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SUI_RY

Results of post-test microscopic and elementdl analysis of the reaction

zone on polarized cermet inert anodes, over a range of current densities and

alumina concentrations, suggest that an alumina film does not form to protect

the anode from dissolution. Rather, significant morphological and composi-

tional changes occur at or near the anode surface. These changes and the

• chemicalreactionsthat cause them involve the cermet material itself and

appear to be responsiblefor propertiesthat were previouslyassignedto an

" aluminafilm. In particular,a reaction layer formedfrom the cermet material

may have protectiveproperties,while changes in roughnessand porositymay

contributeto the electrochemicalimpedance.
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1.0 INTRODUCTION

Experimentalstudiesconductedat the Pacific NorthwestLaboratory

(PNL)(a) in FY 1988 and early FY 1989 indicatedthat the cermet inert anodes

evaluatedby PNL exhibited a characteristicimpedanceduring the electrolytic

productionof aluminum in bench-scaleHall-Heroultcells. This impedancewas

found to have the followingcharacteristics(Strachanet al. 1988):

• lt was largelyresistivein nature.

. • lt varied as %function of currentdensity, giving a minimum at
about 0.5 A/cmL

• lt appearedto depend on aluminaconcentrationin the electrolyte.
In general,the impedanceseemed to increasewith increasing
aluminaconcentration.

• lt exhibiteda time dependence. Differentanodes gave different
impedancesat differenttimes after polarization.

• At high currentdensities (> I A/cm2),discontinuouschanges in the
impedanceoccurred,causing "spikes"in the current or voltage
data.

Based on these characteristics,PNL originallyproposed (Strachanet al.

1988) that a resistivefilm formed on inert anodes during electrolysis, lt

was argued that the formationof this film was necessaryto protectthe inert

anode from corrosiotlreactionsthat would otherwiseoccur in the molten

electrolyte, lt was also proposedthat an anode current densityof 0.5 A/cm2

formed a film with optimum passivating-likecharacteristics. At lower cur-

rent densities,the film was proposedto be incompletelyformed, resulti_gin

corrosionof the cermet's metallicphase. At higher currentdensities,it was

proposed that the film would become too thick and its resistancewould beconle

too high to sustainthe current density. Consequently,the film would

rupture, resultingin sudden and severecorrosionof the electrode'smetal

phase. The rupturingevents in the film were indicatedby suddendrops in

(a) PNL is operatedfor the U.S. Departmentof Energy byBattelle Memorial
Instituteunder ContractDE-ACO6-76RLO1830.
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impedance and appeared as"spikes" in the voltage data for a cell under

galvanostatic (constant current) control.

It was also proposed (Strachan et al. 1988) that the quality of the film

depended on the alumina concentration in the electrolyte. Higher alumina

concentrations seemedto favor a more resistive, presumably thicker, film.

Consequently, film rupturing behavior was considered to be more likely at

high alumina concentration (close to saturation) when current densities were

above 0.5 A/cm2. Problems with reproducibility of the experimental results

were encountered, however, when attempts were made to relate anode impedance

explicitly to alumina concentration. It was then concluded that the film

impedance was dynamic, changing with time and with small fluctuations in cell
conditions.

Attempts to identifythe compositionof the film in FY ],988were largely

unsuccessful(Strachanet al. 1988). Post-mertemX-ray diffractionof frozen

electrolytenear the surfaceregion showedthe presenceof alumina,but it was

uncertainwhether the aluminawas part of a film or simply precipitatethat

formed on the anode during cool-down.

During FY 1989 and FY 1990, experimentswere performedto identifythe

propertiesand compositionof the film using a varietyof techniques. The

milestonereport titled "Characterizationof the Reaction Layer or Film on PNL

Inert Anodes: ProgressReport for April-December1989" (Windischand Stice

1990) discussed the resultsu_ electrochemicalimpedanceand potential-step

studies. These resultssuggestedthat morphologicalcharacteristicsof the

cermet anode, specificallyroughnessand surfaceporosity,play an important

role in reactionsat the anode surface and in determiningelectrodeimpedance.

These conclusionsare supportedby microscopicand compositionalanalysesof

the reactionzone. The resultsof these analysesare reported in this

document.
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2.0 EXPERIMENTALPROCEDURES

Experimentswere performedusingthe bench-scaleexperimentalsetup

shownin Figure2.1. The electrochemicalcellused a three-electrodearrange,

mont. The cermetinertanodewas fabricatedat PNL (fromNiO/NiFe204oxide
and Cu powders)to contain17%Cu metalby weightaccordingto proceduresdis-

cussedin previousreports(Strachanet al. 1988). The anodewas formedinto

• the shapeof a smallcylinderwith a cross-sectionof aboutI cm2. A boron

nitride(BN)sheathwas usedto protectthe wallsof the anode,allowingonly

' one of itscircularfacesto be exposedto the electrolyte.This facewas

finish-sandedwith 600-gritSiCpaperto ensurethat the anodesurfacein

contactwith theelectrolytehad a similarmorphologyfor all of the anodes

usedin thesestudies. The connectorbar was a Ni rod thathad been brazedto

the anodeduringthe fabricationprocedureas discussedin previousreports

(Strachanet al. 19d8). The cathode,or counterelectrode,was a graphite

cruciblethatalso servedas the cellcontainer.The cruciblewas large

enoughto holdaboutI kg of electrolyte.No aluminummetalseed was used in

j Ni Connector __- 1 !
Thermocoul:)le - L i._

_ _^ ' I 0 Working Vout
I I_!.:_I I _ _ _ _ '' 0 Reference C) i i

.....; _ ,...._.. _ ...:...:...._ _ O Counter I o_ut_LI
"-'li

l e,oron Nitr;de Sheath J _" _ ii! _-'[:: Ba;'l_!:i :_2 -
',-1"-1___-. :'.]'-.Z--i-'.:_=_.

I F,Jrnace_I,_ ::::2_._..:.'::_.,::'::-':.'."::::_-]

-.-----..-:--.--- /,ICaraonCatnocle _,,.....:= V

FIGURE2.1. Apparatus for PNLBench-Scale Laboratory Tests
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these tests. The referenceelectrodewas the AI/AI203 type, fabricated

accordingto a recently publisheddesign (Burgman,Leistra,and Sides 1986).

The electrolytewas prepared by mixing appropriateamountsof reagent

grade materialsto give a bath ratio (NaF/AiF3 in wt%) equal to 1.15, 5.5% (by

weight) CaF2, 1.0% MgF2, and alumina at the desired concentration. Studies
were performedwith alumina concentrationsof 50%, 75%, and 100% of satura-

tion. (Aluminaconcentrationsin thisreport are given as a percent of

saturation,which for these test conditions is approximately8.0% by weight.)

