loss of strength
[8].

Stress at any point is determined by the temperature distribu-
tion in the sample, the sample shape and the physical properties
such as: Young’s modulus, coefficient of thermal expansion, heat
capacity, heat conductivity and the Poisson ratio. When all these
parameters are known, the strain can be calculated at any point
of the body [9].

In a thermal shock experiment, when the change in the temper-
ature exceeds the critical temperature difference of the material,
the tensile stress generated in the material, due to the temperature
gradient, exceeds the actual tensile strength of the material, result-
ing in failure of the material. There are many test methods avail-
able to characterize thermal shock of ceramic materials. Many
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Table 1
Mass fractions of raw materials used in sample
preparation.

Components Mass (%)

Chamotte 40
Bauxite 40
Clay 20

Fig. 1. Mineralogical composition of the sintered sample. The identified phases in
the specimen were: corundum, quartz, silicon oxide and mullite.
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authors extensively studied thermal shock of alumina by consider-
ing various parameters, e.g., temperature, thermal stress distribu-
tion and effect of critical grain size on thermal shock. Thermal
shock of ceramics yields thermal stress, which is, in some cases,
sufficient to cause considerable cracking damage. Destruction of
the samples was further analyzed using image analysis tools. This
is a very convenient method for determining the level of surface
damage of a sample resulting from thermal shock [10].

The use of mathematical modeling for descriptions of the tem-
perature field and the corresponding stress field is based on the use
of the finite element method (FEM) for simulation of these param-
eters. The effect of the maximum stressed region (crack initiation
zone) of a sample after thermal shock was simulated in [11] using
FEM software to obtain thermal stress distributions.

Panda [12] studied thermal shock and the thermal fatigue
behavior of alumina. The thermal stress values resulted from the
modeling of alumina samples of different thickness. The critical
temperature difference depended on the thickness of the sample
and was higher for thicker samples. This was because a higher tem-
perature was necessary to develop the same stress level in a thick-
er sample. Thermal fatigue tests were conducted by indenting near
the periphery of the heating surface that would experience the
maximum thermal stress during heating. The number of thermal
fatigue cycles decreased with increasing temperature difference
of the cycles. Li et al. [13] performed numerical simulation with
a 2D geometry using the finite element method to model micro-
crack growth during thermal shock. A comparison of experimental
results with numerical results showed that after 25 thermal shock
cycles, the crack growth in simulation result agreed well with the
corresponding experimental result. Many experimental, analytical
and numerical studies of thermal shock damage in brittle materials
could be found in the literature. Thermal shock resistance is one of
the most important parameters in the characterization of ultra
high temperature ceramics. To analyze the effect of thickness of
the sample on thermal stress, the finite element method was used
for simulation of the temperature and thermal stress distribution
during thermal shock tests. Hongbing et al. calculated the thermal
stresses in a SiC–Al2O3 composite tritium penetration barrier on
316L stainless steel [14]. The stress discontinuity at the interface
and the residual stresses at the interface were analyzed taking into
account the graded properties of the coating. Further studies of
high temperature insulation ceramic coatings were also conducted
using the same method [15] for the determination of the depen-
dence of the residual stress on the coating thickness. A simulation
of the thermal shock induced damage in borosilicate glass was pre-
sented in [16]. The elastic properties of the glass and the effect of
damage due to thermal shock on the residual stiffness of the glass
were determined by vibration tests. The influence of the surface
finish of alumina samples on thermal shock behavior was analyzed
by numerical simulation in [17], in which three different FE models
(with different levels of simplification) were considered. Thermal
shock behavior of functionally graded materials (planar alumina/
zirconia FGM) was studied in [18]. The results of the thermal shock
tests (studied by the indentation-quench technique) were com-
pared to those of homogenous alumina, showing a highly en-
hanced resistance of the FGM against transversal propagation of
surface cracks. Thermal shock of a composite material with the
same constituents (alumina and zirconia) was analyzed using the
mesh-free method in [19]. Fracture mechanics analysis of alumina
exposed to sudden cooling was conducted using the FEM in [20],
using a two dimensional model for the determination of the factors
influencing the induced stress intensity.

Destruction of the samples was analyzed using image analysis
tools in this work. This is a very convenient method for determin-
ing the level of surface damage of a sample induced by thermal
shock. The effect of the maximum stressed region (damage with
simplified geometry) on the thermal shock is simulated using the
finite element method (FEM) to obtain the thermal stress distribu-
tions experienced by the specimens.

