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Reynolds Metals Co. Manufacturing Technology Laboratory and the Pacific 
Northwest Laboratory (PNL) conducted the first in a series of electrolysis 

tests with a prototype-scale cermet anode for the production of aluminum. 

The objective was to determine if an anode produced by a commercial vendor 
from components provided by PNL could survive in a test under conditions 
approximating those found in a commerci a1 el ectrolysis cell. 

The 15-cm-diameter by 20-cm-high anode was instrumented to collect 
volt/amp signatures for calculations that would provide information on 

simp1 ified anode control strategy. The anode was tested for 113.5 hours in 
a1 umina-saturated electrolyte with no major operational difficulties. 

A1 though an oxygen-evol ving electrode should have a higher decomposition 

voltage than a graphite anode, it appears that the cermet anode voltage drop 
and overpotential are considerably lower than anticipated. High levels of 
impurities (-8% near the end of the test) were picked up by the molten A1 in 
the cell. The cermet anode suffered corrosion, which resulted in a decrease 

of approximately 6 mm in the diameter of the anode. Frozen electrolyte and 
accumulated A1,0, appear to have protected the anode in the region of the 

anode-air-electrolyte interface. 

The test was conducted with several differences from the 20-h labora- 

tory-scale tests performed earlier at PNL. Further testing is currently 

under way at PNL in an attempt to determine which, if any, of these differ- 

ences may have contributed to the more extensive corrosion of the anode in 
the prototype-scal e test. 

i i i  
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1.0 INTRODUCTION 

Nonconsumable or inert anodes are being developed at the Pacific 
Northwest Laboratory (PNL) (a) for use in the electrolytic production of 
a1 uminum. A series of 1 aboratory tests on the 1 aboratory scale (Hart et a1 . 
1987; Strachan et a1 . 1989; Marschman 1989) has shown the technology to be 
potential ly feasible. A series of 1 arger-scale experiments are now being run 
to determine the viability of the technology on a commercial scale. 

The results reported here are from a test performed at the Reynolds 
Metals Company, Manufacturing Techno1 ogy Laboratory, Sheffield, A1 abama, 
using a prototype anode. The prototype anode was approximately 15 cm in 
diameter and 20 cm high (Figure 1.1). The objectives of the test were to 
determine if an anode, produced by a commercial vendor, could survive in a 
test under conditions approximating those found in a commercial electrolysis 
cell; to familiarize the Reynolds staff with the operation of such an anode 
in a subsequent pilot cell test of the inert anode technology; and to 
familiarize the PNL staff with the operations at the Reynolds Metals Company 
facility. 

The anode test was highly instrumented, more instrumented than an anode 
under projected normal use, to provide a means for gathering information 
beyond that collected using a laboratory electrolysis cell. Information was 
collected on the macroscopic and microscopic properties of the anode before 
and after the test. Also, during the test, volt/amp signatures were col- 
lected to perform calculations that would provide information, normally 
hidden, on the behavior of the anode in the cell. Such information could 
lead to improved and/or simplified control strategies for industrial 
electrolysis cell s. 

While this instrumented anode was approximately a factor of 40 more 
massive and had a factor of 10 larger surface area than the anodes studied 
earlier at PNL, several constraints were placed on the interpretation of the 

(a) Operated for the U.S. Department of Energy by Battell e Memori a1 
Institute under Contract DE-AC06-76RLO 1830. 
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FIGURE 1.1. Prototype Anode Prior to Testing and After Machining 

data from this cell because of the small size relative to a pilot cell. Some 

of these 1 imitations included the interpretation of the metal purities, anode 
corrosion, and cell control . The metal purities that wi 1 1  be discussed 1 ater 
are not be1 ieved to be representative of the purities that may result in a 
much 1 arger cell because of the high anode surface area-to-molten aluminum 
surface area. Anode corrosion may not be fully understood because the cell 
construction may have contributed to the observed corrosion. In a pilot cell 

facility, such interactions may not be present and may be more representative 

of an actual industri a1 cell. 

The test reported here is the result of a cooperative effort between 

Reynolds Metals Company and PNL. The test was begun at the Manufacturing 

Technology Laboratory on March 19, 1989, and ended on March 25, 1989. 

Several of the chemical analyses were performed at the Reynolds facility and 



some were performed a t  PNL. Some o f  the analyses performed a t  Reynolds were 

dupl icated a t  PNL. Pr inc ipa l l y ,  the pos t - tes t  e f f o r t s  a t  PNL centered on 

obtain ing a f u l l  understanding o f  the anode performance through sol  i d - s ta te  . 

analyses. 

Current and voltage data were also co l lec ted dur ing the t es t .  Analog 

current  and voltage s igna ls  were used t o  evaluate the s t a b i l i t y  o f  the 

operation o f  the prototype anode whi le  the t e s t  was being performed. D i g i t a l  

current  and voltage s igna ls  were analyzed a t  a l a t e r  date t o  determine 

whether d i g i t a l  s ignal  analysis (DSA) methodology could be used t o  monitor 

and cont ro l  a1 uminum smelt ing operations invo lv ing  i n e r t  anodes. The d i g i t a l  

signal data were analyzed by Dr .  Chrysostomos L. Nikias, Northeastern 

Univers i ty,  Boston, Massachusetts, under a subcontract w i t h  PNL. 





2.0 CONCLUSIONS 

The common goal shared by both t h e  i n d u s t r i a l  p a r t i c i p a n t s  i n  t h e  p ro to-  

type anode t e s t  and t h e  research and development s c i e n t i s t s  i s  t o  implement 

i n e r t  anode techno1 ogy and r e v i  t a l  i z e  the  a1 uminum smel t ing  business. I n  

p u r s u i t  o f  t h i s  common goal, however, t h e  two groups have separate se ts  o f  

i n t e r e s t s .  Therefore, t he  two d i f f e r e n t  perspect ives on t h e  outcome o f  t he  

t e s t  a re  discussed separate ly .  

INDUSTRIAL PERSPECTIVE 

From t h e  standpoint  o f  an aluminum producer such as Reynolds, t he  t e s t  

was found t o  be a  q u a l i f i e d  success. The i n e r t  anode met t h e  100-h t e s t  

c r i t e r i o n  desp i te  ser ious ma te r ia l  problems, bu t  t h e  anode i s  n o t  y e t  ready 

f o r  an i n d u s t r i a l  app l i ca t i on .  Fur ther  t e s t i n g  i s  requ i red  t o  more 

accura te ly  determine the  long- term performance o f  t h e  i n e r t  anode i n  com- 

merc ia l  c e l l s .  The i n d u s t r i a l  i n t e r e s t s  and conclus ions are  as fo l lows.  

Trans fer  o f  t h e  Anode from a  Preheatinq Furnace t o  t h e  Ce l l  

The pro to type anode was success fu l l y  t r a n s f e r r e d  w h i l e  ho t  from a  pre-  

heat ing  furnace t o  a  ho t  e l e c t r o l y t i c  c e l l .  Th is  was accomplished under t h e  

c o n t r o l l e d  cond i t i ons  o f  t he  l abo ra to ry .  Changing anodes i n  a  p i l o t  c e l l  

w i l l  be more d i f f i c u l t  and r e q u i r e  more d e t a i l e d  p lanning.  

Durab i l  i t v  o f  t h e  P r o t o t v ~ e  Anode 

The p ro to t ype  anode ma te r ia l  showed s igns o f  a t tack ,  bu t  i t  l a s t e d  w e l l  

over t h e  100-h t a r g e t  t ime f o r  use i n  t he  e l e c t r o l y t i c  c e l l .  A  major area o f  

concern i s  t h e  spa1 1  i n g  o f  t he  upper anode surfaces. Th is  may n o t  occur i n  

t he  p i l o t  c e l l  where the  upper p o r t i o n s  o f  t h e  anode are p red i c ted  t o  be 

w i t h i n  the  c o l d  cap ove r l y i ng  t h e  p i l o t  c e l l  e l e c t r o l y t e .  Other areas o f  

concern a re  t h e  apparent mismatch i n  t h e  c o e f f i c i e n t s  o f  thermal expansion, 

which i s  thought  t o  have caused the  cracks i n  t h e  anode, and t h e  apparent 

severe co r ros ion  o f  t h e  anode ma te r ia l .  



Cell Vol taqes with an Inert, Oxvqen- Evol vi nq Anode 

The major difference between the graphite and ferri te-based anode 

systems lies in the anode surface reaction, which is manifested in two ways: 
overvol tage and decomposition voltage. The overvol tage associ ated with the 

ferrite-based anode is considered to be minimal (<0.1 V versus an estimated 
0.46 V for the graphite anode at 120 amps), but the decomposition voltage is 

higher (2.22 V versus 1.19 V) for the oxygen-evolving inert anode. The volt- 
age drop associated with anode resistance is also smaller with the ferrite- 

based anode since it is a better electrical conductor than the graphite. 
Based on cell current scan measurements under simi 1 ar conditions, the graph- 
ite anode had a cell voltage of 3.781 V at 120 amps compared with 3.603 V for 
the ferrite anode. It should be noted that the inert anode may have been 
conducting current through a different path during its use and this may have 

affected the current scan data. Results indicate that the conduction path 

may have been shorter during the prototype anode portion of the test when the 
electrolyte voltage was measured, since the alumina liner appeared to have 

dissolved, thereby exposing the cathode side walls and yielding a slightly 

1 ower val ue for the cell voltage. Overall, the voltage associated with the 
inert anode seems to be very close to that currently associated with carbon 

electrodes. 

Contamination of the A1 Metal 

In this test, high levels of Cu, Fe, and Ni were picked up by the molten 
A1 in the cell. A total impurity level of -8% was found near the end of the 
test. This value may not be characteristic of operation in a normal 
commercial cell. Some of the impurities came from ferrite reference elec- 
trodes that fell into the metal pool. Additionally, the ratio of the mass of 
the anode to the mass of metal pool is not the same in the test cell as it 

would be in a commercial cell. The high ratio intensifies the tendency of 

the metal pool to pick up impurities. Although anode material was definitely 

lost to the system, the total contamination concentration observed is higher 

than would be expected in a commerci a1 cell . 



Effect of Evolvinq Oxvqen on Cell Com~onents 

As long as the electrolyte covered the graphite, there were no problems 
of attack on cell components. A test with a graphite rod showed that oxygen 

was not "carried" under the electrolyte surface. In a commercial cell, pro- 

visions may have to be made for the protection of the upper carbon side wall 

either by changing materials of construction, by maintaining a frozen crust 
of electrolyte as a protective cover, or by some other strategy. 

Contribution of the Anode Side Wall to the Overall Anode Current Density 

Examination of the voltage components before and after anode movements 

indicated that the submerged anode side walls were carrying a significant 
portion of the current. Post-test examination of the prototype anode also 
indicated that the side wall was carrying a significant portion of the 

current. At this point, the exact amount of current and the relationship 

between the side wall contribution and the bottom face contribution are not 
clearly known. Further work is needed in this area. 

MATERIALS RESEARCH PERSPECTIVE 

Complete microstructural and chemical analyses were completed on the 
cermet prototype anode that was used in the electrolysis test for 113 h. 
Interests and conclusions from a materials research perspective are as 

fol 1 ows . 
Amount of Corrosion 

The anode suffered corrosion, which resulted in a decrease of approxi- 
mately 6 mm in the diameter of the anode. A rind of oxidized cermet material 
was formed on the surface of the anode at various thicknesses. 

Analyses of the metallic phase as a function of depth to the interior of 
the anode from the oxidized rind suggested the types of changes the anode 
material underwent during polarization. To the interior of the anode from 

the surface rind was a zone o f  copper-colored material. Using x-ray diffrac- 

tion (XRD) and chemical analyses, it was concluded that the copper color 

resulted from selective oxidation of the Ni from the metallic phase in the 

cermet. A1 though it is not known at what percentage Cu a Cu/Ni alloy becomes 



copper-colored, Cu/Ni a l l o y s  below 70 mass% Cu are, 1 i ke t h e  s t a r t i n g  a l l o y  

i n  t h e  cermet, s i l v e r - c o l o r e d .  From t h e  XRD analyses, i t  was determined t h a t  

t h e  composit ion o f  t h e  metal1 i c  phase approached pure Cu i n  t h e  reg ions  where 

t h e  Cu c o l o r  ex is ted .  I t  i s  n o t  known i f  the  s e l e c t i v e  o x i d a t i o n  o f  t h e  Ni  

from t h e  Cu/Ni metal  phase i n  t he  cermet has any b e n e f i c i a l  e f f e c t  on o v e r a l l  

performance o f  t h e  anode o r  i f  a  pure Cu metal phase would enhance 

performance. 

Ox ida t ion  on t h e  Surface o f  t he  Anode 

Ox ida t ion  o f  t h e  cermet sur face above t h e  e l e c t r o l y t e  was ex tens ive  and 

probably r e s u l t e d  i n  some s p a l l i n g  o f  ma te r i a l  du r ing  t h e  t e s t .  The o x i -  

d a t i o n  r i n d  was t h i c k e s t  i n  t h i s  reg ion .  Resul ts  from XRD show t h a t  t h e  Cu 

was ox id i zed  t o  CuO. Copper and Ni  appeared t o  be s e l e c t i v e l y  v o l a t i l i z e d ,  

l e a v i n g  behind a  more Fe- r i ch  mater i  a1 . I r o n  a1 so was undoubtedly l o s t  f rom 

t h i s  reg ion .  

Below t h e  e l e c t r o l y t e ,  t h e  o x i d a t i o n  r i n d  on t h e  sur face o f  t h e  anode 

was approximately 3 mm t h i c k .  Resul ts  from XRD show t h a t  t h e  Cu was ox id i zed  

t o  Cu,O i n  t h i s  reg ion .  

I n  t h e  reg ion  o f  t h e  a n o d e- a i r - e l e c t r o l y t e  i n t e r f a c e ,  t h e  r i n d  o f  

ox id i zed  cermet and t h e  copper-colored zone were th innes t .  Frozen e l e c t r o -  

l y t e  and accumulated A1,0, appear t o  have p ro tec ted  t h e  anode, a c t i n g  as a  

b a r r i e r  t o  t h e  m i g r a t i n g  ox idant ,  a t  l e a s t  i n  t h e  reg ion  o f  t h e  anode-ai r-  

e l e c t r o l y t e  i n t e r f a c e .  

