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Hafnia (HfO,) and hafnium-based materials are traditionally regarded as technologically
important materials in the nuclear industry, a consequence of their exceptionally high neutron
absorption coefficient. Following the discovery of transformation toughening in the mid
1970s, a considerable research effort has been devoted to zirconia (ZrQO,)-toughened ceramics
(ZTCs). They are considered to be potentially useful materials for structural applications at low
and intermediate temperatures (7 < 1000 °C). Their unsuitability for high-temperature
structural applications (7 > 1000 °C) is related to the low temperature of the tetragonal to
monoclinic transformation in ZrO,. On the basis that HfO, exhibits a similar crystal structure
and in particular that its tetragonal to monoclinic transformation temperature (~1700°C) is
approximately 700 °C higher than that for ZrO,, it has been suggested that high-temperature
transformation toughening could be possible in HfO,-toughened ceramics (HTCs). Although
the concepts behind this suggestion are universally appreciated, only a limited success has
been made of the fabrication and the microstructural and mechanical property evaluation of
these materials. The fracture toughness values obtained so far in HfO, toughened ceramics
are, in fact, considerably lower than those obtained in their ZrO, counterparts. A great deal of
further research work is therefore required in order to understand fuily and to exploit
toughened ceramics in the HfO,-based and HfO,-containing systems. This review covers the
science and technology of HfO, and HfO,-toughened ceramics in terms of processing, phase

transformation, microstructure, and mechanical properties.

1. Introduction

There has been a considerable progress in the science
and technology of ZrO, and ZrO,-toughened ceram-
ics (ZTCs) in the last decade, following the discovery
of transformation toughening in the mid 1970s [1-5].
Such progress is best evinced by the considerable
number of international conferences and published
volumes devoted specifically to these materials.

The properties of these toughened ceramics are
exceptional. A fracture toughness (Kic) of > 15MPa
m®3, which is almost comparable with that of cast
iron, and a fracture strength of 2.4 GPa, have been
measured for ZrO,-toughened ceramics [6-10]. How-
ever, the potentially important applications for these
Z1r0,-toughened ceramics are greatly reduced by their
thermal instabilities both at low {200-400°C) and at
high (T > 1000 °C) temperatures [ 11, 12]. It is theoret-
ically impossible to retain transformation toughening
in these ceramics at temperatures above 1000°C, as
the tetragonal ZrO, phase becomes thermodynami-
cally stable at temperatures above its monoclinic to
tetragonal transformation temperature [13, 14]. In
view of the fact that HfO, has a very similar structure
to ZrO,, and more importantly, that it has a higher
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tetragonal to monoclinic transformation temperature
(~ 1700°C) than ZrO,, HfO, and HfO,-toughened
ceramics have been widely discussed as potential sub-
stitutes for ZrO, and ZrO,-toughened ceramics at
elevated temperatures [15-18], Fig. 1. They are ex-
pected to exhibit toughening mechanisms such as
stress-induced transformation and compressive sur-
face stress at temperatures up to ~ 1700°C. Accord-
ingly, such suggestions have stimulated considerable
interest and some research effort into HfO, and HfO,-
toughened ceramics in the last few years, although a
considerably great effort will be required to make
significant progress [19].

Hafnium-based materials, on the other hand, are
traditionally regarded as a class of valuable materials
in nuclear industries, as they have an exception-
ally high neutron cross-section absorption coeffi-
cient (> 150 cm?/atom x 10?4 for thermal neutrons)
[20-22]. Their high neutron absorption coefficients,
for example, make them attractive as a control rod
material in water-cooled reactors. Zirconium-based
materials, in contrast, have an extremely low specific
neutron cross-section absorption coefficient (< 0.5
em?/atom x 10?* for thermal neutrons) such that
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Figure I The influence of HfQ, alloying on the monoclinic =
tetragonal transformation temperature in ZrQ,-HfO,. 4, and 4
refer to the monoclinic to tetragonal starting and finishing temper-
atures, respectively. It is expected that high-temperature trans-
formation toughening can be achieved when ZrQ, is fully or
partially substituted by HfO, [17].

they are a useful cladding material for nuclear fuels
[23, 24]. HfO, ceramics, known to have a melting
point of 2800 °C, are also very useful as a high temper-
ature refractory material [15].

The first comprehensive review on HfO, ceramics
was made by Lynch [15], who summarized the early
research work on these materials some twenty years
ago, in terms of crystal structure, properties and
fabrication. Naturally, this review is outdated when
one considers the recent development in the science
and technology of HfO, and HfO,-toughened ceram-
ics made especially in the last decade. Transformation
toughening was unrecognized until the mid 1970s
[2, 3, 25]. The class of transformation-toughened
ceramics containing HfO, are therefore more appreci-
ated as a structural material than was previously the
case. It is the aim of this review to present a summary
of the recent development in HfOQ, and HfO,-
toughened ceramics with respect to their applications
as structural materials. As they are similar to ZrO,
and ZrO,-toughened ceramics in many respects, a
comparison is regularly made between these two clas-
ses of materials in the present review. Consequently,
certain results for ZrO, and ZrO,-toughened ceram-
ics are included in this review.

2. Origin of the similarity between HfO,
and ZrO,: lanthanide contraction
Until the discovery of hafnium by Coster and Hevesey
in 1923 and the summary by Hevesey [26] in 1925, the
original determination of the atomic weight of zir-
conium (first discovered in 1789) was generally too
high, due to the unrecognized presence of hafnium.
Hafnium compounds are remarkably similar to those
of zirconium both in structure and in chemistry [27,
28]. For example, the structures of HfO, and ZrO, are
so close to each other that it is difficult to detect their
individual presence using conventional powder X-ray
diffraction [29]. The formation of a continuous solid
solution in the HfO,~ZrO, system has long been
confirmed [30]. Both the self- and inter-diffusion coef-
ficients of hafnium and zirconium are similar in value,
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as observed by Sakka et al, [31] in ZrO,~16 mol %

CaO and Zr, _  Hf 0,~16 mol % CaO ceramics.
The great similarity between hafnium compounds

and those of zirconium, such as exists between HfO,

~and ZrO,, is related to the electron configurations of

hafnium and zirconium: (i) 4f'*5d26s? for hafnium,
and (ii) 4d25s? for zirconium. In the periodic table, the
inner transition (rare-earth) elements immediately pre-
ceding hafnium add electrons to the inner 4f shell from
cerium through to lutetium. Because no outer elec-
trons have been added to compensate for the in-
creased nuclear charge, there is a contraction in the
atomic size such that element 72, hafnium, has a
slightly smaller atomic size than element 40, zircon-
ium, the preceding period group IV element. This
results in the so-called lanthanide contraction. The
atomic radii of hafnium and zirconium are close to
each other [32]: 0.1442 and 0.1454 nm, respectively.
So are their ionic radii (M*#*), 0.084 nm for hafnium
and 0.083 nm for zirconium, respectively [32, 337. The
electronegativity values given by Little and Jones [34]
are 1.23 for hafnium and 1.22 for zirconium. These
values are indicative of the almost identical chemis-
tries exhibited by hafnium and zirconium [35] and
explain the origin of the similarity between HfO, and
Zr0,.

3. Occurrence and processing

3.1. Occurrence

Hafnium, which has an estimated abundance of
4.5 p.p.m. in the Earth’s crust [36], is always found in
nature accompanying zirconium. The principal com-
mercial sources for hafnium are baddeleyite (a natu-
rally occurring hafnium-containing zirconia mineral,
Zr(Hf)O,), and zircon (hafnium-containing zirconium
silicate, Zr(Hf)SiO,), which are best known as the
prime mineral sources for ZrO,. World production of
these minerals in 1984 was 700000 tonnes, 451000
tonnes of which were produced in Australia, 93000
tonnes in the USA and 144 000 tonnes in South Africa
[37, 38]. These naturally occurring minerals typically
contain 1.5-3 wt % hafnium, with respect to the zir-
conium content [39]. Most of the commercially avail-
able zirconium compounds (such as ZrO, powders
used in the ceramic industry) contain this level of
hafnium content as an expected and understood impu-
rity [40, 41]. However, certain engineering appli-
cations, such as those in the nuclear industry, require
both high-purity hafnium and high-purity zirconium
products for specific purposes [42-46]. Current pro-
duction of hafnium is thus entirely dependent on the
availability of zirconium compounds as a by-product.
Consequently, hafnium compounds are much more
expensive than those of zirconium. For example,
$600/kg HfO, is compared with $50/kg ZrO, [40, 41,
47-49]. The high cost of hafnium compounds is, to a
large extent, due to the difficulties involved in their
separation from those of zirconium.

3.2. Processing of HfO,-based ceramics
The processing of HfO,-based ceramics often starts
with hafnium and hafnium compounds (such as



hafnium tetrachloride), which are originally separated
from the hafnium-containing zirconia-based minerals.
The nuclear industry is the principal sector involved in
the extraction of hafnium from the naturally occurring
zirconia minerals. The extraction process essentially
involves two stages: (i) the processing of hafnium-
containing zirconium compounds (such as oxide,
chloride, nitrate, acetate) from zircon and baddeleyite
[50-527; and (ii) the subsequent separation of hafnium
from these zirconium compounds [52-54].

3.2.1. The processing of hafnium-containing
zirconium compounds

The techniques for this are essentially those utilized
for obtaining zirconium compounds from the natu-
rally occurring minerals. They start with mining of
zircon ores or baddeleyite, followed by the removal of
undesirable elements, such as silica, which is the major
impurity constituent in zircon. Several techniques can
be utilized to extract hafnium-containing zirconium
compounds from zircon, including alkali oxide de-
composition, chlorination, thermal decomposition,
lime fusion, and plasma dissociation. In the following,
a brief is given of the alkali oxide decomposition and
chlorination, as they are the most widely employed
extraction processes in industry.

3.2.1.1. Alkali oxide decomposition. This processing
technique is widely used for obtaining zirconia-based
materials from zircon. At temperatures above 600 °C,
zircon and sodium hydroxide (NaOH) react to form
sodium zirconate, Na, Zr(Hf)O,, and sodium silicate,
Na, SiO,. Careful control of the reaction conditions,
such as the zircon/sodium hydroxide ratio, temper-
ature, and time, will lead to a complete conversion
according to the reaction

Zr(Hf)SiO, + 4NaOH - Na,Zr(Hf)O,
+ Na,SiO, + 2H,0 (1)

In industry, sodium hydroxide is often substituted by
sodium carbonate. The reaction then requires a higher
temperature (~ 1000 °C) than when sodium hydrox-
ide is used and the resultant products are also depend-
ent on conditions such as the zircon/sodium carbon-
ate ratio and reaction temperature.

After the above conversion, sodium silicate can be
subsequently removed from the products by leaching
with water, which at the same time hydrolyses sodium
zirconate to form zirconium hydroxide. The hydrox-
ide is usually converted into chloride for extracting
hafnium from zirconium. Zirconium hydroxide can
also be directly calcined to give a low-purity ZrQ, for
conventional ceramic applications. Further purifica-
tion processes, such as leaching with sulphuric acid,
will generate a high-purity product.

For the specific extraction of hafnium from zircon
(this will be discussed in Section 3.2.2), Na, Zr (Hf}F,
is produced by reacting zircon with sodium silico-
fluorite (Na, SiF¢) according to

Na,SiFg + Zr(Hf)SiO, — Na,Zr(Hf)F
+ 25i0, 2)

This reaction is carried out by firing the reaction
mixture in a kiln at temperatures in the region
of ~ 700°C for an appropriate period.

3.2.1.2. Chlorination. The direct chlorination process
is particularly useful in extracting hafnium from zir-
con. In the presence of carbon, zircon can be directly
chlorinated

Zr(HI)SiO, + 4C + 4Cl, — Zr(Hf)Cl,
+ SiCl, + 4CO 3)

An intimate mixing of zircon and carbon, usually
achieved by milling and pelletizing, will enhance the
completion of the above reaction. For large-scale
productions, the above reaction is usually carried out
at 800-1200°C in a shaft furnace or a fluidized
bed. Hafnium-containing zirconium tetrachloride
(Zr(Hf)Cl,) and silicon tetrachloride (SiCl,) are dis-
tilled off from the furnace and then condensed at
165°C and — 10°C, respectively, resulting in the
separation. of the former from the latter. As will be
discussed in the following section, HfCl, can be ex-
tracted out from Zr(Hf)Cl, using the differential sol-
vent extraction technique [23, 55]. Hafnium metal
(almost all the hafnium now produced) is made by
reducing hafnium tetrachloride with magnesium or
with sodium [32]. Alternatively, hafnium can be ex-
tracted out from hafnium-containing zirconium oxy-
chloride, Zr(Hf)OCl,, which is a hydrolysed product
of Zr(Hf)Cl,, using the fractional crystallization tech-
nique [54, 56].

Hafnium oxychloride is commerciaily available
both in an aqueous solution and in powder form. The
hafnium oxychloride powder is made by cooling a
saturated HfOCI, solution from 65°C to 20°C in
rubber-lined tanks, then followed by drying at 85 °C.
As will be discussed later, a wide range of finely
divided HfO, powders, which are usually sinterable at
relatively low temperatures (~ 1500 °C), can be made
from HfOCI, or HfCl, via a precipitation route. For
example, hafnium hydroxide is precipitated out from
a HfOCl, solution by an ammonia solution at pH of
10-11, and the subsequent calcination at 500—600 °C
will convert the hydroxide into the desired oxide
powder. Partially and fully stabilized HfO, powders,
such as Y,0;-doped HfO, powders, are made in a
similar way, where Y(NO;); or YCI; solution is mixed
with the HfOCI, solution.

3.2.2. Separation

The separation and purification processes for hafnium
from zirconium compounds are costly and tedious, a
consequence of the considerable similarity of their
chemical characteristics. Only the nuclear industry is
interested in such separation and purification tech-
niques for obtaining high-purity (no more than a few
p.p.m. zirconium) hafnium-based materials for specific
applications and have therefore pursued the develop-
ment of these techniques over the last four decades.
Small differences in certain physical and chemical
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properties, such as in solubility, absorption, electro-
negativity, vapour pressure, and boiling temperature,
between hafnium compounds and zirconium com-
pounds are made use of for the separation and puri-
fication processes. More than a dozen techniques have
been developed and can be used to extract hafnium
from hafnium-containing zirconium compounds.
These include:

(i) fractional crystallization of hafnium and zircon-
ium hexafluorides, oxychlorides, and oxalates [547;

(ii) fractional precipitation of hafnium and zircon-
ium phosphates and ethyl phosphates [57];

(iii) fractional distillation of POCI; addition com-

pounds of Zr(Hf)Cl, [587;

(iv) fractional decomposition of hafnium and zir-
conium complex compounds [597;

(v) differential solvent extraction [23, 55];

(vi) ion-exchange technique [60];

(vii) differential deposition [21, 227;

(viii) differential displacement [24, 56, 61], invol-
ving the oxidation-reduction equilibria of zirconium
and hafnium between a molten salt phase and a
molten zinc phase.

Amongst these various separation techniques, the
organic solvent extraction is probably the most widely
used method [23, 55, 61]. This technique makes use of
the solubility difference in certain organic solvents
between ZrCl, and HfCl,. As discussed earlier, zircon
can be directly chlorinated at temperatures of around
1000 °C, resulting in the formation of a corresponding
mixture of ZrCl, and HfCl, (the mixture was written
as Zr(Hf)Cl, earlier). This product mixture is then
mixed with water and ammonium thiocyanate and
passed through a liquid-liquid counter-current sep-
aration column containing organic solvents such as
methyl isobutyl ketone (MIBK). If each column is
considered to be a separation stage, a separation
factor of 5 can be achieved after each stage. Therefore,
a sufficiently long separation column or enough sep-
aration columns will lead to a significantly high sep-
aration factor. The separated HfCl, is converted into
cither hafnium metal for the nuclear applications or
hafnium oxide (HfO,) for the ceramic applications.