The aim of this paper was to examine the locations of stress
concentration during thermal shock and the residual stress in the
material after heating and cooling the sample. In addition, the
dependence of the obtained stress on the shape and geometry of
the damage was assessed. These analyses were conducted by the
finite element method, using the software package Abaqus [21].
2. Experimental details

2.1. Material

The starting materials used to create the samples, chamotte,
bauxite and clay, were the same as the ones used for industrial pro-
duction in Samot Arandjelovac. The components were milled with
Al2O3 balls in deionized water in a polyethylene bottle. The sam-
ples were then pressed into cylinders of dimensions 30 � 9 mm
at a pressure of 36 MPa or 50 MPa. The pressed samples were sin-
tered at 1200 �C for 2 h in an oxidative atmosphere.

The mass fractions of the raw materials used are given in
Table 1. The structure of the obtained material was examined by
the X-ray diffraction, XRD, technique and the obtained result is gi-
ven in Fig. 1.

2.2. Thermal shock

The thermal stability of the refractories was determined exper-
imentally by the water quench test [22]. The sample was heated in
an electric furnace at a temperature of 950 �C for 40 min and then
quenched in water to a depth of 50 mm, where the temperature
was between 20 and 25 �C. The sample was kept in the water for
about 3 min, removed and dried in air and then returned to the fur-
nace. Heating and cooling was repeated until the front side of the



Table 2
Properties of the alumina based material used in finite element analysis [26].

Thermal properties
Thermal conductivity, k (W/mk) 1.32
Specific heat, Cp (kJ/kg K) 1.05
Thermal expansion coefficient, a (%) 0.7
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sample exhibited 50% surface damage. The number of quenches to
failure was taken as a measure of thermal shock resistance. In this
study image analysis was used for the determination of surface
damage level before and after defined numbers of quenches, and
to determine the characteristic defect shape of the two materials
prepared using different pressures.
Physical and mechanical properties
Density, q (g/cm3) 2.05
Compressive strength, rp (MPa) 35
Young’s modulus of elasticity, E (MPa) 9.88
Poisson ratio, m 0.2
3. Finite element modeling

The temperature and stress/strain in the specimens produced at
a pressure of 50 MPa were determined by finite element analysis,
using the software package Abaqus [21]. Three-dimensional FE
models were considered, using symmetry whenever possible.
One of the models is shown in Fig. 2a; it is 1/8 of the disk (sample)
with or without an idealized defect. Mechanical and thermal
boundary conditions (symmetry and convection, respectively) are
shown in Fig. 2b.

The modeling was based on the assumption that all defects are
due to thermal shock, and caused by thermal stresses. The stress
contours were given for several idealized geometries of the defects.
The reasoning behind this was following: the surface area and
depth of the majority of the analyzed defects were set as equal
to the average experimentally determined values. Three main
shapes were chosen: ellipsoidal (without sharp corners), pyra-
mid-shaped (with sharp edges and a pronounced tip) and irregular
(several pyramids). These defects simulated the actual defects
caused by the thermal shock and observed at the surface (taking
into account the average dimensions), and the aim was to deter-
mine the influence of defect geometry on the stress state. Experi-
mental tests revealed presence of defects, but no defects with
significantly larger depth than 1 mm were observed on the surface
of the specimens.

The modeling of the analyzed problem required the use of finite
elements with both temperature and displacement degrees of free-
dom. Abaqus/Standard transient analysis was conducted, and tet-
rahedral elements C3D4T were used – 4-node thermally coupled
tetrahedral, linear displacement and temperature. The mesh is re-
fined in the vicinity of the defect, to capture the stress gradients
more accurately.

The refractory materials were subjected to sudden temperature
changes (thermal shock), which induced transient stress/strain
field in the material. Calculation of these fields required the use
of material properties given in Table 2. Thermal properties were ta-
ken from the producer’s specification, while mechanical properties
were measured by authors on the sintered samples [23].
Fig. 2. (a) The finite element (FE) mesh of a specimen with one single symmetrically p
conditions (symmetry and convection).
As for the heat transfer coefficient, which was used for the con-
vective heat transfer, it was considered as variable due to the very
sudden temperature decrease. In authors’ previous work [24,25],
different heat transfer conditions were considered and the extreme
values (for the highest and lowest temperature during the cooling)
were used in this analysis. The heat transfer was characterized
through a linear dependence on temperature, with the value
300 W/m2 K at room temperature and 3000 W/m2 K at 950 �C
(which was the heating temperature for the samples and hence
the initial condition for the calculation).
4. Results and discussion

Two specimens having different preparation conditions were
considered for the experimental study of the shape of the defects
that occurred during thermal shock. Specimens pressed under
36 MPa and 50 MPa were examined. Typical forms of the surface
defects are presented in Fig. 3a and b, from which it is obvious that
the two specimens differed in the total amount of surface destruc-
tion as well as the form of the defects. The specimen pressed at
50 MPa had less total surface destruction but larger individual de-
fects. Table 3 shows that the morphological characteristics of the
defects differed.

