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SUMMARY 

The pilot cell test of the cermet anodes was completed in August 1991 at 

the Reynolds Metals Company Manufacturing Technology Laboratory, Muscle 
Shoals, Alabama. During this test 13 cermet anodes were evaluated. The long
est time any one anode was tested was 314 h (13.1 days). During the pilot 
cell test, all of the anodes corroded severely as measured by both impurities 
in the aluminum metal and post-test analyses of the anodes. The overall 
dimensions of the anodes did not change much but a reaction layer of signifi-

cant thickness was observed. 
observed deep within the anode 

In addition, electrolyte components were 
and resulted in significant changes in the com-

position and properties of the anode material. 

It is still unclear whether the cermet material evaluated in this work 
is the best choice for an 11 inert" anode. The negative results of the pilot 

cell test would appear to argue against using this material, but there were 
many deficiencies in the pilot cell test that may make this conclusion pre
mature. These deficiencies primarily involved the failure to maintain optimal 
operating conditions, including alumina concentration at saturation, constant 
current and voltage conditions, constant anode-to-cathode distance (ACD), and 
constant temperature. Also, there were problems caused by the large carbon 

anode that was used simultaneously with the cermet anodes and mechanical 
fracture problems with both the anode connections and the cermet anodes 
themselves. In addition, the microstructure of the cermet anodes was not 
exactly the same as that tested previously in the laboratory; the ramifica
tions of these differences are not certain. 

Despite no clear indication as to whether the cermet material would make 
a good candidate for an inert anode under more "ideal" conditions, the pilot 
cell test was successful in demonstrating that the performance of the anode is 
strongly influenced by either or both anode fabrication and operation. The 
results of this work indicate the variety of fabrication and operational con
siderations that need to be addressed carefully in any future testing of this 

• or other candidate material. At the very least, this work establishes an 
experimental protocol for anode fabrication, cell operation, and post-test 

; i ; 



diagnostics that would seem to be required in future testing. The work also 
points to some important chemical and physiological changes in the cermet 
material that occur during electrolysis that should be kept in mind in future 
tests. These changes will probably occur to a greater or lesser extent during 
most operations with the cermet anodes; albeit it remains to be determined 
under what conditions of anode fabrication and cell operation the rates of 
these transformations can be reduced to acceptable values. 
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1.0 INTRODUCTION 

The Inert Electrodes Program is being conducted at the Pacific Northwest 
Laboratory (PNL)I•I for the U.S. Department of Energy (DOE), Office of Indus
trial Processes (DIP). The goal of the program is to develop long-lasting, 
energy-efficient anodes and ancillary equipment for Hall-Herault cells used to 
produce aluminum metal. Emphasis has been placed on the development of anodes 
made from a ceramic/metal composite consisting of NiO and NiFe204 and a Cu/Ni 

metal phase. laboratory tests (Strachan et al. I989) have shown that this 
composition corrodes at a low enough rate to make it an attractive alternative 
to the consumable carbon anodes currently used in commercial smelting opera
tions. Before aluminum companies would consider using the cermet anodes, how
ever, it is necessary to demonstrate operational success on a longer scale. 
In particular, acceptable performance had to be shown in a larger, self-heated 
cell. Toward this end, Reynolds Metals Company (RMC) was subcontracted by PNL 
in Fiscal Year 1988 for use of the "pilot cell" at their Manufacturing Tech
nology Laboratory (MTL) in Muscle Shoals, Alabama. The pilot cell was subse
quently modified to allow testing of cermet anodes as described in Section 2.0 
of this report. A preliminary "prototype anode test" was also performed by 

RMC and PNL in a large laboratory cell at the MTL in March 1989 to determine 
certain operating conditions for the cermet anodes before running the pilot 
cell test. 

The cermet anodes that were tested in the pilot cell were manufactured 
by Ceramic Magnetics, Inc. (CMI), Fairfield, New Jersey. The staff of PNL 

worked closely with those at CM! between October 1989 and August 1991 to scale 
up both the manufacture of the cermet powder and the fabrication of the cermet 
anodes themselves. The results of this fabrication effort are discussed in 
Section 3.0 of this report. In June I991, a test plan for the pilot cell test 
was finalized {Windisch et al. 199la} after a series of meetings with PNL, 
RMC, DOE staff, program consultants, and DOE-selected advisors. In July 1991, 
13 cermet anodes were delivered to the MTL for testing in the pilot cell. The 

(a) Operated for the U.S. Department of Energy by Battelle Memorial 
Institute under Contract DE-AC06-76RLO 1830. 
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pilot cell test was initiated on August 1, 1991. The test was conducted 

jointly by the staff at PNL and RMC, assisting each other in evaluating all of 
the 13 anodes between August 1 and August 30, 1g91. During that test, some 
operational difficulties were encountered and the pilot cell test procedures 

had to be modified extensively. Discussion of the operation of the pilot cell 
test and these difficulties is presented in Section 4.0. The longest any 

cermet anode was tested in the pilot cell was 13.1 days. After the test was 
completed, the anodes were returned to PNL for many post-test analyses. The 
results of these post-test analyses are discussed in Section 5.0. 

Additional cermet anodes were delivered to the MTL in September 1991 and 
these were used in cooperation with Eltech Research Corporation (ERC), 
Fairport, Ohio, in a second phase of the pilot cell test, conducted during 
September and October 1991. These anodes were returned to ERC for evaluation. 
The results from these analyses will be reported in a separate ERC report. 
The staff at PNL, RMC, and ERC have all interacted closely in comparing their 
data and results from the pilot cell test so that a clear and consistent con
sensus could be developed regarding the performance of the cermet anode 
material. 

In addition to post-test analytical data, other data were collected dur
ing the pilot cell test including temperature, electrolyte and aluminum metal 
composition, anode-to-cathode distance (ACD), and anode immersion. The pilot 
cell was heavily instrumented so that current and voltage signals could be 
collected from numerous positions around the cell. Some of the signal data 
are discussed in this report. Other studies of current and voltage data from 
the pilot cell test were performed as part of the Sensors Development Program 
at PNL. The objective of the sensors studies was to determine whether digital 
signal analysis (DSA) methods could be used to relate process noise to alumina 
concentration. The results of the DSA analysis were published separately in 

two PNL reports (Williford and Windisch 1992; Windisch.1992). 

In summary, the primary objective of the pilot cell test was to evaluate 
the "inertness" of cermet anodes as nonconsumable substitutes for carbon in a 

pilot reduction cell. If the material could be shown to corrode or wear at 
acceptably low rates in this test, it was hoped that industry would become 
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sufficiently interested in the material and the inert-anode alternative to 
proceed with the next step in transferring the technology to commercial cells. 
Other issues related to inert anode performance and operation (separate from 
corrosion issues), such as mechanical properties {e.g., thermal cracking), 
pilot cell peculiarities (e.g., uniqueness of voltage characteristics), and 
control of bath chemistry (e.g., alumina concentration), were considered 

important, but secondary, in this first pilot cell test. This point is impor
tant since serious problems associated with these secondary issues were 
encountered in this test and the problems with the secondary issues may well 
have affected the material performance relative to the primary objective. 
Consequently, shortcomings of the material and technology as they relate to 
these secondary issues should not be construed as a 11 failure" for the material 

or a lack of relevancy of the test. Many of these shortcomings were, in fact, 
anticipated; however, in light of the primary objective of the work and for 
the sake of expediency, it was decided to proceed with the test and address 
the secondary issues more fully at a later time. 
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2.0 PILOT CELL DESIGN AND TEST PLAN 

2.1 PILOT CELL DESIGN 

The pilot reduction cell at MTL, shown in Figure 2.1, is a small, self
heated cell with the capacity for two industrial-size carbon anodes. Schema
tics of the pilot cell design are shown in Figures 2.2 and 2.3. Key features 
of this design include the following: 

• Two 15.5-inch x 21.5-inch anodes located 4 inches apart, centered 
over two standard amorphous cathode blocks. 

• Sidewall construction consisting of rammed carbon, prebake carbon 
blocks, and TR-19 vermiculite insulation to minimize heat losses. 

• Alumina feed through a point feed system located between the two 
anodes. 

FIGURE 2.1. Photograph of the Pilot Cell 
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• A cell cavity 44-inch x 33-inch and 17-inch deep. A 5-inch gap 
exists between the edge of the anode on two sides and a 6-inch gap 
on the other sides. Metal tapping was normally done using a vacuum 
crucible between the two anodes. 

Special modifications were made to the cell to accommodate the testing 
of the cermet anodes. One of the carbon anodes (east anode) was replaced by a 
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FIGURE 2.3. Diagram of the Pilot Cell (Side View) 

cermet anode cluster consisting of six cermet anodes in a 2-by-3 arrangement 
as shown in Figures 2.4 and 2.5. The cermet anode positions were identified 
as A through F as shown in Figure 2.4. The holder system allowed for removal 
and adjustment of each anode individually. Current was supplied to the anode 
cluster by means of cables connected to the top of each stem. Current was 
monitored to each cermet anode by means of a calibrated current shunt located 
near the top of the superstructure. The shunts were calibrated at 100 mV 
being equal to 500 A. Each of the anodes was electrically isolated from the 
adjacent carbon anode, allowing individual control of current or voltage of 
the carbon anode and cermet anode cluster. This allowed operation of the car
bon anode to provide sufficient heat for maintaining a proper thermal balance 
in the cell . 
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FIGURE 2.4. Schematic of the Six-Pack of Cermet Anodes Showing 
Position Designations 

The cermet anodes were of the type NiO-NiFe
2
0

4
-Cu and were manufactured 

at CMI . (Issues related to fabrication of the anodes are discussed in Sec
tion 3.0 . ) Each of the cermet anodes had the shape shown in the photograph in 
Figure 2.6 and had the nominal dimensions shown in the schematic of the cross
section shown in Figure 2.7. The anodes were roughly cylindrical with an 
additional l - in. lip or "wing" on the top edge. All edges of the anode were 
rounded. A 18-inch-long, l-inch-diameter Ni connector rod was screwed into 
the center of each cermet anode . A 1.25-in. diameter alumina sleeve was 
placed over the rod, extending 3 inches up from the top of the cermet anode . 
Both the alumina sleeve and the l-in. lip on the anode were meant to protect 
the rod-anode junction from attack by electrolyte vapors. 

Platinum wires were also connected to the top of the anodes and the bot 
tom of the stems to help determine voltage drops . Most of these wires were 
too fragile and did not survive installat ion of t he anodes in the cell , 
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FIGURE 2.5. Photograph of the Cermet Anodes in the Pilot Cell 

however, so only a few measurements were made with them. Additional wires 
were connected to the top of the stems to provide routine voltage drop meas
urements to the data acquisition system. These connections worked well as 
they were remote from the crust of the cell and were connected after the 
cermet anodes were installed. 

2.2 PILOT CELL TEST PLAN 

The pilot cell test was to be performed in accordance with the proce
dures developed during a series. of meetings involving PNL, RMC, DOE staff, 
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FIGURE 2.6. Photograph of an Assembled Cermet Anode and Connector Rod 

program consultants, and DOE-selected advisors. These procedures were dis
cussed in detail in Windisch et al. (1991a). Due to operational problems 
encountered during the pilot cell test, in particular cracking of the anodes 
and failure of the Ni connector rods, the procedures had to be modified sig
nificantly. These problems and the specific changes employed to address them 
are discussed in Section 4.0. 

In general, data collection procedures were not significantly affected 
by the operational problems discussed in Section 4.0. Current and voltage 

data, bath temperature, anode immersion and anode-to-cathode distance (ACD), 
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FIGURE 2.7 . Nominal Dimensions of the Cermet Anode (Inverted "T" around 
screw connection corresponds to a "core-material" that was 
added in earlier configurations. See Section 3.2.) 

and samples of bath and metal were all taken as scheduled to monitor perform
ance of the anodes and control the cell operation. These items were recorded 
on a log sheet during each of the three daily shifts as shown in Figure 2.8. 
In addition, the current through each cermet anode, the total current through 
the cermet anode cluster, and the voltages across the east (cermet cluster) 
and west (carbon) anodes were logged every 30 seconds with a Dianachart data 
acquisition system and a personal computer. Non-routine data and activities 
were recorded in log books . 
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3.0 FABRICATION OF THE CERMET ANODES 

A set of 26 anodes were needed for use in both the PNL and ERC portions 
of the pilot cell test. These anodes were produced at CMI with the initial 
pressing and sintering conditions used previously at PNL {Hart et al. 1987). 
The powder from which these anodes were produced was also made at CHI . In 
this section, the production of the powder will be reviewed briefly and then 
the efforts leading to the successful production of the anodes will be 
chronicled. 

3.1 POWDER PRODUCTION 

Although the production of the ceramic precursor powder has been dis
cussed elsewhere {Windisch et al. 1991b), some of the characterization results 
were not available . Therefore, the production of the ceramic powder from 
which the pilot cell anodes were fabricated is discussed here briefly. 

A large, approximately 1000-kg batch of powder containing hematite 
{Fe203, Pfizer Pigments, Inc., Easton, New Jersey) and high purity, green nic
kel oxide {NiO, Novamet, Wyckoff, New Jersey) was mixed wet {H20) in a steel 
ball mill for 2 h to 4 h. This powder was dried at room temperature in large 
flat pans. Eight 50-kg batches of powder were calcined at different condi
tions to attain a fully reacted and sinterable powder. Initially, the cal
cining was not performed at sufficiently high temperatures so that the main 
constituents were basically unreacted Fe203 and NiO . As the temperature and 
time at temperature were increased from 80o· c for 2 h to 980"C for 6 h, the 
amount of these materials decreased in favor of the desired compounds, NiFe204 

and NiO. These results are summarized in Figure 3.1. Batch eight {XBAT-8) 
contained no detectable Fe

2
0

3
• 

In addition to performing x-ray analyses , a chemical analysis was also 
performed on the mixed Fe203 and NiO to determine the composition of this pow
der that served as the source for all of the calcining trials and the anodes. 
The results from this analysis showed that the composition of the powder 
closely matched the specified composition. At PNL, a powder sample was ran
domly selected from a larger batch of powder , dissolved in 6 M HCl, which was 
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FIGURE 3.1. Results from the X-ray Diffraction Scans of the XBAT Series of 
Calcined Powders 
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then analyzed using an inductively coupled plasma (ICP) spectrometer. An 
analysis of each calcined powder batch was also provided by CMI. These analy
ses match closely the desired composition shown as "5324" in Table 3.1. The 
notation "5324" was devised by Alcoa Laboratories (Weyland et al . 1986) and is 
used here to refer to the composition that serves as a "reference" material . 

During the course of obtaining the correct calcining conditions for the 
precursor powder, small pellets of the calcine were pressed and sintered. 
Even when the calcine contained substantial quantity of unreacted Fe203, the 
powder sintered well and a pellet of desired density was usually obtained. 
The results from several of these sintering tests are summarized in Table 3.2 . 

