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Ceramic Oxides
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1.1
Introduction

Ceramic oxides represent the most extensive group of ceramic materials produced
today. Traditionally, but rather artificially, the oxide ceramics are divided into
“traditional” and “advanced” groups. The “traditional” ceramics include mostly
silica-based products prepared from natural raw materials (clays), including building
parts (bricks, tiles), pottery, sanitary ware, and porcelain, but also ceramics with other
main components (e.g., alumina, magnesia), which are applied in the field of
electroceramics (insulators), or industrial refractories.

“Advanced” ceramics require a much higher quality and purity of raw materials, as
well as the careful control of processing conditions and of the materials’ micro-
structure. They usually comprise oxides, which do not quite fall within the traditional
understanding of the term “silicate” materials and ceramics. Oxides found in these
ceramics include mostly oxides of metals such as aluminum, zirconium, titanium,
and rare earth elements. Originally investigated mainly as materials for structural
applications (especially alumina and zirconia), ceramic materials (and not only
oxides) partly failed to meet the expectations, mainly due to problems with reliability
and high production costs. In recent years, therefore, a significant shift has been
observed in pursuing and utilizing the functional properties of ceramic materials,
especially chemical (high inertness), optical, electrical, and magnetic properties.
Another area of research which has been pursued in recent years is the refinement of
microstructure to the nanolevel. It is widely anticipated that such microstructure
refinement will not only improve the known properties of ceramics, but will also
bring new properties to already known materials. The attempts to prepare nano-
structure materials bring new challenges: from the synthesis of suitable nanopow-
ders, through their handling, the rheology of nanosuspensions, and health and safety
issues, to the development of sintering techniques that allow densification without
any significant coarsening of the microstructure.

In the following sections, an attempt is made to address the questions of recent
developments in the field of ceramic oxides. As this topic cannot be covered fully
within the space available, oxides have been selected which are considered to be the
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most important for the field (Al,03, ZrO,), as well as those that have recently become
a subject of interest for the ceramic community due to their interesting properties,
such as TiO,, ZnO, CeO,, and Y,03. Those materials which are only used as minor
components of ceramic materials, or ternary compounds such as titanates or spinels,
have been excluded at this stage.

1.2
Aluminum Oxide

From the point of view of the volume of production, polycrystalline alumina is the
material most frequently used as ceramics for structural applications. However, in
comparison with for example, silicon nitride, where the influence of various additives
on microstructure and properties has been well characterized and understood, and
despite several decades of lasting research effort, alumina remains a material with
many unknown factors yet to be revealed. Alumina-based materials can be divided
roughly into three groups:

o Solid-state sintered aluminas: Here, research is focused on a better understand-
ing of sintering processes with the aim of preparing nanocrystalline materials
with superior mechanical properties (e.g., hardness and wear resistance), and
possibly also transparency to visible light. The prerequisite for the successful
preparation of submicrometer aluminas with desired properties are sufficiently
fine-grained and reactive nanopowders of high purity. Their synthesis and
characterization has, therefore, been intensively pursued during the past years.

¢ Liquid-phase sintered (LPS) aluminas: Despite the fact that LPS aluminas
represent a substantial part of industrially produced alumina-based materials,
and despite a tremendous amount of research work, many unknowns remain.
Although sintering additives have a profound influence on mechanical properties
(especially on hardness, creep, and wear resistance, and to a certain extent also on
bending strength and fracture toughness), there remains some confusion as to
how individual additives or their combinations influence the microstructure and
behavior of alumina-based materials. The sintering additives used include mostly
silica, alkali oxides, the oxides of alkali earth metals, and combinations thereof.
Doping with rare earth oxides is studied with the aim of understanding and
enhancing the creep resistance of polycrystalline aluminas.

¢ Alumina-based composites: These comprise especially zirconia-toughened
alumina (ZTA), and alumina-based nanocomposites with non-oxide second phases
such as SiC or TiC. However, the latter two, in particular, are beyond the scope of this
chapter.

1.2.1
Crystal Structure

The only thermodynamically stable crystallographic modification of alumina is
0-Al,03, or corundum. Corundum has a hexagonal crystal lattice with the cell
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Figure 1.1 Crystal structure of a-Al,O;.

parameters a=4.754A, and c=12.99A. The ions O®" are arranged in close
hexagonal arrangement, with the cations AI> * occupying two-thirds of the octahedral
interstitial positions (Figure 1.1). Some selected materials properties of o-alumina
single crystal are summarized in Table 1.1.

Except for the thermodynamically stable o modification, there exist also numerous
metastable modifications, denoted v, %, 1, 1, €, 3, 0, and k. These modifications are
often used as supports for catalysts. All metastable modifications have a partially
deformed closely packed hexagonal oxygen sublattice with various configurations of
interstitial aluminum atoms. On approaching the equilibrium, the crystal lattice
becomes more ordered until the stable o modification is formed. The type of
metastable polymorph influences the morphology of the formed 0.-Al,O5 particles.

1.2.2
Natural Sources and Preparation of Powders

Aluminum is one of the most abundant elements on Earth and, in its oxidized form,
is a constituent of most common minerals. Pure aluminum oxide is relatively rare,
but may be found in the form of single crystal, when it is used as a gemstone in its
colorless (sapphire) or red (ruby, due to the admixing of chromium) modifications.

Table 1.1 Some selected properties of single crystal a-alumina.

Property Value

Melting point 2053°C

Thermal conductivity 25°C 40WmK ™
1000°C 10WmK™'

Thermal expansion coefficient (25-1000 °C) Parallel with ¢ 88.107°K!
Perpendicular to ¢ 7.9.10 °K!

Density 3.98gcm

Young’s modulus Parallel with ¢ 435 GPa
Perpendicular to ¢ 386 GPa

Poisson ratio 0.27-0.30
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The most important raw material for the production of aluminum oxide is bauxite,
which is a mixture of the minerals boehmite (0-AlI0(OH)), diaspor (B-AlO(OH)), and
gibbsite (Al(OH)s;), with a high content of various impurities such as Na,O, SiO,,
TiO,, and Fe,05. Bauxite is refined using the Bayer process, which has been well
described in many books dealing with the topic (e.g., Ref. [1]). Very pure commercial
powders are prepared via the calcination of alum, NH4AI(SO,4),-12 H,O0.

The preparation of submicrometer-grained aluminas requires well-defined pure
nanopowders which, themselves, exhibit many exploitable characteristics, such as
low-temperature sinterability, greater chemical reactivity, and enhanced plasticity.
Thus, a range of methods has been developed for the preparation of nanopowders
with desired properties. These can be roughly allocated to: (i) high-temperature/
flame synthesis; (ii) chemical synthesis, including sol-gel; and (iii) mechanically
assisted processes, such as high-energy milling.

1.2.2.1 High-Temperature/Flame/Laser Synthesis

The method usually comprises the injection of a suitable gaseous, or liquid
aluminum-containing precursor into the source of intensive heat (e.g., laser [2],
d.c. arc plasma [3-5], or acetylene, methane, or hydrogen flame [6, 7]), where the
precursor decomposes and converts into the oxide. In most cases, transient aluminas
are formed, and in order to obtain 0-Al,0O5 a further high-temperature treatment,
usually accompanied by significant particle coarsening, is required. Possible pre-
cursors include metal-organic compounds such as trimethylaluminum or alumi-
num tri-sec-butoxide. Metastable alumina powders with particle sizes ranging from 5
to 70 nm can be prepared in this way.

1.2.2.2 Chemical Methods

These normally utilize the low- and medium-temperature decomposition of inor-
ganic aluminum salts and hydroxides, or metal-organic compounds of aluminum.
Typical precursors include aluminum nitrate and aluminum hydroxides. Hydro-
thermal conditions are often applied [8], but colloidal methods (sol-gel) have been
extensively studied over the past three decades [9-11]. Recent efforts have been aimed
atreducing the particle size of a-Al, O3, and decreasing the temperature of formation
of 0-Al,O3 from transient aluminas to <1000°C [12]. Results similar to those in
sol—gel can be achieved with the use of metal ion—polymer-based precursor solutions.
Here, the precursor solution (e.g., nitrate salt) is mixed with a water-soluble polymer,
which provides a matrix for the dispersion of cations [13].

1.2.2.3 Mechanically Assisted Synthesis

These are based on the comminution of coarser-grained powders by high-energy
milling or grinding. In this case, the minimum particle size is limited to approx-
imately 40 nm [14], although further grinding may lead to severe aggregation and
subsequent densification of the aggregates under mechanical stress. The high-
energy ball-milling of y-Al,0; nanopowder with a small fraction of o-Al,O; nano-
crystalline seeds (both with an average particle size 50 nm) was reported to facilitate
the transformation of milled powder to o-Al,05 [15].
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1.2.3
Solid-State Sintered Alumina

Strictly speaking, there are very few commercially available polycrystalline aluminas
which could be defined as solid-state sintered. Even the materials prepared from
ultrapure powders (purity >99.99%) develop a thin layer of intergranular amorphous
film at the grain boundaries, as the result of the presence of trace impurities (e.g., Ca,
Mg, Si, to mention the most important) which are always present in the starting
powder [16]. Due to low lattice solubility of impurities in alumina, which usually do
not exceed several ppm, the impurities segregate to the grain boundaries. Their
concentration at interfaces increases as the grains grow during the course of
densification, and the total area of interfaces (grain boundaries) per unit volume
decreases. As soon as the preconcentration of the impurities exceeds a critical value,
an amorphous grain boundary film is formed at the originally crystalline alumi-
na-alumina interfaces. Hansen and Philips found that almost all the grain bound-
aries of a commercial 99.8% alumina were wetted by an amorphous film containing
SiO, and CaO in addition to Al,05 [17]. Harmer found that a commercial 99.98%
alumina was sufficiently impure to contain a thin glassy film at the grain bound-
aries [18]. Processing (homogenization, pressing, the use of pressing additives, and
sintering) represents another source of impurities. For example, the use of an electric
furnace with MoSi, heating elements during sintering is known to contaminate the
sintered materials with silicon, which is evaporated from the elements in the form of
SiO, and then transported into the open porosity of the sintered body. Special
precautions, such as the protection of specimens made from ultra-high-purity
alumina (99.999%) in a closed sapphire tube, are then necessary to keep the grain
boundaries clean [19]. The recently reported translucent or transparent aluminas
with submicrometer microstructure represent one particular exception in this
respect.

1.2.3.1 Submicrometer and Transparent Alumina

In submicrometer aluminas, the area of intergrain interfaces can be so high that the
critical concentration of segregated impurities is not achieved and grain boundary
glass is not formed. Submicrometer aluminas were reported to have increased
hardness [20], a high mechanical strength [21-23], and a high wear resistance [24] in
comparison with their coarser-grained counterparts, with possible application for
cutting inserts [25].

Alumina is known to transmit infrared (IR) radiation and, if sintered to a high
density (residual porosity <0.1%), it also transmits visible light. Possible applications
then include high-pressure envelopes of sodium, or metal halide discharge lamps
[26, 27], and impact layers of transparent armors with a high level of ballistic
efficiency against armor-piercing ammunition (Figure 1.2). One potential use of
alumina in the latter role has been already demonstrated with the use of sapphire
single crystals in transparent armor systems [28].

At the present stage of knowledge, submicrometer-grained aluminas are in most
cases only translucent or, at the best, are transparent with the linear transmission of
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Figure 1.2 Comparison of an opaque tile (advanced ceramic armor, residual porosity 0.3%) and
of a transparent window (residual porosity unmeasurable <0.03%) [35].

visible light at a level which is about 70% that of a sapphire single crystal of optical
quality [29]. The visible light in polycrystalline alumina is scattered at grain bound-
aries as the result of alumina birefringence, and also due to light scattering at residual
pores. It has been postulated that the linear transmission of visible light could be
markedly increased by a further decrease in grain size to less than 340 nm - that is,
below the wavelength of visible light [29], and by the complete elimination of any
residual porosity (<0.1%). However, this goal is usually not attainable by normal
sintering process, as the complete elimination of residual porosity requires long
soaking times at high temperature, which is always accompanied by significant, and
often abnormal, grain growth triggered by the presence of impurities and the
formation of a grain boundary melt. The sintering trajectories of submicrometer
alumina powders indicate that the majority of grain growth takes place above 90%
relative density or, more specifically, at the very end of the sintering process when the
last 3% of porosity is eliminated [30, 31]. As a result, a threefold or higher increase in
grain size with respect to the original size of the alumina powder particles is observed.
In order to solve this puzzle, special sintering techniques may be applied, such as
microwave [32] or spark plasma sintering [33]; alternatively, pressure must be used,
such as hot isostatic pressing (HIP) or sinter-HIP techniques [34], in order to prepare
transparent polycrystalline alumina with a submicrometer grain size. Pressureless
sintering to densities >99.9% at low temperatures (~1200°C for minimum grain
growth) is enabled by advanced processing approaches that yield green bodies with
improved homogeneity and particle coordination [35].