In Fig. 4, the measured surface degradation after every four
thermal shock cycles was presented. Surface degradation was mea-
sured using image analysis software (Image ProPlus version 4.0
produced by Media Cybernetics). The samples were colored using
the blue chalk so that the part of the sample that had no damage
became blue and the part with damage preserved the original col-
or. The procedure was than established to determine the overall
damage of the sample as those colors differ and enabled the detec-
tion of damaged zones on the specimen’s surface.
laced defect and with no defects at all, and (b) mechanical and thermal boundary



Fig. 3. Typical defects on the surface of thermally shocked specimens pressed at (a)
36 MPa and (b) 50 MPa.

Fig. 4. Level of surface damage P/Po in relation to the number of cooling cycles N
and the specimen preparation conditions.

Fig. 5. Equivalent von Mises stress for the sample without damage.
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Image analysis of surface degradation was used to separate des-
tructed and nondestructed part of the specimen surface. Ratio of
increase of surface damage to the original surface was chosen as
the parameter for surface damage characterization, as in previous
authors’ papers [27–30]. Previous work included correlation of
the surface destruction to the material resistance factors and to
the changes of material properties. This showed that the destruc-
tion level was proportional to the degradation of thermo-mechan-
ical properties of materials [31–33]. The assessment of stress field
Table 3
Characteristical statistical parameters of the defects observed on specimens pressed at 36

36 MPa

Area Diameter (mean) Fractal dim

Mean (mm) 1.395 1.269 1.284
Standard error 0.2727 0.129 0.0146
Median (mm) 0.6798 0.9506 1.279
Standard deviation 1.567 0.7420 0.0836
Sample variance 2.454 0.5506 0.0069
Range 5.678 2.6229 0.3431
Minimum (mm) 0.2394 0.4714 1.121
Maximum (mm) 5.917 3.094 1.464
Sum 46.03 41.89 42.38
that develops in the interior of the specimen after each quench test
was the point of this study. Special interest was to calculate the
influence of the shape and size of surface defect on the stress field
MPa and 50 MPa.

50 MPa

ension Area Diameter (mean) Fractal dimension

0.8145 1.061 1.238
0.1094 0.0941 0.01293
0.6334 0.9371 1.2439
0.5249 0.4514 0.0620
0.2755 0.2037 0.0038
2.263 1.999 0.2282
0.2935 0.4793 1.133
2.557 2.479 1.361
18.73 24.41 28.48



Fig. 6. A sample with damage occurring during thermal shock.

Fig. 8. Equivalent von Mises stress for a sample in the form of three grooves with a
depth of 0.5 mm.
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developed on the material. This was accomplished by using the fi-
nite element method in order to determine the residual stresses
and to prove that the defects mostly tend to grow on surface,
rather than increasing their depth.

As mentioned in the previous section, models for samples with-
out damage and models with different shapes and sizes of damage
were made. The material having no damage was used as reference
to compare the influence of damage shape and size on the stress
Fig. 7. Equivalent von Mises stress for the sample in the form of grooves with different
value with time.
field obtained in the specimen. Equivalent von Misses stress for
the model without damage was shown in Fig. 5.

The dependence of von Mises stress and temperature on time
(given in Fig. 5b) was obtained in the middle of the upper surface
of the specimen (location is marked in Fig. 5a). The explanation for
very sudden stress decrease could be found in the testing condi-
tions, because the specimen was not constrained in any direction
during the cooling.

The value obtained by the finite element analysis in the middle
of the upper surface of the specimen (Fig. 5a) was 24.72 MPa. It
was smaller in comparison with the ultimate strength of the
depth of damages: (a) 0.25 mm, (b) 0.5 mm, (c) 1 mm, and (d) change of the stress
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material (approx. 35 MPa), but the presence of local heterogene-
ities or pores could cause stress concentration on the local level,
which could lead to damage initiation. This value was achieved
approximately 3 s after immersing in water and after this peak
the stress values decreased. The stress was the largest on the edge
and in the middle of the sample, where the damage actually oc-
curred, Fig. 6.

The dimensions of the damages were approximated from the
experimental data. The damaged surface of the sample was ana-
lyzed in the program Image Pro Plus. The obtained data revealed
that the average diameter of damage was about 2 mm and the
damage taken for the calculations was approximated to 2 mm.
Fig. 9. Change of the equivalent von Mises stress with time for 1 and 3 damages.

Fig. 10. Equivalent von Mises stress for a sample in the form of an ellipsoid with a dept
ellipsoid-shaped damages (b).