As mentioned previously, zircon reacts with sodium
(or potassium) silico-fluorite at ~ 700°C to form a
mixture of Na,ZrF¢ and Na,HfF, (the mixture was
written as Na,Zr(Hf)F¢ earlier). The mixture is dis-
solved in water in which the hafnium salt is about
twice as soluble as the zirconium salt. This operation
1s then repeated through a large number of stages until
the desired separation of the hafnium salt from the
zirconium salt is achieved.

In the differential deposition technique [21, 22], the
vapour mixture of zirconium tetrachloride and haf-
nium tetrachloride are passed over zirconium metal.
Zirconium trichloride, which has a higher deposition
tendency on the surface of zirconium metal than
hafnium tetrachloride, is separated from the undeposi-
ted hafnium tetrachloride vapour. A separation factor
as high as 10 can be made in each operation. Zircon-
ium tetrachloride is recovered by heating and dis-
proportionation. Similarly, the mixture of zirconium
tetrachloride and hafnium tetrachloride can be dis-
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tilled off at an appropriate pressure and temperature
[58], resulting in the separation of hafnium from
zirconium. However, the low separation factor (~ 2
per operation) of this technique limits its application
for the large-scale production.

Recently, a US patent [61] described a separation
process, which makes use of the fact that hafnium is
slightly more electropositive than zirconium [34]. A
molten metal solution of unseparated zirconium and
hafnium is kept in contact with a fused metal solvent
phase which contains cations more electropositive
than zirconium. The solvent phase also contains zir-
conium ions (such as sodium fluoro-zirconate). Haf-
nium is transported from the molten metal phase to
the fused salt phase while zirconium is transported
from the fused salt phase to the molten metal phase.
The separation efficiency is dependent on the type of
the solvent phase. For example, a separation factor
of 10 can be achicved when the molten phase of
zirconium-hafnium metal is kept in contact with a
molten sodium fluoro-zirconate. A significantly high
separation factor, up to 300, is possible in a single
separation step, when zinc, cadmium, lead, bismuth,
copper or tin are used as the solvent metals.

3.2.3. Preparation of HfO, powders

The fabrication of HfO,-based and HfO,-containing
ceramics usually starts with the manufacture of high-
purity and sinterable HfO, powders which, unfortu-
nately, are expensive and not widely available com-
mercially. The powder compacts are then densified,
using means such as conventional sintering, hot
pressing(HPing), and hot isostatic pressing(HIPing).
The starting materials for powder preparation in la-
boratory scale are the commercially available hafnium
chemicals, such as hafnium alkoxide, nitrite, oxyni-
trite, chloride, and oxychloride. High-purity hafnium
metal, which is largely used in the nuclear industry,
also appears to be useful in preparing fine HfO,
powders. As HfO, is such a similar material to ZrO,,
it is easy to appreciate that the powder preparation
routes developed for ZrO, ceramics are equally ap-
plicable to HfO, ceramics. The following is a brief
survey of the powder preparation routes which were
specifically developed for HfO, ceramics.

3.2.3.1. Alkoxy method. Hafnium alkoxides, such as
Hf(OC,H,),, Hf(OC,H,), and Hf(OC,H,,),, were
used by Mazdiyasni et al. [62, 63] to prepare high-
purity HfO, powders (particle size 5-20 nm, and
purity - > 99.995%) via either vapour-phase decom-
position or hydrolytic decomposition. These authors
[64, 65] also prepared Y, O;-stabilized HfO, powders
using the. same technique, where an appropriate
amount of yttrium alkoxide was mixed together with
hafnium alkoxide.

For the hydrolytic decomposition, hafnium hydrox-
ide was obtained by slowly adding deionized triply
distilled water to a spectrograde tetrakis tertiary amyl-
oxide of hafnium

Hf(OCsH,,), + 4H,0 — Hf(OH),
+ 4C;H,,OH (4)



The hydroxide was then dried in vacuum at 50 °C for
24 h

Hf(OH), —» HfO, + 2H,0 )

3.2.3.2. Precipitation method. Dole et al. [66] de-
veloped a precipitation technique using hafnium ni-
trite, oxynitrite and hydrochloride as the starting
materials, to prepare highly sinterable HfO, powder.
The same technique was used to prepare partially and
fully stabilized HfO, ceramics [67]. Alternatively,
hafnium metal can be used. As was demonstrated by
Tau et al. [68] and by Srinivasan and Davis [69],
hafnium-containing nitric acid solution can be ob-
tained by first dissolving a high-purity hafnium metal
(> 99.9%) in a hydrofluoric acid and followed by
repeated precipitation dissolutions using ammonia
solution and nitric acid. Hafnium hydroxide is pre-
cipitated out by slowly adding ammonia solution
into the hafnium-containing acid solution. This is
followed by:

(i) water wash to remove ammonia salts;

(i) an initial acetone wash to convert the water
medium into organic medium;

(iii) toluene wash to strip off water; and finally

{(iv) acetone wash again to remove toluene.
The resultant material will become a friable powder at
room temperature within 30 min. HfO, powders can
also be obtained by directly calcining the precipitated
hafnium hydroxides at 500 °C for 2 h.

3.2.3.3. Hydrothermal oxidation method. The hy-
drothermal oxidation technique was largely employed
by Toraya et al. [70--74] for preparing monolithic
HfO,, doped HfO, and mixed Al,O; + HfO, pow-
ders. For monolithic HfO,, hafnium metal powders
(particle size 15 um) and redistilled water (2:1 H,O/
Hf mole ratio) were sealed by electric arc welding into
a platinum capsule (2.7 mm inner diameter). The hy-
drothermal oxidation was carried out at temperatures
of 300-700°C and at pressures of 80-150 MPa for
3-60 h. For mixed Al,O; + HfO, powders, HfAl;
alloy (or mixed hafnium and aluminium metal pow-
ders) and redistilled water was sealed into a platinum
capsule, followed by a similar hydrothermal treat-
ment. The resultant powder, which exhibited a very
fine crystallite size (20-50 nm) and narrow size dis-
tribution, was highly sinterable.

In their study on the martensitic transformation in
smali-sized HfO, and ZrO, powders, Chen and Chiao
[75, 76] used an internal oxidation technique to
prepare their samples which had particle sizes of
50-100 nm.

4, Structure and phase transformation
Table I is a summary of the lattice parameters describ-
ing the structures of HfO,. The corresponding values
for ZrQ, are also included in Table I for comparison.
In several instances, earlier values, such as those re-
ported in 1950s by Curtis et al. [80], are omitted in the
literature in favour of later values. Two apparent
observations can be made from Table I:

(i) the tabulated values obtained by different in-
vestigators are in a good agreement; and
(i) HfO, and ZrO, exhibit close similarity in their

crystal structure.

4.1. Crystal structure

The well established classical studies on the crystal
structure of ZrO, by numerous investigators can serve
as a guide to explain the crystal structure of HfO,
[86, 88-92].

4.1.1. Monoclinic HfO,

The crystal structure of monoclinic HfO, was first
accurately determined by Adam and Rogers [77],
whose results are contained in Table I. The results are
so similar to those of ZrO, that the general descrip-
tions for monoclinic ZrO, given by McCullough and
Trueblood [89] and Smith and Newkirk [90], and
recently summarized by Subbarao [12], can equally
apply to monoclinic HfO,:

(i) seven-fold coordination of Zr(Hf)** with a
range of bond lengths and bond angles, Fig. 2;

(ii) layers of triangularly coordinated O;-Zr(Hf)**
and tetrahedrally coordinated Oy-Zr(Hf)** (slightly
distorted), Fig. 3;

(iii) Zr(Hf)** ions are located in layers parallel to
the (100) planes, separated by O; and Oy atoms on
either side; and

(iv) the layer thickness is wider when the Zr(Hf)**
ions are separated by O, atoms than when they are
separated by Oy atoms.

On the other hand, a slight difference exists in the
dimension of their unit cells, although they demon-
strate such an almost identical monoclinic structure
[77, 79, 93]. In general, the unit cell of monoclinic
HfO, is slightly smaller than that of monoclinic ZrO,.
This difference is theoretically predictable and is
consistent with the ionic radii of Hf** and Zr*",
which were given as 0.083 and 0.084 nm, respectively
[32, 33].

A further detailed study on the structural para-
meters of monoclinic HfO, single crystals (needle-
like), which were grown from a lithium molybdate
melt, was made by Ruh and Corfield [93]. Using
Weissenberg techniques, they worked out the co-
ordination positions of Hf** and O?~ ions. A similar
study was recently carried out on polycrystalline
HfO, powder by Hann et al. [79], who obtained the
structural parameters using powder X-ray diffraction.
Tables II and III show the atomic coordinates and
interatomic distances in monoclinic HfO, and ZrO,
obtained by these authors. It is seen that the resuits
obtained by these two groups are in good agreement.
The interatomic distances are slightly smaller in
monoclinic HfO, than in monoclinic ZrO,. For ex-
ample, the average Hf-O; and Hf-O, distances

-(0.2086 and 0.2197 nm, respectively) are slightly smal-

fer than the corresponding Zr-O; and Zr-Oy dis-
tances (0.2090 and 0.2211 nm, respectively). The aver-
age Hf-Hf distances in the Oy, and Oy, coordination
polyhedra (0.3547 and 0.3386 nm, respectively) are
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TABLE I A survey of the structural parameters for HfO, and ZrO,

a (nm) b (nm) ¢ (nm) B (deg) Space group Reference
Mono. HfO, 0.51156 0.51722 0.52948 99.18 P2,/c [77]
0.5119 0.5169 0.5290 99.25 [30]
0.5117 0.5172 0.5284 99.37 [78]
0.5117 0.51754 0.52915 99.22 [79]
0.5110 0.514 0.528 99.70 [80]
0.511 0.517 0.528 99.60 [81]
0.5112 0.5171 0.5286 99.20 [82]
0.512 0.518 0.525 29
0.497 0.524 0.518 [83]
0.5106 0.5148 0.5273 99.33 [65]
Mono. ZrO, 0.5156 0.5191 0.5304 98.9 P2,/c [38]
0.5145 0.5208 0.5311 99.23 [79]
Tetr. HfO, 0.514 0.525 P4, /nmc [80]
0.515 0.5295 (1760 °C) [82]
0.5155 0.5285 [81]
0.5175 0.5325 (2000 °C) [84]
Tetr. ZrO, 0.5094 0.5177 P4, /nmc [38]
Cubic HfO, 0.5110 (1600 °C) Fims [85]
0.508 [83]
0.53 (2750°C) [84]
0.5144 [86]
0.51155 [66]
0.5122 [87]
Cubic ZrO, 0.5124 | S [38]
0.5256 (2300°C) [82]

TABLE II The atomic coordinates in monoclinic HfQ, and ZrQ,

Atom coordinates in HfO, Reference Atom coordinates in ZrO, Reference
Hf O, Oy Zr O, Oy
x 0.2759 0.0730 0.446 [93] 0.2758 0.069 0.451 [89]
0.2755 0.0739 0.4489 [797? 0.2758 0.0703 0.4423 [90]
0.2755 0.0742 0.4487 [791° 0.2742 0.0630 0.4491 {797
0.2742 0.0628 0.4485 [797°
y 0.0412 0.346 0.748 [93] 0.0404 0.342 0.758 [89]
0.0397 0.3318 0.7582 7972 0.0411 0.3359 0.7549 [50]
0.0397 0.3316 0.7581 [797° 0.0389 0.3289 0.7548 {7972
0.0389 0.3279 0.7554 [797°
z 0.2078 0.332 0.488 [93] 0.2089 0.345 0.479 [89]
0.2078 0.3466 0.4800 [797° 0.2082 0.3406 0.4789 [90]
0.2080 0.3467 0.4801 [791° 0.2095 0.3476 04827 [797
0.2095 0.3471 0.4819 [797*
B 045 045 045 [93] 1.0 1.4 1.4 [89]
(10? nm?) 00 0.0 0.0 [79]° 0.303 0317 0317 [90]
0.05 0.4 0.8 [797° 0.0 0.0 0.0 (79
0.15 1.01 1.01 [791®
N 1.0 1.0 1.0 [93] 1.0 1.0 1.0 [89]
1.04 1.06 10 [93]* 10 1.0 1.0 [90]
0.99 1.03 1.0 [931* 0.98 1.07 1.0 [797
091 1.04 1.0 (791

* Values calculated with isotropic temperature factor.
® Values calculated with individual temperature factor.

also smaller than the corresponding Zr-Zr distances  clinic HfO, more closely approaches a square array
(0.3565 and 0.3406 nm, respectively). The O;,~Oy,  than in monoclinic ZrO,.

distance differs the most, 0.262 and 0.272 nm for HfO,

and ZrO, respectively, although even this seemingly

large difference is not significant because theseionsare  4.71.2. Tetragonal HfO,

related by a symmetry centre. Because of the reduced  As in the case of the monoclinic form, tetragonal HfO,
interatomic lengths, the array of Oy atoms in mono-  is also almost identical to the tetragonal form of ZrQO,,
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Figure 2 The orientation and angles of the oxygen atoms in the
ZrQ, coordination polyhedron in ZrQ,, showing the seven-fold
coordination of the Zr** ion. HfO, has a very similar structure
[89, 90].

OOz
©

Figure 3 The projection of the crystal structure of monoclinic ZrQ,
along the C-axis showing layers of O Zr; and Oy Zr, polyhedron
[89, 901.

which can be regarded as a distorted fluorite-type
cubic structure [80, 81, 94, 95]. Teufer [91] showed
that Zr** was surrounded by eight O?~ ions, four at a
distance of 0.2455 nm and the other four at a distance
of 0.2065 nm.

The tetragonal phase in HfO, was first detected by
Curtis et al. [80], using high-temperature X-ray dif-
fraction at temperatures from 1640-1920°C. Its lattice
parameters and the tetragonal to monoclinic trans-
formation temperature have since been studied by a
number of investigators [81, 95-97]. As is indicated in

TABLE III The interatomic distances (nm) in monoclinic HfO,
and ZrO, [93]

{a) M-O distances in the M{3) coordination polyhedron

(0} H{-O distance Zr-O distance
Ia 0.2031 0.2057
Ib 0.2174 0.2163
Ic 0.2052 0.2051
Ila 0.2170 0.2189
IIb 0.2162 0.2220
Ilc 0.2202 0.2151
IId 0.2254 0.2285

(b) O-O distances in the M{3) coordination polyhedron

o) 0 HfO, 710,
Ia Ib 0.259 0.259
Ia Ic 0.279 0.283
Ib Ic 0.283 0.280
Ia ITb 0.262 0272
IIb Id 0.265 0.266
IIb Tc 0.265 0.266
Ic Id 0.267 0.262

{c) M-M distances in the O, coordination polyhedron

M M HfO, Z:0,

1 2 0.3318 0.3334
1 3 0.3906 0.3329
2 3 0.3417 0.3433

(d) M-M distances in the Oy, coordination polyhedron

M M HfO, Zr0,

1 2 03449 0.3469
1 3 03438 0.3460
1 4 0.4010 0.4031
2 3 03417 03433
2 4 0.3438 0.3460
3 4 03571 0.3580

Table I, the unit cell of tetragonal HfO, is slightly
larger than that of tetragonal ZrO,. It can therefore be
concluded that the Hf~O bond length is slightly larger
than the Zr-O bond length in the tetragonal phase.
This is the reverse of the case for the monoclinic
symmetry, as described earlier.

4.1.3. Cubic HfO,

The cubic HfO, phase has a fluorite-type structure, in
which each Hf*" ion is coordinated by eight equidis-
tant O>~ ions and each O2?” ion is tetrahedrally
coordinated by four Hf** ions [98].

Only a limited number of structural studies exist in
published literature for cubic HfO,. The values sug-
gested for its lattice parameter are contained in
Table I [83, 86, 92, 95].

4.2. Phase transformations

Both temperature and pressure affect the polymor-
phism of HfO,. This section presents its phase trans-
formations as a function of temperature at atmo-
spheric pressure. The orthorhombic HfO, phase,
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which can be preserved at an appropriate combina-
tion of pressure and temperature [99], is discussed in
Section 6.1.

HfO, exhibits the following transformations with
increasing temperature [100, 101].

