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ABSTACT 

The tetragonal-to-monoclinic phase transformation on ground and 
polished surfaces of tetragonal zirconia polycrystals containing 
2.5 mol% yttria was studied using an in situ X-ray diffraction 
technique. The amount of monoclinic phase caused by thermal­
stress-induced transformation reached a maximum value at 250"C, 
and the thermally stressed specimens exhibited much greater 
(111) peak intensity than that of (111), as simi lariY observed 
in specimens associated with mechanical stresses. 

ITRODUCTION 

Polycrystal I ine yttria-stabi I ized tetragonal zirconia (Y-TZP) 
exhibits both high strength and high fracture toughness qual i 
ties derived from the transformation of metastable tetragonal (t 
) to monoclinic (m) zirconia when stresses are imposed near the 
stress field of a crack tip. The tetragonal-to-monoclinic (t-to­
m) transformation by not only mechanical but also thermal stress 
. Experimental observations of such processes as low-temperature 
ageing (1, 2), annealing under humid conditions (3), and creep 
tests (4) have shown that transformation by thermal stress is 
induced at approximately 200• to 300"C. 

For the present study, in situ X-ray diffraction was conduct­
ed on the ground and polished surfaces of 2.5 mol% Y-TZP during 
thermally induced stress to observe structural changes and 
determine the direct martensitic temperature. The relation be­
tween changes in intensity caused by thermal stress and those 
caused by mechanical stress is discussed. 
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EXPERIMENTAL PROCEDURE 

Polycrystalline Zr02 materials stabilized with 2. 5 moiX Y2 0 3 

containing 0. 5 moiX AI20a were prepared by the method previously 
reported (5). Test specimens were prepared by both pressureless 
sintering and hot isostatic pressing (HIP). The powder was first 
isostatical ly pressed at 200 MPa, then heated gradually from 
room temperature to soooc at a rate of 50°C/h, and finally held 
at 1450°C for 2h. 

Hot isostatic pressing was conducted on samples pressed at 
200 MPa and presintered for 2 hat 1400°C so as to obtain mater­
ial with a density no less than 97X of theoretical. An unencap­
sulated sample was raised from room temperature to the maximum 
temperature at a rate of 700°C/h in an argon atmosphere; the gas 
pressure was adjusted to rise slowly, reaching 200 MPa at the 
maximum temperature. The sample was then treated at 1400°C for 
1.5 h. The specimens obtained were ground with a 400-grit dia­
mond wheel and then with 10-~m diamond paste to an optical fini­
sh. The surfaces of these specimens were polished further with 5 
- and then 3-~m diamond paste. 

X-ray diffraction measurements were performed• using graphite 
monochromated CuK• radiation with an electronic furnace on a 
goniometer under dried nitrogen gas atmosphere. The XRD was 
accomplished by operating at 50 kV to 200 mA in step scan mode 
with a 0.01 28 step and a counting time of 1 s/step, over a 28 
range of 27° to 40°; this range covers the monoclinic {111}, 
tetragonal {111}, and {002} peaks. The m-phase contents and 
intensity ratios of m(111)/m(111) and t(002)/t(200) were esti­
mated from the relative areas under the {111} and {002} profiles 
using the method of Garvie and Nicholson (6). 

RESULTS AND DISCUSSION 

Figure 1 shows the XRD profiles for the ground surfaces after 
the specimens were heated to aoooc, then cooled to 200°C, and 
finally held 5 to 10 h. The m-phase contents and X-ray intensity 
ratios of the (002)/(200) tetragonal and (111)/(111) monoclinic 
peaks are summarized in Table 1. The m-phase, which appears on 
the ground surfaces at room temperature, almost disappears when 
the sample was heated to 800°C. When the sample was cooled from 
800° to 200°C, the m-phase increased gradually with increased 
heating time. 

The reversal of the intensity ratio of the (002)/(200) tetra­
gonal peaks, which might be interpreted as domain switching, was 
also observed on the present specimens (7-9). Figure 1 shows 
that this reversal of tetragonal peaks was stable during heat 
treatment. 

