The Ceramic Society of Japan

Journal of the Ceramic Society of Japan 102 [ 8] 708-712 (1994)

Influence of Temperature on Elastic Modulus and Strength of
MgO-Partially Stabilized Zirconia (Mg-PSZ)

Yoshitaka KUBOTA, Masahiro ASHIZUKA*, Eiichi ISHIDA* and Takashi MITAMURA**

Tsukuba Research Laboratory, Tosoh Co., Ltd., 43, Miyukigaoka, Tsukuba-shi 305
*Department of Materials Science and Engineering, Faculty of Engineering, Kyushu Institute of Technology,

1-1, Sensui-cho, Tobata-ku, Kitakyushu-shi 804

**Department of Applied Chemistry, Faculty of Engineering, Saitama University, 255, Shimo-Ohkubo, Urawa-shi, Saitama 338

MgO BARE(XZILTIZT (Mg-PSZ) DEMERUREDREZE(L
Z2EEF - FRER" - AEE— - =@ F
S — (B BOMFFIETT, 305 PeHUR- < A I 43

FIINIERF T E TERAE T8, 804 dLMNA MR AIKET 1-1
FRIERFTEREALER, 338 BERBAHE T AAL 255

[Received November 29, 1993; Accepted May 19, 1994]

The influence of temperature on elastic modulus and
strength of 9 mol% MgO-containing partially stabi-
lized zirconia (Mg-PSZ) aged around 1100°C was stu-
died. Elastic moduli on heating increased with increas-
ing temperature after showing minimum values around
600°C. Elastic moduli on cooling monotonously in-
creased with decreasing temperature. The strength of
as-recieved specimen A have a maximum value around
200°C. The strengths of aged specimens on heating in-
creased with increasing temperature after showing a
minimum value around 600°C. On cooling, the strength
of specimen B aged for 2 h increased remarkably with
decreasing temperature to a maximum value at 450°C,
and then decreased remarkably. On the other hand, the
strength of specimen C aged for 8 h showed a constant
value between 1000 and 400°C and decreased slightly
below 400°C.
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1. Introduction

Because of high strength and high fracture tough-
ness, zirconia alloys have received considerable at-
tention for structural applications. Especially, the
materials having high strength above 2000 MPa in yt-
tria-containing tetragonal zirconia (Y-TZP) have al-
ready been developed.? However, it was known that
Y-TZP exhibited the degradation of strength by ther-
mal aging for long period or applying stress from 200
to 300°C.2-% On the other hand, MgO-containing par-
tially stabilized zirconia (Mg-PSZ) have the possibili-
ty used as engineering materials in higher tempera-
ture than Y-TZP because there is no degradation of
strength from 200 to 300°C, and it has been tried to
apply as engine components, or extrusion and wire-
drawing dies. There are many reports about observa-
tion of microstructure, and mechanical and thermal
properties of Mg-PSZ. It has been already appeared

708

that their properties were affected by the condition
of thermal treatment.5-8 However, the thermal hys-
teresis of elastic modulus and strength has not been
reported as far as we know. In this paper, the flex-
ural strength and Young’s modulus of Mg-PSZ on
heating and cooling were reported and the relation
between their properties and the tetragonal to
monoclinic phase transformation of zirconia estimat-
ed from thermal expansion-contraction curves were
considered.

2. Experimental procedure
The specimens used in this paper are 9 mol%
MgO-containing  partially  stabilized zirconia
manufactured by normal sintering. The mixed pow-
der of ZrO; and MgO(TZ-9MG, Tosoh Co., Ltd.)
was pressed uniaxially at 20 MPa and then was com-

