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Abstract

High pressure—temperature (P-T) phases of the Zr,Hf; O, (x=0.5) solid-solution have been stabilised in a CO, laser heated diamond anvil cell.
At room-temperature the monoclinic to orthorhombic-I structural transformation is initiated at 5—8 GPa. The X-ray diffraction (XRD) studies show
these two phases coexist to above ~15 GPa. A progressive increase in the orthorhombic-I phase abundance occurs, to culminate in full conversion
at ~20 GPa. At this lower threshold of ~20 GPa transformation to the orthorhombic-II (cotunnite) structure can be initiated by heating in the
range of 600-1200 °C. Substantial conversion to the cotunnite phase occurs in the same temperature range at 25-30 GPa. Raman signatures have
been assigned to the two orthorhombic high-pressure phases, aided by the qualitative assessment of the complementary XRD data. Decompression
experiments show that phase mixture composites of these high pressure structures, possibly with enhanced tribological properties, can be recovered

to ambient conditions.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Zirconium dioxide (zirconia, ZrO;) and hafnium dioxide
(hafnia, HfO;) are well known binary oxide materials that
are used in applications for structural ceramics, high temper-
ature solid electrodes and also as substrates for growth of other
materials.! ZrO,-strengthened ceramics of high hardness and
toughness, with erosion and corrosion resistance, are increas-
ingly important as refractory materials in modern industry. Other
applications of these ceramics include high-k (high permittivity)
materials for use in Ge channel materials in MOSFETS and to
replace SiO; as the gate dielectric in CMOS technology.” These
ceramics are also used extensively as implants for the dental
industry in the form of dental caps. They are also used as optical
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films because zirconia based ceramics are transparent and have
a high refractive index.

At ambient pressure and room temperature both ZrO; and
HfO, are stable in the so-called baddeleyite or monoclinic struc-
ture (space group: P21/c). At temperatures above ~1000 °C the
structure changes to tetragonal and then to the cubic fluorite
structure as shown in the schematic phase diagram of Fig. 1.3#
The phase change from monoclinic (M) to orthorhombic-I (O-1),
space group Pbca, occurs at ~5 GPa near ambient temperature.
At higher pressure and at temperatures near the room temper-
ature isotherm, there is a further phase transformation to an
orthorhombic-1II (O-II) structure (space group: Pnma) between
12 and 25 GPa.> This O-II structure with ninefold coordinated
polyhedra is also known as the cotunnite phase. High tem-
perature processing at pressure accelerates the kinetics of the
O-1 — O-II transition. The high-pressure stabilised O-II phase
can be recovered to ambient conditions (exhibits metastabil-
ity) whereas the O-I does seem to revert back to the starting
M phase.>* The bulk modulus of cotunnite-type ZrO, has been
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Fig. 1. Schematics of the known P-T phase diagrams of (a) ZrO; and (b)
HfO, end members. Solid lines represent previously reported phase boundaries
between monoclinic, tetragonal, orthorhombic-I and orthorhombic-II phases.

determined to be 278 GPa in experiments to very high pressures
of ~100 GPa,° compared with the calculated value of 305 GPa.’
The bulk modulus of HfO, has been determined to exceed
300 GPa.®? These high values for the bulk moduli demonstrate
that high pressure stabilised phases of both ZrO, and HfO, are
quite incompressible. They have therefore attracted attention
as candidate ultra-hard materials with important applications if
they are metastable and can be recovered to ambient conditions,
as confirmed some time ago.’

However further wide-ranging potential applications of pure
ZrO,-toughened ceramics are limited by the low monoclinic
to tetragonal transformation temperature and the high pres-
sure phases, although metastable with low compressibility
values, may not have as enhanced hardness properties as
originally anticipated.> The mechanical properties of ZrO,-
based ceramics are also strongly affected by composition and
microstructure.'” It may be noted that HfO; has a higher mon-
oclinic to tetragonal transformation temperature (~1700°C)
than ZrO,. Moreover because of the similar chemistry of the
metal-ions, ZrO; and HfO, form a continuous solid-solution
series of Zr,Hf] _O,. Therefore HfO,-toughened ZrO,-derived
ceramics, that is Zr_,Hf,O; solid-solutions, have been widely
considered as potential new generation “superceramics” with

superior mechanical properties and tribological characteristics
over that of the end-member oxides.!"!!