One of the problems identified early in the program was the low consoli
dation pressures available at CMI. The maximum pressure that could be 
attained at CMI was 91 MPa (13 kpsi). This is substantially lower than the 
140 MPa (20 kpsi) used in the laboratory studies at PNL. This low consolida
tion pressure led to approximately 0.1 g/cm3 lower density (see Table 3.2). 
Although the powders from XBAT-5 through XBAT-8 yielded the same sintered 

TABLE 3.1 . Composition of Powders Produced at Ceramic 
Magnetics and Analyzed at Rutgers University 

Assay, mass % 

Iron as Nickel as 
Batch Number Fe203 NiO 
XBAT-2 46.8 53 .3 
XBAT-3 46 .8 53 .3 
XBAT-4 46.8 53.3 

XBAT-5 46 .8 53 .5 
XBAT-6 46.8 53 .5 
XBAT-7 46.8 53 .5 
XBAT-8 46.8 53 .5 
XBAT-9 46.8 53.5 
XBAT-3 (PNL) 48 .4 51.5 
"5324" 48.5 51.7 
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TABLE 3.2. Results from Pressing and Sintering Experiments with XBAT Powders 

Material 
"5324" Powder 
XBAT-9 
XBAT-8 
XBAT-7 
"5324" + 17% Cu 
XBAT-9 + 17% Cu 
XBAT-8 + 17% Cu 
XBAT-7 + 17% Cu 
Lab Anode ("5324" + 17% Cu) 
Test Anode {XBAT-9 + 17% Cu) 

Sintered Densities, g/cm3 

Consolidation Pressure, MPa(kpsi) 
91 MPa (13 kpsi) 140 MPa (20 kpsi) 

5.60 5.70 
5.47 

6.05 
5.94 

5.85 

5.62 
5.72 
5.78 
6.11 
5.99 
6.05 
6.06 
5.97 

densities as the "5324" powder after pressing at 140 MPa and sintering, when 
XBAT-9 was similarly pressed and sintered, the final density was about 
0.1 g/cm3 lower. Therefore, the densities of the pilot cell anodes were about 
0.2 g/cm3 lower than the densities of anodes that had be~n tested in the lab 
and the prototype anode used in the large laboratory-scale test (Strachan et 
al. 1990). If 6.1 g/cm3 is considered the theoretical density for the cermet, 
then the anodes were approximately 95% dense . 

Each 25-kg batch of powder was also spray dried. Early batches of the 
powder were spray dried to an agglomerate particle size of 8 ~m. It was noted 
in small test batches taken from each 25-kg test batch that this powder did 
not blend well with Cu metal. The final batch of powder was spray dried to a 
particle size of 20 ~· The particle sizes of 20 ~m and 50 ~m represented the 
mean agglomerate size. The actual powder making up these agglomerates was 
probably in the range of 1 ~ to 5 ~m. 

Finally, a large batch of powder (500 kg) was calcined (XBAT-9). Since 
the batch size and furnace used in the trial calcinings were small, the condi - • 
tions necessary to calcine a 500-kg batch of powder were changed slightly. 
Whether this change or simply the difference in calcining a larger batch of 
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powder made the difference, the resulting powder had a trace of hematite and 
did not sinter to as high a density as the powder from XBAT-8. The resulting 
sintered density from the XBAT-9 powder was approximately 0.1 g/cm3 lower than 
that obtained from XBAT-8. The exact cause of this is uncertain at this time, 
but one explanation is that portions of the powder were at the calcining tem
perature longer than other portions. This could possibly have been corrected 
by longer ball milling or use of a different furnace/furnace design so that 
uniform calcining occurred. The effect of this lower density on the perform
ance of the anode material · is not known but could have provided increased 
access by the electrolyte to the interior of the anode along grain boundaries. 

3.2 ANODE PRODUCTION 

Using the spray-dried powder described above mixed with 17 mass% Cu 
metal (Alamo Supply Co., Houston, Texas), 13 test anodes(a) were fabricated. 
The initial sintering schedule for these anodes is shown in Table 3.3. From 
the experience in constructing laboratory anodes, shrinkage of the material 
from the as-pressed green anode to final sintered anode was well known; about 
17% linear shrinkage occurs on sintering. Therefore, after a couple of 
trials, an isostatic press mold was designed from which a near net-shape anode 
was obtained after sintering. The target anode dimensions were shown in Fig
ure 2.7. To accommodate the Ni rod that was to be used to support the anodes 
and provide an electrical connection, a metal -rich core material had been 
developed (Strachan et al. 1989). This core was constructed of 50% cermet 
powder and 50% of an alloy that was 65% Cu and 35% Ni. The core material, 
when sintered, provided a good electrical bond between the Ni rod and the 
cermet anode body and a reasonable transition between the coefficient of 
thermal expansion of the cermet and the Ni rod. The shape of this core was 

(a) The test anodes were preliminary anodes with the same dimensions as 
those used in the pilot cell test . These anodes were made to determine 
the optimum fabrication conditions and the specifics of the electrical 
connection scheme that worked best , prior to making the anodes actually 
used in the pilot cell test . 
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TABLE 3.3. Initial Sintering Schedule for the Pilot-Cell Test Anodes 

Temperature Rate, Time, 
Range, ·c ·c;h h 

25 to 650 15 40 
650 to 1070 50 8 
Hold at 1070 4 
1070 to 1200 30 4 
Hold at 1200 8 
Cool 50 24 
Total Time 88 

designed to prevent the core from pulling free from the anode body during use 
in the event a crack developed between the two materials. 

The first anode delivered to PNL had a circumferential crack (Fig-
ure 3.2). From the shape and orientation, it was concluded that this crack 
developed as a result of differential contraction of the core and anode mate
rials. This differential contraction caused the cermet to be placed in ten
sion - a situation in which most ceramic materials do not perform well. 

In an attempt to understand this cracking phenomenon, the dilatometric 
properties were measured. The results from this measurement are summarized in 
Figure 3.3. Although the two materials consolidate at different rates, this 
is not expected to cause severe stresses in the material. Even if stresses 
were induced from this behavior, the stresses would have been annealed during 
the heat treatment at about 1250•C. However, the slope of the curves shown in 
Figure 3.3 indicate that on cooling the core material shrinks about 1% faster 
than the cermet material. 

Before describing the set of tests that led to the final sintering con
ditions, one sintering condition should be described. While this is almost 
anecdotal, the information may be important for later studies. One anode
sized cylinder was produced using the powder described above but without spray 
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FIGURE 3.2. As-Sintered Anode a) Top View, b) After Sectioning and Treating 
With a Dye Penetrant to Show the Depth of the Crack, c) Cross
Section Face After Treating With Dye Penetrant 
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drying and without an organic binder. This material sintered well~ but most 
of the Cu bled from the material, forming a pool at the bottom. 

When the cermet material is formulated, only pure Cu is used. However, 
examination of the metal phase in the cermet shows it to be about 65% to 
85% Cu and the remainder Ni. It had long been suspected that the organic 
caused reduction of the NiO with subsequent alloying between the Cu and the 
Ni. If an organic sintering aid is to be excluded, the sintering conditions 
will need to be changed, possibly including a slightly reducing atmosphere. 

A series of anodes were produced with the intent that sintering condi
tions and/or a modification of the core design might yield anodes without 
cracks. The data on those anodes are summarized in Table 3.4. In the end, it 
was decided to leave out the core and machine the threads (needed to attach 
the Ni rod) directly into the cermet material. 

In Table 3.4, the "inverted "T"" refers to the cross section shape of 
the core material that was stepped to be wider at the base than at the top. 
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TABLE 3.4. Description of the Test Anodes That Were Sent to PNL 

Code 

81 

81A 

Description 
Standard anode configuration with a 65% Cu/35% Ni core of 
smaller diameter, but inverted "T" shape. 
Same as B1, but without the inverted "T" shape to the 
core. 

B2 Standard anode configuration with a 12 .2 mm (0.5 inch) 
hole drilled in the cermet/metal core at the green stage. 

B2A Same as 82, but without the inverted "T" shape to the 
core. 

B4 Same as 81, but constructed using the "5324" ferrite 
powder. 

84A Same as 84, but without the inverted "T" shape core . 
C1 Standard configuration, but the core was made by 

gradually increasing the amount of cermet phase in the 
core material from 50% at the inner most portion to 85% 
in the outer most . 

This was done to prevent the anode from dropping from the core material during 
use if a crack developed between . the core and the cermet anode material. From 
the shape of the cracks, it was initially thought that the shape of the core 
may have been, in some way, causing the cracks; even the anodes with the 
straight cores cracked . More surprising was the fact that the anode con
structed with the "5324" powder also cracked . This result suggests that even 
the prototype anode used in the laboratory cell test (Strachan et al . 1990) 
was probably also cracked. In all cases, where a core material was used, 
excellent bonding occurred between the cermet and core materials (Figure 3.4) . 

The fact that these cracks were small indicated that detection using 
x-ray radiography would not be successful. At PNL , the Applied Physics Center 
specializes in nondestructive testing. This group had equipment set up and 
available to examine these anodes and determine if these cracks could be seen. 
By immersing the anode in a tank of water on an aluminum pedestal, the entire 
anode could be scanned using ultrasound . A schematic of the experimental 
device for scanning the anodes is shown in Figure 3.5. Ultrasound is focussed 
on the anode and the reflected sound is detected . The anode i s rotated 
through 360• with 11 Scans" being taken as frequently as every 1 mm. If no 
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FIGURE 3.4. Close-up View of a Cross Section of a Pilot 
Cell Anode Showing the Excellent Bonding 
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FIGURE 3.5. A Schematic of the Ultrasound Device for Determining 
the Presence of Cracks in Pilot Cell Anodes 
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crack or defect exists in the material, the sound is not reflected until it 
reaches the other side of the anode. The sound will not penetrate beyond a 
crack, so the intensity of the reflected sound is more intense from a crack. 
By measuring the time it takes for the sound wave to pass through the water 
and then into the anode, the depth of the crack from the surface can be meas
ured. For more accuracy, the speed of sound in the cermet material was meas-

t ured using a solid piece of a sectioned anode of known thickness. An example 
of the "picture" of the crack in a cracked anode is shown in Figure 3.6. In 
this figure three views are shown. One view is shown as a cross section. The 
next view is a circumferential view at the depth of the most intense signal 
from the crack. In the third view, the crack is viewed from the bottom of a 
sectioned anode. In these views, the crack is represented by the darkest 
area. Confirmation of the depth and geometry of the crack was obtained by 
sectioning the anode and examining the crack. 

; 

• 

Since it appeared that the core material was causing the cracking in the 
cermet anodes, two test anodes without any core material were produced. These 
anodes contained no cracks that were visible, and none were found upon exami
nation using ultrasound. These two anodes were heated to 1000°C at about 
50°C/h. The anodes remained heated for about 12 h. After slow cooling, both 
anodes appeared to crack after removal from the furnace at a temperature of 
about 50°C to 70°C . This performance was deemed acceptable and the remainder 
of the anodes were pressed and sintered. Two of the next 13 anodes were non
destructively tested for cracks; none were found. 

Before and after use, the composition of the anodes was checked. Sam
ples were selected from the middle of the anode. The samples were ground into 
a fine powder and a weighed portion of the powder was dissolved in 6 M HCl. 
After the ferrite material was dissolved, the remaining portion, namely the 
Cu, was dissolved by adding a couple of drops of concentrated HN0

3 
to the HCl. 

This solution was diluted to a known volume and analyzed using ICP. The 
results of these analyses are summarized in Table 3.5. The composition is 
essentially identical to that of anodes prepared at PNL ("5324") and extremely 
close to theoretical based on starting material composition . 

3. 11 



·'':-:: ~-: .. ~=--=--:::_-"-
··· 

~ 
~ 

0 Uftrasound 
TraMducer 

(A) 

' 
~ 
~ 

0 Ultrasound 
T riii'ISCb:ef 

(8) 

(C) 

FIGURE 3.6. Results from the Ultrasound Testing Showing the Existence of 
Cracks Within the Anode. Three Views of the Anode are Presented. 
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TABLE 3.5. Composition of Tested and Control Anode Materials 

Com~osition, Mass % 

Material Cu Ni Fe 
, 

"5324" 16.8 32.0 28.1 
Control (CMI 16.2 32 .0 27.4 
Fabricated) 
Tested (CMI 16.6 31.3 26 .7 
Fabricated) 
Theoretical 17.0 33 .7 28.0 

' 

• 
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4.0 PILOT CELL OPERATION 

4.1 CELL START-UP AND BREAK-IN 

The MTL pilot reduction cell began operation on August 1, 1991. The 
start-up procedure was similar to that used in past operations of the pilot 
cell and essentially consisted of the following steps: 

1. The cathode bottom was covered with aluminum buttons (400 lb) 
before beginning a gas prebake. 

2. Heat was applied with a gas torch for 32 h to melt the aluminum. 

3. Two (2) preheated carbon anodes were installed. Current at 5.6 kA 
was passed through the cell for the next 24 h. 

4. Cryolite was then melted in the cell by raising the anodes to 
arcing conditions and placing solid cryolite around the anodes. 
The reclaimed cryolite used for this purpose typically has a bath 
ratio of 1.7 with small amounts of LiF, MgF2, and CaF2• Within two 
hours of beginning this step, 3 inches of l1quid bath had been 
achieved. This operation occurred on August 3. 

5. Several days were then allowed to achieve chemical and thermal sta
bility before replacing the standard carbon anode with the graphite 
anode cluster. This replacement occurred on August 5. Figure 4.1 
shows key cathode temperatures during heat-up and initial 
operation. 

Before operation with the cermet anodes, a cluster of similar sized 
anodes made of graphite was installed. These anodes were 6 inches in diameter 

and 8 inches high with a l-inch diameter 304 stainless steel stem threaded 
into the anode. The purpose ~f installing the graphite anode cluster in the 
cell was to provide time to ensure proper operation of the data collection 

systems and allow individual changeout to the cermet anodes. The graphite 
cluster was installed as a unit on August 5, 1992 at 3:10 pm. The anodes had 
been preheated using a gas torch. An initial problem was found to exist due 
to high electrical noise on the data acquisition system arising primarily from 
the ac rectifier signals. The signals were subsequently improved by install -
i ng filters in the data acquisition circuits. 

Figures 4.2 through 4.4 show the current versus time for each of the 
graphite anodes from August 7-9 . All of the graphite anodes were to be 
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removed on August 9 and replaced with cermet anodes . On August 8 at 10:50 am, 
the graphite anode in position B was replaced with another graphite anode 
machined to the dimensions of the cermet anode and following planned installa
tion procedures for the cermet anode. This was done to work out any "bugs" 
associated with the anode transfer. The new graphite anode had been preheated 
to 30o·c in an electric furnace and was initially placed over open bath for 
further heating before lowering into the bath. Temperature was monitored on 
this anode during installation and found to increase rapidly. When over the 
bath, the temperature increased from 300·c to 530·c in 10 minutes. Later in 
the day (2 pm), a cermet anode was transferred to the pilot cell using exactly 
this method, and it cracked immediately. Further discussion of this transfer 
is given in Section 4.2. 

Operation with the graphite anode cluster showed a current imbalance 
among the six anodes as shown in Figure 4.5. Anodes in positions A, B, and C 
carried about 17% less current than those in positions D, E, and F. Posi
tions A, B, and C were closer to the large carbon anode (west anode) which , as 
discussed below, perturbed the voltage character istics of the cell. The 
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FIGURE 4.5. Current Imbalance on the Carbon Anodes. (Average of readings 
taken between August 7 at 6:00 am and August 8 at 8:00 am) 

imbalance was also partly due to the sidewall conduction in the cell. During 
this period, the cell was operating with ·7.7 inches of bath with the anodes 
immersed 3.1 inches, resulting in an anode-cathode distance of 4.6 inches. 
The distance to the sidewall was 5.5 inches. With no sidewall freeze, sig
nificant sidewall conduction was occurring. This was confirmed by the burn
back pattern noted on the anodes when removed, i.e., the sides of the anodes 
oriented toward the sidewalls showed the most mass loss. 

4.2 PREHEATING OF CERMET ANODES 

The planned method for transferring the cermet anodes to the cell was as 
fallows: 

1. Preheat the anodes to 300°C at a rate of 50°/h in an electric fur
nace. The anodes would be bundled in a ceramic wool insulation to 
retard heat loss during transport to the cell some 100 m away. 

2. Remove one graphite anode from the cell, allowing sufficient open
ing for the cermet anode to be located in its place. 
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3. Remove one cermet anode from the preheat furnace, placing it into 
the cell hanging several inches above the bath. 

