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Phase relations and equations of state of ZrO2 under high temperature and high pressure
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The phase relations and pressure volume dependences of ZrO2 under high pressure and high temperature
have been investigated by means ofin situ observation using multianvil-type high-pressure devices and syn-
chrotron radiation. By compression of 3–4 GPa, baddeleyite~monoclinic ZrO2! transforms to two distorted
fluorite (CaF2)-type phases depending on temperature: an orthorhombic phase, orthoI, below 600 °C and a
tetragonal phase above 600 °C. Both orthoI and tetragonal phases then transform into another orthorhombic
phase, orthoII, with a cotunnite (PbCl2)-type structure above 12.5 GPa and the phase boundary is almost
independent of temperature. OrthoII is stable up to 1800 °C and 24 GPa. The unit-cell parameters and the
volumes of these high-pressure phases have been determined as functions of pressure and temperature. The
orthoI/tetragonal-to-orthoII transition accompanies about 9% volume decrease. The thermal expansion coeffi-
cient of orthoII at 20 GPa is 2.05260.00331025 K21 over 25–1400 °C. The bulk modulus calculated using
Birch-Murnaghan’s equations of state is 296 GPa for orthoII, which suggests that the high-density ZrO2 is a
candidate for potentially very hard materials. The phase relation of stabilized cubic ZrO2, CaO-ZrO2, under
pressure at elevated temperature has also been examined. Distorted fluorite-type phases do not appear in
CaO-ZrO2 but the direct transition from cubic phase to orthoII is observed on the sameP-T conditions as in
pure ZrO2.

DOI: 10.1103/PhysRevB.63.174108 PACS number~s!: 64.30.1t, 62.50.1p, 81.05.Je, 64.70.Kb
a
ig
Pu
re

nt

rO
-
a
ra
te

t

lts

n-
pio-
een
us

ples,
and
les.
some
sure

-
of
n-

se

ured
bi-

dis-
dif-

a

I. INTRODUCTION

Zirconia, ZrO2, has attracted much interest since it h
proven useful as refractory, as structural ceramics, as h
temperature solid electrodes, and as optical materials.
ZrO2 crystallizes in the so-called baddeleyite structu
~monoclinic, P21 /c! under ambient conditions.1 At high
temperatures, it transforms to a tetragonal (P42 /nmc),2 and
then to a cubic fluorite structure (Fm3m).3 The tetragonal
and cubic phases of ZrO2 are stabilized by doping an amou
of ~,15 mol %! other oxides like CaO, MgO, and Y2O3.
Since the toughening mechanism of ZrO2 ceramics was ex-
plained by the phase transitions induced by stress field,4,5 the
high-pressure behaviors of both pure and stabilized Z2
have been investigated6–15 up to several GPa where a high
pressure phase with an orthorhombic symmetry appe
Pressure-induced phase transitions at a higher pressure
have been investigated mainly because of geophysical in
est that the polymorphic structure of ZrO2 might be a pos-
sible candidate for the high-pressure form of SiO2.

16,17There
have been numerous contradictory results concerning
crystal structures and stability fields of ZrO2 high-pressure
polymorphs.6,16–34 The reason for so many different resu
0163-1829/2001/63~17!/174108~8!/$20.00 63 1741
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lies in the difficulties of high-pressure experiments. It is i
evitable that ambiguous results appeared in early and
neering works when experimental techniques had not b
well developed. For the correct interpretation of previo
studies, we note the following.

~i! When measurements are done for quenched sam
attention should be paid to whether the high-pressure
high-temperature state is really retained in the samp
Quenched samples may be a metastable phase or show
intermediate state between high- and ambient-pres
phases.

~ii ! As the x-ray scattering factor of O is very small com
pared with that of Zr, a detailed structure determination
the O network by an x-ray method is not possible. Neutro
diffraction data, if available, are far more reliable for preci
structural analysis.