Possib le E x ~ l a n a t i o n s  f o r  Increased Amount o f  Corros ion 

I n  many o f  t h e  20-h t e s t s  performed a t  PNL t h e  anodes have s u f f e r e d  

l i t t l e  o r  no co r ros ion  (Har t  e t  a l .  1987; Strachan e t  a l .  1988, 1989). What 

caused the  d r a m a t i c a l l y  increased co r ros ion  i n  t h i s  t e s t  i s ,  a t  present,  

unce r ta in  . However, t he re  were several  d i f f e r e n c e s  between t h e  t e s t  as 

performed a t  t h e  Reynolds Metals Company and t h e  PNL t e s t s .  

One o f  t h e  pr imary d i f f e r e n c e s  was t h e  preheat ing  o f  t h e  anode before  

t e s t i n g .  I n  t h e  l a b o r a t o r y  t e s t s  a t  PNL, t h e  anodes were preheated a long 

w i t h  t h e  e l e c t r o l y s i s  c e l l .  A t  Reynolds, t h e  anode was preheated i n  a  box 



furnace separate from the  e l e c t r o l y s i s  c e l l  . This approach was taken because 

a  g raph i te  anode was t o  be used before us ing  the  cermet anode. 

Another d i f f e r e n c e  was the  presence o f  SiO, i n  t he  e l e c t r o l y t e .  A t  PNL 

t h e  top  o f  t he  e l e c t r o l y s i s  c e l l s  are l o o s e l y  covered w i t h  boron n i t r i d e  

p l a t e s  o r  o ther  i n s u l a t i n g  board. Dur ing the  t e s t  a t  Reynolds, a  ceramic 

f iber-based ma te r ia l  was used t o  i n s u l a t e  the  top  o f  t he  furnace. When the  

c e l l  l i d  was opened t o  remove samples from the  c e l l  o r  t o  inspect  t he  anode 

and environment, i n v a r i a b l y  some o f  t h i s  i n s u l a t i o n  f e l l  i n t o  the  c e l l .  

Ear l  i e r  work (Weyand e t  a1 . 1986) suggested t h a t  t he  presence o f  d isso lved 

SiO, i n  t he  e l e c t r o l y t e  was de le te r i ous  t o  anode performance. A1 though S i  

was found i n  the  e l e c t r o l y t e  samples taken du r ing  the  t e s t ,  i t  i s  uncer ta in  

i f  s u f f i c i e n t  SiO, was present i n  the  e l e c t r o l y t e  t o  enhance anode cor ros ion .  

Surface t reatment  was a l so  suggested as a  poss ib le  cause o f  cor ros ion .  

When the  anode was manufactured, i n s u f f i c i e n t  0, was present  du r ing  the  

s i n t e r i n g  process. Th is  produced a  t h i n  r i n d  o f  ma te r i a l  on t h e  sur face o f  

t h e  anode which was removed us ing  a  diamond g r i n d i n g  wheel. During the  labo-  

r a t o r y  t e s t i n g  o f  cermet anodes, several anodes were reshaped a f t e r  s i n t e r i n g  

(Marschman 1989). These anodes e x h i b i t e d  1  i ttl e  o r  no cor ros ion  i n  20-h 

t e s t s  and y i e l d e d  metal o f  exce l l en t  qua1 i t y .  Therefore, i t  seems u n l i k e l y  

t h a t  the  process o f  sur face t reatment  i .e., g r ind ing ,  con t r i bu ted  t o  t h e  

enhanced co r ros ion  observed i n  t h i s  t e s t .  Results from the  XRD and chemical 

analyses i n d i c a t e  t h a t  t he  ma te r ia l  was e s s e n t i a l l y  t he  same as t h a t  used i n  

t he  1  aboratory t e s t s .  However, t he  e l  e c t r i  ca l  c o n d u c t i v i t y  o f  t he  anode 

tes ted  was s l i g h t l y  d i f f e r e n t ,  suggest ing some d i f f e rences  may have ex is ted .  

Fur ther  t e s t i n g  i s  c u r r e n t l y  under way a t  PNL i n  an attempt t o  determine 

which o f  t h e  above f a c t o r s  a f f e c t  anode cor ros ion .  These t e s t s  w i l l  be com- 

p l e t e d  before a  p i l o t - s c a l e  t e s t  o f  t he  cermet anodes i s  performed so t h a t  

changes i n  t h e  t e s t  procedures can be made and/or ma te r i a l s  problems iden-  

t i f i e d  and solved. 





3.0 EXPERIMENTAL METHODS AND EQUIPMENT 

This sect ion describes the anode and e l e c t r o l y s i s  c e l l ,  along w i t h  the 

chemical and sol  i d - s ta te  analyses conducted dur ing and a f t e r  the experiments, 

and the s ignal  moni tor ing methods. 

3.1 ANODE 

The anode used i n  t h i s  t e s t  was produced a t  Cercom, Inc., Vista, 

Ca l i fo rn ia ,  according t o  a rec ipe used a t  PNL and modif ied t o  take i n t o  

account the la rge  s ize o f  t h i s  anode r e l a t i v e  t o  the s ize o f  the laboratory-  

scale anodes. The powders f o r  t h i s  anode were suppl ied by PNL and were the 

same powders used i n  making the laboratory-scale anodes. A f t e r  the anode was 

produced, i t  was sent t o  PNL f o r  nondestruct ive t es t i ng  and then sent t o  the 

Reynolds f a c i l i t y  i n  She f f i e l d  where i t  was assembled and tested. 

3.1.1 Anode Construct ion 

Powders cons is t ing o f  a spray-dried f e r r i t e  powder (designated 5324 and 

produced f o r  PNL a t  Stackpol e Carbon, Pit tsburgh, Pennsylvania) and separate 

f i n e  Cu powder (Cerac Inc., Milwaukee, Wisconsin) were sent t o  Cercom t o  be 

blended and s in tered i n t o  anodes. The 5324 powder had a nominal composition 

o f  51.7 mass% N i O  and 48.3 mass% Fe,O, . The 5324 powder was then blended 

w i t h  very f i n e  Cu powder, 83 mass% 5324 and 17 mass% Cu. This powder blend 

was then loaded i n t o  an i s o s t a t i c  press mold and pressed a t  170 MPa 

(25000 ps i ) .  The green anode was s in tered i n  an i n t e r n a l l y  heated, S i c  

heating element furnace. The oxygen l eve l  was cont ro l  l e d  a t  the entrance and 

monitored a t  the entrance and the e x i t  t o  the furnace t o  obtain the co r rec t  

s i n te r i ng  atmosphere. 

Several runs were conducted, inc lud ing one i n  which a f u l l  - s ized anode 

was made, before the prototype anode was ac tua l l y  produced. Small samples 

were included i n  the ea r l y  s i n te r i ng '  runs, which were sectioned and examined 

t o  determine i f  the s i n te r i ng  condi t ions were y i e l d i n g  a good product. A 

po r t i on  o f  the r i m  o f  the f i n a l  anode was removed f o r  l a t e r  examination. I n  

a l l  cases, inc lud ing the f i n a l  s i n te r i ng  run, the oxygen content i n  the 

furnace was too low dur ing a l l  o r  pa r t  o f  the s i n te r i ng  cycle. The low 



oxygen content yielded an area a t  t he  surface of the  f ina l  anode t h a t  needed 

t o  be removed by machining with a diamond-impregnated wheel. Anodes had been 

machined before use during the  laboratory t e s t i ng ,  and enhanced corrosion was 

not a problem (Marschman 1989). The appearance of the anode once the  surface 

had been ground can be seen in Figure 1.1. 

3.1.2 Pre-Test Characterization 

The anode as  received from Cercom was examined nondestructively using 

x-ray radiography. The detection l im i t  using t h i s  technique a re  flaws 

(cracks,  voids, e t c )  about 1 mm i n  s i z e .  Reproductions of t he  radiographs 

are  not shown here because of the poor photographic qual i ty .  

When the  anode arrived a t  PNL, the  hole fo r  the  e l ec t r i c a l  connection in 

the  bottom-center of the  anode was not s t r a i g h t ,  which would have caused the  

nickel rod used f o r  the  connection t o  the  e l ec t r i c a l  bus t o  be a t  an angle 

r e l a t i v e  t o  the  anode support and t o  the  working face of the  anode. To 

correct  the  angle of the  connecting nickel rod the  hole was d r i l l e d  l a rge r ,  

tapped, and a nickel bushing inserted t o  center and s t ra ighten the  nickel 

rod. 

Potent ia l ly ,  the  large  anode could have been d i f f e r en t  from those 

produced in the  laboratory because the  atmosphere could not be controlled in 

the  l a rge  furnace a t  Cercom as  i t  could be in the  laboratory furnace. I t  was 

observed t h a t  t o  obtain approximately 200 ppm 0, in the  Ar gas a t  the  ou t l e t  

of the  large  furnace, more than 5500 ppm 0, was needed a t  the  i n l e t .  High 0, 

losses  in the  furnace were noted even without any anode material present.  I t  

was uncertain what e f f e c t  t h i s  had on the  overall propert ies of t he  l a rge  

anode, but the  piece cut from the  top rim of the  anode c l ea r ly  indicated the  

presence of a metal-rich r ind (Figure 3 .1) .  This rind was removed during the  

surface grinding mentioned above. The f ina l  dimensions fo r  t he  anode were 

14.9 cm in diameter and 20 cm high. The anode had a mass of 11.959 kg. 

Examination of t he  sample taken from the  rim of the  anode indicated t h a t  

NiO had been reduced t o  Ni. Under examination in the  scanning e lect ron 

microscope (SEM), the  amount of NiO present in the  affected area of the  

cermet was l e s s  than t ha t  found in the  cermet immediately adjacent t o  the  

r ind.  There was a l so  evidence t ha t  the  Ni content of the  f e r r i t e  phase 



FIGURE 3.1. Top Rim of Anode 

(NiFe,04) was greater in the rind than interior to the anode. This phase is 
known to have a variable stoichiometry and can accommodate more Ni . The 
chemical formula for this phase should more properly be written as 

NiXFe,_,O4. These phases all have the spinel structure. However, in this 
report the ideal stoichiometry (NiFe,04) is used. An increase in porosity 
was also noted in the rind (Figure 3.1). 

3.2 ELECTROLYSIS CELL 

3.2.1 Cell Construction 

Under the operating conditions of the 1 aboratory test, the cell would 
not be thermally self-sustaining. Therefore, the test was conducted in an 
electrically heated furnace. The 1 argest suitable furnace at the Reynolds 
facility had a minimum cross-sectional dimension of 48 cm. This constraint 
and the diameter of the anode defined the size of the containing crucible and 

most of the other test components. 

A schematic of the test cell is shown in Figure 3.2. The graphite 
crucible had an outside diameter of 38 cm and an inside diameter of 24.8 cm. 





The bottom of the graphite crucible had a ledge upon which the alumina l ine r  
rested and had a spherical shape to  minimize thermally induced s tresses  
during heat-up. The spherical shape also served as a location t o  which cel l  
muck could s e t t l e  during the t e s t .  

The alumina l ine r  had a nominal internal diameter of 23 cm and a nominal 
wall thickness of 6 mm. The 1 iner was 25 cm in height. The upper portion of 
the l i n e r  prevented the oxygen tha t  was generated a t  the anode from coming 
into contact with the graphite crucible or the furnace in ter ior .  An alumina 
plate with various access holes was placed on t o p  of the alumina 1 iner t o  
reduce thermal and vapor 1 osses during cell  operation. 

Two 316 s tainless  s teel  collector rods, 2.5 cm in diameter, were used 
fo r  e lec t r ica l  connection t o  the cathode crucible. These rods were threaded 
into the upper surface of the crucible opposite each other. The upper ends 
of the rods were connected by an anode hanger constructed from a 5 cm by 
12 mm s teel  bar. In addition t o  supporting the anode assembly, t h i s  bar was 
used t o  ra i se  and lower the en t i re  crucible assembly into the furnace. Elec- 
t r i c a l  connections were made to  both cathode rods t o  ensure good current 
dis t r ibut ion to  the c e l l .  The cathode was also d r i l l ed  for  a thermocouple so 
tha t  the temperature could be monitored continuously. 

The cel l  assembly was placed in a Sic heating element furnace. The 
volume above the upper edge of the crucible and extending t o  the furnace wall 
was f i l l e d  with fibrous a1 umi nosil icate  wool boards (Figure 3.2). These 
boards acted as thermal insulators as well as barriers to  minimize i n f i l -  
t ra t ion  of atmospheric oxygen. Additionally, the lower furnace cavity was 
purged with industrial-grade argon a t  a r a t e  of 510 t o  1020 standard m3/s 
(5  t o  10 SCFH) to  retard the oxidation of the Inconele outer crucible. A 
separate argon purge l ine  provided argon t o  the anode area of the cel l  t o  
reduce the oxygen part ia l  pressure. The crucible was coated with a boron 
n i t r ide  paint t o  further retard surface reactions. The upper surface of the 
furnace was covered with lightweight, high insulating f i r e  brick as a final 

Q Inconel i s  a registered trademark of Huntington Alloys (INCO Alloys 
International ) , Huntington, West Virginia. 

3.5 



i n s u l a t i n g  b a r r i e r .  These b r i c k s  cou ld  be removed from t h e  area over  t h e  

c r u c i b l e  i n t e r i o r  so t h a t  measurements and samples could be taken. 

A 3.2 cm I D  alumina tube was s l i pped  over the  Ni  r o d  at tached t o  t h e  

cermet anode t o  minimize cor ros ion  o f  t h e  N i  rod. The thermocouple, anode 

tap, and connector tap  w i res  were a1 so threaded through t h e  alumina sleeve. 
Th is  p r o t e c t i v e  sleeve protruded above the  top  o f  t h e  furnace. The n i c k e l  

rod  was i n s u l a t e d  from t h e  anode hanger bar  and t h e  cathode connect ions by a 

boron n i t r i d e  i n s u l a t i n g  r i n g .  

