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Phase relations and equations of state of ZrQunder high temperature and high pressure
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The phase relations and pressure volume dependences efuBd@r high pressure and high temperature
have been investigated by meansirofitu observation using multianvil-type high-pressure devices and syn-
chrotron radiation. By compression of 3—-4 GPa, baddeldyitenoclinic ZrQ) transforms to two distorted
fluorite (Cak)-type phases depending on temperature: an orthorhombic phase, orthol, below 600 °C and a
tetragonal phase above 600 °C. Both orthol and tetragonal phases then transform into another orthorhombic
phase, ortholl, with a cotunnite (Phitype structure above 12.5 GPa and the phase boundary is almost
independent of temperature. Ortholl 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
orthol/tetragonal-to-ortholl transition accompanies about 9% volume decrease. The thermal expansion coeffi-
cient of ortholl at 20 GPa is 2.0520.003x 10 ° K ! over 25—1400 °C. The bulk modulus calculated using
Birch-Murnaghan’s equations of state is 296 GPa for ortholl, which suggests that the high-densiig ZrO
candidate for potentially very hard materials. The phase relation of stabilized cubjc CE®-ZrQ, under
pressure at elevated temperature has also been examined. Distorted fluorite-type phases do not appear in
CaO-ZrG but the direct transition from cubic phase to ortholl is observed on the Safmeonditions as in
pure ZrG.
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[. INTRODUCTION lies in the difficulties of high-pressure experiments. It is in-
evitable that ambiguous results appeared in early and pio-
Zirconia, ZrO, has attracted much interest since it hasneering works when experimental techniques had not been

proven useful as refractory, as structural ceramics, as highvell developed. For the correct interpretation of previous

temperature solid electrodes, and as optical materials. Puféume\i}h"ve note the foIIO\;vmg. done 1 hed |
ZrO, crystallizes in the so-called baddeleyite structure (i) en measurements aré done for quenched samples,

(monoclinic, P2, /c) under ambient conditior’s.At high attention should be paid to whether the high-pressure and

temperatures, it fransforms to a tetragorflg/nma),2 and high-temperature state is really retained in the samples.
" ; 3 ’ Quenched samples may be a metastable phase or show some
then to a cubic fluorite structurd=m3m).” The tetragonal jermediate state between high- and ambient-pressure
and cubic phases of Zgare stabilized by doping an amount phases.
of (<15 mol% other oxides like CaO, MgO, and ;. (i) As the x-ray scattering factor of O is very small com-
Since the toughening mechanism of Zr€eramics was ex- pared with that of Zr, a detailed structure determination of
plained by the phase transitions induced by stressfietle  the O network by an x-ray method is not possible. Neutron-
high-pressure behaviors of both pure and stabilized,ZrOdiffraction data, if available, are far more reliable for precise
have been investigateéd® up to several GPa where a high- structural analysis.
pressure phase with an orthorhombic symmetry appears. (iii) There are many experimental difficulties in tinesitu
Pressure-induced phase transitions at a higher pressure rangeasurements under pressure. The quality of data measured
have been investigated mainly because of geophysical intetnder pressure is certainly worse than that obtained at ambi-
est that the polymorphic structure of Zy@night be a pos- ent conditions. Such a transition as caused by a slight dis-
sible candidate for the high-pressure form of $1&' There placement of ions may not be detected by x-ray powder dif-
have been numerous contradictory results concerning thigaction under pressure. Raman spectroscopy is a
crystal structures and stability fields of Zy@igh-pressure supplementary and useful tool for the identification of ZrO
polymorphs’16=3*The reason for so many different results polymorphs.
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the orthol-to-ortholl transition is a reconstructive tyPe,
heating or excessive compression is required to promote this
transition. The orthol-to-ortholl boundary given by the
dashed line in Fig. 1 was determined by synthesis experi-
ments at elevated temperat@’é’ while ortholl is reported

to appear above 30 GPa by room-temperature
compression’*2**When ZrG, is heated above 1000 °C in
the pressure range where ortholl is stable, monoclinic phase
is recovered! This result suggests that ortholl transforms to
another unquenchable phase, denoted as? in Fig. 1, at tem-
peratures as high as about 1000 °C. The boundary is indi-