~iii ! There are many experimental difficulties in thein situ
measurements under pressure. The quality of data meas
under pressure is certainly worse than that obtained at am
ent conditions. Such a transition as caused by a slight
placement of ions may not be detected by x-ray powder
fraction under pressure. Raman spectroscopy is
supplementary and useful tool for the identification of ZrO2
polymorphs.
©2001 The American Physical Society08-1
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~iv! When in situ observations are attempted at low tem
peratures,,600 °C, kinetic effect and deviatoric stres
should be considered. As suggested by the high melting t
perature of ZrO2, .2680 °C, transitions occurring at low
temperatures are very sluggish and result in a multiph
mixture over a wide range of pressure. Special atten
should be paid to whether observed high-pressure phase
thermodynamically stable or not. Compression at lo
temperature conditions where ionic diffusion is restrain
may yield a metastable displacive-type transition. Above
GPa, generated pressure is not hydrostatic. Displacive-
transitions are often influenced by deviatoric stress.

~v! Results on stabilized ZrO2 with additives may be dif-
ferent from those on pure ZrO2.

On survey of the literature, we summarize the pres
status of high-pressure studies of ZrO2 according to the notes
mentioned above. The generalized pressure-tempera
phase diagram of pure ZrO2 is shown in Fig. 1 by dashed
lines. By compression, monoclinic ZrO2 shows a sequentia
transition to two orthorhombic phases~denoted as orthoI and
orthoII, respectively! up to 70 GPa. As both orthoI an
orthoII are quenchable to ambient conditions, precise st
tural analyses have been performed by neutron-diffrac
studies of quenched powder samples.12,33 OrthoI ~Pbca! has
a distorted fluorite structure similar to that of monoclin
ZrO2 and the polyhedral coordination is 7.12 OrthoII ~Pnam!
has a cotunnite (PbCl2)-type structure and the polyhedr
coordination is 9.33 The monoclinic-to-orthoI boundary ha
been determined byin situ x-ray diffraction and Raman
studies.6,9,21This transition is a displacive type and procee
though sluggish, even at room temperature.12 The
monoclinic-to-orthoI transition pressure varies largely d
pending upon the crystallite size in polycrystallin
aggregates.26,29 The orthoI-to-tetragonal phase boundary h
been determined up to 7 GPa byin situ x-ray studies.6,9 Since

FIG. 1. Pressure-temperature phase diagram of ZrO2. Reported
boundaries are given by dashed lines: monoclinic-to-orthoI
orthoI-to-tetragonal are after Blocket al., ~Ref. 6!; monoclinic-to-
tetragonal is after Witney~Ref. 18!; orthoI-to-orthoII and orthoII-
to-? is after Ohtaka and co-workers~Refs. 23, 27, and 29!
tetragonal-to-? is assumed. Newly obtained boundaries are give
solid lines. Closed triangles, open circles, and closed circles re
sent orthoI, tetragonal, and orthoII, respectively.
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the orthoI-to-orthoII transition is a reconstructive type33

heating or excessive compression is required to promote
transition. The orthoI-to-orthoII boundary given by th
dashed line in Fig. 1 was determined by synthesis exp
ments at elevated temperature,23,29 while orthoII is reported
to appear above 30 GPa by room-temperat
compression.30,32,34 When ZrO2 is heated above 1000 °C i
the pressure range where orthoII is stable, monoclinic ph
is recovered.27 This result suggests that orthoII transforms
another unquenchable phase, denoted as? in Fig. 1, at
peratures as high as about 1000 °C. The boundary is i
cated by a dashed line in Fig. 1. Though several struc
models have been proposed for this unquenchable phase30,31

in situ studies have not been attempted so far. As shown
Fig. 1, the phase relation at elevated temperature is still
known. Recently, both experimental and theoretical stud
of the compression behavior of ZrO2 have revealed tha
orthoII has a large value of bulk modulus.30,32,34–36 As
orthoII is quenchable to ambient conditions, it is a poten
candidate for a new superhard material. It is therefore
great interest to obtain the reliable compression data and
bility field of orthoII.

SPring-8, the third generation synchrotron radiation fac
ity, was constructed and a bending magnet beam
equipped with a newly designed 1500-ton double-stage m
tianvil apparatus, SPEED-1500,37 has become available
With this system, we are now able to perform x-rayin situ
observations up to 2000 °C over 25 GPa. High-tempera
experiments enable us to study phase relations free from
netic problems and also to collect thermal-expansion d
Even for acquiring equations of state at room temperatu
preheated samples show a clear and sharp diffraction pr
which results in more accurated-spacing data. In this work
we attemptedin situ observations of the ZrO2 phases under
high pressure and high temperature using the SPEED-1
system. The main objectives are~i! to elucidate the phase
relations of ZrO2 high-pressure polymorphs at elevated te
perature paying attention to their thermodynamic stabiliti
~ii ! to measure the compressive and thermal-expansion p
erties of orthoII in light of several results reported so far. W
also studied the phase transitions in stabilized cubic Zr2,
CaO-ZrO2, under pressure because this material is often u
as a part of high-pressure cell assembly and it is importan
examine its stability under pressure for improving the hig
pressure experimental technique.

