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ABSTRACT

To improve resistance in thermal shock of zirconia setter which is frequently and repeatedly exposed to high temperature, high

degree of porosity and control of thermal expansion are needed for which the fused CSZ (CaO stabilized zirconia) is used to pro-

duce the zirconia setter. In the present study, the effects of sintering temperature, cool down condition, addition of CaO stabi-

lizer, and addition of other additives on phase transition and thermal expansion behavior of the fabrication process of zirconia

setter, were examined. The zirconia setter, fabricated with fused CSZ at 1550oC, exhibited 20.4 MPa of flexural strength, 6.8% of

absorbance, and 27.9% of apparent porosity. The rapid change in thermal expansion of zirconia setter is observed at temperature

around 800oC, and it was reduced by low firing temperature, slowed cooled down, and addition of CaO. 
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1. Introduction

ure raw zirconia materials exhibit phase changes accord-

ing to temperature such as monoclinic phase at room

temperature, tetragonal phase at 1,150oC, and cubic phase

at 2,400oC wherein the transition from tetragonal phase to

monoclinic phase accompanies volumetric change of 3 ~

5%.1-3) It manifests weak mechanical properties owing to

such phase changes, thereby hardly employable as heat

resistant or structural materials.3-6) However, the phase

change from tetragonal to monoclinic phase is used to

improve fracture toughness by decreasing crack propaga-

tion energy owing to the absorption of energy at the crack

tip by the transition to martensite.7,8) To exploit the phase

change of stress-induced martensitic transformation, the

attainment of micro-scaled tetragonal phases existing at

normal temperature is important.9) Partially stabilized zir-

conia (PSZ) is fabricated by adding stabilizers such as MgO,

CaO, and Y2O3 to zirconia to make it a cubic phase and then

thermally treated to precipitate tiny tetragonal crystal

showing high fracture toughness and strength to be employ-

able as heat resistant and structural materials.10-12) In par-

ticular, the fused CaO stabilized zirconia (CSZ), for which

part is partially stabilized by CaO, is typically used to fabri-

cate the refractory product. 

The green body of zirconia setter to be produced with such

fused CSZ powder normally undergoes firing process by

which the final product of setter would have 25% of porosity

with the density of 4.2 g/cm3. Refractory products made of

zirconia show excellent corrosion resistance and resistance

to thermal shock and higher degree of refractoriness and

outstanding heat insulation properties owing to low thermal

conductivity. Besides, it exhibits the most excellent charac-

teristics as a container to melt down cobalt, platinum, ura-

nium, and nickel etc. since it is not wet by these materials.

The products of zirconia setter or crucible are used as a con-

tainer for calcination or sintering at high temperature, for

molten metals; since it is used repetitively in the environ-

ment, the durability and service life matters. The service

life of zirconia products is particularly influenced by phase

changes of zirconia and resulting changes in thermal expan-

sion behavior. Therefore, the stability of zirconia setter

seems to be in control by examining and controlling factors

affecting stability of zirconia products; the factors affecting

phase changes and thermal expansion behavior of zirconia

during manufacturing process.

In the present study, the fused CSZ will be employed to

identify effects of factors on the stability of zirconia prod-

ucts. The firing temperature, cool down condition, addition

of CaO stabilizer, and addition of additives will be varied to

determine effects thereof upon phase changes and thermal

expansion behavior of zirconia setter. The results obtained

therefrom are expected to be applicable in producing stabi-

lized zirconia setter of excellent durability.
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2. Experimental Procedure

2.1. Experiment method according to each factor

The fused CSZ powder (SZCS2, Sanziang Advanced Mate-

rials Co., LTD, China), employed for the present study, is of

13 µm of mean particle diameter. Chemical composition of

the fused CSZ is presented in Table 1. It is a powder of ZrO2

containing 8 ~ 9 mol of CaO, and tiny amount of Al2O3 and

SiO2. 