cated by a dashed line in Fig. 1. Though several structure
: L ' L models have been proposed for this unquenchable pfase,
0 5 10 I3 035 in situ studies have not been attempted so far. As shown in
Pressure (GPa) Fig. 1, the phase relation at elevated temperature is still un-
FIG. 1. Pressure-temperature phase diagram of,ZR@ported known. Recently,. both expgrimental and theoretical studies
boundaries are given by dashed lines: monoclinic-to-orthol anoOf the compression behavior of Zsthave re;/zeﬁl_%% that
orthol-to-tetragonal are after Bloadt al, (Ref. 6; monoclinic-to- ortholl _has a large value (_)f bulk m(_)dulél%._' As .
tetragonal is after WitneyRef. 18; orthol-to-ortholl and ortholl- ortholl is quenchable to ambient conditions, it is a potential
to-? is after Ohtaka and co-worker®efs. 23, 27, and 29 candidate for a new superhard material. It is therefore of
tetragonal-to-? is assumed. Newly obtained boundaries are given feat interest to obtain the reliable compression data and sta-
solid lines. Closed triangles, open circles, and closed circles reprddility field of ortholl.
sent orthol, tetragonal, and ortholl, respectively. SPring-8, the third generation synchrotron radiation facil-
ity, was constructed and a bending magnet beam line
(iv) Whenin situ observations are attempted at low tem- equipped with a newly designed 1500-ton double-stage mul-
peratures, <600 °C, kinetic effect and deviatoric stress tianvil apparatus, SPEED-1580,has become available.
should be considered. As suggested by the high melting tenWith this system, we are now able to perform x-fiaysitu
perature of ZrQ, >2680°C, transitions occurring at low Observations up to 2000 °C over 25 GPa. High-temperature
temperatures are very sluggish and result in a multiphasgXperiments enable us to study phase relations free from ki-
mixture over a wide range of pressure. Special attentiometic problems and also to collect thermal-expansion data.
should be paid to whether observed high-pressure phases dg¥en for acquiring equations of state at room temperature,
thermodynamically stable or not. Compression at |OW_preheated samples show a clear and sharp diffraction profile
temperature conditions where ionic diffusion is restrainedVhich results in more accuratespacing data. In this work,
may yield a metastable displacive-type transition. Above 10ve attemptedn situ observations of the ZrOphases under
GPa, generated pressure is not hydrostatic. Displacive-typeigh pressure and high temperature using the SPEED-1500
transitions are often influenced by deviatoric stress. system. The main objectives a(® to elucidate the phase
(v) Results on stabilized ZrQwith additives may be dif- relations of ZrQ high-pressure polymorphs at elevated tem-
ferent from those on pure ZgO perature paying attention to their thermodynamic stabilities;
On survey of the literature, we summarize the presentii) to measure the compressive and thermal-expansion prop-
status of high-pressure studies of Zr&cording to the notes  erties of ortholl in light of several results reported so far. We
mentioned above. The generalized pressure-temperatuféso studied the phase transitions in stabilized cubic,ZrO
phase diagram of pure ZsQs shown in Fig. 1 by dashed CaO-ZrQ, under pressure because this material is often used
lines. By compression, monoclinic ZsGhows a sequential as a part of high-pressure cell assembly and it is important to
transition to two orthorhombic phaségenoted as orthol and €xamine its stability under pressure for improving the high-
ortholl, respectively up to 70 GPa. As both orthol and Pressure experimental technique.
ortholl are quenchable to ambient conditions, precise struc-
tural analyses have been performed by neutron-diffraction
studies of quenched powder sampi&&’ Orthol (Pbca has
a distorted fluorite structure similar to that of monoclinic  Polycrystalline pure Zr@powder with nominal purity of
ZrO, and the polyhedral coordination is'7Ortholl (Pnam) 99.99% and CaO-ZrOpowder (12 mol % CaO was added
has a cotunnite (Pbg@kype structure and the polyhedral was provided by Tosoh Co. Using a multianvil apparatus,
coordination is $° The monoclinic-to-orthol boundary has orthol and ortholl of pure ZrQwere first synthesized at 6
been determined byn situ x-ray diffraction and Raman GPa and 600°C and 20 GPa and 1000 °C, respectively. In
studies® 2! This transition is a displacive type and proceeds,order to reduce the pressure leak caused by the phase transi-
though sluggish, even at room temperattfreThe tions, these high-pressure phases were used as starting mate-
monoclinic-to-orthol transition pressure varies largely de-rials forin situobservations, while CaO-ZrQvas used with-
pending upon the crystallite size in polycrystalline out any preliminary high-pressure treatments. These starting
aggregate$®?° The orthol-to-tetragonal phase boundary hasmaterials were pelletized and encased in sample chambers
been determined up to 7 GPaimysitu x-ray studie€:®Since  made of MgO. A mixture of Zr@and Au powderg5:1 by