4. As the temperature increases on the anode, lower it down toward the 
bath until it is submerged. 

5. At this time the current lead will be connected and current passed 
through the anode. 

Figure 4.6 shows the cermet anodes in the preheat furnace. Figure 4.7 
shows an anode being transferred to the cell for installation. As indicated 
in Section 4.1, the first cermet anode transferred in this manner cracked as 
soon as it was exposed to the open bath. Figure 4.8 shows this first anode, 
labelled Anode 81, after it had cracked. As shown, the anode cracked radially 
down a center line including the Ni rod/cermet anode connection. Thermal 
shock coupled with too large a CTE mismatch between the Ni rod and the cermet 
anode was probably the cause of the cracking. Further discussion of the ther
mal shock characteristics of the anode is given in Sections 4.3 and 5.3 . 

• 

FIGURE 4.6. Photograph of Cermet Anodes in the Preheat Furnace 
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FIGURE 4.7. Transferring a Cermet Anode to the Pilot Cell 

Following the initial failure in transferring a cermet anode, the pre
heating procedures were modified. Two alternative procedures were evaluated: 

1. An anode, labelled Anode Aux1, was positioned on the cell and 
allowed to preheat over the crust near position E. Then it was 
gradually lowered into the cell. Over a 16- to 32-h period, this 
anode was worked down into the molten bath. 

2. An anode, labelled Aux2, was preheated in an electric furnace to 
970•C, then transferred to position 8 and inserted directly into 
the molten bath. 

The first of the two alternatives proved to be the simplest and was used for 
all of the remaining anodes in the test.(al Normally, an anode could be 
placed in the cell and would be carrying current in less than 24 h. Initial 
attempts to measure the anode temperature during heating yielded inconsistent 

(a) Some of the anodes were preheated to 3oo·c before they were transformed 
in this manner. The preheated anodes were those that were originally 
put in the preheat furnace before the change in procedures was insti
tuted. These were anodes Al, Cl, Dl, El, and Fl. 
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FIGURE 4.8. Anode Bl after It Had Cracked during Transfer to the Pilot Cell 

results, as the thermocouples were not fixed in place and would move as the 
anodes were lowered into the cell . Generally, the anodes were seen to heat up 
at 40 to 60°/h and be at a temperature of 700 to 800°C when current was 
applied. The temperature of the anode was measured by placing a thermocouple 
on top of the anode near the stem. 

4.3 CERMET ANODE OPERATION 

Operation with the cermet anodes in the pilot cell (PNL phase) began on 
August 10 and continued until August 30. During most of the time (until 
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August 27), the cermet anodes were tested under "normal" conditions, i.e., at 
nominal current densities(a) ~ 0.5 A/cm2 and as close to alumina saturation as 
possible. Target test conditions for this phase of cell operation were as 
follows: 

Maximum individual anode current 
Anode immersion 
Bath ratio 
CaF2 

Al 203 

90 A 
1.5 inches 
1.3 - 1.4 
4 - 6 wt% 
100% saturation (7 - 8 wt%) 

The test conditions were altered on August 27 (4 am) when the alumina concen
tration was reduced to values significantly less than saturation. Operation 
was further modified on August 28 (2 pm) when the current on each anode was 
increased to 180 A (nominal) or about double the value under the "normal" con
ditions. 

4.3.1 Electrolyte Chemistry 

Figures 4.9 and 4.10 show the variation of bath ratio and CaF
2 

concentra
tion with time, respectively. Actual numerical data for these conditions are 
given in Appendix A. Control of the bath ratio was found to be difficult due 
to the changing bath volumes in the pilot cell as a result of the variability 

(a) The target current density was 0.5 A/cm2
• The anticipated exposed sur

face area of the anodes (assuming 1.5-inch submersion) was about 364 cm2, 
with the flat bottom surface area about half this value or 182 cm2 . As 
discussed in Windisch et al . (1991a), since very little sidewall conduc
tion was expected, only the bottom surface area was used to calculate 
the current required to give 0.5 A/cm2

• Consequently, the target current 
through each anode (or, more properly, the maximum current through any 
of the six cermet anodes) was about 90 A. As discussed in subsequent 
sections, significant heterogeneities in current distribution pervaded 
this test; so, in reality, the current density varied significantly from 
place to place on each anode . However, the results of voltage drop 
analysis and profiling indicated that under "normal" conditions, the 
current density on most of the surface of any cermet anode did not 
exceed 0.5 A/cm2 • 
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of bath temperature. The CaF2 content was generally controlled within the 
desired operating limits . Trace amounts of LiF (0 .35%) and MgF2 (0 .15%} were 
also present in the electrolyte. 

Figure 4.11 shows the electrolyte temperature measured on an hourly 
basis . A great deal of variability is apparent because the dynamics of the 
cell are such that a quick response in temperature occurs with disturbances to 
the cell cover or energy input. Initial measurements of the temperature indi
cated that it was uniform throughout the cell cavity (less than soc difference 
between the center of the cell and the outside edge) . As the test progressed, 
variations were seen as muck began to develop within the cell cavity. 

One of the most important operating parameters was alumina concentra
tion . As indicated in Section 2.0 it was necessary in this test to maintain 
alumina concentration as close to saturation as possible for most of the test. 
Bath samples were taken every 4 h for alumina analysis . The RMC alumina meter 
(Tabereaux and Richards 1983) was also used every 2 h to provide added insur
ance against sudden concentration excursions. The RMC alumina meter was used 
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FIGURE 4.11. Temperature Versus Time during the Pilot Cell Test 
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to obtain a "rough" measure of alumina concentration during the test and to 
reduce the possibility of severe excursions. The analyses of bath samples 
removed from the cell were more accurate and were used in the post-test data 
reduction. Generally , the cell was sampled between the east anode cluster and 
the west anode. Samples collected at various locations in the cell at the 
same time showed this to be a representative sample as shown in Figure 4.12. 
Figures 4. 13 and 4.14 show the results of the measured alumina content in the 
bath and the calculated percent of alumina saturation throughout the test . As 
these plots indicate, the alumina content during the cermet anode operation 
was generally 7 to 8 wt%, resulting in a calculated percent saturation of 80 
to 90%. During the test period at reduced alumina content, the concentration 
was 2 to 3 wt% or 20 to 30 percent saturation. The values for percent satura
tion were calculated using the formula by Skybakmoen et al. (1990). It should 
be noted that the calculated percent saturation is strongly influenced by the 
operating temperature as shown in Figure 4.15. This plot also indicates the 
problem operating near saturation within a cell like the pilot cell that can 
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FIGURE 4.12 . Diagram Showing Position of Alumina Sampling Points and One Set 
of Measurements (as Weight Percent) at These Points 
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experience great swings in operating temperature. If the cell is operating at 

saturation and experiences an upset condition resulting in a 20 to 30°C drop 
in operating temperature, then significant amounts of alumina would deposit on 
the cell bottom. This type of operation was probably typical during the pilot 

cell test. 

4.3.2 Liquid Level Control 

The target operating conditions included a depth of immersion for the 
anode equal to 1.5 inches. It was also planned that the ACD would be rela
tively large. Figure 4.16 shows the anode immersion levels during the test. 
Generally, all anodes were maintained within 0.5 inches of each other. Typi

cally only anodes in positions B and C were measured for immersion levels. As 
the plot indicates, the anode immersion varied more than desired, from 1 to 

3 inches . This was due to the difficulty in adjusting the anodes as a result 
of the anode stem problems discussed in Section 4.3.4, as well as the changing 
bath level. Figure 4.17 shows the bath level throughout the operation. As 
the run progressed and muck build-up occurred in the cell, the total liquid 
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inventory decreased as shown by the reduced bath level. Operation with the 
cermet anodes initially was at 8 inches of liquid bath, but by the end of the 
test the level had decreased to 2 to 3 inches. The resulting ACD followed a 
similar trend as shown in Figure 4.18, dropping from 6 inches to less than , 
about 1 inch. At the end of the run, approximately 6 inches of hard muck had 
built up in the bottom of the cell. 

Metal inventory was measured twice during the test period by means of 
the manganese dilution method. The results were 707 lb on August 14 at 
8:00 am, and 882 lb on August 27 at 8:00 am. During this period, 340 lb of 
metal was tapped from the cell. This yields a calculated metal increase per 
day of 39 .6 lb. Based on an average total current to the cell of 3.2 kA, a 
current efficiency of 70% is calculated for the total cell operation. Due to 
the nature of the operation, it is impossible to determine the current effi
ciency for the cermet anodes alone with any accuracy. 
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4.3.3 Anode Current Distribution 

This section contains a discussion on the distribution of voltages and 
currents within the pilot cell. The principal issues related to this distri
bution are how the currents varied from one cermet anode to another, how the 
current varied as a function of location on the surface of a given cermet 
anode, and how the currents and voltages varied in a wider context, i.e., at 
different positions throughout the pilot cell. 

Differences in Currents Through the Cermet Anodes 

Thirteen (13) cermet anodes were used during the pilot cell test (PNL 
phase) . The anodes were labelled as AI, A2, Bl, Cl, C2, Dl, D2, El, E2, Fl, 
F2, Auxl, and Aux2. The intended exchange sequence for these anode in the six 
positions of the cluster was detailed in Windisch et al. (199la). The label
ling scheme was created to facilitate the correlation of each anode with the 
position it occupied during the test: the letter designation indicating th~ 
position it occupied and the number denoting whether it was the first or sec
ond anode used in that position. For example, Anode E2 would have been the 
second anode used in position E. Anodes Auxl and Aux2 were "extra" anodes 
that were to be used in the event of problems or as controls. As it turned 
out, because of the need to change heatup procedures (Section 4.2) and prob
lems with stem breakage (Section 4.3.4), the exchange sequ~nce was not fol
lowed as planned. Consequently, the number and letter designations do not 
correspond in all cases to the positions or replacement sequence of the 
anodes. The actual positions for each anode and the replacement sequence are 

: shown in Figure 4.19. 

Figures 4. 20 through 4.25 show the current carried by each of the anodes 
tested, according to cell position. Only 12 of the 13 were tested because 81 
cracked immediately upon insertion. Table 4.1 summarizes the lives of the 
anodes. The earlier anodes tested were generally used for a shorter length of 
time because of failure of the Ni connector rods or stems. The exceptions to 
this were anodes Fl and Auxl which were in operation for over 300 h. Both of 
these anodes were exposed only to the "normal" operating conditions (close to 
alumina saturation and~ 90 A). 
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Anode Position 

A 
8 
c 
D 
E 
F 

Alumina Feed 

Anodes 

A1, E2* 
Aux2, A2 
C1, C2* 
01 , 02 
Aux1, E1* 
F1, F2 

00 
00 
00 

Time (h) I (A) 

193, 260 35, 74 
181, 182 29, 51 
191, 260 51, 86 
123, 279 82, 62 
313, 135 45 72 
314, 96 70, 41 

*Exposed to high current and low alumina. 

FIGURE 4.19. Schematic of Anode Positions Showing ·Exchange Sequence for 
Individual Cermet Anodes. (Also shown are time of testing 
and average currents for each anode.) 

Throughout the test, the current was maintained so that the maximum for 
any one anode was 90 A (except the last two days of operation when current was 
raised to a maximum of 180 A). As shown in Figure 4.26, a current imbalance 
similar to that observed for the graphite anodes existed for the cermet 
anodes. The current imbalance was caused primarily by two factors: 1) sig
nificant sidewall conduction and 2) the perturbing effects of the large carbon 
anode (west anode). The nature of this current imbalance on the cermet anodes 
also changed during the test because of changes in operating conditions, par
ticularly the ACD. In general, the impact of the large carbon anode current 
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Anode --
A1 
E2 
81 
Aux2 
A2 

C1 
C2 
01 
02 
Aux1 
El 

Fl 

F2 

-c 
~ 
~ 
(J 

TABLE 4.1. The Lives of the Cermet Anodes 

Position Operation Comments 
A 8/10-18, 193 h Removed due to broken stem. 
A 8/19-30, 260 h Removed at end of test . 
B 8/8, 0 h Broke on installation. 
B 8/10-18, 181 h Removed due to broken stem. 
B 8/19-26, 182 h Removed prior to reduced alumina, 

anode broke in half. 
c 8/10-18, 191 h Removed anode broke in half. 
c 8/19-30, 260 h Removed at end of test. 
0 8/10-15, 123 h Removed due to broken stem. 
0 8/16-28, 279 h Removed prior to increased current. 
E 8/10-23, 313 h Removed as scheduled. 
E 8/24-30' 135 h Removed at end of test. 
F 8/10-23, 314 h Removed as scheduled. 
F 8/24-28, 96 h Removed prior to increased current. 
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and the sidewall conduction was lessened toward the end of the test as the ACD 
was reduced due to lower bath levels. The effect of the large carbon anode 
was a unique part of the pilot cell operation due to the separate power 
supplied to the two sides of the cell and the need to operate the carbon anode 
at elevated power inputs to maintain sufficient heat balance for the cell. 

The voltage of the cermet anodes varied considerably throughout the test 
as shown in Figure 4.27. This variation was due to a number of variables 
including cell conditions (muck formation) and carbon anode condition (voltage 
and current). The average voltage of the cermet anodes was 5.34 V; the total 
current for the six anodes was 0.32 kA. The cathode drop (voltage from the 
metal pad to negative metering point) of the cell is shown in Figure 4.28. 
This measurement reflects the mucky condition of the hearth. As the plot 
indicates, the cathode drop did increase from 0.65 V to over 1 V (at times) 
throughout the test, indicating a more resistive cell bottom due to muck 
buildup. Anode drops (positive metering point to the cermet anode) were meas
ured throughout the run and found to be consistent at 0.19 to 0.22 V. This 
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FIGURE 4.27. Variation of Voltage with Time for the Cermet Anodes 
during the Pilot Cell Test 

4.23 



u 

GRAPHITE CERMET ANOOE OPERATION REDUCED 
ANODE ALUM I* 

OPERATION IN~EASEp u 
• 

h.· 
cu RENT 

- 1.2 
0 r l > 
~ 
0 ... 
Cl 

• 

'1 
'8 

~r.r ... = . li.n r ~ , • (,) 

1J ~I ~. LJI.-'J 
• 0.11 • 

0.11 ... 

01115 Olf3l 
nme,Date 

FIGURE 4.28. Cathode Vol tage Drop Versus Time during the Pilot Cell Test 

drop includes the voltage drops through the shunts, cable, and stem of 0.08 V. 
Voltage drops across th~ stem-to-anode connection were estimated to be about 
0.1 V from a few measurements made with the Pt connector wires (those that did 
not break off) installed on the anodes. At the increased current (180 A per 
anode), the anode voltage drop was 1.1 V with a voltage drop to the stem of 
0.5 v. 

