Chapter 4
Aluminates

Martin C. Wilding

Abstract Aluminates form in binary systems with alkali, alkaline earth or rare-earth
oxides and share the high melting point and resistance to chemical attack of the pure
ALQO, end-member. This means that these ceramics have a variety of applications as
cements, castable ceramics, bioceramics, and electroceramics. Calcium aluminate
cements are used for example in specialist applications as diverse as lining sewers
and as dental restoratives.

Ceramics in aluminate systems are usually formed from cubic crystal systems and
this includes spinel and garnet. Rare earth aluminate garnets include the phase YAG
(yttrium aluminium garnet), which is an important laser host when doped with Nd(III)
and more recently Yb(III). Associated applications include applications as scintillators
and phosphors.

Aluminate glasses are transparent in the infrared region and these too have specialist
applications, although the glass-forming ability is poor. Recently, rare earth aluminate
glasses have been developed commercially in optical applications as alternatives to
sapphire for use in, for example, infrared windows.

Aluminates are refractory materials and their synthesis often simply involves solid-
state growth of mixtures of purified oxides. Alternative synthesis routes are also used in
specialist applications, for example in production of materials with controlled porosity
and these invariably involve sol-gel methods. For glasses, one notable, commercially
important method of production is container-less synthesis, which is necessary because
of the non-Arrhenius (fragile) viscosity of aluminate liquids.

1 Introduction

Glasses and ceramics based on the Al O,-based systems have important applications
as ceramic materials, optical materials, and biomedical materials. Aluminate materials
include alkaline earth aluminates, such as those in the CaO-Al O, system, which are
refractory cousins of hydrous Portland cement [1-3]. Calcium aluminates have a role
as both traditional ceramic and cement materials and are used for example as refractory
cements; however, calcium aluminates are also important for more novel applications
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such as bioceramics [4-8]. Rare earth (yttrium and the lanthanides) aluminates are
important laser host materials. Yttrium aluminum garnet (YAG) is one of the most
common laser hosts; Nd-doped YAG lasers with powers of up to SkW are important
for welding and cutting applications and have the further advantage of being solid
state, the primary laser component being a single crystal of Nd-doped YAG.
Associated with the laser properties of YAG are the materials characteristics of rare
earth aluminates, which favor applications as refractory ceramics, composite laser
hosts, and glass fibers that are important for optical applications, but also can be used
in composite materials [9, 10].

Many of the important desirable properties that make aluminates important in
materials science are similar to those of the end-member AlO,. This includes the
refractory nature of aluminates, for example Al,O, melts at 2, 054°C and other impor-
tant aluminates have similarly high melting pomts (Table 1). In addition, aluminates
have high hardness, high strength, and are resistant to chemical attack. Al,O, and both
calcium and rare earth aluminate systems can have useful properties such as transparency
in the infrared region, and this makes aluminate glasses important for use as optical
fibers. Because of their optical applications, aluminate glasses have been studied
extensively and as a consequence some very unusual and anomalous thermodynamic
properties have come to light.

The refractory nature of aluminates means that high temperature synthesis techniques
are required. Depending on the application, aluminates can be made by mixing of oxides
and subjecting the mixtures to high temperature, as for example in the manufacture of
cement. For other applications, such as optical uses, more exotic techniques are used.
These include high temperature melting, single crystal growth [11, 12], container-less
synthesis of glasses using levitation [13], and low-temperature routes such as sol-gel
synthesis [14, 15] and calcining.

There are a variety of important crystal structures in aluminate systems. Among the
most important are the spinel [16] and garnet structures [17, 18]. These various structures
reflect differences in the coordination polyhedron of both Al(IIT) and added components
such as Mg(II), Ca(Il), and the rare earth ions. In addition, studies of glass structure
suggest a wealth of different coordination environments for both AI(III) and added
components and structures that are not simply disordered forms of crystalline phases.

For the purposes of this review, aluminates can be defined as a binary section of a
ternary oxide system with AL,O, as one component. A large number of different alumi-
nates can be made and it is not the purpose of this chapter to provide an exhaustive list
of each different aluminate type or each application. Rather, it is the purpose of this
chapter to provide a survey of the range of binary Al,O,-systems and to demonstrate the
diversity of both their applications to materials science and to elaborate on the unusual

Table 1 The physical properties of selected binary aluminate ceramics

Melting Hardness Compressive Tensile Young’s
temperature  Density (Knoop/100 g) strength strength modulus
(K) (gem™)  (Kg mm™) (MPa) (MPa) (GPa)
o-AlLO, 2,327 3.98 2,000-2,050 2,549 255 393
CaAl O 2,143 2.98
MgAl 0 2,408 3.65 1,175-1,380 1,611 129 271
L1A10 1,883 2.55 350

YALO, 2243 455 1,315-1,385 280 282
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structural and thermodynamic properties of crystalline and glassy aluminate materials.
Three subsets of aluminates will be highlighted: binary alkaline earth aluminates (CaO,
MgO-Al0O,), which includes calcium aluminate cements and magnesium aluminate
spinels, alkali (lithium) aluminates, which potentially have very important applications
in the development of new types of nuclear reactors [19], and rare earth aluminates,
particularly compositions close to that of the yttrium aluminum garnet (Y,ALO,; YAG).
Each section will discuss the applications, structure, and synthesis of each composition, and
finally the thermodynamic and structural properties of these aluminates will be com-
pared and summarized.