"pacted isostatically at 200 MPa. The compacted

specimens were sintered at 1700°C for 2 h, cooled at
200°C/h to 1000°C, and then the electric source of
furnace has been off. Specimen A is as-fired, and
specimens B and C are aged for 2 and 8 h around
1100°C, respectively. Differences in grain sizes were
scarcely recognized among their specimens and the
average grain size was 25 um. The sintered bodies
were ground and polished into rectangular bars of
3x4x20 mm for measuring a thermal expansion—
contraction curve, 6 X 1 X 70 mm for an elastic modu-
lus and 3x4 x40 mm for a flexural strength. The
elastic modulus was measured by a flexural resonant
vibration method® and the flexural strength was
measured by a three-point bending method with a
span of 30 mm and a crosshead speed of 0.5 mm/
min.1® The thermal expansion coefficient was meas-
ured on a continuous recording dilatometer. In all
cases, the heating and cooling rates were 5°C/min,
and the elastic modulus and flexural strength were
measured after holding for 10 min at the measuring
temperature. The mirror-polished surface of speci-
mens were etched for 2-10 min in aqueous solution
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saturated by ammonium fluoride (NH,F) and the
microstructures were characterized by scannig elec-
tron microscopy (SEM). Lattice parameters and
monoclinic zirconia contents were measured by an
X-ray powder diffraction method.1»:12) The whole-
powder-pattern-fitting method developed by Toraya
was used for analysis of diffraction patterns.!V

3. Results
3.1 Microstructure
Table 1 shows the lattice parameters and

monoclinic zirconia contents obtained by X-ray pow-
der diffraction. Cubic, tetragonal and monoclinic zir-
conia for specimen A, and cubic and monoclinic zirco-

monoclinic zirconia contents of specimens A, B and
C were 13, 48 and 66%, respectively.

Figure 1 shows the microstructures of three speci-
mens with the different aging time. Number 1 in the
photographs of specimens A, B and C show the mac-
roscopic structure, and numbers 2 and 3 show the
microstructures of grain boundary and inner part of
grain, respectively. In the case of specimen A,
precipitation phases in grain boundary were little
and uncontinuous. The cubic zirconia was decom-
posed into tetragonal zirconia and MgO on cooling,
and a part of the tetragonal zirconia transformed to
monoclinic zirconia below about 1200°C.9 It is esti-
mated that the precipitates such as oblate ellipsoids

nia for specimens B and C were detected. The in grains were tetragonal zirconia and the
Table 1. Lattice Parameters and Monoclinic Zirconia Contents
Cubic ZrOz Tetragonal ZrO2 Monoclinic ZrOz,
a [ vl alelv]ale[le|[p][] v xm
(A) (A%) (A) (A) A% | A (A) (A | (deg) | (A% | (%)
A 5.0775 | 130.9 |3.5919| 5.194 | 134.0 | 5.231 | 5.080 | 5.348 | 98.89{ 140.4| 13
B 5.0840 | 131.4 - - - 5.154 | 5.161 | 5:335| 98.85 | 140.2| 48
C 5.0800 | 131.1 - - - 5.151( 5.195| 5.324 [ 99.05| 140.7 | 66

a, b; ¢ :lattice parameter (;\)
Xm : monoclinic zirconia (wt%)
Specimen A is as fired. ~ Specimen B and C are aged for 2 and 8 h.

B : axial angle, V : cell volume (A%

Fig. 1.
8 h, respectively.

Microstructures of MgO-partially stabilized zirconia (Mg-PSZ). Specimen A is as-fired. Specimens B and C are aged for 2 and
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precipitates in grain boundary consist of monoclinic
zirconia mixed with MgO.!® The amount of
precipitates in the grain boundary became large by
aging time for long periods. It is considered that the
tetragonal zirconia such as oblate ellipsoidal trans-
formed to monoclinic zirconia on cooling to room
temperature because tetragonal zirconia was not
recognized in specimens B and C as shown in Table
1. It was estimated that the cracks in specimens B
and C were more than that in the specimen A, be-
cause most of the cracks to affect to the strength
were in precipitation phases® 13 and the amount of
precipitation phases in specimens B and C were
more than that in specimen A.

