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Abstract 

The thermal shock resistance of potassium strontium 
zirconium phosphate (KSZP) ceramics was investi- 
gated by quenching in water. The retained strength 
of the compositions with very low thermal expansion 
increased greatly after quenching. These compositions 
can withstand water quench from 1000°C and still 
retain their strength before quenching. The rela- 
tionships between thermal shock resistance and 
strength, Young S modulus, thermal conductivity, 
thermal stress, and thermal expansion coeficient 
was discussed. The thermal shock resistance data 
measured was compared with that of calculated. 

1 Introduction 

Materials having high thermal shock resistance 
are needed for high-temperature applications. 
Generally, there are two principal ways to design 
and select materials to achieve high thermal shock 
resistance.’ The first way involves the avoidance of 
fracture initiation, and the second is avoidance of 
catastrophic crack propagation. A figure of merit 
for thermal shock resistance is given by 

R = alcuE = AT, (1) 

where AT, is the maximum step change in temper- 
ature without causing fracture, (T the strength of 
the material, E Young’s modulus and (Y the ther- 
mal expansion coefficient. To avoid fracture initia- 
tion by thermal shock, the favorable material 
characteristics include high strength and thermal 
conductivity (such as Sialon2), and low thermal 
expansion coefficient (such as LAS glass-ceramic 
and cordierite ceramic). Most of the structural 
ceramics have a high Young’s modulus and a typical 
catastrophic decrease in the retained strength. 
However, to minimize the extent of crack propa- 
gation, high Young’s modulus and low strength are 
required. These requirements of Young’s modulus 
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and strength are just opposite to those necessary 
for preventing crack initiation.3 Hence, the micro- 
structures that exhibit both high thermal shock 
resistance and high thermal shock damage resis- 
tance must be carefully designed. In this respect, 
ceramics with fine grain size, no defects on grain 
boundary and small porosity (homogenously dis- 
tributed) are needed for obtaining high thermal shock 
resistance. In the case of aluminum titanate, 
Si,N,-BN composite,5 and Y-TZP,‘j low thermal 
expansion, microcrack, and large grain size are 
responsible respectively for their high thermal 
shock damage resistance. High anisotropic expan- 
sion induced microcracks at grain boundaries can 
restrain crack propagation caused by thermal 
shock. The increase of the contribution of the 
transformation toughening of large grain size 
Y-TZP prevent the thermal stress fracture. The 
present study was concentrated on the effects of 
thermal expansion on the thermal shock resistance 
of two KSZP compositions, K,,,Sr,,,Zr2P30r2 and 
K114Sr3,sZr2P3012, with magnesia (MgO) additions 
of O-8 wt%. 

2 Materials and Experimental 

Compositions of KSZP with O-8 wt% MgO are 
given in Table 1. The KSZP powders were synthe- 
sized through coprecipitation and the ceramics 
were prepared by pressureless sintering. Details of 
the preparation procedure were described in previ- 
ous papers. 7,8 Sintering conditions and selected 
properties are shown in Table 1. 

Thermal shock tests were conducted by measur- 
ing the retained bending strength after quenching 
samples from successively increasing temperatures 
into water at 0°C. The specimens were 23 X 5 X 
25 mm in dimension; The strength and Young’s 
modulus were measured by three point bending 
over a 20 mm span at a cross-head speed of 0.5 
mrn/min (Instron 1195). Each number is the mean 
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Table 1. Compositio’ns and properties of KSZP ceramics 

Composition Sintering condition 

T(“C) t(h) 

Density 

(g/cm’) 

Young s Thermal Phases 
modulus conductivity at ide@ed 

I GPa) 500°C (W/mK) 

K2 K&-&rP@,2 1300 8 3.01 
K2M2 +2% MgO 1200 1 3.20 
K2M2H* +2%MgO 1200 0.5 3.21 
K2M5 +S%MgO 1150 1 3.22 
K2M8 +8%MgO 1110 8 3.25 
Kl K&+3,sZr2P30,2 1350 2 3.11 
KlM2 +2%MgO 1200 8 3.25 
KlM5 +5%MgO 1200 2 3.26 
KlM8 +8%MgO 1100 8 3.30 

109 
138 
108 
76 

- 
95 
79 
84 

1.43 
1.64 

1.56 
1.62 
- 
- 

1.65 

Single 
Single 
Single 
+ glass 
Two phases 
Single 
+ glass 
Two phases 
Two phases 

*Hot pressed. 

result over 5 samples with a maximum dispersion 
of +15 MPa. 

The measurements for bulk thermal expansion 
were made on rectangular bars (4 X 4 X 50 mm) 
using a dilatometer (Model 402-3, Netzsch) from 
room temperature (RT) to 1000°C at a heating 
rate of lO”C/min. 