1.2.4
Liquid-Phase Sintered (LPS) Aluminas

The glass present in alumina originates either from the materials’ and processing
impurities (Ca, Si, alkalis), or from substances added intentionally to influence
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Figure 1.3 High-resolution transmission ratio CaO/SiO; (e.g., CS5=Ca0-5Si0,). The
electron microscopy images of the grain change in grain boundary thickness with the
boundaries of alumina samples sintered with  composition of liquid forming additives is
5wt% calcium silicate additives. The numbers  obvious [43].

in the names of the specimens denote the molar

sintering. Among these, the alumina—calcia-silica system is of considerable impor-
tance as it forms eutectics with melting temperatures in the range of 1200-1400 °C.
The presence of SiO, and CaO results in the formation of a wetting aluminosilicate
melt; sintering is then accelerated by dissolution—reprecipitation of the alumina
particles in the melt. After cooling to room temperature, the melt solidifies to a glass,
which forms several-nanometer-thick films at the intergrain faces. The equilibrium
thickness of the film is defined by its chemical composition (Figure 1.3) [36, 37]. The
co-doping of alumina with as little as 0.15wt% CaO and 0.15wt% SiO, ensures
complete wetting of the grain boundaries with aluminosilicate glass [38]. The glass,
which is “in excess” with respect to the formation of the film with equilibrium
thickness, is accommodated in pockets at the grain boundary intersections, known as
“triple pockets.”

Both, silicon and calcium promote excessive growth along the basal planes of
alumina crystals, known as abnormal grain growth (AGG), when present above
critical concentrations that correspond roughly to their solubility limits [39]. As a
result, platelike alumina grains grow. Abnormal platelike alumina grains are ob-
served also in materials doped with Na,O + SiO,, StO + SiO, and BaO + SiO,[40],
TiO, [41], or SiO; and Y,05 [42]. Although there is no general agreement on what is
the driving force for AGG, it is usually attributed to the solubility anisotropy between
growing and shrinking grains due to their curvature, and to the anisotropy of
solid-liquid interfacial energies of various crystallographic faces of o-alumina

9
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crystals, and hence the differential wetting of various crystallographic faces of
alumina crystals. However, others have suggested that AGG is in fact the conse-
quence of an uneven distribution of impurities and sintering aids [43, 44].
Molecular dynamics (MD) simulations of grain boundaries wetted with calcium
silicate glass indicate that cagelike structures form at the interfaces between alumina
grains and amorphous silicate film, which can accommodate metal cations such as
calcium or magnesium [45]. Up to a concentration of 12 atom% calcium atoms are
segregated in these cagelike structures, decreasing the glass/grain interfacial energy
(Figure 1.4) [46, 47]. As the content of calcia grows beyond 12 atom%, this is
increasingly accommodated in the glassy phase, disrupts siloxane bonding, and
weakens grain boundaries. If the content of calcium in grain boundary glass exceeds
30 atom%, then an abnormal grain growth is triggered [47]. The MD simulations also
suggest that the presence of Ca in intergranular film affects the behavior of the
(000 1) basal plane, but not of the (1 12 0) prism plane of alumina crystals [48, 49].
This different adsorption behavior is caused by the formation of specific bonds
between intergranular film species and surface species that limit further adsorption.
These simulation results are indicative of the preferential growth that is consistent

Figure 1.4 Examples of the final of Ca ions segregated to the interfaces
configurations of various compositions of the increases, the interfaces become more ordered.
600 atom calcium silicate intergranular films. (a) 0% CaO; (b) 12% CaO; (c) 22% CaO;

The atom types are labeled in (d). Asthe number  (d) 32% CaO; (e) 41% CaO [64].
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with the anisotropic growth of alumina crystals containing calcium aluminum
silicate (CAS) intergranular films, as observed experimentally.

The addition of magnesium oxide is known to prevent the abnormal grain growth
of alumina, both in very pure and liquid-phase-sintered materials. The microstruc-
ture then consists of equiaxed grains with narrow distribution of dihedral angles
close to 120° [50]. There is no general agreement as to how MgO suppresses grain
growth, butitis generally believed that the addition of MgO reduces the anisotropy of
the solid-liquid interphase energies of alumina grains, changing the wetting of
alumina with silicate liquids [5S0]. MgO also reduces alumina grain boundary mobility
through solid solution pinning, thus protecting the material against abnormal
grain growth arising from nonuniform liquid-phase distribution [51]. Most recent
observations have indicated that MgO has a profound influence on the atomic
structure of grain boundaries. Whilst the grain boundaries of an anorthite liquid
containing aluminas are flat, atomically smooth and facetted, the addition of
magnesia to an anorthite liquid results in curved, atomically rough grain bound-
aries [52]. Such a roughening effect is equivalent to a decrease in edge energy, so that
the number of grains which can grow increases rapidly. As a consequence, many
grains grow simultaneously and impinge upon each other such that AGG cannot
occur [53].

Bae and Baik determined the minimum concentration of magnesia required to
suppress the AGG in aluminas doped with ppm levels of silica and calcia [19]. The
AGG does not take place if the amount of magnesia doping is approximately equal to
the content of AGG-triggering impurities combined. Similar conclusions have been
drawn from the investigation of commercial aluminas containing several vol% of
glass. Typically, AGG is suppressed if the MgO/(CaO + BaO + Na,O + K,0) ratio
is >1 [54].

Partial crystallization often depletes the grain boundary glass of elements which
are built into emerging crystalline phases. The structure, thermal expansion, and
temperature dependence of viscosity of the grain boundary glass are then signifi-
cantly altered. However, the crystallization of nanometer-thin glass grain boundary
films is thermodynamically not favored, due to mechanical constraints from adjoin-
ing faces of alumina crystals [55]. Any volume change during crystallization gives rise
to the strain energy which opposes the transformation, and under such circum-
stances crystallization will occur primarily in triple pockets. Consequently, a com-
position gradient will develop between the grain boundary and crystallized triple
pocket. Phases such as anorthite, gehlenite, mullite, grossite, various spinels, and
cordierite may crystallize in triple pockets [56, 57].

1.2.5
Properties of Polycrystalline Alumina

Polycrystalline alumina is especially praised for its great hardness, being the hardest
of oxide ceramics. Although hardness ranges over a wide interval, and decreases with
increasing content of the grain boundary glass, in ultrafine-grained solid-state
sintered aluminas the hardness exceeds that of sapphire single crystal.
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Table 1.2 Characteristic properties of various polycrystalline aluminas.

Property Al O3 [wt%]

86-94.5 94.5-96.5 96.5-99 99-99.9 >99.9
Density [g cm ™| 3437  37-39 373-3.8  3.89-3.96  3.97-3.99
RT hardness [GPa] HV 0.5 9.7-12 12-15.6 12.8-15 15-16 19.3
Young’s modulus [GPa] 250-300 300 300-380 330-400 366-410
RT bending strength [MPa] 250-330 310-330 230-350 550 550-600

The other mechanical properties—especially fracture strength and fracture
toughness —are usually inferior to those in other structural oxide ceramics such as
zirconia. The presence of glass decreases the Young’s modulus, and also the strength,
hardness, and refractoriness of alumina ceramics. The typical properties of aluminas
of various purities are listed in Table 1.2 [50].

Fracture strength varies over a broad range, and is often impaired by the thermal
expansion mismatch of intergrain glass and alumina, and the extent of glass
crystallization, due to volume changes and associated microcrack formation during
the course of devitrification [58].

The presence of glass can either improve or impair fracture toughness, depending
onits thermal expansion [59]. For example, if the thermal expansion of glass is higher
than that of the matrix, the grain boundaries will be under tension whereas the grains
will be in compression. Cracks may then propagate preferentially along the grain
boundaries, potentially increasing the fracture toughness. In such a case the presence
of platelike grains increases the fracture toughness by deviating the crack path and
increasing the energy required for further propagation of the crack [60]. A glass with a
lower thermal expansion will impose compressive stress into the grain boundaries,
making them stronger and forcing the cracks to propagate intragranularly.

Direct evidence of grain boundary glass composition and crystallization on the
magnitude and distribution of thermal residual stresses in calcium silicate sintered
aluminas has been obtained recently [49]. Such studies have revealed the presence of
residual fluctuating local stresses (i.e., very short-range stresses associated with
dislocations, point defects, small inhomogeneities, etc.) between 420 and 460 MPa.
This is an order of magnitude higher than the stresses in pure polycrystalline
alumina that result from thermal expansion anisotropy of the alumina crystals along
the c and a crystallographic axes (from 30 to 270 MPa, depending on grain size, and
thermal history) [61-64].

The wear resistance of polycrystalline alumina is greater than that of sapphire
single crystals, and increases with decreasing grain size [65-71]. The wear behavior of
alumina cannot be simply related to its mechanical properties, such as hardness and
fracture toughness [72, 73]. For pure alumina of mean grain size <1um, the
dominant wear mechanism is either plastic grooving or, in the presence of water,
tribochemical wear, leading to polishing with very slow material removal rates. This is



1.3 Magnesium Oxide |13

sometimes attributed to the formation of a layer of hydrated alumina, which
accommodates the interfacial shear stresses [74]. For coarser-grain-sized aluminas
(1-50 pm) the main wear mechanism is that of microfracture and crack interlinking,
leading to grain detachment and the development of rough surfaces [71].

Little is known of the corrosion of polycrystalline aluminas, but in general it
is considered to be very low, and even negligible (which explains why such little
interest has been expressed in the study of the mechanism involved). However, the
results of the few studies to be conducted have suggested that the corrosion of
polycrystalline alumina is controlled by the corrosion resistance of the grain
boundary glass.

The electric properties of alumina make it adaptable for use in many applications,
ranging from electronic substrates to spark plug insulators to magnetohydrodynamic
power generators. Alumina is a low-loss dielectric material, the dielectric constant
placing it well within the insulating range with a value of 8.8 at 1 MHz [75]. The
dielectric properties of sapphire are anisotropic, and there is a 20% difference in
permittivity between the a- and c-axis directions of the sapphire single crystal [76].
The alumina single crystal has one of the lowest loss tangents known, at about
0.001 [77]. The electric properties of polycrystalline aluminas are influenced by the
presence of grain boundary impurities, especially of alkalis, iron, and titanium [75].
Improvements in the insulating properties and a decrease in the loss tangent can be
achieved by reducing the porosity [78], increasing the purity [79], or by eliminating
any impurities with valence that is different from AI’>*, mainly H ", Fe* ", Mg**,
Ca” ™, Si**,and Ti** [80]. Nevertheless, the presence of certain contaminants, such
as TiO,, can be advantageous in some cases, most likely due to the better final
microstructure of Al,O3 [81].

1.3
Magnesium Oxide

Magnesia has been used traditionally for the fabrication of basic refractories mainly
used in steelmaking, gradually developing from inexpensive doloma refractories
through highly resistant magnesia linings to MgO refractories containing graphite,
which decreases the wetting of bricks by molten slags. Recently, considerable
attention has been paid to the fabrication of fully dense fine-grained, defect-free
MgO, on the basis of its expected excellent mechanical, thermal, and optical
properties [82]. Fully dense MgO exhibits a high transparency to both IR and visible
light, from 300 nm to 7 um, and therefore might potentially be used as a substitute
for sapphire IR windows and protectors for sensors. Magnesium oxide (electrical
grade) is used in the electrical heating industry due to its high dielectric strength
and relatively high thermal conductivity. In addition, the combination of electrical
and refractory properties facilitates its use in high-temperature crucibles, thermo-
couple tubes, kiln furniture, and insulators. Due to its high-temperature
stability, porous magnesia is also a suitable candidate for the support of combustion
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Table 1.3  Physical properties for single-crystal MgO.

Property Value

Density 3.58gcm

Solubility 0.00062 g in 100 g water
Thermal conductivity 42Wm K at0°C
Coefficient of thermal expansion 10.8 x 10"%/K at 0°C
Dielectric constant 9.65 at IMHz

Young’s modulus 250GPa

Shear modulus 155 GPa

Poisson’s ratio 0.18

catalysts used in a high-temperature environment. Vanadium on a magnesium oxide
support (V/MgO) is used as a selective catalyst for the oxidative dehydrogenation of
alkanes.

1.3.1
Crystal Structure and Properties of Single-Crystal MgO

Magnesium oxide is a highly ionic crystal, with the Mg—O bonds having about 80%
ionic character, and with a cubic face-centered crystal lattice (space group Fm3m).
MgO has no polymorph transitions from room temperature to melting point at
3073 K. The physical properties of the MgO single crystal are listed in Table 1.3.

1.3.2
Natural Sources and Production

Magnesia (MgO) occurs in Nature largely as magnesite (MgCO;) and dolomite (Mg,
Ca)COs, and also rarely in oxide form as the mineral periclase. Magnesia refractories
containing MgO can be obtained from high-purity magnesite ores simply by
beneficiation and subsequent calcination at 500-700°C. Sea water, brines, and
deposits of MgO-rich salts represent other commercial sources of magnesia. Sea
water contains about 1 kg of MgO per 5001, in the form of magnesium chloride; the
latter is reacted with an alkali source (commonly lime or slaked doloma) to form a
precipitate of Mg(OH), thatis then washed, filter-pressed, dried, and calcined in large
rotary kilns at 750-900 °C [50].

