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Introduction 

Despite its capability to produce high purity aluminum, the Hall 

process has always suffered from a number of significant problems. 

One set of problems arises from the use of consumable carbon anodes. 

Tlsese anodes are expensive to produce, and the cost of producing them 

adds significantly to the overall cost of the aluminum produced by the 

Hall process. In addition, vast quantities of energy are consumed in 

the so-called pre-bake furnaces where the raw materials are treated to 

form the large anode blocks. In use, it is difficult to maintain 

cniform anode current loading in the Hall cell since the anodes are 

consumed resulting in'a continuous change in their shape. It is also 

difficult to maintain proper anodelcathode spacing during operation of 

the Hall cell, since the anodes are consumed. Additionally, the 

anode-cathode spacing is typically greater than required because of 

the uncertainty of the consumable anode's shape and the need to 

maintai~ a deep molten aluminum pool. Such spacing results in an 

inordinate consumption of electrical energy, owing to the voltage drop 

across the molten salt electrolyte. 

Because of the problems caused by carbon anodes, substantial 

research has been conducted in an effort t o  find another anode 

material, particularly to find what has been referred to as an inert 

anode. An inert anode is defined as.one that does not react with 

oxygen formed electrochemically at the anode, does not dissolve in the 

electrolyte, and is not consumed in the electrolytic reaction. 

Unfortunately, the research conducted to date has not resulted in the 
y 4  development of a fully satisfactory anode material. 

. . .. . 

Another set of problems with Hall cells arises from the use of a 

carbon lining. These cells are operated under conditions that cause 



the molten electrolyte to freeze on the sidewall during operation, so 

that molten eiectrolyte floating on molten aluminum is contained 

within a shell of frozen electrolyte. This is necessary to prevent 

the reaction between the carbon cell lining and com?ounds in the 

molten electrolyte during operation of these Hall cells. The 

interface between the frozen and molten electrolyte changes, however, 

during operation, making it difficult to operate under uniform 

condltions. The necessity to maintain frozen electrolyte at the 

sidewalls results in a substantial heat loss and hence contributes 

again to the poor utilization of energy. 

Still another set of problems with the Hall cell arises from the 

lack of a suitable cathode material. At present, carbon is used as 

the cathode in these cells. However, molten aluminum does not wet 

carbon, and therefore it is necessary to maintain an excessively deep 

pool of molten aluminum on the bottom of the cell. The carbon must be 

fuliy covered in order to prevent contact between the molten salt 

electrolyte and the carbon cathode itself in the presence of molten 

aluminum. Otherwise, the formation of aluminum carbides occurs and 

reduces the cell's productivity. The justifiable presence of the deep 

pool, however, gives rise to a new problem. The cell currents are 

extremely high, typically on the order of 100 kA to 300 kA. At these 

high currents the electromagnetic forces can cause the molten aluminum 

to develop waves of substantial physical dimension. In order to 

prevent the electrical shorting of the molten aluminum to the anode, 

it is necessary to separate the anode and cathode by a large distance. 

This results in an excessive voltage drop across the electrolyte and 

contributes to the poor energy efficiency of the cells. 

Obviously, advanced materials in the form of inert anodes, 

sidewalls, and cathodes would contribute greatly to the effective 

utilization of energy in this reactor. Aiuminum is ane of the most 



energy-intensive metals to produce, having an energy content sf 

approximately 6 kWh/lb. When power costs were in the vicinity of 

5 mils/kWh this amounted to approximately 3 cents per pound of 

aluminum. However, in recent years power costs have risen to the 

point where some producers are paying 30 mils/kWh and are facing still 

higher power costs in the future. Obviously, faced with such 

substantial power costs, aluminum producers cannot remain competitive. 

It is imperativesthat the energy content of this metal be reduced if 

it is to remain a viable material and our domestic producers are to 

retain their smelting capacity. 

Obi ective 

The objective of the research on advanced materials for energy 

efficient production of aluminum was to identify materials for use in 

Hall cells as anodes, cathodes and sidewalls. The successful 

completion of this research would not only serve to retrofit existing 

installations, making them more energy efficient, but would also 

permit radical redesign of the Hall cell with attendant improvements 

in productivity and, therefore, energy l~tilization. 

Potential for Enerm Savings 

The potential for energy savings is substantial and has been well 
* 

documented. It is clear that by decreasing the inter-electrode 

* ' 
Noei ~arrett, W.B. Frank, and Rudolf Ksller; in "Advances in the 
Smelting of Aluminum," in Metallur~ical Treatises, J.K. Tiec and 
J.F. Eliiott, editors, TMS-AIME, Warrendale PA, 1981, pp. 137-57. 



spacing one will substantially decrease the energy consumption in the 

Hall cell itself. In addition, there are substantial energy savings 

accruing from the elimination of the pre-bake furnaces which in time 

are expected to become liabilities from the standpoint of industrial 

health and safety. 

Results 

During tl~e first term o f  this prnjectr the work was dividcd into 

major efforts. The first was the growth and characterization of 

specimens; the second was Hall cell performance testing. Bnth nathnde 

and anode materials were the subject of investigation. Preparation of 

specimens included growth of single crystals and synthesis of ultra 

high purity powders. The selection of compositions was based 

exclusively on the criteria as enunciated by workers in the field at 

that time. Special attention was paid to ferrites as they were 

considered to be the most promising anode materials at that timo by 

investigators at Alcoa Laboratories where there was a major DOE 

sponsored re~oaroh program. Indeed, MIT's role was seen by some as to 

study some of the more fundamental aspects of the materials science of 

the ferrites as Alcoa moved on to addressing the engineering issues 

associated with the industrial implementation o f  these materials. The 

resulzs of this first term of work have bean s i~mmar iz~d  in a dooumcnt 

entitled, "Request for Modification of a Research Contract: 

'Investigation of Materials for Inert Electrodes in Aluminum 

Electrodeposition Cells.'" The relevant sections of that document are 

reproduced here as Appendix 1. This document summarizes the 

activities for the first-three years of the project and puts in 

context that work along with that which followed. For a more complete 

report of the first three years the reader is directed to 

DOE/ID/12380-13. 



The activities of year four are summarized in Appendix 2, "Program 

Review Topics (12/18/86)." Ferrite anode corrosion rate studies 

represent a completion of the work begun during the first term of this 

project and are described in Appendix 3, "Investigation of Ferrites as 

Potential Inert Anodes for Hall Cells," which is the doctoral thesis 

of Alan McLeod, Department of Materials Science and Engineering, 

Massachusetts Institute of Technology. This document contains other 

data as well. In particular, the electrical conductivities of a set 

of copper-manganese ferrites were measured. 

Float Zone, Pendant Drop Cryolite Experiments represent a 

modification of the original workplan and were undertaken because it 

had become apparent during the first term of the project that 

unsatisfactory choices of candidate materials were being made on the 

basis of a flawed set of selection criteria applied to an incomplete 

and sometimes inaccurate data base. This experiment was then 

constructed to determine whether the apparatus used for float zone 

crystal growth could be adapted to make a variety of important 

measurements associated with the physical chemistry of the cryolite- 

based melts and their interactions with candidate inert anode 

materials, The results are summarized in Appendix 4 in three tables. 

Table 1 enumerates the issues one had to come to terms with in 

conducting such experiments. Table.2 summarizes the experiments in 

which molten cryolite was suspended on a feedrod of solid cryolite. 

The main question was whether the evaporation of aluminum fluoride 

would be so fast on the time scale of the experiment that the melt 

chemistry would vary unacceptably. As Table 2 shows, chemical 
. . '. stability was maintained. However, temperature measurement Qas 

. . 
subject to error. This last point demonstrates the imprecision in 

noninvasive pyromerric measurements in this system. Table 3 

summarizes the experiments in which the goal was to suspend molten 



cryolite from a rod of alumina. The high thermal conductivity of 

alumina as compared to solid cryolite proved to be the undoing here. 

Excessive superheat was required to attain desired temperatures. This 

resulted in excessive vaporization from the melt with the attendant 

loss of stability-in chemical compositionai. Defocussing the laser 

beams failed to improve the situation to the point where the 

experiment could be performed reli'ably with the accuracy required to 

conduct a proper measurement of the physical chemistry of the system. 

The t h i r d  majnr tnp i r  in the fourth year wan Non Concumabla Anode 

(Data Base, Candidate Compositions). This work was driven by our 

perception that the basis for prior selection of candidate macerials 

was inadequate. The results are summarized in Appendix 5 which is a 

reprint of an article entitled "Selection and Testing of Inert Anode 

Materials for Hall Cells." This was published in Lipht Metals 1987, 

and enunciates a new set of criteria for the anode problem. 

Consideration of these new criteria has led to the discovery of 

materials previously ignored for this application. Furthermore, new 

methods of operating the cells have becnma evi,dent, as well. These 

" are described in Appendix 6 which 'is the patent application derived 

from this work: D.R. Sadoway, J.S: Haggerty and A.D. McLeod, 

"Ap~aratus and Method fo'r the Electrolytic Production of Aluminum," 

U.S., patent application,' serial no. 000,657, iilecl Janrisry 6 ,  1987. 



Summary 

The search for inert electrodes for the Hall cell is one of the 

most difficult problems in all of materials science. In spite of a 

century of effort, no fully satisfactory materials have been found. 

It is the conclusion of this study that the failure to do so was due 

in part to the use of a set of selection criteria which were 

determined to be insufficient and incorrect. During the course of 

this research these selection criteria for the anode were questioned. 

What emerged was a revised set of selection criteria with the result 

that classes of materials previously dismissed as useless from the 

standpoint of this application were identified as candidate materials 

within newly specified operating conditions. Unfortunately, the 

program was terminated before these new materials and operating 

conditions could be tested. However, it is the opinion of the authors 

that if there is indeed a material that can meet the severe 

requirements of the Hall cell environment, then this material will be 

found through application of the ideas developed in the present study. 

It is particularly important to appreciate how strongly cell 

o?erating conditions influence the behavior of a material that is 

being tested as a candidare electrode. This in part accounts for the 

wide variation in cell performance data for ostensibly identical 

materials. The corollary to this is that in the search for high 

performance materials for use as electrodes and sidewalls, a global 

approach is recommended. For example, the performance of a candidate 

electrode material can be dramatically altered through changes in cell 

bath chemistries and electrochemistries, f . e . ,  cell operating 

conditions. During the course of the present study it was only after 

the anode was viewed in the context of an elezent in a dynamic 

materials system, which in this case is the Hall cell operating under 

industrial conditions, that new potential solutions to the problem 



were discovered. 

Finally, this methodology can be extended to other materials 

selection problems.. For example, in the production of magnesium by 

fused salt electrolysis of magnesium chloride, as practiced by the Dow 

Chemical Co., vast quantities of carbon are consumed as anodes. In 

trying to find,an alternative material in this application, one would 

have to face the same set of issues described above. Fused salt 

electrolysis is important in the production of the alkali metals, 

alkaline earth metals, and the rare earth metals. This latter group 

is very important from the standpoint of advanced magnetic materials 

such as iron-neodymium-boron Fe,,Nd,B, and as p,recursors to the 

recently identified superconducting ceramic materials, e . g . ,  

YBa,Cu,O,. 

In the area of fused salt batteries, the identification of 

advanced materials for electrodes, separators, diaphragms, and 

containers would pave the way for the commercialization of this 

technology. Again, the selection criteria and testing methodology 

described above couid play a major role in solving these problems. In 

th2s sense, the search for advanced materials for Hall cells can be 

considered a test vehicle and forms the basis for future studies 

directed at the problems named in -this section. 
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I. IHTROCGCTION 

-rhough t h e r e  has  Seen a l o n g  s t a s d i n g  i n t e r e s t  i n  s u b s t i t u t i n g  h e r =  

e l e c t r o d e s  f o r  carbon e l e c z r o ~ e s  in Zall a l a d n u n  t e l l s ,  t h i s  repiacemenc has 

n o t  occu r red  because  c a n d i d a t e  m a t e r i a l s  have n o t  r e a l i z e d  a n t i c i p a t e d  

aavan tages  i n  a c t u a l  use.  The r easons  f o r  observed d e f i c i e n c i e s  r e f l e c t  che  

inhe res :  cornpie-xiiy of e x ~ c s u r e s  encountered  i n  t h e  %ll c e l l .  

This  r e s e a r c h  progras i s  des igned  t o  i n v e s t i g a t e  c a n d i d a t e  m a t e r i a l s  

under  condi:ions wnere  m t e r i a l s  p r o p e r t i e s ,  performance and f a i l u r e  modes 

can be i n t e r ~ r e t e d  cLth a l e v e l  of con f idence  t h a t  i s  n o t  p o s s i b l e  w i t h  t h e  

p o o r l y  d e f i n e d  p o l y c r y s t a l l i n e  m a t e z i a l s  used i n  p r e v i o u s  r e s e z r c h .  Two 

c l a s s e s  of c a n d i d a t e  s a t e r i a l s  w i l l  be  i n v e s t i g a t e d .  One i s  s i n g l e  crystal 

samples  grown i n  t h e  ufiiquely c o n t r o l l a b l e  grawth c o n d i t i o n s  a c h i e v a b l a  w i t h  

t h e  ?iiT laser h e a t e d  f i o a t i n g  zone c r y s t a l  growth appa ra tus .  The second is 

ultra h i g h  p u r i t y  powders synthesLzed  from l a s e r  h e a t e d  gases .  samples  w i l l  

be c h a r a c t e r i z e d  i n  terms of parameters t h a r  r e v e a i  fundamental  m a t e r i a l s  

p r o p e r t i e s  a s  w e l l  a s  ~ e c h n o l o g i c a l  pa rame te r s  t h a t  r e f l e c t  exposures  t y p i c a l  

of tnc hI1 cel l .  Our ul:ima:e o b ~ e c ~ l v e  i s  t o  d e f i n e  m a t e r i a l  compos i t i ons ,  

c r i t i c a l  f a b r i c a z i o n  p roces s  s t e p s  and c r i : i c a l  o p e r a t i n g  c o n d i t i o n s  which 

vi l l  permi: economica l ly  v i a b l e  i n e r t  anodes and cachodes t o  be made t h a t  

w i l l  ex!!ibic adequa te  perforinance c h a r a c t e r i s t i c s .  

The s p e c i f i c  aavan tages  a n t i c i p a t e d  f o r  i n e r t  anodes and ca thodes  

d i f f e r ;  b u t  each  shou ld  r e s u l t  i n  reduced  o v e r v o l t a g e ,  reduced : h e m i  

l o s s e s ,  l o n g e r  c e l l  l i f e  and improved p roces s  c o n i r o l .  Achievemen: of t h e  
. ,  
f i r s t  two xi11 r e d c c e  t h e  energy  needed t o  produce aluminum metal; t h e  second ,  

two p r i a a r i l y  r sduce  c c s t  ana  i n p r o v e  productivity. 



The consumable ca rbon  anode r e p r e s e n t s  t h e  s o s t  impor tanr  opportunity 

f o r  u s i n g  i n e r t  e l e c r r o a e s  i n  :he Hall c e l i .  Bet reen  420 t o  550 k g - o f  ca rboa  

:s consumed p e r  t o n  of -41 p r a d u c e d . ,  The carbon l e a v e s  t h e  ce l l  a s  a CS-CCI~ 

a x t u r e  hav ing  no p r a c z i c a l  c o m m e r c i a ~  v a l u e  and caus ing  s e v e r a l  pr3blems 

a t e r i b u t a b l e  t o  bubble fo- i ion on t h e  ancde f ace .  La rge ly  because  of t h e  

h i g h  and n o n u n i f o m  r a t e  a t  which carbon i s  consumed, i r  is  i m p o s s i b l e  t o  

a c n i e v e  a p r e c i s e  l o c a t i o n  of t h e  e l e c t r o d e  face .  A l a r g e  ave rage  

L a t e r e l e c t r o d e  d i s t a n c e  i s  ma in ta ined  t o  avoid  s h o t z i n g  be iveen  t h e  anode and 

t h e  n o l c e n  aluknuxn ca tnode .  The' u s e  of a n  i n e t r  anode ail p e r s i t  :he 

i n t e r e l e c t r o d e  d i s t a n c e  t o  be reduced t o  a small f r a c t i o n  of p ' resent  praczice 

?eml t : i ng  t h e  i2x  l o s s e s  t h rough  :he c e l l  t o  be reduced p r o p o r t i o n a l l y .  

T h i s  and o t h e r  f a c t o r s  shou ld  more t h a n  o f f s e t  :he i n c r e a s e  i n  t h e  r e v e r s i b l e  

v o l t a g e  f o r  t h e  r e d u c t i o n  r e a c r i o n .  

I d e n t i f i c a t i o n  of a s u b s t i t u t e  f o r  t h e  carbon ca thode  i s  also i m p o r t a n t ,  

a l t h o u g h  i t  does n o t  o f f e r  :he same p o t e n t i a l  f o r  s a v i n g s  as t h e  iner :  anode. 

The mol t en  aluminum 2001 which a c t s  as t h e  ca thode  i s  suppor t ed  by carbon 
, . 

"ca thode"  b locks  i n  t h e  p r e s e n t  d e s i g n  of t h e  ilal; c e l l .  Thfs .deSig i l  a l s o  

c a u s e s  :he i n t e r e i e c r r o d e  s p a c i n g  t o  be n a i n z a i n e d  z t  l a r g e r  t h a n  optinum 

d i s t a n c e s .  Because carbon i s  n o t  we t t ed  by t h e  molten aluminum, a n  e x c e s s i v e  

metal p o o l  d e p t h  i s  n e c e s s a r y  r o  p r o t e c c  t h e  carbon from t h e  c r y o l i t e .  

E l ec=romagne t i c  f o r c e s  c r e a t e  s t a n d h g  waves and oche r  f lows  i n  t h e  mol ten  

aluminum pool.  To avoid s h o r t i n g  between metal and t h e  anode,  :he 

i n t e r e l e c t r o d e  s p a c i n g  is  i n c r e a s e d  beyond optimum. The u s e  of a  ca thode  

t h a t  i s  w e t t e d  by t h e  mol t en  aiuminurc would r educe  :he r e q u i r e d  n o l t e n  pool  

d e p t h  and ,  t h u s ,  t h e . i n t e r e l s c i r o d e  s p a c i l g .  As w i t h  a  p r e c i s e l y  l o c a t e d  



i n e r t  anode, t h i s  cachoae change w i l l  reduce i 2~ - l o s s e s  i ~ .  propor t ion t o  the  

nev, reduced i n t e r e l e c t r o d e  spacing.  

A t  t h i s  program's i n c e p t i o n ,  i t  vas widely bel ieved t h a t  g e n e r a l l y  

s a t i s f a c t o r y  m a t e r i a l s  had been i d e n t i f i e d  f o r  both anode and cathode 

a p p l i c a t i o n s .  However, s e v e r a l  s p e c i f i c  i s s u e s  remained troublesome f o r  both 

e l e c t r o d e s  and t h i s  program began by focuss ing on these  top ics .  F a i l u r e  

nodes of both e l e c ~ r o d e s  were not  defined.  It appeared l i k e l y  t h a t  

segrega t ioa  of uncontrol led  i m p u r i t i e s  t o  g r a i n  boundaries may be r e s p o n s i b l e  

f o r  widely varying l i f e  times. Also,  e l e c t r i c a l  c o n d u c t i v i t i e s  of t h e  

candidate  anode m a t e r i a l s  were marginal.  Our i n i t i a l  approach focussed on 

these  i s s u e s  by p e m i r t i n g  d e f i c i t i o n  of i n t r i n s i c  e l e c t r o d e  m a t e r i a l  I 

p r o p e r t i e s  v i t h  s i n g i e  c r y s t a l  samples and the  e l i m i n a t i o n  of p o t e n t i a l  grain 

boundary contaminants i n  T i B Z  by s y n t h e s i s  of u l t r a  h igh p u r i t y  powders. 

Since beginning this resea rch  program, i t  has become ev iden t  t h a t  t h e  

vorking presumptions wi th  respec= t o  the  anode were over ly  o p t i e s t i c .  l o t  

only d i d  the  performance of then-exis t ing  and subsequently evaluated  anode 

a a t e r i a l s  f a l l  s h o r t  of requirements; bu t ,  t h e  d a t a  base needed f o r  

d e f i n i t i o n  of a l t e r n a t i v e  m a t e r i a l s  proved inadequate.  Much e f f o r t  w a s  

devoted t o  access ing  t h e  a c t u a l  d a t a  base and d e f i n i n g  t h e  t o p i c s  t h a t  needed 

t o  be addressed be fore  candidate  m a t e r i a l s  could be s e l e c t e d  on a r a t i o n a l  

bas i s .  We found :hat s o l u b i l i t y ,  con tac t  angle ,  overvol tage ,  emf, and 

cor ros ion  €ate data were u n r e l i a b i e  and ' spa r se .  This proposal  o u t l i n e s  a 

program t o  develop these  data, and us ing  =hem t o  d e f i n e  s u i t a b l e  e l e c t r o d e  

m a t e r i a l s  by 'enhancing the  d e f i n i t i o n  of m a t e r i a l  composirions, by producing 

s i n g l e . a n d  po1ycrys:al c a n d i d a t e s , , a n d  by e v a l u a t i n g  t h e  cand ida te  e l e c t r o d e  
. ..  ~. 

moter ia l s  under a p p r o p r i a t e  cond i t ions .  
- 

- .  



During t h e  e d s t i n g  resea rch  pragram, cand ida te  anode and cathode 

m a t e r i a l s  were i d e n t i f i e d  based on c r i t e r i a  ve es taS l i shed .  These a a t e t i a l s  4 

were syn thes ized  as s i n g l e  c r y s t a l s  o r  a s  u l t r a . h i g h  purity powders. Both 

tjrpes of m a t e r i a l s  were c h a r a c t e r i z e d  extensivel;r.  Samples v e r e  a l s o  

eva lua ted  i n  a l a b o r a t o r y  s c a l e  Hall c e l l  K O  provide cor ros ion  r a t e  and 

overvo l  :age d a i a  under e l e c t r o l y s i s  cond i t ions .  

1. Growth and C h a r a c t e r i z a t i o n  of S i n g l e  Crystals 

Sing le  c r y s t a l  samples v e r e  produced us ing MIT's C02  laser-heated  

floating-'zone c r y s t a l  appara tus .  This  f a c i l i t y  provides  3IT v'zth a unique 

a b i l i t y  t o  produce h igh  p u r i t y ,  c o n t r o l l e d  C O ~ ~ O S ~ ~ ~ O U  s i n g l e  c r y s t z l s  of 

high melting p o i a t  m a t e r i a l s  nee.ded f o r  i n e r c  e lec r rodes .  The C02 i a s e r -  

hea ted ,  f loat ing-zone c r y s t a l  growth process  i s  probably t h e  most fiexible 

c r y s t a l  growth process  known i n  term of t h e  range of hos t  composit ions,  

dopants ,  and ambient atmospheres t h a t  can be considered v i r h o u t  t h e  

r e s t r i c t i o n s  t y p i c a l  of high temperature m s t e r i a l s  experiments o r  v i t h c u t  the  

i n t r o d u c t i o n  of unwanted impuriCies through con tac t  wi th  a c ruc ib le .  

The MIT laser hea ted  c r y s t a l  growth appara tus  c o n s i s t s .  of a 1500 7 ,  

custom designed 2-beam C 0 2  l a s e r ,  beam s p l i t r i c g ,  po in t ing  and shaping 

o p t i c s ,  and a c o n t r o l l e d  a tzosphere  f l o a t i n g  zone c r y s t a l  g rov th  inachAne. -\ 

Melts a r e  supported by and con tac t  only  a s o l i d  "feed rod" and groving 

c r y s t a l  having e s s e n t i a l l y  t h e  same composition a s r  tne selt. Thus, t -here i s  . .  . . 
. .  . 

no c o n t a a i n a t i o n  from a c o n t a i n e r ,  a major p rob lea  v i t h  very S i g h  temperacure 
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melrs. The. u s e  of t h e  laser h e a t  s o u r c e  imposes . v i r t u a l l y  no c o n s t r a i n t s  on 

ambient  a tmospheres  o r  on c a n d i d a t e  m a t e r i a l s  t h a t  f o m . s e a b l e  melts. h 

l a s e r  h e a t  s o u r c e  i s  p a r t i c u l a r l y  a p p l i c a b l e  t o  high a e i i i n g  p o i n t  mater iaLs  

because  1: h a s  no c h a r a c t e r i s t i c  :emperatute which L n ~ ~ i ~ s i c a l l y  l i d c s  t h e  

t s m p e r a t u r e  of t h e  m e l t .  

Feed rods  f o r  t h e  growth p r o c e s s  a r e  s imp le  t o  make, p e r s i t t i n g  wide 

r anges  of c o m p o s i t ~ o n s  t o  be exp lo red .  Dried powders a r e  rcixed i n  r e q u i r e d  

proportions and i s o s : a t i c a l l y  p r e s s e d  i n t o  rod shapes.  C r y s c a l s  can  be grown 

from t h e s e  iow d e n s i t y  ( t y p i c a l l y  10-55: of t h e o r e t i c a l )  u n f i r e d  rods .  

Usua l ly  t h e  rods  a r e  'SLsk f i r e d "  under  e a s i l y  a c c e s s i b l e  and c o n r r o l l a b i e  

c o n d i t i o n s  t o  g i v e  them improved s:rengths but  n o t  n e c e s s a r i l y  h i g h e r  

d e n s i z i e s .  

The Fe203 based compos i t i ons  have been t h e  mos; v i d e l y  s t u d i e d .  9e203 

irself  has a n  unaccep tab ly  low coaducrivi:y,  bur  good d u r a b i l i t y .  The 

s p i n e l ,  Fe20,, ha s  k i g h  c o n d u c t i v i t y  b u t  is more s c l u b l e .  The focus  of 

naterials r e s e a r c h  based on Fe203 has  been t o  r e t a i n  t h e  h igh  c o n d u c t i v i t y  of 

t h e  s p i n e l  phase w n i l e  d e c r e a s i n g  Its s o l u b i l i t y .  Other  l o w - s o l u b i l i z y  

o x i d e s  such  a s  ZnO, N i O  and COO can  be s u b s t i t u t e d  for FeO i n  Fe304 wh i l e  

r e t a i 3 i n g  r h e  s p i n e l  s t r u c t u r e .  A t  this p o i n t  t h e  f o r m u l a t i o n  p roces s  

becomes s p e c u l a t i v e  s i n c e  v e r y  few d a t a  a r e  a v a i l a b l e  on :he composition 

dependence of t h e  c o n d u c ~ i v i t p  and co t ros i on  r e s i s t a n c e  o f  t h e s e  materials. 

This r e s e a r c n  program has  a d d r e s s e d  chese  i s s u e s  by s t u d y i n g  t h e  behavior  of 

po re  and g r a i n  boundary f r e e  m a t e r i a l s  of v a r i o u s  composi:ions I n  t h e  : e r r i c e  

sp ine l  systems.  

We i n i t i a t e d  o u r  anode r o s e a r c h  wi:;? :he NiO-?eZ,03 s y s t e m . . . S e v e r a l  

C O ~ D O S ~ ~ ~ O ~ S  s h o c ~ ,  L i i  ? i s r e  ! a t  and nea r  the siTe20, composi:ion have bee? 
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TABLE I 

CRYSTAL CROWTII DATA 

COIINTEK- 
IlOTATLON 

RATE (rpm) 

SAMIJI.R 
1)ES LGN- 

AT L O N  

I I 1-09 
1 1 I-OH 
I 11-07 
1I1.-1 I 
1 L 1 4 9  
11 L-50 
Lll-51 
11 1-52 
r. 1 1-54 
1 l l - 5 6  
11 1-56a 
11 1-59 
I1 1-59a 
1.1 1-591) 
I 1 L-59c 
11 1-71 
Ill-71ar 
II.1-72 
11 1-73 
1V.-0 I 
1 V-02 
r.v-on 

---- 

I.,ASKH ATH 
POWER 

( W )  

2 60 A t  
2 60 Ar 
300 A r 
4 80 Ar 
I 2 0  Alr  
120 Ai r  
120 Air  
120 Alr  
120 A t  r 
360 A l  r . 

CROW'TII 
RAT!? 

(cm/lrr) 

8 
15 
15 
I 5  

2  
v a r i o u s  

1 
2 
2 
4 

2 

2  . 
2 
2 
2 
2 
2 

--- 
T1B2 

--- 

100 
100 
100 

. 

, 

C~)WOS1'FlON (MO1.E X )  

I . t i R 6  

I OU* 

F e 2 0 3  - 

53.51 
50.00 
50.00 
50.00 
53-51 
4 3.00 . 
59.60 

78.20 

47.50 
47.50 
56.62 
56.62 
47.50 
-- 

NLO 

46.49 
50.00 
50. Otj 
50. (M 
56.119 
57.fM.l 

40.40 

41-50 
47.50 
38.38 
38.38 
47.50 

Co304 

2 1 . 8 0  

1 

T i 0 2 i  

5.0 
5.0 
5.0 
5 .O 
5.0 



' ~ r o c u c e c  a s  s i n g l e  c r y s t a l s  o r  o r i e n c e d  g r a i a  p o i y c r y s t a l  saciples 3 y . f l o a :  

zone s e l r i n g .  The c r y s r a l  grovzh pa rame te r s  used f o r  t h e s e  c o m p ~ ~ i t i o n s  a r e  

scuiyatized in Tabie I. '20 a s c e r z a i x  the e f f e c r s  of T102, rwo d i f f e r e n t  

s p i n e l  c ~ r n p o s f : i ~ n s  were doped wi th  5 a o l z  % Ti02.  The s p i n e l  s y s t e x  I 

9 
C3O-Fe2C3 has n o t  been s r n a i e d  a s  e x t e n s i v e l y .  The phase d i a g r a ~ ,  F igu re  2 ,  

i n d i c a c e s  s r i d e r  s p i n e l  s t c i c h i o m e c r y  range  than  i n  t h e  NiO-Ve2C3 sys tem;  

this should er?able a  l a r g e r  var iecy-*of  s p t n e l  p r o p e r t i e s  t o  be achieved .  

T i 3  i s  a base  m a c z r i a l  i n  a l l  the ihert ca thode  com?osi:ions ? toposed  2 

by i n a u s t q ? .  However, due t o  t h e  d i f f i c u l t y  of p r e p a r i n g  c r y s t a l s  of Ti32, 

... . t h e r e  a r e  very  few d a t a  i n  t h e  l i t e r a t u r e  concerning zhe i n c r i a s i c  p r o p e r t i e s  
.,, .., 

. . . ' ._  
, . , .  . :. 

of t h i s  mace r i a l .  Ye grew s i n g l e  c r y s t a l s  of TlB2 and c h a r a c t e r i z e d  them. 

. .  : * .  . . .  ! ?he pub l i shed  r e s u l t s  of c h i s  work c l a r i f y  some of che anomaious aa=a ic t h e  
. , 

l i t e r a z u r e  and establish r e f e r e n c e  v a l u e s  f o r  che i c t r i n s i c  r e s i s : i v t cy .  The 

. .  . . c z y s t a l  growth p a r a a e t e r s  a r e  summarized i n  Table  I. Ue have a l s o  produced 

s i n g l e  c r y s t a l s  of t h e  , c l o s e l y  relared b o r i d e ,  LaB6. 

Mano- and p o l y c r y s r a l l f n e  samples were subjected f o  a nusbe r  of 
' *  . 

. c h a r a c t e r i z a t i o n s  r o  p r o v i d e  a  b a s i s  f o r  t h e i r  e v a l u a t i o n  as e l e c t r o d e s  and 

t o  i n t e r ? t e t  f a i l u r e  a o a e s .  ? b a y  of t h e s e  c h a r a c t e r i z a t i o n s  a r e  d e s t r u c r f v e  

s o  they  a r e  f r e q u e n t l y  u n d e r t a k e r  a f t e r  comple t ion  of 'rial1 c e l l  t e s t s .  The 

fa l lo-ng  c n a r a c = e r i z a t i o n s  a r e ' d o n e .  

X-ray D i i f r a c t i o n  - This  e v a l u a r l o n  p rov ldes  a n  i d e n t i f i c a t i o n  of  
t h e  c r y s t a l l i n e  phases  p r e s e n t ,  t h e i r  c o m p o s i ~ i o n s  through the 
i a t t i c e  p a r a m e t e r s ,  q u a n t i t a t i v e  measures of :he percentages of 
each  phase ,  p r e f e r r e d  o r i e n t a t i o n s  and g r a i n  s i z e s ,  i f  saall  
( G  2000 4 j .  

'Lau6 Back X e f l e c z i o n  - This X-rzp t e chn ique  i s  u ~ e d ~ p r i z i a r i l y  t; 
d e f i n e  t h e  o r i e n t z c i o n  of t h e  c r y s t a i s . .  It a l s o  p rov ides  2 measure 
of cryszal p e r f e c r f o n  by s p o r  s p l i ~ ~ i n g  and Fnd ica re s  p r e f e r r e d  
o r l e n t a z i o n  Lf t h e  bouies  a r e  p o l y c r y s r a l l ~ n e .  



Figure 2 .  Phase Diagram of :he CsO-Fe203 Spstem in .air shovlng 
composLTions subjeccea r o  floacihg-zone oell.ting.. 



! 4 i c r o s t r u c t u r a l  A n a l y s i s  - O p t i c a l  and SE!! 3 i c r o s c o p y . i ~  used t o  do 
q u a n t i t a t i v e  phase  a n a l y s i s ,  ( C i s e n s i o n s ,  voiume f t a c ~ i o n s ,  . 

o r i e n c a t i c n s ,  e t c . )  and t o  d e t e c c  o t h e r  f e a c u r e s  such  a s  c r acks .  

Chemical Analyses  - S e v e r a i  t echn iques  a r e  eaployed  t o  s t u d y  t h e  
. chemis t r i e s .  Wet chemica l  and X-ray f l u o r e s c e n c e  a r e  used t o  
d e t e m l z e  bulk  c h e m i s t r i e s .  Smiss ion  and s p a r k  s o u r c e  a s s  
spec r roscopy  a r e  = o m o n l y  used t o  d e t e c t  i m p u r i t i e s .  The ene ray  
d i s p e r s i v e  X-ray a n a i y s i s  on t h e  SEX and microprobe t echn iques  a r e  
used t o  nap compos f t iona l  v a r i a t i o n s  w i t h i n  samples.  

Mossbauer S p e c ~ r o s c o p p  - Thi s  t echn ique  i s  used r o  de te r in lne  t h e  
arrangement  of c a t i o n s  i n  t h e  m a t e r i a l s .  

E l e c t r i c a l  C o n d u c t i v i t y  - The electrical c o n d u c t i v i t i e s  and 
t r a n s p o r t  numbers a r e  d e c e r s i n e d  i n  c a n d i d a t e  n a c e r i a l s .  These 
measuremeats are done cc a f u n c r i ~ n  of tetuyrraLurr and  p r l n r  
exposu re  h i s t o r y  t c  i n t e r p r e t  r e s u l : ~ .  

The c h a r a c t e r i z a t i o n s  t h a t  have been completed a r e  summarized in 

T a b l e  11. The r e s u l c s  of o u r  c h a r a c t e r i z a t i o n  of  TiB2 s i n g l e  c r y s t a l s  have 

been p u b l i s h e d ,  w h i i e  t h e  o v e r v o l  t a g e  measuzements of monocrys t a l l i n e  n i c k e l  

f e r r i t e  have been p r e s e n t e d  i n  con fe rence2  and w i l l  appea r  i n  p r i n c  in the 

confe rence  proceedings  (.4ppendicies I and 11 r e s p e c t i v e l y ) .  

2. Laser Induced  Synthesis of Titauium D i b o r i d e  Powder 

The o b j e c t i v e  of t h i s  work was t o  de t e rmine  t h e  a p p l i c a b l l i t ) '  of t h e  

laser h e a t e d ,  g a s  phase  s y n t h e s i s  p r o c e s s  eo t h e  syr.chesls of TiB2 powaers 

and t h e  d e f i a l t i o n  of p r o c e s s  v a r i a b l e s .  Candida te  c h e m i s t r i e s  were s e l e c t e d  

based  on compute t ized  ther;nodynamlc a n a l y s i s ,  equipment was des igned and 

c o n s t r u c t e d ,  and powdez was syn thes i zed .  

When d e s i g n i n g  p rocedures  t h a t  w i l l  l e a d  t o  t h e  laser s y n t h e s e s  of 

powders,  one s e e k s  c e r t a i n  c z i t e r i a .  .The r e a c r a n r s  shou ld  be  v o l a t i l e ,  

p r e f  e r z b l y  gaseous  a t  ambient  c o n d i t i o n s .  As many as p o s s i b l e  ,of t h e  

r e a c t a n t s  should  abso rb  t h e  I R  r a d i a t i o n  from t h e  C02 laser. A t  t h i s  s:age 



TABLE XI 

 LA^ 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X-RAY 

DIFFRACTION 

X 

X 

S M  

X 

X 

CHEM. 

ANALYSIS 

X 

X 

I 
P 

OPTICAL 

XICROSCOPY 

X 

X 

X 

x pw; 
X 

x ?MA 

X 

n ?&L 

SAMPLE 

DESIGXATION 

111-09 

111-08 

111-07 

111-i 1 

111-49 

ELECTRICAL 

CONDUCTSJIn 

X 

X 

X 

X 

111-50 

111-56 

111-59 

111-7 1 

111-72 

111-73 

IV-Q 1 

IV-02 

IV-0  3 * Ph1' 



i n  our program, we d i d  not  v a c t  t o  i n v e s t i g a t e  laser induced povder . - . . . . 

produc=ion a t  o t h e r  wavelengths emit ted  by d i f f e r e n t  types of l a s e z s .  The 

chemical r e a c t i o n  should be theraoaynamically favored ( a  nega t ive  f r e e  

energy) and e x o t h e r d c .  Tox ic i ty ,  co r ros iveness ,  and e x p l o s i l ~ e n e s s  OF the,. 

r eac rancs  and products  a r e  a l s o  concerns. C o m e r c f a i l y  a v a i l a b l e ,  r e l a z i v e l y  
a 

simple r e a c t a n t s  a r e  d e s i r a b l e .  

The r e a c t a n t s  s e i e c t e d  dur iag  t h e  f i r s t  year  of t h i s  p r o j e c t  included 

t i t a n i u m  t e t r a c h l o r i d e  (TiC14) as t h e  titanium source ,    or on t r i c h l o r i d e  

( X I 1 )  and diborane (B2H6) as' the  boron sources ,  and hydrogen (Hz) a s  the  

reduccant .  The r e a c t i o n s  as pfedented Id $ t 6 l c R l o m e t ~ : C ~ l l y  balanced 

equa t ions  are:  

TiCl,(g) + 25Cl3(g)'  + 5H2(g) + TiB2(s )  + 10BCl(g) 

TiC14(g) + 32E5(g> + TiB2(s)  + 4HCl(g) + X2(g) 

.These c h e d c a l  schemes involve  s e v e r a l  i s s u e s  not encountered i n  the 

laser- induced s y n t h e s i s  of S i ,  SIC and Si3Y4 powders, TiC1, and B C 1 2  - a r e  

corros ive;  TiC14 is  a l i q u i d  a t  ambient condi:ions; B 2 H 6  and H, - a r e  

explos ive;  B 2 H 6 ,  aC13, and phosgene ( a  contaminant i n  BCl?) , a re  toxic ;  and 

t h e  r e a c t i o n s  a r e  endothermic. Condi:ions f o r  t r a n s f e r r i n g  s u f f i c i e n t  energy 

from t h e  i n f r a r e d  (IR) beam of the CD2 l a s e r  t o  the r e a c r a n t  gas d x t u r e  t o  

induce T i B 2  formation must be exper imenta l ly  determined. 

We developed a thermodynamic a n a l y s i s  program tha t ,  considers  v a r i a t i a n s  

i n  the  equ i l ib r ium compositions as funccioas  af the  reaczant  composi:ioa, che  

r e a c t i o n  temperature,  and the  c e l l  pressure .  S o l i d ,  l i q a i d  and gas phases 

were included.  For t h e  laser process ,  i t  is  a l s o  necessa=y t o  d e t e r s i n e  t'ne 

amount of heat  r equ i red  t o  e l e v a t e  the  i n i t i a l  r e a c t a n t s  t o  the presumed . , . 

reacc ion  temperature and t o  c r a n s f o m  then? co t h e  predic ted  equ i l ib r ium 



. . . .  . .  . 1. . . 
: . c ~ m p o s i ; i o n a t ~  a : s p e c i f i e d  pressure.  This  qqantLty i s  used t o .  est:mate t h e  

I 

. . .  . . . . . . . . . s . . . .  . ,  . .  . . . .. . . 
amount or' IR r a d i a t i o n  from tne  COZ ,laser which must be absorbed by t h e  

reaccan: gas stream and converted i n t o .  thermal energy. These gnpabi1i:les 

have been coded i n t o  a FORTRAN program, c a l l e d  SOGASMIX-?V. 

A runeable C 0 2  l a s e r  i s  used i n  the  s r u d i e s  of aon-s i l icon based 

chemlsrr ies  r a t h e r  than the  untuned C O Z  laser which emits only a t  10.591 u. 

i 
Xeplacing t h e  r e a r  r e f l e c r i v e  mi r ro r  of a C02 laser v i rh  a r e f l e c t i v e  g r a t i n g  

makes tne  laser tuneab le ,  ex7anding the  range of SR wavelengths that can be 

achLeved and a l l o v l n g  some v e r s a t i l i t y  in matching t h e  absorp t ion  bands of 

the  r e a c t a n t  gases t~ the  l a s e r  output .  

The power emi t t ed  from t h e  Adkin MIRL-50 tuneable  C 0 2  l a s e r  v a r i e s  as a 

func:ion of A. A maximum of 45  W is  a v a i l a b l e  a t  t h e  P(20) l i n e  of t h e  

OOO1-iOOO t r a n s i t i o n .  For t h i s  reason,  rne optimum X for powder forination 

depends on the  a b s o r p t i v i t y  of t h e  r e a c t a n t  ac a s p e c i f i c  A and t h e  power 

a v a i l a b l e  from the  l a s e r  a t  t h a t  A .  

Before s y n t b e c i c  r e a c t i o n s  were atzempted i n  the  f lowing gas powder 

c e l l ,  p o t e n t i a l  r e a c t a n t  gases  were studied i n  a s t a t i c  cell.  Pure gases  and 

gas d x t u r e s  were sub jec ted  t o  v a r i e d  exposure times and power l e v e l s  of :he I - I 
I 

CO, laser t o  d e t e r s i n e  cond i t ions  f o r  chemical reac:ion. Also, t h e  - 
. . 

a b s o r p t i v i t y  of gases  v e r e  aeasiared a s  a func t ion  of p ressure  and - 
temperature,  

Since the l aser  inducec powder syntheses  are t h e m 1  processes ,  i t  is 

impor:ant t h a t  the  r e s u l z i n g  temperacure i n c r e a s e  be de f ined  i n  terms of the 

,amount of l a s e r ,  power absorbed by t h e  gas. . A computat ional  procedure was , 

. . . .  
, . ' dove:bpkd f o r  " C&ci18ting t h e  'induct& temperature p r o f i l e  because t h e  . . . . .  



temperature of t h e  gas  w i t h i n  t h e  boundaries of t h e  l a s e r .  bean.cannot be 

measured with p h y s i c a l  probes. 

The s t a t i c  c e l l  i s  placed i n . a n  oven t o  achieve  hot-wall ~ o n d i t i c n s  

because t h e  r o s t  promisLng reaceant  f o r  T i B 2  sy"the.sis is  a l i q u i d  a t  ambient 

c o n d i t i o n s ;  t i t an ium t e t r a c h l o r i d e  b o i l s  a t  136OC ( i  a t s ) .  The r s a c r a n t s  
# 

must be i n  the  gas  phase dur ing . the  l a s e r  s y n t h e s i s  process ;  o therwise ,  a  

porc ion of the  l a s e r  r a d i a t i o n  would be u s e d . t o  supply t h e  hea t  of 

v a p o r i z a t i o n  t o  t h e  l i q u i d s  and the y i e l d  of product  pe r  absorbed photon 

would be unacceptably low. 