1720°C 2600°C
Monoclinic = tetragonal =
1700°C 2600°C
2800°C
cubic = liquid (6)
2800°C
Similarly, ZrO, exhibits [102, 103]
1100°C 2370°C
Monoclinic = tetragonal =
1000°C 2370°C
2690°C
cubic = liquid @]
2690°C

It is seen that HfO, follows the same transformation
sequence as ZrO, with a noticeable increase in each
transformation temperature of the monoclinic =
tetragonal == cubic = liquid. Among these trans-
formations, the tetragonal to monoclinic has been that
most extensively studied and has the most important
technological implication in terms of transformation
toughening for structural ceramics. The less technolo-
gically important tetragonal to cubic transformation
has not been studied in detail, possibly as a conse-
quence of the experimental difficulties experienced in
working at high temperatures (~ 2600 °C). As will be
discussed below, the monoclinic = tetragonal trans-
formations start and complete at different temper-
atures. The exact temperatures at which each trans-
formation starts and completes are not well agreed by
different authors. Thus, the temperature values indi-
cated above are for guidance purposes only.

4.3. Tetragonal to monoclinic transformation
Wolten [101] was the first to suggest that the tetrago-
nal to monoclinic transformation was martensitic in
nature. A well-framed picture has now been built up,
after extensive investigations into this martensitic
transformation during the last three decades. The
following brief summary of the results obtained by
various investigators for the tetragonal to monoclinic
transformation, commonly applied both to HfO, and
to ZrO, [94] can be given.

(i) The high-temperature tetragonal phase cannot
be quenched to room temperature.

(i) There is an abrupt change in the lattice para-
meters at the transformation [100, 101, 104-106],
Fig. 4a and b. It is shown that HfO, and ZrO, are
strongly anisotropic in thermal expansion, with the
b-axis exhibiting negligible expansion while the ex-
pansion is substantial for the a- and c-axes.

(iii) The phase transition is athermal, as established
by XRD, metallographic study, and DTA. Thus, it
does not take place at a fixed temperature but over a
temperature range, i.e. the amount of the transformed
phase varies with change in temperature but not as a
function of time at a particular temperature, Fig. 5.

(iv) The transformation exhibits a large thermal
hysteresis, i.e. the heating and cooling transformations
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Figure 4 The thermal expansion behaviour of (a) HfO, and (b)
ZrO,, showing that there is a volume contraction at the monoclinic
to tetragonal transformation temperature, and that their axial
expansions are highly anisotropic [100, 105].
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Figure 5 The monoclinic = tetragonal transformations in (a) HfO,
and (b) ZrO,, determined by high-temperature X-ray diffraction.
The hysteresis effect is smaller in HfO, than in ZrO, [93]. The
monoclinic = tetragonal transformation temperatures indicated for
HfO, in this diagram are slightly below the average values agreed
by most other investigators.



TABLE IV A summary of the reported transformation temperatures in HfOQ, and ZrO,

Monoclinic to tetragonal Tetragonal to monoclinic Reference
Starting (completion) (°C) Starting (completion) (°C)
HfO, 1540 (1650) 1590 (1510) fto13
1610 (1655) 1625 (1515) [93]
1620 (1650) 1620 (1520) f30]
1725 [82]
1700 [87]
1740 [109]
1750 [81]
1793 [85]
1800 [110, 111]
1830 f1123
710, 1050 (1110) 910 (804) f1o1]
1160 (1215) 1038 (993) 301
Tetragonal == cubic (°C)
HfO, 2520 [30]
2530 [113]
2660 [109]
2700 [15, 78]
ZrO, 2370 [7, 38]
Cubic == liquid (°C)
HfO, 2753 [114]
2774 [115]
2800 [113, 116]
2803 [1n
2810 [118]
2820 [112, 119, 120]
2870 [109]
2900 [15, 78, 80]
2r0, 2680 [7.38]

starting and finishing at different temperatures [100,
1017, Fig. 5.

(v) The transformation is associated with a vol-
ume expansion, a shear strain and microtwinning
[104-106].

(vi) The transformation is a diffusionless process, in
which the atoms retain their neighbours in either
phase. O?~ ions undergo an atomic movement of less
than one interatomic distance and Zr(Hf)** ions a
minor shift.

(vii) There is an established orientation relationship
between the parent and product phases. The trans-
formation exhibits habit planes and lattice invariant
deformations.

(vii) There is a critical grain size for the trans-
formation, below which the tetragonal phase can be
retained at temperatures less than the transformation
temperature, and above which the spontaneous te-
tragonal to monoclinic transformation occurs on
cooling from sintering temperature. This critical grain
size phenomenon has been considered to be a surface
energy effect [107, 108].

4.4. Characteristics of the tetragonal to
monoclinic transformation in HfO,

Although HfO, has a remarkably similar structure

and phase transformation to ZrQ,, its tetragonal to

monoclinic transformation has several characteristics
which effectively make it different from ZrO, for
transformation toughening.

(1) The tetragonal to monoclinic transformation
temperature {~ 1700°C) is several hundred degrees
higher than that for ZrO, (~ 1000 °C), Table IV.

(i) The difference between the heating trans-
formation (monoclinic to tetragonal) temperature and
the cooling transformation (tetragonal to monoclinic)
temperature is smaller than that which occurs in
ZrO,, i.e. the temperature hysteresis effect in HfO, is
less pronounced than that in ZrO,. Fig. 5 shows that
the temperature hysteresis loops for HfO, and ZrO,
have a similar shape but differ in widths (40—80 °C for
HfO,, and 150-200°C for ZrO,) [93].

(i) The established density change (2.5% to 3.4%)
[121] associated with the transformation in HfO, is
much smaller than is found in ZrO, (5% to 7.5%)
[80, 96]. This implies that the volume expansion and
shear strain associated with the transformation in the
former are smaller than those in the latter.

(iv) Under strain-free conditions, the critical grain
size for retaining the tetragonal phase in HfO,
(4-10 nm) [122] at room temperature is much smaller
than that in ZrO,, (15-30 nm) [75, 76, 123, 124]. It is
therefore considerably more difficult to retain the
metastable tetragonal HfQ, phase than it is to retain
tetragonal ZrO, in a ceramic matrix in terms of the
critical grain-size effect.
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4.5. Theories of the tetragonal to monoclinic
transformation

It is acceptable that the theories which have been
proposed to account for the tetragonal to monoclinic
transformation in ZrO, are equally applicable to
HfO,. There is general agreement that the trans-
formation event involves both nucleation and sub-
sequent growth processes and that the phase trans-
formation itself is nucleation controlled [75, 76, 125,
126]. However, there is a strong disagreement as to
how the nucleation is induced, although the difference
could well have arisen due to the different materials
employed for different approaches. Two well-known
conflicting theories which are used to interpret the
nucleation of the martensitic transformation are the
“non-classical” model supported by Ruhle and Heuer
[125, 126] and the “classical” model proposed by
Chen and Chaio [75, 76]. The “non-classical” model
involves a continuous sequence of states along the
reaction path, i.e. there is a locally continuous distor-
tion of the parent phase into the martensitic product
in small but finite regions, until a critically sized
nucleus of the product phase is reached. Therefore the
nucleation is a homogeneous process. On the basis of
thermodynamic data and in situ microstructural ob-
servation (TEM), Ruhle and Heuer [125, 126] sugges-
ted that the nucleation was invariably stress-assisted,
the stress arising from microstructural defects, thermal
expansion mismatch or morphology effects.

In contrast, the “classical” model suggested by Chen
and Chaio [74, 75] proposes that the nucleation is a
heterogeneous process, the formation of the mar-
tensitic nucleus being a sudden event. Thermodynami-
cally, it is assisted by the stresses associated with
microstructural defects, such as microcracks, lattice
defects or the areas where the concentration of
alloying oxide is below the average value. These au-
thors demonstrated a clear relationship between the
particle size and the possibility of nucleating the mar-
tensitic transformation. Recently, Wang et al. [127]
observed a direct relationship between the mechanical
properties (fracture strength and fracture toughness)
and grain size in Y,O;-stabilized tetragonal zirconia
polycrystalline (Y-TZP) ceramics. It was suggested
that the high transformability of the large grain sized
Y-TZP ceramics was related to the increased amount
of martensitic nuclei available.

As discussed above, although HfO, and ZrO, ex-
hibit almost identical crystal structures and the isova-
lent hafnium and zirconium have nearly equal ionic
radii [32, 33], the tetragonal to monoclinic trans-
formation temperature in the former is several hun-
dred degrees higher than in the latter. This phenom-
enon is surprising when one views their great struc-
tural similarity.

Two explanations have been suggested to ac-
count for such a surprising discrepancy. Grain and
Campbell [104] proposed a critical metal-oxygen
bond length (M-O} model to account for the increased
monoclinic to tetragonal transformation temperature
in HfO, with respect to that in ZrO,. It is believed
that this model is valid to explain the tetragonal to
monoclinic transformation temperature in HfO,. On
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the other hand, Garvie and Chan [128, 129] worked
out a partially soft lattice mechanism to interpret the
high tetragonal to monoclinic transformation temper-
ature in HfO,.

The critical M—O length model, suggested by Grain
and Campbell [104], is based on the idea that the
monoclinic phase will transform into tetragonal phase
when the M-O bond length approaches a critical
value, with increasing temperature. To appreciate this
model, it will be helpful to look at the temperature
dependence of the lattice parameters for HfO, and
ZrO,, as shown in Fig. 4a and b. The lattice para-
meters at a particular temperature are dependent both
on the values at room temperature and the average
thermal expansion coefficients. As was shown in
Table I, the unit cell of monoclinic HfO, is slightly
smaller than that of monoclinic ZrQ, at room temper-
ature. The average thermal expansion coefficient of
the former is also below that of the latter (this will be
discussed in Section 8.1). At ~ 1050 °C, where mono-
clinic ZrO, starts to transform into tetragonal ZrO,,
the unit cell of monoclinic HfO, is essentially smaller
than that of ZrO,. Because the unit cell dimension is
directly related to the M—O bond length, the Zr-O
bond length is therefore larger than the Hf~O bond
length at 1050 °C.

If the Zr—O bond length is considered to be the
critical variable for the monoclinic to tetragonal trans-
formation, such that the monoclinic structure is no
longer stable when the M—O bond length reaches the
critical value, then the Hf~O bond length at 1050 °C is
apparently below this critical value. This suggestion
can be indirectly supported by the fact that if the
lattice parameters for HfO, are extrapolated from
1050 °C to 1720 °C on the basis of thermal expansion
coefficient, they will become very close to those of
monoclinic ZrO, at 1050°C. 1720°C is, in fact, ap-
proximately the monoclinic to tetragonal trans-
formation temperature for HfO,. Specifically, the
Hf-O bond length will not reach the critical M-O
bond length for the monoclinic to tetragonal trans-
formation until 1720°C is approached. This view is
also consistent with the fact that both HfO, and ZrO,
can be stabilized by other alloying oxides, such as
Y,0;, MgO, CaO and oxides of most rare-earths, or
via the creation of oxygen vacancies. In these stabii-
ized materials, the dimension of the unit cell is effect-
ively reduced because of the oxygen loss, thus making
the M—O distance shorter than it would be in the
stoichiometric form.

The partially soft lattice mechanism, proposed by
Garvie and Chan [128, 129] to account for the in-
creased tetragonal — monoclinic transformation tem-
perature in HfO,, is based on the fact that the atomic
mass of hafnium (178.49) is much greater than that of
zirconium {91.22), although they have almost identical
atomic radii and electronegativity [32-34]}. These au-
thors derived a direct relationship between the atomic
mass and the transformation temperature in the te-
tragonal structure and then applied the relationship to
ZrO, and to HfO,-ZrO, solid solution, respectively.
According to this mechanism [128, 1297, the tetrago-
nal to monoclinic transformation temperature in the
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Figure 6 The experimental plot of the tetragonal to monoclinic
transformation temperature in ZrO,-HfO, solid solution as a
function of the reciprocal effective mass [128, 129]. These results
agree well with the prediction of the partially soft lattice mechanism.

HfO,-Zr0O, solid solution, Ty, may be written as
Tay = — k/{BL(L = x)M, + xMxl} + A (8)

where k is a combination of force constants, P is a
positive constant, x is the mole fraction of HfO, and
M, and My the masses of zirconium and hafnium,
respectively. A is a parameter determined by the elas-
tic constants of the solid solution.

It is seen that the tetragonal to monoclinic trans-
formation temperature increases with increasing HfO,
alloying in ZrO,. This theoretical consideration
agrees well with the experimental results, Fig. 6,
which is a plot of the experimental values of Ty, versus
1/[(1 —x)M; + xMy]. The transformation temper-
atures for pure HfO, and ZrO, are worked out to be
1680 and 1030 °C when assuming x is 1 and 0, respect-
ively. This is in good agreement with the experimental
results obtained by other investigators.

5. The retention of metastable
tetragonal HfO, phase

The mechanical properties (both the fracture tough-
ness and the fracture strength) of transformation-
toughened ceramics are affected by several para-
meters associated with the tetragonal to monoclinic
transformation. According to Evans and co-worker
[130--132], the toughness increment due to the stress-
induced martensitic transformation in ZrQO,-tough-
ened ceramics may be expressed as

K. = mEe" h®*/(1 — v) O

in which E is the Young’s modulus of the system, v is
Poisson’s ratio, e’ is the effective volume expansion
associated with the transformation, h the trans-
formation zone width, ¥} the volume fraction of tetra-
gonal phase susceptible to transformation at crack tip,
and m is a constant determined by the nature of the
transformation.

If it is assumed that the above equation is equally
applicable to HfO,-toughened ceramics, it can thus be
appreciated that the fracture toughness increment as-
sociated with the tetragonal to monoclinic trans-
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Figure 7 The critical grain size for spontaneous tetragonal to
monoclinic transformation as a function of Y,0; content in ZrQ,

[133].

formation of HfO, will be determined by the amount
of transformable tetragonal phase retained in the ma-
trix, the transformation zone size, and the effective
volume expansion associated with the transformation.
It is therefore desirable to retain a high volume frac-
tion of highly transformable tetragonal phase in order
to obtain a significantly improved fracture toughness.
In ZrO,-based ceramics, there have been established a
few structural and composition parameters which
have been proved to influence the retention of the
metastable tetragonal phase, including grain size,
grain morphology, type and amount of stabilizers, and
the matrix constraint [133-135]. A relationship be-
tween the transformability and these parameters are
well established after extensive research work in the
last decade. Both the type and the amount of stabiliz-
ers have a strong influence on the critical grain size for
retaining tetragonal ZrO, phase. Fig. 7 shows the
critical grain size as a function of Y,0O; content for
Y,0;-doped ZrQ, ceramics, illustrating a sharp in-
crease in the critical grain size in the range of
2-3mol % Y,0O; [133]. In sintered ceramic matrices,
tetragonal inclusions of 2-3 um can be retained for
Y,0; (2-3 mol %)-stabilized ZrO, [127].

The grain-size effect in HfO,-toughened ceramics
has not been studied to the same extent when com-
pared to that of their ZrO, counterparts. Only a very
limited amount of experimental work has been done
to measure the critical grain size for retaining the
metastable tetragonal phase in either doped or un-
doped HfO, [67, 122, 123]. In theory, the same ther-
modynamic analysis procedures as those for ZrQO,
[123, 136] can be made pertaining to the conditions
for retaining the metastable tetragonal phase in HfO,.
Amongst many thermodynamic studies which have
been made for ZrO,-based systems, those by Bailey
et al. [123, 124] and by Lange [136] are widely ac-
cepted. For simplicity, the present authors prefer the
one made by Bailey er al. [123, 124].

At temperatures below the tetragonal to monoclinic
transformation temperature, a tetragonal HfO, par-
ticle is metastable when its size is small enough, i.e.
below a critical value, as the tetragonal phase has a
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lower surface energy than the monoclinic phase {107,
108]. A spontancous tetragonal to monoclinic trans-
formation needs to satisfy the following thermodyn-
amic expression

(Gr — Gu) + Styr — Suvw) + (V2 — V) = 0

(10)

where the expression takes account of the volume free
energy change (Gy — Gy), the surface energy change
(Styr — Sumym), and the strain energy change (Vy — Vy),
of the transformation. The following equation can be
further developed

D, = 6(vm/pm — Y1/P1)/[(Gr — Gy)
+ (1 — Wl (11)

in which D, is the critical grain size for spontancous
tetragonél to monoclinic transformation, vy and vy
are the specific surface energies and py and p; are
densities for monoclinic and tetragonal phases, re-
spectively.