Volt-Amp Scans 

The impact of the large carbon anode is clearly seen in the volt-amp 
(iv) curves that were obtained during the pilot cell test. Figure 4. 29 shows 
the volt-amp scans obtained for Anode C2 (position C) on August 26. The scans 
were obtained for the four carbon anode currents shown . Similar behavior was 
observed for the other cermet anodes in the cell at the same time, although 
the slope (resistance) of the curves varied with position as shown in Fig -
ure 4.30 . (This latter effect was expected given the variation of current 
from anode to anode for the same overal l cluster voltage . ) Examination of 
Figure 4.29 indicates that increasing the carbon anode current had the effect 
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of reducing current from the cermet anodes . Extrapolation of the volt-amp 
curves to obtain the back-emf (BEMF) was performed in all cases, although it 
should be noted that significant nonlinearity in these plots is probably pres
ent at higher carbon currents as suggested by the 3.5 kA data and at very low 
cermet anode currents where data are not available . The BEMF values increase 
with the carbon anode current and were, in all cases, significantly above the 
2.2 V value that has been observed in numerous laboratory cells (including the 
prototype anode test) using the cermet anodes. A plot of BEMF as a function 
of the carbon current for all of the volt-amp scan data obtained from the six 
cermet anodes (in the positions noted) on August 26 is shown in Figure 4.31. 
Extrapolation of all of these data to BEMF at no carbon anode current was 
performed on each anode and these values are given in Table 4.2. The extrapo
lated value using BEMF data obtained from Anode C earlier in the test 
(August 14) is also given in Table 4.2. The average for all values on 
August 26 is 2.52 ±0.07 V. This value is significantly higher than the 
expected 2.2 V and probably reflects significant nonlinearity in the volt-amp 
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FIGURE 4.31. BEMF as a Function of Current Through the Carbon Anode 
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TABLE 4.2. Extrapolated BEMF Values 

Anode BEMF Extrapolated 
Position Date {Carbon Current= 0}, v 

A 8/26 2.50 

8 8/26 2.44 
c 8/26 2.46 
c 8/14 2.35 
D 8/26 2.61 

E 8/26 2.57 
F 8/26 2.56 

Average 8/26 2.52 ±0.07 

data at small cermet anode currents as well as higher corrosion than experi
enced in the lab. The generally lower values for positions A, 8, and C versus 
D, E, and F are also consistent with the carbon anode effects being stronger 
for those cermet anodes located closer to the carbon anode. Comparison of 
BEMF at no carbon anode current for the anode in position C at early and later 
times in the test shows a small difference (2.35 V versus 2.46 V in 
Table 4.2). However, as shown in Figure 4.32, a more extensive data base for 
the anodes in position C at carbon anode currents between 0.2 kA and 0.5 kA 
shows no significantly large or consistent variation in the volt-amp curves 
with time. This conclusion is made with some caution since volt-amp data col 
lected under exactly the same conditions as a function of time were limited. 
The largest volt-amp data base was obtained on August 26, late in the test, 
and reflects conditions of small ACD; earlier data were limited to volt-amp 
curves for only certain anode positions at fewer carbon anode currents. Con
sideration of the effect of the carbon anode voltage on the total cermet anode 
voltage (Figure 4.33) led to similar conclusions. 

Distribution of Current at an Anode 

The large carbon anode and the proximity of the sidewall also had a sig
nificant effect on the current distribution on each anode. More properly, the 
irregular current distributions result from the unique voltage profiles in the 
pilot cell which, in turn, are ultimately caused by the large carbon anode and 
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the sidewall effects. To characterize the distribution of current densities 
on a given anode, voltage measurements were made on the cermet anodes during 
the test using voltage probes . A schematic of the two types of probes used is 
shown in Figure 4.34. The probes were based on a design by Haupin (1971) and 
consisted of a tungsten wire threaded through a heavy-walled quartz tube. The 
quartz was "balled-up" at the end of the tube and about 0.25 inches of wire 
were allowed to protrude from the end. The curved version of the probe was 
used to measure voltages under the anodes; the straight probes were used to 

Curved V-Probe Straight V-Probe 

~Heavy ~ 
Quartz Tube 

18 ln. 
Tungsten W1re 

3 ln. 

FIGURE 4.34. Schematic of Voltage Probes Used in the Pilot Cell Test 
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measure potentials at the sides of the anodes, between the cermet anodes and 
the sidewalls, other cermet anodes, and the carbon anode. Voltage measure
ments were made by inserting the probe to the desired location using a spe
cially constructed positioning device, cathodically polarizing the probe 
briefly (via a switching mechanism connected to the cathode) to plate aluminum 
metal on the probe tip, and then making a voltage measurement. All voltages 
were measured between an electrical tap at the top of the connector rod and 
the tip of the voltage probe. A series of these types of measurements were 
made at various locations around the cermet anodes on August 13 and 14 and 
also later in the test on August 26. Measurements were made directly below 
the cermet anodes, between cermet anodes, between the cermet anodes and the 
carbon anode, and between the cermet anodes and the sidewalls. Measurements 
were taken at the "highest point" possible in each case (right at the bottom 
surface of an anode when measuring under it, and right at the top of the elec
trolyte when measuring next to an anode) and then at different levels of 
immersion, usually at 1 em intervals. Photographs of the probes before and 
after use and with measurements in progress are shown in Figure 4.35. Gener
ally, the probes were found to be quite durable and reliable. The probes 
lasted for about 0.5 h in the molten bath , which was sufficient time to per
form a complete scan. Data from these measurements were used in two ways. 
First, they were used to calculate current densities around the anodes for 
short-term information. Secondly, they were used to check more detailed volt
age profiling of the pilot cell performed after the test . 

The voltage probe measurements gave current densities around the cermet 
anodes that were very irregular and consistent with the larger-scale trends 
over the whole cell caused by the large carbon anode and the proximity of the 
sidewalls. From the voltage data as a function of position in the cell, aver
age voltage gradients were determined at different locations around the cermet 
anodes. Using these gradients, the bath conductivity, and a correction factor 
for current fanning, the current densities at different locations on the cer
met anode surfaces were determined. See the communication from Dr. W. E. 
Haupin in Appendix B for a discussion of the calculation method. Figure 4.36 
shows the results of the calculations on an arbitrary cermet anode at the 
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(a) 

(b) 

FIGURE 4.35. Voltage Probe Measurements a) Photograph of voltage probes and 
b) Photograph of voltage probe measurement in progress 
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FIGURE 4.36. Schematic Showing Current Densities on Different Parts of a 
Cermet Anode: a) Based on measurements made on August 13, 1991 
when total current = 68A and ACD = 7 in. and b) Based on 
measurements made on August 26, 1991 when total current = 79A 
and ACD = 1 in. 
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currents shown(a) at two different times during the test (i.e., when the 
voltage probe data were obtained). In general, current densities at the bot
tom surface of the anodes appear to have been s 0.35 A/cm2 (August 26 value) 
over most of the test. It appears that the current densities were lower at 
the start of the test when the cell had a larger ACD. Current densities on 
the sides of the anodes facing the cell sidewalls were the largest at the 
start of the test because of the larger ACD and somewhat smaller at the end of 
the test because of the smaller ACD and crust formation; current densities on 
the sides facing the carbon anode were essentially zero for anodes in posi
tions A, B, and C only; current densities on sides facing other cermet anodes 
were also lower than on the bottom surface and may have been slightly larger 
at the end of the test than at the beginning. Despite the lower-than-expected 
current densities on some parts of the cermet anodes, the calculations indi
cate that the main procedural objective was still apparently achieved, i.e., 
that the cermet anodes would not exceed an operating current density greater 
than 0.5 A/cm2

• 

Voltage and Current Profile Modelling 

The voltage profile for the pilot cell (voltage values at different 
locations in the cell) was also modelled to characterize better the heteroge
neous environment of the cermet anodes. Two modelling approaches were used. 
In one case, the results of the model wer~ compared with the data from the 
voltage probe measurements. 

The first modelling approach was performed at RMC using the Landau 
L-CHEM model (U. Landau, Case Western Reserve University, Cleveland, Ohio). 
The principal result of the modelling was the evidence that the carbon anode 
imposes a residual base voltage on the cermet anode voltage. The effect was 
predicted by determining BEMF as shown in Figure 4.37. These calculated 
results are consistent with the experimental values described earlier. The 

(a) These currents are either near the average or on the high side for cur
rents actually realized on the cermet anodes during the test. Conse
quently, the current density values given here reflect values below 
which most of the anodes experienced most of the time. 
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FIGURE 4.37. Calculated BEMF from the Landau Model 

calculated value for the cermet anode when the adjacent carbon anode current 
is low (<0.2 kA) was 2.4 to 2.6 V, which compared well with the extrapolated 
value in Figure 4.30. 

The second model was used at PNL and developed from the software titled 
"M-Grid 30 , " a program originally developed at PNL to model groundwater flows . 
The visualization software is the "Application Visualization System" (AVS), by 

AVS, Inc, Cambridge, Massachusetts . The following assumptions were used in 
the model: 1) the bath , cell walls, molten aluminum, and anode (carbon and 
inert) conductivities were uniform, constant , and known; 2) the sidewalls had 
no frozen bath on them; and 3) the bottom of the cell was uniformly covered 
with aluminum. There was no attempt to model the BEMF , cathode drop, or 
voltage losses in the connections and stem of the inert anodes. The dimen 
sions used for the pilot cell , the carbon anode , and the cermet anodes are 
shown in Figures 2.2, 2.3, 2.4, and 2.7. 
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A mathematical model of the pilot cell was constructed as a three
dimensional grid of points spaced 0.5 inch apart vertically and 1 inch hori
zontally. The conductivities in Table 4.3 were used for the bath and carbon 
components (sidewalls and carbon anode), the bath, and the cermet anode. For 
each run of the model, values measured during the pilot cell test for the 
anode voltages, vertical spacing, bath, and aluminum pad heights were inputs 
to the model. Electric field vectors at each point in the grid throughout the 
cell were obtained as output from the model. The local current densities were 
derived directly from the output using the bath conductivity. 

The program permitted flexible "visualization" of the results. The 
field and model data were used to produce isometric renderings of the cell 
that could be viewed from any angle. These renderings could show electric 
field vectors, equipotentials, two-dimensional "slices" through any plane, and 
mapping of data magnitude to color and height. The program could be used to 
determine the total current through any surface (e.g., a single cermet anode) 
by integrating the current density over a plane passing through an anode stem. 

The quality of the model was checked by comparing the results to meas
urements taken with the voltage probes during the pilot cell test. This was 
done in three ways: 

1. A data set that appeared to have good measurements for ACD was 
selected to provide the anode distances. The voltages on the model 
were adjusted until the ratio of the anode currents (carbon anode 
to cermet cluster total) was the same as the test values. These 
voltages could then be compared with the actual cell voltages after 
allowing for voltage losses due to BEMF, cathode drop, and stem and 
other connections. 

TABLE 4.3. Conductivities of Cell Components 

Conductivity, 
Com~onent n-1cm-1 Reference 
Carbon 250 Typical value. 
Bath 2 Grjotheim, et al. 1982 
Cermet 90 Weyand, et a 1. 1986 
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2. For the case above, a comparison of current ratios between cermet 
anodes for the model and the pilot cell measurements provides a 
more sensitive test of the model fields near the cermet anodes . 

3. Once the "large scale" features (voltage, current, and ACD) were in 
nominal agreement, the electric field of the model was directly 
compared with the electric field scans made during the pilot cell 
operation with the voltage probes . 

When attempts were made to compare the calculated fields with the meas
urements on the pilot cell, several problems with the data were discovered: 
1) Some of the scans exhibited "hysteresis", i.e., there was a significant 

difference in the readings taken with increasing depth and those taken with 
decreasing depth; 2) apparent anomalies in the scan data made it difficult to 
discern where the bottom of the anode (top of scan) and the top of the alumi
num pool (bottom of scan) really were; and 3) the scans were taken in areas 
with steep horizontal voltage gradients, (a) such that small errors (less 

than 1 inch) in the horizontal position of the probe tip would have large 
effects on the voltages measured during a vertical scan. The anode and probe 
positions are not known accurately enough to determine a corresponding 
location in the model with any confidence. 

In general, the model appeared to be a good representation of the pilot 
cell, and was definitely an aid in understanding the test situation. In par

ticular, it indicated that the 0.5 A/cm2 maximum desired current density was 
not exceeded, which is consistent the with calculations by Haupin reported 
previously and discussed in Appendix B. An unexpected result from the model 
was the finding that current flowed from the carbon anode to the three nearest 
cermet anodes, as shown in Figure 4.38,(b) and particularly to the center 
anode of those three (position B). This reverse flow was caused by higher 
voltage at which the carbon anode was operated and its proximity to the cermet 

(a) 

(b) 

This was caused by the conduction in the sidewalls and large size and 
higher voltage of the carbon anode relative to the inert anode cluster. 

In the figure, the current flow appears to go from the inert anode to 
the carbon anode because the flow is shown as going from (-) to (+), 
opposite conventional current flow. 
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FIGURE 4.38. Three-Dimensional Current Vector Field Calculated with PNL Model 

anodes in positions A, B, and C. No physical evidence (other than the voltage 
measurements) for this reversed current flow was obtained in the test. In 
particular, no unusual wear characteristics were obvious on sides of the cer 
met anodes adjacent to the carbon anode. However, since very few of the 
anodes in the positions next to the carbon anode were removed with their 
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orientation preserved(al because the stems failed and anodes fell off their 
connections, it is uncertain whether any special sort of corrosion reactions 
might be observed on these surfaces upon closer scrutiny under more controlled 
conditions. 

The model exhibited the same sensitivity to the relative anode voltages 
as did the pilot cell. As shown in Figure 4.39, a cross-section of the pilot ~ 

cell with isopotential lines makes the reason clear: the larger size and 
smaller ACD of the carbon anode relative to the cermet anodes gives it an 
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FIGURE 4.39 . Cross-Section of t~e Pilot Cell with Isopotential Lines 

(a) Of all the anodes tested in positions next to the carbon anode (posi
tions A, Band C), only anodes E2 and C2 had their orientations pre
served. Unfortunately, these were also two of the three anodes that 
were subjected to the very aggressive conditions of high current density 
and low alumina. As shown later in the report, these conditions 
resulted in extreme amounts of corrosion and obscured any other effects 
such as those caused by the carbon anode . 
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overwhelming influence on the fields in the cell. This an important factor in 
the current differences between the two rows of cermet anodes (positions A, B, 
and C versus D, E, and F). In addition, as shown in the picture of the cur-
rent fields in Figure 4.38, there is heavy conduction from the sidewalls to 
the three cermet anodes next to it. This sidewall current occurs despite the 
small amount of anode area oriented toward the sidewall relative to the bottom 
of the cell. 

The informative results of modelling the pilot cell suggest that in the 
future modelling should be done while the test is in the design stage. This 
would provide several advantages: 

1. The selected geometry could be examined for current distribution. 
If the distribution is unsatisfactory, the geometry and anode volt
ages could be adjusted before any fabrication is started. Other 
factors, such as temperature gradients due to current variations, 
might be considered at the same time. 

2. Sensitivity of the voltage characteristics to variations in operat
ing conditions could be checked, e.g., the amount of sidewall con
duction due to frozen bath. Contingency plans could be developed 
for factors with undue influenc~. 

3. Locations ·for voltage scans in the bath could be chosen for better 
tolerance to position errors. This should allow more useful data 
to be acquired. 

4. Calculated currents, voltages , and fields could be used to improve 
the selection of data acquisition equipment. During the test, the 
calculated values could be compared with the measured values as 
checks on the quality of the measurement. Excessive deviations 
would alert the experimenters to possible problems in the test or 
measurement. 

Voltage Drops Through the Cermet Anodes 

As the above data indicate, a more exact breakdown of the voltage compo
nents for the cermet anodes is not possible because the large carbon anodes, 
sidewall conduction, and bottom muck formation have a multiplicity of current 
paths. The multiple paths prevent reliable calculations of a "representative" 
bath voltage drop and the "effective" anode area required for determining the 
respective voltage components. As illustrated by the modelling work, at the 
very least, an extremely complex and multivalued three-dimens ional profi l e 
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would have to be obtained. At this point, the value of this level of detailed 
analysis is questionable given the less-than-optimal performance of the cermet 
anodes. It is strongly recommended, however, that any future pilot cell test 
be designed with more simplicity of voltage characteristics in mind. Coupled 
with the suggested modelling studies performed prior to testing, the current 
and voltage characteristics of the cell should be much more manageable . Under 
these circumstances, the important voltage drops through the anode and the 
cell could be more easily documented and correlated with anode performance. 

4.3.4 Operational Problems 

Two important operational problems that developed during the pilot cell 
test were 1) breakage of the Ni connector rods or stems, and 2) cracking and 
breaking of the cermet anodes. 

