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A bstract 

Commercial powders within the system ZrO2-MgO-  
Y2 0 3-A 12 0 3 were used to produce zirconia ceramics 
with improved thermal stability. Different sintering 
routes were followed in order to determine the 
optimum conditions. Fine-grained (Y,  M g ) - P S Z  
ceramics with grain sizes below 10 I~m were achieved. 
Microstructural evolution was studied after various 
isothermal heat treatments. After ageing, the 
materials contain a large fraction o f  tetragonal phase 
which does not transJorm after a hydrothermal ageing 
treatment in an autoclave, but can still be trans[ormed 
under mechanical stress. 

Kommerzielle Pulver aus dem S),stem ZrO2-MgO-  
Y203-A120 3 wurden zur Herstellung yon ZrO 2- 
Keramiken mit verbesserter thermischer Stabilitdt 
verwendet. Mit Hilfe unterschiedlicher Sinterzyklen 
wurden die Herstellungsbedingungen optimiert. Fein- 
k6rnige ( Y, Mg)-PSZ-Keramiken mit Korngrb'flen 
<lOl~m wurden erzielt. Die GeJ~igeentwicklung 
n'urde in Abhdngigkeit unterschiedlicher isothermer 
Alterungsbehandlungen untersucht. Nach einer opti- 
mierten Alterung enthalten die Proben einen hohen 
Anteil tetragonaler Phasen, die zwar spannungs- 
induziert umwandelbar sind, aber unter hydrother- 
malen Bedingungen im Autoklaven nicht in die 
monokline Form umwandeln. 

Des poudres commerciales appartenant au systkme 
Z r O  2 M g O - Y z O 3 - A I 2 0  3 ont ktk utiliskes pour 
produire des cbramiques en zircone avec une stabilitb 
thermique accrue. Diffkrentes m6thodes de frittage 
ont ~;t~; suivies dans le hut de d~;termhwr les conditions 
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optimales. Des cOramiques ( Y-Mg ) -PSZ h fins grains 
avec des tailles de particules sous lOl~rn one ktk 
r&tlis~;es. L'&'olution microstructurale a ~t~ ~;tudi~e 
aprOs diff,;rents traitements en isotherme. AprOs 
vieillissement, les matOriaux contiennent une grande 
.fraction de phase quadratique qui ne se transforme 
pas aprOs un traitement hydrothermal en autoclave, 
mais peut toujours 6tre transformOe sous l'effet de 
contraintes rn~caniques. 

1 In troduc t ion  

Yttria-doped tetragonal zirconia polycrystals (Y- 
TZP) exhibit very high strength and toughness.I-3 
However, these ceramics degrade at low tempera- 
tures ( ~ 200cC), especially when exposed to a humid 
atmosphere. The reaction of water with the small 
( < 1/~m) tetragonal grains of Y-TZP materials leads 
to an uncontrolled tetragonal (t) to monoclinic (m) 
phase transformation. Due to the associated volume 
expansion, microcracking occurs, which proceeds 
from the surface into the bulk. As a result of this 
process, strength decreases dramatically. 4-6 

Mg-partially stabilized zirconia (Mg-PSZ) ex- 
hibits much better resistance to low-temperature 
ageing, although some strength degradation was 
also observed in some cases, v's The strength of Mg- 
PSZ is lower than that of Y-TZP, but its fracture 
toughness is much higher. ° 12 

The ternary system ZrO2-MgO-Y20  3 has mainly 
been studied with respect to the effect ofyttria on the 
subeutectoid decomposition of Mg-PSZ. During 
ageing at temperatures between 1000°C and 1400°C, 
the cubic (c) phase decomposes either into t-ZrO 2 
and MgO or into m-ZrO2 and MgO, respectively, 
1 
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Table 1. Composi t ions  of  the powder  mixtures used 

Sample 
designation 

Matrix composition (tool%) 

}"203 MgO Z r 0  2 

Additions ( t:ol. % ) 

Al203 MgO-AI2Q 3 

A-3A 1"5 5-0 93"5 3"0 - -  
A-3S 1'5 5"0 93-5 - -  3-0 
B 0"8 7.1 92-1 - -  - -  
B-3A 0"8 7"1 92.1 3"0 - -  
B-3S 0'8 7" 1 92" 1 - -  3'0 

leading to strength degradation. Thus the maximum 
long-term application temperature of Y203-free 
Mg-PSZ is limited to ~ 900°C.11 Addition of Y203 
effectively suppresses this decomposition up to 
1250°C.13,14 

In a more recent study on the precipitation 
behaviour in (MgO, YzO3)-ZrO2 it has been found 
that the transformable tetragonal phase is difficult to 
precipitate. 15 A maximum volume fraction of 12% 
of transformable phase was found after isothermal 
heat treatment up to 5000 h at temperatures between 
1000°C and 1400°C. Consequently, stress-induced 
transformation plays a lesser role as a toughening 
mechanism than microcracking. 

