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Ahstract,

Cermet  anodes  were  cvaluated as  noncensumable
subsbitutes for carbon anodes using a pilol scale
reduction cell at the Reynolds Manufacturing
Technology Laboratory. After pilot cell tesling, the
anodes were subjected Lo extensive materials
characterization and physical properties measurements
at the Pacific Northwest Laboratory. Significant
changes in the composilion of the cermet anodes were
observed including the growth of a reaction layer and
penetration of electrolyte deep inlo the cermet
malrix, Traclure strength and Loughness weve measurod
as a funcltion of lemperalure and the ductile-britlle
Lransition was reduced by 500°C following pilol cell
testing. These results imply difficulties with both
the anode material and the control of operating
conditions in the pilot cell, and suggest that
additional development work be performed before the
cermet anodes are used in commercial reduction cells.
The results also highlight specific fabrication and
operational considerations that should be addressed in
future testing.

Introduction

The Inert Electrodes Program is heing conducted at the
Pacific MNorthwesl Laboratory (PHL) for the U. S,
Department of Energy (DOE), Office of Industrial
Processes (0IP). The purpose of the program is to
develop long-lasting, energy-efficient anodes, and
ancillary equipment Ffor Hall-Heroult cells used to
produce aluminum metal.  Fmphasis has been placed on
testing  anodes made Trom o cevamic/metal composile
consisting of Ni0 and nickel ferrite and a Cu-Ni metal
phase. Anodes of this type were first developed by
Mcoa Laboratories (Alcoa Center, PA) in a program
also sponsored by DOE (1). Laboratory Llests (1,2)
have shown that this composition corrodes at a low
enough rate to make it an attractive allernative to
the consumable carbon anodes currently wused in
commercial smelting operations. Before aluminum
companies would consider using the cevmel  anodes,
however, it was necessary to demonstrate success in a
scaled-up operation. In particular, acceplable
performance had Lo be shown in a Targer, selfl heated
cell. Toward Lhis end, Reynolds Metals Company (RMC)
was subconlracted by PHL to use the "pilol cell" at
the Manufacturing Technology taboratory (MTI) in
HMuscle Shoals, AL.  The pilot cell was subsequently

U 0perated for the U.S. Department of Energy by
Battelle Memorial Institute under Contract DE-ACO06-
76RI. 1830.
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modiliod Lo Llest cormet  anodes, A preliminary
"protolype anode Llesl" was also performed by RMC and
PNl in a large laboratory cell at the MTL in March
1989 Lo delevmine certain operaling condilions for Lhe
cermet anodes before running the pilot cell test(3,4).

The pitot cell test was started on August 1, 1991.
Between August 1 and August 30, PNL and RMC assisted
each other in the evaluation of 13 cermet anodes that
were manufactured by Ceramic Magnetics, Inc. (CMI,
Fairfield, NJ). Operational difficulties were
encountered during the test as discussed in a separate
paper in Lhis volume (5) and the pitol cell test
procedures had Lo be modified severely. Nevertheless,
cermel anodes were lesled in the pitot cell for as
long as 314 h (13.1 days) under condilions close to
those in an industrial environment. After the test
was completed, Lhe anodes were returned to PNL for
various "post-test" analyses. The results of these
analyses are discussed in this paper.

It is important to vrecognize that the primary
objective of the pilot cell test was to evaluate the
“inertness” of cermet anodes as nonconsumable
substitutes for carbon in a pilot reduction cell. If
Lhe material could be shown to corrode oy wear at
acceplably low rates in this test, it was hoped that
industry would become sufficiently interested in the
material and the inert-anode alternative to proceed
with the next step in transferring the technology to
commercial cells.

NDiscussion

Anode_Constructiol

i=

A set of 13 cermet anodes were produced at CMI for use
by RMC and PNL in the pilot cell test.! The powder
from which these anodes were produced was also made at
CMI. This section covers some of the more important
issues associated with both the fabrication of the
powder and the cermet anodes themselves.

