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SUMMARY

The Inert Electrodes Program,conductedby PacificNorthwestLaboratory

(PNL), involves improvingthe Hall-HeroultCells used by the aluminum industry

for the electrochemicalproductionof aluminum. The PNL research centers on

developingmore energy-efficient,longer-lastinganodes,cathodes, and

ancillaryequipment.

During FY 1989 and FY 1990, preparationsfor the pilot cell test

continued. Numerous unanticipatedproblemswere encounteredthat delayed the

test schedule. The delays resultedprimarilyfrom three factors: I) mod-

ificationsfor anode design based on the results obtained from the prototype

test (documentedhere); 2) difficultiesin procuringa manufacturerfor the

cermet inert anodes to be used in the pilot cell; and 3) problems in the

actual scale-up activities,both in the productionof the ferrite powder and

in the fabricationof the anodes themselves. Issues related to scaling up the

fabricationof the anodes are still being addressed in FY 1991.

Importantaccomplishmentsin FY 1989 and FY 1990 includethe completion

of laboratory cell tests in which the effectsof currentdensity, pre-

corrosion,and silica conte_iton anode performancewere confirmed;the

performanceof tests that resulted in the identificationof the reaction layer

on cermet anodes; the initiationof electrochemicaltests to determinethe

source of the anode impedance;the completionof studiesto identify and

summarizeoptimal fabricationconditions for the cermet inert anodes,

includingadvanced compositions;the testing of anodes with advanced

composition;the refinementof the electricalconnectionfor the anode; and

modeling the dynamics of the anode array to be used in the pilot cell.

iii

I f



ACKNOWLEDGMENTS

The authorswish to acknowledgethe technicalassistanceof

H. E. Kissinger,K. H. Pool, N. T. Saenz, S. O. Slate, D. E. Smith,

E. H. Shade, R. W. Stephens,PacificNorthwest Laboratory(PNL), for their

contributionsto the performanceof the experimentaland analyticalwork; the

assistance and cooperationof the staff at the ReynoldsMetals Company

facility, Sheffield,Alabama, in performingthe prototypeanode test; the

valuable contributionsof W. E. Haupin, M. W. Adkins, and F. R. Huettig,

program consultants;the assistanceof D. K. Hilliard in performingthe

editorial review of the report;the programmaticassistanceprovided by M. J.

McMonigle,Office of IndustrialProcesses,U.S. Departmentof Energy (DOE),

Washington,D.C., and the RichlandOperations Office,DOE; and the

programmaticsupportprovided by the Office of IndustrialProcesses,DOE.

V



CONTENTS

SUMMARY ............................ iii

ACKNOWLEDGMENTS.......................... v

1.0 INTRODUCTION......................... I

2.0 MANAGEMENT .......................... 3

3.0 INERT ELECTRODESTUDIES ................... 7

3.1 CONFIRMATIONTESTING .................. 8

3.2 ELECTROCHEMICALSTUDIES ................. 10

3.3 MATERIALSCHARACTERIZATION ............... 15

3.4 ADVANCED COMPOSITIONS.................. 20

4.0 ANODE SCALE-UP/PILOTCELL ACTIVITIES ............. 23

4.1 PILOT CELL PLANNING/SCHEDULE .............. 23

4.2 PROTOTYPEANODE TEST .................. 25

4.3 CERAMIC POWDER PRODUCTION ................ 26

4.4 ELECTRICALCONNECTION .................. , 29

4.5 WATER MODEL ....................... 30

5.0 PLANNED FY 1991 STUDIES ................... 33

I 6.0 CONCLUSIONS ......................... 35
i
I

7.0 REFERENCES........................... 37

_) APPENDIX A - DETERMINATIONOF THE HIGH CURRENT DENSITY LIMIT FOR
;l CERMET ANODES .................... A.I

! APPENDIX B - EFFECTS OF PREOXIDATIONAND ELECTROLYTECONCENTRATION

_ 02, SI ON ANODE PERFORMANCE .............. B.I

! APPENDIX C - EFFECTS OF PRECORROSIONAND SILICA ON CERMET INERT
i

' ANODE PERFORMANCE C !

APPENDIX D - DIFFERENTIALTHERMAL ANALYSISAND THERMAL GRAVIMETRIC
ANALYSIS STUDIES OF A CERMET INERT ANODE MATERIAL . . D.!

i

!

vii
!

]
!
J



APPENDIX E - INERT ANODE FABRICATIONDEVELOPMENT:A SPREADSHEET
DOCUMENTATIONOF INFORMATIONCONTAINEDIN LABORATORY
RECORD BOOKS ..................... E.!

APPENDIX F - TESTINGOF ADVANCED ANODE COMPOSITIONS........ F.I

APPENDIX G - WATER MODEL OF A LARGE-SCALEINERT ANODE TEST .... G.I

viii



FIGURES

3.1 Electrical Conductivityfor NiO-NiFe204-17%Cu
Inert Anode Material in Ar.................. 17

3.2 ElectricalConductivityfor NiO-NiFe204-17%Cu
Inert Anode Material in Air.................. 18

ix

J
n



1.0 INTRODUCTION

The Inert Electrodes Programis being conducted at the PacificNorthwest

Laboratory (PNL)(a) for the U.S. Departmentof Energy (DOE),Office of

IndustrialProcesses (OIP). The purposeof the program is to develop long-

, lasting, energy-efficientanodes and ancillaryequipment for Hall-Heroult

l cells used to produce aluminum metal. Emphasishas been placed on the

• developmentof anodes made from a ceramic/metalcompositeconsisting of NiO

and Ni-Fe ferriteand a Cu/Ni metal phase. Based on early laboratoryresults,

these anodes are expected to have lifetimesof 5 to 7 years, as opposed to the

current technology,which requiresreplace_lentof carbon anodes approximately

every 20 days. The program is in a transition stage, in which experience

gained with laboratory-scaleanodes is being scaled up in preparationfor a

large-scalepilot cell test that is now scheduledto take place in FY 1991.

This annual report covers the progressmade at PNL over two years:
z

FY 1989 and FY Iggo. Progress during this period was in two general areasW

The first area falls under the title Inert ElectrodeStudies and deals with

| laboratory-scaletests performedat PNL to develop a better understandingof

the behavior of the cermet inert anodes. This area, covered in Section 3.0,

i includes I) a series of 20 A cell tests designed to answer certain questions

about inert anode operatingconditions and corrosion,2) electrochemical

studies to characterizereactionsand properties of the inert anode interface,

3) optimizationand summarizationof the fabricationparameters for the cermet

inert anodes, and 4) the developmentand testing of some advanced anode

compositions. The second area is titled Anode Scale-Up/Pilot-CellActivities

and concerns the various activitiesmore closely related to scaling up the

inert anode technology. This area, covered in Section 4.0, includes 1) a

i discussion of the schedule for the pilot cell test, 2) the results of theprototype anode test which was intendedto lay the groundworkfor the pilot

cell test, 3) progress made in obtainingand working with a vendor for

producing the ferrite powder and fabricatingthe anodes to be used in the

(a) Operated for the U.S. Departmentof Energy by BattelleMemorial Institute
under Contract DE-ACO6-76RLO1830.
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pilot cell test, 4) the development of an improved electrical connection for

the anodes, and 5) the results of water modeling to predict the efficiency of

dissolution of alumina in the pilot cell.

For many of the activitiesdiscussed in this report, formal PNL progress

reportsor final reports have been written. These reports are referencedin

the text and complete citationsare included in Section7.0. For other

activities,reports with a limiteddistributionwere issued. These reports

are noted in the text and a copy of each is appended to this document. For

both types of activities,a summary of the principalconclusionsis given in

)| the text and the reader is referred to the appropriatereport for more

details. For the activitiesnot discussed in any previous report, a more
complete discussion is given in this document.
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2.0 MANAGEMENT

Laboratorywork at PNL continuedto demonstratethat inert anode

technology is viable and helped determinesome of the importantoperating

characteristicsof the anodes. Efforts to scale up the technology also

continued. The prototypeanode test was performed,which helped lay the

groundworkfor the pilot cell test. Some problems were encounteredin

preparing for the pilot cell test, so the schedule for performingthe test had

to be modified. Nevertheless,significantprogresstoward completingthe

pilot cell test was made. In particular,many unanticipatedissues regarding

scale up of ferrite powder productionand the fabricationof the anodes have

arisen;and these have been, or are currentlybeing, resolved. Considerable

experiencehas been gained from these scale-up activities.

Two papers were presentedat the 119th meeting of The Minerals,Metals

and Materials Society (TMS),Anaheim, California,February 18-22, 1990:

Results of 100 Hour ElectrolysisTest of a Cermet Anode: OperationalResults

and Industry Perspectiveby R. D. Peterson,N. E. Richards,A. T. Tabereaux,

O. H. Koski, L. G. Morgan, and D. M. Strachan; and Results of 100 Hour

ElectrolysisTest of a Cermet Anode: MaterialsAspects by D. M. Strachan,

O. H. Koski, L. G. Morgan, R. E. Westerman,R. D. Peterson,N. E. Richards,

and A. T. Tabereaux. These papers were also published in Liqht Metals !990,

pp. 385-394 and 395-402,TMS, Warrendale,Pennsylvania. In addition,the

poster titled An Optical MicroscopicStudy of the Relationshipbetween

Morpholoav and Performanceof Cermet Anodes for the Aluminum Industry by

C. F. Windisch Jr., N. T. Saenz, N. D. Stice, and D. H. Parks, was exhibited

at the 92nd Annual Meeting of the American Ceramic Society, Dallas, Texas,

April 22-26, 1990.

The followingfive technicalreports were publishedduring FY 1989 and

FY 1990: Fiscal Year 1987 Annual Report for the Inert ElectrodesProqram by

D. M. Strachan,O. H. Koski, S. C. Marschman,C. H. SchilliFig,C. F. Windisch

Jr., B. B. Brenden, N. C. Davis, and P. E. Hart, PNL-6746,P_cific Northwest

Laboratory,Richland,Washington,December 1988; LaboratoryTestinq of

NonconsumableAnode Material_,S. C. Marschman, PNL-6805,Pacific Northwest

3



Laboratory, Richland, Washington, March 1989; Fiscal Year 1988 Annual Report

for the Inert Electrodes proqram, D. M. Strachan, S. C. Marschman,

N. C. Davis, J. R. Friley, and C. H. Schilling, PNL-7106, Pacific Northwest

Laboratory, Richland, Washington, October 1989; Results from an Electrolysis

Test of a Prototype Inert Anode by D. M. Strachan, C. F. Windisch Jr.,

O. H. Koski, L. G. Morgan, R. D. Peterson, N. E. Richards, and

A. T. Tabereaux, PNL-7345, Pacific Northwest Laboratory, Richland, Washington,

May 1990; and Characterization of the Reaction Layer or Film on PNL Inert

Anodes: Proqress Report for April-December 1989, C. F. Windisch Jr. and

N. D. Stice, PNL-7326, Pacific Northwest Laboratory, Richland, Washington, May

1990.

The following two technical reports were published in FY 1991 on the

results of studies conducted at PNL, partly during FY 1990: Final Report on

the Characterization of the Film on Cermet Inert Anodes, C. F. Windisch Jr.

and N. D. Stice, PNL-7589, Pacific Northwest Laboratory, Richland, Washington,

January 1991; and Report on the Source of the Electrochemical Impedance on

Cermet Inert Anodes, C. F. Windisch Jr. and N. D. Stice, PNL-7629, Pacific

Northwest Laboratory, Richland, Washington, February 1991.

The paper titled An Electrocilemical Impedance Study on Cermet _nert

Anodes in Alumina-Saturated Molten Cryolite by C. F. Windisch Jr. was accepted

for publication in the Journal of the Electrochemical Society; scheduled

publication date is July 1991.

A workshop for potential inert anode producers was held in Denver,

Colorado, November 29, 1988. Formal presentations were made by DOE-HQ,

industrial representatives, and PNL staff. A general consensus of the

attendees from industry was that if the inert anodes are shown to be viable,

then various companies would have an interest in their manufacture. Four

meetings were held with Reynolds Metals Companystaff to discuss the prototype

anode test and the pilot cell test. Three of the meetings were at PNL and one

was at the Reynolds Metals Companyfacility in Sheffield, Alabama, just prior

to performing the prototype anode test at the Reynolds facility in March 1989.

Six program review meetings were held by PNL and DOE-HQstaff: three were in

Washington, D.C., and three were at PNL. With respect to scale-up activities,

two visits were made by PNL staff to Cercom, Inc., Vista, California and the

4



Ceramic MagneticsCompany facility,Fairfield,New Jersey. CeramicMagnetics

is the current vendor for the cermet anodes to be used in the pilot cell test,

and Cercom manufacturedthe anode that was used in the prototypeanode test.

Three consultantswere retainedby the program. Mr. F. R. Huettigwas

retained for his expertise in the Ferrite industry. Mr. Huettig assisted in

the scale-up and productionof the inert anodes. Dr. W. E. Haupin was

retained because ot his extensive knowledgeof aluminum smeltingoperations

and research,both in the laboratoryand industrialsetting. Dr. Haupin

provided valuable advice on experimentdesign, data interpretation,and scale-

up issues. Mr. M. W. Adkins was retained to assist the programby making

economic assessmentsof the inert anode technology.

The program staff hosted severalvisitors involvedwith aluminum smelting

and/or inert anode technology. These includedthe Reynolds Metals Company

staff, N. E. Richards,R. D. Peterson,A. T. Tabereaux, and T. Alcorn;

J. Thonstad,University of Norway, Trondheim,Norway; and E. J. Frazer, CSIRO,

Port Melbourne,Australia.
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3.0 INERT ELECTRODESTUDIES

The tasks describedin this sectioncover investigationsinto the various

properties of the cermet inert anodes being developedat PNL. These

activitieswere performedat PNL during FY 1989 and FY 1990 and were largely

independentof the anode scale-up/pilotcell activitiesdiscussed in the next

section. There are four tasks in this section, each dealing with a certain

type of testing of the cermet inert anodes: I) confirmationtesting, 2)

electrochemicalstudies,

3) materials characterizationof the anode, and 4) the development and

evaluation of advanced anode compositions.

The confirmationtests were performedto better define the operating

conditionsfor the cermet inert anodes. The focus of these experiments,

performed in 20 A electrolysiscells, was on the effects of current density

and bath composition. The electrochemicalstudieswere performed to determine

if a film forms on the cermet inert anodes during electrolysisand to

characterizeit. The presenceof a film was proposedas a result of previous

PNL studies (Strachanet al. 1988) and was believed to protect the anode from

corrosionduring electrolysis. The materialscharacterizationstudies

discussed in this section focusedon determiningthe optimum fabricationand

sinteringconditions for the productionof inert anodes. Microstructureand

various physical propertiesof the anodes, includingelectricalconductivity,

were determined and interpretedto optimize the importantprocessing

parameters. Finally, evaluationof the advanced anode compositionswas

performedusing 20 A cells. These anode compositionswere developed at PNL

(Strachanet al. 1989) and proposed to have equivalentor better performance

than the compositiondevelopedby Alcoa Laboratories. In particular,the

advanced anode compositionsexhibitedmuch higher conductivities. Previous

corrosiontesting on these anodes,however,was inconclusive. This work was

meant to help clarify the behaviorof the advancedanode compositionsunder

electrolysisconditions.



3.1 CONFIRMATIONTESTING

This section discusses the results of two types of confirmation tests
that were conducted in FY 1989 and FY 1990 to determine the effects of certain

operating conditions on the performance of cermet inert anodes. Specifically,

the effects of current density and the presence of silica and a preoxidized

condition were evaluated in 20 A laboratory cells.

3.1.1 Hiqh Current Density Limit

This section explains the confirmation tests that were conducted to

determine the maximumcurrent density at which the cermet inert anodes could

be operated without significant corrosion or instability.

3.1.1.1 Backqround

Researchers at PNL determined (Strachan et al. 1988), during the testing

and development of cermet inert anodes, that a current density of 0.5 A/cm2

caused little or no corrosion of the anodes under the laboratory conditions

used. This low current density represented a departure from the normal anode

current density of approximately 1A/cm 2 in a typical carbon-based industrial

electrolysis cell. If a lower current density such as 0.5 A/cm2 is used in an

operating cell with cermet inert anodes, serious consideration must be paid to

the design of the anode and the electrolysis cell. To date, no systematic

study has been performed to determine the effect of current density La the

performance of a cermet anode other than in short-term tests (Strachan et al.

1988; 1989) with small anodes (1 cm2 exposed surface area). The purpose of

the current study was to determine the highest current density at which a

cermet anode could be operated under stable conditions. The stability of the

anode current density and voltage was used to determine the upper current

density limit because aluminum metal purity analysis takes at least 4 h to

perform.

3.1.1.2 Results

The results of these tests were previously reported in a document with

limited distribution. A copy of this document is provided in Appendix A. The

important conclusions from this work are given below.



3.1.1.3 Conclusions

An experiment was conducted in which a current density of 1.2 A/cm2 was
sustained on a cermet inert anode for 4 h without apparent voltage or current

anomalies. Earlier the anode had been run at current densities ranging from

0.5 A/cm2 to 0.9 A/cm2 over a period of about 13 h. At a current density of

1.5 A/cm2, the anode-to-reference electrode voltage became very unstable--an

event that has been previously interpreted as an indicator of enhanced

corrosion (Strachan et al. 1989). Therefore, it appears that the upper limit

for stable operation of the cermet inert anode is about 1.2 A/cm2 based on the

results from this test. However, it should be noted that corrosion rates may

still be found to vary as a function of current density because of the short
duration of this test.

3.1.2 Effect of Preoxidation and Electrolyte Silica Concentration on
Anode Performance

This section covers the confirmation tests that were performed to

determine the effect of silica in the electrolyte on the corrosion properties

of the cermet inert anodes, and whether a preoxidized condition on the anode

has any deleterious effects on anode performance.

3.1.2.1 Backqround

Two operational factors were different in the prototype anode test

conducted at the Reynolds Hetals Companyfacility in Sheffield, Alabama, (and

discussed in Section 4.2) from tests previously conducted in the laboratory.

These factors were 1) the prototype anode was heated in air in a separate

furnace and transferred to the electrolytic cell, and 2) some silica-based

insulating material was believed to have entered the cell and dissolved in the

cryolite during the test. The purpose of this work was to investigate the

effects these differences might have had in the increased corrosion of the

prototype anode relative to smaller anodes used in laboratory cells.

3.1.2.2 Results

The results of these tests were previously reported in a document with

limited distribution. A copy of this document is provided in Appendix B. The

important conclusions from tilis work are given below.
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3.1.2.3 Conclusions

Two anodes were tested and the results of these tests indicated that

preheating the anode in air does not result in enhanced corrosion. However,

the oxidized layer at the anode surface appeared to be thicker and have a

slightly different character after heating in air than that observed when the

anode was preheated in the cell above the electrolyte. The aluminum metal

purity results did not indicate any enhanced anode corrosion from this

difference. The corrosion rate of the anodes, based on the metal purity

values, appeared to be independent of the anode current density and preheat

conditions. Addition of SiO2 to the electrolyte appeared to lower the rate of
increase in the impurities in the aluminum metal. This may be due to the
formation of silicate minerals or enhanced volatilization. The amount of Si

in the A1 metal was independent of SiO2 addition and time.

The test results suggested that neither preheating the anode in air nor

the presence of silica in the electrolyte were probable causes for the

corrosion of the prototype anode.

3.2 ELEOTRQCHEMICALSTUDIES

The purpose of these studies was to characterize the electrochemical

interface between the cermet inert anodes and the molten cryolitic

electrolyte. Two principal issues regarding this interface were the focus of

research in FY 1989 and FY 1990: 1) whether a film formed on the cermet inert

anodes during electrolysis and, if lt did, the characterization of this film,

and 2) the source of the electrochemical impedance on the cermet inert anodes.

Ancillary tests were also performed to support the activities discussed in

Section 3.1.2 (i.e., by using the electrochemical approaches developed in this

work to determine the effects of silica and precorrosion on the performance of

the cermet inert anodes).

3.2.1 Characterization of Film on Cermet Inert Anodes

This section covers the research attempts in FY 1989 and FY 1990 to

determinewhether a film forms on cermet inert anodes during electrolysisin

molten cryolite. Both electrochemicaland postmortemmicroscopictechniques

were used in these studies.

J 10
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3.2.1.1 Backaround

Studies conducted at PNL in FY 1988 and early in FY 1989 indicated that

cermet inert anodes evaluated at PNL exhibited a characteristic impedance
during the electrolytic production of aluminum in bench-scale Hall-Heroult

cells. This impedance was found to have the following characteristics
(Strachan et al. 1988):

• lt was largely resistive in nature.

• lt variecJas a function of currentdensity, giving a minimum at about
0.5 A/creL.

• lt appeared to depend on aluminaconcentrationin the electrolyte. In
general, the impedanceseemed to increasewith increasingalumina
concentration.

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

• Discontinuouschanges in the impedanceoccurred at high current
densities (> I A/cmL) causing "spikes" in the current or voltage data.

Based on these characteristics,researchers(Strachanet al. 1988)

originallyproposed that a resistive film formed on inert anodes during

electrolysis. They argued that the formationof this film was necessaryto

protectthe inert anode from the corrosion reactionsthat would otherwise

occur in the molten electrolyte. Researchersalso proposed that an anode

current density of 0.5 A/cm2 formed a film with optimum passivating-like

characteristics. At lower currentdensities, incompletefilm formationwas

proposed to result in the corrosionof the metallic phase of the cermet. At

higher current densities, it was proposed that the film became too thick and

its resistance became too high to sustain the current density. Consequently,

the film ruptured,resulting in sudden and severe corrosionof the electrode's

metal phase. These rupturingevents in the film were indicatedby sudden

drops in impedanceand appeared as "spikes"in the voltage data for a cell

under galvanostatic(constantcurrent) control.

