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Changes in the phase compositions and microstructures of magnesia-partially-stabilized 
zirconia (Mg-PSZ) were studied in water at 80-300~ 1 M HCI solutions at 80-140~ and 
1 M CH3COOH-CH3COONa buffer solutions at pH 3 and 80-1 40 ~ for 10-40 days. The 
tetragonal to monoclinic phase transformation and the degradation of the fracture strength 
occurred in water above 200 ~ On the other hand, although no noticeable tetragonal to 
monoclinic phase transformation proceeded in 1 M HCI solutions and 1 M CH3COOH- 
CH3COONa buffer solutions at pH 3 below 140~ the fracture strength of Mg-PSZ greatly 
degraded. The dissolution of Mg 2+ ion was observed in water above 200~ and in 1 M HCI 
solutions above 80 ~ 

1. Introduct ion 
Although yttria-doped tetragonal zirconia poly- 
crystals (Y-TZP) show high fracture strength and 
toughness, the mechanical properties were sometimes 
greatly degraded by low-temperature annealing in air 
and/or in water due to the tetragonal to monoclinic 
phase transformation accompanied by the micro- 
cracking, which is enhanced by the chemical reaction 
between tetragonal zirconia polycrystals and water on 
the surface [1-3]. On the other hand, although the 
fracture strength of magnesia-partially-stabilized zir- 
conia (Mg-PSZ) is not so high, Mg-PSZ shows ex- 
cellent fracture toughness and thermal stability. 
Mg-PSZ possesses considerably different microstruc- 
ture from the fine-grained Y-TZP materials. Mg-PSZ 
are characterized by a well-defined microstructure 
composing of large cubic (c) grains about 100 gm 
containing a second phase of finely dispersed sub- 
micrometre tetrag0nal (t) and possibly monoclinic (m) 
precipitates [4, 5], whereas the TZP materials often 
completely consist of metastable tetragonal grains. 
The maximum fracture strength of Mg-PSZ is only 
half that of Y-TZP whereas the fracture toughness is 
almost double. Because the metastable tetragonal zir- 
conia of the Mg-PSZ is precipitated in the cubic 
zirconia matrix, it is well protected against attack by 
water. Therefore, Mg-PSZ shows high stability for 
low-temperature ageing in air. Recently, it was re- 
ported that Mg-PSZ showed the tetragonal to mono- 
clinic phase transformation and the modest decrease 
in strength in a steam environment at high temper- 
ature and high pressure, such as 400 ~ and 6 atm for 
40 h [6]. However, no detailed information has been 
reported for the stability of Mg-PSZ in water. In the 
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present study, a series of tests were conducted to 
evaluate the chemical stability of Mg-PSZ in water 
and acidic solutions. 

2. Experimental procedure 
The samples tested were two commercially available 
grades of Mg-PSZ, a thermal shock-resistant grade 
(TS Mg-PSZ) and a maximum strength grade (MS Mg- 
PSZ). All samples were cut into rectangular coupons, 
2mm x 5 mm x20mm,  and polished to mirror- 
like surface. In each experiment, the sample was 
placed in 20 ml sealed stainless steel tube or 20 ml sealed 
glass tube and then 5 ml distilled water, 5 ml 1 M HC1 
solution or 5 ml 1 M CH3COOH-CH3COONa buffer 
solution at pH 3 was added; the tube was sealed 
and then placed in a glycerol bath or electric furnace 
at 80-300 ~ for 10-40 days. Pressure was set at the 
saturated vapour pressure of water at each temper- 
ature. The sealed tubes were removed from the bath or 
electric furnace at regular time intervals and quickly 
cooled to room temperature. The phases were identi- 
fied by X-ray diffraction analysis of the fiat surface by 
using nickel-filtered CuK~ radiation. Scans of 2 ~ be- 
tween 27 ~ and 33 ~ were conducted to estimate the 
monoclinic to (tetragonal + cubic) ratio. Microstruc- 
tures of the cross-section of samples were observed by 
scanning electron microscopy. The fracture strength of 
the sample was determined by three-point bending 
test with a crosshead speed of 0.5 mm min-1 and span 
length of 10 mm. The amount of Mg 2 § ion leached in 
the solution was determined by inductively coupled 
plasma spectroscopy. 
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3. Results and discussion 
The amounts of m-ZrO 2 on the surface and the bend- ~" 
ing strength of the MS and TS grade Mg-PSZ sam- 
ples annealed in water at 80 300 ~ for 20 days are 
shown in Fig. 1. The tetragonal to monoclinic phase 
transformation proceeded noticeably above 140~ 
The amount of m-ZrO2 formed increased with in- 
creasing temperature. On the other hand, the bending 