Breakage of the Ni rods used for current conductors to the cermet anodes 
began to occur very early in the pilot cell test. The anode stems had a loose 
alumina sleeve around the stem as depicted earlier for chemical protection. 
The anodes, during operation, typically had a cryolite cover over the top of 
this sleeve as shown in Figure 4.40. Temperatures were measured in the 700 to 
ssooc range in the stem area submerged in the crust cover . It was in this 
area, approximately 3 inches (or less) above the top of the anode, that the 
stem failures occurred. The chronological listing of stem failures is summar
ized in Table 4.4. 

As shown in Table 4.4, the stem failures first occurred four days after 
beginning operation, and only one anode (in position E) did not fail. If suf
ficient stem remained on the anode, a steel pipe was fitted over the stub and 
operation of the anode continued. Replacement anodes used 304 SS for the 
stems, which proved to be satisfactory in combination with packing the alumina 
sleeve with a "pumpable" castable as shown in Figure 4.41. Examination of the 
fractured Ni rod surface using SEM/EDS (Appendix C) indicated abnormally large 
grains/crystals and high S content, suggesting embrittlement of the Ni rod had 
occurred. The prolonged operation at the elevated temperatures in the pres 
ence of the cryolite crust, which contains someS, probably led to rapid 
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FIGURE 4.40. Photograph Showing the Cryolite Cover on Top 
of the Cermet Anodes 

TABLE 4.4. Chronological Listing of Stem Failures 

Anode 
Date Position Comment 

Aug 14, 9 am c Replaced with sleeve. 
Aug 15, 3 pm B, F, D B and F replaced with 

sleeve, anode D replaced. 
Aug 18, 1 am B Stem broke beneath 

sleeve, replaced anode. 
Aug 18, 1 pm A Replaced with new anode. 

oxidation and early failure of the stems. These failures of the anode stems 
dominated the early part of the cell operation, resulting in significant modi
fication of the test schedule. 

The other significant operational problem was the breakage of the cermet 
anodes during operation. As indicated in Section 4.2, the first cermet anode 
that was transferred to the pilot cell broke immediately upon exposure to the 
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FIGURE 4.41. Photograph Showing the 11 Packed" Alumina Sleeve 

heat from the open bath. Even though the transfer procedures were modified to 
reduce thermal shock, as discussed in Section 4.2, all of the anodes still 
cracked, although not as suddenly and catastrophically as the first anode. 
All of the anodes cracked down the center of the anode. Two anodes broke com
pletely during cell operation: Anode A2 (position B, August 26) and Anode C1 
(position C, August 18). Part of Anode C1 broke off, fell in the cell and, 
unlike other large pieces that had broken off, was never recovered. It is 
suspected that all of the anodes cracked during heatup or operation. Post
test analysis (Section 5.2) revealed sign1ficant penetration of electrolyte 
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into most .of the cracks, indicating they were present during operation. It is 
also suspected that the strong alumina-cryolite crust prevented the anodes 
from falling apart in most instances . 

The problems with anodes cracking were not unexpected given the mismatch 
in thermal expansivities of the Ni rod and the cermet material. High thermal 
shock sensitivity of the cermet has also been determined {Section 5.3). As 
discussed in Section 3.2, attempts to alleviate some of these shortcomings by 
fabricating the anodes with a graded core of metal blended with the cermet 
powder were unsuccessful. Anodes with these cores cracked during sintering. 
Since this fabrication-induced cracking could not be remedied, it was decided 
to eliminate the core entirely. The cermet anodes were made without any core 
and were drilled and tapped directly. This approach, of course, created an 
undesirable situation when the anode was actually tested, i.e., with the metal 
rod now in direct contact with the cermet. Nevertheless, it was decided that 
it was far more preferable to have anodes without any cracks at the start than 

,to use anodes that were already flawed and likely to get worse upon testing in 
the pilot cell.(a) Unfortunately, using the anodes without the graded cores 
made it more likely that the anodes would develop cracks at some time during 
the test. 

4.3.5 Bath and Metal Impurities 

During cell operation, the primary indicator of the corrosion rate of 
the cermet anodes was the rate of increase of Ni, Cu, and Fe impurity content 
in the Al metal. Metal samples were collected every 4 h to track the concen
tration of these elements. The results from these analyses are summarized in 
Appendix D and Figures 4.42 through 4.44. Impurities from other sources were 
minimized during operation of the cell. Trace amounts of Fe, Ni, and Cu that 
came from the additives to the cell are summarized in Table 4.5 along with the 
estimated usage rate (based on amounts used from August 10 through August 25) . 

(a) An experiment was actually performed at PNL in which one of the test 
anodes that had cracked during sintering was heated slowly to operating 
temperature (970°C) in a furnace. The cracks in this anode were found 
to have grown significantly. Consequently, using an anode that had 
cracked during sintering did not seem to be advisable. 
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TABLE 4.5. Impurities in the Bath Additives 

Additive 1 b/day % Fe % Cu % Ni 
Cryolite 50 0.20 0.008 0.004 
Alumina 91 0.017 0.001 <0.001 
Carbon 17 0.086 0.004 0.018 
Anode 
Soda Ash 18.7 0.001 <0.001 0.002 
CaO 0.5 0.14 0.002 0.003 
Al F3 0 0.015 <0.001 <0.001 

Based on the concentrations in Table 4.5, and an aluminum production 
rate of 39.6 lb per day, the following equilibrium concentrations were pre
dicted in the metal: 0.33% Fe, 0.014% Cu, and 0.013% Ni. The higher observed 
values for these impurities were attributed mostly to the cermet anodes. 
Spikes in the impurity concentrations are related to upsets in the cell opera
tion, such as anode changes, broken cermet anodes, or tapping, that resulted 
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in extreme cooling of the cell. It is suspected that, during these periods, 
the metal pad may have segregated but ridges in the cell bottom prevented 
representative analysis. The metal concentrations increased at a nearly 
linear rate, independent of tapping, during the period of cermet anode opera
tion under "normal" conditions (August 10 through August 27). The rates were 
as follows: 0.017% per day for Fe, 0.008% per day for Cu, and 0.019% per day 
for Ni. 

The metal loss from the cermet anodes during this period was estimated 
by fitting curves to the plots in Figures 4.42 through 4.44. Very good fits 
were obtained by using the following fixed amounts of metal impurities trans
ferred to the Al metal pad each day: 0.13 lb of Cu per day, 0.26 lb Ni per 
day, and 0.31 lb Fe per day. The ratio of these metal losses is 1:2:2.4 
(Cu:Ni:Fe). The actual ratio of these three elements in the cermet is 
1:1.98:1.65, which suggests that iron contamination may be supplemented by 
other sources. Iron tools were used at tapping, removal of cermet anodes and 
metal sampling. If all components came from the anodes uniformly, Fe would 
have been released at a rate of 0.21 lb per day. This would suggest that the 
other sources, such as tools, contributed about 0.1 lb or 1.6 oz of Fe per 
day. This quantity of Fe from other sources is not unreasonable, particularly 
in light of all of the manipulation, measurement, and sampling that took place 
during most of the pilot cell test. Other explanations for the disparity in 
the Fe versus Cu and Ni rates are also possible, including differences in 
volatility and the tendency to form minerals in the bath. Refer to the "con 
firmation tests" discussed in Windisch et al. (1991b) . 

Assuming the calculated rates of Cu and Ni buildup in the metal are 
indicative of the dissolution rates of the anodes , it can be calculated that 
the rate of total material loss from the anodes was 0.76 lb per day. This 
corresponds to a volumetric loss of 57 . 5 cm3

, based on an anode density of 
6 g/ cm3 • Applying this uniformly to all surfaces of all of the anodes gives a 

"wear rate" of 0.2 mm/day. 

The rate of impurity metal buildup increased dramatically during the 
time period of reduced Al content in the bath and increased current density 

4.46 

• 



(August 27 through August 30), as shown in Figures 4.42 through 4.44. Insuf
ficient time at each of these conditions prevented determining accurately an 
impurity metal increase rate or the ability to distinguish the effects from 
these two changes in cell conditions. 

All of the impurity measurements may have been affected by the broken 
pieces of cermet anodes that fell into the bath. One of these pieces, which 
came from Anode Cl, was never recovered. However, based on careful scrutiny 
of the impurity plots in Figures 4.42 through 4.44, which show no evidence for 
a systematic increase beginning on the day the piece fell in (August 18), it 
is suspected that the piece from Cl was submerged in the muck in the bottom of 
the cell and did not significantly affect the metal purity increases noted. 
Unfortunately, this conclusion cannot be fully confirmed . 

The Fe, Ni, and Cu levels were also monitored in the bath throughout the 
operation. These values are given in Appendix E and plotted in Figures 4.45 
through 4.47. As shown in these plots, little change occurred in the levels 
of the impurities in the bath throughout the test despite increased levels in 
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the metal.(al Wide variations in values were seen during the period of 
increased current. These variations probably resulted from the unstable 
nature of the operation during this period and from the extremely low bath 
volume . 

(a) The concentrations of these metals are also, in general, significantly 
lower than those reported by Weyand et al. (1986) for the solubilities 
of the respective oxides. This result is consistent with the argument 
that the metal concentrations never attain saturation in the electrolyte 
during normal cell operation . 
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5.0 POST-TEST ANALYSIS 

This ,section covers the results of the post-test analyses of the cermet 
~ anodes. Thirteen of these anodes were delivered to RMC for testing in the 

pilot cell. Of these 13, 12 were actually tested. As indicated in Sec-
tion 4.2, Anode 81 broke before it was inserted in the cell. The analyses of 
these 12 anodes are discussed in this section. The analyses of the anodes are 
grouped into three sections. Section 5.1 addresses the overall appearance of 
the anodes and how this appearance changed upon testing. In addition, the 
results of measurements of anode dimensions before and after testing are 
given. In Section 5.2, the compositional and microstructural changes that 
occurred as a result of testing are discussed. Section 5.3 presents the 
results of physical and mechanical properties testing of the anodes. 

5.1 APPEARANCE AND DIMENSIONAL CHANGES 

5.1.1 Appearance Changes 

Figures 5.1 through 5.12 show the 12 cermet anodes that were tested in 
the pilot 'cell after they were removed from the cell. Each figure contains a 
photograph of the exterior of one of the anodes, and two photographs (at dif
ferent magnifications) of the cross section of the same anode. Each figure is 
denoted by the name of the anode displayed, its position, and the time it was 
in the pilot cell. Test conditions were "normal" unless noted. Only three 
anodes were exposed to conditions of low alumina concentration and higher cur
rent density (Section 4.3): Anodes C2, E1, and E2. 

As shown in Figures 5.1 through 5.12, ·the anodes were severely cracked. 
All of the anodes showed cracking to varying extents. Most of the cracks 
transected or appeared to originate from the connector rod region, suggesting 
that a design to reduce thermal expansion mismatch between the connector rod 
and the cermet may ~ave made the anodes somewhat more durable. Although, as 
indicated in Section 5.3, i~ is doubtful that this strategy would have com
pletely eliminated the cracking problem because of the high thermal shock 
sensitivity of the material. In some instances, large pieces of the anodes 
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AnodeA1 
Position A 
193 h (8.0 days) 

FIGURE 5. 1. Photographs of Exterior and Interior of Anode Al after Testing in 
t he Pilot Ce 11 

actually broke off and only parts of the cross sections could be shown in the 
figures. In only one case (Anode Cl) was a piece lost in the bath and never 
recovered. 

In general, those anodes tested for longer times showed more wear than 
those tested for shorter times. One of the most obvious and consistent 
changes occurring in the anodes was the growth of reaction layer where there 
was contact with the el ectrolyte. The layer appears to be thicker for anodes 
tested at longer times. Anodes C2, El, and E2, which were tested under condi -
tions of low alumina concentration and higher current density, showed the most j 

corrosion. These three anodes exhibited very thick reaction product layers 
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Anode E2 
Position A 
260 h (1 0.8 days) 
High Current I Low Alumina 

(EOT) 

FIGURE 5.2. Photographs of Exterior and Interior of Anode E2 after Testing in 
the Pilot Ce 11 

along with generally gross and very irregular wear . In contrast, anodes 
tested under normal conditions did not appear to change much dimensionally 
(their original shape was essentially preserved), except for the growth of the 
reaction layer. In some cases, the wear on the anodes appears to be slightly 
irregular. Anode Auxl, for example, shows a "kink" in the surface exposed to 
the bath in the region near a crack (lower right side of cross section) . 
Other than around cracks, the anodes may also have corroded more at surfaces 
oriented in a particular way during testing. For example, Anode E2 appears to 
have corroded more on the "north" side, which was oriented toward a cell side
wall. This would suggest the higher current associated with that orientation 
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Anode Aux 2 
Position B 
181 h (7.5 days) 

FIGURE 5.3. Photographs of Exterior and Interior of Anode Aux2 after Testing 
in the Pilot Cell 

(Section 4.3) induced higher corrosion rates. The result would also be con
sistent with higher current density being part of the cause for the increased 
corrosion of Anodes C2, E1, and E2. Unfortunately, orientation effects such 
as these could not be sufficiently substantiated by comparison with other 
anodes. In most instances, the anodes broke from their stems at some time 

during the test so that the original orientation (marked on the connector rod 
in each case) was lost. In general, those anodes whose orientation was pre
served (marked as compass directions in Figures 5.1 through 5.12) were tested 

under less than optimal conditions (short time, or not under ••normal" condi
tions) or the effects were too small to make strongly defensible conclusions 

regarding orientation effects on anode corrosion. 
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Anode A2 
Position B 
182 h (7.6 days) 

FIGURE 5.4. Photographs of Exterior and Interior of Anode A2 after Testing in 
the Pilot Ce 11 

The anodes tested for the longest time under "normal" conditions were 
Anodes Aux1 (13.0 days) and F1 (13.1 days). Anode F1 is the focus of the bulk 
of the microstructure and compositional studies in Section 5.2. As shown in 
Figures 5.9 and 5.11, these anodes exhibited cracks similar to those in the 
other anodes, no drastic changes in overall shape, and the presence of a reac
tion layer of significant thickness. 

The regions of the cermet anodes above the electrolyte level (about 
1.5 inches from the bottom surfaces) showed significantly less corrosion than 
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Anode C1 
Position C 
191 h (8.0 days) 

c- \ 

Ll 

FIGURE 5.5. Photographs of Exterior and Interior of Anode Cl after Testing in 
t he Pilot Cell 

similar regions on cermet anodes tested previously, in particular the proto
type anode (Strachan et al. 1990). The lips or "wings" (the l-inch extensions 
up from the upper edge of the anodes) of the pilot cell anodes showed very 
little deterioration. This can be attributed to making these lips signifi
cantly smaller than in the prototype anode design. In the prototype anode, 
the lips were about 5 inches high. Keeping the lips closer to the bath level, 
i .e . at higher temperature, lower oxygen fugacity, and also covered with pow
dered alumina/cryolite, significantly reduced the susceptibility of the cermet 
to corrosion by the vapor phase. See Section 5.2 for further discussion of 
this corrosion process. 
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Anode C2 
Position C 
260 h (1 0.8 days) 
High Current I Low Alumina 

(EOT) 

FIGURE 5.6. Photographs of Exterior and Interior of Anode C2 after Testing in 
the Pilot Cell 

An interesting characteristic, but of perhaps less importance, in Fig 
ures 5.1 through 5.12 is the nature of the connection between the connector 
rod and the cermet anode. As indicated in Section 3.2, considerable effort 
went into developing a connection strategy that minimized thermal expansion 
mismatch and, at the same time, maintained good electrical continuity. Unfor
tunately, the approach that was used for the pilot cell anodes compromised 
some of these criteria in order to obtain crack-free anodes for delivery on 
schedule. As discussed in Section 3.2, the connector rods were threaded into 
the cermet anode, which had been drilled and tapped directly. To help provide 
a better electrical connection, in some of the anodes a mixture of metallic Cu 
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Anode 01 
Position D 
123 h (5.1 days) 

FIGURE 5.7. Photographs of Exterior and Interior of Anode 01 after Testing in 
the Pilot Cell 

and Ni (80:20 as Cu:Ni) powder was poured into the threaded area as the con
nector rod was screwed in. It was hoped that the powder would braze during 
the operation of the anodes at elevated temperatures. As shown in the case of 
Auxl, for example, a very good connection formed as a result of the brazing. 
The voltage drop from the top of the anode connector rod to a point on the 
anode surface (one of the Pt wire connections), which includes the rod-anode 
connection, was measured to be about 0. 1 Vat 80 A. This corresponds to a 

resistance of only about 0.001 n, suggesting that the connection was adequate 
and that the brazing approach was an acceptable option for jointing cermet 

anodes to their connector rods . The impact of the "tighter" connection on 
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Anode 02 
Position D 
279 h (11.6 days) 

FIGURE 5.8. Photographs of Exterior and Interior of Anode D2 after Testing in 
the Pilot Cell 

thermal expansion considerations was probably not advantageous, however, so 

future use of the brazing approach should be coupled with thermal shock 
sensitivity studies. 

