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SUMMARY

Development of inert anode materials for use in the electrolytic pro-
duction of aluminum is one of the major goals of the Inert Electrodes Program
sponsored by the U. S. Department of Energy, Office of Industrial Programs,
at Pacific Northwest Laboratory. The objectives of the Materials Development
and Testing Task include the selection, fabrication, and evaluation of candi-
date non-consumable anode materials. Research performed in FY 1987 focused
primarily on the development and evaluation of cermets that are based on the
two-phase oxide system NiO-NiFe204 and contain a third, electrically conduc-
tive metal phase composed primarily of copper and nickel.

The efforts of this task were focused on three areas: materials fabri-
cation, small-scale materiais testing, and laboratory-scale testing. This
report summarizes the development and testing results of the laboratory-
scale testing effort during FY 1987.

The laboratory-scale electrolysis testing effort was instrumental in
partially determining electrolysis cell operating parameters. Although not
optimized, NiO-NiFe204-Cu-based cermets were successfully operated for 20 h
in cryolite-based electrolytes ranging in bath ratios from 1.1 to 1.35, in
electrolytes that contained 1.5 wt% LiF, and at conditions slightly less than
A1203 saturation. The operating conditions that Tead to anode degradation
have been partly identified, and rudimentary control methods have been devel-
oped to ensure proper operation of small electrolysis cells using non-
consumabie anodes.
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INTRODUCTION

The Inert Electrodes Program is conducted by Pacific Northwest Lab-
oratory (PNL){2) for the U. S. Department of Energy, Office of Industrial
Programs. The purpose of the program is to develop long-lasting, energy-
efficient anodes, cathodes, and ancillary equipment for Hall-Heroult elec-
trolysis cells used by the aluminum industry. In FY 1987 the program was
divided into three tasks:

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

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

e Sensor Development - to develop sensors for control of the electro-

lyte chemistry in Hall-Heroult cells being operated with stable

anodes and cathodes.

One of the major objectives of the Inert Electrodes Program is the
development of Tong-lasting, stable anode materials for use in the electroly-
tic production of Al. The most promising material to date is a cermet mate-
rial based on a NiO—NiFe204 oxide matrix that contains a Cu-based metal
phase. The performance of this material has been successfully demonstrated
in small-scale electrolysis tests. High-purity Al has been produced during
20-h tests.

The purpose of this document is to present the supporting data for the
selection of NiO-NiFe204-Cu-based materials as a leading non-consumable anode
candidate material. The history of the development and testing effort is
presented here, and several important discoveries regarding electrolysis cell
operation and control are documented.

(a) Operated for the U.S. Department of Energy by Battelle Memorial
Institute under Contract DE-ACO6-76RLO 1830.






CONCLUSIONS

The development of NiO-NiFe204-Cu—based cermet non-consumable anodes at
PNL was continued in FY 1987, Research performed during that period indi-
cates that the NiO-NiFeZO4-Cu-based cermets are potentially viable as non-
consumable anodes for use in the electrolytic production of Al. This conclu-
sion is supported by the results of successful laboratory-scale testing at
PNL. High-purity Al was repeatedly produced in laboratory-scale cells, and
anodes were operated virtually free of degradation in 20-h tests.

These successful results were obtained, however, by operating the
experimental electrolysis cells at conditions slightly different from those
found in commercial reduction facilities. To maintain the stability of a
resistive "film" that appears to protect the non-consumable anodes, it was
determined (for the present at least) that the experimental electrolysis
cells had to be operated at lower anode current densities than found in com-
mercial reduction cells. A process control device was developed for monitor-
ing the performance of the non-consumable anodes, and future research will be
conducted to yield methods to operate the anodes at higher anode current den-
sities. Analysis of data obtained with the process control device has led to
the development of a rudimentary system of control that can be used to
correct conditions adverse to successful anode operation.

Although these results are promising, continued research is necessary.
Before the aluminum industry will apply this technology, research must be
conducted to expand operating parameters, demonstrate Tong anode 1ife, and
show that high-purity Al can be produced.






TEC AL PROGRESS

Research conducted during FY 1986 resulted in the recommendation of four
candidate NiO—NiFe204—Cu-based cermet materials for further study. These
candidates were evaluated, resulting in the selection of N10~N1Fe204-0u-N1-A1
cermets as the most promising non-consumable anode material. New technical
developments and discoveries made by PNL staff during FY 1987 indicate that
these materials can be operated under a wide range of conditions. These
efforts are described in detail below.