Ceramic Powder. A large, approximately 1000-kq, batch
of Lhe ceramic powder was prepared from hematite
(re.n,, Prizer Pigments, Inc., Caston, NJ} and high
purily, green nickel oxide (Ni0O, Novamel, Wyckoff,
NJ). The powder preparation involved blending the raw
materials, milling, calcining, and then spray drying.
Ihe initial conditions for cach step were discussed

W Additional anodes were also made for subsequent
evaluation by RMC and the Eltech Research Corporation
(ERC) in a later phase of the pilot ceil test (6).



previously (7); however, as indicated below, some of
the procedures had to be modified al CHMI to obtlain
powder with the desired properties. Small test
batches of powder were Lherefore first prepared to
deteymine  Lthe  besl  procedures  using  lhe  CMI
facilitics.

the starting materials were mixed wel (11,0) in a sleel
ball mill for 2 h Lo 4 h, and then dvied. 1ight 50-kqy
batches of the powder were calcined at different
conditions to altain a Tully reacled and sinlerable
powder. Chemical analysis of Lhe powder that served
as the source for all of the calcining trials and the
pitot cell anodes indicated the actual composition was
very close Lo the Largeled composition (46.5 w/o0 e,0.;
51.7 w/o HiQ). For initial balches of the powder, Lhe
calcining was not performed al sufficiently high
Lemperatures so  that the main constituents wore
basicably unveacted Te 0 and NiOL As the Temperature
and  Lime at lemperalure were increased in laler
hatches from 800°C for 2 h Lo 980°C for 6 h, the
amount of these materials decreased in favor of the
desired compound with nominal stoichiometry Nile,0 .

One of the problems idenlified early in Lhe program
was the low consolidation pressures availahle at CHI.
the maximum pressure that could be attained at CMI was
91 MPa (13 ksi). This is substantially lower than the
140 MPa (20 ksi) used in the laboratory studies al
PNL.  This Tow consolidation pressure led Lo a densily
approximately 0.1 g-em™ lower than oblained al the
higher pressure, i.o. 6.1 g-ecm ', (Il is worth noling
that pelletls made from earlier batches of Lhe calcined
powder containing significant amounts of Fe,0, gave
sintered densities close to 6.1 g-cm™® when Lﬂey viere
pressed at 140 MPa.)

Iwently-five-kilogram batches of powder weve also spray
dried.  Larly balches were spray dried Lo a particle
size of 84 ym. It was noled in small lesl balches
taken from each 25 -kg balch that this powder did not
blend well with Cu metal. The final 500-kg batch of
powder prepared for the pilot cell anodes was spray
dried to a parlicle size of 20 pum, The particle sizes
of 20 ym and S0 pum represented the mean agglomerale
size. The actual powder making up these agglomerates
was probably in the range of 1 pm Lo 5 jan.

Since the balch size and furnace used in lhe trial
calcinings was small, the condilions necessary to
calcine the Targe 500-kg batch of powder for Lhe pilot
cell anodes were changed stighlly. Whether this
change or simply the difference in calcining a large
batch of powder made the difference, the resulting
powder had a trace of hematite and pellets made from
the powder did nol sinter to as high a densily as the
smaller batches of powder. The exact cause of Lhis
can only be speculated at this Lime, bul one
cxplanation is that portions of Lhe powder were at the
calcining Lemperature longer Lhan olher portlions,
This conld possibly have heen corrected by longer ball
mitling or use of a different furnace/furnace design
so that uniform calcining occurved. Apparently, as a
combined result of both Lhe presence of the hematite
and the lower consolidation pressure, the pilot cell
anodes were about 0.2 g-cm™ lower than those Lhal had
been fabiricated at PNL as well as the prototype anode
used in Lhe Tavge laboralory-scate Llest (4). Ihe
precise effects of Lhis lower densily on  Lhe
performance of Lhe anode malerial are not known, hul
they may have included an acceleration of some of Lhe
compositional and microstructural changes discussed
later in Lhis paper.

