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Abstract The formation mechanism of the residual
strength plateau of ceramics subjected to thermal shock
is addressed. A set of thermal shock experiments
of 99A1,03; are conducted, where the thin specimens
of 1 mm x 10 mm x 50 mm exhibit parallel through edge
cracks, and thus permit quantitative measurements of the
crack patterns. The cracks evolve with the severity of ther-
mal shock. It is found that there is a correlation between the
length and density of the thermal shock cracks. The increase
of crack length weakens the residual strength, whereas the
increase of crack density improves it. In a considerably wide
temperature range, the two contrary effects just counteract
each other; consequently a plateau appears in the variation
curve of the residual strength. A comparison between the
numerical and experimental results of the residual strength
is made, and they are found in good agreement. This work is
helpful to a deep understanding of the thermal shock failure
of ceramics.
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1 Introduction

Ceramic materials have been widely used in thermostructural
engineering due to their excellent high temperature perfor-
mance [1, 2]. However, their inherent brittleness and poor
resistance to thermal shock have slowed their use. Many
researchers focused on problems of ceramic thermal shock
failure.

Kingery [3] investigated the sources and calculation of
thermal stresses and also considered the factors affecting the
thermal stress resistance of ceramics. Hasselman [4] exam-
ined the strength behavior of polycrystalline alumina sub-
jected to thermal shock. Gupta [S5] showed that the strength
degradation and crack propagation in Al,O3 depend on the
initial strength and grain size of the material. Davidge [6] ex-
perimentally studied the minimum shock to produce the first
cracking and the amount of damage produced by a shock of
a given severity, using a dye-penetrant method and measure-
ments of fracture stress before and after shock. Coppola [7]
studied the thermal shock strength loss of ceramic circular
rods and obtained an empirical formula which revealed that
the residual strength is proportional to the crack density with
a power of 1/4. Bertsch [8] examined Al,O5 circular rods
quenching, respectively, in water and silicone oil and found
that rods with denser cracks would exhibit higher strength,
even up to a factor of 2. Zhang [9] investigated Al,O3 thick
strip quenching at different temperatures and conducted sta-
tistical analysis of crack distribution as well as bending test.
Jin et al. [10-13] numerically studied elastic strips with dif-
ferent crack patterns (different crack length, spacing etc.) to
examine the relationship among changes in quenching tem-
perature, variations in spacing and penetration, and thermal
stress intensity factors.

Scholars very early noticed that there is a plateau in the
residual strength curves of ceramics subjected to thermal
shock [4, 5, 14]. As shown in Fig. 1, when the tempera-
ture difference, AT, of thermal shock is less than a certain
critical value, AT, the ceramic strength remains unchanged.
Just across AT, however, the strength suddenly decreases to
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a very low value. Then an interesting phenomenon appears:
with the further increase of AT, both the length and density
of the thermally shocked cracks increase, but the residual
strength of the specimen remains unchanged in a consider-
ably wide range. A study on the formation of such a residual
strength plateau is helpful to the understanding of the failure
mechanism of ceramics subjected to thermal shock. How-
ever, quantitative relations between the residual strength and
the crack patterns have not been reported yet, which is the
purpose of the present work.

Strength

Residual strength plateau

AT, AT

Fig. 1 Thermal shock residual strength curve

From previous experiments [4, 6, 9, 15], it is observed
that the thermal shock cracks are generally not through
cracks, and have complex 3-dimensional geometry, which
prohibits a quantitative study to a great extent. To overcome
this difficulty, by adopting thin ceramic specimens, a set of
new thermal shock experiments are conducted. It shows that
the thermal shock cracks are rather regular parallel through
cracks, which permits quantitative measurements and analy-
ses.

