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New high-pressure and -temperature phase of ZrO, above 1000 °C at 20 GPa
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Combining a diamond anvil cell and a laser heating system, pure ZrO, powders were heated above
1000°C under high pressures above 20 GPa. Thermally quenched samples were investigated by using x-
ray diffraction under high pressure. The results indicated that a new high-pressure phase was formed.
This new phase was retained in the course of releasing pressure down to 1 GPa but reverted to the mono-
clinic phase on the complete release of pressure. Thirteen diffraction lines were confirmed to be from the
new phase and indexed on the basis of hexagonal symmetry. The molar volume of this phase is larger
than that of ortholl, which appears in the low-temperature region of the same pressure range. Its struc-
ture is derived from that of ortholl which is composed of pseudohexagonal packing of oxygen.

I. INTRODUCTION

ZrO, is one of the major components of modern
ceramic materials. Its high-temperature forms, tetrago-
nal and cubic ZrO,, have been extensively studied and
used by industry. Recently, phase transition of ZrO, un-
der high pressure has gathered much interest in both ma-
terial and geophysical researches. Because the toughen-
ing mechanism of ZrO, ceramics is explained by a stress-
induced phase transition,"? the phase transition at high
pressure is to be studied from a microscopic viewpoint.
The investigation of high-pressure polymorphism of ZrO,
is also important in geophysical implications as the po-
lymorphic structure of ZrO, might be a possible candi-
date for the high-pressure form of Si0,.>*

ZrO, has a monoclinic symmetry at ambient conditions
and, as schematically shown in Fig. 1, three high-pressure
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FIG. 1. Pressure-temperature phase diagram of ZrO,.

Monoclinic-to-tetragonal (high-temperature form) is after Wit-
ney (Ref. 23); monoclinic-to-orthol and orthol-to-tetragonal are
after Block et al. (Ref. 8); orthol-to-ortholl and ortholl-to-
high-temperature phase (denoted as “new phase?”) are after Oh-
taka et al. (Ref. 13); tetragonal phase which appears above 35
GPa is after Arashi et al. (Ref. 6).
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polymorphs of orthol,’ orthoIl,® and tetragonal® have
been reported. The monoclinic-to-orthol phase transi-
tion is given rise to by compression above 3 GPa at room
temperature.>’ 13 Based on a neutron powder
diffraction experiment of orthol quenched to ambient
conditions, the space group of this phase was determined
to be Pbca and structure refinement was performed.!*
Orthol has a distorted fluorite structure similar to that of
monoclinic ZrO, and the phase transition between them
shows the characteristics of a martensitic transition.
Ortholl is stable above 13 GPa at 800°C and isostructur-
al with cotunnite (PbCl,).>'*!5~18 The orthol-to-ortholl
phase transition is accompanied by a nucleation and
growth process.!* Consequently, heating or excessive
compression is required to promote this transition. On
the other hand, once ortholl is formed under high pres-
sure, it can be easily quenched to ambient conditions.
The tetragonal phase, which is different from that of the
ordinary high-temperature form at ambient pressure, ap-
pears at pressures greater than 35 GPa.’ This phase is
stable to at least 60 GPa and quenchable to ambient con-
ditions. Its accurate structure, however, has not yet been
determined.

These studies of ZrO, under high pressure have mainly
been made at room temperature or, at most, a few hun-
dred °C. An experimental study of the phase relations at
a higher-temperature region was first reported by Ohtaka
et al.'>'® Throughout the synthesis experiments of
ortholl, they showed that the monoclinic phase was
recovered by heating above about 1000 °C in the pressure
range where ortholl is expected to be stable. They also
reported that, in the course of raising temperature,
abrupt discontinuities in electrical conductivity were ob-
served around 1000°C at 16.5 GPa and around 1050°C at
18 GPa. These results suggest that ortholl transforms to
another, unquenchable, high-pressure and temperature
phase at temperatures as high as about 1000°C (denoted
as “new phase?” in Fig. 1). Furthermore, the results of
synthesis experiments imply that this phase does not re-
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vert to ortholl by thermal quench under high pressure.
In the present study, the authors attempted the in situ x-
ray-diffraction observations of ZrO, which was preheated
above 1000 °C with a YAG laser under high pressure.