Elowing gas d e l i v a w  S]TEtOm was a l s o  designed and ooncsruossd f o r  uEe 

with  condensed ?base r e a c t a n t s .  The r e a c t a n t s  musr be in t roduced I n t o  t h e  

s e l l  Fn t h e  gaseous s t a t e  and kept  i n  t h i s  s t a t e  u n t i l  t h e  r e a c t a n t  mixture 

i n t e r a c z s  with t h e  iR laser beam. A hea red .nozz le  device  i s  used :o vapcr ize  

:he l i , qu id  and t h e  annu la r  g a s ' s t r e a m  i s  heated t o  prevent  condensation of 

the  vaporized l i q u i d  b e f o r e . 1 ~  reaches  t h e  l a s e r  beam. A diagram of t h e  

hea ted  nozzle assenb ly  i s  shown i n  F igure  3. Because many of t h e  l i q u i d  

r e a c t a n t s  a r e  c o r r o s i v e ,  316 s . t a i n l e s s  s t e e l  w a s  .cnosen as, t h e  c o n s t r u c t i o n  

m a t e r i a l .  A gas- r ight  s y r i n g e ' p u m p , i s  used t o  in t roduce  t h e  l i q u i d  reaceant  

a t  a  c o n t r o l l e d  r a t e  i n t o  t h e .  heated nozzle assembly. A second channel 

intersects the  c e n t e r  bore;  t h i s  pa th  is  f o r  those  r e a c t a n t s  which a r e  gases 

a t  ambient condi t ions .  Mixing with t h e  vaporized l i q u i d  t akes  p lace  p r i o r  ra  

passage through t h e  s t a i n l e s s  s teel  reactant nozzle. The s t a i n l e s s  s t e e l  

r e a c t a n t  .nozzle i s - a  s e c t i o n  of . t h i n  wal led ,  s t a i n l e s s  s t e e l  .cubing i a s e r r e d  

i n t o  a threaded,  s t a i n l e s s  s:eel plug. . 

Heae is  s u p p l i e d  by f h r e e  50 .W carz r idge  .heaters . .  The, thernocouples . . 

monitor t h e  ternperatute d i s t r i b u t i o n  1n':he s t a iz l l e s s  s t e e l  block and 2rovide 



. . .  , ,  . . < : ' .  . . :  " '  . . . 
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Figure 3. 3 e  heatea nozzle assemS1y. See fhe eexf f o r  a detailed 
discussion. 



a c o n t r o l  s i g n a i  f o r  a  t empera tu re  c o n : r ~ l  u n i t  which c o n t r o l s  c u r r e n t  t o  t h e  

c a r r r i d g e  h e a t e r s .  

Due t o  t h e  t o x i c  and e x p l o s i v e  hazz rds  a s s o c i a t e d  w i t h  B2E6, w e  m d e  a 

major e f f o r t  t o  improve t h e  safecy of o 6 r  laser process .  Our approach has 

bean t o  i d e n t i f y  t h e  haza rds  a s s o c i a t e d  wirh  each  csnponent  of o u r  s y s t e n ;  
4 

t o  i d e n t i f y  ne thods  t o  minimize t h e s e  i n d i v i d u a l  haza rds ;  t o  deve lop  d e s i g n s  

t h a t  p rov ide  a d e q u a t e  l e v e l s  of s a f e t y  and meet :he process  r equ i r emen t s  f o r  

con t inuous  s y n t h e s i s  of TiB2. The =:or a r e a s  of concern  a r e  t h e  f i r e  hazard 

a s s o c i a r e d  wi:h.the py rophor i c  n a t u r e  02 d ibo rane ,  t h e  t o x i c i t y  of d ibo rane ,  

t h e  e x p l o s i o n  hazard  a s s o c i a t e d  wi rh  a r a p i d  r e l e a s e  of d i b o r a n e  and 

hydrogen, t h e  dange r s  a s s o c i a t e d  w i t h  h i g h  power C02 lasers, namely t h e  

b u r n / f i r e  'hazard of t h e  beam i t s e l f ,  and t h e  e l e c t r o c u t i o n  danger  from t h e  

laser power supply. 

TIBZ s y n t h e s i s  expe r imen t s  were i n i e i a t e d  w i t h  t h e  BC13 + TIC1, 

raac:i?n. One o v e r r i d i n g  f a c c o r  ln t h i s  d e c i s i o n  was t h e  l e s s  s t r i n g e n t  

s a f e g u a r d s  r e q u i r e d  f o r  e x p e r i n e n r a t i o n  w i t h  BCL3 r e l a t i v e  t o  chose needed 

f o r  B2B6. Our i n i t i a l  d e d u c t i o n  from the literature vas cha r  BC1, would be 

t h e  s u b s t i t u e n t  t h a t  wouid abos rb  t h e  I R  laser r a d i a t i o n  i n  t h e  reac:ioa 

TiCl,(&) + 9C13 (g) + E q ( g )  + T i B 2 ( s )  + by-products.  

The i n t e r a c t i o n  of B C l j  vapor  w i t h  t h e  10.59 u o u t p u t  of :he C02 l a s e r  

w a s  s t u d i e d  i n  t h e  p r e v i o u s l y  d e s c r i b e d  s t a t i c  c e l l .  The a b s o r p t i v i t y  

c o e f f i c i e n t ,  a ,  i s  de termined  i r o n  t h e  equa r ion ,  a = [ l / ( P l ) ] l a ( I o / I >  in 

which P i s  t h e  p a r t i a l  p r e s s u r e  of BCL3, 1 i s  t h e  c e l l  p a t h  i e n g t h ,  I is  :he 
0 

i n c i d e n t  laser power and ,I i s  t h e  t r a n s m i t t e d  laser power. 

Absorptiv1:y measurements were made w i t h  aC13., BC13 p l u s  A r ,  and BC13 

p l u s  x2. -4s t h e  BC13 p r e s s u r e  i n c r e a s e s ,  t h e  nec amount cf absorbed  h s e r  



TABLE I11 

ABSORPTIVITY OF BClj 

a. a r e  t h e  p a r t i a l  p r e s s u r e s  i n  t o r r  af BC13,,& and H2, 

t h e  i n c i d e n t  l a s e r  power i n  watts. a i s  t h e  

c a l c u l a t e d  a b s o r p t i v i t y  c o e f f i c i e n t  i n  u n i t s  of arm'!~m'~. AP is  t h e  
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P ~ c ~ ,  

5.2t 
I 

I 

" 
I 

I .. 
l o t  .. 
I 

* 
" 
.( 

" 

6 . 5 ~  
" 

20t 
l oo t  

b 

pressure  i n c r e a s e  i n  t h e  s t a t i c  c e l l  when IR r a d i a t i o n  i s  absorbed. K . O *  
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means .not observed. N.M. means not  measured. 

b. A t  l O O t  of BC13, no t r a n s m i t t e d  r a d i a t i o n  w a s  observed. 
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power i n c r e a s e s ,  b u t  t h e  c a l c u l a t e d  a b s o r p t i v i t y  d e c ~ e a s e s .  The a b s o r p t i v i c y  

does  a o t  f o l l o w  a l i n e a r  dependence on BC13 p r e s s u r e .  For  a s p e c i f i c  SCL2 

p r e s s u r e ,  t h e  a d d i t i o n  of a second g a s  rzduces  the amounr of absorbed laser 

r a d i a t i o n  as w e l l  as t h e  c a l c u l a t e d  a b s o r p t i v i t y  c o e f f i c i e n t  5ased  Dn r h e  

BC13 parzial p r e s s u r e .  Ar d e c r e a s e s  a b s o r p t i v i t y  more t h a n  Hz, Also t h e  
4 

p r e s s u r e  jump, which is i n d i c a t i v e  of a t empera tu re  rise, i s  more n o t i c e a b l e  

w i t h  Ar t h a n  wich H2. Wi:h a more i n t e n s e  beam (Tab le  111) a c r e  laser 

r a d i a t i o n  was absorbed  per volume of gas  buc t h e  " e f f e c t i v e "  a b s o r p t i v i c y  

c o e f f i c i e n t s  were lower  than  w i t h  t h e  lower ?over  beams. T h i s  i s  c o n s i s t e n t  

w i t 5  t h e  observation made above t h a t  t h e  inducenent  of a h o t t e r  gas volume by 

t h e  l a s e r  r a d i a t i o n  w i l l  r e s u l t  i n  a lower d e n s i t y  of g a s  molecules  w i t h i n  

t h e  laser bean. 

The computa t iona l  p rocedure ,  developed was used t o  e s t i m a t e  t h e  

t empera tu re  of BC13 and BC13 p l u s  H2. F i g u r e  4 shows t h e  calculated 

t e m p e r a t u r e  p r o f i i e s  i n  6.5 t o r t  of aC13 e q o s e d  t o  a 3 W I R  beam (0.19 W 

were absorbed  p e r  ca o f  p a t h  l e a g e h )  and t o  a 10 W beam (1.2 W were absorbed  

p e r  cm). h e  t o  t h e  l a c r e a s e d  power a b s o r ? t i o a ,  t h e  peak t e a p e r a t u r e  a t  t h e  

c e n t e r  of t h e  laser beam i n c r e a s e s  from 650 K t o  1 5 4  K. A t  19  t o t r  of BC13 ,  

2.0 Y/cm of path l e n g t h  i s  absorbed  from a 40 W beam resulting i n  a maximum 

t empera tu re  of 1990 K. This  =rend  r e f l a c r s  an impor t an t  c h a r a c t e r i s t i c  of 

t h e  B C l ,  s y s t k ,  namely, t h a t  more power p e r  u n i t  i e n g t h  Ls absa rbed  a r  
w 

h i g h e r  BC13 p r e s s u r e  wh i l e  t h e  mechanism of l o s i o g  h e a t  by :hema1 

c o n d u c t i v i t y  i s  n o t  a f u n c t i o n  of  p r e s s u r e  a t  p r e s s u r e s  i n  e x c e s s  of 

app rox ima te ly  1 t o r r .  A mix tx re  of 19 t o r r  of BCL3 ? l u s  2G t o r r  of Hg 

a b s o r b s  2.1 W/cm of  p a t h  l e n g t h  f r o n  t h e  40 W beam, bu: a c h i e v e s  a . , peak  

t empera tu re  of o n l y  1006 K. The high thermal  c o n d u c t i v i r y  of H2 i s  



Figure 4 :  ' The: calsylated temperature i n  t h e  s ta t i ;  c e l l ,  due t o  ; . . .  

absorprion of IR laser radiation, is shown as a f ~ n c t d n n  of 
r / R .  The distance from the center of ;he laser beam i s  a: r 
and 2 i s  the radius of the laser beam. 0.19 and 1.2  W/:= 
vere absorbed by 6 . 5  tort  of BC13 for i n c i d e n ~  laser powers 
of 3 and 10 W ,  respectively. .  



r e s p o n s i b l e  f o r  t h e  reduced tempera ture .  These c a l c u i a t e d  t empera tu re s  a r e  

h igh  enough e3  cause  ;he f o r m a t i o n  of Ti32 powder. 

T h e , s = a t i t  c e l l  a p p a r a t u s  h a s -  been used t o  d e f i n e  cne  range  of 

p r o c e s s i n g  c o n d i t i o n s  t h a t  induce  a  chemical  r e a c r i o n .  A d x t u r e  of 10 LorrL 

cf TiCl, ,  20 t o r r  of 8, L and 20 t o r r  of BC13 absorbed  25 W of laser r a d i a t i o n ,  . 
but  no powder was f o m e a .  Changing t h e  gas  composi;ion t o  10 t o r r  of TiCI,, 

50 t o r =  of El2 and 100 t o r r  of B C l j  r e s u l t e d  I n  a l l  t h e  l a s e r  r a d i a t i o n  be ing  

absnrbed 1- 35 W) v i t h i n  t h e  10.2 era long s t a t i c  c ~ S , f  ... A 3.um~nnsr~,n . t ,  

e m i s s i o n  was observed  b u t  no powder f o m e d .  A t  10 t o r =  of TiCl,, 100 t o r r  of 

K2 and 240 t o r r  of BC13, 1 second l a s e r  p u l s e s  produced lumlnescenc f l a s h e s  

and w h i t e  film was d e t e c t e d  on t h e  f r o n t  c e l l  window. Longer p u l s e s  of laser 

r a d i a t i o n  caused f r a c t u r i n g  of t h e  f r o n t  K C 1  wl%dow. HeNe l i g h t  s c a t t e r i n g  

i n d i c a t e s  t h a t  powder was l o c a t e d  throughout  t h e  s t a t i c  c e l l ,  b u t  t h e  

l o c a t i o n  of t h e  povaer  f o r m a t i o n  c o u l d n o t  be determined.  When t h e  window 

f i l m  w a s  exposed t o  a i r ,  i t  changed appea rance ,  a p p a r e n t l y  l i f r i n g  o f f  from 

t h e  d n d o w  s u r f a c e .  It h a s  n o t  been de termined  if a chemical  o r  

s o r p h o l o g i c a l  change took  p l ace .  

We haoe s u c c e s s f u l l y  s ,mthes ized  TiB2 powder under  fled-ng g a s  

c o n d i t i o n s  and have completed i n i t i a l  c h a r a c t e r i z a t i o n  of powders made with 

both v a r i e d  process c o n d i t i o n s  and a l t e r a a t i v e  c h e n i s t r i e s .  These 

a c c o m p l i s b e n t s  s a t i s f y  a major  m i l e s t o n e  f o r  ?TIT'S Grant  DE-FG37-83ID-i2380 

enti: led "Investigation of ?laterLals f o r  I n e r t  E l e c t r o d e s  i n  Quminun Elec:ro 

Depos i r ion  C e l l s .  * 

Flowing g a s  t i t a rdurn  d i b o r i d e  s y n t h e s i s  exps r imen t s  have been based on 

two alternative c h e m i s t r i e s .  These a r e :  . .  . 



and 

These chemis t r i e s  r equ i red  r e s o l u t i o n  of s e v e r a l  new i s s u e s , v i t h  r e s p e c t  t o  

! 
t h e  l a s e r  h e a t  powder s p t h e s i s  process  t h a t  were not  encountered wi:h SiS, 

based chemis t r i e s .  These inc lude  condensible reac:ants, endothermic 

r e a c t i o s s ,  low a b s o r p t i v i t i e s  and p o t e n t i a l l y  competing r e a c t i o n  pathways eo 

products  o t h e r  than TIB2. 

Powders were made under f lowing gas  c o n d i t i o c s  us ing both chemis t r i e s .  

C h a r a c t e r i z a t i o n s  revealed  t h a t  t h e  B2H6 boron source  y ie lded  TiS2 and t h e  

BC13 source  produced TIC13 powder. We a n t i c i p a t e  t h a t  process  c o n d i t i o n s  

which cause h igher  r e a c t i o n  temperatures  w i l l  produce TiB2 powder from BCl,. - 'I 
The r e a c t i o a s  were c a r r i e d  o u t  under v a r i e d  f low r a t e s  and pressures .  Wide 

ranges of process v a r i a b l e s  produced s t a b l e  r e a c t i o n s ;  i t  i s  t h e r e f o r e  

a n t i c i p a t e d  t h a t  process  v a r i a b l e s  can be manipulated t o  optimize t h e  

p roper= ies  of the  r e s u l t i n g  powders. 

?owders have been c h a r a c t e r i z e d  by X-ray d i f f r a c t i o n ,  s u r f a c e  a r e a  

a n a l y s i s  (3ZT), t r a ~ s a f s s i o n  e l e c t r b n  mlcroscopp (TEM) and chemical a n a l y s i s  

(acordc  a b s o q t i o n ) .  X-ray d i f f r a c c i o n  i n d i c a t e s  vherher  t h e  powders are 

c r y s t a l l i n e  and i s  used t o  i d e n t i f y  t h e  : r y s t a l l i n e  phases and t h e i r  g r a i n  

s i z e s .  Only TIB2 d i f f r a c c i o n  p a t t e r n s  were observed i n  t h e  powders formed 

from B2H6 and the  g r a i n  s i t e  was d e c e d n e d  t o  be 120 t o  140 A. ' BET a n a l y s i s  

of these  powders i n d i c a t e s  a surface a r e a  of 17.5 m2/gr; assuming a powaer 

d e n s i t y  of 4.5 gr/cm3, :his corresponds t o  a s p h e r i c a l  e q u i v a l e n t  d iameter  of 

280 A. TEM a n a l y s i s  of t h e  B2Y6 o r i g i n a t i n g  powders i n d i c a t e d  a . ? a r t i c l e  , . .  ' 

s ize  ranging from 300 t o  500 A ,  a c r y s t a l i i n e  d i f f r a c t i o n  p a t t e r n  . . .  . 

corresponding t o  T i B 2  and no necks betweeil c o n t a c t i n g  part:cles. The 



p h y s i c a l  dimensions i c d i c a z e d  by X-ray, 3ET.acd TZM , a n a l y s i s  . a r e  i n  agreement 

w i t h  one a n o t h e r .  R e y  snow t h a t  t h e  powders a r e  ? o l y c r y s t a l L i n e  w i t h  a  

g r a i n  site of a p ? r o x i z a t e e  1/3 rile p a r r i c l e  size. The TEM s i c r ~ g r a p h s  ~ l s o  

show t h a t  t h e  powder has  a unifor;n p a r t i c l e  s i z e  and c o n t a i n s  no h a r d  

agglomera tes .  Aromic a b s o r p c i o n  analysis give  a bulk  composi r ion  of 23 + 

mole 2 T i  and 77 mole Z B. This composition i s  boron. r i c h ,  co r r e spond ing  t o  

t h e  g a s  d x  used i n  i h e  powder s F t h e s i s .  

3. Hall C e l l  Performance Testing 

A laboratory-scale e l e c t r o l y s i s  ce l l  has  been des igned  and b u i l t  t o  rest  

t h e  Hall c e l l  behav io r*  of c a n d i d a t e  anode m a t e r i a l s .  The c e l l  can both 

conducr t h e  e l e c t z o l y s i s  of a lumina  i n  c r y o l i t e  and p e r f o m  scientific 

c o r r o s i o n  tests,  t h e  l a t r e r  owing t o  t h e  i n v e n t i o n  a t  YIT of what appea r s  t o  

be a s t a b l e ,  d r i f r - f r e e  aluminum r e f e r e n c e  e l e c t r o d e .  

The c e l l  has  t h r e e  e l e c t r o d e s :  a  t e s t  anode,  a coun te r - e l ecc tode  o r  

ca thode ,  and a n  aluninum r e f e r e n c e  e l e c r r o d e .  The e l e c t r o l y e e  i s  he id  i n  a 

c r u c i b l e  of e i t h e r  alumina o r  p y r o l y t i c  boron n i t r i d e ,  depending upon t h e  

d e g r e e  of melt s a t u r a r i o n  wizh res?ec: t o  L 2 g 3 m  An %BN g r a d e  boron n i z r i d e  

c y l i n d e r  ho lds  t h e  c e s r  specimen and c o n t a i n s  t h e  r e f e r e n c e  e l e c t r o d e  and a  

thermocouple w e l l .  A c o n c e n t r i c  c y l i n d e r  o f  ?lo f o i l  serves a s  t h e  c a ~ n o d e .  

'=he whole e l e c z r o d e  assembly is  lowered i n t o  :he premel ted  e l e c t z o l y t e .  

The re  i s  an  a rgon  a tmosphere  LR t h e  c e l l .  Specimens a r e  r e s t e d  ac cu r renc  

d e n s i t i e s  of up t o  1. hlcz2. A c u r r e n t  i c t e r r u p t e r  i s  used t o  measure 

p o t e n t i a l s  between e l e c t r o d e s ,  When combined w i t h  t h e  s t a b l e  r e f e r e n c e  

e l e c t r o d e ,  this a p p a r a t u s  rneasures o v e r p o r e n t i a l s  G u r i n g ' e l e c t r o l y s i s .  The 

t r a d i r i o n a i  weight  l o s s  neasurements  a r e  a l s o  made, and samples  a r e  subjected 



t o  micros t r u c t u r a l  a n a l y s i s .  To dace,  s e v e r a l  anode, compbsit ions have been a 

s t u d i e d  inc lud ing  t r a d i t i a n a l  g r a p h i t e  and composisioas from t h e  n i c k e l  

f e r r i t e  s y s t e s .  A comparison of overvo l t age  measurements wi th  t h e  l i t e r a t u r e  

v a l i d a t e s  t h e  t e s t  procedure acd demoastraces t h e  s t a b i l i t y  of t h e  r e i d r c n c e  

e l e c t r o d e .  

The c a p a b i l i t y  of doing s c i e n t i f i c  c o r r o s i o n  t e s t i n g  i s  t h e  r e s u l t  of . 

t h e  r e f e r e n c e  e l e c t r a d e  invenred a t  ?IT. .The s t a b i l i r y  of t h i s  electrode i s  

de r ived  from the  p h y s i c a l  placement of t h e  e l e c t r o l y t e ,  molten aluminum, and 

r e f r a c t o r y  metal l e a d  v i r e  i n  such a  way as t o  avoid s h o r t i n g  and mixed 

p o t e n t i a l s .  SrF2 o r  BaF2 i n  t h e  amount of 30 w t . 2  i s  added t o  c r y o l i t e  

making the  m e l t  s u f f i c i e n t l y  dense t o  cause t h e  l i q u i d  aluminum pool  t o  f l o a t  

on top  of t h e  e l e c t r o l y t e .  I n  t h i s  way i t  i s  p o s s i b l e  t o  ensure  t h a t  t h e  W 

o r  TiB2 l e a d  touches only  t h e  aluminum and not  the  salt .  Thus, a  t r u l y  

r e v e r s i b l e  and s:abie i n t e r f a c e  i s  established beEveen t h e  aluminum pool  aad 

the  melt which is  chemically but no: e l e c r r i c a l l y  i s o l a t e d  from t h e  

e l e c t r o l y t e  by means of a  porous boron n i t r i d e  plug. The r e s i s t a n c e  of t h e  

plug,  once i C  i s  s a t u r a t e d  with e l e c t r o l y t e ,  i s  about 20 n. Another 

improvement over  conventtanal reference e l e c t r o d e  des igns  i s  t h e  placement of 

the  r e f e r e n c e  z i p  a t  the  edge of t h e  c u r r e n t  pa th  i n  t h e  t e s t  c e l l .  I n  t h i s  

way t he  r e f e r e n c e  does not  dfsrupb t h e  c u r r e n t  s t r e a m l i n e s ,  and a l lows  

cons i s t ency  i n  =he means of overvo l t age  measurement between d i f f e r e n t  s z n p l e  

geomett ies .  The e l e c r r o l y t e  i s  conta ined i n  a n  a l u p i n a  o r  p y r o l y t i c  boron 

n i t r i d e  c r u c i b l e  which i n  t u r n  i s  conta ined i n s i d e  an a i r - t i g h t  alumina tube 

t o  a i n t a i n  a t  a l l  times an ine r ;  atmosphere above t h e  test  c e l l .  AiZ03 

a d d i r i o n s  can be aade without  opening t h e  c e l l  t o  t h e  atmospher-e. Thits 



a tmosphere  c o n r r o l  e n s u r e s  rha: :he e l e c z r o l 7 t e  composi r ion  w i l l  n o t  change 

d u r i n g  t e s t i n g  a s  well as between d i f f e r e n t  runs.  

4. Summary and Conclusfopa 

Our r e s e a r c h  h a s  producod imporzant  r e s u l t s  i n  s e v e r a l  t c p i c a l  a r e a s  

needed t o  d e f i n e  i n e r t  anode and ca thode  a a c e r i z l s  f o r  t h e  Hall-B6roulr 

c e l l .  This  r e s e a r c h  has  a l s o  shown t h a t  needed background d a t a  a r e  s p a r s e  

and  i n a c c u r a t z ,  a combina t ion  c h a t  i s ,  a t  b e s t ,  mis leading .  The s e t h o a o l o g y  

f o r  making and e v a l u a t i n g  c a n d i d a t e  m a t e r i a l s  has  been developed.  The b a s i s  

f o r  s e l e c t i n g  c a n d i d a t e  m a t e r i a l s  i s  s e r i o u s l y  d e f i c i e 3 t .  

Candida te  m a t e r i a l s  have been surveyed and l i k e l y  compositions f o r  bo th  

anode and ca thode  a p p l i c a t i o n s  have Seen def ined .  S i n g l e  c r y s t a l s  of anode 

and cachode c a n d i d a t e  s a t e r i a l s  have been grown and c h a r a c t e r i z e d .  The 

ca thode  C O ~ D O S ~ ~ ~ O ~ S  were T i a 2  and ' d B 6 ;  anode c a n d i d a t e s  were based on N i  

and Co f e r t i t e s .  Both s i n g l e  c ~ y s t a l  and mul:iphase, o r i e n t e d  g r a i n  anode 

samples  were produced. C h a r a c t e r i z a t i o n s  i n c i u d e  c r y s t a l l o g r a p h i c ,  

m e t a l i o g r a p h i c ,  chemica l ,  e l e c t r i c a l  and d i s s o l u t i o n  k i n e t i c s  analyses. The 

high t empera tu re  electrical c o n d u c t i v i t y  of s i n g l e  c r y s c a l  T i a 2  was s e a s u r e d  

f o r  t h e  f i r s t  t ime t o  p r o v i d e  a n e a s u r e  of i n t r i n s i c  propercy  v a l u e s  which 

d i f f e r  from chose of p o l p c r y s t a l l i n e  samples.  

S e v e r a l  c o p i e s  have Seen a d d r e s s e d  with r e s p e c t  t o  t h e  s)rr.thesis of 

u l r r a  h i g h  p u r i r y  TiS2 ?owders. Candida te  cneiiils:rles have been reviewed i n  

terms of c r i t e r i a  i m p o r t a n t  :o t h e  laser hea t ed  gas  phase powder s y n t h e s i s  

p roces s .  S a f e t y  equipment and p rocedures  were a major t o p i c  because  of t h e  

haza rds  r e p r e s e n t e d  by c a n d i d a t e  gases .  .The c h e m i s r r i e s .  s e l e c t e d  a r e  based .. . . 

on TiC13, B C 1 3 ,  B 2 H 6  and T i - i ~ ~ ~ r o p ~ ~ i d e .  h computerized t h e m o a ~ . a n i c  



. . 
. . 

a n a l y s i s  has  been r e v i s e d  s u b s t a n t i a l l y  t o  f a c i l i t a t e  i t s  usage a n d . t o  

provide  g r a p h i c  o u t p u t s  of predic:ed c o n c e n e r a t i o n s  of r e a c c i o n  7 roduc t s .  

Hot -vs l l  s t a t i c  and f lowing  g a s  r e a c r o r  c e i l s  have been developed.  The 

s r a r i c  c e l l  has  been ana lyzed  f u r t h e r  t o  p rov ide  s o r e  a c c u r a t e  measures  of 

t h e  o p t i c a l  a b s o r p t i v i t y  and induced  t empera tu re  r i s e  i n  :he r e a c t a n t  gas.  

The f lowing  gas c e l l  and h e a t e r  assembly has  a l s o  been ana lyzed  t o  i n s u r e  

compis te  and uniform v o l a t i l f z a t i o n  02 l i q u i d  r e a c t a n t s .  Experiments  of 

s e v e r a i  t ypes  nave been unde r t aken ;  t h e s e  i n c l u d e  a b s o r p t i v i t y  measurements,  

v o l a t i l i z a ~ i o n  ra:e s t u d i e s ,  peak g a s  t empera tu r s  measnrernents, s p r h e s i s  

runs  i n  a  cold-wall ,  s t a t i c  c e l l  and f lowing  g a s  s y n t h e s i s  r u n s  w i t h  a  h e a t s d  

nozz le .  Ti52 powders have been m d e  under  c o n t r o l l e d  and p r e d i c t e d  p roces s  

c o n d i r i o n s .  The powders appea r  s u i t a b l e  f o r  f a b r i c a t i o n  i n t o  t e s t  samples .  

s l a b o r a t o r y  s c a l e  Sall c e l l  was des igned ,  c o n s t r u c t e d  and made 

o p e r a t i o n a l .  The c e l l  i a c o r p o r a ~ t e s  s e v e r a l  nove l  d e s i g n  f e a t u r e s  t h a z  

improve t h e  q u a l i t y  of t h e  s c i e n t i f i c  o b s e r v a t i o n s .  Cur ren t  d e n s i t i e s ,  

e l e c t r o l : ~ ~ e  composi t ion ,  and o t h e r  o p e r a t i n g  parameters  span  t h e  range  of 

i n d u s t r i . a l  p r a c t i c e .  

A p o r e n t i a l l y  p a t e n t a b l e  aluminum r e f e r e n c e  e l s c t r a d e  f o r  t h e  Hall c e l l  

w a s  developed.  h e  e x i s t e n c e  of a  s t a b l e  r e f e r e n c e  e l e c z r o a e  p e r s i t s  f o r  t h e  

f i r s t  t i n e  poten t iodynamic  p o l a r i z a t i o n  s t u d i e s  t o  q u a n t i f y  c o r r o s i o n  r a t e s  

measured i n  c r y o l i z e  melts. i l l s o ,  t h e  reference e l e c t r o d e  i s  be ing  

i n c o r p o r a t e d  i n t o  a sys tem f o r  rea l - t ime mon i to r ing  of t h e  e1cc::olpte 

composiZion. 

The r e s u l t s  of t h i s  r e s e a r c h  have been d i s semiaa red  wisely t h roughou t '  " , . 

t h e  t e c n n i c a l  community. Th i s  has  beec  done by p r e s e n t a t i o n s  bocn on gnd o f f  

campus, a s  w e l l  as by p u b l i c a t i o n s  i n  t h e  t e c h n i c a l  l i t e r a c u r e .  



3 e  r e s e a r c h  2rogram i s  f u l l y  deveioped f o i l o v i n g  :he proposed approach. 

The proposed methodoiogy f o r  i n q r e s t i g a c i n g  c a n d i d a t e  . e l e c t r o d e  mareii;:~ 

under  condi:icns where m a t e r i a i s  propet : ies ,  perforinance and f a i l u r e  modes 

c a a  be i n t e r p r e t e c  w i ~ h  a un ique  i e v e l  of con f idence  i s  o b v i o c s l y  cotre=:- 

g i v e n  t h e  i n h e r e n t  complexic7 of the Hall-iIi5roult cel;. 

It has become a p p a r e n t  cha t  many of t h e  presumpcions made a t  t h e  time 

t h e  p r o p o s a l  w a s  w r i r t e n  a r e  fa  f a c r  n o t  c o r r e c c .  The d a t a  base  f o r  rcaking 

n a t e r i a l s  selec:fon is completely inadequate.  Ue have o u t l i n e d  t h e  ropics 

t h a t  r e q u i r e  f u r c h e r  s tudy .  3nly w i ~ h  t h o s e  d a t a  w i l l  i t  be p o s s i b l e  t o  mice 

m a t e r i a l s  s e i e c r i o n s  on a r a t i o n a l  r a t h e r  than  happenszance b a s i s .  
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Abstract 

The suitability of fersites as inert anode materials in Hail 
C '  cells was investigated using copper - manganese f&r;ifkb as 

a test system. Single crystal specimens were prepared so 

that testing took place upon equilibrated samples not 

affected by preparation. Electrical conductivities were 

measured in the temperature range 900 to 1 4 5 0 ~ ~  under an 

atmosphere of oxygen and were found to be less than 10 

(0cm)-' at the Hall cell operating temperature, 9 6 0 ~ ~ .  The 

importance of the  ef fec t  of oxygen praseurc upon intrinsic 

properties was demonstrated. In a bench - scale Hall cell 
ferrite specimcna were tested as anodes. They corroded at 

unacceptably high rates, and the corrosion products were 

co - deposited with aluminum. In measurements of cell 
potential were made as a function of current density. The 

use of a stable reference electrode enabled electrochemical 

measurements such as anodic evervoltage and a variety of 

transient techniques. 
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Aluminum is produced primarily by the  all - BBroult 
process. In this high temperature molten salt 

electrowinning precess,. direct current is passed between a 

carbon anode and a molten aluminum cathode. The passage of 

this current through the dectrolyte supplies sufficient 

Joule heating to maintain the temperature of the bath at 

arouna 9 6 0 ~ ~ .  The aluminum cathode, also reterred to as a 

pad, can be between 14 and '40 cm in thickness. The pad.to 

anode spacing i n  a w e ? %  run c r l  l 1366 between 4 -ai~cl 0 em. 

Industrial electrolytes consist mainly of cryolite, Na3AlF6, 

with additions of A 1 F 3 ,  A12Q3 refined from bauxite by the 

Bayer process, and various concentrations ct CaF2, MgF2 or 

LiF. Current densities lie between 0.1 and 1.2 ~ / c m ~  with a 

cell voltage in the range of 1.5 to 6 V and a current 

efficiency of about 91%. The ovckall cell reaction for the 

production of aluminum as given below has a reversible 

-potential of 1.20 V at 9 6 0 ~ ~ .  

The components of a typical operating cell voltage are given 

in Table 1 (f,2). 

Aluminum production requires about 15 kW-hr/kg in the 

form of electrical energy. At present pseductien levels 

this quantity represents about 2.5% of the total electrical - 
(energy produced in the United States (3). An increase in 

the energy efficiency of the process from its psesent value 
. . 

.of .about 40% would result in a significant energy savihgs asi 

well as a lower cost product. One'way to lower. the'energy 

consumption would be to lower the cell voltage. An 

examination of Table 1 shows that the components of the cell 

voltage that could be lowered are the electrode resistances, 



the electrolyte resistance (resulting In the so-called "-fR 

drop") and the anodic overpotential. The most feasible way 

to lower the electrolyte resistance would be to decrease the 

anode to pad spacing. Electromagnetically - induced 
standing waves an the pad and the uneven wear of the anode 

are the principle reasons for the present non - optimal 
spacing. A cathode wettable by liquid aluminum would solve 

the standing wave problem since a thick pad would no longer 

be needed. A dimensionally stable anode, not consumed in 

the electrolytic process, would compliment the use of the 

wettable cathode allowing a decrease in spacing to psssiSly 

as little as 1.5 cm. This could result in a savings of 

about 1.2 V from the overall cell voltage. 

Busbzr to Anode 

Busbar to Anode Interface 

Carbon Anode 

Anode Overvoltage 

Electrolyte Resistance 

Reaction ( 1.) 

Cathode Overvoltage 

Carbon Lining 

Busbar to Lining Interface 

Busbar to Lining 

Total 

Table 1 Components of Cell Voltage 

Carbon anode consumption results in problems other than 

dimensional stability. The cost of the materials and energy 



needed to fabricate anodes accounts for at.least ?%:.of the - . .  . .  . 

total cost of the process. Cell design is restricted since 

the prebaked anodes must be replaced every 21 days. The 

release of sulfur containing, as weli as carcinogenic, gases 

from the burnt anode material necessitates gas collecting 

and scrubbing apparatus above the pctlines. The carbon is 

also a source of impurities such as Fe, Si, V and Ni which 

wil.1 co - deposit with aluminum. 

The quantity 0% patents ( 4 )  granted since the pioneering 

work of Belyaev ( 5 , 6 )  indicates that the search for an inert 

anode has been actively going on for at least 50 years. 

When the present investigation was undertaken, it was 

uniformly felt that an inert anode would meet the following 
design criteria, listed In the order of their importance : 

, I )  Low solubility in the electrolyte. 

2) Low resistance. 

3) Sufficient mechanical strength. 

4 )  Ease of fabrication. 
3 )  Law cost. 

6) Facilitate stabie electrical connections. 

While the search for an inert anode has involved the testing 

of many different materials, no single design has been 

accepted by the industry. 

Of the metals that have been tested only the noble 

metals such as Pt or Au are ;early inert. Belyaev found 
that Cu displayed some resistance to corrosion due to the 

formation o f  a layer of copper oxide on the metal surface. 

Unfortunately this layer would spall .off, exposing fresh 

metal surfaces far corrosion. 

Oxides were also' selected for testing in various anode 

designs by first considering their solubility. The oxides 



that are known to have solubilities of less than 1% in 

cryolite are ZnO, NiO, Co30q, Cr-3 Fe203, and Sn02 (7). 
L 3 '  

The next step taken was to des'ign anode formulatiens so as 

to meet the second criterion, minimum resistance, as listed 

above. For this reason, mixtures based upon SnOt (Swiss 

Aluminum Ltd. (8,9), Surnitomo Chem. Co. Ltd. (lOj, Great 

Lakes Carbon Corp. (11)). Cr203 (Sumitomo (12)) and Fe20t 

(Sumitomo (13), Swiss Aluminum ( 1 4 ) ,  Diamond Shamrock (15), 

Aluminum Co. of America (16), Great Lakes Carbon (17)) have 

received a great deal of attention. Other lower 

conductivity oxide bases such as Y203 (Diamond Shamrock 

(18)) and the oxygen ion conductors, stabilized Zr02 and 

doped Ce02 (Swiss Aluminum (19.20)) have also been 

investigated. The most successful inert anode designs, at 

the time the present investigation was begun, were based 

upon Fe20gn The development, by ALCOA (21), of a cermet 

anode design'based upon this oxide will be used to show how 

all of the above design' criteria were met. 

Hematite, Fe 03, has an unacceptably low conductivity of 
-1 about 0.1 (Ocm) at 1 0 0 0 ~ ~  (22) . Higher conductivities can 

be obtained from oxide solid solutions or compounds with the 

spinel structure based upon Fe203, hereafter referred to as 

"ferrites". Magnetite, Fe,O,, the ferrite with the highest 
*r - 

conductivity of about 200 (0crn)-l at 1 0 0 0 ~ ~  (23), is only - 

stable for P 5 c, atm at 1 0 0 0 ~ ~ .  Other fsrrites that 

are stable at high Pq, having intermediate conductivitles, 

can be formed using the above low solubility oxides such as 

zinc, nickel, and cobalt ferrites. Nickel ferrite, NiFe2O4, 

was the choice for further investigation. It was quickly 

found that this ferrite still did not have a sufficiently 

high conductivity, was prone to brittle mechanical failare, 

and was difficult to fabricate. The'addition of a metal 

phase, either Fe, Ni, or Cu, to form a cermet material was 

found to dramatiealLy imprave the conductivity and 

mechanical properties. Intensive trial and error - type 
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testing was carried out until it'was found that.,a cermet, . 

containing Cu gave the best results ( 2 4 ) .  A typical anode 

material would consist of a certain amount of porosity, a 

matrix of NiFe20q, a mcnoxide (Ni,Pe)O phase, unreacted NiO 

and Fe201, and discrete copper particles. The final-design 

:criterion, stable electrical connectio~s, was met by using a 

contact welding process carried out under a reducing 

atmosphere. 

When the present investigation was started, a cermet 

using a Ni metal phase was eonsidered the state of the art. 

However .the design.Pailed in ways that were difficult to 

interpret. As a consequence of using polyphase materials 

under conditions that were not always well defined, test 

results could not be easily duplicated. Furthermore, the 

,effects of testing metastable phases under high oxygen 

.pressures and temperatures were not fully appreciated. For 

these reasons, the extent to which the oxide phase 

contributed to the corrosion resistance of the tested 

,:material could not be determined. The i n i t i a l  goal o f  the 

gresent investigation was to determine how to improve the 

..behavior of' the ferrite phase through changes in 

:composition. The experimental program involved the testing 

of nickel, coba l t ,  and a series of copper - manganese 
ferrites. In order to eliminate the variation in 

performance due to the variation in processing of the 

specimens, single phase, single crysral specimens, prepared 

by flcating zone melting, were tested under conditions where 

the spinel phase would be at thermodynamic equilibrium. 

El,ect~ical conductivity msasu,-ements were made at 1 atm. 

:oxygen pressure for temperatures between 900 and 1450'2 .  In - 
situ electrochemical measurements as:well as results from . . . .  

,- 

pre - and post - test examination wers all combined to 
portray the corrosfon behavior of these specimens zsed as 

anodes in a bench - skale Hall cell. 



While the testing of ferrites was being carried out, 

some attention was given to the design criteria, given on 

page 12, initially used to select ferrites. It was felt 

that selection could be improved by defining the 

requirements of an inert anode material rather than those of 

an inert'anode. This necessitated considering an inert, 

anode material in the context of its severe environment. 

This consists of immersion in a molten salt electrolyte, 

made mainly from cryolite with some dissolved alumina, near 
0 

unit activity, at 960 C. While current is being passed at 1 

W c m 2  current denslcy, oxygen gas is evolving on the anode 

at pressures above one atmosphere. The electrolyte also 

contains dissolved aluminum and the anode material may also 

occasionally contact the molten aluminum pad. So, the first 

materials selection criterion became : 

1) The material must resist chemical attack and/or 

electrochemical dissolution in the Hall cell 

environment. 

The second criterion became : 

2 )  The material must have a sufficiently high electrical 
0 

conductivity at 960 C and Pa = 1 atm so that it will 
not make an excessivs contribution to the voltage 

drop across the anode assembly. 

The design and construction of the anode largely determines 

how well a materisl meets the second criterion. For 

example, a thin layer of material would cause a small 

voltage drop even if the material did not have a relatively 

high conductivity. The remaining design criteria, nos. 3 to 

6 on page 12, could be applied to a material that passed the 

above two materials selection criteria. 

The testing of ferrite anodes in this study led to the 
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conclusion that even though they sat.isfied,.the materials 

selection criteria given above, they were not suitable for 

use as anodes. While the samples' "resisted" chemical aad 

electrochemical attack, they still corroded at rates that 

would not provide long term dimensional stability. More 

importantly, the corrosion products co - deposited with, 
aluminum, yielding an impure metal product. Another 

materials selection criterion was enunciated, taking co - 
deposition into account, since all oxides will dissolve to 

some degree. This criterion is the most selective'and 

therefore should be considered before criteria 1 and 2 from 

above : . 

0) The material should not co - deposit with Al. 

An oxide like FelOg would not pass this criterion since 

its reversible decomposition potential is higher, i.e. less 

negative, than that of A1203. However, an oxide with a more 

negative decomposition potential could still pass the 

<materials selection criteria even if it had a high' 

.:solubility. The marerial would saturate the electrolyte, 

;after which irreversible corrosion would be halted, allowing 

the electrowinning cell to continue making pure aluminum. 

One conclusion sf this study was that ferrites should 

not be used in anode formulation. This was not appreciated 

at the time systems were selected for study. Nevertheless, 

this investigation has yielded some results that have 

contributed towards an understanding of how the composition 

(of a material affects its properties and its behavior in a 

given environment. 



2. Selection of Materials for Laboratarv Investi~ation 

While the system chosen for investigation should have 

industrial relevance it should also be convenient in terms 

of'preparation and the interpretation of measurements. Six 

criteria were used to select a system for investigation : 

[I] Compositions should be based upon ferrites having 
the cubic spinel structure, 

[2] These ferrites should exhibit a sufficiently wide 

range of stoichiometry under conditions of thermodynamic 
0 

equilibrium =,t 1000 C and Pq = 1 atm. While it is possible 

and quite common for solid state measurements to be made 

upon oxides in metastable crystallographic arrangements, the 

operating temperature of the Hall cell is probably too high 

to prevent the transformation to equilibrium states in a 

short time. It would then be difficult to separate the 

effects of  electrode - aelt interaction and 
thermodynamically driven phase formation. 

[3] Small changes in composition or dopant level may 
cause dramatic changes in electrical conductivity without 

causing noticeable differences in electrcde behavior. On 

the other hand small concentrations of certain oxides may 

cause electrocatalytic effects on electrodes,. Where 

possible, the effects due to such minor additions should be 

avoided until bulk interactions are better understood. 

[ 4 ]  The compositions should be amenable to the 

application ,of floating zone crystal growth techniques. 

This inplies that the composition should form a stable, low 

vapor pressurs melt under an atmosphere of 0 2 even with a 50 
0 

to 100 superheat. The v~a~orieation should not be so 

excessive as to disrupt the liquid zone. If a second phase 



forms as a result of crystal growth then. this phase should - . :  . .- . . 

be easily dissolved by further heat treatment of the 

crystal. 

[ 5 ]  The literature must contain sufficient information 

concerning the thermodynamic, structural, and electricai 

properties of the selected system. More specifically, 

enough information must be available in order that the 

second and fourth criteria can be satisfied without extra 

intrcstiqertian. The literature must indicate LirclL 
0 

electrical conductivity at 1000 C must be n - type and high 
enough to allow the materiaa to conduct significant currents 

without Joule heating. An arbitrary lower conductivity , 

limit of about 0.1 (ncnt)-l can be used. The cation 
distribution should be sufficiently well understood so as to 

allow the formulation of a model for conductivity. 