The stresses of specimens were determined by 
using X-ray diffraction method’ at fixed T (Model 
D/Max-3A). Strains were determined from 
142-143” diffraction angle (28) using CrKa radia- 
tion at q = 0” and W = 45” on a @ 40 X 2.5 mm 
specimen. The total residual stresses. (a,, includes 
macrostresses and microstresses) were calculated 
from the simplified equation: 

a, = E=cot0 aA28 l 7r/((2(l+v) l Asin** 180) (2) 
where V the angle between sample surface and 
diffraction crystal plane, 19 the diffraction angle, 
A20 the difference of diffraction angle when * = 
0” and !If =45”, E Young’s modulus, and v Pois- 
son’s ratio. 

Additionally, thermal conductivities were mea- 
sured by using a laser heat-conductometer and a 
differential scanning calorimeter (Model DSC-4, 
Perkin Elmer). 

3 Observations and Discussion 

Figure 1 shows the flexural strength of the speci- 
mens with various compositions after quenching. 
The initial strength of K2M5 ceramic is retained 
up to a critical temperature difference AT, (about 
600-800°C) where a sudden decrease in the 
retained strength occurs. Other ceramics exhibit 
no instantaneous decline in strength prior to what 
might be interpreted as a AT,, but do exhibit a 
more gradual reduction because of microcrack ini- 
tiation and subcritical crack propagation before 
AT, is reached. For K2M2 the thermal shock 
behavior is more complicated. 

The retained strength of K2M2 increased 
markedly after thermal shock. A slight increment 
of retained strength after thermal shock were 
observed for KlM2, like that of low thermal 
expansion aluminium titanate ceramic.‘” It is clear 
that thermal shock predictions based on so many 
factors are critically dependent upon the accuracy 
of that data. The remarkable characteristics of 
K2M2 ceramic is its low thermal expansion and 
phase transition. Thermal expansion coefficients of 
KSZP ceramics are indicated in Table 2. Kl series 
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Fig. 1. Thermal shock resistance of (a) K2 series and (b) Kl series of ceramics. 
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Table 2. Thermal expansion coefficients (X 10-6/“C, RT-T”C) of KSZP ceramics 

No. 100 200 300 400 500 600 700 800 900 1000 
(“C) (“C) (“C) (“C) (“C) (“C) (“C) (“C) (“C) (“C) 

K2 4.68 -4.16 -3.85 -3.16 -2.23 -1.43 -1.37 -144 - 
K2M2 -1.81 -1.21 -0.55 0.39 I.05 1.19 1.25 1.35 1.46 I.52 
K2M2H -2.38 -1.54 -0.76 -0.25 0.97 1.05 0.75 0.93 1.11 1.72 
K2M5 -0.93 -0.35 0.42 0.83 1.08 1.33 I.53 1.79 2.13 2.05 
K2M8 -1.41 -1.10 AI.31 0.85 1.24 1.76 2.61 3.53 3.80 3.97 
Kl 0.21 0.62 0.99 1.30 1.57 1.81 1.92 2.01 - 
KlM2 1.34 1.65 1.92 2.22 2.43 2.52 2.58 2;68 - 
KIM5 1.85 2.12 244 2.78 2.95 3.03 3.17 3.13 - - 
KlM8 0.77 1.10 2.19 2.39 2.50 2.61 3.05 3.50 4.04 3.24 

of ceramics exhibit an overall positive and high 
thermal expansion, while the thermal expansion 
coefficients of K2 series of ceramics are low or 
negative below 300°C. The thermal expansion aniso- 
tropy of KSZP is low compared with that of KZP.’ 

To clarify the thermal shock fracture behavior 
of K2 series ceramics, residual stresses after water 
quench were measured. The results are shown in 
Fig. 2. The negative value means compressive stress. 
The more negative the value, the larger the strength. 
The stress dependence of quenching temperature 
stand in direct contrast with each other between 
K2M2 and K2M5. Compressive stress of K2M2, 
the lower thermal expansion ceramic, increase 
with quenching temperature increase and has a 
sharp change from 300 to 600°C and is in good 
agreement with strength variation (Fig. l(a)). 
Compressive stress of K2M.5, the larger thermal 
expansion ceramic, decrease with quenching tem- 
perature increase, and has a gradual decline. It is 
also corresponding to its thermal shock result. 

Residual stress in single-phase polycrystalline 
ceramics are of two types: macrostresses and 
microstresses. Macrostresses generally are near the 
surface because of differences in processing (such 
as cutting, grading and quenching) between the 
surface and the interior. Microstresses arise 
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because grains constrain if the grain is anisotropic. 
Experimental methods to be used for the determi- 
nation of residual stress should take into account 
the two types of residual stress as well as the 
depth over which the method averages the measure- 
ments. l1 A method for separating the macro- 
stresses from the microstresses has been developed 
by Noyan and Cohen. I2 In this work, the stresses 
were calculated approximately from eqn (2) as 
total stresses. Although unable to separate macro- 
stresses from microstresses at these moments, the 
general trend of stress variation is enough to explain 
the thermal shock behavior. 