II. EXPERIMENT

Polycrystalline pure ZrO2 powder with nominal purity of
99.99% and CaO-ZrO2 powder~12 mol % CaO was added!
was provided by Tosoh Co. Using a multianvil apparat
orthoI and orthoII of pure ZrO2 were first synthesized at 6
GPa and 600 °C and 20 GPa and 1000 °C, respectively
order to reduce the pressure leak caused by the phase tr
tions, these high-pressure phases were used as starting
rials for in situ observations, while CaO-ZrO2 was used with-
out any preliminary high-pressure treatments. These star
materials were pelletized and encased in sample cham
made of MgO. A mixture of ZrO2 and Au powders~5:1 by
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PHASE RELATIONS AND EQUATIONS OF STATE OF . . . PHYSICAL REVIEW B 63 174108
weight ratio! was also pelletized and put in the sample cha
ber separately. Because Zr ions considerably absorb x r
the inside diameter of the sample chamber was about
mm.

X-ray in situ observations under high pressure and h
temperature were performed by using properly two types
multianvil devices depending on the pressure range of in
est: SPEED-1500~Ref. 37! in SPring-8 was mainly used fo
experiments above 15 GPa and MAX80~Ref. 38! in the
National Laboratory for High Energy Physics for those b
low 15 GPa. For SPEED-1500, we used tungsten carb
cubes with truncation edge length of 3 mm as the sec
stage anvils. The pressure transmitting medium was sint
MgO and the gasket material was pyrophyllite. An Mg
sleeve sample chamber was put between a pair of sheet
ers made of cemented TiC1diamond powders. Details of th
cell assembly have been described elsewhere.39 White x rays
were directed to the sample by horizontal~0.1 mm! and ver-
tical ~0.2 mm! slits, and the diffracted beam, collimated by
0.1-mm horizontal slit, was detected with a pure Ge so
state detector~SSD!. We used a horizontal rotating goniom
eter. Data collection was performed with an energy range
approximately 40–110 keV and typical duration of 300
MAX80 was used for single-stage compression using s
tered diamond anvils with anvil top size of 3 or 4 mm. T
pressure transmitting medium was a mixture of amorph
boron and epoxy resin. A pair of graphite disk furnaces a
an MgO sleeve sample chamber were used. The incid
white x-ray beam was collimated to 0.1 mm in height and
mm in width, and the diffracted x ray was measured with
SSD fixed on a vertically rotating goniometer. The ener
range used for the analysis was approximately 40–80 k
In both experiments of SPEED-1500 and MAX80, 2u angle
was calibrated with the major diffraction peaks of Au at a
bient condition. Temperature was monitored with
W97Re3-W74Re25 thermocouple without correction of
pressure effect on electromotive force. The fluctuation
temperature was within10.5% throughout the present ex
periments up to 1800 °C. Generated pressure was determ
from the unit-cell volume of Au using the equation of state40

At high temperatures where melting of Au occurred, press
was estimated from the unit-cell volume of MgO using t
equation of state.41

III. RESULTS AND DISCUSSION

A. Phase relations of pure ZrO2

X-ray-diffraction patterns of pure ZrO2 phases observe
in the present study are shown in Fig. 2. These profiles
respective single phases and representative diffraction l
are indexed. Symbols Mg, W, and Au indicate diffractions
fluorescence of MgO sample chamber, W-Re thermocou
and Au pressure maker, respectively. OrthoI and tetrago
phases have similar crystal structures and their x-r
diffraction patterns resemble each other. In the present st
we have successfully distinguished them by~020!, ~002!, and
~400! diffractions of orthoI and~002! and ~200! diffractions
of tetragonal as shown in Fig. 2. For orthoII, 15 diffractio
lines are clearly observed and used to calculate the la
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constants. Obtained phase relations of ZrO2 under high pres-
sure and high temperature are shown in Fig. 1, where
served three high-pressure phases are labeled by diffe
symbols and phase boundaries are drawn by solid lines.