A temperaturecontroller/furnace/thermocouplearrangementwas used to melt the

raw materialsto form a "bath" and control its temperatureat 983 _+2°C. The

bath ratio was considered constant and equal to the formulationvalue (1.15)

throughout these short-termtests. As shown in Figure 2.2, the actual

variationof bath ratio was negligiblewithin the uncertaintiesof analysis

over the 6-h working life of a laboratorycell.
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FIGURE 2.2. Variationof Bath Ratio During a LaboratoryTest
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The anode potential was measured and controlled using a Solartron (a)

1286 Electrochemical Interface. Voltage and current outputs were monitored

using a strip chart recorder. A fresh anode was used in each study at a given

potential and bath composition. Thus, the results of each test were not sub-

ject to variations resulting from previous polarization conditions. Conse-

quently, in a given test, the results could be considered characteristic of

only one anode potential and one bath composition.
w

In a typicaltest, the bath was first made uniformlymolten at 983°C.

To remove oxidizablebath impurities,a "preliminaryinert anode" was then

insertedand polarizedto give a currentof about 0.5 A for about I h. This

electrodewas then removed and the test anode was inserted. The bath tempera-

ture was allowedto reequilibrate,then the potentialwas set to the desired

value while monitoringanode potentialand current with a strip chart

recorder, The anode was subsequentlymaintained at the set potentialfor

about I h. During this time potential-stepdata and electrochemicalimpe-

dance data were collected. (The electrochemicaldata were discussedin a

separatereport [Windischand Stice 1990].) After the 1-h period,the anode

was removed from the bath while still under polarizationconditions;the vol-

tage was then turned off. The anode was allowedto cool in air and then sub-

mitted for analysisusing one or more of the followingtechniques: optical

microscopy,scanningelectronmicroscopy (SEM) with energy dispersiveX-ray

analysis (EDS),electronmicroprobe,transmissionelectronmicroscopy (TEM),

and electrondiffraction. The entire procedurewas then repeatedwith a new

anode at anutherpotential. Bath compositionswere changed by startingthe

test over and using a differentcompositionalmix of raw materials.

For tests with alumina concentrationsless than saturation,the refer-

ence electrodesuffereddeteriorationbecause its aluminaouter sheathdis-

solved As a result,the referenceelectrodehad to be replaced periodically

during these studies. Based on approximateweight loss measurements,it was

estimatedthat a maximumend-of-testerror of about 10% of saturationwas

(a) Solartronis a trade name of Solartron Instruments,Farmborough,
Hampshire,England.
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introduced whenthe alumina was initially at 50+/+of saturation (and the dis-

solution rate of the reference electrode's alumina sheath was a maximum).
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3.0 RESULTSAND DISCUSSION

This sectioncoversthe resultsof post-testor ex situstudieson the

morphologyand compositionof thereactionlayeron cermetinertanodestested

in laboratorycellsundervariousconditions.The bulk(a)microstructureand

compositionof the anodesare firstdiscussed,followedby a descriptionof

the original,"pretested,"surfacemorphologyand composition.SubKequently,

• the resultsof the post-testmicroscopicand compositionalanalysesare dis-

cussedwithemphasison the effectsof anodecurrentdensityand aluminacon-

. centration.Finally,a proposalis maderegardingreactionsat the anodethat

explainsthe resultsof the analysesand providessomenew insighton the

effectsof _licrostructureon anodereactinns.Recommendationsare alsomade

concerninghowto optimizeanodedurabilitybase_on the reactionsproposed

here.

3.1 BULKMORPHOLQGYAND COMPO$1T!O_

The NiO-NiFe204-Cucermetanodesused in thisworkhad the bulkmicro-

structureshownby the opticalmicrographin Figure3.1. Thismicrostructure

had threephases: (a)a nlckel-richoxidephase,(b)a nickel/ironoxide

phase,and (c)a metallicphase. Analysesof the threephasesfortwo anodes

studiedin thiswork aregiveninTable3.1. The resultsare similarto those

reportedpreviouslyby PNL. The Ni-richoxidephase,hereinreferredto as

NiO, appearsdarkgrey in the opticalmicrographsand lightgrey in the SEM

micrographs;the nickel/ironoxidephase,hereinreferredto as NiFe204or
spinelor ferrite,appearslightgrey in the opticalmicrographsand darkgrey

in the SEM micrographs;themetallicphase,hereinreferredto as Cu, is the

"white"phasein boththe opticaland SEM micrographs.Blackregionsare

poresor voidsin boththe opticaland SEM micrographs.

(a) The term"bulk,"when appliedto the anode,refersto subsurface
material.
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= (a) NiO Phase
r

(b) NiFe204 Phase

(c) Cu Phase

I I 39011044.1

50/_m
FIGUkE3.1• Bulk Microstructureof Cermet Inert Anode

TABLE 3.1. ElementalAnalysis of Bulk Cermet in Weight Percent

Anode Phase N__aa A1 S1__t_' C__aa Fe Ni C__u_u Fe/Ni

EAT2SC NiO 0 0 0.6 0 5.3 60 3.7 0.09

NiFe204 0 0 0.8 0 43 20 1.1 2.2
EAT3SB NiO 0 0 0.9 0 10 61 0 0.2

NiFe204_ 0 0 0.6 0 47 18 0.9 2.6
Cu 0 0 0 0 3.Z 10 83 0.3

Stoich. NiO 0

NiF_,_O4 1.9
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lt is importantto notethatthe oxidephases,despitebeingreferred

to as NiO and NiFe204,were not stoichiometricin composition.Thisis
illustratedin Table3.1 wherethe stoichiometricweightratiosof the two

oxidesare alsogiven. The NiO containedsmall,but significant,amounts,of

Fe;the Cu metalphasewas actuallya Cu-Ni-Fealloywith Ni as the principal

a11oyingagent. In addition,the spinelphasecontainedexcessFe. To

maintainchargebalance,it is reasonableto assumethatthe excessFe in the

' spinelwas in the formof Fe2+. (Inpure NiFe204,all of the iron is in the
formof Fe3+.) The Fe2+ probablyreplacedsomeof the Ni2+ in th_ oxide

_p

- " lattice.
i

The averagesizeof the Cu, NiO, and NiFe204"grains"in the cermet
matrixwas about20-50pm, dependingon the sample,the locationof analysis,

and the phas,understudy. Distributionof the threephaseswas considered

good,with all phases,in general,uniformlydispersedwithinthe cermet

matrix. For the anodesstuJiedin thiswork,there appearedto be a tendency

for the NiO phaseto "surround"theCu metalphase,althoughthiswas not

alwaysthe case. PNL hasobservedthisphenomenonin otherNiO-NiFezO4-Cu
anodespreparedpreviously.Anotherinterestingstructuraldetailis that,in

_

somecases,a scatteringof small,< l-pm,islandsof the NiFe204phase
occ,.:rredwithinthe largerregionsof the NiO phase. Also,some inherent

porositywas presentin the anodes,althoughin most casesit was difficultto

quantifythe porosityusingthe micrographsalonebecauseof the likelihood

that some"pull-out"occurredduringthe samplemountingprocedure.