Il. EXPERIMENT
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weight ratig was also pelletized and put in the sample cham-

ber separately. Because Zr ions considerably absorb x rays, T RN
the inside diameter of the sample chamber was about 800 . = \ monoclinic|
pm. = |
X-ray in situ observations under high pressure and high N )/\ M ,3;‘ L ) T\

temperature were performed by using properly two types of JiJ N Q:\J W]
multianvil devices depending on the pressure range of inter- | g = | IIF orthemr, |
est: SPEED-1500Ref. 37 in SPring-8 was mainly used for = =k “ r - S 8
experiments above 15 GPa and MAX8Ref. 38 in the = ﬂ /\5 3;* s l f;gagﬁg

National Laboratory for High Energy Physics for those be-
low 15 GPa. For SPEED-1500, we used tungsten carbide
cubes with truncation edge length of 3 mm as the second

Intensity (arb. unit)

il )

stage anvils. The pressure transmitting medium was sintered SREE = ;)\ T; tetragonal
MgO and the gasket material was pyrophyllite. An MgO SR AN “;MML
sleeve sample chamber was put between a pair of sheet heat- r W ”‘ "\

ers made of cemented Ti&liamond powders. Details of the 3 s J (\ ﬂ orthol
cell assembly have been described elsewfievéhite x rays - ! 1 I £
were directed to the sample by horizonf@l1 mm) and ver- L \‘wi/\w‘é@’g“,‘ -
tical (0.2 mm) slits, and the diffracted beam, collimated by a R N S
0.1-mm horizontal slit, was detected with a pure Ge solid- 3.0 2.5 2.0 1.5

state detectofSSD. We used a horizontal rotating goniom-
eter. Data collection was performed with an energy range of
approximately 40-110 keV and typical duration of 300 s. FIG. 2. Energy-dispersive x-ray-diffraction spectra of ZrO
MAX80 was used for single-stage compression using Sinphases. Orthol is recorded at 12 GPa and 600 °C tetragonal at 6.0
tered diamond anvils with anvil top size of 3 or 4 mm. The GPa and 600 °C ortholl at 20 GPa and 1400 °C, and monoclinic at
pressure transmitting medium was a mixture of amorphouambient condition recovered from 20 GPa and 1400 °C. These data
boron and epoxy resin. A pair of graphite disk furnaces anavere recorded at differentfzangles and standardized dyspacing.

an MgO sleeve sample chamber were used. The inciderfihe symbols Mg, W, and Au indicate diffractions or fluorescence of
white x-ray beam was collimated to 0.1 mm in height and 0.3MgO sample chamber, W-Re thermocouple, and Au pressure
mm in width, and the diffracted x ray was measured with anmaker, respectively.

SSD fixed on a vertically rotating goniometer. The energy

range used for the analysis was approximately 40-80 keVgonstants. Obtained phase relations of Ze@der high pres-

In both experiments of SPEED-1500 and MAX80¢2ngle  syre and high temperature are shown in Fig. 1, where ob-
was calibrated with the major diffraction peaks of Au at am-geryved three high-pressure phases are labeled by different

bient condition. Temperature was monitored Wwith agympols and phase boundaries are drawn by solid lines.
W97Re3-W74Re25 thermocouple without correction of the ™ | sjty observations at elevated temperatures were mainly

