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ABSTRACT 

This report summarizes the results of a literature review of methods for 

applying TiB 2-based cathode materials to the Hall-Herault process used for the 

commercial production of aluminum. The report discusses applicable patents. 

alternative bonding and coating techniques. and developmental research 

performed by several aluminum companies. Recommendations are given for future 

directions in refrofitting Hall-Herault cells with stable TiB 2-based cathode 

materials. 
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INTRODUCTION 

The Inert Anode/Cathode Program is conducted by Pacific Northwest labora

tory for the U.S. Department of Energy (DOE), Office of Industrial Programs 

(DIP). The purpose of the program is to develop long-lasting, energy-efficient 

anodes, cathodes, and ancillary equipment for Hall-Herault cells used for the 

commercial production of aluminum. The program is divided into four tasks: 

• Inert Anode Development - to improve the overall energy efficiency of 

the Hall-Herault process by development of inert anodes. 

• Cathode Materials Evaluation - to confirm the chemical behavior of 

carbon-containing TiB 2 cathode material (TiBCM) in the presence of 

molten cryolite and aluminum, and to upgrade the analytical proce

dures for Al4C3 in cryolite. 

• Stable Cathode Studies - to develop methods for retrofitting Hall

Herault cells with Ti8 2-based cathode materials. 

• Sensor Development - to devise sensors to control the chemistry of 

Hall-Herault cells using stable anodes and cathodes. 

This report is one of several that are being issued by PNL to document 

activities sponsored by the DOE OIP. The focus of this report is twofold: 

1) to review research efforts in the development of stable TiB 2-based cathode 

materials and their bonding methods for Hall-Herault cell retrofit applica

tions, and 2) to recommend future directions for retrofitting commercial cells 

based on this review. 

Refractory hard materials, in particular TiB 2, have long been considered 

for cathodes in industrial Hall-Herault cells.(a) The advantages of TiB 2-based 

cathode materials mainly consist of their ability to be wetted by molten 

aluminum, thereby enabling a reduction in the anode-to-cathode spacing with a 

consequent savings in energy usage. 

(a) Beck 1982; Todd 1981; Ransley 1962 and 1963; Grjotheim et al. 1982; and an 
extensive literature review by Billehaug and Oye 1980. 
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One of the major problems that has impeded the use of refractory hard 

materials in industrial cells is the difficulty in forming a stable, adherent 

bond with the cell liner material. Other problems include the cost of the 

refractory hard materials and their susceptibility to breakage under normal 

handling and cell operating procedures. Until these difficulties are resolved, 

these materials will not be used in industrial cells for cathode applications. 
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REVIEW OF ALUMINUM INDUSTRY RESEARCH 

Aluminum industry research directly related to the attachment of TiB2-

based materials to Hall-Herault cells will be discussed in this section. 

KAISER ALUMINUM AND CHEMICAL CORPORATION 

From 1956 to 1964, efforts at Kaiser Aluminum and Chemical Corporation 

(KACC) were made to form cathode materials from the then-available TiB 2 
powders. At that time, the oxygen content of the TiB 2 powders was too high to 

produce sintered materials that could resist intergranular penetration of TiB 2 
by aluminum. Premature failure of the cathodes resulted in termination of the 

project (Dorward and Payne 1983; Dorward 1983). 

Because of the availability of improved materials, KACC began a new 

program in 1976 to develop a practical TiBz cathode. This program, initially 

funded by the U.S. Energy Research and Development ll.dministration (ERDA) and 

later by DOE, encompassed the period from 1976 to 1983. The approach was to 

retrofit existing cells with TiB 2 cathodes without major modification to the 

existing cells. This program is discussed in detail by Dorward and Payne 

(I983). 

The initial (ERDA-sponsored) evaluation was carried out in a modified 
pilot cell consisting of two drained cathode surfaces inclined at 2 degrees 

from the horizontal toward a central metal well. TiB 2 tiles were temporarily 

bonded to a graphite substrate on the floor of a cell using carbon-based 

cement. Although the pilot-cell operation demonstrated the concept of using a 

smaller anode/cathode distance (ACD} with TiB 2 cathode materials that were 

wetted by aluminum, severe difficulties with bonding of the tiles to the graph

ite occurred. The reasons for these difficulties which included tile detach

ment and breakage were not ascertained, but both mechanical and chemical bond 

failures were suspected. The few tiles that remained bonded after the test 

were found to be fastened by the carbonaceous ramming mix and by an aluminum 

carbide layer on the underside of the tiles. It was theorized that molten 

aluminum reacted with the carbon-based cement to form aluminum carbide, which 

acted as the bonding agent between the TiB 2 tiles and the graphite substrate. 
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A 1978 KACC patent {Payne 1978) advocates using aluminum carbide as a 

bonding agent to attach TiBz plates to graphite. In Example 1 of this patent, 

a small 250-A reduction cell operating at 975°C was prepared with TiB 2 plates 

bonded to the graphite with carbon-based cement. The bond formed slowly over a 

period of 16 h at which time the tiles could no longer be displaced. After 60 

h of operation, a cell autopsy showed that the plates were firmly bonded to the 

substrate by an aluminum carbide bond. However, aluminum carbide suffers at 

least two disadvantages as a bonding agent: 1) it dissolves readily in the 

bath, and 2) its electrical resistivity is high at 950°C {250 ohm-em}. It 1as 

also been pointed out that the bonds fail when the cell is cooled due to co~F

ficient of thermal expansion {CTE) differences (Boxall, Cooke, and Hayden 

1984}. If aluminum carbide is an unsatisfactory bonding agent, then the us~~ of 

carbon-containing adhesives may be unsatisfactory due to the tendency to fo~·n 

aluminum carbide. However, the patent claims that the TiB 2 tiles can be bo11ied 

to the graphite underlayer by aluminum carbide (Payne 1978). 