3.2 SURFACEMORPHOLOGyAND COMPOSI_T.IONBEFOREPOLARIZATION

The morphologyand compositionof the surfaceof the cermetanodesare

influencedby the fabricationprocedures:in pressingand particularlyin

sintering.Forexample,bothoxidationof the Cu phaseand reductionof the

oxidephasesduringsinteringhave beenobserved,dependingon the redoxstate

of the furnaceatmosphere.Althoughsignificantprogresshas beenmade in our

abilityto controlthe compositionof the furnaceatmosphereto minimize

surfacealteration,someeffectsare stillroutinelyobserved. To obtaina

reproduciblesurfacemorphologyfor testingin thesestudies,the to-be-tested
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surfacesof all of the anodes in this work were refinished. A thicknessof

I mm or less was removedfrom the surfaceof each anode by grinding,followed

by a final refinishingstep using 600-grit paper.

After refinishingand just prior to using the anodes in the electrolysis

tests,the anodes were preheatedfor a few minutesover the furnace in which

the tests were conducted. The preheatwas performedto minimize thermal

shock. The effects of this preheatstep on the surfacestructurewere deter-

mined. Figure3.2 shows the surfaceof a finishedanode that had been

preh'_tedand then insertedmomentarilyin the molten cryolitebath; no

electrolysiswas performed. The morphologyof this anodewas considered °

Cermet

Surface Exposed
to Bath

39011044.2

FIGURE3.2. OpticalMicrographof SurfaceRegionof Cermet
ExposedtD Molten Bath but No__!tPolarized
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characteristic of all of the anodes used in this work under conditions and at

a time just prior to electrochemical polarization. Consequently, it served

as a baseline surface structure for all of the studies reported here. Any

changes in surface structure observed on anodes after polarization were

interpreted to reflect the effects of polarization under the conditions
studied.

Figure 3.2 shows that, at a magnification of 250X, the surface was rea-l
sonably flat with all three phases present at the surface, lt is particularly

importantto note that the metallic Cu phase was also presentright at the

surface. At a magnificationof IO00X, some small amount of surfaceirregu-

laritieswere observed. In particular,the oxide phases appearedto be

slightlyreacted. The extent of reactionwas very small, however,with a

reaction layer thicknessof about 3 pm. This thicknesswas considered insig-

nificant comparedwith the irregularitiesintroducedduring polarization,

which in some cases were approximatelyan order of magnitudelarger.

3.3 SURFACEMORPHOLOGYAFTER POLARIZATION

The effects of anode currentdensity and alumina concentrationon the

performanc_of the NiO-NiFe204-Cucermet anode were evaluatedusing potential-

step methods, electrochemicalimpedancemeasurements,and post-testmicroscopy

and compositionalanalysisof polarizedanodes. The resultsof the potential-

step tests and the electrochemicalimpedanceanalyseswere reportedearlier

(Windischand Siice 1990). The complete resultsof the post-testmicroscopy

studiesare discussedin this report. Resultsof morphologicalanalysis are

reported in this section;resultsof compositionalanalysisare reported in

Section3.4. Table 3.2 lists the currentdensities and aluminaconcentrations

for the variousanodes that were analyzedusing microscopicmethods.

. Other microscopydata were also obtainedon anodes tested in cryolite

baths containingadded quantitiesof silica. This work was done to satisfy a

• previous FY 1990 milestone. Since no significanteffect of silica could be

ascertained,some of the data from this work are used in subsequentdiscus-

sions as weil.
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TABLE3.2. Test Conditions forAnodes Subjectedto Post-Test Microscopy

Current . Alumina

Sample Volts(a) _ensitv (A/cmz) Saturation (%)

EAT4SA 2.1 0.07 75

EAT4SB 2.4 0.265 75
i'

EAT4SC2 2.5 0.55 75
i

EAT4SC 2.7 1.0 75

EAT2SB 2.3 0.13 100

EAT3SB 2.4 0.44 100

EAT2SD 2.6 0.8 100

EAT2SC 3°0 1.8 100

(a) Volts versus the A1/AloO_ reference electrode. Bath resistance
was estimated to be 0.3 _hm cmL, giving an anode over voltage of
about 0.1V in these studies.

Figures3.3(a) through3.3(d) show the surfaceregion of the anodes

polarizedinmolten cryolitewith 75% alumina at various currentdensities.

Figures3.4(a) through3.4(d) show the surfaceregion for anodes tested at

100% alumina saturation. Careful examinationof the surfacemicrostructures

of these anodes suggests a number of importantcharacteristicsand trends in

morphology as a functionof cell operatingconditions.

3.3.1 Film Formation

No intactcontinuousfilm or layer was observedon any of the anodes

studied. Compositionaldata (discussedin Section3.4) reveal that all of the

surface reactionproducts that could not be simply associatedwith the frozen

cryoliticbath containedsignificantamountsof the anode components

(i.e.,Ni, Fe and Cu). This does not supportthe proposal that a film of

alumina forms on cermet inert anodes during polarizationand that this film

protects them under certainoperatingconditions. If a film does form, then

it appearsto be more of a "reactionlayer" containingnot on'_ybath compo-

nents but corrosion/dissolutionproductsof the anode as weil. Characteri-

stics that have been previouslyascribed by PNL to an aluminafilm, such as
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electrochemical impedance and current/potential spiking, would therefore

appear to come from different sources: from the reaction layer, from geometric

factors as discussed in Section 3.3.4, or From gas bubbles that behave

uniquely on a rough or porous surface.

3.3.2 Low-Current Densi_ty EffecLs

Polarization below 2.2 V, the decomposition potential for alumina in

• molten cryolite, appears to cause particularly severe corrosion of tho cermet

anode. As shown in Figure 3.3(a), an anode polarized at 2.1 V and 0.07 A/cm2

• developed significant porosity within a lO0-_m distance from the surfac'a.