pressure effect on electromotive force. The fluctuation Ofperformed focusing on the stability field of ortholl. In par-
temperature was within-0.5% throughout the present ex- ticylar, the pressure-temperature conditions where the
periments up to 1800 °C. Generated pressure was determinggo||-to-? boundary determined by synthesis experiniénts
from the unit-cell volume of Au using the equation of stite. jies were carefully examined. Combining diamond-anvil cell
At high temperatures where melting of Au occurred, PressurepaC) and laser heating, thermally quenched Zndhder
was e;timated fr?m the unit-cell volume of MgO using thepressure was found to have a hexagonal symnigty this
equation of staté: study, however, no phase transition was detected around
1000 °C but ortholl was observed up to 1800 °C in the pres-
Ill. RESULTS AND DISCUSSION sure range from 12.5 to 22 GPa. The reported hexagonal
phase is probably an artifact produced by uniaxial compres-
sion in DAC and laser heating accompanying a large thermal
X-ray-diffraction patterns of pure ZrOphases observed gradient. The quenchability of ortholl is still not well under-
in the present study are shown in Fig. 2. These profiles aretood. In our present study, when ortholl formed at 20 GPa
respective single phases and representative diffraction lineand 1400 °C is quenched under pressure and decompressed
are indexed. Symbols Mg, W, and Au indicate diffractions orat room temperature, it shows a reverse transition to mono-
fluorescence of MgO sample chamber, W-Re thermocouplglinic phase as shown in Fig. 2. There could be a transition
and Au pressure maker, respectively. Orthol and tetragonaloncerning order-disorder states that cannot be detected by
phases have similar crystal structures and their x-raythe present x-ray-diffraction study. Otherwise, the quench-
diffraction patterns resemble each other. In the present studgbility may be sensitive to the experimental conditions: grain
we have successfully distinguished them(8g20), (002, and  size, hydrostaticity, deviatoric stress, and decompression
(400 diffractions of orthol and002) and (200 diffractions  rate.
of tetragonal as shown in Fig. 2. For ortholl, 15 diffraction =~ Above 1000 °C, the transition between tetragonal and
lines are clearly observed and used to calculate the latticertholl occurs reversibly within 10 sec that are the minimum

d spacing (A)

A. Phase relations of pure ZrO,
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duration needed for phase identification. Consequently, de- 140

termined tetragonal-to-ortholl boundary shown in Fig. 1 is 135 7“\\‘tetragonal
concluded to show the thermodynamic equilibrium. The o) e

boundary lies at 12.5 GPa and is almost temperature inde- = B0 e

pendent. The present result is slightly different from that § st 0% volume decrease
determined by the previous synthesis experiments up to S ¢

1000 °C as indicated by the dashed 8% The difference is o1 [t ) ortholl
presumably due to the incorrect pressure estimation in the ERT T
synthesis experiments. A pressure leak caused by both heat- = \*f':.‘\i’h
ing and phase transition often results in considerable devia- o 10

tion from conventional pressure-load calibration curves used 105 L ‘ ‘ ‘ ‘

0 4 8 12 16 20 24 28

for synthesis experiments. As apparent pressure is the more
y p PP P Pressure (GPa)

overestimated at the higher temperatures in synthesis experi-
ments, the boundary by synthesis experiments is shifted to a

higher-pressure region and has less steep slope than that F%d asz=4) of ortholl and tetragonal at various temperatures.

in situ experiments. Closed squares, open triangles, closed circles, open diamonds, and
Ortholl is reported to appear above about 30 GPa by com- q  OP gles, > OP ’

. ¢ ¢ 1398234 while it i thesized closed diamonds represent room temperature, 800, 1000, 1200, and
pression at room tempera whiie 1L 1S synthesize 1400 °C, respectively. The unit-cell volume of tetragonal at ambient
around 15 C_;I_Da "’_‘t high tempera’_[u?é§|nc_e _the orthol-to- pressure and 1000 °C is after JCPDS card no. 17-923. The unit-cell
ortholl transition is a reconstructive typeijt is most plau-  yojumes of ortholl at ambient pressure and high temperatures are

sible that the transition becomes increasingly sluggish undefsicuiated using the thermal-expansion coefficient as described in
low temperature. In the present study, orthol is found tomne text.

transform completely into ortholl within several minutes at
600 °C. The observed transition point is 12.5 GPa and 600 °C

and agrees well with that reportéd Though we did not that the fluorite-type cubic phase and orthol of Zi&e en-
examine the reversal transition this transition point is thoughgrgetically more close to each other than those of Hfthe

to be close to the thermodynamic equilibrium because th@resent result of the instability of Zglorthol at high tem-
reported transition point was determined by a series of synperatures, in other words, the large stable field of tetragonal
thesis experiments for normal and reversal transitions andtructure that is energetically very close to the cubic
the pressure leak in the synthesis at 600 °C is not significanstructuré® may indirectly support the results of the calcula-
Broad diffraction profiles of orthol, which is shown in Fig. 2, tions.