Fig. 11. Equivalent von Mises stress for a sample
The damages were presented in the form of grooves with three dif-
ferent depths (0.25, 0.5 and 1 mm) and in the form of an ellipsoid
with a depth of 0.5 mm. The goal of this research was to analyze
the influence of the width and depth of the damage on the in-
ducted stress. The results of the equivalent von Mises stress for
all models are shown in Fig. 7.

The obtained results showed that the stress increased with
increasing depth of damage. The stress level remained the same
when the length of the damage increased (when there were several
damages in series), Figs. 8 and 9.

In the case of damage of depth 1 mm, the stress concentration
does not appear at the bottom, but closer to the surface. The fact
that the stress concentration (for a depth of 1 mm) is closer to
the surface than to the bottom may explain why only a small num-
ber of defects were deeper than 0.5 mm and that the surface dam-
age grew but generally did not exceed a depth of 0.5–1 mm. The
model with ellipsoid-shaped damage had a slightly less pro-
nounced stress concentration compared with the same shape
groove depth.

Besides the regularly shaped defects, considered in the previous
part of the text, random-shaped damages were also modeled in
accordance with the shapes observed on the actual specimens.
The surface and depth of these defects (analyzed as several ran-
domly positioned pyramids near the middle of the disk) were sim-
ilar to the surface and depth of single defects shown in Fig. 10. Of
course, symmetry conditions were not applied in this case, due to
the irregular geometry of the defects.

Equivalent von Mises stress field for an irregular defect shape is
shown in Fig. 11. Very high values were obtained in the ligaments
between the defects, which mean that the ligaments tend to fail
first, causing the single defects to join.
h of 0.5 mm (a) and changes in the stress value with time for pyramid-shaped and

with a randomly distributed damage shape.
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It can be said that differences between the results obtained for
different damage geometries were both qualitative and quantita-
tive – it was determined that stress concentration for larger defect
depths (surface area was the same and corresponding to the aver-
age experimental one) favored the increase of surface area, rather
than depth increase. Hence, the stress state could explain the ab-
sence of defects with larger depths on the surface of the specimens.
Similar behavior was experimentally observed on different refrac-
tory material, silicon carbide/cordierite composite [10]. This is also
in agreement with the findings of Yuan et al. [6], who reported pro-
nounced lateral crack growth in alumina exposed to thermal shock.
On the other hand, the analysis of a randomly formed damage (sev-
eral pyramids forming an irregular shape) that mostly looked like
the realistic ones, showed that the smaller defects would tend to
merge into a single larger one.
5. Conclusions

Alumina-based ceramic material exposed to thermal shock
was considered in this paper. Calculation of temperature and
stress distribution enables a visualization of the stress field and
especially the stress concentration. When compared to an image
of a specimen previously subjected to thermal shock, it was obvi-
ous that the main surface destruction was obtained in the regions
of the maximum stress level. Different specimen preparation
routes resulted in different shapes of the surface defects that have
some morphological characteristics which enabled the observa-
tion of the influence shape and size on further stress
concentration.

The analysis of simplified damages (shaped like one or more
pyramids or ellipsoids) showed that the stress level obtained using
FEM depended on the shape of the defect, while it was not signif-
icantly affected by the length (in case of several joined defects).
The depth of the defect also influenced the stress level. It was reg-
istered that in the case of 1 mm damage depth, the stress concen-
tration was not at the bottom of the damage but near the specimen
surface, which favored an increase in damaged area rather than the
depth of the damage. The models with irregular damage shape
(composed of several irregularly distributed pyramids) were char-
acterized by very high stress levels in the ligament between the
single defects, which means that the ligaments tend to fail first,
causing the joining of single defects.

For all finite element models, the maximum stress levels were
obtained during the first few seconds of cooling, while after 180 s
of cooling, the stress values decreased to almost zero, resulting in
practically no residual stresses in the material.

The practical significance of the present work could be seen into
two directions. The first is the simulation of the conditions re-
quired for the water quench test and analyzing the induced ther-
mal stresses and their influence on defect formation and growth
of crack and their influence on the mechanical behavior during
the test. Other approach would be to employ this model and the
obtained result to preparation conditions different to those of the
standard procedure (for example different temperature range,
temperature lower and higher than 950 �C).

Main scientific significance of this work was to study how dif-
ferent surface defects developed and what were the most probable
ways of their development. From the studies presented in this pa-
per, it is clear that even the mean value of the diameters of the de-
fects were different for specimens prepared using different
compaction pressures. The defect presenting the real shape of the
surface destruction was the typical one found on the surface of
one of the studied specimens. The geometry was simplified and
the aim of the study was to clarify the manner in which thermal
shock influences such a defect, and to establish some criteria that
could be guidance for producers of refractory materials to alleviate
the most dangerous features of defects occurring at the surface.
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