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SUMMARY

In the Inert Electrodes Program, work during FY 1987 centered on three
main areas of concern -- Materials Development and Testing, Materials
Evaluation, and Stable Cathode Studies. Although the development of process
sensors was carried out under separate funding, that work is reported here
since it was related to the development of inert anodes.

In the Materials Development and Testing Task, new anode materials were
developed. These materials have higher metal content than the anode material
currently being studied, between 17% and 25% metal phase. One of the materials
contains about 1% aluminum metal. It is speculated that the addition of this
small amount of aluminum jis responsible for the increase in eiectrical
conductivity to about four times that of carbon. These new anode materials
have not been adequately tested.

Results also suggested that an inert anode should be operated at low
current density, where a passivating film forms on the surface of the anode.
This film protects the anode from attack by the molten salt.

Research results obtained in the Materials Evaluation Task suggest that a
series of reactions takes place on the surface of a copper anode. These
reactions result in the conversion of Cu metal to Cu{I) and then to Cu(Il).

The first step, conversion of Cu to Cu(l} as CuF, occurs in the absence of
Al1,04. Copper(l} flouride is then converted to Cu,0 in the presence of

Al,03. Anodic polarization at 2.1 V converts Cu(I} to Cu(II), probably as Cuf,
or Cul. Some of these reaction products are found in the NajAlF, and some are
suggested by ac impedance and cyclic voltammetry experiments.

A combination of soak and electrolysis tests was used to identify the most
probable corrosion mechanism for TiBo-graphite materials and to evaluate the
various materials that have been suggested for use as dimensionally stable
cathodes. Acceptable materials appear to be TiBy-based, i.e, TiBy, TiB,-
graphite, and TiB,-AIN. Experiments with replaceable anode/cathode fixtures
suggest that the spacer material is the weak point; a materials development
effort is needed. The likely corrosion mechanism for TiBy-graphite under
static conditions appears to be one in which Al3Cy forms in the composite. The



nearly 3:1 volume expansion between Al3Cy and graphite causes the composite to
fracture and spall. This mechanism does not appear to take place under
electrolysis conditions,

Under the Sensors Development Program, digital signal analyses of the cel)
process signals were used to prove the existence of a passivating film on the
surface of the anode while in use. A method based on the thermal arrest of a
cooling molten salt was used to determine the Tiquidus temperature of NagAlFg-
based molten salts. This technique was successfully demonstrated at the Kaiser
Aluminum plant in Mead, Washington. Other methods for determining bath

properties were rejected.
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INTRODUCTION

The Inert Electrodes Program is being conducted at the Pacific Northwest
Laboratory (PNL} for the U.S. Department of Energy (00E), Office of Industrial
Programs {0IP). The purpose of the program is to develop long-lasting, energy-
efficient anodes, cathodes, and ancillary equipment for Hall-Heroult cells used
by the aluminum industry. The program is divided into three tasks with the
following objectives:

e Inert Anode Development - to improve the energy efficiency of Hall-
Heroult cells by development of inert anodes.

e Stable Cathode Studies - to develop methods for retrofitting Hall-
Heroult cells with TiBy-based cathode materials.

e Sensor Development - to devise sensors to control the chemistry of
Hall-Heroult cells using stable anodes and cathodes.

This Inert Electrodes Program annual report highlights the major technical
accomplishments of FY 1987. The accomplishments are presented in the following
sections: Management, Materials Development and Testing, Materials Evaluation,
Stable Cathode Studies, and Sensor Development.






1.0 MANAGEMENT
D. M. Strachan and P. E. Hart

During FY 1987, substantial progress was made at PNL on the development

and use of inert anodes for the production of aluminum by the Hall-Heroult

process.,

It now appears promising that commercial aluminum production

facilities using an inert anode/cathode combination could save between $0.05

and $0.10 per pound of aluminum produced. Several patent applications and

disclosures were written on the materials and processes developed this year to

protect the technology and provide a vehicle to make the U.S. aluminum industry

more competitive.

Promising TiB, cathode materials and attachment techniques were aiso
evaluated during FY 1987. Several materials {TiB,-graphite, TiB,-AIN, and pure

TiBy) were selected for further evaluation. It was found that TiB, was

corroded

by moTten NajAlFg when not protected with aluminum and not under

polarized conditions.

Several contact and noncontact methods were evaluated for sensing the bath

liquidus
scouting
ATuminum
planned.

temperature and chemistry. Some of these methods were evaluated in
tests; the thermal arrest method was demonstrated at the Kaiser

Plant in Mead, Washington. No further development of these methods is
A reference anode was used as a sensor to monitor the corrosion state

of the working anode. A patent report was filed on the methodology of using

the reference anode as a control for the operation of the working anode.