The sintered and hot pressed TiB 2 tiles for the ERDA-sponsored pilot s·:,Jdy 

indicated the importance of using low-oxygen materials to alleviate degrada1: ion 

during electrolysis (Dorward and Payne 1983). The tiles containing much hiql1er 

levels of oxygen (500 ppm) exhibited extensive breakup of the TiB 2 surface 11th 

detachment of grains and a large amount of intergranular porosity. These t· es 

also had extensive crack systems that traversed their entire thickness. ThP 

low-oxygen tiles revealed only minor microcracks and an 80-).lm penetration dE~pth 

of aluminum. Several authors have discussed the influence of TiB 2 purity or1 

intergranular penetration by molten aluminum.(a) 

In the DOE funding phase of the pilot study reported by Dorward and Pa~'ne 

(1983), various coating processes were investigated, although none of the coat

ings were subjected to bath, aluminum, or electrolysis tests. It was noted 

that all potential substrates matched the TiB2 CTE as a primary requirement, 

Metal substrates mentioned in the KACC report (Dorward and Payne 1983) inclt1ded 

(a) Ransley 1962 and 1963; Dorward 1982 and 1983; Dorward and Payne 1983; 
Meyer 1983; Goodnow and Payne 1982; Zdaniewski 1985; Baumgartner 1984a and 
1984b. 
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titanium, Kovar, molybdenum, tantalum, and tungsten. Nonmetallics mentioned 

included high-expansion graphite, titanium carbide, tungsten carbide, and TiB2• 

Also in the DOE portion of the project reported by Dorward and Payne 

(1983), several cathode designs were considered. The "packed-bed" cathode and 

"piecewise" cathode, which would have involved embedding components into the 

cell bottom, were considered but not tested. The planar cathode concept (as 

employed in the ERDA study) was discussed; and the possibility of mechanically 

fastening the tiles to the cell liner was mentioned by Dorward and Payne 

(1983). 

The replaceable cathode module (RCM) concept, consisting of assemblies of 
planar TiB 2 tiles mounted on subassemblies that can be installed or removed 

without shutting down the cell, was also evaluated (Dorward and Payne 1983; 

Goodnow and Payne 1982). The RCMs were designed so that they were more dense 

than molten aluminum and thus could be set in place on the floor of a cell 

without attachment. The use of RCMs is desirable because 1) damaged modules 

can be replaced without shutting down the cell and 2) deformation of carbon

based liner materials from sodium intercalation will not impair the longevity 

of TiB2-based materials and bonds on the modules. In the pilot test reported 

by Dorward and Payne (1983), the lack of the expected energy reduction in 

reducing the ACD was ascribed to an increasing void fraction of anode gas as 

the ACD was reduced. 

However, modeling studies with the anode and cathode inclined at 

75 degrees to the horizontal showed that orderly gas evolution in one-dimen

sional flow could be achieved (Dorward and Payne 1983). This finding led KACC 

to pursue the inclined electrode concept in pilot tests. The drained cathode 

assembly consisted of an "A-frame" of TiB2 materials with an anode facing each 

side of the frame. 

The initial A-frame tests apparently involved no bonding to the cell 

bottom but simply mechanical contact. Problems in the initial tests were 

ascribed to "poor (intermittent) electrical contact between the metal pad and 

the base of the TiB 2 rods" (Dorward and Payne 1983). The A-frame assembly 

s1mply rested on the cell bottom. In some cases, part-to-part contact was 

relied on for electrical conduction; in other assemblies, an aluminum phosphate 
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cement was used that underwent rapid dissolution. The cell autopsy showed 

severe corrosion at the bottom of the assemblies. Some of the TiBz parts 

showed almost complete aluminum penetration, resulting in serious degradati·J'l 
in strength. 

Dorward and Payne (1983) suggested the following mechanism for the sev~~~~e 

corrosion. If the electrical connections between the cell bottom and the b·t·;e 

of the A-frames were degraded due to low metal level conditions, obstruction by 

muck or other conditions would electrically isolate the frame, and the botton 

of the frame could act as an anode. The resulting oxidation could lead to 

rapid dissolution of the TiR 2 materials. This indicated the importance of 

maintaining a continuous current path to the cathode assembly. The next 

approach taken was to use a top-entering cathode current collector. However, 

difficulties were encountered protecting the current collector from chemical 

attack by the bath and the gaseous atmosphere above the bath. 

The final report (Dorward and Payne 1985) for the period from April 19CL 

through June 1985 covers research resulting from an amendment of the original 

DOE/KACC contract to evaluate carbon-containing TiB2 cathode material (TiBC~) 

that had been developed by Martin Marietta (MM) Laboratories. Commonwealth 

Aluminum (formally MM) was a major subcontractor to KACC during this contract 

phase. This proprietary carbon/TiB 2 composite had been tested under con

ventional thick aluminum pad conditions for several years (Boxall, Cooke, and 

Hayden 1984). 

Some of the results of the DOE/KACC research are discussed below. Two 

forms of TiRCM were provided by MM: 1) coatings that were troweled directly 

onto cathode blocks, cured, and baked, and 2} plates that were glued onto cath

ode blocks. Commercial cells tests consisted of coating one face of SiC plates 

with TiBCM, then placing the plates on edge between the sidewall and anode of a 

conventional Hall cell. The test sample was extensively deteriorated in 

regions contacting the bath. 

The TiBCM materials bonded to carbon substrates were reported to be 

thermal shock resistant and wetted by aluminum under electrolysis conditions. 

These samples did not appear susceptible to physical disruption or spalling 
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effects. Titanium contamination of the metal produced during short-term elec

trolysis tests was reported to be within acceptable limits. The wear mechanism 

under thin film (aluminum) conditions involved the formation and subsequent 

dissolution of aluminum carbide into the aluminum, leaving unattached TiB2 
particles that became suspended in the aluminum. Several authors have reported 

wear of carbon-based materials in molten aluminum environments by way of alumi

num carbide formation and dissolution (Hollingshead and Brown 1981; Dorward 

1973a, 1973b; Grjotheim, Naeumann, and Dye 1977; Dewing 1969 and 1974). Addi

tional research is needed to alleviate this wear mechanism in TiBCM materials. 

The remainder of the report by Dorward and Payne {1985) is concerned with 

cell design and economic analysis. It is unfortunate that none of the KACC 

pilot facilities were configured for TiBCM testing for a small ACD and thin 

film operation prior to the end of the DOE contract. 

MARTIN MARIETTA/COMMONWEALTH ALUMINUM CORPORATION 

Martin Marietta 1 s contribution to cathode bonding is in development of the 
TiBCM (Cooke et al. 1985b; Boxall, Cooke, and Hayden 1984; Buchta and Nagle 

1983). This material consists of TiB2 powder, a carbonaceous matrix, coke par

ticles, and, in some cases, carbon fibers. The TiBCM can be applied directly 

to the cathode substrate as a wet coating and then cured and carbonized. 

Several examples of TiBCM coating formulations are presented by Boxall and 

Townsend {1984), Boxall et al. (1984), Buchta and Nagle (1984) and Cooke et al. 