2 Alkali and Alkaline Earth Aluminates

There are two important systems discussed in this section: CaO-AlLO, and
MgO-ALQ,. In addition, there are sometimes other binary systems and mixtures or
small amounts of additional elements added to the binary systems such as SrO, added
to improve glass forming ability [20, 21]. For convenience, these latter more complex
systems will be discussed with the strict binary CaO-Al,O, phases.

3 Calcium Aluminate Cements

Calcium aluminate phases are used as cements in refractory and other specialized
applications [1, 2, 22, 23]. The ceramics in the calcium aluminate (CaO—AleB) system
are closely related to Portland cements and have similar properties in terms of rapid
hardening and setting times [24]. Their phase equilibria are closely related to that of
Portland cements as and are formed in the binary CaO-Al O, of the ternary
Ca0-Al0,-Si0, phase diagram. The binary phase diagram (Fig. 1) shows that calcium
aluminate cements (CACs) have a wider range of compositions than Portland cements,

but are dominated by the monocalcium aluminate (CaAl O, also referred to as CA).
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CAC:s were developed in response to the need for cements resistant to groundwater
and seawater attack and are the only cements, other than Portland cement, that are in
continuous long-term production [2]. The property of CAC that was most important
in their commercial development is the resistance to sulfate attack, which contrasted
with the poor-sulfate resistance of contemporary Portland cements [2], and CAC was
first patented in 1908 [2]. Most early applications, in construction projects following
the First World War, were in structures exposed to seawater, such as harbor pilings.
Because CAC hardens rapidly, it was adopted for prestressed concrete beams in the
post World War II construction boom, with some unfortunate results. Poor under-
standing of the material properties of CAC and incorrect water to cement ratios led to
the collapse of several buildings, and the use of Portland cements, which are cheaper,
has replaced CAC in prestressed concrete beams[2].

There are, however, several important niche applications for CAC. Most notably,
CAC:s are used as linings to sewers and mine tunnels. Calcium aluminate cements are
resistant to chemical attack from sulfate-producing bacteria that thrive in sewer systems
(especially in warmer climates), and sprayed concrete linings to sewers have been
shown to resist degradation for periods up to 30 years. The high impact and abrasion
resistance of CAC also makes it suitable as a lining material for ore tunnels in mines
and because CAC sets rapidly, it can be sprayed onto tunnel walls (as “shotcrete”) and
even used as a tunnel lining.

Additional specialist applications include castable refractory ceramics and use as
bioceramics, which are discussed later.

4 Phase Equilibria and Crystal Phases
in the CaO-AlLQO, System

The binary phase diagram of CaO-Al, O, shows two refractory end-members CaO and
Al O, with melting points of 2,570°C and 2,050°C, respectively [25, 26]. There is a
deep eutectic with a minimum at 1,390°C and five intermediate crystalline phases, of
which three hydrates are important as cements [27].

Monocalcium aluminate (CaAl,O,) is the most important phase in CAC. Addition
of water to CaAl O, (CA) eventually leads to the formation of the crystalline hydrates
3Ca0-ALO,-6H,0 and Al,O,-3H,0, which dominate the initial hydration of CAC
[27]. Monocalcium aluminate CaAl,O, does not have a spinel structure, even though
it is stochiometrically equivalent to Mg-aluminate spinel. The crystal structure of this
phase is monoclinic, pseudo hexagonal with a p2/n space group. The structure of the
CA phase resembles that of tridymite and is formed from a framework of corner-
linked AlO, tetrahedra. Large Ca** ions distort the aluminate framework, reducing
symmetry. As a consequence, the coordination environment of Ca* is irregular.

The CA2 phase (CaO-2A1,0,) occurs as the natural mineral grossite [27]. This
phase is a monoclinic C2/2 phase and is also formed from a framework of corner-
linked AlO, tetrahedra. Some of the oxygens in the framework are shared between
two tetrahedral and some are shared between three. The CA2 phase does not react
well with H)O and is not necessarily useful in refractory CAC. The CA6 phase also
occurs naturally, as the mineral hibenite. This phase has a similar structure to -Al,O,
and is nonreactive and its presence is not desired in CAC.
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The C12A7 phase reacts very rapidly with water and becomes modified to produce
the hydrated phase 11Ca0O-7Al,0,-Ca(OH),. The C12A7 phase is cubic with a space
group of 143d. The basic structure is one of a corner shared AlO, framework. The Ca**
ions are coordinated by six oxygen atoms but the coordination polyhedron is irregular.
It has been suggested, by infrared spectroscopy, that some of the aluminum ions are
coordinated by five oxygen atoms. This hydrated phase (Ca, Al -Ca(OH),) is closely
related to the naturally occurring mineral, Mayenite, a cubic mineral with M2M symmetry
and a large (11.97 A) unit cell, closely related to the garnet structure.