During FY 1987 the following reports were issued:

o Windisch, C. F., Jr. and §S. C. Marschman, 1986. Electrochemical

Polarization Studies on Cu and Cu-Containing Cermet Anodes for the

Aluminum Industry. PNL-SA-14299.

e Pool, K. H., J. L. Brimhall, P. J. Raney, and P. E. Hart. 1987.
Evaluation of Wear Rates and Mechanisms of Titanium Diboride-Graphite

Composite Materials Proposed for Use as Cathodes in Hall-Heroult

Cells. PNL-6069,
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Schilling, C. H., D. I. Hagen, and P. E. Hart. 1987, Stable Attach-
ment of TiB,-Based Cathodes for the Aluminum Industry: Review and
Recommendation. PNL-6144,

Marschman, S. C., and N. C. Davis. 1987. Materials Develgpment for

Inert Anodes: Progress Report for the Period from November 1985 to
February 1987. Limited Distribution.

Marschman, S. C., N. C. Davis, and R. W. Stephens. 1987. Noncon-
sumable Anode Electrical Contacts and Support Mechanisms. Limited

Distribution.

Hart, P. E., B. B. Brenden, N. C. Davis, 0. H. Koski, S. C.
Marschman, K. H. Pool, C, H. Schilling, C. F. Windisch, and R. J,
Wrona. 1987. Inert Anode/Cathode Program Fiscal Year 1986 Annual

Report, PNL-6247.

Schilling, C. H., and N. C. Davis. 1987. Inert Anode/Cathode
Program Supplement to the Fiscal Year 1986 Annual Report, Limited

Distribution.
During FY 1987, the following papers were submitted for publication:

Windisch, C. F., and S. C. Marschman. 1987. "“Electrochemical
Polarization Studies on Cu and Cu-Containing Cermet Anodes for the
Aluminum Industry." Light Metals 1987, ed. R. D. Zabreznik, pp. 351~
356. The Metallurgical Society of the AIME, Warrendale,
Pennsylvania.

Schilling, C. H., and S. C. Marschman. 1987. "Stable TiB,-Based
Cathodes for the Aluminum Industry: Laboratory Testing Methods at
Battelle." 1In Proceedings of the Light Metals Production Research

Group Aluminum Electrolysis Workshop. February 28. Carnegie Mellon

University, Pittsburgh, Pennsylvania.

Schilling, C. H., N. T. Saenz, H. E. Kjarmo, G. L. Graff, and
S. {. Marschman. 1987. Elemental Segregation in TiB,-Graphite

Cathode During Aluminum Smelting, Poster presented at Annual Meeting of

the American Ceramic Society, April 26-30, Pittsburg, Pennsylivania.
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Several meetings were attended by program staff during FY 1987. These
included program review meetings held on January 6, April 8 and 9, and
November 3, 1987. 1In addition, details of the program were presented to repre-
sentatives of the Bonneville Power Administration, the Northwest aluminum
industry, the Northwest Power Planning Council, and the Washington and Oregon
Power Planning Offices in Portland, Oregon on April 6. A technology transfer
meeting was held September 15 and 16 with representatives of the major aluminum
companies in the U.S. to inform them of the progress and scope of the program.
A two-day workshop was held by the program consultants in April. 0On
February 28, C. H. Schilling presented the work on the stable cathode studies
at the Light Metals Production Research Group Cathode Workshop at Carnegie
MeTlon University. In a related activity, S. C. Marschman attended a workshop
held by EMEC Consultants on the production of aluminum and other products from

Tunar ores using the inert anodes developed in this program.

Through attendance at these meetings and publication of topical and annual
reports, the program is gaining acceptance by the industry. Comments received
at the meetings and conversations with technical staff at the aluminum plants
also indicate a general acceptance that the program is making progress in ways
that will enhance the competitiveness of the U.S. aluminum industry. Large-
scale tests need to be performed along with the supporting laboratory tests to
demonstrate the technology. These tests will require participation by the
industry, which will be sought during FY 1988.
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2.0 MATERIALS DEVELOPMENT AND TESTING
S. C. Marschman, 0. H. Koski, and N. C. Davis

The objectives of the Materials Development and Testing Task include the
selection, fabrication, and evaluation of candidate non-consumable anode

materials.,

SUMMARY

Research performed in FY 1987 focused primarily on the development and
evaluation of cermets based on the two-phase oxide system, NiO-NiFe,Q04, con-
taining a third, electrically conductive metal phase composed primarily of Cu
and Ni.