Much less is known about the high pressure phases (O-I and
O-II) of these solid solutions in comparison to what has been
derived from quite extensive investigations of the P-T phase dia-
grams of the ZrO, and HfO, end-members.3~0 The focus in this
work is on exploring quite thoroughly the pressure—temperature
response of one of these solid-solution compositions in the laser
heated diamond-anvil cell (DAC), namely the midpoint in the
series Zr1_,Hf, O, (x=0.5). We anticipate that this will provide
some guidance in future studies of the P-T response of other
compositions in the solid-solution series.

2. Experimental
2.1. Samples

A set of zirconia—hafnia solid solutions of varying compo-
sitions (Zr Hf;_,O, with x=0, 0.25, 0.5, 0.75, 1) have been
synthesized by means of an organic sol—gel technique so as to
obtain high quality starting materials.'>"'* The sol-gel tech-
nique ensures that highly homogeneous high purity fine powders
of precursor material can be obtained at relatively low process-
ing temperatures. Differential thermal analysis measurements
demonstrated that crystallization from the amorphous sol—gel
derived starting materials occurred in the range of 450-550 °C
for the different compositions. Therefore these starting materi-
als were calcined at 1000 °C for 1h to effect crystallization of
single phase monoclinic samples for each of the compositions.
This was confirmed by both XRD and Raman measurements at
room-temperature after the calcination processing.

Only the x=0.5 sample has been selected for the
high P-T experiments. The lattice parameters of the
monoclinic unit cell of the ZrysHfp50, powder was
obtained as a=0.5132+£0.0013nm, »=0.5200+£0.0014 nm
¢=0.5300 = 0.0014 nm and unit cell angle 8 =99.9° £ 0.4°. The
unit cell volume (0.1414 nm?) is situated on the trend line of a
monotonically decreasing unit cell volume in going from the
monoclinic ZrO, end-member through to HfO,.!> The Raman
spectra of these samples are also consistent with published char-
acterisation data of these systems. %17

Field emission scanning microscopy (SEM) has been used
to determine particle size and morphology. The full width at
half maximum, after corrections for strain, for (11 1)and (11 1)
Bragg reflections in the XRD patterns have also been used to
estimate particle size. The SEM micrographs show particles to
be more or less spherical with diameters of less than 100 nm
for all the solid-solution compositions. The micrographs also
indicate that as a result of the calcination, primary particles start
to sinter together resulting in the formation of agglomerates. The
XRD analysis confirms the average grain size of the primary
particles to be ~50 nm diameter.'?

2.2. DAC pressure aspects

A number of separate P—T experimental runs were conducted
on the sample. In a pressure study to ~20 GPa, involving no
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heating, fluorinert FC70/FC77 (1:1) has been used as the pres-
sure transmitting medium (PTM). Our tests have shown this
gives a sufficiently low background signal in Raman experi-
ments although it does not remain completely hydrostatic. In
other runs where laser heating was effected, Ar gas has been
liquefied and cryogenically loaded into the sample cavity as the
PTM.!8

A miniature Merrill-Basset-type diamond anvil cell (MB-
DAC) has been used to generate pressure. This has been loaded
with a Boehler-Almax anvil (550 wm culet beveled to 650 pm
at an 8° angle), mounted in a 70° exit-cone aperture of a WC
backing plate on the exit side of the DAC. This is important for
the XRD pressure studies to ensure the widest possible range
of diffraction angle, 26. A standard brilliant cut anvil of simi-
lar culet dimensions has been used on the entrance side of the
DAC. Diamond anvils in all cases were Type-la. A stainless steel
(SS301) gasket of ~200 wm starting thickness has been pre-
indented to 40-50 wm and a ~200 pwm diameter cavity drilled
by the spark erosion technique. We have also used a minia-
ture piston-cylinder DAC with a Re gasket and sample cavity of
~150 pm diameter in a separate Raman experiment to higher
pressures of ~30 GPa.

One or two tiny ruby balls or fragments have been loaded
at convenient locations in the cavity and pressure is evaluated
at room temperature by using the standard ruby fluorescence
technique.'® The home-built system is comprised of an Olym-
pus BX-60 compound microscope, 20mW 532 nm green laser
excitation source and Ocean-Optics HR4000CG spectrometer
coupled by an optic fibre to the trinocular turret of the micro-
scope.