[6] The compositians should contain varying amounts of 

tha lr2+ cation. This ion has a direct atfect upon 
conductivity and may have an interesting influence upon 

electrode behavior. Also, if possible', the compositions 

tcauld contain varying amounts of CuO as this oxide niay 

provide a measure of corrosion resistance to ferrites. 

The phase stability of various ferrites was examined 

using the Phase Diagrams for Ceramists compilation (25) as 

well as the review by Sticher and Sc.hma1zried (26). 

Diagrams for ferrites having t+e general formuJa Me Fe O x 3.~~4 
were examined for the stability of a spinel ghase at 1000 C 

and Pq = 1 atm. Ferrltes formed with Me = Cr, V, Ti, Mo, 

.La, Nb, Ta, Al, F e ,  Ca, SA, and Zr are not stable. Ferrites 

of Co, Mi, Cu, Mg, Mn, LI, and possibly Ba and.Zn do #form. 

.stable spinels under these conditions.. .The Mg, Li' , 'and Ss 

ferrites may have high solubilities in'moiten cryclite due 

to the high solubilities of M g G I  Li20, and BaO (7j. Zinc 

ferrite was eliminated as well since little is known 



concerning the phase stability of this ferrite. This left 

the cobalt, nickel, copper, and manganese ferrites. 

While cobalt and nickel ferrites were successfully grown 

as part of the anode study this work concentrated upon 

crystal compositions grown from the manganese ferrite and 

copper - manganese ferrite systems. It was found that the 

only single phase nickel ferrite composition that could be 

grown was at 60 mole% Fe203, the congruent melting point of 

the spinel in the NiO - Fe203 system (27). Compositions on 

either side of this congruent point would lead to multiphase 

materials. As well, the stoichiometric range of NiPe204. 

the ferrite stpble at 1 0 0 0 ~ ~ .  is very narrow (28). The COO 

- Oe2O3 system is not as well known as the nickel ferrite 
system. However, it is probable that the stoichiornetric .. 

range for Co Fe3 xOg does not widen significantly until Pq - 
x. - 0 

is lowered below for temperatures above 1000 C ( 2 6 ) .  

Crystal growth from the liquid would be difficult in the 

copper ferrite system due to the lack of a either a 

congruent melting point or a flat liquidus (29). 

The relevant F e i O ,  - Mn203 phase diagrams in air are 
u 

shown in Figures 1 and 2. Both were measured using X - ray 
phase identification of quenched samples. The diagram by 

Wickham (31) agrees well with the classical diagram of Muan 

and Somiya (30) except for the exact boundary shape of some 

regions. Other phase diagrams have been given for lower 

oxygen pressures (32,33). Generally. the phase boundaries 

move to lower temperatures as the P is lcwered. The flat 4 
liquidus of this system allows the crystal growth of a wide 

range of spinel compositions even at 1 atm. 02. As will be 



i o u r e  1 FeZGf - Mn 0 Phase Diagram in Air According 
2 3' 

to Muan and Somiya (30) 

..di.s.cussed in sectfon 4 this system has been widely used for 

Crystal growth using various techniques. 

While no useful phase diz.;rams for the CuO - Fe20j - 
Mn2C3 system exist, the work that is available ( 3 4 , 3 5 )  

indicates that the addition of CuO to manganese ferrites 

extends the spinel region to lower temperatures. It is 



Fisure 2 Fe2O3 - Mn201 Phase Diagram in Air According 
to Wickham (31) 

possible then, that the presence of CuO could increase the 
0 

compositional range of spinel solutions at 1000 C. This 

0 system yields compositions of the type CuxMnyFe3-x-y 4 .  

Even though it would be possible to form a number of spinel 

compositions of this type using the NiO - Coo - Fe103 
systemwith x+y near 1, little is known about this system and 

it is likely that the conduction process would be p - type 
for x+y slightly greater than 1. As.will be discussed in 

sections 3.6 and 3.7 the conduction of the copper - 
aanganese ferrites remains n - type for nearly all values sf 
x+y. As well, this system has been subject to a certain 

number of investigations concerned with magnetic properties 
. . as result of its square hysteresis. loop 'properties. '(36,37): ' 

I 

The proposed compositions are listed in Table 2. The Mn :. 

Fe ratio is kept consrant within a series while Cu is added. 

composition IIIa corresponds to the eutectoid composition as 



Table 2 Proposed Compositions 

shown in Figure 1 at 10 wt% Mn203 in Fe2Q3. Composition IIa 

corresponds to 40 w t %  Mn203 and Ia to 20 w t % .  Tho availabie 

literature concerning the structure and electrical 

conductivity of the copper - manganese ferrite. system will 
be reviewed in the next section after a short review of the 

fundamental models used for spineis. 



3. Relevant Properties of Mansanese - and Copper - Manqanesq 
Ferrite% from the Literature 

3.1 Spinel Structure 

Several reviews on the structure and properties of 

ferrites are available, including the one by Smit and Wijn 

(38) and that by van Hook (39). The unit cell of a spinel 

ferrite consists of 8 MeFe204 molecules. The 32 oxygen 

anions are arranged'in a face - centered close packed 
lattice. This lattice contains 64 tetrahedral (or " A " )  

interstitial sites, only 8 of which are occupied by metal 

cations, and 42 octahedral (or "8") sites, half of which are 
2+ occupied. fn a "normal" spinel the Me ions are located on 

the tetrahedral sites only : 

In a completely 'inverse" spinel the ~ e ~ +  cations are all 

located on octahedral sites : 

Many ferrites including manganese ferrites are neither 

completely normal nor inverse and can have cations 

distributed over both types of sites. Since the cation 

distribution cannot be determined by chemical analysis alone 

other techniques such as X-ray diffraction, neutron 

di.fPraction,. saturation magnetization, or Mdssbauer 

spectroscopy must be used. The distribution can also be 

inferred from measurements of thermodynamic or electrical 

properties. 

0 is The situation for the ferrite CgxMnyFe3-x-y 
+ 2+ inherently complex as all of the valence states: Cu , Cu , 



3+ 4+  2 9  ~ n ~ + ,  Mn , Mn , Pe , and ~ e ~ +  can exist in the.+structure .: :..: .' . . 

at concentrations dependent upon x and y, as well as the 

temperature, oxygen pressure; and thermal history. 

3.2 Electrical Conductivity in Ferritsa 

Electrical conductivity in these materials can be 

described using the small pslaron happing model as reviewed 

by Parker (40) and Besman and van Daal (41). Simply put, 

small polaron hopping describes the movement of electrons 

between ~ e * +  and ~ e ~ +  ions on the octahedral sites. The 

condust iv l fy .  U .  eP a n - type conductor l a  described by : 

where n is the concentration of charge carriers, often 
2+ assumed to be equal to the concentration of Feg ions. The 

mobility of the carriers is represented by U ,  with e as the 
(charge on an electron. For the hopping mechanism : 

where d is the hopping distance, w ,  the frequency of lattice 

vibrations, k, the Boltzman constant, and E ,  the activation 

: snergy for conduction. Combining equations (4 ) and ( 5) 

yields : 

-1 A plot of ln(uT) vs. T wlll yield -€/k for the slope and 
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In(=,) for the intercept. This model was first applied by 

Jonker (42) in his classical paper on the semiconducting 

properties of Co x Fe3-x04 for0.9 5 x 5 1.3. He assumed thst 

d was the distance between octahedral sites : 

-1 and used a value of 6.5 x 1012 sec tor w. The model has 

since been successfully applied to numerous other ferrites 

including nickel ferrite (43). 

3.3 Eattlce Parameter and Phase Transition 

The measurement of crystal lattice parameter using X - 
ray diffraction often has been used for spinel phase 

identification as weli as aiding in the interpretation of 

the effects of composition, temperature, and Pq upon 

structure. In 1938 Motoro (44) found complete miscibility - 
between Fef04 and Mn304 at 1 2 0 0 ~ ~ .  This miscibility is of 

interest because Bei04 is cubic while Mn304 has a tetragonal 

lattice. Montoro found tetragonal lattices for x 2 2 in 

MnxFe3-x04. Finch et al. (45) found similar results to 

those of van Hook and Keith (46). They found that their 

samples, sintered in air at 1200°c, would be cubic at high 

temperatures and undergo the tetragonal transformation upon 

cooling to room T. Both papers report that the tetragonal 

lattice is Pound for x > 1.8 and Finch et al. conclude that 
the transformation takes 'place when the stoichiometric 

3+ concentration of Mn on the B sites exceeds 1.2. The ~n~~ 
ion is identified as a Jahn - Teller ion (47) that will 
distort the lattice when present on an octahedral site at a 

certain concentration. Brabers (48) also found a tetragcnal -. 

lattice for x > 1.9 for quenched metastable cubic samples 
0 

that were re - heated to 200 to 300 C. Be interpreted this 



behavior by assuming that the reaction : 

2 9  - 34- 3 + .  2+ Mna + Fe, == Mna + Feg 

goes to the right at lower temperatures, inducing the phase 

transition. However, Hucl et al. ( 4 9 1 ,  using Mossbauer 
2s spectroscopy, did not find any Fe, in tetragonal samples 

with x = 1.9 and 2.8. They cencluded that the cause of the 

phase transition was not known. 

Of greater interest to'this study was the behavior of 

the structure fur x 2. A few measuremcnrs f o r  x = 1, 
MnFe2Q4, have been reported : B.517 A for a sample annealed 

in air for 24 hr at 1 4 0 0 ~ ~  and then quenched (50) ; 8.505 A, 

annealed in air for 3 hr at 1 1 0 0 ~ ~  (St); 8.510 A, annealed 

at Pq = 0.8 at 1 3 0 0 ~ ~  and quenched (52). Bersstein (53) 

reports lattice parameters for 0.52 < w < 1.987 for samples 
sintered in air. For samaler quenched from 1210 to 1 3 1 0 ~ ~  

.and for 8.52 1 x < 1 the lattice parameter, a (in A), could 

.be represented by a = 8 . 3 8  9 Q.14~. A discontinuity is seen 

.at x = 1. For X > 1 the lateice parameters for quenched 
samples increased at slower rates. The measurements made at 

high temperature confirm this behavior. For measurements 

made at 1 2 1 0 ~ ~ ~  a = 8.520 + 0.091~ for 0.52 5 x < 1, and a = 
8.581 + 0 . 0 3 0 ~  for 1 < x c 1.987. For measurements made at 

0 
1250 C, a = 8.551 + 0 . 6 6 4 ~  for.0.52 5 x c 1, and a = 8.605 + 
0,011~ for 1 < x < 1.987. These results could be 

.interpreted for x 1' as being caused by the linear 

substitution of t4n2+ (ionic radius, r = 0.91 A )  for ~e~~ (r 
2+ := '0.67 A) on A sites, whiae Fe is being replaced by Fe 3+ 

3+ +and some amount of ~ n ~ '  on the 3 s i t e s .  For x > 1, Mn (r 
= 0.70 A) substitutes for I?e3* (r = 0.67 A) since the A 

2+ sites are nearly filled with Mn . The differences in the 

slopes is a direct result of the differences in the' icr,:c 

radii. This kind of'dependence of the lattice parameter 

upon x for x c 2 has also been observed by Wickham (31), 



Brabers (54) and aakare. et al. (55). Braberst results were 

a = 8.39 + 0 . 1 3 ~  for 0 < x < 1, and a = 8.52 + 0.04% for 1 < 
0 

x < 1.9, for samples annealed above 1250 C at P 4 I 0.1 and 
quenched. In good agreement with Brabers and Bergstein, 

Bakare et al. report a = 8.385 + 0.122~ (kC.005) for 
'0 = x 5 1. I 

Tanaka (56) has measured the effects of Pq and sintering 

temperature upon the values of the lattice parameter and 8 

for MnxFe3-x04+i with 0.80 I x I 0.95. He found a maximum 

value of the lattice parameter for when 8 = 0, usually near 

PQ = 0.01. For lower values of Pq, 8 was less than zero 

indicating the formation of anionic vacancies, causing a 

small decrease in the lattice parameter. For higher values 

of the PQ, 6. was positive, and the lattice paramete* 

decreased at a higher rate with the increase in Pq as a 

result of the formation of cationic vacancies. From an 

analysis of Tanaka1oresults. a = 8.392 + 0.122~ for a 
. 

0 
sintering temperature of 1300 C, and a = 8.409 + 0.105~ for 

0 
1353 C and 0.80 5 x 5 0.95, at Pq = 1. 

Some work has been carried out on the effect of CuO 

additions upon the lattice parameter of manganese ferrites. 

hdriyevskiy et al. (57) report the lattice parameter 

relationship a = 8.4585 - 0.0645~ (20.002 A) for 
0 

CuxMnl - %Fe204 samples annealed at 1200 C. Zinovik et al. 

(58) report a = 8.511 - 0 . 1 2 2 ~  for this formula and a = 

0. samples fired above 8.537 - 0.148% for CU Mn3 3xFe2x 
X - 

1 0 0 0 ~ ~ .  Huthukurnarasamy et a1. (59) report a = 8 . 4 9 8  - 
0 

0 . 1 0 8 ~  for CuxMnl-xFeZ04 samples annealed at 1200 C in air. 

While these authors do not attempt to interpret these 

results, probably due to the complexity of this system, a 

possible source for the lattice shrinkage may be the 
2+ replacement of Mn (r = 0.91 A) by cu2+ (r = 0.80 A). , 

It can be seen that while the measurement of lattice 



parameter may lend support to certain cation distributions, 

it is in itself not sufficient. Several other te'chniques 

have been applied to gain a better measure of the catisn 

distribution. 

3.4 Cation Distribution of Manqanese Ferrites 

8s a result of the cemploxity ef manganese ferrltes no 

single technique is capable o f  completely determining the 

distribution. Usually the results from a number of 

investigations must be combined with several assumptions to 

arrive at the complete picture. The determination of the 

distribution is.eemplicated by its dependence upon 

compositfon, temperature, Pq, and thermal history. This 

section reviews the more useful studies available in the 

li-t:erature. Some kesults have been listed in Table 3. 

Before the work of Hastingr and Corliss ( 5 0 ) ,  MnFeZOq 

was assued to be completely inverse. Applying neutron 

diffraction to a sample annealed tor 24 hr at 1 4 0 0 ~ ~  in a i r  
and quenched, they found the manganese content on A sites to 

be 0.81. Further analysis, and assuming that hfra2+ prefers A 

sites with $In3+ and vacancies preferring B sites, Harrison 
et al. (60) arrived at the tabulated distribution. Krupicka 

.and Zaveta (61) found & similar distribution using 
saturation magnetization measurements. Continuing the work 

of (61). Broz et al. (62) found it necessary to have ~ n i +  in 

order to account for the magnetic moments measured upon the 

samples listed in Table 3. It is interesting to note that 
2+ the concentration of Fe, increases at the expense of ~ e i +  

as the Mn content increases. They explain the apparently 

contradictory increase of E, the activation energy for 
4+ conduction, with increasing Mn by using the model of Mn - 

~ e * +  pair formation first proposed by Eschanf elder ( 63 ) . 



Table  3 Some Cation DdstsibutOons Proposed for  ------ 
Manganese Ferr i te6  ( a s s . = a s s ~ m e d ,  n.m.=not 

measured j 



4+ 2+ . . 
Once paired with Mn , the Pe ion requires an additi'onal.. .., ' , . .  . . ., 

activation energy in order for it to contribute to the 

conduction.process. Yamzin et a3. (64) applied neutron 

diffraction to crystals of MnxFe3-x04 for 0.43 5 x S 1.58 

grown using the Verneull technique. They measured the 

compositional dependence of the inversion degree and oxygen 

parameter ("a" and " 8 "  in Table 3). For 0.43 L x 5 0.53, 
I1 a I1 = 0. At x = 0.84 "a" jumps to 0.78 in agreement with 

previous results, and then steadily rises to 0.92 for x = 

3 . 5 8 .  

The work by But162 and B U e s s a m  ( 6 5 )  an MnFe204 w3.s . 

probably the first systematic study of the effect of 

sintering temperatwe and Pq upon the cation distribution. 
They arrived at the distribution given in Table 3 by 

measuring the magnetization at low temperature and assuming 

that ~n~~ - Fe2+ are the stable pairs on the B lattice. 
However, Lotgering (66), after making canductivity 

measurements upon various manganese hefrires concluded that 
reaction (9) goes to the left ratner than the right as 

previously assumed. Conductivity was a result of "thermally 

generatedf1 Fei+ ions. 

Debate at this stage was centered around explaining 

apparently contradictory results. Neutron diffraction and 

magnetic measurements indicated relatively high 
2+ concentrations of Feg even at at x = 1 in Mn,Fe3-:<Jq. 

While Seebeck coefficient measurements indicated n - type 
conduction up to values of x well beyond 1, conductivity 

measurements could not support such high concentrations of 
2+ 

Fe . In retrospect, it can be seen that two other 

considerations clouded the issue. . . 

The first consideration is the possible temperature 

dependence of the equilibrium of reaction (9). The 

direction of the reaction could very well shift from left to 



right with increasing temperature. Also,.the re'actlon 

involves the movement of an electron without any necessary 

movement of isns. While ionic pcsition can be "frozen" by 

quenching from high temperature, electron movement from one 

localized position to aaother could probably nc t  be . 

prevented. Nearly all studies are made upon quenched 

samples with the assumption that they represent the 

configuration of the material at its sintering temperature. 

The second consideration is the effect of oxygen 
pressure as shown by the following reacticn : 

As discussed in the previous section, preparation of 

manganese ferrites must take place with the P below about 4 
0.01 atm if the formaticn of cationic vacancies is to be 

avoided. While some investigators take this into account, 

others prepare samples in air or under argon., for example. 

This variation of the P used during preparation adds to the 4 
difficulty cf comgarfng experimental results. The 

importance of these cansiderations became better recognized 

as the debate over the cation distribution continued. 

Simsa (67) explains Lotgering's results by considering 
3+ 2+ that reaction (9) gDes to the right and Mn - Fe pairs 

form. The stabilization provided by the pair formation is a 
3+ result of ~ e i +  countering the tendency of Mng to distort 

the crystal lattice. The stabilization energy, about 0.30 
2-t 

e V ,  must be supplied in order to allow the paired up FeB to 

supply an electron for conduction. To support this thecry 

Simsa (68) measured the Seebeck coefficient for various 

manganese ferr,ites. For the composition listed in'Table 3 
7+ the " f r e e "  Fe: that can contribute towsris candustion is 
C 

actaally 0.03. 
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Appiying the Mossbauer technique in a magnetic field to 

MnFe2O4, Sawatzky et al. (69) confirmed the neutron 

diffraction resuits of Hastings and Corldss (50). Not all 

of the early.Mossbauer work was in such agreenent. Bunget 

(70) explains differences as being a result of the influence 
2+ of preparation on the amount of Fe . In particular he 

points out the influence of cooling rate and the amcunt of 

oxygen excess or deficiency. In another study, Sawatzky et 
2+ al. ( 7 1  d i d  not find any Fe Ian MnPp O at ZK. St.3.11 
5 ' '2 4 

using a similar technique, Hucl et al. (49) did not find anv 

Brabers and Dekker (12) used yet another technique, 

infra - red spectroscopy, to support the idea that reaction 
2+ 3+  

(9) goes to the left, giving Mng rather than MnH . I n  

applying Mossbauer and X - ray anomalous ciispersion to 
MnFe204 in order to study the effects of sintering 

temperature and P Yamanaka (52) found that the reaction 4' 
goes to the right. Using his results, a cation distribution 

has been calculated and included in Table 3. It is in good 

agreement with previous rneasursmeats. The work of 3irak and 

Vratislav (73) in applying neutron diffraction to MnFe 0 2 4 
has been reviewed and developed by Simsa ( 7 4 ) .  Measurements 

were made upon crystals grown by Brabers (75) using the 

floating zone technique. The samples were held i n  "sealed 

vessels" and measurements were made in the range 330 to 

1 1 7 0 ~ ~ .  It should be noted that the ferrite will not be 

thermodynamically stable for much of this range regardless 

of the Pq. They found a relationship for the temperature 

dependence of y, the concentration of Mns, by using KI1, the 

equilibrium constant for the reaction : 



It is curious that the equilibrium constant, K1 would 

depend on the concentration of one of the components of that 

equilibrium. Contrary to the results of Marais et al. ( 7 6 ) ,  

Rotter et al. (77) found only ~ n ~ +  on the B sites in 

ferrites with % = 0 . 9 5 ,  1.8, and 1.4. They applied NMR 

spectroscopy to the float - zone crystals of Brabers which 
had been annealed so as to ensure a 3 : 4  stoichiometry. 

More recently, the concept of ionic equilibria has been 

applied to model the Mn304 - Fe30q system. Pelton at al. 

(78) have modelled the cation distribution by using the 

following free energies of reaction : 

Their AG for reaction (9) indicates that the reaction will 

go to the right at higher temperatures. Solving for the 

relative ionic concentrations using an iterative method 

yields the distribution shown in Figure 3. The distribution 

as given in Table 3 for x = 1 is not in agreement with other 
measurements. Berris (79) has used a more involved 

thermodynamic model for cation distribution to account for 

his Seebeck coefficient and Mossbauer measurements. He 

chose six thermodynamic parameters so 'that the equilibrium 

constants of the following reactions could be calculated. 

"Cation 
%+ 2+ + ~ e ~ +  == MnB 3 9  Distribution" : MnA + Fe, 

6 

-RTln(K16) = + 20b . with a = 53.0, and (I?) 
28 = -60.0 ikJ/mole) 



Fiaure 3 Proposed Cation Distribution in the Fe304 - '  

MnOOI System at 9 0 0 ~ ~  (78) 

The form of equation (I?), which is similar to equation 

(12), derived by Jirak and Vratislav (73), was derived using 

-,statistical thermodynamics by OtNeill and Navrotsky ( ' 8 0 ) :  

The concentration parameter, b, repzesents the concentration 
3+ of Fe, . The resulting distributions are shown in Figure 4. 

The distributions f ~ r  x = 1 are given in Table 3 for 

comparison. It is interesting to note the high 



X (Cornpolition) 

Fiuure 4 Proposed Cation Distribution in 

MngOq Systzm at a) 1000, and b) 

the FeO04 - 
1 3 0 0 ~ ~  (79) 

2+ concentration of FeB even though the model indicates that 

reaction (9) will go to the left at all temperatures. 

Dorris 'indicates rhat ~ n t +  must be present in order to 

account for his Seebeck coefficient measurements. Since 



taking into account the effect of reaction (10.). wculd .only 

result in a more complicated model and the introduction of 

more variables, it can be understood why neither Pelton et 

al. nor Dorris consider the effect of P 4' This assumption 

would be more valid had Dorris used the same Pq in preparing 

'all samples and carried out analyses so as to determine the 

exact stoichiometry of his samples. 

The literature indicates the difficuloles that Rave been 

encountered in trying to determine the cation distribution 

of manganese ferrites. The'addition of CuO to the spinel 

can only further complicate the picture as the next section 

will show. 



3.5 Cation Distribution of Cu - Mn Ferrites 

Bunget et al. (8.1) interpreted their Mossbaues results 
2+ by cu2+ substituting for Mn, . Errors in the paper end the 

iack of sample preparation details decreases the usefulness 

of this work. Cervlnka and Simsa (82) proposed the 

following distribution for C U ~ . ~ M ~ ~ . ~ F ~ ~ O ~  sintered at 
0 

1200 C for Pq = 0.25 and quenched : 

With evidence provided by % - ray diffraction and saturation 
magnetization measurements, the above distribution was 

3+ arrived at by assuming that CU', Pfn2+, and Fe prefer A 
2+ 3+ sites and that Cu , Mn , pe2+, and pe3+ prefer B sites 

(ie. ~ e ~ +  can go to either site). Tsitsenovskaya and 

Tarasyuk (83) applied neutron diffraction to a similar 

sample prepared under identical conditions, and after making 

the same assumptions Pound the distribution : 

The agreement between the formulae (21) and (22) is good 

considering the difference in techniques used. Rezlescu and 

Cuciuseanu (84) studied the effects of sintering temperature 

and Pq on the Curie temperature of copper - manganese 
+ 

ferrites. They concluded that Cu prefers A sites above 

9 5 0 ~ ~ .  Increasing Pq caused the reaction below to go the 

right. 

39 CU: + Mns == C-ii 2* 2+ 
a + Mn, 

Tsirkunova (85) applied neutron diffraction at room 

O with temperature to samples of Cuo . S  MnxPeZe5-x 



0 .  
0 5 x S 1.5, prepared at 1200 C. under a ..P of about. 1 atm'. r 4 
The distribution of the samples is given as the values of a, 

b, h, and i for the formula.: 

x a . b  h . i lattice parameter (A) 

The values of a and b arc a result of the neutron 

diffraction study. T 3 e  values of h and i are taken from a 

Massbauer study performed on the same samples by Befogurov 

et al. (86). The measured values of h and i agree well with 

the values that were calculated by Tsfrkunova based upon the 

same cation site preference assumptions made by Simsa (82). 

These results indicate that reaction (23) will go completely 

to TAB Pighe with an addition of Mn greater than 6.3. For x 
2+ 2 0.3 the Cu distribution is not changed. The Mn, 

concentration reaches a maximum of about 0.5 for x near 0.7. 

Narayanasamy and Haggstrom (87) measured the Mossbauer 
* 

speerra 6t C\Mnl-,Fe 0 tor 0.2 S x Z 1 at 4.2K in an 2 8 
external magnetic field. The samples were annealed at 

0 
1200 C for 6 hr in air and then slow cooled. The 

distribution of formula (25) is given below. 



3+ The authors assume that the concentration of ~ e i +  and MnB 

will be the same and that the CuA : CuB ration is 

independent of x, retaining the value it has at x = I. They 

also achowledge the possibility of having a small amount of 

3.6 Electrical Conductivity of Mn Ferrites 

The exgerimental fechniques mentioned in the previous 

two sections are more direct methods of measuring cat.ion 

distribution. However, since electrical and magnetic 

properties depend directly upon the distribution they can be 

used for model confirmation. The electrical property of 

most concern in the following section is the electrical 

conductivity. 

Belov et al. !88) grew crystals of MnFe2O4 using the 

Verneuil technique. They do not report any further heat 

treatment for these crystals so it is not kaonn what the PQ 
0 

conditions were. They measured co~ductivity up to 650 C. A 

plot of ln(c) vs. T-I indicated a discontinuity at T,, the 

Curie temperature, and a slope of 0.44 e V  for T > Tc. A 

later paper by Belov et al. (89) reports the similar 

preparation of crystals of MnxFe3-xG4 with x = 0.84 and 

1 . 1 6 .  The activation energies were 0.18 for x = 0.84 and 

0.59 eV for x = 1.16. Zaveta et al. (98) did apply a heat 
treatment to the x = 1.16 crystal. After annealing in air 

0 
at 800 C, E = 0.29 eV, and for an identical treatment in 



vacuum E = 0.04 eV. The authors~diacuss their results 'in .:.: ., . -  . 
2+ terms of the effect of Pq upon Fes concentrations' without 

getting into any detail. Krupicka.and Zaveta (61) prepared 

polycrystalline MnFe204+r samples with various values of r 
by firing in air at different temperatures in the range'of 

1 2 0 0 ~ ~  to 1 4 0 0 ~ ~ .  The measurement of conductivity at 

temperatures below 2 5 ' ~  allows them to report the values of 

E for different stoichiometries. The activation energy, E ,  

rose from a value of 0 . 0 7  eV for i = 0 to a value of 0.36 eV 
at if = 0 . 2 4 .  While bath (90) and (61) present a deflnltc 

indication of the impact of Pq and the resulting 

stoichiometry upon conductivity, most subsequent work 

disregards this effect. While careful preparation can be 

used to maintain a 3 : 4 stoichiometry, the majority of 

authors disregard the effect that a low Pq can have upon the 

concentration of ?e2' 
B .  

In the main, the conductivity, and 

in particular E ,  are seen ta depend upon composition with 

the implicit assumption being made that preparation can have 

litrle effecr. 

Punaeogawa ct ai. (91) report conductivity measurements 

without discussion in the range 100 to 280K for samples of 

0 with 0.1 I x I 1.14 whose preparation and MnxFe3-x 4 
characterization are not known. E decreased Prom 0.06 eV 

for x = 0.1 to 0.04 eV for x near 0.9. A t  x = 1.14, E jumps 

to a value of 0.19 eV. The intercept of the In(@) vs. T -1 
I - 

plot, ln(u,), decreases from 7.8 at x = 0.1 to 2.1 at x = 

1.14, for o in (ncrn)-'. While net partlcuaarly useful i n  
itself, this paper is the first of a number of papers that 

report similar behavior for E as a function of x.  

Probably the most quoted of these is the paper by 

Lotgerlng (66). He reports conductivity and Seebeck 

coefficient measurements upon samples cf Mn Fe 0 , for 
X 3-x 8-y 

0 . 8  L x 5 1.8. A number of these samples were single 

crystals grown by Kooy and' Couwenburg (92) using the 



floating zone technique. All samples ware given a heat 
0 

treatment at temperatures above 1300 C in order to ensure 

that 1r1 < 0.003. While exact details are not given, 

samples with x Less than about I were annealed under C 0 2 .  

Samples with x greater than about 1.6 were annealed in air, 
and samples with 1 < x < 1.6 were annealed with P 4 = 0.61. 
The activation energy was obtained from plots of ln(=T) vs. 

T using conductivity data obtained in the 150 to SOOK 

range using a 4 - point technique. For x < 1 the E vs. x 

dependence is similar to that reported by Bunategowa. At 

x = 1 the activation energy jumps by about 0.30 eV to about 

0.32 eV and continues to increase to about 0.5C eV at x = 

1 . 8 .  The room temperature conductivity a l s ~  drops by about 

3 orders of magnitude for x > 1. The Seebeck coefficient, 

while it is negative for all x values, also shows a 

,- _ discontinuity at x = 1. Lotgaring explains his results by 

considering that reaction (9) goes to the left, having a 

positive enthalpy of reaction of 0.30 eV. Once the Mn 2 9  

ions have replaced all of the F B ~ +  ions at x = 1, an 
additional energy of 0.30 e V  must by supplied in order to 

create a 8eiA ion. Using this concept of 'thermally 
2+ generated" Pe, , Lotgering explains how the conductivity can 

remain n - type even though reaction (9) goes to the left. 
The weakness of Lotgering's study lies in the fact that the 

2 9  seemingly high FeB content tor x < 1 is probably a result 

of the low P4 used for annealing these samples rather than a 

low Mn concentration. The discontinuity at x = 1 is in part 
due to a change in sintering atmosphere instead af just a 

change in the mechanism of 9ei+ generation. 

Rosenberg'et al. (93) confirmed and conticued 

Lotgering's study by making measurements for 2 5 x I 3. 

'They' showed that E continued up to about 0.65 eV for x = 
2.8. T.he Seebeak coeffiiient continued to be negative. . 

These authors did not state the atmosphere used for sample 

preparation. 



. . , . *  ....,. ,,, , 
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Simsa ( 68) measured the Ssebeck coefficient for. <' - - .  

manganese ferrite crystal samples, Mn Fe x 3-x04+r1 with 
0 5 x S 2.5 prepared by Gerber et ai. (94). Without being 

specific, Simsa states that the atmosphere for measurement 

and preparation was adjusted to have a law enough P so as 4 
to maintain a 3 : .4 stoichiometry. The measured activation 

energies, which follow Lotgering's measurements, and the 

negative values of II as. reported in (94) support the 
conclusion that a reducing atmosphere was used. Simsa 

0 
interprets his results, measured from 20 to 600 C, by 

considering that reaction (9) goes to the right as opposed 

to the left as assumed by Lotgering. He explains the 

decrease in u as x increases by considering the formation of 
3+ 2+ stabilized ~ c ~ +  - Mn pairs. If no remaining "free" FeB 

is present, an additional 0.30 eV must be supplied in order 
2+ to allow the paized Feg to contribute to theconductivity. 

While Simsats model may by more attractivt than Lotgeringls, 

his work is also weakened by the lack of consideration for 

the affect of Pq. 

Brabers ( 7 5 )  also made measurements of Seebeck 

coefficient and conductivity upon single crystals grown 

using the Bridgman or floating zone technique in an 

unspecified atmosphere. Conductivity measurements made for 
e 

0.5 5 x 5 1.60 in the 20, to 150 C range gave E values in 

agreement with Letgering's data. In a later paper (95) on 

crystals with 0.8 5 x S 3 measurements are reported in the 

range 20 to 6 0 0 ~ ~ .  Brabers found a discontinuity in the 
0 measured coefficients and resistivities at around 300 C. He 

found that for .samples that had been heated beyond 300° that 

E ,  from ln(uT) vs. T-I plots, increased by an amount of 0.15 

to 0.30 eV over the vaiues for unheated sampl'es. He reports 

only for heated semples with 1 5 x 5 2 that E is nearly 

constant at around 0.65 eV. Brabers does not appear to 
0 

consider the explanation that for.temperatures above 300 C 



ionlc motion is possible. The sample is in a metastable 

state in terms of its phase composition and.ionic 
0 

equilibrium with 02. Heating the sample above 300 C allows 

it to begin to equilibrate, causing changes in cation 

distribution and stofchiometry. 

This effect was further demonstrated by Rezlescu et al. 

(96) who studied the time variation of conductivity for a 

number of ferrites. A sample of MnFe204 was prepared by 

quenching in air a sample that had been heated in air for 4 

hr at 1 3 0 0 ~ ~ .  The cdnductivity decreased by 4.3% after 7 

days at 25'~. and decreased by 15% after only 5 hi at 2 0 0 ~ ~ .  

Simsa (97,98), after noting the same behavior as did 

Brabers, explains the effect using a complicated model 

incorporating the effects of multiple level electron donors 

and ionic diffusion. It is interesting to note that in the 

discussion sectian of another paper (99), Simsa denies the 

possibility that chemical decomposition of the samples could 

cause the effects seen, even though no'X - ray or 
metallographic examinations were made upon heated samples. 

The recent work by Dorris (79) is one of the few studies 

that attempts to measure the electrical properties of 

manganese ferrites for conditions under which the sample is 

at thermodynamic equilibrium. He measured the temperature 

dependence of the Seebeck coefficient and electrical 

conductivity for polycrystalline Mn,Fe3 - ,04 samples with 0 5 

x 1 3. For x I 1 measurements were made in the range 600 5 
0 0 

T 5 1350 C and for x > 1 in the range 1000 I T 1 1500 C. 

For x 1 1.4 measurements were made in a i r .  For x 5 1.0, 

Dorris states, without being specific. that the Pq was 

reduced using CO/C02 gas mixtures in order to keep the 

sampZe as a single phase spinel. According to Pelton et al. 

7 8  the Pq would have to be as low as around 19 
- 1 2  in 

order to mainrain a stable spinel for temperatures 
0 

approaching 600 C. Dorris states, without reporting any 



measurements, that he could vary the Pq across the stability . - 
. . ' .., . ' . 

range without noticing any change in the ele~trica.1.~ ,, . , ,,.,,,,;, ,.: . . !. . . 

properties.. This is possibleif the Pq was not vazied 

across a wide range as it could not be at the relatively low . 
temperatures used. A s  discussed in section 3.3, Tanaka (56) 

showed that the Pq would have to be increased beyond about 

low2 at h i ~ h  temperatures before cationic vacancies would 

form. Below this Pq, anionic vacancies, vacancies in the 0 

lattice, form. A reaction like that given below might not 

have a strong effect upon ele~trfeal properties. 

As will be discussed later, this problem of Pa dependence 

bears further study. Since Dorris used reduced Pqls for 

x < 1, it is not surprising that his activation energies 
,follow to some extent the same trends as that shown by the 

other studies discussed above. The discontinuity shown at x 
.= 1 is not as extreme as the 16w temperature studles. His 

results are listed in Table 4. The activation energies are 

take from plots of ln(oT) vs. T-I. Conductivity values were 

<all corrected for sample porosity. 

Table 4 Results of Electrical Conductivity Measurements 

for Mn Fe3-xOq ( 7 9 ) .  
X 



3.7 Electrical Conductivity of Cu - Mn Ferrites 

While few papers on the effect upen electrical 

properties of adding CuO to manganese ferrites are 

available, some general trends are indicated. Rosenberg et 

al. (100) prepared samples of CuxMnl-xFe204 with 0.14 5 x 5 

0.97 by sintering at 1 2 0 0 ~ ~  under an unspecified atmosphere. 

For temperatures above Tc, they report E = 0.5 and log(o) = 

-5.5 at 300K for x'= 0.14, and E = 0.53 with log(u) = -6.0 

at 300K for x = 0.28. They report a, negative Seebeck 

coefficient for all values of x.  Simsa and Andrejev (101) 

prepared two crystals and several polycrystal.line samples of 

0 with 0 5 x < 1. In their measurements for C u ~ ,  gMnxFe 2 .5 -8 4 
-200 S T 5,600 C they found that in(=) vs. T-' plots were 

not linear for the polycrystalline samples. Nonetheless 

they were able to observe a discontinuous rise in E for x > 
0.3. They conclude that all of the ~e:+ has been trapped 

2+ 3+ into Fe - Mn pairs by the time x reaches 0.3. 

Rezlescu and Cuciureanu (84) measured the conductivity 

of CuxMnl-xFe G samples for x = 0.35, 0.55, and 0.8. From 
2 i1 

the in(@) vs. T plots they found that for T > Tf (fe. 
paramagnetic behavior), for samples annealed in air at 

0 
1200 C for 4 hr and quenched, E = 0.273 eV and  log(^) = -2.6 

at 298K for x = 0.35, and E = 0.301 eV with  log(^) = -2.7 at 
298K for x = 0.55. For these same compositions, annealed at 

0 
1000 C under pure O2 for 2 hr and then quenched, E = 0.704 
eV with log(q) = -5.4 at 298K for x = 0.35, and E = 0.734 eV 
with log(u) = -5.0 at 298K for x = 0.55. These results 

demonstrate that changing preparation can have a more 

dramatic effect upon conductivity than changing compcsition. 
. .. 
The result that conductivity decreases with the addition of 

CuO to manganese ferrites has also been confirmed by W U  et 

al. (102). They found that the addition of 5% Cu20 to 



MnFeZ04 decreased the room temperature conductivity by a 

factor of 10. 

3.8 Summary 

In the only other review of any significance on the 

cation distribution of ferrites in the Cu - Mn - Fe - 0 
system, Tsirkunova (103) concludes that there is no 

agreement in the literature on the cation distribution and 

that more work needs to be done. The literature survey 

contained herein confirms his viewpoint and also points out 

a few consideratigns that have nor been fully appreciated in 
previous studies. 

These considerations revolve about the concept of ionic 

lequll i bratian. Most .measurements are made at low 

'temperature upon metastable samples. While the atomic 

position may be "frozen in" by quenching to room 

t~emperature, electron movement can still change the cation 

dlsrribution. Also, if these quenched samples are heated 

beyond about 2 5 0 ~ ~ .  ionic movement can take place as the 

ionic equilibria begin to assert themselves. At the very 

least, this heating will result in the precipitation of 

other phases. The first important conclusian resulting from 

this literature survey is that measurements made upon 

metastable samples can not represent the properties of 

equilibrated structures. 

Samples also reach an equilibrium with the surrounding 

pressure of O2 at higher temperatures. The survey shows 

that, for example, the activation energy for conduction, E ,  

probably has a stronger dependence upon ?q than upon 

composition, especially for samples with a high iron 

content. The second conc'lusion then, is that the effect of 



P must either be accounted for, or eliminated, when trying 
4 
to interpret experimental measurements. Giving 

consideration to these two conclusions will minimize the 

effects that preparation will have upon the structure being 

investigated. It is difficult to determine the effects of 

preparation when the intrinsic properties are not yet 

understood. 

In this study, the electrical conductivity of 

essentially single crystal ferrite samples was measured 

under an atmosphere of O 2  at temperatures where it can be 

assured that complete equilibration will be reached. .While 

the few measurements reported here represent only a s.ma1l 

fraction of the work required to exactly define the 

structure, this study is useful in that it demonstrates the 

kind of experimental considerations that must be applied in 

order to arrive at consistent structural models. 



4. Crvstal Growth 

Manganese ferrite crystals have been grown using a 

variety of techniques (1041.. The Verneuil or flame fusion 

technique involves the injection of oxide powder into a 

hydrogen/oxyg,en flame. The condensing oxide is collected on 

a boule in a heated furnace'. Generally this technique 

produces small, poor quality ferrite crystals. Another 

problem is the uncertainty in the value of the Pq in the 

flame.. The Bridgman or aridgman - Stockbarger technique 
produces better quality crystals. A long crucible 

containing the oxide is pulled through a steep temperature 

gradient. While container contamination can be a problem, 
the at'mosphere and temperature are closely controlled. The 

method is capable of growing large crystals of controlled 

dimensions. In the Czochralski method, the crystal is 

.pulled from a crucible - contained melt under controlled 
atmosphere and temperature. In the.floating zone method a 

liquid zone is held between the growing crystal and a 

sintered polycrystalline feed rod. Various heat sources, 

including induction, arc, arc image, electron beam, gas 

flame and lasers can be. used. This method has the advantage 

of the lack of container - melt interaction. While 

atmosphere control is possible. temperature control is more 

,difficult. A disadvantage of growing crystals from the melt 

is a result of the evaporation of one or more high vapor 

pressure components of the melt. Crystals can be grown at 

lower temperatures through the use of flux -. based methods. . 

Crystals grow from saturated fluxed solutions upon cooling 

or evaporation. Fine quality, but small and, often dendritic 

crystals can be grown'. 



The flame fusion technique was rzsed by Scott'(l.05.) to 

grow a wide variety of oxides and fzrrltes including 

mansanese ferrite. Burger and Hanke ( i O 6 )  repcrt on tae 

inclusion of a-Fe 0 layers in flame - grown crystals of 2 3 
MnFeZQq. These layers, faund in a zone of 0.5 to 1.5 mm 

depth from the surface, formed along the octahedral planes 

of the matrix spinel. Vichr (107) used the Verneuil and 

Bridgman techniques to grow crystals of MnxFe3-x04 with 

O with 0,113 2 x < 1.00 and 0.37 5 x 5 2.5 and CuxMn, Fe3-x-y 
J 

0.25 I y S 0.887. The Bridgman technique yielded the better 

quality crystals and a significant loss of Cc was noted from 

the use of the Verneuil technique. Bridgman growth was also 

applied to various manganese ferrites by Gerber et al. (94) 

and Penoyer and Shafer (107). Solid state diffusion 

techniques have been applied to grow MnFe204 crystals by' 

Paulus and Hamelin (108) and Zyryanov (109). Monforte et 

al. (110) pulled manganese ferrite crystals from a melt 

formed in a frozen skull contained in a water - cooled 
copper induction coil. Massau and Broyer (111) also 

employed the Czochralski technique to pull manganese ferrite 

crystals from melts contained in a rhodium crucible. The 

results showed that it was difficult to maintain dimensional 

uniformity. 

The first report of the use of the floating zone 

technique to produce manganese ferrite crystals was probably 

that of Kooy and Couwenberg (92). They used the focused 

image of a carbon arc from a cinema projection lamp as a , 

heat source to grow MnxFej-x04 with 0.9 5 x 5 1.2 under 

various oxygen pressures. Growth rates were usually 6 crn/hr 

and'up to 20 cm/hr with rotations of between 60 and 120 rpm. 

Crystals of iron, nickel, and manganese f.errites.to a few ca 
in length were grown by Poplawsky .(112,113) using the . . .. . 

floating zone technique. A focussed arc image was used.as 

the heat source. The prcblem of a lack of dimensional 

uniformity may have been a result of the use of a large 



volume melt and about a 3 times difference between the feed . . 

and crystal dirmerers. Brabers (114), using a setup similar 

to that of Kooy and Couwenberg,, except that the heat source 

was a xenon iamp, grew manganese ferrite crystals xeighing 

up to 5 g. 

4.2 Results of Present Study 

In the electronics industry, ferrite crystals of 

considerable size and purity are manutactured using ~ r i d ~ m a n  

techniques. These crystals are used in tape and video 

recording heads and have applications in microwave devices. 

In this investigation, since high purity, atmospheric 

equilibration, acd experimental convenience are important, 

the floating zone technique wzs used. For possibly the 

first time, a laser, in this case a 1.5 kW C02 laser, was 

used as the heat source. The apparatus, designed and 

constructed by J.S. Haggesty (lis), provided large, high 

purity crystals. and allowed accurate dimensional control 

during growth. The qcality of these crystals is nainly due 

to the ability of the apparatus to aim the lasar beams 

accurately and control their power. 