To produce zirconia setter or crucible, the forming and sin-

tering process is necessary thus the 100 MPa of uniaxial

pressure was applied to the specimen and sintered at tem-

peratures of 1,500oC and 1,550oC under normal pressure in

the electric box furnace to examine degrees of phase changes

after thermal treatment. Besides, to examine changes in

phase transition and thermal expansion behavior in more

detail according to the varied firing temperature, the tem-

perature was elevated by 25oC from 1,500oC and then kept

for 3 h and cooled down in the furnace.

For the characteristics of zirconia product after firing, the

schedules of cool down were varied to examine changes in

phase transition and thermal expansion behavior. For the

case of specimen ⓐ, it was thermally quenched by drawing

out from the furnace after the cool down by the speed of

100oC/h from 1,550oC to 600oC in the furnace, whereas for

the case of specimen ⓑ, it was cool down to the room tem-

perature in the furnace after cool down by the speed of 20oC/

h from 600oC to 400oC, after the cool down by the speed of

100oC/h from 1,550oC to 600oC in the furnace. For the case

of specimen ⓒ, it was cool down to the room temperature

quickly in the furnace after the cool down by the speed of

100oC/h from 1,550oC to 900oC. The detail heating schedule

is presented in Fig. 1.

Since the liquation of CaO, which was added as stabilizer,

was expected from the zirconia crucible which was used for

long time under high temperature, the CaO was added

additionally to fused CSZ and the changes in thermal

expansion coefficient by the addition was examined. CaO in

CaCO3 was used and the amount of addition was varied

from 0.25 wt% to 1.00 wt% for the experiment. Besides, tiny

amount of Al2O3 was added to compare and examine changes

in thermal expansion coefficient. Al2O3 of 1 wt% and 3 wt%

were added for the experiment. Tiny amount of YSZ of 1

wt% and 3 wt% were also added to examine changes in ther-

mal expansion coefficient. The firing temperature for zirco-

nia product, containing stabilizer and additives, was all

controlled to be 1,550oC. The each batch composition is pre-

sented in Table 2.

2.2. Characterization

Archimedes method was used to analyze bulk density,

apparent porosity and water absorption of each sample. To

measure the flexural strength (3 point bending), the univer-

sal testing machine (UTM 55689, INSTRON, U.K) was used

for which the specimens of bar shape (6 × 8 × 90 mm) were

prepared. At the level of loading of 10 KN, the test was car-

ried out with the cross head speed of 5 mm/min.

To examine changing behaviors in crystal phases of pro-

duced specimens, the X-ray diffraction analyzer (Smart Lab,

Rigaku, Japan) was employed for the analysis of phase

changes in the condition of 0.02 degree scan speed from 10

to 80 2θ degrees. The relative phase fraction of zirconia was

calculated by polymorph method.13) 

And to examine thermal expansion behavior, the dilatom-

eter (DIL 402 PC, Netzsch, Germany) was used in the inter-

val of temperature measurement of room temperature ~

1,000oC at 5.0oC/min heating schedule. 

3. Results and Discussion

3.1. Effects of thermal treatment
Fig. 1. Various heating and cooling curves for fabrication

process of zirconia setter.

Table 1. Chemical Composition of Fused CSZ (wt%)

ZrO2 CaO Al2O3 SiO2 Fe2O3 

95.17 3.93 0.25 0.22 0.05

Table 2. Composition of Each Sample

Sample

Batch composition (wt%) Remark

CaCO3
a Al2O3

b YSZc CaO Content 
(wt%)

Z1 0.45 - - 0.25

Z2 0.9 - - 0.50

Z3 1.35 - - 0.75

Z4 1.80 - - 1.00

Z5 0.9 1 - 0.5

Z6 0.9 3 - 0.5

Z7 0.9 - 1 0.5

Z8 0.9 - 3 0.5

aCaCO3, Samchun Chemical Co., Ltd., Korea 
bA161SG, Showa denko, Japan
cGK-3YA2B1-A (Yttria Stabilized Zirconia), Jiangxi Kingan Hi-
tech Co., Ltd., China
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The changes in ratio of cubic, tetragonal, and monoclinic

phases, which are the polymorphism of zirconia, was found

at firing temperature of the heat treatment process of zirco-

nia setter made from fused CSZ powder. As illustrated in

Fig. 2, the specimen, underwent the heat treatment process,

exhibited the ratio of high temperature phase (cubic +

tetragonal) decreased by 31% of 68.4% (1,500oC) ~ 66.3%

(1,550oC) comparing to the high temperature phase of start-

ing powder of 98.8%. 