5 Refractory Castables

One very important niche application for calcium aluminate (cements) is as refractory
castables. Key to the success of calcium aluminates in this application are their refractory
properties that contrast with those of Portland cements. Although Portland cement
maintains good strength when heated, reactive components (CaO) are liberated and
can absorb moisture from the atmosphere when cooled, causing expansion and deteri-
oration of, for example, kiln linings. CACs are not much susceptible and can be used
to form monolithic castables and refractory cements [28, 29].

6 Calcium Aluminate Bioceramics

Ceramic materials with high strength, high wear resistance, and high resistance to
corrosion can be used as prosthetic replacements for bones and teeth. One important
consideration for potential bioceramics is compatibility with the human body, since
for example hip prostheses are placed in vivo. Bones and teeth comprise hydroxyapatite,
a calcium bearing phase and Ca** ions are mobile during formation. Calcium aluminates
are attractive for bioceramic applications; because of the mobility of Ca?* in biological
fluids these cements can bond to bone and are quick setting and during hardening
form enough hydrates to fill the initial porosity and result in a high strength end-product.
In addition, for dental applications CAC have similar thermal properties to teeth and
are translucent, therefore even on the basis of aesthetic appearance are useful as a
dental restorative [5-8, 30, 31].

7 Synthesis of Calcium Aluminates

CAC require large industrial facilities, similar to those used to make ordinary Portland
cement. The raw materials for CAC are typically bauxite and limestone, which are ball-
milled and mixed together to form a feed of appropriate composition, which is fed into
rotary kilns to form a calcium aluminate clinker. The clinker is ball-milled to produce
the cement. Analysis for composition and mineralogy at various stages of manufacture
are essential to ensure a consistent product, see for example Chakraborty and
Chattopadhyay [32] for a discussion of the bulk processing of high alumina CAC.



54 M.C. Wilding

For high purity calcium aluminate compositions, solid-state synthesis is still the
norm [33, 34]. Most CAC compounds are made by solid-state reactions between
ground powders of calcium carbonate and purified alumina. The sintering tempera-
tures depend on alumina content. More recently attempts have been made to synthesize
CA compounds using processes with temperatures less than 900°C. These latter methods
include sol—gel synthesis and precipitation and are important for production of high-
purity homogenous powders with small grain size.

Amorphous calcium aluminate powders have been synthesized chemically by
Uberoi and Risbud [35] by sol-gel methods. These materials were made from calcium
nitrate (Ca(NO,),) and by using aluminum di-sec-butoxide acetoacetic ester chelate
(AI(OC,H,),(CH,0,)) as the source of alumina.

A further synthesis method is self-propagating combustion synthesis [33, 36, 37].
In this alternative approach, nitrate starting powders are dissolved in H,O and urea
(CH4N20) is added. When this mixture is boiled, dehydrated, and dried, it forms a
hygroscopic precursor to calcium aluminates, which can be crystallized by heating in
dry air between 250 and 1,050°C. The gaseous decomposition products of the precursor
mixture are NH, and HCNO, which ignite at ~500°C, locally the temperature in the
dried foam increases to ~1,300°C, which promotes crystallization of the CAC phase.

8 Calcium Aluminate Glasses

Calcium aluminate glasses have the potential for a variety of mechanical and optical
applications; [20, 21, 38—46] however, they are difficult to form. Addition of SiO2 can
be used to improve glass-forming ability, although this reduces the optical properties,
particularly the transparency to infrared, so it is best avoided. Studies show that the
best glass-forming composition in the CaO-Al,O, binary is close to the composition
64Ca0-36A1,0, [45].

Calcium aluminate glasses form from “fragile” liquids [47], and these deviate from
an Arrhenius viscosity—temperature relation. Because of these distinct rheological
properties, calcium aluminate glasses have been extensively studied by diffraction
and spectroscopic techniques. The composition-dependence of calcium aluminate
structures was studied by McMillan for almost the entire range of CaO—-AlLO, liquids
[45] using extremely rapid quench techniques. Extensive NMR and Raman data
obtained from these rapidly quenched glasses show a range in Al-O coordination. For
CaO/Al0, <1, the glasses are dominated by "YJAl. NMR and Raman data indicate that
there are changes in mid-range order and also in relaxation time (i.e., viscosity), as
expected for fragile liquids [45]. The changes in Raman and NMR spectra are inter-
preted as different degrees of distortion of the Al-O coordination polyhedron as the
identity of next-nearest neighbor changes. Raman data support this interpretation, in
that there is no evidence for change in AlO, polymerization. Similarly, X-ray absorption
spectroscopy shows dramatic changes in spectra with quench rate, and changes in
next-nearest neighbor. For calcium aluminates it is argued that the rearrangement of
next-nearest neighbors reflects over- and under-bonding of the central ion in the Al-O
coordination polyhedron, dependent on the degree of distortion.