Loss of the Cu metal _phase and the development of a dark reaction product a!_o

occurred. As shown in Figure 3.4(a), some increase in porosity (although the

corrosion was not as severe) was also observed at 2.3 V and 0.13 A/cm2 ata
different alumina concentration.

The mechanism for the corrosion of the cermet anode at low current den-

sities is not certain, but, based on the results of potential-step studies, it

appears to be diffusion-controlled and to occur in the cermet's pores. The

production of oxygen gas at 2.2 V and above may attenuate this corrosion

process by blocking popes in the surface region and reducing access by the

molten electrolyte to the Cu meta] phase (Windisch and Stice 1990). Another

possibility is that the redox conditions present at low oxygen fugacities

favor the corrosion/dissolution of the cermet anode. Experiments to resolve

this question are planned for FY 1991.

3.3.3 Hiqh Current Density Effects

The morphological characteristic that appears most clearly to change as

a Function of current density is surface roughness. As shown in Figures 3.3

and 3.4, this is particularly the case at current densities above 0.5 A/cm2

where, at a magnification of 50OX, the roughness seems to be the only charac-

teristic to vary significantly. The "roughening" may be caused by a differ-

ence in reactivity between the three phases. Proposed reactions which support

this are presented in Section 3.5, in conjunction with the resu]ts of the

compositional analysis. In the remainder of Section 3.3, the observed
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relationships betweel_surface roughnss and currsnt density, electrochemical _

impedance, and alumina concentration, are discussed,

3.3.4 SurfaceRouqhnessand.CurrentDensity

Examinationof Figures3.3(a)through3.3(d)revealsthata certainsur-

face rougheningappearsto accompanypolarizationof the anodeat highercur-

rentdensities.The roughnesswas measuredfor anodespolarizedfor identical

timesusingexactlythe sameconditionsexceptfor potential,currentdensity,

and a}uminaconcentration.Surfaceroughnesswas quantifiedby computingthe_

mean and thestandarddeviationof numerousmeasurementsof the distance

betweenthe anode'ssurfaceand a referencepointusingopticalmicrographsof

the anodesample. The approachis shownschematicallyin Figure3.5. The

mean,x, givesan indicationof the "depth"of the roughness,and th_ standard

deviation,s, measuresthe extentof "bumpiness."As shownin Figure3.6,Lthe

surfaceroughness,quantifiedby parametersx and s, generallydecreasedas

currentdensityincreasedto about0.5 A/cm2. Above0.5 A/cm2, the roughness

factorsincreaseddramatically.

- i _ i

.... ANODE ....., ,,,,., .....:.,._ .....

"-\"-" = Z(x l(i) N "" ""
k "., \ ",. .,\\\
,... \ ,. ,.\\'-.
_\\N x \ \ _,,

_.\\x

Surface .....

,,. _,, _ -.,.

r

Reference Line

FIGURE3.5. Illustrationof Methodfor QuantifyingRoughnessof CermetAnodes
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Examination of Figure 3.3(a) shows that the surface roughening at lower

current densities can be explained by extensive corrosion as deep as 100 pm

into the anode. Figures 3.3(lb) through 3.3(d) and Figures 3.4(b) through

3.4(d) show that the roughening at higher current densities was different.

The subsurface of these anodes appears largely unaffected and reaction pro-

ducts were confined to the outer 10 to 20 pm of the material. Somepossible

reasons, based on compositional analysis, for the roughening associated with

high current density, are discussed in Sections 3.4 and 3.5.

3.3.5 S.qrface Roughnessand Electrochemical Impedanc_

The relationship between current density and surface roughness is

similar to the variation between current density and cell impedance as deter-

mined previously (Windisch and Stice 1990). Impedance is highly dependent on

cell r geometry, including electrode area and topography. It is possible,

therefore, that the observed relationship between impedance and current den-

sity is caused by changes in surface roughness, which in turn are determined

by the anodic current density.

One possible explanation for the observed correlations is that only a

portion of the total surface area is active, i.e., serves as a substrate on

which the oxide ions are discharged. On a rough surface, the active regions

would probably be the areas that protrude the most into the electrolyte.

Recessed areasmay be blocked by gas bubbles or, perhaps, solid, poorly con-

ducting corrosion products. In any event, as a result of the roughening, a

large portion of the surface area is rendered inactive, causing the "rea]"

surface area to be less than that which is "apparent." The resulting impe-

dance would be larger than expected.

The above explanation for the variation in cell impedance can also help

explain certain issues that were puzzling in the context of the previously

proposed alumina film-formation theory. First, the increase in impedance at

lower current densities could not be explained because a protective film was

believed not to form under these conditions. Also, in a number of previous

studies at PNL it was observed that the anode impedance could be preserved

when the anode was removed from the molten electrolyte and used at a lateF
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date in another cell. This observation was explained by proposing that the

fli_,that formedon the anodecouldbe preservedduringthe transfer,i.e.,

the filmformedin the moltenelectrolyteunderpolarizationconditionscould

existintacton the electrodeafteritsremoval. This explanationis somewhat

suspectsince,as was discussedin Section3.3.1,microscopicexamination

providedno evidencefor suchan intactlayer, lt is also improbablethat any

film couldretainitschemicalintegrityconsideringthedrasticphysicaland

• chemicalchangesaccompanyingthe electrodetransfer, lt is morelikelythat

the effectsof surfaceroughness,a characteristicof the anodeitself,would

• accompanythe anode,survivinga transferfromone cell to another. Addi-

tionalwork is plannedfor FY 1991to investigatefurtherthe sourceof the

anodeimpedance.

3.3.6 Effectof AluminaConcentratioJ!

As shownby comparingFigures3.3(a)through3.3(d)with Figures3.4(a)

through3.4(d),verysimilarmorphologicalchangesaccompanythe variationof

currentdensityat 75% and at 100%alumina. Betweenthesealuminaconcentra-

tions,at least,differencesin corrosionpropertiesdo not appearto be sig-

nificantin short-termlaboratory-scaletests.

3.4 COMPOSITIONOF THE REACTIONZONE

In this section,the resultsof opticalmicroscopy,SEM (withEDS),and

TEM (withelectrondiffraction)studieson theNiO-NiFe204-Cucermetanodes
will be discussed.As indicatedin Section3.3.1,no evidencefor an intact,

continuousfilmcouldbe foundon the anodes. All of the phaseson the anode

surface(whichwere not simplypartof the frozencryoliticbath)contained

one or more of the cermetcomponents(Ni,Fe and/orCu). This arguesagainst

the formationof a filmof alumina,whichhadpreviouslybeen proposedby PNL.