For the synthesis of high-purity, fine-grained MgO powders with excellent sin-
terability, as are required for the preparation of optical-grade magnesia, chemical
techniques are used. The range of methods used includes the evaporative spray
decomposition of a suitable precursor solution (e.g., magnesium acetate) [83], the
thermal decomposition of MgCl, to MgO and HCI with subsequent washing, the
reaction of MgCl, with citric acid in an excess of ammonia [84], and a vapor-phase
oxidation process [85]. The sinterability of magnesia powders can be markedly
improved by mechanical activation (e.g., high-energy milling).
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133
Polycrystalline Magnesia

Due to the refractoriness of magnesia, either a high temperature or the application of
pressure is usually required to attain a high density, although this generally leads to an
undesirable microstructure coarsening and deterioration of the mechanical properties.
Additives that lower the sintering temperature include SiO, + B,03 [86], fluorides
(LiF) [87], and V,0s. With the addition of approximately 0.5 cat%, the latter facilitates a
complete densification by pressureless sintering at temperatures aslowas 1250 °C. The
final microstructure consists of 10 um MgO grains with Mg;V,0g precipitates [88].
Translucent or transparent MgO is prepared from fine, active high-purity MgO
powders with the use of pressure-assisted sintering techniques such as hot pressing
(HP), HIP, or spark plasma sintering (SPS). Translucency is achieved under relatively
moderate conditions (HIP 1100 °C/0.5 h, 99.7% theoretical density, average grain size
0.8 um). Much higher temperatures are required to achieve full transparency (HIP
1500-1600°C, relative density 99.9%, in-line transmission 65% of the MgO single
crystal); however, the mechanical properties of the resultant material with a mean grain
size of 132-199 pum are poor [89]. The hot pressing of a magnesia nanopowder (particle
size 11 nm) at 790 °C and 150 MPa yields dense MgO ceramics with a relative density
>99.5%, and with an average grain size of 73 nm[90]. SPS at temperatures between 700
and 825 °Cand pressures of 100-150 MPayields fully dense transparent nanocrystalline
MgOwithanaverage grainsize of 52 nm, and within-line transmissions 0of40%and 60%
of the MgO single crystal for the yellow and red light wavelengths, respectively [91].
It is generally believed that nanocrystalline MgO should possess superior me-
chanical properties, especially of strength and hardness, in comparison with its
microcrystalline counterparts. If this hypothesis were true, it has never attracted any
scientific evidence, and to the present authors’ knowledge there is no information
currently available on the mechanical properties of pure nanocrystalline MgO.

1.4
Zinc Oxide

Zinc oxide (ZnO) is perhaps best known as a good base for white pigments in paints,
tableware, sanitary ware, tiles, and glasses. It also finds industrial use in the rubber
industry, and as a component of opaque sunscreens. Recently, ZnO has attracted
significant attention as a material for ultraviolet (UV) light-emitters, varistors,
transparent high-power electronics, surface acoustic wave devices, piezoelectric
transducers, and gas-sensors, and also as a window material for displays and solar
cells. The quality and control of conductivity in bulk and epitaxial ZnO have raised
interestin the use of this material for short-wavelength light emitters and transparent
electronics [92, 93]. As a wide bandgap semiconductor (E;=3.2eV), ZnO is a
candidate host for solid-state blue to UV optoelectronics, including lasers.
The applications include high-density data storage systems, solid-state lighting,
secure communications, and biodetection. The most significant barrier to the
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widespread use of ZnO-related materials in electronic and photonic applications is
the difficulty in carrier doping, particularly in achieving p-type material.

1.4.1
Crystal Structure and Properties of Single-Crystal ZnO

ZnO normally has the hexagonal (wurtzite) crystal structure with lattice parameters
a=3.25A and c=5.12A (space group P6smc). The Zn atoms are tetrahedrally
coordinated to four O atoms, where the Zn d-electrons hybridize with the oxygen p-
electrons. Layers occupied by zinc atoms alternate with layers occupied by oxygen
atoms [94]. Whilst a bond between the Zn and O atoms exhibits covalent charac-
teristic in the c-direction, it is mostly ionic in the a-direction [95]; consequently, ZnO
single crystals have highly anisotropic properties.

ZnO nanocrystals may have different structures, depending on the method of
preparation. For example, nanoparticles formed by the oxidation of zinc vapor have
the zinc-blende structure when smaller than 20 nm, and form tetrapod-like crystals
on further growth [96]. ZnO particles prepared via the flash evaporation method have
a cubic crystal structure [97].

1.4.2
Natural Sources and Production

The most important zinc ore is zinc sulfide, found as the mineral sphalerite. The
majority of ZnO is produced by the so-called “French process,” which has been
utilized since 1844. For this, metallic zinc is melted at 419.5 °C in a graphite crucible
and vaporized above 907 °C. The zinc vapor then reacts with oxygen in the air to form
zinc oxide, which normally consists of agglomerated zinc oxide particles with sizes
ranging from 0.1 pm to a few microns, and a purity of up to 99.9%. A modification of
the French process, known as the catalyst-free combust-oxidized mesh (CFCOM)
process, yields acicular ZnO nanostructures (rods, wires, tripods, tetrapods, plates).
The so-called “active zinc oxide” which is used to prepare advanced ceramics, is
produced by dissolving a zinc ore in hydrochloric acid, followed by alkali precipi-
tation. The precipitated zinc hydroxide is then removed by filtration, calcined, and
micronized to obtain the powdered form [98]. More sophisticated methods include
the thermal decomposition of zinc oxalate dihydrate [Zn(C,04)-2 H,0] [99], the
microwave irradiation of a Zn(NOj3), solution neutralized at pH ~8-12 [100], the
homogeneous precipitation of Zn(SO,) or Zn(NOj3), by ureaat 100 °C[101], the direct
conversion of Zn(NOs),-6 H,O-derived zinc hydroxide gel to crystalline product [102],
or the combustion synthesis of zinc nitrate with glycine [103].

1.4.3
Properties

The physical properties of ZnO crystals depend heavily on the concentration of native
defects caused by deviations from the stoichiometric composition. A review on this
subject is available in Ref. [104].
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Table 1.4 Basic physical properties of single-crystal ZnO.

Property Value
Density 5.606gcm™?
Stable phase at 300 K Wurtzite
Melting point 1975°C
Thermal conductivity a:0.6Wm 'K!
¢ 1-1.2Wm 'K
Electrical conductivity a:3Qcm
c:8.2Qcm
Coefficient of linear thermal expansion a:65x 10 °x!
¢3.0x10 °K !
Refractive index a: 2.008
c: 2.029
Energy gap 3.2V, direct

Although the basic physical characteristics of ZnO are summarized in Table 1.4,
uncertainties persist with regards to some of these values. For example, the thermal
conductivity exhibits a spread of values, most likely due to the presence of various
crystal defects, such as dislocations [105].

Pure ZnO is an n-type semiconductor due to the incorporation of excess Zn, which
causes a donor band conduction at low temperatures. A direct band gap of zinc oxide
semiconductor is 3.2 eV (387 nm, deep violet/borderline UV). The bandgap can be
altered by doping ZnO with divalent substitutes on the cation site: the addition of Cd
reduces the bandgap to ~3.0 eV [106], while substitution of Zn by Mg increases the
bandgap to ~4.0eV.

The mechanical properties of polycrystalline ZnO ceramics are of special impor-
tance for their applications as varistors (see Section 1.4.4.1). When a varistor
experiences a high-current pulse, the electrical energy is quickly converted to heat.
The inertia of the material, which resists its thermal expansion, and the resonances of
the resultant elastic waves in the block, may lead to microcracks and finally to
mechanical failure [107]. Characteristic values of mechanical properties of ZnO
ceramics are 1.2-1.4 MPa m'/? for fracture toughness, and 100125 MPa for flexural
strength.

1.4.4
Applications

1.4.4.1 ZnO-Based Varistors

Zinc oxide is best known for its use in varistors—that is, resistors with strongly
nonlinear current—voltage characteristics. Such behavior was first reported in 1971 by
Matsuoka, who observed the nonlinear electric properties of ZnO ceramics doped
with Bi,Os3, CoO, MnO, Cr,03;, and Sb,0s3, and attributed such behavior to the
presence of a bismuth-rich phase between the ZnO grains [108]. The nonlinear
electrical characteristics of the nanometer-thick grain boundary phase is controlled
by double Schottky barriers that result from electrons being trapped at the interface
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and screened by the ionized shallow and deep bulk defects [109-112]. As a result, the
conductivity of ZnO-based varistors increases by several orders of magnitude when a
characteristic voltage is exceeded. This switching property of varistors, which is not
only reversible but also very fast, provides an opportunity for their use as surge
arresters in power transmission, and for the protection of electronic devices.

The current-voltage curve of a varistor consists of three distinct regions [113]:

o DPre-switch, where the behavior is ohmic and the resistance is controlled by the low
grain-boundary conductivity.

¢ Switch or breakdown, where the behavior is nonlinear.

¢ High-current ohmic, where the resistance is controlled by the grain conductivity.

Various dopants may either alter or improve the nonlinear behavior of ZnO varistors,
the most important being Bi,O3 and Sb,0;. Today, a wide range of additives is used in
commercial varistors, and these usually comprise up to 10 components including Bi, O3,
Sby03, Co304, SNO,, Cry03, MnO/MnO,, Al,05, and Ag,0. To assess the exact role of
any of these is virtually impossible, as many of the dopants have a high vapor pressure at
thetemperature of sintering, such thatthe composition often changes due to component
vaporization. Uncontrolled Bi,O3 vaporization is often a critical parameter in the
manufacture of commercial varistors [114, 115].

Bi,0; is vital for the successful sintering of zinc oxide-based ceramics, due to the
formation of a low-temperature eutectic with ZnO at 740 °C. The solubility limit of
bismuth III-oxide in ZnO may be up to 25 mol% [116]. The bismuth-containing melt
cools to form an amorphous phase (located mainly in triple grain boundary junctions
and to a lesser extent at the grain boundaries), and a secondary crystalline pyrochlore
phase of nominal composition Zn,Bi3Sb;014. The segregation of bismuth and
oxygen (and to a certain extent also of other dopants) at the grain boundaries is
crucial to achieve specific varistor properties.

Sb,0; is added for better microstructure control during the course of sintering. At
low temperatures, Sb,O3 binds Bi,0; and forms the pyrochlore phase, thus shifting
the onset of liquid-phase sintering to a higher temperature. The pyrochlore then
reacts with ZnO to yield an electrically insulating grain boundary pinning spinel
phase (Zn;Sb,0;,) [117] and free Bi,O; [116, 118]:

T<900°C

2Zn0O + 3/2 Sb203 + 3/2 BizO} + 3/2 Oz e anBi3Sb3014 (pyrochlore)
(1)
. 900—-1000 °C . P
27Zn,Bi3Sb3014 + 17Z2n03 —————— ZnySb, 01, + 3Bi, 03 (hquld) (2)

Both, spinel and pyrochlore accommodate excess dopants, the concentrations of
which exceed their solubility limits in ZnO, and therefore they concentrate at grain
boundaries [113]. The microstructure of a ZnO varistor will then comprise ZnO
grains, a bismuth-rich phase, and spinel grains, which can be located either inter- or
intragranularly (Figure 1.5).

An inhomogeneous microstructure results in the formation of preferred current
paths in a varistor, its local overheating, and mechanical failure. Microstructural
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Figure 1.5 A backscattered-electron microscopy image of a polished ZnO varistor ceramics
sintered at 1170 °C. The dark gray phase is ZnO, the light-gray is spinel, and the white is the bismuth-
rich phase [131].

homogeneity is also important in order for a varistor to have a long service life; a
continuous bismuth-rich network will contribute towards the leakage current that
will provide the varistor with better pre-breakdown characteristics [119]. The leakage
current in commercially formulated ZnO varistors is known to increase when Sb,03
is replaced by SnO, [120].

The high volatility of Bi,O; and the need for many minor additives in order to
achieve a high performance, led to development of zinc oxide-based varistors with
other varistor-forming oxides (VFOs). In PrO,;-doped varistors, the most important
two additives are PrsO; 4, which gives rise to the nonlinear properties, and CoO, which
enhances such properties [121-125]. Further improvement of the nonlinear properties
by other minor additives (e.g., by Dy,0s3) is not possible in the absence of cobalt
oxide [126]. A simple three-oxide formulation, based on the addition of small amounts
of vanadium and manganese oxides to zinc oxide, yields varistor behavior with a
nonlinear coefficient in excess of 20 [127, 128]. Other VFOs which have been used
include MnO, together with V,0s [129], and a combination of NiO and CoO [130].