Neutron and combined neutron and X-ray diffraction data for 64:36 and 50:50 calcium
aluminate glasses [40, 48] have been used to determine Al-O and Ca—O coordination
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environments and mid-range order changes. These studies show that the Al-O correlation
at 0.176 nm and the area below this peak yield a first-neighbor coordination number
of 4.8. There is a peak in the pair-correlation function at 0.234 nm, which corresponds
to Ca—0; the area beneath this peak yields a coordination number of 4.0, inconstant
with the value obtained from the radial distance by bond—valence theory [48]. Further
examination of the diffraction data reveals a second Ca—O distance at 0.245nm.
Combined diffraction data suggest that the Ca—O polyhedron is quite distorted [40]
and that the glass consists of a corner-shared Al-O framework with the Al-O units
corner- and edge-shared with distorted Ca—O polyhedra.

9 Synthesis of Calcium Aluminate Glasses

Calcium aluminate glasses can be made using a variety of techniques, depending on
the composition required. The ease of devitification is a considerable concern if calcium
aluminate glasses are to be used for optical purposes. Although a strong network
former such as SiO, can be added to improve glass-forming ability, this has detrimental
effects on the optical properties.

Calcium aluminate glasses can be made quite easily by air quenching liquids of 61:39
composition, which is the composition most extensively used for glass fiber production
[20, 44]. The glass-forming ability is considerably enhanced by adding components
such as BaO, SrO, and NaO [21] without affecting the optical performance.

A further method of glass synthesis is container-less levitation techniques [39, 40,
49]. In this method, a ceramic precursor of appropriate composition is levitated by a gas
jet and laser heated. Samples up to 4-mm diameter can be levitated in this way and
because there is no container, heterogeneous nucleation is avoided. This means that liquids
can be supercooled considerably and glasses formed from compositions are generally
considered to be poor glass-formers, this includes calcium aluminate glasses. Fibers can
be extracted from the levitated bead by using a tungsten “stinger” [13].

10 MgO-Al O, Aluminates

Magnesium aluminate phases have high melting points and like calcium aluminates
are used in refractory ceramic applications. These applications include the linings of
ladles in steel plants and linings for cement kilns. In these applications, ceramics are
used either in the form of castables, in case of linings to labels, or as bricks (kiln linings)
[50-57]. Having low phonon energy and good mechanical properties, magnesium
aluminates are also emerging as an infrared window material [20].

The only stable compound in the MgO-ALO, system [58, 59] is spinel [16, 60]
(MgAl,0,), which has a melting point of 2,105°C and in addition to being a refractory
compound has high resistance to chemical attack and radiation damage [56, 61-64].
Spinel ceramics have potential use for a variety of applications in the nuclear industry
because of their high resistance to radiation and are candidates for potential ceramic
waste host [65—68] and have also been suggested for use within new types of nuclear
reactors. Ceramic-glass composites made from Mg—Al spinels and borosilicate glass can
be used for ceramic boards for large scale integrated circuits used at high temperatures [69].
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The presence of AI(III) ions is believed to inhibit formation of the SiO, polymorph
cristobalite, which degrades the mechanical and electrical properties of these specialized
ceramics. Glass-spinel ceramics have the chemical and thermal resistance usually
associated with aluminates and also low thermal expansion and a low dielectric constant.
If there is formation of cristobalite in these types of composites, then the thermal
expansion can be uneven. Temperature-dependent formation of additional SiO,
polymorphs can lead to micro-fracturing and mechanical degradation. Decreased
ceramic contents of composites improve signal transfer by further lowering of the
dielectric constant and so ideally the material will have a balance of spinel and glass
optimized for the improved electrical properties and minimal cristobalite formation.

11 MgO-AlLQ, System

The binary phase diagram for MgO-Al O, is simpler than that for the CaO-Al O,
system (Fig. 2). There is only one stable intermediate compound that of the spinel
phase (MngIO ) [60]. Spinel melts at 2,105°C, but there is a eutectic at 1,995°C and
a limited solid solution between stoichiometric spinel and MgO (periclase), up to
6wt% MgO, can be dissolved into the spinel structure without exsolution. This limited
solid solution is an important property that is utilized in manufacture of spinels for use
in reducing conditions [70].

The cubic spinel crystal structure (Fd3m) is a close-packed array of oxygen ions,
which has the general form AB,O,. A is a divalent cation and B trivalent [60, 71].
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The metal cations occupy two sites: divalent cations (A) are in tetrahedral coordi-
nation, while trivalent ions (B) occupy octahedral sites. The oxygen ions form a
face-centered cubic close-packed arrangement and the unit cell consists of 32
oxygen ions, 8§ divalent (A), and 16 trivalent ions (B) with dimensions of 0.80832 nm.
There are a large number of natural forms of spinel structure, which include Cr,O,
and Fe O, forms. The lattice parameter A_is 0.80832nm, and in synthetic spinels,
the limited solid solutions with both Al,O, and MgO end-members are accommo-
dated in this cubic structure, although there is slight increase in the lattice parame-
ter [16].

There are two types of spinel, normal and inverted. Normal spinels have all the
A ions in tetrahedral sites and all B ions in octahedral coordination. When the structures
are inverted, the divalent A ions and half of the trivalent B ions are in the octahedral
sites while the remaining B ions have tetrahedral coordination. Both normal and
inverted spinels have the same cubic structure (space group Fd3m).