1985a and b. 

A 2.5% energy improvement was reported by Cooke et al. (1985a) for tests 
performed with 20 full-scale cells that were retrofitted with TiBCM. A 5- to 

7-yr lifetime was predicted. Cooke and Nagle {1985) describe lab- and plant

tests of TiBCM materials. The durability of the materials was strongly 

influenced by the amount of fiber in the mix. A conventional carbon cathode 

was worn away at 1 to 2 cm/yr while the composite wear rate was reported to be 

an order of magnitude less. It was suggested that wear rates in the composites 

are controlled by TiB2 dissolution and that carbon is only attacked following 

localized TiB 2 depletion. In Cooke and Buchta {1985), MM reports that 

industrial tests were performed in cells lined with the carbon/TiB2 composite 
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mixtures. The refractory composite lining showed a slow and uniform erosio1 by 

dissolution, as monitored by the content of Ti and B impurities in aluminum 

production. Electrical energy consumption was decreased in 18-mo service 

tests, and the cells were operated at a lower-than-normal voltage due to th·~ 

improved cathode current distribution and cleanliness of coated cathodes •. \ 

coating service life of 5 to 7 yr was projected. 

ALCOA ALUMINUM COMPANY 

Foster and Jacobs (1978 and 1979) reported an improvement in the electrll

lytic production of aluminum in which drained cathode surfaces were evaluatPd 

in short duration laboratory-scale experiments. These surfaces consisted of 

TiB 2-based articles that were mechanically attached to graphite cell bottom:. 

with an interference fit rather than a cement. Various shapes of the catho<l£• 

articles were evaluated, such as solid cylinders and solid and perforated 

plates. Hollow cylinders open at the anode end, which filled with aluminum to 

act as the cathode surface, were also evaluated. Composites of TiB 2-BN werE 

also reported to exhibit superior wear resistance during these tests. FostEr 

and Jacobs (1978) also reported a 4000-A cell test with an array of TiB2 an( 

TiB2-BN rectangular parallelepiped articles protruding from recesses in the 

graphite cell liner; after 65 days of continuous operation, TiB2-BN plates 

showed no apparent loss in dimension. 

Similar reports by Das, Foster, and Hildeman (1983) explain the use of 

TiB 2-based monoliths, which are embedded in the cell bottom and function as 

drained cathode surfaces. These materials are shaped as hollow or solid 

cylinders, and they extend either into the aluminum or bath. Coatings produced 

from chemical vapor deposition, slurry deposition, and plasma spraying were 

suggested to be useful for fabricating these cathodes. Graphite-TiB 2 composite 

formulations were also presented, which were reported to exhibit resistance to 

thermal shock. 

In the drained cathode embodiments of Foster and Jacobs (1978 and 1979) 

and Das, Foster, and Hildeman (1983), TiB2-based articles are firmly embedded 

into carbon-based cell bottom materials; this may lead to misalignment of 

anode-cathode spacings or damage of the sometimes brittle TiB 2-based articles, 
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because of sodium intercalation and subsequent deformation of carbon-based cell 

bottom materials. Several authors have discussed deformation phenomena occur

ring in various carbon-based cell bottom materials over extended periods of 

time: Waddington (1963}; Sorlie and Dye (1984a and b); Panebianceo and 

Bacchiega (1966); Dell (1967 and 1985); Dewing (1963 and 1974). 

In another study by Foster, Das, and Becker (1981}, the CVD coating 

adhesion of TiB 2 on graphite was improved through control of the graphite 

structure to favor a higher CTE. One embodiment includes aligning the RHM 

coated graphite so that the graphite grain direction is parallel to the direc

tion of current flow from anode to cathode. It was reported that the coating 

needs to exhibit a dense columnar structure to reduce penetration by molten 

a 1 umi num. 

In a Battelle/Alcoa study, pipes consisting of chemical vapor-deposited 

TiB 2 on graphite were produced and evaluated for resistance to chemical attack 

in a laboratory-scale Hall cell for 100 hr (Becker and Blanks 1984). The pro

jected lifetime of the coating was a factor of 50 shorter than that calculated 

by assuming uniform saturation dissolution of TiB 2 in molten aluminum. 

Chemical attack was attributed to grain boundary penetration by aluminum. 

A patent by Jacobs et al. (1983} reports the use of a bed of loosely 

packed objects that are placed directly on the carbon floor of a cell. Inter

stices between the objects accommodate molten aluminum; the bed is screeded to 

provide a top surface which is parallel to the bottom of the anode. The 

loosely packed objects, which are approximately 2 inches in size, may be pre

formed shapes or randomly shaped fragments. These objects may be composed of 

conductive or nonconductive materials; Ti B2-BN composites were recommended. 

The bed is reported to exert a damping effect on the movement of aluminum and 

reduces wave amplitudes in the aluminum pad; a reduced ACD is therefore 

possible. It is expected that alumina concentrations in the bath must be 

maintained at acceptably low levels to prevent accumulation of sludge within 

the interstices of the packed bed. 

A patent by Jarrett and Hornack (1985) discussed the use of replaceable 

anode/cathode modules whicry are suspended from anode bus bars, and are sub

merged into the bath and aluminum pad without making physical contact with cell 
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liner or cell bottom surfaces. In several design concepts, mechanical spac~rs 

were positioned between anode and cathode surfaces to fix anode/cathode spa:

; ng. These design concepts use inert anodes and drained Ti B2-based cathode·;; 

the cathodes maintain electrical contact by being partially submerged in an 

aluminum pad. There are several attractive features to these designs: 

1) anode/cathode spacings are fixed without being misaligned from deformation 

of carbonaceous cell bottoms, 2) brittle TiB 2-based cathodes are not damaged 

from deformation of carbon ce 11 bottoms, 3) rep 1 aceab 1 e anode/cathode modul P'; 

can be serviced and retrofitted into existing commercial cells without recort·· 

structing cell liners, and 4) bi-polar electrodes can be added. Additional 

research is needed to experimentally eva 1 uate performance of spacer material~. 

and specific anode/cathode module design concepts. 