In situ observations at elevated temperatures were ma
performed focusing on the stability field of orthoII. In pa
ticular, the pressure-temperature conditions where
orthoII-to-? boundary determined by synthesis experimen27

lies were carefully examined. Combining diamond-anvil c
~DAC! and laser heating, thermally quenched ZrO2 under
pressure was found to have a hexagonal symmetry.31 In this
study, however, no phase transition was detected aro
1000 °C but orthoII was observed up to 1800 °C in the pr
sure range from 12.5 to 22 GPa. The reported hexago
phase is probably an artifact produced by uniaxial compr
sion in DAC and laser heating accompanying a large ther
gradient. The quenchability of orthoII is still not well unde
stood. In our present study, when orthoII formed at 20 G
and 1400 °C is quenched under pressure and decompre
at room temperature, it shows a reverse transition to mo
clinic phase as shown in Fig. 2. There could be a transit
concerning order-disorder states that cannot be detecte
the present x-ray-diffraction study. Otherwise, the quen
ability may be sensitive to the experimental conditions: gr
size, hydrostaticity, deviatoric stress, and decompress
rate.

Above 1000 °C, the transition between tetragonal a
orthoII occurs reversibly within 10 sec that are the minimu

FIG. 2. Energy-dispersive x-ray-diffraction spectra of ZrO2

phases. OrthoI is recorded at 12 GPa and 600 °C tetragonal a
GPa and 600 °C orthoII at 20 GPa and 1400 °C, and monoclini
ambient condition recovered from 20 GPa and 1400 °C. These
were recorded at different 2u angles and standardized byd spacing.
The symbols Mg, W, and Au indicate diffractions or fluorescence
MgO sample chamber, W-Re thermocouple, and Au press
maker, respectively.
8-3
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O. OHTAKA et al. PHYSICAL REVIEW B 63 174108
duration needed for phase identification. Consequently,
termined tetragonal-to-orthoII boundary shown in Fig. 1
concluded to show the thermodynamic equilibrium. T
boundary lies at 12.5 GPa and is almost temperature in
pendent. The present result is slightly different from th
determined by the previous synthesis experiments up
1000 °C as indicated by the dashed line.23,29The difference is
presumably due to the incorrect pressure estimation in
synthesis experiments. A pressure leak caused by both h
ing and phase transition often results in considerable de
tion from conventional pressure-load calibration curves u
for synthesis experiments. As apparent pressure is the m
overestimated at the higher temperatures in synthesis ex
ments, the boundary by synthesis experiments is shifted
higher-pressure region and has less steep slope than th
in situ experiments.

OrthoII is reported to appear above about 30 GPa by c
pression at room temperature30,32,34 while it is synthesized
around 15 GPa at high temperatures.27 Since the orthoI-to-
orthoII transition is a reconstructive type,33 it is most plau-
sible that the transition becomes increasingly sluggish un
low temperature. In the present study, orthoI is found
transform completely into orthoII within several minutes
600 °C. The observed transition point is 12.5 GPa and 600
and agrees well with that reported.29 Though we did not
examine the reversal transition this transition point is thou
to be close to the thermodynamic equilibrium because
reported transition point was determined by a series of s
thesis experiments for normal and reversal transitions
the pressure leak in the synthesis at 600 °C is not signific
Broad diffraction profiles of orthoI, which is shown in Fig. 2
and orthoII at 600 °C indicate that the crystal growth in lar
scale is inhibited and/or that shear stress exists. As the
fects of kinetics and shear stress seem not to be avoided
at this temperature, we do not discuss the thermodyna
equilibrium boundary between orthoI and orthoII. Th
orthoI-to-orthoII boundary drawn in Fig. 1 by the solid lin
is the extrapolation of the tetragonal-to-orthoII boundary.