" The analysesreportedhere involvedtwo partsof the reactionzone,

whichis diagrammedschematicallyin Figure3.7. The firstpart,calledthe

• anodereactionlayer,includesthe cermetmaterialrightat the anodesurface.

Althoughstilla solid,thismaterialappearsto havereactedwith themolten

electrolytein someway. The firstpartof the reactionzone also includes
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reactionproducts that may have precipitatedfrom solutiononto the anode

surface. (The latter may notbe distinguishablefrom the former.) The second

part of the reaction zone, called the bath reaction layer, is the frozen elec-

trolyte that adhered to the surface of the anGde.

3.4.1 Anode Reaction Layer

Using SEM at magnificationsof IO00X and higher, numerous phases can be

identifiedthat are clearlythe result of interactionsbetween the cermet

material at the anode surfaceand the molten electrolyte. In all cases, these

phases appear as discontinuousregions along the surface. Some phases appear

as localized"extensions"of the oxide phases that make up the cermet, others

as fibrous "swirls"extendingfrom the anode surface,while others occur as

isolatedislands along the surfaceor within the melt near the anode surface.

Only those phases that appear frequentlyalong the surfaces or are considered

especially importantby the authorswill be discussedhere.

Only anodes tested at potentialshigher than 2.2 V will be discussed in

this section. As indicatedin Section3.3, at lower potentials,where minimal

oxygen gas was produced,significantcorrosionwas observed. This corrosion
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appeareddifferentfromthe electrodewear observedat higherpotentialsand

currentdensities.Sincethe datacollectedat highercurrentdensities

are morerelevantto the anticipatednormaloperationof theseanodes,the

focusof this analysiswill be on anodespolarizedat potentialsabove2.2 V.

Also,the trendin roughnessas a functionof currentdensity,illustrated

in Figures3.3 and 3.4 andsummarizedin Figure3.6,pointsto a processthat

occurswith increasingintensitywith increasingcurrentdensity. Since

anodespolarizedto givehighercurrentdensitiesgave a greatervolumeof

corrosionproductswithinthe 1-h testperiod,thesetendedto be the samples

• usedfor illustrationin thisreport. However,compositionalanalysisof

phasesformedat all currentdensitiesabove2.2 V were similarand led to the

sameconclusionsregardingthewearmechanismfor the anode. As indicated

in Section3.3.6,varyingthe aluminaconcentrationbetween75% and 100%did

not stemto haveany significanteffecto_Ianodesurfacereactions.Forthese

reasons,in the followinganalysis,samplesof surfacesfroma numberof cur-

rentdensitiesand the two aluminaconcentrationsare illustratedinterchange-

ably. Similareffectswereobservedon all the anodestestedat 0.5 A/cm2 and

higher,but onlymicrographsof thosethatgavethe bestresolutionof the

variousphasesarepresentedhere.

3.4.1.1 GeneralObservations

The analysesreportedhereare for anodesEAT2SCand EAT3SB,whosetest

conditionsare givenin Table3.2,and anodeEAT11-I. EAT11-Iwas a

NIO-NiFeEO4-Cucermetanodethatwas polarizedat 2.5 V and0.51VA/cm2 under
the sloeconditionsdetailedin theexperimentalsectionexceptthatthe

moltenelectrolytecontainedI wt% silica. As indicatedpreviously,other

short-termlaboratorywork indicatedsilicahad no apparenteffectson anode

wear.

. SEMmicrographsat magnificationsof 1000Xand 3000Xof partof the

reactionzonefor anodesEAT2SC,EAT3SBand EAT11-Iare shownin Figures3:8,

S
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3.9,and 3.10,respectively(a). UnderSEM analysis,it appearsthat polari-

zationat potentialsabove2.2 V had differenteffectson the threephasesof

the cermetanode. The NiO phase(whichis lightgrey in the SEM micrographs)

appearsto be lessaffectedby polarizationthanthe NiFe204phase(which
appearsdarkgrey in the SEM micrographs).As shownmost clearlyin Fig-

ures3.8 and 3.10,the NiO phaseextendsfurtherintothe electrolytethanthe

NiFe204phase,whichismore "recessed._ Someof the spinelphasehasdark-
. enednear the surfaceas shownin Figure3.9(b). Thisphaseis labeledRI and

is referredto as reactedspinel. Swirlsof fibrous-likereactionproduct

• alsoappearto be associated,at somelocations,with the spinel. The swirls,

labeledR2, can be seenclearlyin Figure3.g(b)and especiallyin Fig-

ure 3.8(b). In additionto theseprincipalreactionphases,otherlessfre-

quentlyoccurringphasesalso formed[includingR3 and R4 in Figures3.9(a)

and 3.8(b),respectively].

The Cu metalphase(whichappearswhiteor verylightgrey in the SEM

micrographs)is almostnonexistentalongthe anodesurface,indicatingit has

largelyreactedin thisregion. Figure3.10(b)appearsto showpartof theCu

phasein the processof reacting.The cavitycontainsreactedCu (RS)and

moltencryolitewhichhaspenetratedthe anode(R6).

3.4.1.2 ReactionProductsInvolvingthe OxidePhases.

The compositionsof the reactedspinel(RI)region,the fiber-like

swirls(R2),and the otherisolatedreactionproducts(R3 and R4) had the

compositionsgivenin Table3.3 as determinedby EDS analysis. All of the

phasesappearedto be associatedwith or formedfromthe oxidephasesof the

originalcermetmaterial.The compositionsof the bulk spinel(NiFe204)and
the bulkcryolite(BC)are alsogivenin Table3.3 for comparison.

As shownin Table3.3,two importantsimilaritiesin the reactionpro-

. ductsRI, R2, R3, and P? are apparent. First,the concentrationof Al in all

" (a) As labeledin theSEM micrographs,the frozenbathusuallycrackednear
the surfaceof theanodeduringcool-down.Some residualbathoften
remainson the anodesurface. This bathwas analyzedas reportedlater
in the text.

l
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TABLE3.3. Elemental Compositionof Reaction Products Involving Oxide
Phases(wt%)

8pode Phase _!_ Al Si Ca Fe Ni Cu. Na/Al Fe/Ni

EAT3SB RI 5.6 31 0.4 1.4 8.3 10 3.9 0.2 0.8

EAT2SC R2 12 35 0.7 0.7 15 20 0.9 0.3 0.7

EAT3SB R3 0 37 0 0 8.4 16 11 0 0.5

EAT2SC R4 28 44 O.7 2 6.9 11 4.5 0.6 0.6

EAT3SB NiFe204 0 0 0.6 0 47 18 0.9 - 2.6
EATZSC BC 51 25 0.3 4.2 0.1 0.1 0.1 2.0 1.0

of these products is significantly higher than Na, unlike the bulk cryolite

in which the concentration of the Na is higher than Al. This is shownby

comparing the Na/Al ratios. Forthe reaction products, this ratio is 0.6 or

smaller (zero in the case of R3), whereas for the bulk cryolite, the ratio is

2.0. Second, the concentration of Ni in all of the products is higher than

Fe, unlike the bulk spinel in which Fe is higher than Ni. This is shownby

comparing the Fe/Ni ratios. The ratio is less than one for the reaction

products and 2.6 for the bulk spinel. For the stoichiometric NiFe204, the
ratiois 1.9.