-

Anode_ Produclion. Using tLhe spray dried powder
described above mixed with 17 w/o Cu'®) metal (Alamo
Supply Co., Houston, 1X), a set of "preliminary” pilot
cell anodes were fabricated. The powder was pressed
at 91 MPa (13 ksi) and then sintered according to a
88-h schedule wilth a maximum temperature of 1200°C in
a conbvolled atwospheve with 100 200 ppm . The
Larget  anode  dimensions  shown in Figure "1 were
obtained using a specially designed mold. To
accommodate the Ni connector rod that was to be used
Lo supporl the anodes and provide an electrical
connection, a melal-rich core material had Dbeen
developed (8) and is shown as the "inverted 1" in
Figure 1. This core was constructed of 50% cermet
powder and 50% of an alloy that was 65% Cu and 35% Ni.
Ihe core material, when sintered in small laboratory-
scale anodes, provided a good electrical bond between
the Hi rod and Lhe cermet anode body as well as a
vreasonable  bransilion  helween  Lhe coelficient of
thermal expansion of the cermet and the Ni rod,
Unfortunately, this core caused the preliminary
scaled-up anodes Lo crack during sintering so it was
nol used in the anodes actually made for the pilot
cell test. The 13 anodes for the pilol cell test were
maile without the core malerial and the cermetl was
drilled and tapped direclly to accommodate the Ni
connector rod. Anodes made in this fashion contained
no visible cracks after sintering. In addition, no
cracks were found using ultrasonic methods on two of
the anodes selected randomly from the batch of
Lthirteen. The compositions of samples removed from
sintered preliminary anodes were determined by wet lab
analysis and found Lo be identical to the theoretical
composition within experimental error (17 w/o Cu, 33.7
w/o Ni and 28.0 w/o Fe). The microstructure of a
sample removed from a preliminary anode was also
determined and is shown in Figure 2. As expecled, Lhe
malevial conlained Lhree phases: NiO  (dark gray),
fervite  (light  gray), and Cu-Ni alloy (while).
However, some microstructural features appeared
different in this sample than in anodes made
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Figure 1: Nominal Dimensions of the Cermel Anode.
(Inverted "T" around screw conneclion corresponds Lo
a  "core material" that was added in earlier
confiqurations.)

te) Although Cu metal was added during preparation of
Lhe anode, a Cu-Ni alloy is formed during sintering.
The Ni component is believed to result from the
reduction of some NiQ by the residual organic
sintering aids.



Figure 2@ Oplical Micrograph of Pilol Cell  Anode
Material Before Tesling.

proviousty at PHE and Alcoa baboratories (1,2). lor
example, Lhe material appeaved to be wore porous,
probably because of the Tower consolidalion pressure
used at  CHMIL. Density measuremenls were also
consistenl with Lhis conclusion as discussed below,

Pilot Cell Operation

Details of Lhe piltot cell operation are given in a
companion paper elsewheve in this volume (5). fvio
primary operalional objectives for most  of  tlhe
duration of the pitol cell test were thal the current
densily on any cormel anode nol exceed 0.5 A-cm 't and
thal alumina concenlralion be mainlained as close as
possible Lo saturation. Ihese criteria were based on
previous determinations of the least aggressive
conditions for the cermet anodes (1,2,7,8). In
reatity, the alumina concentralion varied
cigniticant by dmving the pilal cell test (5) 0 amnd the
cirrent densily varied deamatical ly arvound cach anodie,
Hevertheless, the alumina concentralion was usually
kept reasonably high during Lhe tlesl al an average
value of about 80% of saluration (despite  the
significant periodic excursions); and, as determined
by local measmrements of voltage drops, Lhe cwrrent
density did not exceed 0.5 A-cm’® on any surface of Lhe
anodes, although on most surfaces it was probhably much
Powier.  Six cormel anodes were usually in operation al
any one Lime in the configwralion shown in Tigwre 3,
fhe positions of cach of Uhe cermel anodes were
Tabelled A through F, relative to the posilion of the
large carbon anode, as shown in Tigure 3. Individual
anndes  tested in each  position were labelled
oy (1) . . H Sy -, :
separately™ and are noted in Tigure 3 along with the
time of testing for cach anode and Lhe average cirrent
during that time.