The efforts of this task were focused into three areas: materials fabri-
cation, small-scale materials testing, and laboratory-scale testing. Materials
fabrication efforts included development of fabrication procedures for
Ni0-NiFeo04-Cu-Ni-Al cermets, production of standard Ni0-NiFe;04-Cu-based cer-
mets for materials testing, and development of brazing techniques for attaching
cermet non-consumable anodes to metal rods for electrical connection and sup-
port. The small-scale testing effort was directed toward evaluation of mate-
rials in small electrolysis cells. The laboratory-scale testing effort
centered on the evaluation of electrolyte chemistry effects on the performance
of the anode materials.

The materials fabrication efforts performed in FY 1987 resulted in the
development of improved Ni0-NiFe,04-Cu-Ni-Al cermet microstructures and
alternate processing parameters. The Ni0-NiFep04~Cu-Ni-Al cermets first
developed in FY 1986 were improved through careful control of the processing
parameters, particularly the powder blending step. Cermets were fabricated
with densities at approximately 95% of theoretical density. High-density
N10-NiFey0q-Cu-Ni-Al cermets were successfully produced using dry-blending
techniques where previously Freon(a)-based solvents were necessary in the
powder-blending step.

(a) Freon is a registered trademark of Dupont de Nemours Corp., Wilmington,
DeTaware.
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The small-scale electrolysis testing effort was completed near the end of
FY 1987. Testing results indicated that the Ni0-NiFe;04-Cu-Ni-Al cermets were
the best candidate non-consumable anode materials developed by PNL. The
results were based on the high electrical conductivity values obtained for
these materials and their performance in the small-scale electrolysis tests.

The laboratory-scale electrolysis testing effort was instrumental in
determining electrolysis cell operating parameters. Although not optimized,
Ni0-NiFey04-Cu-based cermets were successfully operated in NajAlFg-based
electroiytes ranging in bath ratios from 1.} to 1.35, in electrolytes contain-
ing 1.5 wt% LiF, and at conditions other than A1203 saturation. Operating
conditions which lead to anode degradation have been identified, and control
methods have been developed to ensure proper operation of small electrolysis
cells using non-consumable anode technology.

TECHNICAL PROGRESS

Research conducted during FY 1986 resulted in the recommendation of four
candidate Ni0-Nifey04-Cu-based cermet materials for further study. During
FY 1987 these candidates were evaluated, resulting in the Ni0-NiFe,04-Cu-Ni-Al
cermets being selected as the most promising anode material. New technical
developments and discoveries made by PNL staff during FY 1987 indicate that the
cermets can be operated under a wide range of conditions. These efforts are
described in detail below.

Materials Fabrication

Most of the materials fabrication effort was devoted to production of
standard anode materials for testing. These anode materials were composed of
two oxide phases (Ni0 and NiFey04) and a Cu-based metal phase. Other efforts
centered on the improvement of the fabrication procedures used to produce the
Ni0-NiFe,0,-Cu-Ni-AT cermets, and efforts to produce Ni0-NiFe,0,-Cu cermets
directly from the raw oxides, Ni0 and Fey03, and Cu metal powder were
initiated. Development of electrical contacts and support mechanisms for non-
consumable anode cermets was also accomplished.