and ortholl at 600 °C indicate that the crystal growth in large

scale is inhibited and/or that shear stress exists. As the ef-

fects of kinetics and shear stress seem not to be avoided even B. Static compression data for ortholl

at this temperature, we do not discuss the thermodynamic
equilibrium boundary between orthol and ortholl. The

FIG. 3. Pressure dependences of the unit-cell volgnoemal-

The lattice constants of ortholl are calculated from 15
diffraction lines, while those of tetragonal are from three

orthol-to-ortholl boundary drawn in Fig. 1 by the solid line diffraction li indexed in Fia. 2. P d q
is the extrapolation of the tetragonal-to-ortholl boundary. ©!'faction finés as indexed In F1g. 2. Fressure dependences
of the unit-cell volume at several temperatures are shown in

The orthol-to-tetragonal boundary also shown in Fig. 1 is-’ ) X
located at about 600 °C. The present result agrees fairly weffi9- 3. Data collection was mainly made for ortholl over
with the dashed-line boundary determined by DACVarous P-T range and the volume changes of tetragonal at
experiment§. The a|most pressure_independent phasél.ooo and 800 °C are added in this ﬁgure for Comparison. At
boundary indicates that pressure has little effect on this tranl000 °C, the tetragonal-to-ortholl transition accompanies
sition. When the tetragonal phase is annealed under the stabout a 9% volume decrease. Here we do not plot the data of
bility field of orthol, the reversal transition to orthol does not orthol because 600 °C above which orthol irreversibly trans-
occur. The maintained tetragonal phase shows complete traferms to tetragonal is not high enough to reduce deviatoric
sition to the monoclinic phase during decompression. Asstress and consequently nonhydrostatic effect is involved in
mentioned above, the broad diffraction profile of orthol atthe compression data. The unit-cell volumes of ortholl at
600 °C shown in Fig. 2 suggests the existence of shear stres®om temperature were measured after annealing the sample
Since the orthol-to-tetragonal transition is a displacive typeabove 800 °C to remove deviatoric stress.
that is affected by shear stress, the present orthol-to- Using the compression data shown in Fig. 3, the thermal-
tetragonal boundary may not indicate the thermodynamiexpansion coefficien& of ortholl is determined as follows.
equilibrium, instead, it should be considered as a boundargince the number of data available at high temperatures is
above which the tetragonal phase is formed. Recently wemall in the narrow pressure range, the data of respective
determined the phase diagram of Hfftly means of x-rayn ~ temperatures are fitted linearly and the unit-cell volumes at
situ observationd? The orthol-to-tetragonal boundary of 20 GPa are estimated. The least-squares fit of the volumes to
HfO, is located around 1200 °C. Orthol of Zs@ less stable a linear equation as shown in Fig. 4 yields an averagé 20
at the high-temperature region than that of KfBy ab ini-  GPa of 2.052-0.003< 10" °K ! over 25-1400 °C. Assum-
tio electronic structure calculations, Lowthetral>® showed ing that the pressure effect anis negligible, unit-cell vol-
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gether with those previously reported. Fi§ and B; are
refined simultaneously, which yields slightly negative values
of By. The values oB| near to 0 correspond to near-linear
compression curves as shown in Fig. 3. In general, a com-
pression curve has a near-linear part at moderate pressure
range and then shows downwards-convex curvature under
higher pressures. In the fitting &, andB|, to the compres-
sion curve,Bg is most sensitive to the curvature: the larger
curvature gives the larger values®§. Obtained near-linear
1121 1 compression curves of ortholl indicate that the pressure
‘ range of present experiments is still moderate for ortholl and
0 500 1000 1500 not high enough to determine tHg} precisely. It is not
Temperature (C) physically reasonable to determiBg only from the data at
the early stage of compression. AccordingBy, are refined
ith fixed B} at 4 and 1. We choose these two values since
¢=4 is a usual value for many other soffdsind Bj=1
was used for ortholl in previous studyAs expected from
umes at ambient pressuké, under high temperatures are the shape of the compression curves, the data are better fitted

calculated by using thus obtainedat 20 GPa and plotted in With Bo=1 thanBy=4. FurthermoreB,=1 gives a bulk
F|g 3. Sincea should decrease with pressure from themOdulus which agrees well with those determined by various