Researchersalso proposed that the quality of the film depended on the

alumina concentrationin ti_eelectrolyte. Higher alumina concentrations

seemed to favor a more resistive,presumablythicker, _r'ilm.Consequently,it

v 11
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was consideredmore likely that the film would ruptureat high alumina

concentration(close to saturation)when currentdensitieswere above

0.5 A/cm2. Problems with reproducingthe experimentalresults were

encountered,however, when attemptswere made to relate anode impedance

explicitlyto aluminaconcentration, lt was thei_concludedthat the film

impedancewas dynamic, changingwith time and with small fluctuationsin cell

conditions.

Attempts to identifythe compositionof the film in FY 1988 were largely

unsuccessful(Strachanet al. 1988). PostmortemX-ray diffractionof frozen

electrolytenear the surface region showed the presence of alumina, but it was

uncertainwhether the aluminawas part of a film or simply precipitatethat

formed on the anode during cool-down. Becauseof the uncertaintiesin

identifyingthe film, it was decidedthat additionalwork was needed to

establish,with mare evidence,whether a film truly exists or some other

explanationfor the characteristicimpedanceis more likely.

The work conducted in this sectionwas intendedto determinewhether

sufficient evidence could be collectedto verify the presence of a protective

film. If such a film could be found, the purposeof the researchwas to

characterizeit, both in terms of compositionand its importantproperties.

3.2.].2 Results

During FY ]989 and FY 1990, experiments were performed to identify the

properties and composition of the film using a variety of techniques. The

results from these studies are discussed in two PNL reports. In the report

titled Characterization of the Reaction Layer or Film on PNL Inert Anodes:

Proqress Report for April-December 1989 (Windisch and Stice 1990), the results

of electrochemical impedance and potential-step studies are discussed; in the

report titled Final Report on the Characterization of the Film on Inert Anodes

(Windisch and Stice 1991a), the results of microscopy studies are given. The

importantconclusionsfrom this work are summarizedbelow.

3.2.1.3 Conclusions

The results of this work suggestedan alumina film does not form to _

protect the cermet inert anodes from dissolution. Rather, significant

morphologicaland compositionalchanges occur at or near the anode surface.

[]
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These changes and the chemical reactions that cause them involve the cermet

material itself and appear to be responsible for someof the properties that

were previously assigned to an alumina film. The changes include an increase

in surface roughness with current density and the formation of a reaction

layer predominantly on the spinel phase. The roughness appears to be caused

by different reactivities of the phases in the cermet material and Bay

contribute to the previously determined variations in electrochemical

impedance.

3.2.2 Source of Electrochemical Impedance

This section discusses the results of studies that were performed

primarily during FY 1990 to determine the source of the impedance on cermet
inert anodes.

3.2.2.1 Backqround

The electrochemical impedances measured on the cermet inert anodes were

previously attributed by PNL scientists to an alumina film (Strachan et al.

1988). In light of the conclusions in Section 3.2.1, another explanation for

the source of the impedance was required. The objective of this work was to

obtain more electrochemical impedance data under a variety of conditions and

on different anodes to see if any relationships could be developed between

experimental parameters that might clarify the source of the anode impedance.

3.2.2.2 Results

Host of the experimental work in these studies was conducted in FY 1990,

although the analysis of the data and report writing were performed largely in

FY 1991. In the PNL technical report titled Report on the Source of the

Electrochemical Impedance on Cermet Inert Anodes (Windisch and Stice 1991b),
the results of these studies are discussed in detail.

3.2.2.3 Conclusions

Although most of the analysis of the impedance data was performed in

FY 1991, the following conclusions are given to make this report more

complete.

The electrochemical impedances of cermet inert anodes in alumina-

saturated molten cryolite as a function of frequency, current density, and

13
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time indicatedthat a significantcomponentof the impedanceis due to the gas

bubbles produced at the anode during electrolysis. The data also showed a

connection between surface structureand impedancewhich appearsto be related

to the effects of surface structureon bubble flow. Given the resultsof this

work, it is doubtful that a resistivefilm contributessignificantlyto the

electrochemicalimpedanceson inert anodes. Propertiespreviously assignedto

such a film are more likely due to the bubbles and those factorsthat affect

the properties and dynamics of the bubbles at the anode surface.

3.2.3 Effects of Precorrosionand Silica

This section discussesthe results of applyingthe electrochemical

approachesdeveloped in Section 3.2.1 (primarilypotential-steptests) and

postmortemmicroscopicanalysis to determiningthe effects of silica and a

precorrodedconditionon cermet inert anode performance. This work was

intendedto supplementthe studies reported in Section 3.1.2.

3.2.3.1 Backqround

Previous studies at PNL suggested that a badly corroded inert anode could

not recover its desired operating stability even if cell operating conditions

were changed to be less aggressive. Other studies (Strachan et al. 1990)

suggested that silica may assist the corrosion of inert anodes during their

operation. The current studies used electrochemical methods and po. tmortem

microscopic analysis of inert anodes in bench-scale aluminum reduction cells
to determine if these two effects could be substantiated and, if so, to help

provide chemical bases for their effects.

3.2.3.2 Results

The results of these tests were previously reported in a document with

limited distribution. A copy of this document is provided in Appendix C. The

important conclusions from this work are given below.

3.2.3.3 Conclusions

The results of this study were consistentwith similar studies performed

at PNL using 20 A cells and discussed in Section 3.1.2. In general,

potential-stepresponsedata could not distinguishany effect of either silica

14
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or precorrosion. This result indicatedthat the electrochemicalapproach used

to characterizethe reactionsat the electrode interface(discussedin

Section 3.2.1) may not be appropriatefor all electrode/electrolyte

conditions. However, the precorrodedanodes did exhibit a higher impedance

and, in some cases, significantlyhigher levels of noise in the current

signals; this result is consistentwith the previous st_4dy(Windischand Stice

1991b). In addition,the presence of silica in the electrolytedid not

appear to have any adverse effect on the anodes,which supportsthe

conclusionsin Section 3.1.2.

3.3 MATERIALS CHARACTERIZATION

This section covers the resultsof a research effort in FY IgSg to use

thermal analysis techniques to develop a better understandingof the effects

of sipteringconditionson anode materialsreactions,and to use this

informationto optimize the various sinteringparameters. Electrical

conductivitymeasurementswere also performedto help characterizethe anodes

prepared under different sinteringconditions.

3.3.1 Backqround

Most of the anodes that have been produced for the Inert Electrodes

Program have been made at PNL using modificationsof the proceduresdeveloped

by Alcoa Laboratories. However,much of the backgroundwork leadingto these

procedureswas neither contained in the variousAlcoa reports nor complete.

In this section, results are discussed from studies that were performedto

help fill in some of the gaps by determiningthe best temperaturesand

atmosphericconditionsfor processingthe ferrite-basedanode materials. The

two principalexperimentalmethods used in the attemptto better understand

the sinteringreactionswere differentialthermal analysis (DTA), and thermal

gravimetricanalysis (TGA).

Specifically,the focus of the thermal analysis studieswas to determine

• the rate of binder release from the sample as a function of temperature
and oxygen in the environment.

• the rate of oxidationof metal phase by the oxygen in the environment,

• evidence of inter-constituentreactions.

15
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Electrical conductivity studies were also performed on samplesof cermet

inert anodesto help better understand the properties of these materials and

to serve as a baseline for the post-test analysis of anodesfrom the scaled-

up testing conductedat the ReynoldsMetals Companyfacility.

3.3.2 Results

The results of the OTA/TGAtests were previously reported in a document

with limited distribution. A copy of this documentis provided in AppendixD.

The important conclusions from this work are given below.

Two cermet 1netr anodespecimenswere submitted for four-point electrical
conductivity measurements. Oneof the specimenswas fresh, while the other

had been heated to 1000"C in air. The latter specimenhad an oxide coating

similar to the one that might exist on an anodejust prior to being used in a
Ha11-Heroult cell. The conductivities were measuredin Ar and in air between

room temperature and 1300"C at about 50"C intervals. The first run was made

in At, and the specimenswere not removedfrom the furnace when the atmosphere
was changedto air.

The results of electrical conductivity measurementsare summarizedin

Figures 3.1 and 3.2. In general, the measuredconductivittes were about
70 ohm-1 cm"1. The data taken in Ar (Figure 3.1) indicated that the specimen

with the oxidized surface had a slightly higher conductivity. The slope of

the straight line portions of the curves suggest activation energies of

0.01 aa (a = atta or 10"10) for the low-temperature data and 0.03 aJ for the

high-temperature portion of the curve.

Whenthe conductivities were measuredin air, the oxidized and unoxidized

specimensyielded conductivity values similar to those measuredfor each

specimen in Ar between roomtemperature and about 1200"C. That is, the

previously unoxidized specimenhad a lower conductivity than the oxidized

specimenand was about equal to the conductivity measuredin Ar. Abovethis

temperature, the conductivities of both specimensdecreasedrapidly either

becausethe materials were degrading or becausethe probe contact degraded.

The difference in the conductivity between the oxidized and unoxidtzed

specimens(Figure 3.2) was nearly the sameas the difference observedwhenthe

measurementswere madein Ar (Figure 3.1). Whencooled in air from 1300'C,
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FIGURE3.1. Electrical Conductivity for NiO-NiFe_04-17% Cu inert Anode
Material in Ar. Open symbols are da_:aobtained with increasing
temperature; filled symbols are for decreasing temperature.

the specimensexhibitedextremelyhigh resistivities(low conductivities),

which were approximately60 ohm m. It should be noted that the highest

temperaturesat which the conductivitieswere measured are about 50°C higher

than the typical temperatureof a Hall-Heroultcell.

When the specimenswere finally removedafter the air test, they had bent

under the light load of the electricalcontacts. This result supports

previous mechanical strength measurements,in which it was observed that the

NiO-NiFe204-17_Cu material becomes plastic at about 1000°C (Strachanet al.
1989). The result of the electricalmeasurementsat the start of the

experiment in air suggest that if the specimenwas bent at the end of the test

in Ar, there was little effect on the conductivitymeasurement.
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3.3.3 Conclusions

An assessmentof the DTA/TGA resultswas made in light of past anode

fabricationpractices, both full-scaleand laboratory-scale,and on perceived

informationneeds based on these data. Followingare the conclusionsfrom

these results:

• the DTA/TGA data were in qualitativeagreementwith historicaland
thermodynamicexpectations

• the insightsobtained by DTA/TGAmethods into the complex reactions
taking place in a cermet body are qualitative,and multiple
interpretationsin the absenceof supportinginformationare possible

• further DTA/TGA experimentsare not recommendeduntil some of the
sintering reactionsare better understood
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° additionalexperimentsthat could be performedto shed more |ight on
sinteringmechanisms were suggestedas indicatedin Appendix D

Results from the conductivitystudiesprovided some additional

informationregardingthe fundamentalpropertiesof the cermet inert anodes.

The activationenergies for the low-temperatureportion of the conductivity

curves were consistentwith the primary conductorbeing a degenerate

semiconductor. The low-activationenergies suggestthat the additionof Cu

metal to the NiO-NiFe204powder increasesthe electricalconductivityby a

mechanismother than metallic conduction. The break in the conductivity

curves occurs at about the same temperatureat the reportedmagnetic

transition,about 580°C.

3.4 ADVANCED COMPOSITIONS

During FY 1989 and FY 1990, developmentof cermet inert anodes continued.

This work includedboth the refinementof the fabricationproceduresfor the

Alcoa 5324(a)-typeanodes and the synthesisof new cermet anode

compositions. This sectionconcerns two specific activitiesrelatedto cermet

anode development: I) documentingPNL cermet anode materials development

efforts over the past 6 years, and 2) testing advanced anode compositions.

3.4.1 Anode Support and Documentation

Several hundred anodes of differentsizes have been produced at PNL over

the past 6 years using various productionmethods. Some of these anodes have

been included in the tests reported elsewhereand some have been produced

using differentmethods and compositionsin an effort to understandthe

processing parameters. To a large extent, the informationobtained from this

effort was not published, but was documented in laboratoryrecord books. This

informationneeded to be collected into a single document so informationcould

be readily availablefor future reference. Consequently,the informationwas

consolidatedand summarized in a computer-basedspreadsheet. The spreadsheet

(a) 5324 was the designationfor the NiO-NiFe_Oa-17_Cu anode material that
was developed by Alcoa Laboratories(Weyahd,et al. 1986). This
compositionhas been used as the referencecompositionfor the studies at
PNL.
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(representingabout 200 separate sinteringtest runs conductedat PNL), along

with appropriatesupporting information,was previously reported in a document

with limited distribution. A copy of this document is provided in Appendix E.

3.4.2 Testinq Advanced Anode Compositions

This sectionsdiscusses the tests of two advanced anode compositionsthat

were designed to minimize anode wear. One of the compositionswas "composite"

in that it varied across the anode. The compositionalvariationwas used to

make the anodesmore durable in both the vapor and liquid interfaceregions.

Other work at PNL has shown that an anode having only the 5324-type

compositionexhibits differentamountsof wear in these two regions (Strachan

et al. 1990).

3.4.2.1 Background

Many anodes with compositionsdifferentfrom that developedby Alcoa

Laboratorieshave been fabricatedand evaluatedat PNL in supportof the Inert

Electrodesand Sensor DevelopmentPrograms.(a) During the early part of

the programs,anodes with a fine microstructurewere sought. When these

techniqueswere reasonablywell-developed,anodes with an increasedmetal

contentwere also fabricated. However,only microstructuralexaminationof

the anodes with increasedmetal contentwere performed. The highestmetal

content that could be incorporatedinto an anode was about 25 wt_ wi'hout

bleeding the metal phase. Anodes with increasedconductivitywere also

developedby adding about I wt_ AI in the metal phase of the cermet when the

metal was milled prior to being mixed with the NiO-NiFe204phase. Materials
with electrical conductivitiesalmost four times that of carbon were

developed,but not tested in an electrolysistest. The purpose of this work

was to test anodes of advancedcompositionin an attemptto understandthe

behavior of the materials during an electrolysistest.

(a) The Sensors DevelopmentProgram, sponsoredby DOE-OIP, is conductedat
PNL to support the Inert ElectrodesProgramby developing sensorsto
monitor and control operatingconditions in aluminum reductioncells.
The FY 1989 annual report for this program has been published (Windisch
et al. 1990).
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Two anodes with advanced compositions were tested: i) one with a

composition including 25 wt_ Cu/Ni/AI alloy, and 2) one with a composition

that varied from high metal alloy at the base to no metallic phase at the top.

The latter composite anode had 25 wt_ Cu/Ni/AI alloy in the bottom third,

17 wt_ Cu in the middle third, and no metallic phase in the top third.

3.4.2.2 Results

The results of the testing on advanced anode compositions were previously

reported in a document with limited distribution. A copy of this document is

provided in Appendix F. The important conclusions from this work are given
below.

3.4.2.3 Conclusions

During this test, three anodes were studied: one at a current density of

0.5 A/cm2 for approximately 66 h, one at a current density of 0.5 A/cm2 for

66 h and an additional 24 h at 1.3 A/cm2, and a third anode at 0.5 A/cm2 for

approximately 24 h. The first two anodes were operated together in the cell

until one anode was removed from the cell after 66 h. Results from this test

were somewhat inconclusive in that the rate at which impurities dissolved in

the molten AI appeared to be independent of the anode current density and

anode surface area. The extrapolated back emf was observed to decrease during

the first 20 h, but that did not appear to be caused by the anode but by
changes elsewhere in the cell,

The anode that was operated for 66 h at a current density of 0.5 A/cm2

appeared to have only a small amount of corrosion; the anode that operated an

additional 24 h at a current density of 1.3 A/cm2 appeared to have suffered

more corrosion. The composite anode that operated for about 24 h at a current

density of 0.5 A/cm2 showed little indication of corrosion. However, the

upper portion of the anode that was made of only oxide material did show signs

of degradation. In the composite anode, the different materials bonded

together well and no cracks between regions of different materials were noted

in post-test analysis.
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4.0 ANODE SCALE-UP/PILOTCELL ACTIVITIES

4.1 PILOT CELL PLANNING/SCHEDULE

The performanceof the pilot cell test of the cermet inert anodes was

originallyscheduled for FY 1989. However, numerous problems were

encountered:in the operationof the prototypetest; in the procurementof a

manufacturerfor the cermet inert anode to be used i_ the pilot cell; and in

the actual scale-up activities,both in the productionof the ferrite powder

and in the fabricationof the anodes themselves. Issues related to scaling-

up the fabricationof the anodes are still being addressedin FY 1991.

An outline of the various activitiesrelated to the pilot cell test schedule

during FY 1989 and FY 1990 is given below:

Date Activity

9/88 A meeting was held at PNL with N. E. Richardsand A. T. Tabereaux from
Reynolds Metals Company. The decisionwas made to run a "prototype
anode" test prior to the pilot cell test in order to get experienceand
preliminarydata. The pilot cell test schedulewas made contingenton
the performanceof the prototype anode test.

11/88 The subcontractwith Reynolds was modified to include the prototype
anode test and Cercom, Inc. (Vista,California)was awarded the
subcontractto fabricatethe prototype anode.

12/88 The first prototypeanode fabricatedby Cercom was rejected by PNL
after preliminaryanalysis,and Cercom was requestedto fabricate
another.

2/89 The second prototypeanode from Cercom was accepted and the prototype
anode test was scheduledfor 3/89.

3/89 The prototype anode test was performedat the Reynolds Metals Company
facility in Sheffield,Alabama. The pilot cell test was scheduled for
7/89 contingent on the successof the prototypeanode test.

5/89 A meeting was held at PNL with A. T. Tabereauxand R. D. Peterson from
Reynolds to discuss preliminaryresults from the prototype anode test.
Mixed results from this test led to the recommendationthat the pilot
cell test be deferred until the analysis of prototype anode data was
complete.

6/89 A formal recommendationwas made to postponethe pilot cell test until
issues related to materialsbehavior and the scaled-upfabricationwere
resolved.
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7/89 A program review meeting was held in Washington,D.C. Results from the
prototypeanode test were discussed.

8/89 It was learned that the previous supplier for ferritepowder (Stackpole
Carbon Corp., Pittsburgh,Pennsylvania)used for the prototypeanode
(and expected to be the source of additional ferritepowder needed for
the pilot cell anodes)no longer routinelymade the ferrite powders
needed for the inert anodes. The search for anothersupplier of the
powder was initiated.

9/89 M.J. McMonigle visited PNL and a new schedulewas developedcontingent
on the identificationof a producer of the ferritepowder and a company
to fabricatethe anodes. The new date for the pilot cell test was set
for I/gO. In light of the mixed results with the prototypeanode test,
it was decided to let the subcontractwith Cercom expire and review
alternativesrelated to anode design and fabrication. A. T. Tabereaux
and T. Alcorn from Reynolds also visited PNL to discuss the new
schedule. A preliminarydesign was provided by T. Alcorn for the anode
cluster to be used in the pilot cell test.

10/89 The Ceramic MagneticsCompanywas identifiedby PNL consultant
F. R. Huettig as a candidatefor producing ferritepowder for the
cermet inert anodes and for fabricatingthese anodes as weil. D.M.
Strachan visited CeramicMagnetics to discuss the company's
capabilitiesand interestsand to observe their facilities. Ceramic
Magnetics was the successfulbidder for the ferritepowder.

11/89 An order for 455-kg of press-readyferritepowder was placed with
CeramicMagnetics. The order also included small (25 kg) batches of
the ferrite powder that would be analyzedby PNL. Results of the
analysis on the small batcheswould be used to recommendconditions for
productionof the 455-kg needed for anode fabrication. A pu_chase
order for fabricationof the pilot cell test anodeswas submittedfor
internal PNL review. Resultsfrom the prototypeanode test still left
open the question of what type of anode sidewallconfigurationto use.
This issue was not resolveduntil the program review meeting in
Washington,D.C. in 1/90.

1/90 A program review meeting was held in Washington,D.C. The final design
for the pilot cell anodes was developed. The new design had minimal
sidewalls. A new schedule for the pilot cell test was discussedbut
was considered contingenton acquisitionof the ferritepowder and
success in anode fabrication. The purchase order for anode fabrication
was revised for anodes without significantsidewalls, lt was
anticipatedthat the fabricationof the anodes would be performed by
CeramicMagnetics, the same companythat was producingthe ferrite
powder. Solicitationfor fabricationof the anodeswas initiatedvia
normal PNL procurementprocedures. PNL staff also visited the Ceramic
Magnetics facility to discuss fabricationissues.
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2/90 The first 25-kg batch of press-readyferrite powder was received from
Ceramic Magnetics. The powder was rejecteddue to an excess amount of
unreacted iron oxide.

3-5/g0 Additional batchesof ferrite powderwere received from Ceramic
Magnetics. Some problems with temperaturecontrol in the furnace
apparently caused inadequatesintering. Eight batches were received
over the subsequentmonths until a satisfactoryproduct was accepted in
9/90.

5-7/g0 A revised purchase order for fabricatingthe pilot cell anodes was
completed. PNL proceeded to solicitcompetitivebids for the
fabricationwork.

g/go Three companies respondedto the solicitationfor fabricationwork.
The bid from Ceramic Magneticswas accepted after evaluationof the
bids that were received.

I0/90 A new schedulewas establishedfor the pilot cell test. Based on the
preliminarywork with the small batches of ferrite powder, a procedure
was developed for fabricatingthe 455-kg batch to be used for the pilot
cell anodes. Ceramic Magneticsagreed to begin processingthis powder
upon receipt of a formal purchaseorder. Once the powder was made, two
test anodes were to be made by CeramicMagnetics for evaluation by PNL
before fabricationof the 26 anodes to be used in the pilot cell test.
If the test anodes were acceptable,the balance of the anodes would be
fabricatedby 3/I/91. Assuming the anode fabricationwork was
successful,the pilot cell test was to be initiatedduring 3/91.