Crystals were pulled at.a rate of 2 .cm/hr with rotation. 

For.most samples the polycrystalline feed rod was fed in 
...' 

. -  from above and the crystal pulled out below. However, those 

sampl'es with the highest CuO content.(Ic, IIc, and IIIc in 

Table 2) showed considerable melt instability as a result of : 

the evaporation of this oxide. It was found that pulling in 

the opposite direction produced a more stable liquid zone . . 

for these compositions . Growth was carried cut' under- -a 

static atmosphere of 0 2 with a beam power under 200 watts. 

Feed rods were prepared by first mixing reagent grade : 
I 



. . 
... . oxidesin:distilled water according to the proportions given 

in Table 2. After mixing for at least 24 hr, the water was 

evapo,rated and the oxide mixture packed into latex tubing. 

After pressing in an isopress, the green rods were fired in 
0 

O2 in a Pt bcat at 1200 C for at least 20 hr. Rods of 

sufficient quality were used as feed rods for crystal 

growth. 

The crystals produced were 0.4 to 0.5 cm in diameter by 

about 10 cm in length. Previous Laue back reflection 

studies on cobalt'and nickel ferrite crystals, grown before 

the copper - manganese series, indicated the lack of a 
preferred growth orientation. It was also found that. the 

use of X - ray diffraction could not lead to a useful means 
of phase detection and quantification because of overlapping 

patterns and the resulting low sensitivity of the technique. 

The most useful'means of checking phase composition and 

crystallinity was metallographic examination. Crystal , 

pieces were cut using a diamond saw, mountsd in bakelite, 

ground on fresh Sic papers to 600 grit, and then polished 

using successively finer grades of diamond powder. The 

resulting examination indicated that all samples were single 

phase. The.high iron samples : fa, 15, and Ic, each had a 

small quantity of the Fe203 layers, like those observed by 

Burger and Hanke (106), in a zone a short distance from the 

surface. These layers probably form as the crystals cool 

after growth. Their morphology resembles that of the Fe203 

precipitates that grow in normal polycrystalline samples as 

observed by Yamaguchi and Klmura (116) in zinc ferrites. 
Crystals Ia, Ic, and IIb proved to consist of a few large 

grains that grew in a direction parallel to the growth axis. 

These grain boundaries should not have any effect upon 

conductivity measurement as current will be passed in a 

direction parallel to the growth axis as'well. Crystal IIIc 

proved 'to contain a number aF pores of a size easily 

discernible without the microscope. The reverse growth 



direction used for this crystal probab~ly'allowed. the . . . 

entrapment of bubbles formed in the liquid zoneduring 

growth. 

Using the piconometric technique, the densities of 1 to 

2 g sized crystal pieces were measared after these air 
0 

quenched samples had been annealed at 1400 C in O2 for 1 5 -  

hr, These same pieces were then sent to Luvac Inc. 

(Boylston, MA) for chemical analysis for Cu. Mn, Fe, and 0. 

The accuracy of the metal analyses, carried out using jlasma 
emission spectroscopy. is to 20.1 wt%. The oxygen analyses, 

carried out using inert gas fusion, was less accurate at 

2 0 . 5  w t % .  The results of these analyses are listed in 

Appendix I. The calculated sample stoichiometries, measured 

densities, and calculated lattice parameters are listed in 

Table 5. The stoichiometry is listed for the formula : 

0 
CUXMnpZFe3-X-y-Z 4.000 

. A s  indicated in the literature, it 

is more reasonable to expect cationic vacancies rather than 

an oxygen excess. 

Sample x 

Ia 
Ib 
Ic 

IIa 
IIb 
IIc 

IIIa 
IIIb 
IIIc 

Table 5 Stnichinmetry and Density of Crystal Samples 

for the Formula : CuxMn~zFe3-x-y-z 0 4.000. 

The lattice was calculated using : 



where MW is the molecular weight of the sample, and No the 

Avogadros number. The accuracy of x and y in Table 5 is 

k0.004 with z only being accurate to 20.05. The values for 

IIIc are in brackets as the sample had contained porosity 

not accounted for in the density measurement. 

Tabie 5 shows that the samples lost more than half of 

the CuO from the original formulations given in Table.2. 

This was a result of the vapor pressure of the copper oxide 

being higher than that for the oxides of iron and manganese. 

This result ties in with the observation of liquid zcne 

instability for the high CuO samples. The densities and 

vacancy content are discussed in the next sect.ion. 

4.3 Lattice Parameters and Oxvcren Excess 

Unfostunately, most authors report stoichiometry results 

in terms of an oxygen excess rather than a cationic vacancy 

concentration. They report I in the formula MnxFe3-x04+i. 

In order to be able to compare the present results with 

those in the literature, the stoichiometry has been re- 

calculated in Table 6. The accuracy of the calculated 

values of i is 20.07. The majority of the values of 8 

reported in the literature are four to five times lower than 

those reported in Table 6. Bergstein (117) has difficulty 

explaining a complicated dependence of 8 upon x for 

MnxFe3-xo4+b. samples annealed between 1200 and 1 3 1 0 ~ ~  in 
air. Showing three peaks in the experimental curves, r 
varied between 0.03 and -0102 for 0.5 5 x E 2.0. 



Sample x Y i 

Ia. 0 0.506 '0.37 
Ib 0.123 0.522 0.26 
Ic 0.194 0.575 0.24 
IIa 0 1.292 0.35 . . 

IIb 0.004 1.213 0.28 
IIc 0.171 1.245 0.19 . . 

IIIa . 0 2.126 0.19 
IIIb 0.087' 2.007. - 0.16 
IIIc 0.146' 1.965 0.15 

Table 6 Stoichiometry of.Crystal Samples for 

0 C'1yMnyFe3-x-Y 4 .  nno+f. 

He reports a better behaved dependence of ' I I  upon x 'for 

Mn Fe 0 Cu0.5 x 2.5-x 4+r samples annealed at 1 2 0 0 ~ ~  (118). dt Pq 
= 1, 8 is near 0 for x > 0.5 and then increases to near 0.09 
as x approaches 0. Wfckham (31), who reported the phase 

diagram given in Figure 2, measured for samples of 

MnxFe3-xo4+l annealed in air. The values of II decreased as 

the temperature increased. At 1400'~ g decreased smoothly 

from 0.09 at x = 0 to 0 at x = 0.45. For x , 0.45, r 
remained near zero. Tanaka (56) reports = 0.03 for a 

sample with x = 0.8, annealed at 1 3 0 0 ~ ~  at P = 1. cc, 
Oleinikov et al. (119) also report values of if that 

decreased as temperature increases. Their values are more 

in keeping with tho& ~ i v e n  in Table 6. At 1 2 0 0 ~ ~  for Pa = 

1, i decreases from 0.5 at x = 0.25 to 0.08 at x = 1, from 

where it decreases at a slower rate to about 0.05 at x = 

1.3. They indicate that a hematite phase will precipitate 

when approaches' 0.5. This is reasonable since the formula . 

MnxFe3-x04. 5 is equivalent to ' ~ n  F ~ ~ - ~ o ~  Their results . . 
X . . -. . 

irrdicate that the closer the spinel: .is to the 'heniatitie. . . .  ,. . . . .  . . .  . 
. . 

precipitation phase boundary,, as rho& in Figures 1 and' 2, 

the higher will be. the value of 8 .  , A s  seen from Table 6, 

camposition Ia, the composition closest tc the phase 



0 ' 

., l .  . I . .  

. . .  . . ,.boundary at 1400 C, has the highest value for 2J of 0.37. 

The other samples have decreasing values of 2J with 

increasing Mn'content. The phase boundary also moves to 

lower temperatures for higher concentrations of Mn. The 

agreement of the results in Table 6 with those of Oleinikov 

'et al. encourages the adoption of their qualitative 

interpretation. However, the higher magnitude of the 

present results as compared to the others discussed above 

cannot be explained without a greater knowledge of the 

analytical techniques used in these investigations and a 

knowledge of the exact nature of the heat treatment given to 

their polycrystalline samples. 

The decrease in X with increasing manganese content is 

in'agreement with the literature. This can be explained-by 

considering the cationic vacancy formation reaction. : 

Increasing manganese content decreases the concentration of 

~ e i + ,  which forces the concentration of aB to decrease. It 
2+ 2+ appears that MnA is not as easily oxidized as Fee . The 

2+ 2+ replacement of Feg by Cue would also serve to lower the 

vacancy concentration in a similar way. The temperature 

dependence of reaction (lo), as observed in the literature, 

could be explained by assuming that while the reaction is 

exothermic, it results in a net decrease in entropy. Since 

a gas is involved only on the left side of the reaction, a 

negative value for ASl0 is reasonable. In this way reaction 

(10) would go more to the left at higher temperatures, as 

observed. .. . 

. . .  . .  . As can.be seen by considering the lattice parameters . . . 

reported in section 3.3, the.values reported in Table 5. are 

low by about 0.15 A .  If the oxygen excess is ignored, the 

values of 8.492 for Ia, 8.534 for IIa, and 8.552 k for IIIa 
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are calculated. These results are ,in better agreement with 

the literature. The low values for the lattice parameters 

reported.in Table 5 are consequently a result cf the low 

molecular weights used in equation ( 2 7 ) .  The increase in 

lattice parameter with increasing manganese content confirms 

the expectations predicted by the literature survey. 

The floating zone crystal growth technique used in this 

study generated copper - manganese ferrite crystals of high 
chemical purity and homogeneity. The chemical equilibration 
of the samples with O2 is ensured by the mixing of the 

liquid zone during growth. The use of these samples for 

conductivity measurement, as discussed in the next section, 

provided measurements not affected by porosity, grain 

growth, and grain boundary resistance. However, the growth 

of crystals from the liquid is not without its drawbacks. 

As can be seea from a comparison of Tables 2 and 5 the 
teshnlque caused significant Compdsitlonal changes during 

growth due to selective evaporation of melt components. The 

choice of compositions was limited by the need of a 

congruent melting point or a flat liquidus. Finally, grown 

crystals contained a large amount of bufJt - in stresses due 
to their rapid cooling from the liquid. These stresses must 

be relieved by annealing in order to increase the resistance 

of the sample to brittle cracking. 

The results discussed above indicate an unusually h i ~ h  

vacancy concentration in the analyzed . As .much of : : . . . . .  . -. 

the literature reports measurements for Polycrystalline 
0 

samples annealed in air at temperatures lower than 1400 C, 

comparison is difficult. More investigation is required to 

confirm the presented results and forn a consistent model. 



.. . 5. Electrical Conductivitv~Measurements~ ' . .  

5.1 Ex~erimental Amaratus and Automation 

Measurements of electrical conductivity in the 900 to 

1 4 5 0 ~ ~  temperature range were made for samples la to IIIb 

under a pressure of one atmosphere of flowing oxygen. This 

P was used as it is the pressure of oxygen that the 
4 
material will be 'subject to while being tested as an anode 

in a Hall cell, Measurements were not made upon sample IIIc 

due to its porosity. .The standard four point DC technique, 

similar.to that applied by Tuller et al. (120). was used. 

Care was taken to ensure that the sample had equilibrated 

with the atmosphere at the temperature of measurement before 

recording 'data.. An IBM PC-AT computer was used to automate 

the measurements, which took as long as five or six days per 

sample to comglete. 

Crystal pieces, about 2.5 cm in length, were cut from 

the samples using a diamond saw. The saw was also used to 

cut notches, about 0.5 cm from either end of the piece. Pt 

wires, wrapped around the sample, and kept in place by the 

netches, were used as the two voltage measurement ,contacts. 

The separation of these contacts and the sample diameter 

were measured using micrometer calipers. These dimensions 

and their estimated accuracy are.given along with the 

conductivity measurements in appendix 111. Pt disks, four 

millimeters in diameter, were put on the ends of the sample, 

and held in place with Pt paste. The current contacts to 

these disks were made using a Pt - Pt/f3% Rh thermocouple at 
either end ,of the sam'ple. These two thermocouples were also ' .  

used'to help position the sample so that the temperature 

difference between the ends was less than two degrees. 

While this design should allcw the measurement of the 



Seebeck coefficient , it was found, :that: suc.h measurements . . . .. . . . .. .. 

were scattered and of low accuracy, probably as a result of .. . 

the low AT used. Such measurements are better suited to a 

system that either allows for sample movement or that has a 

controlled temperature gradient. 

A furnace with elements of Sic was designed and built 

with an 8 cm long temperatare zone, constant in temperature 
0 

to within 2 . A Eurotherm (Eurotherm Corp., Reston, VA) 

solid s t a t e  tampcraturc control gystcrn was uoed to cont~ol 

the furnace. The cgntrol system had a remcte setpoint 

option that allowed the computer to set the temperature. 

The computer also controlled a KEPCO (KEPCO, Inc., Flushing, 

NY) DC power supply that was used to apply - - a voltage to the 

sample. An analog to digital system, DT 2805, manufactured 

by Data Translation (Data Translation, Pnc., Mariborough, 

MA), was used as the interface between the computer and the 

experiment. Sample current was calculated from the measured 

voltage drop across a calibrated resistor. The controlling 

program, listed in appendix 11, was written using the Asyst 

programming langaage (Macmillan Software Co., New York, NY). 

A brief description of the algorithm will serve to describe 

the operation of the experiment. 

0 
Fir3t of all, the sample was heated to 1400 C at a rate 

of 200 K/hr, and annealed at.this temperature for 4 hr. 

Temperature was then increased to the first temperature of 
0 

measurement, 1450 C. The system waited until the sample 

temperature was constant and then waited a further 20 min at 

that temperature. Measurements of sample resistance were 

made every 10 min. One hundred current - voltage points 
were taken in a few seconds during. a .voll tage step .sweep ,. . . . .  . . .  . > .  . 

that &wept from 3 to a maximum of 0.1 V between the voltage 

probes. The slope, the sample resistance, and the intercept 

were calculated by. linear regression. The intercept was 

always less than 1 mV; An automatic check was made for 



sample poiarization. If detected,. the maximum sample . . 

voltage would be decreased by 10%. Visual inspection of the 

current - voltage plots confirmed that no polarization 
occurred for maximum sample voitages of less than 0.1 V. 

Resistance measurements were made until the sample 

'resistance was constant. Constant resistance was defined as 

the agreement of three successive resistances to within the 

experimental deviation of the values, typically 0.2%. Once 

constant, the current - voltage values were recorded along 
with the data shown in appendix I11 for that particular 

temperature. The program would then repeat the process 

described above for the next lower temperature until the 
0 

lower temperature boundary, usually 900 C, was reached. The 

process was then repeated in the direction of increasing 

temperature so that the reproducibility of the results could 

be tested. When the measurements were completed, the sample 

was cooled to room temperature at a rate of no more than 200 

K/hr . 

5.2 Results 

The data from the experiment described above were then 

imported into a spreadsheet program. The data, and the 

results of the spreadsheet calculations are given in 

appendix 111. The columns listed from left to right, are 

the temperature, the average from the left and right 

thermocouples; the sample resistance in (2; the error in the 

sample resistance; and then the intercept of the current - 
voltage ,data and its error. The "RIf following this data, 

not to be confused with the sample resistance, is the 

goodness' of .fit coefficient from the;linear regression of 

the current - voltage data. 'This value was in the range of 

0 . 9 9 9 9  to Q.99999, indicating a good fit. The time 

indicated in the next column of data is the time required 80  



reach a constant resistance. 'The following.columns ccnta.in. 
-1 calculated values: T ; the conductivity, i, in ('ncm)-'; and 

the error in CT. This error. was calculated taking accour,.t 

the error in the sample resistance and its dimensions. 

However, the error given on the activati'on energy, -k times 

the slope of the i n ( ~ T )  vs. T-' data, was a result of the 

linear regression analysis only. The calculation of the 

slope used both the heating and cooling data. The goodness 

of fit coefficient iay between 0.99 and 0.999. 

TEMPERATURE ( O  C) 

L .  % ,  I 

Fluure 5 Electrical Conductivity a s ' a  Function of 

Temperature for Crystals Ia, ID, 2nd Ic 



The results have been plotted in Figures. 5.to 12. 
i. . . .* . . . . . .  ' 

Figure ' 8  is, a summary 6f the conductivity vs.. temperature 

data presented in Figures 5 .to 7. Figure 12 is a summary of 

the ln(cT) vs. T-I plots shown in Figures 9 to il. 

F iare 6 Electrical Conductivity as a Function of 

Temperature for Crystals IIa, IIb, and f I s  

. ; . , .  Both Figures 5 and ,6,show a discontinuity.in the 
measured temperature dependence of. the conductivity. :Not, 

only-does the conductivity show a marked decrease at this 

discontinuity, but the amount of hysteresis between the 

heating and cooling sections has increased. This 



Electrical Conductivity as a Function of 
Temperature for Crystals IIIa and IIIb 

discontinuity was interpreted as being the result of the 

onset of Fe203 precipitation. This hemaelre phase has a low 

conductivity, and will precipitate in fine layers throughout 

the sample, thus causing a decrease in ~onductivfty. 
Yamaguchi (116) has studied the kinetics of Fep03 

precipitation f.rom spinels and has concluded that the 

precipitation is nucleation controlled rather than growth 

rate controlled. The consequence of. nucleation. cantroL .:is. . . ,  . 

that upon decreasing the t~rnperature, undercooling is 

observed before precipitation begins. This would result in 

hysteresis in the conductivity data. Another set of 



Fisure 8 Electrical Conductivity as a Function of 

Temperature for all Crystals 

conductivity measurements was made for sample Ia for 

temperatures spanning the region of hysteresis. For this 

experiment, the system waited 4 hrs at each temperature 

before taking measurements. The nucleation control model 

was confirmed by these measurements as the area of the 

hysteresis,region did not decrease a great deal. Because of 

the undercooling, the actual reversible temperature for the 
. .. .  . . . . . . .  . . : I .  . . . onset of:FeiO3 precipitation is that;temperature where,, upon 

heating; the Fe203 precipitates disappear. These 

temperatures, where observed, have been listed in Table 7 in 

the next section. The temperature of t~ansformation becomes 



Pisure 3 Ln(aT) vs. T-' for Crystals Ja, I b ,  and Tc 

more difficult to observe at lower temperatures as the 

hysteresis spreads out along the curve in the direction of 

the tcnrprrature axis, and the conductivity change is not as 
great. 

5.3 Discussion 

The results of the condlactivi ty measurements are 

summarized in Table 7. 



Fisure 10 Ln(oT) vs.-T-I for Crystals iIa. IIb. and I Ic  

Sample 

Ia 
Ib 
Ic 

IIa 
IIb 
IIc 

IIIa 
IIIb 

1390 2 10 
1325 t 20 
1280 2 20 

'-1120 
'-1170 
-1100 
(not 

observed ) 

. . 
" . .  

Table 7 Summary of Electrical Conductivity Results 

Measured Under 1 atm. Oxygen for Temperatures 

of Up to 1450'~ 



-1 Fiuure 11 Ln(aT) vs. T for Crystals IIIa and IIIb 

The values of  log(^) at 2 5 O ~  have been extrapolated and the 
e, 

values of a at 1400 C interpolated from the best fit In(eT) 

va. T-I lines. & is the activation energy for conduction, 
as seen in equation 7 ,  and Tf is the estimated reversible 

temperature for the precipitation of Z e 2 O r  

The values of Tf are significantly higher than the - 

temperatures given for the phase boundaries shown in Figures 

1 and 2. There are two reasons for this. The fizst is that 

the phase diagrams given in Figures 1 and 2 were neasured in 

air, and it is known that the phase boundaries move to 



Fimre 12 Ln(cT) vs. T-' for all Crystals 

higher temperatures with increasing P 4' The second reason 

is that the conductivity measurements are more sensitive to 

the presence to Fe203 than X - ray diffraction spectra would 
be. .Conductivity measurements can.also separate the 

reversible precipitation temperature from the undercooled 

precipitation temperature. Also, quenched samples may not 

be representative, since precipitation is relatively slow. 

Activation energies were plotted for cornpapison in 
. .  . Figure.13. The combined results of Funatogawa et al. (91), 

~otgering (66) , and Rosenberg et al. (93) , representing 'the 

most accepted values, are described by the solid curve. 



Fiuure i 3  Activation Energies for Electrikaf 

Conductivity in Manganese Ferrites 

These measurements were made at low temperatures upon 

metastable samples prepared under reducing conditions. The 

results of Dorris (79) were taken from measurements made 

upon stable sanples at high temperatures. The measurements 

were made by Dorris under reducing atmospheres for x I 1.Q, 

and in air f o r  x L 1.4. The results for samples Ia, IIa, 

and IIIa were taken from high temperature measurements.,: all . . . 
made at Pq = 1. The effect of the oxygen pressure of- . 

preparation is greatest for those samples with x 5 1.0. 

Measurements made upon metastable samples have yielded 

activation energies'lower than those measured from the 



.. . conductivity measurements taken at high temp.erature. 

Previous observations have been confirmed by the 

measurements presented in this section. Low temperature 

measurements made upon metastable samples cannot represent 

the high temperature intrinsic properties. The effects of 

preparation. particularly the Pq, cannot be ignored as it 

will have a direct influence upon the electrical properties. 

The effect of Pq is probably strongest when the pressures 

are high enough to cause the formation of cationic 

vacancies. The formation of oxygen vacancies, at lower 

P ' s t  may not have such a strong effect upon the electrical 
4 
properties. 

The conductivity data indicated that a plot of ln(~T) 

vs. T-I is linear in the single phase spinel region. while 

this linearity seemed to confirm the small polaron hopping 

model briefly. discussed in section 3.2, equation (6) could 

not be used to calculate reasonable values ,for n,.the 

concentration of Fe 2+ The only conclusion made, based on 
B *  

the present study, is that while the mobility does appear to 

be an activated process, the small polaron model does not 

provide an adequate description. The application of a more 

extensive model should await the acquisition of a larger 

data base. In particular, more measurements need to be made 
- 2  at higher oxygen pressures, say tor Pq > 10 , in order that 

the effect of cation vacancies can be studied. 

5.4 Summary 

The conductivity measurements have demonstrated the 

effect that a relatively high P can have upon the 
4 

electrical properties of manganese ferrites. particularly 

those with high iron contents. The inapplicabilty of the 



small polaron model ruled' out any' .attempts. .t,o -..deter.mine the . . .  

cation distribution qaantitatively. The decreasing 

conductivity with increasing Mn content indicated a 

decreasing ~ e i +  concentration. However, the conductivity 

remained high even when the Mn concentration exceeded the Fe 
2+ concentration by a factor of two. Either the Fee 

concentration remained high or the conductivity mechanism 

changed. This question has not been answered in the 

literature and requires more investigation. .The addition of 

the small amount of CuO to samples IIa and IIIa did not 
' 

greatly affect the conductivity other than to cause a small 

decrease. Unfortunately the Fe : Mn ratio did not remain 

constant in samples fa to Ic as a result of evaporation 

losses during crystal growth. The decrease in conductivity 

could then be a result of either increasing Cu or increasing 

Mn content. 

The results discussed above demonstrated the sensitivity 

:of electrical conductivity to the appearance of a second 

phase in this system. This suggests that the experimental 

technique discussed above could also be used in phase 

.diagram determination studies. The technique would be 

applicable at temperatures above about 1 1 0 0 ~ ~ .  where the 

kinetics of precipitation are sufficiently rapid. The 

precipitating phase must also have an identifiably different 

conductivity from that of the parent phase. The results 

show that the samples Ia. through IIc wi1l.net be stable at 

960°c, the temperature of operation of the bench - scale 
Hall cell. The samples that were chosen for electrochemical 

t,esting were IIIa and IIIc. Sample IiIc was chosen 'so as to 

demonstrate the effect that an amount of dissolved CuO may 

have .on the anodic behavior of the sample. . ..,  . . . . 



6. Bench - Scale .Hall Cell Testing . .  . . .. .. . . 

6.1 Previous Work 

The overall cell reaction for an aluminum electrowinning 

cell operated with an inert anode would be : 

Aluminum would collect on the cathode as before. .Oxygen gas 

would be the reaction product on the inert anode, Lacking 

the reducing power of carbon, the reversible cell potential 

has increased by a volt. Optimisticafly, in spite of the 

higher reaction voltage, the voltage of an operating cell 

will be lower as a result of more efficient cell design. 

This design would, in part, result from the use of a 

dimensionally - stable anode. The intensity of the search 

by the aluminum industry for a practical inert anode 

material has been reflected more by the number of patents 

issued ( 4 ) ,  rather than in the few papers that have been 

published. ,It was only recently, once it was found that 

most "inert" materials would react with the electrolyte, 

that the problem has become one of scientific interest as 

well. One of the greatest barriers to solving this problem 

has been the difficulty in reproducing the results that have 

been communicated. Part of the season for this difficulty 

must be attributed to the problems associated with carrying 

out research upon the particular molten salt system used to 

dlssolve alumina. The other source of difficulty was the 

variation in experimental techniques employed in testing 

, . , . . . ' 1 .  . 3 .  , . 
candidate materials. One of the objectives of the present 

study.was to try ta identify those aspects of the testing of 

anode materials that are r h c  most criijcal, 



Gold is probably the only anode nate~iql tha< is . :  ,. , _ .  . .., $ .  ; , , 

completely inert. Platinum, which appears inert, does 

become etched and and somewhat. brittle after extended use. 

The reasons for this are not known. As the present study 

will demonstrate, it is useful to compare the behavior of 

candidate materials to the behavior of completely inert 

materials. Unfortunately, very little has been published 

about the anodic behavior of Pt, and even less published for 

A u .  Thonstad (121) measuped the overvoltage for the 

evolution of O 2  on Pt using the traditionally designed 

aluminum reference electrode with the aluminum on the 

bottom. Oxygen was bubbled over the Pt wire anode, The 

electrolyte conslsted of Greenland cryolite saturated with 

alumina at 1 0 0 0 ~ ~ .  The overvoltage was 0.17 V at a current 
2 density of 1 A/cm . Voltage decay measurements indicated 

that the reversible decomposition -~oltage for the cell was 

2.205 V. Thonstad does not describe either the exact rceans 

of'overvoltage measurement, or the means of IR voltage 

compensation. The "IR voltage" was that corn~onent of the 

voltage drop resulting from the resistance of the 

electrolyte that was included in the potential measured 

between the reference electrode and the anode.  hang and 

Qiu (122) report overvoltage measurements in agreement with 

those of ~honstad' measured using "modified cent inuuus 

impulse" and voltage sweep techniques. Bewing and Van der 

Kouwe (123) report chronopotentlometric results for Au and 

Pt anodes. This work was of limited use to the present 

study as the authors d i d  n n t  apply current densities of less 
than 10 ~ / c m ~ .  

Unfortunately, the use of Au or Pt would not be 
practical on an industrial scale. Interest has revolved 

arounri other metals, notably upon mpper, and. oxides sl;ch.as 

those based upon Sn02 or Be203. In 1937, Belyaev and 

Studentsov (5 )  tested as anodes in a bench - scale Hail 
cell, oxides of Be,  Sn, Co, Ni, Zn, Cu, and CP. The oxides 



Pe304,,, SnO;, Co30g, and NiO were the most stable. Seeking 
. , I  I. 1 . 

.an impr.ovement in conductivity, Belyaev ( 6 . )  then tested 

f erri tes. of. Zn, Ni , Cat Mg, A1 , Sn, Cr , . ands Co . The 

ferrites of Sn, Ni, and Zn led to the production of the . 

metal with the, lowest impurity concentrations. . In what 

probably was the first paper of its kind, Liu and Thonstad 
, . 
(124) reported the overvoltages for oxygen evolution upon 

anodes based upon Sn02. The composition used : 2% Sb203, 

2% (by wt.) CuO in Sn02, was thought to be, at the time, a 

leading inert anode candidate. It was found later that 

while the Sn content of the aluminum produced was low when 

this anode was used, it was high enough to cause tearing 

problems during the prod~ction of aluminum sheet and .foil. 

The testing cell was very similar in design to the cell used 

in the present.study except that it employed a traditional 

A1 reference electrode. The authors reported the effect 

upon the overvoltage of various surface - leve1,doping 
agents. They noted a significant current at voltages less 

than 2.2 V. This current was interpreted as being a.result 

of the anodic oxidation of dissolved A1 rather than as a 

result of the corrosion af Sn02. Russell (125) reported 

polarization measurements made upon Sn02 and various 

ferrites. He gave corrosion rates without stating how they 

were measured. Other experimental results in this paper are 

suspect due to the lack of pre - electrolysis purification 
of.the electrolytes used. In a later paper, Russell (126), 

reported the activity of oxide films formed upon metal and 

cerme.t anode materials. Horinouchi et al. (127) reported 

the results of in situ electrolysis of various low 

solubility oxides for times of up to 40 hr. They noted 

corrosion of all oxide anodes without giving any further 

discussion. While the paper reported the results of what 

must have been a large study, it was noticeably lacking in 

detail.. 

Recently, investigators from ALCOA Laboratories reported 



some of the results they obtained from their recent five - 
year effort on inert anode materials. They claimed success 

for a cermet material which consisted mainly of a nickel 

ferrite matrix that supported up to 17% of a fine discrete 

Cu metal phase. The oxidation of the copper at the ancde 

surface seems to allow the formation of s passivating layer 

that prevents further corrosion. The nechanism of 

passivation is not yet well understood. Ray (21) has 

discussed the selection process for the composition used. 

DaYoung (128) has measured the dissolution rates of various 

oxides using a rotating disk technique. Tarcy (129) 

-ported upon the corrosion and passivation of cermets. Ray 

(130) has reported the effects of bath additives and cell 

-rating parameters upon the behavior of dimensionally 

stable anodes. Investigators at Pacific Northwest Laboratory 

have continued the development of the copper - containing 
cermet material. Windisch and Marschman (131) have reported 

a study of the passivation of capper and the cermet 

-material, 

A study of the techniques used in industry to 

investigate the anodic behavior of candidate inert anode 

materials led to the cell design and testi~g procedure 

described in the next section. While the cell was smaller 

and the equipment less sophisticated than that available in 

the industry, the experimental techniques to be described 

have produced useful results under carefully controlled 

eendftions upon fully characterized, single phase specimens. 



. . .- . . .  . . 

6.2 ~xierimental Apparatus and Control . . 

The bench-scale Hall cell is shown'in Figure 14. 

SS ROO 

A1203 CRUCIBLE 

A1203 TUBE 

Mo WIRE 

A1 POOL 

Fiuure 14 Bench - Scale A 1 2 0 3  Electrowinning Cell 

A section of test specimen of about 2 cm in length was cut 

from the crystal with a diamond saw. This section was 

mounted in an alumina tube with an electrical connection 

provided by Pt paste and P t  foil. The mounting design 

minimized the distance between the electrical connection and 



. . 
the electrolyte and insulated the .sides of the. sample krom ... . . - . . . . - .  

significant current flow. The mounted sample, atzached to a 

stainless steel sod, was immersed oaly a few millimeters in 

the melt. 'Electrical connection to the molten Ai pooi 

cathode was provided by a molybdenum wire. The 

approximately 1% ml of electrolyte was contained in an 

alumina crucible which was covered with a BN cap to help 

minimize'evaporatisn losses. 

The aluminum sefer.ence electrode (132) was contained in 

a grade HBM boron nitride tubc.whlch was immersed-in the 

melt next to the test sample. The addition af 30%, by 

weight, of BaF2 to cryolite allowed the Al to float on this 

reference solution, thus ensuring that no contact =auld be 

made between the tungsten lead wire and the salt. This 

eliminated the common problem sf mixed and non-stable 

reference.potentials. The bottom of the BPS tube was drilled 

to within 1 mm sf the bottom. This layer of BN acted as a 

porous'pl.ug -.type membrane between th.e  reference solution 

.and the electrolyte. The level of the reference solution 

was maintained above that of the electrolyte so that any 

flow of salt would occur out ef the reference. This ensured 

.that the composition of the reference solution remained 

constant. The potential between the reference electrode and 

the cathode, which contained only junction and membrane 

potentials' 'when 'the cell :was at rest, remained constant a t  
0.06 V during the experiments. 

The reference. s,al-ution was pre - electrolyzed in order 
t.0 remove electroactive impurities. The cell used for the 

purification of the.reference solution employed a graphite 

crucible as,the anode. The molten aluminum cathode was held 
. .  . in an alumina riser tube, 1 cm. in dig., which .was immersed ! .  

in the melt to a depth of approximztely L.5 cm. Electrical 

contact to the aluminum was made by tungsten wire. 

Pre - electrolysis was c,arried out by applying 3 V for 
. .  . 



several hours. This electrolysis moved'any e.lectroacti-ve 

impurities into the aluminum cathode, thus ensuriiq that the 
3+ reference interface was Ai/A1 only. It,is doubtfui that 

the positive effect of reference solution pre - electrolysis 
upon the stability of the eiectrode has ever Seen fu:ly 

appreciated. 

Not shown in Figure 14 are the thermocouple and gas 

inlet tubes which were held just above the melt. The cell 

was contained within another alumina tube which allowed 

maintenance of a dry atmosphere of argon over the cel:. 

Heating was done by ac electrical resistance furnace. The 

top fitting was designed to permit rapid removal and 

replacement of anodes. 

The electrolyte was formulated to ccntain 5 %  CaF2, 7% 

A1203, and have a bath ratio (BR) of 1.15 in order to 

resemble industrial compositions. The bath ratio is defined 

as the weight ratio of NaF to AlF3 in the electrolyte. The 

cryolite ratio (CR), defined as the mole ratio of tkese two 

compounds, is twice the bath ratio. Greenland cryolite and 

reagent grade CaF2 and A1203 were used. The AlF3 was 

supplied by ALCOA. Impurity levels and water contents were 

taken into account during formulation. The resulting, 

mixture was 79.39%, by weight, cryolite; 10.28% A:F3: 3.75% 

CaF2; and 6.58% A1203 before melting. The total weight of 

salt added to the cell was 297 g, and 78.7 g of Al, were 

added for the cathode. After electrolysis, the melt was 

analyzed for %A1203 and BR using the AICIJ and pyrotitration 

methods, respectively. The A1203 content increased to a 

value of 11% while the BR stayed at 1.il 2 0.02. Quenched 

melt. samples, were seen to contain fine. crys.ta1.s of ~ 1 ~ 0 ~ .  

This supersaquration accounted for 'the highd measured . .. . . . 
. . 

concentration. On the basis cf tkese measurements it was 

decided that AlF3 and A1203 additions need not be made 

during this set of experiments. 



Once the electrolyte was molten and the temperature.was. 
0 

srabie at 960 C, pre - electrolysis was carzied out using a 
2 Pt anode with a surface area of l . 6  cx . At an agpiied 

voltage of 3.00 V a current deasity of abo;t 1 ~/crn* was 

observed. The current density decreased as the impurity 

concentration decreased. Electrolyte purity was meascred by 

applying voltage sweep at a rate of 20 mV/s in order to 

determine the residual current, defined as the current 

d . e n s i t y  at a voltage slightly less than that required for 

Ai20j reduction. A clean melt would show a residual current 
2 density of less than 20 m~/cm . Generally pre - 

electrolysis took iess than 3 hr. 

The test anodes were immersed in the melt after the 

completion of pre - electrolysis and after some measurements 
were made uFon Pt. The test specimen was lcwered into the 

hot zone over a time of about 2 hr so that thermal shock was 

avoided. The measurements were made using the 

instrumentation diagrammed in'Figure 15. 

DATA TRANSLATION 
DT280S BOARD 

- - -  - 
- - - - - - 

A I D  

REFERENCE 

TEST ANODE 

" CURRENT 
A!D INTERRUPTER . 

11 -- !! CATHODE 

= A I D  

Fiqure 1 5  Computer Controlled Electrochemical Testing 

Instrnmentation 



The current interrupter (ESC Model 810-02, modified, The 

Electzosynthesis Co., Inc., E. Amherst, N.Y.) was used to 

measure that portion of the 12 dzop that was inciuaed in the 

measured anode to reference potential. The overvolrage was 

calculated by subtracting this LR drop and the zerc current 

emf from the anode to reference potential. The zero current 

emf was obtained from the extrzpolation of the anode to 

reference voltage to open circuit, i.e., i = 0, and usually 

measured 2.16 V. This potential contains a component of 

magnitude -0.06 V, the result of membrane and thermal emf's. 

All potentials were measure2 using the DT2805 analog to 

digit21 board. The output channels of the board were used 

to control the DC power supply in either voltage or current 

control modes. The board in turn, was controlled by the . 

computer using the program listed in appendix IV. This 

system was capable of making a variety of electrochemical 

measurements as well as just applying potentiostatic or 

galvanostatic electrolysis. Any mathematically describable 

transient could be applied to the cell. The program listed 

was capable of conducting voltage sweeps, galvanostatic 

pulses, and making potential or current step steady state 

measurements. The program also displaye~ and stored the 

data. The acquisition rate of the system was limited by the 

DT2805 board to a maximum rate of a point every 0.2 ms. The 

response time of the DC supply was less than 0.2 ms. This 

system was equivalent in operation to the combination of a 

potentiostat/galvanostat, a signal programmer, a current 

interrupter, a digital storage oscilloscope, and a chart 

recorder. Not only did the computer based system have the 

advantage of lower cost, but it was capable of supplying 

higher currents beyond the capabilities of most 

.potentiostats. Also, unlike most .potentiostats, both sides . . 

, . .  . . .  , .  o f ,  the output .of the DC supply were is:olated. from ground, 

eliminating any ground loop problems. 
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6.3 Results of Electr3chemical Measurements 

6.3.1 Tests I 'to S I X  

The resalts reported in section 6.3 were measured in 

five different experiments. Some measurements were made 

upon Au, Pt, and a cabalt ferrite crystal designated C1 in 

three different experiments. These results have been 

discussed in greater detail elsewhere (133,134). Some 

results are shown in Figure 16 as curves of cell voltage vs. 

current density. The current on the Au and Pt anodes did 

not increase until a cell potential of 2.2 V was reached. 

This is the decomposition potential for A1203 in a saturated 
0 

solution at 960 C. Hcwever the current on the cobalt 

ferrite sample'was significant at potentials less than 

2.2 V. This effect was also found on the manganese ferrite 

samples whose results are reported in the next two sections. 

The Fisure also demonstrated the difficulty in obtaining 
consistent results, even with identical anodes. One of the 

problems was being able to define the electrode area. 

Changes in melt level, and the ability of the melt to creep 

up the sides of the electrode contributed to the problem. 

Measurements also depended upon the melt purity and 

technique used. All of the.results shown in Figure 16 were 

made with melts purified by pre - electrolysis, using the 
voltage - step steady state technique. 

While these initial trials helped to establish a working 

cell design, two problems existed with the experimental 

technique used.' ~n immersion time of 1.5 hr for the ferrite 

test anodes was found to be toc short to show observable. 

corrosion. Later work, discussed in section 6.3.3, carried 

out on the manganese ferrites after a repair of the current 



Fiaure 16 Cell Voltage vs. Current Density for Various 

Anodes for Tests I to I11 

V i - - -  i I 1 ! 

interrupter, showed that previous IR measurements may have 

1 

i I 
I I ! ! 

been too high. These problems decreased the usefulness of 

the results measured in tests I to. 111. However some useful 

results were obtained f'rom a scanning electron microscopic 

4 i i Aum 
I 

Current Density (A/cm ') 

examination of the electrolyzed cobalt,ferrite specimens. A 

sample of composition 25 wt% COO in FeZOg, after 

electrolysis at 3.0 V and 1 ~ / c m ~  for 1 hr, showed the 

formation of an interface layer 8 JJm in.thickness. A sample : 

of identical composition electro.lyzed at 2.0 V for 1 hr had . ... 
a layer 25 to 30 !Jm in thickness. The current increased 

2 from 0.20 to 0.29 A/cm during electrolysis for this sample. 



. . It is possible that a higher rate .of oxygen evolution . . ,, . . . .. . : .. .. i '  . . , .  

impeded the formation of the layer. Elemental profiles 

showed the interface layer was an alumina - rich oxide 
solution containing a small amount of fluoride. A diffusion 

profile out of the sample was observed for Co and Fe. 

Alumina was forced to diffuse into the sample because the 

activity of alumina in the melt was 1. Post - test chemical 
analyses of the electrolyte and metal did not show a high 

enough increase in the Fe and Co concentration to allow the 

calculation of an accurate ccrrosion rate. 

6.3.2 Test XV : Sample IIXa 

Improved test methods resulting from the experience 

gained in earlier experiments allowed the extraction of the 

maximum amount of consistent infornaticn from tests IV and 

V. Cell voltage results are g.iven for various anodes in 

Figure 17. These curves were measured using the current - 
step steady state technique. In this technique the current 

was increased by 6.02 to 0.03 ~ / c r n ~  increments. The' sysrem 

waited for around 5 s at each step, took 100 points in 1 s, 

and then stored the mean value of these measurements. This 

digital averaging technique effectively filtered out much of 

the fluctuations in the measured voltage caused t;y bubble 

evolution or electrolyte flow at the anode. This noise 

level was as high as 2 0 . 5  V at current densities greater 
2 than 1 A/cm . 

Curves are given for the anodes: graphite (Gr), Pt in a 

pre - electrolyzed melt (Pt), Pt after the 750 min 

electrolysfs of IIIa (Ptl), and the ferrite IIIa after its 

electrolysis (XIIa). The residual current, defined as the 

current density at voltages less than 2.2 V, on Pt' was at 

least 8 times higher than that for the clean melt, 
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Fiqure 17 Cell Voltage vs. Current Density Por Various 

.Anodes for Test IV (Ptl is for immersion of 

Pt anode after electrolysis of IIXa) 

The higher residual on Pt' was a result of the electrolysis 

of the impurities added to the electrolyte as a consequence 

of the corrosion of IfIa. Current began to pass on IIIa at 

potentials as low as 0.9 V vs.  the A1 cathode. The high 

residual on IIIa was a result of a combination of corrosion 

current and the electrolysis of these corrosion products. 
p, : . 

, 
An examination ot the relevant decomposition potentials 

helped to explain why the electrolysis of sample PIXa began 

at 6.9 V. These potentials were calculated using reacrion 

29 and equation 30 : 



0 
AGZ9 was calculated assuing unit activities for all three 

of the components at 1300 K. The AG values were taken from 

Barin and Knacke (135,136). Unit activity was a reasonable 

assumption for oxygen gas. The activity of the metal oxide 

will only be one when it has saturated the electrolyte. 

While'few solubility data are available, values of 0.003 to 

0.2 wt% have been reported for FeaOJ in cryolite (see page 

365, ref.?). Therefore it would not take a great deal of 

oxide to saturate the electrolyte. Reducing the Me activity 

by dissolution into A1 could decrease the potential by as 

much as 0.2 V for an activity of low2 or by 0.5 V for an 

activity of Such low activities for Fe and Mn in A1 

were not expected since the ~l used in the pad already 

contained some Be before use, and the solubilities of Fe and 

Mn are less than 1 wt% at 9 6 0 ~ ~ .  The relevant oxide 

decomposition potentials are : 

0 
Oxide -'29 ( v )  

cuo .0.21 ' 

CuZO 0.38 

Fe203 0.84 
FeO 0.99 

Mn203 1.07 
MnO 1.49 

A1203 2.17 , . 

Table 8 Relevant Oxide Decomposition Pctentials 

Calcu1ate.d at 1360 ;< 



For sample IIIa the lowest of the potentials Is that for 

Fe,O at 0.84 V. Since IIIa had been electrolyzed in the 
L 3 

melt for 12.5 hr prior to the measurements shown in Figure 

17, it was not unreasonable to assume that sufficient Fe2Q3 

had dissolved into the electrolyte so as to approach 

saturation, So the overall cell reaction on IIIa, as well 

as upon Pt', at potentials around 0.9 V would be the 

decomposition of F e 2 0 3 .  As the cell potential was increased 

the electrolysis of dissolved manganese oxides would 

commence, followed by the electrolysis of A120J Results to 

be discussed later will confirm this explanation. In 

particular, chronopotentiometric measurements performed upon 

Pt' have confirmed that the electrolysis of FelOg began at , ,  

the reversible potential given in Table 8. 

It was noted that due to the smaller area of IIIa, 
2 assumed to be 0.23 cm , that the error on the current 

density f o r  this sample was larger than 'that for the Pt 

anode. As a result of the tendency of the anode to round .rl 

I 

out'as a result of corrosion' and the.creeping of.the 

electrolyte, the actual electrolyzed surface area was 

probably as much as a factor of 2 higher. 