1.4.4.2 Other Applications of ZnO Ceramics

The majority of the ZnO that is produced is used in cosmetics, catalysis, and in the
rubber industry, or as pigments in the production of tableware, sanitary ware, tiles,
and glasses. The unique semiconducting properties of ZnO predestine its use in
electronic devices. Notably, ZnO is interesting on the basis of its large exciton-
binding energy (~60 meV), wide band gap and low lasing threshold. Consequently,
ZnO one-dimensional semiconductor nanostructures (e.g., nanowires, nanorods or
nanocolumns; see Figure 1.6) have become important fundamental building
blocks for short-wavelength nanophotonic devices, and represent a substantial
promise for integrated nanosystems [132]. Zinc oxide-based ceramics with nonlinear
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Figure 1.6 Representative field emission scanning electron microscopy images of ZnO
nanocolumns grown at 400°C on a Si (001) substrate. (a) Grown for 30 min; (b) Grown for
50 min [132].

voltage—current characteristics (VCC) are used in gas sensors for NO, and volatile
organic compounds (VOC), such as benzene, toluene, and xylene. ZnO-based diluted
magnetic semiconductors (DMS) are used in spintronics applications.

1.5
Titanium Dioxide

Titanium dioxide (TiO,) is probably best known, and most widely used, as a brilliant
white pigment and component of sunscreens. Recently, it has attracted increasing
attention in the electronics industry due to its high dielectric and semi-conducting
properties, photocatalytic activity, and good biocompatibility.

1.5.1
Crystal Structure and Properties of Single-Crystal TiO,

Titanium oxide forms three polymorphs: rutile, brookite, and anatase [133]:

e Rutileisatetragonal mineralusually of prismatichabit, often twinned. The unitcell of
rutile (space group P4,/mnm, a=4.5845A; c¢=2.9533 A, density 4.274g cm>)
contains titanium atoms at the corners and in the center. Each titanium atom is
surrounded by an approximate octahedron of oxygen atoms, and each oxygen atomis
surrounded by an approximate equilateral triangle of titanium atoms (Figure 1.7a).

e Anatase is a tetragonal mineral of octahedral habit. The unit cell has a space
group [4,/amd, with the parameters a=3.7842 A, c=9.5146 A, and a density of
3.895gcm * (Figure 1.7b).

o Brookite is an orthorhombic mineral with the unit cell parameters a=9.184 A,
b=5.447 A, c=5.145 A, the space group Pbca, and a density of 4.123gcm >
(Figure 1.7¢).

Anatase and brookite are metastable phases, and their exothermic and irreversible
conversion to rutile at high temperatures has been widely investigated. Both,
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Figure 1.7 Crystal structures (from left to right) of rutile, anatase, and brookite [133].

ultrafine anatase and brookite transform upon coarsening to rutile when they reach a
certain particle size [134, 135]. Once rutile has been formed, it grows much faster
than anatase. The thermodynamic analysis of this phase stability indicates that
anatase becomes more stable than rutile for particle sizes <14 nm. The transfor-
mation sequence and phase stability depend on the initial particle sizes of anatase and
brookite [136-138].

21
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1.5.2
Natural Sources and Production

The most important natural source of titania is iron titanate, known as the mineral
ilmenite. Titanium oxide occurs also in its pure form, as the mineral rutile. Titanium
dioxide is produced industrially via the sulfate process, whereby ilmenite (FeTiO3) is
hydrolyzed with sulfuric acid at >95 °C, after which TiO, is obtained by calcination at
>800°C. Rutile is purified by treatment with hydrochloric acid gas and conversion
into titanium tetrachloride; TiO, is produced by treating the TiCl, with oxygen at
>1000°C.

The preparation of ultrafine-grained titania powders of specific phase composition
has been described in several reports [139-141]; the starting materials and process
conditions have a profound influence on the formation of TiO, nanocrystallites with a
well-defined morphology (Figure 1.8.)

1.5.2.1 Synthesis of Anatase

Nanocrystalline anatase is usually prepared by hydrothermal synthesis or by sol-gel
methods, using titanium alkoxides as the precursors. The TiO, precipitates can be
produced by a reaction of TiOCl, and NH,OH solutions, and subsequent treatment
with NaOH or aging in boiling water [142]. A single-phase anatase powder is prepared
by conventional or microwave hydrothermal (MH) synthesis from TiOCl, or a TiO,
colloid [143, 144].

Figure 1.8 Morphologies of commercial anatase powders from various producers. (a) AMT-100;
(b) AMT-600 (both Tayca Co., Osaka, Japan); (c) ST-01 (Ishihara Sangyo Kaisha Ltd., Osaka, Japan);
(d) F-4 (Showa Denko K. K., Tokyo, Japan); (e) Sigma-Aldrich Co [147].



1.5 Titanium Dioxide |23

Anatase thin films are produced by dry processes such as sputtering and chemical
vapor deposition (CVD), or by wet processes such as dip coating, sol-gel, spray-
coating, and spin-coating. These methods require high temperatures (hundreds of
°C) in order to achieve a fully crystalline anatase; the coating of surfaces with a lower
thermal stability is therefore not possible. The development of procedures allowing
near-ambient crystallization of anatase is therefore of profound importance. The
available low-temperature syntheses utilize solutions of hazardous precursors, such
as ammonium hexafluorotitanate [145], or titanium fluoride [146]. Crystalline
anatase can be prepared under ambient conditions via the hydrolysis of tetraethy-
lorthotitanate with acetylacetone, with added seeds of commercial anatase [147].

1.5.2.2 Synthesis of Rutile

The synthesis of pure rutile is difficult, as the crystallization normally yields mixtures
of two, or even all three, polymorphs. Rutile is usually prepared via a hydrothermal
synthesis from chlorides and oxychlorides of titanium seeded with rutile nanocrys-
tals at temperatures below 250 °C. The addition of hydrochloric acid and aqueous
alcohol solutions facilitates the preparation of rutile at temperatures between 40 and
90°C [148]. Despite the risk of contamination, mineralizers (e.g., SnO,, NH,Cl or
NaCl) are often used in order to reduce the size of rutile crystals. The reaction times of
the hydrothermal synthesis of rutile can be significantly reduced by microwave
irradiation [149]. A single-phase rutile with nanosized, well-dispersed particles
prepared by a 2h treatment of partially hydrolyzed 0.5M TiCl, solution at 160°C
is shown in Figure 1.9.

1.5.2.3 Synthesis of Brookite
The synthesis of brookite is difficult since, as in the case of anatase, it normally yields
a mixture of brookite and rutile and/or anatase. There is no general agreement as to

Figure 1.9  (a) Micrograph of rutile powder prepared by hydrothermal treatment of 0.5 M TiOCl,
solution at 160 °C for 120 min (scale bar = 100 nm) [149]; (b) Micrograph of brookite nanoparticles
with a mean size of ~30 nm, prepared by the method described in Ref. [152] (scale bar =500 nm).
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Table 1.5 Physical properties of various polymorphs of titania single crystals.

Property Value
Anatase Rutile Brookite

Density [gcm ] 3.84 4.26 4.11
Melting point [°C] — 1843 —
Refraction index 2.49 2.903 2.705

2.583
Electrical resistivity [Q-cm, RT] 10%-10°
Energy gap [eV] 3.23

the factors responsible for the formation of brookite. Pottier et al. [150] have claimed
that chloride ions are necessary in the reaction mixture to form brookite, whereas
Kominami et al. [151] considered sodium salts, water and the organic titanium
complex to be indispensable components for its successful synthesis. An example of
100% nanocrystalline brookite with an approximate particle size of 30 nm synthe-
sized by the hydrolysis of TiCl, in acidic liquid media with isopropyl alcohol and water
is shown in Figure 1.9b [152].

153
Properties of TiO, Polymorphs

Some physical properties of the three polymorphs of TiO, are listed in Table 1.5.
Systematic data on titania single crystals are relatively scarce, and this applies
especially to brookite, most likely due to difficulties with its preparation. The
presence of impurities also results in a significant scatter of the property values.

15.4
Polycrystalline Titania

Polycrystalline TiO, is a functional ceramic of high technological importance that is
used in the production of varistors, gas sensors, photovoltaic cells, dielectric
resonators, and field-effect transistors as a gate dielectric. The electric properties
of polycrystalline TiO, are heavily influenced by the presence of trace elements,
impurities, as well as the oxygen partial pressure and temperature during the course
of processing, all of which alter the bulk concentrations of the point and electronic
defects. If sintering is allowed to occur in air or under a low oxygen partial pressure, a
partial reduction of TiO, will take place. By using the Kroger-Vink notation, this
reduction can be described in terms of the formation of oxygen vacancies [Eq. (3)],
Ti* " interstitials [Eq. (4)], Ti’ " interstitials [Eq. (5)], or oxygen vacancies and Ti> "
species in octahedral lattice sites [Eq. (6)] [153]:

208 < 2V, +4€ + 0, (3)
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Tif, + 205 & Ti; +4e' + 0, (4)

Tif, + 208 & Ti; + 3¢ + 0, (5)
=X X ] - 1

ZTlTi + OO < Tip + VO + E (0)) (6)

The powders used for the preparation of polycrystalline ceramics usually comprise
rutile, or a mixture of rutile with other titania polymorphs. Both, brookite and anatase
convert irreversibly to rutile in the temperature range of 700-920°C; sintered
materials will therefore usually comprise polycrystalline rutile. Sintering tempera-
tures of up to 1500 °C are required to attain dense samples for powders with particle
sizes of 0.2-3 um, although lower sintering temperatures are possible with finer
powders. Sintering aids such as SrCO3;, Bi,O3, and SiO, are used, which act either
through increasing the concentration of lattice defects through the formation of a
solid solution, or by forming a liquid phase at the temperature of sintering [154]. The
physical properties of polycrystalline titania are summarized in Table 1.6.

1.5.5
Applications of TiO,

Due to its very high refractive index, TiO, is a brilliant white pigment and opacifier
thatis used in paints, plastics, papers, foods, and any other applications which require
a bright white color. Titanium dioxide is an important component of sunscreens, as
the nanoparticles of rutile are transparent to visible light but reflect UV light. Due to
its high dielectric constant, TiO, deposited in thin films is used in optical coatings for
dielectric mirrors and beam splitters.

Table 1.6  Physical properties of fully dense sintered polycrystalline titanium dioxide ceramics.

Property Value
Density 4.0-42gcm™?
Poisson’s ratio 0.27
Compressive strength 680 MPa
Fracture toughness 2.8-6.1MPam™'/?
Young’s modulus 230GPa
Microhardness [HV 0.5] 880
Electrical resistivity (25°C) 102Q-cm

(700°C) 2.5x10°Q-cm

Dielectric constant [1 MHz] 85
Dielectric loss tand [25 °C] 6x107°
Thermal expansion [RT-1000°C] 9x107°K™!

Thermal conductivity [25 °C] 11.7WmK ™"




Nonlinear Exponent o

26

(@)

1 Ceramic Oxides

Titanium dioxide is an n-type semiconductor that is used in thin-film oxygen and
humidity sensors [155, 156]. Doping with other metal oxides (e.g., iron oxides)
increases the sensitivity and selectivity of the titania oxygen sensors [157, 158]. In
comparison to zirconia, titania sensors have a better resistance against lead
poisoning.

Titania is known to exhibit varistor properties, with alower breakdown voltage than
ZnO-based varistors. The firstreported (Nb, Ba)-doped TiO, varistors had a nonlinear
exponent of about 3—4 [159], but today Ta- and Ba-doped TiO,-based varistors with a
nonlinear coefficientin the range of 20-30 are well known [160]. Those dopants with a
+5 valence, such as Nb and Ta, and with an ionic radius similar to that of Ti**,
dissolve in the TiO, lattice and reduce its resistivity by donating conductive elec-
trons [161]. Some codopants, such as Ba and Bi, tend to exsolve during cooling and
react with rutile to form secondary phases, Ba,TigO, and Bi,Ti,O;;. Subsequent
slow cooling decreases the Bi * * (Bi%;) acceptor concentration in rutile grains in near-
grain boundary regions, thus reducing the barrier height with a corresponding
reduction in nonlinear exponent values (Figure 1.10) [162].

Titanium dioxide, and anatase in particular, has strong photocatalytic properties
under UV light, with both electron and hole pairs being generated in TiO,. These
respectively reduce and oxidize any substances adsorbed onto the anatase surface,
thus producing the radicals OH~ and O” that are capable of decomposing most
organic compounds and killing bacteria; consequently, this represents a major
potential for anatase crystals to be used in water and air purification, or as wastewater
remediation [163]. The reaction activity of anatase crystals is orientation-dependent;
for example, water reduction and photooxidation each take place at more negative
potentials for the anatase (00 1) surface than for the anatase (1 0 1) surface [164]. The
orientation of anatase nanocrystals with (0 0 1) preferred growth would, therefore, be
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Figure1.10  (a) The variation of nonlinear exponentand (b) breakdown voltage of Ba-doped titania
varistors [162].
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Figure 1.11 Cross-sectional view of hydroxyapatite layer formation on nano-TiO, coating after a
four-week period soaking in a simulated body fluid [166].

expected to increase the charge conversion efficiency of photocatalysis. Anatase,
when exposed to UV light, also becomes increasingly hydrophilic, providing a
potential to produce windows with anti-fogging coatings or self-cleaning properties.
Consequently, TiO, is added to paints, cements, windows, tiles, or other products in
order to provide sterilizing, deodorizing, and anti-fouling properties. TiO, is also
incorporated into outdoor building materials, where it will reduce the concentrations
of airborne pollutants, such as VOC and NO,.