3.2 Thermal expansion—contraction curves

Figure 2 shows the thermal expansion-contrac-
tion curves in the range of room temperature and
1000°C. In the specimen A, there were slight
changes in the thermal expansion coeflicient in the
range of 600 and 700°C on heating and 650 and 550°C
on cooling. It was estimated that their changes cor-
responded to the phase transformation between
monoclinic and tetragonal zirconia, but their changes
were slight because the monoclinic zirconia content
in specimen A was less than those in specimens B
and C. On the other hand, the thermal expansion—
contraction curves for specimens B and C showed
the remarkable hysteresis and inflection points cor-

Thermal expansion / %

0.4 1 I 1 i 1]
0 200 400 600 800 1000
Temperature / °C

Fig. 2. Thermal expansion—contraction curves of MgO-partially
stabilized zirconia.

responding to the phase transformation was also
clear. If monoclinic to tetragonal phase transforma-
tion and tetragonal to monoclinic phase transforma-
tion were defined as A and M, points, the A, point
and the end point of phase transformation for the
specimen B on heating were 580 and 770°C, and the
M; point and the end point on cooling were 420 and
270°C, respectively. After slightly increasing of the
thermal expansion coefficient in the range of 415 and
470°C, the thermal expansion curve of the specimen
C showed the tendency of slight decreases above
470°C and remarkable decrease in the range of 750
and 950°C, but the A, point was ambiguous unlike
that of the specimen B. On the other hand, the inflec-
tion point on cooling was clear and it was estimated
that the M; point and the end point of phase transfor-
mation were 580 and 335°C.

3.3 Elastic modulus

Figures 3, 4 and 5 show the influence of tempera-
ture on Young’s moduli of specimens A, B and C on
heating and cooling. The Young’s modulus of speci-
men A was 192 GPa at the room temperature and
decreased with increasing temperature to a mini-
mum value of 133 GPa at 600°C. The elastic modulus
increased with increasing temperature above 600°C
and showed a constant value around 140 GPa in the
range of 800 and 1000°C. On the other hand, the
Young’s modulus on cooling increased monotonous-
ly with decreasing temperature and coincided with
the curve on heating at 200°C.

The Young’s modulus of specimen B was 197 GPa
at the room temperature and decreased with increas-
ing temperature to a minimum value of 141 GPa at
600°C. After increasing with increasing temperature
above 600°C, that showed a constant value around
164 GPa in the range of 800 and 1000°C. However,
the tendency of increasing above 600°C was remarka-
ble rather than that of specimen A and the Young’s
modulus at 1000°C was larger than that of specimen
A. On the other hand, the Young’s modulus in-
creased monotonously with decreasing temperature
on cooling and coincided with the curve on heating at
200°C.

The change of Young’s modulus of specimen C on
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Fig. 3. Young’s modulus of MgO-partially stabilized zirconia (specimen A) on heating and cooling.
Fig. 4. Young’s modulus of MgO-partially stabilized zirconia (specimen B) on heating and cooling.
Fig. 5. Young’s modulus of MgQO-partially stabilized zirconia (specimen C) on heating and cooling.
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heating and cooling were similar to those of speci-
men B except that the minimum value of specimen C
at 600°C was slightly higher than that of specimen B.
But the Young’s modulus of specimen C shows a
broad minimum when compared with than that of
specimen B.

3.4 Flexural strength

Figures 6, 7 and 8 show the flexural strengths of
specimens A, B and C on heating and cooling. Data
points and error bars in their figures were average
strengths for 5 specimens and standard deviations,
respectively. The flexural strength of specimen A
was 537 MPa and it is about twice of specimens B
and C. The strength decreased monotonously with in-
creasing temperature after reaching a maximum
value of 578 MPa at 200°C and became 426 MPa at
1000°C. The strength on cooling coincided with that
on heating unlike the elastic modulus.

The flexural strength of specimen B was 285 MPa
at the room temperature and slightly decreased with
increasing temperature to a minimum value of 270
MPa at 600°C. The strength above 600°C increased
with increasing temperature and showed the un-
changed value from 321 to 330 MPa in the range of
900 and 1000°C. The strength on cooling was a con-
stant value in the range of 1000 to 750°C and remark-
ably increased with decreasing temperature to a max-
imum value of 514 MPa at 450°C in the range of 750
and 450°C . The strength decreased remarkably in
the range of 450 and 400°C and reached a value near
that on heating at 200°C.

The flexural strength of specimen C was 293 MPa
and the relation between strength and temperature
on heating was similar to that of specimen B. The
strength of specimen C in the range of 900 and
1000°C showed the unchanged value from 298 to
303 MPa being lower than that of specimen B. The
strength on cooling was from 296 to 307 MPa being
almost unchanged in the range of 1000 and 400°C,
and did not show a remarkable increase of strength
unlike that in specimen B. The strength below 400°C
decreased with decreasing temperature and reached
a value near that on heating at 200°C.