The w i r i n g  diagram f o r  t h e  power supply t o  the  c e l l  i s  shown i n  F ig -  

ure 3.3. A 200 A, 20 V power supply was used (Model 6453A, Hewlett-Packard, 

Hun tsv i l l e ,  Alabama). The system vo l tage was measured a t  t h e  power supply 

backplane. The bus cable was b o l t e d  t o  t h e  c e l l  leads and was made o f  heavy 

gauge copper welding cables w i t h  crimped r i n g  connections. A shunt was used 

t o  measure c e l l  cur rent ;  t he  s igna l  ou tput  was 100 mV f o r  200 A. 

3.2.2 Moni to r inq  Eau i~ment  

A Dor ic  da ta  logg ing system (Model D i g i t r e n d  235, Dor i c  Corp., San 

Di  ego, CA) was used t o  record  t h e  c e l l  vo l  tage; c e l l  cur rent ;  and cathode, 

anode, c e l l ,  and anode connector temperatures. These data  were then down- 

loaded t o  a computer (Compaq Por tab le  386, Compaq Computer Corp, Houston, 

Texas) once every minute where t h e  data  were s tored on a f l oppy  d i s k  f o r  

l a t e r  r e t r i e v a l .  A l l  data a c q u i s i t i o n  equipment was c a l i b r a t e d  t o  Reynolds 

Metal s Company Qua1 i t y  Assurance standards. 

3.2.3 Ce l l  O ~ e r a t i o n  

The c e l l  was f i r s t  operated w i t h  a g raph i te  anode so t h a t  personnel 

could become f a m i l i a r  w i t h  t h e  opera t ion  o f  t h i s  c e l l ,  work ou t  any opera- 

t i o n a l  id iosyncras ies ,  and have a bas is  f o r  comparison o f  t h e  two anodes. 

During t h i s  t ime, t h e  e l e c t r o l y t e  composit ion was adjusted, and sampling 

procedures and schedules were def ined. During each s h i f t ,  t h e  personnel had 

t o  c o l l e c t  da ta  n o t  gathered by t h e  data  logg ing system o r  had t o  main ta in  

t h e  c e l l  i n  a s t a b l e  opera t ing  mode. These tasks and t h e  frequency a t  which 

they were performed are out1 ined i n  Table 3.1. A l l  p rob ing o f  t h e  c e l l  was 
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TABLE 3.1. Shi f t  Tasks 

Interval s 

Hour1 y 

Every 4 Hours 

Log cel l  voltage, cel l  current,  
cell  temperatures total  amp-hours. 
Check cell  fo r  muck and add appropriate 
amount of alumina. 
Check argon cyl i nders . 
Measure anode immersion depth. 
Measure anode-to-cathode distance. 
Make additions t o  electrolyte  i f  necessary. 
Measure electrolyte  temperature. 
Col 1 ect  metal and el ectrolyte  samples. 

Every 8 Hours Measure bath r a t i o  by pyro t i t r a t i o n .  
Conduct amp-vol tage scan. 
Measure individual cel l  vol tage components. 

conducted with molybdenum, tungsten, or graphite tools t o  minimize contami- 
nation of the e lec t ro ly te  and metal with impurities common t o  the anode. 
Target conditions (Table 3.2) were se t  for  the operation of both the carbon 
and iner t  anodes and, generally, these conditions were the same. 

The major difference in operational procedure between the two anodes was 
in the ce l l  current.  The iner t  anode was to  be operated a t  a current density 
no higher than 0.5 ~/cm' for s tabi l  i t y  reasons. A graphite anode can be 
operated a t  very high current densi t ies  with l i t t l e  problem. Current density 
was used t o  calculate  the total  cell  current. A d i f f i cu l ty  arose when the 
calculation of the to ta l  current was attempted because a current flux must be 
ascribed t o  the s ide walls of the anode. Depending on how much of the cur- 
rent flows through the side walls (long path to  the cathode) and the bottom 
(short  path t o  the cathode) of the anode, the target  current density could be 
exceeded. Two extreme cases for  current dis t r ibut ion were considered: the 
side wall s carried no current, or the side walls carried the same current as 

the bottom face. Obviously, the real current dis t r ibut ion was between these 
two extremes. For the conditions of operation present in t h i s  c e l l ,  the area 
of the s ide walls was 33% larger than the area of the bottom face. Conse- 

quently, the contribution of the side walls t o  the to ta l  current made a large 
difference in the calculation of total  cel l  current. 



TABLE 3.2. Target Operat ing Condi t ions 

Parameter 

Bath Ra t io  

%CaF2 

2 '3 

Current 

ACD 

Immersion 
Depth 

Graphite 
Anode 

5.0 

To anode e f f e c t ,  
then sa tura ted  

F e r r i t e  
Anode 

1.35 

5.0 

Saturated 

As s p e c i f i e d  
by PNL 

>7.5 cm 

5  cm 

One way t o  c a l c u l a t e  t h e  cu r ren t  d i s t r i b u t i o n  i s  by modeling t h e  c e l l  

geometry and e l e c t r o l y t e  conduc t i v i t y .  Th i s  t ype  o f  c a l  cu l  a t i o n  was c a r r i e d  

ou t  by D r .  Uz ie l  Landau, Case Western Reserve Un ive rs i t y ,  Cleveland, Ohio. 

H i s  c a l c u l a t i o n s  showed tha t ,  compared w i t h  t h e  f l a t t e r  sect ions o f  t h e  

anode, sharp corners w i l l  e x h i b i t  a  s i g n i f i c a n t l y  l a r g e r  cu r ren t  dens i t y  

w h i l e  rounder corners w i  11 no t .  A1 so, compared w i t h  t h e  f l  at-bottomed 

surface, t he  e lec t rode  s ide  w a l l s  w i l l  c a r r y  very  1  i t t l e  cur ren t .  While t he  

f i r s t  concl u s i  on was supported by pa t te rns  o f  anode cor ros ion  observed i n  

l a b o r a t o r y  tes ts ,  t he  second was a t  var iance w i t h  some o f  t he  PNL labo ra to ry  

t e s t s ,  which have shown a  dependence o f  c u r r e n t  d e n s i t y  on the  depth o f  anode 

immersion and hence on the  s ide-wal l  sur face  area. For t h i s  reason, another 

approach was taken t o  determine the  s ide-wal l  c o n t r i b u t i o n  t o  t h e  t o t a l  

cu r ren t .  

I n  t h e  PNL approach, t h e  two sur face types on t h e  c y l  i n d r i c a l  anode, t he  

f la t - bo t tomed sur face and t h e  s ide  wa l ls ,  were associated w i t h  t h e i r  own 

independent p o r t i o n s  o f  t h e  c e l l  cu r ren t .  The p o r t i o n s  were modeled by two 

r e s i s t o r s  i n  para1 1  e l  . Th is  approach, whi 1  e  approximate, y i e l d e d  c a l  cu l  a ted 

c u r r e n t  d e n s i t y  values t h a t  were more cons i s ten t  w i t h  observed anode 

behavior.  

A f t e r  t he  c r u c i b l e  was pos i t i oned  i n  t h e  furnace and sealed i n  p lace  

w i t h  r e f r a c t o r y  board, a  t o t a l  o f  4.700 kg o f  A1 metal were added t o  make the  



metal cathode poo l .  The A1 was spher ica l  shot  w i t h  an o v e r a l l  p u r i t y  o f  

99.75%. The t r a c e  i m p u r i t i e s  i n  t he  A1 are shown i n  Table 3.3. The a d d i t i o n  

o f  4.700 kg o f  metal created a  pool t h a t  f i l l e d  t h e  curved p o r t i o n  o f  t he  

c r u c i b l e  and t h e  bottom 3.2 cm o f  t h e  alumina l i n e r .  

A  cry01 i te-based e l e c t r o l y t e  was made t o  have a  bath r a t i o  o f  1.35, 

5% CaF, , and 8% A1,03. An i n d u s t r i a l  e l e c t r o l y t e  was used as t h e  base 

m a t e r i a l  t o  which a d d i t i o n a l  CaF, and NaF were added t o  a d j u s t  t h e  chemist ry .  

The ac tua l  concent ra t ion  o f  alumina i n  t he  e l e c t r o l y t e  was h igher  than t h e  

t a r g e t  o f  8% because o f  abnormally h igh  amounts o f  Al,03 i n  t h e  i n d u s t r i a l  

e l e c t r o l y t e .  The t r a c e  i m p u r i t i e s  i n  t h e  e l e c t r o l y t e  are a l so  shown i n  

Table 3.3. A  t o t a l  o f  11.950 kg o f  s y n t h e t i c  e l e c t r o l y t e  were added t o  t h e  

c r u c i  b l  e. This  wei cjht o f  molten e l e c t r o l y t e  should have r e s u l  t e d  i n  an 

e l e c t r o l y t e  pool 13 cm deep. 

The furnace was heated according t o  t h e  heat ing  schedule shown i n  F ig -  

ure  3.4. Slow heat ing  was used t o  minimize t h e  chances f o r  thermal c rack ing  

o f  t he  A1203 l i n e r .  At  no t ime d i d  t h e  furnace heat ing  r a t e  exceed 50°C per  

hour. I n i t i a l l y ,  t he  furnace temperature was s e t  t o  1010°C t o  m e l t  t h e  

e l e c t r o l y t e ,  and was then lowered t o  the  opera t ing  temperature, 970°C. Once 

t h e  e l e c t r o l y t e  was molten, a  bath sample was c o l l e c t e d  f o r  r a t i o  ana lys is .  

The bath r a t i o  was r a i s e d  t o  1.35 by the  a d d i t i o n  o f  NaF. 

TABLE 3.3. I m p u r i t i e s  o f  Test Const i tuents 

%Fe %Cu %N i 
A1 umi num Metal 0.365 0.0018 0.0039 

A1 umi na 0.0044 t O . O O O 1  0.0006 

E l e c t r o l y t e  0.063 0.0031 0.0001 

Graphi te Cruc ib le  0.0409 t o .  0001 0.0017 

P i  1  o t  Ce l l  E l  e c t r o l y t e  0.019 0.0004 0.0007 



.FIGURE 3.4. Furnace Preheat Cycle 
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3.2.4 Inert Anode Preheat and Transfer 

0 

During the time the graphite anode was being used to break in the new 

cell, the inert anode was heated in air in a box furnace. The temperature in 
the furnace was manually adjusted so that the temperature increased at or 

1 ess than 50 'C/h. When transferred to the electrolysis cell, the cermet 
anode temperature was 937 "C. 

Finite element analyses and previous experience with a large cermet 
anode suggested that the transfer must be done rapidly and with a minimum 
exposure to ambient temperatures. So that thermal shock could be minimized, 
a metal shroud was constructed from two coaxial metal tubes. The inner tube 
was welded to the outer tube using a donut-shaped plate. The annulus between 
the tubes was filled with insulating batting. This arrangement was split 

length-wise to make a clamshell-type device. With the clamshell closed, the 

inert anode was hoisted from the furnace into the insulated can. The can and 

anode were rapidly carried to the electrolysis cell where the anode was 

lowered into the hot zone of the furnace. The clamshell can was removed, and 
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the el ec t r i  cal connections and support connections were establ i shed. No 
evidence was found tha t  t h i s  t ransfer  had caused any cracks t o  form in the 

anode, although a crack was noted some time into the electrolysis  experiment. 

Siqnal Monitorinq 

Several types of sensor and instrument combinations were used t o  monitor 
current and voltage signals for  online and post- test  evaluations conducted by 
PNL. The data for  PNL work included digi tal  current and voltage, analog data 
obtained with s t r i p  chart recorders, reference anode data, and data fo r  
current density cal cul ations. 

Diqital Siqnal Data 

Digital signal data for  DSA, obtained during the t e s t ,  consisted of the 
following: 

A. cel l  current 
B. cel l  voltage from t o p  of working anode stem t o  cathode 
C.  cel l  voltage from inner surface of working anode t o  cathode 

D. voltage from reference anode t o  cathode. 

The measurements were made using the instruments and sensors assembly shown 
in Figure 3.5. An IBM A76 PC was used with the Rapid Systems, Inc., Seat t le ,  
Washington, R360 Real Time Spectrum Analyzer software for  data acquisition, 
control, and storage. The Spectrum Analyzer consisted of an R300 Digital 
Signal Processing (DSP) interface board and a 4x4 Digital Oscilloscope 
Peripheral . Inputs t o  the 4x4 incl uded the cel l  current ( A )  collected across 
a transducer in the working anode stem; the cel l  voltage from the t o p  of the 
working anode step t o  the cathode (B); the cel l  voltage from the inner 
surface of the working anode t o  the cathode (C); and the voltage from the 
reference anode to  the cathode (D). 

The reference anode was an electrode with the same composition as the 
prototype anode but of smaller dimensions, with a length of 6.4 cm and a 
diameter of 1.9 cm. This electrode was used as a reference against which the. 
potential of the prototype anode was measured. Key to  the success of t h i s  

' International Business Machines, Armonk, New York. 
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FIGURE 3 . 5 .  Sensor and Instrument Assembly for Digital 
Signal Measurement 

procedure was the stability of the reference anode. To keep it from cor- 

roding, a small anodic current was passed through it throughout the test. 

The data were collected in the form of sets of digital signals of items 
A through D recorded at selected times during the test. Each set of data 

consisted of 2048 sequential signals collected over a period of 0.4 s (5 kHz 
sampling frequency). During this short period of data collection, the cell 
operating conditions, including temperature and bath composition, were 

assumed to be constant. 

The digital signal data were stored as files on 1.2 MB magnetic disks. 
The cell operating conditions at the approximate times each set of data were 

collected are given for these files in Table 3.4. The digital signal data 

were forwarded for analysis to Dr. C. L. Ni kias on May 26, 1989. 