c 
strength decreased with increasing temperature up to :5 
200 ~ but the degree of degradation of the fracture r 
strength at 250 and 300 ~ was little. For comparison, 
similar experiments were carried out in air at 
80-300 ~ for 20 days, but no noticeable phase trans- 
formation and degradation of the bending strength 
was observed. Therefore, it might be concluded that 80 
the tetragonal to monoclinic phase transformation in o'~ 
Mg-PSZ by low-temperature ageing was enhanced by -~ 
water. ~ 60 

Time dependence of the amount of m-ZrO 2 on the 
surface and the bending strength of MS and TS grade 
Mg-PSZ annealed in water at 120-300 ~ are shown 
in Fig. 2. As seen in Fig. 2, both MS and TS grade 
Mg-PSZ samples were stable in water below 120 ~ 
but the tetragonal to monoclinic phase transformation 
occurred above 200 ~ The amount of m-ZrO2 on the 0 
surface increased with increasing temperature and 
reaction time. The final amounts of m-ZrO2 on the 
surface of MS and TS grade Mg-PSZ corroded 
were 45.2 and 54.2 mol %, respectively. Fine et al. 

[7] reported that MS and TS grade Mg-PSZ 
originally consisted of approximately 65 vol % 
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Figure 1 Bending strength and amounts of the monoclinic zirconia 
on the surface of (11) MS and (�9 TS grade Mg-PSZ corroded in 
water at various temperatures. 
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Figure 2 Time dependence of the bending strength and the amounts of the monoclinic zirconia on the surface of (a) MS and (b) TS grade 
Mg-PSZ corroded in water at (1)  120~ (A) 200 ~ (ll) 250~ (�9 300 ~ 
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Figure 3 Bending strength and amounts of monoclinic zirconia on the surface of(a) MS and (b) TS grade Mg-PSZ corroded in (�9 water, (D) 
1 M HC1 solution and (A) 1 M CH3COOH-CH3COONa buffer solution at pH 3 as a function of temperature. 

c-ZrO2, 26 vol% t-ZrO 2 and 9 vol% m-ZrO 2 
and 50-64 vol% c-ZrO z, 20-22 vol% t-ZrO 2 
and 16 28 vol% m-ZrO2. Therefore, it was found 
that the final amounts of m-ZrO2 on the surface of 
both Mg-PSZ hydrothermally corroded were approx- 
imately equal to the total amounts of m-ZrO2 and t- 
ZrO2 in original Mg-PSZ samples. These results indi- 
cated that only the tetragonal precipitates in original 
Mg-PSZ transformed to the monoclinic phase by the 
present hydrothermal conditions. The relationship be- 
tween the amount of m-ZrO/formed and the bending 
strength of the sample was not simple. The bending 
strength of both Mg-PSZ decreased with reaction 
time at 200 ~ On the other hand, significant decrease 
in the bending strength of both Mg-PSZ was ob- 
served after annealing for 10 days at 300 ~ but then 
the bending strength recovered to almost the same 
value of original samples after annealing for 20 days at 
300 ~ The recovery of the bending strength by an- 
nealing more than 20 days at 300 ~ seemed to be due 
to the surface compressive stress accompanied by the 
tetragonal to monoclinic phase transformation on the 
surface. Therefore, it can be suspected that the hy- 
drothermal corrosion of Mg-PSZ resulted in the 
formation of surface flaws, which decrease the fracture 
strength and in the induction of surface compressive 
stress by the tetragonal to monoclinic phase trans, 
formation, which thus increases the bending strength. 

The amount of m-ZrOz on the surface and the 
bending strength of both MS and TS grade Mg-PSZ 
corroded in water, 1 M HC1 solutions and 1 M CH3- 
COOH-CH3COONa buffer solutions at pH 3 at 
80-140~ for 20 days are shown in Fig. 3. It was 
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noticeable that although no phase transformation was 
observed in the present experimental conditions, signi- 
ficant degradation of the bending strength was ob- 
served for the samples corroded in 1 M HC1 and 1 M 
acetate buffer solutions. These results indicated that 
the surface flaws, which decrease the bending strength 
of Mg-PSZ annealed in aqueous solution, were for- 
med not only by the tetragonal to monoclinic phase 
transformation but also by the corrosive attack with- 
out phase transformation. Because the degree of the 
degradation of the bending strength increased with 
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Figure4 Amounts of Mg 2+ ion leached in ((3) water and (A) 
1 M HC1 solutions at various temperatures for 20 days. 