4.2 PROTOTYPEANODE TEST

This portion of the report discusses the prototypetest that was

performedat the Reynolds Metals Company facility in Sheffield,Alabama. This

test was performedto gain experience in an industrialsetting with cermet

inert anodes before testing them in the pilot cell.

4.2.1 Background

As a result of a meeting between PNL staff and Reynolds staff at PNL in

September 1988 it was decided to perform an electrolysistest on a large

cermet inert anode at the Reynolds Metals Company facility in Sheffield,

Alabama, prior to performingthe pilot cell test. The proposed "prototype

anode" test would allow PNL and Reynolds staff to work together, to determine

and resolve issues concerningthe operationof the inert anodes, and to

evaluate the performanceof a commercially-producedanode, lt was considered

A
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importantto resolvethese issues before conductingthe more definitive,

large-scale,pilot cell test.

4.2.2 Results

The results of the prototypeanode test are discussed in the PNL

technicalreport titled Results from ElectrolysisTest of a PrototypeInert

Anode (Strachanet al. 1990) and in two presentationsat the 119th Annual TMS

Meeting in Anaheim, California,February 18-22 (Strachanet al. 1990; Peterson

et al. 1990).

4.2.3 Conclusions

The principal conclusionsfrom the prototypeanode test were that,

despite meeting the 100-h test criterion,the anode was not yet ready for

industrialapplicationdue to seriousmaterials-relatedproblems. Severe

corrosion of the anode was observed upon post-testanalysis and based on metal

purity analyses. Certain possible causes for the materialsproblems were

identifiedand addressed in the separate laboratorytests discussed in

Section 3.1.2. In light of the results reported in Section 3.1.2, it was

concludedthat the most likely reason for the severe degradationof the

prototypeanode was the design of the test cell. lt is anticipatedthat some

of these design limitationswill not be present in the pilot cell test;

however, certain issues related to control of operation (e.g., preh_Itingand

transferringthe inert anodes and maintaininga certain alumina

concentration),may prove problematicfor the pilot cell test as weil. Future

discussionsconcerningoperationof the pilot cell test will be conductedas

needed in FY 1991.

4.3 C[RAMIC POWDER PRODUCTION

This sectionof the report summarizesthe progress made by Ceramic

Magnetics in the fabricationof the ferritepowder that will be used in the

fabricationof the anodes for the pilot cell test.

4.3.1 Backqroqnd

Between February 1990 and September 1990, eight 25-kg batches of ferrite

powder were prepared at Ceramic MagneticsCompany for evaluation at PNL.
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Evaluation of these batches was performed to determine the best set of

conditions for making the larger 455-kg batch for the pilot cell anodes. The

8-month period was much longer than was anticipated for developing a suitable

powder production scheme. Nevertheless, important information was learned

concerning the scale-up of powder production.

4.3.2 Results and Discussion

The 25-kc batches of Ceramic Magnetics ferrite powder were labeled XBAT-

2(a) through XBAT-9 in order of the sequence in which they were produced. The

first five samples, XBAT-2 through XBAT-6, were calcined at increasingly

higher temperatures (between 800" and 950"C). (b) Samples XBAT-2 and XBAT-3

were reddish-brown, indicating incomplete reaction of the NiO and Fez03. X-

ray diffraction of the XBAT-2 through XBAT-6 showed varying amounts of Fe203,
consistent with their color. Sample XBAT-6, which was calcined at 950"C,

exhibited almost complete reaction between Fe203 and NiO, with an estimated 5

to 10% unreacted Fe203. Two additional batches, XBAT-7 and XBAT-8, were
prepared with the latter calcined at 980°C. Sample XBAT-8 showed no

detectable Fez03 as indicated by x-ray diffraction. Sintered anodes were made
from all of the Ceramic Magnetics powders, and their densities measured, their

microstructures examined; and somewere tested electrochemically in bench-

scale cells. All of the microstructures appeared adequate and those tested

electrochemically (including the Fe203-1adened XBAT-2) performed
indistinguishably from the standard PNL anodes in small, short-term tests.

The densities, however, varied, probably reflecting the compositional

differences.

Sample XBAT-8 was considered representative of material produced using

the optimum conditions. No evidence for significant amounts of Fe203 was
found in XBAT-8 using XRD, and small anodes made from it had microstructures

(a) Sample XBAT-I was a trial sample that was produced for internaluse at
CeramicMagnetics and was never sent to PNL.

(b) The observed dependence on temperatureappears to have arisen from a
disparitybetween the temperatureof the powder and that of the
temperaturecontroller. Additional tests showed the temperatureof the
powder was about 25°C lower than that indicatedby the furnace
temperaturegauge.
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similar to anodes made previously at PNL from 5324 powder (i.e., with low

porosity and a uniform distribution of phases). Also, the densities of the

small anodes were very simtlar to standard PNL anodes. For example, an all-

oxide anode made from XBAT-8 at a consolidation pressure of 20 kpsi had a

density of 5.72 g/cm3, compared to 5.70 g/cm3 for a standard all-oxide anode

made from 5324 powder. Similarly, when the ferrite powder was blended with

17 wt% Cu, the XBAT-8 powder produced an anode with a density of 5.99 g/cre3

compared to 6.]1 g/cre3 for an anode made from the standard 5324 powder.

A large 15-kg billet was also made by Ceramic Magnetics from XBAT-8, but

without spray drying the ferrite powder and without organic binder. One of

the reasons for this approach was that the Ceramic Magnetics staff do not like

to have binder-containing materials in their sintering furnaces. They would

prefer to use a material that is binder-free. The ferrite powder used for the

billet was wet-blended with the Cu powder, dried, pressed at 13 kpsi, and

sintered. This billet had a significant amount (about 30%) of Cu that had

bled from the cermet and accumulated at the base of the billet. In the past,

most Cu bleeding was limited to small droplets on the outer surfaces of the

articles that were produced. The reasons for the heavy Cu bleeding are not

knownexactly, but lt is assumed that the metal phase was more nearly pure Cu.

In the spray dried materials used in the past (i.e., the 5324 powder from

Stackpole), lt had always been observed that pure Cu was mixed with the

ferrite powder but the resulting metal phase in the cermet was a Cu/Ni alloy.

lt has been speculated that the alloy results from reductionof NiO by the

binder. This speculationis supportedby the general Cu-colorof the

binderlesscermet from CeramicMagneticsonce it had been cut and polished.

Since the material obtained from CeramicMagneticsdid not contain binder, it

appears that the Cu bled from the billet becausethe melting point of the

metal phase was lower in the materialwithout binder than with binder.

X-ray diffractionappliedto a portion of the billet showed an absenceof

splittingof the peak assignedto the Cu-Ni alloy, suggestingthat the metal

phase was closer to pure Cu. Microscopicanalysis also showed that the

distributionof the metal phase was not uniform. There was a heavy Cu

concentrationnear the bottom and increasedporositytoward the interior of

the billet. Portionsof the materialwere also removed for density
r_
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measurements. These sampleswere found to have low density. Normal densities

for the cermet material are about 6.1 g/cm3, whereas the material from Ceramic

magnetics had a density of about 5.7 g/cm3. These results strongly indicated

that spray drying and a binder were required to achieve an anode more similar

to those previously fabricatedand tested at PNL.

In November 1990, Ceramic Magneticsbegan to produce a 455-kg batch of

powder for the pilot cell anodes using conditionssimilar to those for XBAT-

8. lt was anticipatedthat the first full-scaleanode made from the spray

dried powder would be delivered in December 1990. The anode was to be

subsequentlyanalyzed by PNL.

There was some concernthat the anodes would not have the high densities

that have been routine in the laboratoryanodes. The main reason for concern

was the isostaticpressureused at Ceramic Magnetics. This pressurewas

13,000 psi rather than the more than 20,000 psi used at PNL to produce highly

dense anodes. The need for high isostaticpressureswas a topic discussed

with Ceramic Magnetics,although the effectsof lower density on the

performanceof the anodes are unknown.

4.4 ELECTRICALCONNECTION

This portion of the report covers work to improvethe electrical

connection in the cermet inert anodes. The objectiveof this work was to

obtain a connectionwith good electricalcontinuityand improvedmechanical

integrity.

4.4.1 Backqround

During FY 1989 and FY 1990, various cup-shapedanodes made at PNL were

found to have cracks or bulges in them indicatinga lack of size reduction in

the high alloy Cu/Ni core used to provide the mechanical and electrical

connection within the anode. These problems were addressed,with application

to the scaled-uppilot cell anodes in mind, by improvingthe design of the

core and the fabricationprocess as describedbelow.
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4.4.2 RQsults and Discussion

The diameter of the Cu/Ni core within the anode was first reduced to

improvethe ratio of core-to-totalanode diameter. The bottom diameter of the

core was made slightly greater than the top diameterto "lock" the core into

position even if crackingoccurs. This modificationwas introducedby minor

changes to the anode assembly procedure.

The core material design was also altered to includea greater percentage

of the standard 17% Cu cermet. The compositioncurrentlybeing used, and

planned for the pilot cell anodes, has 50% cermet powder (containing17% Cu)

blendedwith 50%metal powder (64% Cu + 35% Ni + I% Al).

Previously,the standard cermet blend-backused 25% cermet powder.

However, the more recent 50% blend-backof the cermet powder had a core that

was readilydrilled and tapped withoutdifficulty. The increasedcen:,et

powder blended into the core should improvethe thermalexpansionmatch

betweenthe core and the anode body.

The use of vibrationalmilling of the Cu-Ni alloy with a trace of

aluminum is a significantimprovementin the process of preparingthe core

material. This alloy is then blendedwith the highly active cermet powder to

obtain a core material with good sinterability. The shrinkageof the core is

estimated to be within I% of that of the anode body.

Microstructuralevaluationof the interfacebetweenthe core material and

the cermet body of PNL anodes using the improveddesign showed a well-

integratedstructurewith the interfaceappearingas an increasingalloy

gradient. In-cell serviceof the anode with this type of core was expected to

be good. Anodes with this type of electricalconnectionwere used in the 20 A

cell tests performed at PNL that were discussed in Section3.1.

4.5 WATERMODEL

This section covers the results of tests during FY 1989 to determine

whether the pilot cell test design will allow sufficientstirring of the bath

to dissolve added alumina efficiently.
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4.5.1 Backqround

In the pilot cell test, six cermet inert anodes will be tested under

nearly industrialconditions. There is concern, however, that the rising

oxygen gas bubbles produced at the anodes, in the pilot-celldesign, will

cause insufficientstirringof the electrolyteto dissolve and distribute

alumina uniformlyto each anode. Adequate distributionof dissolved alumina

is necessaryto preventexcessive corrosionof the anodes because results from

previous research (Section3.1) suggestedminimal corrosionunder alumina-

saturatedconditions. To address this potentialproblem, a water model was

constructedof the anode cluster and the half of the pilot cell in which the

inert anodes will be tested. Using this model, flow patterns in the cell

could be observed.

4.5.2 Results

The results of these tests were previouslyreported in a document with

limited distribution. A copy of this document is provided in Appendix G. The

importantconclusionsfrom this work are given below.

4.5.3 Discussion

Results from this water model indicatedthat there should be sufficient

stirring from the bubble action coupledwith the thermal and concentration

gradients in an actual cell to provide adequatedistributionof the dissolved

alumina to each anode in the cluster.
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5.0 ,.PLANNEDFY 1991 STUDIES

The followingwork is planned, in progress,or has already been completed

in FY 1991:

• Inert ElectrodeStudies

- Studies on film formationhave been completedand reported (Windisch
and Stice Iggla). See Section3.2.1.

- Studies on the anode impedancehave been completed and reported
(Windischand Stice 1991b). See Section3.2,2.

- A study on the effect of anode microstructurewill be completedand
reported.

• Anode Scale-Up/PilotCell Activities

- Effortsto fabricatethe anodes for the pilot cell test will continue.

- The pilot cell test will be performed if the anodes can be fabricated
successfully.

- The results of the test will be analyzed and reported after the pilot
cell test is performed.
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6.0 CONCLUSIONS

The conclusionsfor each of the activitiesperformed in FY 198g and

FY 1990 are given at the end of the appropriatesection in this report. The

most critical,on-going activityof the program is the pilot cell test. For

this activity,the importantconclusionsare summarizedbelow:

• Delays in performingthe pilot cell test were due to numerous
unanticipatedproblems:in the operationof the prototypetest and the
materials behavior issues raised by the resultsof this test; in the
procurementof a manufacturerfor the cermet inert anodes to be used in
the pilot cell; and in the actual scale-up activities,both in the
production of the ferritepowder and in the fabricationof the anodes
themselves.

• The prototype anode test was valuable because it providedthe opportunity
for PNL and Reynolds staff to work together and learn somethingabout the
operation of cermet inert anodes in an industrialsetting. The
performanceof the prototypeanode left many questionsregarding
materials propertiesand cell operation, however. Some of these issues
have not been fully resolved.

• Although unresolved issues remain from the post-testevaluationsof the
prototype anode, discussionswith DOE-HQ staff in July 1989 and January
1990 have resulted in their decision to proceedwith thepilot cell test
to be conductedat the ReynoldsMetals Company. The original schedule
for conducting the pilot cell test at Reynoldswas tentatively
establishedassumingthat the required additionalcermet powder could be
acquired and the anodes fabricatedby the end of December 1989. This
schedule could not be met becauseof the time required to obtain a
purchase agreement fop the required powder, the additionaltests needed
to fabricate the powder correctly,and the unanticipatedon-going work
needed to fabricatethe anodes themselves. The pilot cell test is
currently scheduledto be conductedin FY 1991.

Other importantaccomplishmentsin FY 1989 and FY 1990 included the

completionof laboratorycell tests that confirmedthe effects of current

density, precorrosion,and silica content on anode performance;the

performanceof tests that identifiedthe reactionlayer on cermet anodes; the

initiationof electrochemicaltests to determinethe source of the anode

impedance;the completionof studiesto identifyand summarizeoptimal

fabricationconditions for the inert anodes, includingadvanced compositions;

the testing of anodes with advanced composition;the refinement of the

electricalconnection for the inert anode; and modeling the dynamics of the

pilot cell.
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1.0 INTRODUCTION

During the testing and development of cermet anodes at PNL for use in

the electrolytic production of AI from cryolite-based electrolytes, Marschman

(1989) determined that a current density of 0.5 A/cm2 yielded conditions under

which little or no corrosion of the anode was observed. This low current

density represents a marked departure from the normal anode current density of

approximately I A/cm2 in a typical commercial electrolysis cell. If a lower

current density such as 0.5 A/cm2 must be used in a operating cell with cermet

anodes, serious consideration must be paid to the design of the anode and the

electrolysis cell. To date, no systematic study has been performed to

determine the effect of current density on the performance of a cermet anode

other than the work by Koski (Windisch et al. 1990) using short-term tests

with small anodes (i cm2 anodes exposed surface area).

The purpose of the study reported here was to determine the highest

current density at which a cermet anode could be operated under stable

conditons. The astability of the anode current and voltage were used to

determine the upper current density limit because aluminum metal purity

analyses takes 4 or more hours to perform.
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2.0 SUMMARYANDCONCLUSIONS

An experiment was conducted in which a current density of 1.2 A/cm2 was

sustained without apparent voltage or current analomies on a cermet anode for

a period of 4 h. Prior to that time period the anode had been run at current

densities ranging from 0.5 A/cm2 to 0.9 A/cm2 over a period of about 13 h. At

a current density of 1.5 A/cm2, the anode-to-reference electrode voltage

became very unstable - an event that has been previously interpreted as an

indicator of enhanced anode corrosion. Therefore, it appears that the upper

limit for stable operation of the cermet anode is about 1.2 A/cm2 based on the

results from this test. However, it should be noted that corrosion rates may

still be found to vary as a function of current density because of the short
duration of this test.

During this test a second anode was to be used to verify the high

current density limit. This second anode fractured while being cleaned of

electrolyte buildup after it had been successfully installed in the cell.

This limited the number of metal purity values that were obtained for the

total test.

A
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3.0 EXPERIMENTALMETHODSANDMATERIALS

In this test, the electrolysis was started at an anode current density

of 0.5 A/cm2 to establish a baseline of operation. After a 12 h period, the

current density was gradually increased in 0.I A/cm2 increments up to

0.9 A/cm2over a 4 h time period. The anode was operated at each current

density step for about i h. After about 4 h at 0.9 A/cm2, the current density

was increased more rapidly to 1.5 A/cm2 and then decreased to a nominal

current density 1.3 A/cm2 (see Section 4.0 for additional discussion of the

highest operating current density).

A second anode was to be used in the cell to verify the high current

density value obtained using the first anode. Unfortunately, the second anode

fractured during a cleaning operation to remove electrolyte buildup on its

surface and about one third of the anode fell into the molten aluminum pool.

Metal samples were not collected after this event, because the portion of the

anode in the aluminum pool could not be retrieved and hence contaminated the
molten aluminum.

The surface area of the anodes to be immersed in the electrolyte was

calculated assuming a right circular cylinder; this surface area was used to

calculate the current needed for the test. The side wall of the anode was

assumed to be 904 efficient in carrying the current.

3.1 ELECTRICALMEASUREMENTS

A Fluke Helios I (Redmond, Washington) data logger was used to collect

voltage, temperature, and current data at a normal rate of once every 5

minutes. The power suPply was used in the constant current mode and the

voltage varied as required to maintain constant current. Current scans were

obtained by manually lowering the current and noting the current and voltage

at steady state.

One channel of a two pen strip chart recorder was connected to the power

supply voltage output and the other channel across a 0.I ohm standard resistor

in series with the electrolysis cell. lt has been observed in previous tests

at PNL that when an anode begins to corrode, the voltage, under constant

current cell operation, becomes erratic and begins to fluctuate. This
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observed phenomenonwas used in this test to determinethe high current

density limit for the cermet anode.

A standard electrode (Burgman,Leistra,and Sides 1986) was also used to

monitor the voltage drop between itself and the anode and cathode. The

continuouslymonitored signalswere recorded using a strip chart recorder.

3.2 CHEMICAL ANALYSES

Samples of the electrolytewere taken throughout the test. The samples

consisted of small quantities (10 g to 15 g) of electrolyteand liquid

aluminum metal.

3.2.1 Metal Analyses

Metal sampleswere weighed after removing the glass tubing.

Approximatelyi g of each metal sample was weighed accuratelyand dissolved in

concentratedhydrochloricacid. If needed, a small volume of concentrated

nitric acid was added to the hydrochloricacid in order to completelydissolve

the metal. The dissolvedmetal solution was then diluted to a volume of

100 mL and the impuritiesquantitativelydeterminedby InductivelyCoupled

Plasma (ICP) Spectroscopy. Elementswith known interferenceswith the Al

spectrumwere not reported.

3.2.2 Bath Ratio Analyses

Electrolyteor bath ratio analyseswere made using a pH method. A

sample of finely crushed electrolyte(=1 g) was added to 25.0 mL of 1.001 •

0.010 N KOH solution containingAl(OH)3 and sodium tartrate. Approximately50

mL of hot deionizedwater was added to the beaker and the resultingsolution

was boiled for 6 minutes. After cooling to room temperaturein a cooling

bath, 25.0 mL of 1.005 • 0.010 N HCl was added to the mixture. After 10

minutes, the pH was measured and recordedwhen the value was constant. A

calibrationcurve was constructedby performingthis analysis on a set of

standard electrolytesamples.

3.2.3 DissolvedAl2_ Analyses

The dissolvedAl20s content of the electrolytewas routinelydetermined

by accuratelyweighing an approximately1 g sample of finely crushed

electrolyteto the nearest0.1 mg. About 50 mL of 30 mass_ AlCla solution was

auu=u-_^_*^_u*_,,=.....oQ,,,H,elIn"a _u_,h_-Uo_,..._-abr_,,ghe_....tn.___boil.fnr._. __I(Iminutes. While.....
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the mixture was still very hot, it was rapidly transferredto a medium speed

ashless filter containinga small amount of filter aid (finelydivided ashless

filter paper used to speed and enhance filtration). The material was

quantitativelytransferredfrom the beaker by washing repeatedlywith boiling

water. Finally, the filter was washed repeatedlywith boiling water until the

filtered solution tested neutral to litmus paper and gave no precipitatewhen

added to a small portion of 0.1M AgCl. Using metal forceps, the filter paper

containing the residualAl203was transferredto a Pt crucible,which had been

heated to constantmass in a 1000°C furnace. A loose-fittingcover was placed

on the crucible and the crucible placed in the cooler part of the 1000°C

furnace for 10 minutes. After the preliminaryashing was complete,the

crucible was moved to the hottest portionof the furnace for an additional 15

minutes. This treatmentprovided sufficienttime and temperaturefor the

sample to come to constantmass.

After the high temperaturetreatment,the cruciblewas quickly

transferredto a desiccatorand allowed to cool for 15 minutes, and was then

weighed. The mass of the residual solid was the Al203content of the

electrolyte. This method was also checked using standard electrolytesamples.

3.3 SOLID STATE ANALYSES

The anodes and associatedcermet pelletswere examined microscopically

using an optical microscope and a scanningelectron microscope (SEM). The

samples were cut in half, polished,and examined under the optical microscope.

Before examining the samples in the SEM, the cermet samples were given an

electricallyconductivecoating of carbon by vapor deposition. For the most

part, the SEM was operated in the quantitativemode using pure Cu as an

intensity standard.