Powdered sample was then loaded into the gasket indentation
and pressed into thin transparent flakes of 10—15 pwm thickness
and then pushed into the sample cavity, see Fig. 2. Such thin
flakes minimise the chance of contact with the diamond anvil
culet face when the Ar PTM is loaded. The Ar fluid serves
to insulate the sample from the highly thermally conductive
anvil so that high temperatures may be sustained by the sam-
ple upon laser heating. The flake is also thin enough to ensure
high transmittance of the laser beam so as to avoid uncontrolled
over-heating of the sample far in excess of 1000 °C where the
laser spot impinges. This high transmittance also ensures that
there are no significant axial temperature gradients extending
though the depth of the sample at the laser hot spot.

2.3. Laser heating

The laser heating system comprises a 30 W quasi-continuous
wave CO; laser (Synrad model), the beam of which is focussed
into the sample cavity to a spot size of 20-50 pm FWHM by
means of appropriate ZnSe optics and copper mirrors. Details
of the facility have been published elsewhere.?? With this set-
up 220x magnification of the image of the sample cavity is
attained for viewing on a monitor after it is projected onto a CCD
camera sensor element. Most of the beam is transmitted through
the thin pressurised flake of sample. Therefore a second CCD
camera is installed on the sample (DAC) stage to monitor the
transmitted laser beam traversing through the sample cavity and

Fig. 2. DAC cavity at 2 GPaloaded with thin flakes of Zry sHf 50, sample and
Ar pressure transmitting medium (PTM). Cavity dimensions are 200 pm diam-
eter drilled in a stainless steel (SS301) gasket, viewed in transmitted light. The
transparency of the flakes is indicative of the thickness #~ 10-15 wm through
which much of the CO; laser heating radiation is transmitted. Small ruby balls
for manometry may be discerned in the bottom half of the cavity. Asterisks
indicate regions probed by Raman spectroscopy.

sample flake. This arrangement provided a modest magnification
of about 10x of the transmitted beam. The DAC is mounted on
a sample stage which is water cooled to avoid heat damage to
the type-la diamonds that have high thermal absorption at the
10.6 wm laser wavelength (this can be as high as 70% for a type-
Ia anvil window 2 mm thick).2’ Even when operating the laser
at full power no visible emission has ever been obtained from
the sample surface because of the high transmittance of the thin
flake. The CCD camera at the exit aperture helped to verify that
the laser beam was indeed being transmitted through the sample.
The absence of emission in the visible regime is taken to be an
indication that temperatures did not exceed ~1200 °C.2° During
heating experiments we attempted to focus beyond the sample
into the exit anvil (after absorption by the sample flake). This
was to avoid local heating damage that may have resulted from
focussing effects if the focal point was in the entrance anvil.

2.4. High pressure Raman spectroscopy

A Jobin-Yvon T64000 Micro-Raman spectrometer has been
used. This comprises a BX40 Olympus microscope attachment,
holographic gratings (1800 grooves mm™), a liquid nitrogen
cooled CCD detector, 514.5nm line of Ar* laser used as an
excitation source and the spectrometer has been operated in
the triple-subtractive mode. The entrance slit width of the pre-
monochromator was set at 150 wm. The diameter of the laser
spot at the sample was 5—10 pm. The confocal pinhole was set
to between 100 and 200 pum to reduce the depth of the focal
plane region as much as possible so as to minimise sampling
background signal from the anvil. Under these conditions data
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acquisition times for each spectrum was 5—10min in the case
of the laser heated MB-DAC. Estimated power at the entrance
aperture of the DAC was less than 10mW. In the cases of
laser heating, micro-Raman measurements were made on the
quenched samples still at pressure in the DAC. We could selec-
tively sample regions that were left unheated and separately
sample those regions where the CO, laser heated spot was made
to impinge on the sample.

2.5. Laboratory based XRD high pressure studies

XRD data has been taken at pressure on laboratory based
instruments using a Bruker SMART diffractometer equipped
with a 1K CCD detector. This comprised a conventional X-ray
generator and Mo—K, radiation (A =0.71073 A). The collimated
beam is directed normal to the table of the entrance anvil by
means of a 0.1 mm aperture monocapillary.>! The DAC has been
mounted on a customised x—y—z stage that permits its optimal
alignment with the exit of the monocapillary. Angle-dispersive
diffraction patterns were in the form of Debye-Scherrer rings
recorded on the 512 x 512 pixels of the area detector.