Arecently reported photocatalytic activity of brookite within the visible wavelength
range also provides the opportunity for even broader applications of titania-based
photocatalysts. For example, Showa Denko K.K. (Japan) have commercialized a new
brookite nanoparticles-based photocatalyst that is responsive to visible light [165],
although details of its synthesis are presently unavailable such that the company is the
sole producer of brookite-based photocatalysts worldwide.

The biocompatibility of TiO, has been demonstrated by the formation of apatite
on TiO, substrates in simulated body fluids [166-169] (Figure 1.11). As an example,
plasma-sprayed TiO, coatings on Ti alloys have shown promising in vivo corrosion
characteristics, and may act as a chemical barrier against the release of metal ions
from medical implants [170].

1.6
Zirconium Oxide

Zirconia-based ceramics are characterized by a unique combination of high strength,
toughness and chemical resistance, which allows their use in harsh environments
under severe loading conditions. Typical applications include tools for cutting difficult
materials such as Kevlar, magnetic tapes, plastic films, or paper items. It was shown
long ago that wire-drawing dies and hot-extrusion dies made from zirconia could
outperform their conventional counterparts [171]. Zirconia is considered as an
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Table 1.7 Lattice parameters of zirconia polymorphs.

Crystal structure Monoclinic Tetragonal Cubic
Space group P2,/C P4, /nmc Fm3m
Unit cell parameters a=5.156A a,=5.094A a =5.124A
b=5.191A =>5.177A
c=5.304A
B =98.9°
Density [g cm ] 5.83 6.10 (calc.) 6.09 (calc.)

attractive matrix for nuclear applications, such as an inert matrix for the destruction of
excess plutonium, or as a good host material for nuclear waste storage. Other
applications include seals in valves, chemical and slurry pumps, thread guides, and
bearings. Other important fields of application include biological implantation
materials, examples being the replacement of worn or injured joints such as the
hip or knee [172]. Functional applications of zirconia include (but are not limited
to) thermal barrier coatings, solid electrolytes, oxygen sensors, and materials for
fuel cells.

1.6.1
Crystal Structure and Properties of Single Crystals

Zirconia is known to exist as three, well-defined polymorphs, namely monoclinic,
tetragonal, and cubic [173], although the existence of a high-pressure orthorhombic
form has also been reported [174]. The lattice parameters of zirconia polymorphs are
summarized in Table 1.7.

Monoclinic zirconia consists of a sevenfold coordinated Zr*+ cation, such that the
oxygen ions with Oy; coordination are almost tetrahedral, but with one angle in the
structure differing significantly from the tetrahedral value (Figure 1.12a). Tetragonal

(a) (b) (c)

AN A"

Figure 1.12  Crystal structures of (a) monoclinic, (b) tetragonal, and (c) high-temperature cubic
ZrO, polymorphs.
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Table 1.8 Some physical properties of single-crystal ZrO,.

Property Value

Transformation temperatures m—t 950-1200°C

t—c 2370°C
Melting point Tetragonal 2677°C

Cubic 2500-2600°C
Coefficient of thermal expansion
Monoclinic a 1.03 x 10"%/K

b 0.135 x 107%/K

c 1.47 x 10%/K
Cubic 7.05-13 x 10~ %/K (0-1000°C)
Specific heat capacity [20°C] 64.29k] mol 'K
Refractive index (cubic) 2.15-2.18
Young's modulus (tetragonal) 140-200 GPa
Hardness (cubic) 8-8.5 Mohs

zirconia contains the eightfold-coordinated Zr** cation with four oxygen ions
placed at a distance of 2.065 A in the form of a flattened tetrahedron, and four at
2.455 A in an elongated tetrahedron rotated through 90 ° (Figure 1.12b). The high-
temperature cubic polymorph has a face-centered CaF, structure with an eightfold-
coordinated Zr*" atom with oxygen ions arranged in two equal tetrahedra
(Figure 1.12c).

Some physical properties of zirconia single crystals are summarized in Table 1.8. It
should be noted, however, that these values are only for orientation; in the case of
stabilized forms of the tetragonal and cubic polymorphs, the properties will be
significantly influenced by the presence of stabilizing aids (see below).

1.6.2
Natural Sources and Production

Zirconia is found as the free oxide baddeleyite, always accompanied by hafnium oxide
as the impurity; however, the most frequent source of zirconia is its compound oxide
with silica, known as the mineral zircon (ZrO,-SiO,).

Pure zirconia is obtained via the chlorination and thermal decomposition of
zirconia ores, their decomposition with alkali oxides, and lime fusion. The initial
stage of the process is based on the chlorination of zircon in the presence of carbon at
a temperature of 800-1200°C in a shaft furnace:

On completion of the reaction the zirconium tetrachloride is distilled off, con-
densed, and then hydrolyzed with water to yield a solution of zirconium oxychloride,
ZrOCl,. The latter is then crystallized and the crystals calcined to produce hard
granular ZrO,.
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The most common method for purifying zirconia ores is the breakdown of
baddeleyite and zircon by reaction with sodium hydroxide at temperatures above
600°C [175]:

ZIOZ . SIOZ +4N3.0H — N322T03 + Nazsi03 + 2H20 (8)

Alternatively, sodium carbonate can be also used, at a temperature of approxi-
mately 1000 °C:

ZIOZ . SIOZ + N32CO3 — NaZZr5105 + COZ (9)

ZIOZ . SIOZ + 2N3.2C03 — NaZZrO3 + Na25103 + C02 (10)

The sodium silicate is removed by leaching in water, which at the same time
hydrolyzes the zirconates to complex hydrated hydroxides of zirconia. These can be
directly calcined to yield impure oxides, or further purified for example by treatment
with sulfuric acid. The zirconyl sulfates formed are precipitated with a solution of
ammonia to form the basic zirconium sulfate ZrsOg(SO4),-x H,0, and then calcined.

Lime fusion is based on the reaction of zircon with calcia, or doloma, which yields
calcium zirconium silicate, calcium zirconate, calcium silicate, zirconium oxide,
calcium magnesium silicate and the mixtures thereof, according to the reaction
conditions:

1000 °C

CaO + Zr0, - Si0) —— CaZrSiOs (11)
. . 1600°C .
2Ca0 + Zr0, - Si0, ——— Zr0O, + CaSiOy4 (12)

The calcium silicate is removed by leaching with hydrochloric acid, and the
remaining zirconia washed and dried.

Recent research efforts have been focused on the synthesis of doped, stabilized
zirconia powders, especially with nanometer-sized particles. Nanocrystalline stabi-
lized powders are vital for the preparation of nanocrystalline materials, as their
properties are fundamentally different from those of conventional powders, due to
the extremely small crystalline dimension, superior phase homogeneity and low-
temperature sinterability that significantly determines the later-stage processing and
sintering properties of ceramics.

A large variety of methods which include (but are not limited to) hydrothermal or
solvothermal synthesis, spray-drying, air-plasma-spraying, combustion synthesis
(spray pyrolysis), autoignition, coprecipitation, and polymerization/sol-gel have
been used for the preparation of stabilized zirconia nanopowders. Typical precursors
comprise ZrOCl,-8 H,0, ZrO(NOs),-6 H,0, and nitrates, chlorides or other inor-
ganic salts of stabilizing metals, such as Mg, Ca, Y, Ce, and Pr. The application of
microwaves represents an efficient means of enhancing the crystallinity and de-
creasing the processing time of doped zirconia nanopowders. Ultrafine particles may
be synthesized using complexing process, whereby the metal ions are retained in
homogeneous solution with the aid of complexion agents such as lactic acid, citric
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acid, or ethylenediaminetetra-acetic acid (EDTA). Precipitation of the particles occurs
when the complex is broken and large amounts of nuclei are dumped into solution.
At this point, almost all available energy is consumed in the formation of nuclei and,
as a consequence, growth of the nuclei is limited such that ultrafine particles result
from the process.

1.6.2.1 Phase Transformation of Zirconia

The phase transformation of zirconia is a process of major technological importance,
notably the transformation from monoclinic (m) to tetragonal (t) zirconia that is
associated with a volume decrease of approximately 3-5%. The transformation is
generally described as a reversible, atermic, difusionless thermoelastic shear process,
which proceeds at near-sonic velocities. However, recent investigations have sug-
gested that the t — m transformation is a semi-thermoelastic rather than thermo-
elastic process, due to the presence of a large thermal hysteresis and a high critical
driving force and reversible motion of the t-m interface, which can occur only under
thermal stress [176].

Areverset — m transformation and related volume increase during the course of
cooling the zirconia parts from the processing temperature, which exceeds the
reported temperature for unconstrained transformation of 1174 & 6 °C [177], results
in significant strains, which can be only accommodated by the formation of cracks.
Thus, the fabrication of large parts of pure zirconia is not possible due to spontaneous
failure on cooling.

Garvie et al. were the first to realize the potential for the phase transformation of
zirconia in enhancing the mechanical properties of ceramics [178], and subsequently
developed the concept of “transformation toughening.” For this, the phase trans-
formation of a metastable tetragonal zirconia particle can be induced by the stress
field at the tip of a propagating crack. The volume change and shear strain associated
with the transformation oppose the opening of the crack, thus increasing the
resistance of the ceramic to crack propagation. One example of such a material is
zirconia-toughened alumina (ZTA), in which the transformable tetragonal zirconia
particles are embedded in a matrix with a high elastic modulus. This imposes elastic
constraints that prevent transformation back to the monoclinic form. If a crack were
to be extended under the stress, then large tensile stresses would be generated around
the crack, especially ahead of the crack tip [179, 180]. These stresses would release the
matrix constraints such that the transformable tetragonal inclusions would trans-
form to monoclinic, and the resultant volume expansion (~3%) and shear strain
(~1-7%) would lead to the generation of a compressive strain in the matrix. If this
were to occur in the vicinity of the crack, then extra work would be required to move
the crack farther.

There exists a size interval for zirconia particles, where the tetragonal particles
can be transformed by stress. If the particles are less than critical size they will
not transform, but if they are larger than the critical size then they will transform
spontaneously. The spontaneous transformation of overcritical particles facilitates
the additional toughening mechanism known as “microcracking.” On cooling
through the transformation temperature, the volume expansion of 3-5% is
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Figure 1.13 Microcrack formation around a transformed zirconia particle.

accommodated by the formation of radial microcracks around the zirconia particles.
The fracture resistance is increased by the deviation of a propagating crack into the
transformed particle, and bifurcation of the crack around it (Figure 1.13).

The critical size of transformable inclusions is significantly influenced by the
presence of additives. If the content of stabilizing aids is sufficiently high, then the
transformation can be suppressed entirely. This “stabilization” is in fact a kinetic
stabilization of a solid solution in the cubic polymorph down to room temperature by
alloying with an alkali earth oxide, or arare earth oxide. A solid solution can be formed
with any ion, provided that the ionic radius is within 40% of the ionic radius of Zr**.
The term “full stabilization” refers to compositions which exhibit single-phase
behavior over the whole range of temperatures from absolute zero to the melting
temperature of zirconia. By avoiding the existence of a tetragonal phase at interme-
diate temperatures, the deleterious transformation back to a monoclinic polymorph
is also avoided. Although the exact mechanism of stabilization is not clear, it has been
suggested that alloying increases the ionic character of bonding, thus making the
cubic structure more stable.

1.6.3
Partially Stabilized Zirconia

The addition of sufficient alloying component to facilitate a partial stabilization of the
cubic phase leads to partially stabilized zirconia (PSZ), which exhibits an improved
thermal shock resistance in comparison to fully stabilized zirconia, as well as an
excellent fracture toughness. Today, four oxides — CaO, MgO, Y,03, and CeO, — are
commonly used to produce PSZ which, in fact, is a mixture of cubic and tetragonal/
monoclinic phases that can be prepared by heat treatment of the cubic phase. This
process is aimed at the development of a two-phase ceramic when the concentration
of stabilizing agents is insufficient to produce full stabilization of the cubic structure.

1.6.3.1 Mg-PSZ
A typical Mg-PSZ contains approximately 8 mol% of MgO. The characteristic
procedure when preparing Mg-PSZ involves sintering and heat treatment in the



1.6 Zirconium Oxide |33

Figure 1.14 Oblate spheroids of tetragonal phase nucleated in a cubic ZrO, matrix.

cubic single-phase field (temperature >1750°C), followed by a rapid cooling which
does not allow the precipitation of equilibrium amounts of the tetragonal phase, but
rather facilitates nucleation of the tetragonal phase in the form of nanometer-sized
oblate spheroids in a cubic matrix (Figure 1.14). A subsequent subeutectoid heat
treatment leads to growth of the tetragonal precipitates until they reach the size at
which they can transform spontaneously to the monoclinic polymorph.

Normally, commercially available Mg-PSZ have rather complex microstructures,
which consist of a coarse-grained cubic matrix (grains often on the order of tens of
micrometers) with fine tetragonal and monoclinic grain boundary precipitates
(Figure 1.15). The precipitates often transform during cooling to room temperature,
and form the monoclinic phase; heterogeneously nucleated precipitates are often
also formed within the grains. The fracture toughness of Mg-PSZ may be as high as
15MPam'/?, but this will decrease with temperature. The fracture strength usually
varies between 650 and 800 MPa.