3.4 CELL CONSTRUCTION

The cell was constructedas shown in Figure 3.1. An 18 cm ID0 19 cm OD

pure alumina tube, closed at the bottom end, was used as the cell liner. The

alumina tube was 46 cm in height. The connectionbetween the Al and TiB2

cathode and the outer graphite crucible was made with a graphite stud through

a hole drilled in the alumina tube. The TiB2 cathode plate and the graphite

stud were cemented in place with graphite cement. The walls of the graphite

crucible were about 2.5 cm thick. A 3 mm thick Inconel® shell provided the

3.3
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external container. Approximately1.5 kg of Al in the form of 7.5 cm diameter

4 cm thick disks was placed in the bottom of the cell. Approximately6 kg of

premixed powdered electrolytewas then placed on top of the Al metal. The

• exact quantitiesof each were determinedby weight. The anode used in this

test was suspendedabove the powdered electrolyteduring the heatup of the

cell. A 6 mm Ni rod was used as the electricalconnection/mechanicalsupport

for the anode. This rod was shroudedwith an aluminatube sealed at the anode

with a refractory cement. The cup of the anode was filled with refractory

alumina powder.
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4.0 RESULTS

Results from this test are discussedin the followingsections.

4.1 ELECTRICALMEASUREMENTS

The voltage and current historyfor this cell are shown in Figures4.1

and 4.2, respectively. The voltage and current behavior for the anode is

somewhat less constantthan in earliertests becausethe anode currentdensity

was changed using a combinationof current increasesand varying the anode's

immersiondepth. The sudden decrease to zero at 22 h in both figurescame

when the anode was dropped into the cell while attemptingto adjust the anode

height. About three hours later, the power supply failed and was replaced

with a unit having a greater range.

After the replacementpower supply was installed,the voltagewas

increasedto about 7.5 V. This voltagewas sufficientto obtain an anode

current density of 0.5 A/cm2. The power to the power supply was then turned

off. The power was then turned on to the emersed anode while the power supply

was set in the voltage control mode and the current allowed to go to any value

demanded by the voltage applied. This procedurewas done in an effort to

insure that a continuousprotective film oy"reaction layer was produced on the

surface of the anode. The results from this experiment are shown in Figure

4.3. Two equationswere used to fit the data by the least squaresmethod.

These equations are shown in Figure 4.3. Both equations contain a diffusive

term, t½, which suggests that the resistanceof the system increases,i.e.,

current decreases,with the square root of time. In one equation,the second

term suggests the formationof a resistivefilm that increaseslinearlywith

time, giving rise to an increasingresistanceor decreasingcurrent. An

exponentialterm is included in the second equation and is suggestedby the

shape of the curvatureof the data. For the time period over which the data

were collected,the equation incorporatingthe exponentialterm appears to fit

the data better. The significanceof this form of the equation is not yet

known. More data are needed to confirm the form of the equation;such

informationmay be obtained in other studieswithin the prcject.

Initialmeasurementsof the anode currentdensity suggestedan upper

operating limit of 1.3 A/cm2 for stable operation. However, an actual anode
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current density limit of about 1.2 A/cm2 is more likely based on an average of

the anode immersiondepths used to calculatethe average current density.

The current densitywas increasedto approximately1.5 A/cm2 toward the

end of the test to determine if this higher currentdensity could be

sustained. The referenceelectroderesponsewas monitored as the currentwas

increased. A i_racefrom the strip chart recorder is shown in Figure 4.4. At

the bottom of the figure one can see the small amount of noise associatedwith

the operation at a anode current density of 1.2 A/cm2. When the anode current

densitywas increasedto 1.5 A/cm2, the voltagenoise level increased

dramaticallythereby indicatingunstable operationbased on past PNL test

experiences.

4.2 METAL PURITY RESULTS

Only four metal samples were collectedduring the experiment. The

resultsof the metal analyses are shown in Table 4.1. Although there are

insufficientdata to draw any significantconclusions,it is interestingto

note the marked decrease in the impuritiesat 22 h. No additionalmetal

samples were collectedafter this time because approximatelyone third of the

second anode fell into the molten Al and could not be retrievedthereby

precluding the usefulnessof additionalmetal samples.

4.3 SOLID-STATEANALYSES

Photomicrographsof the bottom portion and bottom corner of the anode

used in Test # 71 are shown in Figures4.5 and 4.6, respectively. Visual

inspectionof the sectionedanode indicateda greater depth of affected anode

surface on the bottomcorner of the anode relativeto flat portion of the

bottom. Similarbehavior has been observed in other anodes tested and is

assumed to be a function of regions of high curent flux. Additional analyses

are pending.
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1.0 INTRODUCTION

The prototype anode test conductedat the ReynoldsMetals Company

(Reynolds)facility in Sheffield,Alabama, had two differentoperational

factors than tests previouslyconducted in the laboratory. These factors are

1) the prototype anode was heated in air in a separate furnace and transferred

to the electrolyticcell, and 2) some silica-basedmaterial is believed to

have entered the cell during the test. The purposeof the test described in

this report is to investigatethe effect these differencesmight have had in

the increasedcorrosion of the prototype anode relative to smaller anodes used

in laboratorytests.

In laboratorycell tests, the anodes are preheatedduring the time the

cell and its contents are being brought to operatingtemperature. The anode

to be tested is positionedanywhere from the top to 3 cm above the powdered

electrolyteat the start of the cell's heatup. At the Reynolds' facility,the

cell was startedwith a graphite anode. The cermet anode was heated in a

separate furnace _n air and a hot transfer to the cell was used after the

graphite anode had been removed. Thus, laboratoryanodes were heated in

cryolite vapors while the prototypecermet anode was heated in air. Heating

the anode in air was not expected to enhance corrosionbecause the anode is in

contactwith 02 during electrolysis. However, the enhanced corrosionobserved

on the prototype cermet anode after the test at the Reynolds'facility

indicatedthis assumption should be verified.

Also during the test at Reynolds,a ceramic wool blanketwas used as

part of the furnace insulation. Occasionallysmall portions of this

insulationmaterial fell into the cell during times when samples were taken,

the temperaturewas checked, or observationsmade. Weyand et al (1986)

reported that the presence of SiO2 in the electrolytemay enhance the

corrosionof the cermet anode. One of the objectivesof the test reported

here was to determine if the presence of SiO2 in the electrolytecauses
enhanced corrosion of the cermet anode.

In an effort to understandthe conditionof each anode before

electrolysis,a small pellet, produced during the same sintering run as the

anode, was suspended next to the anode by a Pt wire. These pelletswere

"_ removed from the ceil/furnacejust prior to the start of electrolysisusing

1.1



the test anode. These pelletswere later sectionedto determine the surface

conditionof the anode prior to its use in the electrolysiscell.

rr_
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2.0 SUMMARYAND CONCLUSIONS

Two anodes were tested and the resultsof these tests indicatethat

preheatingthe anode in air does not result in enhanced corrosion. However,

the oxidized layer of the anode surface after heating in air appears to be

thicker and have a slightly differentcharacter than that observedwhen the

anode is preheated in the cell above the electrolyte. The aluminummetal

purity results do not indicate any enhanced corrosionfrom this difference.

The corrosion rate of the anodes,based on the metal purity values, appears to

be independentof the anode current density and preheatingconditions.

Addition of SiO2 to the electrolyteappearsto cause the rate of increase in

impurities in the aluminum metal to decrease. This may be caused by the

formationof silicateminerals or by enhanced volatilization. The amount of

Si in the AI metal was independentof SiO2 addition and time.

These test results suggest that neitherpreheatingthe anode in air nor

the presence of silica in the electrolytewere probable causes of the

prototype anode's corrosionbehavior.

W
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3.0 EXPERIMENTALMETHODS AND MATERIALS

3.1 ANODE AND CELL CONSTRUCTION

Two anodes were used in this test. Both were constructedas previously

described (Strachenet al. 1989) from 834 5324 spray-driedoxide powder

(StackpoleCorporation,St. Mary, Pennsylvania)and 174 Cu metal (Alamo Supply

Co., Inc. Houston, Texas). These two powderswere blended, poured into a

mold, pressed, and sintered. A metallic core consistingof an alloy of 654 Cu

and 354 Ni was used to form a core for the electricalconnection/mechanical

support. A 6 mm Ni rod was used to make the electricaland support connection

to the anode. The Ni rod and threaded electricalconnectionwas protectedby

placing an Al203 tube over the Ni rod and fillingthe inside of the cup

portion of the anode with calcined Al203 powder. The Al203 powder was used to

protect the support/electricalconnectionfrom corrosion in the fluoride-

containingvapors.

The surface area of the anodes to be immersed in the electrolytewas

calculatedassuming a right circular cylinder;this surface area was used to

calculatethe current needed for the test. The side wall of the anode was

assumed to be 904 efficient in carryingthe current.

A Fluke Helios I (Redmond,Washington)data logger was used to collect

voltage, temperature,and current data at a normal rate of once every 5

minutes. The power supply was used in the constant currentmode and the

voltage varied as requiredto maintain constant current. Current scans were

obtained by manually loweringthe current and noting the current and voltage

at steady state.

3.2 CHEMICAL ANALYSIS

Small (Sg to 15g) samples of the electrolyteand metal were taken

throughoutthe test. The electrolytesampleswerenot analyzed. Sampleswere

collected using a samplinggun (Leco,Warrendale,Pennsylvania;similar to a

spring-loadedsyringe)with a 6 mm fused quartz tube into which the molten

sample was drawn.

3.2.1 Metal Analyses

Metal samples wereweighed after removingthe glass tubing.

ly "gh --^_"_ in
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concentratedhydrochloricacid. If needed, a small volume of concentrated

nitric acid was added to the hydrochloricacid in order to completely dissolve

the metal. The dissolvedmetal solutionwas then dilutedto a volume of

100 mL and the impuritiesquantitativelydetermined by InductivelyCoupled

Plasma (ICP) Spectroscopy. Elementswith known interferenceswith the Al

spectrumwere not reported.

3.2.2 Bath Ratio Analyses

Electrolyteor bath ratio analyseswere made using a pH method. A sample

of finely crushed electrolyte (=1 g) was added to 25.0 mL of 1.001 • 0.010 N

KOH solution containingAI(OH)3 and sodium tartrate. Approximately50 mL of

hot deionizedwater was added to the beaker and the resultingsolutionwas

boiled for 6 minutes. After coolingto room temperaturein a cooling bath,

25.0 mL of 1.005 • 0.010 N HCI was added to the mixture. After 10 minutes,

the pH was measured and recordedwhen the value was constant. A calibration

curve was constructedby performingthis analysison a set of standard

electrolytesamples.

3.2.3 DissolvedAI2_ Analyses

The dissolvedAl203content of the electrolytewas routinelydeterminedby

accuratelyweighing an approximately1 g sample of finely crushed electrolyte

to the nearest0.1 mg. About 50 mL of 30 mass_ A!CIa solution was _ided to the

sample in a beaker, and brought to a boil for 10 minutes. While the mixture

was still very hot, it was rapidlytransferredto a medium speed ashless

filter containing a small amount of filter aid (finelydivided ashless filter

paper used to speed and enhance filtration). The material was quantitatively

transferredfrom the beaker by washing repeatedlywith boiling water.

Finally, the filter was washed repeatedlywith boilingwater until the

filtered solution tested neutral to litmus paper and gave no precipitatewhen

added to a small portion of 0.1M AgCl. Using metal forceps, the filter paper

containingthe residual Al20a was transferredto a Pt crucible,which had been

heated to constant mass in a I000°C furnace. A loose-fittingcover was placed

on the crucible and the crucible placed in the cooler part of the 1000°C

furnace for 10 minutes. After the preliminaryashingwas complete, the

crucible was moved to the hottest portion of the furnacefor an additional 15

minutes. This treatmentprovided sufficienttime and temperaturefor the

_mnl_ fn rome tn _nnstant mass.
....._ .....
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After the high temperaturetreatment,the cruciblewas quickly

transferredto a desiccator and allowed to cool for 15 minutes, and was then

',eighed. The mass of the residual solid was the Al203content of the

electrolyte. This method was also checkedusing standard electrolytesamples.

3.3 SOLID STATE ANALYSES

The anodes and associatedcermetpellets were examinedmicroscopically

using an opticalmicroscope and a scanningelectron microscope (SEM). The

sampleswere cut in half, polished,and examinedunder the optical microscope.

Before examiningthe samples in the SEM, the cermetsamples were given an

electricallyconductive coatingof carbon by vapor deposition. For the most

part, the SEM was operated in the quantitativemode using pure Cu as an

intensitystandard.

3.4 CELL CONSTRUCTION

The cell was constructedas shown in Figure 3.1. A 18 cm ID, 19 cm OD

pure alumina tube, open at the bottom end, was used as the cell liner. The

alumina tube was 46 cm in height. The walls of the graphite crucible were

about 2.5 cm thick. A 3 mm thick Inconelshell provided the external

container. Approximately1.5 kg of 99.994 Al in the form of 7.5 cm disks

about 4 cm thick was placed in the bottom of the cell. Approximately6 kg of

premixed electrolytewas th_n placed on top of the AI metal. The exact

quantities of each were determinedby weight. The anode was positionedjust

above the powdered electrolyteduring heating of the cell and its contents.

The anode connection/supportwas made from 6 mm Ni rod and shroudedwith an

• alumina tube that was sealed at the anode with a refractorycement. The cup

of the anode was filled with refractoryaluminapowder.
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4.0 RESULTS

4.1 ELECTRICALMEASUREMENTS

A summary of the voltage and current history of the cell is shown in

Figures4.1 and 4.2, respectively. Zero on the time axis correspondsto the

start of the data logger. The test began when the voltage shown in Figure 4.1

increasedfrom zero volts. Two voltage curves are shown in Figure 4.1; one

for the power supply and one for the cell. The voltage at the cell was taken

at the top of the 12 mm stainlesssteel rods that were threaded into the

graphite shell. The difference in voltage comes from the voltage drop in the

welding cable between the power supply and the cell (about0.2 ohms) and the

0.1 ohm standard resistor. Current scans are shown as sharp decreases in the

voltage except for the third voltagedecrease at about 44 h. The third

decrease was due to correctiveaction when the anode voltage signals appeared
to indicateenhanced corrosion.

Two anodes were used in this test. Anode #180 was run from about 24 h to

50 h at which time the electricalconnection/supportfailed and the anode had

to be retrieved from the bottom of the cell (a total of 26 h Of electrolysis).
Anode #181 started at about 70 h.

Nine current scans were obtained during this experiment. Each scan

consistedof 10 - 15 voltageand amperage readings. A sample current scan is

shown in Figure 4.3. The results for the intercept (back emf) from the least

squares fit to the current scan data are summarizedin Figure 4.4. Here the

time scale representsthe time from the start of electrolysis. Within the

ability to measure these values, the back _mf of the cell was invariantat

2.22 • 0.03 V. This is the same value found in the test of the prototype

anode. The theoreticaldecompositionvoltage for an anode evolving 02 gas is

2.1 V, thus the value found in both these tests and the prototype anode test
suggests a very low overvoltagefor the cermet anode.

4.2 METAL PURITY

The results from the analyses of the Al meta] samplesare summarized in

Figure 4.5. The data from anode #IRn (th_ fi_:+ =..A._............... -,,_:p are scattered, but with

a general upward slope. The data from anode #181 are much less scattered. The

data for anode # 181 suggest a linear corrosion rate until Si02 was added.
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The fact that the quantity of all three impurityelements level off at that

time suggests the formationof silicate minerals. The slopes of the Cu and Ni

curves are about 2.3.10-S_/h and 1.9°10-Sk/h, respectively. Results from the

analyses of the Al metal also indicatethat, although the quantity of SiO2

added was approximatelythree times that normallyfound in commercial

electrolytes,the Si content of the Al metal was essentially invariantwith

time (Figure4.6).

4.3 SOLID-STATEANALYSES

Results of solid-stateanalyses of the pellets and anodes are summarized

here. Many more analyseswere performedbut for clarity not all of those

results are reported here.

4.3.1 Anode #180

The companion cermet pellet for anode #180 was sectioned,mounted, and

polished. Polishingof these cermet materials is difficultbecause the

hardness covers a broad range from the soft Cu to the relativelyhard ferrite.

Pieces of glass are sometimespositioned in the mount next to the material

being polished in order to minimize roundingof the sample edges. Figure 4.7

shows the sectionedand polished companionpellet to anode #180. Apparent

corrosion had already occurred on the surfaceof this material due to some

globules of material that had formed on the surface during heating. These

areas of corrosionare seen in Figure 4.7 as dark gray areas devoid of

metallic Cu (white specks). A globule and associatedarea of attack are seen

under higher magnificationin Figure 4.8. In these reflected light

photomicrographs,the material in the globulecannot be identified,but

subsequent SEM analyses indicatedthat the material was AI-Cu-Ni alloy/oxide.

The affected area is generallydevoid of metallic Cu, although Cu is still

present in reduced quantitiesand in a differentphase. In this example, the

affected area is about 320 _m in thickness. The porosity of this area also

appears to have increasedbut increasedporosity is difficultto determine

because in such a friablematerial, some or even all, of the porositymight be

an artifact of the polishing.

The oxidized/affectedarea on the pellet after heating is much thinner in

areas where globules did not exist. A photomicrographof a typical area of

the bottom of the pellet is shown in Figure 4.9. The thicknessof the

4.7
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FIGURE 4.7. A Photomicrograph Of The Companion Pellet For Anode_ # 180 ,n
Cell # 70 (Photo # 89MI94A)

..L . i_

FIGURE 4.8. A Photomicrograph Of A Globule Of Material On The Pellet
Shown in Figure 4.6 Photo # 89M194D)
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FIGURE 4.9. A Photomicrograph Of A Typical Area On The Bottom Of The
Pellet Shown in Figure 4.6 (Photograph # 89M194C)

A
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affected surface in the bottom area is about 70 _m and appears to have much

less porosity/pull-outthan noted in areas where globules existed. The

thickness of the affected surface on the sides of the pellet was about 30 _m.

Examinationof the prototypeanode after its test indicatedthat the Ni

in the Cu/Ni alloy part of the cermet was preferentiallyoxidized. Some of

this reaction is evidenced in the appearanceof the metallic grains in the

pellet shown in Figure 4.10. Here the NiO phase appearsto be exsolving from

the Cu/Ni alloy. It should be noted that an alternativeexplanationfor the

appearanceof these two grains is a polishingartifact. Although the metallic

grains generallyappear rounded, it is possiblethat the appearanceof these

two grains resulted from polishingthrough the grain to the underlyingceramic

phase. At a differentpart of the pellet a long grain of Cu was found where

one side was next to the affected area and the other side was about 95 _m

interior to the cermet. Preferentialoxidationof Ni in the Cu/Ni alloy is

supportedby the fact that elemental analysesat both ends of this grain

showed conclusivelythat the end next to the oxidized zone was depleted in Ni

relative to the end in the cermet.

The bottom portion of anode #180 is shown in Figure 4.11. Evidenceof

the attack of the cermet during the heating of the cell can be seen along the

bottom and sides of the anode. After about 26 h at a current density of

0.18 A/cm2, only minimal corrosionwas observed. The Cu-depletedzone was

about 0.4 mm thick on the bottom and 0.24 mm thick on the sides. About 0.1 mm

and 0.06 mm, respectively,of this corrosionwas already present from the

preheating.

4.3.2 Anode #181

Uneven oxidation of the Anode # 181 and its associatedpellet was not

observed after heating in air prior to use in the electrolysiscell. The

pellet had an oxidized zone approximately0.15 mm in thickness after

preheating. The appearanceof the oxidized zone did not differ much from the

zone on the pellet heated over cryolite,except at the very edge. Here, there

appeared to be some recrystallization. Examinationin the SEM revealed that

the Cu/Ni alloy had been purified to pure Cu, which was subsequentlyoxidized,

presumablyto CuO under these temperatureconditions.
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The bottom portion of anode #181 is shown in Figure 4.12. Note that the

oxidized zone is thickest at the corners. The corrosionat the center of the

bottom area of the anode appearsto be minimal. No new informationwas gained

from SEM examination.
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FIGIYRE 4.10. A Photomicrograph Of An Area In Which Two Metallic Grains Show
Evidence Of Ni Exsolution (Photograph # 89MI94E)

• ,
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FIGURE 4.11. A Photomicrograph Of The Bottom Portion Of Anode # 180
(Photograph # 89M223A)
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FIGURE4.12. A Photomicrograph Of The Bottom Portion Of Anode # 18i
(Photograph # 89M225A)
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EFFECTSOF PRECORROSIONAND SILICA ON
CERMET INERT ANODE PERFORMANCE

Previous studies at Pacific NorthwestLaboratory (PNL) suggestedthat a

badly corroded inert anode could not recover its desired operatingstability

even if cell operating conditionswere changed to be less aggressive.(a)

Other studies at PNL (Strachan,et al. 1990) and at Alcoa Laboratories(Weyand

et al. 1986) suggestedthat silica assisted the corrosionof inert anodes

during their operation. The currentstudies used electrochemicalmethods and

post-mortemmicroscopicanalysis of inert anodes inbench-scale aluminum

reductioncells to determinewhether these two effects could be substantiated

and, if so, to help provide chemical bases for their effects.

EXPERIMENTALPROCEDURE

Electrochemicaltests were performedexactly as in previouswork at PNL

(Windischand Stice 1990). The effectsof precorrosionwere studied using

inert anodes that were corroded in an alumina-freebath for I h at a current

density of about i A/cm2. Opticalmicroscopy of these precorrodedanodes

showed a porous surface region about 200 _m thick that was depleted in copper

metal. The precorrodedanodes were subsequentlypolarizedat 2.3 V and 2.5 V

vs. the Al/Al203 referenceelectrodein baths containing 1004 and 504 alumina

(percentof saturation),with a bath ratio (B.R.) of 1.15, at 983° C for

exactly 1 h. The current responseduring the first 20 s subsequentto

polarizationwas used for potential-stepanalysis. Electrochemicalimpedances

were measured at I kHz during the 1-h interval. After the test, the anodes

were analyzed by optical microscopy.