A value of 10.46 kJ mol ~* was used by Schick [137]
for the volume energy change term. A value of 2.7%
was given by Stacy [121] for the effective volume
increase associated with the tetragonal to monoclinic
transformation in HfO,. Values for all the other terms
in the equation can be taken from those for ZrQ,, as
was done by Whitney [138, 220]. The resulting value
for the critical grain size to undergo the spontaneous
tetragonal to monoclinic transformation in HfO, is

~ 4 nm. This value is in a reasonably good agreement

with experimental results obtained by Hunter et al.
[122], who observed that the critical grain size was
~ 10 nm for pure HfO, under strain-free conditions.
It is therefore to be concluded that the critical grain
size for retaining metastable tetragonal HfO, phase is
in the range of 4-10 nm.

One will readily realize the difficulties in retaining
tetragonal HfO, inclusions of 4~10 nm in a sintered
ceramic matrix via conventional fabrication tech-
niques. Such difficulties are well supported by the fact
that the retention of a high volume fraction of tetrago-
nal HfO, phase (e.g. > 50%) has never been reported
in either an HfO,-based system or in HfO,-toughened
ceramics [67]. As an example, 46% was the highest
volume fraction of metastable tetragonal HfO, phase
retained, in Er,O;-doped HfO, ceramics which were
fabricated using a hot-pressing technique [67, 122]. As
was found by Tau et al. [68], it was almost impossible
to retain any tetragonal phase in the HfO, powders
chemically prepared using a precipitation technique, a
process which has been recognized and would lead to
a fine particle size. The situation was completely
different in the ZrO, powders, in which a high per-
centage of tetragonal phase (up to 100%) could be
retained when the pH value of the supernatant liquid
used to form the powders lay within certain ranges
(from 2-4 and from 12-14). Tau er al. [68] further
observed that, in an appropriate pH range, the
amount of tetragonal phase retained in the coprecipi-
tated HfO,-ZrO, powders decreased rapidly with
increasing HfO, content. Unfortunately, these authors
were unable to correlate their phase analysis results
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to the particle sizes of these chemically prepared
powders.

As suggested by Evans and co-worker [130-132],
another vitally important parameter in determining
the toughness increment induced by the trans-
formation toughening is e”, the effective strain energy
term associated with the volume expansion and shear
strain of the transformation. The volume expansion in
HfO, was measured to be lower than that in ZrO, [ 15,
30, 93], although the exact value has not been agreed
by different authors. The axial and volume thermal
expansion curves illustrated in Fig. 4a and b, for
example, clearly show that the volume expansion
associated with the tetragonal to monoclinic trans-
formation in HfO, is smaller than that in ZrO,. The
value worked out by Ruh et al. [30, 93] was 2.7%
for HfO,, compared with 5%-7.5% for ZrO, [15].
In their study of transformation toughening in the
Al,O4—Cr,0,/ZrO,-HfO, system, Brog and co-
workers [139, 140] observed that the density of micro-
cracks induced by the tetragonal to monoclinic trans-
formation decreased with increasing HfO, alloying in
the HfO ,~ZrO, solid solution. These authors believed
that the reduced microcrack density was due to the
reduced volume expansion associated with HfO,
alloying in ZrQ,. Therefore, it is considered disadvan-
tageous to utilize HfO, as a toughening agent in terms
of its small volume expansion and the shear strain
associated with the tetragonal to monoclinic trans-
formation.

6. HfO_ based systems

6.1. High-pressure orthorhombic HfO,

The existence of a high-pressure orthorhombic phase
in HfO, has been observed by several investigators
[141-145] although there exists considerable dis-
agreement as to the pressure at which the orthorhom-
bic structure could be preserved. The first notable
experiment on the P-T diagram (the pressure—
temperature diagram) for HfO, was due to Bocquillon
et al. [141]. According to these authors, the ortho-
rhombic polymorph could be preserved at pressures of
> 2 GPa at ambient temperature, as shown in Fig. 8.
The orthorhombic phase transforms to the monoclinic
phase on prolonged heating at 300 °C at atmospheric
pressure. Therefore, the monoclinic to orthorhombic
transformation is reversible.

Two recent studies on the high-pressure poly-
morphs in HfO, and ZrO, and their solid solutions
were due to Liu [99] and Suyama et al. [146]. Liu
noted at least two very interesting phenomena, which
were in disagreement with the results obtained by
Bocquillon et al. [141], namely the pressure at which
the monoclinic phase transforms to the orthorhombic
phase and the transformation sequence at temper-
atures below 1200 °C. Monoclinic HfO, was found to
transform to orthorhombic HfO, at pressures greater
than 15 GPa (ZrO, had the same transformation at
10 GPa). This value is therefore considerably different
from the value in Fig. 8. At 1200°C or below, with
increasing pressure the transformation follows the
sequence of monoclinic (baddeleyite) — tetragonal —
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Figure 8 The P-T diagram established by Bocquillon et al. [141]
for HfO,. (~—-) The monoclinic—tetragonal boundary proposed by
these authors, not observed experimentally. The results shown in
this diagram are very much different from those of Liu [99] and
Suyama et al. [146].

orthorhombic (cotunnite-type), with the polyhedral
co-ordination varying from 7, 8 to 9. This again differs
from the results in Fig. 8, which shows that at temper-
atures below 1200 °C, the transformation follows the
sequence of monoclinic — orthorhombic, with in-
creasing pressure. Unfortunately, Liu [99] failed to
present a P-T diagram for HfO,, although he worked
out such a diagram for ZrO,. However, he pointed out
that HfO, should exhibit a similar diagram to that for
ZrO,, except where all the polymorphs occur at rela-
tively higher pressures and temperatures in compari-
son with those of ZrQO,.

Liu [99] also believed that the orthorhombic HfO,
and ZrO, phases he preserved at 15 GPa and at
1000 °C exhibited a cotunnite-type structure. There-
fore, the lattice parameters of orthorhombic HfO, and
ZrO, worked out by him are significantly different
from those by Suyama et al. [146], Table V.

Suyama et al. [146] preserved the orthorhombic
HfO,~-ZrO, solid solutions at a pressure of 6 GPa and
at 600°C in a cubic anvil device. Although they
worked out their lattice parameters, as a function of
composition, they omitted to present a P-T diagram
for the HfO,~Z1O, system. Table VI and Fig. 9 show
that the unit cell dimensions of the orthorhombic
HfO,-Zr0, solid solution decrease linearly toward
those of HfO,. This is due to the reduced unit cell of
orthorhombic HfO, in comparison with that of or-
thorhombic ZrO,.

6.2. Stabilization

Adding another alloying oxide in ZrO, to form a solid
solution is the most commonly used method to modify
the tetragonal to monoclinic transition temperature
[L, 6, 7]. The stabilization of cubic and tetragonal
Z1r0O, phases by means of solid solution formation
with the alloying oxides has been widely investigated
over the last decade, following the discovery of trans-
formation toughening in the mid 1970s [1]. It is
essential to form and to retain the metastable tetrago-
nal phase in sintered ceramic bodies for improving

TABLE V The lattice parameters obtained by Liu [99] and
Suyama et al. [146] for the orthorhombic HfO, and ZrO,

Materials Lattice parameters {nm) Reference
a b c

HfO, 0.3311 0.5550 0.6461 [99]
0.5007 0.5055 0.5224 [146]

ZrO, 0.3328 0.5565 0.6503 [99]
0.5044 0.5089 0.5259 [146]

TABLE VI The lattice parameters of orthorhombic HfO,~ZrO,
solid solutions (Hf, _ .Zr O,) [146]

Compositions (x) Lattice parameters (nm)

a b c
0.00 0.5007 0.5055 0.5224
0.26 0.5016 0.5063 0.5236
0.50 0.5024 0.5071 0.5243
0.74 0.5035 0.5083 0.5249
1.00 0.5044 0.5089 0.5259
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Figure 9 The lattice parameters as a function of composition for the
orthorhombic HfO,-ZrO, solid solution [146], illustrating an
almost linear decrease towards HfO,.

mechanical properties. The alloying oxides used in-
clude Y,05, MgO, Ca0O, CeO, and oxides of most
rare-earths. In particular, the microstructure and
mechanical properties have been extensively exploited
in the Y,03—, MgO- and Ce),-ZrO, systems [147].
Highly toughened tetragonal zirconia polycrystals
(TZPs) are obtainable in the Y,0;- and CeO,-doped
ZrO, ceramics, via a careful composition and pro-
cessing control. Because HfO, is so similar to ZrQO, in
structure and phase transformation, it has been con-
sidered that such results may be equally plausible for
HfO,.

When HfO, is alloyed with an alloying oxide, it
may form a monoclinic (M), tetragonal (T,) or a
cubic solid solution (F,,), ordered compounds, de-
pending on the composition and individual system. In
general, the oxide of an alkaline-earth element (MO)
may form with HfO, the following types of com-
pounds [84, 148]: MHf,O,,, MH{,0,, M,Hf,0,,,
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MHf,,0,,, MHfO,, M,HfO,, M;Hf,0, and
M Hf;0,,. For example, compounds CaHfO,,
CaHf,O,, Ca,Hf;0,4, and CagHf,40,, form in the
HfO,-CaO system [13, 149]. The oxide of a rare-
earth element and its analogue (M,O,) may form with
HfO, the following types of compounds [148]:
M,Hf;0,;, M,Hf0,5, M,Hf,0,, MH[;0,,
M Hf,0,, s and M¢HfO . There probably exists the
greatest number of compounds in the HfO,-Sc,0,
system. The oxide of an element with smaller cationic
radius than hafnium forms with HfO, large regions of
solid solutions. In contrast, no such large regions of
solid solutions form in the case of that with larger
cationic radius than hafnium.

6.3. Phase relationships in some important
HfO,-based systems
6.3.1. The HfO,—Hf system
The phase relationships in the HfO,-Hf system was
earlier studied independently by Rudy and Stecher
[150] and Domagala and Ruh [151]. Both investiga-
tions involved metallographic analysis, X-ray diffrac-
tion, and hardness and melting point studies. These
early studies showed that a continuous oxygen defi-
ciency occurred in monoclinic and tetragonal HfO,
with decreasing oxygen content. To a certain extent,
HIO, was stabilized via an occurrence of oxygen
deficiency in structure, e.g. both the cubic to tetrago-
nal and the tetragonal to monoclinic inversion tem-
peratures were lowered in oxygen-deficient HfO,. This
phenomenon was similar to that in the ZrO,Zr
system [152]. Although the results obtained were in
such general agreement, one region of disagreement
was the HfO,/HfO, + a-Hf phase boundary. Rudy
and Stecher [ 150] found this boundary at 63.5at % O,
whereas Domagala and Ruh [151] obtained a value of
66at % O.

A recent investigation into this system was due to
Ruh and Patel [78], who proposed a diagram shown
in Fig. 10 for the HfO,-rich portion. According to this
diagram, a slight oxygen deficiency in HfO, results in

a dramatic reduction in the temperature for the cubic
to tetragonal transformation. The cubic HfO, solid
solution (F,) and o-Hf two-phase region exists in the
temperature range 2150-2200°C. When the cubic
HfO, solid solution is quenched, it transforms to
tetragonal HfO, solid solution (7), with a sharp
change in the solubility of a-Hf in HfO,, resulting in
the formation of a striated precipitate of a-Hf at grain
boundaries. The oxygen-deficient or non-stoichio-
metric HfO, was, however, shown to exhibit similar
lattice parameters as those of stoichiometric HfO,.

6.3.2. The HfO,-CaO0 system
A phase diagram for the HfO,-CaO system was first
proposed by Delamarre and Perez Y Jorba [153].
They observed the formation of cubic solid solution
(F4) in the compositions containing > 10 mol % CaO
at temperatures above 1450°C, and the existence of
two compounds, CaHf,0, and CaHfO;. A more com-
prehensive study on the ordered phenomena in this
system was then done by Allpress and co-workers
[154-156]. These authors described three ordered
phases:

(i) CaHf,O4 (¢,), which had a monoclinic (C/2c)
structure and formed at 20 mol % CaO;

(i) Ca,Hf,0,¢ ($), which had a rhombohedral
{R3c) structure and formed at 22.22 mol % CaO; and

(ii)) CagHf,90,4, (¢,), which also had a rhombo-
hedral (R3c) structure but formed at 24 mol % CaO.

Recently, Stubican and co-workers [85, 1497 further
studied the phase relationships in the HfO,-CaO
system in order to establish the stability limits for each
of the solid solutions and all possible compounds. On
the basis of their experimental results and those ob-
tained by the previous investigators, they proposed
the diagram shown in Fig. 11 for the HfO,-rich por-
tion of this system. The solubility of CaO in mono-
clinic and tetragonal HfO, is very low, less than
0.5 mol %. The transformation temperatures for both
the cubic to tetragonal and the tetragonal to mono-
clinic are lowered by the CaO alloying in HfO,. Cubic
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Figure 10 The phase diagram for the Hf-O(HIO,) system, pro-
posed by Ruh and Patel [78].
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HfO, solid solution (F, fluorite-type structure) is
stable at temperatures above 1415 + 7°C. The eu-
tectoid decomposition point between the tetragonal
solid solution region (7,,) and the monoclinic (M)
+ cubic (F,) two-phase region is at < 0.5mol%
CaO and 1775 + 50°C. The transition temperature
for the CaHfO; (orthorhombic)-CaHfO; (cubic) is
1955 4+ 40 °C. The eutectoid decomposition point for
the cubic solid solution is at 19.0 + 0.5mol % CaO
and at 1415 + 7°C.

Although Stubican and co-workers [85, 149] did
not work out the exact stability limits for each pos-
sible ordered compound in this system, they believed
the results obtained by the previous researchers, such
as Allpress and co-workers [154-156]. The ordered
compound CaHF,O, (corresponding to CaZr,O, in
the ZrO,—CaO system [149]), which is not indicated
in the diagram, is metastable at all temperatures. It
decomposes into an HfO, solid solution and the
Ca,Hf,0,¢ (¢) phase, which is stable with an upper
limit of 1470 + 50°C. The compound CagHf,,0,,,
which is shown as ¢, in Fig. 11, is stable from 1350
+ 50°C to its upper limit of 1460 °C.

6.3.3. The HfO,—MgO system

The phase relationships in the HfO,-MgO system
have been established, to a large extent, by a few
research scientists in the Commonwealth of Independ-
ent States [110, 148, 157-159]. Fig. 12 is one of the
diagrams constructed by Lopato et al. [159]. The
addition of MgO to HfO, stabilizes the cubic and
tetragonal phases as it does to ZrO, [160], resulting in
a decrease in the temperature for the tetragonal to
monoclinic transformation. As an example, 3 mol %
MgO alloying will result in a 100°C decrease in the
transformation temperature (from 1800°C for un-
doped HfO, to 1700°C for 3mol% MgO-doped
HfO,). The unit cells of tetragonal and cubic HfO,
solid solutions (T and F,) decrease with increasing
MgO alloying, a consequence of relative smaller size
of Mg2* (0.066 nm) in comparison with that of Hf**
(0.083 nm) [32]. The diagram contains three eutectoid
points:

(i) at 50 mol % MgO and at 2100 °C;

(i)) at 18 mol % MgO and at 1500 °C; and

(i) at 4.5mol % MgO and at 1725°C.

It is very interesting to compare that the second
eutectoid decomposition above corresponds to the
eutectoid point at 13mol % MgO and at 1400 °C in
the ZrO,-MgO system [160]. The monoclinic and
tetragonal HfO, solid solutions are limited to the
compositions containing less than 3 and 4mol %
MgO, respectively. The solubility of HfO, in MgQ is
1 mol %. Although the diagram does not contain any
ordered phases, the existence of Mg,Hf;0,, with a
rhombohedral structure (a = 0.6148 nm, B = 99°35")
was detected by Gavrish and Zoz [161] and by De-
lamarre [157]. This compound corresponds to
Mg,Zr 0, in the ZrO,~MgO system [160].