2 Experimental

2.1 Thermal shock experiment

The thin ceramic specimens studied here are made of
99A1,05 with the dimensions of 1 mm X 10 mm X 50 mm.
The surfaces of all specimens were deliberately polished.
Then they were stacked together in sets of five plus two out-
most thick ceramic plates for heat insulation. Finally they
were tied up firmly by inconel wires. Each set of specimens
were heated in a furnace with temperature controller at the
rate of 10 °C/min to a preset temperature and held for 20
min at this temperature. After that, the heated specimens
were immediately dropped into a water bath of 20°C by free
fall from a height of 50 mm, at the same time the cooling
water was continuously stirred for 10 min, then specimens
were taken out and dried at 110 °C for 1 h, and finally infil-
trated in ink for 24 h to dye cracks that were formed during
water quenching [9, 16]. The digitally scanned photographs
of thermal shock cracks are shown in Fig. 2.

AT =280°C .
pES d
v ook . -
. ! AT =330°C
4+
l ! | J | r
Ad s dhalad ] L ik
AT =380°C
1+
AR .t fL 480°C
A+ ’ ; -
LFE W ) 3

AT =580 °C

Fig. 2 Thermal shock crack patterns of specimens at different val-
ues of AT

2.2 Crack length and spacing

As shown in Fig. 2, the thermal shock cracks in the thin spec-
imens are rather regular through cracks, which permits quan-
titative measurements of the crack length and spacing. To re-
move end effect, the chosen area is the middle area of length
0.6 L, where L is the total length of a specimen. It is seen
from Fig. 2 that the thermal shock cracks are hierarchical in
length and the residual strength is dominated by long cracks,
so only the cracks which are not less than 50% of the longest
crack are counted and measured. The statistical values of the
crack length and spacing versus the thermal shock tempera-
ture difference AT are displayed in Fig. 3. It is seen that the
higher the AT, the longer the cracks and the less the crack
spacing.
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Fig. 3 The length and spacing of thermal shock cracks at various
values of thermal shock temperature difference AT
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2.3 Residual strength

The residual strength of the thermally shocked specimens
was measured at room temperature by a three-point bending
test. The loading is controlled by displacement with a total
span of 30 mm. The crosshead speed of the micromechani-
cal material testing machine is 0.5 mm/min and the load sen-
sor range is £250 N. In the test no subcritical propagation of
the thermal shock cracks was observed and the observation
was confirmed by a sudden drop of the load-displacement
curve. The reason is the inherent brittleness of ceramics and
the fact that the residual strength is determined by long ther-
mal shock cracks. The testing results are listed in Table 1.

Table 1 Room-temperature strengths of thermally shocked ce-
ramic specimens at various values of thermal shock temperature
difference AT

AT/°C Flexural strength/MPa

0 442.700+2.018

220 442.700+2.018

250 84.473+8.842

280 68.231+£2.651

330 62.379+9.303

380 59.818+10.95

480 64.558+12.375

580 59.811+7.000

680 8.146+1.123

Table 1 indicates that when the thermal shock temper-
ature difference AT is less than 220 °C, the strength of ce-
ramic specimens remains unchanged and no cracks appear in
the specimens. When AT increases from 220 °C to 250 °C,
the strength suddenly decreases to a very low value and
cracks appear; Then when AT increases from 250 °C to
580 °C, the residual strength remains unchanged again. In
such a considerably wide range of AT, the residual strength
curve exhibits a plateau, but cracks evolve by getting longer
and denser (less spacing). This work concerns with the for-
mation mechanism of such a plateau.

3 Numerical study

Now we study the formation mechanism of the residual
strength plateau by applying fracture mechanics and finite el-
ement analysis. The specimens in a three-point bending test
(Fig. 2) can be modeled by an elastic strip with an array of
periodic edge cracks as shown in Fig. 4, where L; = 30 mm
is the span between two supports, L, = 10 mm the distance
of a support to the lateral side, H = 10 mm the strip height, a
the average length of long cracks and s the average spacing.
The strip thickness is W = 1 mm. Since the cracks on the up-
per side are in compression, they have no effect on stresses
and are not considered.

