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Observation of ceramic cracking during quenching
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1 | INTRODUCTION

When a thermal gradient causes different parts of an object
to expand by different amounts, the differential expansion
can be understood in terms of stress. At some point, the
stress will exceed the strength of the material, and cause a
crack. This phenomenon is known as thermal shock. Up to
now, various aspects of the thermal shock have been stud-
ied, one of the most important, the determination of ther-
mal shock cracking for ceramics.''°

Numerous theoretical studies on thermal shock crack
propagation and crack length hierarchy phenomena have
been reported, including the principle of energy,'® the
energy release rate,'' the energy minimization,'*'? the non-
local failure model,14 and the variational model etc.'>1°
These works verified and complemented each other, and
promoted the studies on thermal shock cracking phe-
nomenon of ceramics. In the experiment, the main research
is to investigate the crack after thermal shock by staining
or direct observation.'® There are few real-time observa-
tions of thermal shock cracking. The possible reason is that
the real-time observation of thermal shock cracking is diffi-
cult."* The ceramic is not only subject to thermal shock,
but also observed for in situ cracking. The goal of this
paper is to develop an experimental method for the real-
time observation of thermal shock cracking.
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It is difficult to observe the thermal shock cracking in real time, so the measure-
ment of the crack after thermal shock is considered as an alternative method. This
paper proposes a new experimental method which can exhibit the thermal shock
cracking in real time by water quenching of translucent ceramic and high-speed
imaging. The crack propagation is captured, and the crack growth rate is calcu-
lated. The results confirm the previous theoretical predictions of crack propagation
under thermal shock. This paper expands the research on understanding the failure

mechanisms of ceramic materials in thermal shock.

alumina, cracks/cracking, thermal shock/thermal shock resistance

For this purpose, we design a special apparatus for the
thermal shock of semitransparent ceramic sheet. We use a
high-speed camera to capture the real-time thermal shock
cracking and calculate the crack propagation rate. At the
same time, we compare the results with previous calcula-
tions.

2 | EXPERIMENTAL PROCEDURE

2.1 | Materials processing

The translucent ceramic studied here was made of high-
purity 99.5% Al,O; powder (particle size 0.5 um; Xiongdi
Material Co., Ltd., Jiyuan, China), which was carefully sta-
bilized in an azeotropic mixture of butanone/alcohol at 66/
34 (volume ratio) using phosphate ester (LFH, Zhongjie
Chemical Co., Ltd., Qingdao, China), polyvinyl butyral
and butyl benzyl phthalate as dispersant, binder, and plasti-
cizer, respectively. After tape casting and drying in air for
6 hour, the green tapes were calcined at 1100°C in air, and
subsequently sintered at 1850°C for 2 hour in hydrogen.
The bulk density of the ceramic was about 3.96 g/cm® by
measuring its dimension and weight.

The specimen surface was polished with SiC papers and
diamond suspensions, and then it was thermally etched at
1500°C for 0.5 hour in air. After that, the surface
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microstructure was observed by the scanning electron
microscope (SEM, JSM-7500F, Jeol, Tokyo, Japan), as
shown in Figure 1. Using the mean linear intercept method,
the mean grain size at the surface was measured to be
about 18.9 um.

2.2 | Thermal shock test

In order to ensure the formation of two-dimensional pene-
trating crack, ceramic sheets with dimensions of 0.4 mm in
thickness, 10 mm in width, and 50 mm in length were
employed to investigate the crack patterns during thermal
shock by the water-quenching method. To prevent access
of the coolant to the side faces (10 mm x 50 mm), the
sheet was stacked with two quartz glass slabs and was
bound up with inconel wires (0.4 mm in diameter; Shang-
hai Jinchang Alloy Co., Ltd., Shanghai, China) positioned
<4 mm from both the ends of the slabs, as shown in Fig-
ure 2.