REYNOLDS METALS COMPANY 

A patent by Kaplan et al. {1982) discusses the use of TiB2-aluminum 

nitride composites bonded to graphite substrates, where the resulting tiles ere 

attached to carbon cell bottoms using carbon-based cement. The composite tiles 

were formed and the bond produced by hot pressing a mixture of TiB2 and AlN 

powders directly against a graphitic base layer in an inert atmosphere. Prier 

to hot pressing, the graphitic surfaces 

air cleaned to facilitate the bonding. 

were mechanically roughened and then 

It is believed that the RHM coatings 

were bonded by sintering of powders inside of the surface imperfections of the 

graphite. The RHM layer may be reinforced with carbon, graphite, or silicon 

carbide fibers (or particles) to minimize cracking during usage. AlN additions 

were reported to lower the thermal expansion of TiB 2-AlN composites relative to 

TiB 2; this enabled bonding to expansion compatible graphites {Long and Foster 

1959; Kaplan et al. 1982; Keihn and Keplin 1967; Skaar and Croft 1973; 

Richards, Berry, and Johnston 1967 and 1968). 

Test results showed that the ability to produce crack-free tiles was a 

function of the thermal expansion mismatch of the RHM layers and graphite sub

strates. Thermal expansion stresses varied somewhat according to hot pressing 

conditions and the physical dimensions of the tiles. 
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Laboratory-scale reduction cell tests showed that tiles of TiB 2-AlN hot 

pressed to graphite operated for periods of 200 to 700 h with no apparent 

deterioration of the hot-pressed 

base layer (Kaplan et al. 1982). 

bond or of the cemented bond to the graphite 

Another observation was that the graphite 

base layers were fully penetrated by elemental sodium and bath constltuents 

within the first few days of testing. It is uncertain if bonds between graph

ite and TiB2-AlN are capable of withstanding long-term deformation phenomena 

occurring in carbon cell bottom materials (Waddington 1963; Sorlie and Dye 

1984a and b; Panebianceo and Bacchiega 1966; Dell 1967 and 1985; Dewing 1963 

and 1974). 

Additional tests were performed with a TiB 2-AlN tile, which was not hot 

pressed to graphite; instead, the tile was cemented to the base graphite. It 

became detached after approximately 400 h of electrolysis testing (Kaplan 

et al. 1982). A layer of aluminum and aluminum carbide was found between the 

tile and the graphite, indicating that these tiles cannot be as well bonded to 

a carbonaceous base using carbonaceous cements as can TiB 2-AlN hot pressed to 

graphite tiles. 

To prevent chemical attack of graphite substrates by way of Al 4C3 forma

tion and subsequent dissolution, Kaplan (1982) suggested eliminating the graph

ite and using intermediate tiles between the RHM tiles and the cathode blocks. 

Intermediate tiles mentioned include AlN, SiN, BN, TiN, ZrN, TaN, oxynitrides, 

carbides such as A1 4c3, TiC, B4C, Zr4C3, Ta2c, and SiN-bonded SiC. The inter

mediate tiles were bonded to the cathode blocks by a carbonaceous cement while 

the RHM tiles were pinned to the intermediate tiles using RHM pins. However, 

it is possible that these intermediate tiles may result in additional voltage 

drops for the cell. 

Richards (1983) discussed protecting the RHM/substrate bond by a solid 

alumina-cryolite layer between the carbonaceous cell liner and the molten alum

inum pad. This stable cryolite-alumina layer was reported to prevent molten 

aluminum from reaching the RHM tile-carbonaceous substrate interface, thus 

eliminating the cause of erosion of carbon at this interface. The mixture was 

formulated so that its melting point is higher than normally experienced under 

temperatures of aluminum production. 
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The patents by Tabereaux and Willet (1984) and Stewart, Tabereaux, and 

Willett (1986) suggest the use of anode stops (shapes that project from the 

cell bottom into the bath) to prevent damage to the RHM materials by accidew:al 

anode movement and contact. Tabereaux (1984) and Stewart, Tabereaux, and 

Willett (1986) suggested the use of refractory sleeves (hollow cylinders) 

embedded into the carbonaceous cell bottom. The sleeves (silicon-nitride

bonded silicon carbide is the preferred material) can be glued to the cell 

bottom with a carbonaceous cement. RHM tiles are loosely fitted into the 

sleeves (not bonded); these tiles act as cathodes by protruding from the 

sleeves into the aluminum. This approach has the advantage that the RHM ti lE·S 

can be replaced while the cell is in operation. However, this design concen 

may be susceptible to misalignment of anode-cathode spacings because of defc,r

mation of carbon-based cell bottom materials (Waddington 1963; Sorlie and Dye 

1984; Panebianceo and Bacchiega 1966; Dell 1967 and 1985; Dewing 1963 and 

1974), 

ADDITIONAL APPLICABLE DATA 

Several patents(a) were issued to Great Lakes Research Corporation for 

various formulations of TiBz-graphite composites (TiB 2-G). Joo, Tucker, and 

Webb (1983a and 1983b) fabricated TiB2-G composites by heat treating mixtures 

of TiBz powder and petroleum pitch materials. Joo, Tucker, and McCown (1983) 

mixed Ti02 and Bz03 in a carbonizable solution; these oxides form Ti82 during 
heat treating. Boron compounds were added to a Ti0 2-carbon composite to form 

TiB2 during heat treatment. 

Tucker et al. (1986) reported promising results for TiB 2-G materials 
evaluated in commercial reduction cells; these samples were wetted by aluminJ'Tl, 

resistant to thermal shock, and in good condition after six months of cell 

exposure. Versatile fabricability of TiB2-G composites was also reported. 

Joo et al. (1985) also reported a method for fabricating monolithic 

bipolar electrodes for alumina smelting cells. The process involved brazing 

(a) Joo, Tucker, and McCown 1983 and 1984; Joo, Tucker, and Webb 1983a and 
1983b; Juel, Joo, and Tucker 1984. 
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oxide-based cermet anodes to RHM cathode materials such as TiB 2, using an 

Fe-Ni-Co alloy intermediate layer with a thermal expansion coefficient inter

mediate to the anode and cathode layers. 

Molnar (1985) and Sane, Wheeler, and Kuivila (1983) proposed a loosely 

packed bed of RHM-coated pieces to function as a cathode on the floor of a 

commercial cell. These design concepts are similar to that proposed by Jacobs 

et al. (1983). Sane, Wheeler, and Kuivila (1983) also reported minimal deteri

oration of TiB2 coatings on alumina samples which were exposed to molten alumi

num for 4 to 8 weeks. They also evaluated a coated honeycomb structure during 

a 10-h electrolysis test; good performance was reported. The same authors 

recommended various coating processes including in situ formation of TiB2 films 

on alumina substrates immersed in a Hall-Herault cell. These films were formed 

by way of aluminothermic reduction of titanium oxide and boron oxide. 

