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The change in LTEC is analyzed on heating and cooling ceramic materials of the Al
2
O

3
–ZrO

2
system in the

range 200 – 1500°C. The effect of structural and phase components and measurement regime (heating/cool-

ing) on form of the relationship �l/l
0
= f(t), and also the dependence of LTEC on composite chemical composi-

tion are established. Results obtained are discussed from the point of view of material phase composition and

published data are analyzed. Data are provided for average and true LTEC values.
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INTRODUCTION

It is well known that composite ceramic of the

ZrO2(Y)–Al2O3 system exhibits such extremely important

properties as increased strength and crack resistance, and it is

used extensively as a refractory, heat insulation, and struc-

tural material [1 – 3]. Within material of the ZrO2–Al2O3

system a special strengthening mechanism is realized provid-

ing improvement of mechanical properties of composite ce-

ramic with mono-zirconia and mono-corundum refractories

[4 – 6]. Since Al2O3 has low solubility in ZrO2 at high tem-

perature, then during sintering of this composite conditions

are created for suppression of grain growth of both compo-

nents, as a result of which there is formation of a fine grain

structure within the system. Presence for one of the compo-

nents of polymorphic transformation with volumetric inver-

sion in the sintering temperature range leads to a nonlinear

dependence of a change in sintered specimen density on

composition [7]. It may might be expected that other impor-

tant properties of the composite will have their own depend-

ence on composition. For effective use of composite in com-

bination with other materials LTEC was studied for a com-

posite in relation to the ratio of ZrO2 and Al2O3. Determina-

tion of LTEC is important since similar values are required in

order to provide good contact between functional materials

and to prevent cracking or separation during heating, cool-

ing, and thermal cycling. For engineering calculations both

average and true values of LTEC are used during heating and

cooling. For example, in order to calculate internal stresses

arising within material with a change in temperature, it is

necessary to use true LTEC values, but in order to calculate

the change in object dimensions as a result thermal expan-

sion it is convenient to use the average LTEC value calcu-

lated for the temperature range t1 – t2, since LTEC depends

on phase and chemical composition and the nature of heat

treatment.

For pure Al2O3with an �-corundum structure LTEC dur-

ing heating and cooling changes uniformly. With presence in

a composite of ZrO2, which may have structural changes

(phase transformations), the uniform change in LTEC on

heating and cooling is disturbed [3]. The nature of change in

LTEC for ZrO2(Y)–Al2O3 composite should depend on its

composition.

The aim of research is a comprehensive study of the

change in LTEC on heating and cooling for ceramic of the

ZrO2–Al2O3 system in the range 200 – 1500°C, and evalua-

tion of the effect of structural components and ratio of oxides

on the level of LTEC.
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EXPERIMENTAL SECTION

Composite ceramic of the composition (x)Al2O3 +

(100 – x)ZrO2(Y), where x = 0, 10, 20, 30, 40, 50, 60, 70, 80,

90, and 100, was studied. The starting materials used were

zirconium dioxide powder, stabilized with 3.5 mol.% Y2O3;

powders synthesized by combined deposition, washing the

residue, drying and calcining at 1100°C for 3 h. Aluminum

oxide was prepared by calcining hydroxide at 1350°C for

4 h. The phase composition of zirconium dioxide powder

YSZ-3.5 is mainly represented by a tetragonal structure, and

the content of monoclinic phase is within the limits of

2 – 10%. Aluminum oxide had the structure of corundum.

Specimens of the prescribed composition were molded in the

form of cylinders 10 mm in diameter and 30 mm long by

technology described in publication [7]. Then samples were

dried and fired at a temperature providing preparation of

specimens with density of not less than 0.99 of the relatively

theoretical density, in order to exclude the effect of ceramic

porosity on thermal expansion.

X-ray phase analysis (XPA) was carried out in a

DMAX-2500, RIGAKU, Japan, diffractometer in Cu K�-ra-

diation in the range of angles 20“2� � 90. Sintered ceramic

density was determined by hydrostatic weighing in alcohol

on Shimadzu AUW-220 D scales fitted with a special attach-

ment for this purpose.

