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Experimental analysis of the cracking in the ceramics subsequent to water quenching have been conducted to clarify the un-
certainties of cracking in the ceramics when subjected to thermal shock. The results here indicate that at the critical point of 
quench temperature, the crack density and the depth reached the minimum and the maximum limits, respectively. On increase 
of the quench temperature, the crack density increased rapidly before reaching its saturation point, while the crack depth ini-
tially decreased rapidly and then increased gradually before reaching its saturation point. 
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1  Introduction 

Cracking plays a key role in the loss of the strength in ce-
ramics subjected to thermal-shock [1–5]. The characteristics 
of cracks generated by the changes of quench temperature 
are vital for understanding underlying mechanisms related 
to the thermal-shock. It is widely accepted that neither 
cracking nor residual strength undergo change at tempera-
tures below the critical temperature, Tc, however, the 
strength is significantly decreased at Tc due to the cracks 
[3–9].  

Till date, the contradictions regarding cracking and re-
sidual strength have been extensively investigated, espe-
cially when the temperature range is between Tc and the 
second critical temperature. 

Hasselman’s [4] unified theory of thermal-shock states 
that the crack depth, the crack density, and the residual 
strength would remain constant within a quench tempera-
ture interval. Bertsch et al. [6] demonstrated that the crack 
density generally increased with increase in the quench 

temperature, leading to the lowest strength immediately 
above the Tc, while, further increase in the quench tempera-
ture, could gradually increase the crack density. Davidge et 
al. [7] found that the crack depth increased slowly, and the 
density of cracking increased rapidly at the onset before 
reaching a certain saturation value at the end. Bahr’s [8] 
numerical simulation indicated that the crack depth exhib-
ited a non-monotonic temperature dependence. Shao et al. 
[9] showed that both the depth and the density of long 
cracks gradually increased with temperature. In these inves-
tigations, however, thermal-shock cracks were inadequately 
characterized, and no consensus was found regarding the 
relationship between the crack evolution and the quench 
temperature. 

In this study, experiments were performed with the ther-
mal-shock cracks. In comparison with previous work, we 
could resolve the current uncertainties of cracking by the 
thermal-shock. 

2  Experimental procedure 

Commercially available Al2O3 powder (particle size 0.5 m, 
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purity 99.5%) was compressed into blocks at 20 MPa and 
subsequently sintered at 1650°C for 2 h at normal pressure. 
The sintered bodies, with 4% porosity and 10 m mean 
grain size, were cut into bars with dimensions of 50 mm  
9.8 mm  5 mm. The ceramic bars were ground, polished, 
slightly chamfered, and then stacked as shown in Figure 1 
to prevent coolant from accessing the interior surfaces. 

The stacks were initially heated to a pre-determined 
temperature ranging between 200C to 800C in a muffle 
furnace, for 20 min, and then quenched in water at 17C. 
After drying, the quenched samples were immersed in dye 
and then wiped with absorbent cotton. The crack patterns of 
each sample after quenching were thus distinguishable and 
were photographed by a digital scanner (Figure 2). 

The crack density and the crack depth were determined 
to characterize the complex cracks on the interior surface. 
The number of cracks per unit length along the lengthwise 
direction was defined as crack density. The maximum ver-
tical distance from the tip of a crack to the side was defined 
as crack depth and its dimensionless expression was ob-
tained by dividing by half the sample height (4.9 mm). With 
subsequent observation and statistical analysis, cracks with 
depth greater and lesser than 0.42 were defined as the long 
and short cracks respectively. The density and depth of long 
and short cracks with respect to the quench temperatures are 

shown in Figures 3 and 4. To remove boundary effects,    
5 mm sections near each end of the ceramic bars were ex-
cluded from the statistical range. For each temperature, five 
samples were selected to measure and analyze the crack 
characteristics for proper sample dispersion. 

3  Results and discussion 

No crack was detected with the dye-penetrant method at the 
quenching temperature of T < 220°C. However, cracks were 
detected at the higher temperatures (Figure 2). The critical 
temperature, Tc suggested that the thermal-shock crack oc-
curred first at 220°C. As the quench temperature increased, 
the generation of the thermal-shock cracks exhibite three  

 

Figure 1  Stack of samples prepared for thermal shock test. Arrows indi-
cated cooled surface and interior surface of the bars. 

 

Figure 2  (Color online) Thermal shock crack patterns made visible by blue ink on interior faces (wide strips) and cooled surface (narrow strips) of the 
stacked samples quenched in water at 17C. The quenching temperature T is (a) 220C; (b) 230C; (c) 260C; (d) 280C; (e) 320C; (f) 350C; (g) 380C;  
(h) 400C; (i) 500C; (j) 600C; (k) 700C and (l) 800C, respectively. 
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Figure 3  (Color online) Density and depth of long crack as functions of 
quench temperature. The values are the statistical averages and error bars 
of five samples. 

 

Figure 4  (Color online) Density and depth of short crack as functions of 
quench temperature. The values are the statistical averages and error bars 
of five samples. 

main features; the density and depth of cracks were changed, 
a hierarchical structure of long and short cracks was formed, 
and bifurcations and multiple bifurcations appeared.  