The effects of silica on the potential-stepdata, electrochemical

impedance, and morphology of fresh anodes were studied in the same way. The

electrolytein all of the silica studieswas formulatedto contain 14 silica

by weight. Scanning electronmicroscopy/energydispersive spectroscopy

(SEM/EDS)was also used as part of post-mortemanalysis to determinethe

presence of silica within the inert anode material.

(a) M.J. Danielson,O.H. Koski, and N.D. Stice. 1988. Fiscal Year 1988
Annual Report for the Sensors DevelopmentProgram. PacificNorthwest
Laboratory,Richland,Washington.
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Electrochemicaland microscopicdata on both the precorrodedanodes and

from tests with silica were analyzedby comparisonwith the resultsof studies

on fresh anodes discussedpreviously (Windischand Stice 1990).

RESULTS AND DISCUSSION

PrecorrodedAnodes

"A" and "B" parameterswere calculatedfrom the potential-stepresponses

in a manner similarto previous studies (Windischand Stice 1990). These data

are plotted versus current density in Figure I along with data obtainedusing

fresh anodes under exactly the same experimentalconditions• The "A" and "B"

data for the precorrodedanodes show the same generaltrends as those obtained

using fresh anodes• The magnitude of the "A" parameterappearsto decrease

with increasingcurrent density; the magnitude of the parameter "B" appearsto

increasewith increasingcurrent density• However, the absolutevalues of

parameter "A" are larger for the precorrodedanodes than for the fresh anodes.

The absolute values of parameter "B" are, in general, smaller for the

precorrodedanodes than for the fresh anodes•

The variationof parameters "A" and "B" with current density suggestthat

the processesoccurring for fresh anodes are also occurring for precorroded

anodes• The larger values of parameters "A" and "B" for the precorroded

anodes suggest some other effects are also importantfor these anodes but that

the effects do not perturb the relative importancethe "A" and "B" terms have

in the electrokineticrelationships(Windischand Stice 1990). Precorrosion,

however, does not indicate any dependenceon aluminacontent contrary to that

observed using fresh anodes•

The impedancesof the precorrodedanodes measured at I khz are shown in

Figure 2 along with impedancesobtained using fresh anodes• These data

indicate significantlyhigher impedances (about0.05 to 0.1 ohms cm2) for

precorrodedanodes. The higher impedancesmay result from the change in

surface structurethat occurred in the precorrosionstep.

Additional noise in the current signalswas observed in two cases for the

precorrodedanodes- at 2 5 V -_ '_°" "• a_ a]umlna _A _. o 3 V a• _N_ al_Jmina.

The noise was between 0.01 to 0.05 A/cm2 in peak-to-peakmagnitude. No clear

correlationcould be made between the noise and cell operatingconditionsor
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other results from these tests, althoughmore noise may have been generated

from anodes characterizedby the most severe copper depletion.

Microscopicexaminationof the precorrodedanodes after their use in

alumina-containingbaths revealed no significantchanges in microstructure

that could be related to any test conditions,i.e., either aluminacontent or

current density. Some differenceswere observed (e.g., in the extent of

copper depletion)but they were probably inducedduring the precorrosionsteps

and not during the subsequentpolarizationin the alumina-containingbaths.

In summary, the precorrosionstep appearedto have no obvious adverse

effects on subsequent anode operationin alumina-containingbaths in short-

term bench-scaletests, other than impartingan additional impedanceto the

anode and, possibly,some noise to the current signals. Since mass balances

were not performed, any additionalcorrosionand/or dissolutionduring

polarizationin the alumina-containingbaths could not be quantified in these

tests.

Effects of Silica

As shown in Figure 3, the "A" and "B" parameters for fresh anodes

polarized in baths containing 1 wt_ silica were significantlydifferentfrom

values obtained in baths containingno silica. No clear trends with current

densitywere observed, although the values of the parameter "A" appear to be

generally larger than those obtained in baths without silica. Microscopic

examinationof the anodes revealed virtuallyno effects of silica on the

anodes; the microstructurewas virtuallyidenticalwith and without silica. In

addition,no significantamountsof silicon could be found within the anodes

using SEM/EDS. Thus, the effects of silica in the bath on the "A" and "B"

parametersmay be the result of changes in bath properties (e.g., increase in

resistivity)that resulted from adding silica.

Electrochemicalimpedancedata shown in Figure 2 indicatea larger

impedancefor the anodes when silica was present. This is consistentwith an

increase in bath resistivityupon silica addition.

In summary, silica appears to.haveno adverseeffect on anode operation

(separatefrom the expected changes in the physical propertiesof the bath) in
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short-term laboratoFy tests. These results are consistentwith those from

larger-scale,longer tests previouslyconductedat PNL(a)

CONCLUSIONS

The results of the studies reportedhere support the following
conclusions:

• The potential-stepstudies indicatedsome differencesin variationand/or
magnitude of the "A" and "B" parametersbetween these tests and those
performedpreviously. These differencescould not be definitively
correlatedwith any experimentalconditionsnor with the resultsof post-
test microscopic analyses. Consequently,the "A" and "B" parameters,
although useful in providingmechanisticinformationunder some
conditions (Windischand Stice 1990),may not give a reliable indication
of corrosion in all situations. For this reason,planned future studies
on the effects of anode microstructurewill use opticalmicroscopy as the
primary analysistechnique to estimate anode wear and determinewear
mechanisms. In _ddition, studieswill be conductedover a longer,
4 to 6 h, time interval.

• Precorrodedanodes, characterizedby a copper-depletedsurface layer,
gave no obvious indicationof adverse performancein short-term,lab-
scale evaluation,other than exhibitinga higher impedanceand, in some
cases, impartingsome noise to the current signal.

• The presence of silica in the bath did not appear to have any adverse
effect on the anodes as indicatedby optical microscopy,in short-term,

largerlab-scalereductionteStscells.This _)ult is consistentwith those of PNL tests using

kas u.,.,,o_,a_,,a,,.T_heEffects of Preoxidationand ElectrolyteSiOp
Concentrationon Anode Performance. PacificNorthwest Laboratfry,
Richland,Washington,March 1990.

7



REFERENCES

J.D. Weyand, et al. 1986. Inert Anodes for Aluminum Smelting:Final Report
for the Period 9/29/80 - 9/30/85. Alcoa Laboratories,Alcoa Center,
Pennsylvania.

C.F. Windisch Jr. and N.D. Stice. 1990. Characterizationof theRe action
Layer or Film on PNL Inert Anodes: Progress Report for April-December1989.
PNL-7326, Pacific NorthwestLaboratory,Richland,Washington.

D.M. Strachan,et al. 1990. Results From ElectrolysisTest of a Prototype
Inert Anode. PNL-7345,Pacific NorthwestLaboratory,Richland,Washington.



APPENDIXD

DIFFERENT_ALTH_RHALANALYSISANDTHERHALGRAVIHETRICANALYSISSTUDIES
OF A CERHETINERT ANODEMATERIAL



DIFFERENTIALTHERMALANALYSIS AND THERMAL
GRAVIMETRICANALYSIS STUDIESOF A CERMET
INERT ANODE MATERIAL

J. W. Shade
R. E. Westerman

June 1989

Prepared for
the U.S. Departmentof Energy
under Contract DE-ACO6-76RLO1830

Pacific_orthwest Laboratory
Richland,Washington 99352

,i
!

I

i

b_



SUMMARY

The reactionstaking place between the constituentsof a NiO-NiFe204-
17% Cu inert anode material during sinteringand the oxygen in the sintering

environmentare believedto be critical in dictatingthe ultimate behaviorof

the inert anode under actual electrolysisconditions. Unfortunately,'_le

reactions, includingbinder volatilization,NiO reduction,metal phase

oxidation,metal phase melting and resolidification,and solid-phaseparticle

interactions,are complexand not well understood. Accordingly,differential

thermal analysis (DTA),thermal gravimetricanalysis (TGA),and x-ray

diffractionanalysisstudies were undertakenin an attemptto define the

temperatureand the extent of some of the reactionstaking place. Emphasis

was placed on determining(a) the rate of binder releasefrom the specimen,

as a function of temperatureand oxygen concentrationin the environment;

(b) the rate of reaction of-the metal phase by the oxygen in the environment;

and {c) evidenceof inter-constituentreactions.

The reactionsevidencedin the DTA and TGA were complex, and capableof

being interpretedin severaldifferentways. lt is believedthat evidence

was found for significantsuperheatingand supercoolingof the metal phase of

the cermet. Analyses are presented for some of the significantDTA and TGA

features,though it is recognized that a more detailed study would be

required for developmentof a real understandingof the processesinvolved.
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I.0 INTRODUCTION

The productionof cermet anodes from ceramicand metal powders typically

involvesthe followingsteps:

I. The ceramic and metal powders are prepared and blended in the desired
proportions,and placed in a mold containingprovisionfor anode
support and electricalconnection (i.e., a metal powder "core").

2. The molded powder is hydrostaticallypressed [-25 ksi (172 MPa)] at
ambient temperatureto form a green compact. This compactcan be
handled and machined.

3. The green compact is sinteredat a high temperaturein an atmosphere
consistingof an inert gas containing some oxygen (100 to 200 ppm). The
sinteringprocessdensifies and strengthensthe cermet body.

A typical green compact sinteringschedule for producinglaboratory-test

anodes involvesthe followingsteps:

I. Heat f;'ol,1 20° to 650°C in 8 h.

2. Heat from 650° to I070°C in 6 h.

3. ,Hold 2 h at I070°C.

4. Heat from 1070° to 1300°C in 4 h.

5. Hold 8 h at 1300°C.

6. Furnace cool to room temperature.

Step I is intended to remove the bulk of the binder from the cermet

body.

Steps 2 and 3 have been found to help preventthe copper metal phase

from bleeding out of the cermet body. This could be due to (a) reactionof

the copper with oxygen in the atmosphereat the cermet surface; (b) alloying

of the copper with nickel derived from the NiO-binderreaction,and

subsequentreactionof the nickel at the cermet surface; (c) a change in the

viscosityof the metal phase, due to alloyingreactions;or (d) other causes.

Steps 4 and 5 allow diffusionalbondingto occur between the solid

particlesof the cerme'_,strengtheningand densifyingthe body.
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Step 6 allows the cermet body to cool to room temperaturewithout

cracking.

Variations in the sinteringprocess,notably the temperature,heating

rate, and oxygen fugacity of the atmosphere,can have a profound effect on

the cermet body product.Unfortunately,the sinteringreactionshave not been

well understood,so the sinteringvariablescannot easily be adjustedto

accommodate(a) changes in cermet body compositionor size when a specific

product is desired; (b) differentsurface compositionrequirements;or

(c) required changes in the extent of reaction betweenthe binder and the

anode constituents.

The objectiveof the work described in this milestonereport was to gain

insights into the complex reactionsoccurringduring sinteringbetweenthe

inert anode constituents(binder,metal phase, ferritephase, oxide phase)

and between the anode constituentsand the sinteringenvironment

(argon+ oxygen),with the intentof using the informationto optimizethe

sinteringtemperatureand sinteringenvironmentof large-scaleanodes. The

two principalexperimentalmethods used in the attemptto better understand

the sinteringreactionswere DifferentialThermalAnalysis (DTA) and Thermal

GravinetricAnalysis (TGA). The reaction products formedon the powder

sampleswere characterizedpost-testby x-ray diffraction(xRD).

Specifically,the reactionsfocusedon in the presentstudieswere the

following:

I. The rate of binder release from the sample (TGA), as a function of
temperatureand environmentoxygen;

2. The rate of oxidationof metal phase by the environmentoxygen (TGA and
DTA) and;

3. Evidence of inter-constituentreactions (DTA).
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2.0 EXPERIMENTALAPPROACH

2.1 MATERIALS

The cermet powder used in the present investigationswas a blend of

NiO-NiFe204powder(a) and 17 wt% copper designated No. 5324. lt is typical
of that used by PNL for fabricationof inert anodes for laboratorytesting.

The NiO-NiFe204powder was provided by StackpoleCorporation,St. Mary,
Pennsylvania,in the form of sphericalparticlesof -50 pm diameter, lt was

manufacturedby the calcining,milling, and spray-dryingof NiO/Fe203
startingmaterial. Binder is incorporatedin the powder particles,prior to

the spray-dryoperation. The exact amount and type of binder added is not

known, as it is proprietaryinformation. Typically, a weight loss (ascribed

to binder volatilization)of 5.5% is found when anodes made from this powder

are sintered.

The copper addition to this cermet powder was made at PNL, by

mechanicallyblending particulatecopper (angularparticles, I to 5 pm in

major dimension)with the Fe/Ni oxide powder. The copper powder (99.5%pure

copper)was obtained from Alamo Supply Company, Inc., Houston,Texas.

The DTA standardwas particulatereagent-gradeNiO.

2.2 EXPERIMENTALAPPARATUS

The DTA and TGA studieswere performedusing a Netzch Model STA 409

simultaneousDTA/TGA System distributedby Netzch, Incorporated,Extron,

Pennsylvania. This equipment is capable of simultaneousDTA/TGAmeasurements

to temperaturesof 1600°C in a variety of gas atmospheres.

(a) This designationis used for simplicityto describe the Ni/Fe oxide
material used in the manufactureof inert anodes. A more accurate

designationwould be NixFe1_xO-NiyFe3_yO4.

2.1
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The DTA portionof the system consists of two Pt - Pt10%Rhthermocouples

joined together so that the thermocouplejunctionsfit into two small alumina

sample crucibles. One of these cruciblescontains the sample powder and the

other contains a referencematerial of known thermal properties. During a

test the differencesin temperaturebetweenthe sample and referencematerial

are continuallymonitored. These differencesare due _o differencesin heat

capacitiesof the two materialsplus any chemical reactionsor phases changes

that occur during heating and cooling. Heat capacity differencestypically

result in continuousDTA curves while chemical reactionsand phase changes

result in peaks superimposedon the continuouscurve. Melting of a phase,

for example, might producean endothermicpeak, while oxidationwould be

expected to produce an exothermicpeak. The size of these peaks is a

function of the amount of sample present,the heatingrate, and the

sensitivityof the instrument. For detailedmeasurements,it is necessaryto

make a number of trial runs to determine the sensitivitycapabilitiesof the

instrument.

TGA measurementsare obtained by continuallymonitoringthe mass changes

of the sample and referencepowders. The sample and referencecruciblesare

placed on a thin alumina rod that also serves as a thermocoupleinsulator.

The rod is connectedto a differentialvariabletransformerso that small

mass changes can be measured simultaneouslywith DTA measurements, i'lese

mass changes are recorded on a strip chart. Typically,volatilizationand

dehydrationresult in weight losses,while oxidationresults in weight gains.

Weight change determinationsof a few tenths of a milligram are possible.

The actual sample temperatureis monitoredduring a run by means of a

thermocoupleadjacentto the crucibles.The furnace temperatureis controlled

by a separate thermocouplenear the furnaceelements, lt is necessaryto

calibratethe sample temperaturefor the instrument. For the DTA/TGAsystem,

the sample temperaturewas calibrated by using the melting and freezing

points of NaCl and gold.

In the present studiesNiO was used in all cases as the DTA reference

material. Some preliminarywork showed the superiorityof NiO over Al203, as
NiO more closely matchesthe heat capacity of the cermet material. The
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masses of the sample and referencematerialslay in the range 0.1 to 0.2 g.

Both materialswere particulatein nature, and were poured into the

6-mm-diameter(I.D.) aluminacrucibleswithout compaction.

The gas flow through the systemwas typicallymaintainedat 60 to

140 I/h. The homogenizationof the inlet gas was ensured by blendingargon

and air streams (derivedfrom standard compressed-gascylinders),then

passingthe blended stream througha tube containingTeflon® beads.

The oxygen content of the gas l_ixturewas monitoredwith a solid

electrolytesensor (yttria-stabilize_1zirconiumoxide) using air as the

referencegas. The sample cruciblesare bathed in the inlet gas in a small-

volume chamber, so the oxygen content at the sample is expected to be

reasonablyconstant over the course of a test. However,the compositionof

the atmospheresreported herein must be regarded as approximateonly, because

the oxygen monitor was calibratedfor the present scopingstudiesusing

oxygen-argongas mixtures containingonly up to 10 ppm oxygen.

The post-testx-ray diffractionanalysisof the cermet sampleswas

conductedusing a computer-controlledPhilipsAPD 3620 System, using copper

Ke radiation and a graphite crystal diffractedbeam monochromator.

® Teflon is a registeredtrademarkof E. I. du Pont de NemoursCo., Inc.,
Wilmington,Delaware.
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3.0 RESULTS

A total of five runs were made in the course of the presentscoping

study. Each run utilized a differentoxygen concentrationin the argon

carrier.qas:

Run No. Oxygen Concentration,DDm

I 0 to 10 ("pure"argon)

2 8000

3 SO

4 200

5 520

A heatingrate of 300°C/h and a maximum temperatureof 1300°C was used

in all tests.

The DTA/TGAdata from Runs I through5 are shown in Figures3.1 through

3.5, respectively. The TGA curve is the heavier line and weight loss is

indicatedby a shift to the right. Full scale on the figures is equivalent

to a weight change of 50 mg, so each small division is equal to 2 mg. The

thinner line is the DTA curve. Endothermicprocesses(relativeto the

standard)shift the DTA curve to the left. The sharplypeaked curve

emanatingfrom the right-handordinate is the temperaturetrace.

Some featuresmay be noted in the figuresthat appear to be independent

of the oxygen content of the atmosphere. The first of these is the

temperatureat which.theweight loss occurs due to volatilization/pyrolysis

of the organic binder added in the preparationof the spray-driedNiO-Ni

Fe204 powder. The binder material is believed to be a mixture of polyvinyl
alcohol (PVA) and polyethyleneglycol (PEG). The figures indicatea definite

sample weight loss beginningat about 300°C and ending in the range 500 to

580°C, with a slight break in the weight loss slope at about 400°C. Two

small exothermicpeaks occur in the DTA curve that bracketthe temperature

where this break in the slope of the weight loss curve appears.
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FIGURE3.2. DTA and TGA Test Results,CermetSpecimenTested
in an Argon/8000ppm OxygenAtmosphere
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FIGURE3.4. DTA andTGA TestResults,CermetSpecimenTested
in an Argon/200ppm OxygenAtmosphere



FIGURE 3.5. DTA and TGA Test Results, Cermet Specimen Tested
in an Argon/520 ppm Oxygen Atmosphere
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The apparenttwo-stagebinder loss is consistentwith a two-component

binder mixture. Some pyrolysisof the binder materials (reactionwith either

oxygen in the gaseous environmentor oxygen derived from a solid oxide

phase) may be giving rise to the two exothermicpeaks noted. On the other

hand, it is possiblethat the break in the weight loss curve might be caused

by additionof two curves: a weight loss curve, from binder evolution,and a

weight gain curve, from copper oxidation. The present data do not permit a

differentiationto be made, though lack of evidence of a general exothermic

reaction in the DTA curve beginningat -400°C that could correspondwith and

support the copper oxidationpostulationtends to discountthe curve-addition

explanationfor the break in the curve.

The weight loss for the sample tested in "pure" argon, Figure 3.1, based

on the part of the TGA curve indicatingthe loss of the organic binder, is

about 4%. The weight loss for the sample tested in the atmospherecontaining

8000 ppm oxygen, based on the same part of the curve in Figure3.2, is about

3%. lt is not known whether there was less binder to begin with in this

sample, or whether the weight gain associatedwith the oxidationof copper

made the binder loss simply appear to be less. Other runs (Runs 3 through 5)

yielded sample weight losses ascribableprimarilyto the loss of the organic

binder in the range 4 to 4.5%. The overall sample weight loss, determinedby

pre-test and post-testsample weighings, also lay in this range. The effect

of oxygen in the environmenton the rate of binder loss does not appear to be

significant.

Another feature that consistentlyoccurred in the DTA traces,regardless

of the oxygen content of the sinteringatmosphere,was an endothermicpeak at

-1160°Cduring the heatingcycle in all tests. Apparently associatedwith

this endothermicpeak is an exothermicpeak, at either 990°C (test in "pure"

argon and tests with 50, 200, and 520 ppm oxygen) or 1100°C (testwith

8000 ppm oxygen). The four low-oxygen-testresultswill be discussed first.

In order to interpretthe DTA curves with any degree of confidence,it

is necessaryto estimate the reactive-phasemakeup of the specimenas a



function of time.(a) Assistance in this regard is affordedby the TGA curve,

which allows us to estimate the amount of oxygen picked up by the sample;and

equilibriumphase relationshipsin the Cu-O system;(b)and post-testXRD

analysisof the cermet sample.

If we approximatethe atmospheresin the four low-oxygenruns with one

containing100 ppm 02, we can conclude from thermodynamicdata that from room

temperatureto -700°C CuO can form; between~700°C and ~1220°CCu20 is the

stable phase; and from 1220°C to 1300°C liquid copper containingoxygen is

the expected phase.

The TGA traces suggest that I to 2 mg of oxygen had been picked up by

the specimensin the course of the tests. This is enough oxygen to convert

15 to 30% of the copper present to CuO, or 30 to 60% of the copper present to

Cu20, dependingon the kinetics of oxide formationand the rate of approach
of the system to equilibrium. While it is impossibleto tell from TGA data

which oxides are present, the post-testx-ray diffractionanalysisof the

sample exposed in the "pure argon" run showed presenceof Cu, Cu20, NiO, and

NiFe204. The x-ray diffractiondata are summarizedin Figure3.6. No CuO
was found, apparentlybecause the now-consolidatedsample could not readily

form significantamounts of the equilibriumoxide, i.e., CuO, on cooling

through the temperaturerange in which this phase is stable. The data

obtained from the TGA and XRD analyseswould, in any event, suggestthat a

significantamount of metallic copper phase is still presentat the time the

1160°C peak occurs.