5.1.2 Dimensional Changes 

Selected dimensions of the cermet anodes were measured before and after 

testing in the pilot cell in an attempt to quantify wear rates. The dimen

sions measured are shown in the schematic of an anode in Figure 5.13. Dimen

sions a, b, c , and d were measured before and after testing. Dimension e, the 

thickness of the reaction layer, was measured in the center of the anode and, 
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Anode Aux 1 
Position E 
313 h (13.0 days) 

FIGURE 5.9. Photographs of Exterior and Interior of Anode Auxl after Testing 
in the Pilot Cell 

of course, only on the anodes after testing. In all cases, three measurements 
were taken at different, but equivalent, locations; and these values were 
averaged. As would be expected from the irregular wear of the anodes {differ
ent sides corroded slightly differently), the dimensions c and d showed too 
much variation with position to be useful. Dimensions a and b contained the 
same information, so only the results for a are reported here. Consequently , 
the following discussion concerns primarily how the dimensions a and e varied 

as a function of test conditions. 
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Anode E1 
Position E 
135 h (5.6 days) 
High Current I Low Alumina 

(EOT) 

FIGURE 5.10. Photographs of Exterior and Interior of Anode E1 after Testing 
in the Pilot Cell 

As shown in Figure 5.14, the "inside-height" (vertical dimension a) did 
not vary significantly as a function of A·h ("amp hours") for anodes tested 
under "normal" conditions. (A similar result is obtained as a function of 

time only.) Each point in Figure 5.14 corresponds to one of the anodes. 
Points for Anodes E1, E2, and C2, which were subjected to low alumina and high 
current density conditions, were not included. The result shown in Fig-
ure 5.14 suggests that if the current density is maintained at~ 0.5 A/cm2 

(actually, between 0.2 and 0.35 as estimated on the bottom surface, in Sec
tion 4.3), the anodes will not exhibit much dimensional loss. If "wear" is 
equated to dimensional changes, this result is encouraging. On the other 
hand, subsequent data will show that this lack of change in dimensions is 
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Anode F1 
Position F 
314 h (13.1 days) 

3 

FIGURE 5.11. Photographs of Exterior and Interior of Anode F1 after Testing 
in the Pilot Cell 

accompanied by the growth of a reaction layer of significant thickness. The 
reaction layer apparently occupies the same volume as the unreacted material, 
so no significant dimensional change occurs. The significance of the reaction 
layer and its impact on anode performance are discussed below. 

The thickness of the reaction layer (measurement e, Figure 5.13) is 
plotted in Figure 5.15 versus A·h for all of the pilot cell anodes. Similar 
plots of e versus current or time alone showed less meaningful trends. The 

data appear to group themselves into two regions. The anodes tested under 
conditions of low alumina and higher current densities gave significantly 
higher reaction layer thickness (boxed area) than anodes tested under "normal" 
conditions. For anodes treated under "normal" conditions, the reaction layer 
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Anode F2 
Position F 
96 h (4.0 days) 

-,) 

FIGURE 5.12. Photographs of Exterior and Interior of Anode F2 after Testing 
in the Pilot Cell 

thickness was about 13 mm after 13.1 days of testing (Anode F1) ; thicknesses 
for anodes treated under the more severe conditions were over 1 inch at much 
shorter times. The thicknesses of the reaction layers on the anodes treated 
under "normal" conditions appear to follow a roughly linear trend with A·h as 
shown in Figure 5.15 and in the detail in Figure 5.16. The trend is not 
exact, and estimated uncertainties fall short of explaining all the variances; 
however, given the varying conditions in the pilot cell test it is likely that 
even these uncertainties were underestimated. Thus, the linear approximation 
is not completely unfounded. Moreover, the single result from the prototype 
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b Outside Height 
c Lower Diameter 
d = Upper Diameter 
e "' Reaction Layer Thickness 

(After Test Only) 

FIGURE 5.13. Schematic of Cermet Anode Showing Dimension That Were Measured 
Before and/or After Testing in the Pilot Cell 
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FIGURE 5.14. Variation of Change in Inside Height Dimension with A·h for 
Cermet Anode during the Pilot Cell Test 
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FIGURE 5.15. Variation of Reaction Layer Thickness with A·h for Cermet Anodes 
during the Pilot Cell Test 

anode test falls surprisingly close to the linear plot. The prototype anode 
had dimensions similar to the pilot cell anodes but was tested at 120 A 
instead of 90 A (Strachan et al. 1990). 

A linear fit to these data (pinned to the origin to give no layer at the 
start of the test) gives a slope or layer growth rate equal to 
5 x 10-4 mm/A·h, or 0.8 mm/day for 70 A of current. Recognizing that this 
rate is appropriate for only those current densities close to the actual value 
at the bottom surface of these anodes (0.2 to 0.35 A/cm2 from the calculations 
in Section 4.3) and assuming linearity, this growth rate gives an extrapolated 
annual rate of 31 cm/yr for a pilot cell-style anode operating at 70 A. 
Clearly, this rate is unacceptable since it corresponds to over four times the 
height of the anode. Even if the properties of the reaction layer were not 
that detrimental, it would appear that this large an extent of a materials 
transformation would be undesirable especially for metal purity. Of course , 
the extrapolation relies on the assumption of linearity for up to a year's 
time. 
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FIGURE 5.16. Variation of Reaction Layer Thickness with A·h for Cermet Anodes 
during the Pilot Cell Test (Detailed Plot). Data Point (~) from 
the Prototype Anode Test is Also Shown. 

If the rate of layer growth does, instead , decrease over some time 
greater than the tested 13.1 days, the thickness of the layer may reach some 
sort of steady-state value. Consequently, it is of interest to determine the 
properties of this layer, especially its electrical conductivity. If the con
ductivity is acceptable, a layer of some small finite thickness might be 
tolerated. Other properties of the layer, including its morphology and compo
sition are discussed in Section 5.2. Assuming the reaction layer growth rate 
of 5 x 10-4 mrn/(A·h), the thickness of the reaction layer on Anode F1 on 
August 13 is estimated to be 2.9 mm. This value was calculated by using the 
average current (80 A) on the anode up to this date, the third day the anode 
was in service. On August 13, voltage probe measurements were made that pro
vide some indication of the conductivity of the reaction layer. The voltage 
drop between the top of the connector rod for Anode F1 to a point in the 
electrolyte right below the bottom surface of the anode was 2.4 V. Correcting 
this value for the BEMF (2.2 V) and the voltage drop through the anode, rod , 
and connection (0.1 V total) gives a voltage drop through the reaction layer 
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of about 0.1 V. Since the layer was 0.29 em thick at the time the measurement 
was taken and the current density on the bottom surface was calculated to be 
0.2 A/cm2 (Section 4.3), this gives a conductivity for the reaction layer 
equal to 0.58 S/cm. It is interesting that the conductivity of the cermet 
oxide material (without metal phase) is close to this value or about 0.5 S/cm 
(Weyand et al. 1986). This is consistent with the reaction layer having 
"lost" its metal phase, a result that will be discussed in Section 5.2. 
Recognizing that significant approximations were made in determining this con
ductivity, both experimentally and in the equations used, it nevertheless sug
gests that the voltage drop across a relatively thin reaction layer may not be 
significant. Consequently, if it can be shown that this layer does not get 
extraordinarily large (which, unfortunately, was not demonstrated in this 
work), its effect on performance may be negligible. On the other hand, a 
layer that grows linearly without arrest, as suggested by the data up to 13.1 
days, would impart a serious contribution to the voltage drop of the cell. 

5.2 MICROSTRUCTURAL AND COMPOSITIONAL CHANGES 

T~e following sections on the microstructural and compositional analysis 
of the pilot cell anodes are focused on Anode F1, which was the anode tested 
for the longest time under "normal" operating conditions. Anode F1 was tested 
for 314 h (13.1 days) at an average current of 70 A. The anode was located in 
position F. A complete history of the current through this anode and alumina 
concentration during its operation are given in Figures 4.25 and 4.14, respec
tively. A description of the core sections removed from Anode Fl for micro
scopic analysis is given in the first of the following sections. This 
description is followed by the results of optical microscopy, scanning elec
tron microscopy (SEM), and energy dispersive x-ray spectroscopy (EDS) analyses 
on pieces of these core sections. Results of x-ray diffraction (XRD) and wet 
laboratory analyses are also reported . 

5.2.1 Description of Core Sections 

Three cylindrical (1-cm diameter) core sections were removed from 
Anode F1 as shown in Figure 5.17. Two of the core sections were taken verti
cally from equivalent parts of the center region of the anode. These sections 
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CORE SECTIONS 

ANODE Fl Top Surface 
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FIGURE 5.17. Schematic Showing Core Sections Removed from 
Cermet Anodes for Analysis 

were each divided into three approximately l-inch tall pieces to facilitate 
the microscopic analysis. Both of the core sections encompassed regions 1) at · 
the bottom surface of the anode which was exposed to the electrolyte and 
carried current at approximately 0.2 A/cm2 based on the analyses reported in 
Section 4.3, 2) in the interior of the anode, and 3) at the top surface of the 
anode where it was contacted by vapors and the solid overlayer. One of the 
two vertical core sections was subjected to extensive microscopic and EDS 
analysis; the other was used for XRD and wet lab analysis. The three pieces 
of the vertical cores were labelled Fl-8 (bottom piece), Fl-M (middle piece), 
and FI -T (top piece). The remaining core section, labelled Fl-W, was removed 
from the "wing" or "lip" portion of the anode. One side of this core section 
was oriented toward the "outside" region of the anode; the other side was ori
ented toward the "inside" or facing the connector rod. 

5.2.2 Optical Microscopy of Core Sections: Overall Perspective 

Figures 5.18 through 5.21 are "macros" (low magnification optical 
images) of each of the pieces of one of the vertical core sections and the 
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FIGURE 5.18. Low Magnification Photograph of FI-B 
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FIGURE 5.19. Low Magnification Photograph of F- lM 
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FIGURE 5.20. Low Magnification Photograph of Fl -T 
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FIGURE 5.21. Low Magnification Photograph of Fl-W 

wing section. Each figure shows the optical image, some indication of orien
tation, and a set of designations (e.g. F1-B1) that indicate regions of the 
pieces that were interrogated with higher magnification optical microscopy, 

SEM, and EDS. These more detailed analyses are discussed in Sections 5.2.3 
through 5.2.5. 

The sample F1-B was from the bottom of the vertical core section. As 
shown in Figure 5.18, the sample contained essentially all of the "reaction 
layer" whose thickness variations were quantified in Section 5.1.2. The reac
tion layer in this region of the anode had an average thickness of about 
17.5 mm. The thickness varied somewhat in this region because it was near the 

beginning of the curvature of the bottom of the anode. As shown in the fig
ure, the reaction layer is very complicated in structure. It is composed of 
many sublayers. Analyses using XRD and EDS indicated that the reaction layer 

was essentially devoid of metallic phase and the many sublayers were varied in 
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composition (Sections 5.2.3 through 5.2.5). Above the reaction layer in FI-B, 
the microstructure appears similar to the original or "native" microstruc
ture.(a) This native microstructure extends up vertically through most of 
the core section, as shown in the micrographs for FI-M and FI-T in Fig-
ures 5.I9 and 5.20, respectively. As shown in Figure 5.20, at the very top of 
the vertical cross section (surface exposed to the vapor phase and solid over
layer), another, albeit much thinner, reaction layer is apparent. This layer 
was about I.O mrn thick and is also devoid of metallic phase. 

The core section from the wing region of the anode, labelled Fl-W, is 
shown in Figure 5.2I. This section exhibited largely native microstructure 
with very thin reaction layers on the outside (0.3 mm) and inside (I.O mm) 
surfaces. Analysis showed that these reaction layers, similar to those at the 
other surfaces, contained very little metallic phase. 

5.2.3 Reactions at the Bottom of the Anode 

In this section the detailed results from the analyses of sample FI-B 
are given. As shown in Figures 5.22 through 5.25, the elemental dot maps for 
Cu, Fe, Ni, and Al, respectively, reveal significant compositional changes in 
this part of the anode and help identify some of the phases in the reaction 
layer that are apparent in the SEM backscattering image adjacent to each dot 
map. Figure 5.22 shows how Cu, in particular, segregated into sublayers in 
the reaction zone. The Cu in this region was identified as Cu20 and also 
CuxNiYO by XRD. Also, as shown in Figure 5.22, other regions, in particular 
right at the surface, are severely depleted in Cu. Figure 5.23 shows that, in 
general, Fe is predominant in regions were Cu is absent and depleted in 
regions where Cu is strong. As shown in Figure 5.24, Ni is distributed more 
uniformly, but appears to be more concentrated in regions high in Cu, parti
cularly near the electrode surface. This is consistent with the formation of 
the CuxNiYO compounds that were identified with XRD . 

(a) As discussed in Section 5.2.3, the composition of the regions of 
"native" microstructure are, in fact, different in important ways from 
the original material. 

5.23 



SEM Cu 

• 

• 

FIGURE 5.22. "Dot" Map for the Element Cu in Fl-B 
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FIGURE 5.23. "Dot" Map for the Element Fe in FI -B 
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FIGURE 5.24. "Dot" Map for the Element Ni in fl-8 
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• FIGURE 5.25. "Dot " Map for the Element Al in Fl -8 
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Despite the varied composition of the sublayers shown in Figures 5.22 
through 5.25, it is interesting that the ratio of Cu:Ni:Fe for pieces taken 
from the reaction layer were not drastically different from the original cer
met material. Although, some small differences were observed and these are 
discussed below. The results of wet lab analysis using ICP according to the 
methods described in Section 3.2 are given in Table 5.1. 

The observed differences between the actual compositions and the compo
sition calculated from the raw materials used to make the anode can be at 
least partly explained by preferential loss of some of the Cu from the anode. 
Lowering Cu in the cermet would increase the calculated ratios for the other 
two elements. The ratio of Ni:Fe, on the other hand, stays roughly the same 
for all locations (1.1 to 1.2) except at the very surface (Sample C) where the 
ratio is 1.3.(a) The reason the weight percentages for the pieces from 
Anode F1-B are generally less than the values for the control (anode not 
tested) can be attributed partly to significant amounts of Al and Na in these 
samples. The aluminum content, for example, ranged from 1.46 weight percent 
in Sample C to 0.76 in Sample A2. 