Dilatometric measurements of ceramic materials were

performed by means of a DIL 402 C dilatometer from

Netzsch Gerätebau, in a heating regime up to 1500°C and

subsequent cooling at a constant rate of 5°C/min. Experi-

ments were carried out in an air atmosphere with constant

flushing with air at a rate of 100 ml/h. The accuracy of tem-

perature maintenance in the dilatometer region of a specimen

did not exceed 0.1°C. The accuracy of measuring length l,

determined by nonlinearity of the dilatometer movement

transducer transmission function, was 0.133%. Values of

(l – l0)/l0 are shown in Fig. 1 for the relative change in speci-

men length of composite ceramic of compositions xAl2O3 +

(100 – x)ZrO2(Y) in the concentration range 0 � x � 100.

RESULTS AND DISCUSSION

Dilatometric data show that the nature of thermal expan-

sion of composite ceramic depends on the Al2O3/ZrO2(Y) ra-

tio. Three typical dilatometric curves are shown in Fig. 1.

A uniform change in length on heating and cooling (curve 1)

is observed for ceramic with predominant corundum

(0.8 � x � 1.0). The second type of dependence is observed

for ceramic with corundum concentration in the range

0.2 � x � 0.6. At 600°C ceramic of these compositions expe-

riences significant expansion, replaced by compression. With

a subsequent increase in temperature the path of dilatometric

curves is uniform, the same as for ceramic with predominant

corundum (0.8 � x � 1.0). On cooling below 300°C an ex-

pansion effect is observed. The temperatures of these ex-

tremes are given in Table 1.

The third type of dependence is observed for ceramic

with a low corundum concentration in the range 0 � x � 0.1.

In contrast to the second type there is absence of an effect of

expansion on specimen cooling. The data obtained provide a

basis for assuming that with an increase in corundum con-

centration (0.8 � x � 1.0) the ZrO2 in ceramic is single phase,

since the compressive stresses in the matrix decrease the

probability of tetragonal-monoclinic polymorphic transfor-

mation of ZrO2 grains and facilitate retention within a com-

posite of tetragonal ZrO2 throughout the whole temperature

range for heating and cooling. Therefore LTEC retains a uni-

form change on heating and cooling. With transition in the

region of reduced corundum concentration inflexions appear

on curves, probably caused by transformation conversion of

ZrO2 proceeding within the material. This is partly con-

firmed by data in [8] about the fact that presence of Al2O3
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Fig. 1. Typical dilatometric curves on heating and cooling sintered

composite ceramic of compositions xAl2O3 + (100 – x)ZrO2(Y):

1 ) 0.8 � x � 1.0; 2 ) 0.6 � x � 0.1; 3 ) x = 0; - - -) temperature time

dependence.

TABLE 1. Temperature Inflections Noted in Fig. 1

x (% Al
2
O
3
) t

1
, °C t

2
, °C t

3
, °C t

4
, °C D, 10–3

0 439 573 — — 2.13

10 530 610 — — 0.55

20 434 561 152 157 1.64

30 470 614 284 175 1.86

40 499 612 293 184 3.39

50 451 605 282 171 1.52

60 485 592 283 181 1.10



stabilizing additions in ZrO2 entirely or partly lose their sta-

bilizing properties. A similar phenomenon is observed with

excess Al2O3, but the corundum matrix is capable of holding

an insignificant amount of ZrO2 grains in tetragonal phase.

Presence and location of peaks is explained by properties of

the monoclinic ZrO2 phase itself and the fact that tetra-

gonal-monoclinic transformation in ZrO2 shifts energetically

in this temperature range, since it depends on many factors

(particle size, compressive action of matrix, and stabilizer

content).

The temperature of inflections on curves (see Fig. 1)

does not depend on the ratio Al2O3/ZrO2: t1 = (490 ± 100)°C

(expansion peak), t2 = (600 ± 40)°C (end of expansion on

heating), t3 = (290 ± 25)°C (start of expansion on cooling),

t4 = (180 ± 30)°C (expansion peak). On the other hand, the

amplitude of D depends on composition. The maximum ex-

pansion amplitude in the heating branch corresponds to the

composition x = 40 wt.%. For ceramic made of corundum

(x = 0) a significant amount of expansion is also typical.