Of the most interest in the HfO,-MgO system is the
solid solution of cubic HfO, modification, which de-
composes to a monoclinic solid solution (M,,) and free
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Figure 12 The phase diagram proposed for the HfO,-MgO system
by Lopato et al. [159]. The solubility of MgO in monoclinic HfO,
and tetragonal HfO, solid solutions is 3 and 4 mol %, respectively.

MgO at temperatures below 1500°C. The resultant
free MgO precipitation particles are concentrated at
the grain boundaries of the original cubic solid solu-
tion [111]. The corresponding decomposition reac-
tion in the ZrO,-MgO system occurs at 12.8 mol %
MgO and at 1400 °C to form free MgO and a tetrago-
nal solid solution which transforms to a monoclinic
Zr0, solid solution at 1240 °C [160].

6.3.4. The HfO,-Y,05 system

The most recently constructed phase diagram for the
HfO,-Y,0; system is due to Stubican [162], Fig. 13.
The following features can be summarized from
the diagram, when compared with that for the
ZrO,-Y,0; system [162, 163].

(i) The monoclinic solid solution (M,,) is restricted
to < 2mol % Y,0O5 and the tetragonal solid solution
(Te) to < 3mol% Y,0, at 1600 °C. These solubility
limits are very similar to those in the ZrO,-Y,0,
system, in which the tetragonal solid solution exists up
to 2.5mol % Y,O;.

(i) The cubic solid solution (F) occupies a wide
composition range, e.g. 15-50mol % Y,0O; at 1500°C
and 10-55mol % Y,0; at 1800°C.

(iii) The temperatures for both the cubic to tetrago-
nal and the tetragonal to monoclinic transformations
are lowered by the Y,0O; alloying in HfO,,.

(iv) The eutectoid decomposition temperature
(1350°C) is considerably higher than that in the
ZrO,-Y,0; system (550 °C) [163].
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Figure 13 The phase relationships in the HfO,-Y,0; system sug-
gested by Stubican [162]. A limited amount of Y,0Oj5 is soluble in
monoclinic and tetragonal HfO, solid solutions. No ordered com-
pounds are observed in this system. C, and H, are the cubic and
hexagonal Y,0O; solid solutions, respectively.

(v} It is unlikely that the HfO,-Y,0O; system con-
tains any ordered compounds, as no such evidence
was found in the compositions containing 10-75
mol % Y,0;, which were held at 1300 and 1400 °C for
up to 6 months.

In contrast, a well-documented compound,
Y, Zr;0,,, exists in the ZrO,~Y,0; system. The exist-
ence of compounds Y,Hf,0, and Y,Hf,O, with the
fluorite-type structure was indeed observed by Caillet
et al. [164] and by Duclot et al. [165] in the
HfO,-Y,0, system. Furthermore, the formation of a
metastable compound Y,Hf,0,,, which had an asso-
ciated solid solution range of 33—-50mol % Y,0O; and
transformed to a fluorite-type phase at 1350 °C, was
also detected by these authors. However, these results
could not be reproduced by other investigators.

6.3.5. The HfO,-Yb,05 system

Certain compositions in the HfO,-Yb,O; system ex-
hibit useful thermal properties for engineering appli-
cations. The thermal expansion coefficient of Yb,0,-
doped HfO, ceramics is higher than that of monolithic
HfO, ceramics. In the composition range 2-10mol %
Yb,0;, their thermal expansion coeflicient increases
with increasing Yb,O; content.

Following the early work by Perez y Jorba [166],
Rouanet [167], and Corman and Stubican [168],
Duran and Pascual [109] studied the phase relation-
ships in the HfO,-Yb,O; system and proposed a
diagram as shown in Fig. 14. The monoclinic solid
solution (M,,) region exists from 0—1 mol % Yb,O; at
room temperature and from 0-1.5mol % at 1590 °C.
There exists only a limited tetragonal solid solution
(T,,) region (up to 3mol % Yb,0;) at temperatures
above 1600 °C. The Yb,O; alloying in HfO, results in
a decrease in the tetragonal to monoclinic trans-
formation temperature and an increase in the lattice
parameters of HfO,. The boundaries between the
cubic and the cubic + tetragonal two-phase regions
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Yb,O0; solid solution. & is the hexagonal compound Yb,Hf,O,,; Hs
is the hexagonal compound YbsHfO,,. C,, and H are the cubic
and hexagonal Yb,Oj5 solid solutions, respectively.

are: 14mol % Yb,0, at 800°C, 12mol % Yb,O; at
1000°C, 10 mol % Yb,0; at 1200 °C, 9mol % Yb,O,
at 1400°C, 7mol% Yb,0, at 1600°C, 6mol %
Yb,0O; at 1700°C, Smol % Yb,0O, at 2000 °C, and
3.5mol % Yb,Oj5 at 2200 °C. The cubic solid solution
(F,,) region exists from 14-20mol % Yb,O; at 800 °C
and from 3.5-54 mol % Yb,O; at 2200°C.

From 55-67mol % Yb,0j5, there exists a further
two-phase region near the solidus: HfO, solid solution
(fluorite-type phase) and cubic Yb,0; solid solution
(C-type phase). This two-phase region widens to
69mol % Yb,0, at 1700°C. The single Yb,O5 solid
solution phase region exists from pure Yb,O; to
33 mol % HfO, at 2200 °C, and to 31 mol % HfO, at
1800 °C.

Two hexagonal phases, Yb,Hf;O,, (§) and
Yb HfO,, (H3), exist at temperatures below 1800 °C
in this system; they were observed to occur at 40 and
70mol % Yb,Oj,, respectively. The former, which ex-
hibits a similar structure to Yb,Zr;0,,, has a unit cell
of a=0.9614nm and ¢ = 1.7908 nm. Its formation
occurs more readily than the formation of correspond-
ing compounds in any other HfO,-Ln,O; systems
[148, 169, 170]. The compound YbsHfO,, which is
stable up to 1750 + 50°C and has a solid solution
region of 58-95mol % Yb,Oj, also has a hexagonal
unit cell of a = 0.9647 nm and ¢ = 1.8204 nm. Both
Yb, Hf;0,, and YbcHfO, ; could be decomposed into
a cubic solid solution and a C-type solid solution by
an order—disorder process. Duran and Pascual [109],
however, did not observe the existence of a third
hexagonal phase of the YbHf;O,, 5 type, although it
was noted by Perez y Jorba [166]. Further investiga-
tion is probably needed in order to prove its existence,



as a modified phase of either Yb,Hf;0,, or
YbsHIO, ;. As is illustrated in Fig. 14, there exist five
invariant points in the HfO,~Yb,0, system at 660,
1530, 1590, 1680 and 2380 °C, respectively. Amongst
these invariant points, the first four are eutectoid type
and the last one is a peritectic type.

6.3.6. The HfO,—Er,05 system

A limited amount of work has been done on the phase
relationships in the HfO,—Er,O; system [171-173].
The first major contribution to the understanding of
this system was due to Spiridonov and Komissarova
[171].

Very recently, Duran et al. [174] studied this system
using thermal expansion measurement and X-ray dif-
fraction, and obtained the results shown in Fig. 15.
The solubility of Er,O; in HfO, is < 2.5mol % at
temperatures below 1650°C. The tetragonal solid
solution (T) region occupies the composition range
0-6mol % Er,0; at 2000 °C. The cubic solid solution
(F,,) single-phase region occupies a wide composition
range, e.g. 8-50mol% Er,O; at 2000°C. These
results agreed well with those of Spiridonov and
Komissarova [171]. Three compounds all with hexa-
gonal structure exist in this system:

(i) Er,Hf;0,, {8, a =0.9709 nm, ¢ = 1.8042 nm),
which forms at 40mol % Er,O5; and decomposes at
1500 °C into a cubic solid solution;

(i) ErsHf,0,, 5 (H,, a=09737 nm, ¢ = 1.8106
nm), which forms at 55 mol % Fr,O; and undergoes a
phase transformation at 1650 °C and then decomposes
into HfO, and Er,0;-based cubic solid solutions; and

(i) ErgHfO,; (H;, @ = 0.9790 nm, ¢ = 1.8456 nm),
which was first reported by Spiridonov and Komissa-
rova [171] and decomposes into HfO, and Er,0;-
based solid solutions at temperatures above 1700 °C.

6.3.7. The HfO,—CeO, system

The HfO,—CeO, system has been studied much less in
comparison to its counterpart in the ZrO, based
systems, i.e. the ZrO,—CeO, system [175]. The pre-
hminary results are due to a few research scientists in
the Commonwealth of Independent States [176, 177].
Fig. 16 is one of the phase diagrams worked out for
this system by these scientists, whose results were
mainly obtained using X-ray powder diffraction. The
samples they investigated were mixed HfO,-CeO,
powders, prepared by calcining coprecipitated Zr-Ce
hydroxides at temperatures of 1000-1500 °C for vari-
ous periods of time. The formation of monoclinic, and
cubic solid solutions (M,, and F,) was observed to
occur in this system. However, no evidence was ob-
served for the existence of either tetragonal solid
solution (T} or any ordered compounds. It is appar-
ent that a substantial amount of further research work
is needed in order to understand fully the phase
relationships in the HfO,-CeO, system, which could
be technologically important if toughened ceramics
similar to those in the ZrO,-CeQ, system can be
obtained [178].

6.3.8. The HfO,-TiO, system

There has been considerable interest in certain
HfO,-TiO, compositions because of their low ther-
mal expansion coefficients. Simpson [179] reported
that compositions containing 3050 mol % TiO, had
zero or a slightly negative coefficient of thermal ex-
pansion. This was followed by an extensive investiga-
tion into the HfO,-TiO, system by a number of
researchers [180-186].

The most comprehensive investigations into this
system made so far are due to Ruh et al. [186] and
Coutures and Coutures [ 187], who used X-ray diffrac-
tion and thermal analysis as experimental techniques.
Fig. 17 is a tentative phase diagram suggested by these
authors for the HfO,-TiO, system. It is seen that the
solubility of TiO, in monoclinic HfO, solid solution
(M,,) is relatively high, 10.0mol % at 1570 + 20°C.
Within the solubility limit, the unit cell of monoclinic
H{fO, solid solution decreases with increasing TiO,
addition, as was indicated by the interplanar spacing
measurement [187, 188]. The solubility of TiO, in
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ErsHf,0;, s, ErgHfO,, respectively. C and H, are the cubic and
hexagonal Er,0; solid solutions, respectively.
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Figure 16 The phase relationships in the HfO,-CeO, system
worked out by Spiridonov et al. [177]. No tetragonal solid sojution
and ordered compounds were observed to occur in this system.
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Figure 17 A tentative phase diagram for the HfO,-TiO, system by
Coutures et al. [187]. There exists an extended tetragonal single-
phase region and an ordered compound, Hf TiO,, in this system.
The HfTiO,-based compositions exhibit a very low thermal ex-
pansion coefficient.

tetragonal HfO, solid solution (T) extends up to
24mol % at 1700°C and to 30mol % at 2000°C.
Therefore, this tetragonal HfO, solid sclution region
is the widest one existing in the HfO, based systems.
The electrical conductivity and fracture strength of
these HfO, solid solutions increases with increasing
TiO, content. :

With further increase in TiO, content beyond the
solubility limit, there follows the formation of an
orthorhombic hafnium titanate, Hf TiO,. The mono-
clinic solid solution and hafnium titanate two-phase
region occupies the composition range from 10-36
mol % TiO, at 1400 °C. The unit cell of the mono-
clinic HfO, solid solution is almost unchanged with
increasing TiO, as soon as Hf TiO forms. The single-
phase HfTiO, solid solution, whose definite com-
pound HfTiO, melts incongruently at 1980 + 10°C
and at 53mol % TiO,, has the composition range of
43-52mol % TiO, at 1000 °C and 35-56 mol % TiO,
at 1600 °C. A metatectic forms at 35 mol % TiO, and
at 2300 £+ 20°C. The eutectoid decomposition of
HIO, (1), = HfO,(m),, + Hf TiO, (orth),, occurs at
18.5mol % TiO, and at 1570 + 20°C. On the right-
hand side of the phase diagram, a wide field of Hf TiO
and TiO, solid solution two-phase region exists and
the solubility of HfO, in TiO, is 8 mol % at 1700 °C,
The eutectic decomposition on this side occurs at
25mol % HfO, and at 1740 + 10°C.

As discussed above, HITiO,-based compositions
are technologically important in terms of their low
thermal expansion coefficients. It is therefore worth
presenting a brief account to their microstructure, and
mechanical and thermal properties. Historically,
Godina et al. [180] first observed the existence of an
orthorhombic compound HfTiO, in the HfO,-TiO,
system. Its crystal structure, polymorphism, thermal
and mechanical properties were further investigated
by Harari et al. [181], Lynch and Morosin [182],
Mazdiyasni and Brown [183], and Ruh et al. [186]. It
has a space group of pben with Hf** and Ti** ions in
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random order on the metal sites. Its lattice parameters
are dependent on composition and temperature.
Fig. 18 is an example which shows the temperature
dependence of the lattice parameters for HfTiO,
solid solutions containing 45 and 50mol % TiO,,
respectively.

The thermal expansion of Hf TiO, is highly aniso-
tropic. The expansions in the a- and b-axes are sub-
stantial and that in the c-axis is very low. The overall
low thermal expansion of polycrystalline H TiO,, cer-
amics is therefore due to the extensive microcracks
occurring in sintered bodies. The driving force for the
microcracking is the residual strain energy associated
with the anisotropic thermal expansion stresses. It is
thus concluded that grain size has a strong effect on
the thermal and mechanical properties of HfTiO,
based materials as it is one of the determining para-
meters for the level of residual strain energy formed in
anisotropic materials [208].

The mechanical properties, such as flexure strength,
microhardness, Young’s modulus and fracture energy,
of several Hf TiO, based compositions were studied
by Hollenberg et al. [184], and Canadien [188]. The
grain size of the materials they investigated were in the
range 2-10 um. The fracture strength was observed to
be nearly unchanged in the composition region of
30-40mol % TiO, (40—-80 MPa) and to increase by a
factor of 2 in the composition region 45-50mol %
TiO, with increasing TiO, content. The fracture
strength increased with increasing temperature from
room temperature to 1100°C, and then decreased as
the temperature increased further. The fracture energy
decreased slightly with increasing TiO, content in the
composition region 30-50mol % TiO,. The micro-
hardness was in the range 3.3-7.2 GPa, increasing
slightly with increasing TiO, content, although the
porosity level in these sintered specimens increased as
well [184, 188].

6.3.9. The HfO,—ZrO, system
Because they are strikingly similar in crystal structure

¢ | 1
0 500 1000 1500

Temperature (°C)

Figure 18 The lattice parameters as a function of temperature for
two HfTiO,-based compositions containing (—O0—) 45 and
(-—O—-) 50mol % TiO,, respectively. The thermal expansions in
the a- and b-axes are substantial and that in the c-axis is very low
[187].



TABLE VII The tetragonal == monoclinic transformation temperatures for HfQ,~ZrO, solid solutions determined by DTA [30]

Composition Mono. to tetr. (°C) Tetr. to mono. (°C)
Starting Completion Starting Completion

Zr0, 1160 1215 1038 993
ZrQ,-10wt % HfO, 1204 1273 1104 1028
ZrO,-20wt % HfO, 1244 1303 1154 1087
Zr0O,-30wt % HfO, 1294 1368 1220 1126
Zr0,-40wt % HfO, 1380 1453 1318 1275
ZrO,-50wt % HfO, 1421 1470 1348 1282
Zr0,-60wt % HfO, 1496 1570 1428 1380
Zr0,-70wt % HfO, 1526 1595 1455 1397
Zr0O,-80wt % HfO, 1589 1657 1542 1490
Zr0,-90wt % HfO, 1674 1707 1626 1582
HfO, 1750 1775 1695 1645

and phase transformation, HfO, and ZrO, form a
continuous solid solution over the entire range of
composition. Historically, hafnium had not been rec-
ognized until 1923 [26], almost 134 years after zircon-
ium was first discovered in 1789. The systematic
studies on the structure, phase transformation and
properties of HfO,—ZrO, solid solutions had not been
carried out until the 1950s.