Orthorhombic zirconia, which is also known as a “high-pressure polymorph,”
appears in Mg-PSZ when it is cooled to cryogenic temperatures [174]. In the
nitrogen-quenched 9.4Mg-PSZ sample, the ortho phase is in the majority, at 46.6 +

" Spot Magn  Det WD Exp
40 12600x SE 10.1 b

Figure1.15 Microstructure of sintered and thermally aged Mg-PSZ consisting of large cubic grains
and fine precipitates of tetragonal and monoclinic phases.
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1.1wt%. This material has a significantly higher Young’s modulus (242 GPa, the
second-highest of all zirconia-based materials, and the highest of all zirconia-based
ceramics) than does the same material before cryogenic cooling; this is due to the very
high modulus of the ortho phase, which is estimated to be ~285 GPa [181].

1.6.3.2 Ca-PSZ
Ca-PSZ is similar to Mg-PSZ, and develops similar microstructures during high-
temperature aging. An important factor is the different critical size for unconstrained
m — t transformation, which is approximately 6-10 nm for Ca-PSZ (compared to
25-30nm for Mg-PSZ). An extensive systematic investigation of this material has
been conducted by Garvie et al., who achieved a considerable increase in the strength
of the material, from 200 to 650 MPa, simply by ageing it at 1300°C [182].
Various authors have reported different temperatures of eutectoid decomposition,
ranging from 1000 to 1140 °C [183-185]. The eutectoid transformation is a rather
slow process, and is therefore not seen in conventionally aged samples. However, a
large cubic phase field also exists which, together with slow transformation, facilitates
the existence of a fully cubic structure, providing the basis for calcia-stabilized
zirconia solid electrolytes.

1.6.3.3 Y-PSZ

The addition of yttria to zirconia not only stabilizes the cubic or tetragonal form but
alsolowers the temperature of the t — m transformation. The practical consequence
of this is that larger zirconia particles can be retained in the metastable tetragonal
form, thus considerably easing any problems associated with the fabrication of a
toughened ceramic, such as ZTA. One important feature of this system is the
solubility of yttria in zirconia up to a concentration of approximately 2.5 mol% which,
in conjunction with a low eutectoid temperature, will facilitate the formation of fully
tetragonal ceramics which are referred to as “tetragonal zirconia polycrystals” (see
Section 1.6.4).

A large cubic + tetragonal phase field in the Y,03-ZrO, system permits the
formation of a PSZ structure which is, in many respects, analogous to Mg-PSZ or Ca-
PSZ, and consists of tetragonal precipitates embedded in a cubic phase matrix. The
morphology of the precipitates depends on the conditions of ageing (e.g., time,
temperature). For example, a rapid cooling will result in a displacive transformation
and formation of the so-called ¢ phase, which has a lower c/a ratio than the normal
tetragonal phase, and contains the same amount of yttria as the cubic phase [186].

1.6.3.4 Ceria and Other Rare Earth-Stabilized Zirconias
Ce-PSZ exhibits many similarities with Y-PSZ, having a very wide compositional
range of formation of the solid solution of up to 18 mol% CeO,. In the ZrO,~CeO,
system, the stabilization of t-ZrO, occurs over a wide composition range, from 12 to
20mol% CeO,, with a preferred composition of 12 mol% [187].

In order to obtain fully dense ceramics, it is necessary to use ultrafine powders that
are normally prepared by the coprecipitation of precursors. The presence of liquid-
forming additives, such as Ca and Si, is also often required. Although this material
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achieves a very high fracture toughness, with reported values as high as 30 MPa - m'/?,
Ce-TZP israrely used as a monolithic material due to its relatively low level of hardness
and strength.

The ZrO,-GdO; 5 system is important for the development of ceramics for
thermal barrier coatings (TBC), other than the state-of-the-art yttria-stabilized zir-
conia (YSZ), which has a lower thermal conductivity and improved high-temperature
performance and durability [188].

Scandia-stabilized zirconia (ScSZ) possesses the highest oxygen-ion conductivity
among all zirconia-based oxides, and therefore represents a promising solid elec-
trolyte for applications in electrochemical devices such as solid oxide fuel cells
(SOFCs) and catalytic membrane reactors (further details are available in
Section 1.6.6.3).

The possibility of PrO,—ZrO, solid solution formation has been hypothesized
(despite the phase diagram being unknown) on the basis of the lanthania—zirconia
phase diagram, and by considering the ionic radii of Zr** (0.87 A) and both Pr**
(1.126 A) and Pr** (0.90 A). When, recently, 10 mol% Pr-doped zirconia powders
were prepared using a microwave-assisted hydrothermal synthesis, the doped
powder was shown to be a substitutional solid solution of praseodymium in
tetragonal zirconia [189].

1.6.4
Tetragonal Zirconia Polycrystals (TZP)

As the toughening effect in partially stabilized zirconias increases linearly with the
amount of retained tetragonal phase, the logical consequence is the development of
ceramics that are wholly tetragonal. This achievement was first accomplished by
Rieth [190], and later by Gupta et al. [191], who prepared the ceramic by sintering yttria
and other rare earth-containing zirconia powders in the temperature range
1400-1500°C. The resultant ceramic was fine-grained, with a strength of
600-700 MPa. Moreover, the critical grain size for the t — m transformation was
found to depend on the amount of stabilizing aids, this being about 0.2 um for 2 mol
% Y,03 and 1.0um for 3mol% Y,03, as well as on the presence or absence of
mechanical constraints. The typical properties of TZP are summarized in Table 1.9.

The microstructures of commercial TZP ceramics are usually far from ideal, and
often contain a significant amount of the cubic phase. TZP ceramics also often
contain amorphous grain boundary phases, generally low-viscosity liquids from the
systems Al,03-Y,03-SiO,. The presence of aliquid and a small grain size resultina
pseudosuperplasticity of TZPs with an extension in tension of over 100% at 1200 °C.
High-tensile ductility is attributed to grain size stability during high-temperature
deformation [192], which is achieved by suppressing the grain growth by adding
various oxides, such as CuO [193-195], Sc,03 [196], and Al,05 [197]. An elongation to
failure of 520% has been achieved in 5wt% SiO,-added 8 mol% Y,0;-stabilized
c-ZrO, (8YCZ) at 1430°C [198]. The limited grain growth was not always an
indispensable condition for superplastic ceramics. Moreover, the addition of TiO,
increased the grain size but reduced the flow stress and enhanced the elongation to
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Table 1.9 Typical properties of TZP.

Property Value

Melting point 2720°C

Bulk density 6.05gcm?

Bending strength RT 900-1300 MPa
800°C 350 MPa

Young’s modulus 140-200 GPa

Fracture toughness 5.5-11 MPam'/?

Hardness ~14 GPa

Thermal conductivity (RT) 12Wm 'K

Coefficient of thermal expansion 100°C 83x 10 °K™*
800°C 10.5x 10 K™

Thermal shock resistance AT=360°C

RT =room temperature.

failure [199]. It should be noted that this subject has been extensively reviewed by both
Chokshi [200] and Jimenez-Melendo et al. [201].

One major obstacle against the full exploitation of TZP is the spontaneous surface
t — m transformation that occurs when the ceramics are aged at temperatures of
between 150 and 250 °C. The transformation is accompanied by a severe strength
degradation, especially in a water vapor-containing environment, with the rate of
degradation being governed by not only the number of oxygen vacancies but also the
instability of t-ZrO,. The aging rate was increased by about 50% in a 3Y-TZP dense
sample sintered under reducing conditions, in comparison to a similar sample which
had been sintered in air (Figure 1.16) [202]. Ageing is inhibited by the addition of
liquid-forming additives, especially silica [203], and also by the addition of CeO, or
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Figure 1.16 Surface monoclinic phase fraction versus exposure time at 140°C in steam for the
zirconia materials sintered in air and in a 90% Ar/10% H, atmosphere [202].
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Figure 1.17 Scanning electron microscopy image of the 8 mol% CeO,-stabilized ZrO, ceramic
after spark plasma sintering [210].

Al,03[204, 205]. Al,O3 also raises the CeO, content in ZrO, grains, thus preserving a
more tetragonal phase and enhancing the fracture toughness [206].

The applicability of Ce-TZP is limited also by its susceptibility to the reduction of
Ce* " to Ce’* when sintering or using the ceramics in a nonoxidizing atmosphere.
The reduction is accompanied by a change in color [207, 208]. Due to increases in the
ionic radius of the cerium ions, from 0.101 nm for Ce* * t0 0.111 nm for Ce® *, there
is an approximate 40% mismatch in ionic radius with Zr* ", and this results in a
high elastic lattice strain and the segregation of Ce’ " to the grain boundaries [209].
Consequently, tetragonal ZrO, will be destabilized and cracking will occur in
the bulk material. The sintering of Ce-TZP in nitrogen, or the hot isostatic pressing
of presintered materials in a reducing environment with graphite heating elements,
is not possible as the tetragonal phase is completely destabilized and transforms
to monoclinic during cooling [207]. High heating rates and short soaking
times, facilitated by SPS, partially overcomes this obstacle, such that Ce-PSZ
consisting of monoclinic and tetragonal ZrO, with a volume ratio of 2:1, and a
trace amount of Zr—Ce-O cubic solid solution, were prepared using this method
(Figure 1.17) [210].

Both, Ce-TZP [211] and Ce-Y-TZP [212] exhibit martensitic transformation-
associated shape memory. For example, the 8Ce—0.50Y-TZP exhibits a complete
shape memory recovery under a recoverable strain of 1.2% at a relatively high
operating temperature (>500°C) [213].

1.6.5
Zirconia-Toughened Alumina (ZTA)

In the past, zirconia has been added routinely to a variety of ceramic materials in
order to increase their toughness. Zirconia-toughened alumina was first developed
by Claussen, who demonstrated a significant toughening effect of unstabilized,
but transformable, tetragonal zirconia particles within the alumina matrix [214].
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The retention of such particles is facilitated by mechanical constraints imposed by the
surrounding alumina matrix with a high elastic modulus. Both, the transformation
toughening and microcracking, contribute to increasing the fracture toughness of
alumina. Unstabilized ZTAs can achieve the bending strength of up to 1200 MPa, and
a fracture toughness of about 16 MPam'/? at 15vol% ZrO,.

1.6.6
Applications of Zirconia

1.6.6.1 Thermal Barrier Coatings

The efficiency of gas turbine engines is dictated by the maximum temperature that
the turbine rotors can sustain during continuous operation. If a thin coating of
ceramic is supplied to a metal turbine blade, then the engine temperature can be
increased by 50-200 °C, without increasing the temperature of metal. The desirable
properties of a suitable ceramic thermal barrier coating include a high thermal
expansion (close to that of metal), a low thermal conductivity, chemical stability in the
gas turbine environment, and a high thermal shock resistance [215].

Plasma-sprayed zirconia coatings of PSZ composition (namely YSZ) deposited by
electron beam physical vapor deposition (EB-PVD) and atmospheric plasma spraying
(APS) have been investigated for this purpose. The microstructure of sprayed
coatings is nonequilibrium and fine-grained, and contains both macrocracks and
microcracks and a residual porosity. As a result, sintering through crack healing,
accompanied by grain growth, takes place at elevated temperatures [216, 217].
Sintering affects the mechanical and physical properties, namely elastic modulus,
strength and work of fracture, and also increases the thermal conductivity and
impairs the strain-tolerant capability of TBCs. An increase in long-term phase,
mechanical, and chemical stability under working conditions is therefore of primary
importance. The chemical attack of coatings by the mineral constituents of fuel,
especially Na, Mg, and S (in the form of liquid sulfates) and vanadium, deplete the
YSZ coatings of yttrium, with subsequent destabilization and deterioration of the
mechanical properties [218]. A review of mechanical behavior of YSZ-based thermal
barrier coatings is provided in Ref. [219].

A decrease in thermal conductivity and an increase in thermal protection are
achieved by adjusting the microstructure and porosity of ZrO,~Y,03 (7-8) wt%
coatings [220-222]. The defect-cluster design approach, using high-stability, paired
dopant oxides of distinctively different ionic sizes, produces lattice distortion in the
oxide solid solutions, and also facilitates local ionic segregation and defect clustering.
Oxide defect clusters with appropriate sizes attenuate and scatter the lattice and
radiative phonon waves over a wide range of frequencies. The formation of ther-
modynamically stable, highly defective lattice structures with controlled defect-
cluster sizes reduces oxide intrinsic lattice and radiation thermal conductivity.
The influence of codoping with additional paired rare earth oxides Nd,O3-Yb,0;
or Gd,03-Yb,0; (i.e., ZrO,—(Y,Nd,Yb),0; and ZrO,—(Y,Gd,Yb),0;) on thermal
conductivity is shown in Figure 1.18 [215].
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Figure1.18 Thermal conductivity of various composition electron beam physical vapor deposition
oxide defect-cluster coatings as a function of total dopant concentration [215].