The ovesvoltage results shown in Figure 18 were measured 

at the same time as the results in Figure 17 using the same 

technique. These results were higher than the other results 

discussed  LA section 6.i, especially at higher current 

densities. Since the overvoltage for oxygen evolution has 

not yet been established it was not to say what 

measurements were in error. Noweyer, the. slmple calc.ulatlon , . ,  

.that will be.presented in the next section confirmed that - .  . 

this is the overvoltage that is being measured. It was. 

possible that since measurements were made at steady state, 

an additional polarization potential, related to gas bubble 



evolution, was included in the overvoltage. 

I 

- i 

Current Density ( ~ / c m  2, 

Fisure 18 Overvoltage vs. Current Density for Various 

Anodes for Test IV 

The effect of melt impurities was also observed using 

the voltage sweep technique. The curves in Figure 19 are 

for a melt purified by pre - electrolysis. The remaining 

peaks.below the decamposition potential for A12a3 indicated 

that the melt was not completely free of impurities, as can 

be expected. The'highest potential peak was probably for 
2+ si4+, while the lowest may be for Ee . The middle peak 

could not be identified. Chemical analyses indicated that 



Current Density ( ~ / c r n ~ )  

Ficrure 19 Voltage Sweeps on Pt for a Pre - Electrolyzed 
Electrolyte for Test IV 

these impurities are already present in the cryolite added 

to the cell. Pre - electrolysis reduced the electrolyte 
concentration of these impurities to a level dependent upon 

the porential applied to the cell during the pre - 
electrolysis. The sweeps shown in Figure 20 indicated that 

the impurity level was much higher after the electrolysis of 

IIIa. The large peak shown started at a potential of 0.83 

V ,  and thus confirmed the electrolysis of Pe203. While the 

peak height was proportionai to the square root af  the sweep 

rate, no other quantitative results were obtained from these 

measurements. Even though the rapid sweeps should have 



avoided gas polarization effects the. reproducibility of the 

peak height was pcor. 

.OO ' 0.50 1.00 . i .5G 2.00 2.50 3.00 d.- 7 <O 4.00 
Current Density (.A/cm2) 

Fisure. 20 Voltage'Sweeps on Pt' for Test IV 

The anode to reference potential measured during the 

electrolysis of sample IIIa is shown in Figure 21. Bubble 

evolution was .the cause of the .fluctuations of this 

potential around 3.0 V. Slncz the average potential did not -. 

drift noticeably it was concluded.that the reference. . . 

electrode was well behaved, and that the tesz specimen did 

not corrode to such,an extent so as to impede the current 

flow.. < .  . . . 



Fiqure 21 Anode to Reference Potential During the 

Electrolysis sf IIIa During Test IV 

In the chronopotentiometric technique, a constant 

current pulse was applied to the cell and the response of 

the anode to reference potential measured. This technique 

was useful for two reasons. First of all, the IR potential 

was disregarded because it was constant. This meant that 

the response of the anode to reference potential was due to 

a change in anodic overvoltage only. The second reason is 
', . . . . .. 

. . 

. . . .  
. . .  . .  , that this response occurred before enoughscurrent was passed . , . 

. . . . . . , -' - 
so as to allow the formation of a significant amount of gas 

at the anode. As has been shown, the release of a gas 

bubble caused discontinuities in measured potentials. The 
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chronopotentiometric curves given in,,.Figure:-22. d.emonstrated -- , . . L 

Figure 22 Chronopotentiometric Curves for 1 A/cm 2 

Applied at Various Pre - Electrolysis Times 
During Test I V  

the .effect of pre - electrolysis upon the total impurity 
content .of the electrolyte. A point of inflection occurred 

.at the transition time, T ,  at pctentials above 2.2 V when 

the electrolysis of A120,  began. For times less than T ,  
Y 

impurities were being electrolyzed. Figure 22 shows that r 

decreased as the co~centration of electrolyte impurities' was 

lowered by pre - electrolysis. Chronogotentiograms are 



. . 
. -  , .  . .  . given in' Figure 23 for Pt in a pucif iedelectrolyte. Since 

Ficrure 23 Chronopotentiometric Curves on Pt for a Pre - 
Electrolyzed Melt for Test I V  

the impurity concentration was low in this electrolyte, the 

electrode reaction was diffusion controlled. The transition 

time, T, represented the time it took for the impurity 

concentration, C, to reach zero at the electrolyte surface. 

The solution of this diffusion groblem (see page 124-5, 

e . 3 ,  for example) results in Sand's equation given 

below: 



where i is the current density, .n the number of electrons 

exchanged, F the Faraday constant, D the diffusion 
0 

coefficient, and C the bulk concentration. For the results 
% 2 in Bigure 23, i ~ %  =0.20 2 0.05 (As /cm ) .  A value of 

2 2 x - 1 0 - ~  (cm /s) (see page l e - 2 ,  ref.7) was used for D. 

This is the diffusion coefficient for A1203 in cryolite and 

was used to approximate the coefficient.for the impurity. 
2- 

, For the anodic reaction of 0 , n = . 2 .  The concentration of 

02- from the impurity oxide, cU,  is then calculated to be 
3 dbuul. 3 r (u~ule/cni- ) . For ~on~par i son ,  the - 

2- -3 ' 3 concentration of 0 fromA1203 was 6 x 10 (mole/cm ) .  

The calculated concentration of impurity was high, but 

reasonable consideri.ng,the assumptions made. 

Chronopotentiograrns were also taken on IIIa for current 
2 ,densities of up tc 8 Alcm . A constant voltage was reached 

in less than 0.1 s and no steps were observed. It appeared 

that none of the three possible anodic reactions were 

.diffusion limited at these current densities. As will be 

discussed in section 6-5, the reaction mechanism on oxides 

can be complex, adding to the difficulty in interpreting 

measurements. 
, .  , 

Chronopotentiograms obtained on Pt', the Pt anode 

immersed after the IIIa electrolysis, are shown in Figure 

24. The transition times were longer due to the higher 

impurity conce'ntration'in this electrolyte. For this system 

iiJr was ndt constant, but was a linear function of current 

density : ir'='1.059 + 1.1511. Thecoeffidient of fit was 

0.986 for this equation. According to the text by Macdonald 

(page 141, ref. i37) , this linearity was the result of a 
. . 

chemical reaction being coupled to the charge transfer 

reaction, the so called "CE" mechanism. This coupled 

reaction was the decomposition reaction of the impurity 



0 
Time (ms) 

Fisure 2 4  Chronepotentiometric 'urves on Pt' After the 

Electrolysis of I1f.a for Test IV 

containing complex to produce the d2- ion that was 

discharged on the anode. Possible reactions will be 

discussed in section 6.5. In this case the intercept, 

1.059, equals the right hand side of equation 31. A similar 

calculation to that given above yielded the concentration of 
3 1.4 x (nole/cm ) . While the absolute values of the 

concentrations calculated using equation 31 were not that 

accurate;their ratio was more represen3ative of the 

'physical situation. This ratio implied that the impuri,ty. 

concentration after the electrolysis of IIIa was 5 times. 

higher than before the electrolysis of IIIa. So the 



chronopotentiometric measurements 'ave confirmed -the. ... . . . .  

impurity concentration increase qualitatively indicated by 

the steady state cell voltage measurements shown in Figure 

17. 

The curves shown in Figure 24 also yielded important 

information concerning the major impurity species 

electrolyzed before A1203. The potential of the plateau 

before the transition point, 
E~ 

, was linear with respect to 
current. The relationship, 

E~ 
= 0.83 + 0.341, fit the data 

to + 0.01 V with a goadness,of fit coefficient of 0.9998. 
The extrapolated potential at i = 0 was the reversible 

0 
decomposition potential, E for the electrolysis of the 

impurity. This voltage was identical to the decomposition 

potential of Fe20g given in Table 8. This confirmed the 

hypothesis given earlier, that the electrolysis of IIIa 

resulted in a concentration of Fe 0 near saturation in the 2 3 
electrolyte. Plateaus for the decompcsition of Mn20J and 

MnO were not seen, possibly because the concentrations of 

these oxides were not as near to saturation as was the 

soncentration of Fep03. The only measurement available 

indicated that the solubility of Mn301 was just over.1 wt% 

(see page 365, ref.?). A concentration below saturation 

increased the already higher decomposition potential, so 

that it was nearer to that of A1203. 

~6.3.3 Test V : Sample IIIc 

"The composition .of IIIc was similar to that of IIIa 

iexc.ept that IIIc contained an amount of CuO. 1;t was shorn 
d .  -that this amount of CuO should have little ef.fect. ugon.'the . .  .. . . 

electrical properties of this high manganese ferrite. 

However, some electrochemical studies (129,131) have 

indicated that the presence of Cu metal leads, in some way, 



. . .  . . 
I _ . _  . _ .  . . . . s t?- a -passivation of . . the anode, Thiq,sample was tested in , :  

order to conf.irm the behavior of IIIa and t.o see if. this 

amount of CuO provided any passivation. The results on IIIc 

will not be discussed in as much detail, except to indicate 

where the results confirm the behavior discussed in the 

previous section. 

The cell voltage vs. current density results for the 

anodes used in test V are given in Figure 25. 

. , .  

Flaure 25 Cell Voltage vs. Current' Density for Various'. 

Anodes for Test V 



The curve for Pt was measured after. 3 hr of 'pre .- . . ., 

e~lectrolysis, ar.d the Pt' data were taken after the 14 hr 

electrolysis of sample IIIc at about 1 ~ / c m ~  and 3.3 V. 
2 Sample II'Ic was assumed to have an area of 0.2 cm . Unlike 

the steady state results measured for IIIa, shown in Figure 

17, the data for IIIc were measured before electrolysis, 

For this reason, the residual current was significantly 

lower even when the uncertainty in the electrode area was 

taken into account. This was a result of the lack of 

impurities in the electrolyte just after the immersion of 

IIIc. The re.sic¶ual curre.nt observed on IIIc was a 
combination of corrosion current and the electrolysis of 

remaining melt impurities. The high residual for Pt', whose 

curve had a similar shape to the Ptt anode in Figure 17, 

confirmed that the IIIc anode did corrode during 

electrolysis, resalting in a higher impurity content in the 

melt. 

The voltage sweeps shown in Figure 26 confirmed 

p.reviously observed behavior. The sweep on I1I.c was taken 

after its 13 hr electrolysis. Again, the presence of a 

concentration of FeZOg near saturation, generated by the 

corrosion of IIIc, has led to a reversible potential near 

0.9 V for'the electrolysis of IIIc. 

Figure 27 shows the overvoltage results for Pt, Pt', and 

IIIc measured before electrolysis. These data were taken at 

the same time as the data shown in Figure 25. The dashed 

lines represent the results of a calculation of overvoltage 

that was in good agreement with measured values. This 

 overv voltage was calculated by first considering the 

components of the total cell voltage. : 

The cell resistance, R, consisted mainly of electrolyte 



Fiqure 26 Voltage Sweeps on Pt and IfIc at 1 V / s  for 

Test V 

resistance since 3/16" dia. stainless steel rods were used 

f o r  current leads and high surface area connections were 

used at all contact points between.the anode and cathode. 

The Pt anode to A1 cathode resistance was measured to be 

0.234 Q by an AC impedance bridge. The current, I, equals 
0 

iA, where. A is the electrode area. E , the reversible 

- .  . . . reaction potential, was measured to be 2.27.V, using the 
. . .  . - ) . . .  a . ,  

curve for Pt in Figure 25. The overvoltage for .the cathode, . . :  
. . . -- .. 

was neglected since this overvoltage was small as 

campared to E and the electrode area for the cathode is a 



Fidure 2.1 Overvoltage VS.  currene wensity f o r  various 
Anodes for Test V 

much larger than the area for the anode. This led to 

equation 33 : 

,Equation 33 was used to calculate the dashed curves given in 

Figure 27 from the data given in Figure, 25,. .The good - . 

agreement supported the view that t.he potentials.given-.in 

Figure 27 were indeed anodic overvoltages. The agreement 

for IIIa data was also good. Since the equation could not 

predict the overvoltage results of tests I to 111 in a 



. .. similar manner, these earlier results must. remain doubtful... 

Unfort,unately, so little is known. about the overvoltage of 

O2evolution and how it is affected by measurement technique 

. that the results given here cannot be confirmed. 

Chronopotentiometric curves taken using a Pt anode in a 

melt pre - electrolyzed for 3 hr are given in Figure 28. 

Fiaure 28 Chronapotentiomctric Curves on Pt for a Pse - 
Electrolyzed Melt for Test V 

2 
For these results ir' was constant st 0.53 + 0.03 (As /cm 1 .  

This led to a concentration somewhat higher than that 

calculated in Test IV. 
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6.4 Bath and Metal Analyses 

Chemical analyses were carried out by Luvac Inc for Si, 

Mn, Fe;and Cu in pre - and post - test .samples of melt and 
metal. The results are listed below In Table 9. 

ELECTROLYTE 

Element Before After 
Electrolysis 

IIIa IIIc 

Element Before 
Electrolysis 

IIIa 

After 

IIIa IIIc 

Table 9 Pre - and Pcst - Test Chemical Analyses of 
Electrolyte and Metal in Weight % 

The analyses of Si demonstrated the effect of pre - 
eLectrolysis. The Si content of the metal increased while 

the electrolyte concentration dqcreased. The Fe content of 

the electrolyte decreased. This was a result of,the. . . . 

reduction, by pre - electrolysis, of the electrolyte , . % . . 

concentration followed Sy a concentration increase resulting 

from the ferrite .electrolysis. This Fe content was 



equivalent to a Fe;03 content of 0.022 wt%. l3e~ou.n~ ( 128) ... . 

.:. . 

reports a Fe O solubility of 0.13"wtX for a' bdth ratio'of 
2 3 

1.1, and an alumina content of 6.5 % at 9 6 0 ~ ~ .  For the 

present study, a higher altlmina content of 11 % would 

probably result in a lower Fe203 solubility. It was also 

possible that the Fe203 content was below saturation. The 

slight difference this might cause in the calculation of 

A G ~ ~  was compensated for by the Fe- content in the metal 

being below saturation as well. 

The most accurate calculation of the eorrosion rate used 

the Mn analyses as they were near zero before electrolysis. 

However, it was realized that error in the calculation.could 

be introduced as a result ob the.evaporation of the metal 

fluorides from the molten electrolyte. The corrosion rate 

calculated here was then the lowest possible value. . Using 

the initial.salt and metal weights, the amount of Mn 

corroded from the ferrite to the salt and metal was 

calculated to be 0.132 g for IIIa and 0.115 g for IIIc. 

This was the result of the corrosion of 0.263 g of IIIa 

oxide, and 0.248 g IIIc oxide. Using the crystal densities 

glven in Table 5, this was calculated to be equivalent to 

2.4 mm of IIIa, and 4.1 mm of IIIc. These lengths compared 

well with the observed lengths of crystal corroded. 
2 Calculated wear rates were 94 (mg/hrcm ) for IIIa, and 95 

2 for IIIc, or in other units : 0.94 (kg/hrm ) for IIIa, and 

0.95 for IIIc. The close agreement of the wear rates 

indicated that the amount of CuO in IIIc did not provide any 

significant resistance.to corrosion. It was also observed 

that these corrosion rates were so high. as to preclude the 

use of these materials as dimensionally stable anodes. 



6.5 . - Anodic Reaction Mechanism , , . . . . . . .  . .  . .  
, . . . .  , . . . .. ..,. . . . .  

The results detailed above indicated that the ferrite 

samples did corrode during electrolysis. Some of the 

corrosion products were electrolyzed into the metal while 

the remainder stayed in the electrolyte. The anodic 

reaction was complex, since four reactions could be taking 

place in conjunction, depending upon the applied potential. 

These reactions were the electrochemical corrosion of the 

ferrite, the chemical dissolution of the ferrite, the 

electrolysis of dissolved corrosion products, and the 

electrolysis of A1203 f he' chemical dissolution of the 
ferrite would be independent of potential. While no 

definlte indication of electrochemical corrosion could be 

inferred from the results, the pcsslbility could not be 

eliminated. The results shown in Figure 25 for IIIc showed 

that if eiectrochemical corrosion took place, it did so at 

potentials above those required for the electrolysis of 

,dissolved corrosion products. The electrolysis of corrosion 

products began at potentials as low as 0.83 V with the 

.electrolysis of dissolved Fe2Or The electrolysis of other 
dissolved oxides took place at higher potentials, followed 

by the electrolysis of dissolved alumina at potentials 

higher than 2.2 V. While the results did not indicate any 

specific mechanism for any of these reactions, certain 

possibilities can be discussed. It was possible to show 

that the observed,behavior of the anode was reasonable 

rconsiderlng what was is' known about the chemistry of the 

.electrolyte. 

It has been postulated ( ? ) ,  and some evidence exists to 

support the theory, that the major ionic specie's ..in. a molten - ,  

.r  -x A1203 - Na3A1F6 solutlon are : ~ a + ,  F-, AIOFx , and A~F~-', 
Y 

with 3 5 x 5 5 and 4 L y S 6. Thonstad (121) has postulated 

the following anodic r.eactlon mechanism for the evolution of 



Reaction 34 was fast and the reaction rate was controlled by 

either 35 or 36. Thermodynamic analyses (134) showed that 

oxides that will co - deposit with A1 do not form stable 
fluorides in preference to AlF3. Sa these oxides probably 

formed an oxy - flouride complex. This complex could be 

formed by either chemical dissolution or electrochemical'' 

corrosion : 

2n-2-x could form instead. The For n = 2 a complex like M2QFx 
discharge of the metal - containing complex would follow a 
reaction scheme like 34 to 37. 'The combined-chemical 

reaction found using the chronopotentiometri c technique on 

Pt, discussed in section 6.3.2, would be the equivalent of 

reaction 34 : 

. . . . .  . .  . 

 he electrochemical reactions tollowing reaction 40 would be 
identieal to 36 and 36, It was seen that any metal oxide 
could undergo this anodic reaction. Since. no completely 



insoluble oxide is known, the important.ques.tion becomes.onc . . 

.of. electrochemical stability. Once the oxide is in 

solution, ,following reaction 38 .or 39, for example, the 

subsequent discharge by reactions 40, etc. can only take 

place if the oxide is less electrochemically stable than 

A1203, as are the oxides of Fe, Mn, and Cu. In fact, nearly 

all of the oxides of interest to the aluminum industry as 

inert anode materials will co - deposit with Al. However, 

-as discussed in reference 134, a few oxides do exist which 

will not co - deposit. It is expected that these are the 

materials that will be used to solve the inert anode 

problem. 

An experimental apparatus and procedure was developed. to 
test different anode materials in a bench - scale Hall cell. 

. . 
'The cell incorporated a novel reference electrode design 

. . that could be more widely applied to thermodynamic emf 

studies as well as to further overvoltage measurements. The 

replacement of the' alumina crucible with a boron nitride 

.cruc.ible could allow testing for longer electrolysis times 

with lower A12Q3 concentrations in the bath. The steady 

state technique was used to measure overvoltage, and 

provided a measure of the melt contamination,level, as well 

as the reversible cell potential. The chronopotentiometric 

*or galvanostatic pulse technique was used to confirm 

relative melt contamination levels, reversible potentials, 

:and .yielded some information on the anodic reaction 

mechanism. While the voltage sweep technique showed some 

usefulness, few measurenents were taken due to a. iack of 

reproducibility. If test times could be extended by using a 

BN crucible, since it was found that an alumina crucible 

would 1ast.less than 50 hr, then greater care could be taken . 



during measurement. Fcr example, a. wait of. several. minutes . 
. . . . ,  . . ' after' each'voltage sweep would allow the eiec.trolyte to* 

sliminate concentration gradients by convective stirring. X 

number of measurements with identicai sweep rates could be 

taken and then averaged. Unfortunately, the melt 

composition will probably change as more current is passed, 

especially if a significant impurity concentration is 

present. 

The experiments described in this section provided an 

awareness of the important issues that must be considered 

when testing anode materials.. Testing took place in a dry 

atmosphere under conditions where evaporation losses were 

minimized. The behavior o f a  completely inert anode such as 

Au or Pt was established in a melt purified as much as 

possible using pre - electrolysis with the same anode. 
Completely inert anodes provided a comparative basis for the 

study of the behavior of non - inert materials. A stable 

reference electrode provided a means of isolating the anode 

behavior from the behavior of the rest of the cell. The iff 

drop was measured using a current interrupter, since this 

potential was a significant part of the measured anode to 

reference voltage. The problem of noise resulting from gas 

evolution on the anode was taken into account. At longer 

times, digital averaging was used to eliminate much of the- 

noise effect. Other measurements were made at short enough 

times so that a significant amount of gas was not generated. 

Such transient techniques precluded the use of a current 

interrupter. This encouraged the use of .galvanostatic 

techniques, where the iR drop is constant as well. Testing 

times were long enough so that a measurable amount of 

corrosion took place during electrolysis. Test times would 

have to be even longer than the 13 hr periods.used in this 

study if the' test specimens tither passivated or had a very 

low sb1ubiL.i ty. 



Some problems can not be solved using better 

experimental techniques and must instead await the results 

of many more successful investigations. The data base 

concerning inert anode testing was found to be small and 

inconsistent. The complex, and not weil understood bath 

chemistry, made the interpretation of results difficult. 

The high temperature, and corrosive nature of the 

electrolyte restricted cell design and did not allow 

physical observation of the cell during operation. The 

tendency of the melt to creep gave rise to significant 

uncertainties in electrode areas, particularly those used 
for the ferrite anodes. 

Not only has the present study laid down, for the first 

time certain experimental techniques that should be followed 

when testing possibie inert anode materials, but it has also 

obtained a number of useful results concerning the anodic 

behavior of manganese ferrites. The most inportant result, 

that the ferrite corrodes, was indicated by electrochemical 

measurement and confirmed by post - test sample examination 
and'salt and metal analyses. A wear rate was calculated 

using the Mn accumulation. T5e el~ctrochemical measurements 

showed that the FeZOJ concentration in the melt approached 

saturation as a result of the electrolysis of the ferrite. 

The presence of FeaOJ in the melt lowered the reversibie 

potential of the cell to near the reversible decomposition 

potential of Fe203, 0.84 V. The small amount of CuO in 

sample IIIc did not reduce the wear rate of the sample. If 

the oxide components of an inert anode just dissolved up to 

the saturation limit without any further losses, corrosion 

could be halted. The present study proved that the 

electroactive impurities generated by anode corros.ion and/or 

dissolution did not remain in the melt but co - deposited 
with aluminan. In this way corrosion continued for as long 

as the anode was in the melt. Two possible routes to an 

inert anode remain. The first is the use of some means of 



0 
passivation that can operate at temperatures. around 1000 C.,. . .  . . . ,  . . . . . .  :. . . . .  . . . . . . . 
where most kinetic barriers are usually ineffective,. The 

secjnd route is through the use of oxides that will not co - 
deposit with aluminum. The use of such oxides has not yet 

been considered since their solubilities are high enough to 

alter bath chemistry. However, these oxides exist (134), 

and their use bears further study. 



7. Conclusions 

In this study care was'taken to ensure that testing was 

carried out upon samples equiiibrated with their 

environment. Single crystal specimens were prepared and 

annealed so that each had the same preparation. The 

intrinsic property of electrical canductivity was measured 

over the temperature range.of spinel phase stability at 1 

atmosphere of oxygen. Samples that were single phase 
0 

spinels at 960 C  and Pq = 1 were selected for bench - scale 
Hall cell testing. The result of this attention to phase 

equilibria is that results were interpreted in terms of 

intrinsic properties, not influenced by sample preparation. 

The study has led to a number of useful conclusions both in 

terms of inert anode development and materials science. 

Those conclusions that are of interest to the further 

development of inert anodes are : 

(11 Spinel farrites that are stable at 9 6 0 ~ ~  and P = 1 
atm will not have conductivities higher than 10 (Qcm) 

-9. 
under these conditions. Metastable ferrites will 

precipitate a low conductivity Fe20g phase. This limit was 

seen from measurements made upon the manganese ferrites used 

in this study and is known to apply to other ferrites as 

well. This places severe restrictions upon the design of a 

cell utilizing an all - oxide anode. This anode would have 

to be 100 times thinner than a carbon anode in order not to 

increase the bulk acode voltage drop. A practical anode 

that utilizes a ferrite matrix would have to be made more 

'conductive by the addition of a second metal phase to form a 

cermet. - . .  . .  

[ Z ]  This study has shown that the ferrite phase of an 

anode will corrode and that the corrosion products will co - 



deposit wi tk aluminum. The wear rate :Pound.:. .for. the. . .  . , . 
. . . - .  

mangadse ferrites 'tested'in this study indicated that these 

materials would not make useful anodes. In fact, all 

ferrites are unacceptable materials Lor w e  in inert anode 

formulation. This conclusiaw led to the creaticn 0f.a 

revised set of materials selection criteria. In this set, 

the criterion of co - deposition has primary importance, 
replacing the old design criterion of low solubility. 

[ 3 ]  The solution to the inert anode problem lies either 

in sone means of passivation protcetisw for the ferrite, or 

in the use of oxides that will not co - deposit with 
aluminum. The new materials selection criteria have 

identified a new group of candidate materials fer'future 

testing. , I? 

A number of .conclusions are more of scientific 

interest : 

[ 4 ]  The electrical conductivity measurements reported in 

this study are unique in that they are measured upon stable . .  

samples all at 1 atmosphere of oxygen. The attention paid 

to sample equilibration has resulted in the conclusion that 

the activation energy for conduction of high iron containing 

ferrites has a strong dependepce upon higher values of the 

Pq. It is likely that much of the variation in the 

activation energies reported in the literature was a result 

of a variation in the Pq used for preparation rather than 

just a change in comgosit.ion. 

[$I Electrical conductivity of the manganese ferrites 
decreased with increasing manganese content. 'dhile the 

. . : . . . .. . ' .  measurements confirmed. that the mobility. was ail activated . ' . . . . 

process, the small polaron hopping model was not followed. .. - 

[ E l  The anodic reaction mechanism of a ferrite anode was 



complex, thus adding to the difficulty o-f. int.erpreting. . .  . > . .  . . .  

measurements. However, based on the results of. this study, 

the corrosion mechanism of the ferrites consisted of a slow 

chemical dissolution step, followed by a more rapid 

decomposition reaction of the metal oxide - contadning 
complex ion. The 02- ion thus released was electrolyzed to 

form oxygen gas at the anode, and the metal ion co - 
deposited at the cathode. . It was not possible to identify 

the rate controlling step, although it does not appear to be 

diffusion, even at relatively high curront denoities. 

A number of accomplishments resulting f r ~ m  the bench - 
scale Hall cell testing experiments ,are also given : 

[? I  Very little work has been reported on the behavior 

... of oxide anodes in an electrolyte as corrosive as' molten 
cryolite. This study pointed out important experimental 

considerations that must be followed in order'that results 

be reproducible and open to ipterpretation. The 

.electrochemical techniques most useful to the study of 

possible inert anodes were identified and applied. The 

, .experiments demonstrated the means by which in situ, 

measurements of anodic corrosion could be made. Previous 

studies of candidate materials relied exclusively on pre - 
and post - test sample examination and chemical analyses. 

[ 8 ]  The use of stable reference electrode allowed the 

measurement of the steady state overvoltage for oxygen 

evolution on various anodes. Very few measurements of this 

type are available. 

[ 9 )  The cell design, measuring instr.wentation. and . 

.experimental procedure would be appll'i.cable.. to any . . . . . . 

electrochemical investigation. This system provides an 

advantageous alternative to trzdftional potentlostat - based 
systems. 



. . 
-, - 

8. . Recommendati.ons for Burther Study _ . .  . . .  . 

... . . - .  .. . . . 

" .  . .. . . . . 
A number of . resea,rch - . - opportunities . .  . -  - in both anode 

development and , .materials.science.can . . . .  be outlined. If . . . _ '  
- - . .  

ferrites are to be used as anodes, . . the passivation mechanism. 

must be, confirmed. Ce1.l. testing . .  must . pe carried out in the 

manner outlined in this study. .. , . . Bolycrystalline . . .samples with 

a higher CuO content could be prepared by traditional 
ceramic techniques. . Samples containing Cu metal should also 

be obtained. A EN crucible would be a asset to further 

cell testing as longer test times will be needed and lower 

A1203 contents could be used. The use of a BN crucible 

would probably necessitate the occasional addition of A1203 

to the electrolyte. An electrode that passivatcs will show 

an initially'high residual current that will drop to zero as 

complete surface passivation occurs. The composition and 

stability of this surface layer is of interest. If complete 

passivation does not occur, then the use of ferrites must be 

abandoned in favor of oxides that do not co - deposit . Such 

materials have been identified (134). The use of' these 

oxides will result in different bath chemistries due to 

their high solubilities. Further investigation into the 

bath chemistry would be needed iii order to demonstrate the 

ability of the electrolyte to still produce high purity 

aluminum. 

The conductivity apparatus and procedure developed in 

this study could be applied to many different materials. A 

need exists for measurements made upon stable matepiah 

under controlled atmosphere. The,Pq dependence of the 
. . . .  . . '  . . 

, ,, . . . conductivity o,f high. iron containing ferrites is: also of . .  . 3 .  

,. . . . . .  , 

interest. The effect of Pa upon activation energy must be ). - 

confirmed, and further measurements ape rerfilirad for the 

application of suggested models. The apparatus could be 



used to make Seebeck coefficient measurements'if a.sacriffce 

of some automation could be tolerated. It may'be necessary 

to use more complicated mobility models in order to 

interpret results. The use of a technique such as Mossbauer 

spectroscopy in a magnetic field could be used in 

conjunction with the electrical property measurements in 

order to arrive at a cation distribution. The literature' 

survey showed that the conductivity mechanism and cation 

-distribution of manganese ferrites remains a puzzle. 
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DESCRIPTION 

3 Sampies, Manganese Ferrite, analzyed for Iron, 
Manganese a r 5  Oxygen content. 

6 Samples, Manganese Ferrite, analyzed for Iron, 
Manganese, Oxygen and Copper content. 

SAMPLE SDENTIFICATION IRON I MANGANESE I OXYGEN X 

Sample # Ia 58.6 ! 1 . 7  29. 

SAMPLE 
IDENTIFICATION IRON % MANGANESE % OXYGEN X .  COPPER % 

Sample U Ib. 55.9 12.2 29.0 3.33 

LUVAU INC. 
F' ./? <-I, - ':> 
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I1 A -. . . . . . Conductivitv Procrram Listinq . . . ,  

INTEGER SCALAR IT - 
INTEGER SCALAR RAT 
INTEGER SCALAR RATE 
INTEGER. SCALAR S .TIME 
INTEGER SCALAR A. TIME 
INTEGER SCALAR W.TIME 
INTEGER SCALAR STATUS 
INTEGER SCALAR V.DC.MAX 
INTEGER SCALAR TICKS 
INTEGER SCALAR NEW.T 
INTEGER 
IXTLGER 
INTEGER 
INTEGER 

SCALAR 
SCALAR 
SCALAR 
SCALAR -. -- ~ - 

INTEGER SCALAR STP 
INTBGOR FCALAR DIRPCT 
INTEGER SCALAR N . PTS 
INTEGER SCALAR START.PO1NT 
INTEGER SCALAR N.SBK 
INTEGER SCALAR SKIP 
INTEGER DIM[ 100 ] ARRAY XS 
INTEGER DIM( 100 ] ARRAY YS 
REAL SCALAR A0 
REAL SCALAR A1 
REAL SCALAR A 2  
REXL SCALAR A 3  
REAL S.CALAR A 4  
R&AL SCALAR F.SLT 
REAL SCALAR MV 
REAL SCALAR V.SAMP.MAX 
REAL SCALAR LENGTH 
REAL SCALAR AREA 
REAL SCALAR EX 
REAL SCALAR EY 
REAL SCALAR EX2 
REAL SCALAR EY2 
REAL SCALAR EXY 
REAL SCALAR M 
REAL SCALAR B 
REAL SCALAR S2 
REAL SCAtAR ERR.M 
REAL SCALAR ERR.B. 
REAL SCALAR R 
REAL SCALAR DELTA.T 
REAL SCALAR LR.VOLT 
RZAL SCALAR DROOP 
REAL DIM[ 30 j ARRAY X . 
REAL DIM[ 30 ] ARRAY Y 
REAL DIM[ 120 ] ARRAY WAIT 
REAL DIM[ 180 ] ARRAY SBK.SAMP 
'REAL DIM[ 61 , 7 ] AR.3AY DATA 
,=DIM[ 61 , 4 ] ARRAY SBK 
6 0  STRING SAMPLE.NAME 
30 STRING X.LABEL 



30 STRING Y.LABEL 
*\ 
0 3 A/D.TEMPUTE COLD.JUNCTION 
1 1 A/D.TEMPLATE LEFT.THERM 
2 2 A/D.TEMPLATE RIGHT.THERM 
3 3 A/D.TEMPLATE CURRENT 
4 4 A/D.TEMPLATE VOLTAGE 
5 5 A/D.TEMPLATE DC.OUTPUT 
6 6 A/D.TEMPLATE DIVIDER.OUTPUT 
7 7 A/D.TEMPLATE LR.POT 
'\ 
0 0 D/A.TEMPLATE P.CONTROL 
? 1 O/A.TEMPLATE DC.CONTRCL 
\ 
COLD.JUNCTION 3 A/D.GAIN 
LEFT.THERM 3 A/D.GAIN 
RIGHT.THERM 3 A/D.GAIN 
CURRENT 2 A/D.GAIN 
VOLTAGE 1 A/D.GAIN 
DC.OUTPUT 1 A/D.GAIN 
DIVIDER.OUTPUT 2 A/D.GAIN 
LR.POT 3 A/D.GAIN 
\ 
GRAPHICS.DISPLAY 
0 0.1 VUPORT.ORIG 
1.8 0.85 VUPORT.SIZE 
WPORT ISEE 
23 3 24 79 WINDOW BOTLN 
NORMAL.DISPLAY (DEF) 
\ 
: IMPRESS 

STP 1 = IF EXIT THEN 
NORMAL.DISPLAY SCREENOCLEAR HOME 
INVERSE-ON 0 1 GOTO.XY 25 SPACES ." STATUS" 25 SPACES "DATE "TYPE 8 SPACES 

S "TPME "LEFT "TYPE 3 SPACES 
0 24 GOTO.XY 80 SPACES 1NVERSE.OFP 
0 3 GOTO.XY . "  TEMPERATGRES IN DEGREES C : "  20 SPACES ." DESERED =" 
CR CR . " SETPOINT a , ACTUAL: LEFT =" 9 SPACES . I' RIGHT 9" 

9 SPACES . " AVERAGE =" 
CR . "  LEFT MINUS RIGHT 9" 7 SPACES . "  , FOTENTIAL DIFFERENCE ='I 9 SPACES 

. '' (mV) , COEFF . a" 
CR CR . " HEATING RATE 5" 5 SPACES . " ( DEG/HR) , SETTLING TIME a I MZN) " 
CR . "  MAXIMUM SAMPLE VOLTAGE =" 6 SPACES .I1 ( V ) "  
CR CR DATA [ 1 , 1 ] 0 = IF CR CR CR CR ELSE 

. " DATA TAKEN AT" 7 SPACES . " DEGREES C: 'I 
CR CR ." RESISTANCE r" 9 SPACES .' +/-"  7 SPACES .'I (OHM), COND. =" - - -  
9 SPACES . "  (OHM-CM)-1" 

CR . "  INTERCEPT a' 6 SPACES . "  +/-"  8 SPACES . "  (VOLT), GOODNESS OF FIT. 
. "  R =" 9 SPACES .'I IN (MIN) " 
CR . "  SEEBECK COEFF. =" 9 SPACtS ." +/ - "  9 SPACES,." USfNri" 5 SPACES - - -  . "  POINTS" THEN 

CR aQ SPACES , "  ~ E ~ O ~ D I ~ ~ P O ~ W ~ O P P ~ ~  

64 18 GOTO.XY . "  DATA SETS STORED'' 

WORMAL.COORDS 
0.55 0.05 POSITION HORIZONTAL 0 rLABEL.DIR %.LABEL CENTERED.~ABEL 
.0.02 0.74 POSITION VERTICAL 270 LABEL.DIR Y.LABEL CENTEREL.LABEL . 



: C3NV.T 
273.15 + I. SWAP / 1000. * 

: C2SV.E 
1. SWAP / LENGTH ' AREA / LN 

: ?RCMPT 
IHTEN. OFF 
Q 23 GOTO.XY 80 SPACES 
0 23 COTC.XY . "  NEW VALUE 3 " #INPUT 
INTEN A 3N 

: CHANGES 
6 23 00TO.X'Z 
0 STP = IF . "  FREEZE; ' ELSE .'I TXAW : " THEN 
. "  CONTINUE: CHANGE: MAX. SAMP. VOLTAGE, HEATING RATE, OR SETTLING TIMS" 
INTEM. ON 0 23 GOT0 .XY 0 STP = IF . " F" ELSE . I' TI' THEN 
8 23 GOTO.XY . "  C" 26 23 GOTO.XY . "  M" 
46 23 GOTO.XY .'I H" 63 23 GOTO.XY . "  S" 
KEY CASE 

70 OF 1 STP : =  ENDOF 
84 OF 0 STP : =  SNDOF 
77 OF PROMPT V.SAMP.MAX := 6 4 F1X.FORMAT 25 9 GOTO.XY V.SAMP.MAX . ENDOF 
72 OF PROMPT RATE :a 3 0 FIX.FORMA1 15 a GOTO.XY RATE . ENDOF 
93 OF PROMPT S.TIME := 2 0 F I X . F O W T  46 d 'GoTO.XY S.TIME . ENDOF 
.67 2P ENDOF 

ENDCASE 
0 23 GOTO.XY 80 S?ACES 
1 STP = IF 30 23 GOTO.XY . "  DISPLAY PROZEN" THEN 
INTEN. OFF 

: TEST 
?KEY IF KEY 124  IF CHANGES THEN THEN 

: SEC.DELAY 
1 + 1 D O  

i000 MSEC.DELAY 
TEST 

LOOP 

: PtOT. 1 
STP 1 = IF EXIT THEN 
GRAPHICS.DISPLAY 
I SEE 
I, +,I SYMBOL 
X 1000. Y XY.AUTO.PLOT 
" MA" X.LaEL ":t " V" Y 
SOLXD 
X [ 1 ] 1000. * X [ 1 ] M * B + POSITION 
X [ 30 ] 1000. X [ 30 ] M ' B + DRAW.TO 
8 4 F1X.FORMAT 
BOTLN HOME . " SLOPE = " M . . 11 +!-I* ERR.H , .I' (OHMS)" 
7 6 FIX.Z'ORMAT CR ' 

BOTLN . " GOODNESS OF PIT = ." R . 
{DEF) 



PLOT. 2 
STP 1 5 IF EXIT THEN 
GRAPHICS.DISPLAY 
ISEE 
HORIZONTAL LINEAR 0 TICKS 1 - 10 * WORLD.SET , 

WAIT [ 1 ' 1  A0 :a WAIT [ 1 ] A1 := 
TICKS 2 DO 

A0 WAIT [ I ] MIN A0 :a  

A1 WAIT [ I ] MAX Al :=  
LOOP 
VERTICAL LINEAR A0 3. A1 - 2. / A1 3. A0 - 2. / WORLD.SET 
WORLD.COORDS 
XY.AXIS.PLOT 
" TIME (MINI" X.LABEL ":= " OHMS" Y.LABEL ":a  LABEL.AXES 
AXYIN AYMIN POSITION' 
" +" SOLiDPSYMBOL 
TICKS 1 DO 

I 1 - 10 WAIT [ I ] DRAW.TO 
LOOP 
7 4 F1X.FORMAT 
BOTLN HOME ." LATEST RESISTANCZ ERROR =" ERR.M . 
(DEF) 

: PLOT.3 
STP 1 = IF EXIT THEN 
GRAPH1CS.DISPLAY 
ISEE 
0 IT := 
BEGIN 

IT 1 + IT := 
IT 62 = IF IT 62 * ELSE 0 DATA [ IT , 2 ] a THEN . 

UNTIL 
IT 1 - IT := 
TICKS 2 < IF DATA I 1 . 1 1 ELSE NEW.T THEN DUP A0 :a A1 := 
TICKS 2 < IF DATA [ 1 , 2 j ELSE WAIT [ TICKS 1 - ] THEN DUP A2 := A3 := 
IT 1 + 1 DO 

DATA [ I , 1 ] A0 > IF DATA [ I , 1 ] A0 := THEN 
DATA [ I 1 ] A1 < IF DATA [ I , 1 ] A1 := THEN 
DATA [ I , 2 ] A2 > IF DATA [ I . 2 ] A2 := THEN 
DATA [ I , 2 1 A3 < IF DATA [ I , 2 ] A3 := THEN 

LOOP 
HORIZONTAL LINEAR AO' 0ONV.T A 1  CONViT WORLD.3ET 
VERTICAL LINEAR A2 C0NV.R A3 C0NV.R WORLD.SET . 
WORLD.COORDS 
XY.AXIS.PLOT 
" (10)3/TW X.LABEL I t := " LN(C0ND)" Y.LABEL ":a LABEL.AXES 
" + "  SOLIDCSYMBOL 
DATA [ 1 , 1 ] CONV.T.DATA [ 1 , 2 ] C0NV.R POSITION 
IT 1 + 2 DO 

DATA [ I , 1 ] C0NV.T DATA [ I , 2 ] C0NV.R DRAW.TO 
LOOP 
" +" SYMBOL 
TICKS 1 > JF NEW.T C0NV.T WAIT [ TICKS 1 - I C0NV.R DRAW.TO THEN 
TICKS 1 > IF BOTLN CR . "  LATEST DATA IS SHOWN AS SINGLE POINT." THEN 
(DEF) ' 

: BLANK. 1 
0 18 GOTO.XY 40 SPACES 



: BLANK.2 
0 22 GOT0.m 20 SPACES 

BLANK. 3 
25 22 GOTO.XY 60 SPACES 

0TH.UPDATE 
STP 1 = IF EXIT THEN 
INTEN. ON 
3 0 OIX.FORMAT 15 8 GOT0.W RATE . 
2 0 FIX.FORMAT 46 8 GOTO.XY S.TIME . 
6 4 FIX.FORMAT 25 9 GOTO.XY V.SAMP.MAX . 
I NTEN . OWW 

DATA.UPDATE 
STP 1 .= IF EXIT THEN 
0 IT ;= 
BEGIN 

1 IT + IT := 
IT 62 = IF IT 62 - ELSE 0 DATA [ IT , 2 ] TIEN 

UNTIL 
IT 1 - IT := 
IT 0 = IF 57 18 GOTO.XY 0 . EXIT THEN 
5 0 FIX.FORMAT 14 11 GOTO.XY DATA [ IT , 1 ] . 
7 4 FIX.FORMAT 13 13 GOTO.XY DATA [ IT , 2 ] . 
5 4 F1X.PORMAT 25 13 GOTO.XY DATA [ IT , 3 ] . 
6 3 F1X.FORMAT 48 13 GOTO.XY LENGTH DATA [ IT , 2 ] / AREA / . 
6 5 F1X.FORMAT 12 14 GOT0.W DATA [ IT , 4 ] . 
23 14'GOTO.XY DATA [ IT , S ] . 
7 6 FIX.FORMAT 59 14 GOTO.XY DATA [ IT , 6 ] , 
3 0 FIX.FORMAT 73 14 GOTO.XY DATA [ IT , 7 ] FIX . 
7 5 FIX.FORMAT 17 15 GOTO.XY SBK [ IT , 2 ] . 
29 15 GOTO-XY SBK. [ IT , 3 ] . 
3 0 F1X.FORMAT 43 15 GOTO.XY SBK I IT , 4 ] FIX . 
60 18 GOTO.XY IT . 