In high radiation fields, the spinel crystal structure has been shown to change. The
structure, while still cubic, becomes disordered with a reduction in lattice parameter.
The disordered “rock-salt” structure has a smaller unit cell reflecting the more random
occupation of the octahedral sites by both trivalent and divalent ions. Increased
radiation damage results in the formation of completely amorphous spinels. Radial
distribution functions (g(r)) of these amorphous phases have Al-O and Mg-O radial
distances that are different from equivalent crystalline phases. The Al-O distance in
the amorphous form is reduced from Al-O of 0.194nm in the crystalline phase to
0.18nm in the amorphous phase, while the Mg—O distance is increased (0.19nm in
the crystal to 0.21 nm in the amorphous phase). Differences between the Al-O distances
of crystalline and amorphous phases are a characteristic of both calcium and rare earth
aluminates.

The MgO-Cr,O, binary is closely related to the equivalent Al O, system. Here too
the only stable compound is a spinel-structured phase MgCr,O,, which has a high
melting point (2,350°C). The chrome-bearing ceramics have similar applications but
have a significant drawback environmentally. There is a risk that chrome-bearing
ceramics in furnace waste will interact and contaminate ground water. Cr[VI] ions
leached from remnant refractory materials in wastes into ground water are a serious
contaminant and have been linked to skin ulceration and carcinoma. MgO-Al O,
ceramics are, therefore, much more desirable.

12 Synthesis of Magnesium Aluminates

As with many ceramics, MgAl,O, spinels can be made by solid-state sintering of the
component oxides MgO and AlLO, [72]. Pure stoichiometric spinel (MgAlO,) is
made by solid-state reaction of high purity end-members at high temperatures.
Starting materials are either oxides (ALO, and MgO) or carbonates (MgCO,). The
synthesis relies on solid-state reactions between the grains of starting material and so
depends on the fineness of the powders used. An additional problem is the potential
for Mg(II) to volatilize at high temperatures from the Mg-starting powder, which can
lead to nonstoichiometric phases. In some instances this is desired, since more A1203-
rich spinels are more stable under reducing atmospheres.
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For some applications, better control on porosity is required and alternatives to
solid-state synthesis methods have been sought requiring synthesis temperatures
much lower than those used for the sintering route (1,600-1,800°C).

Chemical synthesis of MgAl O, spinels has been attempted using gibbsite
(Al(OH),) and MgO precursors[73]. Spinel precursors are formed by coprecipitation
and the resultant material is then calcined to produce spinel. The starting material
gibbsite, which is a by-product of the Bayer process, is dissolved in a solution of HCI
and HNO,. MgO is added in a molar ratio 2:1 Al/Mg (i.e., stochiometric spinel).
A precipitate is formed by adding NH,OH to maintain a pH of 8.5-9.0. The precipitate
is filtered and rinsed before calcining at temperatures of up to 1,400°C. Finally,
nanophase spinel aggregates are formed with a reduced (83%) density.

Even greater control of the microstructure of spinels is achieved by joint crystalli-
zation of mixtures of magnesium and aluminum salts [74, 75]. The magnesium salt,
magnesium nitrate hexahydrate (Mg(NO,),-6H,0) can be used to form highly reactive
spinel precursors by mixing in solution with different aluminum compounds.
Vasilyeva and coworkers [74, 75] for example report synthesis of nano-phase spinels
with porosity of up to 50% through use of aluminum nitrate monohydrate (AI(NO,),-9H,0),
aluminum isopropoxide (Al((CH,),CHO),), and aluminum hydroxide (AIOOH,
Boehmite). The stoichiometric mixtures of salts are dissolved in water and the pH is
adjusted by the addition of nitric acid (HNO,). The solutions are evaporated and then
calcined at 250-900°C. The porosity is variable and depends on the aluminum
compound used, and a combustible synthesis aid such as carbon can be added to
further increase the porosity.

Sol-gel techniques have also been developed to make MgAlO, spinel [76]. In
some applications [15, 77], such as filtration membranes for the food industry, spinels,
which have greater chemical stability, are prepared on the surfaces of y-AlO,
nanoparticles. In this technique, boehmite, produced by sol—gel process, is used as a
starting sol. In situ modification of the sol surface is achieved by adding Mg(NO,),
and ethylene-dinitro-tetra-acetic acid (EDTA) to the aged boehmite sol, and polyvinyl
acetate (PVA) solution and polyethylene glycol (PEG) is added to prevent defect for-
mation. During calcining, at 550-850°C, magnesium oxide diffuses to the core and
reacts with the alumina to form a spinel coat on the y-Al O, particles.

A modified sol-gel method can also be used to make spinel directly [76].
Magnesium oxide is dispersed into an isopropanol solution of aluminum sec-butoxide.
Water is added to the solution to promote alkoxide gelation and the slurry is evapo-
rated to remove excess water and alcohol. The precursors are then dried and calcined
at 300-800°C. In this case the formation of spinel is through reaction of nanophase
MgO and AlQ, in the spinel precursor during the calcining process.