Anderson-Gruneisen relatidf,calculatedV, is considered Methods as shown in Table I. Figure 5 shows the temperature
as the lowest limit of volume at each temperature. These dag@ependences oB, calculated by assuming,=1 and 4,
are fitted to the third-order Birch-Murnaghan’s equations ofrespectivelyBy=1 gives larger bulk modulus thas)=4 at
state?* each temperature. The linear interpolation indicates that the
temperature derivative of bulk modulus has a small negative
P(V)=1.5xXBg[ (V/Vg) ™ "*~(VIVg) > value very close to 0. This negative temperature dependence
, —213 of bulk modulus is physically reasonable. It should be noted
X{1+0.78By=4L(VIVo) L} that slightly negative values d8) or evenB(=1 are far
Obtained bulk moduliB, and their pressure derivatii®,  from the usual values for most of the other solids, that is,
=(dB/dP), at several temperatures are listed in Table | to-4—5%° Hofmeistef® showed that values dB; outside the

116

pure-ZrO2 ortholl at 20 GPa

Volume (%)

FIG. 4. Temperature-volume relation of ortholl at 20 GPa. The
least-squares fit gives an average thermal-expansion coefficient
2.052+0.003< 10 ° K~ ! over 25-1400 °C.

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

Phase T(°C) B, (GP3 Bg Technique Pressure range Reference
Ortholl 25 26510 4 (fixed) multianvil+EDX (0-24 GPa This study

Ortholl 25 2945) 1 (fixed) multianvil+EDX (0-24 GPa This study

Ortholl 800 25720 4 (fixed) multianvil+EDX (0—-24 GPa This study

Ortholl 800 28615 1 (fixed) multianvil+-EDX (0-24 GPa This study

Ortholl 1000 26515) 4 (fixed) multianvil+-EDX (0-24 GPa This study

Ortholl 1000 29810 1 (fixed) multianvil+EDX (0-24 GPa This study

Ortholl 1200 25820) 4 (fixed) multianvil+-EDX (0-24 GPa This study

Ortholl 1200 28615) 1 (fixed) multianvil+-EDX (0—-24 GPa This study

Ortholl 1400 26%20) 4 (fixed) multianvil+-EDX (0-24 GPa This study

Ortholl 1400 29815 1 (fixed) multianvil+-EDX (0-24 GPa This study

Ortholl 25 3328) 2.3 DAC+ADX (0-50 GPa Haineset al. (Ref. 32
Ortholl 25 306100 3.66 (fixed) DAC+ADX (0-50 GPa Haineset al. (Ref. 39
Ortholl 25 44415) 1 (fixed) DAC+EDX (0-70 GPa Desgreniers and LagaréRef. 39
Ortholl 305 4.68 ab initio calculations Lowtheet al. (Ref. 36
Ortholl 314 366 ab initio calculations Coheet al. (Ref. 29
Ortholl 254 Lattice-dynamic calculations Mirgorodsky and QuintdRef. 39
Tetragonal 1000 2030) 4.0 (fixed) multianvil+EDX (0-12.5 GPa This study
Tetragonal 200 6.25 ab initio calculations Dewhurst and LowthéRef. 14
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340 ‘ ‘ ] S — :
—_ -5~B0'=4 E E
£ 3200 = B0'=1 ortholl
g [ at 12.55GPa
« 300 - ] 1000°C 1
£ A .
2 280} Yy s
= A E
E J] ; T = Sz ]
£260~‘ ] 0 [ £ 0%, =R
R 240( i ] = A M =S
z
220 . : g bi
0 500 1000 1500 2 ot 12.36GPa
Temperature (°C) = 1000°C
FIG. 5. Temperature dependences of bulk modi#gs Two
sets ofB, are calculated by assumir8y=4 and 1, respectively.
Solid linear lines are given by the least-squares fit of respective data ‘ ‘ o ‘
sets. 3 2.5 2 1.5

range of 3.8—8.0 lead to physically unrealistic potentials and d spacing (A)