SHOW. STATUS 
STP 1 = IF EXIT THEN 
STATUS CASE 

0 OF BLANK.l BLANK.2 BLANK.3 0 22 GOTO.XY ." R4ISING TWPERATVRE" ENDOF 
1 OF BLANK.2 0 22 GOT0.W . I t  AT TEMPERATURE" ENDOF 
2 OF BLANK.1 0 18 GOTO.XY ." WAXTING MINUTES" ZZ 1 m IF :8 18 GOT0.m . "  " THEN 3 0 FIX.FORMAT 8 18 GOTO.XY 22 . ENDOF 
3 OF BLANK.1 0 18 GOTO.XY ." MEASURING RESISTANCE" ENDOF 
4 OF BLANK.3 15 22 GCTOaXY 6 "  SAMPLE POLARIZED" ENDOF 
5 OF BLANK.3 25 22 GOT0.W ;" CONSTANT RESISTANCE" ENDOF 
6 OF BLANK.1 BLANK.2 BLANK.3 0- 22 G0TO.W . "  LOWERING TEMPERATURE" ENDOP 
7 OF BLANK.3 ENDOF 
8 OF BLANK.l 0 18 GOT0.W ." SAVING DATA" ENDOF 
9 OF BLANK.1 0 18 GOTO.XY . I t  SAVING I - V" ENDOF 
10.OF BLANK.1 0 18 GOT0.n ." SAVING R - t" ENDOF 
11 OF BLANK.l 0 18 GOT0.W .".TESTING RANGE OF DC SUPPLY" ENDOF 

ENDCIS E 

CLUMSY 
BEGIN 

4 2 "TIME "SUB " 00" "= 
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INVERSE.ON 72 1 GOTO.XY s ##TIME OLEFT'~TYPE 
1NVERSE.OFF 1NTEN.ON 
4 0 F1X.FORMAT 57 3 GOTO.XY NEW.T . 
5 0 FIX-FORMAT 11 5 G0TO.XY F.SET . 
6 1 FIX.FORMAT 34 5 GOTO.XY LEFT.T EX :- EX . 
SO 5 GOTO.XY R1GHT.T EY := SY . 
5 0 F1X.FORMAT 68 5 GOTO.XY EX EY + 2. / . 
6 2 FIX.FORMAT 19 6 GOT0.m EX EY - . 
7 3 F1X.FORMAT 51 6 GOTO.XY LR.VOLT . 
N.SBK 0 = IF 1 N.SBK :* THEN 
EX EY - 0 C >  IF 5 3 FIX-FCRMAT 74 6 GOTO.XY LR.VOLT EX EY - / DUp 

SBK.SAMP [ H.SBK 1 :a . N.SBK 180 o IF 0 N.SBK :=  THEN 
N.SBK 1 + N.SBK := THEN 

INTEN. OFF 
* 
: ALL.U?bATt 

T . UPDATE 
0TH.UPDATE 
DATA. UPDATE 
SHOW.STATUS 

: DATA.SAVE.INIT 
F1LE.TEMPLATE 

3 COMMENTS 
REAL DIM[ 61 , 7 1 SUBFILZ 

END 
DATA. ASTn DEFER> FILE. CREATE 

PILE-TEMPLATE 
3 COMMENTS 
REAL'DIMl 61 . 4 ] SUBFILE 

'END 
" SBK.ASTm DEFER, F1LE.CREATE 

, 
: ;DATA.SAVE 

;8 STATUS := SHOW.STATUS 
" DATA.ASTW DEFER> B1LE.OPEN 
.SAMPLE.NAME 1 >COMMENT 
5 "TIME "LEFT " ON " "CAT "DATE "CAT 2 >COMMENT 
" T (C). R (OHM), E2W.R. B ( V ) ,  ERR.0, R. t (MIN)" 3 >COMMENT 
DATA ARRAY>FILE 
F1LE.CLOSE 

: SBK. SAVE 
" SBK.ASTW DEFER> P1LE.OPEN 
SAMPLE.NAME 1 >COMMENT 
9 "TIME "LEFT " ON " "CAT "DATE "CAT 2 >COMMENT 
" T (C). SEEBECK COEFFICIENT IN V; ERROR ON SEEBECI. #POINTS" 3 >COMMENT 
SBK ARRAY>FILE 
FILE.CLOSE 

: 'WAIT. SAVE 
10 STATUS :a SHOW..STATUS 
FILE. TEMPLATE 

3 .COMMENTS 
REAL DIM[ 120 ] SUBFILE 

END 
1 9 > IF 2 0 F1X.FORMAT ELSE 1 0 F1X.FORMAT THEM 
WAITn I " . "  "CAT " .ASTn "CAT DEFER> PILE.CREATE 



'I WAIT" I " . "  "CAT " .AST" "CAT DEFER>ZILE.OPEN 
SAMPLE.NAME 1 >COMMENT 
5 "TIME "LEFT " ON " "CAT "DATE "CAT 2 >COMMENT 
" OHMS VS TIME, 10 MIN PER POINT AT " 6 1 F1X.FORMAT DATA [ I , 1 J ". " 

"CAT " DEGREES C" "CAT 3 >COMMENT 
WAIT ARRAY>FILE 
FILE.CLOSE 

: IV-SAVE 
9 STATUS :=  SHOW.STATUS . . 
FILE.TEMPLATE 

4 CSMENTS 
REAL DIM[ 30 1 SUBFILE 
2 TIMES 

END 
1 9 > IF 2 0 FIX.FORMAT ELSE 1'0 FIX.FORMAT THEN 
'I IV" I "." "CAT " .ASTU "CAT DEFER> F1LE.CREATE 
10 IVII I n . w  "CAT II . AST" "CAT DEFER> FILE. OPEN 
SAMPLE.NAME 1 >COMMENT 
9 "TIME "LEFT " ON " "CAT "DATE "CAT 2 >COMMENT 
" FIRST ARRAY CURRENT IN A, SECOND VOLTS" 3 >COMMENT 
" TAKEN AT " 6 1 FIX.FORMAT DATA [ I , 1 ] "." "CAT " DEGREES C AFTER " 

"CAT DATA [ I , 7 ] " . "  "CAT " MINUTES." "CAT 4 >COMMENT 
1 SUBFILE X ARRAY>FILE . 
2 SUBFILE Y ARRAY>FILE 
FILE.CLOSE 

: T.OUT 
F.SET 1590. > IF 1590. F.SET := THEN 
F.CONTROL F.SET 0.3903222 / FIX D/A.OUT 

: T.UP 
F.SET 1. + F.SET := T.OUT 

: T.DOWN 
F.SET 1. - F.SET := T.OUT 

: CHECK. T 
NEW.T SAMP.T' - EX := 
EX ABS 2. <= IF EXIT THEN 
0 DIRECT = IF EX -2. < IF T.DOWN.ELSE T.UP THEN EXIT THEN 
0. DROOP = IF EX -3. < IF 1 DIRECT IF T.DOWN THEN 

ELSE -1 DIRECT IF T.UP THEN THEN EXIT THEN 
0. DROOP > IF EX 3. >. IF T. UP THEN EXIT THEN 
0. DROOP < IF EX -3. < IF T.DOWN THEN EXIT THEN 

z 
zz := 
ZZ 0 = IF EXIT THEN 
2 STATUS := 
ZZ 1 + 1 DO 

IMPRESS ALL.UPDATE 9 SEC.BELAY 
5 "TIME "LEFT " 23:59" "= IF CLUMSY THEN 
TICKS 1 > IF PLOT.l 1 0  SEC.DELAY ELSE T.UPDATE 9 SEC.DELAY THEN 
TICKS 3 > IF PLOT.2 10 SEC.DELAY ELSE TICKS 1 > IF IMPRESS 

ALL.UPDATE ELSE T.UPDATE THEN 9 SEC.DELAY THEN 
DATA [ 2 , 2 ] 0 > IF PLOT.3 10 SEC.DELAY ELSE TICKS 3 > 1F.IMPRESS 

. ALL.UPDATE ELSE T.UPDATE THEN 9 SEC.DELAY THEN r .. 



DATA [ 2 , 2 ] 0 > IF IMPRESS ALL.UPDATE LL3E T.CPDATE THEN 9 SEC.DELAY 
T.UPDATE 2 SEC.DELAY 
CHECK. T 
zz 1 - ZZ := 

LOOP 

: T. SET 
NEW.T := 
NEd..T S M . T  - ABS 2. < IF 1 STATUS := SHOW.STATUS EXIT THEN 
NEW.T SPMP.T > IF 1 DIRECT := 0 STATUS := SHOW.STATUS 

ELSE -1 DIRECT :a 6 STATUS := SHOW.STATUS THEN 
4000 SYNC.PBR1OD 
lYWCURflNTLR 
BEGIN 

5 "TIME "LEFT " 2 3 : 5 9 "  "= IF CLUMSY 4000 SYNC.PERIOD SYNCHRONIZE THEN 
RATE 900. / DIRECT F.SET + P.SET :+  T.OUT 
T .UPDATE 
SYNCHRONIZE TEST 
NEW.T SAMP.T - ABS 20. < 

UNTIL 
0 .  DROOP := - - -. - 

1 I = IF S.TIME Z THEN 
SAMP.T NEW.T - ABS 5. < IF 1 STATUS := SHOW.STATUS EXIT THEN 
BEGIN 

NEW.T SAl4P.T - DROOP :* 
DROOP ABS 0.2 DROOP + P.SET + F.SZT := T.OUT 
S.TIME 2 
SAMP.T NEW.T - ABS 5 .  < 

UNTZL ' 

0 CIRECT :=  
1 STATUS := SHOW.STATUS 
S SEC.DELAY 

: RATS 
RAT 0 = IF EXIT THEN 
INTEN.QN BLINK.TOGGLE 
3 20 GOTO.XY . " PROBLEM" 
BLINK.TOGGLE 
12 20 GOTO.XY 
RAT CASE 

1 OF ." NEGATIVE OFF SCALE ON THERMOCOUPLE." ENDOF 
2 OF . "  POSITIVE OFF SCALE ON THERMOCOUPLE." ENDOF 
3 OF ." NOT ENOUGH POWER TO FURNACE." ENDOF 
4 OF .I' DIVIDER OUTPUT 100 LOW." ENDOF 
S OF . "  DIVIDER OUTPUT TOO HIGH." ENDOF 
6 OF . "  YORE THAN 20 HR WAIT FOR CONSTANT RESISTANCE." ZNEOF 

ENDCASE 
3 22 GOTO.XY . "  PRESS <RETURN> TO CONTINUE AFTER FIXING." 
" LNPU'I 
1NTEN.OFF CHANGES 
RAT 6 = I? 1 TICKS :=  THEN 
RAT 3 = IF SAMP.T P.SET := NEW.T T.SET THEN 
0 20 GOT0.m 80 SPACES . 
0 22 GOT0.W 80 SPACES 
0 RAT := 



31 1 DO 
X [  I ] E x + ~ : P  
Y [ Z ] EY + EY := 
X f I l X [  f I m E X 2 + E X 2 : =  
Y [ I l Y [ I ] * E Y 2 + E Y Z : =  
X [ I l Y [ I l * E X Y + E X Y : =  

LOOP 
EX2 30. l EX EX - A0 :a 
EXY 30. EX EY - A0 / PI := 
EX2 EY ' EX EXY - AO / B := 
31 1 DO 

Y [ I ] X [ I ] M * B ' + - . 2 m * A l + A l : ~  
LOOP 
A1 28. / S2 := 
S2 30. ' A0 / .SURT ERR.M := 
S2 EX2 A0 / SQRT BRR.B := 
EXY 30. EX LY - EY2 30. EY EY a - A0 O SQRT / R := 

: REPLACE 
SBK.SAMP [ 180 N.SBK - ] SB#.SAMP IT := 
N.SBK 1 + N.SBK := 
IT 1 - IT := 

: FILTER 
SBK. SAMP MEAN A0 : = 
0 N.SBK := 
1 IT := 
BEGIN 

SBK.SAMP [ IT 1 AO / 2. > IF REPUCE THEN 
IT 1 + IT := 
IT N.SBK + 180 > 

UNTIL 
1 IT := 
BEGIN . 

SBK.SAMP [ IT I A0 / 0.5 < IF REPLACE THEN 
IT 1 + IT := 
IT N.SBK + 180 > 

UNTIL 
N.SBK 170 > IF 0 M := 0 S2 := EXIT THEN 
0 A0 := 

. 181 N.SBK - 1 DO 
A 3  SBK.SAMP [ I ] + A0 := 

LOOP 
A0 180. N.SBK - / M := 
O A O  :=  
181 N.SBK - 1 DO 

SBK.SAMP [ I J M - 2 A0 + A0 := 
LOOP 
A0 i78. N.SBK - / S2 := 

I . : FEEL 
5 "TZME "LEFT " 23:59" "3 IF CLO#SY TXEN 
0 IT := 
BEGIN 

IT 5 + IT := 
IT 4095 > IF 4 RAT : = DC. CONTROL 0 D/A. OUT RATS 5 IT :a THEN 
DC.CONTROL IT D/A.CUT 



UNTIL 
DC.CONTROL 0 D/A.OUT 
IT 5 - V.DC.MAX :a - -  - 

V.DC.MAX 60 < IF 5 PAT := RATS MYSELF THEN 

: RES 
5 "TIME "LEFT " 23:59" "o IF CLUMSY THEN 
V.DC.MAX 30. / MV := 
31 1 DO 

DC.CONTROL MV I . PIX D/A.OUT 
500 MSEC.DELAY TEST 
101 1 DO 

CURRENT A/v.IN XS [ I ] :a 

VOLTAGE A/D.IN YS [ I ] :-. 
5 MSEC,DELAY 

. LOOP 
XS MEAN -0.10 0.10 A/D.SCALE 0.2037 / X ( I ] :.= 
YS MEAN -1.0 1.0 A/D.SCALE Y ( I ] :- 

LOOP 
DC.CONTROL 0 D/A.OUT 
XS MEAN 4093 > IF V.SAMP.MAX 0.9 V.SAMP.MAX := 1 Z PEEL 1 Z MYSELF THEN . 

: RESIST 
BEGIN 

11 'STATUS :* SHOW.STATUS FEEL RATS 1 2 
3 STATUS : = SHOW. STATUS RES LR 4 STATUS : 0 

4 t 30 
' Y [ 31 I - ] X [ 31 I - ] M B + - S2 SQRT < I? 3 STATUS := THEN 

LOOP 
4 STATUS = IF 

Y [ 3 0 ]  Y [ 28 ] - X [ 3 0 ] X [ 2 8 !  - / M - E R R . M > I P  
V.SAb8P.M 0.9 V.SAMP.MAX := SH0W.STATUS 0TH.UPDATE ELSE 
3 STATUS := THEN THEN 

3 STATUS = 
UNTIL 
7 STATUS : = SHOW .STATUS 3 STATUS : = SHOW. STATUS 

: RESISTANCE 
1 TICKS := 
BeGI N 

SAMP.T RATS DUP DATA [ I , 1 ] := SBK [ I , 1 ] := 
RESIST 
M WAIT [ TICKS ] :- 
TICXS 1 + TZCKS := 
TICKS 120 > IF S STATUS :* THEN 
TICKS 3 > IF 

WAIT [ TICKS 1 - ] WAIT [ TICXS 2 - ) - A8S ERR-M < IF 
WAIT [ TICXS 2 - ] WAIT [ TICKS 3 - ) - ABS Em.M < 1s 

5 STATUS := THEN THEN THEN 
STATUS 5 C >  IF TICKS 12 > IF 

0 DUP EX := EY := 
7 1 DO 

EX WAIT [ TICXS 6 - I - 1 + EX :m 

EY WAIT [ TICKS I - ] + EY :a 
LOOP 
EX 6. / EX := 
EY 5. / EY := 



0 DUP A0 :=  A1 := 
7 1 DO 

WAIT [ TICKS 6 - I - ] EX - 2  A0 9 A0 
WAIT [ TZCKS I - ] EY - 2 Al + A 1  := 

LOOP 
A0 6. / SQRT A0 := 
Al 6. / SQRT A1 := 
EX EY - ABS A0 A1 + < IF 5 STATUS := THEN THEN THEW 

STATUS 5 = IF 1 SKIP = IF TICKS 124 < IF 3 STATUS := THEN THEN THEN 
STATUS 5 = IF 

IMPRESS ALL.UPDATE RATS 
PI DATA [ I , 2 ] := 
ERR.M DATA [ I , 3 I : m  

B DATA [ I , 4 ] := 
ERR.5 DATA [ I , 5 ] :a 

R DATA [ 1 . 6 ] :a 
TICKS 2  - 10 DATA [ f , 7 ] := 
FILTER M SBK [ I , 2 ] :a 

S2 SQRT SBK [ I , 3 ] := 
180 N.SBK - SBK [ I , 4 ] := 
BATA.UPDATE 1 Z 5 STATUS := 

ELSE 8 Z RATS THEM 
STATUS 5 = 

- UNTIL 
SHOW.STATUS 

: T. INCR 
0 5 GOTO.XY ." INCREASING TEMPERATWRB" 
4C00 SYNC.PERIOD 
0 I GOTO.XY . "  SAMPLE TEMPERATURE = " 
5 0 PIX.FORMAT 
SYNCHRONIZE 
BEGIN 

5 "'fTME "LEFT ' 2 3 : 5 g n  'I= rP CLUMSY 4000 SYNC.PfZRfOB SYNCHRONIZE THEM 
RATE 900. / F.SET + ?.SET := T.OUT 
STP 0 = IF 21 7 GOTO.XY LEFT.T . THEN 
SYNCHRONIZE TEST 
LEFT T S1NT.T >= 

UNTIL 

: T. WAIT 
HOME 0 8 SOTB.%Y 80 9PACES 0 5 BOTB.IGP . "  AT TEMPERATURE FOR MIM" 
A.TIME 1 + 1 DO 

5 "TIME "LEFT " 2 3 :  59"  "a IF CLUMSY THEN 
59 SEC.DELAY 
500 MSEC.DELAY 
SIP 0 = IF 19 5 GOTO. XY 3 0 FIX. FORMAT I . THEN 
STP 0 IF 21 7 GOTO.XY 5 0 FIX.FOREOBT LEFT.T A0 := A0 . THEN 
A0 S1NT.T - 2 .  > IF F.SET 1 - F.SET :a T.OUT THEN 
S1NT.T A0 - 2. > IF F.SET ? + F.SEP :a T.OUT THEN 

LOOP 

: ' TEMP 
" DATA.ASTm DEFER> F?L&.OPedJ 
DATA PfLE>ARRAY 
FILE.CLOSE 
DATA . 
" SBK.ASTW DEFER> FI&E.OPEN 



SBK FIL&>ARRAY 
FILE.CLOSE 
CR CR SBK . 

: RANGE 
NORMAL.DISPLAY 0 0 GOT0.XY ." THIS PROGRAM MEASURES AND STORES SAMPLE CONDUCTIVITY OVER A RANGE OF" 
. " TSWERATURE" 
CR CR ." THE SAMPLE IDENTIFIER IS : " "INPUT SAMPLE.NAME ":a 
CR ." SAMPLE DIAMETER IN CM = " #INPUT 2. / 2 * *  PI * AREA := 
CR ." VOLTAGE PROBE SEPARATION IN CM 3 " +INPUT LENGTH :* 
CR ." INITxAL MAXIMUM SAMPLE VOLTAGE IN V = " +INPUT V.SAMP.MAX := 
CR ." THE HEATING.(ANP COOL~NG) U T E  IN DEG/HR P #INPUT RATE':s 
CR .'I THE FURNACE SETTLSNG TIME IN MIN r " *INPUT S.TIME :=  
CR ." THE LOWER TEMPERATURE IN DEG C = " *INPUT L0W.T := 
CR . "  THE HIGHER TEMPERATURE IN DEG C - " #INPUT H1GH.T := 
C# .'I NUMBER OF POINTS LN OH& DIRECTION (MAX. IS S O )  i. " 8TXPUT N.PT3 .= 
CR ." START AT POINT NUMBER " *INPUT START.POINT := 
CR ." HOURS OF ANNEALING TIME BEFORE MEASUREMENTS * " *INPUT 60 * A.TIME := 
CR ." ANNEALING TEMPERATURE o " *INPUT S1NT.T := 
CR ." WAITING TIME AT TEMPERATURE IN MINUTES = " *INPUT W.TIME := 
CR CR ." (DO A SCREEN DUMP AND PRESS <RETURN> TO CONTINUE.)" "INPUT 
NORMAL.DISPLAY HOME 
SAMP.T P.SET := 
A.TIME 0 > IF T.INCR T.WAIT THEN 
O*RAT := o x := o Y := o DATA := o WAIT := o SBK := o STATUS := 
START.POINT 1 > IF TEMP THEN 

SAMP.T F.SET :- 
N.PTS 2 2 + START.POINT DO 

0 TICKS :a 1 N.SBK := IMPRESS ALL.UPDATE RATS 
I N.BTS 2 + < IF H1GH.T 1, / DEtTA.T I 1 - + 

ELSE L0W.T 1. / DELTA.T L N.PTS 1 + - ' - THEN 
3. / FIX T.SET RATS 
W.TIME Z RESISTANCE 
DATA.SAVE WAIT.SAVE 1V.SAVE SBK.SAVE 
0 WAIT :=  

LOOP 
25 T.SET RATS 

: SINTER 
NORMAL.DISPLAY 0 0 GOTO.XY . "  SINTBRING TEMPERATURE - " +INPUT S1NT.T := ' 

CR ." SINTERING TIME IN HR I' XINPUT 60 A.1IME := 
CR . "  THE HEATING (AND COOLING) RATE IN DEG/HR = " #INPUT RATE := 
LEFT.T F.SET := 
T. INCR T. WAIT 
HOME 0 5 GOTO.XY 80 SPACES 0 5 GOTO.XY .I8 DECREASING TEMPERATURE" 
5 0 FIX.BORMAT 
4000 SYNC.PERIOD 
SYNCHRONIZE 
BEGIN 

9 "TIME "LEFT " 23 : 59" "= IF CLUMSY 4000 SYNC .PERIOD TEEN 
B.SET RATE 900. / - F.SET := T.0UT 
STP 0 = IF 21 7 GOTO.XY LEFT.T . THEN 
SYNCHRONIZE TEST . . . . 
F.SET 100 <= 



UNTIL 
0 F.SET := T.OUT 

: SINGLE 
NOML.DISPLAY 0 0 GOTO.XY 
. "  THIS P R O G W  MEASURES TRE RESISTANCE AT ONE TEMPERATURE." 
CR CR . "  THE SAMPLE IDENTIFIER SS : " "INPUT SAMPLE.NAME " : =  
CR ." SAMPLE DIAMETER IN CM = " #INPUT 2. / 2 '* PI ' AREA := 
CR ." VOLTAGE PROBE SEPARATION IN CH a " #INPUT LENGTH := 
CR ." INITIAL M I M U M  SAMPLE VOLTAGE IN V " #INPUT V.SAMP.MAX := 
CR . "  THE HEATING (AND COOLING) RATE IN BEG/HR = " @INPUT RATE :=  
CR . "  THE FURNACE SETTLING TIME IN WXN " BINPUT S.TPME := 
CR . "  THE TEMPERATURE OF MEASUREMENT PN DEG C " #INPUT H1GH.T := 
CR . "  HOURS OF ANNEALING TIME BEFORE MEASUREMENTS = " #INPUT 60 A.TIME := 
CR . "  ANNEALiNG TEMPERATURE = " +INPUT S1NT.T :r 
CR . "  WAITING TIME AT TEPPERATURE IN MINUTES " QINPUT W.TIME := 
CR . "  MEASURE RESISTANCE FOR UP TO 20 HOURS? (Y OR N) : " "INPUT %.LABEL " :=  
%.LABEL 'I Yw "= IF 1 SKIP := ELSE 0 SKIP := THEN 
CR CR . "  (DO A SCREEN DUMP AND PRESS <RETURN> TO CONTINUE.)" "INPUT 
NORMAL.DISPLAY HOME 
SAM1IP.T P.SET := 
A.TIME 0 > IF T.INCR T.WAIT THEN t 

0 RAT := 0 X :=  0 Y :P 0 DATA,:= 0 WAIT :a 
0 SBK := 0 STATUS := 0 TICKS := 1 N.SBK := 
BATA.SAVE.INIT 
2 1 00 

IMPRESS ALL.UPDATE RATS H1GN.T T.SET KATS 
W.TIME t RESISTANCE DATA.SAVE WA1T.SAVE IV.SAV& SB#.SAVE 

LOOP 
25 T.SET RATS . . 

: GO . . 

NORMAL.DISPLAY 0 0 GOT0.m ." --RANGE-- MEASURES RESIST1VITY.OVER A RANGE.OF TEPIRERATURE" 
CR CR .I' --SINGLE-- MEASURES RESISTIVITY FOR A SINGLE TEMPERATURE'' 
CR CR . "  --SINTER-- SIMTERS SAMPLE" 
CR CR . " MOTE : 'I . 
CR ." 1) FOR SINTERING CONNECT THE THERMOCOUPLE TO CHANNEL 1 (EEFT.T)" 
CR . "  2 1  PRESS THE I KEY TO TURN DISPLAY OM OW OFF DURING EXECUTXON" 
CR CR 
GAS. ZNIT 

0 STP := 
ZNSTALL GO IN TURNKEY 
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3-140 

IV Electrochemical Testina Prosram Llstinq 

INTEGER SCALAR IT 
INTEGER DIM[ 1000 1 ARRAY V.A/C 
INTEGER DIM[ 1000 ] AF-Y V.A/R 
INTEGER DIM[ 1000 ] ARRAY I.A/C 
INTEGER DIM[ 1000 ] ARRAY V.1R 
INTEGER DIM( 100 ] ARRAY VS.A/C 
INTEGER DIM[ 100 ] ARRAY VS.A/R' 
INTEGER DIM[ 100 ] ARRAY IS.A/C 
INTEGER ern[ loo 1 ARRAY IRS 
INTEGER DIM( 100 ] ARRAY A/C.SAMP 
INTEGER DIM[ 100 ] ARRAY A/R.SAMP 
INTEGER DIM[ 100.1 ARRAY 1R.SAMP 
XNTtttR OfM[  i d 0  ] Am? f . S M  ' ' 

DIM[ 100 , 2 ] DMA.ARRAY FAST 
RFAt BTM[ 3 . 100 ] ARRAY VAR 
REAL DIM[ loo I ARRAY xs 
REAL DIM[ 100 ] ARRAY YS 
REAL DIM[ 1000 ] ARRAY XL 
REAL DIM[ 1000 ] ARRAY Y t  
INTEGER SCALAR TICKS 
REAL SCALAR TIME 
REAL SCALAR 1.START 
REAL SCALAR f.PULSE 
REAL SCALAR X.FIN1SH 
REAL SCALAR V.START 
REAL,SCALAR V . P M  
REAL SCALAR SWEEP.RATE 
REAL SCALAR E.= 
REAL SCALAR FVLL.SCALE 
REAL SCALAR MV 
REAL SCALAR V.OUT 
R m L  SCALAR 1.OUT 
REAL SCALAR V.ZER0 
REAL SCALAil TOCKS 
REAL SCALAR 1.SCALE 
30 STRINQ X.LABEL 
30 STRING Y.LABEL 
14 STRING FILENAME.IN 
14 STRING P1LENAME.OUT 
\ 
0 0 A/D.TEMPLATE COLD.3UNCTfON 
1 1 A/D.TEMPLATP: THERMOCOUPLE 
2 2 A/D.TEMPLATE VOLTAGE.A/C 
3 3 A/D.TEMPLATE CURRENT.A/C ' 

' 4  4 A/D.TEMPLATE VOLTAGE.A/R 
S S A/D.TEMPLATE VOLTAGEiIR 
7 7 A/D.TEMPLATE BOTH.BLIP 
\ 
0 0 D/A.TEMPLATS V.CONTROL 
1 1 D/A.TEMPLATE 1.CONTROL 
\ 
23 3 24 40 WINDOW BOTLN 
GRAPHICS .DISP7LAY 
.0.05 0.1 VUPORT.ORIG 



1.3 3.85 VUPORT.SIZE 
VUPORT ISEE 
GRAPH1CS.DISPLAY 
NORE(PAL.DISl?LAY 
\ 
: GO 
NORMAL.DISPLAY 
CR . " I-, 
CR ." [I COMMAND I DOES: N D P T S Y S  STORED: " 

CR ." [I 0 "  
CR . "  I1 GO I Displays this summary. I none I none 
CR ." TEMP I Reads temperature. I none I none 

II " 
CR . " !I ZERO I Zeros eus~ent. I none I none 

It 

CR . "  U AREA I Changes electrode area. I none I none 
II " 

CR ." fl RANGE I Selects C U P ~ C R ~  range. 1 none I none 
ll " 

CR . 'I n DELAY I Sets feedback delay. I none I none 
II " 

CR .' 1 WHAT I Displays parameters. I none I none 
II" 

CW ." [I GALV I Applies current pulse. I 100 I i A/R A/C 
II" 
A "  

, CR ." 11 BLIP I Applies taster current pulse. I 108 I d A/R 
CR . R  fl SkJEEP I Applies voltage sweep. 1 1800 1 i A/C 

II " 
ea . "  11 c.swaEP I applies cyclic voltage sweep. I 1000 I 1 A/C 

[I" 

CR ." 1 WXIP I applies faseer voltage sweep. I 100 1 i A/C 
II " 

CR . "  11 C.WHXP I Applies Paeter cyclic sweep. I 100 I i A/C 
u 'I 

CR . H ss I Steady - state meaeurements. 8 "  
I 100 1 i A/C h/R IR var U "  

CR . " U VSS I Steady - state, voltage steps. I 100 I i A/C A/R TR var ( "  
CR ." 11 1.RUN I Electrolysis, constant current. 1 100 I A/C A/R IR 
CR ." 11 V.RUN I Electrolysis, constant voltage. 1 108 1 i A/R IR 

I" 

CR . " 11 OPEN I Opens . S T  data Pile. 
II " 

I none I none 
CR ." f l  - - - . -  - 1 1 8  

n It 

: SETUP 
8 3 FIX.FOrnT 
COLD.YUNCTION 3 A/D.GAIM 
THERMOCOUPLE 2 A/D.GAIN 
VOLTAGE.A/C 0 A/D.GAIN 
CURRENT.A/C 1 A/B.G&IM 
VOLTAGE.A/R 0 A/D.GAXN 
VOLtAGE.1R 0 A/D.GAIN 
BOT#.BLIP 0 A/D.GAfN 
BAS. INIT 
GO 

: AREA 
CR ." ELECTRODE AREA IN. (CM)2 IS : " 
@INPUT E.AREA :a 

: RANGE 
CR ." ENTER CODE FOR CURRENT RANGE." 
CR . "  0 FOR 50 A. 1 FOR 5 A, 2 FOR 0.9 A, OR 3 FOR 0.1 A : " 
@INPUT IT := 
fT 8 = i~ 10. 1.SCALE := ELSE 
IT 1 = IF 1. 1.SCALE := ELSE - - 

IT z = IF 0.1 I. SCALE := ELSE 
IT 3 o IF 0.02 1.SCALE := ELSE - - - - - - 

CR . "  BAD ENTRY, TRY AGAZN." 
THEN EXIT - - 

THEN THEM THEN 
CURREWT.A/C IT A/B.GAIN 



DAS . INIT 
: DELAY 

CR ." DELAY TIME. IN MSEC, FOR SUPPLY CONTROL FEEDBACK IS " . " ( 0.2 MSEC MINIMUM j : " 
#INPUT TGCXS := 

: C0NVERT.TYPE.R 
1000 MV := 
46.674633 MV 0.12179913 + MV MV 2.5639255E-6 - MV MV MV 
5.3473173E-11 * + TIME :* 

4.4041973 Mt 0.025198680 + MV MV 9.0154824E-8 - MV 3 * *  
1,6!363308 1P . + TIME .a 

: 1.IN 
CURRENT.A/C A/D.IN 1-SCALE NEG 1-SCALE A/D.SCALE 0.2037 / 

: WHAT 
NORMAL.DISPLAY 
SCREEN.CLEAR 

5 3 F1X.FORMAT .". AREA = E.AREA . . "  (CM)Z1' 
6 4 P1X.FORMAT 
CR ." ZERO CURRZNT VOLTAGE * " V.ZERO . . " Vn 
6 3 FZX.FORMAT 
CR ." CURRENT MEASUREMENT RANGE TO " 1.SCALE 0.203'1 / . ." A/(CM)ZW 
CR ." CURRENT TO " 1.SCALE 0.2037 / E.AREA . .'I A" 
4 1 FIX.FORMAT 
CR ." FEEDBACK DELAY TIME = " TOCKS . ." MSEC" 
CR CR . " TEMPERATURE DEG. C" 
CR . ROOM TEMPERATURE 
CR CR ." CURRENT DENSITY = A/ (CMI 2" 
CR ." IR VOLTAGE = Vn 
CR ." CZLL VOLTAGE = vn 
CR .I# ANODE TO REFERENCE VOLTAGE = 
CR CR ." IT IS ON" 
CR CR . TYPE ~CNTRL>+&REAK> TO HALT. 
BEGIN 

THERMOCOCPLE A/D.IN -100. 100.' A/D.SCALE C0NVERT.TYPE.K 
COLD.JUNCTXON A/D.IN -20. 20. A/D.SCAtE .S / 
19 10 GOTO.XY 4 1 P1X.FORMAT ? 
TIME + PIX 14 9'GOTQ.XY 4 0 FIX.POlWAT . 
1.1N E-AREA / 18 12 GOTO-XY 6 3 FIX-FORMAT . 
VOLTAGE.1R A/D.IN -10. 10. A/D.SCALE 13 13 GOTO.XY 5 3 P1X.IORMAT 
'JOLTAGE.A/C A/D.IN -10. 10. A/D.SCALE 15 14 GOT0.W . 
VOLTAGE.A/R A/D.IN -10. 10. A/B.SCALE 29 13 GOT0.W . 
6 17 GOTO.XY "TIME "TYPE 
15 17 GOTO.XY "DATE "TYPE 29 19 GOTO.XY 
1000 MSEC.DELAY 

AGAIN 

: PL0T.S 
GRAPHICS.DISPLAY 



ISEE 
AXIS.DEFAULTS 
WORLD.COORDS 
XS YS XY.AUTO.PLOT 
OUTLINE 
M O W .  COORDS 
0.55 0 . 0 5  POSITION 
0 LABEL.DIR - 

HORIZONTAL X.LABEL CENTERED.LABEL 
0.02 0.79 POSITION - - 

n o  LABEL.DIR 
VERTICAL Y.&ABEL CENTERED.LABEL 
0 LBBEL.DIR 
WORLD. COORDS 

PLOT 
GRAPHICS.DISBWIY 
ISEE 
AXIS. DEFAULTS 
WORLD.COORDS 
XL YL XY.AUTO.PL0T 
OUTLINE 
NORMAL.COORDS 
0.59 0.09  POSXTION 
0 LABEL.DIR 
HOR1ZONTAL'X.LAESEL CENSEREB.LABEL . 
0.02 0.75 POSITION 
270 &ABEL.DIR 
VERTICAL Y.LABEL CENTERED.LABEL 
0 LABEL.DIR 
WORLD.COORDS 

PILING 
CR .I1 ENTER A FILE MAME LIKE A:TTPPP-##.AST : " 
"INPUT FXLBNAMH.ZN " :=  
FXLENAME.IN DEFER> FILE.CREATE 
FILEMAEOE.XN DEFER> F1LE.OPEN 
CR ." FIRST COMMENT ( TYPE OF DATA, PAGE, DATE, TIME ) : " CR 
"INPUT 1 >COMMENT 
CR . "  SECOND COHMEm ( ELECTRODES, ETC. ) : " CR 
"INPUT ? >COWEWT 

V . SET 
V.OUT 1000. 1.8366 / 2. 4 FIX V.CONTROL D/A.OUT 
800 1.CONTROL D/A.OUT 

ZERO 
CR . "  SETTING CURRENT TO ZERO.n 
18 1.CONTROL D/A.OUT 
4096 V.OUT := 
BEGIN 

V.OUT 1 - V.OUT :a 
V.OUT V.CONTROL B/A.OUt 
TOCKS MSEC.DELAY 
I.IN 0.005 <= 

UNTIE .. . 
VOLTAGEi.A/C A/D. IN -10. 10. A/D.SCAL& V.ZERO :a . . .  . . . . u 

. .. . . . . . 

V.ZER0 0.1 4 V.OUT := . . 



7 4 PIX.PORMAT 
CR ." THE ZERO CURRENT VOLTAGE IS : " V.ZERO . 
8 3 PIX.FORMAT 

: 1.SET 
I.OUT 0. = IF V.ZERO V.OUT := V.SET ELSE 
1.OUT 54.6153 * 17.52 + FIX 1.CONTROL D/A.OUT 
4095 V.CONTROL D/A.OUT THEN 

: CLUMSY 
BEGIN 

4 2 'TIME "SUB " 00" "= 
UNTIL 

: BLIP 
NORMAL.DISPLAY 
CR ." STARTING CURRENT DENSITY IS : " 
#INPUT %.AREA f.Si'ART :* 
CR ." PULSE CURRENT DENSITY IS : " 
8ENPUT E.ARgA 1.PULSE := 
CR .I1 FINISHING CURRENT DENSITY IS : " 
#INPUT E.AREA 1.FINISH :a 
CR .I1 DURATION OF PULSE IN SECONDS (0.05 SEC. MINIMUM) IS : " 
#INPUT TIME := 
BOTB.BL1P 3 4 RESET.A/D.CHNLS 
BOTH.BLIP CLEAR.TEMPLATE.BUBFERS PAST DMA.TEMPLATE.BUPBER 
TIME 5. * CONVERS1ON.DELAY 
DAS . INIT 

CR . APPLYING PULSE. 
1.PULSE I.OUT := 1.SET 
BOTH.BLIP A/D.IN>ARRAY(DMA) 
TIME 1000 MSEC.DELAY 
BOTH.BLIP 7 7 RESET.A/D.CHNLS 
0.3 CONVERS1ON.DELAY 
DAS. INIT 
1.FINISH 1.OUT := 1.SET 
101 1 DO 

FAST [ 1 , 1 ] IS.A/C [ 1 ] := 
PAST [ I , 2 ] VS.A/R [ I ] := 

LOOP 
CR ." PULSE FINISHED. PRESS CENTER> TO PLOT." 
'I ZNPUT -. - - - 

" TIME" X.LABEL ":a 
0 TIME XS [IFILL . 
" A/(CM)2" Y.LABEL ":a 
IS.A/C -10. 10. A/D.SCALE 0.2037 / E.AREA / YS := 
1'. START E.AREA / YS [ 1 ] : 
PLOT. S 
BOTLN CR . " PRESS <ENTER> FOR NEXT PLOT" 
I' INPUT 
" ANODE/REF VOLTAGEn Y.LABEL ":a 
VS.A/R -10. 10. A/D.SCALE YS := 
PLOT. S . , .. 
BQTLN CR ." PRESS CENTER> TO CONTINUE" . , .  . 
I' INP'JT . . . .  



, GRAPHICS.DISPLAY 
NORMAL.DISPLAY 
CR . I' EO YOU WANT TO SAVE' THIS DATA? " 
"INPUT " N" "=a IF EXIT THEN 
PILE.TEHPLATE 

5 COMMENTS 
REAL DIM[ 100 . ] SUBFILE 
2 TIMES 

END 
FLLXNG 
6 2 PTX.FORMAT 
CR ." THE CURRENT WAS PULSED FROM " 1.START E.AREA / . ." AMPS/(CM)Z TO " 

1.PULSE E.AREA / . .'I AEaPS/(CM)2 FOR " TIME . . "  SECONDS." 
7 4 FIX.FORMAT 
CR :'' ENTER ABOVE IN THX@ COMMENT : " CR 
"INPUT 3 >COMMENT 
" FIRST ARRAY : i#.NOBE/REF. VOLTAGE" 4 >COMMENT 
" SECOND ARRAY : CURRENT DENSITY IN A/(CM)2" 5 >COMMENT 
1 SUBFILE VS.A/R -10. 10. A/D.SCIUE ARRAY>FILE 
2 SUBFILE fS.A/C -10. 10. A/D.SCALE 0.2037 / E.AREA / ARRAY>FILE 
F1LE.CLOSE 
CR . " DATA SAVED. " 

: GALV 
NORMAL. DISPLAY 
CR ." STARTING .CURWENT DENSITY IS : 
#INPUT E.AREA " i.START :a 

CR ." PULSE CURRENT DENSITY IS : " 
#INPUT E.AREA * 1.PULSE := 
CR . "  FXNISHING CURRENT DENSITY IS : " 
#INPUT O .  AREA * -1. FINISH : 
CR ." DURATION OF PULSE IN SECONDS (0.3 SEC MINIMUM) IS : " 
#iNPUT TIME := 
VOLTAGE.A/C CLl?.AR.TEMPLATE.BUFFERS VS.A/C TP,MPLATE.BUFFER 
POLTAGE.A/R CLZAR,TEMPLATE.BUFFERS VS.A/R TEMPLATE.BUFFER 
CU=ENT.A/C CLEAR.TEEnlPLATE.BUB?ERS IS.A/C TEMPLAT&.BUFFER 
DAS . INET 
CLEAB.TASICS 

VOLTAGE.A/R 1 TASK A/D.IN>ARRAY 
VOLPAGE.A/C 2 TASK A/D.IN>ARRAY 
CURRENT.A/C 3 TASK A/B.IN>ARIUY 

TfNE 16. * TASK.PERIO0 
1 1 TASK.#ODULO 
1 2 TASK.MODUL0 
1 3 TASK.flODUL0 

CR . "  APPLYING INITIAL CURRENT FOR 10 SEC3NDS." 
1.START I.OUT :a 1.SET 
1OOCO MSEC.DELAY 
CR . " APPLYING PULSE. I' 
1.PULSE I.OUT := L,SET 
PRIME.TASKS 
TR1GGER.TASKS 
BEGIN 

?BUPFER.FULL 
UNTIL 
STOP.TASKS . 
1.FINISH I.OUT :a I.SET 
CR . "  PULSE FINISHED. PRESS <ENTER> TO PLOT." 



" ZNBUP 
" TIME (SEC)" X.LABEL ":= 
0 TIME XS [ ]FILL 
" A/(CM)2" Y.LABEL 'I:= 
1S.AiC 1.SCALE NEG I.SCALE A/D.SCALE 0.2037 / =.AREA / YS := 
f.STAR'E &.AREA / YS [ 1 ] := 
PLOT. S 
BOTLN CR . "  PRESS <ENTER> FOR NEXT PLOT" 
" IbNPUT 
" CELL VOLTAGE" Y.LABEL " : = 
VS.A/C -10. 10. A/D.SCALE YS :* 
PLOT. S 
BOTLN CR ." PRESS <ENTER> FOR LAST Ptnf . "TNB~JT 
" ANODE/R&? VOLIA.G&" Y.LABLL " := 
VS.A/R -10. 10. A/D.SCALE YS := . 
PLOT. S 
BOTLN CR ." PRESS <ENTER> TO CONTINUE" 
" INPUT 
GRAPHPCS.BISPLAY 
NORMAL.DISPLAY 
CR ." DO YOU WANT TO SAVE THIS DATA? I' 

"INPUT " N" "3 IF &YIT THEN 
F1LE.TEWLATE 

6 C3MUIMENTS 
REAL DIM[ 100 ] SUBFILE 
3 TIMES 

END 
FILZNG 
6 2 BIX.tOfWAT 
CR ." THE CURRENT WAS PULSED FRCM " 1.START t.AREC / , 

1.PULSE i.AREA / . ." AMPS/(CH)2 FOR " TZME . . "  
7 4 FIX.FORMAT 
CR ." ENTER ABOVE IN THIRD COMMENT :" CR 
"INPUT 3 >COMMENT 
" FIRST ARRAY : CELL V3LTAGEW 4 >COMMENT 
" SECOND ARRAY : ANODE/REF. VOLTAGE" 5 >COMMENT 
" THIRD ARRAY : CURRENT DENSITY IN A/(CM)ZW 6 >COMMENT 
1 SUBFILE VS.A/C -10. 10. A/D.SCALE ARRAY>FILE 
2 SUBFXLE VS.A/R -10. 10. A/D.SCALE ARRAY>FILE 

t "  AMPS/iCM!2 TO " 
SECONDS. " 

3 SUBPILE fS.A/C 1.SCALE NEG 1.SCALE A/D.SCALE 0.2037 / E.AREA / ARRAY>FILE 
FfLE.CLOSE 
CR ." DATA SAVED." 

: SWEEP 
NORMAL.BISPWY 
.'I THE SWEEP .UTE MUST BE LESS.THAN 2.0 V/SEC." 
CR . "  ENTER SWEEP RATE iN V/SEC : " 
#INPUT 1000. 1.8366 / 2. - SWEEP.RATE := 
CR ." THE VOLTAGE MUST BE LESS THAN 10 V. " 
CR . "  STARTING VOLTAGE IS : " 
#INPUT 1000. 1.8366 / 2. + V.START :a 

CR . "  PEAK VOLTAGE IS : " 
*INPUT 1000. 1.8366 / 2. + V.PEAK := 
V.PEAK V.START - SWEEP.RATE / 1000. * TIME :a 
V. START V. PfAK V. A/C [ ] FILL 
V.CONTROL CLEAR.TEMPWTE.BUFFERS V.A/C TEMPLATE.BUFFER , . . . .  . r 
CURRENT.A/C CLEAR.TEMPLATE.BUFFERS I.A/C TEMPLATE.BUFF.ER . ,. . . 
VOLTACE.A/S CLEAR.TEMPLATE.BUFFERS V.A/R TEMPLATE..aUFFER . . . .  