A current of 90 A was calculaled to correspond Lo a
max imum curvent density of aboul 0.5 Acm? on any
sirface based on early wmodels of current flow. While
the observed current flow in the pilol cell was

T numbering scheme for the individual anades is
not obvious and reflects the changes in test pro-
cedures requirved because of aperational problems (5).
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Inert Anode Cluster

Alumina Feed

Position Anodes Time, h Current, A
A A1, E2* 193, 260 35, 74
B Aux?2, A2 181, 182 29, 51
C c1, C2¢ 191, 260 51, 86
D Dt, D2 123, 279 82, 62
E Auxt, E1° 313, 135 45, 72
F F1, F2 314, 96 70, 41

Figure  3: Schematic of  Anode  Posilions Showing
i <change Sequence and Test Conditions for individual
Anodes. (*Txposed Lo aggressive condilions.)

siqnificantly different than anticipated from these
ecarly models, il turned out thal the Largeled currend
value was similtar. By keeping the current to any one
anode at 90 A or less, the current densily on any
surface of the anodes did not exceed 0.5 A-cm®. In
the case of anades €2, El, and E2, the ancdes were
deliberately subjected to higher curvents at the very
cid of the pilol coltt Lest Lo determine the effecls of
current densily.

Mode Characlerization

Twelve of the 13 anodes Lhat were tested in the pilot
cell were delivered to PNL for post-lest analyses.
(Anode B1 broke before it was inserted in the cell.)
The results of these analyses are discussed in the
following three seclions concerning: 1) Lhe overall
appearvance of the anodes and how Lhis appearance and
relaled dimensions changed upon  testing, 2) the
compositional and microstructural changes that
occurred as a result of Lesting, and 3) the results of
physical and mechanical properties measurements on the
anades.

Ghangds_in Appecarance and Dimensions. Figure 4 shows
the cross section of part of the bottom edge of anode
i1 afler removal from the pilot cell. Anode 'l was

testad Tor the longest period of Lime (314 h) under
"normal™ conditions, i.e. at less Lhan or equal to 90
A and at high alumina concenlrations. During
operation with anode F1, the average current Lhrough
anode 11 was 70 A and alumina concentration was 7.4
w/0 where 8 w/o was approximately saturation for the
typical conditions of this test, The anode was
Tocated in position [ as indicated in Figure 3.

TR o e ' ' ) 0o



[igure 5 shows a similar view for anode C2 which was
operaled for a short period at the end of the Llest
under  "aggressive" condilions, i.e. when alumina
concentration was dvopped to ahout 20% of saturation
and current was raised Lo twice Lhe normal value (180
A). Anode C2 was in position € as shown in Figure 3.

Pigmee 4: Cross Seclion of Boltom dge of Cormet Anode

ligure 5: Cross Section of Botlom Ldye of Cermel Anode
€2.

As illustrated in Figures 4 and 5, anodes that were in
cperation under the aggressive conditions of low
alumina concenlration and higher current density
showed much more corrosion than those operaled under
normal conditions.  Anode C2 exhibited very thick
veaction producl  Tayevs, genervally gross and very
ivregular wear. In conlrast, anodes Lested under
normal conditions did not appear to change wmuch
dimensionally, excepl for the growth of a reaclion
layer. Since the original shape of the anodes was
largely preserved, this suggests the reaction layer
formed under normal conditions occupicd essentially

the same volume as Lhe unreacted material from which
il formed.

The reaction layer was also thicker for anodes tested
at longer times when other cell conditions were
similar, The thickness of the reaction layer,
measured at the center of anode diameter, is plotted
in Figure 6 versus A-h for all of the pilot cell
anodes. The data appear to be grouped into two
regions, The anodes tested wunder aggressive
conditions gave significantly higher reaction layer
thicknesses (boxed arca) Lhan anodes lested under
normal conditions. For anodes Lrealed under normal
conditions, the reaction layer thickness was about 13
mm after 314 h (13.1 days) of testing (anode Fl);
Lhicknesses for anodes treated under aggressive
conditions were over 25 mm at much shorter times. The
thicknesses of the reaction layers on the anodes
Lreated under normal conditions appeared to follow a
roughly linear trend with A-h as shown in Figure 6.
The trend is not exact and estimated uncertainties
fall short of explaining 411 the variances; however,
given Lhe varying conditions in the pilot cell test
(5), it is likely that even these uncertainlies were
underestimated so that the lincar approximation is nol
completely unfounded.
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Figure 6: Variation of Reaction Layer Thickness with
Ah for Cermet Anodes.