II. EXPERIMENT

The starting material was a fine powder of >99.9%
pure ZrO, (grain size is about 100 nm) provided by Tosoh
Co. The powder had a purity of more than 99.9%. It
was mixed with about 1 wt % of platinum black, which
works as an absorber of the YAG laser for heating.

A lever and spring-type diamond anvil apparatus'® was
used throughout the high-pressure experiments. The an-
vils were one-third carat and Drukker standard-cut dia-
monds with a 0.5-mm culet. Stainless steel of 0.2 mm in
thickness was used as a gasket. The sample was placed in
the gasket hole of 0.25 mm in diameter without any pres-
sure transmitting medium to keep a hydrostatic condition
because of too high pressures over 20 GPa in all present
runs. The generated pressure was measured by the ruby
fluorescence method.?’

After compression above 20 GPa, the sample was heat-
ed by using a YAG laser. The sample temperature was
estimated to be above 1000 °C from the radiation emitted
from the sample. A thin laser beam of 15 um in diameter
from the 12 W single-mode YAG laser was scanned to
heat the whole area of the sample and the total heating
duration was about 1 h.

High-pressure in situ x-ray-diffraction measurements
were undertaken at room temperature with a high-power
rotating-anode x-ray generator operated at 55 kV and 160
mA. Filtered MoKa radiation was collimated with a
0.1-mm pinhole. An x-ray-diffraction pattern was
recorded on a Debye-Scherrer camera with a radius of
57.3 mm. The typical exposure time was 12 h.

Two individual runs were performed in order to
confirm reproducibility. Initial values of the compression
were 26 and 27 GPa for the first and the second runs, re-
spectively. After the laser heating, however, pressures in
the sample chamber were decreased to 20 and 21 GPa for
respective runs. In the course of decompression, x-ray-
diffraction patterns were recorded approximately by
every 5 GPa. After the complete release of pressure,

3.5 e
3.0 | - !
e |
< 2.5 | |
) L4 .. >— - *—o ]
£ : - - ]
g |
3 2.0 ]
- |
= ; b4 1
1.5 | oe——g * =3
1.0 | ‘ . ]
0 5 10 15 20 25

Pressure (GPa)

FIG. 2. Pressure dependence of observed d spacings.
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FIG. 3. X-ray-diffraction pattern of recovered sample.

recovered samples were investigated by using a micro-
focused x-ray diffractometer.

II. RESULTS AND DISCUSSION

Figure 2 shows the pressure dependence of the ob-
served d spacings. The same diffraction patterns were ob-
served in both runs. These patterns were retained and no
additional diffraction lines appeared in the course of
releasing pressure down to 1 GPa. Though a few
diffraction lines were not detected on the x-ray films of
short exposure time, 13 lines were confirmed to be
diffracted from the sample. The observed x-ray-
diffraction pattern differs completely from those of any
polymorphs reported so far for ZrO,.%!%13!4 These re-
sults indicate the new high-pressure and -temperature
phase of ZrO, was quenched to room temperature under
compression.

Since this high-pressure diffraction study was made
without any pressure transmitting medium, the new
phase may be induced by shear stress similar to the other
stress-induced transition of ZrO,."? The reproducibility
of the phase transformation indicates the new phase may
have a thermodynamically stable region.

TABLE 1. Observed and calculated d spacings for ZrO, in
hexagonal high-pressure and -temperature phase (Z =8).
a4, =6.77(2), co=6.84(3),and ¥ =271.4(2) A>.