Average values of LTEC were calculated for cooling sec-

tions in the range 1300 – 400°C from the expression

LTEC = �l/l·1/�t. Calculated values of LTEC are given in

Table 2 from which it follows that LTEC decreases with an

increase in corundum concentration (Fig. 2). Experimental

data of the concentration dependence of LTEC is described

satisfactorily by a nonlinear regression equation LTEC =

1.15 � 10–5 – A·x, where A is proportionality coefficient; x is

Al2O3 weight fraction in composite ceramic. With

x = 40 – 50%, when the volume fraction of corundum and

zirconium oxide phases is similar, deviation of observed

from the general dependence for the change in value of

LTEC.

Values of LTEC for single-phase ceramic (x = 0, x = 100)

agree satisfactorily with reference data [9]: for tetragonal

ZrO2 (2 – 4mol.% YSZ) LTEC=11.4 � 10–6 1/K (200 – 1000°C),

for Al2O3 LTEC = 9.5 � 10–6 1/K (200 – 1000 °C). The uni-

form change in average LTEC with a change in ZrO2/Al2O3

ratio points to an equal contribution of both phases in ther-

mal expansion over the whole concentration range and con-

tradicts the concept of existence of a considered two-phase

system in the form of a continuous matrix of main phase

within which grains of second phase are disseminated. This

assumes that the main thermal expansion should be deter-

mined by matrix material. Only in the region of equal vol-

umes of phase fractions should thermal expansion be the av-

erage of two phases.
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Fig. 2. Average LTEC values (technical) for xAl2O3 +

(100 – x)ZrO2(Y) ceramic in the temperature range 300 – 1300°C.

Fig. 3. Temperature dependences for true LTEC values on cooling

specimens of composition xAl2O3 + (100 – x)ZrO2(Y); Numbers on

curves correspond to x, i.e., proportion of Al2O3, %.

TABLE 2. Average LTEC Values for Ceramic of Composition

xAl2O3 + (100 – x)ZrO2(Y)

x(% Al
2
O
3
) LTEC, 10–6 1/K

Temperature range, °C

t
1

t
2

0 11.5 1200 400

10 11.4 1200 300

20 11.2 1100 300

30 10.9 1300 400

40 10.2 1300 400

50 10.9 1330 380

60 10.1 1300 400

80 10.0 1300 200

90 9.8 1300 200

100 9.6 1300 200



A dependence of LTEC on temperature is shown in

Fig. 3, interpolated by a linear function. Here there also is a

marked difference in the behavior of ceramic with predomi-

nance of corundum (0.8 � x � 1.0) due to the rest of compo-

nents (0.1 � x � 0.6) and pure ZrO2 (x = 0). Angles of incli-

nation of the temperature dependences for LTEC decrease

uniformly with an increase in proportion of ZrO2. This is due

to the different nature of change in the value of LTEC for sin-

gle-phase ceramic (x = 0, x = 100) due to temperature (see

Fig. 3). For pure ZrO2 the effect of temperature on change in

LTEC value is less clearly expressed than for Al2O3.

CONCLUSION

1. According to features of thermal expansion the test

composite ceramic xAl2O3 + (1 – x)ZrO2(Y) is divided into

three groups: 0.8 � x � 1.0, 0.1 � x � 0.6, and x = 0. From the

group 0.1 � x � 0.6 the composition x = 0.4 is separated both

for the value of average LTEC, and for the temperature de-

pendence of true LTEC.

2. It has been demonstrated that all composite ceramics

xAl2O3 + (1 – x)ZrO2(Y) with x � 0.8 experience monoclinic-

tetragonal transformation in a temperature range independent

of x. Amplitude of the effect is at a maximum for the compo-

sition x = 0.4.

3. The average value of LTEC decreases uniformly from

11.9 � 10–6 to 9.6 � 10–6 1/K with an increase in corundum

concentration from 0 to 100 wt.%.

4. Temperature dependences for true values of LTEC

differ for different x. The angle of inclination of straight lines

of the dependence for the change in LTEC on x increases

with an increase in corundum concentration.
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