2.2







































TABLE 1. Experiments Performed Through FY 1987

EXP. ANDCE DURATION CURRENT ANCDE CURRSNT AL TN CCULCMAIC  BATH  AIF3Z Al203 CaF2 WgF2 LiF »tX Fe wtX Ni vt Cu wtX Fe wtX Ni X Cu SUCCESS COMMENTS
MUMBER WAEER {HOURS) (AMPS) DENSITY (Afcm2) PRODUCED (GS) ETFICIENCY RATID in Al metal in Al wetal in Al aetal in bath in bath in bath GR FAILURE
58 182-1 & 191-2 .8 24.1 8.5 ] gx 1.15 9.3 8.8 4.9 ] e oL SUCCESS 2 Al-anocdes, very slight edge wear
57 186-2 17.8 14.5 8.5 80.2 g5X 1.3 3.7 8.8 5.9 8 L e T T R —— SUCCESS Cerox test; siignt edge wear beneath coalbing
56 186-1 6.8 11.5 8.5 4.5 ca% i.15 9.5 a.g 4.9 1 [ . _—— SUCCESS No wear
55 104~ 15.8 18.55 8.5 61.1 91.5% 1.15 9.5 8.8 4.8 g & 0 : SUCCESS Al-anode, only very slight edge wear
54 185-2 N | 11.8 8.5 68.7 93X 115 9.5 8.8 4.8 § @ 8.112 ©8.822 8112  —eeem emee- ———— SUCCESS flo wear
53 185-1 15.9 11.2 8.5 47.2 85x 1.15 9.5 88 48 8 B 9.123 a.613 #.281 SUCCESS No wear
52 183-2 20.9 18.8 8.5 84.3 88X 1.1 9.5 38 48 @8 & 8.121 9.682 8.815 SUCCESS Mo wear
51 183-1 1.8 21.45 1.8 631 8ex 1.1§ ¢.5 8.8 4.8 ] . ) FAILURE Cerox, catastrophic, medium
54 168-2 288 21.8 1.8 No weight taken -— 1.8 147 284 188 ] F oeeeae : FAILURE slight edge, bottom, side wear
43 ©og2-1 11.8 218 1.8 Mo night tzken — 1.4 134 45 198 54 F = - - FAILURE alight edgs, bottcos, side wear
48 g6-3 15.4 20.8 1.8 No weight taken —— 1.8 147 2.8 188 1 . . FAILURE catastrophic, med-large
47 98-2 143 28.4 1.8 Ko weight taken - 1.9 134 45 184 548 @8 - FAILURE catastrophic, wed-{arge
46 97-2 8.3 22.9 1.9 111.2 75% 1.3 5.3 5.9 4.2 [} ) g.181 a.614 B.345 #.858 0.147 4.269 SUCCESS very siight to nil wear
45 §7-1 28.3 21.9 1.8 129.9 66X 1.1 6.8 5.8 148.8 5 8 8,235 8.185 8.245 SUCCESS very slight edge wear
Fy| az-2 20.2 21.9 1.8 No weight taken -— 1.LET 11,7 11.8 4.8 § 8 ICP nuabers not useabia 8.812 9.822 4.028 SUCCESS Ko wear
43 §2-2 LN 22.7 1.8 No weight taken -— LT 11.7 11.8 4.8 [] I SUCCERS very slight, even, edge, bottom, side wear
42 $8-3 8.8 22.3 1.8 a2.2 £33 4 i.87 117 118 4.9 [ 8 - FAILURE catastrophic, wed-large
41 $3-2 28 8 20.7 1.8 128.8 ars 1.1 8.8 58 181 - G S FAILURE catastrophic, large
49 85-2 4.1 21.% 1.8 113.5 78X 1.9 4.7 28 181 1 8 ICP nyaters not useable 8, 188 P.168 1,413 FAILURE cat. saall-nmed
39 85-1 4.1 219 1.8 118.8 83x 1.1 1a.8 5.8 18.8 |} 8 ICP numbers not useabis 8.893 9.3e8 1.878 FAILURE cat. med.
as EG-4 4.8 14.9% 1.9 123.8 azs 1.7 11,7 118 4.3 1 4 - FAILURE cat. saall-ped
17 88-2 30.4 23.4 1.8 114.7 49% 1.7 11.7 1186 4.8 1 8 e FAILURE  slope wear
38 66-3 20.4 18.9 1.8 182.4 agx .87 11,7 11.6 4.2 1 . : SUCCESS? good? not identified
35 £8-1 28.8 18.9 1.8 99.8 aa% 1.67 11.7 11.8 4.8 s 8 S PARTIAL SUCCESS slight edge wear
34 53-3 28.9 17.8 1.8 22.9 19% 1.3 58 8.4 8.8 "R E—— FAILURE  siops vear
33 63-2 8.4 18.9 1.8 T2.4 64X 1.2 7.8 g.8 4.8 2§ B e FATLURE cat. med.
32 © 831 19.8 2.8 1.8 111.1 alx 1.8 141 53 4.8 8.F @ ———— FAILURE cat. large
31 54-2 4.8 20.8 1.8 4.4 134 ] 1.8 13.4 4.5 188 55 6 ———— FAILURE cat. mad-larga
38 82-4 29.0 8.8 1.8 181.4 T4X% 1.3 7.1 a4 3.8 45 280 e FAILURE cat. med.
2% g82-2 20.4 19.8 1.8 B2.2 52% 1.1 11.8 168 4.9 2.0 1.8 e FAILURE cat. med.
28 82-1 20.9 21.8 1.8 111.7 79% 1.25 5.1 58 7.3 3.8 2.5  c-cean FAILURE cat. med.
7 54-1 7.2 28.1 1.8 No waight taken -— 1.1 18.8 11.8 4.8 8 580 - FAILURE cat. no pics taken
26 54-3 2.8 21.4 1.8 126.8 88x% 1.1 1.4 548 189 [ L FAILURE sevara edge wear
25 S4-4 12.2 28.9 1.8 No weight taken -— 1.25 9.1 54 7.8 3.8 2.5 e FATLURE anode feli off, cat. large
24 55-4 24.4 19.9 1.8 119.4 89% 1.8 13.4 45 128 58 @8 @ -eeo FATLURE cat. edge and side, bottom was minimal
23 §5-1 - 17.5 21.2 ave 1.8 No weight taken -— 1.1 1.3 19.3 4.8 6.8 5.8  -eeo FAILURE ancde feil off, no pics
22 55-3 2.1 21.4 1.8 187.9 77X 1.3 5.3 5.8 4.4 ’ L PARTIAL SUCCESS slight edge wear onliy
21 55-2 8.8 21.8 1.8 119.9 23 ] 1.8 498 5.8 4.8 8.8 @ ————- FAILURE cat. edge only
28 52-2 29.8 21.8 1.8 73.8 52% 1.8 13.4 286 18 58 @ ———— FAILURE  cat. large
18 £2-1 9.0 21.9 1.9 ar.1 433 1.1 14.3 18.3 4.8 &6 5.6 - FAILURE cat. med.-large
18 53-3 .8 26.9 ave 1.0 138.2 88.5% 1.8 147 28 188 €6 B = - FAILURE cat. seall
17 53-2 17.5  28.2 aye 1.3 41.2 35% 1.8 134 458 188 58 @ = --e-e  —ccee mimmm mmeo S— —_ FAILURE anode fell off, cat. large
18 42-2 a8 21.2 ave 1.8 §2.2 24% 1.1 186 118 33 # 5% e eem een e emaa — FAILURE cat. med
15 48-1 3.8 20.7 ave 1.8 128.4 58X 1.1 1.3 1803 39 6.8 5.8  ----- m——ma mmmmm et emees — FAILURE cat. med-large
14 42-3 38.0 18.9 ave 1.9 134.3 71% 1.87 117 11.8 4.8 [ L I —_ FAILURE cat. smail-aed.
13 41-3 38.8 21.1 ave 1.9 114.9 54X 1.87 117 118 4.8 ? B £.855 P.488 B.584 = ——mom mmcee emeee FAILURE slope wear
12 41-4 36.9 19.8 1.8 148.8 73% - 1.87 117 11.8 4.8 " 8 £.511 B.4l4 8,282 FATLURE  slope wear
11 52-3 3.8  19.5 ave 1.8 178.9 87% 1.1 11.8 188 4.8 2.8 .8 8,265 B.185 BT commn e e FAILURE cat. edge L side, bottom ok
18 41-1 8.8 20.8 1.8 85.6 54X 1.1 12,7 1880 4.8 4.8 2.9 8.788 #.587 8.568 PARTIAL SUCCESS bottom not flat
9 41-2 k1N | 20.2 1.8 Mo weight taken -— 1.87 117 11.8 4.8 [ ] —am— FATLURE cat. wed. no other data recorded
1 through 8 wera scoping experiments and data net available.

