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6.9: Ceramic Processing of Alumina

Introduction

While aluminum is the most abundant metal in the earth's crust (ca. 8%) and aluminum compounds such as alum,
K[AI(SO4)2].12(H20), were known throughout the world in ancient times, it was not until the isolation of aluminum in the late
eighteenth century by the Danish scientist H. C. Oersted that research into the chemistry of the Group 13 elements began in earnest.
Initially, metallic aluminum was isolated by the reduction of aluminum trichloride with potassium or sodium; however, with the
advent of inexpensive electric power in the late 1800's, it became economically feasible to extract the metal via the electrolyis of
alumina (Al,O3) dissolved in cryolite, Na3AlFg, (the Hall-Heroult process). Today, alumina is prepared by the Bayer process, in
which the mineral bauxite (named for Les Baux, France, where it was first discovered) is dissolved with aqueous hydroxides, and
the solution is filtered and treated with CO; to precipitate alumina. With availability of both the mineral and cheap electric power
being the major considerations in the economical production of aluminum, it is not surprising that the leading producers of
aluminum are the United States, Japan, Australia, Canada, and the former Soviet Union.

Aluminum oxides and hydroxides

The many forms of aluminum oxides and hydroxides are linked by complex structural relationships. Bauxite has the formula
Al (OH)3. 5, (0 <x < 1) and is thus a mixture of Al,05 (a-alumina), AI(OH); (gibbsite), and AIO(OH) (boehmite). The latter is an
industrially important compound which is used in the form of a gel as a pre-ceramic in the production of fibers and coatings, and as
a fire retarding agent in plastics.

Heating boehmite and diaspore to 450 °C causes dehydration to yield forms of alumina which have structures related to their oxide-
hydroxide precursors. Thus, boehmite produces the low-temperature form y-alumina, while heating diaspore will give a-alumina
(corundum). y-alumina converts to the hcp structure at 1100 °C. A third form of Al,O3 forms on the surface of the clean aluminum
metal. The thin, tough, transparent oxide layer is the reason for much of the usefulness of aluminum. This oxide skin is rapidly self-
repairing because its heat of formation is so large (AH = -3351 kJ/mol).

4A1+309—2Al,03 (6.9.1)

Ternary and mixed-metal oxides

A further consequence of the stability of alumina is that most if not all of the naturally occurring aluminum compounds are oxides.
Indeed, many precious gemstones are actually corundum doped with impurities. Replacement of aluminum ions with trace amounts
of transition-metal ions transforms the formerly colorless mineral into ruby (red, Cr®"), sapphire (blue, Fe?"3*, Ti*"), or topaz
(vellow, Fe*). The addition of stoichiometric amounts of metal ions causes a shift from the a-Al,O3 hcp structure to the other
common oxide structures found in nature. Examples include the perovskite structure for ABO3 type minerals (e.g., CeTiO7 or
LaAlO3) and the spinel structure for AB,O4 minerals (e.g., beryl, BeAl,Oy).

Aluminum oxide also forms ternary and mixed-metal oxide phases. Ternary systems such as mullite (AlgSi,O43), yttrium aluminum
garnet (YAG, Y3Al;05), the S-aluminas (e.g., NaAl;;0;7) and aluminates such as hibonite (CaAl;,0,9) possessing -alumina or
magnetoplumbite-type structures can offer advantages over those of the binary aluminum oxides.

Applications of these materials are found in areas such as engineering composite materials, coatings, technical and electronic
ceramics, and catalysts. For example, mullite has exceptional high temperature shock resistance and is widely used as an infrared-
transparent window for high temperature applications, as a substrate in multilayer electronic device packaging, and in high
temperature structural applications. Hibonite and other hexaluminates with similar structures are being evaluated as interfacial
coatings for ceramic matrix composites due to their high thermal stability and unique crystallographic structures. Furthermore,
aluminum oxides doped with an alkali, alkaline earth, rare earth, or transition metal are of interest for their enhanced chemical and
physical properties in applications utilizing their unique optoelectronic properties.

Synthesis of aluminum oxide ceramics

In common with the majority of oxide ceramics, two primary synthetic processes are employed for the production of aluminum
oxide and mixed metal oxide materials:

1. The traditional ceramic powder process.
2. The solution-gelation, or "sol-gel" process.
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The environmental impact of alumina and alumina-based ceramics is in general negligible; however, the same cannot be said for
these methods of preparation. As practiced commercially, both of the above processes can have a significant detrimental
environmental impact.