TABLE 5 .1. Results of Wet Lab Analysis of F1-B 

Wei9ht Percent 
Sample Distance from Bottom Cu Ni Fe Ratio 

c Right at bottom surface 12.2 30.4 23.0 1:2.5:1.9 
B1 3mm 11.4 28.0 23.9 1:2.5:2.1 
B 9mm 12.2 30.6 26.3 1:2.5:2.2 
A1 14 mm 14.1 31.0 27.4 1:2.2:1.9 
A2 18 mm 14.4 31.4 27.5 1:2.2:1.9 
Control 16.2 32.0 27.4 1:1.98:1.69 

(a) The higher value for Ni:Fe right at the surface can be explained by the 
substitution of Al for Fe in this region as discussed later in this 
section. 
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The elemental dot map for Al in Figure 5.25 shows that significant 
amounts of this electrolyte component penetrated the anode. The penetration 
extends through the reaction layer and significantly into the native material. 
Some regions right at the sample surface were very rich in Al. As shown in 
Figure 5.26, signifi cant amounts of F were also detected. However, because 
the Ka line for F is near the La line for Fe, the pervasive composition of Fe 
(Figure 5.26) made the dot map analysis ofF not as useful, especially for 
regions deep within the anode. For the near-surface region in Figure 5.26, 
the presence ofF can be associated with the Al-rich phases at the surface in 
Figure 5.25. These phases are probably largely deposited cryolite [Na3AlF6]. 

The penetration of the electrolyte is also clearly evident in samples Fl-M and 
Fl-T. Figures 5.27 and 5.28 show the variation of Al and F (as EDS intensi
ties relative to Fe), respectively, from the bottom to the top of the vertical 
core section. Note that, in both cases, at all positions the concentrations 
exceed those for a control sample that was not tested in the pilot cell. (The 
"bump" in the plots at about 35 mm is probably due to the crack in the anode, 
evident in Figure 5.19. Some electrolyte may have leaked in through this 
crack and provided another avenue for ingress into the anode.) 

F Fe (Interference) 

FIGURE 5.26. "Dot" Map for the Element F in Fl-8 Near the Surface Region . 
Also Shown is Dot Map for Fe Illustrating Interference from 
this Element. 
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FIGURE 5.27. Variation of Al/Fe Intensity Ratio as a Function of Distance 
from the Bottom of Anode Fl 

1.4 
I of Reaction Layer I Top 

1.2 
1/ 
I 
I 
I 
1 

1.0 

• II. 

II. 
0.8 

0.6 

0.4 -1----..--l...-r-----r---.,.---......----..--r----l 

0 20 40 60 80 

Distance from Bottom, mm 
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Additional information on the nature of the cermet/electrolyte interac
tions is provided by the higher-magnification optical and SEM micrographs. 
Figure 5.29 shows region Fl-Bl which is right at the anode bottom surface. As 
indicated in the figure, the significant phases in this region are primarily 
Al-Ni-Fe compounds. The stoichiometry of some of these phases determined by 
EDS suggests that Al from the electrolyte replaces Fe to varying amounts in 
the NiFe

2
04 (ferrite) phase. (a) In general, the amount of substitution is 

the greatest right at the surface and decreases as a function of depth into 
the anode. Also, significant amounts of F were detected in these phases. For 
this reason, the relative stoichiometries of 0 and F were left ambiguous by 
denoting their subscripts as x and y. In some cases, the phases may corre
spond to stoichiometric aluminates since Ni and Fe aluminates were detected in 

OPTICAL SEM 

100 11m 10 J.1m 

- -Aio.1Ni Fe2.10xFy 

--NiO 

Alo.2Ni Fe2.2 OxFy 

-..___AI4.1 Ni Feo.6 OxFy 

--AI2.4Ni Fe1.3 OxFy 

--AI4.7Ni FeOxFy 

FIGURE 5.29. Micrographs of Region Fl -Bl 

(a) It should be noted that the ferrite phase is actually not the stoichio 
metric NiFe204 • This phase actually contains more Fe (probably as Fe2+ 

replacing some Ni 2+) in the spinel structure. Analyses of numerous sam
ples at PNL suggest the composition of the phase in unreacted material 
is closer to NiFe

2
_
2
0

4
_
2
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this region with XRD. Figure 5.30 shows the variation of the Al/Fe ratio in 
the ferrite-like phases as a function of distance from the bottom of the ver
tical core section (log scale). Clearly, most of the substitution occurs 
within the first 100 ~m, but significant amounts still occur deep within the 
anode. 

.. 

In addition to the Al-containing ferrite-like phases, Figure 5.29 shows • 
some NiO in F1-B1, but no significant amounts of Cu metal. This is consistent 
with the elemental dot map for Cu in Figure 5.22. 

Figures 5.31 through 5.34 show micrographs for regions F1-B2, F1-B3, F1-
B4, and F1-B5, respectively, which correspond to locations in piece F1-B at 
increasing distances from the bottom surface of the anode. Regions F1-B2, 
F1-B3, and Fl-84 are within the reaction layer while Fl-85 is in the region 
with native microstructure just above the reaction layer boundary. Fig-
ure 5.31 shows some of the varied microstructure within the reaction layer. 
In Fl-82, the primary phase is anAl-containing ferrite phase but with a grain 
structure very different from the original. The grains in this region appear 

4 

0 -Cll 
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E 
0 -< 

2 
41 
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Log Distance, llm 

FIGURE 5.30. Variation of Al/Fe Ratio for the Ferrite Phase as a Function of 
Distance (Log Scale) from the Bottom of Anode Fl 
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FIGURE 5.31. Micrographs of Region Fl-82 
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FIGURE 5.32. Micrographs of Region Fl-83 
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FIGURE 5.33. Micrographs of Region Fl-84 
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FIGURE 5.34. Micrographs of Region FI -BS 
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to have grown significantly and fused together (forming a "band" or sublayer 
when examined at lower magnification). The only other significant phase in 
this region was a copper oxide, which was identified as Cu20 based on XRD 
results. It appears that the Cu in this region, which was originally part of 
the metallic phase, oxidized to Cu

2
0. Figure 5.32 shows the phases in region 

Fl-83, which is near another band in the reaction layer. This region contains 
more Al-containing ferrite (withAl at lower concentrations), some largely 
unreacted ferrite, NiO, Cu20, and a phase composed mostly of Ni and F. This 
phase was identified as NiF2 from XRD data of this region. NiF2 was also 
found in region Fl-84 as shown in Figure 5.33. 

Figure 5.34 shows micrographs for region Fl-85, which is in the native 
microstructure region just above the reaction layer. This region contains 
some Al-containing ferrite and NiO but, unlike the reaction layer, it also 
contains the metallic phase. Interestingly, this metallic phase was almost 
pure Cu. The metallic phase in an unreacted anode is actually an alloy with 
the nominal composition of 86% Cu, 13% Ni, and 1% Fe (by weight).(a) The 
"refinement" of Cu in the metallic phase just above the reaction layer has 
also been observed in other studies on cermet anodes (Strachan et al. 1990). 
As shown in Figure 5 .3 5~ the amount of Ni relative to Cu in the metallic phase 
rises from the very low value (almost pure Cu) right above the reaction layer 
to values close to an unreacted control anode at further distances into the 
anode. At the top of the anode, where another reaction layer is present (Sec
tion 5.2.4), the ratio again becomes low. The thickness of the Cu-enriched 
metallic zone seems to be related to the overall corrosion performance of the 
anode. For example, Anode F1, which had a reaction layer about 13 mm thick 
(on the average), shows a Cu-enriched metallic zone about 35 mm thick (Fig
ure 5.36). In contrast, the prototype anode (Strachan et al. 1990), which had 
a reaction layer about 3 mm thick, exhibits a Cu-enriched zone of only about 

(a) The composition of the alloy varies somewhat from anode to anode. The 
values reported here are representative of measurements made on control 
anodes for the pilot cell test. In some previous studies, the nominal 
composition was reported as 85% Cu and 15% Ni, i.e. without Fe because 
of its minor contribution. 
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FIGURE 5.35. Composition of Alloy Phase as a Function of Distance from the 
Bott om of Anode F1 

10 mm, as shown in Figure 5.36. The ratio of Cu-enriched zone thickness to 
reaction layer thickness is roughly 3 to 1 in both cases. 

Considering the identification of NiF
2 

within the anode, it seems likely 
that the Ni in the metallic phase is oxidized to NiF2 in the presence of 

F-containing bath components. The extent of this conversion appears to be 
related to how far the electrolyte can penetrate into the cermet anode 
material. 

Another interesting variation that occurred primarily in the reaction 
layer was the relative amount of Cu in the NiO phase . As shown in Fig-
ure 5.37, the ratio Cu/Ni is much higher near the bottom surface and in the 
reaction layer than deeper in the anode and in the control sample. This is 
also consistent with the occurrence of both Cu and Ni in the same sublayers in 
the elemental dot maps in Figures 5.22 and 5.24. This result suggests that Cu 

oxidizes in the reaction layer to give not only Cu20, but also Ni xCuYO, with 
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FIGURE 5.36. Ni/Cu Ratio in the Alloy Phase as a Function of Distance from 
the Bottom of Tested Anodes. Data are shown for Anode Fl and 
for the prototype anode. 
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Cu 2+ replacing Ni 2+ in the oxide lattice.(aJ The variation of the Fe content 
of the NiO phase is not as clearly defined as shown in Figure 5.37, but may 
show some depletion in the reaction layer compared to deeper in the anode. 
The Fe content of this phase was also significantly less than in an unreacted 
control sample. 

5.2.4 Reactions in the Center and Top of the Anode 

This section covers the results of analyzing samples Fl-M and Fl-T in 
detail. Micrographs for region Fl-Ml (refer to Figure 5.19 for location of 
this region in Fl-M) are shown in Figure 5.38. The SEM micrograph revealed 
more evidence for a Ni-containing fluoride phase, although in this region the 

(a) 

Optical SEM 

100 11m 

FIGURE 5.38. Micrographs of Region Fl-Ml 

cu+ could also replace Ni 2+ with a 2:1 substitution coupled with radical 
crystallographic changes. Consequently, as in the case of the reacted 
ferrite phase, the stoichiometric subscripts are indicated as x and y 
(instead of x and 1-x) to allow for this possibility. 
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phase also contained a significant amount of Fe. The fluoride phase in Fl-Ml 
was interrogated using EDS; it exhibited an atom ratio of Fe/Ni of about 0.5. 
In region Fl-Tl in sample Fl-T, significant amounts of a Ni -Fe fluoride phase 
were also found, but with an even larger Fe/Ni ratio of about 0.6, as shown in 
Figure 5.39. It appears that the Fe content of the fluoride phase increased 
as a function of distance from the bottom surface of the anode. The plot in 
Figure 5.40 shows that this is indeed the case. The Fe/Ni intensity ratio of 
the EDS lines obtained from the fluoride phases increased significantly from 
the bottom to the top surfaces of the anode. Since the Ni in the fluoride 
phase is proposed to come from the Ni in the original alloy phase, it is also 
likely that the Fe in the fluoride phase has the same source. As one proceeds 
deep into the anode material, however, the relative tendency for the transfor
mations of the Ni and Fe may change so that the Fe makes up an increasingly 
larger component of the reaction product phase, i.e., the fluoride, at these 
more remote locations. All of these reactions, of course, depend on F from 
the electrolyte significantly penetrating the anode. While no direct evidence 
for the identity of this reactant species was obtained from analysis of the 

Optical SEM 

Ni Feo.sFy 

- Alloy 

100 11m 

FIGURE 5.39. Micrographs of Region Fl -Tl 
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FIGURE 5.40. Composition of the NiF2 as a Function of 
Distance from the Bottom of Anode F1 

polished samples, analysis of fracture surfaces, interrogated as part of the 
studies in Section 5.3, strongly suggested that the species was AlF3 , an 
aluminum fluoride ion, and/or an aluminum oxyfluoride ion.(a) 

Figures 5.18 and 5.19 show that the vertical core section studied in 
this work contained cracks. Although it is possible that the presence of 
these cracks assisted transport of electrolyte species into the anode (making 
the extent of penetration appear greater than "typical"), it is unlikely that 
they contributed significantly to the results on this core section. Their 
effect appeared to take the form of "bumps" on the concentration curves (Fig
ures 5.27 and 5.28). In addition, the extent of degradation of the cermet 
material along these cracks was not great, with the adjacent material exhibit-

• 

ing essentially "native" microstructure. In all likelihood, these cracks • 
formed later in testing and possibly even during cool-down. Other cracks in 

(a) The presence of an aluminum oxyfluoride species along grain boundaries 
was also proposed by Strachan et al. (1989). 
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the cermet anodes that were known to be present for significant times in the 
electrolyte during testing exhibited reaction layers (much like those on the 
bottom surface) of significant thickness along their lengths. Consequently, 
it appears that the principle mode of transport of the electrolyte species 
into the body of Anode Fl was through pores and/or along grain boundaries. 
The latter mode of transport was proved likely from the results of Windisch 
et al. (199lc) and from the mechanical properties tests reported in Sec
tion 5.3. 

X-ray diffraction analyses were performed on a number of pieces removed 
from the vertical core section; some of these were discussed already. A sum
mary of the various species identified using XRD are given in Figure 5.41, 
which also shows a schematic of the core section as an aid to identifying sam
ple location. Some of the obvious trends that support the EDS results include 
the variation in composition of the alloy phase and the presence of NiF2• The 
presence of some other phases, such as the iron oxides, were not corroborated 
by other methods. (a) 

Micrographs of the reaction layer at the top of the vertical core sec
tion are shown in Figure 5.42. This reaction layer formed under a crust of a 
solid alumina/cryolite composition. It was not exposed to liquid bath but was 
in contact with any vapors that could penetrate the crust from above. The 
temperature of the top surface was significantly lower than the bottom of the 
anode. The reaction layer that formed was characterized by essentially a sin 
gle phase of Al-containing ferrite-solution-like composition. As shown in 
Figure 5.42, the Al composition appears to vary somewhat in th1s region. The 
individual grains also have disappeared at the magnifications shown, appearing 
essentially fused together. No significant amounts of Cu were present in this 
reaction layer . 

(a) The compound lithium ferrite (LiFe02 and other stoichiometries) was 
not identified in any of the samples using XRD. Personal communi
cations with Dr. Haupin indicated this compound might be present as 
a result of a thermodynamically favored reaction involving LiF , but 
no evidence for its presence was found in this work. 
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FIGURE 5.42. Micrographs of Region Fl-T2 

5.2.5 Reactions in the Wing Region 

This section covers t he r esults of analyzing sample Fl -W in detail. 
Three regions were studied in this core section: both sides of the core and 
its center. Both the inside and outside surfaces had a reaction layer that 
was similar in composition although somewhat thicker on the inside than on the 
outside (Figure 5.21). This layer, shown for the outside surface in Fig-
ure 5.43, appeared very similar to the layer on top of the vertical core sec

tion (Figure 5.42). The layer was composed of a consolidated Al-containing 
ferrite-like phase. It also contained no significant amounts of Cu. The 
int erior of the wing was very similar in microstructure and composition to the 
orig inal anode material. The variation of the Ni/Cu ratio in the metallic 
phase follows the expected pattern as shown in Figure 5.44. The ratio is low 
under both of the reaction layers and is higher, closer to the control 
composition, toward the center of the core. 

The results for the wing region were one of the promising outcomes of 
the pilot cell test. Significant thought went into designing an anode shape 

that reduced the amount of corrosion of any "upper'' regions (exposed to the 
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vapor phases). In the prototype anode test (Strachan et al. 1990), the much
larger upper surfaces of that anode corroded severely, forming mostly CuO in 
the process. This type of degradation appears to have been minimized in the 
pilot cell test by making the wings smaller and keeping them largely covered 
with crust. Also, part of the reason for the less severe attack in the pilot 
cell test may have been that the wings were kept in a region of lower oxygen 
fugacity. The presence of CuO on the prototype anode also suggests that the 
redox potential (amount of oxygen) at the upper anode surfaces in this test 
was higher than in the pilot cell. 