TABLE 3.4. Descriptions of Conditions at Data Col lection Times 

File Date Time Tenp. Volts Anps B.R. XAL2C$ - - - - - - - 
N I KRSAT 3/20/89 22.35 973% 3.69 120.6 1.45 8.03 
6-9 

N I KRSA 3/21 10.38 992 3.50 120.7 1.35 7 
20-22 

N I KRSA 3/21 17.01 980 3.45 120.7 1.34 7.91 
23-25 

N I KRSA 3/2 1 19.55 979 3.65 139.5 1.32 7.59 
27-29 

NIKRSA 3/22 11.29 972 3.57 121.5 1.28 7.53 
30-32 

N I KRSA 3/22 19.18 981 3.52 120.5 1.27 7.55 
3A-3B 

NIKRSA 3/23 8.24 989 3.53 120.4 1.26 7.77 
40-42 

NIKRSA 3/23 10.27 985 2.96 120.5 1.26 9.43 
43-45 

NIKRSA 3/23 14.50 989 3.68 120.4 1.26 9.11 
46-48 

NIKRSA 3/23 19.15 ---  --- - - - 1.32 8.46 
49-48 

NIKRSA 3/24 10.15 ---  3.68 120.6 1.28 8.68 
50-52 

N I KRSA 3/24 13.40 982 3.75 120.4 --- 7.93 
56-58 

NIKRSA 3/24 18.50 987 3.25 119.5 1.29 8.75 
59-58 

NIKRSA 3/24 19.50 983 3.89 --- - - - 7.6 
5Y-5W 

N I KRSA 3/24 22.45 974 3.89 119.4 --- 7.83 
5E-5G 

NIKRSA 3/24 23.45 - - - 3.85 119.4 1.26 8.93 
6A-6B 

N I KRSA 3/24 8.12 987 3.95 119.7 --- 8.01 
61 -62 

N I KRSA 3/24 9.16 952 - - -  - - -  --- 8.18 



Other D iq i  t a l  Data 

I n  add i t i on  t o  data co l lec ted  f o r  Dr. Ni kias, o ther  d i g i t a l  s igna l  data 

were analyzed i n '  various ways t o  determine, i n  pa r t i cu l a r ,  the  va r ia t ions  o f  

cur rent  and vol tage over longer t ime durat ions than those appropr iate f o r  

standard DSA. The same instrumentat ion described above was used t o  c o l l e c t  

these add i t iona l  d i g i t a l  s ignal  data. Most o f  these add i t i ona l  data showed 

1 i t t l e ,  if any, v a r i a t i o n  w i t h  time, and there fore  resembled the DC current .  

Reference Electrode Data 

Four reference electrodes were constructed using the method o f  Burgman, 

Le is t ra ,  and Sides (1986). Only one o f  the electrodes was used t o  measure 

the voltage drops w i t h i n  the c e l l  . A1 though some vol tage measurements were 

made, there  was s u f f i c i e n t  uncer ta in ty  i n  the p o s i t i o n  o f  the probe w i t h  

respect t o  the anode and cathode t h a t  the  numbers have on ly  marginal meaning. 

The s ing le  po in t  voltages made w i t h  the reference electrode were +450 mV w i t h  

respect t o  the cathode and -278 mV w i t h  respect t o  the  anode. 

Anal oq Data 

S t r i p  char t  recorders were used t o  monitor c e r t a i n  c e l l  operat ing 

condit ions: 

R1. c e l l  voltage 
R2. vol tage from working anode t o  reference anode 
R3. cur rent  through the reference anode 
R4. r oo t  mean square (RMS) vol  tage. 

The recorders were connected t o  the prototype anode and t e s t  c e l l  as shown i n  

Figure 3.6. 

3.3 CHEMICAL ANALYSES 

3.3.1 Bath Rat io 

The bath r a t i o  ( i  .e., the weight r a t i o  o f  NaF/AlF,) was determined f o r  

e l e c t r o l y t e  samples. This r a t i o  was determined by g r ind ing  a sample o f  

e l e c t r o l y t e  t o  a f i n e  powder (<lo0 mesh), weighing out  8 g, mel t ing  i t  i n  a 

p lat inum c ruc i b l e  a t  l l O O ° C ,  and t i t r a t i n g  t o  a phenolphthalein end po in t  

using " s ing le  po in t  r a t i o  tab le ts . "  Single po in t  r a t i o  t a b l e t s  contain 28 mg 
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FIGURE 3.6. S t r ip  Chart Recorder Arrangement 

NaF and 22 mg NaC1. These tab le ts  were added one or more a t  a  time t o  the 

molten sample of the electrolyte ,  which was then s t i r r ed  with a  platinum 
wire. After complete mixing, a  bead of frozen electrolyte  was formed on the 
platinum wire by f i r s t  cooling the wire in a i r  and dipping i t  in the molten 
e lec t ro ly te  three times with cooling between each time. The bead of frozen 
e lec t ro ly te  was then br ief ly  cooled in a i r  and dipped into d i s t i l l e d  water. 
A couple of drops of phenolphthalein solution were then added t o  the moist 
bead. A f a i n t  pink color on the bead a f t e r  adding the phenolphthalein solu- 
t ion signified tha t  the end point had been reached. The bath r a t i o  was 
obtained from a tab le  tha t  gave the bath r a t i o  corresponding t o  the number of 
t ab le t s  added t o  an 8-9 sample. The values in t h i s  table  were based on the 
equation : 



where A  = W,/W, 

W, = the mass o f  NaF added t o  the sample (need t o  take the p u r i t y  o f  
the NaF i n t o  account) 

W, = the mass o f  the e l e c t r o l y t e  sample (8 g  i n  t h i s  case) 

C = the f r a c t i o n  o f  NaF + the f r a c t i o n  o f  AlF, i n  a  standard 
e l e c t r o l y t e  (0.84 i n  t h i s  case). 

3.3.2 A1 umi na Anal vses 

Alumina analyses were performed on many o f  the  e l e c t r o l y t e  samples t o  

determine the feed r a t e  f o r  the c e l l .  Dissolved alumina i n  the c r y o l i t e  was 

determined grav imet r i  ca l  l y  by d isso lv ing  1 g  o f  f i n e l y  powdered e l e c t r o l y t e  

i n  50 mL o f  a  saturated A1 C1, so l u t i on  (30 mass%). This so lu t ion  was a l l  owed 

t o  b o i l  f o r  10 min and then qu i ck l y  f i l t e r e d  through Whatman No. 4  ashless 

f i l t e r  paper contain ing a  small amount o f  f i l t e r  a id.  A f t e r  the so l u t i on  had 

been f i l t e r e d ,  the s o l i d  and f i l t e r  paper were ex tens ive ly  washed w i t h  hot  

(near ly  bo i l i ng )  demineralized water u n t i l  the  f i l t r a t e  tes ted neut ra l  t o  

l i tmus  and y ie lded  no p r e c i p i t a t e  when tes ted w i t h  0.1 M AgN4. The washed 

f i l t e r  paper contain ing the res idua l  Al,O, was ashed and then f i r e d  a t  1000°C 

f o r  a  minimum o f  15 min i n  a  tared and covered plat inum cruc ib le .  A f t e r  fir- 

ing, the res idua l  mater ia l  was allowed t o  cool i n  a  desiccator  f o r  15 min and 

weighed. 

3.3.3 Trace Element Anal vses 

One-gram samples o f  f i n e l y  ground e l e c t r o l y t e  were dissolved i n  boi  1  i n g  

6 M HC1. This so lu t ion  was d i l u t e d  t o  100 mL w i t h  demineralized water, and 

the t race  elements were determined using an i nduc t i ve l y  coupled plasma spec- 

trometer (ICP). At  PNL, any mater ia l  t h a t  remained undissolved was f i l t e r e d  

from the so lu t ion  and the so l i ds  fused w i t h  Na,O, i n  a  Zr  c ruc ib le .  This 

fusate was then dissolved i n  HC1 and the r e s u l t i n g  so l u t i on  quan t i f i ed  using 

the ICP. 

A1 uminum metal sampl es were cleaned using a  combination o f  NaOH, HC1, 

and HNO, i n  succession. A  sample weighing approximately 1 g  was weighed and 

dissolved i n  about 50 mL o f  6 M HC1 t o  which about 5  mL o f  concentrated HNO, 



had been added. The HN03 was needed because any impurities in the metal 
tended not to dissolve in the HC1. The resulting solution was diluted with 

demineral ized water to 100 mL and was quantified using the ICP. Any undis- 

solved material remaining after acid dissolution was filtered from the solu- 
tion and fused with Na,O, for subsequent quantification in the ICP. 

3.3.4 Calcium Content of the Electrolvte 

The calcium content of the electrolyte was determined for all of the 

electrolyte samples. Cal ci um was determined in the el ectrolyte samples at 

PNL using the ICP as described above, but was determined using a titration 
method at Reynolds Metals Company. In the titration method, a 1-g sample was 
dissolved in 6 M HC1 and boiled for 10 min. The pH was adjusted to about 13 
with 6 M KOH. A small amount of calcium indicator was added to the solution, 
and the solution was titrated to a green end point with a solution of 

disodium ethylenediaminetetraacetic acid (EDTA; 17.1 g/L). 

3.3.5 Im~uri tv Resul tinq from Dissolution of Reference Electrodes 

Two of the reference anodes dropped off of the electrical connection and 

were lost in the molten A1 pool. The mass of these anodes (-30 g each) was 
insignificant relative to the mass of the A1 in the bottom of the cell. If 
the reference anodes totally dissolved, the maximum contribution to the 

impurity content would be on the order of 0.5%. 

3.3.6 Chemical Com~osition of the Anode 

Weighed portions (approximately 1 g) of anode material s, including the 
oxidized portions, were dissolved in approximately 30 mL of hot concentrated 
HC1. Dissol ution required several hours to several days of heating before 
a1 1 of the ferrite and NiO material dissolved. Approximately 3 mL of concen- 
trated HNO, were added to the cooled HC1 solution to ensure that all of the 

Cu had been dissolved. This solution was then diluted to 100 mL with demin- 

era1 ized water. The dissolved constituents were quantified using the ICP. 

Any undissolved materi a1 remaining after acid di ssol ution was f i 1 tered from 
the solution and fused with Na202 for subsequent quantification in the ICP. 



3.4 SOLID-STATE ANALYSES 

3.4.1 Scanni na El ectron M i  c r o s c o ~ i  c Anal vses 

Samples o f  the prototype anode were taken a f t e r  the anode had been 

photographed and cut  i n  ha l f .  Samples f o r  op t i ca l  metallography and SEM were 

taken from the bottom, s ide a t  the mel t  l i n e ,  and top o f  the r i m .  These 

samples were mounted i n  a thermoset epoxy and polished. A f t e r  examination 

under an op t i ca l  microscope, the samples were vapor-coated w i t h  an elec-  

t r i c a l l y  conducting l aye r  o f  carbon and mounted i n  the SEM. A sample o f  the 

prototype anode before i t  was used and a sample o f  a "standard" anode mate- 

r i a l  t h a t  had been made much ea r l  i e r  were examined along w i t h  the vapor- 

coated samples. The SEM was operated i n  the quan t i ta t i ve  mode t o  get  an 

accurate p i c t u re  o f  the changes t h a t  occurred dur ing the t e s t  o f  the proto-  

type anode and, hopeful ly, t o  determine any changes i n  the phase composition 

dur ing use o f  the prototype anode. The system was ca l ib ra ted  using a Cu 

metal standard. 

3.4.2 X-Rav D i f f r a c t i o n  Anal vses 

Samples from the oxid ized l aye r  on the working surface o f  the anode 

below the surface o f  the e l e c t r o l y t e  and the oxid ized mater ia l  on the anode 

r i m  were submitted f o r  x- ray d i f f r a c t i o n  (XRD) analyses. These samples were 

f i r s t  ground t o  a f i n e  powder. Samples t h a t  had been mounted f o r  metal - 
lography and SEM were also examined using XRD. I n  t h i s  method, approximately 

1.3 mm x 25 mm o f  the surface could be examined, and an estimate o f  any phase 

changes w i t h  pos i t i on  could be obtained. This informat ion was useful f o r  

i n t e rp re t i ng  the SEM resu l t s .  

As w i l l  be discussed i n  Section 4.3, the composition o f  the Cu/Ni a l l o y  

t h a t  made up the m e t a l l i c  po r t i on  o f  the cermet changed dur ing the t es t .  

D i f f r a c t i o n  pat terns f o r  three Cu/Ni a l l oys  were obtained from the Powder 

D i f f r a c t i o n  F i l e  (PDF 1986), and three o f  the strongest d i f f r a c t i o n  peaks 

were selected f o r  comparison. Figure 3.7 summarizes the  r e s u l t s  from t h i s  

comparison. Since the pos i t i on  o f  the d i f f r a c t i o n  peaks i s  a l i n e a r  func t ion  

o f  the a l l o y  composition over the  range 100% Cu t o  100% N i ,  the s t r a i g h t  



lines shown in Figure 3.7 or the least squares fit linear equation can be 

used to determine the composition of Cu/Ni alloy in the cermet. A Cu/Ni 
composition was obtained by comparing each of three Cu peaks. These three 
compositions were then averaged. 

2.2 
Least Squares Equation (h k I) = (111) 

3.1 207 x 1 O4 (%Cu) + 1.2457 (220) 
n 
w 
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FIGURE 3.7. Composition of Cu/Ni Alloy by XRD Line Position 



4.0 RESULTS AND DISCUSSION 

Resul t s  from the  1  arge-scal e  experiment, i nc l  udi  ng c e l l  operat i  on, anode 

charac te r i s t i cs ,  and s ignal  moni tor ing data, are discussed i n  t h i s  sect ion. 

4.1 CELL OPERATION 

The e f f e c t s  o f  operat ing the e l e c t r o l y s i s  c e l l  dur ing the 113-h exper i-  

ment are discussed under the f o l l  owing headings: e l e c t r i c a l  resu l t s ,  e lec-  

t r o l y t e  chemistry and temperature, A1 metal pu r i t y ,  and c e l l  mass balance. 