H,K,L d obs. d calc.
111 w 3.09 3.03
200 VS 2.93 2.93
201 S 2.74 2.69
112 yw 2.37 2.41
202 w 2.23 2.23
103 S 2.12 2.13
113 M 1.89 1.89
203 w 1.80 1.80
220 M 1.69 1.69
221 w 1.64 1.64
213 M 1.58 1.59
303 w 1.49 1.48
204 w 1.48 1.48
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FIG. 4. Pressure dependence of molar volume of high-
pressure phases of ZrO,. Those for orthol and ortholl are after
Ming and Manghnani (Ref. 22).

The x-ray-diffraction pattern of the recovered sample is
shown in Fig. 3. The sample was held in the gasket and a
diffraction from the gasket was observed together with
those from the sample. The rows of markers below the
pattern show the peak positions of the monoclinic
phase.?! Though it is difficult to identify weak peaks
especially in the high-angle region, all strong diffraction
lines except that from the gasket were indexed as the
monoclinic phase and no diffractions corresponding to
the high-pressure phase were observed. Peaks indexed as
“Mon.” in Fig. 3 are the reported three strongest
diffractions of the monoclinic structure.?! The broad
diffraction lines indicate that the crystallite size of the
sample is less than 100 nm.

It is concluded that a new high-pressure phase was
formed by laser heating under high pressure and retained
in the course of releasing pressure and then reverted to
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FIG. 5. Hexagonal unit cell derived from ortholl unit cell.
Lattice constants of ortholl are after Suyama et al. (Ref. 9).

the monoclinic phase directly on the complete pressure
release. The present result that the monoclinic phase was
recovered is consistent with the results of previous
quench experiments.

By extrapolating the pressure dependence of observed
d spacings shown in Fig. 2, d spacings of this new phase
at ambient conditions were obtained and indexed on the
basis of hexagonal symmetry as shown in Table I. Com-
paring the unit-cell volumes among ZrO, po-
lymorphs,*%'* 8 ZrO, molecules are considered to be in-
volved in the unit cell.

Using the determined unit cell, the pressure depen-
dence of the molar volume is obtained as shown in Fig. 4.
In"this figure, the values reported for orthol and ortholl
are also shown.?? The density of the newly observed hex-
agonal high-pressure phase is about 10% lower than that
of ortholl and about 1% lower than orthol.

From the pressure dependence of ¥V /¥, the compres-
sibility of the hexagonal high-pressure phase is indicated
to be similar with that of orthol and larger than that of
ortholl.

The plausible crystal structure for the new phase was
investigated based on the obtained unit cell with hexago-
nal symmetry. As this new phase is transformed from
ortholl by heating and, furthermore, ortholl has pseu-
dohexagonal packing of O atoms,® we attempted to relate
these two structures. We tried the indexing of the
diffraction peaks by possible several structure models. It
is most likely that hexagonal phase is formed from
ortholl by becoming higher symmetry at elevated tem-
perature. The structures of hexagonal phase and ortholl
are related by setting the b and ¢ axes of ortholl parallel
to the ¢ and a axes of the hexagonal phase, respectively.
The hexagonal unit cell derived from the ortholl unit cell
is schematically shown in Fig. 5. The lattice constants of
the hexagonal phase are compared with those of ortholl
(Ref. 9) and indicated in this figure. In this hexagonal
structure, a Zr atom is considered to be coordinated by 9
O atoms as well as in ortholl.

IV. CONCLUSIONS

By laser heating above 1000 °C under high pressure, a
new high-pressure and -temperature phase of ZrO, was
formed. In situ x-ray-diffraction observation revealed
that this new phase is metastably retained in the course of
releasing pressure down to 1 GPa but reverts to the
monoclinic phase directly on the complete release of pres-
sure. The observed x-ray-diffraction pattern of this phase
is indexed on the basis of hexagonal symmetry. The mo-
lar volume and the compressibility of this phase are both
larger than those of ortholl, which appears at the low-
temperature region of the same pressure range. The hex-
agonal structure of this phase is considered to be derived
from that of ortholl which has pseudohexagonal packing
of O atoms. However, the accurate structure of this new
phase has not yet been determined.
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