The legend for the Comment colum is shown on following page. Metal/bath analyses were not pefformed or reported
on most experiments that failed or on many of the successful experiments for one of the following reasons:

1) experiments were performed to demonstrate anode stability only, 2) net all the aluminum produced coutd be
recoverad to allow back calculation of impurities due to the anode, 3) analysis failted, or 4) was limited,
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is possible that the Tow efficiency was caused in part by gas bubble resistance
in the anode-cathode spacing and Na intercalation into the graphite floor of
the cell. Minimized bubble resistance, through improved circulation of elec-
trolyte, is necessary for large-scale fixtures operating at anode/cathode
spacings of less than 1 to 2 cm. It is recommended that improved mechanical
designs be evaluated, such as those using grooves in the bottom surfaces of the
anodes to assist the removal of gas bubbles from the anode-cathode spacing.

TiBz-Based Paint Coating

The performance of a TiBy-based paint coating(a) on graphite was evaluated
during short-term exposure to molten Al under non-pelarized conditions. Paint
coatings were analyzed because they provide a relatively inexpensive approach
to producing elaborate shapes with a thin coating of TiBp-based material. The
coated samples were extensively attacked after immersion in molten Al. Ceramo-
graphy results indicate that this attack may result from molten Al penetration
through preexisting cracks in the coating, causing chemical attack of the
graphite. In addition, chemical attack may be caused by reactions between ele-
mental Al and Si0,, a primary constituent of the coating {Brondyke 1953;
Standage and Gani 1967). Complete details of these tests are reported by
Schilling (1988}. We recommend that future research focus on developing coat-
ing procedures that are less susceptible to producing cracks and causing
unwanted chemical reactions in molten Al.

In-Situ TiB, Coating Study

Preliminary experiments were performed to evaluate in situ formation of
TiB, coatings that may be self-healing in a Hall-Heroult cell. Synthesis of
TiB, coatings was attempted by soaking Ti in B-saturated molten AT. Aluminum-
Ti reactions resulted in extensive degradation of the Ti. Microchemical
analysis of reaction products was not performed, although the A1-Ti phase dia-
gram suggests the formation of phase separation from Al-Ti compound formations.
The TiB, is also expected to be present in the reaction layer around the sample
that was exposed to the 10% B solution, based on the negative Gibbs free energy

(a) Aremco Products, Inc., Ossining, New York; Graphi-Coat 623,
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of the Ti + 2B = TiB, reaction (Zavitsanos and Morris 1983). Additional
details of these experiments are reported by Schilling (1988).