4.1.1 E l e c t r i c a l  Results 

A l o g  o f  the vol tage and amperage f o r  the c e l l  dur ing the t ime the 

graph i te  anode was used i s  shown i n  Figure 4.1. I n  t h i s  f igure ,  the cur rent  

scans are shown as decreases i n  both vol tage and amperage. An anode e f f e c t  

dur ing which the  vol tage increased i s  shown a t  22.16 h. The r e s u l t s  from the  

second o f  these cu r ren t  scans are shown i n  Figure 4.2; the data from a l l  o f  

the cur rent  scans are given i n  Table A . l  i n  the Appendix. By ex t rapo la t ion 

t o  zero current ,  the back emf o f  the c e l l  w i t h  the graph i te  anode i s  1.84 V 

(Figure 4.2). The average o f  the l a s t  th ree determinations o f  the back emfs 

where the anode-to-cathode distances were about the same i s  1.92 + 0.07 V. 

A  l o g  o f  the vol tage and amperage f o r  the c e l l  dur ing the t ime the i n e r t  

anode was being used i s  shown i n  Figure 4.3, along w i t h  cur rent  scans. The 

r e s u l t s  from the cur rent  scan a t  4.4 h  are shown. i n  Figure 4.4. By extrapo- 

1  a t ion  t o  zero current ,  the back emf o f  the c e l l  w i t h  the  i n e r t  anode i s  

2.25 V (Figure 4.4). The average back emf f o r  the l a s t  n ine cur rent  scans i s  

2.23 + 0.02 V. The theore t i ca l  decomposition voltage f o r  an oxygen-evolving 

anode i s  2.22 V. The low o f f s e t  between the  observed and ca lcu la ted voltages 

may be a  r e s u l t  o f  a  low overvol tage, the 1  ack o f  anode po la r i za t ion ,  o r  a  

con t r ibu t ion  t o  the  e l e c t r i c a l  character from anode corrosion. 

Figure 4.3 a lso shows the con t ro l  s t ra tegy used t o  rees tab l i sh  the pro- 

posed p ro tec t i ve  f i l m  on the anode (Strachan e t  a1 . 1989). Anode ins tab i  1  i t y  

i s  ind icated when the anode vol tage s igna ls  begin t o  show spikes. When t h i s  

sp ik ing occurs, the  cur rent  t o  the c e l l  i s  reduced i n  order t o  a l low the f i l m  

t o  mend. When the f i l m  i s  mended, the cur rent  i s  increased s l i g h t l y .  I f  the 



. . . . . . . . 

Voltage 

March I 9  March 20 Shut Down 

Graphite Anode Run Time (hours) 

FIGURE 4.1. Cell Current and Voltage During Graphite Anode Run 

- 

- Linear Regression - 

- 

- 

I I I I I I I I I I I I I I I I I  

Current (amps) 

FIGURE 4.2. Current Scan of Graphite Anode Electrolysis 



Time (hours) 
current - voltage 

F I G U R E  4 . 3 .  Current and Voltage During Inert Electrode Run 

Current (amps) 

F I G U R E  4 . 4 .  Current Scan at 4 . 4  h of Inert Anode Electrolysis 



TABLE 4.1. Cel l  Voltage Breakdown f o r  Graphite 
Anode (Cel l  Current = 172.0 A) 

System Vol tage 4.75V 

Bus Drop 0.73 
Cel l  Voltage 4.02 

Anode Drop 0.17 
Decomposi ti on Vol tage 1.19 
Bath Drop 2.19 
Cathode Drop 0.24 

Pol a r i  za t  i on Voltage 0.23 

TABLE 4.2. Cel l  Voltage Breakdown f o r  F e r r i t e  Anode 
(Time = 7.0 h; Cel l  Current = 120.62 A) 

System Voltage 

Bus Drop 

Cel l  Voltage 

Anode Drop 

Decompos i ti on Vol t age 

Bath Drop 

Cathode Drop 

Pol a r i  z a t i  on Vol tage 

3 .8  cm. An e l e c t r o l y t e  voltage drop o f  0.635 V was ca lcu la ted assuming t h a t  

the vol tage can be ca lcu la ted using a c y l i n d r i c a l  geometry, which does no t  

take the anode bottom i n t o  account, and assuming a value o f  2.40 ohm"cm" 

f o r  the e l e c t r o l y t e  conduct iv i ty .  

While the voltage values may not  be absolute, a very small po la r i za t i on  

vol tage i s  ind icated i n  Table 4.2 f o r  an i ne r t ,  oxygen-evolving anode. Th is  

same observation was obtained from the data summarized i n  Figure 4.4. 

4.1.2 E l  ec t r o l  v t e  Chemi s t r v  and Tem~erature 

The temperature, bath r a t i o ,  Al,O, content, and t race  element content 

were measured as a funct ion o f  time. These data are shown i n  Figures 4.6 

through 4.9. 
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FIGURE 4 .6 .  Temperature H i s t o r y  f o r  t h e  Prototype Anode Test  C e l l  
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FIGURE 4.7 .  Summary o f  t he  Bath Rat ios f o r  t h e  E l e c t r o l y t e  i n  t h e  
Prototype Anode Test 
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FIGURE 4.8. Results from Analyses o f  the  Dissolved Al,O, i n  the  
E l e c t r o l y t e  Used i n  the  Prototype Anode Test  

Nickel 

FIGURE 4.9.  Results from the Analyses o f  Cu, Fe, and N i  i n  the  
E l e c t r o l y t e  Used i n  the  Prototype Anode Test 



The furnace set point, cathode temperature, and electrolyte temperature 
are presented in Figure 4.6. The cathode temperature closely matches the 
furnace set point with only a small lag time. The electrolyte temperature 
averages about 10°C lower than the cathode temperature. During the graphite 
anode portion of the test, the set point was lowered to reach an operating 
temperature of 970°C in the electrolyte. At the end of the graphite anode 
portion of the test, the set point was raised to 1010°C to facilitate the 
me1 ting of electrolyte additions. Electrolyte lost during the graphite anode 
portion of the test had to be replenished before the start of the inert anode 
portion of the test. 

During the cermet anode portion of the test, the electrolyte temperature 
was 980°C for the first 12 h of operation, and then decreased after the 
furnace set point was lowered by 5°C to bring the operating temperature to 
975°C. The cathode temperature was reasonably stable during this period 
except when electrolyte was added to the cell, which typically caused the 
temperature to decrease 2°C to 5°C. Bath additions were being made during 
this period to maintain the anode immersion depth at 5 cm. The type and 
amount of additions can be found in the Appendix -(Table A.2). The temper- 
ature was held constant except for brief periods where the set point was 
raised by 10°C to 15°C to help melt bath additions that had frozen on the 
anode and cell 1 iner. At 55 h into the inert anode portion of the test, the 
set point was raised 10°C to offset the cooling effect of an increased argon 
flow. Near the 112-h mark of the inert anode portion of the test, the 
furnace thermocouple fai 1 ed. Thi s condition caused the furnace control 1 er to 
shut down, After approximately 1 h, the faulty thermocouple was discovered 
and replaced. However, the controller could not be restarted because of a 
faulty furnace "Fail-safe" switch. At this point the anode was raised out of 
the electrolyte and a1 lowed to cool with the furnace. 

In Figure 4.7, the variability in the bath ratio for the test is shown. 
During the graphite anode portion of the test; the bath ratio decreased 
steadily despite additions of NaF. In the 3 h between the graphite portion 
of the test and the cermet portion, commercial electrolyte and NaF were added 
to correct the low ratio. These additions were made assuming the commercial 
electrolyte had a ratio of 1.35; it was later discovered to have a 1.45 
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FIGURE 4.10. Copper, Iron, and Nickel Concentrations in the Metal 
During the Prototype Anode Test 

The data of Goodes and Algie (1989) suggest that significant quantities of 

Cu, Ni , and Fe should have vol at i 1 i zed. 
Although a plot of the impurity concentrations in the A1 metal shows the 

rate at which impurity concentrations were increasing in the A1 metal (Fig- 
ure 4.10), it is perhaps more instructive to look at the ratios of the 
impurities and compare these ratios with the ratios in the original cermet. 
In Figure 4.11, the observed ratios of impurity metals in the A1 metal 
divided by the corresponding ratio in the cermet are plotted against the time 

of the test. For the graphite portion of the test, the comparison is not 

val id. The comparison can be made from the time the cermet anode was placed 

in the cell at about 40 h when the ratios began to change. The Cu/Ni ratio 
was initially about 16 and decreased rapidly to a steady-state value that was 

greater than the ideal of 1.0. The initially high value occurred because the 

initial Ni concentrations in the system were very low but were eventually 
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FIGURE 4.11. Comparison o f  Observed Impur i t y  Ra t i o  i n  A1 
Metal w i t h  I m p u r i t y  Ra t i o  i n  Cermet 

dominated by the  c o n t r i b u t i o n  from t h e  anode cor ros ion .  The Cu/Fe and Ni/Fe 

r a t i o s  increased du r ing  the  cermet p o r t i o n  o f  t h e  t e s t  t o  s teady- s ta te  values 

below the  i d e a l  va lue o f  1 .O. Co r rec t i ng  f o r  t h e  c o n t r i b u t i o n  t o  t h e  

i m p u r i t y  concent ra t ion  from t h e  Cu, Fe, and Ni  contents o f  t h e  e l e c t r o l y t e  

equal izes t h e  Cu/Fe and Ni/Fe r a t i o s  a t  a value near 0.75, whereas t h e  Cu/Ni 

r a t i o  approaches 1.0. Thus, i t would appear t h a t  t h e  Cu and Ni were se lec-  

t i v e l y ,  bu t  equal ly ,  v o l a t i l i z e d  whi le ,  r e l a t i v e  t o  t h e  Cu and Ni,  t h e  Fe 

remained behind and concentrated i n  t h e  metal phase. Hence, t he  co r rec ted  

s teady- s ta te  r a t i o  f o r  Cu/Ni approaches 1.0, whereas t h e  Cu/Fe and Ni/Fe 

r a t i o s  approach a value l e s s  than 1 .O. 

4.1.4 Ce l l  Mass Balance 

Dur ing the  t e s t ,  an accounting was maintained f o r  a l l  m a t e r i a l s  added o r  

removed from the  c e l l .  The mass balance f o r  t h e  e l e c t r o l y t e  may be found i n  

the  Appendix (Table A. 1.1). A t o t a l  o f  34.119 kg o f  e l e c t r o l y t e  and 



addi t ives were used dur ing the 113-h per iod w i th  the cermet anode and the 

24-h per iod w i t h  the graphi te  anode. A t o t a l  o f  14.232 kg o f  mater ia l  e i t h e r  

were co l lec ted  by sampling, remained i n  the c e l l ,  adhered t o  various par ts  o f  

the t e s t  equipment, o r  were accounted f o r  by other means. The remainder, 

about 20 kg o f  e lec t ro ly te ,  was e i t he r  l o s t  t o  the cathode or, most 1 i kely, 

v o l a t i l i z e d .  

An inventory o f  the metal was a lso maintained dur ing the t e s t  (Appendix, 

Table A.2). A t o t a l  o f  1.911 kg o f  metal was produced dur ing the e n t i r e  t e s t  

sequence. For the 24 h o f  e l e c t r o l y s i s  w i t h  the graphi te  anode, the  cur rent  

e f f i c i ency  was estimated a t  79.0% o r  124 g o f  Al.  The remaining metal was 

generated dur ing the cermet anode po r t i on  o f  the t e s t  and equates t o  a cur-  

r e n t  e f f i c i e n c y  o f  38.8%. No cor rect ion f o r  the dissolved impur i t i es  was 

made because the e r r o r  i n  the cur rent  e f f i c i ency  cal  cu l  a t i  on was a1 ready 

high. A number o f  fac to rs  could have contr ibuted t o  the low cur rent  e f f i -  

ciency such as c e l l  design and high operating temperature. 

4.2 ANODE CHARACTERIZATION 

A f t e r  113 h o f  e lec t ro lys is ,  the anode was ra ised from the e l ec t ro l y t e ,  

but  remained i n  the hot  zone o f  the c e l l  and allowed t o  cool w i t h  the furnace 

and the c e l l .  When the anode was removed from the c e l l ,  fou r  cracks were 

observed (Figure 4.12). While one o f  these cracks was seen dur ing the t es t ,  

the others were not. For the most par t ,  the cracks appeared t o  have resu l ted  

f r o m  the mismatch i n  the coe f f i c i en t s  o f  thermal expansion between the  cermet 

and the Ni/Cu a l l o y  used t o  connect the N i  rod t o  the anode. Laboratory- 

scale anodes w i t h  cracks have successful ly  been tested, i.e., su f fered l i t t l e  

corrosion (Marschman 1989). 

The anode was cu t  i n  h a l f  down the ax is  o f  symmetry (Figure 4.13). Evi - 
dence o f  extensive corrosion could be seen w i t h  the unaided eye. A halo o f  

copper-col ored materi  a1 was observed t o  the anode i n t e r i o r  b f  a1 1 outer 

surfaces o f  the anode. The upper par ts  o f  the anode o r  r i m  were severely 

oxid ized t o  the po in t  t h a t  some spa l l i ng  undoubtedly occurred, which was 

surp r i s ing  since extensive corrosion was not  seen on the upper r ims o f  the 



FIGURE 4.12a. Prototype Anode A f t e r  Test ing 

FIGURE 4.12b. Bottom Face o f  the  Prototype Anode Showing the  Cracks 
That Developed During the  Test 
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FIGURE 4 .13 .  Photograph Showing the Used Prototype Anode in Cross 
Section and the Places a t  Which Samples Were Taken 
fo r  Solid-State Analyses 

laboratory-scale anodes. A rind of dark, oxidized material, approximately 
3 mm thick, was found on the surface tha t  had been immersed in the 
el ectrolyte .  

The oxidized portion of the-anode below the electrolyte  was uniformly 
thick except near the melt-electrode-air interface,  suggesting uniform cor- 
rosion and current density. Using the dimensions indicated by corrosion and 
the average current through the anode, an average current density of 
0.63 ~/cm* was calculated. 

Three samples were cut from the anode for  metallographic and SEM analy- 
ses. One sample was cut from the upper rim of the anode; one sample was cut 
from the area of the melt l i ne ;  and one sample was cut from the bottom. 
These sample locations are  marked in Figure 4.13 .  Additional samples were 
taken from these and other areas for  x-ray and chemical analyses. The 
resu l t s  from these analyses are reported below. 