The reactionproductsclearlycontainexcessAl and excessNi relative

to eitherthe bathcompositionor the spinel. One explanationforti_isis

thatthey are all composed,at leastpartly,of a Ni-containingalum_,_ate

compound. Consideringthe compositionof R3,whichcontainsno significant

amountsof Na, the Fe/Niratiois 0.5. On a molarbasis,_hiscorresponds

to about0.5 as weil,suggestingan aluminatewith the stoichiometry

Ni2FeAlxO(7+3x)/2.Interestingly,Alcoa(Baker1983)proposedan aluminate

Ni1.33Feo.sAlo.8704(whosestoichiometryis closeto the aboveformula)as an
alternativeto the spinelin the fabricationG,fcermetanodesbecauseof its

low solubility.The solubilityof the aluminateis lowerthanthatof NiO,

Fe203,and evenNiFe204.

The productR3 alsocontainsCu and Al in amountsthatexceedthose

calledfor in the nickel-ironaluminateformulaabove. The Fe/Cuand Fe/Al

mole ratiosare0.9 and0.1 fromthedata in Table3.3. The Cu mightbe
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explained by thepresence of copper aluminates such as CuAIO2 and CuA1204.
Both have been found on anodes in other laboratory tests at PNL and on the

prototype anode (Windisch and Stice 1990; Strachan et al. 1990). A combined

Ni-Fe-Cu aluminate might also be developed from the appropriate formulas.

The very large excess of Al, however, suggests an even more complicated struc.

ture. More likely, R3 is an Al-rich solid solution containing Ni, Fe, and Cu,

with Ni and Fe in relative proportions that are similar to the very stable

nickel-iron aluminate. Unfortunately, attempts to identify R3 and the other

reaction phases using different analytical techniques were unsuccessful.

• X-ray diffraction was not sensitive enough to identify the small quantities of

this reaction product. The diffraction data were dominated by the bulk cermet

oxides and the major frozen bath components. TEMand electron diffraction

applied to the anode reaction layer in thin sections of the polarized anodes

were also unsuccessful because a thin enough sample of the electrode material

could not be made. WhenTEMwas applied to the bath reaction layer, the

electron beamwas found to interact strongly with the fluoride-containing

components.

As shown in Table 3.3, the other reaction products R1, R2, and R4 also

contained significant amounts of Na, which suggests somecryolite was also

being detected by the probe for these samples. This is reasonable since these

products extended more into the frozen electrolyte than R3 as shown in

Figures 3.8(b) and 3.9(b). The presence of cryolite makes precise stoichio-

metric determinationfrom the EDS data difficultsince the Al is associated

not only with possible aluminatecompoundsbut with the cryoliticcomponents

as weil. In all cases, however,the Fe/Ni ratios are similar and not too

differentfrom the 0.5 used in the calculationson R3. This suggeststhat all

of these phases exhibitsome similarityto the stable nickel-ironaluminate

compositiondiscussedabove• The electron microprobeline scans for sample

EAT2SC shown in Figure 3.11 corroboratethis finding• The linescanfor Al

shows a peak near the anode interfacewhose positioncorrelateswith the onset

of signalsfrom Fe and Ni. This indicatesthat significantamountsof Al are

present at the anode surface.
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lt is also interestingthat the relative amountsof Cu in RI, R2, and R4

are less than in R3. For example, in RI the Cu/Fe ratio is 0.5 compared to

1.3 in R3. This suggeststhat R3 may have formed nearer the Cu metal phase

than the other reaction products. Referringto Figure3.9(a), R3 occurs

adjacentto a cavity. Based on the above analysis,it is reasonable that the

cavitywas created by the voidingof a Cu particle. This possibilityis sup-

ported by the resultsof analysisof the Cu metal phase as discussed in Sec-

tion 3.4.1.3.

The resultsreported here indicatethat the primary solid reaction pro-

ducts formed near the cermet anode surfaceduring polarizationcontainmore Ni

than Fe. Even the reactionproduct RI, which appearsas an extension of the

spinel phase, exhibits excess Ni. This means that more Fe than Ni in the

spinelmust be lost to solutionduring electrolysis. Since the spinel phase

appearsto show a greater amountof dissolutionthan the NiO in these
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short-termtests, as discussed in Section3.4.1.1,the mechanismfor Fe

dissolutionwould appear to be an importantpart of the overallwear process.

3.4.1.3 ReactedCU Metal Phase

The absence of significantamountsof Cu metal at the anode surfacesug-

gests the Cu phase is corroded into the electrolytefrom the surfaceregions

during electrolysis. Figure 3.10(b), which shows a portionof the Cu phase

. undergoingdissolution,provides some additionalinsight into the p_:ocesses.

The compositionof the reacted Cu (R5) is comparedwith that of bulk metallic

• phase (Cu), and the compositionof the molten cryolitenear the Cu (R6) is

comparedwith that Ofrthe bulk (BC).

As shown in Table 3.4, the reacted Cu phase (R5) is severelydepleted

in Ni compared to the bulk (Cu), and the cryolitenear this phase (R6)

contains significantamountsof Ni, Fe, and Cu. Clearly,the alloy is

dissolving. Given the relative amount of the three metals in the metallic

phase, it appearsthat Ni has the greatest tendencyto "dealloyitself." The

high amountsof Fe in the cryolite cannot be explainedby dealloyingsince

significantamountsof Fe remain in the reactedCu phase. More likely,the Fe

came from the spinel phase, which bordersthe Cu metal phase.

The anode shown in Figure 3.g(a) containsthe reactionproductR3. The

hole in the surfacewas probably formed as a result of Cu metal phase disso-

lution. As reported in Section 3.4.1.2,the analysis of R3 suggeststhe pre-

sence of a copper aluminateor a Cu-containingsolid solutionthat apparently

accompaniesthe dissolution,of the Cu metal. No evidencewas found that

copper aluminatecompoundspassivatethe metal phase.