The disadvantages of YSZ at high temperatures prompted an intense search for
new TBC materials (for reviews on recent developments, see Refs [223, 224]).
Interesting candidates for TBCs include zirconia-based materials with a pyrochlore
structure and a high melting temperature, such as La,Zr,0;, Gd,Zr,0;, or
Nd,Zr,0;. Although these materials have a lower thermal conductivity and a higher
thermal stability than YSZ, their thermal expansion is usually lower than that of YSZ,
which leads to higher thermal stresses in the TBC. In addition, their toughness is
lower due to an absence of toughening effects [225]. However, this problem can be
solved by the use of layered topcoats; in this case, YSZ is used as a TBC material with a
relatively high thermal expansion coefficient and high toughness. The YSZ layer is
then coated with a new TBC material (e.g., La,Zr,0;) which is then able to withstand
higher temperatures (by about 100°C) [226].

1.6.6.2 Solid Electrolytes

The use of zirconia as a solid electrolyte (and especially for oxygen-sensing devices) is
facilitated by the fact that stabilized zirconia has a defect structure with a finite
concentration of octahedral interstitial voids. The void space in the lattice is larger for
the O?~ anions than for the Zr* T cations, and the O%~ anions are therefore the rate-
controlling species in the diffusion process.

The maximum ionic conductivity in ZrO,-based systems is achieved when the
concentration of acceptor-type dopant(s) is close to the minimum necessary for
complete stabilization of the cubic fluorite structure [227, 228]. For example, the
highest conductivity in Zr;_,Y,O, 4/, and Zr;_,Sc,O;, 4/, ceramics is achieved at
x=0.08-0.11 and 0.09-0.11, respectively. Further additions decrease the ionic
conductivity due to an increasing association of the oxygen vacancies and dopant
cations into complex defects of low mobility [229]. This effect is more pronounced
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Figure1.19 Maximum conductivity in the binary ZrO,—Ln, O3 systems at 1000 °C, and the oxygen-
ion migration and association enthalpies versus radius of Ln®> " cations [243].

if the mismatch between the host and dopant cation radii is larger [230, 231]
(Figure 1.19). Because the Zr** ion is smaller than the trivalent rare earth cations,
a maximum ionic transport is observed for Sc®*. However, due to the high cost and
problems with the ageing of Sc-FSZ at moderate temperatures, Y-FSZ is used for
most practical applications.

The doping of ZrO, with alkaline earth metal cations (A* ") is less effective due toa
greater tendency to defect association and to a lower thermodynamic stability of the
cubic fluorite-type solid solutions in ZrO,—AO systems. To date, attempts to increase
the stability of Sc-containing materials by codoping, or to reduce the cost of Ln**-
stabilized phases by mixing them with cheaper alkaline earth dopants, have not
yielded any worthwhile results [228].

Commercially available zirconia electrolytes often contain secondary phases,
especially alumina- and silica-containing precipitates. The presence of a grain
boundary glass causes a deterioration in the electrical properties due to its poor
ionic conductivity [232], and a significant increase in grain boundary resistance [233—
235]. In contrast, the minor addition of a highly dispersed Al,O5 decreases the grain
boundary resistance by scavenging silica-rich impurities into new phases that do not
wet the grain boundaries [236-238]. Moreover, the addition of alumina increases the
mechanical strength by retarding grain growth. A similar effect was observed in Mg-
PSZ, where MgO reacts with silica and forms discrete forsterite grains within the
zirconia matrix [239]. Also, if the admixed MgO amount exceeds the solubility limit,
then MgO will form a second phase in the zirconia matrix after sintering. Then, the
MgO has a higher electrical conductivity than zirconia, and the conductivity of the
composite electrolytes is therefore correspondingly higher [240].

The achievement of a high ionic conductivity in nanostructured ZrO, is ques-
tionable. In some studies, the overall conductivity of nanocrystalline YSZ ceramics
was found to be comparable to that of their microcrystalline counterparts [241].



1.6 Zirconium Oxide | 41

Fuel: CO, H, CHx Combustion Products

»
>

CO,H, + 0" & CO,,H,0+2¢”
CHx + H20=CO+H2

Anode |

Electrolyte

Cathode |

lOz (g)+2e” © 07 (s)
2 Excess Air
—
Air

Figure 1.20 Schematic diagram of a fuel cell using a zirconia electrolyte [254].

In contrast, an increase in conductivity by about one order of magnitude was reported
in YSZ nanostructured thin films [242] (for a review on this topic, see Ref. [229]).

1.6.6.3 Fuel Cells

The ionic conductivity of stabilized zirconia is utilized in solid oxide electrolyte fuel
cells, as pioneered by Westinghouse in 1986. These cells function in reverse to a
hydrogen generator, at temperatures approaching 1000°C (Figure 1.20), with the
diffusion of oxygen ions through a zirconia electrolyte. This is usually in the form of a
tube, with air passing along one surface and the fuel (usually hydrogen) along another
surface, which facilitates oxidation to proceed on the anode. The ionization of an
oxygen molecule takes up to four electrons to the cathode, thus generating an
electrical current in conjunction with oxidation of the fuel.

Current efforts are aimed at lowering the operating temperature of SOFCs from
above 900 °C down to 500 °C, in order to improve both the longevity and cost of the
peripheral materials and the electrical power generation efficiency [244]. Tetragonal
zirconia is considered to be an electrolyte for intermediate-temperature solid oxide
fuel cells (IT-SOFCs), due to better mechanical and electrical properties at lower
temperatures in comparison with cubic zirconia [245]. Dense YSZ thin-film-based
SOFCs can be operated at intermediate temperatures (650-800 °C), achieving power
densities of between 0.35 and 1.9 Wcm 2, depending on the temperature and film
thickness [246, 247]. Scandia-stabilized zirconia (ScSZ) has a higher ionic conduc-
tivity than YSZ, and a high mechanical strength and fracture toughness, which
increases the reliability of ScSZ-based SOFCs [248-250]. ScSZ electrolyte sheets and
electrolyte-supported-type cells have been designed for reduced-temperature oper-
ation (ca. 800 °C). However, for the working temperature range of the low-temper-
ature SOFC (600-800°C), the temperature dependence of electrical conductivity
changes drastically across a composition boundary at approximately 10 mol% Sc,0;.
At additive levels of between 3 and 8 mol%, the electrical conductivity changes
smoothly with temperature, but at a content above 12mol% a discontinuity of
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electrical conductivity appears at 650 °C, above which temperature a highly conduc-
tive cubic phase prevails. Below 650°C, a less-conductive rhombohedral h-phase
(Zr7Sc,017) is formed [251, 252].

One problem here is the low-temperature degradation and deterioration of
mechanical properties under hydrothermal conditions, due to the t — m transfor-
mation of zirconia. This makes the application of t-ZrO, in IT-SOFC devices
challenging, as water vapor is produced at the anode when the cell is in operation.
The fuel cell must also be able to withstand thermal cycling, and to operate under
pressures greater than atmospheric over the lifetime of the cell (>50000h) [253].

1.6.6.4 Bioceramics

Biomedical-grade zirconia was introduced 20 years ago to solve the problem of
alumina brittleness, and the consequent potential failure of implants. The reason for
this is that biomedical-grade zirconia exhibits the best mechanical properties of oxide
ceramics as a consequence of transformation toughening, which increases its
resistance to crack propagation. Likewise, partially stabilized zirconia shows excellent
biocompatibility, and it has therefore been applied to orthopedic uses such as hip and
knee joints [255].

The metastability of zirconia — and especially of Y-TZP, which is prone to ageing in
the presence of water — represents a serious problem in biomedical applications [256].
Yttrium, as a trivalent ion, creates oxygen vacancies that aid hydroxyl group diffusion
in the lattice, generating nucleation of the transformation via a stress corrosion-type
mechanism [257]. The resultant degradation is characterized by surface roughening,
microcracking at the surface, and the release of particles into the body. Although the
manufacturers of zirconia claimed that this problem was limited under in vivo
conditions, in the year 2001 approximately 400 implanted femoral heads constructed
from zirconia failed within a very short period. Consequently, the aging and wear of
zirconia has become a very important issue, the main aim being to renew the
confidence of the medical community in zirconia-based biomaterials.

As shown in Figure 1.21, the aging-related nucleation and phase transformation
leads to a cascade of events. The transformation of one grain, associated with a

Figure 1.21 Schematic of the transformed zone in aged biomedical-grade zirconia, leading to
extensive microcracking and surface roughening. The transformed grains are shown in gray. The
dark gray path represents the penetration of water due to microcracking around the transformed
grains [257].
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volume increase, stresses the neighboring grains and results in the formation of
microcracks; this, in turn, creates a pathway through which water can penetrate
further into the material. The initial transformation of individual grains is process-
related, and depends on their disequilibrium state — that is, the size of the grains and
the content of the stabilizing aid [256], the specific orientation from the surface [258],
the presence of residual stresses, and/or even the presence of a cubic phase [259].
The slowing down or even prevention of such aging is of the utmost importance,
with proposed solutions including the addition of small amounts of silica [260]
or the use of yttria-coated rather than coprecipitated powders [261]. Another
possibility would be to use Ce-doped zirconia, as this material exhibits superior
toughness (up to 20 MPa-m'/?) and negligible aging during the lifetime of an
implant [257].

Due to the above-mentioned problems, the use of zirconia-based biomaterials in
the surgery of large bones is currently restricted, and the manufacturers have
responded by developing a series of toughened composites. These include an
alumina-toughened zirconia (Bio-Hip® ; Metoxit AG, Thayngen, Switzerland), which
has a bending strength of up to 2000 MPa, and a zirconia-toughened alumina
(BIOLOX®delta; Ceramtec AG, Plochingen, Germany) with a bending strength in
excess of 1150 MPa and a fracture toughness of ~8.5 MPa-m'/2,

1.7
Cerium Oxide

Cerium oxide (CeO,) has found numerous applications as an electrolyte for
SOFCs, as abrasive materials for chemical mechanical planarization (CMP), as a
UV absorbent, as a material for oxygen pumps, and as an automotive exhaust
promoter.

1.7.1
Crystal Structure and Properties of Single-Crystal CeO,

Cerium is a common, naturally occurring element that is characterized chemically by
having two valence states, 4 3 and + 4. Ce*" is the only nontrivalent rare-earth ion
thatis stable in an aqueous environment and it is, therefore, a strong oxidizing agent.
The + 3 state closely resembles the other trivalent rare earths.

Cerium oxide is a highly stable, nontoxic, refractory ceramic material with a
melting point of 2600°C and a density of 7.13g cm . Ceria has a fluorite face-
centered cubic crystal structure with a lattice constant of 5.11 A (Figure 1.22). CeO,
easily transforms from the stoichiometric CeO, ( + 4) state to the Ce,O3 (+ 3) valence
state via a relatively low-energy reaction, although even at a loss of considerable
amounts of oxygen from the crystal lattice, and the formation of a large number of
oxygen vacancies, its fluorite structure is retained. The suboxides thus formed may be
readily reoxidized to CeO, in an oxidizing environment.
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Oxygen vacancy

Figure 1.22  Fluorite structure of CeO,.

1.7.2
Natural Sources and Production

The two largest sources of cerium and other rare earth elements are the minerals
bastnasite and monazite. Bastnasite, which belongs to carbonate-fluoride minerals,
exists as several types: bastnasite-(Ce) (Ce, La)COsF; bastnasite-(La) (La, Ce)COsF;
and bastnasite-(Y) (Y, Ce)COsF. The most frequently occurring of these is bastnasite-
(Ce), and cerium is by far the most common of the rare earths in this class of
minerals.

Cerium oxide is extracted from bastnasite by roasting the ore with concentrated
sulfuricacid, or with sodium carbonate [262]. Since, in the first process, HF forms asa
byproduct, roasting with sodium carbonate is the preferred method. The rare earth
elements contained in calcine are extracted by leaching with hydrochloric acid, and
recovered from the leachate by precipitation with oxalic acid. During the course of
roasting, cerium(III) is oxidized to cerium(IV). CeO, is insoluble in dilute hydro-
chloric acid; this is in contrast to other trivalent rare earth elements, which can be
easily leached out, as can the impurities such as Fe, Ca, and Mg.

The present applications of ceria-based ceramics impose strict requirements on
the quality and purity of the powders used. Several studies have described the
synthesis of ceria nanopowders of high quality and with a well-defined morphology.
Typical methods of preparation include hydrothermal synthesis [263, 264], the
hydrolysis of an alkoxide solution (sol-gel) [265], chemical precipitation [266],
mechanochemical processing [267], and gas-phase reaction [268]. Emulsion
techniques can also be used, as these reduce not only the production costs of high-
purity spherical powders but also the degree of aggregation. Thus, ceria powders with
an average particle size <20nm and a narrow particle size distribution can be
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prepared by reaction between two emulsions containing cerium nitrate and an
alkaline precipitation agent, such as ammonium hydroxide or sodium hydroxide
[269)].