Two 30 min dark field measurements were taken, averaged
and automatically subtracted out of the powder ring pattern
using SMART-NT software.?? Once the ring pattern had been
collected SMART-NT software was used to unwarp the rings
and the powder ring pattern imported into the FIT2D soft-
ware package for further data processing.?> This program has
been used to convert 2-dimensional powder ring patterns into
intensity-versus-26 powder patterns. The background was sub-
tracted using a standard program, WinPLOTR,>* and the peaks
were identified and labelled manually. XRD patterns shown in
Fig. 3 onwards are such background corrected patterns.

N.R. Jackson et al. / Journal of the European Ceramic Society 32 (2012) 697-704

3. Results and discussion

Fig. 3(a) shows pressure evolution of XRD patterns of
Zro 5Hfp 50, loaded in the MB-DAC. The monoclinic (M) phase
(at 0.6 GPa, sealing pressure) clearly shows two signature peaks
at 12.5° and 14°, measured in 26, labelled as the (11 —1) and
(111) reflections, respectively. This is taken from the corre-
sponding peaks of the end members.>~ The reflection signatures
in the range of 12°-15° are primarily used for identification of
the M phase. As pressure rises above 4.7 GPa, peaks at 12.5°
and 14° decrease in intensity and a new peak evolves in between
these at 13° indicative of an O-I phase occurring. This O-I signa-
ture is evident in the XRD pattern at 8.2 GPa of Fig. 3(a). There
are additional signature peaks at 16° and 22° of the O-I phase,
in analogy to the end members.>~-

This confirms that the M to O-I phase boundary is in the
5-8 GParegion, similar to the end members (see Fig. 1). Besides
the above mentioned signature reflections of the M and O-I
phases, there are also other associated combinations of Bragg
reflections from the sample which are, of low intensity, broad
and not readily distinguishable. The behaviour of the low angle
reflections in Fig. 3(a) indicates that, although the M to O-I phase
change is initiated at ~5 GPa, the starting M phase dominates
up to the regime of 8—11 GPa. There is thus phase coexistence
of starting M and high pressures O-I structures from 5 to 8 GPa
onwards. The highest intensity O-I peaks are at ~13.5° (labelled
the (211) reflection) and ~16° (combination of the (020),
(002) and (4 00) reflections).

This phase coexistence behaviour in the solid-solution seems
to be similar to that of the end-members. Measurements at low
pressure of ZrO, also show a sluggish phase transformation and
a mixture of phases over a wide range of pressures at room
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Fig. 3. (a) XRD patterns as a function of scattering angle 26 of the Zry sHfp 50, sample at pressure in the MB-DAC (fluorinert PTM). Corresponding d-spacing
labels are included on the top axis for convenient comparison with some cases of previous literature on the end members. The two prominent peaks at 12.5° (11 —1)
and 14° (11 1) are the most intense reflections from the M phase. At 8.2 GPa the most intense O-I reflection, (2 1 1) at 13.5°, is discerned. The prominent peak at
~20° (G) is from the gasket (more intense when the DAC is not well aligned). The symbol * refers to a combination of (02 0) and (2 00) reflections in the M phase.
Symbol $ is a combination of, (02 0), (002) and (4 00) reflections of the O-I phase. Other symbols, & and %, are combinations of reflections explained in the text
where appropriate. These combinations of reflections at 26 > 15° are deduced from comparison with the XRD patterns of the end member compositions. (b) Raman
spectra of Zrp sHfp 50, at pressure in Ar PTM before laser heating. Dashed lines delineate conspicuous signature peaks in the M and O-I phases.