A Tinear fit to these data, excluding the severely
corroded anodes and pinned to the origin to give no
layer al the start of Lhe Lest, gives a slope or layer
growth rate equal to 5 x 10 mm-A™-h!, or 0.8 mm-day™
for 70 A of current. Recognizing that this rate is
appropriate for only those current densities close to
the actual value at the bottom surface of these anodes
(about 0.2 A-cm’® from the calculations using data from
voltage prohes) and assuming linearity, this growth
vale gives an exlvapolated annual rate of 31 cmeyr

for a piloL cell-style anode operating at 70 A. This
rale is inconsistent with extrapolated rates from
ecarlier studies (1,2) and would be <clearly
unacceptable even if the properties of the reaction
Jayer were not that detrimental. Of course, the
extrapolation relies on the assumption of linearity



for up to a year’s time. If the growth is not linear,
and  the Lhickness levels of 0 alter some Lime, Lhe
resulls may nol Dbe as unfavorable, provided the
reaction layer imparts a sufficiently low resistance
Lo Lhe current path,

Changes in_Microstructure and Composition. This
seclion focuses on the  microstructural and
compositional analyses performed on anode Fl, which
vias the anode tested for the longest time under normal
operating conditions. A number of core sections were
removed from anode F1  for analysis as shown in
Figure 7. The samples labelled F1-B, F1-M4 and F1-T,
removed from near the center of the diameter of Lhe
anode, encompassed regions from the very bottom
surface of Lhe anode, including the reaction layer
discussed above, to Lhe top surface of Lhe anode.
Based on vollage drop measurements made during Lhe
test, the boltom surface was eslimated to have been
subjected Lo a current densily of approximately
0.2 A-cm

CORE SECTIONS

ANODE F1

41.0 mm

Bottom Surface

Figure 7: Core Seclions Removed from Cevmet Anodes for
Malysis.

As shown in the scanning electron microscopy (SEM)
backscaltered image in [igure 8, sample F1-B contained
essentially all of the ‘"reaction 1layer" whose
thickness varialions were quantilied carlier. The
reaction layer in this region had an average thickness
of 17.5 mm. The thickness varied somewhat in this
region because it was near the beginning of the
curvature of the bottom of the anode. As shown in
Figure 8, the reaction layer was very complicated in
structure and was composed of many sublayers. Energy
dispersive x-ray spectroscopy (EDS) and x-ray
diffraction (XRD) analyses indicaled that Lhe reaction
layer was essenbially devoid of melallic phase and the
many sublayers were varied in composition. Copper, in
particular, segregated into sublayers in Lthe reaclion
zone. lhe Cu in this region was identified as mostly
Cu,0 and CuNi 0 phases using XRD. Other reyions, in
part1cu1ar r1ght at the swrface, were severely
depleted in Cu. In general, Fe was predominant in
regions were Cu was absent and depleted in regions

i ' TR oy
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Iigure 8: STH Backscaltered Image of Cross Seclion of
Sample F1-B Removed from Anode 1.
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where Cu oconlent was high.  Hickel was distributed
more uniformly, but appeared to be wore concentrated
in regions high in Cu, particularly near the electrode
surface. This is consistent with Lhe formation of the
Cu)NiyO compounds, that were identified with XRD.

Other phases in sample F1-B included Al-Ni-Fe
compounds.  The stoichiometry of some of these phases,
detc - mined using [DS, suggested they were lormed by
the replacement of Al for Fe to varying amounts in the
ori¢inal Nife,0, (ferrite) phase. This type of
reaction was also observed in bench-scale tests (9)
al hough to a much smaller extent. In general, the
arount of substitution was the greatest right at the
surface and decreased as a function of depth into the
anode. In some cases, the phases may correspond to
stoichiometric aluminates since Ni and Fe aluminates
were delecled in this region with XRD. As shown by
the SEM image in Figure 9, Lhe phases formed from the
ferrite phase had a grain structure very different
from the original. The grains in Lhis region appear
to have grown significantly and fused together forming
one of the bands or sublayers in the Tlower-
magnification image in Figure 8.

Fig re 9: SEM Microgrpah of Region in Reaction Layer
Containing Consolidated ferrile Phase.