The orthoI-to-tetragonal boundary also shown in Fig. 1
located at about 600 °C. The present result agrees fairly
with the dashed-line boundary determined by DA
experiments.6 The almost pressure-independent pha
boundary indicates that pressure has little effect on this t
sition. When the tetragonal phase is annealed under the
bility field of orthoI, the reversal transition to orthoI does n
occur. The maintained tetragonal phase shows complete
sition to the monoclinic phase during decompression.
mentioned above, the broad diffraction profile of orthoI
600 °C shown in Fig. 2 suggests the existence of shear st
Since the orthoI-to-tetragonal transition is a displacive ty
that is affected by shear stress, the present orthoI
tetragonal boundary may not indicate the thermodyna
equilibrium, instead, it should be considered as a bound
above which the tetragonal phase is formed. Recently
determined the phase diagram of HfO2 by means of x-rayin
situ observations.42 The orthoI-to-tetragonal boundary o
HfO2 is located around 1200 °C. OrthoI of ZrO2 is less stable
at the high-temperature region than that of HfO2. By ab ini-
tio electronic structure calculations, Lowtheret al.36 showed
17410
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that the fluorite-type cubic phase and orthoI of ZrO2 are en-
ergetically more close to each other than those of HfO2. The
present result of the instability of ZrO2 orthoI at high tem-
peratures, in other words, the large stable field of tetrago
structure that is energetically very close to the cu
structure15 may indirectly support the results of the calcul
tions.

B. Static compression data for orthoII

The lattice constants of orthoII are calculated from
diffraction lines, while those of tetragonal are from thr
diffraction lines as indexed in Fig. 2. Pressure dependen
of the unit-cell volume at several temperatures are show
Fig. 3. Data collection was mainly made for orthoII ov
variousP-T range and the volume changes of tetragona
1000 and 800 °C are added in this figure for comparison.
1000 °C, the tetragonal-to-orthoII transition accompan
about a 9% volume decrease. Here we do not plot the dat
orthoI because 600 °C above which orthoI irreversibly tra
forms to tetragonal is not high enough to reduce deviato
stress and consequently nonhydrostatic effect is involved
the compression data. The unit-cell volumes of orthoII
room temperature were measured after annealing the sa
above 800 °C to remove deviatoric stress.

Using the compression data shown in Fig. 3, the therm
expansion coefficienta of orthoII is determined as follows
Since the number of data available at high temperature
small in the narrow pressure range, the data of respec
temperatures are fitted linearly and the unit-cell volumes
20 GPa are estimated. The least-squares fit of the volume
a linear equation as shown in Fig. 4 yields an averagea at 20
GPa of 2.05260.00331025 K21 over 25–1400 °C. Assum
ing that the pressure effect ona is negligible, unit-cell vol-

FIG. 3. Pressure dependences of the unit-cell volume~normal-
ized asz54! of orthoII and tetragonal at various temperature
Closed squares, open triangles, closed circles, open diamonds
closed diamonds represent room temperature, 800, 1000, 1200
1400 °C, respectively. The unit-cell volume of tetragonal at ambi
pressure and 1000 °C is after JCPDS card no. 17-923. The unit
volumes of orthoII at ambient pressure and high temperatures
calculated using the thermal-expansion coefficient as describe
the text.
8-4
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PHASE RELATIONS AND EQUATIONS OF STATE OF . . . PHYSICAL REVIEW B 63 174108
umes at ambient pressureV0 under high temperatures ar
calculated by using thus obtaineda at 20 GPa and plotted in
Fig. 3. Sincea should decrease with pressure from t
Anderson-Gruneisen relation,43 calculatedV0 is considered
as the lowest limit of volume at each temperature. These
are fitted to the third-order Birch-Murnaghan’s equations
state,44

P~V!51.53B0@~V/V0!27/32~V/V0!25/3#

3$110.75~B0824!@~V/V0!22/321#%.

Obtained bulk moduliB0 and their pressure derivativeB08
5(dB/dP)0 at several temperatures are listed in Table I

FIG. 4. Temperature-volume relation of orthoII at 20 GPa. T
least-squares fit gives an average thermal-expansion coefficie
2.05260.00331025 K21 over 25–1400 °C.
17410
ta
f