Testing of non-consumable anode materials invoived the use of small-
scale electrolysis test cells and laboratory-scale electrolysis test cells.
This document focuses on the laboratory-scale testing effort.

The principal goal of the laboratory-scale testing effort was to evalu-
ate non-consumable anode performance as a function of electrolyte chemistry.
Many experiments were performed over the course of FY 1987, resulting in at
least one major discovery regarding electrolysis cell operation using non-
consumable anode technology. The electrolysis cell that was used to conduct
these tests was described in a previous report (Hart et al. 1987), and for
brevity will not be discussed here.

ELECTROLYTE VARIATION TESTS

A series of tests was designed to evaluate the performance of NiO-
NiFe204-Cu—based anodes in a variety of electrolyte compositions. The elec-
trolyte mixtures were selected statistically after careful review of the
operating conditions found at commercial reduction facilities and considera-
tion of results obtained from preliminary experiments. The concentrations of
components of the electrolytes ranged as follows:

Bath ratio 1.0 to 1.5

A1203 2 to 10 wt%
CaF2 0 to 10 wt%
MgF2 0 to & wt%
LiF 0 to 5 wt%



Approximately 30 experiments designed to evaluate the effect of elec-
trolyte chemistry on non-consumable anode performance were performed during
FY 1987. These experiments are numbered 9 through 38 in Table 1. Of those
experiments, four were considered to be reasonably successful. The experi-
mental failures were largely attributed to variations in the electrolyte
chemistry. All of the anodes from the four partially successful tests
exhibited some type of degradation. Although relatively high electrolysis
cell current efficiencies (89% maximum) and Al purities (~98.5%) were
obtained, the degradation of the anodes was unsettling.

Anode degradation for the 30 tests ranged from severe, where the anodes
were so badly corroded that they fell into the electrolyte {(Figure 1}, to
only slight degradation of the anode edges (Figure 2). Four experiments
(numbers 39, 40, 41, and 42 in Table 1) were performed in an attempt to
duplicate the partially successful experiments, but the anodes were severely
corroded in each of these experiments (Figure 3).

These unsettling results led to a reevaiuation of the data obtained to
that point, and a reevaluation of the experimental procedures. After careful
review of the electrolysis cell operating parameters, several problems were
jdentified. It was determined that the amount of electrolyte used in the
cells was insufficient to provide adequate volume for the duration of the
test. Electrolyte volatility was found to contribute to large electrolyte
losses during a 20-h test.

Initially it was believed that placing a large (250-g} high-purity Al
pad into the electrolysis cells would aid in coalescing the Al that was pro-
duced. Although the molten Al in each cell could be consolidated into a
large pad, those pads did not remain stable. Post-test analysis of several
cells indicated that the Al pads were sufficiently large to extend to the
electrolyte surface. This resulted in electrical shorting of the anodes to
the molten Al cathodes, which was most 1ikely responsible for anode failure.
As a result of electrolyte volatility, other cells contained so 1littie
electroiyte at the end of the tests that the Al metal pad was exposed to the
electrolyte surface, again resulting in anode shorting.