~nother patent from Pechiney ~luminum advocated use of a conductive screen 

(graphite, C, or C-C composite coated with TiB2) that floats on the aluminum 

pad between the aluminum and cryolite interface (Leroy and Keinborg 1984). The 

advantage is that the screen is not bonded or connected to the C cathodic sub

strate. Keller (1986) and Keinborg et al. (1985) also proposed the use of 

cathode members that float at the aluminum/bath interface. Possible materials 

include composites of TiB2-based coatings on graphite substrates. Additional 

research is needed to evaluate performance of such coatings, which are required 

to be resistant to aluminum penetration and subsequent spalling. 

~ Pittsburgh Plate Glass Industries patent described a halide vapor reduc

tion process for generating high purity submicron TiB2 powder which, when hot 

pressed to a density of 97%, operated in an aluminum reduction cell for 100 h 

with no sign of deterioration or electrolyte penetration (Hoekje 1981). Stress 

corrosion cracking studies by Baumgartner (1984a and 1984b) also revealed that 

TiBz sintered from halide-reduced powder was exceptionally resistant to 
intergranular penetration by molten aluminum. 
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REVIEW OF ALTERNATIVE COATING TECHNIQUES 

Several TiB 2 coating techniques that have not been extensively applied to 

Hall-Herault cell cathodes are discussed in this section. These techniques 

include chemical vapor deposition (CVD), electrodeposition, plasma spraying, 

and miscellaneous methods. 

CHEMICAL VAPOR DEPOSITION 

Several authors have reported chemical vapor deposition (CVD) of TiB 2 onto 
various substrate materials for erosion-resistant applications. Besmann and 

Spear (1975), Blandenet et al. (1977), Pierson, Randich, and Mattox (1979), 

Pierson and Mullendore (1980) and Mattox et al. {1980) have discussed CVD 

methods of depositing TiB2 onto graphite substrates. Matching the thermal 

expansion of the substrates and coatings was necessary to prevent the coatings 

from cracking. Pierson and Mullendore (1982) presented a technique for 

depositing thick coatings, i.e., greater than 100 ~m, of T;s 2 onto graphite. 

Caputo, lackey, and Wright (1984) deposited TiB 2 onto cemented carbides and 

Ni-bonded TiB2 substrates. Finch, Tennery, and Curlee (1984} also discussed 

deposition of TiB2 onto Ni-bonded TiB2 substrates. Holzl (1979) described a 

thermochemical deposition process for coating graphite or ceramics with TiB2• 

Williams (1985) discussed a glow discharge/CVD process for producing TiB2 
coatings. Takahashi and Kamiya (1974} presented methods for depositing TiB2 on 

graphite and low carbon steel. 

Becker and Blanks (1984} produced pipes of graphite that were chemical
vapor deposited with TiB2 and experimentally evaluated in a laboratory scale 

alumina smelter. The coatings exhibited shortened lifetimes because of grain 

boundary attack and subsequent crystal pull out. Additional research is needed 

to determine if CVD coatings of TiB2 may be feasible for Hall-Herault cell 

retrofit applications. Main requirements for these applications are that the 

coatings remain adherent and resistant to chemical attack, and be economically 

produced. At present, the operating costs for the CVD process are high. Also, 

depending on substrate/coating thermal expansion stresses, CVD coatings of TiB2 
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may be brittle and susceptible to mechanical damage. Cracks that may develop 

in coatings should not result in chemical attack of substrate materials by 

penetrating liquids. 

Gebhardt and Cree (1965) reported studies on the influence of various 

process variables on the structure and stoichiometry of TiB2, HfB2, and ZrBz 

coatings. These authors reported preferred crystallographic orientation of 

coatings where the crystallites were deposited with C axes parallel to 

substrates. 

ELECTRODEPOS!TION 

Several authors have reported electrodeposition of TiB2 on metallic and 

graphite substrates.(a) The adherence varies with the thermal expansion of the 

substrate material. High expansion graphite and several refractory metals 

including titanium have CTEs that are compatible with Ti82; however, these 

metals are chemically reactive with flouride-based electroplating baths, and a 

protective base coat of copper or nickel is required {Schlain, McCawley and 

Smith 1976; Townsend and Boxall 1984). In a study by Townsend and Boxall 

(1984), it was claimed that electroplated TiB 2 coatings to be used for 

Soderberg anode stud fastener applications are resistant to attack by cryolite 

and aluminum. Additional research is needed to determine the feasibility o1 

producing Hall-Herault cell cathode components. This research should identify 

whether aluminum penetrates TiB 2 coatings during Hall Herault cell usage, ard 

if this penetration results in chemical attack of substrate materials. 

PLASMA SPRAYING 

Several authors have reported plasma-spraying TiB2 coatings. (b) AlthOLgh 

this method is certainly attractive because of the rapid deposition rates 

(a) Townsend and Boxall 1984; Schlain, McCawley, and Smith 1976; Flinn et al. 
1979; Flinn et al. 1981; McCawley, Schlain, and Wyche 1974; Schlain, 
McCawley, and Wyche 1969; Gomes, Uchida, and Wong 1975; Kellner 1975; 
Bracuti and Bottei 1984; Kirk, lynch, and VanStratum 1981. 

(b) Dallaire and Champagne 1984; Townsend and Boxall 1984; Fletcher 1979; 
Schreyer et al. 1979; Kugler and Rieger 1974; Morozumi, Kikuchi, and 
Kanazawa et al. 1981. 
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attainable, single phase TiB2 coatings are typically porous because of diffi

culties melting the starting powder (Dallaire and Champagne 1984; Townsend and 

Boxall 1984). This porosity may lead to penetration by aluminum with sub

sequent deterioration of substrate materials during Hall-Herault cell usage. 

Kugler and Rieger (1974) and Dallaire and Champagne (1984) suggested means 

for reducing the porosity of TiB 2-based plasma-sprayed coatings. Additional 

research is needed to verify the feasibility of these and other possible 

approaches for producing low-porosity cathodes that are resistant to aluminum 

penetration. Kugler and Rieger (1974), in a patent for flame-sprayed Hall

Herault cell liners, suggested a method of plasma-spraying TiB2-NbB2 coatings, 

which enables " ••• a closing of the pores for formation of a diffusion 

barrier. 11 Electrolysis test performance of these coatings was not reported. 