Above the reaction layer in F1-B, the microstructure
appears similar to the original or “native"
microstructure as shown in Figure 8. This native
microstructure extends up vertically through most of
samples F1-M and F1-T. AL the very top of TI-T,
another, albeit much  thinner, reaction layer was
apparent. This layer was aboul 1.0 mm thick and was
devoid of metablic phase Tike the Thicker Tayer al The
boltom swlace,

The elemental dot map for Al for sample F1-B, shown in
Figure 10, indicates that significant amounts of Al
penetrated the anode. The penetralion extended
through the reaction layer and significanlly inlo lhe
native material. Some regions in F1-B were very rich
in Al consistent with the formation of the Al-Ni-Fe
phases. However, the penctration of the clectrolyte
also occurred into samples F1-M and FI-T as shown by
the plol of the 108 signal intensily valios in Figure
1. Significanl amounls of (luorine were also
detected in the interior of Lhe anode. Results from
EDS and XRD analyses indicated two types of compounds
containing fluorine. As shown in Figure 12, one of
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Figuwre 12: SMM Micrograph of Cross Section of Region
in 11 Containing Ni-Te Muoride Phase.

these phases was delected using S[M on polished core
samplos. The phase was delermined to be a Nife
fluoride. it was found Llhroughout the anode and
typically contained more Fe al distances further from
the bottom surface. XRD corroborated this finding by
verifying the existence of NiF, in parts of the anode.
Another fluoride phase was also identified using SEM,
but only on fracture surfaces as shown in Figure 13.
ENS analysis revealed this phase was an Al-conlaining
fluoride compound (possibly containing oxide ions as
well). The presence of an aluminum oxyfluoride
species along grain boundaries was also detected with
x-ray photoelectron spectroscopy (XPS) in previous
studies at PNL (8). It scems reasonable that Lhis
species was the primary species migrating from the
clectrolyte into the interior of the anode. bransporl
apparently occurred along grain boundaries, allhough
migration through pores is also possible.

Another important compositional change occurring in
the pilot cell anodes concerned Lhe melallic phase.
As indicated previously, the phase was essenlially
absent from the reaction layer in sample F1:-8. In the
region of native microstructure just above the

ligure 13: SEM Micrograph of Fracture Surface Showing
Presence of Al-Fluoride Phase at Lhe Grain Boundaries.

reaclion layer in sample F1-B, however, the metallic
phase was present and was composed of almost pure Cu.
This is in contrast to the metallic phase in an
unreacted anode which was an alloy with the nominal
composition of 86 w/o Cu, 13 w/o Ni and 1 w/o Fe. The
*yefinement" of Cu in the metallic phase just above
the reaction layer was observed in olher studies on
cermet anodes (4). As shown in Figure 14, the amount
of Mi relalive Lo Cu in the metallic phase rises from
the very low value (almost pure Cu) right above Lhe
reaction layer Lo values close Lo an unreacted control
anode (0.15) at further distances into the anode. At
the top of Lhe anode, where another reaction layer is
presenl, Lhe ratio again becomes low. The thickness
of Lhe Cu-cnriched metallic zone scems to be related
Lo the overall corrosion performance of the anode.
lor example, anode F1, which had a reaction layer
about 13 mm Lhick on the average, showed a Cu-enriched
melallic zone about 35 mm thick (Figure 14). In
conlrast, Lhe prololype anode (4), which had a
reaction layer about 3 mm thick, exhibited a Cu-
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Figure 14: Ni/Cu Mass Ratio in the Alloy Phase as a
Function of Distance from the Bottom of Tested Anodes.



enriched zone of only about 10 wmm, as shown in
Figure 14. The ralio of Cu-enriched zone thickness lo
reaclion layer thickness is roughly 3, in bolh cases.

Changes_in Physical and Mechanical Properties. This
secLion covers Lhe results of density measurements on
Lhe anodes used in the pilot cell test and of studies
on their mechanical properties. The mechanical
properties tested included fracture strenglh, fracture
toughness, and ductile-brittle transition temperature
(DBITY. In all of this work, measuremenls were made
on samples removed from the center of anode 1 after
testing in the pilot cell. The samples were from Lhe
region of nalive microstructure, i.e. they did not
include any of the reaction layers. Measurements on
anode F1 were then compared to results on anolher
anode (control) fabricated by CHMI but not tested in
the pitot cell.