TABLE 1. Experiments Performed Through FY 1987

EXP. ANODE DURATION CURRENT ANODE CURRENT ALUNTMUM COULOMBIC BATH AIF3 AI203 CaFZ MgF? LiF  wtX Fe wi% Ni wtX Cy wX Fe wtX¥ Ni wtX¥ Cu SUCCESS COMNENTS
NUWBER NUMBER (HOURSY  (AMPS) DENSITY (Afcm2) PRODUCED (GMS) EFFICIENCY RATID in Al metal in Al setal in Al metal in bath in bath in bath OR FAILURE
58  102-1 & 181-2 26.9 28.1 8.5 B 9% 1,15 9.5 BB 4.8 B8 8  cemem emomemmmelmmenmemen e SUCCESS 2 Aj-anodes, very slight edge wear
57 196-2 17.2 18.5 8.5 882 95% 1.35 37 8.8 5.8 8 B oo emmee mmmeecmmen cmmenmmeee SUCCESS Cerox test; slight edge wear beneath coating
58 1#6-1 26.6 11.5 8.5 44.8 59% 1.15 9.5 B.A 4B B 8 —meme mmmme mmmmm smmen mmmemaeen SUCCESS No wear ]
55 104-1 9.8 14,55 4.5 a1.1 91.5% 1.15 9.5 8.8 4.9 2 e M S SUCCESS Al-gnode, only very slight edge wear
54 145-2 25.4 11.8 8.5 88.7 93% 1.6 95 B.8 4.8 [ ] 8.112 8.822 #.112 —em mmmem e SUCCESS No wear
53 185-1 15.¢ 11.2 4.5 47.2 5% 1.15 9.5 8.8 4.9 g 8 .183 8.813 g.881  -~-m momem e SUCCESS No wear
52 193-2 20.8 1.8 é.5 64.3 8ex 1.15 956 8.8 4.8 a 9 #.121 6.982 B.61E  ce-m semm eeeee SUCCESS No wear i i
51 183-1 18.4 21.45 1.8 83.1 gex 1.15 9.5 8.6 4.0 2 S T e FAILURE ~ Cerox, catastrophic, medius
L] 189-2 26.8 21.8 1.8 No weight taken - 1.8 147 2.8 188 B B8 o e mme mvmee emmme e FAILURE slight edge, bottom, side wear
49 92-1 11.8 21.4 1.6 No weight taken -— 1.6 134 4.5 1BF BB BN -csme meemm mmemm cemes mmeem eemen FAILURE slight edgs, bottom, side wear
48 98-3 15.¢ 26.8 1.8 No weight taken ——- 1.8 147 2.4 188 B 0B e emmme emmmm mmeem mme s FAILURE catastrophic, med-large
A7 96-2 14.8 2.4 1.8 No weight taken - 1.6 134 45 188 58 B  —cemc mmmmm mmeee cmmer smmen e FAILURE catastrophic, med-large
48 97-2 2.9 22.8 1.8 111.8 75% 1.3 53 58 409 o 8 8.181 9.814 9.845 8858 9.147  9.269 SUCCESS very slight to nil wear
45 97-1 2%.8 21.9 1.8 198.8 6% 11 188 58 168 P @ 8.235 8.165 B.245  —e-er ameem e SUCCESS very slight edge wear
44 B2-2 4.9 21.9 1.8 No weight taken - 1.87 11.7 118 4.8 ] P ICP numbers not useable 8,832 9.822 6.02¢ SUCCESS No wear .
43 92-2 6.0 2.7 1.8 No weight taken -— 1.87 11.7 11.86 4.2 B 0B e mmeam mmmee mmmenameemomee SUCCESS very slight, even, edge, bottom, side wear
42 9g-3 20.8 22.3 1.9 82.2 55% 1.87 11.7 11.8 4.8 SN AUV Uy S FAILURE catastrophic, sed-large
41 99-2 29.9 28.7 1.6 174.8 arx 1.1 188 58 188 B8 6 = -ccom  mmomm mmeen emme ecmmm e FAILURE catastrophic, large
g 85-2 20.4 21.6 1.8 1i3.6 768% 1.8 14.7 2.4 14.8 '] # ILP numbers pot useable #.168 §.188 P.413 FAILURE cat. small-med
39 85-1 .8 21.8 1.8 i16.8 83X 1.1 88 58 1.8 I} § ICP nusbers nob useabls #.843 9.308 1.878 FAILURE cat. med.
a8 B8-4 38.9 14.95 1.8 123.8 825 1.7 11.7 11.86 4.2 B 8  —e-mm —emem ecmee mmmme mmeem e FAILURE cat. saall-med
7 88-2 38.9 23.4 1.8 114.7 49% 1.67 11.7 11.8 4.8 I I T FAILURE slope wear
38 88-3 28.8 18.9 1.6 162.4 eax 1.87 11.7 11.8 4.8 . e e SUCCESS?  good? not identified
36 86-1 26.9 18.9 1.0 69.4 28X 1.87 11.7 11.8 4.8 S T T PARTIAL SUCCESS siight edge wear
34 83-3 8.8 17.8 1.8 22.9 19% 1.3 58 8¢ 6.8 L I T P R e FAILURE slope wear