Figure 5 Scanning electron micrographs of the cross-sections of MS 
grade Mg-PSZ corroded in water at (a) 200 ~ (b) 300 ~ and (c) 
1 M HC1 solution at 140 ~ for 30 days. 

increasing acidity of the solutions, surface flaws might 
be introduced by the dissolution of the samples. 

Under the present experimental conditions, the dis- 
solution of ZrO2 matrix was negligible, but a notice- 
able amount  of Mg 2 + ion was leached in the solution. 
The amounts of Mg 2 + ion leached in the solution by 
annealing MS grade Mg-PSZ samples in water at 
80-300 ~ and in 1 MHC1 solutions at 80 140 ~ for 
20 days are shown in Fig. 4. The dissolution of Mg 2 § 
ion was significant above 80 and 200 ~ in 1 M HCI 
solutions and water, respectively. The amounts of 
Mg 2 + ion dissolved in 1 M HC1 solution at 80-140 ~ 
were almost the same as those dissolved in water at 
2002-300 ~ Therefore, it might be concluded that the 
dissolution of Mg 2§ ion played a significant role not 
in introducing the tetragonal to monoclinic phase 
transformation, but in the formation of the surface 
flaws. 

Scanning electron micrographs of the cross-section 
of the MS grade Mg-PSZ samples corroded in water 
at 200 and 300 ~ for 20 days and in 1 M HC1 solution 
at 140 ~ for 20 days are shown in Fig. 5. The volu- 
metric dilation accompanied by the tetragonal to 

monoclinic phase transformation was detected on the 
surface of the samples corroded in water at 200 and 
300 ~ As seen in Fig. 5, the microstructural changes 
accompanied by the tetragonal to monoclinic phase 
transformation were observed only around the ori- 
ginal surface of the sample corroded at 200~ but 
they were observed in both parts around the original 
surface and pores located far from the original surface 
of the sample corroded at 300 ~ On the other hand, 
large intergranular cracks were observed in the cross- 
section of the samples corroded in water at 200 ~ and 
in 1 M HC1 solution at 140 ~ Therefore, it was sus- 
pected that the dissolution of Mg 2 § ion resulted in the 
degradation of the bending strength by the cracks at 
the grain boundary of Mg-PSZ. As the trans- 
formation zone in the sample corroded in water at 
300~ was much larger than that at 200~ the 
strengthening effect by the compressive stress due to 
the tetragonal to monoclinic phase transformation 
became more significant in the former sample than in 
the latter sample, as shown in Fig. 2. These results 
indicated that the bending strength of the hydrother- 
mally corroded Mg-PSZ depended on both the 
amounts of Mg 2 + ion dissolved and the tetragonal to 
monoclinic phase transformation zone size. 

4. Conclusions 
1. The tetragonal to monoclinic phase trans- 

formation and the degradation of the bending strength 
occurred noticeably in water above 200 ~ 

2. Although no tetragonal to monoclinic phase 
transformation proceeded in 1 M HC1 solutions and in 
1 M C H 3 C O O H - C H 3 C O O N a  buffer solutions at 
pH 3 in the temperature range 80-140 ~ the bending 
strength of Mg-PSZ greatly degraded. 

3. The dissolution of ZrO 2 matrix was negligible 
under the present experimental conditions, but Mg 2+ 
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ion was noticeably leached in water and in 1 M HCI 
solutions above 200 and 80 ~ respectively. 

References  
1. K. KOBAYASHI,  H. K U W A J I M A  and T. MASAKI,  Solid 

State lonics 3/4 (1981) 489. 
2. T. SATO and M. SHIMADA,  J. Amer. Ceram. Soe. 67 (1984) 

C-212. 
3. ldem., ibid. 68 (1985) 356. 

4. D. L. PORTER,  A. G. EVANS and A. H. HEUER,  Acta 
Metall. 27 (1979) 1649. 

5. R . H . J .  H A N N I N K  and M. V. SWAIN, ,1. Aust. Ceram. Soc. 18 
(1982) 53. 

6. M.V .  SWAIN, J. Mater. Sci. Lett. 4 (1985) 848. 
7. T . J .  FINE,  M. K. FERBER and D. W. LEIGH,  Adv. Ceram. 

Mater. 3 (1988) 80. 

Received 26 September 1989 
and accepted 9 April 1990 

1350 