For a three-point bending test of a specimen with edge
cracks, the nominal maximum stress can be calculated as
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Fig. 4 A thermally shocked elastic strip with an array of periodic
edge cracks
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where L = L + 2L,, P is the load. The residual strength og
is defined as the value of the nominal maximum Stress o pax
when the specimen breaks. In finite element analysis, we
firstly calculate the stress intensity factor, then determine the
critical value of P when the maximum stress intensity factor
(SIF) reaches the fracture toughness of the material, finally
calculate the residual strength or by using Eq. (1).

O-max

To improve accuracy and efficiency, a crack tip singular
element is inserted into the commercial software ANSYS,
and PLANES?2 element is employed in the quasi-static simu-
lation. For the convenience of comparison, all the parameters
are nondimensionalized as

. . . . 2WH’K
a =a/H, L =L/H s =s/H K = s
3L P+na

and the density of thermal shock cracks d* is defined as
d =1/s"

To check the correctness of the developed program, a
comparison of results obtained in this work with those in
Ref. [17] is listed in Table 2. Good agreement is observed.

Table 2 Nondimensional stress intensity factors for single edge
cracked specimens in three-point bending

a L* K Relative error/%
Present  Reference [17]
0.10 4 1.74577 1.73913 0.38173
0.15 4 1.72474 1.720 84 0.226 67
020 4 1.73760 1.73376 0.221 64
025 4 1.77906 1.774 82 0.23893
030 4 1.84771 1.84405 0.198 52

Figure 5a shows the variation of residual strength oy
with the crack length for various values of crack spacing.
Figure 5b indicates the variation of the residual strength og
with the crack density for various values of the crack length.
It is observed that the increase of the crack length weakens
the residual strength, whereas the increase of the crack den-
sity improves it.
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Fig. 5 Residual strength og versus crack length a* and density d* (spacing s*) at various values of thermal shock temperature difference

AT

4 Comparison between the numerical and experimental
results

Figure 5 indicates that the increase of the crack length and
density has contrary effects on the residual strength, which
provides a hint that there is a correlation between the length
and density (or spacing) of thermal shock cracks. Such a
correlation leads to an interesting homeostasis: their con-

trary effects counteract each other and result in a plateau of
the residual strength. To check such a guess, the experimen-
tal data of the crack length, spacing and the corresponding
residual strength for various values of thermal shock tem-
perature difference AT are listed in Table 3, which verifies
the correlation aforementioned. Such a finding deepens our
understanding about the ceramic thermal shock failure.

Table 3 Crack length, spacing and the corresponding residual strength for various values of thermal shock temperature differ-

ence AT
AT/°C Crack length/mm Spacing/mm
280 2.978+0.105 3.672 +0.369
330 3.200+0.135 2.918 £0.223
380 3.378+0.069 2.766 £0.125
480 3.626+0.058 2.446 +0.069
580 3.849+0.145 2.320 £0.222

A comparison between the numerical predictions and
experimental results of the residual strength is made, and
they are found to agree well with each other as shown in
Fig. 6.
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Fig. 6 Numerical and experimental strength value of Al,O; ce-

ramic slice at various values of thermal shock temperature differ-
ence AT (°C)

Residual strength or/MPa

Numerical Experimental Relative error/%
61.409 68.231+£2.651 9.999
62.601 62.379+9.303 0.355
60.698 59.818+10.95 1.471
58.746 64.558+12.375 9.003
56.284 59.811+7.000 5.897

5 Conclusions

(1) A set of thermal shock experiments of ceramics
are conducted. The thin specimens exhibit parallel
through edge cracks, which permits quantitative mea-
surements of the crack length and density and con-
sequently a deep study on the relation between the
residual strength and crack patterns.

The thermal shock cracks evolve with the thermal
shock temperature difference. It is found that there is
a correlation between the length and density of ther-
mal shock cracks.

@)

(3) The increase of the crack length weakens the residual
strength, whereas the increase of the crack density im-
proves it. It is found that in a considerable range the
two contrary effects counteract each other and thus

lead to a plateau in the residual strength curve.
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