Figures 2 and 3 show the XRD profiles for the polished surfa­
ces of the HIPed and pressureless sintered specimens, respecti­
vely. Figures 2(a) and 3(a) show the profiles of the specimens 
measured immediately after heating to 200°, 225°, 250°, 275°, 

* Model RU-2008, Rigaku Corp.,Tokyo, Japan. 
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and 300°C. Figures 2(b) and 3(b) show th profiles of the speci­
mens measured after holding for 1 hat the setting temperatures. 

The m-phase contents and m(lll)/m(111) intensity ratios of thes 
especimens are summarized in Table 2. 

The m-phase content of the HIPed specimens, measured after 
holding for 1 hat the setting temperatures, increased with 
increased heating temperature, reaching a maximum value at 250°C 
, then decreased with increased heating temperature from 275° to 
300°C. Less m-phase was measured immediately after heating to 
the setting temperature than after holding for 1 h, although the 
amount reached a maximum at 250°C. 

The pressureless sintered specimens, on the contrary, exhibi­
ted comparatively the same amounts of m-phase in all ranges of 
the heating temperature from 200" to 300°C, even just after 
heating to the setting temperatures. 

This difference in m-phase content between the HIPed and the 
pressureless sintered specimens can be attributed to differences 
in grain size and density. The grain size and density of the 
HIPed specimens were 0.4 to 0. 5 ~m and 6.07 mg·m- 3

, respectively 
; those specimens thus were slightly finer and denser than the 
pressureless sintered specimens (0. 5 ~m and 6. 00 mg·m- 3

, respec­
tively), due to the lower sintering temperature of 1400°C. The t 
-to-m transformation of the HIPed specimens therefore is slower 
than that of the pressureless sintered specimens (2). 

The {111} monoclinic peaks of the specimens showed much 
greater disparity between the (111) and (111) peaks than that 
observed in diffraction studies of powders or of randomly trans­
formed precipitatets or grains within a matrix. These observa­
tions indicate a marked preference for the formation of the 
(111) orientation, as previously observed in specimens stressed 
during mechanical grinding or fracture (8). 
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Figure 1. XRD profiles for the ground surfaces of 
2. 5Y-TZP after thermal stress. 
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Figure 2. XRD profiles for the polished surfaces of 
hipped specimens (a) immediately after heating 
to and (b) after keeping for lh at 200", 225•, 
250°, 275°, and 3oo·c. 
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Figure 3. XRD profiles for the polished surfaces of 
pressureless sintered specimens (a) immediately 
after heating to and (b) after keeping for lh at 
200°' 225"' 250°' 275°' and 300" c. 
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TABLE 1 
Effect of thermal-stresses on the m-phase contents 

and XRD intensities 

ground surface 

R.T 

800°C 

2oooc Oh 

200°C Sh 

200°C10h 

Effect 

M-phase contents 
(%) 

Intensity ratio 

T(002)/T(200) M(lll)/M(111) 

5. 0 4. 2 0.3 

1.5 3. 1 5.8 

2.2 3. 5 6.5 

2. 7 3. 3 7.4 

3.0 3. 3 8. 1 

TABLE 2 
of thermal-stresses on the m-phase contents 

and XRD intensities 

HIP PS 

M-contents N(lll) /M(lll) M-contents M (111) /M (111) 

R.T 0.3 5. 1 0.8 3.0 

2oooc Oh 0.6 6. 3 1.8 8. 5 
1h 1.0 6. 2 2.3 5. 5 

225oc Oh 0. 7 8. 0 2.0 9.3 
1h 1.4 12. 0 2.4 5. 2 

250°C Oh 1.2 7. 2 2.2 6. 3 
lh 2. 6 14. 0 3.0 7. 0 

275°C Oh 0. 5 5. 3 2.2 9. 0 
1h 0.6 6. 3 2.8 9. 9 

3oooc Oh 0.3 2. 7 1.8 4.4 
lh 0. 5 3. 5 2. 5 9.0 




