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Abstract

A new thermal-shock-resistance (TSR) model for laminated ceramics was developed based on the TSR model for un-laminated ceramics. In the
new model, the critical thermal shock temperature difference AT, is directly correlative to the mechanical and physical properties of laminated
ceramics. The AT, of laminated ceramics with different compositions and structures were calculated and compared with the experimentally tested
values to validate the new model. The results indicated that the calculated AT, agreed well with the experimental results. It is concluded that the
analytic TSR model for laminated ceramics could be used as a full qualitative or half quantitative analysis tool to explain and forecast the TSR of

laminated ceramics.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Different theories for thermal-shock-resistance (TSR) evalu-
ation fall into two broad categories: the thermal shock fracture
theory and the thermal shock damage theory.!® However,
each theory has its own limitations and shortages to some
extent. To overcome the situation, the author proposed an ana-
lytic TSR model for ceramics to unify the above two theories
successfully.'® According to the model, the critical thermal
shock temperature difference AT, of ceramics can be calculated
using some basic property parameters.

Unfortunately, the above model is not applicable to laminated
ceramics due to their special structures.

In this paper, we attempt to develop an improved TSR model
for laminated ceramics from the model in.'? Moreover, two sorts
of laminated ceramics were prepared, and the critical thermal
shock temperature difference AT, tested in experiment were
compared with the values predicted by the model. The results
proved its effectiveness.
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2. New TSR model for laminated ceramics

For laminated ceramics, inner interfaces exist among differ-
ent layers with different compositions, residual stress occurs in
these dissimilar layers after sintering because of their different
linear coefficients of thermal expansion. Compressive residual
stress is produced in the layers with lower linear coefficient of
thermal expansion, while tensile residual stress in the layers with
higher one.

2.1. New TSR model for three-layer ceramics

For convenience of model building, we consider the ceramics
with only three layers first.

Generally three-layer ceramics are formed by two surface lay-
ers with the same composition and one center layer with another
composition (see Fig. 1). Lower linear coefficient of thermal
expansion in the surface layers but higher one in the center layer
will lead to residual compressive stress in the surface and ten-
sile stress in the center after sintering. The compressive stress
will counteract part of the thermal stress caused by tempera-
ture difference in the interface. The existence of interfaces will
conduce to cracks’ deflexion and cracks’ propagation. There-
fore, laminated ceramics is superior to un-laminated ceramics
in TSR behavior.
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Fig. 1. Schematic of three-layer composite ceramic.

Compressive and tensile stresses are generated from the inter-
action between surface and center layers. According to the
equilibrium of forces:
2dy01 dyoy %
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where d; (i=1, 2) is thickness; o; is stress; E; is Young’s mod-
ulus; and subscripts 1 and 2 denote surface and center layer,
respectively.

According to Cleveland and Braett,!! the strain ¢ induced
from thermal mismatch between different layers is

e = Aa AT 2)

where A« is linear coefficient of thermal expansion difference
of layers.

By Hooke’s law, considering the effect of layer thickness on
stress, we obtain

e-Eidy

d(l —p)
where d is total thickness of specimen, and p is Poisson’s ratio
of laminated composite.

Furthermore, we derived in'? that (the deduction of Eq. 4)
is shown in'?)
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Considering the effect of compressive stress on thermal
stress, one has
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where oy is thermal stress for un-laminated ceramics but O';_] for
laminated ceramics; V is volume of the material; N is number
of cracks; A is half crack surface area; and E, oy, and K¢ are
Young’s modulus, fracture strength, and fracture toughness of
laminated composites, respectively.

Therefore, the thermal shock temperature of three-layer
ceramics is

N TSR 0
¢ (Ea — Ey Aa(dy/d))*o?

g o [P0 WK+ (1 = o 12 .
“7 | PPA(Ea— Ei Aaldy/d)*o}

X _
L d
Ll v +|
d
’ 7y A
L.
) 7 v
d
A
L;
v
Ln-1 *dz *
Ln dl
\ 4 1

Fig. 2. Schematic of multi-layer composite ceramic.

where A, p, c are coefficient of thermal conductivity, density, and
thermal capacitance of laminated composites, respectively; and
b is supposed a constant only correlative to the material. (See'”
for more details.)