Dallaire and Champagne (1984) produced TiB 2-Fe coatings with reduced porosity; 

additional research is needed to determine if adherence is limited by chemical 

reactions between aluminum and the iron and iron boride phases in these 

coatings. 

MISCELLANEOUS METHOOS 

Several authors have discussed diffusion saturation methods of producing 

boride coatings (Epik 1977; Singhal 1978; Sane, Wheeler. and Kuivila 1983). 

These techniques, which are sometimes referred to as boriding, involve the 
exposure of metallic substrates to boron-saturated media to form boride coat

ings; boron-saturated media may be solid (powder), liquid, or gaseous. For 

example, liquid phase boriding is typically performed in borax-based liquids, 

either with or without electrolysis, by means of reducing agents such as boron 
carbide or silicon carbide (Epik 1977). A review of boride diffusion satura

tion coating techniques emphasizing the Russian literature has been presented 
by Epik (1977). Sane, Wheeler, and Kuivila (1983) suggested various boriding 

methods for coating ceramic objects with TiB 2 including the in situ formation 
of TiB 2 films on alumina substrates immersed in aluminum in a Hall-Herault 

ce 11 • 

A method of pack cementation was described by Singhal (1978) for forming 

extremely hard boride coatings on titanium and titanium-based alloys. The 
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coatings were found to be predominantly TiB2 and to be extremely resistant to 

erosion. However, a pack cementation process on Ti resulted in a TiB2 coating 

which was not wetted by molten aluminum;(a) the specifics of this pack ceme~ta
tion process were not disclosed in this report. 

The Union Carbide Corporation patent by Kellar {1972) describes a high

temperature cement for joining sections of carbonaceous electric furnace 

electrodes. The thermosetting cement is comprised of elemental powders of 

boron and a transition metal, such as Ti, mixed with a carbonizable binder. It 

was mentioned that bonds formed between the carbonaceous electrodes while 

elemental titanium and boron react during heating to form titanium diboride 

(Kellar 1972). It may be possible to bond TiB2-based tiles to graphite using 

this cement. 

Hofer (1965), Gates and Hale (1980), Hale and Gates (1981), and Joo et al. 

(1985) discuss methods of brazing TiB 2 to metal substrates. A review of TiE'· 
' 

brazing patents related to Hall-Herault cell cathode current leads is preserted 

by Billehaug and Oye (1980). It is uncertain whether brazing procedures can be 

implemented for commercial cell cathode bonding applications because of the 

reactivity of aluminum with most brazing alloys at cell operating temperatures. 

Koizumi et al. (1984) and Suganuma et al. {1983) discuss pressureless sin

tering and hot-pressing techniques that use a composite of the two materials to 

be bonded as a bonding layer. This approach may, in some cases, be used to 

introduce a compliant layer between two materials with dissimilar CTEs. Thi5 

method is called "composite interlayer bonding" by the authors. It may be 

possible to use such methods to bond TiB 2-based composites to cell liner 

materials. It may also be possible to use explosive bonding or high-pressur~~ 

rapid compaction methods to form similar bonded structures. 

Hofer (1965) evaluated several methods of designing TiB2 mechanical joints 

and connections to optimize load transmitting capability for aerospace vehic· e 

(a) "Qualification of Protective Layers of Titanium or Titanium Alloys as a 
Protection Against Liquid Aluminum," 1975. 
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applications. This is the only published report we found that evaluates TiB 2 
mechanical fasteners; it may therefore be useful for designing attachments for 

Hall-Herault cell cathodes. 
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RECOMMENDATIONS FOR RETROFITTING HALL CELLS 

Based on the literature review, TiB2-based cathode attachment methods are 

rated for the feasibility of retrofitting commercial Hall-Herault cells. In 

the following discussion, candidate retrofitting methods are evaluated for 

energy-saving applications using reduced interpolar spacing and drained cathode 

design concepts. 

Several main issues must be considered in evaluation of the stable attach

ment methods. When rating the techniques, the cost of materials, the cost of 

manufacturing components, and the ease or difficulty of retrofitting industrial 

cells can not be ignored. The materials used in the attachment methods must 

also be resistant to chemical attack in the cell environment to prevent alumi

num contamination and frequent replacement of components. Furthermore, design 

concepts must provide stable alignment of reduced interpolar spacing. 

An important issue affecting cathode performance is the susceptibility of 

some TiB 2-based materials to cracking and disintegration during Hall-Herault 

cell usage. TiB 2 is inherently brittle; cracking of cathodes may arise from 

several sources such as 1) thermal shock, 2) thermal expansion differences with 

bonded substrate materials, 3) TiB 2 thermal expansion anisotropy, 4) stresses 

imposed from deformation of carbon cell liners, and 5) the physical impact of 

tools used for cell operation. These phenomena must not lead to unplanned 

penetration of TiB 2-based cathodes by aluminum or bath which would cause sub

sequent loss of coating adhesion and/or chemical attack of substrate materials. 

With these requirements in mind, recommendations for durable attachment methods 

must also include recommendations for the selection of durable TiB 2-based mate

rials to be attached (Table 1). Specific recommendations for each processing 

approach are presented after a brief discussion of wear-resistant materials 

selection. 

WEAR-RESISTANT MATERIALS SELECTION 

There are several TiB 2-based cathode materials that are resistant to wear 

in molten aluminum environments. Promising recommendations may be made with 

1) components sintered from high purity TiB2 powders of halide reduced origin, 
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TABLE 1. TiB 2-Based Cathode Designs 

Design Concept 

Attachment of TiB 2-based articles to carbonaceous 
cell floors: 

Probabi 1 i ty of 
Technical Success 

Cements Low 

TiB 2-carbon pastes (TiBCM) 

- TiB2-AlN hot pressed to graphite 

-Mechanical fasteners 

Replaceable cathode fixtures 

Replaceable monopolar anode/cathode fixtures 

Packed bed 

Miscellaneous TiB2 coating processes: 

- Chemical vapor deposition 

- Electrodeposition 

Plasma spraying 

- Diffusion saturation 

Medium 

Medium 

Medi urn 

High 

Medium 

Medium 

Low 

Low 

Medium 

Medium 

and 2) components sintered from lesser-purity TiB2 powders of carbothermic 

origin mixed with second-phase additions of AlN or BN. Promising recommenda

tions may also be made with Great Lakes TiB2-graphite composites; minimal wea· 

was recently reported for these materials during six months of commercial Hal 

Herault cell testing (Tucker et al. 1986). Additional research is needed to 

characterize long-term wear mechanisms in all of the above materials. Com

ponents fabricated from halide-reduced powders have a high probability of tech

nical success because intergranular penetration of aluminum can be minimized; 

single-phase TiB2 components that are fabricated from carbothermically reduced 

powders are susceptible to intergranular penetration by aluminum because of 

molten aluminum reactions with grain boundary phases containing oxygen and 

carbon.(a) Penetration rates as high as 1 mm/d have been reported for lesser·· 

(a) Ransley 1962 and 1963; Dorward 1982 and 1983; Dorward and Payne 1983; 
Meyer 1983; Zdaniewski 1985; Baumgartner 1984a and 1984b. 
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purity TiB 2 (Dorward 1982). Nickel bonded TiB 2 has also been reported to be 

prone to intergranular attack (Finch and Tennery 1982). 