Although this preliminary procedure was unsuccessful, further evaluation
is recommended as 1) there are significant economic advantages to self-healing
TiB, cathodes in a Hall-Heroult cell, and 2) reports in the open literature
suggest possible avenues for producing self-healing coatings by electrodepo-
sition and diffusion saturation using molten salts,(a)

TiB, Sintering Studies

A set of brief experiments was performed to evaluate the feasibility of
fabricating TiBy cathodes by sintering powders prepared by the low-temperature
synthesis of a TiB; precursor (Ritter 1987)., The TiBo powder was supplied by
J. J. Ritter, the inventor of the process, at the National Bureau of Standards.
The goal of this study was to prepare cathodes for electrolysis testing.
Unfortunately, cathode test samples could not be produced because of insuf-
ficient densification during sintering. It is recommended that processing
modifications be attempted to improve sinterability. Such modifications might
entail the use of smaller aﬁerage particle sizes, higher sintering tempera-
tures, and/or applied pressure during sintering. This powder-making process
may have economic advantages over traditional powder processing and sintering
methods if fabrication costs are reduced and the powders show acceptable wear
resistance in a Hall-Heroult cell. A larger development program is needed to
evaluate these and other types of TiB, powders as they become available.

FUTURE DIRECTIQNS

0f the six methods of Al cell retrofitting investigated during the work
performed in FY 1987, two approaches are recommended. It appears that these
two methods can yield practical, near-term retrofit of existing Hall-Heroult
cells using drained cathodes, cermet anodes, and reduced anode-~cathode spacing.
They are 1) use of replaceable cathodes that rest, unattached, on C cell
bottoms, and 2) use of replaceable anode-cathode fixtures that have ceramic

(a) Sane, Wheeler, and Kuivila 1983 and 1985; Singhal 1978; Epik 1977; and
Samsonov and Epik 1966,
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spacers to align anode-cathode spacing. Both approaches require the use of
wear-resistant cathode materials such as TiB,~G, TiBZ-A]N, and high-purity
TiBp.

The replaceable cathode is the more conservative approach, since it
requires only minimal alterations to the structure and operation of existing
Hall-Heroult cells and also enables retrieval and replacement of the TiB,-based
parts. However, a long-term drawback to the replaceable cathode approach is
that the anode-cathode spacings may become misaligned as a resuit of dimen-
sional instabilities in the € cell bottom caused by Na intercalation and salt
crystallization. Reduced anode-cathode spacings, with cermet anodes and
drained TiB)-based cathodes, must be precisely aligned to improve power
efficiency and reduce electrode wear.

The replaceable anode-cathode fixture appears to overcome the problem of
dimensional stability; however, the main difficulty is that of spacer materials
wear. [f wear-resistant spacer materials can be found, breakthroughs in mono-
polar- and bipolar electrode designs may be possible and may entail minimum
alteration to existing Hall-Heroult cells. Prime candidate spacer materials
for evaluation include ATN and possibly a Ni-Fe-based phase similar to the

cermet anode matrix.

To reach the long-range program objective of retrofitting commercial cells
with drained TiBp-based cathodes, an integrated cell design must be developed
incorporating the TiB, cathodes with cermet anodes and reduced anode-cathode
spacing. It is recommended that near-term research focus on developing a basis
for designing TiBy-based cathode which can be retrofitted into a 5- to 10-kA
pilot cell using cermet anodes. Replaceable TiB,-G cathodes, such as those
being developed by Reynolds Corporation and Great Lakes Research Corparation
(Tucker et al. 1986; Tabereaux 1987), are recommended for conservative cell
designs that will enable near-term evaluation of cathode wear behavior and
expected enerqgy efficiency for larger-scale cells. Specifically, it is recom-
mended that cathode research activities be pursued in two areas: 1} assembling
a team of experts to evaluate design parameters pertaining to heat balance,
cell magnetohydrodynamics, cell operations and related control systems, elec-
traode wear processes, and the physical geometries of electrodes and eiectrode
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attachments, and 2} performing laboratory-scale electrolysis tests in support
of the pilot cell design; the latter experiments are mainiy for evaluation of
anode-cathode geometries, electrode holder systems, gas bubble release, and
cathode wear processes at reduced anode-cathode spacing.