The aim of this work was to produce a fine- 
grained Mg-PSZ-type material with better low- 
temperature stability than Y-TZP and good mech- 
anical properties. ~2 For this purpose, A1203 was 
added to compositions from the ZrO2-MgO-Y203 
system. 

2 Experimental Procedures 

Mixtures of the five compositions listed in Table 1 
were prepared from commercial powders of 3 mol% 
Y203-containing ZrOz (TZ3Y, Tosoh Co. Ltd, 
Tokyo, Japan) and 9mo1% MgO-ZrO2 (SCMG3 
Grade, Magnesium Elektron Ltd, Manchester, UK) 
as well as pure A1203 (Alcoa A-16, Alcoa, Pittsburg, 
USA) and MgO (Merck, Darmstadt, Germany) 
as additives. The materials are basically composed 
of YzO3- and MgO-containing ZrO 2 powders. 
Two ratios were selected, resulting in compositions 
of 1.5mo1% YzO3-5.0mol% MgO-93 .5mol% 
ZrO 2 and 0.8mo1% Y203-7.1 mol% MgO-  
92-1 tool% ZrO2, denoted A and B, respectively. To 
each of these compositions 3vo1.% of A1203 or 

3 vol.% of a separately prepared mixture of A1203 
and MgO was added, referred to below as A-3A, B- 
3A, A-3S and B-3S. The AI203/MgO mixture had a 
1:1 ratio, suitable for the formation of MgAI204 
spinel. 

The mixtures were wet milled in ethanol with 3Y- 
TZP milling media in polyethylene bottles. After a 
milling time of 24 h the powders were dried. Green 
bodies were formed by uniaxial pressing in a steel die 
at 35 MPa followed by cold isostatic pressing at 
150 MPa. The discs obtained measured about 28 mm 
in diameter and 5 mm in thickness. 

The discs were sintered in air at temperatures 
between 1400°C and 1700°C with different holding 
times. The typical processing parameters are re- 
ported in Table 2. 3Y-TZP were used as sintering 
supports in the furnace. Samples sintered at 1700°C 
for 1 h were subsequently aged at 1400°C for a 
period ranging from 1 to 10 h. The opt imum ageing 
condition was determined by X-ray analysis com- 
paring the (202) and (220) peak intensities. CuK, 
radiation was used. The monoclinic phase contents 
were evaluated using the method proposed by 
Garvie & Nicholson. 16 

Densities of the sintered samples were measured 
by Archimedes' method and the relative densities 
were calculated, taking the c-, t- and m-ZrO2 and 
spinel volume content into account. 

Microstructures of thermally etched samples were 
examined by scanning electron microscopy. Grain 
sizes were estimated by the line intercept method. 

In order to study the hydrothermal stability, the 
samples were treated in an autoclave with water 
vapour at 180°C and a pressure of lObar for up to 
40h. The transformable t-phase content present 
after the hydrothermal  ageing treatment was 
examined by surface grinding and measuring the m- 
phase content. 

Table 2. Sintering condi t ions  and final densities (g/cm 3) after  different sintering cycles 

Material 1400°C, lOh 1500°C, 3 h 1600°C, 3 h 1700°C, l h 

A-3A 5"51 5.65 5"65 5"64 
A-3S 5"41 5.59 5"66 5"69 
B 5'39 5'43 5"58 5-64 
B-3A 5"38 5.59 5.65 5"64 
B-3S 5'38 5.47 5'63 5"67 
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3 Results and Discussion 

3.1 Sintering 
Dense samples with a residual porosity between 3% 
and 10% are obtained after sintering at 1400cC for 
10h, 1500C for 3h, 1600~C for 3h and 1700C for 
1 h. The relative densities are given in Fig. 1. Under 
all sintering conditions, samples A-3A and B-3A, 
both containing AI:O3 additions, show relative 
densities higher than that of samples A-3S and B-3S 
with additions of the AI203-MgO mixture. 

Material B, prepared without additions, exhibits 
consistently the lowest relative density. Comparing 
the relative densities of samples B, B-3A and B-3S it 
becomes obvious that both A120 3 and MgO-AI20 3 
additions aid in the sintering of the matrix. 

It is assumed that the improved densification 
behaviour of the AlzO3-containing samples is due to 
a liquid-phase sintering process as observed in TEM 
examinations by Rfihle et al. ~7 of A1203-containing 
Y-TZP. However, no TEM examinations had been 
performed so far on these materials to verify this 
hypothesis. 