N.R. Jackson et al. / Journal of the European Ceramic Society 32 (2012) 697-704

o

10 15 20 25

Counts (arb. units)

10 15 20 25
26 (degrees)

701

100 200 300 400 500 600 700
2, a A M+ O-l Decomp

Intensity (arb. units)

Amb )

0 160 200 300 400 560 600 700
Wave number (cm™)

Fig. 4. (a) XRD patterns taken upon decompression from 20 GPa (fluorinert PTM) down to 2.3 GPa. The data at 0.6 GPa (close to ambient) is the monoclinic (M)
structure at the start of the compression sequence. The top pattern is the end of the decompression sequence from the highest pressure of 20 GPa. At 20 GPa the
majority phase, if not all of the sample, is in the O-I structure. The decompression pattern at 2.3 GPa is a mixture of M (higher percentage) and O-I phases. (b)
Corresponding Raman spectra highlighting the signature M and O-I Raman bands. These figures indicate that a mixture of M and O-I phases occur at near ambient

conditions after decompression from 20 GPa.

temperature.* In that work on ZrO; it is indicated that the M
phase coexists with the O-1 phase up to a pressure of ~15 GPa.

The sample was left for several days upon further pressuri-
sation of the Zry sHfy 50> sample to ~11 GPa. There appears to
have been a further evolution of the O-I phase over several days
after initiating the M — O-I transformation. This suggests that
the kinetics of the O-I transition is perhaps on a time scale of
days at room-temperature.

The pressure evolution of Raman spectra of the Zry sHfy 502
sample is depicted in Fig. 3(b). Raman spectra were taken on the
darker (thicker) regions of the sample, in an MB-DAC prepared
for anticipated laser heating studies at pressure, due to a better
signal to noise ratio in those areas (labelled with asterisks in
Fig. 2). The pressure evolution of the Zry 5sHfy 50, sample may
be compared with a separate Raman pressure experiment on the
end members.® Under ambient conditions the prominent Raman
bands of the M phase range from 100 cm™! through to 700 cm ™!,
Fig. 3(b) delineates key Raman signatures of the M phase, at
100-150cm™ !, a doublet at ~400cm™! and a strong band at
~500cm~!. These can be clearly discerned up to ~6.2 GPa.
When the pressure is increased further to ~8 GPa a different
Raman signature seems to evolve at ~200cm™! and there are
relatively strong unresolved bands at ~400 cm~! and 500 cm ™.
The bands at these higher pressures are distinctly broader than
those of the low pressure monoclinic phase. Taken in conjunction
with the behaviour of the XRD patterns in Fig. 3(a), Raman spec-
train Fig. 3(b) at P > 6.2 GPa indicate the conspicuous signature
bands of the O-I phase.

The sluggishness of the transition from the M to O-I structure
at room temperature and consequent M/O-I phase coexistence
initiated in the 5—8 GPa regime is thus seen in both the comple-
mentary XRD and Raman data sets of Fig. 3. The O-I phase is
not fully stabilised (although it may be the majority phase) at
~15 GPa consistent with the literature on Zr02,3’4 until pres-
sure is increased to ~20 GPa, see Fig. 4. The Raman spectra at
~15 GPa and above, Figs. 3 and 4, may thus be considered as a
reference for the Raman signatures of the O-I phase. In particu-
lar, O-1 signature bands at 200 and 400 cm™~! will be referred to

again later when further conversion to the O-II phase is consid-
ered after heating experiments at higher pressure P > 20 GPa.

Fig. 4 also shows the XRD and Raman spectra of the sam-
ple (in fluorinert PTM) after it has been fully converted to the
O-I phase at ~20 GPa and then decompressed to near ambient
conditions. The pressure has been decreased in small steps from
20 GPa down to ~2 GPa. At the lowest decompression steps the
DAC was immersed in a bath of liquid nitrogen to attempt to
quench in the O-I phase (it is much more difficult to recover the
sample intact to ambient conditions with this procedure). Con-
sideration of the XRD data in Fig. 4(a) and the Raman spectra
in Fig. 4(b) suggest that a mixture of phases occur in the sample
recovered to 2 GPa. In the XRD data the two M signature reflec-
tions at 12.5° and 14° reappear and the O-I peak is discernible
between these two peaks at ~13°, see Fig. 4(a). Raman modes
from the M structure as well as O-I phase are discernible, see
Fig. 4(b). This shows that there is some reversion to the original
M phase.

In previous investigations, micro-indentation tests on the
end member ZrO, suggest that a M/O-I mixed phase is a
tougher material compared with the starting M phase.?” In future
experiments it may be worthwhile to check for such enhanced
characteristics of the recovered phase mixtures (Fig. 4) of the
Zry.5Hfy.50, solid-solution and related compositions as well.