Although not within the scope of the FY 1988 Inert Electrodes Program,
processing of TiB,-based cathode materials needs to be evaluated with the goal
of reducing fabrication costs and improving wear behavior, mechanical proper-
ties, thermal shock resistance, and shape fabricability. For example, TiB,-AlIN
cathodes are reported to exhibit wear resistance; however, these materials are
traditionally fabricated into simple shapes using costly hot pressing proce-
dures., Use of injection molding or slip casting--methods which may produce
acceptably dense parts--might reduce costs and make more complex shapes avail-
able. 1In addition, three promising avenues are recommended for developing
inexpensive cathode fixtures having complex shapes while conserving the amount
of TiB» required: 1) evaluation of TiBy-based paint coatings which consist of
inexpensive TiB, powder suspended in a durable matrix phase, 2) evaluation of
ceramic fiber weave structures that are coated with TiBz, and 3) evaluation of
diffusion saturation or electrodeposition methods to enable self-healing TiB,
coatings in an operating Hall-Heroult cell.
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5.0 SENSOR DEVELOPMENT
0. H. Xoski and B. B. Brenden

The objective of the Sensor Development Task is to develop sensors to
control the bath chemistry of Hall-Heroult cells being operated with stable
anodes and cathodes,

SUMMARY

Activities for the Sensor Development task during FY 1986 and 1987
included the determination of bath ratio and A1203 concentration through bath
vapor spectral analysis; development of contact and noncentact methods for
determining the liquidus temperature of the NajAlFg bath used in Hall-Heroult
cells; and Al,03 determination from analysis of process-generated electrical
signals {work done in conjunction with Professor C. Nikias of Northeastern
University).

Highlights of these activities include the following:

o Electrical models from digital signal analysis of cell process
signals prove that a passivation film can form on the anodes during
cell operation, prolonging anode lives. The signal analysis suggests
that the bath does not need to be maintained at Al,03 saturation to
maintain this protective film, that stochastic processes may be the
dominant mode of anode degradation and that, if a passivation film
remains intact, metal anodes can be considered.

e A portable contact method for determining Tiquidus temperature by
detecting the "thermal arrest™ in the cooling curve of bath tempera-
tures from bath withdrawn from an operating cell was successfully

demonstrated at the Kaiser aluminum pTant in Spokane, Washington.

e A method for determining Tiquidus temperature without touching the
corrosive Na3AlFg, by use of a laser reflectance method, was
Taboratory-tested and determined unsuitable because it could not be
used to determine Al,04 concentrations in excess of 6 wt%.
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e Bath vapor spectral analysis results were not promising and that effort
was discontinued due to low probability of success.

TECHNICAL PROGRESS

The three major thrusts of the task for FY 1987 were 1} bath vapor
spectral analysis, 2) liquidus temperature determination, and 3) A1203
determination., The work done in these three areas is described in the
following sections.,

Bath Vapor Spectral Analysis

The theory behind this analysis is that the bath ratio and A1203 concen-
tration of the NajAlFg bath can be inferred from monitoring the effect of NaF
vapor on vapor-deposited NaAlF; films.

The basis for the study is derived from the fact that the major constit-
uent of the vapor above the NajAlFg bath is NaAlF,. The minor vapor pressure
of NaF was assumed likely to change the optical properties of NaAlF, vapors
which were collected as a film on quartz plates held above the bath. If this
assumption were substantiated, then it would be possible to monitor the
activity of NaF in the bath and, by inference, the bath ratjo and A1203
concentration.

Initial experimentation appeared promising; refiectance data on vapor-
deposited Tilms on a quartz substrate correlated well with bath ratio. Alumina
(A]203) concentrations {of 0, 5, 10, and 15 wt%)} at variocus bath ratios (1.1,
1.2, and 1.3) were used to determine basic reflectance information. The
results, however, suggested that a bias might have been introduced by the sam-
pling methed. Additional tests with samples collected at a higher temperature
resulted in lack of variation of reflectance with bath ratios from 1.0 to 1.4.

The electrical conductivity of vapor-deposited films derived from bath
ratios of 1.1, 1.2, and 1.3 was studied as a function of temperature as sup-
portive evidence regarding vapor composition changes with bath ratio. The
enerqgy of activation for the conduction process did not appear to be influenced
by bath ratio.

5.2



This study, though not conclusive, was not supportive of continued efforts
in bath vapor spectral analysis. Thus, this analysis was discontinued because

of the Tow probability of success,

Ligquidus Temperature Measurement

The liquidus temperature is the maximum temperature at which both solid
and liquid phases are present in the NajAlFg bath. This temperature is
strongly affected by both the concentration of Al,04 and the ratio of NaF to
A1F3 (bath ratio or Na3AIF5 ratio) in the bath. Since the bath ratio is rela-
tively constant, the determination of a ligquidus temperature would, in effect,
be a determination of Al,05 concentration.