ATTACHING TiB2-BASEO ARTICLES TO CARBONACEOUS CELL FLOORS 

Design concepts are considered which incorporate rigid attachment of TiB2-

based articles such as plates or other monolithic items to carbon cell bottom 

materials. However, such methods appear to be prone to ACD misalignment 

because of the following: 1) deformation of carbon-based cell bottom materials 

from thermal stresses and sodium intercalation, and 2) chemical attack of 

carbon-based cell bottom materials from aluminum carbide formation and subse

quent dissolution. During reduced ACD operation, anode/cathode, misalignment 

of the ACD is expected to result in nonuniform current distribution and 

localized electrode wear, thereby preventing realization of maximum cost and 

energy savings. Furthermore, these processes may also lead to fracture and/or 

detachment of TiB2-based articles. A possible solution is to develop alter

native cell bottom materials; this would require major reconstruction of exist

ing cells. To alleviate this problem, drained cathode/reduced ACD design 

alternatives are also considered which may be retrofitted into existing commer

cial cells without major reconstruction. 

Cements 

An alternative is to develop cements for bonding TiB2-based monolithic 

articles to carbon-based cell bottom materials. However, such methods would 

still be prone to ACD misalignment because of deformation of carbon cell bottom 

materials. Furthermore, cements which are capable of resisting chemical attack 
and cell bottom heavage do not appear to be available. Commercially available 

carbon-based cements are not recommended because aluminum is expected to wet 

the edges and undersides of TiB 2-based articles, forming aluminum carbide at 

aluminum and carbon interfaces. Aluminum carbide is readily dissolved in a 

cryolite-based bath; it is also a poor electrical conductor. If interfaces 

between TiB 2-based articles and carbon-based materials may be protected from 

direct contact by aluminum, the bonds are more likely to remain intact. Based 
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on this information, carbon-based cements for bonding TiB 2-based monoliths t·J 

carbon cell bottom materials have been rated with a low probability of techni·

cal success in Table 1. 

TiBz - Carbon Pastes (TiBCM) 

Additional research is recommended for carbon-TiB2 composites that can l>~ 

formed into tiles or directly coated as pastes onto conventional carbon cathll,je 

block materials. TiBrcarbon composites produced by MM have been reported til 

behave satisfactorily under thick aluminum pad conditions in commercial cell 

tests (Boxall, Cooke, and Hayden 1984). However, excessive wear for these 

materials has been reported under thin aluminum film conditions (Dorward and 

Payne 1985). It is recommended that research focus on optimizing composite 

formulations to minimize carbon loss by way of aluminum carbide formation and 

subsequent dissolution. Minimization of carbon loss is especially important to 

alleviate spalling of TiB2 particles in composites where a continuous TiB2 

matrix is absent. Research should also focus on matching the overall expans 1m 

of paste coatings and carbon cathode block materials during Hall cell use; lDilg 

duration electrolysis experiments are needed to elucidate the effects of int!:'

calation warpage of carbonaceous cathode blocks on bonding. If such paste 

coatings are successfully developed, it may be possible to develop cements tilr1t 

bond a variety of other TiB 2-based composite materials to carbon cathode 

block. Based on available reports, carbon-TiB2 pastes have been rated with ,J 

medium probability of technical success. (See Table 1.) 

TiB 2 - AlN Hot Pressed to Graphite 

A medium probability of success has also been assigned to methods of ho1: 

pressing TiB2-AlN coatings to graphite, with the resulting composite tiles til 

be cemented to carbon-based cell bottom materials (Kaplan et al. 1982). 

Although Kaplan et al. (1982) reported that laboratory-scale electrolysis te!;ts 

showed no deterioration of these coatings or bonds, it is uncertain whether 

cell bottom heavage may lead to ACD misalignment. In addition, it is expectt!d 

that longer duration tests will indicate chemical attack of graphite and carbon 

substrates from aluminum or bath exposure. Kaplan (1982) and Richards (1983) 

have suggested means for protecting carbonaceous substrates from chemical 

attack; however, long-duration electrolysis test performance has not been 

24 



reported. Also, TiBz-AlN composites are desirable coating materials, as they 
resist disintegration from intergranular penetration by aluminum. According to 

reports by Richards, Berry, and Johnston (1967 and 1968) and Foster and Jacobs 
(1978 and 1979), development of TiB 2-BN and TiB2-AlN-BN composites is also 

recommended to achieve wear-resistant coatings. 

Mechanical Fasteners 

A variety of mechanical fastener methods mays also be devised for attach

ing TiB 2-based monoliths to carbon cell bottom materials. These systems should 

be designed so that monoliths are loosely attached so as not to be damaged by 

cell bottom deformation. Another design consideration is that the undersides 

of the fastened articles should be wetted by molten aluminum to maintain unin

terrupted current flow and uniform cathode current distribution. the use of a 

molten aluminum current path may alleviate the need for designing mechanical 

fasteners through which current flow is maintained; such current flow is prone 

to interruption through tight-fitting mechanical interfaces in a Hall-Herault 

cell because the fasteners and the fastened articles are subject to chemical 

attack and dissolution processes. With these design considerations in mind, 

mechanical fastener methods have been assigned a medium probability of techni

cal success. (See Table 1.) 