The density of a sample removed from Lhe interior of
anode 1 after testing in the pilol cell was 5.67 L
0.0 ¢-cm ", This vatue s Tower Than thal measmeed
for the control anode (5.82 3 0.01 g-cm ) and much
Tower Lhan anodes previously Tabricated for studies at
PHL. (6.05 - 6.10 g-cm™). The higher values for Lhe
PNL. anodes are explained, at leasl partly, by Lhe
higher consolidalion pressures used in fabrication al
PHL and are also consislent wilh the apparently higher
porosity exhibited by the pilot cell anodes (Figure
2). The drop in density as a result of pilot cell
testing was not expected, however, and is probably
retated Lo the composilional changes and the presence
of  electrolyle  componenls  wilhin  the  anode  as
discunsed above,

lowr-poinl bend testing was performed on reclangular
hend bars (4 mm x 4 mn x 50 mm) using SiC Tully-
articulated bend fixtures having a Tower span of 40 mm
and an upper span of 20 mm. lesls were performed in
air from ambient. up to 1100°C at a strain rate of 1.27
x 10" 5. Ihe mid-point bending deflection was
measured and used to calculale slvess-sirain curves
for each specimen.  In addition, chevron-nolched bend
(CYN) bars were used Lo measure Lhe chevron-notch
fracture toughness over the same ltemperature range.
These tests wore performed al Lhe same slrain rale in
four-point bending and the overall specimen dimensions
were the same as the unnotched bend bars. The Llest
temperature was measured by a Type K thermocouple
inserted into Lhe bend fixture. Al1 data was recorded
onlo a compulerv-based data acquisition system.  SHH
steven pholtomicorogpraphs weve Laken of vepresentative
f(racture surfaces ahove and below the DBIT of cach
material to characlerize the mode of failure.

Measured strength and toughness were found to be low
for all of the anode malerials Llesled compaved Lo
Lypical cermets. Room Lemperalure strnnglh of 110 MPa
(16 ksi) and toughness of 2.8 MPa: m® " were measwred
for the control anode. As shown in Tigure 15,

strongth increased to 117 MPa (17 ksi) at 1000"C and
Lhen decreased above this temperature, the DBTY of the
control anode malevial. The fracture strength of the
cermet anodes was degraded as a result of pilol cell
Lesting. As shown in Figure 15, anode I1 strenglh
ranged from 50 MPa (7.3 ksi) al room temperature Lo a
high of 63.3 MPa (9.2 ksi) at 350°C. the DBTT for
anode F1 material was delermined to be 500°C, shifted
dovn from the conlrol anode by 500 C.

Changes in the fracture mode accompanied the shift in
the DBIT for anode F1 compared to the control anode,
and the fracture mode of Lhe control anode was
different above Lhe DBTT compared to betow the DBTT.
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the fracture mode for the control anode was observed
to be transgranular below the DBTT, but the fraclure
mode for anode F1 below the DBTT was intergranular.
In facl, anode F1 exhibited an intergranular fracture
morphology at all test temperatures. This was in
conlrasl Lo Lhe conlrol anode which exhibited a mixed
Lransgranular- intergranular morphology above the DBIT
and was Llransqranular below Lhe DBIT. Figure 16 shows
the difference in fraclure morphology at 20°C between
the conlrol anode (transgranular) and anode f1
(intergranular).

Interestingly, the fracture toughness hehaved similar
Lo the strenglh as a function of Lemperature for these
samples.  The fracture toughness was 2.5 MPba-m™" at
1000°C and increased to 3.7 MPa-m™> at 1050°C for the
control anode. The values were lower for anode [,
dropping Ln 1.7 MPa-m®® at room lemperature and
2.6 MPa-m™" al 500°C. As shown in the case of the
control anode in Figure 17, the similarity in the
tomperature dependence of the fraclure strength and
fracture toughness is striking suggesting the
loughness controls the strength of the material below
the DREL. The covrespondence belween strenglh and
Loughness was Tound to he similar for anode 1.