4.2.1 Anode Rim 

Oxidation was most prevalent in the rim area. Portions of the rim were 
oxi di zed completely (Figure 4.14), and a copper-col ored ha1 o was observed 

near the oxidized zone but within the remaining cermet (not seen in the 
photomicrograph because of the lack of contrast for that zone). Results from 
the x-ray analyses of material well within the oxidized zones showed that the 
NiO and NiFe,O, phases were still present, but the Cu had been oxidized to 

CuO (Figure 4.15). There also appeared to be an increase in the intensity of 

the NiO lines, indicating a possible increase in the NiO content relative to 

the starting material . A1 though the remaining cermet portion of the anode 

rim did not physically appear to be oxidized, the relative peaks of the 

ferrite and NiO portions in the XRD pattern indicated an increase in the NiO 
content of the cermet. Comparison of the positions of three diffraction 

FIGURE 4.14. Upper Portion of the Prototype Anode Rim Showing the 
Degree of Oxidation. The left side of the sample 
was the inside of the anode. 
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FIGURE 4.15. Results from the  XRD Analysis of the  Oxidized Rim Material 
from the  Prototype Anode After Testing 
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peaks f o r  Cu indicated t h a t  the  metal phase had a composition s l i g h t l y  more 
Cu-rich (70% Cu) than the  s t a r t i ng  material .  Since no d i f f r ac t i on  peaks from 
Ni metal were found in  the  x-ray pat tern ,  some of t he  Ni in  the  metal phase 
probably was oxidized t o  NiO. I t  i s  a l so  possible t h a t  the amount of Ni was 
small enough t o  be below the detection l im i t s  of the  SEM analyzer and XRD. 

I I I I II I I 4  

Chemical and SEM analyses were performed a t  various areas  within the  
anode rim. The chemical analyses were used t o  support t he  SEM analyses. In 
the oxide l ayer  t h a t  formed on the  ins ide  of the  anode cup, only chemical 
analyses were performed. The results from the chemical analyses indicated 

I I 



that the overall composition had not changed drastically, although the x-ray 
analysis showed that the Cu metal had been oxidized to CuO. 

In the cermet portion of the anode rim, both SEM and chemical analyses 
indicated that the material was slightly more rich in Ni, but this result was 
difficult to substantiate. Figure 4.16 shows that the material in this zone 
had undergone some structural reorganization, which resulted in an increased 
porosity. In these SEM photographs, the lightest-appearing materials contain 
Cu; the next lightest contain mostly Ni; and the darkest-appearing grains 
,contain mostly Fe. Figure 4.17 shows a grain of material that appears to 
have partly reacted. It is uncertain if this particular grain was high in Fe 
or Ni at the start of the reaction. However, the general appearance of the 
grains shown in Figure 4.16 indicates restructuring. 

At the interface between the cermet and the oxide formed on the outside 
of the anode rim, the SEM analyses indicate that the overall composition was 
the same as that found in the interior of the cermet. In the oxidized 
portion immediately adjacent to the cermet, the Cu content was reduced to 
about 7%. Presumably, the Cu was present in this zone as CuO based on the 
x-ray results. 

At the surface of the anode rim, the analytical results become somewhat 
confusing. There are indications that both Cu and Ni were being removed from 
the anode. Also, elements from the electrolyte infiltrated the outer region 
of the oxidized zone and the porosity increased dramatically. Instead of 
phases being readily delineated by contrast, the phases seem to have about 
the same average atomic number and, hence, nearly the same grey tone. This 
result indicates that the phases were becoming homogeneous with respect to 
the Fe and Ni contents. An SEM photomicrograph of a typical portion of the 
surface is shown in Figure 4.18. An XRD pattern of the surface materi a1 
(Figure 4.19) shows the presence of NaF, Na3A1 F,, CaF,, A1203 (both beta and 
alpha), and two copper aluminate phases (CuA120, and CuA10,) in addition to 
the anode phases. These results indicate that the cermet was reacting with 
the vapors above the cry01 ite and that Cu(1) and Cu(I1) were present. Copper 
and nickel were transported through the oxidized zone and probably vol atil- 

ized as fluorides. 



FIGURE 4.16. SEM Photomicrograph of the Cermet Portion of 
the Oxidized Rim of the Prototype Anode 

FIGURE 4.17. Photomicrograph at Larger Magnification 
of a Grain Shown in in Figure 4.16 

4.20 



FIGURE 4.18. SEM Photomicrograph of the Immediate Surface of 
the Oxidized Rim Material on the Prototype Anode 

4.2.2 Melt Line 

A photomicrograph of the sample taken from the region of the anode at 
the electrolyte/air interface is shown in Figure 4.20. Here oxidation is not 
apparent, but there is a thin halo of copper-col ored material near the 

surface (again, not seen in this photo). It is unlikely that any significant 

quantity of oxide material was lost when the crust was stripped, since the 

dimensions of the anode at this point were the same as before electrolysis. 

More oxidation appeared to have occurred on the inside of the cup por- 
tion of the anode that was filled with A1,0,. Copper was depleted in this 
region and distinction (contrast) between Fe-rich and Ni -rich phases was 
absent, indicating that the Fe and Ni distributions were becoming more homo- . 
geneous. While the Ni concentrations usually exceeded the Fe concentrations 
in the cermet, the Fe concentration exceeded the Ni concentration in the 

oxidized area near the inside of the cup. Some Al, about 3.5 wt%, was also 

found in this area. The central part of this specimen appeared to be 

unchanged from the original cermet. 



5 20 35 50 

Degrees 2.8 

7." 

FIGURE 4.19. Results from the  XRD Analys is  o f  t h e  Immediate Surface 
o f  t h e  Oxidized Layer o f  t h e  Prototype Anode Rim 
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Figure 4.21 i s  a photomicrograph o f  t h e  specimen used t o  charac ter ize  

t h e  surfaces where e l e c t r o l y s i s  took  place. The sur face be1 ow t h e  me1 t 1 i n e  

i s  charac ter ized by a dark area approximately 3 mm i n  thickness t h a t  tapers  

near t h e  anode-e lec t ro l y te - a i r  i n te r face .  I n t e r i o r  t o  the  anode from t h i s  

sur face i s  a Cu-colored zone. Phase analyses using x- ray d i f f r a c t i o n  show 

t h a t  t h e  sur face r i n d  conta ins N i O ,  sp ine l  (NiFe,O,), and Cu,O (Figure 4.22). 

From XRD analyses, t he  Cu-colored area i n  t h e  cermet was found t o  con ta in  a 

m e t a l l i c  phase t h a t  i s  nea r l y  pure Cu (>95%). Although the  SEM analyses show 

t h a t  Cu i s  depleted i n  t h e  sur face r i n d ,  an ana lys is  obtained by d i s s o l v i n g  a 



FIGURE 4.20. Photomicrograph of the Prototype 
Anode at the Me1 t Line 

sample of the surface rind and quantifying the concentrations in the result- 

ing solution indicates that the bulk composition did not change much from the 

original cermet. Depletions were noted for both Cu and Ni. 

The appearance of a Cu-colored zone indicated that the Ni was selec- 

tively oxidized from the metallic phase to yield a phase richer in Cu. 

Consequently, a set of SEM energy dispersive x-ray analyses were performed in 
the SEM on the metal1 ic phase starting at the surface rind-cermet interface 
and progressing interior to the anode at 1-mm intervals. The results from 

t these analyses are shown in Figure 4.23. These results corroborate the x-ray 
analyses, which also indicate that the Cu-colored zone seen in the anode 
after the test was probably due to the selective oxidation of Ni from the 

a1 1 oy . 
4.2.4 Electrical Connection 

Figure 4.24 shows the area in which the electrical connection was made 

between the 25-mm Ni rod and the anode cermet. The connection area between 



FIGURE 4 .21 .  Photomicrograph of the Prototype 
Anode El ectrol ysi s Surface 

the sintered alloy and the cermet is detailed in Figure 4 .25 .  The crack 
between the two materials most certainly occurred on cooling the anode and 
during the cutting and polishing operations. Diffusion of the Cu/Ni alloy 
into the cermet can also be seen in Figure 4.25. Figure 4.26 is an enlarge- 
ment of the central portion of the sample shown in Figure 4.25  and more 
clearly shows the migration of the Cu/Ni alloy into the cermet. On the left 
side of the photomicrograph (Figure 4.26) the 1 ight areas are pure Cu/Ni 
alloy and the darker areas are the ferrite phase (NiFe,O,). On the right 
side of the photomicrograph, a typical cermet, three-phase system is 
observed. Apparently, as the Cu/Ni alloy migrates, the NiO phase is 
consumed. 

A Cu-rich area was found where the Cu/Ni alloy was in contact with the 
Al,O, fill material. This phase was pure Cu. Below this area of pure Cu was 
a two-phase region of pure Cu and NiO. These results support the earlier 
assumption that Ni was being selectively oxidized from the metal phase in the 
cermet to form pure Cu and NiO. 
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FIGURE 4.22. Results from the XRD Analysis of the Oxidized Material 
on the Electrolysis Surface of the Prototype Anode 

I . I 

4.3 SIGNAL MONITORING 

4.3.1 Diqital Siqnal Anal vsis 

In his analysis, Dr. Nikias investigated the performance of advanced DSA 
methods based on both linear and nonlinear signal modeling techniques when 

they are applied to the analysis of aluminum smelting data, specifically cell 

current and voltage signals. The principal objective was to identify and 

measure the effect of signal quantification parameters that are sensitive to 

changes in the values of such electrochemical parameters as alumina 
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FIGURE 4.23. Results from Energy Dispersive X-Ray Analyses in the SEM of the 
Metallic Phase near the Electrolysis Surface. These analyses 
were performed at 1-mm intervals starting at the rind-cermet 
interface and proceeding toward the interior of the anode. 

concentration, current density, bath ratio, and temperature. The quantifica- 

tion parameters may turn out to be useful as non-invasive process control 

methods capable of providing real-time information on cell conditions. This, 
in turn, will assist in maximizing the efficiency of commercial aluminum 
smelting operations . 

Short-term experiments conducted with PNL bench-scale laboratory cells 
are being performed largely to establish whether correlations exist between 
the DSA-deri ved quantification parameters and cell operating conditions . 
Laboratory cell s at PNL are being used because their operating conditions, 

speci fical ly current density and bath composition, can be adjusted more 

easily and control 1 ed more precisely than in 1 arge-scal e cell s. 

The principal issue regarding correlations for data from bench-scale 

cells is whether they can be applied with confidence to large-scale cells. 

Consequently, the approach taken for the analysis of the prototype anode data 



FIGURE 4.24.  Photomicrograph o f  the  E l  e c t r i  c a l  Connection Area 
o f  the  Prototype Anode 



FIGURE 4.25. SEM Photomicrograph at Higher Magnification of 
the Electrical Connection Shown in Figure 4.24 

FIGURE 4.26. SEM Photomicrograph at Higher Magnification 
of the Area Shown in Figure 4.25 
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was to determine the quantification parameters for these data and then com- 
pare them to quantification parameters and their correl ations with cell 
operating conditions for PNL 1 aboratory data. Similarities in these quanti - 
fi cati on parameters is interpreted to suggest a correl ati on with qeneral 
a m 1  icabil itv to aluminum reduction cells using inert anodes with no signi - 
ficant effect caused by scale-up. 

Four DSA techniques have been used to analyze current and voltage 
signal s from bench-scal e PNL 1 aboratory cell s: the We1 ch (Fast Fourier 
Transform-based) method, the Yul e-Wal ker (YW) Autoregression method, the 
Magni tude-Squared Coherence (MSC) method, and nonl inear second-order Vol terra 
modeling. Among the set of ad-hoc quantification parameters that have been 
identified from these methods, the two that show the best correlation with 
cell operating parameters appear to be R(o), the total power of the signals, 

and P(l)/R(o), a parameter related to the shape of the signals. Both of 
these quantification parameters obtained from low-~assed (t25 Hz) voltaqe 
siqnal s appear to show some correlation with workinq anode current density. 
The correl ati ons were observed over a range of a1 umi na concentrations. 

The correlations observed for R(o) and P(l)/R(o) for low-passed. voltage 
signals were as follows: 

R(o) decreased sl ightly when the current density changed from 0.1 
to 0.5 A/cm2 and then increased with current density above 
0.5 A/cm2. The most dramatic increase occurred when the current 
density changed from 1.5 to 2.0 A/cm2. 

P(l)/R(o) increased slightly when the current density changed from 
0.1 to 0.5 A/cm2 and then decreased when current density exceeded 
0.5 A/cm2. 

The above correlations for bench-scale PNL laboratory data are shown in 
Figures 4.27 through 4.30. 

Preliminary analyses of the prototype anode data as reported by 
Dr. Ni kias indicated that most of the time signals for current and voltage 
for the prototype anode test contained several spikes or impulses that did 
not seem to correlate with cell operating conditions. The presence of the 

spikes caused severe changes in the values of the estimated quantification 
parameters. 
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FIGURE 4.30. Parameter P ( l  )/R(o) : Comparison f o r  Prototype 
Anode Data C Low-Passed Voltage Signals 



Reexamination of the prototype anode data a f t e r  selecting data between 
the spi kes fo r  analysis,  however, did suggest correlations tha t  were consi s- 
ten t  with those observed fo r  PNL bench-scale laboratory data. Specifically,  
the following observations were made by Dr. Nikias: 

The signal parameter P(l)/R(o) fo r  the prototype anode voltages B and C 
( re fer  t o  Section 3.2 fo r  notation) takes approximately the same values 
as P(l)/R(o) of the PNL bench-scale laboratory voltage data. The 
"spread" tha t  i s  observed in the values of P(l)/R(o) i s  perhaps due t o  
changes in bath r a t i o  and % A120, during the data collection processes. 

The signal parameter R(o) fo r  the prototype anode voltage B takes 
approximately the same values with R(o) of the PNL bench-scale labora- 
tory voltage data. However, the R(o) of the prototype anode voltage C 
takes values tha t  are approximately 30% of those from the PNL bench- 
scale 1 aboratory voltage data. 