Having rationalised the behaviour of the sample up to
~20 GPa along the room temperature isotherm, we have then
progressed to (laser) heating the pressurised sample. In a sep-
arate experiment using Ar PTM, the solid-solution sample has
been progressively pressurised to 20 GPa to effect full conver-
sion to the O-I phase. There is no expectation of the O-II phase
as confirmed by the absence of its anticipated signature peaks at
~15° and ~20° with no heating applied, see Fig. 5.

The sample was then laser heated by scanning the hot-spot
over the entire contents of the cavity for a period of about an
hour. Our technique, previously described in the experimen-
tal section, ensures that we can establish that the laser beam
is transmitted through the contents of the thin flakes that consti-
tute the sample in the pressurised cavity. At no point was Planck



702 N.R. Jackson et al. / Journal of the European Ceramic Society 32 (2012) 697-704

10 15 20 25
= = =
2 —
£z o NG| @
= 101 + 0l e
2 (n
G
[2]
c
=
o
O |0l 20 GPa
10 15 20 25
26 (degrees)

Fig. 5. Comparison of XRD spectra at 20 GPa in different pressure runs, includ-
ing the quenched sample after laser-heating at 20 GPa in Ar PTM (upper pattern).
Lower pattern at 20 GPa with fluorinert PTM involved compression only and no
heating. The arrows show where indications of signature O-II peaks ((p), (u),
(s)) are discerned as deduced from the ZrO, and HfO; end members. The solid
Ar reflections are also labelled. Note that the peak (n) is much less intense in
the pattern of the laser heated sample, as further indication of the initiation of a
phase transformation of O-I — O-II upon heating at 20 GPa.

emission in the visible spectral range discerned from the sample
because of the high transmittance of the thin flakes. Therefore it
is estimated that high temperatures were restricted to the range of
600-1200 °C. Referring to the XRD data of the laser heated sam-
ple in Fig. 5 then shows that a (2 1 1) O-I signature reflection at
about 14° (marked (0)) overlaps an, anticipated relatively weak,
O-I1 (0 1 1) reflection. At slightly higher 26 values there are two
shoulder features denoted (p) and (u). These are considered to be
signature O-II reflections, (1 02) and (1 1 1), as identified in the
end member XRD patterns.> The peak denoted (s) at ~20°,
(21 1) reflection, is also a signature peak of the O-II phase. This
(2 11) reflection is the most intense feature of the O-II phase of
the end members.>~ Therefore the presence of the two shoulder
features on either side of 15° and the (2 1 1) reflection at ~20°
are compelling indications of the presence of the O-1I phase as a
result of the laser heating. The Ar PTM peaks are labelled (q) and
(r), and mask any O-II peaks in that region. The SS301 gasket
peak (G) at 21° is also identified. Also note that the unresolved
reflections labelled (n) occur in the monoclinic and O-I phases
and there is a substantial decrease in the relative intensity of this
feature in the laser heated sample, see Fig. 5. This is taken to
signify a phase transformation of the O-I structure (to that of the
O-II phase) upon heating at ~20 GPa.

Features of the O-I phase are still present in the XRD spec-
trum at 20 GPa of the laser heated sample, seen by comparing
the patterns in Fig. 5. The feature (o) is the (2 1 1) signature O-I
reflection, previously seen to emerge between M phase reflec-
tions (at 12.5° and 14°) in the data at 8.2 GPa (Figs. 3 and 4).
Thus the relatively weak O-II (01 1) reflection expected to be
near this position is overlapped by the O-I (21 1) reflection,
denoted (o). It is also indicated, in the end members, that this
sluggishness may be overcome by heating at temperatures above
600 °C.3* As suchit is believed that at 20 GPa in the laser heated
sample there is a mixture of O-I and O-II phases. This has also
been confirmed by our Raman measurements (not shown) where
O-I signature bands (~200 and 400 cm™!) prevail in the laser
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Fig. 6. Inset photo shows the readily distinguishable island I and peninsula P
regions of the pressurised sample (Ar PTM). Ruby flake for manometry is visible
in the lower part of the cavity adjacent to P. Compression panel shows Raman
spectra of the Zrg s Hfp 50, sample at ~30 GPa, after the peninsula region of the
sample was selectively heated at a prior compression value of ~26 GPa. The
island region was left unheated throughout compression to the highest pressure
and show features of O-I phase predominance, from signature Raman bands dis-
cerned at 200 and 400 cm™~!. Both the absence of a prominent band at ~200 cm ™!
and marked reduction in relative intensity at 400 cm™! in the peninsula as well
as the envelope features at 400-500 cm™!, are indicative of conversion to an
O-II majority phase from the heating. Bottom panel shows Raman spectra of
these regions upon decompression to ambient conditions. Dashed lines are to
highlight signature bands of various structures in the phase mixtures (discussed
in the text).