4. Discussion

There are chemical bonding, crystal structure,
and the length and the number of microcracks!¥ as
the factors interacting to mechanical properties such
as elastic modulus and strength. The effect of chemi-
cal bonding is negligible because the chemical com-
position is a constant value of 9 mol%MgO.

Although it was estimated that the amount of
microcracks in specimen A was less than those of
specimens B and C as described in a previous sec-
tion, the Young’s modulus of specimen A was slight-
ly lower than those of specimens B and C. Therefore,
it is considered that the influence of microcracks on
Young’s modulus was little for the specimens used in
this study.

In general, the tetragonal to monoclinic phase
transformation in zirconia is reflected by the change
of thermal expansion coefficients.!® That is, it was
considered by comparing with the temperature de-
pendence of thermal expansion that Young’s moduli
of three specimens above 600°C increased with in-
creasing temperature, because monoclinic zirconia
transformed to tetragonal zirconia above that temper-
ature. But the magnitude of Young’s modulus in
specimen A increased by the phase transformation
was less than those in specimens B and C because
the monoclinic zirconia content of specimen A was
less than those of specimens B and C, that is, the
amount of tetragonal zirconia increased by the phase
transformation was less than those of specimens B
and C. On the other hand, it was estimated that the
tendency of change of Young’s modulus with temper-
ature became broad because the tendency of change
of thermal expansion with temperature became little
in the range of 470 to 770°C.

The monoclinic zirconia contents on the fracture
surface after measuring the strength increased from
13t0 40% in specimen A, but did not change in speci-
mens B and C. That is, it was estimated that the
strength of specimen A at room temperature became
about twice of specimens B and C, because of occur-
ring of the phase transformation in specimen A and
not in specimens B and C. Furthermore, it was consi-
dered that the strengths of specimens B and C
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Fig. 6. Flexural strength of MgO-partially stabilized zirconia (specimen A) on heating and cooling.
Fig. 7. Flexural strength of MgO-partially stabilized zirconia (specimen B) on heating and cooling.
Fig. 8. Flexural strength of MgO-partially stabilized zirconia (specimen C) on heating and cooling.
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became weaker than that of specimen A, because the
precipitating phases in specimens B and C were
thicker than that in specimen A and the lengths of
cracks in the grain boundary to affect the strength
corresponded to the thicknesses of precipitating
phases. However, as shown in Fig. 1, the strength of
specimen C on heating was similar to that of speci-
men B, although the grain boundary layer in speci-
men C was thicker than that in specimen B, that is,
the number of cracks in specimen C was more than
that in specimen B. The similar strengths may sug-
gest that the lengths of their cracks were nearly simi-
lar in both specimens. The increase of strength in
specimens B and C in the range of 900 and 1000°C
are attributed to increase of the elastic modulus relat-
ing to the phase transformation from monoclinic to
tetragonal zirconia.

The strength of specimen B on cooling reached a
maximum value at 450°C after beginning to increase
at 750°C and decreased abruptly with decreasing tem-
perature below 450°C. The temperature range show-
ing abrupt decrease of strength corresponded to the
temperature range showing abrupt change in ther-
mal expansion-contraction curve, that is, showing
the phase transformation from tetragonal to
monoclinic zirconia. If there is no external con-
straint, M point being temperature of phase transfor-
mation from tetragonal to monoclinic zirconia rises
to higher temperature.! However, the M; point low-
ers because there is volume expansion of about 4.5%
in the phase transformation and the volume expan-
sion is suppressed in solid. The suppressed volume
expansion is converted into internal stress in their
specimens and the accumulated internal stress in-
creases with a lowering of temperature. If the ac-
cumulated internal stress becomes beyond the frac-
ture stress of materials, microcracks evolve and
phase transformation happens. The increase of
strength of specimen B below 750°C on cooling cor-
responds to the accumulation of internal stress. It is
considered that the fracture stress became a maxi-
mum at 450°C because the accumulation of internal
stress became a maximum at 450°C. On the other
hand, it is difficult to accumulate internal stress in
specimen C because the number of microcracks in
specimen C is more than that in specimen B. There-
fore, the abrupt increase of strength in specimen C
on cooling did not happen unlike specimen B. The
slight increase of strength in specimen C on cooling
was more than that on heating and it is attributed to
increase of elastic modulus.