Egs. (6) and (7) give the critical thermal shock temperature
difference AT, for three-layer ceramics under quick heating
(or cooling) condition and at constant heating (cooling) rate,
respectively. They reveal that the critical thermal shock temper-
ature difference AT, of three-layer ceramics is correlative to its
mechanical and physical properties.

2.2. New TSR model for multi-layer ceramics

Multi-layer structure usually contains tens to even hundreds
of layers. According to the structure design of multi-layer ceram-
ics, thin layers with low strength (i.e. weak layers) must be in
between any two strong thick layers (see Fig. 2). When cracks
extend to interfaces, they will deflex into the weak layers. After
many similar deflexions, the expanding routes of cracks in lam-
inated ceramics are remarkably prolonged, resulting in a higher
toughness.'?

In a similar way to Eq. (1), we obtain
(n+ 1)dyoq _ (n — Ddroy g
£ = E ®)

where n is the number of layers.

Through the same deduction as in Section 2.1, the final ther-
mal shock temperature difference of multi-layer ceramics is
derived as follows:
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Egs. (9) and (10) present the critical thermal shock temper-
atures difference A7; of multi layers’ ceramics under quick
heating (or cooling) condition and at constant heating (cooling)
rate, respectively. Note that when n is 3, Egs. (9) and (10) turn
into Egs. (6) and (7), respectively. Therefore, Egs. (6) and (7) can
be regarded as a special case of Egs. (9) and (10), respectively.

Similar to the model for un-laminated ceramics in,'? the new
model can also be used as a full qualitative or a half quantitative
analysis tool for forecasting of the TSR of laminated ceramics.

3. Experimental
3.1. Materials preparation

To validate the new model, Al,03-ZrO, three-layer ceram-
ics with different compositions were prepared in experiments.
The structure of the three-layer ceramics is shown in Fig. 1,
where the center composition is always 5 wt%Al,O3 +ZrO,
but the surface composition is 20, 30, or 40 wt%Al,03 + ZrO;.
Besides, the thickness of the surface layer and the center layer
is d1 =0.3 £ 0.1 mm and d> =5.4 & 0.2 mm, respectively, so the
total thickness d is 6.0 £ 0.4 mm.

The composite powders were dry-pressing molded at room
temperature. Then the compacts were pressureless sintered at
1620°C.

The multi-layer ceramics as shown in Fig. 2 were prepared.
The thin layers were 100% BN, and the thick layers were 20,
30, or 40 wt%Al,03 + ZrO,. The thickness ratio of thick to thin
layers was controlled at 10:1, and the number of layers was 11.

The strong and weak interface layers were fabricated by flow
cast process, and then hot pressing sintered at 1500 °C, 20 MPa
in Ar conditions.

The Al,O3-ZrO; three-layer ceramics with the surface layers
being 20, 30, and 40 wt%Al,03 + ZrO, were marked samples
1-3, respectively. And the multi-layer ceramics with the strong
interface layers being 20, 30, and 40 wt%Al,03 + ZrO, were
marked samples 4-6, respectively.

3.2. Apparatuses and methods of analysis

The fracture strength oy was tested by Japan JIS R 1601
test standard, and the fracture toughness was determined by the
indentation method. '3

For the three-layer ceramics, the critical thermal shock tem-
perature difference AT, under quick cooling condition was
tested by the residual strength method.'* Different temperatures
(AT) from 150 to 800 °C with an interval of 50 °C were designed.
Specimens were cut into 36 mm x 4 mm x 3 mm (the span is
30 mm), separately heated to the preset temperature point, and
held at the constant temperature. Then the specimens were put
into flowing cold water (which was supposed 0 °C) quickly till
cooled down. The flexural strengths of the specimens before and
after thermal shock were measured by three-point bend tests. In
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Fig. 3. Residual strength of three-layer ceramics after thermal shock for different
temperature change.

the o, — AT curve (Fig. 3), the temperature at the last point
before the strength oy, has an abrupt decline is defined to be the
critical thermal shock temperature difference AT..