Two types of methods for determining Tiquidus temperature have been evalu-
ated at PNL: noncontact and contact. Three noncontact methods were investi-
gated in FY 1986 (Hart et al, 1987). Laboratory tests of the laser reflectance
noncontacting method were conducted in FY 1987, A contact method of liquidus
determination, known as the thermal arrest method, has been developed and
successfully demonstrated in FY 1987. Both types of methods for determining
Tiquidus temperature are described below.

MNoncontact Liquidus Temperature Determination: Laser Reflectance

The measurement of Tiquidus temperature by laser reflectance refers to the
use of a combined Taser, pyrometer, and radiometer to determine liquidus tem-
perature by detecting solids on the bath surface through diffuse reflectance.
The laser directs a narrow spectra of light down at the surface of the bath.
When solids have formed on the surface {which can be induced by blowing a cold
gas stream across the bath surface), the light reflects off the surface, is
detected by the radiometer, and signals the pyrometer to acquire a tempera-
ture. The maximum temperature at which the bath turns from a liquid to a solid
is the Tiquidus temperature.

Laboratory tests of the Taser reflectance system showed that the method
produces uncertain results in measuring the A]203 content in Na3A1F6 with an
A1,07 concentration in excess of 6 wt%. Because the measurement of Al,05 to
saturation in excess of 6 wt¥% was needed, the method was judged unsuitable and
further development was not pursued.
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Contact Liquidus Temperature Determination: Thermal Arrest

A less expensive, but more accurate and portable contact method for deter-
mining Tiguidus temperature, known as the thermal arrest method, was developed
for in-plant demonstration.

Phase boundaries in phase diagrams result from the thermodynamic law known
as the Gibbs Phase Rule. This rule can be used to determine the number of
degrees of freedom in a system. Cooling of a melt of a certain composition
resuits in the precipitation of solid phases, the heat of fusion of which
causes a change in the rate of cooling. At a eutectic, there are no degrees of
freedom and hence the temperature of the system is fixed until all of the
liquid has solidified. This inflection, or thermal arrest, is the liquidus
temperature.

This information was used to devise a portable contact system for deter-
mining Tiquidus temperature. Further laboratory tests proved this method of
solids detection to be more accurate than the noncontact devices tested;
furthermore, it uses less expensive, though limited-1ife sampling parts.

The portable thermal arrest system consists of an HP-3421 data acquisition
system, an HP-71B hand-held computer, a type K thermocouple, and a graphite dip
cup {see Figure 34}, A sample of molten bath is withdrawn, temperatures are
measured with the thermocouple, and the temperature-versus-time is digitally
stored in the hand-held computer.

A program was developed for the HP-71B that analyzes the cooling curve to
identify three distinct regions, differentiated by their slopes. These three
regions are the initial cooling period with the fastest cooling rate, the
thermal arrest period with the slowest cooling rate, and the fipal period with
a cooling rate of intermediate magnitude. The computer is programmed to calcu-
late the slope (S) of the cooling curve and the rate of change of the slope
{H). The temperature at which thermal arrest occurs is determined by finding
the maximum value of H/S since a maximum value of H occurs in the region where
the slope S is at a minimum. The resultant inflection point in the cooling
curve as the system cools through the liquidus temperature is reported, as is
the process temperature. Furthermore, by selecting the appropriate bath ratio,
a wt? Alo05 is also reported.
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FUTURE DIRECTIONS

In FY 1988, efforts will be directed toward three scheduled tasks, as

follows:

1-

Reference Anode Development--A pilot anode of material electrochemi-
cally similar to the reference anode has been shown to provide a
suitable reference for controlling a Hall-Heroult cell employing
inert anodes. Additional development is required to ensure stability
and corrosion resistance. The task will provide support of labora-
tory anode development and demonstration tests which will also
produce performance data on the reference anode and associated

control schemes.

Pilot Electrode Evaluation--It is projected from previous work on
impedance analysis of anode film characteristics that at sufficiently
Tow current densities the capacitive and resistive components of the
frequency spectra show a sensitivity to Al,03 content. A pilot
electrode operated at sub-electrolysis voltages and analyzed for the
capacitive and resistive components should disclose if the use of
this technique is applicable to the analysis of bath Al,03 content.
This electrode need not be a different structure than the reference
anode above.

Digital Signal Analysis Control Evaluation--This task is a combina-
tion of laboratory tests and data acquisition procedures with on-site
analyses and off-site extended analyses conducted by Nikias. Fast
Fourier transforms of the test cell current and voltage are coupled
with impedance and coherence determinations. Samples of the process-
generated signals are also collected and supplied to Professor Nikias
for further analysis using a multiplicity of DSA processing algo-
rithms. Correlations of the Taboratory test conditions and analyses
with the DSA techniques by Nikias are then possible. An iterative
process is envisioned where additional tests are suggested by the
results of the analyses. However, the use of the DSA technique de-
pends on the results from the FY 1987 work done by Professor Nikias.
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