5. Conclusion

The influence of temperature on elastic moduli
and strengths of 9 mol% MgO-containing partially
stabilized zirconia (Mg-PSZ) aged around 1100°C
was studied. Specimen A was not aged and consisted
of cubic, tetragonal and monoclinic zirconia with a
monoclinic zirconia content of 13%. Specimens B
and C were aged for 2 and 8 h, and consisted of cubic

and monoclinic zirconia with monoclinic zirconia con-
tents of 48 and 66%, respectively. Results obtained
are as follows :

(1) Elastic moduli of specimens A, B and C on
heating showed minimum values around 600°C and
increased with increasing temperature above 600°C.
Their increasing elastic moduli were associated with
the phase transformation of zirconia from monoclinic
to tetragonal.

(2) The strength of specimen A decreased with
increasing temperature after having a maximum
value around 200°C. The relation between strength
and temperature on cooling was similar to that on
heating.

(3) On heating, the strength of specimens B and
C were increased with increasing temperature after
reaching the minimum values around 600°C and
showed the unchanged values in the range of 900 to
1000°C. On cooling, the strength of specimen B in-
creased remarkably with decreasing temperature till
a maximum value at 450°C after showing a constant
value at 1000 to 750°C, and decreased abruptly be-
low 450°C. The strength of specimen C on cooling
showed the unchanged value in the range of 1000
and 400°C and decreased slightly below 400°C.

(4) It was estimated that the increasing strength
of specimen B in the range of 750 and 450°C on cool-
ing was attributed to accumulation of internal stress
associating with the phase transformation from
tetragonal to monoclinic zirconia.

References

1) K. Tsukuma, K. Ueda and M. Shimada, J. Am. Ceram.Soc.,
68, C4-5 (1985).

2) K. Tsukuma and M. Shimada, J. Mater. Sci. Lett., 4, 857-61
(1985).

3) M. Ashizuka, H. Kiyohara, E. Ishida, M. Kuwabara, Y.
Kubota and T. Tsukidate, Yogyo-Kyokai-Shi, 94, 432-39
(1986).

4) M. Ashizuka and Y. Kubota, Trans. Mater. Res. Soc. Japan,
Vol. 6, Symposium on Zirconia Ceramics, Ed. by S. So6miya,
T. Masaki and M. Yoshimura, Mater. Res. Soc. Japan
(1992) pp. 66-107.

5) R. H.]. Hannink, J. Mater. Sci., 18, 457-70 (1983).

6) R.H.]J. Hannink and R. C. Garvie, J. Mater. Sci., 17, 2637-
43 (1982).

7) M. V. Swain, R. C. Garvie and R. H. J. Hannink, J. Am. Ce-
ram. Soc., 66, 358-62 (1983).

8) P.F. Becher and M. K. Ferber, J. Mater. Sci., 22, 973-80
(1987).

9) Japanese Industrial Standard, JIS R 1605 (1989) Japanese
Industrial Standards Committee.

10) Japanese Industrial Standard, JIS R 1601 (1981) and JIS R
1604 (1987) Japanese Industrial Standards Committee.

11) H. Toraya, J. Appl. Cryst., 19, 440-47 (1986).

12) H. Toraya, M. Yoshimura and S. Somiya, J. Am. Ceram.
Soc., 67, C183 (1984).

13) M. V. Swain and R. H. J. Hannink, “Advances in Ceramics,
Vol. 12, Science and Technology of Zirconia II” , Ed. by N.
Claussen, M. Riihle and A. H. Heuer, Am. Ceram. Soc.
(1983) pp. 225-39.

14) D.P. H. Hasselman and J. P. Singh, Am. Ceram. Soc. Bull.,
58, 856-60 (1979).

15) E. C. Subbarao, “Advances in Ceramics, Vol. 37, Ed. by A.
H. Heuer and L. W. Bobbs, Am Ceram. Soc. (1981) pp. 1-
24,

NI | -El ectronic Library Service