To i 11 us t ra te  the above consi stenci es between the prototype anode data 
and the PNL bench-scale laboratory data, the two are  plotted together in 
Figures 4.27 through 4.30. As indicated above, the quantification parameters 
for  the prototype anode voltages B and C [(P(l)/R(o) only], which were 
obtained a t  a nominal current density of 0.6 A/cm2, f a l l  in a range consis- 
t en t  with a similar current density fo r  the PNL bench-scale laboratory data. 
These r e su l t s  suggest t ha t  the observed correlations are  general and n o t  
strongly dependent on scale-up considerations. 

The prototype anode signals B and C are both ce l l  voltages and d i f f e r  
only in where the anode tap was made. For B,  the anode tap was a t  the anode 
stem, while fo r  C,  the tap was on the inner surface of the working anode. I t  
i s  reasonable tha t  these voltage signals showed some correlation with the 
current density since electrode processes tha t  influence the extent of vol- 
tage noise may vary over the range of current densi t ies  studied. I t  i s  not 
c lear ,  however, why C in the case of R(o) showed poor correlation, although 
i t  may have t o  do with the in tegr i ty  of the inner anode connection. Lack of 
correlation of A i s  not surprising since the ce l l  was under current control 
and consequently the contribution of process-derived noise t o  t h i s  signal was 
less .  Lack of correlation of D may be explained by the less-than-adequate 
performance of the reference anode. 



4.3.2 Analoq Data Analvsis 

Analog data for the various voltages and currents measured with s t r i p  
chart recorders (see Section 3.2) were generally stable except for periods 
when parameters were deliberately adjusted. For example, current versus 
voltage sweeps (reported earl i e r  in th i s  report) were occasional l y  performed 
during cell operation for diagnostic purposes. All of these data indicated 
no serious instabil i t i e s  or deviations from what would be considered correct 
cell operation. I t  i s  not clear, a t  th i s  time, why there was no indication 
in the analog data of the corrosion processes the inert anode clearly under- 
went. I t  i s  possible the larger size of the anode (compared with laboratory 
cel ls )  gave a different sensitivity to  these processes, but  adequate size- 
effects data are lacking for definitive conclusions. 

4.3.3 Reference Anode 

Four reference anodes were used in sequence during the course of the 
prototype anode tes t .  Two of the reference anodes were recovered. Two fe l l  
into the reduction cell as a result of catastrophic corrosion of their  con- 
nector rods. Post-test examination of the recovered reference anodes showed 
that both had corroded severely during their  time in the cel l .  Figure 4.31 
shows the extent of corrosion in one case. 

The corrosion of the reference anode occurred even though a small anodic 
current was passed through i t .  I t  was assumed that such a current should 
foster the formation of a protective layer and thus minimize corrosion of 
inert anodes. 

Due t o  constraints involving the larger reduction cel l ,  the mode of 
operation chosen for the reference anode was constant voltage control. 
Previous t es t s  had involved cyclically shunting the reference anode to the 
working anode t o  maintain the small anodic current. Under voltage control, 
the current required t o  maintain a protective layer on the reference anode 
was assumed to be determined by the reference anode surface area exposed to  
the molten bath and by the alumina content of the bath as well as the control 
voltage. The control voltage was established by summing the theoretical open 
c i rcui t  cell voltage, the IR drop to  the location of the reference anode . 
(determined by the electrolyte resistance and the operating current), and the 
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FIGURE 4.31. Corrosion of Reference Anode 

cathode overvoltage a t  the operating current. The current required by the 
reference anode was recorded and assumed t o  be determined largely by the pro- 
tec t ive  layer  resistance and hence the alumina concentration. This assumes 
tha t  the protective layer i s  dynamic in nature and has a resistance tha t  i s  
related t o  the alumina content of the bath, inversely proportional t o  the 
reference anode surface area exposed t o  the molten bath, and functionally 
related t o  the control voltage. 

I t  was observed tha t  the reference anode current was only s l igh t ly  
affected by the magnitude of the process current, a1 though the control 
voltage used was considered t o  be l e s s  than i t s  minimum value. The IR drop 
in the electrolyte  subsequently could n o t  be measured as a r e su l t  of the 

dissolution and loss  of in tegr i ty  of the alumina cel l  1 iner.  The reference 
anode current was generally noisy with a stable-long-term trace,  suggesting 
s table  alumina content. An attempt t o  verify the response of the reference 
anode t o  variable alumina content was made during the termination of the 
experiment by stopping the addition of alumina. The resu l t s  were 



inconclusive, however, since the a1 umina 1 iner continued to  dissolve and 
maintain an almost constant alumina content in the bath. In addition, the 
ce l l  furnace fai led before the alumina content changed significantly.  

Other probl ems encountered during the t e s t  i ncl uded a persistent vari a- 
t ion of the surface area of the reference anode exposed t o  the molten bath, 
the condensation of e lec t r ica l ly  conducting bath vapors on a l l  exposed sur- 
faces, and the formation of a "bridgen of frozen bath above the surface of 
the molten bath tha t  caused e lec t r ica l  shunting during the t e s t .  

These resul t s  suggest tha t ,  despite the amount of research expended in 
FY 1989 on the development of the reference anode, serious issues regarding 
the operation of the electrode and of i t s  durabili ty remain. The most 
important of these issues are summarized below: 

The v iabi l i ty  of the reference anode in the prototype anode t e s t  was 
inconclusive a t  best. No significant indication was given by the 
reference anode tha t  the working anode was experiencing severe 
corrosion. 

The effects  of the working anode s ize on the magnitude and quantity of 
the protective 1 ayer- breakdown signal s have not been ful ly determined. 

Since the reference anode must be operated with a small current flowing 
through i t ,  a re1 iable c i r cu i t  has t o  be designed t o  give this current 
and a1 so t o  keep the reference anode potential constant. I t  i s  not 
c lear  whether t h i s  approach i s  even possible i n  an operating ce l l .  
Attempts t o  do t h i s  in the prototype anode t e s t  gave questionable 
resul ts .  

The reference anode design has some serious mechanical problems incurred 
by--among other factors-- the d i f f icu l ty  i n  joining the connector rod t o  
a 1 ong, narrow cermet electrode. 
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APPENDIX 

MASS BALANCES FOR THE CELL 





TABLE A. 1.1. Mass Balance Sheet and Resul ts  f rom Analyses 
o f  E l e c t r o l y t e  Samples 

Bath lnplt rd Output 

Date Tim Event lrprt ( 9 )  Qltprt ( 9 )  -1e I 0  Ratio UL203 k F 2  Cu Fe Y i 
=====I-mll~~U-I=~=I~1111I=Iaa~IIIuIa-I~~IIaUIIUI-aaaIIILIIItaI~aIII~IaIa~aIIaaPI======== 

3-17-89 3.00 dd bath 11OOO 0.00 
3-19-89 3.15 s q l e  taken 0 35.58 2476-12-1 1.27 9.82 6-12 0.0028 0.13 0.027 

4.45 . n p l e  taken 0 14.76 2476-13-1 1.27 
5.30 dd NaF 148 0 
6.05 . r p l e  taken 0 12.61 2476-13-2 1.35 
6-25 s r p l t  taken 0 42.70 2476-14-1 1.27 7.14 5.49 0.0005 0.058 0.0028 

10.40 . r p l e  taken 0 38.24 2476-17-1 1.22 7.03 5.46 0.0013 0.037 0.0039 
11.31 dd NaF 148 0 
15.55 ample taken 0 33.09 2476-19-1 0.99 8.3 4.68 0.0001 0.023 0.0016 
17.00 dd YaF 105 0 
17.20 dd YaF 105 0 
17.40 dd YaF 105 0 
18.00 dd YaF 105 0 
18.20 dd YaF 105 0 
18-40 dd YaF 105 0 
20.15 srrple taken 0 21.00 2476-20-1 1.18 6.07 4.94 0.007 0.024 0.0034 
23.15 ample taken 0 24.72 2476-21-1 1 3.91 5.07 0 0 0 

3-20-89 1.30 dd YaF 105 0 
2.15 dd YaF 105 0 
2.50 dd YaF 105 0 
3.22 . n p l e  taken 0 47.11 2476-24-1 1.06 2-84 4.38 0.004 0.017 0.0009 
5.18 dd A1203 125 0 .  
6.56 dd A1203 109.4 0 
8.00 s.rple taken 0 39.71 2476-25-1 0.94 3.14 4.4 0.005 0.017 0.0009 
8.05 dd bath ZOO0 0 
8.30 dd A1203 20 0 
9.10 dd NaF 1% 0 
9.16 dd P i l o t  bath 500 0 
9.35 dd A1203 100 0 

10.04 dd bath 245 0 
10.28 dd b t h  255 0 
10.28 dd A1203 100 0 
10.40 dd YaF 234 0 
11.05 dd YaF 21 1 0 
11.05 dd A1203 100 0 
11.37 dd NaF 220 0 
14.45 s.rple taken 0 69.98 2476-27-1 1.50 7.18 4.24 0.0008 0.015 0.0008 
17.14 ample taken 0 64.69 2476-28-1 1.49 7.11 4.07 0.0069 0.043 0.0098 
17.58 dd A1203 11 0 
18.10 dd A1203 11 0 
18.25 d d  A1203 11 0 
19.00 dd A1203 11 0 
19.15 dd A1203 11 0 
19.30 dd A1203 11 0 
19.45 dd A1203 11 0 
20.00 dd A1203 11 0 
20.10 s q l e  taken 0 58.40 2476-29-1 1.45 8 .  4.2 0.0063 0.057 0.015 
21.00 dd bath 150 0 
21.40 dd A1203 15 0 
22.25 dd bath 
22.35 s.rple taken 
22.50 dd bath 
23.15 dd bath 
23.53 dd bath 

3-21-89 0.28 dd bath 
0.38 s n p l e  taken 
1.07 dd bath 
1.07 dd A1203 
1.55 dd bath 
1.55 dd A1203 
2.30 s a p l e  taken 
2.55 dd bath 
3.25 dd A1203 
3.41 dd A1203 
4.05 d d  A1203 10 0 
4.23 srrple taken 0 33.11 2476-33-1 1.40 7.95 3.97 0.0054 0.045 0.012 
4.26 a d  A1203 15 0 
5.12 dd bath 200 0 
5.42 dd A1203 10 0 
5.53 d d  A1205 10 0 
5.57 dd A1203 20 0 
6.05 dd A1203 20 0 



TABLE A. 1.1. (contd) 

6.15 dd bath 
6.15 dd A1203 
6.36 ..lple taken 
6.40 dd A1203 
7.00 dd A1203 
7.20 dd A1203 
8.20 . r p l e  t a k a  
8.45 dd bath 
8.45 dd A1203 
9 . a  dd bath 
9.08 dd A1203 

10.00 dd bath 
10.00 dd A1203 
10.36 dd bath 
10.36 dd A1203 
10.38 s r p l e  taken 
11.09 dd bath 
11.09 dd A1203 
11.30 dd bath 
11.30 dd A1203 
12.03 dd bath 
12.03 dd A1203 
12-50 dd A1203 
13.20 dd A1203 
13.55 dd A1203 
14.30 dd A1203 
15.03 ..rple taken 
15.07 dd A1203 
15.40 dd bath 
15.40 dd A1203 
16.15 dd A1203 
16.45 dd bath 
16.45 dd A1203 
17-07 . r p l e  taken 
17.20 dd A1203 
17.45 dd bath 
17.45 dd A1203 
18.15 dd A1203 
18.45 dd A1203 
19.15 dd A1203 
19.55 . r p l e  takm 
21.00 dd A1203 
21.05 dd bath 
21.45 dd A1203 
22.25 dd AL203 
22-45 u r p l e  takm 
23.00 dd bath 
23-05 dd A1203 
a.30 dd A1203 

3-22-69 0.11 dd A1203 
0.45 dd A1203 
1.00 s-le taken 
1-03 dd A1203 
1.03 dd bath 
1-22 dd A1203 
1.45 dd A1203 
2.06 dd bath 
2.06 dd A1203 
2.35 dd A1203 
3.21 dd A1203 
3.47 dd A1203 
4-07 mlt taken 
4.30 dd A1203 
5.06 dd A1203 
5.06 dd bath 
5.55 dd A1203 
6.22 dd A1203 
6.50 r r p l e  t.tm 
6.52 dd bath 
7.22 dd A1203 
9.44 dd A1203 

10.50 dd A1203 
11.05 dd bath 
11.29 8-le taken 
11.39 dd A1203 
12.25 dd A1203 



TABLE A. 1.1. (contd) 

13.02 dd A 1 2 0 3  
13.30 dd A 1 2 0 3  
14.03 dd A 1 2 0 3  
14.35 dd A 1 2 0 3  
15.50 dd A 1 2 0 3  
15.50 dd YeF 
15.50 dd bath 
16.05 m l e  takm 
16.20 dd A 1 2 0 3  
16.35 dd A 1 2 0 3  
16.40 dd A 1 2 0 3  
16.50 dd A 1 2 0 3  
16.55 dd A 1 2 0 3  
17.00 dd bath 
17.25 dd A 1 2 0 3  
17.50 dd bath 
17.50 dd YeF 
17.50 dd A 1 2 0 3  
18.31 dd A 1 2 0 3  
18.59 dd A 1 2 0 3  
19.18 . r p l e  takm 
19.20 dd A 1 2 0 3  
19.40 dd A 1 2 0 3  
19.40 dd b t h  
19.55 dd A 1 2 0 3  
20.30 dd A 1 2 0 3  
21.05 dd A 1 2 0 3  
22.25 d d  A 1 2 0 3  
22.30 . r p l c  tekm 
22.43 d d  bath 
23.07 dd A 1 2 0 3  
25.40 dd A 1 2 0 3  

3-23-89 0.00 dd bath 
0.m dd A 1 2 0 3  
0.38 dd Y.F 
1.10 dd A 1 2 0 3  
1 -40 . r p l e  takm 
1.43 d d  abth 
2.17 d d  A 1 2 0 3  
3.15 dd A 1 2 0 3  
4.08 dd A 1 2 0 3  
4.37 -1e tekm 
4.Y) dd bath 
5.50 dd YeF 
5.57 dd A 1 2 0 3  
6.55 dd A 1 2 0 3  
7.00 dd bath 
7.54 dd bath 
8.24 ..rple tekm 
8.42 dd bath 
9.38 dd bath 
9.38 d d  A 1 2 0 3  
9.38 dd ddeF 