(a) The reactive phase is consideredto be primarilycopper,once the binder
phase has volatilized,so emphasis has been placed here on copper and
its reactionswith oxygen in the test environment, lt is recognized
that some nickel is also containedin the copper phase, apparentlydue
to reaction of the binder with NiO. This nickel is presentto the
extent of -20% of the metal phase, typically,andwould be expectedto
react preferentiallywith gaseous oxygen. Thus, the estimatespresented
here of the amounts of copper remainingin the specimensafter reaction
with gaseous oxygen would be expected to be low.

(b) An excellentsummary of the thermodynamicsof the Cu-O system is
provided by Neumann, Zhong, and Chang (1984).
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The endothermicpeak would appear to be at too high a temperatureto be

associatedwith the melting point of copper (I085°C),and the exothermicpeak

too low. In spite of this disagreement,it is currentlybelievedthat this

pair of peaks is associatedwith the melting and re-solidificationof copper,

for the followingreasons:

I. The mean of the temperaturesof the two peaks is, in the case of the
four low-oxygentests, very close to the melting point of copper.

2. There is no other evidence for the melting and re-solidificationof
copper on the DTA curves.

3. There are no other reactionsin the Cu-O or NiO-Fe_OA system that are
currently known to be associatedwith the two temperaturesnoted.

4. The extent of the reaction betweencopper and oxygen is far from
complete,ensuring presenceof copper metal.

If the melting point of copper were responsiblefor the peaks, then the

melting point overshootwould representa superheatingof the copper

particles, and the freezingpoint undershootan undercoolingof the (now

molten) copper particles. The overshootor undershootwould representa AT

of 80° to I00°C. This is consistentwith the theory of heterogeneous

nucleationof phase changes,which states that the tendency for a liquid

droplet to solidify (or by extension,for a droplet to melt) is proportional

to the droplet surface area, as the number of nucleationsites is

proportionalto the surfacearea of a droplet. Hence, very small particles

of a material of high purity (e.g., the copper particlesin the cermet

powder) would be expected to show a great deal of superheatingand

supercoolingtendency. Turnbull and Cech (1950)showed that small bcc or fcc

metal droplets were capable of exhibitinga supercoolingof 18% of their

absolute melting points, or a 240°C supercoolingin the case of copper. This

degree of supercoolingis much greater than that invoked in the present

discussion.

An additionalobservationsupportingthe formationof liquid phase

copper at 11600C is the continuingapparent endothermicnature of the DTA

trace after the peak, until the maximumtemperatureof 1300°C is attained.

Such relative endothermicbehavior is consistentwith a higher heat capacity
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of the sample and a lower thermal conductivityrelative to the standard,both

of which would be associatedwith the copper phase being in the molten state

between the two peaks noted.

An interpretationof the test using an atmosphereof 8000 ppm oxygen can

be made in a similar fashion. The thermodynamicinterpretation,which of

course presumes equilibriumsituations,is as follows: CuO is the

thermodynamicallystable oxide phase in the 8000 ppm oxygen environmentat

temperaturesbetween room temperatureand -900°C. In the temperaturerange

of -900°C to ~1200°C Cu20 is the stable phase. Above -1200°C in the

environmentspecifiedCu20 is molten. Some CuO could form as the samplewas
heated from room temperatureto 900°C; how much is of course not known

exactly, as non-equilibriumCu20 would be expectedto form at the interface
between the CuO and the metal during this period. [In the high-temperature

oxidationof massive copper, in the range of conditionswhere CuO is

thermodynamicallystable,more Cu20 forms, in general, than CuO, becausethe

diffusivityof oxygen through Cu20 is much more rapid than throughCuO
(Uhlig,1948)].

The TGA curve of Figure 3.2 shows that by the time the 1160°Cpeak

occurs, -4 mg of oxygen has been picked up. If only Cu20 formed,this
represents 130% of the oxygen required to convert all of the copper to oxide.

If, on the other hand, some CuO formed on heating to 900°C, which could not

dissociaterapidly into Cu20, and if binder-reduced-nickeloxidationconsumed
a significantfractionof the oxygen, then some copper phase may have been

availableto give the "superheated1160°C response." Post-testx-ray

diffractionanalysis (Figure3.6) revealedno CuO and no copper phase,only

Cu20, NiO, and NiFe204, so the foregoingexplanationcannot be defendedby
post-testanalysis of the sample. However, the fact that significant

oxidation (an additional2 mg, by TGA analysis)occurredafter the 1160°C

peak implies that some copper remained at the time of the 1160°C peak.

On cooling, the exothermicpeak occurs at 1100°C. This temperatureis

-110oC higher than the exothermicpeaks seen in the low-oxygentests, and
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likely reflects the supercooledsolidificationof "L2", a high-oxygen-content

liquid copper in equilibriumwith Cu20 and oxygen at 8000 ppm (Neumann,
Zhong, and Chang, 1984).

Considerableeffort has been placed here on attemptingto interpretthe

endothermic/exothermicDTA peaks in the vicinity of 1100°C. This is because

they are believedto be associatedwith the reactionof copperwith oxygen,

and because it is believedthat the reaction of copper with oxygen at high

temperatures,in the sinteringprocess as well as in the electrolyticcell,

is importantin dictating the effectivelife of a NiO-NiFe204-17%Cu anode
material. Many uncertaintiesare associatedwith the analysispresented

here, but it is believed that the major factors have been addressedto the

extent justified on the basis of the limitedtests conducted.
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4.0 DISCUSSION

The scoping studiesconductedin the course of this investigation

provided some qualitativeinformationon the gross nature of the reactions

occurringduring the sinteringoperation" binder evolution;metal phase

melting, solidification,and oxidation;and the nature of the reaction

products formed. In general,the DTA/TGAobse_'vationswere in qualitative

agreementwith thermodynamicexpectationsand past work experiencein

fabricatingcermet anodes.

The apparentsuperheat/supercoolof the metallic Cu/Ni phase was

unanticipated, lt is not known whether the degree of superheat/supercool

would vary with powder blending or powder compactionpractice (possible

variation in nucleationsites for phase transformation),or whether the

processing and final propertiesof the anode would be significantlysensitive

to the phenomenon. The DTA/TGAdata obtained in the scopingstudiesprovided

only a limited insightinto the complex behaviorof the cermet material

during sintering. Becauseof the complexityof the potentialinteractions

between cermet constituents,binder,and environmentaloxygen,multiple

interpretationsof the data affordedby the DTA and TGA analysis are

possible. In order to fully understandthese data, and associatethem with a

substantiallyimprovedunderstandingof the sinteringprocess, a significant

amount of additionalDTA, TGA, and analyticalsupportwork would be

required.

For example, to determinewhether there are reactionsoccurringbetween

the copper phase and the NiO or NiFe204 phases an investigationwould have
to be made utilizingthese constituentsonly in the sample,without binder,

and the atmosphere should be inert. To determinehow much of the weight loss

ascribed to binder volatilizationwas binder and how much was oxygen from

binder reactionwith the oxide constituentswould require supportinginert-

atmospherestudies and post-testanalysisfor metal phase, preferablyas a

function of binder _nitiallypresent. To determinewith accuracy the amount

of binder leaving trlespecimen as a function of oxygen fugacity in the

environmentwould requireadditional studiesof copper (only) in an

environmentof varyingoxygen fugacity,so that the weight loss ascribed
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primarilyto binder volatilization/pyrolysiscould be correctedfor the

weight gain of the specimencaused by oxygen reactionwith the copper phase.

"Standard"runs using samplesof NiO and ferrite (individually)should be

made in addition to copper,to be certainthat their weight change behavior

in a varying-oxygenenvironmentis not significant,and that the exo-/endo-

thermicityof their behavior is thoroughlyunderstood. And, of course,the

effect of heatingrate and sample density on the kineticsof the reactions

involvedrepresent importantuninvestigatedvariables.

Because such supportingstudieswere deemed tobe both essentialas well

as beyond the scope of the presenteffort, it was decidedthat the DTA/TGA

studieswould be terminatedat the scoping-studylevel, without completing

the test matrix outlined in the FWP WBS Element0401, Optimize Anode Firing

Conditions.

lt is believed that an improved understandingof the reactionstaking

place in the sinteringprocess is essential for developingsatisfactory

scaled-upanodes, and that DTA/TGAwill play an importantrole in developing

such an improved understanding. The tests describedherein have provided a

good insight into the types of supportingtests t_latwill be required to make

such future investigationsuseful,but specificrevelatoryinformationwill

have to await the conduct of the future studies.
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5.0 CONCLUSIONSAN_ RECOMMENDATIONS

An assessmentof the results of the present study has been made in light

of past anode fabricationpractice,both full-scaleand laboratory-scale,and

on perceivedinformationn_eds based on these data. The following

conclusionscan be drawn from this oversight"

• The DTA/TGAdata obtained in the present study was in qualitative
agreementwith historicaland thermodynamicexpectations.

• The insightsobtained by DTA/TGAmethods into the complex reactions
taking place in a cermet body are qualitative,and capableof multiple
interpretationsin the absenceof supportinginformation.

• FurtherDTA/TGA experimentsare not recommendeduntil some of the
sinteringreactionsare better defined.

In order to obtain some of the fundamentalinformationrequired for the

fabricationof high-qualityinert anodes,the Followingrecommendationsfor

future investigationsare presented:

• An investigationshould be undertakento determinethe extent and rate
of the reactionof the binder with the constituentsof the cermet anode
during sintering. Sinteringexperimentsshould be conductedusing
cermet specimenscontainingvarying amountsof binder (e.g.,0 to 5% by
weight), and the compositionof the metal phase and the degree of
porosity should be determinedafter sintering. These experiments
should be performedwith and without copper phase in the specimens.
Specimenswithout copper phase present could be fabricatedby using 5324
spray-driedpowder without a copper addition.

During these experiments,the compositionof the exit gas from the
sinteringfurnace should be determinedas a function of time and
temperature. (Ideally,all large-scaleanode sinteringshould be
accompaniedby monitoringthe 02/H20/H2/CO/CO2 partial pressuresin the
inlet and exit furnacegases. A suitablealternativewould be to have
an excellentunderstandingof the cermet/furnace/furnaceheating
element/bindersystem,so that the processesgoing on during sintering
would be completelypredictable.)

Experimentsshould be designed to determinethe reason for the
beneficialresults derived from the I070°C "hold" in the sintering
operation, lt should be determinedwhether it is required because of
(a) reducing-agentdissipation,permittingcopper oxidationand/or
preventingnickel reduction,or because of (b) the formationof gas
pressurizationof the anode due to binder decomposition/evaporation,or
because of (c) some other phenomenon.
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• The basic evaporation/decompositionkineticsof the binder alone should
be determined as a function of time and temperature. These studies
would assist in determiningwhether binder vapors,or binder furnace-
wall deposits, are responsiblefor the high oxygen requirementsin the
sinteringatmosphere;and they would assist in ascertainingwhich
binder(s)is (are) most suitable for the purposeof making cermet
anodes.

• Experimentsshould be conducted to determinewhether binder reJnoval
without reaction with the anode's constituentoxides can be
accomplished,or if reductionof cermet constituents,such as NiO,
occurs at the lowest practicablebinder removal temperature. Also, the
effect of anode size on binder eliminationmust eventuallybe
determined.

• The tendency for liquid copper containingoxygen to wet the surfaceof a
ferrite should be determined as a function of oxygen concentration,
Contact-angledeterminationsof sessiledrops of Cu-O alloy on a flat
ferrite surfacecould yield these data. This informationwould assist
in predictingthe behavior of the copper phase both within and on the
outer surfaceof the anode, and assist in interpretingthe
microstructuresin anode materials.

• The intrinsicresistance of the metal phase of cermet anodes to
oxidationduring sinteringand to corrosion/dissolutionresistance in
the electrolyteof an electrolyticcell, as well as to corrosionin the
vapor phase of the cell, is not currentlyknown, and should be
determined. Test specimensshould be fabricatedwith Cu-Ni alloys
ranging in compositionfrom pure copper to Cu-20 wt% Ni, and exposedto
electrolyticcell environmentsfor time periodsof 100 hours or more.
Analysis of these specimenswill permit a determinationof the
importanceof nickel contaminationof the copper phase to be made. If
the tests were performedover various time periods, it would be possible
to determinethe kinetics of the formationof the various reaction
phases formed.
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INTRODUCTION

This brief report documents the PacificNorthwest Laboratory's (PNL's)

experience in inert anode fabrication. A large quantity of informationexists

in several PNL Laboratory Records Books (LRB's)regarding anode fabrication

parameters, process developmentsand anode compositions. This informationhas

been consolidatedand summarized in a computer based spreadsheet. The

spreadsheet summary represents about 200 separate sinteringtest runs

conducted at PNL; the first 13 of these are omitted from the spreadsheet

because the informationis incompletefor these initial trial runs.

FABRICATIONDEVELOPMENT

The primary goal of PNL's anode fabricationand developmenteffort was

to produce a standard cermet anode for testing in laboratory Hall Cells used

for the electrolyticproduction of aluminum. A standard cermet composition,

834 NiO-NiFe204/174Cu, was the compositionused in most of the test runs. As

a secondary goal, the compositionof the cermet was varied in attempts to

improve the microstructure,the sintereddensity and possibly the electrical

conductivityof the anode.

Fabricationdevelopmentof the standardcomposition cermet anode

progressed from a low density, porous cermet anode having a high copper loss

during sintering, to an anode having a relativelyhigh density and uniform

copper dispersion (see Figure 1). Figure 1 illustratesa typical

microstructureof a standard compositioncermet anode obtained using optimum

processing parameters. Improvementsto the cermet microstructureand other

properties have also progressed. The standard 174 copper cermet has an

electrical conductivityof ~100 ohm"1 cm-1. This conductivitywas doubled to

~200 ohm-1 cm-1 by adding about 0.5 wt4 aluminum to the cooper when processing

the cermet material. The electrical conductivityof the cermet was increased

to nearly 700 ohm-1 cm-1 by using a Cu/Ni metal mixture containing a small

amount of aluminum. A typical microstructureof an anode containingthe

Cu/Ni/Al metal phase is shown in Figure 2; the material shown has a relatively

low density of 6.0 g/cm3. The microstructureand density of the anodes

fabricated using the added alloy and vibratorymilling (vm) is much improved
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FIGURE 1. Typical microstructure of a NiO-NiFe204/17wt_ Cu composition cermet
anode obtained using optimum processlng parameters. Material shown

I from Run 170 (See Table 2).
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FIGURE2. Typical microstructure of "high alloy" (21 wt_ Cu, 3 wt_ Ni,
0.5 wt_ AI) composition cermet anode. Material shown from
Run 189-2 (see Table 2).



(see Figure 3). These two samples from Runs 173 and 172 are very similar in

density and microstructurebut differ significantlyin electrical

conductivity;the sample containing the trace of aluminum has a much higher

electrical conductivity.The benefit of this enhanced conductivityhas not

been fully addressed in cell testing, nor has the durabilityof this anode

compositionbeen thoroughly examined in laboratory-scaletests.

The followingexplanationsand descriptionsare presented to assist the

reader in the review and understandingof this summary report and accompanying

spreadsheet.

SPREADSHEETLABELS AND PROCESS DESCRIPTION

Run Numbers

Run numbers are consecutiveand identify a group of anodes sintered in

the same test run.

ID

Identificationnumber for the individualanode within a run, but must be

taken together with the designationof the anode type to define an individual

anode. Each individual anode is not documented in the spreadsheet. Often, a

typical anode is used to representseveral in a series having the same

composition and identicalfabricationparameters.

Type

There are three basic anode shapes, unless otherwisenoted under

comments.

Type Xr Figures 4 and 5.

All test runs includedthe type X anode, lt was cold pressed with

existing tooling using the semi-automaticmode of a double-actinghydraulic

press. Several samples are usually pressed in a particularfabrication

process using a specific powder composition.

Type Y Figure 6 and Modified Tzp_eY Figures 7 and 8

These figures illustratea typical Type Y anode. Most of the Hall Cell

_!| electrolytictests conducted at PNL used this type of anode. The shape was
W
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FIGURE 3. Typical microstructureof "high alloy" compositioncermet anodes
with and without addition of aluminum. Material shown in upper
photomicrographfrom Run 173 (21 wt_ Cu, 3.5 wt_ Ni, 0.44 wt_ Al)
has greatly increasedelectricalconductivitycompared to material
shown in lower photomicrographfrom Run 172 (21.25wt_ Cu, 3.75 wt_
Ni). (See Table 2 for additionalinformationon Runs 173 and 172.)



FIGURE 4. Type X standard NiO-NiFe204/17wt_Cu compositioncermet anode. Very
few anodes were tested using the connection rod shown. The
cylindrical samples (left anode) were about 0.4 in. dia x 1 in. long
and were used to evaluate fabricationparameters.
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FIGURE 5. Type × anodes having variable metal content. Left anode: standard

NiO-NiFe20_/17 wt_ Cu. Middle Anode: NiO-NiFe 04/25 wt_ Cu showing
excessive Lu bleeding from the material. Right2Anode: NiO-
NiFe_04/25 wt_ Cu/Ni alloy (85_ Cu, 15_ Ni) showing no metal phase
bleeaing. Samp]es shown are typical of those used for density
evaluations.



FIGURE 6. Type Y standard NiO-NiFe204/17 wt% Cu composition cennet anode.
Left: green body. Righl_: Sintered body. Typical shrinkage on
sintering is 16_. Sizes made were about 1.25 in. dia x 1.5 to _.5
in. long. Type Y anodes of this type were used in numerous cell
tests as indicated in Table 2. Electrical connections were made by
furnace brazing a Ni rod into the hole.
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FIGURE 7. Modified Type Y standard NiO-NiFe204/17 wtr Cu composition cermet
anode. Shape obtained by machining green body. Sintered dimensions
of about 1.3 irl. dia x 2,4 irl. long with a 1 in. recess having
_0.25 in. walls. A 3/16 irl, Ni rod is shown after furnace brazing
to obtain the electrical co_nection,



FIGURE 8. Modified Type Y standard NiO-NiFe204/17wt_ Cu compositioncermet
anode. Anode shown is from Run 30 (see Table 2).
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cold pressed to consolidate the powder, then sealed in a light-weight rubber

bag and cold pressed at 20 kpsi.

Type C Figures 9 and 10

These figures illustrate a typical Type C anode. Type C anodes were

used in later PNL laboratorycell tests and are a small scale version,

~1.5 in. dia X 3 in. long, of the larger prototypeanode used in the prototype

anode test. The thin wall, heavy bottom cup design is formed when the packed

cermet powder is isopressedaround a coated mandrel in a flexibleurethane

mold. This design has the advantageof using less cermet material and

providingthe cup recess to protect the electrical/mechanicalconnection.

Composition

The compositionof each anode sample is listed as a weight percentageon

the spreadsheet. The duplex oxide, NiO-NiFe204,has been spray dried, (SD on

the spreadsheet). Spray-dryingyields a spherical,free-flowinggranule of

powder ~50 microns in diameter. These granulespack to a tap densityof

~2.0g/cm3. A green (i.e. unsintered)density of ~3.35g/cm3 can be expected

when pressed at 20 kpsi. The relationshipbetween applied pressure in forming

the anode green body and its final density is shown in Figure 11 for Run 147.

This shows both the green and sintered density versus the pressing pressure

for both NiO-NiFe204and the standard834 NiO-NiFe204/174Cucermet powder. In

Run 147, the oxide sample,pressed at 20 kpsi, was held 8h at 1200°C to yield

a nearly theoreticaldensity (TD) of 5.7 g/cm3. The final sintered density

may vary from the theoreticaldensitybecause of reductionof the NiO to Ni by

the organic binder used in the manufactureof the spray dried powder. This

reductionalways results in a Cu/Ni metal alloy phase in the final sintered

anode body. This 1004 oxide sample is used as the density standard to compare

densitiesobtained from the various sinteringruns and processes.

Five different lots of the spray dried powder were used during tests

described in this report. A comparisonof the characteristicsof the five

lots of powder is shown in the results of the sinterabilitytests conducted in

Run 99 (1200°C)and Run 100 (1300°C);both tests were 8 hours in duration (see

Table I). Minor differences in density are seen by comparingthe resultsof

the 1200°Cand 1300°C sinteringtemperatures. The differencesmay also be

11
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FIGURE 9. Type C standard NiO-NiFe204/17wt_ Cu compositioncermet anode.
Sintered anode dimensions of about 1.5 in. dia x 3 In. long having a
recess of ~1.5 in. deep with thin (_0.125in.) walls. Ni rod is
threaded into anode for the electricalconnection.
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FIGURE 10. Type C standard NiO-NiFe204/17 wt_ Cu compositon cermet anode.
Sintered anode dimensions of ab_)ut i.5 in. dia x 3 in. long having

4 a recess of ~1.5 in. deel] with thin (_0.125 in.) walls. Threaded
Ni rod tor e]ectrica] connection1 is showrl with protective alumina
sleeve.
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FIGURE 11. Relationshipof fabricationpressing pressure to anode green and
sintered density for both the NiO-NiFe204spray dried powder and
the standard NiO-NiFe204/17wt% Cu com_pos!tlonce_rmet: Upper
Graph: NiO-NiFe204; Lower Grap.: NiU-flII-e2u41xlw_ _u.
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TABLE 1. SinterabilityTesting of NiO-NiFe_O4 Powders. All sampleswere
pressedto 20 kpsi using a double_-actionhydraulicpress. Pellets
in Run 99 were sintered at 1200°C for 8h, and those in Run i00
were sintered at 1300°C for 8h.