Ihe plastic deformalion of the anode material at
elevated temperatures appears to be controlled by the
weakesl phase which is probably the distributed
metallic or grain boundary phase. It is expected that
the DBIT is determined by the composition and
distribution of this phase. The fracture morphology
change for the control anode at the DBTT is consistent
with this conclusion. It is rather remarkahle that
Lhe control anode can maintain brittie behavior up to
1000°C given that the metallic phase is a Cu-Ni alloy
wilh a melling poinl of aboul 1200°C. The Tow
Louglness value implies thal the duclile metallic
phase is not distributed optimally for mechanical
properties benefit. Apparently the alloy is too
widely distributed to impact the toughness of the
cermel material. In conlrast, fraclure Loughness for
cemented carbides can be as high as 18 MPa-m™ %5 The
fracture behavior for the anode material secems to be
controlled by the cleavage strength of the oxide
grains. In general, the fracture strenglth is
controlled by fracture toughness below the DBTT for
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(b) Anode F1 Showing Intergranular Fracture

Figure 16: Iracture Morphology below DBTT (20°C).

these materials. The excellenl correspondence between
strength and toughness for the anode materials
supports this conclusion.

The observed slrength reduction and DBIE shift for
anode Tl as a resull of pilol cell Lesling peints Lo
degradation of the intergranular phase, perhaps due lo
electrolyte migration. The material no longer fails
by cleavage of the oxide grains, but instead deforms
al boundaries resulling in a completlely intergranular
fracture morphology. The changes in Lhe fracture
morphology of anode F1 compared to Lhe control anode
supports this conclusion. The presence of a Al-
containing Muovide or oxyflumride phase al the oxide
grain boundaries in anode F1 malerial (Figure 13)
suggests that this material is essentially very
different from the conlrol anode material.
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Figure 17: Toughness and Strenglh for Control Anode as
a Function of Temperature.

A low fraclure toughness, high thermal expansion
conflicient, and moderately Tow thermal conductivily
for the cormetl material would also make these anodes
very susceplible to thermal shock. Observed cracking
during operation (5) is consistent with this and
suggests thal use of Lhis material for anodes, without
additional refinement of composition to increase
Loughness, will necessitate very delicate handling
procedures.

Conclusions

Cermet anodes were tested in a pilot-scale reduction
cell for up to 314 h (13.1 days). Post-test analyses
of the anodes revealed changes in appearance,
microslructure,  composition, and  physical and
mechanical properties. These changes were influenced
bolh by overall cell conditions and local conditions
around each anode. Those parts of the anodes exposed
to normal conditions of less than or equal to 0.5
A-cm? and close Lo alumina saturation exhibited 1ittle
dimensional loss, but did show the growth of a
reaction layer of significant thickness. Anodes
exposed to aggressive conditions of higher current
density and low alumina concentration, exhibited
severe dimensional  and compositional changes.
Significant penctration of the electrolyte deep within
the material was cobserved for all anodes analyzed.
The penetration resulted in compositional changes even
in regions abov: the reaction layer where the
microstructure was similar to the original material.
The observed changes were accompanied by a
deterioration of the mechanical properties of the
anodes and, as veported elsewhere in this volume (5),
an increase in Lthe amounts of anode-derived impurities
in Lhe aluminum melal.

The apparently poor performance of the anodes observed
in this test can probably be attributed Lo one or more
of the following factors: 1) the inherent limitations
of Lhe cermet material tested, 2) the differences
between the composition and microstructure of the
cermet material tested in the pilot cell and previous
cermel material tested in Lhe laboratory, 3) Lhe
fluctualions in cell operating conditions and, in the
case of alumina concentration and current, their
variance from "optimal" conditions, 4) the influence



of the large carbon anode on Lhe vollages in Lhe cell
and possibly on anode reactions, and 5) the failure of
the connector rods and the cracking of the britlle
anodes, which necessiltated a significant amount of
clectrode manipulation. Which of the above factors
was most important is still uncertain at this Lime.
Clearly, additional testing is required to determine,
without ambiguity, whether the cermet material itself
is in some way deficient. In any future pilol cell
test on this material, it is recommended that only
cermel anondes be cmployed {no carbon), anodes be
fabricated that have microsUructure and physical
propertics as  close as  possible to  the anodes
previousiy tested in Lhe iaboralovy, the pilol cell
test be performed using a design and procedure Uhal
minimizes fluctualions in operating condilions and
more ecasily permits operation near alumina satwralion,
the pilot cell be modelled extensively before testing
particularly in regards Lo ils current and vollage
characterisiics, and a more durable anode design or
effective heal-up strategy be used to minimize Lhermal
shock.
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