X-Ray analysis reveals that all sintered samples, 
with the exception of material B, contain a small 
amount of MgAI20 ~ spinel. Pure alumina is not 
detectable. Furthermore, samples A-3A and B-3A 
exhibit very high m-phase contents, as shown in Fig. 
2, ranging from 46 to 68 vol.% for sample A-3A and 
from 31 to 56 vol.% for sample B-3A. The m-phase 
contents of samples with MgO-AI20 3 additions 
range only from 13 to 41 vol,% for sample A-3S, 
and from 4 to 32vo1.% for sample B-3S. These 
results indicate that the AIzO 3 powder present in 
samples A-3A and B-3A reacts with the matrix MgO 
to form MgA120 ~ spinel. As a consequence the 
matrix is destabilized, and a large amount  of m- 
phase is formed during cooling. In samples A-3S and 
B-3S, the spinel particles are formed from the added 

MgO-A120 3 mixtures. Hence the MgO content in 
the 9% MgO ZrO2 powder is not consumed. 

Considering the cubic and tetragonal peak intens- 
ities, it can be concluded that sintering at 1700'~C for 
1 h leads to the highest amount  of t- and the lowest 
content of m-phase. For this reason, attention was 
focused on samples sintered at 1700C for 1 h. 

3.2 Isothermal ageing 
Ageing of samples A-3S and B-3S at 1400°C, 
performed in order to coarsen the t-precipitates, 
leads to an increase in the t-phase content. The 
diffraction pattern of sampleB-3S in Fig. 3 shows the 
evolution of the t-phase (202) and (113) peaks during 
ageing. Note the increased t-phase (202) and (113) 
peak intensities after 1 h ageing. Ageing for 10h re- 
sults in the formation of m-phase and in a reduction 
of the t-phase content. From the calculated 
intensity ratios of the t-phase (202) and the c-phase 
(220) peaks presented in Fig. 4, it is concluded that 
the opt imum ageing time is 1 h for material B-3S and 
3 h for material A-3S. 

The reduction of the t-phase content after 10h of 
ageing and the increase in the m-phase content 
indicate an overageing, well known from Mg- and 
Ca-PSZ materials.~°'~8 In these materials, excessive 
ageing times lead to a coarsening of the precipitates 
above the critical size for spontaneous transform- 
ation. Hence, the m-phase content increases. The 
increase in m-phase content in samples A-3A, A-3S, 
B-3A and B-3S with increasing ageing time is shown 
in Fig. 5. From this diagram it can be further seen 
that, in sample B-3S, the t-phase transforms more 
readily during ageing when compared to material 
A-3S. The reason may be the lower content of yttria 
as well as larger t-precipitates, close to the critical 
size. 

It should be noted that, after ageing at 1400°C for 
10 h, no MgO was detected by X-ray analysis. So the 
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Fig. 3. Diffraction pattern scans of material B-3S. (A) As-sintered (1700"C for 1 h), (B) after additional heat treatments at 140OC for 
1 h, and (C) after 10h of ageing. 

materials seem to be stable against eutectoid 
decomposition at this temperature, and the increase 
in m-phase is related only to overageing. 

Photographs of the characteristic microstructure 
common to the materials are shown in Figs 6 to 9. 
All samples exhibit a bimodal grain size distribution 
of small m-grains, identified by the twinned struc- 
ture, and large c-grains. This bimodal distribution is 
very pronounced in material B (see Fig. 6). 

The quantity of twinned m-grains is highest in 
material A-3A, a result which is consistent with 
X-ray analysis. The mean size of the m-grains in 
material A-3A is approximately 2/~m, whereas the 
mean size of the c-grains is approximately 4/~m. 

Materials A-3S, B, B-3A and B-3S show the 
same size of m-grains, but there is a significant 
difference in the c-grain size. In contrast to material 
A-3A, material A-3S showed an increased c-grain 
size of approximately 6/~m. This suggests that the 
grain size is sensitively controlled by the amount  of 

AI203 additions which act in limiting grain growth. 
The grain boundary pinning of MgAlzOa spinel 
particles is visualized by dark contrast in Fig. 7 for 
sample A-3A. 

The same grain-growth hindering mechanism of 
the A1203 additions was observed in materials B, 
B-3S and B-3A. Materials B, without any additions, 
has a mean c-grain size of 7-0 #m, with additions of 
3 vol.% of MgO-A1203 a mean c-grain size is 6"5 #m 
and with additions of 3 vol.% of AI203 it is only 
4.5/~m. This c-grain size is small when compared to 
that of commercial 9% Mg-PSZ materials. 