13 Lithium Aluminates

Lithium aluminates have a potentially important role in the development of new types
of nuclear reactors [78-81]. This role is a result of the nuclear reaction between the
°Li isotope and neutrons °Li(n,ot), which results in a tritium (*H) ion. The natural
abundance of °Li is 7.5%, so ceramics can be made without any need for isotopic
enrichment. The *H ions are the plasma fuel for fusion devices. The design of the
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ceramic requires a high mechanical and thermal stability so aluminates are often
considered; because the operating conditions require diffusion of *H through pores,
special synthesis conditions are required.

Lithium aluminates are also important in the development of molten carbonate fuel
cells (MCFC) [82, 83]. In these fuel cells, a molten carbonate salt mixture is used as an
electrolyte. These fuel cells operate through an anode reaction, which is a reaction between
carbonate ions and hydrogen. A cathode reaction combines oxygen, CO,, and electrons
from the cathode to produce carbonate ions, which enter the electrolyte. These cells oper-
ate at temperatures of ~650°C and the electrolyte, which is usually lithium and potassium
carbonate, is suspended in an inert matrix, which is usually a lithium aluminate.

14 Li,0-AlLO, System

As with the other aluminate systems, the binary Li,0—-Al O, is characterized by the two
refractory oxide end-members, LiZO (which melts at 1,000°C) and A1203. There are
three stable compounds in the LizO—Ale3 system: LiSAIO » LiAlOZ, and LiAlSOS. The
phases of most interest for materials application are the LiAlO, compounds that have o,
B, and v form (Fig. 3). The o-LiAlO, is orthorhombic and has the space group r3m,
while the ¥ form has even lower (tetragonal) symmetry. Both Li and Al are in tetrahedral
coordination in the y phase. The y phase can be produced irreversibly by sintering the o
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phase at 1,350°C. The lattice parameters of LiAlO, match closely those of gallium
nitrides, and lithium aluminates are used as a substrate for GaN epitaxial films.

15 Synthesis of Lithium Aluminates

The synthesis of lithium aluminates for tritium production requires formation of
nanostructured phases. These can be made by solid-state reaction, by appropriate
mixing of oxide powders [84] or by sol-gel methods [80, 85-87]. One technique
is the peroxide route where y-Al,O, and LiCO, are dissolved in a peroxide (H,0,)
solution. Evaporation of water and calcining the solid residue results in nanophase
LiAlO,.

Sol—gel synthesis of LiAlO, involves an alcohol-alkoxide route. Different alcohols
and alkoxide combinations can be used. The alkoxide and alcohols are mixed and
hydrolyzed by addition of pure water. The mixture is then gelled by heating to 60°C
and is subjected to hydrothermal treatment in an autoclave. The morphology of the
crystalline phases is dependent on the length of the alkoxy groups used in the
alkoxide—alcohol mixing step. For example, rod-like crystals are produced with
butoxide and propoxide mixtures.

16 Rare Earth Aluminates

Rare earth aluminates are extremely important as laser host materials. Most interest
is in the system Y,0,-AlO,, and of the three crystalline phases that are important in
this system, the garnet phase (YAG, Y,Al,O,)) is the most important laser host. Laser
hosts require highly transparent single crystals, and crystal growth studies of YAG
were preformed at various laboratories in the 1950s and 1960s. YAG is optically
isotropic and transparent from 300 nm to 4 um and can accept trivalent laser activator
ions. In 1964, the Bell Telephone Laboratories reported the lasing of YAG doped
with Nd* [88]. Single crystals of YAG can be polished to form durable optical
components of uniform refractive index and good thermal conductivity. Because of
their robustness, YAG-based lasers have a wide variety of military, industrial, and
medical applications.

Although Nd:YAG requires large, defect-free single crystals [89], polycrystalline
ceramics are cheaper to manufacture and there is increasing use of YAG ceramics [90]
as scintillators for radiation detection, for example Ce-doped YAG ceramics [91, 92].
In this case, the luminescence comes both from the activation of the Ce ion, with
additional UV contribution, and from the YAG host itself.

Polycrystalline rare earth aluminates can also be used as advanced ceramic materials
because of their refractory nature and chemical and mechanical durability. Y,0,-Al 0,
coatings are used in crystalline fibers, and Eu-doped Y-Al powders are used for
phosphors and scintillation applications. Yttria and alumina are also used as
additives for liquid phase synthesis of silicon nitride ceramics, often forming glassy
coatings to the nitride phase and therefore having an important role in forming
nitride-glass composites.
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Because of the applications in laser and other optical devices, the Y,0,~Al,O, system
has been particularly well studied. There are three important crystal phases in
theY,0,-Al, 0O, system: in addition to the cubic garnet phase, YAG (Y,AlO,,), there
is a perovskite phase (YAIO,) and a monoclinic phase (Y ,AlO,). Not all rare earth
aluminate binaries have a stable garnet phase. Not all rare earth aluminate systems
have a stable garnet phase. The stability of the garnet phase depends on the identity
of the rare earth ion [93], for larger ionic radii (e.g., La(IIl) ), the garnet phase is not
stable and only pervoskites are present.

17 Y,0,-ALO, System

The Y,0,-AlO, phase diagram [11, 94, 95] has been studied extensively [96]. Large
single crystals of YAG required for laser hosts are grown from the liquid phase by the
Czochralski technique and a good knowledge of the phase equilibria is required to avoid
formation of phases less suited for laser and scintillation applications [11, 97, 98].