The AT, of the multi-layer ceramics under quick cooling
condition was tested by the indentation method (early test results
revealed that AT, was hard to be determined in the op, — AT
curve of the multi-layer ceramics). Specimens were polished and
pre-cracks on the one surface were produced through indentation
of 200 N load with a Vickers diamond. The crack lengths were
measured by the optical microscope before and after thermal
shock tests to calculate the crack extending rate R (i.e. the ratio
of the extending cracks’ length to the original cracks’ length).
The heating and cooling procedures are the same as those in the
residual strength method. According to,!5:16 in R. — AT curve
(Fig. 4), the point before a crack length increases abruptly where
the crack extending rate is less than 10% is defined as AT.

In our experiments, every value of AT, was an average tested
result from 5 specimens.

4. Results

The AT, of two sorts of laminated ceramics are shown in
Figs. 3 and 4. According to Figs. 3 and 4, the AT, of samples 1-3
are 400, 500, and 450 °C, respectively; and the AT, of samples
4-6 are 600, 650, and 550 °C, respectively.

5. Validation

For different layer of laminated ceramics, according to the
basic theory of the composite materials, some parameters of
bulk composites, such as Young’s modulus, linear coefficient of
thermal expansion, and Poisson’s ratio, could be calculated (see
Egs. (19)-(23) in'?).

Furthermore, based on the above calculating results, the E,
o and p of laminated composites and the volume fraction of
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Fig. 4. Crack extending rate (R.) of multi-layer ceramics after thermal shock
for different temperature change.

different layers V; are calculated by Eqgs. (11)-(14).

n—+1 n—1
E = E1V1+TE2V2 (11)
_ n+ Do E1Vi+(n— Doy Ea V) (12)
 m+ DEVi+(@m—1DEV,
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where subscripts 1 and 2, for three-layer ceramics, denote sur-
face and center layers, respectively; but for multi-layer ceramics,
denote strong and weak interface layers, respectively.

The mechanical properties and thermal physical properties of
different samples are listed in Tables 1 and 2. The calculated AT,
and tested AT, are listed in Table 3. (In Eq. (6), parameter b is
supposed tobe 1.6 x 107 m~2, and the reason has been discussed
in Ref.10).

The results show that the varying trend of the critical ther-
mal shock temperature difference AT, obtained by model and
tests are similar, and the calculated AT, is close to the tested

Table 1
Mechanical properties of different laminated ceramics.

Sample Fracture strength of/MPa Fracture toughness Kjc/MPa m'2
1 556 12.26
2 572 13.24
3 541 12.41
4 375 13.64
5 407 14.67
6 402 14.43

Table 2

Some physical properties of different laminated ceramics.

Sample Young’s Linear coefficient of thermal Poisson’s
modules E/GPa expansion o/1070 K~! ratio j

1 235 9.4 0.32

2 237 9.4 0.32

3 239 9.4 0.32

4 265 9.0 0.30

5 284 8.9 0.29

6 297 8.8 0.28

Table 3

Comparison between calculated AT; and tested AT, for different laminated
ceramics.

Sample Calculated AT./°C Tested AT./°C
1 409 400
2 516 500
3 471 450
4 637 600
5 654 650
6 585 550

AT, on the whole. Therefore, it can be concluded that the TSR
of the ceramics can be forecasted with their other mechanical
properties.

6. Conclusions

(1) A new revised TSR model for laminated ceramics was
established, which reveals that the critical thermal shock
temperature difference AT, is directly correlative to the
mechanical and physical properties of the laminated ceram-
ics.