Long crack density and depth versus the quench temper-
ature, divided into three stages have been illustrated in Fig-
ure 3. The crack density exhibited a rapid growth, a slow 
growth, and a steady state, while the crack depth followed a 
rapid decrease, a slow growth, and a steady state. In the first 
stage, i.e., Tc  T < 260°C, the crack density increased and 
the crack depth decreased. At the critical temperature, Tc, 
only one or two sparse long cracks appear with low density 
(0.31 cm1), while the crack depth reaches the maximum 
value of 0.79. At the quench temperature of T = 260°C, the 
density increases to 1.7 cm1 with a mean growth rate of 3.4 
 102 (cm°C)1, and the depth decreases to the minimum 
value of 0.52 with a growth rate of 6.8  103 °C1. In the 
second stage, i.e., when 260°C  T < 600°C, both the den-
sity and the depth increase gradually. At the quench tem-
perature of T = 600°C, the density increases to 3.9 cm1 
with a growth rate of 6.5  103 (cm°C)1, and the depth 
increases to 0.67 with a mean growth rate of 4.4  104 °C1. 

In the third stage, i.e., with 600°C  T  800°C, both the 
density and depth almost remained unchanged. 

The short crack density and depth versus the quench 
temperature also experiences three stages (Figure 4). In the 
first stage, i.e., when 230°C  T  240°C, the crack density 
and depth are almost unchanged and no short cracks appear 
at Tc. At the quench temperature of T = 230°C, sparse short 
cracks appear at a low density of 0.13 cm1, with the maxi-
mum depth of 0.35. In the temperature range from 240°C to 
320°C, these two values are almost unchanged. In the sec-
ond stage, i.e., when 240°C < T < 320°C, the short crack 
density increases rapidly while the short crack depth de-
creases. At the quench temperature of T = 320°C, the den-
sity increases to 7.1 cm1 with a mean growth rate of 7.7  
102 (cm°C)1, and the depth decreases to the minimum 
value of 0.18 with a mean growth rate of 1.9  103 °C1. 
In the third stage, i.e., with 320°C  T  800°C, both the 
density and the depth are nearly constant. 

Absence of short cracks accompanied by only a few long 
cracks with obvious bifurcations can be observed at Tc, de-
spite the fact that the long crack depth already reaches the 
maximum value in the crack series (Figure 2(a)). When the 
quench temperature is increased, the long crack depth de-
creases rapidly, and the density increases rapidly. A small 
number of the short cracks appear as the temperature is in-
creased to 230°C. The boundary between the long and the 
short cracks is non-distinguishable (Figure 2(b)). At the 
quench temperature of T = 260°C, the long crack depth 
grows to the minimum value and the boundary between the 
long and the short cracks becomes more fuzzy. Similarly, 
the short crack depth decreases as rapidly as the density 
increases. The reduction of the long crack depth is 3.6 times 
faster than that of the short one. The increase of the long 
crack density is only 0.5 times lower than that of the short 
crack density (Figure 2(c)). Furthermore, the long crack 
depth increases gradually and the growth rate is only 6.5% 
of the absolute growth rate from the previous stage. The 
long crack density growth also is slow down, which is at a 
growth rate of only 19% of that in the previous stage. The 
short crack depth continuously drops while the short crack 
density rapidly grows. The long and the short crack classi-
fication become increasingly evident. The bifurcation grad-
ually disappears (Figure 2(d)). At the quench temperature of 
T = 320°C, the short crack density reaches the maximum 
value and the crack depth achieves the minimum one, and 
both of them remain constant thereafter as the quench tem-
perature is increased. Moreover, the bifurcation reappeares 
(Figure 2(e)), and the length of the bifurcation along the 
lateral direction increases. Meanwhile, the multiple bifurca-
tions appear in the vertical direction as the temperature in-
creases (Figures 2(f)–(l)). At the quench temperature T = 
600°C, the long crack density and the depth reach the satu-
ration and then maintain different saturation values as the 
quench temperature is continuously raised. Clearly, in the 
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high quench temperature region, the crack density and the 
depth achieve a saturation, while the bifurcations become 
connected and the energy consumptive (Figures 2(j)–(l)). 

4  Conclusions 

The crack density increases rapidly when the quench tem-
perature is higher than a critical temperature, but eventually 
approaches a saturation value with increasing the quench 
temperature. The rapid growth period includes the quick 
formation of the long cracks, followed by the short ones. 
The density of the short cracks reaches saturation at a much 
lower temperature (less than about 280°C) than that of the 
long cracks. 

Similar to the crack density, the crack depth also reaches 
a saturation as the quench temperature increased to a certain 
value inspite of the fact that the saturation value of the short 
crack depth occurred at a much lower temperature than that 
of the long cracks. However, with increasing the quench 
temperature to be higher than the critical temperature, the 
crack depth experiences a period of decrease, which is 
slightly different from the evolution of the crack density. 
Subsequently, the short crack depth instantaneously reaches 
the saturation, sometimes even before 280°C, while the long 
crack depth first increases slowly and then approaches the 
saturation. 

The contrary evidences in previous research on cracking 
and the residual strength were related to the different 
quench temperature ranges and very large temperature in-
tervals. Davidge and Shao [7,9] did not show a decrease in 
the crack depth after the critical temperature for the reason 
that their experiments did not focus on the temperature in-
tervals beyond the critical temperature of Tc. Bertsch and 
Shao [6,9] demonstrated that the crack density and depth 
increased gradually with increasing the quench temperature, 

however, saturation was not attained as their experiments 
were not conducted at higher temperatures. Bertsch and 
Bahr [6,8] found that the crack depth exhibited non-mono- 
tonic dependence on quench temperature while the depre-
ciative characteristics of crack depth beyond the critical 
temperature, and the crack depth evolution trend thereafter 
were not quantified. 
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