TABLE 3.4. ElementalCompositionof ReactionProducts Involving
the Cu Metal Phase (wt%)

• Anode Phase N_aa A1 Si Ca_3_.Fe Ni Cu__u_Na/Al Fe/Ni

EAT11-1 R5 0 0 0.6 0.1 3.7 1.0 71 - 3.7

EAT3SB Cu 0 0 0 0 3.2 10 83 - 0.3

EAT11-1 R6 50 13 0.5 0.6 15 5.7 8.8 3.8 2.6

EAT11-I BC 51 25 0.3 4.2 0.1 0.1 0.1 2.0 1.0
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3.4. _ Bath Reaction Layer

Four samples of cryolite bath near the anode surface were analyzed in

this work: (Sl) adjacent to the spinel phase shown in Figure 3.9(b), ($2)

adjacent to the NiO phase shown in Figure 3.8(a), (S3) adjacent to the spinel

phase in the interior of a cavity, and (BC) further removed from the anode

surface [Figure 3.8(a)]. BC is referred to as a bulk sample. It was only

30 _m from the surface of the anode, but on the microscopic scale, it was i

considered far enough away to serve as a reference for comparing compositions.

In contrast, $1 through $3 were sampled about 3 #m away from the surface. The

results of these analyses are given in Table 3.5 along with data for the bulk

spinel for comparison.

The Na/Al ratios for $2 and S3 are essentially the same as the bulk

composition, while Sl may exhibit a slightly larger Na/AI ratio. The Fe/Ni

ratio for Sl is very close to the spinel composition. This would suggest the

spinel is dissolving nearly stoichiometrically. Formation of a nickel-iron

aluminate (as discussed in Section 3.4.1.2) should keep more Ni than Fe out of

solutionand would predicta larger Fe/Ni ratio. The smaller Fe/Ni ratio may

have been due to one or more of the followingthree factors: (a) the presence

of a nearby NiO phase may have augmentedthe Ni content of this region;

(b) some Fe may have been scrubbedfrom solutionby gaseous oxygen and/or

volatilizedas iron fluoridecompounds;and (c) the dissolutionof the Fe may

have slowed down after some initialperiod. Possibility(b) was proposedto

explainthe concentrationsof Fe dissolved in Al during recent PNL laboratory-

scale studies. $2 and $3 also showed higher Ni contents,which could be due

TABLE 3.5. ElementalCompositionof Bath Reaction Layer (wt%)

Anode Phase N__aaAl Si C..E_aFe Ni C_u_u Na/Al Fe___l_.i

EAT3SB Sl 53 20 0.4 2.7 0.4 0°2 0 2.6 2.0

EAT2SC S2 52 24 0 2.8 0.3 0.5 0.1 2.2 0.7

EAT2SC $3 49 25 0.3 2.8 0.3 0.3 0 2.0 1.0

EAT2SC BC 51 25 0.3 4.2 0,1 0.1 0.1 2.0 1.0

EAT2SC NiFe204 0 0 0.6 0 43 20 1.1 - 2.2
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to the presence of a nearby NJOphase according to (a). NiO is clearly pre-

sent in the case of S2, and the large cavity bordering $3 [Figure 3.9(a)] may

have contained some of the NtO phase at one time. Kinetic factors such as

(c) m'y also be important as discussed in Section 3.5.

3.5 PROPOSEDREACTION SCHEME FOR ANODE WEAR

The principalresultsof this work concerningreactionsat the cermet4

anode surfacewere the following:

. • The cermet anodes roughenedon polarization.

• The rougheningappearsto have been caused by 'threefactors: loss
of Cu metal near the surface,protrusionof the NiO phase into the
electrolyte,and erosionof the spinel phase.

• The Cu metal phase corroded/dissolvednear the surfaceregion, lt
appearedthat the Ni componentof the alloy oxidizedfirst, fol-
lowed by Cu metal itself.

• The eroded spinel showed a non-continuousreactionregion that was
Fe-depletedand Al-rich. Other reaction productsnear the anode
surfaceshowed this same pattern in composition.

• No reactionregion similarto the spinelwas observedon the NiO
phase near the surface. In these short-termtests it appeared that
the NiO phase was more resistantto reaction/dissolutionthan the
spinel phase.

• The electrolytenear the anode did not contain an excess amount of
Fe as would be expected if Fe were dissolvingselectively.

The above resultswill be discussed in the followingtwo sections:

Section 3.5.1 covers the resultson the Cu metal phase, and Section 3.5.2

covers the resultson the oxide phases. In these sections,some reactionsare

proposedthat are consistentwith the results. Since definitive analytical

data (i.e.,identifyingphases and chemicalmoieties under operatingcondi-

tions)were not availablein this work, explanationsother than those pre-

sented in this report may also be possible. The followingproposalswere

consideredmost feasibleby the authors in light of other PNL research and

previouswork at Alcoa Laboratories(Weyandet al. 1986).
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3.5.1 Reactions I,volvlflq the Cq Metal Phase

Thts work corroborates the findings in other laboratory cell tests and

the prototype anode test (Strachan et al. 1990). The results indicate that

the Cu metal phase is depleted near the surface of the anode during electroly-

sis. Moreover, part of the oxidation/dissolution process appears to be the

selective oxidation of the Ni componentof the metallic phase. The present

work showed one of the first illustrations of part of the Cu metal phase in
J

the process of dissolving [Figure 3.10(b)].

3.5.2 Reactions Invoivinq Oxide _hases

The results of this work concerning the oxide phases appear to indicate

that A1 exchanges for Fetn the anode reaction layer. A number of mechanisms

for this exchange are possible. For example, the A13+ ion may exchange for

Fe3+ in the spinel lattice, or the spinel may decomposeto give another crys-

talline oxide or a solid solutton containing predominantly A1 and Nt oxides

and fluorides. With the current data we are unable to distinguish defini-

tively between these and other posstble mechanisms. However, previous work by

Alcoa laboratories provides some clues to a likely mechanism.