For the powder of fused CSZ, the production thereof

undergoes melting, quenching, and pulverizing process.

And the high temperature phase of fused powder remains a

lot in the room temperature due to insufficient time for

changes into low temperature phase (monoclinic) when the

powder is quenched from its melting temperature of 2,500oC

or over. However the firing and cool down in furnace to pro-

duce zirconia setter would have increased ratio of low tem-

perature phase with the time sufficient for changes in phase

transition. The increase of low temperature phase would be

inevitable with the sintering process of the fused CSZ, and

the strength of refractory product should be affected by the

phase transition. The flexural strength of Z2 batch speci-

men, fired at temperature of 1,550oC presented in Table 2,

was approximately 20.4 MPa with apparent porosity and

absorption ratio of 27.9% and 6.8%, respectively.

Figure 3 illustrates XRD patterns and changes in the

ratio of phase transition corresponded to continuous tem-

perature increase. What was noticeable in the figure was

the increase in low temperature phase in phase transition

from temperature of 1,500oC by the increment of 25oC,

whereas in the temperature interval from 1550oC to 1575oC,

the high temperature phase increased instead. It was pre-

sumable that the sufficient time enabling the increase in

low temperature phase was secured during the cool down in

the furnace. However, the increase in high temperature

phase at 1,575oC seems ascribable to manifestation of mech-

anism of stabilization by the increased solid solution of CaO

in the structure of ZrO2 with the treatment at high tempera-

ture.9) 

The thermal expansion behaviors of different specimens of

zirconia setter produced at different firing temperature are

as presented in Fig. 4. Comparing to the low firing tempera-

ture of 1,500oC, the specimens, produced at higher firing

temperature tended to exhibit thermal expansion coefficient

increasing distinctly with the varied slope of curves at the

point of 800oC; the slight behavior of thermal hysteresis was

Fig. 2. XRD patterns and changes in ratio of phase transi-
tion of fused CSZ powder according to firing tempera-
ture.

Fig. 3. XRD patterns and changes in ratio of phase transi-
tion of zirconia setter made from fused CSZ powder
corresponded to continuous temperature increase.
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found from all specimens.14) 

Varied behaviors of thermal expansion, owing to cool

down conditions after heat treatment, are presented in Fig.

5. For the case of ⓒ of fast cool down in the furnace from

900oC, the thermal expansion coefficient of 0.5 ~ 1 × 10−6/oC

was higher than other conditions. Besides, in terms of the

shape of graph, the occurrence of shape change was less

than other cooling condition. Conditions of ⓐ and ⓑ differs

from each other in terms of the cool down condition after

600oC; for the case of slowed cool down (of the specimen of

ⓑ), the lower thermal expansion coefficient of 6.65 × 10−6/oC

was measured. Thus, depending on the conditions of cool

down and taking out of specimen from furnace after firing,

the zirconia refractory products made from fused CSZ

exhibit differences in thermal expansion behavior, and the

data thereof seem to be essential for the control of thermal

properties of zirconia products. 

3.2. Effects of additives

The effects of additives on the properties of zirconia setter

were tested, and the firing shrinkage decreased in accor-

dance with increasing content of CaO while the porosity and

absorption increased. The increase in porosity was observed

by simultaneous occurrence of sintering and solid solution.

The results of examination on changes of physical proper-

ties and thermal expansion behavior of specimens according

to varied contents of an addition of CaO are presented in

Table 3 and Fig. 6, respectively. The thermal expansion

coefficient increased in accordance with increasing content

of CaO; the increase in the thermal expansion coefficient

seems ascribable to the increased degree of stabilization.15-18)

For the refractory products of zirconia which are supposed

to be used for long time in high temperature, the loss of CaO

due to liquation or reaction is expected, thereby the addition

of sufficient CaO amount would be preferable, however, in

Fig. 4. Thermal expansion behavior of zirconia setter made
from fused CSZ sintered at different temperatures.