REPLACEABLE CATHODE FIXTURES 

Similar to methods proposed by Goodnow and Payne (1982) and Dorward and 
Payne (1983), a variety of replaceable cathode fixtures may be designed which 

are set in place, unattached, to cell bottom materials. Replaceable cathode 
fixtures are desirable from the standpoint of enabling evaluation and replace

ment of cathode components without cell shutdown or major reconstruction; a 
single cell may also be used to experimentally evaluate performance of a wide 

variety of fixture design concepts and coating processes. Furthermore, defor

mation of carbon cell bottom materials may occur without damaging TiB 2-based 
components. Similar systems may be developed which use mechanical fasteners to 

attach replaceable modules to cell bottoms; these systems may be designed so 

that the fixtures are loosely attached so as not to be damaged by carbon cell 

bottom deformation. Replaceable fixtures should also be designed so that the 
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undersides are wetted by molten aluminum so as to maintain uninterrupted 

current flow and uniform cathode current distribution. Also, because of the 

various shapes which may be fabricated, prime candidate materials for replacE!

able cathode fixtures include Great Lakes Ti82-graphite composites. Replace·· 

able cathode fixtures have been assigned a high probability of technical 

success in Table 1. 

REPLACEABLE ANOOE/CATHOOE FIXTURES 

An alternative for fixing ACDs is to fasten electrically insulating 

mechanical spacers between anode and cathode surfaces, such as proposed in thf! 

patent by Jarrett and Hornack (1985). These authors designed replaceable 

anode/cathode fixtures that are to be suspended from anode bus bars without 

physically contacting cell liner or cell bottom surfaces. Inert anode and 

spacer materials are required. The replaceable fixtures are designed with 

drained TiBrbased cathodes which maintain electrical contact by being parti·· 

ally submerged in an aluminum pad. Such fixtures may be designed to provide 

maximum energy savings with reduced ACD and electrolyte flow control for oxyqE!n 

gas bubble removal. Furthermore, monopolar electrode design concepts appear i.o 

be easily retrofitted without major modifications into existing commercial 

cells. Jarrett and Hornack (1985) also suggested expanding these fixtures tlJ 

include bi-polar electrodes. Experimental research is recommended for evalu<J·

tion of monopolar design concepts and evaluation of wear resistant spacer mate

rials. Replaceable monopolar anode/cathode fixtures have been assigned a 

medium probability of technical success in Table 1. Additional development c 

' 
recommended for evaluation of bipolar electrode fabrication techniques. 

PACKED BED CATHODES 

Jacobs et al. (1983), Sane, Wheeler, and Kuivila (1983), and Molnar (19BS) 

suggested methods of using a loosely packed bed of TiB 2-based fragments or pi·e

formed shapes on the carbon floor of an existing commercial cell; interstice~; 

between the pieces in the packed bed are filled with aluminum, damping magneto

hydrodynamic fluid flow to enable reduced ACD operation. These design concepts 

can be easily retrofitted into commercial cells without major modification. 
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However, screeding techniques would be necessary to maintain a flat anode

facing surface during cell operation; flatness may be upset by cell bottom 

deformation or the physical impact of tools or dropped anodes. Additional 

research is recommended to minimize the amount of TiB 2 required for this appli

cation; porous materials or coated materials may be attractive alternatives. 

The effects of mucking should also be experimentally evaluated. Packed bed 

cathode design concepts have been assigned a medium probability of technical 

success in Table 1. 

MISCELLANEOUS TiB2 COATING PROCESSES 

Following are recommendations for miscellaneous TiB2 coating processes. 

Chemical Vapor Deposition 

TiB2 coatings produced from chemical vapor deposition are assigned a low 
probability of technical success in Table 1 because 1) the operating costs for 

the deposition process are high, and 2) the only published report that was 

found on the performance of such coatings in Hall-Herault cells indicated 

extensive damage from TiB 2 grain boundary attack (Becker and Blanks 1984). 

Additional research is necessary to determine if this failure mode may be alle

viated using alternative substrate materials and/or deposition conditions. 

Also, depending on substrate/coating thermal stresses, these thin coatings may 

be susceptible to mechanical damage; cracks which may develop in TiB2 coatings 

may result in chemical attack of substrate materials by penetrating liquids 

during Hall cell operation. 

Electrodeposition 

Electrodeposited TiB2 coatings have been assigned a low probability of 

technical success in Table 1 mainly because the performance of these coatings 

in Hall-Herault cell cathode applications has not been reported. In a study of 

the fabrication of Soderberg anode stud fasteners, Townsend and Boxall (1984) 

reported that the adherence of these coatings varies with the magnitude of 

substrate/coating thermal expansion stresses; it is possible that these 

stresses may also influence the resistance of coatings to cracking and penetra

tion by aluminum during Hall-Herault cell use. Electrodeposited substrate 

27 



materials such as graphite or copper coated molybdenum are expected to be 

attacked by aluminum should penetration of TiB 2 coatings occur. Additional 

research is needed to understand whether economic processes may be developed 

for electrodepositing TiB 2-based coatings that are wear-resistant for alumin.l 

reduction cells. 

Plasma Spraying 

Plasma spraying has been assigned a medium probability of technical 

success in Table 1 mainly because of the uncertainty of producing dense TiB 2 
coatings with reduced porosity. Porous TiB 2 coatings are typically produced, 

which are expected to be penetrated by aluminum or bath during Hall-Herault 

cell use. Such penetration may result in chemical attack of substrate 

materials. Plasma sprayed coatings are certainly desirable because of the 

rapid deposition rates and large coating thicknesses available. However, Hall

Herault cell cathode performance tests have not been reported for methods 

suggested for plasma-spraying dense coatings with reduced porosity (Kugler and 

Rieger 1974; Dallaire and Champagne 1974). Additional research is needed to 

evaluate these and other plasma spray methods of producing low-porosity TiB 2 .. 

based coatings. 

Diffusion Saturation 

Diffusion saturation methods of producing TiB2 coatings have been assignE~d 

a medium probability of technical success in Table 1. Sane, Wheeler, and 

Kuivila {1983) reported minimal wear in laboratory-scale Hall-Herault cell 

tests using alumina samples coated with diffusion saturated TiB 2• Several 

other methods have been suggested for forming such coatings, as indicated by 

Singhal {1978) and an extensive review of TiB2 diffusion saturation methods by 

Epik (1977}. However, only a few diffusion saturation methods have been eva IJ

ated for performance in molten aluminum environments. Sane, Wheeler, and 

Kuivila {1983) also suggested in-situ formation of TiB 2 coatings on alumina 

substrates immersed in boron- and titanium-saturated aluminum in a Hall-Herault 

cell. Additional research is recommended to evaluate the feasibility and 

performance of diffusion saturation methods. 
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