Green Sintered

Density( Density Wt
Lot Run ID (qm/cm_) (qm/cmj) Loss(%)

First Lot (-I lb.) #5324 99 I 3.37 5.71 4.4
1-50 lb. Container 99 2 3.40 5.69 4.4

99 3 3.23 5.64 4.2

100 1 3.44 5.65 4.5
100 2 3.46 5.74 4.9
100 3 3.30 5.72 4.8

P67 Al 99 4 3.37 5.68 4.5
2-50 lb. containers 99 5 3.22 5.65 4.7

100 4 3.23 5.69 4.4
100 5 3.17 5.62 4.8

P67 A1 99 6TM 3.55 5.74 4.7
Vibratorymilled 2 hours 99 7(a) 3.50 5.84 4.5

100 6(a) 3.48 5.74 4.5
100 7(a) 3.51 5.72 4.6

P73 A1 99 8 3.27 5.65 5.8
6-50 lb. Containers (a'b'c) 99 9 3.29 5.64 5.7

99 10 3.17 5.57 5.5
99 11 3.26 5.62 5.5
99 12 3.24 5.62 5.5
99 13 3.27 5.65 5.7

100 8 3.40 5.69 5.6
100 9 3.32 5.62 5.3
100 10 3.30 5.67 5.9
100 11 3.26 5.68 6.2
100 12 3.29 5.66 5.9
100 13 3.25 5.67 5.9

P68 A1 99 14 3.28 5.67 4.7
2-50 lb. Containers (d) 99 15 3.22 5.66 4.8

100 14 3.40 5.69 4.6
100 15 3.37 5.69 4.5

(a) Pellets labeled6 and 7 were preparedusing oxide powder which was
vibratorymilled prior to pressing,and sintereddensitiesare higher.

lh_ ___n lh rnnf_.=_ _= _n _torage (_ nf ,tune 91, IqRQ) in Building 303,1._l ......................

(c) 1-50 lb container is currently being used in laboratory tests.
(d) 2-50 lb containers are in storage (as of June 21, 1989) in Building 303J.
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relatedto the powder lot, powder density and weight loss during sintering.

Apparently,variablesin powder preparation are reflectedin differencesin

these parameters.

The metal powders, certifiedto be gg.g_ pure, were purchased from the

followingsources:

Supplier Listed ParticleSize

Aremco Products, Inc. ~5-15/_mCu and 3/_mNi

Cerac, Inc. <2/_mCu and lO/_mAl

Alamo Supply Co., Inc. ~5-15/_mCu

Greenback Industries,Inc. g5_o<44/_mCu

Initially,the fabricationof the anodes used copper powder obtained from

Aremco Products, Inc. and Cerac Inc. Differencesin copper particle size did

not appear to affect the performanceof the powder. Later work, includingthe

preparationof the material used to fabricatethe prototypeanode, used copper

obtained from the Alamo Supply Co., Inc. which resulted in a final cermet very

similar to that obtained using copper obtained from Aremco Products,Inc. A

sample of copper powder obtained from Greenback Industries,Inc. also produced

a final cermet microstructurevery similar to that obtained using copper from

the other sources indicated. The nickel and aluminum powders used in the

preparationof anodes having high metal alloy content were obtained from the

commercial vendors indicated.

A few anode sampleswere fabricatedusing powdersthat were prepared at

PNL by a freeze drying technique. This approach is discussed below under

fabricationdescriptions;other variations in compositionare noted under

comments.

FabricationDescription

Spray Dry - (SD)

A slurry of the nickel ferrite powder,water and an organic binder is

forced through a spray orifice and allowed to free-fallthrough hot air which

provides rapid drying. The size and density of these discrete spherical

granules is controlled by the viscosityof the slurry,the size of spray

16



nozzle, and/or selectionof the binder. This brief descriptionof an open

spray dry process illustratesthe preparationof the NiO-NiFe204powder used.

This work was done by the Aluminum Company of America (Alcoa)and the

StackpoleCorporation. Detailsof the preparationof the spray dried NiO-

NiFe204powder are consideredproprietaryinformation;however,much of this

informationis contained in reportspublishedby Alcoa.

Freeze Drv- (FD)

Some limiteddevelopmentwork conductedat PNL is shown on the

spreadsheet. Freeze dried powdersare prepared by spraying a salt solutionof

the powder through an orifice into a bath of hexane,which flash-freezesthe

solution into sphericalbeads. For example, a solutionof CuSO4 was used to

produce the copper metal powder, and FeSO4 and NiSO4 were used to produce the

duplex oxide powder. These sulfateagglomeratesare dried in a freezer, then

heated to decompositionto produce a highly reactiveoxide powder. The powder

may be processed at this point, or it may be reducedto a highly sinterable

metal powder, as was done with the copper. The freeze dried powders have an

extremelyhigh surface area and a low die fill density,yet, sinter at low

temperatureto a high final density.

Process/Milling

Conventionalpowder preparationprocesseswere used to improvethe

homogeneityof the cermet powder and to determinewhether or not comminution

would improve sinterability. Tubular bending (TB) is a process amenableto

the as received (AR) spray dried oxide granules. This shaker-mixerprovides a

three dimensionalmotion that uniformlymixes the powders while maintaining

the integrityand flowabilityof the granules.

In some tests, vibratorymilling (vm)was used to increasereactivityand

disperse the copper in the oxide particlesbefore consolidation. Normally

this would be done before the final spray-drygranulatiun. In this case, the

procedurewas reversed, since, the spray dried powder was available,but a

spray dryer was not. The high energy vibrationmilling was done with close

pack(_80_),½" steel balls either dry, (D), or wet, (W), as indicatedon the

spreadsheet. The data indiate that the vibratorymilling may result in

increaseddensity, or a reductionof sinteringtime or temperature. Vibratory

17



milling was also effective in obtaining mechanical alloying of the metals used

for preparation of anodes having a high metal alloy content.

Sintering

Sintering information shown on the spreadsheet includes temperature in

degrees Celsius, partial pressure of oxygen (ppm) and time in hours (h)

indicting soak time at the sintering temperature. These parameters were

selected based on experience and the results of processing of powders on

previous runs. In some cases, sintering information was recorded "as run" due

to some malfunctions in the furnace temperature cycle program. In early test

runs the 02 level during sintering was difficult to control, and the sample
anodes often had excessive reduction or oxidation. These runs are marked

"scrap" under comments.

The heating and cooling rates are not shown on the spreadsheet. However,

a general pattern was established for the small anode samples as a result of

Thermal Gravimetric Analysis (TGA) studies conducted early in the fabrication

development program. Figure 12 is a sample TGAplot. The following comments

relate to the TGA plot:

• Sample composition: 834 NiO-NiFe204/174Cu pressed at 20 kpsi with

dimensions0.2515 in. dia x 0.468 in. long. Sample weight was

1.3672 grams and the density was 3.59 g/cm3.

• Total weight loss was 3.84, similar to other results obtained using

the first oxide powder lot. However, in using later lots, the

weight loss increasedas much as an additional24 (see Table 2, Runs

99 & 100).

• The TGA curve shows a continuousweight loss at the l°C/min,heating

rate. Three somewhat linear slopes are identifiable: I) Ambient to

300°C with ~104 loss; 2) 300°C to 400°C with ~504 additional

weightloss;and 3) weight loss complete at 630°C.

• In another TGA run, the sample was held overnight,~16 hours, at

375°C and a 734 weight loss resulted. However, a final temperature

of 630°C was necessaryto obtain further weight loss.

A
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FIGURE 12. Weight loss during sinteringof an 83 wt%
NiO-NiFe204/17wt% Cu Cermet sample. The
sample was sintered in an argon atmosphere
which contained200 ppm 02. The sample was
heated to I000°C at 1°C/m]n,held at I000:C
for 2h, and allowedto furnacecool. The
final density was 6.1 g/cm, and the total
weight loss observedwas 3.8%.
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• These results suggest that a slower heating rate is desirableduring

the first 600°C of the cycle. Heating rates as low as 15°/h have

been used at PNL on larger anodes.

• The TGA results show a final temperatureof 1300°C to complete the

sintering (not shown on the TGA curve). The heating rate was

l°C/min,to a temperatureof 1000°C where it was held in argon

containing 200 ppm level of 02. The 02 was then increasedto 500ppm

and the sample startedgainingweight. 02 was reduced back to 200

ppm and the weight stayed the same duringthe 1300°C sinteringsoak

period. The sample's I mg weight gain was lost on cooling from

1300°C to room temperature. The cooling atmospherewas argon with

~20 ppm 02.

° The sample's sintered density, as determined by water immersion,was

6.1 g/cm3 with very minimum Cu "bleeding".

° Minimum Cu bleeding can be obtained by maintaining a slow heating

rate early in the cycle. The exact rate will be dependent on anode

size; heating rates as slow as 15°C/h have been used at PNL. Hold

the temperatureat ~1075°C just below the melting point of copper

for a period of time about half that used at the maximum sintering

temperature. Then proceed slowly to the sinteringtemperatute.

Density

The density of the anode samples is shown both as pressed green density

(GD) and final sintered density (SD). The GD is based on precise measurements

and calculations. The increaseof green densitywith increasingfabrication

pressure is very slight above 20 kpsi, see Figure 11. The increase in green

density relative to sintered density is a more importantcorrelation. The

increase in sintered density (SD) above a fabricationpressure of 20 kpsi,

(againsee Figure 11) is insignificant. Although it is essentialto have

adequate fabricationpressure,excessivepressure will either damage the green

body, cause damage that shows up during sinteringor, at best, result in minor

increasesin sintered density. The sintered density (SD) determinationsshown

on this spreadsheetwere made by water immersion.
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TESTING OF ADVANCED ANODE COMPOSITIONS

1.0 INTRODUCTION

Numerous developmentanodes have been fabricatedby staff members of the

Pacific NorthwestLaboratory (PNL) in support of the Inert Electrodesand

Sensors DevelopmentPrograms. During the early part of the anode fabrication

developmenteffort, anodes having a fine microstructurewere sought. When

these techniqueswere reasonablywell-developed,anodes having an increased

metal content were also fabricated. However, only microstructural

examinationsof anodes having an increasedmetal content were performed. The

highestmetal content that could be incorporatedinto an anode was about 25

mass_ without "bleeding"of the metal phase. Anode materials having an

increasedelectricalconductivitywere also developedby adding about I mass_

Al in the metal phase of the cermetwhen the metal was milled prior to being

mixed with the NiO-NiFe204phase. Materialshaving electricalconductivities

approaching4 times that of carbon were developed,but not tested in an

electrolysistest. The purpose of this test was to test anodes of advanced

anode compositionto determinetheir materials behavior during an electrolysis

test.

Two advanced anode compositionshave been tested. In the first portion

of the test, two identicalanodes were tested at a current density of 0.5

A/cm2 for approximately70 h. One anode was then removedfrom th_:cell and

the remaininganode operated at a current density of 1.3 A/c_2 for about 20 h

and was then removed from the cell. A new anode was transferredwhile hot to

the electrolysiscell. This third a_ode was a compositeanode. The bottom

third was a high alloy material (about 25 wt_ Cu/Ni),the middle third

consisted of the 17 wt_ Cu phase, and the top third containedno metal phase.

This last anode was tested at a current densityof 0.5 A/cm2 for about 24 h.



2.0 SUMMARYAND CONCLUSIONS

During this test three anodes were tested - one at a current density of

0.5 A/cm2 for approximately66 h, one at a current density of 0.5 A/cm2 for

66 h and an additional24 h at 1.3 A/cm2, and a third anode at 0.5 A/cm2 for

approximately24 h. The first two anodes were operated together in the cell

until one anode was removed from the cell after 66 h. Results from this test

were somewhat inconclusivein that the rate at which impuritiesdissolvedin

the molten Al appear to be independentof the anode current density and anode

surface area. The extrapolatedback emf was observed to decrease during the

first 20 h, but appeared to be caused not by the anode but by changes

elsewhere in the cell.

The anode that was operated for 66 h at a current density of 0.5 A/cm2

appeared to have only a small amount of corrosion; the anode that operated an

additional 24 h at a current density of 1.3 A/cm2 appeared to have suffered

more corrosion. The composite anode that operated for about 24 h at a current

density of 0.5 A/cm2 showed little indicationof corrosion. Howeverthe upper

portion of the anode that was made of only oxide material did show signs of

degradation. In the composite anode, the differentmaterials bonded together

well and no cracks between regions of differingmaterialswasnoted in post-

test analyses.

2.1



3.0 EXPERIMENTALMETHODSAND MATERIALS

In this test, electrolysiswas started using two anodes operatingat a

current density of 0.5 A/cm2 to establisha baseline of operation. After 66 h

of operation, one anode was removedand the current densityon the second

anode was increasedto 1.3 A/cm2 and the anode operated for an additional

24 h. These anodes were constructedfrom a cermet containing25 mass_ of a

Cu/Ni/Al alloy.

A third anode compositionwas tested to determineif an anode fabricated

to have variable compositionwould survive in an electrolysiscell. This

anode was constructedof a cermet material containing25 mass_ Cu/Ni/Alalloy

in the bottom third of the anode. The middle third of the anode was

constructedof the standard 17 mass_ Cu cermet and the top third of the anode

contained no metallic phase.

The surface area of the anodes to be immersed in the electrolytewas

calculated assuming a right circular cylinder;this surface area was used to

calculatethe current needed for the test. The side wall of the anode was

assumed to be 904 efficientin carrying the current.

3.1 ELECTRICALMEASUREMENTS

A Fluke Helios I (Redmond,Washington)data logger was used to collect

voltage, temperature,and current data at a normal rate of once every 5

minutes. Separate leads were connectedto each of the two anodes; independent

voltage measurementswere made for each anode. Currentmeasurementswere made

using a Hall effect transducerat each anode. The power supply was used in

the constant current mode and the voltage varied as required to maintain

constant current. Current scans were obtained by manually lowering the

current and noting the current and voltage at steady state.

One channel of a two pen strip chart recorderwas connectedto the power

supply voltage output and the other channel across a 0.1 ohm standard resistor

in series with the electrolysiscell. lt has been observed in previous tests

at PNL that when an anode begins to corrode, the voltage, under constant

i| current cell operation, becomes erratic and begins to fluctuate. This
! observed phenomenon was used in this test to determine the operating stability
!| of the cermet anodes.
i
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A standard electrode (Burgman0Leistra, and Sides 1986) was also used to

monitor the voltage drop between itself and the anode and cathode. The

continuouslymonitored signalswere recorded using a strip chart recorder.

3.2 CHEMICAL ANALYSES

Samples of the electrolytewere taken throughoutthe test. The samples

consistedof small quantities (10 g to 15 g) of electrolyteand liquid

aluminum metal.

3.2.1 Metal Analyses

Metal sampleswere weighed after removing the glass tubing.

ApproximatelyI g of each metal sample was weighed accurately and dissolved in

concentratedhydrochloricacid. If needed,a small volume of concentrated

nitric acid was added to the hydrochloricacid in order to completely dissolve

the metal. The dissolvedmetal solution was then diluted to a volume of

100 mL and the impuritiesquantitativelydeterminedby InductivelyCoupled

Plasma (ICP) Spectroscopy. Elementswith known interferenceswith the Al

spectrum were not reported.

3.2.2 Bath Ratio Analyses

Electrolyteor bath ratio analyseswere made using a pH method. A

sample of finely crushed electrolyte (=1 g) was added to 25.0 mL of 1.001 •

0.010 N KOH solution containingAI(OH)s and sodium tartrate. Approximately50

mL of hot deionized water was added to the beaker and the resultingsolution

was boiled for 6 minutes. After cooling to room temperaturein a cooling

bath, 25.0 mL of 1.005 • 0.010 N HCl was added to the mixture. After 10

minutes, the pH was measured and recordedwhen the value was constant. A

calibrationcurve was constructedby performingthis analysis on a set of

standard electrolyte samples.

3.2.3 Dissolved AI2_ Analyses

The dissolvedAl20s content of the electrolytewas routinelydetermined

by accuratelyweighing an approximately1 g sample of finely crushed

n e!ectro!yte to the nearest 0=! mgo About 50 mL of 30 mass_ AlCl s solution was

ii added to the sample in a beaker, and brought to a boil for I0 minutes. While
|

the mixture was still very hot, it was rapidly transferredto a medium speed

ashless filter containing a small amount of filter aid (finelydivided ashless

3.2
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filter paper used to speed and enhance filtration). The materialwas

quantitativelytransferredfrom the beaker by washing repeatedlywith boiling

water. Finally, the filter was washed repeatedly_vithboilingwater until the

filtered solution tested neutral to litmuspaper and gave no precipitatewhen

added to a small portion of 0.1M AgCl. Using metal forceps,the filter paper

containing the residualAl20s was transferredto a Pt crucible,which had been

heated to constantmass in a 1000°C furnace. A loose-fittingcover was placed

on the crucible and the crucible placed in the cooler part of the 1000°C

furnace for 10 minutes. After the preliminaryashing was complete,the

crucible was moved to the hottest portionof the furnace for an additional15

minutes. This treatment provided sufficienttime and temperaturefor the

sample to come to constantmass.

After the high temperaturetreatment,the crucible was quickly

transferredto a desiccator and allowed to cool for 15 minutes, and was then

weighed. The mass of the residualsolid was the Al20a content of the

electrolyte. This method was also checked using standardelectrolytesamples.

3.3 SOLID STATE ANALYSES

The anodes were examined microscopicallyusing an optical microscope and

a scanning electron microscope (SEM). The sampleswere cut in half, polished,

and examined under the opticalmicroscope. Before examiningthe samples in

the SEM, the cermet samples were given an electricallyconductivecoating of

carbon by vapor deposition. For the most part, the SEM was operated in the

quantitativemode using pure Cu as an intensitystandard.

3.4 CELL CONSTRUCTION

The cell was constructedas shown in Figure 3.1. An 18 cm ID0 19 cm OD

pure alumina tube, closed at the bottom end° was used as the cell liner. The

alumina tube was 46 cm in height. The connectionbetween the AI and TiB2

cathode and the outer graphite crucible was made with a graphite stud through

a hole drilled in the alumina tube. The TiB2 cathode plate and the graphite

stud were cemented in place with graphite cement. The walls of the graphite

crucible were about 2.5 cm thick. A 3 mm thick Inconel® shell provided the

® Inconel is a registeredtrademarkof INCO Alloys International(Huntington
Alloys), Huntington,West Virginia.
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FIGURE 3.1. A SchematicOf The ElectrolysisCell Used For Cell # 72
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external container. Approximately1.5 kg of Al in the form of 7.5 cm diameter

4 cm thick disks was placed in the bottom of the cell. Approximately6 kg of

premixed powdered electrolytewas then placed on top of the Al metal. The

exact quantities of each were determinedby weight. The anodes used in this

test were suspendedabove the powdered electrolyteduring the heatup of the

cell. A 6 mm Ni rod was used as the electricalconnection/mechanicalsupport

for the anode. This rod was shrouded with an aluminatube sealed at the anode

with a refractory cement. The cup of the anode was filled with refractory

alumina powder.
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4.0 RESULTS

Results from this electrolysistest are discussed in tilefollowing

sections.

4.1 ELECTRICALMEASUREMENTS

Figure 4.1 shows the current historyfor the period of time that two anodes

were in the cell. The sharp decreases in current indicatecurrent scans and

corrective action when the cell voltagebecame unstable. The early

instability,however,was caused by a decrease in electrolytetemperature

rather than a problem with the anode. The decrease in current at about 46 h

was due to what appeared to be an anode stability problem,but later'it was

determined that the referenceelectrodehad failed, therebygiving erroneous

voltage stabilityvalues. Current data for the third anode tested were lost

when the switch was not set to store the data on file.

The results from the current scans are summarized in Figure 4.2. This is

the first time that the extrapolatedvoltage varied with time. However, the

extrapolatedvoltage became constant at 2.2 V after about 20 h. The change in

the extrapolatedvoltage at the early time period is believed to be a result

of changes in the cell other than the anode, but the exact cause is unknown.

One current scan was obtained during testingof the last anode and, its

extrapolatedvoltagewas the same as normally obtained, i.e., 2.2 V.

4.2 METAL PURITY

Approximately40 metal sampleswere collected. Figure 4.3 summarizesthe

results from analyses of 27 of these samples, lt is interestingto note that

the Cu and Ni concentrationsin the metal pool become constant,but the Fe

concentrationcontinues to increasewith time. These resultssuggest that Cu

and Ni reach a steady state concentrationin the metal pool and the balance is

either dissolved in the electrolyteor lost by volatilization. Other tests

indicatethat the variousmetal componentsof the cermet anode volatilize,but

the rate and extent are not known.

The slopes of the lines shown in Figure 4.3 are similar to those found for

Cu, Fe, and Ni in Test #70. In fact, if the data shown in the report for Test

#70 are shifted by the amount of down time, the data would nearly coincide

with that shown in Figure 4.3, includingthe time at which the concentrations
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of Cu and Ni in the molten aluminum reach an apparent constantvalue. In the

discussion of the results from Test #70, it was reported that the Cu and Ni

concentrationsin the aluminum became constant because of mineral formation

from the addition of Si to the electrolyte. Present results, however,

indicate that Cu and Ni concentrationsreach a steady-statevalue that is

independentof the presence of Si in the bath.

An attemptwas made to correlatethe metal impuritieswith current density

and/or the anode surface area exposedto the electrolyte. Therefore,the

metal concentrationswere normalized to the current density and the surface

area. The results for Fe are shown in Figure 4.4. There does not appear to

be any strong correlationin the data.

4.3 MICROSTRUCTURALEXAMINATIONS

Figure 4.5 shows the bottom portionof the anode that was removed from the

cell after 66 h. There was a halo of Cu-coloredmaterial near the surface

that is not visible in this photograph. The bottom face of the anode had an

affected (oxidized)zone approximately220 #m thick (Figure4.6). The side

walls, however, only had an affected area approximately120 _m thick.

The bottom portion of the second anode that was presentwith the first

anode and then operated at a currentdensity of 1.2 A/cm2 for an additional

24 h is shown in Figure 4.7. A thickeroxidized layer can readilyDe seen in

this photograph,especiallyat the corners (Figure4.8). The bottom face was

not as oxidized as the corners (Figure4.9), a feature that is usually noted

in this size test anode.