Fig. 5. Thermal expansion behavior of zirconia setter made
from fused CSZ having different cooling schedule
after sintering.

Table 3. Physical Property of Zirconia Setter Made from Fused CSZ at Different of CaO Addition

Shrinkage (%)
Bulk Density 

(g/cm3)
Apparent Porosity 

(%)
Water Absorption 

(%)
Flexural Strength 

(MPa)

Z1 1.69 4.16 27.15 6.54 16.86

Z2 1.47 4.10 27.86 6.79 20.38

Z3 1.33 4.07 28.66 7.04 23.81

Z4 1.23 4.05 29.02 7.17 29.89

Fig. 6. Thermal expansion behavior of zirconia setter made
from fused CSZ at different of CaO addition.
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the case of excessive addition, the resistance to thermal

shock would be decreased due to increase in thermal expan-

sion coefficient (Fig. 6). 

The microstructures of zirconia setter according to CaO

addition amount are presented in Fig. 7. The porosity

increased in accordance with increasing content of CaO,

however, the flexural strength increased (Table 3). This is

due to the improvement of zirconia sinterability, which

made strong and wide bonding between zirconia grains as

shown in Fig. 7(d). 

The results of examination of an addition of other addi-

tives such as Al2O3 and YSZ (yttria stabilized zirconia) are

presented in Fig. 8 and Fig. 9. And the results of changes of

physical properties of zirconia setter by the addition of Al2O3

are summarized in Table 4. The ratio of firing shrinkage

increased in accordance with increasing contents of Al2O3,

while the porosity and absorption decreased. Thermal

expansion coefficient was also appeared decreasing in accor-

dance with increasing contents of Al2O3 (Fig. 8). The content

of Al2O3 may not influence the stabilization of zirconia, how-

Fig. 7. Microstructures of sintered zirconia setter according to CaO addition amount : (a) Z1 (0.25 wt%), (b) Z2 (0.50 wt%), (c) Z3
(0.75 wt%) and (d) Z4 (1.00 wt%).

Fig. 8. Thermal expansion behavior of zirconia setter made
from fused CSZ at different content of Al2O3 additive.

Fig. 9. Thermal expansion behavior of zirconia setter made
from fused CSZ at different content of YSZ additive.
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ever, the sinterability of zirconia improved10) and the ther-

mal expansion coefficient decreased by the effect of Al2O3

which has a relatively lower thermal expansion coefficient.

For the addition of YSZ, the behavior of thermal expansion

(Fig. 9) did not exhibit significant changes before and after

of the addition, with thermal expansion coefficient and the

shape of inflection similar to each other; the thermal expan-

sion coefficient decreased slightly by the addition of additive

content of 3 wt%. The changes in shapes of graph were

hardly observed despite the addition of YSZ having high

stabilization. The results of changes of physical properties of

zirconia setter by the addition of YSZ are summarized in

Table 5. 

Finally, the microstructures of zirconia setter repeatedly

exposed to high temperature are shown in Fig. 10. The zir-

conia setter added 0.50 wt% CaO and slowly cooled down at

every cycle showed no notable cracks in the microstructure.

However, the zirconia setter without CaO addition and

cooled down to the room temperature quickly at every cycle

revealed micro cracks caused by thermal shock.

4. Conclusions

The properties of zirconia setter made from fused CSZ

were examined by changing firing temperature, cool down

condition, types of additives, and the amount of addition of

additives which were expected to be influencing phase tran-

sition and thermal expansion behavior. The relative ratio of

high temperature phase of zirconia was changed, and

affected the stabilization of zirconia product with these var-

ied factors. The durability and service life of zirconia setter

were expected to be improved by controlling these factors,

since the changes in phase transition or thermal expansion

behavior would affect the occurrence of micro cracks

depending on the fabrication process or long-term use under

high temperature. In conclusion, the low sintering tempera-

ture around 1550oC, maintaining slowed cool down condi-

tion, and the addition of CaO of appropriate amount

together with Al2O3 resulted in increase of the stabilization

of zirconia setter and decrease of the rapid change in ther-

mal expansion for improvement of thermal shock. 
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