Curtis et al. [80] first examined the solid solutions
in the HfO,~ZrO, system using X-ray diffraction, and
found a gradual decrease in the interplanar spacing
with increasing HfO, alloying. This was correctly
interpreted as being due to a continuous solid solution
which was formed in the system and that the unit cell
of monoclinic HfO, was slightly smaller than that of
monoclinic ZrO,. Stansfield [189] investigated the
monoclinic to tetragonal transformation in mixed
HfO,-Zr0O, compositions using thermal expansion
measurement and noted that the transformation tem-
perature decreased almost linearly in moving from
HfO, to ZrO,.

A detailed study on the phase relationships in the
HfO,-ZrO, system was first made by Ruh et al. [30]
and more recently by Shevchenko et al. [112], using
techniques such as metallographic analysis, X-ray dif-
fraction (XRD), differential thermal analysis (DTA),
melting-point measurement, and microprobe analysis.
Specifically, Ruh et al. [30] obtained the detailed
information at relatively low temperatures and
Shevchenko et al. [112] obtained further information
at relatively high temperatures (up to 2800°C). The
diagram constructed by Shevchenko et al. [112] is
shown in Fig. 19.

It is a characteristic of the HfO,~ZrQ, system to
form continuous solid solutions based on monoclinic,
tetragonal and cubic modifications (M, T, and F)
of the original components. The following summary
can be made on the basis of this phase diagram, when
composition moves towards HfO,:

(1) an almost linear rise in the transformation
temperature both for the monoclinic to tetragonal,
Table VII, and the tetragonal to cubic;

(i) a continuous rise (almost linearly) in the melting
point of solid solution, Table VIII;

(iii) there probably exist three lens-shaped two-
phase regions: monoclinic HfO, solid solution +
tetragonal ZrQ, solid solution; tetragonal HfO, solid

(°C)

1800
1600
1400
1200

Temperature

HfO, 20 40 60 80  Zr0;
Zr0y (mol %)

Figure 19 The phase relationships in the HfO,~ZrO, system sug-
gested by Shevchenko er al. [112], illustrating a complete solubility
of HfO, in ZrO,. The transformation temperatures of HfO,-ZrO,
solid solution obey approximately the rule of mixtures.

TABLE VIII The melting points of HfO,-ZrO, solid solutions
[30]

Composition Melting point (°C)

Zr0, 2690
Z10,- 10wt % HIO, 2730
Zr0,-20 wt % HfO, 2735
Zr0,-30wt % HfO, 2745
Z:0,-40wt % HiO, 2750
710,-50 wt % HfO, 2780
Zr0,-60wt % HfO, 2790
Z1r0,-70wt % HfO, 2810
710,80 wt % HfO, 2825
Z10,-90wi % HfO, 2860
HfO, 2900

solution + cubic ZrO, solid solution; and cubic HfO,
solid solution + liquid ZrO,, respectively.

In comparison with Fig. 19, the phase diagram
suggested by Ruk et al. [30] did not show the exist-
ence of a lens-shaped monoclinic HfO, solid solution

+ tetragonal ZrO, solid solution two-phase region,
although they recognized a slight decrease in the size
of the temperature hysteresis for the monoclinic =
tetragonal transformations. In an independent invest-
igation into the anomalous thermal expansion in the
Al,04/15vol % Hf, sZr, sO, composite, Kriven and
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TABLE IX The lattice parameters of monoclinic HfO,-ZrO, solid solutions [30]

Composition and Parameters (nm) B(deg) Volume,

heat treatment V (nm?)

temperature a b c

ZrO, (room temp.) 0.5159 0.5204 0.5324 99.03 0.14116

Zr0, (1000°C) 0.5140 0.5200 0.5310 99.24 0.14008

ZrO,~-20wt % HfO, 0.5133 0.5179 0.5301 99.27 0.13980

(1000°C)

ZrO,~-40 wt % HfO, 0.5127 0.5177 0.5299 99.28 0.13880

(1000°C)

ZrO,~60wt % HIO, 0.5126 0.5171 0.5297 99.28 0.13857

(1000°C)

ZrO,-80wt % HfO, 0.5123 0.5170 0.5294 99.14 0.13843

(1000°C)

HfO, (1000°C) 0.5128 0.5167 0.5294 99.18 0.13848

HfO, (room temp.) 0.5119 0.5169 0.5290 99.25 0.13821

TABLE X The average linear thermal expansion coefficients of HfO,-ZrO, solid solutions

Composition Average thermal expansion Temperature Reference

Hf, _,.Zr, O, coefficient (106°C™1) range (°C)

0.00 6.5 25-1200 [191]

0.22 7.2 900-1550 [189]
12.1 1600-2250 -

0.31 73 900-1550 -
12.2 1700-2200 -

0.51 72 900-1300 -
13.9 1450-2450 -

0.71 7.4 9001250 -
15.1 1450-2400 -

1.00 8.0 25-1500 [80]

Bischoff [190] confirmed the existence of the lens- w025 50 75 _100wt%

shaped monoclinic HfO, solid solution + tetragonal s E 10 [ I I

Zr0, solid solution two-phase region. ©13

As will be discussed below, HfO,-ZrO, solid solu- 993

tions are considered useful in toughening engineering 2 991

ceramics for structural applications in the intermedi- =7

ate temperature range. Their unit cell dimensions, as €, >0

shown in Table IX and Fig. 20, characteristics associ- £ 5280

ated with the tetragonal to monoclinic phase trans- 5 c

formation, thermal, and physical properties obey ap- £ Q 518 o

proximately the rule of mixtures. For example, there is g

a slight decrease in the thermal expansion coefficient o

. . . . . . 15
of the solid solution with increasing HfO, alloying, as S 5 BMM
shown in Table X. The critical grain size for retaining 3 gyph 2

metastable tetragonal phase in the solid solution also
decreases when the composition moves towards HfO,.

6.3.10. The HfO,-2r0,-Y,0; system

Although investigations have been carried out for the
phase relationships in the relevant binary phase sys-
tems, those in the ternary HfO,-ZrO,-Y,0O; system
have not been paid very much attention. Only very
recently, a preliminary study was made by Trubelja
and Stubican [192], who constructed two ternary
phase diagrams for this system at 1300 and 1600 °C,
respectively. Fig. 21 is the one at 1600 °C. There exists
a large cubic solid solution (F ) region at this temper-
ature. Along the 15mol % ZrO, join, the cubic solid
solution phase exists from 11.5-45.5mol% Y,O,,
compared with the composition range from 12-43
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Figure 20 The lattice parameters of HfO,—ZrO, solid solution as a
function of composition. The samples were annealed and quenched
from 1000 °C [30].

mol % Y,0, at 1300°C. Along the 15mol % HfO,
join, the cubic solid solution phase region occupies the
composition range from 7.5-45mol % Y,0;, com-
pared with that from 8-39mol % Y,0; at 1300°C. An
ordered phase, which is similar to that (Zr;Y,0;,)
formed at 40 mol % Y,O; in the ZrO,-Y,0; system
[163], was observed at 1300°C in the compositions
containing less than 15 mol % HfO,. Further addition
of HfO, seemed to inhibit the formation of this or-
dered phase. This observation is consistent with the
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Figure 21 The phase relationships in the HfO,-ZrO,-Y,0, sys-
tem at 1600 °C, proposed by Trubelja and Stubican [192]. C, is
Y,0;-based solid solution.

results obtained in the relevant binary ZrO,-Y,0,
and HfO,-Y,0; systems. As was discussed above, it is
unlikely that there exist any ordered compounds in
the HfO,-Y,0; system [162], whereas an ordered
compound, Zr,Y,O,, has been found to occur in the
Zr0,-Y,0, system [163].

Certain compositions in the ternary HfO,-ZrO,—
Y,0; system may be considerably useful in develop-
ing transformation-toughened ceramics. The presence
of either ZrO, or Y, O, will result in a modification in
the characteristics of the tetragonal to monoclinic
transformation in HfO,, such as the transformation
starting temperature, the critical grain size for retain-
ing the metastable tetragonal phase, the volume ex-
pansion and the shear strain associated with the trans-
formation. Further investigation is needed in order to
understand fully the relationships between composi-
tion and these parameters in this ternary system.

7. HfO, and HfO_-ZrO, solid solutions
as toughening agents

Strictly speaking, HfO,~ZrO, solid solutions are the
most widely utilized toughening agent in structural
ceramics [40, 417, as commercial ZrO, sources almost
always contain 2-3wt % HfO, as an integral impu-
rity. In other words, most of ZrO,-toughened ceram-
ics are, in fact, HfO,-ZrO, solid solution toughened
ceramics. When one considers HfO, and the high
HfO,-containing ZrQ, solid solutions as potential
toughening agents, it is important to know their likely
advantages and disadvantages, in comparison with
Zr0O,.

The most significant advantage in using HfO, as a
toughening agent in structural ceramics is the possibil-
ity of obtaining transformation toughening at elevated
temperatures. For ZrO, toughened ceramics, the po-
tential applications are limited by the low tetragonal
(ZrO,) to monoclinic (ZrO,) transformation temper-
ature, which is approximately 1000°C. In contrast,
HfO, exhibits a much higher transformation temper-
ature ( ~ 1700 °C) than ZrQO,. It is therefore theoret-

ically possible to utilize toughening mechanisms such
as stress-induced transformation and compressive sur-
face stress generation at temperatures up to 1700°C in
HfO,-toughened ceramics. Consequently it is easy to
understand why HfO, has been widely suggested as
being a useful substitute material for ZrO, at high
temperatures. Similarly, HfO, is also considered by
some ceramists to be a more effective toughening
agent at room temperature than is ZrO,, due to the
increased free energy change associated with the te-
tragonal to monoclinic transformation [107, 108].

The temperature for the tetragonal to monoclinic
transformation in HfO,-ZrO, solid solutions is de-
pendent on their composition, increasing almost line-
arly with increasing HfO, content [30, 112], as shown
in Fig. 19 and Table VII. As an example, the tetrago-
nal to monoclinic transformation starts at 1348 °C
and completes at 1282°C in ZrO,-50 wt % HIfO,,
compared with 1038 and 993°C, respectively, for
monolithic ZrO,. In an independent study, Claussen
et al. [193] and Kriven and Bischoff [190] observed
that the starting temperature of the monoclinic to
tetragonal transition was to shift to 1460 °C for the
Hf, sZr, 5O, solid solution constrained in an Al,O4
matrix, indicating the increased tetragonal to mono-
clinic transformation temperatures in HfO,-ZrO,
solid solutions over pure ZrO,. The composition of a
HfO,-ZrO, solid solution will therefore determine the
maximum temperature up to which transformation
toughening and compressive surface stresses can be
retained.

However, there are certain disadvantages in using
HfO, and HfO,-ZrO, solid solutions as toughening
agents for structural ceramics. According to Evans
and co-worker [130—-132], the amounts of the volume
expansion and shear strain associated with the tetrag-
onal to monoclinic transformation are vital in deter-
mining the toughness increment. Unfortunately, the
volume expansion and shear strains associated
with the tetragonal to monoclinic transformation in
HfO, are lower than those in ZrQ, [80, 96, 121].
HfO,-Zr0, solid solutions have a similar disadvan-
tage, the degree depending on their composition.

The second disadvantage in using HfO, for trans-
formation toughening is concerned with the difficult-
ies experienced in retaining the metastable tetragonal
phase in ceramic matrices in terms of its small critical
grain size. As was mentioned earlier, the critical grain
size for strain-free HfO, (4-10 nm) is much smaller
than that for ZrO, (15-30 nm) [122-124]. Although
the constraint applied by a sintered matrix may result
in an increase in the critical grain size, it is almost
impossible to obtain fine grain sized HfO, inclusions
of less than 50 nm in a sintered ceramic matrix via the
conventional sintering of mixed ceramic powder com-
pacts. Using HfO,-ZrO, solid solutions as toughe-
ning agents, one will face similar difficulties, although
the critical grain size increases with increasing ZrO,
content. As an example, Claussen et al. [193] and
Kriven and Bischoff [190] observed that the critical
grain size for retaining the metastable tetragonal
phase in Hf sZr, 5O, constrained in an alumina ma-
trix was 30 nm. The special fabrication techniques
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required to obtain such fine-grained second-phase
particles in ceramic matrices usually involve a high
production cost.

The third disadvantage in using HfO, and
ZrO,-HfO, solid solutions as toughening agents is
the reduced stiffness encountered in all matrix mater-
ials at 1100-1700°C. This implies that the level of
constraint applied by the matrix material is much
reduced and therefore the retained metastable tetra-
gonal phase is less inclined to stress-induced trans-
formation than would be the case for one retained by a
matrix with high stiffness [130, 136].

Finally, the natural sources for HfO,-based ceram-
ics are much less abundant than those for ZrO,, and it
is extremely expensive to process a large quantity of
high-purity HfO,. The high density of HfOQ, ceramics

TABLE XI The apparent density as a function of composition in
HfO,-Zr0, solid solutions (monoclinic) [189]

Composition Apparent density
Hf,_,Zr,0, (gcm™)

0.00 9.70

0.04 9.32

0.22 8.27

0.31 8.02

0.51 6.95

0.71 6.40

1.00 5.60

(9.68-10.30 g cm ~*, depending on structural forms re-
tained), Table X1, may also limit their structural appli-
cations.

8. Physical properties of HfO,-
toughened ceramics

A limited amount of published work is available in the

literature on the physical and mechanical properties of

HfO, and H{O,-toughened ceramics. Table XII sum-

marises some of the physical properties for HfO,

ceramics.

8.1. Thermal expansion coefficient

Tables XIIT and XIV contain some of the thermal
expansion data for HfO, ceramics, together with those
for ZrO, ceramics to enable comparison. Monoclinic
(unstabilized) HfO, exhibits a strong anisotropy in the
thermal expansion coefficient (this is also shown in
Fig. 4) [82, 197, 202]. The thermal expansion coeffi-
cient of tetragonal HfO, (the major constituent phase
of partially stabilized HfO, ceramics) is also slightly
anisotropic. The average values for the thermal ex-
pansion coeflicients of unstabilized, partially and fully
stabilized polycrystalline HfO, ceramics follows the
order of unstabilized < partially stabilized < fully sta-
bilized. In comparison with those of ZrO, ceramics,

TABLE XII A brief summary of the physical properties of HfO, ceramics

Parameters Value (description) Reference
Colour Yellowish white [47, 48]
Molecular weight 210.49 [32]
Melting point 2900°C [30]
Boiling point 4427°C [194]

5400°C [195]
Vapour pressure 3x 1073 atm (at 2667 °C) [196]
Index of refraction 1.98-2.02 [15]
Density 9.68 (monoclinic) [80]

10.01 (tetragonal) [80]

10.30 (cubic) [15]
Young’s modulus 200-250 GPa [197-200}
Shear modulus 100-110 GPa [197--200]
Poisson’s ratio 0.25-0.30 [197, 198]
Hardness 12-15 GPa [18, 87]

TABLE XIII The average linear thermal expansion coefficients of unstabilized and stabilized HfO, ceramics

Materials Thermal expansion Temperature Reference
composition coefficient ( x 1079) range (°C)

HfO, 44 25-1000 [201]
HfO, 4.7 [174]
HfO,-10wt % Y,O5 6.33 25-2500 [191]
HfO,-15wt % Y,0, 6.27 [191]
HfO,-3mol % Er,0, 6.5 25-1700 [174]
HfO,-5mol % Er,0; 7.1 [174]
HfO,-9mol % Er,0, 7.2 [174]
HfO, (Er,O, FSZ) 9.4 [174]
HfO,-2mol % Yb,0, 53 25-1750 [109]
HfO,-6mol% Yb,0; 7.5 [109]
HfO, (Yb,0O5 FSZ) 8.5 [1069]
Z:0, 7.6-10 25-1000 [201]
Zr0, (PSZ) 8-11 [38]
ZrO, (FSZ) 10-13 [38]

PSZ, partially stabilized zirconia; FSZ, fully stabilized zirconia.
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TABLE XIV Average axial and volume thermal expansion coefficients for monoclinic and tetragonal HfO, ceramics. The relevant data for

Z10, ceramics are included for comparison

Phases Average axial thermal expansion coefficients (x 1075) Temperature Reference
range (°)
a b c B Vv
Mono. HfO, 6.1 0.0 9.6 36 20.6 [49]
74 0.06 12.2 20.6 25-1000 [201]
7.5 14 11.9 20.8 25-1000 (104}
8.4 2.7 11.3 235 25-1000 [105]
7.2 1.5 12.6 230 25-1000 [106]
7.6 1.2 11.2 21.6 25-1000 [81]
Mono. ZrO, 9.2 14 10.9 229 25-1000 [201]
7.8 1.5 12.8 23.1 [104]
83 1.9 13.5 25.9 [105]
9.2 0.6 14.2 28.0 [106]
Tetra. HfO, 6.1 5.6 372 [49]
Tetra. ZrO, 7.9 6.2 [82]
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Figure 22 (a, b) The thermal expansion (linear percentage) of unstabilized and fully stabilized (Y, 05 and CaO) HfO, and ZrO, ceramics as a
function of temperature [80, 191]. FS refers to CaO fully stabilized.

the average thermal expansion coefficients of HfO,
ceramics are slightly lower.