As illustrated in Fig. l(a), the pressureless sin- 
tered and hot pressed K2M2 ceramics exhibit sim- 
ilar behavior. Under optical and scanning electron 
microscope, no obvious cracks were observed. The 
reason why the significant improvement of resid- 
ual strength of the K2M2 ceramic after thermal 
shock is that the ceramic has a very low thermal 
expansion and phase transition. Below 400°C the 
ceramic exhibits negative expansion, whereas 
above 400°C it is positive. A phase transforma- 
tion occurs at 600°C in K,,,Sr,,~Zr2P30,2 ceramic.’ 
The cell volume of the high-temperature phase is 
larger than that of the low-temperature phase. 
The phase transition still exists in the K2M2 

Fig. 2. Total stresses of (a) K2M2 and (b) K2M5 ceramics after water quench from high temperature. 
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Fig. 3. Microstructure of grain boundaries: (a) bright-field micrograph showing clear boundaries K2M2, and (b) amorphous 
phase at triple-grain junction and electron diffraction pattern of K2M5 being attached. 

ceramic, but it is restrained in K2M5 ceramic. 
During quenching, the surface region of the speci- 
men cools quickly and shrinks until the tempera- 
ture reaches 400°C and expands, but the core of 
the sample cools slowly and still contracts when 
the surface expands. The surface remains the high- 
temperature phase and the core transforms to the 
low-temperature phase. Therefore, the surface is 
constrained and compressive stresses were formed 
on the surface. The increment of retained strength 
occurred just as in strengthened glass. Another 
reason for high thermal shock resistance of the 
K2M2 ceramic is no glass phases at the intergran- 
ular regions, as suggested by Hoffmann13 that the 
AT may be connected with the softening of glass 
phase. TEM micrographs (Fig. 3) show the clear 
boundaries and junctions of grains for the K2M2 
ceramic, but for the K2M5 ceramic, an amor- 
phous phase is observed at triple grain junctions. 
The residual strength of K2M5 after 1000°C water 
quenching was a little larger than that of 700°C 

I (4 
lOOO- 
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water quench. This is because that the density of 
cracks caused by thermal shock increased with 
increasing AT. 

For other ceramics, a gradual strength decay is 
observed. Normally, with most large-grain and 
large pore ceramics, the retained strength declines 
slowly when AT just exceeds AT,. Relatively, the 
strength and density of the KSZP ceramics are 
low and are difficult to sinter, especially for Kl 
and K2 which have no addition of MgO. For this 
reason, the thermal shock tests were not con- 
ducted on Kl and K2 ceramics. 

The application of eqn (1) to KSZP ceramics is 
shown in Fig. 4(a). The data shows a good fit to 
eqn (1). Precise theoretical calculations for thermal 
shock resistance based on material parameters is 
very difficult. The disagreement between experi- 
mental observations and predictions can be 
attributed to the difference in test methods and 
inexact property data,14 especially temperature 
dependence of mechanical and thermal properties. 
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Fig. 4. (a) Thermal shock resistance of KSZP ceramics measured and described in eqn (1) (b) thermal conductivity and thermal 

shock resistance of SKZP and other ceramics (Refs 2, 5, and 10. The values in parentheses mean AT,). 
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As is illustrated in Table 2, thermal expansion 
coefficients, especially low thermal expansion 
material, are not constant over all the temperature 
range. They vary significantly in different tem- 
perature ranges. It is not clear what an appropri- 
ate value for (Y and u should be. 

Figure 4(b) summarizes the most important 
properties (k, thermal conductivity, o, strength, a, 
the coefficient of thermal expansion, and E 
Young’s modulus) of high thermal shock resistant 
ceramics. It is indicated that there are two major 
categories of high AT, ceramics, one with high 
strength and thermal conductivity, and another 
with low thermal expansion coefficient. To make 
an optimum material design and selection of high 
thermal shock resistant ceramics, guidelines on 
some factors are needed: high strength, toughness, 
thermal conductivity, low thermal expansion, less 
thermal expansion anisotropy resulting in micro- 
structures that can cope with thermal stresses 
without developing creep cavitation. 

4 Conclusions 

KZr2P,0,,-SrZr4P6024 (O-8 wt% MgO) ceramics 
possessing low thermal expansion, high thermal 
shock resistance and high strength have been stud- 
ied. Thermal expansion coefficients varied in the 
range of 4.68-3.97 X 10-6”C. The thermal shock 
behavior of low thermal expansion ceramics 
exhibited some interesting features. The retained 
strength and compressive stress on the surface of 
the K2M2 ceramic increased with increasing quench 
temperature (from 100 MPa at RT to 136 MPa at 
AT = 800°C for pressureless sintered and from 
130 MPa at RT to 192 MPa at AT = 800°C for 
hot pressed K2M2 ceramic). The thermal expansion 
behavior, single phase microstructure, and phase 
transformation are responsible for its thermal shock 
behavior. The critical quenching temperature differ- 
ence varied from 400 to 800°C for KSZP ceramics, 
which might be used as thermal barrier materials. 
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