10.27 -1e tekm 
11.18 dd A 1 2 0 3  
11.37 dd A 1 2 0 3  
11.45 dd b t h  
11.45 dd A 1 2 0 3  
12.18 dd both 
12.18 dd A 1 2 0 3  
13.14 d d  A 1 2 0 3  
14.23 dd NeF 
14.23 dd A 1 2 0 3  
14.50 . r p t e  tekm 
15.29 dd A 1 2 0 3  
16.10 dd A 1 2 0 3  
16.35 d d  A 1 2 0 3  
17.10 dd A 1 2 0 3  
18.10 dd A 1 2 0 3  
18.10 dd YeF 
19.15 smple takm 
19.25 dd A 1 2 0 3  
20.00 .dd A 1 2 0 3  
20.00 dd bath 
21-00 dd A 1 2 0 3  
21 -00 dd bath 



TABLE A.1.1. (contd) 

22.15 d d  A1203 30 0 
22-45 d d  A1203 30 0 
23.05 dd A1203 30 0 
23.05 dd bath 250 0 

3-24-89 0.05 unple  taken o 3 9 . n  2476-66-1 1 . a  6-35 4 . u  0.01 0.049 
0.10 dd A1203 30 0 
0.50 dd A1203 30 0 
0.52 dd bmth 200 0 
1.35 dd A1203 30 0 
2.30 dd A1203 30 0 
2.30 dd bmth 200 0 
3.00 dd A1203 30 0 
3.50 dd A1203 30 0 
5.00 d d  A1203 30 0 
5.00 dd bath ZSO 0 
6.00 r r p l e  taken 0 31.402476-&-1 1.31 8.09 4.% 0.014 0.055 
6.01 dd A1203 30 0 
6.40 dd A1203 30 0 
7.15 dd bath 250 0 
7.25 d d  A1203 30 0 
7.58 dd ALKU 15 0 
8.38 dd bmth 250 0 
8-38 dd A1203 15 0 

10.15 unple  taken 0 37.172476-67-1 1 . 1  8 .  4.83 0.0066 0.032 
10.30 dd A1203 15 0 
11-15 dd AI203 15 0 
11.15 dd bath 100 0 
11.15 dd YaF 100 0 
13.18 dd A1203 15 0 
13.40 unple  tmken 0 24.58 2476-68-1 7.93 . 
13.50 dd A1203 15 0 
14.M dd A1203 15 0 
15.18 dd A1203 15 0 
16.15 dd A1203 15 0 
16.25 r r p l e  taken 0 15.99 2476-68-2 7.97 4.73 0.0142 0.0288 
17.20 dd A1203 15 0 
18-50 . r p l e  taken o 29.19 2476-70-1 1.29 8.75 4 . n  o.wn 0 . 0 s  
18.56 dd bath 250 0 
19.50 .rrple taken 0 18.41 2476-m-3 7.6 4.95 0.- 0.016 
19.59 dd bath 250 0 
20.45 -1e taken 0 ~ . m ~ 7 6 - 7 1 - 1  7.91 4.86 0.0027 0.015 
21.45 -le taken 0 20.37 2476-71-2 1.26 7.51 4.95 0.016 0.038 
22.14 dd bath 300 0 
22.45 unple  taken 0 21.11 2476-71-3 7.83 5.011 0.007 0.025 
23.31 dd bath 300 0 
23.45 -1e taken 0 32-48 2476-71-4 1.26 8.93 4.97 0.0041 0.019 

3-25-89 0.41 unple  taken 0 20.00 2476-72-1 7.92 4.97 0.0035 0.02 
0.45 dd YaF 100 0 
2.39 d bmth 500 0 
3.10 . rpLe taken 0 22.81 2476-72-2 1.31 7.52 5.06 0.014 0.042 
4.20 d d  bmth 
5.55 -1e t a k a  0 24.60 2476-73-1 1.29 8.37 4.94 0.0056 0.032 
6.00 d d  bath 300 0 
8.12 unplr taken 0 19.40 2476-73-2 8.01 4.86 0.0035 0.018 
8-23 unple  taken 0 20.00 2476-74-1 8 1  4.% 0.0043 0.024 
9.16 u r p l e  tmken 0 13.05 2476-74-2 8.18 4.95 0.0026 0.014 

~ ~ x x ~ ~ t ~ x i t l t ~ n ~ l ~ t ~ ~ ~ a a = m u n n n ~ ~ x ~ n ~ ~ ~ ~ ~ m ~ ~ t t n ~ ~ ~ m ~ ~ ~ ~ t t t t t m t a ~ t t ~ ~ ~ ~ ~ t t t t ~ t ~ t ~  

1820.67 Srp le  Amant 
7268.00 Bulk Amant 
2421.00 Amant an Anode 
1181.00 a t  m Crucible Liner 
lU2.00 L m e  P i c r  

na=a=man= 

14232.67 Total 



TABLE A .  1 . 2 .  Results from Dupl i cate Analyses of Selected 
Electrolyte Sampl es 

D u i a l  Enp le  
Date Time Day Output (g) k r p l e  ID Ratio X A L m  k F 2  Cu Fe H i  S i 

~ ~ ~ = ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ x ~ x x ~ x ~ ~ ~ ~ ~ ~ x ~ ~ x ~ x ~ x ~ ~ ~ ~ ~ ~ ~ m ~ ~ ~ x ~ ~ ~ x x ~ ~ ~ ~ ~ r t ~ ~ x ~ ~ ~ ~ ~ ~ ~ ~ ~ = =  

4-19-89 3.15 0.000 35.58 2476-12-1 1.27 9.82 6.12 0.0028 0.13 0.027 
4.45 0.054 14.762476-13-1 1.27 
6.05 0.121 12.61 2476-13-2 .1.35 
6.25 0.129 42.70 2476-14-1 1.27 7.14 5.49 0.0005 0.058 0.0028 0.012 

10.40 0.302 38.24 2476-17-1 1.22 7.03 5.46 0.0013 0.037 0.0039 
15.55 0.517 35.09 2476-19-1 0.99 8.3 4.88 0.0001 0.023 0.0016 
20.15 0.709 21.00 2476-20-1 1.18 6.07 4.94 0.007 0.024 0.0034 
23.15 0.834 26.R 2476-21-1 1.03 3.91 5.07 0 0 0 

4-20-89 3.22 1.003 47.11 2476-24-1 1.06 2.86 4.38 0.004 0.017 0.0009 0.01 
8.00 1.202 39.71 2476-25-1 0.94 3.14 4.4 0.005 0.017 0.0009 

14.45 1.471 69.982476-27-1 1-50 7.18 4.24 0.0008 0.015 0.0008 
17.14 1.583 64.69 2476-28-1 1.49 7.11 4.07 0.0069 0.043 0.0098 
20.10 1.707 56.40 2476-29- 1 1.45 8.86 4.2 0.0063 0.057 0.015 
22.35 1.800 30.002476-31-1 1.45 8.03 4.62 0.003 0.033 0.0086 0.012 

4-21 -89 0.38 1.885 44.08 2476-32-1 1.43 7.99 4.71 0.134 0.17 0.355 
2.30 1.W5 43.142476-32-2 1.42 8.53 4.43 0.049 0.093 0.128 0.03 
4.23 2.045 33.112476-33-1 1.40 7.95 3.97 0.0054 0.045 0.012 
6.36 2.134 43.27 2476-34-2 1.40 8.6 3.9 0.011 0.054 0.024 
8.20 2.211 50.70 2476-35-1 1.36 7.73 4.6 0.035 0.116 0.064 

10.38 2.302 40.45 2476-36-2 1.36 7 4.71 0.0053 0.036 0.013 
15.03 2.495 37.00 2476-38-1 1.34 7.7 3.02 0.015 0.074 0.036 
17.07 2.580 36.47 2476-39-1 1.34 7.91 4.74 0.01 1 0.032 0.024 
19.55 2.684 37.32 2476-40-1 1.32 7.59 4.95 0.0027 0.018 0.013 
22.45 2.804 33.14 2476-43-1 1.3 6.45 4.95 0.0002 0.024 0.0077 

4-22-89 1.00 2.911 32.09 2476-44-1 1.33 7.74 4 0.024 0.06 0.057 
4.07 3.039 26.82 2476-45-2 1.32 7.48 4.78 0.003 0.016 0.006 
6.50 3.140 36.31 2476-46-2 1.26 7.64 4.55 0.0004 0.018 0.0009 

11.29 3.339 36.522476-48-1 1.28 7.53 4.76 0.004 0.018 0.0071 0.007 
16.05 3.538 30.172476-50-2 1.29 8.13 5.06 0.015 0.026 0.028 
19-18 3.668 43.77 2476-52-1 1.27 7.55 4.W 0.0055 0.023 0.0095 
22-30 3.798 37.02 2476-53-1 1.26 8.09 5.M 0.0078 0.026 0.014 

4-23-89 1.40 3.927 34.212476-55-1 1.23 8.02 5.17 0.015 0.029 0.024 0.009 
4.37 4.051 26.88 2476-56-2 1 .23 8 5.18 
8.24 4.212 41.522476-58-1 1.26 7 .  5.07 0.14 0.17 0.21 0.02 

10.27 4.297 20.50 2476-59-1 1.26 9.43 4.85 0.17 0.17 0.28 
14.50 4.473 20.002476-61-1 1.26 9.11 4.W 0.0088 0.095 0.0186 
19.15 4.667 40.162476-62-1 1.32 8.46 4.73 0.05 0.1 0.OR 0.016 

4-24-89 0.05 4.871 39.782476-64-1 1.33 8.35 4.84 0.01 0.049 0.019 
6.00 5.119 31.40 2476-66-1 1.31 8.09 4.W 0.014 0.055 0.023 

10.15 5.292 37.17 2476-67-1 1.28 8.68 4.83 0.0066 0.032 0.012 
13.40 5.427 24.58 2476-68- 1 7.93 
16.25 5.546 15.99 2476-68-2 7.97 4 . n  0.0142 0.0288 0.0081 
18.50 5.640 29.19 2476-70-1 1.29 8.75 4.71 0.0078 0.034 0.016 
19.50 5.682 18.41 2476-70-3 7.6 4.95 0.0028 0.016 0.0057 
20.45 5.721 34.70 2476-71-1 7.91 4.86 0.0027 0.015 0.0061 0.257 
21.45 5.763 20.37 2476-71 -2 1.26 7.51 4.95 0.016 0.038 0.041 
22.45 5.804 21.11 2476-71 -3 7.83 5.08 0.007 0.025 0.014 
23.45 5.846 32.48 2476-71-4 1.26 8.93 4.97 0.0041 0.019 0.0082 0.141 

4-25-89 0.41 5.086 20.00 2476-72-1 7.92 4.97 0.0035 0.02 0.0074 
3.10 5.998 22.H2476-72-2 1.31 7.52 5.06 0.014 0.042 0.029 
5.55 6.100 24.60 2476-73-1 1.29 8.37 4.94 0.0056 0.032 0.0099 
8 1 2  6.207 19.40 2476-73-2 8.01 4.86 0.0035 0.018 0.007 
8.43 6.220 20.00 2476-74-1 8.12 4.94 0.0043 0.024 0.0076 
9.16 6.251 13.05 2476-74-2 8.18 4.95 0.0026 0.014 0.004 
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TABLE A.2. Results from Analyses o f  A1 Metal Samples 

Sample 
Date Time Event Sample ID Weight Cu Fe N i 

3-1 7-89 15.00 add metal 4701.00 
3-1 9-89 6.25 sample taken 2476-1 4-2 0.70 0.033 0.12 0.0047 

10.40 sample taken 2476-1 7-2 0.90 0.029 0.1 0.004 
3-20-89 3.22 sample taken 2476-24-2 5.68 0.03 0.16 0.0088 

14.45 sample taken 2476-27-2 10.78 0.03 0.18 0.01 1 
23.05 sample taken 2476-31-2 1.80 0.04 0.19 0.026 
23.28 sample taken 2476-31 -3 10.46 0.04 0.18 0.03 
2.55 sample taken 2476-32-3 6.03 0.06 0.25 0.06 
6.07 sample taken 2476-34-1 2.85 0.09 0.38 0.1 1 
9.34 sample taken 2476-36-1 3.00 0.1 1 0.36 0.15 

15.1 6 sample taken 2476-38-2 3.74 0.1 6 0.48 0.24 
20.00 sample taken 2476-40-2 8.77 0.1 5 0.46 0.23 
22.50 sample taken 2476-43-2 10.06 0.19 0.52 0.28 
2.59 sample taken 2476-45-1 2.27 0.27 0.69 0.49 
6.41 sample taken 2476-46-1 5.68 0.32 0.81 0.55 
9.20 sample taken 2476-47-1 4.42 0.41 0.99 0.69 

15.55 sample taken 2476-50-1 3.46 0.44 1.1 1 0.77 
19.47 sample taken 2476-52-2 5.35 0.51 1.26 0.86 
4.37 sample taken 2476-56-1 2.00 0.62 1.5 1.04 

14.50 sample taken 2476-61 -2 3.1 3 0.85 1.95 1.38 
19.20 sample taken 2476-62-2 4.45 0.86 1.86 1.31 
0.20 sample taken 2476-64-2 2.50 0.97 2.105 1.505 
7.42 sample taken 2476-66-2 2.50 1.08 2.35 1.7 

1 2.20 sample taken 2476-67-2 5.43 1.12 2.48 1.76 
16.25 sample taken 2476-68-3 6.51 1.07 2.42 1.73 
18.50 sample taken 2476-70-2 4.67 1.15 2.53 1.82 

3-25-89 6.03 sample taken 2476-73-2 3.00 1.6 3.28 2.53 
8.20 sample taken 2476-73-3 3.43 1.56 3.57 2.93 

10.00 sample taken 2476-74-3 3.00 1.4 3.43 2.33 

4701.00 Initial Charge 
6485 Bulk Recovery 

126.60 Sample Amount Removed 
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