I']ence are not appropriate for the Birch-Murnaghan's equa- FIG. 6. Energy-dispersive x-ray-diffraction spectra of cubic and
tions of state. On the other hand, the unusual pressure depe(ﬂiholl of CaO-ZrQ. The symbols Mg and W indicate diffractions

dence of volume, namely, the near-linear compression curvgsm pmgo sample chamber and W-Re thermocouple, respectively.
of ortholl has been obtained by several experimental

studie€>***’as well as by the present results in which high-
temperature data are included. For further understanding m to orthol b the difference in density is ver
the compression behavior of ortholl, experiments on ex-0 o _orthol because the erence ensily 1S very

10,52 -
tended pressure range will be necessary. The bulk modultf’gna”f' Bytthe.t_?]am;a tmannerl, Caotﬁﬂls \t/c.ct)ﬁgkht not toth
for tetragonal Zr@ at 1000 °C is added in Table I. Fitting to ransform Into either tetragonal or orthol. With keeping the

the Birch-Murnaghan’s equations of state is successfullyc“"lmple temperature at 1000°C, pressure was increased. As

made withB{=4 and yields 205 GPa that shows good agree-ShOWn in Fig. 6, CaO-Zrp) completely transforms into

ment with 200 GPa determined fa initio calculationst® ortholl at 12.55 GPa which value is the same as the transi-

) ) : tion pressure for pure ZrD Combining DAC and laser heat-
As listed in Table I, the bulk moduli for ortholl have been . 158 showed that CaO-ZrDtransforms to

. ) . . ing, Devi eta
reported by different methods: 444 GPa by energy—dlsp(::r5|vé1 . R
x-ray diffraction (EDX) using DAC3 332 and 306 GPa by ortholl above 15 GPa by heating the sample above 1000 °C

angular-dispersive x-ray diffractiofADX) using DAC32 and that ortholl is stable up to 35 GPa. The present result is
312 and 30% GPa bb ir>1/itio calculation524'36anc19254 G,Pa harmonious with theirs. This transition accompanies about

0, -
by lattice-dynamical calculatior’s.One can notice that these 9% of volume decrease. CaO-Z@ often used as a part of

DAC experiments made at room temperature have a tenhlgh-pressure cell assembly in multianvil experiments be-

dency to give larger bulk moduli. Ficarefully examined cause of its chemical stability and good thermal insulation.

the effects of nonhydrostatic stress in DAC. He found thaWhen this material is used above 12.5 GPa and elevated
: ttemperature, special attention should be paid: the cubic-to-

for a sample of MgO the bulk modulus determined under - ;
nonhydrostatic stress is about 15% larger than that deteﬁrtho.II transition causes an gbrupt pressure leak and with a
mined under hydrostatic stress. Weideeal*° reported that certain probability, the experiment will end in blowout.
the deviatoric stress quickly approaches zero upon heating
the sample above 600—800 °C. Accordingly, in DAC experi- IV. CONCLUSION
ments at room temperature, special attention should be paid ) . )
to deviatoric stress which makes apparent pressures high and 1€ phase relations and compression behaviors of, Zro
consequently gives a large value of bulk modulus. Preserfnder high pressure and high temperature have been investi-
bulk modulus of ortholl, 296 GP&(,=1), is discernibly 9ated by means oh situ observations using multianvil high-
higher than 254 GPa of corundum,,@k. % If the correlation pressure devices and synchrotron radiation. Stab_lhty fields of
between hardness and high bulk modulus in material igrthol, tetragonal, and ortholl have bee? determined. Orthol
accepted? ortholl of ZrO, is considered as a candidate for Is stable from 4 t0 12.5 GPa belqw 600°C and transforms to
: ; the tetragonal phase above this temperature. The almost
potentially ultrahard materials. :
pressure-independent phase boundary between orthol and te-
tragonal indicates that pressure has little effect on this tran-
sition. Both orthol and tetragonal transform to ortholl above
CaO-ZrQ was first compressed to 10 GPa at room tem-12.5 GPa accompanying about 9% volume decrease and the
perature, and then the temperature was gradually increasedpbase boundary is almost independent of temperature.
1000 °C with observing the x-ray-diffraction profile at every Ortholl is stable up to 1800°C and 24 GPa. The unit-cell
100 °C. During this procedure, no phase transitions were olparameters and the volumes of ortholl and tetragonal have

rved. Stabilized tetragonal Zy@ reported not to trans-

C. Cubic-ortholl transition in CaO-ZrO »,
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