-

gether with those previously reported. FirstB0 and B08 are
refined simultaneously, which yields slightly negative valu
of B08 . The values ofB08 near to 0 correspond to near-line
compression curves as shown in Fig. 3. In general, a c
pression curve has a near-linear part at moderate pres
range and then shows downwards-convex curvature un
higher pressures. In the fitting ofB0 andB08 to the compres-
sion curve,B08 is most sensitive to the curvature: the larg
curvature gives the larger values ofB08 . Obtained near-linear
compression curves of orthoII indicate that the press
range of present experiments is still moderate for orthoII a
not high enough to determine theB08 precisely. It is not
physically reasonable to determineB08 only from the data at
the early stage of compression. Accordingly,B0 are refined
with fixed B08 at 4 and 1. We choose these two values sin
B0854 is a usual value for many other solids45 and B0851
was used for orthoII in previous study.34 As expected from
the shape of the compression curves, the data are better
with B0851 than B0854. Furthermore,B0851 gives a bulk
modulus which agrees well with those determined by vario
methods as shown in Table I. Figure 5 shows the tempera
dependences ofB0 calculated by assumingB0851 and 4,
respectively.B0851 gives larger bulk modulus thanB0854 at
each temperature. The linear interpolation indicates that
temperature derivative of bulk modulus has a small nega
value very close to 0. This negative temperature depende
of bulk modulus is physically reasonable. It should be no
that slightly negative values ofB08 or evenB0851 are far
from the usual values for most of the other solids, that
4–5.45 Hofmeister46 showed that values ofB08 outside the

of
nd-anvil
TABLE I. Parameters of the Birch-Murnaghan equations of state of orthoII and tetragonal at several temperatures. DAC is diamo
cell; EDX is energy-dispersive x-ray diffraction; ADX is angular-dispersive x-ray diffraction.

Phase T ~°C! B0 ~GPa! B08 Technique Pressure range Reference

OrthoII 25 265~10! 4 ~fixed! multianvil1EDX ~0–24 GPa! This study

OrthoII 25 296~5! 1 ~fixed! multianvil1EDX ~0–24 GPa! This study

OrthoII 800 257~20! 4 ~fixed! multianvil1EDX ~0–24 GPa! This study

OrthoII 800 286~15! 1 ~fixed! multianvil1EDX ~0–24 GPa! This study

OrthoII 1000 265~15! 4 ~fixed! multianvil1EDX ~0–24 GPa! This study

OrthoII 1000 293~10! 1 ~fixed! multianvil1EDX ~0–24 GPa! This study

OrthoII 1200 258~20! 4 ~fixed! multianvil1EDX ~0–24 GPa! This study

OrthoII 1200 286~15! 1 ~fixed! multianvil1EDX ~0–24 GPa! This study

OrthoII 1400 265~20! 4 ~fixed! multianvil1EDX ~0–24 GPa! This study

OrthoII 1400 293~15! 1 ~fixed! multianvil1EDX ~0–24 GPa! This study

OrthoII 25 332~8! 2.3 DAC1ADX ~0–50 GPa! Haineset al. ~Ref. 32!

OrthoII 25 306~10! 3.66 ~fixed! DAC1ADX ~0–50 GPa! Haineset al. ~Ref. 32!

OrthoII 25 444~15! 1 ~fixed! DAC1EDX ~0–70 GPa! Desgreniers and Lagarec~Ref. 34!

OrthoII 305 4.68 ab initio calculations Lowtheret al. ~Ref. 36!

OrthoII 314 366 ab initio calculations Cohenet al. ~Ref. 24!

OrthoII 254 Lattice-dynamic calculations Mirgorodsky and Quintard~Ref. 35!

Tetragonal 1000 205~10! 4.0 ~fixed! multianvil1EDX ~0–12.5 GPa! This study

Tetragonal 200 6.25 ab initio calculations Dewhurst and Lowther~Ref. 14!
8-5
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range of 3.8–8.0 lead to physically unrealistic potentials a
hence are not appropriate for the Birch-Murnaghan’s eq
tions of state. On the other hand, the unusual pressure de
dence of volume, namely, the near-linear compression cu
of orthoII has been obtained by several experimen
studies25,34,47as well as by the present results in which hig
temperature data are included. For further understandin
the compression behavior of orthoII, experiments on
tended pressure range will be necessary. The bulk mod
for tetragonal ZrO2 at 1000 °C is added in Table I. Fitting t
the Birch-Murnaghan’s equations of state is successf
made withB0854 and yields 205 GPa that shows good agr
ment with 200 GPa determined byab initio calculations.14