Figure 4.10 shows the bottom portion o4 the compositeanode. After only

24 h in the cell, only a very thin oxidized layer, about 20 to 30 #m, was

found. However, the side walls seemed to be more oxidized,about 50 /_m.

One of the p_irposesof constructinga compositeanode was to determine if

having only the pure oxide material in contact with the cell atmospherewould

improve the oxidation resistanceof the upper portion of the anode. This does

not seem to be the case. As seen in Figure 4.11, discoloration (oxidation?)

of the upper portion did occur but the cause of the attack has not yet been

identified. The pure oxide material,however, bound to the 17_ Cu cermet

material without any evidence of separationor cracking in the transitionzone

il between the two materials. (Figure4.12).
|
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FIGURE 4.5. A Photomicrograph Of The Bottom Portion Of Tile Anode That
Was Run For 66 h at 0.5 A/cre _ (Photograph # 89M279A)

r_l.

FIGURE 4.6. A Photomicrograph Of Tile Electrolysis Face Of The Anode Portion
Shown In Figure 4.5 (Photoqraph # 87M279B)
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FIGURE 4.9. A Photomicrograph Of The Corner Of The Anode Shown In Figure 4.7
(Photograph # 89M280H)

FIGURE 4.10. A Photomicrograph Of The Bottom Portion Of The Composite Anode
(Photograph # 89M281A)
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FIGURE 4.11. A Photomicrograph Of The Upper Portion Of The Composite Anode
Showing Attack Of The Pure Oxide Material (Photograph # 89M282A)
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SUMMARY

A water model of the pilot cell at the ReynoldsMetals Co. was

constructedfor the purpose of determiningthe distributionof dissolved

Al203 around the inert anodes in a rectangulararray of six anodes. The

surrogateanodes were constructedfrom graphitewith aluminumcaps. Air was

forced through the graphite portion of the surrogateanodes to simulatethe

electrolyticproductionof 02. The solutionin the glass aquariumwas

water/t0 vol% ethanol. This solutionbetter modelled the electrolytethan

did pure water. Resultsfrom this water model indicatedthat there should be

sufficientstirring from the bubble action coupledwith the thermaland

concentrationgradients in an actual cell to provide adequatedistributionof

the dissolvedAl203 to each anode in the cluster.
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INTRODUCTION

Mat_.rialsfor inert anodes are being developedat the PacificNorthwest

Laboratoryfor use in the electrochemicalproductionof aluminummetal.

Anodes produced from this material are projectedto have useful lifetimeson

the order of 5 years or more. Currently,carbon is used as the anode mate-

rial and about 2 kg of carbon is consumed for every kilogramof aluminum

produced. Carbon anodes weighing about 150 kg have a useful life of approxi-

mately 20 days. The inert anode material presentlyunder investigationis a

compositeferrite materialwith the general formulaNixFe1.xO-NiyFe3.yO4-

17% Cu. In laboratoryelectrolysistests this material has exhibiteda low

corrosionrate and has yielded aluminummetal with low impuritylevels.

During the electrolysisof aluminum,oxygen gas is released from ferrite

electrodes_whereas C02(g) is released from the carbon anodescurrentlyused.

Carbon dioxide results from the interactionof carbon and the oxygen released

at the anode from the decompositionof alumina. Because the two gases are

• different and the surfacesfrom which they are released are different,the

bubbles of CO2 and 02 are of different size and character. The C02(g)

bubbles released from carbon are usuallylarge (severalmL), whereas the

02(g) bubblesreleased from the inert anode are smaller (about 50 #L). This

difference in bubble characterand size can be expected to cause differences

in the stirring of the molten electrolyteduring electrolysis.

A large-scaletest of the ferrite inert anode concept is scheduledto be

performed in a pilot cell at the ReynoldsMetals Company,Sheffield,Alabama.

In this test, six ferrite anodes will be tested under nearly industrialcon-

ditions to determinethe survivabilityof the material. The 15-cm (6-in.)

diameter anodes will be arranged in a rectangle. There is a concernthat the

rising 02 bubbles from each of the anodes in the clusterwill cause insuffi-

cient stirring of the molten electrolyteto uniformlydistributedissolved

A1203 to each anode. Adequate distributionof dissolvedAl203 is necessary

to prevent excessivecorrosionof the anodes. To addressthis potential

problem, a water model was constructedof the anode cluster and the half of

the cell inwhich the inert anodes will be tested. Using this model, flow

patterns in the cell could be observed.

I



EXPERIMENTALEQUIPMENTAND MATERIAL-_

To model the oxygen evolution at the anodes,air was passedthrough

graphite surrogateanodes. Room temperaturewater with 10 vol%ethanol was

used as a surrogatefor the electrolyte. This solutionwas found to have

about the same viscosityas a typical electrolytewould at g60°C. In

addition,when air was passed through graphite in this electrolytesmaller

bubbleswere formed than when HzO was used. A schematicof the surrogate

anode is shown in Figure I and the experimentalapparatusis schematically

illustratedin Figure 2.

.,GAS INLET

j -- ANODE SUPPORT

I _ ALUMINUM CAPI-I I
1

10 ¢m

t 15 cm I

FIGURE ]. Schematic of the Surrogate Anode Used in the
Water Model

v
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FIGURE2. Schematic of the Water Model Experiment. The "cathode" is a
piece of clear plastic (1.5 cm thick) lying parallel to the
bottom of the aquarium and beneath the anodes.

The surrogateanode is constructedfrom a commercialgrade high-density

graphite. Before the anode was made it was determinedthat the particular

grade and manufacturerof the graphite had little impact on the behaviorof

the emitted gas. The bottom portion of the anode,made of graphite in the

form of a right circular cylinder closed on one end, representsthe in_ersed

portion of an actual inert anode. The exposedwalls and the bottom of the

graphite were 2.5 cm thick. The top 5 cm of the graphitewere threaded to

match the threadson the inside of the aluminum cap. The threaded aluminum

cap was used to complete the pressure containment. Siliconecaulkingwas

used to make the seal betweenthe aluminumcap and the graphite. This was

accomplishedby threadingthe cap on to the graphite cup to the last two or

three threads, applying the caulking,and threadingthe cap to the last

thread. If this was not done, air passed preferentiallythrough the thin

exposed portion of the graphite at the last thread.

A glass aquariumwas used to simulate the walls of the pilot cell. A

bubbler made from clear plastic was placed on the back wall of the "cell" to

simulate the bubbling action of the carbon anode, which will also be in the

Reynolds test. This bubbler was in the form of a rectangularparallelepiped

4



with one wall missing. The open side was immersed in the water solution to

form the bubbler. The gas flow throughthe bubbler was used to simulatethe

C02(g) evolution from the carbon anode. The actual gas flow throughthis

bubblerwas not measured but estimatedto be in the range of 1.5 to 2.5 x

10.5 m3/s(I00 to 200 cfh). The actual flow rate of gas from one face of the

carbon anode in the pilot cell was calculatedby R. D. Peterson(Reynolds

Metals Co.) to be about 2 x 10.5 m3/s (150 cfh) at the operatingtemperature

of the cell.

It was difficult to control the gas flow throughthe anodesby means of

the needle valves and rotametersoriginallyused. Electronicflow control-

lers proved to be much more reliable than rotameters. The flow rate through

the rotameterswas very sensitiveto changes in the back pressure;electronic

flow controllersautomaticallycompensatedfor changes in the back pressure

as well as changes in the line pressure. Only five of the Datametrics(a}

electronicflow controllerswere located, so one rotameterwas needed. The

flow rate through the rotameterwas calibratedusing one of the electronic

flow meters.

The pressure on each anode was monitored using electronicpressure

transducers(ValidyneCorp.).(b) These pressuretransducerswere calibrated

using an absolutepressure gauge (Heise Inc.).(c) Becausethere were slight

differencesin the thicknessof the graphite anodes and some differencesin

the porosity of the graphite,even within the same batch o__ material,each

anode hequireda differentpressure to obtain the correct gas flow rate.

Plotterpen ink was used to determinethe flow patterns in the cell.

The movement of the ink through the "cell"was monitoredwith a video camera

and recorded on tape. The resultsdiscussed later in this document summarize

the informationshown in the video.

(a) Datametrics,Willmington,Massachusetts.
(b) Validyne Corporation,Northridge,California.
(c) Heise Inc., is no longer in business.



EXPERIMENTALMETHODS

In order to determinethe gas flow rate needed for each anode, the

effectivepermeabilityof each anode was measured. The gas flow through

porous media is relatedto the pressure drop and thepermeability by Darcy's

equation (Amyx,Bass, and Whiting 1960):

2 . p2
kA P1 2

Qb - 2#L Pb (I)

where: qb = the gas flow rate at the low pressure side of the medium (m3/s)
A = the area of the medium (m2)

L = the thicknessof the medium (m)

k = the permeability(m2)

# = the viscosityof the gas (Pa.s)

PI = the pressure at the high-pressureside of the medium (Pa)

P2 = the pressure at the low-pressureside of the medium and, for

this application,equal to Pb (Pa).

Rather than measure the permeabilityof the graphite in each of the anodes

and determiningthe anode surface area and thickness,the effective

permeabilityof each anode was measured. Here, the effectivepermeabilityof

the graphite portionof each anode includesall of the non-pressureterms on

the right side of Equation I. These effectivepermeabilitieswere determined

by measuring the pressure at each anode at three flow rates. The gas flow

rate on the high-pressureside of an anode can be measured and the flow rate

at the low-pressureside can be calculated using the ideal gas equation.

These effectivepermeabilitieswere used to calculatethe flow rate at the

high- pressure (control)side of the anode that was needed to simulatethe

oxygen evolution at the surface of an operating anode.

lt was assumed that each anode in the large-scaletest would be operat-

ing at 200 amperes. The oxygen evolutioncorrespondingto this operating

currentand an operatingtemperatureof 1243 K (970.C)is 3.19 L/min. This

i
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flow rate was used as the flow rate from each surrogateanode at room

temperatureand was convertedto standard conditionsthat are the units of

measure used for the flow controllers. EquationI was used with the effec-

tive permeabilitiesof the anodes and the flow rate at standard conditionsto

calculatethe steady-statepressuresin each anode. From the value of the

pressure,the set point for the flow controllerat each anode was calculated.

Gas flow through the anodes was startedbefore the anodes were submerged

in water, lt has been observed (and corroboratedby Dr. James Evans at the

University of CaliforniaBerkeley)that uneven gas flow and high pressures

resulted when the anodeswere placed in water before initiatingthe gas flow.

Pressure increasesof 15 kPa to 20 kPa (2 to 3 psi) were observed upon

immersionof the anodes even when the gas flow was started before immersion.

This is undoubtedlydue to the capillarityof water in the graphite;it takes

extra pressure to keep water from entering the pores. The increase _n

pressurewas not used to correct the flow rate becauseof its variabilityand

low impact on the results.

A "cathode"was also present in the tank to determinethe effect of

changes in the anode-to-cathodedistance. The "cathode"consistedof a piece

of clear plastic approximatelythe size of the aquariumbottom with

adjustable-lengthlegs. The anode-to-cathodedistance could be changed by

adjustingthe length of the legs. Two anode-to-cathodesettingswere used:

7.5 cm (3 in.) and 3.8 cm (1.5 in.).

In an actual experiment,gas flow was initiatedin the anodes,which

were in position at a set anode-to-cathodedistance. Gas flow to the sur-

rogate carbon anode was also started at this time. Water was then added to

the tank until the anodeswere partiallysubmerged. Sufficientethanolwas

added to the tank to make the final solutiongo vol% water and 10 vol% etha-

nol. After stirring the solution to mix the two liquids, additionalwater

was added to bring the level to the top of the graphiteportion of the

anodes, lit should be noted that one anode was inadvertentlycut about

2.5 cm (I in.) too short during final machining. This did not seem to have a

significanteffect on the results of the experiment.]
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RESULTS

The results of this test are documented in the video DMS-V-89-1and

DHS-V-4, an edited version of DMS-V-8g-I. However,some of the results

obtained are stated here.

In general, the bubhle size was quite small once the air was releasedto

the solution. The air bubblesfrom some of the anodesappeared to be some-

what largerthan the oxygen bubblesevolved from the inert anode in molten

cryolite. Two of the anodes (#5 and #6) (see Figure 3) seemed to evolve

bubbleswith a distributionweighted toward smallersizes,while anodes #I

through#3 seemed to evolve slightly larger bubbles. On anodes #I through#3

the bubbles seemed to collect into larger bubblesmore readily than the other

three anodes. This may have given the appearanceof evolvinglarger bubbles.

Stirringof the water by the bubble evolutionis most easily seen by

the motion of the fine bubbles. These bubbles seem to be carriedto a depth

SURROGATE CARBON ANODE

H G

..

F E

D C B A

FIGURE3. Layout of the Surrogate Anodes and
Position Reference Points for the
Water Model (not to scale)
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of about 3 to 7 cm below the bottom of the anodes. The effect of the bubbles

evolved from the surrogatecarbon anode was to c_use a gentle rockingof the

entire contents of the tank.

In the original test matrix, plans called for adding ink and/or nylon

beads at severalplaces in the tank. After several additionsof ink, it

became apharentthat only the addition of ink near the surfaceof the water

was effective. When the ink was added at the cathode, the ink formed a layer

on the cathode that remained for long periods of time and essentiallygave no

useful information. Ink additionsat the surface or near the surfacewere

effectiveiu dof_ermijQlngthj broad flow patterns in the water model. While

some of the nylon beads remained suspended in the water solution,most sank

immediatelyto the cathode. Some informationcan be obtainedfrom observing

the motion of the nylon beads, but in general, useful informationwas

obtained from the injectionsof ink. These experimentsindicatethat the

aluminafeed may be added at almost any point in the cell to achieveadequate

distributionof the alumina. However, to err on the conservativeside,

alumina should be added at two points--Eand F (Figure3).

A
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ANNOTATEDVIDEO FOOTAGE

The following informationis suppliedfor understandingthe video tapes

DMS-V-89-1and DMS-V-89-4 (copy). The first tape is uneditedand approxi-

mately 90 min in length. The latter tape [DMS-V-89-4(copy)] is an edited

version and approximately35 min in length. Ink or nylon beads were added at

the places specifiedby letters; refer to Figure 3 for the positionsto which

these lettersrefer.

NOTES ON THE EVENTS SHOWN ON
VIDEO TAPE DMS-V-89-1 (UNEDITED)

Feet Comment

0 - 33 No additions;lightingfrom the right side with a 1000 W
spot light. The anode-to-cathodedistance is about 7.5 cm
(3 in). The solution is water-t0 vol% ethanol at room
temperature.

33 - 154 Ink added at position F and then at position E. Lighting
from the right side

154 - 262 Ink added under #2 anode. The ink goes directly to the bot-
tom indicatingpoor solutionflow at this point or insuffi-
cient flow to overcome the densitydifferencebetweenthe
water and the ink.

262 -586 Ink added at E and F.

586 - 612 No additions. New solution in the tank; new run with better
lighting. The lightingconsists of 1000 W quartz lamps at
each side and above the tank.

612 - 634 Ink added by drops at positionsE and F.

634 - 652 Ink added by drops at positionsB and C.

652 - 690 Ink added by drops at positionsA and D.

690 - 722 Ink added by drops at positionsG and H.

722 - 795 Nylon beads added first at position E then at F.

795 - 841 Ink added under anode #2.

841 - 865 Equipment"pressure readout and transducersand flow
_^-_-^_ler_A^,,. and ._.oA,,.o_

II



Feet Comment

865 - 916 Nylon beads added first at positionsE and F, then from G to
H.

916 - 965 Ink added first at positionE and then at F.

965 - 1038 Ink added at position E. The hand seen at the rear of the
tank was adjustingthe height of the surrogatecarbon anode.

1038 - 1040 Water-onlyfootage. In this picture,which lasts only a
short time, the anodes are not quite fully submergedbut
will be when the ethanol is added. The ACD is 3.8 cm
(1.5 in).

1040 - 1048 Ethanolhas been added. Note the fine bubblesthat were not
present in the water-onlycase.

1048 - 1075 Nylon beads added.

1075 - 1111 Ink added at position E. Note that the flow appearsto be
from the right toward the left.

1111 - 1137 More ink added at position E. The ink cannot be seen weil.

1137 - 1187 More ink added in front of anodes #I and #3.

187 - 1265 Attemptedto add ink under anode #3 through a hole in the
cathode. Finally, ink was added on the cathode at position
F. The movement still appearsto be from the right toward
the left. The ink appears to be more intense in the middle
becauseof the side illumination. Close up of anode #2.

1265 - 1359 Ink added at positionG.

1359 - 1392 New run with fresh solution. Bottomview of the cell. The
photographiclights are off. Forgotto turn on the surro-
gate carbon anode. Lights come on at 1377 feet, but the
overhead light is left off to preventcamera saturationwith
light.

1392 - 1484 Ink added at positionsE and F. Upper quartz lamp is
switchedon at 1446 feet. At 1449 feet more ink is added.

12



Feet Comment

1484 - 1573 More ink is added at positions E and F. Note that anode #1
is at the lower left of the screen and #6 is at the upper
right. This is because of the camera orientation under the
tank. Ink is added through the wand at 1515 feet at posi-
tion F. Note that the ink is on the "cathode" and there is
a spiral of rising ink between anodes #5 and #6. If the
light were better a similar spiral could be seen between
anodes #2 and #3.

1573 - 1646 A close up of anodes #2 and #3. The ink on the "cathode" is
the same as in the previous footage (1515 feet). The ink is
actually rising at position C - between the front of the
tank and anodes #2 and #3.

1646 - 1810 Ink is added at position F. Anode #2 is shown at the right
of the screen (note the shallower graphite section).

1810 - 1844 Nylon beads are added at position E. The side view is now
of anodes #1 and #2. Anode #2 is now shown on the left side
of the screen. More beads are added at 1829 feet.

1844 - 1911 Ink is added with the wand at position E on the cathode.
More ink is added at 1873 feet, but between anodes #1 and
#2. More ink is added at 1894 feet.

r.
W
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NOTES ON THE EVENTS SHOWN ON
VIDEO TAPE DMS-V-89-4 (COPY) (EDITED)

Feet Comment

000 Color bars

056 Equipment: pressurereadout and flow controllerreadout -an
extra flow transduceris on top of the flow controllerl
pressure transducersand flow controllertransducers. Note
the rotameterat the left of the screen.

120 Aquarium (the water is dark from added ink)

173 The ACD = 7.5 cm (3 in.). A strong light is locatedon the
right side. Ink is added at position F.

268 Ink added at position E.

346 Ink added under anode #2.

445 Ink added under anode #I.

Ink added at position E.

545 New lighting I kW quartz light above and l kW quartz light
on each side. The ACD = 3.8 cm.

565 Add nylon beads at positionsF and E.

658 Ink added at positionsF and E.

773 Ink added at positionG.

853 Ink added in front of anodes #I and #3.

952 Ink added on the cathode at positionsE and F.

1148 Bottom view. In this view the front anodes in the previous
picturesare at the bottom of the screen and the right anode
from previous footage is now at the left of the screen. Ink
is added just below the surfaceat positionsF and E.

1248 Still bottom view. Ink is added on the cathodeat positions
F and E. Note swirling ink rising betweenupper right
anodes (positionH).

1365 Close up side view of rising ink shown in the previous foot-
age of the bottom view. Rising ink is coming from a pool of
ink lying on the cathode. Swirls indicateturbulentflow
rising betweenthe anodes. View is of positionC.

W
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Feet Comment

1585 Switch to the anodes on the right hand side of the aquarium.
Note that the anodewith the short graphite section is now
on the left whereas in the previousfootage it was on the
right of the screen. View is of position B.

1683 Nylon added at position E.

1782 Ink added on the cathode at position E.

1860 Ink is added on the cathode at a position betweenanodes #I
and #2.

1910 Ink added on the cathode at position E.

1970 Ink added at positions F and E.

20'/_ Ink added at positionsC and B.

2142 Ink added at position G.

2308 Ink added at position E.

2367 Ink added under anode #2.

2419 End

A
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It is importantto note that, becauseof the lighting in this tank, it

often appearsthat the ink is not well distributedin the tank. In general,

the ink did distributethroughoutthe tank, but did so somewhat slowly.

A
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CONCLUSIONS

In general, the system appearsto be well stirred,but slowly stirred.

The ink tracer did not function as well as had been anticipatedin part

because of the probabledensity differenceand in part because of the

gentleness of the stirring. The ink tracer tended to be rapidlydispersed

when injected into the areas of fine bubbles. Results also indicatedthat

ore additionsto the pilot cell at Reynoldsfrom the existing feeder (located

at approximatelyposition G in Figure 3) would probably be distributedto all

of the inert anodes in the cell. However,to err on the conservativeside,

it would appear prudentto add ore at the equivalentof positionsE and F

(Figure3) to ensure good distributionof the dissolvedalumina.

Resultsfrom the water model were inconclusivewith respectto changes

in the anode-to-cathodedistance. The actionof the fine bubbles suggest

that the flow of solution on the cathode should have been more turbulentwhen

the distance was 3.8 cm than at 7.5 cm, but wheD ink was placed on the

cathode no observable changes in distributionwere noted.

The water model appearsto be a rather quiescentmodel of the actual

situationin a large electrolysiscell. The bubblesthat are formed on the

ferrite surfaces in molten cryolite appear to be smallerand more readily

released from the surfacethan those observed in the water model. The

presence of thermal gradientsand concentrationgradientsdue to the actual

electrolysisprocesses is likely to result in more turbulentconditionsin

the actual electrolysiscell. This fact, coupledwith the observationsmade

in assessingthe behaviorof the water model, lead to the conclusionthat

there should be adequate ore distributionto all inert anodes in the pilot

cell.
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