1.7.3
Properties

The mechanical properties of undoped ceria ceramics are usually rather poor;
typically, these materials have room-temperature bending strengths of ~100 MPa
and a fracture toughness of ~1.5MPa-m'/? [270]. The fracture toughness of
CepsGdo,0,_5 ceramics has been reported as 1.540.2MPa-m'/? this being
independent of the crack length or grain size, within the range of 0.5 t0 9.5 pm [271].
Such grain size-independence of fracture toughness is attributed to the almost 100%
transgranular nature of the fracture of doped ceria ceramics. The bending strength is,
in some cases, improved by the addition of other rare earth oxides [272], while the
fracture strength is influenced by the method used to prepare the starting powder
(Figure 1.23), the temperature of sintering, and by the concentration rather than the
type of dopant (Figure 1.24). These ceramics fail transgranularly, with the proportion
of the transgranular fraction ranging between 96% and 99%. The variation in fracture
strength is attributed to the decrease in transgranular strength due to the generation
of oxygen vacancies introduced by dopants, which distort the lattice and decrease the
coulombic forces between ions [273].

Asanionic conductor (exhibiting a high mobility of oxygen ions), ceria represents a
major candidate material for SOFCs. Microcrystalline ceria doped with various rare
earth elements has a higher ionic conductivity than does stabilized ZrO,, especially at
lower temperatures. As ceria also exhibits electronic conductivity, it is in fact a mixed
ionic—electronic conducting material, with ionic conductivity prevailing at tempera-
tures above 500 °C. The high electronic conductivity of undoped nanocrystalline ceria
is attributed to electronic conduction along the grain boundaries [274, 275].
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Figure 1.23 The fracture strength of (CeO;)0.80(LNO15)0.20 (Ln=Y, Gd, and Sm) ceramics
prepared by solid-state reaction of CeO, and the respective rare earth oxide powder and by an oxalate
coprecipitation method [272].
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Figure 1.24 Dependence of room temperature fracture strength of doped CeO, ceramics on the
concentration of rare earth-dopants: yttrium (YDC), gadolinium (GDC), and samarium (SDC). [272].

1.7.4
Applications

1.7.4.1 Abrasives

Because of its high chemical activity and unique crystal structure, cerium oxide is
used as a polishing powder, the advantages of which include a long life, a high
polishing efficiency, and a low residua. Today, ceria is gradually replacing traditional
abrasives for some applications. Ceria polishing powders are classified as two types:
(i) high-cerium abrasives with a ceria content >80%; and (ii) low-cerium abrasives
with a ceria content of 48-50%. Currently, cerium oxide abrasive powders with
nanosized spherical particles and a narrow particle size distribution are used for the
chemical mechanical planarization of semiconductor devices, in order to reduce the
scratching of wafers [276)].

1.7.4.2 Solid Electrolytes

The main obstacle against the use of ceria in SOFCs is the partial reduction of Ce* * to
Ce’ " [277, 278]. Under the reducing conditions experienced on the anode side of the
fuel cell, a large number of oxygen vacancies is formed within the ceria electrolyte,
and consequently CeO, is reduced to Ce,03, thus increasing electronic conductivity
of the material. Finally, as a result of the oxygen vacancy formation, ceria undergoes a
so-called “chemical expansion.” The high ionic conductivity encountered at lower
temperatures, coupled with problems related to the reduction, limit the application of
ceria electrolytes at relatively low temperatures.

Due to the small association enthalpy between the dopant cation and oxygen
vacancy in the fluorite lattice, the highest conductivity is achieved in ceria doped with
Gd** or Sm® " [279, 280]. The highest level of oxygen ionic transport is found in the
solid solutions Ce;_,Ln,O,_s, where Ln = Gd or Sm, and x = 0.10-0.20. The lattice
ionic conductivity of Ln-doped ceria is about 0.01Scm ™" at 500 °C; however, the
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substitution of a fraction of the ceria with Gd or Sm introduces vacancies without
adding any electronic charge carriers. This has two main consequences: (i) it provides
an n-type electronic conductivity which causes a partial internal electronic short
circuitin a cell; and (ii) it generates nonstoichiometry with respect to normal valency
in air and an expansion of the lattice, which can lead to mechanical failure. The effect
of lattice expansion on mechanical integrity depends on the geometry of the cell, and
the way in which the ceria is supported. In general, ceria electrolytes are considered to
be mechanically unstable at temperatures above 700 °C [281].

The grain boundaries are of profound importance for the ionic conductivity, as they
partially block ionic transport so that the total resistance will depend on the level of
segregated impurities. The properties of CeO,-based solid electrolytes have been
reviewed elsewhere [229, 282-284].

Doped ceria is only viable for operating temperatures below 600°C, and is
therefore normally used as a supported thick film. In order to preserve a high
activity and to maintain compatibility with metal supports, the processing temper-
ature should be kept aslow as possible (e.g., 1000 °C), although this may be difficult to
achieve due to the high refractoriness of ceria. Consequently, small amounts (e.g.,
1mol%) of oxides of divalent transition metals (e.g., Co, Cu, Mn) are often used as
sintering aids for Gd-doped ceria [285-287]. Unfortunately, CuO, CoO and MnO,
partially impair the grain boundary conductivity by promoting the propagation of
SiO, impurities at the grain boundaries [286, 287]. The addition of a small amount of
Fe,03 (~0.5 atom%) will reduce the sintering temperature by ~200°C and also
promote densification. Iron is also believed to promote the dissolution of Gd,03 in
CeO, at lower sintering temperatures, and to increase the grain boundary conduc-
tivity by scavenging the SiO,. In general, the concentration of the transition metal
sintering aids must be kept as low as possible in order to minimize their influence on
the ionic or electronic performance of the electrolyte [285, 288].

Highly reactive nonagglomerated powders can be sintered to high density at low
temperatures, without the need for additives. Fully dense ceramics with grain sizes
between 0.15 and 0.75 pm were prepared via a pressureless sintering of Sm-doped
nanopowders (14 nm) at 1000 °C [289].

1.7.4.3 Catalysts
Cerium oxide is used in exhaust three-way catalytic converters where the emissions
from fuel burning are converted to harmless gases. The conversion includes the
following reactions:

Hydrocarbon combustion:

(2% +y)CeO, 4+ C H, — [(2x+y) /2]Ce, O3 + x/2CO, +y/2H,0 (13)
Soot burning:

4Ce0; + Cyoor — 2Ce,05 + CO, (14)
NO,, reduction:

Ce;03 + NO — 2Ce0, + 1/2N, (15)
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The catalytic activity of cerium oxide depends on its particle size and surface area.
As oxygen vacancy atomic point defects are formed more easily at the surface than in
the bulk, high-surface-area materials will have a substantially higher catalytic
activity [290]. The activation temperature of carbon combustion is reduced from
approximately 700 °C for a micron-sized material to 300 °C, if the surface area of the
material is increased by a factor of 20 [291].

1.8
Yttrium Oxide

Although yttrium oxide is rarely used as a ceramic material in its pure form, it is
widely applied as an additive in various ceramics, where it is used as a component of
sintering aids (e.g., in silicon nitride, or alumina), as a stabilizer in zirconia and in
alumina-zirconia abrasives, in wear-resistant and corrosion-resistant cutting tools,
seals and bearings, high-temperature refractories for continuous-casting nozzles, jet
engine coatings, oxygen sensors in automobile engines, as a component of high-
temperature superconductors of the Y-Ba-Cu—O composition, and in artificial
gemstones. In electronics, yttrium-—iron—garnets are used as components in micro-
wave radars for the control of high-frequency signals. With aluminum oxide, yttrium
forms yttrium-aluminum garnet, which is used in solid-state lasers. The use of
yttrium oxide in its pure form, although less extensive, is described in greater detail in
Section 1.8.4.

1.8.1
Crystal Structure and Properties of Single Crystal Yttrium Oxide

Yttrium oxide is a white refractory crystalline solid with a melting point of 2410°C
and a density of 5.03 g cm . Yttrium oxide has a cubic, body-centered crystal lattice
with the lattice parameter a = 10.604 A, and with yttrium atoms octahedrally coor-
dinated with six oxygen atoms. The cubic yttria undergoes a polymorphic phase cubic
— hexagonal transition at about 2350 °C [292]. The H-type with space group D¢, is a
high-temperature hexagonal phase.

1.8.2
Natural Sources and Preparation

Yttrium is found together with other rare earth oxides in monazite sands [(Ce, La, etc.)
PO,] and in bastnasite [(Ce, La, etc.)(CO;)F] (see Section 1.7.1). Yttrium is extracted
together with other rare earth elements in a concentrated solution of sodium
hydroxide at 140-150°C; after cooling, the hydroxides of the rare earth elements
are separated by filtration. Alternatively, bastnasite may be calcined to drive off
CO, and fluorine, and then leached with hydrochloric acid to dissolve the trivalent
rare earth elements. The rare earth hydroxides and chlorides obtained in this way
are further processed to produce individual rare earth metal compounds
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Figure 1.25 Morphology of yttria powder prepared by the precipitation of yttrium nitrate
(a) without the addition of SO2~ and (b) with the addition of SO2~ [299].

such as fluorides, nitrates, carbonates, oxides, and pure metals for a variety of
applications.

Ultra-fine-grained highly reactive yttria powders, suitable especially for the prep-
aration of transparent ceramics, are prepared by various methods including com-
bustion synthesis [293], precipitation [294, 295], hydrothermal synthesis [296],
electrospray pyrolysis [297], and sol—gel [298]. In order to improve the dispersion
and sinterability of yttria powders, seed crystals are often added [296]. A significant
refinement of yttria powders prepared by precipitation from solution may be
achieved by the addition of sulfate ions to the reaction mixture [299] (Figure 1.25).

Polycrystalline yttria ceramics are usually prepared by the conventional sintering of
yttrium oxide powders [300, 301]. Due to its high refractoriness, yttrium oxide is
rather difficult to sinter at ambient pressure. Even in a vacuum, the onset of
densification of standard micrometer-sized powders occurs between 1400 and
1650°C, while the achieved densities are low and the grain growth rapid
(~65%) [302]. The use of sintering additives such as La,O; [303], LiF [304] and
ThO, [305], or the application of a high temperature (>2000°C) [306] and pres-
sure [307], are required for complete densification when fabricating fully dense or
transparent yttria. The complete elimination of any residual porosity at lower
temperatures, and refinement of the microstructure, can be achieved by hot isostatic
pressing, which results in a material with a greater hardness, flexural strength, and
thermal shock resistance (Figure 1.26) [308]. A fully dense nanocrystalline yttria with
a grain size of 60 nm was recently prepared using a pressureless, two-stage sintering
of a yttria nanopowder without additives at a temperature of about 1000 °C [309].

1.8.3
Properties

The use of yttria ceramics as standalone materials for structural applications is rather
limited by their poor mechanical properties. For example, the commercially available
99.9% polycrystalline yttria Ceralloy® (Ceradyne Inc.) has a flexural strength of
99 MPa, a hardness of 5.85GPa, and a fracture toughness of 1.4 MPam'/?. The
hardness and fracture toughness of polycrystalline yttria are virtually grain-size
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Figure 1.26 The microstructure of dense yttrium oxide prepared by (a) vacuum sintering and
(b) hot isostatic pressing [308].

independent, with measured values being almost constant among all materials with
grain sizes between 0.2 and 214 um [310]. The fracture properties of yttria ceramics
are influenced by the stoichiometry; a maximum fracture toughness of 3.5 MPa - m'/>
is achieved at stoichiometric composition, but this decreases to 2.3 MPa-m'/?in an
oxygen-deficient material. Such a change is reversible, however, with the initial value
being restored after oxidation, and the hardness experiencing only a minor
variation [311].

The Poisson ratio of yttria is 0.31, and the elastic modulus 170 GPa. The material
has a relatively high thermal expansion coefficient (9.1 x 10~¢K™?), which is com-
parable to that of polycrystalline alumina, and a high thermal conductivity
(14 W mK‘l), which is twice that of the other solid-state laser host material, Y;Al;04,
(YAG). Yttria has also a very high electrical resistivity (10'* Q- cm), is refractory by
nature, is highly chemically and thermally stable, and is optically clear over a broad
spectral region.

1.8.4
Applications

Three decades ago, Greskovich and Chernoch created a new field of application of
yttria by producing a laser yttria host-based ceramic material [312]. Yttria is not only
used as a solid-state laser material as a laser host crystal for trivalent lanthanide
activators, such as Yb* * and Nd* ", but also shows significant potential for luminous
pipes in high-intensity discharge lamps and heat-resistive windows.

As an optical ceramic, yttrium oxide transmits well in the IR range, from 1 to 8 um
wavelength. This high IR transmission, together with a good resistance to erosion
and thermal shock, means that yttrium oxide would serve as an ideal material for
protection domes for IR sensors [313].



References | 51

Due to its high thermodynamic stability, yttria is used for the protective coatings of
high-temperature containers or structural components intended for use in reactive
environments (especially molten metals, such as titanium or uranium). In effect, the
reactive material is in contact with the thin economical layer of Y,03, while the
container substrate is prevented from coming into direct contact with the molten
metal. As a result, a double protection is achieved —that of the container against
corrosion, and of the melt against container-originating impurities. Due to its high
refractoriness and low neutron absorption, yttria may also be used as a structural

material for nuclear reactors.
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