heated sample at 20 GPa. The full conversion to O-II can likely
be accelerated with longer heating times in this low temperature
regime of 600—1200° C at this pressure. An important finding of
this work is that it appears there first has to be full conversion to
the O-I phase (by compression to ~20 GPa) in the solid solution,
before heating will accelerate the kinetics of transformation to
the O-II phase at pressures of ~20 GPa and above.

Fig. 6 shows Raman data obtained in a separate run to as
high as ~30 GPa. In this case certain regions of the sample (so-
called peninsula P) were selectively laser heated at pressures
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beyond ~20 GPa. Other regions (island I) were left completely
unheated to the highest pressure of ~30 GPa. In this way an
inter-comparison of heated and unheated regions of sample
could be made, to ascertain the effects of heating at pressures
beyond when transformation to the O-I phase was completed at
~20 GPa. Recollection of the analyses in Figs. 3 and 4 suggests
that the island region at ~30 GPa exhibits the conspicuous O-I
signature bands at ~200 and 400cm™! as well as a feature at
~500cm™! (see lower spectrum of the compression panel in
Fig. 6). This then appears to be predominantly O-I phase. We
cannot discount that intensity in this 400-500 cm ™! region over-
laps signatures of the O-II phase, since the pressure-transformed
O-II phase is known to occur along the room temperature
isotherm (no heating) of the end members.

The spectrum of the laser heated P region (upper pattern at
~30 GPa) has prominent bands in the range of 400-500cm™!,
similar to the O-II phase of the ZrO; and HfO; end members.3?
The Raman band found at 100-200 cm ™! in the O-II phase of the
end members,®? is absent or is of much lower relative intensity in
the O-II phase of the solid-solution. Note also that the signature
Raman bands at 200 and 400 cm~! identified in the O-I phase
of the solid solution (island region) are absent or much less
prominent in the laser-heated region P. This is interpreted as
further evidence of the O-1 — O-II phase conversion as depicted
in the comparison of compression Raman spectra of Fig. 6.

Therefore, Fig. 6 permits a comparison of Raman spectra
involving laser-heating of the solid-solution at pressures higher
than 20 GPa with Raman spectra of O-II phases of the end mem-
bers, as well as our unambiguous identification of the Raman
finger-print of the O-I phase of the Zry sHfp 50, solid-solution
(Figs. 3 and 4). This inter-comparison, supported by our XRD
results, suggests that in the pressure run to ~30 GPa there was
significant conversion to the O-II phase upon laser-heating at
26 GPa (where laser heating was first effected) of a region of the
thin flake in which temperatures did not exceed ~1200 °C (no
visible emission from the laser hot-spot).

After the sample had been taken to the highest pressure of
30 GPa, decompression studies were undertaken so as to check
for metastability of the high pressure phases. The panel on
decompression data in Fig. 6 shows Raman spectra of the sample
recovered to ambient conditions plotted together with the Raman
pattern of the original M phase.'® The spectra of regions of the
recovered sample are clearly different from that of the sample
in the starting M structure. There is a relatively prominent band
at ~500 cm™! in the recovered island region, I, which is typical
of the original monoclinic M phase. Note this signature does
not appear in the recovered laser heated P region. The O-I sig-
natures at ~200cm~! and ~360cm™!, having the anticipated
mode softening to these lower wave numbers from values at high
pressure, also occur in the recovered island region. Therefore the
unheated pressurised island region is recovered to ambient con-
ditions as a mixture of M and O-I phases. The peninsula is the
region that had been subjected to prior heating at ~26 GPa. There
is a strong signature band at ~450 cm ™!, attributable to the O-II
phase, as well as other intensity features in that region. There
are also O-I signature bands at ~200 cm™! and ~360cm™'. The
relative intensities of all these signature bands (and comparison

with the recovered island region) are compelling indications that
the O-II phase is locked in to ambient conditions, as in the end
members.? Therefore the laser-heated peninsula, which is pre-
dominantly O-II at 30 GPa, has a mixture of O-II and O-I phases
when recovered to ambient conditions.