33 63-2 2.8 8.9 1.8 72.4 B4% 1.2 7.8 88 88 28 8  -~-a- mcmee mmmem mmmme eeme meees FAILURE cab. med.
a2 63-1 19.8 74.8 1.8 111.1 1% 1.6 141 58 48 B8 B -~  memem mmmesemmeeameee oo FAILURE cat. large
31 54-2 2.9 28.6 1.9 74.8 53 1.8 134 4.5 188 58 @  --m-  ——mem mmem memee cemen e FAILLRE  cat. med-large
K] B2-4 28 .8 2.8 1.8 161.4 74% 1.3 7.1 8.8 3.8 4.8 2.8  -~—~e  mmmem mmmeemmeemmrme e FATLURE cat. med.
29 62-2 20.8 19.8 1.9 82,2 82% 1.1 11.8 14.6 48 2.8 1.9 B FAILURE cat. med.
28 82-1 29.9 21.8 1.8 111.7 195 126 9.1 58 7.8 3.8 2.5  -c-=-  meem= meemm mme mmene aees FAILURE  cat. med.
27 54-1 7.8 20.1 1.9 No weight taken - 1.1 16.6 11.8 4.8 I I B e T e S FAILURE cat. no pics taken
28 54-3 2d.0 21.4 1.2 126.8 BeY 1.1 188 58 188 8 B  ---em mmcmm mmeim mmeemmmem e FAILURE severe edge wear
25 B4-4 12.2 20.9 1.9 No weight taken - 1.5 9.1 58 7.8 38 25  -c—--  cemee emmem emmmm mmme e FAILURE anode feil off, cal. large o
24 56-4 20.0 19.9 1.8 119.4 89% 1.6 134 45 18.8 58 B = ---—  mmmem mmmem emmen mmeam s FAILURE cat. edge and side, bottom was minimal
23 B5-1 17.5 21,2 ave 1.8 No weight taken —- 1.1 183 183 4.8 6.8 5.8  ---e-  mmmee emmmemmemn memen meee- FAILURE anode feli off, no pics
22 55-3 28.9 21.9 1.8 187.9 77% 1.3 53 58 4.8 ¢ B —--- cmmee mmmee eemenmmeee e PARTIAL SUCCESS slight edge wear only
21 B5-2 24.8 21.8 1.9 119.9 a5y 1.0 148 58 48 88 €  -----  mcmem armmm mmeemmmmm meee- FAILURE cat. edge only
2 52-2 20.9 21.9 1.9 73.4 52% 1.8 134 28 188 58 8 -  cmmee mmmeeemmme mmee e FAILURE cat. large
19 52-1 2.8 21.8 1.0 67.1 48X 1.1 18.3 18.3 48 88 58  -—m—-  acoom ammen cmtesmmmen meee FATLURE cat. med.-large
18 53-3 260 28.9 ave 1.8 138.2 B8.5%X 1.8 147 248 188 & @ = - ceee emmem mmmme mmmee e FAILURE cat. small
17 53-2 17.5  26.2 ave 1.4 41.2 as% 1.8 134 45 168 58 B = o= mmeme emmme mmmme mmmee meee- FAILURE anode fell off, cat. large
18 42-2 W8 21.2 ave 1.8 52,2 24% 1.1 188 11.8 3.8 8 58  -—m—- eemee emeee dmeem camem e FAILURE cat. med
15 4B-1 8.8 2.7 ave 1.8 128 .4 58% 1.1 1.3 14.3 3.9 6.8 5.8  -----  eemee emmmn mmeme mmmmm mmee- FAILURE cat. wmed-large
4 42-3 3.9 18.9 ave 1.9 134.3 71% 1.67 11.7 11.8 4.6 g 6 - s cmmmm emmer memme e FAILURE cat. small-ped.
13 41-3 @8 211 ave 1.9 114.9 54% 1.87 11.7 11.8 4.8 g 4 f.855 §.488 8.584 - emmm e FAILURE slope wear
12 41-4 36.9 19.8 1.0 146.8 73% 1.87 11.7 11.6 4.8 g @ 8.611 2.414 #.282 s E e FAILURE slope wear
1 52-3 38 195 ave 1.8 179.9 87% 1.1 118 198 48 2.8 1.8 B.265 9.186 8714  cmome e - FAILURE cat. edge b side, bottom ok
18 41-1 26.8 0.8 1.8 B5.8 54% 1.1 127 16.8 4.4 4.8 2.8 4.768 4.587 B.568  —--mc —eomm e PARTIAL SUCCESS bottom not flat
9 41-2 8.9 28.2 1.4 No weight taken --- 1.7 11.7 11.56 4.8 § B ~—-m= ememeaiees mmemm e e FAILURE cat. med. no other data recorded
1 through 8 were scoping experiments and data not available.
















































The final goal of the future work is, of course, implementation of non-
consumablie anodes by the aluminum industry. Continued success and promising
results should allow the realization of that goal.
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