Traditional ceramic processing

Traditional ceramic processing involves three basic steps generally referred to as powder-processing, shape-forming, and
densification, often with a final mechanical finishing step. Although several steps may be energy intensive, the most direct
environmental impact arises from the shape-forming process where various binders, solvents, and other potentially toxic agents are
added to form and stabilize a solid ("green") body (Table 6.9.1).

Table 6.9.1: Typical composition of alumina green body

Function Composition Volume (%)
Powder alumina (Al,O3) 27
Solvent 1,1,1-trichloroethane/ethanol 58

Deflocculant menhaden oil 1.8
Binder poly(vinyl butyrol) 4.4
Plasticizer poly(ethylene glycol)/octyl phthalate 8.8

The component chemicals are mixed to a slurry, cast, then dried and fired. In addition to any innate health risk associated with the
chemical processing these agents are subsequently removed in gaseous form by direct evaporation or pyrolysis. The replacement of
chlorinated solvents such as 1,1,1-trichloroethylene (TCE) must be regarded as a high priority for limiting environmental pollution.
The United States Environmental Protection Agency (EPA) included TCE on its 1991 list of 17 high-priority toxic chemicals
targeted for source reduction. The plasticizers, binders, and alcohols used in the process present a number of potential
environmental impacts associated with the release of combustion products during firing of the ceramics, and the need to recycle or
discharge alcohols which, in the case of discharge to waterways, may exert high biological oxygen demands in the receiving
communities. It would be desirable, therefore, to be able to use aqueous processing; however, this has previously been unsuccessful
due to problems associated with batching, milling, and forming. Nevertheless, with a suitable choice of binders, etc., aqueous
processing is possible. Unfortunately, in many cast-parts formed by green body processing the liquid solvent alone consists of over
50 % of the initial volume, and while this is not directly of an environmental concern, the resultant shrinkage makes near net shape
processing difficult.

Sol-gel

Whereas the traditional sintering process is used primarily for the manufacture of dense parts, the solution-gelation (sol-gel)
process has been applied industrially primarily for the production of porous materials and coatings.

Sol-gel involves a four stage process: dispersion, gelation, drying, and firing. A stable liquid dispersion or sol of the colloidal
ceramic precursor is initially formed in a solvent with appropriate additives. By changing the concentration (aging) or pH, the
dispersion is "polymerized" to form a solid dispersion or gel. The excess liquid is removed from this gel by drying and the final
ceramic is formed by firing the gel at higher temperatures.

The common sol-gel route to aluminum oxides employs aluminum hydroxide or hydroxide-based material as the solid colloid, the
second phase being water and/or an organic solvent, however, the strong interactions of the freshly precipitated alumina gels with
ions from the precursor solutions makes it difficult to prepare these gels in pure form. To avoid this complication, alumina gels are
also prepared from the hydrolysis of aluminum alkoxides, AI(OR)3.

Al(OR),; + H,O/H" — Al-gel (6.9.2)

A
Al-gel — Al,O4 (6.9.3)

The exact composition of the gel in commercial systems is ordinarily proprietary, however, a typical composition will include an
aluminum compound, a mineral acid, and a complexing agent to inhibit premature precipitation of the gel, e.g., Table 6.9.2.

Table 6.9.2: Typical composition of an alumina sol-gel for slipcast ceramics.

https://chem.libretexts.org/@go/page/212885


https://libretexts.org/
https://creativecommons.org/licenses/by/1.0/
https://chem.libretexts.org/@go/page/212885?pdf

LibreTextsw

Function Composition
Boehmite precursor ASB [aluminum sec-butoxide, Al(OC4Hg)3]
Electrolyte HNO3 0.07 mole/mole ASB
Complexing agent glycerol ca. 10 wt.%

The principal environmental consequences arising from the sol-gel process are those associated with the use of strong acids,
plasticizers, binders, solvents, and sec-butanol formed during the reaction. Depending on the firing conditions, variable amounts of
organic materials such as binders and plasticizers may be released as combustion products. NOx’s may also be produced in the off-
gas from residual nitric acid or nitrate salts. Moreover, acids and solvents must be recycled or disposed of. Energy consumption in
the process entails “upstream” environmental emissions associated with the production of that energy.
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