(2) For validating the model, different AlO3—ZrO, matrix
three-layer and multi-layer ceramics were prepared, and
the critical thermal shock temperature difference AT, were
tested. The results show that the AT, of the multi-layer
ceramics are higher than those of three-layer ceramics.

(3) The critical thermal shock temperature difference AT, is
calculated using the proposed model, and the calculated
values appear close to the experimentally tested AT.. There-
fore, the new model may be used as a full qualitative or a
half quantitative analysis tool for forecasting the TSR of the
laminated ceramics.

Acknowledgements

This work is supported by the Natural Science Fund of HoHai
University (Grant No. 2008430111) and Scientific Research
Startup Fund of HoHai University (Grant No. 2084/40801117).

References

1. Zhou Y. Ceramics Materials. China: Harbin Industry University Press;
1995. pp. 468-474.

2. Hasselman DPH. Unified theory of thermal shock fracture initiation and
crack propagation in brittle ceramics. J Am Ceram Soc 1969;52:600—4.



Z. Zhou et al. / Journal of the European Ceramic Society 30 (2010) 1543—1547

. Hasselman DPH. Theory of thermal shock resistance of semitrans-
parent ceramics under radiation heating. J Am Ceram Soc 1966:49:
103-4.

. Tao Z, Hai-Yun J, Yong-Lan W, Zhi-Hao J. The mechanical prop-
erties of AIN/BN laminated ceramic composites. Mater Sci Forum
2008;569:97-100.

. Russo CJ, Harmer MP, Chan HM, Miller CA. Mechanical properties of
laminated ceramic composites in alumina- and zirconia-based systems.
Ceram Eng Sci Proc 2005;14:998-1005.

. Zhou'Y, Yuan GJ, Lu X, Li HQ, Tong JF, Chen DM, et al. Influence of inter-
layer on mechanical properties of laminated ceramic matrix composites.
Key Eng Mater 2002;224-226:403-8.

. Gurauskis J, Sanchez-Herencia AJ, Baudin C. Laminated ceramic struc-
tures within alumina/YTZP system obtained by low pressure joining. Key
Eng Mater 2007;333:219-22.

. Xu C, Chun-An T, Hou-Quan Z, Yong-Bin Z, Ya-Fang Z. Numerical
approach to toughening design of laminated ceramic composites. Wuji
Cailiao Xuebao/J Inorg Mater 2005;20:459-64.

9.

10.

11.

12.

13.

14.

15.

16.

1547

Gladysz GM, Chawla KK. Coefficients of thermal expansion of some lami-
nated ceramic composites. Compos Part A: Appl Sci Manuf2001;32:173-8.
Zhou Z, Ding P, Tan S, Lan J. A new thermal-shock-resistance model for
ceramics: establishment and validation. Mater Sci Eng A 2005;405:272-6.
Cleveland JJ, Braett RC. Grain size/microcracking relations for pseudo-
brookite oxides. J Am Ceram Soc 1978;61:478-81.

Huang Y, Wang C. Multiphase Composite Ceramics with High Perfor-
mance. China: Tsinghua University Press; 2008. pp. 353-374.

Binner GP, Stevens R. The measurement of toughness by indentation,
review paper. Br Ceram 1984;83:168-72.

Test method for thermal shock resistance of high performance ceramics.
Chinese Standard, GB/T 16536, 1996.

Chen B. The Microstructure Control and Processing Optimization of
Al,03/ZrO; Laminated Ceramics. Chongqing, China: Ph.D. Thesis,
Chongqing University; 2001.

Osterstock F. Contact damage submitted to thermal shock: a method to
evaluate and simulate thermal shock resistance to brittle materials. Mater
Sci Eng 1993;A168:41-4.



	A thermal-shock-resistance model for laminated ceramics and its validation
	Introduction
	New TSR model for laminated ceramics
	New TSR model for three-layer ceramics
	New TSR model for multi-layer ceramics

	Experimental
	Materials preparation
	Apparatuses and methods of analysis

	Results
	Validation
	Conclusions
	Acknowledgements
	References