DAS . INIT 
CLEAR.TASKS 

V.CONTRCL 1 TASK ARRAY>D/A.OUT 
C3RRENT.A/C 2 TASK A/D.IN>ARRAY 
VOLTAGE.A/C 3 TASK A/D.IN>ARRAY 

0 TICKS := 
BEGIN 

TICKS 1 + TICKS : = 
TIME LOO0 / TICKS / 50 <= 

UNT I L 
TIME 1000 / TICKS / TASK.PERIOD 

TIZKS 1 TASK.MODUL0 
TICPS 2 TASK.HODUL0 
TICKS 3 TASK.MODUL0 

PRfME.TAS#S 
CR ." APPLYING INITIAL CELL VOLTAGE FOR 10 SEC." 
V.COMTROL 0 D/A.OUT 
1.CONTROL 800 D/A.OUT 
V.CONTROL V.START D/A.OUT 
10000 MSEC.DELAY 
CR ." APPLYING SWEEP." 
TRIGGER.TASKS 
BEGIN 

?BUFFER.FULL 
UNTIL 
STOP.TASKS 
V.ZERO V.OUT :=  V.SET 
CR . "  SWEEP FINISHED. PRESS <ENTER> TO PLOT." 
" ZNBUT 
I.A/C I.SCALE NEG i.SCALE A/D.SCALE 0.2037 / E.AREA / YL :a 
V.A/R -10. 10. A/B.SCALE XL :a 

" CELL VOLTAGEn X.LABEL " := 
" CURRENT DENSITY" Y.LABEL " := 
PLOT 
BOTLN CR . "  DO YOU WANT TO SAVE THIS DATA ? " 
"INPUT " N" "= IF EXIT THEN 
PZLE.TEMPLATE 

3 CQMMENTS 
REAL DIM[ 1000 ] SUBFILE 
2 TIMES 

END 
NORMAL.DISPEAY 
FILING 
6 2 FIX.FORHAT 
CR . " THE VOLTAGE WAS SCANNED FROM " XL [ 1 ] . . 'I V TO " 

XL [ 1000 ] . . "  AT A RATE OF " SWEEP.RATE 2. - 1.8366 ' 100C. / . 
. "  V/SEC." 

8 3 FIX. FORMAT 
CR . "  ENTER ABOVE AS THE THIRD COMMENT : " CR 
"INPUT 1 >COMMENT 
" FIRST ARRAY : CURRENT DENSITY (A/(CM)2)11 4 >COMMENT 
" SECOND ARRAY : CELL VOLTAGE" 5 >COMMENT 
I SUBPILE YL ARRAY>PILE 
2 SUBPILE XL ARRAY>FILE 
FILE.CLOSE 
CR . "  PATA SAVED." 

: C. SWEEP 



NCRMAL.DISPLAY 
. "  THE SWEEP RATE MUST BE LESS THAN 4.0' V/SEC." 
CR . "  ENTER SWEEP RATE IN ViSEC : " 
#INPUT 1000. 1.8366 / 2. + SWEEP.RATE := 
CR . "  THE VOLTAGE MUST BE LESS THAN 10 V. " 
CR ." STARTING VOLTAGE IS : " 
+?INPUT 1000. ' 1 . a366  / 2. + V.STAP.T :a 
CR ." PEAK VOLTAGE IS : " 
*INPUT 1000. * 1.8366 / 2. + V.PEAK := 
V.PEAK V.START - SWEEP.RATE / 2000. * TIME :a 
V.PEAK V.START - 500. / MV :a 

SO1 1 DO 
V.START MV I + V.A/C [ I ] := 
V.A/C [ I ] V.A/C [ I001 1 - ] :* 

LOOP 
V.CONTROL CL~AR.TEMPLAT&.BUFFERS V.A/C TEMPLATE.BUFFER 
CURRENT.A/C CLEAR.TEMPLATE.BUFFERS I.A/C TEMPLATE.BUFFER 
VOLTAGE.A/C CLEAR.TEMPLATE.BUFFERS V.A/R TEMPLATE.BUFPER 
DAS . INIT 
C&WR.TASKS 

V.CONTROL 1 TASK ARRAY>D/A.OUT 
CURRENT.A/C 2 TASK A/D.IN>ARRAY 
VOLTAGE.A/C 3 TASK A/D.IN>ARRAY 

0 TICKS :a 
BEGIN 

TICKS 1 + TICKS := 
TIME 1000 / TICKS / 50 C= 

UNTIE 
TIME 1000 / TfCKS / TASK.PERIOD 

TICKS 1 TASK.MODUL0 
TICKS 2 TASK.MODUL0 
TICKS 3 TASK.MODUL0 

PRIME.TASKS 
CR ." APPLYING INITIAL CELL VOLTAGE FOR 10 SEC." 

. OUT 
D/A t OUT 

CR . APPLYING SWEEP. 
TRIGGER.TASKS 
BEGIN 

?BUFPER.PIILL 
UNTIL 
STOP.TASKS 
V.ZER0 V.OUT := V.SET 
CR .' SWEEP FINISHED. PRESS C$NTER>.TO PLOT." 
" INPUT 
Z.A/C 1.SCALE NEG 1.SCALE A/D.SCALE 0.2037 / E 
V.A/R -10. 10. A/D.SCALE XL :a 
" CELL VOLTAGE" X.LABEL ":= 
" CURRENT DENSITY" Y.LABEL ":a 
PLOT 
BOTLN CR .'I DO YOU WANT TO SAVE THIS DATA ? " 
"INPUT " N" "= IF EXIT THEN 
FILE.TEMPLATE 

5 COMMENTS 
REAL DIM[ 1000 ] SUBFILE 
2 TIMES 

AREA i YL 



. END 
NORMAL.DISPLAY 
FILING 

. 6 2 FIX.FORMAT 
'CR . "  THE VOLTAGE WAS CYCLED BETWEEN " XL [ 1 ] . ." V AND " . 

XL [ 500 ] . . "  AT A RATE OF " SWEEP.RATE 2. - 1.8366 1000. / ." V/SEC." 
8 3 F1X.FORPlAT 
CR ." ENTER ABOVE AS THE THIRD COMMENT : ' CR 
"INPUT 3 >COMMENT 
" FIRST ARRAY : CURRENT DENSITY (A/(CM)2)" 4 >COMMENT 
" SECOND ARRAY : CELL VOLTAGE" 5 >COMMENT 
1 SUBFILE YL ARRAY>FILE 
2 SUBFILE XL ARRAY>FILE 
FILE.CLOSE 
CR . ' DATA SAVED. " 

: WHIP 
NORPlAL.DISPLAY ." THE SWEEP RATE MUST BE LESS THAN 20 V/SEC." 
CR . "  ENTER SWEEP RATE IN V/SEC : I' 
#INPUT 1000. a 1.8366 / 2. + SWEEP.RATE := 
CR . "  THE VOLTAGE MUST BE LESS THAN 10 V. " 
CR . " STARTING VOLTAGE IS : * 
#INPUT 1000. a 1.8366 / 2. + V.START- := 
CR . "  PEAK VOLTAGE IS : " 
#INPUT 1000. * 1.8366 / 2. + V.PEAK := 
V.PSAK V.START - SWEEP.RATE / 1000. TIME := 
V.START V.PEAK VS.A/C []FILL 
V.CONTROL CLEAR.TEMPLATE.BUFFERS VS.A/C TEMPLATE.BUFFER 
CURRENT.A/C CLEAR.TEMPLATE.BUFFERS IS.A/C TEMPLATE.BUFFEX 
VOLTAGE.A/C CLEAR.TEMPLATE.BUFFERS VS.A/R TFDlPLATE.BUFFER 
DAS . INZT 
CLEAR.TASKS 

V.CONTROL 1 TASK ARRAY>D/A.OUT 
CURRENT.A/C 2 TASK A/D.IN>ARRAY 
VGLTAGE.A/C 3 TASK A/D.IN>ARRAY 

TIME 100. / TASK.PERIOD 
1 1 TASP.MOBUL0 
1 2 TASK.HODUL0 
1 3 TASK.MODUL0 

BR~ME.TASKS 
CR ." APPLYING INITIAL CELL VOLTAGE FOR 10 SEC.'! 
V.CONTROL 0 D/A.OUT. . 
1.CONTROL 800 D/A.OUT. 

. '1. CONTROL V . START D/A. OUT - 
10000 MSEC.DELAY 
CR . "  APPLYING SWEEP." 
TRIGGER.TASKS 
BEGIN 

?BUFFER.FULL 
UNTIL 
3TOP.TASKS 
V. ZERO ' I .  OUT ,: = V. SET 
CR . "  SWEEP FINISHED. PRESS <ENTER> TO PLOT.'" 
"INPUT 
IS.A/C 1.SCALE NEG 1.SCALE A/D'.SCALE .2035 / E:ARIA / YS :* 
VS.A/R -10. 10. A/D.SCALZ XS := . . 



" CELL VOLTAGE" X. LABEL " :a 
" CURRENT DENSITY" Y.LABEL ":= 
PLOT. S 
BOTLN CR ." DO YOU WAN? TO SAVE THIS DATA ? " 
"INPUT " N" ''a IF EXIT THEN 
FILE. TEMPLATE 

S COMMENTS 
REAL DIM[ 100 ] ,SUBFILE , 

2 TIMES 
END 
NORMAL.DISPLAY 
PILING 
s 2 Yl%.F!'OHMBF 
CR ." THE VOLTAGE WAS SCANNED FROM " XS [ 1 ] . ." V TO " 

XS [ 100 ] . ." AT A RATE'OF " SWfEP.RATE 2. - 1.8366 = ?000. / . . " v/sEc.ln 
7 d P T X - F e m T  
CR ." ENTER ABOVE AS THE THIRD COMMENT : " CR 
"INPUT 3 >COMMENT 
" FIRST ARRAY : CURRENT DENSITY (A/ (CM) 2) " 4 >COMMENT 
" SECOND ARRAY : CELL VOLTAGE" 5 >COMMENT 
1 SUBPILE YS ARRAY>FILE 
2 SUBFILE XS ARRAY>FILE 
FILE.CLOSE 
CR . " DATA SAVED. " 

: C.WH1P 
NORMAL.DISPLAY ." THE SWEEP RATE MUST 9E LESS THAN 40 V/SEC." 
CR ." ENTER SWEEP RATE IN V/SEC : " 
*INPUT 1000. 1.8366 / 2. + SWEEP.RATE :a 
CR ." THE VOLTAGE MUST SE L&SS.THAN 10 V; " 
CR ." STARTING VOLTAGE IS : " 
*INPUT 1000. 1.8366 / 2. + V.START :- 
CR . " PSAK VOLTAGE IS : " 
#INPUT 1000. 1.8366 / 2. + V.PEAK := 
V . P W  V.START - SWEEP.RATE / 2000. . TIME 
V.PvAK V.START - S O .  / MV := 
51 1 DO 

V.START W I + V.A/C [ I ] := 
V.A/C [ I ] V.A/C ( 101 I - ] :a 

LOOP 
V . CONTROL 
CURRENT.A/ 
VOLTAGE.A/ 
DAS . TNIT 
CLEAR.TASKS 

V.CONTROL 1 TASK ARRAY>D/A.OUT 
CURRENT.A/C 2 TASK A/b.tN>ARRAY 
VOLTAGE.A/C 3 TASK A/D.IN>ARRAY 

TIME 100. / TASK.PER1OD 
1 1 TASK.MODUL0 
1 2 TASK.MODUL0 
1 3 tASK.MODOL0 

PRIME.TASKS 
CR . '  APPLYING INITIAL CELL VOLTAGE FOR 10 SEC." 
V.CONTROL 0 D/A.OUT . .  . 

. ;.CONTROL 800 D/A.OUT 



V.CONTROL V.START D/A.OUT 
10000 MSEC.DELAY 
CR . "  APPLYING SWEEP." 
TRIGGER.TAS#S 
BBGXN 

?BUFFER.FULL 
UNTf L 
STOP.TASKS 
V.EERO V.OUT := V.SET 
CR . '  SWEEP FINISHED. PRESS <ENTER> TO PLOT." 
" INPUT 
IS.A/C I.SCALE NEG 1,SCALE A/D.SCALE .2037 / E 
VS.A/R -10. 10. A/D.SCALE XS :a 
" CELL VOLTAGE' X. LABEL " :=I 
'I CURRENT DENSITY" Y.LABEL ":a 

AREA / YS := 

PLOT. S 
BOTLN CR ." DO YOU WANT TO SAVE THIS DATA 7 I' 

"INPUT " N' I*= IF EXIT THEN 
FILE.TEMPLATE 

5 COf4MENTS 
REAL DIM[ 100 ] SUBFILE 
2 TIMES 

END 
NORPIAL.DISPLAY 
FILING 
6 2 FIX.FOBP4AT 
CR ." THE VOLTAGE HAS CYCLED.BETWEEN I' XS [ 1 : . ." V AND " 

XS [ 50 ] . ." AT A RATE OF " SWEEP.RATE 2. - 1.8366 1000. / . ." V/SEC." 
7 4 FIX.FORMAT 
CR ." ENTER ABOVE AS THE THIRD COMMENT : " CR 
"INPUT 3 >COMP?ENT 
" FIRST ARRAY : CURRENT DENSITY ( A/  ( CM ) 2 ) " 4 >COMMENT 
" SECONO ARRAY : CELL VOLTAGE" 5 >COMMENT 
1 SUBFILE YS ARRAY>FILE 
2 SUBFILE XS ARRAY>FILE 
F1LE.CLOSE 
CR . " DATA SAVED. " 

: SS 
N0RMAL.DISPLBY 
CR . " SCAN PROM : " 
#INPUT &.AREA I .START := 
CR . " SCAN TO HOW MANY A/ ( CM) 2 ? " 
+INPUT B . W  1.FINISH := 
CR . "  TIME DELAY FOR EACH POINT IN SEC (MORE THAN 1 SEC.1 : " 
*INPUT TIME := 
V.ZERO V.OUT : =  V.SET ' 

4 O FIX.PC)RPlnAT 
CR . " THIS WILL TAKE ABOUT " TIME 10. 6.  / . . " MXNUTES. " 
CR . " PRESS <ENTER> TO CONTINUE. " 
"INPUT 
8 3 FIX.FORESAT 
VOLTAGE.A/C 'CLEAR.TEMPLATE.BUFFERS A/C.SMP TEMPLATE.BUFFER 
VOLTAGE.A/R CLEAR.TEMPLATE.BUFPERS A/R.SAMP TEMPLATE.BUFFER 
,VOLTAGE.IR CLEAR.TfMPLATE.BUFFERS 1R.SAMP TEMPLATE.BUFPER 
CURRENT.A/C CLEAR.TEMPEATE.BUFFERS I.SAMP TEMPLATE.BUFFER . . 

- DAS-INIT . . 



CLUR.1ASKS 
VOLTAGE.A/C 1 TASK A/D.IN>ARRAY 
VOLXAGE.A/R 2 TASK A/D.fN>ARRAY 
VOLTAGE-IR 3 TASK A/D.SN>ARRAY 
CUBRENT.A/C 4 TASK A/D.IN>ARRAY 

10 TASK.?ERIOD 
1 1 TASK.MODUL0 
1 2 TASK.MODUL0. 
1 3 TASK.MODUL0 
1 4 TASK-MODULO 

TIME 1000. . SYNC.PERIOD 
GRAPH1CS.DISPLAY 
lSEE 
OUTLINE 
RORIZOPJTAL LINEAR 0. 1.FINISH E.ABEA / WORLB.SET 
VERTICAL LINEAR 0. 6. WORLD.Sl$F 
HOXLD. COORDS 
XY.AX1S.PEOT 
NORMAL.COORDS 
0.59 0.05 POSITION 
0 LABEL.DIR 
HORIZONTAL " A/(CM)2" CENTERED.tABEL 
0.02 0.75 POSITION 

--- - 
VERTICAL " CELL VOLTAGE (V)" CENTERED.tABES 
HORIZONTAL 0 LABEL.DIR 
WORLD.COORDS -. - -  
0 O .POSITION 
7 3 FIX.FOBMAT 
SYNCHRONIZE 
101 1 DO 

PAS. ZNIT - - 

I loo. j-X.FINISH I.START - I.ST*RT + I.OUT := I.SET 
PRTYE.TASKS 
SYNCHRONIZE 
TRZGGER . TASKS 
BEGIN 

?BUFFER.FULL 
UNTIL 
STOP. TASKS 
10 TASK. PERIOD 
A/C.SAMP MEAN VS.A/C [ I J := 
A/C.SAMP VARIANCE ABS SQRT VAR [ 1 , 1 ] :=  
A/R.SAMP MEAN VS.A/R [ I ] := - 
A/R.SAMP VARIANCE ABS SQRT VAR [ 2 . I ] := 
IR.SMYP HUN. IRS [ I ] := 
1R.SAMP VARIANCE ABS SQRT VAR [ 3 , X ] := 
I.SAMP MEAN IS.A/C [ I ] := 
SS.A/C [ I 1 1.SCALE NEE 1.SCALE A/D.SCILE 0.2037 / E.U(OA / 
VS.A/C [ I ] -10. 10. A/D.SCALE DRAW.TO 
BOTLN CR . " C. D. IS .A/C [ I ] I. SCALi NEG I. SCALE AID. SCALE 
0.2037 / E.AREA / . 
BOTLN CR . I '  CELL V. =" VS.A/C [ I ] -10. 10. A/D.SClLE . 

LOOP 
8 3 FIX.BORMAT 
BOTLN V.ZERO V.OUT :a V.SET . . 

BOTLN CR . I' FINISHED STEADY STATE MEUURZ!~Z~?S. PRESS <E?:TER> TO PLOT. * . 

" INPUP 



" CURRENT DENSITY A/(CM)2" X.LABEL ":o 

IS.A/C 1.SCALE NEG I.SCXLE A/D.SCXLE 0.2037 / E.AREA / XS := 
" ANODE/REF VOLTAGE' Y .LABEL " :a 
VS.A/R -10. 10. A/D.SCALE YS := 
PLCT . S 
'BOTLN CR ." PRESS <ENTER> FOR LAST PLOT." 
" INPUT 
" SCATTER IN A/C VOLTAGE (V)" Y.LABEL ":= 
VAR XSECT[ 1 . ! ] 0. 20. A/D.SCALE YS := 
PLOT. S 
BOTLN CR . "  80 YOU WANT TO SAVE THIS DATA ? " 
"INPUT " N" "= IF EXIT THEN 
FILE.TrnPLATE 

7 COMMENTS 
REAL DIM[ 100 ] SUBFILE 
4 TIMES 
REAL DIM[ 3 , 100 ] SUBFILE 

END 
NORMAL. DISPLAY 
FILING 
" FIRST ARRAY : CELL CURRENT DENSITY" 3 >COMMENT 
" SECOND ARRAY : CELL VOLTAGE " 4 >COMMENT 
" THIRD ARRAY : A/R VOLTAGE" 5 >COMMENT 
" FOURTH ARRAY : IR DROP" 6 >COKHENT 
" FIFTH ARRAY : VARIANCE ON A/C. A/R. IR" 7 >COMMENT 
1 SUBFILE XS ARRAY>FILE . 
2 SUBFILE VS.A/C -10. 10. A/D.SCALE ARRAY>FILE 
3 SUBFILE VS.A/R -10. 10. A/D.SCALE ARRAY>FILE 
4 SUBFIEE IRS -10. 10. A/D.'SCALE ARRAY>FItE 
9 SUBFILE VAR 0. 20. A/D.SCALE ARRAY>FILE 
FILE.CLOSE 
CR . "  DATA SAVED." 

: VSS 
NORMAL.DISPLAY 
CR . 'I SCAN FROM : " 
$INPUT V.START := 
CR ." SCAN TO HOW UANY VOLTS ? " 
#INPUT V.PEAK := 
CR ." TIME DELAY FOR EACH POINT IN SEC (MORE THAN 1 SEC.) : " 
#INPUT TIME :a 
V.ZER0 V.OUT :a V.SET 
4 0 FIX.FOR#AT 
CR . " THIS WILL TAKE ABOUT " TIME 10. ' 6. / . . " MINUTES. " 
CR . "  PRESS <ENTER> TO CONTINUE." 

. "INPUT 
8 3 FIX.FORMAT 
VOLTAGE.A/C CLEAR.TEMPLATE.BUFFERS A/C.SAMP TEMPLATE.BUFFER 
VOLTAGE.A/R CLEAR.TEMPLATE.BUFFERS A/R.SAMP'TEMPLATE.BUFFER 
VOLTAGE.1R CLEAR.TEMPLATE.BUFFERS 1R.SAMP TEMPLATE.BUFFER 
CUFiRENT.A/C CLEAR.TEMPLATE.BUFFERS 1.SAMP TEMPLATE.BUPFER 
DAS. INIT 
CLEAR.TASKS 

VOLTAGE.A/C i TASK A/D.IN>ARRAY 
VOLTAGE.A/R 2 TASK A/D.IN>ARRAY 
VOLTAGE.1R 3 TASK A/D.IN>ARRAY 

. .  . CURRENT.A/C d TASK A/D.IN>ARRAY 
10 TASK.PERIOD 



1 1 TASK.MODULO 
1 2 TASK.MODUL0 
1 3 TASK.MQDUL0 
1 4 TASK.MODUL0 

TIME 1800. ' SYNC.BER1OD 
GRAPRfCS'.DXSPLAY 
ISEE 
OUTLINE 
HORIZONTAL LINEAR 0. 3 .  WORLD. SET 
VERTICAL LINEAR V.START V.PEAK WQRLD.SET 
W0BLB.COORDS 
XY.AXIS.PLBT 
NORMAL.COOPIDS . 
0.55 0.05 BOSZTIBN 
0 LABEL.DIR 
HORIZONTAL " A/(CM)aW CENTERED.LA3EE 
0.02 4.75 POSITION 
270 LABEE.DIR 
VERTICAL " CELL VOLTAGE'(V)" CENTERED.LABEL 
HORIZONTAL 0 LABEE.DIR 
WORLD.COORDS 
0 0 POSI?ION 
7 3 FIX.PORMAT 
SYPiCHPiONIZE 
101 1 DO 

DAS. INIT 
' I 100. / V.PEIUC V.START - V.STdkRT + V.OUT :a V.SET 

BRIME.TASKS 
SYNCHRONIZE 
1IXGGER.TASKS 
BEGIN 

?BWFER.FULL 
UNTf L 
STOP.TASKS 
10 TASK.PERIOD ' 
A/C.SAMP MEAN VS.A/C [ X ] : 5  

A/C. SAUP VARIANCE .4BS SQRT VAR ( . I  , I ] .:a 
A/R.SAW MEAN VS.A/R [ I )) :a 

A/R.SJWP VARIANCE ABS SQRT VAR [ 2 , r I := 
IR. SAMP MEAN IRS [ I ] : 3 

1R.SALUIP VARIANCE ABS SGRT VAR [ d , 1 ] :a 

X . S M  MEAN IS.A/C [ 'I ] := 
IS.A/C [ I ] X.SCALP NKG I.SCAft A/D.SCALg 0.2037 / X.AREA / 
VS.A/C [ I ] -10. 10. A/D.SCALE'DRAW.TO 
BOTLN CR . "  C.3. =" IS.AIC [ X ] 1.SCALE NEG 1.SCALE A/D.SCALE 
0.2037 / E.AREA / . 
BOTLN CR . "  CELL V. =" VS,A/C [ I ] -10. 10. A/D.SCALO . 

LCOB 
8 3 FIX.PCRMAT 
BOTSN V.ZERO V.0UT : =  V.SET 
BOTSN CR . "  FINISHED STEADY STATE MEASUREMENTS. PRESS <ENTER> TO ?LC?." 
" INPUT 
" CURRENT DEWSITd A/(CM)2" X.LABEL " : =  
iS.A/C 1.SCALE NEG 1.SCALZ A/D.SCALE 3.2037 / E.AREA / XS : =  
" ANCDE/REF VOLTAGE" Y.LABEL " : =  
VS.A/R -10. 10. A/D.SCALE YS :=  
PLOT. S 
BOTLN CR . " PRESS <ENTER> FCR LAST PLOT. " 



"INPUT 
" SCATTER IN A/C VOLTAGE (V)" Y.LABEL " :=  
VAR XSECT[ 1 , ! ] 0. 20.'A/D.SCALE YS := 

. PLOT. S 
BOTLN CR .I1 DO YOU WANT TO SAVE THIS DATA ? " 
"INPUT " N" "a IF EXIT THEN 
FILE. TEMPLATE 

7 COMMENTS 
REAL DIM[ LOO ] SUBPI&& 
4 TIMES 
REAL DIM[ 3 , 100 ] SUBFILE 

END 
NORMAL. DISPLAY 
Ff LING 
'"IRST ARRAY : CELL CURRENT DENSITY" 3 >COMMENT 
" SECOND ARRAY : CELL VOLTAGE " 4 >COMMENT 
" THIRD ARRAY : A/R VOLTAGE" 5 >COMMEWT 
" FOURTH ARRAY : IR DROP" 6 >COMMENT 
" FIFTH ARRAY : VARIANCE ON A/C,' A/R, IR" 7 >COMMENT 
1 SUBFILE XS ARRAY>FILE 
2 SUBFPLE VS.A/C -10. 10. A/D.SCALE ARRBY>FIL& 
3 SUBFILE VS.A/R -10. 10. A/D.SCUE ARRAY>FILE 
4 SUBFIEE IRS -10. 10. A/B.SCALE ARRAY>FXLE 
5 SUBFILE VAR 0. 20. A/D.SCALZ ABRAY>FILE ' 

FILE.CLOSE 
CR . " DATA SAVED. ". 

: I .RUN 
NORMAL. DISPLAY 
CR . "  DESIRED CURRENT DENSITY IS : " 
#INPUT E.AREA 1.FINfSX : =  
CR .'I HOW MANY MINUTES OF ELECTROLYSIS ( 1  MIN. MINIMUM) ? " 
#INPUT 60 . TIME : =  
VOLTAGE.A/C CEEAR.TEPQPLATE.BUPFEXS CYCLIC A/C.SAMP TEM?LATE.BUFFER 
VOLTAGE.A/R CLEAR.TEMPLATE.BUFFERS CYCLIC A/R.SAMP TEMPLATE.BWFER 
VOLTAGE.1R CLEAR.TEMPLATE.BUFFERS CYCLIC IR.SAMP TEMPLATE.BUFFER 
DAS . INIT 
CLEAR. TASKS 

VOLTAGE.A/C 1 TASK A/D.IN>=Y 
VOLTAGE.A/R 2 TASK A/D.IN>ARRAY 
VOHTAGE,IR 3 TASK A/D.fHiARRAY 

5 TASR.PERIOD 
1 1 TASK.MODUL0 
1 2 TASK.MODUL0 
1 3 TASK.MODUL0 

TIME 10 a SYMC.PERIOD 
GRAPHICS. DISPLAY 
ISEE 
OUTLINE 
RORIZONTAL LINEAR 0 .  TIME 60. / WORLD.SET 
VERTICAL LINEAR 0 .  5. WORSD.SET 
WORLD.COORDS 
XY.AX1S.PLOT 
NORMAL.COORDS 
0.55 O.C5 POSITION 
0 LABEL.DIR . . 

' ' HORIZONTAL " TIME (#IN)" CENTERED.LABEL . . . . 2 .  i . .  . . ,  . . . -  . .  .1 . 
. . .  0.02 0.75 POSITION . . .. . , .. - 



250 LABELaDIR 
VERTICAL " CELL VOLTAGE (V)" CENTERED.LABEL 
HORIZONTAL 0 LaEL.DIR 
WORLD.COORDS 
0 0 POSITION 
I.FINIS# 1.OUT := I.SET 
SYNCHRONIZE 
7 3 FIX.FORHAT 
101 1 DO - - -  - - 

4 "TIME "LEFT " 23:s" "o IF CLUMSY THEN 
5 TASK.PERI0D 
PRIME.TASKS 
EY#CHRONIZE 
TRIGGER.TASKS 
SO0 MSEC. DELAY 
STOP.TASKS 
A/C.SAMP MEAN VS.A/C [ T 1 7 3  

A/R.SAMP MEAN VS.A/R [ I ] := 
IR.SAMP MEAN IRS [ I ] := 
TIME I * 6000. / VS.A/C ( I ] -10. 10. A/D.SCALE DRAW.70 
BOTLN CR ." CELL V. VS.A/C [ I ] -10. 10. A/D.SCALE . 

L30P 
BOTLN V.ZERO V.OUT := V.SET 
BOTLN CR ." DO YO'J WANT TO SAVE THIS DATA AND THE A/R AND IR " ." VOLTAGES 7 " 
"INPUT " N" "a IF EXIT THEN 
FILE.TEMPLATE 

. 6 COMMENTS 
R U L  DIM[ 100 ! SUBFfLE 
3 TIMES 

END 
NORMAL.DXSPLAY 
PILING 
6 2 FIX.PORMT 
CR ." A CURRENT OF " 1.FINISH E.AR.EA / . 

. "  A/(CM)L WAS PASSED FOR " TIME 60 / . ." MINUTES." 
7 4 FIX.FORMAT 
CR ." ENTLR ABOVE AS THIRD COMMENT :" CR 
"XNPUT 3 >COMMENT 
" FIRST ARRAY : CELL VOLTAGE XN V" 4 >COMMENT 
" SECOND ARRAY : ANODE/REF. VOLTAGE IN V" S >COMMENT 
" THIRD ARRAY : tR DROP IN V" 6 >COMMENT 
1 SUBPILE VS.A/C -10. 10. A/D.SCALE ARRAY>FILE 
2 SUBFILE VS.A/R -10. 10. A/D.SCALE ARRAY>FILE 
3 SUBFILE IRS -10. 10. A/P.SCALE ARIIAY>FILE 
FXLEeCLOSE . 
CR . " DATA SAVED. " 

: V.RUN 
NORHAL.DISPLAY 
CR . 'I DESIRED CELL VOLTAGE IS : " 

#INPUT V. OUT : = 
CR ." HOW MANY MINUTES OF ELECTROLYSIS (1 MIPS. MINIMUM) ? " 
PXNPUT 60 TIME : =  
CURRENT.A/C CLEAR.TEMPLA?E.BUFFERS CYCLIC 1.S- TEMPLATE.BUFPER 
vOLTAGE.A/R CLEAR.TEMPLATE.BUFFERS CYCLIC A/R;SAMP TEMPLATE.BUFFER 
VOLTAGE.IR CLEAR.TEMPLATE.BUFFERS CYCLIC IP..SAMP TEMPLATE.BUFFER : = . . . . .  . . . ., . . :  
DAS. INIT 



CLEAR.TASKS 
CURRENT.A/C 1 TASK A/D.IN>ARRAY 
VOLTAGE.A/R 2 TASK A/D.IN>ABWY 
VOLTAGESIR 3 TASK A/D.IN>ARRAY . 

5. TASK. PERIOD 
1 1 TASK.MODUL0 
1 2 TASK.MODUL0 
1 3 TASK.MODUL0 

TIME 10 * SYNC.PERIOD 
GKAPHICS.DISBLAY 
ISEE 
OUTLINE - - 

HORIZONTAL LINEAR 0. TIME 60. / WORLD.SET 
VERTICAL LINEAR 0. 4. wOR&D.SET 
WORLD.COORBS ~. --  
XY.AXIS.PL0T 
NORMAL. COORDS 
0.55 0.05 POSITION 
0 WSBEL.DIR - 

HORIZONTAL " TI= (MINIn CENTEREB.WEL . 
8.02 0.79 POSZTION 
270 WEL.DIR 
VERTICAL " A/(CW)2". CENTERED.mE& . 
HOWIZON7AL 0 LABEL.DIR 
WORLD.COORDS ' 

0 0 POSITZON . 
V . SET 
SYNCHROPdIZE 
7 3 F I X . F O W T  
101 1 DO 

4 "TIME "LEFT " 23:s" "= IF CLUMSY THEN 
5 TASK. PERIOD 
PRIME.TASKS 
SYNCHROMrZE 
TRIGGER.TASKS 
500 MSEC.DEUY 
STOP.TASKS 
I.SAMP MEAN IS.A/C [ I ] := 
A/R.SMP MEAN VS.A/R [ I ] := 
IR.SAMP MEAN ras [ I 1 := 
TIME I * 6000 / 
IS.A/C [ 1 1 1.SCALE NEG I.SCALP A/D.SCALE 0.2037 1 E.).REA / DfUW.TO 
BOTLN CR . "  C.D. =" IS.A/C ! I 1 1.SCALE NEG I.SCALE A/D.SCUE 
0.2037 / E.AEaEA / . 

LOOP 
BOTLM V.ZER0 V.OUT :a V.SET 
BOTLN CR ." DO YOU WANT TO SAVE rHxs EATA AND THE AIR AND IR 

. 'I VOLTAGES ? " 
"INPUT " N" 'I= IF EXIT THEN 
FILE. ?EMPLATE 

6 COMMENTS 

END 
NORMAL. DISPLAY 
FILING 
8 3 FIX. FORMAT 
CR . "  A VOLTAGE OF " V.OUT . . "  WAS APPLIED FOR " 



TIME 60 / . ."  MINUTES.1" 
7 4 F1X.FORMAT 
CR . "  ENTER ABOVE AS THIRD COMMENT : "  CR 
"INPUT 3 >COMMENT 
" FIRST ARRAY : CURRENT DENSITY IN A/(CM)2" 4 >CiYMMENT 
' SECOND ARRAY : ANODE/REF. VOLTAGE IN V" 5 >COMMENT 
" THIRD ARRAY : IR DROP IN V" 6 >COMMENT 
1 SUBFILE IS.A/C IeSCALE NEG I..SCALZ A/D.SCALE ?.2037 / 

E.AREA / ARRAY>FILE 
2 SUBFILE VS.A/R -10. 13. A/D.SCALE ARRAY>FILE 
3 SUBFILE IRS -10. 10. A/D.SCALE ARRAY>FILE 
F1LE.CLOSE 
CR . 'I DATA 9AVED. " 

: TEMP 
NORMAL.DISPLAY 
5 0 PTX.$QRMAT 
SCREEN.CLEAR 
a "  TYPE <CNTRL>+<BREAK> TO HALT." 
CR ." TEMPERATURE IN CELCIUS 0" 
BEGIN 

THERMOCOUPLE A/D.IN -100. 100. A/D.SCALE C0NVeRT.TYPE.K 
COLD.JUNCTION A/D.IN -20. 20. A/D.SCALE . S  / TIME + HOME CR CR . 
1000 MSEC.DEtAY 

AGAIN 
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Table 1 
PUAT-ZONE, PENDANT-DROP CRYOLITE EXPERIHENTS . 

Issues : 

Establlshnent of Stable Pendant Drop Method 

Optical Properties re: Laser (melt?) 

y / p  (drop size, shape?) 

Evaporation Rate (maximum time) 

Compositional Change (unstable composition) 

Temperature Uniformity 

Compositional Uniformity 

Dissolution Rate of Candidate Anodes 



Table 2 4-2 

FLOAT-ZONE, PENDANT-DROP CRYOLITE EXPEREENTS 

o Cryolite on Cryolite Experiments 

Peed Diameter: - 8 mm (Greenland Cryolite) 
Meit Power: -40 vatts 

Melt Temperature 

Visible Pyrometer : 830" C 
Infrared Pyrometer: -800" c 
Thermocouple: 765"  c 
Phase Diagram 

s toichiometric : 1010" C 
Eutectic.: 888" C 

Normal Bath: '960" C 
Greenland Cryolite: >1OOO0 C 

Melt P ~ u p e r k l e s  
L/D - 1 
Transparent, No turbidity 
No Color 
Low c 
Stable for 2, 5, 15, 25 min. 

Chemlstq ( 5  min.) 
Lh % A1 Na/Al 

Staichiometric 32.86 12.86 2 . 5 5  
F e e d  Kod Unmelted 30.5 12.4 2.46 
Feed. at S/L Intorfocc 30.65 12.45 2.G6 - .  . -  

Quenched Drop 32.25 12.95 2.49 
Condensate 23.7 17.7 1.33 

Conclusions: 

Cryolite Absorbs Laser Radiation 
Melt Geometry is Acceptable 
Vaporization Rate .is Acceptable 
Chemical Stability is Acceptable 
Tcmparacure fieasureiiierll: Subject co Error 



Tab le  3 
. . . ... . . , 

. . d .  . ,. 
FLOAT-ZOYE, PENDALIT-DROP CRYOLITE EXPERIXENTS 

o Cryolite on A1203 

~ 1 2 0 3  Diameter: - 8 mm. 
Cryolite Diameter: - 8 mm. 

a. 5 mm Laser Beams Directed onto Cryolite 

Melt Power: 80 - 100 Watts 
Xelt Temperature: not determined (incandescent) 

Helt Stability: Excessive Vaporization Rates 

Conclusion: High Thermal Conductivity of A1203 rod required 
excessive su~erheat. 

b. Unfocused Laser Beams Directed onto Cryolite 

Kelt Power: 150 - 200 Watts 
Melt Temperature: not determined (A1203 > 1500" C) 

Melt Stability: Cryolite melt used up A1203 rod, ran into hot zone 
and vaporized. 

Conclusion: Pendant drop experiment requires thermally guarded, 
isothermal environment. Experiment is feasible but 
difficult. 
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"Selection and Testing of Inert  Anode Material s for  Hal 1 Cell s , "  
reprinted from L i q h t  Metals 1987 



SELECTION AND TESTING OF INERT ANODE MATERIALS POR HALL CELLS 

Alan D. McLeod, Jean-Marc L i h r u m ,  John S. Haggetty, and Donald R. Sadoway, 

Department of Matetia?~ Science an? Zngineering, 
Massachusetts Instituts of Technology, 

Cabridge, Massachusetts, 02139 

A new set of criteria for Hall cell anode 
materials is presented. Fundamental 
thermodynamic data are u e d  to estimate how 
well a variety of oxides wiJl eatlsfy theee 
criteria in the context of the total 
environment of an operating industrial cell. 
In addition. the results of tests of 
candidate anode materials performed in this 
laboratory are presented. 

, for example : Pe 0 , SnO , and 
lectrical conductl8:Sy is anhanced 
with oxide additions to the host 

materials or by the preeence of a distinct 
metal phase to form a cermet. The 
disadvantage in such cases is that the host 
is selected without consideration of all the 
criteria and on the basis of a relatively 
omall and frequently inaccurate Cata base. 
By cons1derat:on of other fundamental 

INTRODUCTION materials property data. in particular 
thmrmodynaualc data, it is possible to 

While the current efficiency in modern establish m improved rationale for materials 
Hall - HCroult cells exceeds 90% the volta~e selection. Laboratory testing is necessary 
efficiency is lesa than 30%. In large to confirn that candidate materials behave 
measure the latter is a consequence of the according to expectations. 
present choice of elmctrode materials, which 
imposes severe limitations on cell design. MATERIALS SELECTION 

most notably the need to separate the 
electrodes by a spacing so great that more 
than 40% of the total cell voltage is 
8seociated with the so - called iR drop 
across the electrolyte. The discovery of 
materials for an inert mode, wettable 
cathode. and inert sidewall would pave thm 
way for radlcal innovation in cell design 8nd 
operation with attendant improvemento in 
productivity. This paper will be reetricted 
to the diecussion of inert anode materials. 

The mearch for inert anode ~rterials has 
proved to be one of the most difficult 
challenges for modern materials science. 
While a variety of formulations has been 
proposed and numerous patents have been 
granted (1) no material has proven to be 
fully satisfactory. Indeed, it may well be 
that there is no mat.eria1 that can meet the 
r.qrairements of an industrial cell. At 
least, this seems to be the conclu8ion of all 
previow research which was dlreeted to find 
"the inert anode ~ t m r i a l " .  It im tho 
aainion of the authors that 8 totally 
dlffmrmnt approach must k adopted, i.e:, not 
to lock tor 'the inert anode uterial' k t  
rather to consider thm mntirs cell in the 
context of a dynamic materials system. The 
purpose of this paper is then to mtate 
clearly the criteria of smlection anO to poee 
the problem in thm light of thm above. 

In selecting candidate anode materials 
one must consider 8s nearly 8s possible how 
that material will behave in its total 
environment. In an operating Hall cell this 
environment is not homogeneous. While the 
electrolyte consists of cryolite (Na3A1F6) - 
AlF - CaF - A1 0 there are severe 
gradients In che&i2al potential across the 
intereleetzsde gap. In the vicinity of the 
inert anode the melt is highly oxidizing due 
to the evolution of pure oxygen at pressure8 
exceeding one atmosphere. Near the cathode 
the melt is highly reducing due to the 
presence of dissolvmd elmrental aluminum. 
All the while am the cell operates electrical 
currens is passing at current densities near 
1 A/cm . Given this complex set of 
conditions it should be apparent that 
conmideration of chemical dissolution of a 
candidate material in pure cryolite or even 
cryolite containing dissolved A1 0 cannot 
alone serve as the b m i s  tor ut3r?als 
selection. 

?or example, the interaction of the 
candidate uterial with the alumlnur 
dissolved in the elmctrolyte must be 
coruidmrmd. Thm aluminum m y  reduce the 
metal oxide allwing the metal to itself 
6:ssolve in the 818ctrolytm. Alternatively. 
8 metal oxide u y  dimmolve by forming a metal 
fluoride through an mrrchangm reaction with 

Until recently, uterlalm wed for inert the elmctrolytr. 
m o d e  formulations were smlmcted from those 
oxidem that hmve low oolubilltieo in cryolite Since cryolite will dimsolve most. if not 
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all, oxides to some extent, one m w t  c o ~ i d e r  
what hppens to a metal oxide once it la in 
solution. The metal can co-deposit with 
aluminum by elecrroiytic reduction Or 
dimsolve in the molten rlurinum cathode 
f o l l ~ i n g  o metallothenric - type 
displ~~sasnt rsaction. The second new 
criterion, then, uses the electrochealcal 
.Ori08 in the n.11 cell electrolyte to 
predict whether or not a metal will co- 
dopomit. The third new criterion ccnsiders 
whether or not elemental aiumia-am will 
dimplace the impurity retal fron the 
electrolyte by chemical reaction. 

The diagram shown in Figure 1 can be used 
u rn aid in dlscrusing the concepts behind 
tho proposed selection criteria. Similar to 
a decision tree. the diagram shows the tests 
a metal oxide r u t  p s e  In order to be deemed 
umetul as an mode. The first test 66n&IdCrB 
the e~Cti~nge reaction between the candidate 
metal nx.Sde and diaoolved rluainum. I t  
aluninum reduces the metal oxide the material 
tails this test. .However, as will be 

Y 

UETAL - OXIDE I 

\ 

FUNCTION OF I 
\ I CURRENT DENSITY I 

1 

OXIDE - FLUORIDE 

CO-DEPOSITION m 

Pigure 1. Stages in Material6 Selection. 

- 2 
discurmed in more detail blow, m oxide can 
be protected from chemical attack by 
diamolved aluminum by the oxygen evolving on 
the mode. Zhls oxygen acts to oxidize the 
dissolvmd elmmental aluninw thereby reducing 
its concentration in the vicinity of the 
mnode. Thun 2rotmcted. it can still pass :he 
first test, hence, on alternate route through 
'f?urct:on of current donmity9 h a  been 
included. 