4. Conclusions

The monoclinic phase of the solid-solution ceramic
Zro5Hfy50> has been synthesized by a sol-gel technique and
calcination of the precursor phase at 1000 °C. Agglomerated
material with spherical constituent grains of ~50 nm diameter
have been obtained and subjected to high P-T investigations.

The laboratory-based XRD pressure experiments of this work
have confirmed that the monoclinic to O-I phase transition is
sluggish at room temperature. The O-I phase initiated in the
range of 5-8 GPa is only fully stabilised at ~20 GPa. It may
be desirable to quench such M/O-I phase mixtures, that occur
above 5 GPa, to ambient conditions and to consider the mechani-
cal and tribological properties of such composites. Laser heating
at ~20 GPa initiates the conversion of the sevenfold coordinated
O-I structure to the ninefold coordinated O-II phase. It is antic-
ipated that protracted heating (hours) at modest temperatures
600-1200 °C of the Zrg sHf 50, solid-solution will fully con-
vert the O-I to the O-II phase. Heating to higher temperatures
has the risk of converting to other unidentified high P-T phases
as in the case of the end-members.* Alternatively at higher pres-
sures in the range of 20-30 GPa (laser) heating at 600—1200 °C
for tens of minutes accelerates the phase conversion to O-II.

Key Raman signatures of the O-1 and O-II high pressure
phases of the solid-solution have been identified for the first
time as aided by the complementary XRD pressure studies. In
regions of sample taken to ~30 GPa and recovered to ambient
conditions, a phase mixture is obtained that partly contains a
high-pressure structural O-I (and M) phase or both O-I and O-II
phases, depending on whether there has been heating at pressure
or not. Therefore the O-I and O-II high pressure phases of the
solid solution are shown to both be metastable. The recovered
phase mixtures ought to have enhanced tribological properties of
a hardened—toughened composite, although one of the phase
mixture combinations (O-I/O-II) originates from extreme P-T
in the range of 20-30 GPa. This perhaps merits further detailed
investigation, as well as studies of the metastability of high P-T
phases in the other solid-solution compositions of Zr,Hf]_,O»
as well.

The main benefit of the qualitative XRD and Raman charac-
terisation studies are, that regimes of the P-T phase diagram of
the Zrp 5Hfp5s0, solid-solution are perhaps now better under-
stood. The P-T phase diagram of the solid solution is similar to
that of Fig. 1(b) (end member HfO;) except that the two (near)
vertical phase boundaries have shifted to ~5 GPa for the onset
of the M — O-I transition and to ~20 GPa for the onset of the
O-1 — O-II transition. Therefore the low pressure phases appear
to be stabilised to somewhat higher pressures than in the end-
members. There is less certainty about the near horizontal high
temperature phase boundaries. Studies at ambient pressure'> and
our selected laser heating experiments at high pressure suggest
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Fig. 7. Preliminary phase diagram of the Zry 5sHfp 50, solid solution for com-
parison with the end members. There is less certainty about high temperature
phase boundaries and these have rather been depicted as dashed lines.

they are similar to Fig. 1(b). All of this information is depicted in
the preliminary phase diagram of Fig. 7 which may be compared
with that of Fig. 1. Moreover the O-I phase is metastable, unlike
the case of the end members. These changes in comparison to
the end members are attributable to disorder induced effects in
the solid-solution lattice.

To the best of our knowledge this is the first high P-T inves-
tigation of a solid-solution in the series Zr,Hf;_O>. As such
it provides valuable guidance of what P-T regimes to work in,
for example, in future synchrotron XRD studies. The latter will
permit a quantitative analysis to be made of pressure—volume
data such that important quantities like the bulk modulus (com-
pressibility) of the high pressure phases may be extracted as well
as a detailed mapping of the P-T phase diagram.*>
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