As indicated at the beginning of this section, it appeared _hat the NiO

phase did not dissolve as quickly as the spinel, at least initially. The

preferential dissolution of the spinel was surprising in light of work by

Alcoa (Weyandet al. 1986). Alcoa showedthat NiFe204 exhibited much lower

solubility than NiO in a series of solubility studies. (Fe203 exhibited a
higher solubility.) Moreover, their cermet inert anodes, which were subjected

to electrolysis for times longer than those in this study, showed an outer

layer of NiFe204 without any significant amount of NiO, suggesting that the
spinel was less soluble than the NiO. In the prototype anode test as well,

the outer surface of the anode was depleted in Ni (Strachan et al. 1990). But

in the tests reported here the NiO did not appear to react with the cryolite

as it did with the spinel. No "reaction regions" characterized by high A1

were observed on the NiO.
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The spinelmay havebeenmorereactivewith the moltenbathbecauseof

the presenceof excessFe,presumablyin the Fe2+ stateas indicatedearlier.

As discussedby Alcoa(Weyandet al. 1986),FeO oxidizesaccordingthe fol-

lowingreactionat 2.36V:

FeO + AIF3 --->FeF3 + I/202 + Al

wherethe activityof AIF3 is 1.5x 10-3 at 1250K. The correspondinganodic
half-reactionis

FeO + AIF3 --->FeF3 +I/202 + Al3+ + 3e

A reactionlikethismay occurlocallyat Fe2+ siteswithinthe spinel

oxidematrixat potentialsabove2.36V resultingin the productionof iron

fluorideand aluminumions. The fluoridemay cissolveawayor volatilize

whilethe Al3+ remainsbehindas part of the oxideor a componentof a new

solidsolutiondepletedin Fe ions.

l'heabovereactionswith Fe2+ in the spinelphasemay alsooccurwith

Fe2+ in the NiO phasealthough,apparently,to a lesserextentsincetheNiO

doesnot developthe samekindof reactionlayer,at leastin the shortterm.

Rather,the resultsof theseshort-timeexposuresshowedsignificantamountof

the NiO phasenearthe surface,mainlyas protrusionsof the roughenedcermet

surface. When sufficientamountsof the spinelerodeduringthe earlydisso-

, " contributingto the roughmor-lutionstep the NiO phasesmay "fallout,

phologyobservedin thiswork.

Over longertimes,the morphologywillbe determinedby the chemicaland

physicalpropertiesof the reactionproducts.The spinelreactionlayer,

typifiedby phaseRI in Figure3.g(b)may "spreadout"overthe entirespinel
=

surfaceas NiO "fallsout" andmore and moreof the spinelis exposedto the

electrolyte.If the spinelphaseis the predominantcomponentof the anode

near the surfaceafterextendedperiodsof polarization(as indicatedby the

work by Alcoaand PNL),it wouldappearthatthe reactionlayeron the spinel

is protective.Continuedfall-outof the NiO phasecoupledwith the slow-down
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of the spinel dissolution due to the protective reactton phasemay result in

the microstructure observed in other longer-te_ studies: a surface mor-

phologywith a composition characterized mostly by spinel. The absenceof

excess amountsof Fe in the e]ectrolyte near the anodesurface also supports
this mechanism. Oncethe protective phasedevelops, less Fe dissolves and

henceless is measuredin the electrolyte near the protected regions.

The precise tdentity of the reaction layer ts still uncertain. This

work indicates that it is not a film (e.g., of alumina) formed from solution

componentsonly, as was previously proposed. The reaction layer contains g

electrode componentsin addition to electrolyte components. The layer is

rich in A1 and appears to form mainly from the spinel phase but is depleted

in Fe relative to the spinel. The phasemay be crystalline or amorphous. It
maybe a solid solution that somehowacts as a barrier for the diffusion of

aggressive electrolyte ions. Whatever the explanation maybe, the data, when

comparedwith previous results from this laboratory and others, seemto indi-

cate the reaction phase is protective. Onceformed, it may slow downthe dis-

solution of the oxide phaseand, perhaps more importantly, control the access

of the electrolyte to the oxidation-sensitive Cu metal phase.

The contribution of the reaction layer to measuredelectrochemical impe-

dances is also uncertain at this time, since it cannot be distinguished from

other ?actors (such as roughness) and processes (such as oxygenevolution)

that occur simultaneously. Experiments are currently under way to identify

the various sources of the anodeimpedance.

A schematic of the proposedreaction scenario is shown(in a somewhat

exaggerated format) in Figure 3.12. Cu reacts/dissolves in the surface region

of the cermet anodeundo,'polarization. The NiOphase dissolves slowly but
"leaves" more suddenly in the short term as a result of "fall out." The

spinel phasedissolves quickly in the short term until a reaction layer forms

that slows downthe dissolution process.
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3.6 RECOMMENDATIONSBASED ON PROPOSEDREACTIONS

If the spinel reactionlayer is protective,as appears to be the case,

those factorsthat favor its formationwould be desirable. Given the elemen.

tal compositionof the layer, these factors includethe following:

• higher amountsof Al in the bath (especiallyin the form of alumina
since the oxyfluoridesmigrate to the anode during electrolysis)

• polarizationabove the potential required for Fe2+-componentdecom-
position (approximately2.39 V}

• optimizationof a microstructurethat would minimize the effects of
NiO fall-out and favor the transitionto a uniform reaction-layer-
coated spinel surface.

Interestingly,the first two factcrs were already shown to be important.

Alcoa (Weyandet al. 1986} demonstratedthe need to maintain aluminaconcen-

trationsnear saturationto minimize the solubilityof the cermet. The second

factor was demonstratedby PNL, as discussedin Section3.3, in tests at anode

potentialsbelow 2.2 V. The effect of microstructurehas also been antici-

pated, and researchin this area in currentlyunder way at PNL.
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4.0 CONCLUSIONS

Resultsof post-testmicroscopicand elementalanalysisof the reaction

zoneon polarizedcermetinertanodes,overa rangeof currentdensitiesand

aluminaconcentrations,suggestthatan aluminafilmdoes not form to protect

the anodefromdissolution.Rather,significantmorphologicaland composi'i

tionalchangesoccurat or nearthe anodesurface.Thesechangesand the

• chemicalreactionsthatcausethem involvethecermetmaterialitselfand

appearto be responsiblefor propertiesthatwere previouslyassignedto an

" aluminafilm. The changesincludean increasein surfaceroughnesswith

currentdensityand the formationof a reactionlayerpredominantlyon the

spinelphase. The roughnessappearsto be causedby differentreactivitiesof

the phasesin thecermetmaterialandmay contributeto the previously

determinedvariationsin electrochemicalimpedance.The reactionlayeris

rich in AI and depletedin Fe relativeto the spinel,but its crystallographic

formhas not yet beendetermined,ltmay, in fact,be a solidsolution

containingbothanodeand bathcomponents.Comparisonwith the resultsof

otherstudiessuggeststhe reactionlayermay be 9rotective.
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