The third and fourth boxes determine if 
the oxide -sees both stages of the second 
tret. the ireue here is the chomlcal 
dissolution of the metal oxide throu~h the 
axcha~ge reaction between the cxide and the 
molten fluorides. The first stage of thie 
test, 2 0" refers to a condition where the 
metal changes valence when going into 
solution. It will be ahown that it is 
uxlerirrble to have the virlenae of the metal 
increase as shown by a negative value for i .  
M Oxide tR.t daeo not yo into rolutia~n 
through the oxlde - fluoride exchange process 
rill pass the second mtage of this test. An 
oxide that fails this test should not be 
droppad from conaideration, hnwrvcr. The 
material could stiil be acceptable if it can 
pass both of the last two tests. "co- 
deposition" and "metal - fluoride exchange". 
The following discussion will consider each 
test in turn starting from the top of the 
diagram. An examination of the applicable 
thermodynamic data will indicate which oxides 
will pass which tests. The end result of 
this examination will be a list of oxides 
that are acceptable for use as anode 
materials on the basis of the criteria 
enumerated in this paper. 

Both the metal - metal oxide and metal 
oxide - metal fluoride reactions can be 
thought to occur at the anode surface. The 
former Pbactian between the anode and 
dirsolved elemental alurninurn eari be 
rmgrananted by : 

This rractlon I s  also referred to a6 the 
'arucibis reacflon", i.c., would a cruc:ble 
u d e  of the metal oxide under consideration 
be aoscptabim as container a? m ~ l t r n  81uminuzi 
at Hall cell operating temperatures7 If 
aluminus oxide is Stabier than the metal 
oxide of the crbclblt a reaction will occur 
con8uming the eruc$.bXc until the melt i s  
oxhmusted of dissolved aluminqm or is 
8aturated with alumina. The free emrOy 
change for reaction (1) calculated per mole 
of  metal, He, at 1300 K ir given for varloue 
oxides in Table I. All therrodynqmic data 
tor this and ouboequont analyses have been 
taken from Barin and Knrrcke ( 2,3 1 . Evidently - 
8 series of oxides Srom ZrOl to Y O3 will 
eatlmty the f irst ctitorion. ~ h e l r  positive 
b G  indicates that dimsolved aluminum wi:l not 
reduce the oxide if it is assumed that the 
activities cf dimsolved metals are unity. Of 
dourre during electrolymis, the anode will be 
surronnded by a "shroudn of 02 .  The 
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Table 1. Free Enerov of Reaction for Metal - Oxide Exchange at IS00 K 

. . . . . . 

Table 11. Free Eneruv of Reectlon for Metal Oxide - Metal Fluoride Exchanae at 
1300 K 
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Free Energy ( k ~ / m o i b )  

Pigure 2. Metal Solubllty Plotted Against A G ~ .  

resulting high oxygen pressure, P , will 
certainly lower the dissolved met41 activity. 
This effect could move reaction (1) in either 
direction, depending on the metal valence, n, 
and the relative metal activities. For this 
reaeon eomt oxides may still aatisty the 
tlrat crlterlon due to the activity mhdft. 
The Smportance of Table I is that it 
Indicates that aome oxides will be more 
auaceptible to attack than others. IT rill 
be aeen that the followlng.crlteria are more 
mtblnpent in any cage. 

The metal oxide - metal fluoride exchange 
reaction occurring at the anode surface e m  
be doscribed by reaction 2 : 

. The, value of 8 is non - zero when the metal 
oxide chmgeo valence atate as it goem into 
8oiution:"Id such dames the themodyriamico 
of the rmactlon art influenced by the P . 
When 6 < 0, the rerctlon is forced to tbe 
right at higher values of the P , clearly not 

desirable reault. One can ar#ue that aG2 
la related to the aolubill.ty of the metal 

oxide. Evidence of this can be seen in 
Pigure 2 where sdlubility is plotted against 
at per mole of He at 1300 K. The solubility 
da?a used in Pigure 2 were taken from Table 
10.3 in the book by Orjothelm et al. ( 4 ) .  
This plot also shows that a positive AG is 
no amoutrnee that a metar oxide will no? go 
lnto solution but rather indicates only that 
the metal oxide wall diesolve at r reduced 
activity level. In fact, the values of AG2 
are uaeful primarily to rank oxides in 
relation to relative reactivlties. The 
veleas of AG, for  aome oxides whose 
aolubi~~ties*have not been measured aye 
listed in Table 11. The attached "."' s 
indicate a condition where 6 5 1, "*" meaning 
6 r 1, and '.*" meuring d = 2. A question 
arlaes at thia atage as to the importance of 
the second criterion in comparlaon with other 
criteria. t f  on oxide did aat go into 
solution then it would certainly be 
acceptable 86 far as thla criterion goes. 
slowev8r0 Jt .is aafe to usrue that 81.1 metal, , 
oxidee will go lnto aolutlon in varying 
degrees, the extant depending on the driving 
force0 AG . mther, It la better to consider 
what happins to the oxlde once it has 
dieaolved in the electrolyte.  he final two 
criteria soneider the behavior of the 
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dissolved metal at the cathode. activity of 0.01 in molten aluminum. Kinetic 

factors are also not expected to be 
The metal Me can report to the aluminum significant on a liquid metal cathode. 

product through- two mec.haniorm - electrolytic nergault (5-7); Grjotheim'et a1 ( 8 ) .  and 
co-deposition or chemical ~sduction by Monnier m d  Qrandje~n ( 9 )  have measured the 
aluminum itself, O E C ~  in the metal, the order sf deposition forsome oxides.using a 
impurity must either be removed or tolrrated. carbon anode. The rerulting series, starting 
If the moral is not returned to the cell in from the least negative gotentlals is : NiO, 
aome form. the contarination of tho aluminum V2a5, Ho3C4, Co33,, ?e203, W03, T102, Nb205, 
producr by the metal c~notitlites cam~.Pt:Cn Cr2O3, i.a205, "02, ~ 1 ~ 0 ~ .  the oxides tklt 
of the anode material. 

were m r e  statla thrn A1 0 were BeO, MgO, 
The co-deposition criterion cur ba -0, SrO, -0, and La 03? %he order of the 

employed uinq the calculaged reversible former series of oxidas 1s in reuonabl. 
decompooition potential, X , at f300 K for agreement with that shown in :able 111. The 
the reaction : order of the latter series was not obtained 

aa decomposition potentials were higher th8n 
Meon --> Me + F2 (3) that for aluaina. 

- - 
2 The metal c m  also dissolve in the 

alurinum pool through a metallothermic type This can be calculated using the equation : reaction : 

The thermodynamic data for this exchange 
wherg F is the Faraday constant. The values are in Table 
of E are aiven in Table 111. According to 
t p s e  ther~odynamic data those oxides wkose Tables I11 and IV indicate that there are 
E is more negative than that of A 1  0 will a few metal oxides capable of remistlng 
not co-deposit with aluminum, anaumlna the attack by electrolytic a d  metallothermic 
electrolyte is saturated with the metal reduction into the product aluminum. These oxide. the metal MY, however. co-deposit in 8.. ngo, SrO, &203,Nd203, CaO. Ce203, 
the aluminum pool. at an activity less than 1. 
Howeyer, the magnitude of the cathodic ~hitt Sc 030 Y 0 pofJslbl.1 Li 00 BaO. 0 mnd 
in E is only about 0.2 V for a metal ~ e 8 .  Tha 2;cond criterion iAdicates t d t  a11 

I 

Table 111. Oxide Decomoosition Potentials at 1300 K 

OXIDE 

Ce02 

Ti0 

'AI2O3 

ti 2O 

B.0 

Zt02 

U02 
ma 
SrO 

BOO 

L.2°3 

"2'3 

Sa203 

-E; (V) 

0.987 

1.052 

1.067 

1.069 

1. i 17 

1.146 

1.302 

1.363 

1.386 

I .  486 

1.529 

1.544 

OXf DE 

Pb02 

Rh203 
CUO 

Cu20 

Bi203 
PbO 

Sb02 

ffi 0 

sb203 
cuo 
COO 

K2° 

Fe203 

-a: (v) 

2.115 

2.158 

2.173 

2.180 

2.202 

2.213 

2.234 

2.375 

2.397 

2 440 

2.462 

2.484 

2.505 SnO2 . 

-E: ( V )  

0.043 

0.051 

0 8 206 

0.380 

0.409 

0.466 

0.397 

0.640 

0.847 

0.705 

0.727 

0.746 

CaO 2.592 

OXIDE 

IeO 

ZnO 

k2°3 

'2'5 
Ma28 

Oa203 

v02 , 

Cr203 

*2O5 
nno 

Ta205 

v2°3 

0'. 84 2 '2 c 1.038 

0.813 

Qeo2 

"O3 

W02 
* 

1.638 

0.846 

0.909 

0.911 

1203 1 1.767 S1G2 

tiOp 

=l2O3 

Ca203 2.599 

1.822 

2.007 
''2'3 

Y2°3 

2.621 

2.643 
d 



5-6 

Table IV. Free Ener~v of Reaction for Metal - Fluoride Exchange at 1200 K 

of thome oxides bave or will probably have 
mignlficmt eolubilities in cryolite. For 
thim rorson thaae oxides h v e  not been of 
great iatoremt in m a d s  formulations to date. 
However, the high molubility m u t  be viewed 
In the light of their romietance against 
further dscoaposition. Simply mtated, it i@ 
not oo important that the oxide resist 
diamolation : it is extremely important, 
hwever. that the oxide rosict exeolutlon. 

Cerium oxide b s  been proposed for ume as 
r melf toralng ansde (c.f.8.) material (10). 
The desirability tor the w e  of much a 
material becomes apparent from the 
cormideration of the above criteria. The 
oxide will go into molution with cryelite, 
but only contirarAnbtom the metal p.d in low 
concentratloas. Since 150 for the aereraal 
im atrongly pomltive it C&I be smslly removed 
from the w t a l  pad and ret-uned to the cell. 
Slnce 4 probably equals 1 for thia material 
it hrl rhe additioraal attribute OL a 
aolubillty that is inyersely proportlonrl to 
oxygon prommure, 1.0.. it become8 more 
roaletmt the harder tho cell im driven. 

FLUORIDE 

W16 
PbF4 

M5 
Cop3 

WP 

BiP3 

"5 
NbP5 

-3  

-2 
FeP3 

5 
CrF3 

C U a  

WlP2 
C 

Oxidoa like ?e 0 have b e ?  uoed in lnort 
mod* f0~lXl.ti0M2(Ql); largely due to their 
l a  mol~abllity in the electrolyte. 
Conaideration of the .other cri teria 
demorutrates the umr)ursas in using solubility 
m the only criterion tor melocting 
materials. Fo 0 doe8 not matisfy the first 
criterion. the2m~~ciiale remction" : thus, 
only if the oxygen evolving on the anode 
completely removes dioool.ved a3uninu form 
the malt can Fe 0 be .pared from attack by 
retallothsraic ?eauction. Prom the 

A G ~  (u) 

-989 

-976 

-785 

-657 

-646 

-555 

-553 

-481 

-466 

-430 

-422 

-375 

-353 

-340 

-329 

standpoint of the mecond calterion Pe,Og 
looks attractive: In fact, a relatively low 
molublllty M e  Seen measured. Weverthelsss, 
this oxide still does not meet the mecond 
criterion because it does dieeolve in the 
electrolyte as do all oxides. Pe O3 doem not 
meet the third crlterion because It is 
decomposed electrolytically, and iron reports 
to the melten aluminum product. Am real, 
AIP t o m s  in preference to either of the 
irod t luorides. ~ h u s ,  the fourth criterion 
la not set. and the metal c m  be 
metallothermlcally displaced trom the melt ae 
well. This a180 indicates that it would be 
dlfficult Lo remove the iron from the 
aluminum product through the addition of 
AH3. So while tho aolobility of Fe O in 
the melt appears to be low, a sore c8mJlete 
eonsideratloii of the other rhlteria mhor tha t  
this property is insutficlent to make the 
ntorirl rccoptable am m anode. It has been 
oupgested (12) that corroalon may be reduced 
by the adCltlen of t e  0 to the eel 1 through 
additions to the feed? 9milc this may slow 
down the "wear rmtc' of the anode, the iron 
rill depomit in the aluminum and contaminate 
the cell product. 

i 

~ . D O R ~ D E  I ( w !  

In addition to the 8bove i8rues one mcst 
8180 addresm problou of adequate electrical 
conductivity along with a variety of'design 
coruideratloru. However, am a remult of 
hmving done a matetiale oyvtems analysis, 
number of candidate oxides has been 
identified for further remearch. 

rLuoRIx 

KF 

m3 

='3 
CdP 

PbP2 

CopZ 

FOP2 

znF2 
CrP2 

Tip4 

w 2  
SlF, 

PlF2 

ZrP, 

UP4 
TiF3 

AG) iu) 

3 

6 

-317 

-306 

-299 

-283 

-257 

-257 

-180 

-165 

-163 

-126 

-78 

-46 

- 4 2  

-4 2 

Y e  13 

BeP2 52 

Li? 1 BO 

HgP 
NdP3 

8cP3 

-?2 
Cap 

SrP2 

YF3 
CeF3 

-3 

109 

167 

179 

195 

211 

221 

251 

259 

289 
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with the cobrlt ferrite crystal at the left 

TESTrN' OF FEYRITE and the frozen .l.ctrolyta at the right. The 

This iaboratory hair been involved with 
the uasurrment of electrical conductivity of 
mode ~teriale and %he tmsting of these 
materials in a bench - scale Hall cell. 
rerrite lutmrlals were chosen for study 
becrpre ol marlier indumtrial intmreat in 
them (13-17). Som8 Itrll cell tasting results - taken on a single crymtal of cobrlt territh 
have k e n  previously reported ( 2 8 ) .  Not 
reported in that paper are sor. iateresting 
rrnlt8 obtained from a subsequent S a  

- h x u i ~ t l o n  of the interface layer between 
tho Zortfte sample urd the el.ctrolyte am 
.horm la Pigwe 3. 

Thz m p l r  ru electrolyzed at 3.0 V, 
1 A/cm , for about 1 hr in m 81-118 
saturated bith containing 5% C8F at a,b8th 
ratio of 1.11 rad a terpcratura 8f 960 C. 
Figure 3 shorn ?last a normal SllM 8fctograph 

contra.% y s  zwersed for the other 
micrograph. so that the elemental trace would 
show. The light squue at the left side of 
each sicregraph indfcatee the pomition on the 
sample represented in the chericrl mrlyaia 
trace urd definea the zero concentration 
bueline for ttr. profiles. 'This muple shows 
a rerction zone ot abpat 0 urn in thickness. 
The reretipa zone for 8 cobrlt ferrite 88mple 
of identical composition tested in an 
al8ctrolyte of the 8 u m  corposltlon for the 
8 u e  imrsion tire 8nd ol*ctrolyzed only at 
2.00 V ru 25 to 30 um thick with similarly 
shaped profiles. The current den8ity for the 
m p l e  eTectrolyzp a t  2 V lncreued from 
0.20 to 0.29 A/= during electrolysis. The 
profile8 Indicate that tha reaction zone is 
rostly oxide with a omall amount of fluoride. 
The concentratioas of iron 8nd cobalt show a 
gtadwl decline tomrds the outaide of the 

I l p e  3,  Scuuring Llectron Micrograph. and Elemental ~oneentrstion Prof:lem of 
thm Perrite - Salt Xntrrfrcr R.glon tor a Cobmlt Fafjrite ~ryetal  SUP^. 
(25 w t %  COO in ?e 0 ) tl.etro1yz.d at 3.0 V, 1 A/cm , for 1 br, in  an 
Llectrglyte of ~ ~ = ~ 1 . 1 1 ,  ~ontainiw 5% ce2, 11% 11203, in ~reenl.nd CWollte, 
at 960 C. 



me a4y Iran .nd cahlt that go into molutlaa 
in the electralyte will certainly e6-bcpoiut 
with aluminum. It m y  be th8t the "wear 
raten is low mnough a8 8 rmmult of thi8 
protection. The ?one will enntlnnc ?n grnr, 
however, lina at  leagar timer may cruse an 
unacceptable increase in thm electrical 
rmeimtanca of the mode. 

Metallogrraakic mmmples ware mounted urd 
.prrr~rsd SOX mubsemieaat SUd IM~YIIC by 
Battelle Pacific Northwest kboraCdPler, 
Richland, Wuhington. SZH .nrlysce were 
prrprrmd by Dr. Qrigory Raykhtsaum mf the 
Technology Divimion, kacb and Garner 
Corpmy, Attleboro, ~ m a c h w e t t s ,  Thl8 
~ t m r i b 2  r c ~  prepared with the support of the 
U.S. Department of Energy (DOE) Qrmt No. 
Dt-lrOQ1-BBXDi2380. llarrnnr, m y  opiniOnr, 
findings, concluaioru, or recomnsndatioru 
expressed hrmin are thoee of the author8 and 
do not nmcemsrrily teflect the v l ~  of DOE. 

(Figure 3 cont . ) 

F r n R E N C B S  
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zone. The most interecting torture is the 1; X, Blflehruq and U. A. Oye, "Inert Anodes 
high coacentration of aluminum in thim tone. tar A3umiaru 21mctroly.i~ In  Ull-HLroult 
Microprobe urrlyrem iadic8te that the Calla,* Aluafnum IDfts.mldorfl 
alunrlnum concantratlon 1s lSiQllCf th.a the 31(2)(1980), 146-150;'61(9)(1910), 938- 
concentrationo of iron and cobalt combined rr 231 
-33 a8 belna higher th8n the rlrrminum 
concentration in the ult. This im 2) I. Bmrin d 0. Xnmcke, Thersoche~lcm~ 
reamonable In view of the fact that the prowrtle~ of Xno~anlc Substances 
activity of A1 0 im one in the melt 8nd zero (Serlin: Springer - Verlag, 1973). 
in tim bulk oi2tifc cobalt tmrtite mod*. 
Thim ehrrieal potential grad4mnt 1. the 3) I. &riar 0.  truck. rad 0. xubu&vrrki, 
driving force for the forrut$on of an alumin8 ~hermochemical Prornrtl8m of ~ r a r n i c  
rich molid solution. For the zone to grow Submtantea Supplement, (Berlin: Spriwmr 
aluminum must dlffwe fro8 the reat through - V 8 r l . g .  lO77). 
the interface to the ferrite, uhile cobmlt 
mnd iron m w t  ditfume from the imrrlte to the 4) X. Orjotbeim, C. * o h ,  D l .  ~~linotnlc), X. 
ult. # t i r m e ~ m ~ ~  m8d J.  Tlwxmtad, A;lp.lnum 

-& c 
The reaction zone keeps the ferrite from lir0uIt Process, 2nd mdltion, 

coming into direct contact with the (Mumeldorf: Aluminum - Verlrg, 1982) 
electrolyte. Since iron and cobalt must 
diffuee through the layer the dimcolution 6 )  P. MTSsult, 9hnmion de d&compomition dm 
proceem predicted in Part 1 will be slowed quelqumm molutlom d'oxydem d a m  1. 
down. lowever, the procems .does not stop. cryolithe fondue," C. R. Acad. Scl., 
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Background 

Aluminum metal is not found naturally. Instead, 

aluminum is tightly combined with other elements and has 

to be extracted from them. 

Commercially, aluminurn is produced from naturally 

occurring alcminum compounds by the electrolytic reduc- 

tion of alumina, k120j. Alumina is obtained from bauxite 

ore by the ~ayer process which involves digesting crushed 

bauxite ore in strcng,caustic soda solution at high 

temperatures. 

In 1886, Charles Hall in the United States and Paul 
Heroult in France independently developed the currently 

employed electrolytic process for extracting aluninum 

from alumina. This process, known today as the Hall- 

Heroult process, transforned aluainun from a preciscs 

metal into a common structural fiaterial. The process is 

still the most widely used commercial process for obtain- 

ing aluminum metal and is fundamentally the same as it 

was originally disclosed by Hall and Heroult in 1886. 

In the Hall-Heroult pracess, electric current is 
passed through c bath of molten electrolyte containing 

alumina. An important feature of the Hall-Heroult 

discovery was that cryolite, a doublesa1,t of aluminum 



and sodium representod by the structural formula NajA1F6, 

would dissolve alumina at temperatures around 10CO°C and 

that the dissolved alumina could be electrolytically 

reduced to form molten aluminum metal. 

The 'electrolytic reduction is performed in heavy 

5 metal cells or pots known as Hall-Heroult cells. These 

cells have massive carbon cathodes at the base and carbon 

anodes, n~rmally formed in the shape of large blocks, 

suspended above the cell and capable of being'lowered 

into the electrolyte. Direct electric. current is passed 

10 from the anodes through the electrolyte to the carbon 

cathodes. The carbon anodes are consumed in the chemical 

reaction which occurs in a Hall-Heroult cell. This 

reaction can 'be represented, as follows: 

Aluminum produced by the Hall-Heroult process is 

very pure, e.g., 99.0% to 99.8%. The main impurities are 

traces of iron and silicon. 

20 Despite its capability to produce high purity 
aluminum, the Hall-Heroult process has always suffered a 

number of significant problems. One set of problems 

arises from the use of consumable carbon anodes. These 

anodes are expcnsivc to produce an? the cnsts of pro- 

25 ducing the carbon anodes adds significantly to the 
overall cost of aluminum produced by the Hall-Heroult 

process. In use, it is difficult to maintain uniform 

anode current loading since the anodes are consumed' . . 

. . 
resulting .in a continuous change in'their shape. It is 

30 also difficult to maintain proper anoc¶e/ca-thode spacing 



during operation of the cells since the anodes are 

consumed. Additionally, the anode/cathode spacing is 

typically greater than required because of the uncer- 

tainty of the consumable anode's shape and the need to 

maintain a deep molten aluminum pool. Such spacing 

results in an inordinate consumpticn of electrical energy 

for the aluminum produced. 

Because of the problems caused by carbon anodes, 

substantial research has been conducted in an effort to 

find another anode material, particularly what has been 

referred to as an "inertu anode. An inert anode is one 

which would not react with oxygen formed at the anode, 

would not dissolve in the electroiyte and would not be 

consumed in the electrolytic reaction. Unfortunately, 

the research conducted to date has not resulted in the 

development of an anode material which is fully satis- 

factory. 

Another set of problems with Hall-Heroult cells 

arises from the use of a carbon 1ining'in.these cells. 

These cells are operated under conditions which cause 

molten electrolyte to freeze on the 'side walls of cells 

during operation so that molten electrolyte floating on 

molten aluminum is contained within a shell of frozen 

electrolyte. .This is necessary to prevent reaction 

between the carbon cell lining and compounds in the 

molten electrolyte during operation of these cells. The 

interface between the frozen and molten electrolyte 

changes,'however, during operation of cells, naking it 

difficult to operate under uniform conditions. The 

necessity to maintain frozen electrolyte at the side . ' . . . 
. . . .  

walls also results in a substantial heat loss through the 
side walls. 



Summary of the Invention 

This invention relates to the discovery that 

materials'heretofore not considered useful in anodes and 

cell linings of cells for the electrolytic production of 

aluminum can be so employed to provide improved electro- 

lytic cells and processes for the production of aluminum. 

The improved electrolytic cells of this invention 

have an anode and cell lining comprising materials which, 

under the operating conditions of the cell: (a) have a 

standard potential which is more electronegative than 

aluminum; and (b) have a positive standard free energy 

for chemical displacement of metal fluoride by elemental 

aluminum. Additionally, the materials should be ones 

which can be formed into anodes and cell linings which 

are thermally and mechanically stable at the operating 

conditions of the cell, and in the case of the anode, 

electrically conducting. 

In the methcd for producing aluminum employing the 

improved cells, the electrolyte is first saturated with 

the materials from which the anodes and cell lining are 

formed to prevent consumption of the anode and cell 
lining during cell operation. This can be accomplished 
by running the cell for a sufficient period to saturate 

the electrolyte with the anode and cell lining materials 

or, preferably, by pre-conditioning the cell by adding a 
sufficient amount of the materials to saturate the 
electrolyte with them at cell operating conditions. 

The use of materials meeting the above criteria for 

both the anode and cell lining of an..electrolytic cell , . ... 

. ' .  .results in significant advantages over the use of,prer:. 

30 baked carbon anodes and czrbon cell linings currently 



employed. For example, once the electrolyte is saturatc2 

with material meeting these criteria, the anode and cell 

lining become essentially non-consumable since these 

materials neither co-deposit with nor are chemically 

displaced by the aluminum product to any significant 

extent. Thus, the anodes retain their shape thereby 

faoilitatinq the  akin tonanco  of uniform current densities 

in the electrolytic cell. Further, the problems encoun- 
tered in maintaining proper anode/cathode spacing with 
consumable carbon electrodes are eliminated. In addi- 

tion, anodes made from such materials obviate one of the 

major reasons necessitating the use of anode/cathode 

spacings greater than required and resulting in inordi- 

nate consumption of electrical energy. Thus, anodes made 

from these materials will allow greater flexibility in 

the choice of operating conditions for the electrolytic 

cells. 

The use of materials as described herein will also 

allow. significant cost reductions for the production of 
aluminum because the high ccst of petroleum feed stock 

for the pre-baked carbon e1ectrodes.i~ eliminated as well 

as the expensive baking procedures required to produce 
these carbon electrodes. Instead, many of the materials 

meeting-the criteria described above are readily avail- 

able and can be formed by traditional forming methods, 

e.g., sintering and casting. In addition, of course, the 
anodes do not have to be replaced as frequently since 

they are essentially non-consumable. 

The use of such materials in the cell lining, elimi- , .  . . .  

nates the need to maintain the walls of the cell suf -  . ( .  

ficiently cool to freeze molten electrolyte. Indeed, the 

ability ,to insulate the walls of the electrolytic cell so 



that they are maintained in a hot condition should result 

in significant thermal energy savings. 

Running the electrolytic cells under conditions 

where the electrolyte is saturated with materials satis- 

fying the criteria described herein also prcvides s iq-  

5 nificant advantages over traditional operating condi- 
tions. For example, the melting point of the electrolyte 

is reduced which will provide a number of advantages 
associated with the capability to run the cells at lower 

operating temperatures, such as a reduced heat load. It 

10 also permits operaticn of the cells at higher alunina 
concentrations thereby improving the yield of the process. 

Brief Description of the Figures 

Figure 1 is a schematic illustration of a Hall- 

15 Heroult cell of the type commonly employed in the com- 
mercial production of aluminum; 

Figure 2 is a schematic illustration of a Hall- 

Heroult cell modified according to this invention; 

Figure 3 is a schematic illustration of a vertical 

20 electrolytic reduction cell suitable for the production 
of aluminum according to this invention; 

Figure 4 is a schematic illustration of an electro- 

lytic cell, including bipolar electrodes, which cell 
would be suitable for the production of aluminum 

25 according to this invention. 

Detailed Description of the Invention 

A conventional Hall-Heroult cell 10 employing . .  . . 

. . . . ' . pre-baked carbon anodes is illustrated'.schematically in . 

30 Figure 1. This cell has a steel oui~r shell 12 with 



thernal insulation on the inside of shell 12. A carSon 

cathode 16 is positioned at the bottom of cell 10 and 

contains metallic current collector bars 18. Carbon 

anodes 20 are formed from prebaked carbon blocks sus- 

pended from steel anode rods 22 which serve to supply 

5 electrical current to anodes 20. Cell lining 24 is also 

formed from carbon blocks. 

Molten electrolyte 26 contains dissolved alumina 

supplled dy breaking alumina crust 28 and adding fresh 
alumina. Crust 28 fdrms on frozen electrolyte and helps 

to minimize heat loss from the top of cell 10. Cryolite, 

NajA1F6, is commonly employed as the base inaterial in the 

electrolyte since it dissolves alumina at temperatures 

around 1000°C. In addition, certain fluoride salts, such 

as aluminum fluoride, A I F J ,  and calcium fluoride, CaP2, 

15 are also traditionallypresent. A1F3 and CaF2 decrease 

the freezing point o f  electrolyte and AIFj also improves 

current efficiency z o in the cell. 

As electric current is passed from carbon anode 20 

through molten electrolyte 26 to cathode 16, dissolved 
20 alumina is reduced to form molten aluminum layer 30 at 

the bottom of the Hall-Heroult cell and carbon dioxide 

gas is generated at the anode. Carbon anode 20 is 

consumed during this reaction. 

It is important to prevent molten electrolyte 26 

from contacting carbon cell lining 24 to prevent cell 

lining failure caused by the formation of intercalation 

compounds and the dissolution of Al4C3. To prevent such 

contact, cell 10 is operated under conditions which allow 

a layer of frozen electrolyte 32 to form between carbon 

cell lining 24 and moiten electrolyte'26. Thus, moltsn 



electrolyte 26 is contained in'a shell of frozen elec- 

trolyte and supported by a pad of molten aluninum 30. 

Unfortunately, during operation of the Hall-Heroult cell, 

the interface between molten and frozen electrolyte 

varies depending upon operating conditions. This adds to 

the difficulty in operating the cell under uniform 

conditions. 

Molten aluminum 30 does not wet carbon cathode 16 

which prevents the formation of aluminum carbide which 

would contaminate the aluminum product. It is possible, 

however; for disruptions in molten aluminum layer 30 to 

occur and to result in contact between molten electrolyte 

26 and carbon cathode 16. Such contact is highly undesir- 

able because it results in a reaction between carbon 

cathode 16 and dissolved alumina in molten electrolyte 26 

thereby causing undesirable consumption of carbon cathode 

16. To prevent this, conventional Hall-Heroult cells are 

operated so that a relatively deep pool of molten alumi- 
num is always present to prevent contact between molten 

electrolyte and the carbon cathode. The dimensional 

instabilities inherent in such a deep cathode pool of 

aluminum through which large current densities are passed 

require excessive spacing between the anode and cathode 

with all attendant disadvantages. 

As mentioned above, there has been much research 

directed towards finding replacement materials for the 

carbon.anode and carbon cell lining of a conventional 

Hall-Heroult cell. Much of this research has been 

directed to finding inert anode materials. Despite the 

extensive research which has been conductrd, a material , ,  

has not been found which i's entirely satisfactory. 



The present invention results from the discovery 

that certain materials, although soluble to some extent 

in the molten electrolytes employed in Hall-Heroult 

cells, can be employed as anode and cell lining mate- 

rials. The materials of this invention are carefully 

5 selected so that, despite their solubility in electrc- 

lyre, rhere is no net consumption of these malrridls dlici 

their presence in the'electrolyte does not result in 

eontarnination of the aluminum product. 

A first criterion for materials suitable for use as 

10 anodes and cell linings according to this invention is 
that the materials not co-deposit electrolytically to any 

significant extent with aluminum during operation of ths 

cell. 

The capability of a metal oxide to co-deposit with 

15 aluminum can be determined using the calculated revers- 

ible decoin~osition potential, Eo, at 1300 K for the 

reaction, 

20 wherein Me rspresents the metallic element in the oxide 

compound under consideration and n is the valence of this 

metal in the oxide compou.nd. This can be calculated 
using the equation: 

where F is the Faraday constant and A G O  is the standard 
Gibbs free energy of the above reaction. Calculated 

values sf EO are given in Table I. .. . . 



A similar determination for the standard potential 

of non-oxide materials can be made in a manner similar to 

th=t described above for oxides. 

Thus, the first criterion for selection of materials 

for molten salt electrolytic cell anodes and cell linings 

5 according to this invention is that the material have a 

standard potential which is more electronegative than 
aluminum under the operating conditions of the cell. 

This will normally ensure that the metal component of the 

material does not co-deposit with aluminum. It is 

10 possibie, however, in some cases, that minor amounts of a 

metal from the anode material might co-deposit. despite 

the fact that the anode material satisfies the first 

criterion, This could be because aluminum cells do not 

always operate under equilibrium conditions for which the 

15 available themodYnarnid data were generated. Xt is also 
possible that the available thermodynamic data employed 

in calculating the standard ptential is not entirely 

accurate. The co-deposition of minor amounts of a metal 
is not intolerable since all materials meeting the two 

20 criteria described herein can be readily removed from 

molten aluminum by conventj.onally practiced techniques, 

particularly treatment with aluminum fluoride. Such . 
minor amounts of co-deposited metal can, upon removal, be 

recycled to the electrolyte to assist in maintaining 

saturation levels of the material in the electrolyte. In 

this case, there is no net loss .of,the 

material in the pro- bess. 

Although the examples set forth above are a l l  

oxides, it is believed that other oxy-compounds and non- 

30 oxy-compounds meet the two criteria described above. 

~, . ,  
I . . ' .  . . , , 

. . .  .. . . 



Examples of other oxy-compounds include multipleoxides, 

mixed oxides, oxyhalides and oxycarbides of metals. 

The second criterion for an anode material is that 

it does not co-deposit by a chemical displacement with 

aluminum. Certain metals can dissolve in the aluminum 

pool following a chemical displacement represented as, 

MeFn + nAl = ~ ; A L F ~  + Me, 
3 

wherein Me represents the metal and n is the valence of 
the metal in the metal fluoride. 

Thermodynamic data for this displacement reaction are 

presented in Table 11. 

Table 11. Standard Free energy of Reaction for 
15 Chemical Displacement of Metal Fluoride 

by Elemental Aluminum at 1300 K 

AG (kJ1 

3 

6 

13 

5 2  

90 

P 09 

167 

179 

195 

2 1 1  

221 

251 

259  

289 

FLUORIDE 

K2 

UF3 
NaF 

BeF2 

LIF 

MgF2 

NdF3 

S c F I  

BaP2 

. CaF2 

SrPg  

=3  
CeP3 

LaP3 

AG (kf)  

-317 

-306 

-299 

-283 

-257 

-257 

-180 

-165 

-163 

-126 

-78 

-4 6 

-42 

-4 2 

FLUORIDE' 

vF3 
CdF2 

PbF2 

CoF2 ' 

FeF2 

Z n F 2  

CrF2 

T i F 4  

W2 
S i p 4  

TiF2 

ZrFq 

UP4 
TIP3 

AG (w)  

-989 - - 
-976 

-785 

-657 

-646  

-555 

-553 

-481 

-466 

-430 

- 4 2 2  

-3?S 

-353 

-340 

-329 

I 
1 F L U O R I ~ E  

WF6 
PbFg 

I 

VP5 
CoF3 

:la? 
BiFt 

I 

! 

YP4 
l?bF 

HnF3 

CuP2 
FeF3 

T a p S  

CrP3 

CuF 

Nip2 



Those metal oxides having a positive standard free 

energy for the displacement reaction described above 

satisfy the second criterion, 

The data of Tables 1 and I1 show that there are a 

few metal oxides which do not co-deposit in the aluminum 
5 by electrochemical deposition or chemical displacement. 

Preferred metal oxides are MgO, SrO, La203. Nd20j, CaO, 

CeZojt Sc203t Y203* Li20, BaO, U02 and Be0 are examples 

of materials whish also satisfy the criteria of this 
invention. 

10 These oxides each have significant solubility in 

cryolite. For this reason, these oxides have not been of 

great,interest .in anode formulations to date. However, 

their solubility,must be viewed in the light of their * .  

resistance against further decomposition. Simply stated, 
15 it is not so important 'that the oxide resist dissolution: 

?. e .  

it is extremely important, however., that the oxide resist 

exsolution. ' 

Although the specific compounds for which data are 

presented above are all inorganic metallic oxides, any 
'It 

20 compound which satisfies the criteria of this invention 

can be employed. Additionally, anodes and cell linings - 

can be formed from pure metals and metal alloys on which 
oxide films are generated, in situ, during operation of ' 

the electrolytic cells. An example of a suitabie metal 

25 is lanthanum and an example of a metal alloy is a 

lanthanum-ytrrium alloy. 

Of course, the materials employed in forming the 

anode and cell, lining according to this invention must 

also be capable of being formed into solid shapes having 

30 the requisite nechanical, thermal and electrical pro- 

perties. In regard to mechanical properties, the 



materials should be capable of formation into self- 

sustaining shapes. Such shaping may be done, for 

example, by sintering ceramic materials with heat alone 

or with the simultaneous application of heat and 

pressure or by melt processing (e.g., casting) metals and 
5 alloys. These are art-recognized techniques for forming 

such materials into shaped bodies. 

Tb.e materials 'should also be themably stable under 
the conditions of operation of the electrolytic cell. 

This means that it must have a melting point above the 
10 temperature of the molten electrolyte and preferably 

undergo no phase change under working conditions of the 
cell. 

The anode must also be inherently electrically 

conductive or capable of being made electrically con- 
15 ductive. The term "eiectrically conductiveI1 is used 

herein to mean an anode that has an electrical conduct- 

ivity under the operating conditions of a Hall-Heroult 

cell of at least 10% of the conductivity 0f.a graphite 
anode under the same conditions. Preferably, the con- 

20 . ductivity will be comparable to a graphite electrode. 
The oxide materials disclosed herein are typically 

electrical insulators, i . e . ,  high bandgap materials. 
Thus, their electrical conductivity must be improved 

considerably if they are to be used as anodes in molten 
salt electrolysis cells. This can be accomplished by 
making a composite material consisting of at least two 

phases: an electronically conductive phase, i . e . ,  low 

banegap, and a phase of the anode material disclosed 

herein. The electronically conductive phase can be I - .  

... 
chosen from the following: metal, metal alloy, elec- 

tronically.conductive Inorganic compound or solid 



solution. In the case where the,conductive phase is 
either a metal or metal alloy, 'the resulting composite 

material is called a cermet. The electronically con- 

ductive phase typically comprises from 10 - 30 volume.per 
cent of the material, although a broader range is pos- 

5 sible in many cases. The metal or metal alloy selected 
should not react chemically with the axide phase mate- 

rials, i.e., undergo displacement reactions. Candidate 

metals are 'copper, nickel, and their alloys and a can- 

didate compound is tin oxide. 
10 Another approach to an electrically conductive anode 

is to construct the anode of monolithic metal or metal 

alloy upon which an oxide coating forms, in situ, upon 

commencement of electrolysis. For this coating to be 

stabie, the electrolyte must remain saturated with 
15 respect to the oxide at all times. This is achieved'by 

the addition of appropriate metal oxide to the cell.bath 

or by constructing the cell lining of the same metal 

oxide or both. Such a coating would be self-healing and 

its thickness would be self-regulating. The choice of 
20 metal or alloy in this case is restricted to the metallic 

constituents of the oxides satisfying the criteria 

disclosed herein. Examples oP suitable metals include 
lanthanum, yttrium and their alloys. 

The material employed for the anode should also be 

resistant to oxidation since oxygen is generated at the 

anode. Thus, the material employed as the anode is 

preferably an oxy-compound with the particularly pre- 

ferred materials being oxides., 
It is not necessary that the material employed for. 

the anode be the same material as that employed for the 



cell lining as long as both materials meet the criteria 

described herein. If the materials are not the same, it 

is desirable to saturate the electrolyte with both 

materials so that neither is consumed during operation of 

the cell. 'It is preferred to employ the same material 

for the anode and cell lining in most cases. 

The use of the materials satisfying the criteria 

described herein opens up new possibilities for the 

design of molten salt electrolytic cells. One such 

design, employing a horizontal monopolar anode, is 

schemafieally illus.Lra.ted in Figure 2. Elostrolytic cell. 

40 contains a single anode 4 2  at the top of cell 40. 

Anode 42 is connected to a supply of electric current by 
anode rod 44. Molten aluminum 46 is produced on top of a 

. cathode at the bottom of the cell forned from a current 
15 collector bar 48 electrically connected to the molten 

aluminum 4 6  by connectors 5 0  which can be forxed from 

electrically conducting refractory netal compounds, such 

as titanium boride, TiB2. Alternatively, current could 

be conducted from the collector by a graphite bead 
encapsulated in a non-consumable material, which may be 

one of the materials meeting the requirements described 

herein for anodes and cell linings, running from the 

collector through the electrolyte and out of the top of 

the cell. 

Cell 40 also has cell lining from the same material 

as anode 4 2  or from a different material satisfying the 

criteria discussed above. In the operation of cell 40, 
it is not necessary to employ cool side walls to create a 

frozen layer of electrolyte. Thus, molten.electrolyt.e 

extends to cell lining 5 2  and the only layer of frozen 

electrolyte 54 forms on top of the cell. 



Another design for a molten salt electrolytic cell 

employing materials meeting the criteria as described 
herein for the anode and cell lining is schematically 

illustrated in Figure 3. Cell 60 'has a series of . 

vertically oriented anodes 62 formed from a material 
5 according to this invention. Cell 60 also contains a 

plurality of vertically oriented cathodes 64 which can 

consist of carbon or an inert wettable material. 

Cell lining 66, which is enclosed within a steel 

outer vessel 68, is formed from the same material which 
10 is employed for anodes 62 or from a different material 

meeting the cell lining criteria discussed herein. 
In cases where the presence of saturation values of . 

anode and cell Pining material does not alter the o r: 

relative density of liquid aluminum in molten electrolyte , 

15 from that of present Hall-Heroult cells, oxygen gas I 

produced at anodes 62 rises to the melt surface and 

liquid aluminum falls to the bottom of cell 60. In cases L 

where the relative density of liquid aluminum and molten 
+ 

electrolyte is inverted from the value in a present 
,b- 

20 Hall-Heroult cell, both the oxygen gas and liquid aluminun 

rise to the melt surface. Under these conditions, it is 

desirable to interpose a retaining structure or semi-wall 
70 between anodes 62 and cathodes 64 to prevent the 

buoyant liquid aluminum from forming an electrical short 
25 between electrodes. The choice of material for semi-wall 

70 is subject to the same considerations as the choice of 

material for lining 66. In order not to reduce the 
ability of the electrolyte to dissolve aluminum oxide, 

semi-wall 70 and lining 66 should preferably consist of 
> 

30 the same material. 



Still yet another design for a molten bath electro- 

lytic cell is schematically illustrated in Figure 4 .  

Cell 80 includes a hcrizontal bipolar electrode stack 82. 

in such a,design, ,eacli electrode element consists of an 

anodic surface and a cathodic surface separated from 

5 neighboring elements by electrically insulating spaces. 

A positive feeder electrode 84 and negative feeder 

electrode 86 are placed on the top and bottom of stack 
82, respectively. Electrode elements are Pomed from the 
materials described herein for anodes and a suitable 

10 cathodic material, which can be carbon or preferably an 
inert wettable material. Cell lining 88, enclosed in 

steel jacket 90, can be selected from the same material 

as the anode, a different material meeting cell lining 

criteria or from a more conventional material. If liquid 

15 aluminum 92 is denser than the molten electrolyte 94, the 

bipolar stack is charged to make the upper surface of 

each element cathodic and the lower surface anodic. By 

providing a central vent, enchanced circulation of the 

electrolyte can be achieved as a consequence of the gas 

20 lift. If the liquid aluminum is less dense in the 

electrolyte, a vertical bipolar arrangement is preferred. 

In this case, both thg liquid aluminum and oxygen gas 
rise to the melt surface. The electrode elements also 

serve as semi-walls to'prevent the liquid aluminum from 

25 shorting the cathode to the anode. 

Although the discussion above has been limited to 

electrolytic cells and methods for producing aluminum 

metal from molten salts, the materials described herein. 

can also be employed in such cells and methods for. . . > .  

30 producing other netals. For example, the criteria 



employed herein to select materials for tfie anodes and 

cell linings of aluminum cells can also be applied to 

select materials suitable for the production of mag- 

nesium, neodymium or other metals. In these cases, the 

material selected must meet the same criteria except that 

5 these criteria are made specific to the metal to be 
produced rather than aluminum. Thus, the first criterion 
is that the material have a standard potential which is 

more electronegative than the metal to be produced under 

the operating conditions of the cell. The second'cri- 

1 G  terion is that the material have a positive standard free 
energy for the metal fluoride displacement with the metal 

to be.preduced at the operating temperature of the cell. 
- .  .. 

Equivalents 

15 Those skilled in the art will recognize or be able j ' 

to ascertain, using no more than routine experimentation, 8 

many equivalents to the specific embodiments of the 

invention described herein. Such equivalents are 

intended to be covered by the following appended claims. 







throyih interml tube. - - 



Abstract of the Disclosure 

Improved electrolytic cells and methods for pro- 

ducing aluminum by the electrolytic reduction of an 

aluminum compound dissolved in a molten fluoride 

electrolyte are disclosed. In the improved cells and 
methods, materials are employed for.both the cell anode 

and cell lining which, at the operating conditions of the 

cell: (a) have a standard potential more electronegative 

than aluminum; and (b) have a positive free energy for a 

metal fluoride displacement reaction with elemental 

aluminum. By saturating the molten electrolyte with 

these materials, electrolytic cells can be run without 

net consumption of the cell anodes or cell linings. Use 

of such materials for cell anodes and cell linings 

produces significant advantages over the pre'-baked carbon 

anodes and carbon cell linings presently employed in 

Hall-Heroult aluminum cells. 
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