There are five crystalline compounds in the Y,0,~Al O, binary system (Fig. 4). The
two end-members have well-known crystal structures. Y,0, is cubic with two YO,
environments and oAl O; is trigonal with one aluminum site of AlO, and one oxygen
site of OAl,. The crystalline compounds show two common aluminum coordination
environments ("Al and “'Al) and a range of Y-O units (YO,, YO,, and YO,). There is
a large range of oxygen environments. The range in coordination environments for the
three ions in the Y—O—Al system have been extensively studied by nuclear magnetic
resonance spectroscopy (NMR) using the ?’Al, ¥Y, and '"O nuclei [99].

The garnet phase (YAG, composition Y,AlLO ,) has a complicated crystal structure
(Fig. 5) [17, 18, 99, 100]. The garnet phase is cubic, with 160 atoms per unit cell.
There are two aluminum environments in YAG: one coordinated by four oxygen
atoms ("YAl) and one coordinated by six oxygen atoms (Y'Al). There is an unique
yttrium site in YAG (YO,) and a single, distinctive oxygen environment (OY,A, ).
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Fig. 4 The Y,0,-Al O, phase diagram [96-98]
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Fig. 5 The crystal structure of garnet (YAG)

The perovskite phase (YAIO,) is orthorhombic and has a single type of Y'Al-site
(AlOy) and a single YOq site. In contrast to the garnet phase, there are two oxygen
sites: OY,A,, and OY,A ,. The monoclininc phase, YAM, has two different AlO,
environments and four yttrium ions: two in YO, and two in YO,. There are nine oxygen
sites in YAM, four OY3A1, two OY,Al, two OY, and one OY A ..

Thermodynamic data from solution calorimetry using molten lead borate [95, 101]
for the perovskite and garnet phases have been combined with data for the YAM
phase, and heat capacity data from adiabatic calorimetry and differential scanning
calorimetry have been used to calculate the phase diagram for the binary system. This
recent study shows unequivocally congruent melting of the perovskite phase and that
it does not decompose to the YAM phase + liquid [95].

Studies of the liquid state of Y,0,—Al O, liquids close to YAG have revealed complex
relations in the liquid state and the existence of a metastable eutectic at 23%
Y203—77% A1203 [96, 98, 102] projected form the YAlO3 composition and from
0-AlO,. The melting temperature at this eutectic composition is 1,702°C, considerably
lower than that of the melting point of YAG itself (1,940°C). The presence of this
eutectic has important implications for the nucleation behavior of YAG. Under some
conditions the Y,0,—AlO, liquids can be deeply undercooled and form a eutectic
mixture of 0-Al,O, and YAG. This is a reflection of the difficulty in forming YAG
nuclei [103], implying major differences in the local structure of the YAG-liquids and
the YAG crystal phase. YAG will only form if composition are heated to a temperature of
~50°C or less above the liquid temperature [98, 104], if heated to higher temperature
the liquid can be supercooled considerably below the liquid temperature and depending
on conditions form a mixed ceramic or a glass (if under containerless conditions
[105-107]).

Undercooled Y,0,—AlO, liquids are notable in that they show an unusual form of
transition. This is a so-called polyamorphic transition, which is a transition from a high



4 Aluminates 63

density to low density amorphous phase without a change in composition [108]. This
transition has been reproduced by several groups and the resultant samples comprise two
glassy phases, which are amorphous. It is also to be noted that the composite samples do
not consist of glass and nanocrystalline regions, as suggested by other groups [109].

18 Synthesis of YAG and Other Rare Earth Aluminates

A requirement for making YAG crystals is a homogeneous, high-purity starting material
for use in the Czochralski technique. This means that the application of mechanical
mixing and solid-state diffusion techniques are limited. Accordingly, a variety of syn-
thesis techniques have been developed, most of which are sol-gel based.

The sol-gel technique is attractive because it allows for molecular mixing of
constituents and results in chemical homogeneity. Typically calcining occurs at tem-
peratures well below those required for solid-state synthesis resulting in amorphous
nanocrystalline YAG samples. The citrate-based technique is commonly used for
YAG synthesis [14, 110, 111]. The starting materials are aluminum and yttrium
nitrates, which are soluble in water. Citric acid is added to the aqueous solution of the
stoichiometric mixtures of nitrates (3:5 Y to A for YAG) to act as a chelating agent
that is to stabilize the solution against hydrolysis or condensation. Ammonia is added
to reduce excess acidity. The sol-gel process requires formation of an organic polymer
framework, independent of the mineral species in solution. In the citrate technique,
the polymer framework is based on acrylamide, which is easily soluble in water.
Polymerization is initiated by free radicals and radical transfer agents. Transparent
gels are obtained by heating to temperatures of ~80°C. The organic components and
water are removed by placing the gel in a ventilated furnace and heating. Temperatures
of 800°C result in amorphous YAG, while higher temperatures result in nanocrystal-
line YAG. Doping of YAG with other rare earth elements (e.g., Nd, Eu, or Tb) for
phosphor or laser applications can be achieved by addition of the appropriate nitrate
at the solution stage.