As listed in Table I, the bulk moduli for orthoII have bee
reported by different methods: 444 GPa by energy-disper
x-ray diffraction ~EDX! using DAC,34 332 and 306 GPa by
angular-dispersive x-ray diffraction~ADX ! using DAC,32

314 and 305 GPa byab initio calculations,24,36 and 254 GPa
by lattice-dynamical calculations.35 One can notice that thes
DAC experiments made at room temperature have a
dency to give larger bulk moduli. Fei48 carefully examined
the effects of nonhydrostatic stress in DAC. He found t
for a sample of MgO the bulk modulus determined und
nonhydrostatic stress is about 15% larger than that de
mined under hydrostatic stress. Weidneret al.49 reported that
the deviatoric stress quickly approaches zero upon hea
the sample above 600–800 °C. Accordingly, in DAC expe
ments at room temperature, special attention should be
to deviatoric stress which makes apparent pressures high
consequently gives a large value of bulk modulus. Pres
bulk modulus of orthoII, 296 GPa(B0851), is discernibly
higher than 254 GPa of corundum, Al2O3.

50 If the correlation
between hardness and high bulk modulus in materia
accepted,51 orthoII of ZrO2 is considered as a candidate f
potentially ultrahard materials.

C. Cubic-orthoII transition in CaO-ZrO 2

CaO-ZrO2 was first compressed to 10 GPa at room te
perature, and then the temperature was gradually increas
1000 °C with observing the x-ray-diffraction profile at eve
100 °C. During this procedure, no phase transitions were

FIG. 5. Temperature dependences of bulk modulusB0 . Two
sets ofB0 are calculated by assumingB0854 and 1, respectively
Solid linear lines are given by the least-squares fit of respective
sets.
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served. Stabilized tetragonal ZrO2 is reported not to trans
form to orthoI because the difference in density is ve
small.10,52 By the same manner, CaO-ZrO2 is thought not to
transform into either tetragonal or orthoI. With keeping t
sample temperature at 1000 °C, pressure was increased
shown in Fig. 6, CaO-ZrO2 completely transforms into
orthoII at 12.55 GPa which value is the same as the tra
tion pressure for pure ZrO2. Combining DAC and laser heat
ing, Devi et al.53 showed that CaO-ZrO2 transforms to
orthoII above 15 GPa by heating the sample above 1000
and that orthoII is stable up to 35 GPa. The present resu
harmonious with theirs. This transition accompanies ab
9% of volume decrease. CaO-ZrO2 is often used as a part o
high-pressure cell assembly in multianvil experiments
cause of its chemical stability and good thermal insulati
When this material is used above 12.5 GPa and eleva
temperature, special attention should be paid: the cubic
orthoII transition causes an abrupt pressure leak and wi
certain probability, the experiment will end in blowout.

IV. CONCLUSION

The phase relations and compression behaviors of Z2
under high pressure and high temperature have been inv
gated by means ofin situ observations using multianvil high
pressure devices and synchrotron radiation. Stability field
orthoI, tetragonal, and orthoII have been determined. Ort
is stable from 4 to 12.5 GPa below 600 °C and transforms
the tetragonal phase above this temperature. The alm
pressure-independent phase boundary between orthoI an
tragonal indicates that pressure has little effect on this tr
sition. Both orthoI and tetragonal transform to orthoII abo
12.5 GPa accompanying about 9% volume decrease and
phase boundary is almost independent of temperat
OrthoII is stable up to 1800 °C and 24 GPa. The unit-c
parameters and the volumes of orthoII and tetragonal h

ta

FIG. 6. Energy-dispersive x-ray-diffraction spectra of cubic a
orthoII of CaO-ZrO2. The symbols Mg and W indicate diffraction
from MgO sample chamber and W-Re thermocouple, respectiv
8-6
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been determined as functions of pressure and tempera
The thermal-expansion coefficient of orthoII at 20 GPa
2.05260.00331025 K21 over 25–1400 °C. The bulk modu
of orthoII calculated using Birch-Murnaghan’s equation
state is 296 GPa. The present result indicates that ortho
highly incompressible and thus a candidate for ultrahard
terials. Neither orthoI nor tetragonal appears in CaO-Z2
but the direct transition from cubic to orthoII is observed
the sameP-T conditions as in pure ZrO2.
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