The specimen was heated to a preset temperature at a
rate of 10°C/min and held at this temperature for
30 minute. After that, the sample is quickly taken out and
put on a specific location of a table which has been posi-
tioned by focusing within 5 seconds, then the spray head
upon the sample begins to spray deionized water of 20°C
at a rate of about 5 mL/s. Water flows through the flume
on quartz slabs, so the test sheet with the narrow upper sur-
face (0.4 mm x 50 mm) is subjected to water quenching.
Note that, the critical temperature difference of quartz glass
(~1200°C) is much higher than that of alumina (~230°C),
so there will be no crack in the quartz glass affecting the
experimental results. The high-speed camera (Fastcam SA-
X2, Photron, Tokyo, Japan) is used to capture images dur-
ing the thermal shock process at 10 000 frames per second

FIGURE 1 SEM micrograph showing the surface morphology of the
alumina. The mean grain size was measured to be about 18.9 um by
linear intercept method

e
Controller ) /}% )

Spray pipe / /
Furnace r _

) Stacked sample
Position\tgb]e

High speed camera

Light source

processing

FIGURE 2 Scheme of the apparatus for real-time observation of the
ceramic cracking during quenching [Color figure can be viewed at
wileyonlinelibrary.com]

with a resolution of 1024 x 512 Pixels, as shown in Fig-
ure 2. In this way, we can observe the initiation and
growth of cracks due to the refraction and reflection of the
light from the interface of the crack during thermal shock.
From the series of recorded images in experiment, we can
obtain the crack speed by the slope of the crack length
curves per millisecond.

3 | RESULTS AND DISCUSSION

The captured images of ceramic crack initiation and propa-
gation under quenching temperature difference of 280°C
are revealed in Figure 3A-E. We can see that it can be
divided into two stages. In stage I, when the water drops to
the sample, a number of the thermal shock cracks initiate
and gradually propagate at an approximately equal spacing,
as shown in Figure 3A,B. This should be caused by the
stresses induced by a thermal gradient exceeding the
strength of the materials, so the random distribution of
the initial surface defects produce multiple cracks.

At around 80 ms, about every second crack continues
to propagate, whereas the other cracks gradually stop. This
phenomenon is called the crack hierarchy, which could be
caused by the gradual release of the strain energy with the
crack growth that cannot continue to support the simultane-
ous propagation of all cracks. Then, the evolution of crack
patterns continues to stage II. In this stage, about half of
the cracks with similar spacing continue to propagate until
the strain energy cannot support simultaneous propagation
of any propagating cracks. The whole process of thermal
shock cracking is only a few seconds, which has been
accurately predicted by many researchers.'®'® When we
increase the severity of thermal shock, such as increasing



SHAO ET AL.

iAmerican Ceramic Society

Journam

FIGURE 3 The captured images of ceramic cracks initiation and propagation under thermal shock at quenching temperature difference of (A)-(E)

280°C; and (F)-(I) 430°C
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FIGURE 4 The length and speed of the propagating cracks A and B
vs time in Figure 3(E) [Color figure can be viewed at
wileyonlinelibrary.com]

the temperature difference, crack hierarchy phenomenon
appears again, ie every fourth crack continues to propagate,
and other cracks stop, as shown in Figure 3F-I. It is very
similar to the stage II.

The length and speed of the propagating cracks A and
B in Figure 3E vs time are plotted in Figure 4. At the
beginning, the thermal shock cracks propagate very rapidly,
which is about 0.4 m/s, and then it becomes slowly, until
crack hierarchy. Crack A gradually stops propagating,
while crack B continues growing. In stage II, the speed of
crack B shows a sudden increase, which is about 0.1 m/s.
It is probably because the strain energy supports only half
of the cracks propagation. After that, the propagation speed
gradually decreases until stop.

From the observation point of view, the crack speed
is less than 1 m/s, which is far less than the Rayleigh
wave speed of alumina (3 km/s).17 Therefore, the crack

propagation in thermal shock can be considered as a
quasistatic process, which confirms the assumption of
previous studies.'® ¢ In addition, the crack has several
pauses of a few milliseconds in the propagation process,
as shown in Figure 4, which should be correspond to
the time of stress redistribution. When a crack moves
forward a small distance, the stress of the position is
relaxed, and after a few milliseconds of stress redistribu-
tion, the crack meets the fracture criterion and propa-
gates again, depending on the nature of the temperature
profile.

4 | CONCLUSIONS

We perform the water quench test using a specially
designed apparatus that guarantees the observation of cera-
mic cracking in real time. The periodical and hierarchical
characteristics of the crack patterns are captured which has
been accurately predicted by many researchers. As a result,
the speed of crack growth is less than 1 m/s, far less than
the Rayleigh wave speed of alumina. Therefore, the crack
propagation in thermal shock can be considered as a qua-
sistatic process.
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