A translucent solution is produced by stoichiometric mixtures of aluminum isopro-
poxide and yttrium acetate in butanedicol and by adding glycol instead of water in the
autoclave (the so-called glycothermal technique) heated to 300°C. Adding ammonium
hydroxide solution causes particles of YAG to precipitate.

There are some alternatives to sol-gel based on combustion synthesis [112—114].
The motivation of combustion synthesis is similar to that for sol-gel; a homogenous
high-purity product. Coprecipitation of organo-metallic products is followed by addition
of a fuel, such as urea or glycerin. When heated, combustion occurs causing localized
formation of YAG.

19 Y203—A1203 Glasses

Liquids in the Y,0,—AL O, system do not form glasses very easily, a feature that is not
just coincidental with the polyamorphic transition [115-117]. Poor glass-forming
ability is a feature of “fragile” liquids and the polyamorphic transition in Y,0,-Al,0O,
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liquids is interpreted as a transition from a fragile to strong liquid. This has important
implications for materials applications of YAG and closely-related glasses.

Y,0,-Al,0, glasses have high mechanical strength and desirable optical properties
so there are potential commercial applications for YAG fibers in composite materials
and optical devices. Glasses can be made from YAG using container-less levitation
[13, 105, 107, 118] with fibers drawn from the beads. The lengths of the fibers are
limited and this is most likely due to the changes in rheology that occur as the transi-
tion is intercepted. Furthermore, when there is formation of a second glassy phase,
different properties occur leading to a “necking” and breaking of the fiber.

The unusual behavior of Y,0,~Al0, glasses had resulted in extensive calorimetric
and diffraction studies. These suggest that the glass structure is very different from the
crystalline phases [119]. Although the crystalline phases are dominated by octahedral
aluminum (Y'Al), this short range order is reduced in the amorphous phases and the
mean Al-O coordination number is close to 4 (4.15) [119]. A similar change in Y-O
coordination is reported and the glass phases are not simply disordered forms of the
crystalline equivalents. This observation is consistent with the fragility of Y,0,-Al O,
liquids, and indeed molecular dynamics simulations (which are at much higher
temperatures than the fictive temperatures of the glass) suggest that the Al-O coordi-
nation number increases with temperature, as further suggested by studies of levitated
liquids. A structural model for a single phase (high density) Y,0,-ALO, glass is
shown in Fig. 6.

Glasses of Y,Al,O,, composition can be made by levitation techniques [106] and
other glass compositions can be made at compositions close to that of the metastable
eutectic (Fig. 4) using a Xe-arc image furnace. The precursors are made via sol—gel
route [115].

Commercial products are being developed from single phase aluminate glasses
[107, 120]. These “REAL"™ Glass” materials were first made using levitation melting.
Subsequently, formulations that can be cast from melts formed in platinum crucibles
have been developed. The glasses are hard, strong, and environmentally stable and

Fig. 6 Structural model of 20% Y,0,-80% Al,O, glass
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Fig. 7 A 1-cm diameter, 2-mm thick optical window made from REAL™ glass

they can be doped with high concentrations of rare earth ions for use in optical
devices. Initial commercial applications are as an alternative to sapphire for use in
infrared windows and optics that transmit to a wavelength of approximately 5um
(Fig. 7). Rare earth aluminate glasses are also important medically [121]. Yttrium in
rare earth aluminates can be activated by neutrons to form short-lived radioactive
isotopes (*°Y) for cancer therapy.

20 Conclusions

Aluminate glasses and ceramics include a range of compositions and crystal structures.
Most of the important physical properties of aluminates are similar to those of ALO,.
These properties include high melting point and high mechanical strength. Aluminate
ceramics are frequently binary systems and have intermediate compounds that, while
retaining the relatively high melting point, can be easily synthesized.

Aluminate compositions include calcium aluminate cements, which have high
chemical resistance, especially to sulfate, and is also used in refractory applications
where ordinary Portland cements would be unsuitable. These same cements are used
in bioceramic applications. The bioceramic applications reflect both the high mechanical
strength of the calcium aluminate cements and also the “biocompatibility” of Ca-bearing
phases, which bond well with, for example, bone.
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Other binary aluminates include magnesium spinels that are used extensively as
castable refractory ceramics. Lithium aluminates are used, potentially, in fuel cells
and as materials for new types of nuclear reactors. Again, these applications reflect
the refractory nature of aluminates and their chemical resistance.

Rare earth aluminates are also important commercially as ceramics and ceramic
composites for scintillation applications. The importance of the optical properties of
rare earth aluminates is underscored by the used of Nd-doped YAG as a laser host.

Synthesis of aluminates is in the most part a solid-state process using purified
components and requiring high temperatures. Sol-gel techniques are also used, since
this is a lower temperature route and also because in many applications grain size and
porosity need to be controlled.

Glasses can be formed from aluminates, but the glass-forming ability is poor. This
reflects the fragility of aluminate liquids which, in Y,0,~Al O, systems leads to
anomalous thermodynamic properties. As a result, exotic techniques are used to make
aluminate glasses, most importantly container-less levitation.
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