Fig. 22a and b are examples showing the linear
thermal expansion of HfO, ceramics as a function of
temperature. The results for ZrO, ceramics are also
included. The curves for unstabilized HfO, and Y,0,
fully stabilized HfO, were obtained by Ohnysty and
Rose [191] and those for CaO-stabilized HfO, and
ZrO, by Curtis et al. [80]. The polymorphism and the
monoclinic = tetragonal transformations in the un-
stabilized HfO, are clearly indicated by the thermal
expansion curve as a sharp change in the dimension of
the specimen in the temperature range 16001800 °C.
In contrast, Y,0;-stabilized HfOQ, shows a continu-
ous (and slightly above that for the unstabilized HfO,)
thermal expansion curve from room temperature to
above the monoclinic to tetragonal transformation
temperature. This continuity indicates that there are
no phase transformations nor any substantial struc-
tural changes occurring in this temperature range.

As was discussed in Section 6.3.9, a continuous
solid solution occurs in the HfO,—ZrO, system. Ther-
mal expansion of HfO,-ZrO, solid solution was ob-
served to follow approximately the rule of mixtures,

decreasing almost linearly with increasing HfO, con-
tent, Table X.

8.2. Elastic properties

Flastic properties of HfO,-based materials are de-
pendent on temperature and microstructural para-
meters such as porosity level, grain size, and the
phases present in the sintered bodies [203, 204]. For
unstabilized HfO, ceramics, the elastic properties may
also show a sudden change at the monoclinic =
tetragonal transformation temperatures [205, 206].
Table XV is a brief summary of the elastic properties
for HfO, ceramics.

As with most other engineering ceramics, the elastic
properties of HfO, based ceramics deteriorate with
increasing temperature. Fig. 23 is an example showing
the relative Young’s modulus for polycrystalline HfO,
ceramics containing 20mol % Y,0; and 20mol %
Er,0,, respectively, as a function of temperature. It
illustrates a non-linear relationship [1987]. From room
temperature to 500 °C, the Young’s modulus decreases
non-linearly, at an average rate of 3%/100°C and
from 500-1000°C at an average rate of 1%/100 °C. It
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TABLE XV A Summary of the elastic properties of HfO,-based ceramics

Composition E?* (GPa) G* (GPa) B*® (GPa} v? Reference

Unstabilized polycrystals 283.6 109.2 233.1 0.2984 [199]

PSH polycrystals 2533 101.9 0.2430 [197]
(7.6 mol % Y,0;)

FSH polycrystals 246.0 0.2740 [18, 87]
(12 mol % Y,03;)

FSH polycrystals 246.0 0.2740 [198, 2071
(20 mol % Er,03)

FSH polycrystals 238.2 93.2 [207]
(33 mol % Pr,0;)

FSH single crystal Cyy Cis Casy
(12 mol % Y,0,) 380 90 80 [18, 87]

*E, G, B, and v are Young’s modulus, shear modulus, bulk modulus, and Poisson’s ratio, respectively. FSH, fully stabilized hafnia.
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Figure 23 The relative Young’s modulus as a function of temper-
ature for ( + ) Y,0; (20 mol %) and () Er,O; (20 mol %) stabil-
ized HfO, ceramics [198], indicating a non-linear relationship.

was further observed that the elastic modulus de-
creased rapidly at temperatures above 1000 °C. The
non-linear behaviour was affected by the type and
amount of alloying oxides. It was therefore proposed
that oxygen—vacancy motion was one of the possible
mechanisms behind such non-linear behaviour [198].

For unstabilized polycrystalline HfO, ceramics, the
most important microstructural parameter found to
affect the elastic properties was the porosity level
present in the sintered structure. On the basis of their
experimental results, Figs 24 a, b and 25a, b, Dole
et al. [199] found their data to fit the following
equations

E = 2836exp(— 417P,)(GPa)  (12)
G = 1092exp(— 393 P,) (GPa)  (13)
B = 2331exp(— 548 P,)(GPa)  (14)

where E, G, and B are the Young’s modulus, shear
modulus, and bulk modulus, respectively. P, is the
percentage porosity found in the sintered materials. It
is apparent that the zero porosity values for the elastic
modulus, shear modulus, and bulk modulus are 283.6,
109.2 and 233.1 GPa, respectively. These values are
very close to those reported for unstabilized ZrO,
ceramics [38]. The Poisson’s ratio for zero-porosity
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Figure 24 (a) Young's modulus and (b) shear modulus of unstabil-
ized HfO, ceramics as a function of volume fraction porosity [199].
The presence of microcracks (A), which is a result of the tetragonal
to monoclinic transformation and/or the anisotropic thermal ex-
pansion of monoclinic HfO, grains, has a much more devastating
effect on reducing the elastic constants of polycrystalline HfO,
ceramics than does the same amount of porosity (O).

unstabilized HfO, is 0.2984, as calculated by Dole
et al. [199, 222].

It has been observed that the presence of micro-
cracks, which is a result of the volume expansion and
shear strain associated the tetragonal to monoclinic
transformation or/and the anisotropic thermal ex-
pansion of monoclinic phase, in unstabilized HfO,
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Figure 26 (a) Young’s modulus and (b) shear modulus as a function of temperature for (A) a microcracked (unstabilized) and (O) crack-free
{fully stabilized) HfO, ceramic [198, 199]. The fully stabilized specimen shows a continuous decrease both in Young’s modulus and in shear
modulus with increasing temperature. In contrast, the microcracked specimen exhibits a well-defined hysteresis loop after each heating and

cooling cycle (solid symbols).

ceramics results in a much more devastating reduction
in the elasticity than does the same amount of poros-
ity, Fig. 24a and b. This phenomenon is related to the
effect of pore shape on the elasticity of polycrystalline
ceramics [208].

A similar study was carried out by Scheidecker
[1977 and Dole [200] on partially stabilized HfO,
ceramics, which were doped with Er,O; (44
mol %), Y,05 (7.6 mol %), and Eu,O; (4.1 mol %),
respectively. The presence of porosity in these par-
tially stabilized HfO, ceramics results in a similar
decrease in the elastic constants as it does to the
unstabilized HfO, ceramics discussed above. The zero
porosity Young’s, shear, and bulk moduli for these
partially stabilized HfO, ceramics were shown to be
close to 250.0, 100.0 and 160.0 GPa, respectively.
These values are lower than those for the unstabilized
HfO, ceramics. Their Poisson’s ratio, close to 0.2430,
is also lower than that for unstabilized HfO, ceramics.

The second important microstructural parameter
that needs to be considered as influencing elastic

properties of unstabilized HfO, ceramics is the grain
size. It was shown that there existed a critical grain
size at which a drastic reduction in the elastic proper-
ties occurred [198-200]. The grain size dependence of
the elastic properties can be interpreted in terms of the
observation that the residual strain energy resulting
from thermal expansion anisotropy of unstabilized
HIO, grains causes microcracks at a sufficient large
grain size, on cooling from the sintering temperature.
It was shown that the critical grain size for spontan-
eous microcracks in unstabilized HfO, was ~ 2.0 pm
[198, 199]. As mentioned above, the presence of
microcracks due to the anisotropic thermal expansion
resulted in a much more drastic reduction in the
elastic properties than was caused by the same
amount of porosity.

Moreover, the microcracks associated with the anis-
otropic thermal expansion strongly affect the temper-
ature dependence of the elastic properties in unstabil-
ized HfO, ceramics {198, 199, 221]. Fig. 26a and b
show the Young’s modulus and shear modulus,
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respectively, as a function of temperature for an un-
stabilized and fully stabilized HfO,. They have a
similar relative density (96.5% theoretical density).
The fully stabilized specimen shows a continuous
decrease in the elastic moduli with increasing temper-
ature, typical of polycrystalline ceramics [208]. The
moduli also retrace their heating paths during cooling,
indicating that significant microstructural change has
not occurred after the thermal cycling.

In comparison, the unstabilized HfO, specimen,
which has a grain size of 16 um [198, 1997, exhibits a
much lower Young’s modulus (16%) than that of the
fully stabilized specimen, even though their sintered
densities are close to each other, Fig. 26a. The heating
and cooling moduli form a distinct hysteresis loop, a
characteristic which has been observed in many other
microcracked ceramics. When the specimen is heated,
the modulus shows a continuous increase up to
1100 °C with a maximum rate at 800 °C. At temper-
atures > 1100°C, it approaches close to and follows
the value for the fully stabilized specimen. When
cooled, it traces the path for the stabilized specimen
down to 400°C, where it starts to decrease more
rapidly to the value at room temperature before the
thermal cycling. As is shown in Fig. 26b, the heating
and cooling shear moduli also form a distinct hyster-
esis loop.

Such hysteresis behaviour for unstabilized HfO,
ceramics can best be explained by a microcrack
healing and formation process, in which thermal en-
ergy facilitates microcrack healing during heating and
the thermal expansion anisotropy-induced micro-
stress causes microcracks to form during cooling. The
microcrack healing and formation process is affected
by experimental conditions such as the heating and
cooling rates, number of thermal cycles, and the atmo-
sphere experienced by the specimen [208].

The Young’s modulus and Poisson’s ratio for fully
stabilized HfO, single crystal are 246 GPa and 0.274,
respectively, as determined by Ingel et al. [87] for the
composition containing 12mol% Y,0; (210 GPa
and 0.307 were measured for a ZrQO, single crystal
containing the same amount of Y,0;). These values
can be regarded as an approximation for the zero
porosity elastic constants of fully stabilized poly-
crystalline HfO, ceramics.

8.3. Hardness

Not surprisingly, the hardness value for unstabilized
polycrystalline HfO, ceramics is not available in pub-
lished work. Sintered HfO, ceramics, as such, are not
considered to be a class of hard materials, as they
almost always contain a considerably high level of
porosity and/or microcracks. The hardness values for
partially and fully stabilized HfO, single crystals ob-
tained by Rice and co-workers [18, 87] are shown in
Fig. 27, together with those for partially and fully
stabilized ZrO, single crystals for comparison. The
hardness of HfQ, single crystal increases steadily with
increasing Y,O, content in the composition range
3-6mol% Y,0;, and remains almost unchanged
with further increase in Y,0O5 content in the composi-
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Figure 27 The dependence of hardness on Y,QO; content for HfO,
and ZrO, single crystals, grown using skull melting technique by
Rice et al. [18]. The hardness increases sharply from 2.0-3.0 mol %
Y,0; for ZrO, and from 3-6 mol % Y,0; for HfO,.

tion range 6-10mol % Y,0;. ZrO, single crystal
exhibits similar behaviour, but a sharp increase in
hardness occurs in the composition range 2-3mol %
Y,0,. These results are representative of hardness
values for partially and fully stabilized polycrystalline
HfO, ceramics, whose hardness will be strongly influ-
enced by their microstructural and composition para-
meters, such as the porosity level and grain size. For
example, it was observed that the hardness of fully
stabilized polycrystalline HfO, ceramics decreased
with increasing alloying oxide content [209]. For a
fixed amount of alloying content, it was also affected
by the type of alloying oxides; Er,O;-stabilized HfO,
always exhibits a hardness value exceeding that for the
Sc,0;-stabilized material. It was suggested that such
phenomenon was related to the defect concentrations
of anion sublattices and anion-vacancy orderings in
the stabilized HfO,.

9. Fracture strength and fracture
toughness

9.1. Unstabilized HfO,

Although the relationships between mechanical prop-
erties and microstructure are not well established for
unstabilized HfO, ceramics, as such, they are not
regarded as a class of potentially important structural
ceramics for mechanical purposes. This is due to the
low sintered density and the presence of microcracks,
and consequently the poor mechanical properties. As
an example, Staszak [49] quoted a fracture strength of
200 MPa and a fracture toughness of 2.0 MPam?3
for unstabilized HfO, ceramics. Generally, undoped
HfO, ceramics are fabricated via the conventional
sintering or hot pressing of commercially available
HfO, powders. The fact that unstabilized HfO, ex-
hibits a monoclinic structure may partially explain
why it is so difficult to achieve a high sintered density
via pressureless sintering. It is likely that there exists a
network of microcracks in the sintered structures,
induced by the anisotropic thermal expansion and the
volume expansion and shear strain associated with the
tetragonal to monoclinic transformation on cooling
from the sintering temperature. The formation of these



microcracks results in a reduction in the sintered
density and therefore the mechanical properties of
unstabilized HfQ, ceramics. For those sintered at
temperatures < 1720°C (below the monoclinic to
tetragonal transformation temperature), the micro-
cracks are a result of the anisotropic thermal ex-
pansion of the monoclinic phase, see Table XIV,
which generates residual stresses on cooling from the
sintering temperature. For those sintered at temper-
atures > 1720°C, both the volume expansion and
shear strain associated with the tetragonal to mono-
clinic transformation and the subsequent anisotropic
thermal expansion of monoclinic phase cause serious
cracking.

9.2. Partially stabilized HfO, ceramics

The development of partially stabilized HfO, ceramics
in the late 1970s and the early 1980s was encouraged
by the results obtained on the transformation-tough-
ened ceramics of the ZrO,-based systems [1-6]. It was
expected that similarly toughened ceramics could be
fabricated in the HfO,-based systems, particularly
when one considered the structural similarity that is
found between HfO, and ZrO,. However, a less than
successful story has evolved in the case of the HfO,-
toughened ceramics. This has been in spite of the
identical fabrication routes being employed and the
same alloying oxides, namely, Y,0,, CeO, and
Er,0;, being used to partially stabilize HfO,.

As is expected, the mechanical properties of par-
tially stabilized HfO, ceramics are largely dependent
on the amount of metastable tetragonal phase re-
tained in their structures [122, 210]. It is therefore
important to control the amount of alloying oxide
added and the grain size of the sintered materials,
because they are the two parameters most influential
in retaining the metastable tetragonal phase. Unfortu-
nately, the precise values for these parameters are not
well established in each of the HfQ,-based systems.
Moreover, tetragonal hafnia polycrystals (THPs) have
never been obtained in any HfO,-based systems. This
is very different from the situation in the ZrO,-based
ceramic systems, among which tetragonal zirconia
polycrystals (TZPs) are readily obtainable in the
Y,03- and CeO,-Zr0, systems [147]. A brief survey
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of the partially stabilized HfO, ceramics which have
been fabricated, is now given, the mechanical proper-
ties of which are closely related to the amount of
metastable tetragonal phase retained and their micro-
structure.