Analysing samples A-3A and A-3S with SEM, the 
lenticular-shaped tetragonal precipitates within 
cubic grains, as known from pure Mg-PSZ 
materials, could not be observed. On the contrary, in 
all three B materials with the matrix composition of 
0.8mo1% Y203-7.1mol% MgO-92-1mol% ZrO2 
the formation of precipitates can clearly be seen. The 
precipitates in sample B-3S show two different 
structures. In addition to the elongated, lenticular- 
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Fig. 4. Te~ragonal phase content versus ageing time at 1400°C. 
The maximum for material B-3S is achieved after 1 h, and for 

material A-3S after 3 h of ageing. 
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Fig. 9. Brain-like structure of tetragonal precipitates within 
cubic grains of material B-3S sintered at 1700 C for I h and aged 

at 1400 C for 3 h. 

Fig. 6. Scanning electron micrograph of material B after 
,dntcring at 1700 C for l h and subsequent ageing at 1400 C for 

311. Cubic grains grow large without alumina additions. 

Fig. 7. Scanning electron micrograph of material A-3A sintered 
at 1700':C for lh and subsequently' aged at 1400 C for 3 h. 

shaped precipitates,  there are regions within cubic 
grains with a more  irregular,  brain-like s t ructure  
(Figs 8 and 9). This i r regular  s t ructure  inside the 
c-grains was previously observed by Yuan  et al. 19 in 

dua l -phase  M g O - Z r O 2  ceramics and are thought  to 
be domains  o f  the te t ragonal  F-phase. 

3.3 Hydrothermai ageing treatment 
As only  mater ia ls  A-3S and B-3S, sintered at 1 7 0 0 C  
for 1 h and aged at 1400~C for 3 h, exhibited a low 
m-phase  and a high t-phase content ,  these samples 
were used to examine thermal  stability under  hydro-  
thermal  condi t ions.  

Al te r  exposure  for 40 h, sample A-3S shows no 
increase in m-phase  content ,  as indicated in Fig. 10. 
Thus  the thermal  stabil i ty is very good  when 
c o m p a r e d  with pure  3Y-TZP.  The values for  3Y- 
T Z P  were taken f rom H i r an o  & lnada.  2° Similarly, 
good thermal  stabili ty is observed for the sample 
B-3S. After  h y d ro th e rm a l  t r ea tment  for  20h,  the 
m-phase  conten t  increased f rom 12vo1.% in the 

Fig. 8. Scanning electron micrograph of material B-3S after 
sintering at 1700'C for 1 h and subsequent ageing at 1400C for 

3 h. Note the tetragonal precipitate in cubic grains. 

"130 

o~ 8O 

O 
> 

6O 3Y-TZP, 
¢-- 

n 

o 

i ~ - 40 

c 
O B-3S 

20 -~ 
A-3S 

0 ' I tO k 210 215 h 3'5 ~ ' 0 5 15 50 40 45 

Ageing Time, hours 

Fig. 10. Monoclinic phase content after hydrothermal ageing 
of samples A-3S and B-3S in an autoclave with water 
vapour at 180 C and 10 bars. Values for 3Y-TZP after Hirano & 

|nada. 2 



486 F. Meschke,  G. De Portu, N. Claussen 

starting material to 22 vol.%. Extended ageing to 
40 h does not further increase the m-phase content. 

In order to verify whether the tetragonal precipi- 
tates are still able to transform into m-phase after 
the hydrothermal treatment, the samples exposed 
for 40h were ground and subjected to X-ray 
analysis. The A-3S material shows an increment of 
about l lvol .% in m-phase up to the value of 
29 vol.% after grinding. In spite of the slightly higher 
m-phase content, material B-3S appears to be more 
susceptible to stress-induced transformation as the 
grinding procedure increases the m-phase content 
from 22 vol.% to 49 vol.%. 

4 Conclusions 

Starting from commercial 3mo1% Y203- and 
9 mol% MgO-containing powders, Z r O  2 materials 
with a fine-grained microstructure similar to Mg- 
PSZ with cubic grain sizes < 10 ~m can be produced 
if small amounts of A1203 and MgO-A120 3 are 
added. 

Both A1203 as well as MgO-AI203 additions 
promote sintering, as verified for one type of 
(Y, Mg)-PSZ material, and reduce grain growth. 

With appropriate ageing treatment high amounts 
of tetragonal phase can be precipitated. 

After hydrothermal treatment up to 40h the 
materials exhibit much better thermal stability than 
conventional Y-TZP. Nevertheless, a large amount 
of tetragonal phase is still able to transform into 
monoclinic symmetry under mechanical stress. This 
behaviour is very promising in terms of toughening. 
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