The fracture toughness obtained by Ingel et al. [87]
for a partially stabilized HfO, single crystal contain-
ing 45mol% Y,0; was 4.1 MPam®3, compared
with 3.0 for a ZrO, single crystal containing the same
amount of Y,0;. The dependence of fracture tough-
ness on Y,O; content for partially stabilized HfO,
single crystals, which were grown using the skull
melting technique, is shown in Fig. 28 [18]. The res-
ults for ZrO, single crystals prepared using the same
technique are included for comparison. The fracture
toughness appears to increase with increasing Y,O,
content from 3.0mol % to 4 mol %, where a maximum
toughness value of 4.6 MPam?®?® is reached. With a
further increase in the Y,O; content, the fracture
toughness shows a continuous decrease. Although the
ZrO, single crystals exhibit similar behaviour, two
apparent differences are:

(i) the peak fracture toughness ( ~ 8.2 MPa m® %) is
much higher than that for the HfO, single crystal;

(i) the fracture toughness is maximized at 2 mol %
Y,0O;, instead of at 4mol % Y,0,.

It is thus apparent that a higher Y,O, content is
required to stabilize HfO, ceramics than to stabilize
Z10O, ceramics for a maximum toughness. Conversely,
an HfO, ceramic may exhibit a much lower degree of
stabilization than a ZrO, ceramic containing the same
amount of Y,05. As is shown in Fig. 28, 3mol %
Y,O, results in an under-stabilization and an over-
stabilization for HfO, and ZrQ,, respectively. It was
observed using TEM that both the density and size of
the tetragonal/monoclinic precipitates in the HfO,
single crystal containing 4.5mol % Y,0, are greater
than those in the ZrO, single crystal containing the
same amount of Y, 03, indicating that a higher degree
of stabilization is achieved in the latter than in the
former [32, 133].

Y,0; partially stabilized polycrystalline HfO, cer-
amics were fabricated by Ikuma and Virkar [211] in
their study of the crack-size dependence of fracture
toughness in transformation-toughened ceramics.
HfO, and Y,0; powders were mechanically mixed

Figure 28 The dependence of fracture toughness on Y,0; con-
tent for HfO, and ZrO, single crystals, grown using the skull
melting technique by Rice et al. [18]. The strength data are for
the compositions indicated.
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together in a ball mill to obtain a composition of
HfO,-5.5mol % Y,0,. The sintered specimen was
expected to consist of tetragonal (probably precipita-
tes) and cubic phases, although the authors failed to
report the exact amount of tetragonal phase. The
fracture toughness measured in the sintered specimen
was in the range 4-6 MPam®?, increasing with in-
creasing crack length (controlled by the indentation
load). It is therefore to be concluded that stress-
induced transformation toughening is occurring in
this partially stabilized polycrystalline HfO, ceramic.

A comprehensive study on Er,O partially stabil-
ized HfO, was made by Hunter and co-workers [67,
122, 210]. They investigated both the conditions for
retaining the metastable tetragonal phase in terms of
grain size and Er,O; alloying content, together with
the mechanical properties of the Er,O; partially sta-
bilized HfO, ceramics. Firstly, it was observed that the
critical grain size for retaining the metastable tetrago-
nal phase was extremely small for unstabilized HfO,,
4-10nm. The critical grain size, < 50nm, for
tmol % Er,0, partially stabilized HfO, was also
found difficult to obtain via a conventional ceramic
fabrication process, such as the sintering of mixed
oxide powder compacts. ‘

In order to obtain a fine grain sized material,
Hunter et al. [67, 122] employed the following experi-
mental route to fabricate the Er,O, partially stabil-
ized HfO,. Acid solutions of Ex(NO,), and Hf(NO,),
were mixed together to obtain a composition of
1 mol % Er,0;-doped HIO,, and Hf-Er hydroxide
was co-precipitated out with dilute ammonia solution.
The hydroxide was washed with water initially and
subsequently was further washed with acetone and
toluene to obtain an active fast-drying powder. The
dried powder was then calcined either at 1150 °C for
4h or at 600°C for 15h to yield the desired oxide
powder. The densified specimens were obtained by
vacuum hot pressing in a graphite die at temperatures
of 1500~1650°C and at pressures of up to 150 MPa.
The fracture toughness, K¢, and the fracture energy,
v, were determined by the notched beam bar test.

Fig. 29 shows the fracture toughness, K., and
Fig. 30 shows the fracture energy, v, of the Er,O;
partially stabilized HfO, ceramics, as a functiori of the
amount of metastable tetragonal phase retained in the
structure, as determined by X-ray diffraction analysis.
The fracture toughness shows a general increase as
increasing amounts of tetragonal phase retained,
whereas the fracture energy shows a small increase
until the fraction of tetragonal phase reaches about
20%, where there is a significant increase. Hunter
et al. [67, 122] also mentioned that one of their
specimens contained 46% metastable tetragonal
phase, which was the highest amount of tetragonal
phase retained in partially stabilized HfO, ceramics
ever reported in published work. However they were
unable to reproduce this result.

9.3. Fully stabilized HfO, ceramics
The fracture strength and fracture toughness, which
are dependent on microstructural parameters such as
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Figure 29 The fracture toughness as a function of tetragonal phase
content in Er,O, partially stabilized hafnia ceramics [67, 122].
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Figure 30 The fracture energy of Er,O; partially stabilized HfO,
ceramics as a function of tetragonal phase retained [67, 122].

grain size and porosity level, of fully stabilized HfO,
ceramics are considered to be similar to those of fully
stabilized polycrystalline ZrQ, ceramics, ranging from
200-300 MPa and from 2-3 MPam©®?, respectively
[209, 210, 212]. For example, an indentation tough-
ness of 2.0 MPam?®> was measured both for a fully
stabilized HfO, single crystal containing 12 mol %
Y,0; [87] and for a fully stabilized polycrystalline
ZrO, ceramic containing the same amount of Y,0,
[211]. A flexural strength of 240 Mpa for a HfO,
single crystal containing 9.5mol% Y,0, was ob-
tained, compared with 270 MPa for a ZrO, single
crystal containing the same amount of Y,O; [18].

9.4. HfO,-toughened Al,O; ceramics

Although hafnia-toughened alumina (HTA) ceramics
were recognized similar to zirconia-toughened alum-
ina (ZTA) ceramics more than one decade ago by
Claussen and co-workers [4, 5, 193, 213], only a
limited amount of research work has since been under-
taken to investigate their fabrication, microstructure
and mechanical properties. A recent study was due to
Wang and Stevens [214], who fat ricated HTA ceram-
ics containing 5-30vol % HfO, 1 1 Al,O; matrices via



conventional sintering of mixed Al,O,; and HfO,
powders at 1625 °C. The sintered specimens were then
subjected to thermal treatments at 1750 °C for 0.5h
and 1600 °C for 5 h, respectively. It was shown that the
microstructure and therefore the mechanical proper-
ties of these materials were dependent on the thermal
treatment procedures. A fracture toughness of
5.5 MPam®?® and a fracture strength of ~ 400 MPa
were measured for the as-sintered specimen contain-
ing 15vol % HfO,, compared with a fracture tough-
ness of ~ 8.0MPam®> and a fracture strength of
~ 250 Mpa for the specimen subjected to the further
thermal treatment at 1750 °C for 0.5 h. A well-distribu-
ted microcrack network was developed in the further
treated material, as 1750 °C was above the monoclinic
to tetragonal transformation temperature of HfO,.
Therefore the volume expansion and shear strain asso-
ciated with the tetragonal to monoclinic trans-
formation of HfO, inclusions resulted in the forma-
tion of a microcrack network, which was responsible
for the improved fracture toughness. However, if the
microcracked specimen was thermally treated at
1600 °C for 5 h, the microcracks would be healed, as in
the case of Al,O, ceramics [215]. The microcrack
healing associated with the thermal treatment at
1600 °C for 5h was indicated by the reduced fracture
toughness ( ~ 4.5 MPam©®?) and the partially recov-
ered fracture strength ( ~ 350 MPa).

The thermal and mechanical properties of HTA
ceramics can be further modified by the introduction
of other oxides. A well-published example is that of
the transformation toughened ceramics in the ALLO;—
Cr,0;/ZrO,-HfO, system, which has been exten-
sively exploited by Brog and co-workers [139, 140,
216]. They considered that these toughened ceramics
were potential candidate materials for heat engine
applications and therefore aimed to reduce their ther-
mal conductivity and to improve their high-temper-
ature performance. The materials they investigated
were fabricated by the hot pressing of mixed pre-
reacted Al,O,~Cr,O; and ZrO,-HfO, powders at
1500 °C/35 MPa in a boron nitride-coated graphite
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Figure 31 The bend strength of HfO,-ZrO, solid solution tough-
ened Al,O;~Cr,0; ceramics as a function of volume fraction of the
dispersed phase [139].

die, heated by a graphite resistance furnace. The ther-
mal and mechanical property measurements were sub-
sequently carried out on the hot-pressed specimens.
Microstructurally, the hot-pressed materials consisted
of an Al,O,—Cr,0O; matrix and well-dispersed
7ZrQ,~HfO, solid solution inclusions. The tetragonal
phase retained in the dispersed ZrO,-HfO, solid
solution inclusions decreased with increasing HfO,
alloying from 10-30mol %.

It was observed that the Cr,O; alloying in the
Al,O, matrix significantly reduced the thermal con-
ductivity of the HfQ, toughened Al,O,, as measured
by the “laser flash” method. The elastic modulus, as
determined using the sonic method, obeyed approxim-
ately the rule of mixture, i.e. decreased as the amount
of dispersed phase increased. For composites contain-
ing the same amount of dispersed phase, the specimen
containing 30 mol % HfQ, in the dispersed phase had
a higher elastic modulus than did those containing
10mol % HfO,.

The fracture strength of these composites was de-
pendent both on the amount of dispersed ZrO,-HfO,
solid solution in Al,05;-Cr,0; matrix and on the
degree of HfO, alloying in the dispersed phase,
Fig. 31. At high inclusion loading, the specimen con-
taining 30 mol % HfO, in the dispersed phase exhib-
ited a greater fracture strength than the specimen
containing 10mol % HfO,. These results, together
with those of elastic property measurement, suggested
that the former contained a lower density of micro-
cracks than the latter. This can be interpreted on the
basis that the volume change and shear strain associ-
ated with the tetragonal to monoclinic transformation
decreases with increasing HfO, alloying content in the
solid solution.

The fracture toughness, as determined by the in-
dentation and bend strength techniques, increased
initially as a function of volume fraction of the dis-
persed ZrO,—HfO, solid solution and declined after
reaching a maximum, Fig. 32. The reduced fracture
toughness at high loadings of the dispersed solid
solution can be accounted for by the decreased
amount of tetragonal phase retained in the matrix. It
was further shown that the thermal stability of these
composites was substantially higher than conven-
tional zirconia toughened alumina (ZTA) ceramics, as
indicated by the observation that no degradation in
density, elastic modulus, bend strength and fracture
toughness was shown after they were held at 1000 °C
for more than 500 h. However, further investigation is
needed in order to understand fully the mechanisms
behind this improved thermal stability, i.e. was it due
to the Cr, 0, solid solution in the Al,O4 matrix or the
HfO, alloying in the dispersed phase?

9.5. HfO,-toughened SizN, ceramics

In a US Patent, Carpenter [217] described the fabrica-
tion and mechanical properties of HfO,-based oxide
toughened Si;N, composite ceramics. The composites
consist of a Si;N, matrix and inclusions of ternary
HfO,-Z7r0,-TiO, solid solution, which contains
60-85mol % HfO,, 10-30mol % ZrO,, and 10-30
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Figure 32 The fracture toughness of the Al,0;—Cr,0,/
HfO,-Zr0O, composites as a function of volume fraction of the
dispersed HfO,-ZrO, phase [139]. (O) Al,0;-20mol % Cr,0,/
Zr0,-10mol % HfO,. (®) Al,0;-20mol% Cr,0:/Zr0,-30
mol % HfO,. (0) Al,O;—-5mol % Cr,0:/ZrO,-10mol % HfO,.
() Al,O;-5mol % Cr,0,/Zr0,-30 mol % HfO,.

mol % TiO,. They can be prepared via several differ-
ent fabrication routes, including conventional sin-
tering or hot pressing of mixed pre-reacted oxides and
submicrometre Siz;N, powders. As an example, the
following is one of the most conventional routes which
can be employed:

(i) pre-mixing of the ternary oxides, followed by a
calcination to obtain a uniformly mixed solid solution;

(ii) the ternary oxide solid solution is then milled
and subsequently mixed with submicrometre fine
Si;N, powder;

(iii) the mixed composition is then compacted by
die pressing and/or isostatic pressing;

(iv) finally, the green compacts are sintered, or al-
ternatively hot pressed at temperatures of 1600—
1700 °C.

The sintered materials exhibit a relative density
> 98% theoretical density, a fracture strength of
650 MPa and a fracture toughness of 6-8 MPa m®->,

9.6. HfO,-toughened SiC ceramics
The current structural applications of SiC-based cer-
amics are related to their potentially desirable thermal
and mechanical properties, such as fracture strength,
hardness, thermal conductivity and expansion coeffi-
cient, and their thermal and chemical stabilities. Tech-
nologically, it is desirable to improve the fracture
toughness of SiC-based materials in order to widen
their applications at both low and high temperatures.
However, if one considers transformation toughening
as an option for this, two difficulties involved in the
fabrication process become apparent, notably low
densification rate and the possible reactions between
the oxide and the carbide [218]. Therefore, certain
special fabrication techniques are required for achiev-
ing a high sintered density and suppressing the pos-
sible reactions.

Gauckler et al. [219] first fabricated SiC/HfO,
composites via hot isostatic pressing(HIPing) of
mixed SiC and HfO, powders, together with
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Figure 33 The fracture toughness as a function of HfO, content for
the SiC/HfO, composites [219]. The results for the SiC/ZrO,
composites fabricated by the same authors are included for com-
parison.

5-10 wt % of Al,O5 + SiO,/mullite, as a sintering
aid. The purpose of such a small amount of silicate,
which melts at < 1700°C, was two-fold: promoting
the densification and suppressing the potential reac-
tions between SiC and HfO, grains via the formation
of a thin liquid-phase film at the grain boundaries and
junctions. As a result, a high sintered density (almost
theoretical density) was obtained for the SiC-HfO,
composites. These authors also fabricated SiC/ZrO,
composites using the identical processing route.

Fig. 33 shows the fracture toughness of HfO,-
toughened SiC ceramics fabricated by these authors as
a function of HfO, addition. Their results for ZrO,
toughened SiC ceramics are included in Fig. 28 for
comparison. It can be seen that the fracture toughness
initially increases with increasing HfO, addition at
low HfO, loading. A maximum in the fracture tough-
ness was then obtained when 6 vol % HfO, was intro-
duced, followed by a steady decrease with further
increasing HfO, addition. The ZrO, toughened SiC
ceramics show a similar behaviour. However, the
maximum in fracture toughness was obtained at
15vol %. Unfortunately, the authors did not give a
proper explanation as to how the fracture toughness
was improved for the compositions containing < 6
vol % HfO,. It is to be expected that crack deflection
and residual stresses may well play an important role
in determining the mechanical properties of these
materials. Transformation toughening is not to be
expected as the tetragonal HfO, phase was not pre-
sent in the hot-pressed composites.

10. Conclusions

A review has been made of the science and technology
of HfO,-based and HfO,-containing ceramics. Al-
though HfO, ceramics are very similar to ZrO, cer-
amics in many respects, they are considerably different
in terms of their transformation toughening behavi-
our. The potential for HfO, ceramics to generate
much improved mechanical properties over ZrQO, cer-
amics has not been revealed in the published work.



The improvement in mechanical properties associated
with the tetragonal to monoclinic transformation in
HfO, is, in fact, less than that associated with ZrO,,
due to the fact that the effective volume expansion
associated with the transformation in the former is
smaller than in the latter. The retention of metastable
tetragonal HfO, phase, which is vital in determining
the mechanical property improvement associated with
transformation toughening, is much more difficult to
achieve than is the retention of metastable ZrO, phase
in a ceramic matrix. This is a consequence of the much
reduced critical grain size for the spontaneous tetrago-
nal to monoclinic transformation in HfO,. Further
investigation is needed to confirm whether a fine
enough grain size will result in the retention of a high
volume fraction of metastable tetragonal HfO, phase
in ceramic matrices and the mechanical properties to
be expected.
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