5.2.6 Reactions in Other Anode Core Sections 

Core sections were also removed from other cermet anodes from the pilot 
cell test. One of these anodes was Anode C2, which was exposed to the severe 
conditions of higher current and low alumina concentrations. (See Fig-
ures 4.14 and 4.22 for the operating conditions of Anode C2.) Figures 5.45, 
5.46 and 5.47 show micrographs of the three pieces of the vertical core sec
tion taken from Anode C2. This core was 2.2 em in diameter (instead of 1 em) 
but was similar in all other dimensional respects to the vertical core sec
tions from Anode Fl. As shown in these figures (as well as the cross section 
of the entire anode in Figure 5.6), the reaction layer in Anode C2 was over 
1 inch thick. This is much thicker than the layer in Anode Fl. It is also 
extremely complicated in structure as shown in the figures. However, some of 
the trends in composition are similar to those observed in Anode Fl. In par
ticular, the Cu in the reaction layer was oxidized primarily to Cu20, which 
was segregated into sublayers or regions, and the metallic phase behind the 
reaction layer was obviously enriched in Cu relative toNi. Because of the 
complexity of the structure of this anode, however, no additional chemical 
analyses were performed on it. 

5.2.7 Summary of Chemical Changes in the Cermet Anode 

Since evidence for a number of important chemical changes was found in 
this work, it seems appropriate at this time to summarize these results. Fur
ther discussion, in particular regarding any proposed chemical reactions, is 
given in Section 6.1. The most significant chemical changes in the cermet 
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anode that appeared to result from the pilot-scale testing, as determined from 
the post-test analyses, included the following : 

• Reaction layers formed on all surfaces of the anodes. 

• For the reaction layer on the surfaces exposed to electrolyte: 

There was significant redistribution and segregation of phases. 

The metallic phase oxidized completely. 

In general, Cu oxidized to give Cu20 and Cu~i10. The amount of Cu 
in the Cu-Ni oxide decrease as a function or aistance from the 
surface . 

Copper was completely absent from regions right at the electrode 
surface. 

Nickel oxidized to give NiF2• 

Aluminum was incorporated into the nickel ferrite phase to give 
solid solutions of varying compositions, but all containing Ni, Fe, 
and Al. 

• For reaction layers on surfaces exposed to the vapor phase: 

Copper was essentially absent. 

The primary phase was a ferrite-like Ni-Fe-Al phase with 
varying Al composition. 

The Ni-Fe-Al phase showed a large-grain structure that was signifi
cantly different from the original microstructure. The phase was 
essentially consolidated. 

• Deeper within the anode: 

The metallic phase was enriched in Cu (relative toNi) 
close to the reaction layer boundaries . 

Evidence for electrolyte ingress was found. An Al-F containing 
species was identified along grain boundaries in fracture 
specimens. 

A fluoride species containing both Ni and Fe was found . The amount 
of Fe relative to Ni in the fluoride increased as a function of 
distance from the bottom surface of the anode . 
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5.3 PHYSICAL AND MECHANICAL PROPERTIES CHANGES 

The following section covers the results of density measurements on the 
anodes used in the pilot cell test and of studies on their mechanical proper
ties. In all of this work, measurements were made on samples removed from the 
center of Anode F1 after testing in the pilot cell. The samples were from the 
region of "native microstructure," i.e., they did not include any of the reac
tion layers. Measurements on .F1 were then compared to results on another 
anode (control) fabricated by CMI but not tested in the pilot cell. 

5.3.1 Density 

Density measurements were made on rectangular samples taken from the 
anodes for the purpose of mechanical properties testing. These samples are 
described in Section 5.3.2. The results of the density measurements are given 
in Table 5.2. As shown in Table 5.2, the anodes appear to have become signif
icantly less dense as a result of testing in the pilot cell. The control 
anode was also significantly less dense than anodes made previously at PNL, 
probably due to the lower consolidation pressure used by CMI (Section 3.2). 
It is possible that the lower densities contributed to a more open pore struc
ture that assisted electrolyte ingress and attack. The subsequent internal 
degradation of the anode material appears to have contributed to an additiona~ 
lowering of density. Alternatively, the ingress could also have involved 
grain boundary migration of electrolyte components. In all likelihood, both 
avenues of penetration were utilized. 

TABLE 5.2. Densities of Cermet Anodes 

Anode Material 
Control CMI Anode 
Anode F1 (After Test) 
Typical PNL-Fabricated Anodes 

5.50 

Density, g/cm3 

5.82 ± 0.01 
5.67 ± 0.05 
6.05 - 6.10 
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5.3.2 Mechanical Properties 

Fracture strength, fracture toughness, and ductile-brittle transition 
temperature (DBTT) were measured for the cermet anodes as a function of tem
perature. Measurements were made on samples taken from Anode Fl and a control 
anode (which was not tested in the pilot cell). The samples from Anode Fl 
were removed after testing in the pilot cell and were taken from the interior 
region of the anode, i.e., they did not contain the reaction layer. Strength 
and toughness were determined to be rather low for the cermet material and 
both were significantly degraded during the pilot cell test. In addition, the 
DBTT was reduced from lOOo·c for the control anode material to soo·c for 
Anode Fl. Scanning electron microscopy (SEM) revealed that the fracture mode 
changed from transgranular to intergranular accompanying the decrease in 
toughness and shift in DBTT due to pilot cell testing. A thermal shock 
resistance parameter was calculated and found to be very low for a typical 
cermet material. 

Procedures for Mechanical Properties Testing 

Four-point bend testing was performed on rectangular bend bars (4 mm x 
4 mm x 50 mm) using SiC fully-articulated bend fixtures having a lower span of 
40 mm and an upper span of 20 mm. Tests were performed in air from ambient up 
to llOO·c at a strain rate of 1. 27 x 10-5 s-1• The mid-point bending deflec
tion was measured and used to calculate stress-strain curves for each speci
men. In addition, chevron-notched bend (CVN) bars (Figure 5.48) were used to 
measure the chevron-notch fracture toughness over the same temperature range. 
These tests were performed at the same strain rate in four-point bending and 
the overall specimen dimensions were the same as the unnotched bend bars. 
Details of the CVN geometry are given in Figure 5.48. The test temperature 
was measured by a Type K thermocouple inserted into the bend fixture. All 
data were recorded onto a computer-based data acquisition system. SEM stereo 
photomicrographs were taken of representative fracture surfaces above and 
below the DBTT of each material. Other test details are given in Table 5.3 . 
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FIGURE 5.48. Chevron-Notch Bars 

Results of Mechanical Properties Testing 

Four-point bend fracture strength (modulus of rupture) was calculated 
from the fracture load using the standard expression for four-point bending 

a = ( 3 L P ) I ( 4 B W2 
) ( 1) 

where L is the lower bending span, P is the fracture load , B is the specimen 
width, and W is the specimen height between the loading points. Bending 
strain was calculated from specimen mid-point deflection using 

€ = (48 W 6}/(11 L2
} (2) 

where 6 is the measured deflection of the specimen mid-point on the tensile 
face. Stress-strain curves were plotted for each specimen tested and some 
typical curves are shown in Figure 5.49. For those specimens that exhibited 
significant plastic deformation, the offset yield strength at a strain of 
0.002 was reported . 
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TABLE 5.3. Test Matrix for Mechanical Properties Testing 

Test Tern- Number Strength, Toughness, 
S~ecimen ~erature, oc Tested MPa MPa·m0

·
5 

• 
Control Anode 

.. Bend Bar (CBB) 21 1 112.4 
CBB 800 1 116 .7 
CBB 900 2 101.8 
CBB 950 3 98.8(a) 

CBB 1000 3 117.4(a) 

CBB 1050 1 85.5 

Control Anode 
Chevron-notched 
Bar (CCN) 21 1 2.78 
CNN 800 1 2.88 
CCN 900 1 2.73 
CCN 950 2 2. 42 
CCN 1000 2 2.56 
CCN 1050 2 3.73 

Anode F1 Bend 
Bar (F1BB) 21 1 49.2 
F1BB 350 1 63 .3 
F1BB 400 1 44 .1 
F1BB 450 1 57.6 
F1BB 500 2 57 . 61 
F1BB 550 1 49 .0 
F1BB 600 1 37.2 
F1BB 800 • 1 18.3 

• 
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TABLE 5.3. (contd) 

Test Tem- Number Strength, Toughness, 
Specimen perature, ·c Tested MPa MPa·m0· 5 

Anode F1 Chevron-
notched Bar (FlCN) 21 1 1.66 
FlCN 350 1 2.37 
F1CN 400 1 1.71 
F1CN 450 1 2.14 
F1CN 500 2 2.59 
FlCN 550 2 2.47 
F1CN 600 1 1.89 

(a) The estimated standard deviations where 3 measurements were 
taken were 7.8 (950"C) and 16.9 (1000"C). These values are 
significantly less than the differences between the Control 
and the F1 Samples indicating the differences are real and 
result from the pilot cell testing. 

The control anode exhibits brittle fracture behavior up to 10oo·c with a 
fracture strength ranging from 100 MPa to 120 MPa (14.5 ksi to 17.4 ksi) over 
that temperature range (Figure 5.50). Measured strength increases slightly 
from ambient up to 100o·c with a dip at about 900•c. The strength drops off 
rapidly above 10oo·c as the material deforms plastically (see Figure 5.49a). 
Anode F1 exhibits similar behavior, but the strength is lower and the DBTT is 
about 500"C. Bend strengths range from 50 MPa to 63 MPa (7.2 ksi to 9.2 ksi) 
and decrease rapidly above the DBTT (see Figure 5.49b). 

Fracture toughness measurements (Figures 5.51 and 5.52) are quite low 
for a cermet material; the fracture toughness of these materials is typically 
greater than 10 MPa ·m0

·
5

• These measurements are made from load-deflection 
curves of chevron-notched bend bars and are referred to as chevron-notch 
Kc measurements. The analysis for these measurements gives (Whithey and 
Bowen 1990) 
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K = (P Y* . )/(B W112) C max m1n 

where Kc is the mode I fracture toughness, Pmax is the maximum load from the 
load-deflection curve, and Y*min is the minimum in the chevron-notch compli
ance function (Whithey and Bowen 1990). A nominal value of Y*min was calcu
lated to be 16 for the specific chevron-notch geometry used in these tests 
(Figure 5.48). 

Toughness values range from 2.4 MPa·m0
·
5 to 3.7 MPa·m0

·
5 for the control 

anode material and from 1.8 MPa·m0·5 to 2.7 MPa·m0·5 for Anode Fl material. 

(3) 

The toughnes s increases above the DBTT, as expected, for the control anode 
material, but does not increase for Anode Fl material. There is an excellent 
correspondence between the measured toughness and the measured fracture 
strength (Figures 5.51 and 5.52). Below the DBTT , all the features of the 
fracture toughness curves are replicated in the strength curves. 

Fracture surface morphologies below and at the DBTT were examined using 
the SEM and are shown in Figures 5.53 and 5.54. The control anode exhibited 
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(a) Control Anode Showing Transgranular Fracture 

(b) Anode Fl Showing Intergranular Fracture 

FIGURE 5.53. Fracture Morphology below the DBTT (20"C) 
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(a) Control Anode at lOOo oc Showing Mixed Transgranular-Intergranular Fracture 

(b) Anode Fl at 500°C Showing Intergranular Fracture 

FIGURE 5.54. Fracture Morphology at the DBTT 
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mainly transgranular, brittle fracture below the DBTT and a mixture of 
transgranular- intergranular fracture at the DBTT. Anode Fl exhibited inter
granular fracture both below and above the DBTT. 

Discussion of Results of Mechanical Properties Tests 

Measured fracture toughness of the two anode materials, control anode 
and Anode Fl, are quite low, even in comparison to other ceramic materials 
(Table 5.4 and Figure 5.55). Thus, the measured fracture toughness of 
2.8 MPa·m0

·5 is consistent with a sintered oxide ceramic, but not with a 
material containing dispersed copper metal. The two anode materials do not 
compare favorably with WC, a typical cemented carbide cermet , in terms of 
fracture toughness, for example (Table 5.4 and Figure 5.55). Apparently, this 
is due to the distribution of the metallic phase in the anode material. A 
di scontinuous distribution of metallic phase or a very small size of the 
metallic phase regions could account for the brittle behavior of these two 
anode materials. 

TABLE 5.4. Materials Parameters for Various Ceramics 

Therma 1 
Fracture Young's Expansion Thermal Con-

Strength, Modulus , Poisson's Coeff~ci~~t, duct_\vit.Ji, 
Material MPa GPA Ratio 10 K W·m ·K 

Pyrex Glass 70 70 0.24 4.6 1.7 

Si3N4 700 300 0.24 3.0 17.0 

SiC 500 400 0.19 5.0 85.0 

Al 2o3 500 380 0.26 9.0 8.0 

we (6% Co) 1400 600 0.26 4.9 85. 0 

Anode 110 110 0.25 12.0 10. 0(a) 
Cermet 

(a) Anode thezma}1conduct1vity estimated from measured thermal diffusivity of 
0.0155 em s at 500 C. 
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and Cermets 

Therma l 
Shock Fracture 

Parame_tfr 
kW·m 

Toughn~s~, 
MPa·m · 

0.28 0.75 

Hl.05 6.0 

17.2 15.0 

0.87 3.0 

29.95 15.0 

0.63 2.8 
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FIGURE 5.55. Comparison of Fraction Toughness Values 

Given that they exhibit brittle behavior at low temperatures, the meas
ured mechanical properties do provide some useful information. The excellent 
correspondence between the fracture toughness curves and the fracture strength 
curves below the DBTT suggests that the fracture strength is controlled by the 
fracture toughness below the DBTT. That is, strength increases and decreases 
correspond to toughness increases and decreases below the DBTT where brittle 
failure occurs. The strength is limited by the largest flaw size in the anode 
material. Using the standard fracture toughness design criterion, 
a = K(n c)-0

·
5

, where c is the half crack length, a critical flaw size of 
-480 ~is calculated for the control anode material. 

The measured fracture strength and Young's modulus were also used to 
calculate a thermal shock resistance of the anode materials from (Hasselman 
1970) 
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where k is the material thermal conductivity, a f is the fracture stress, EY is 
Young ' s modulus for the material, vis Poisson ' s ratio, and a is the material 
thermal expansion coefficient. Values for these various material parameters 
and for the thermal shock resistance parameter are given in Table 5.4 and com
pared graphically in Figure 5.56 for several ceramics and cermets . Because of 
the low strength, high thermal expansion coefficient, and moderately low ther
mal conductivity of the anode materials, the thermal shock resistance parame
ter is low compared to other typical materials. This makes these anode 
materials particularly susceptibl e to thermal shock associated with use in the 
pilot cell. 

The transgranular fracture morphology of the control anode material 
below the DBTT is consistent with the measured low fracture toughness. In 
general, the material is failing by cleavage of the oxide grains, but some 
copper phase pullout is observed on the fracture surface. Examination of 
stereo SEM photomicrographs and use of energy dispersive x-ray (EDS) analysi s 
does indicate that copper particles are present and are about 20 ~ in diam
eter dispersed throughout the control anode material with a spacing of about 

Thermal 
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FIGURE 5.56. Comparison of Thermal Shock Values 
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100 ~m on the fracture surface. The oxide grain size is about 10 ~m, so the 
copper particles are spaced about every 10 oxide grains. The copper particles 
appear to be deformed plastically at ambient temperature, and evidence of 
chisel-point failures of the particles can be seen on the fracture surface. 
This suggests that the copper particles are indeed contributing to the mea
sured fracture toughness of the anode material, but, only very slightly. It 
may be that a monolithic oxide material without any dispersed metallic phase 
would have a lower fracture toughness (much like the Anode F1 material) and 
that a portion of the measured toughness (3 MPa·m0•5) could be attributed to 
the metallic phase in the cermet. 

The transition from transgranular cleavage to a mixed transgranular
intergranular morphology above the DBTT is accompanied by oxidation of the 
copper phase (Figure 5.54a). Apparently, the material ductility is due to 
this transition and suggests that there is a thin, ductile layer at the grain 
boundaries, probably copper or a copper alloy, that softens enough at the DBTT 
to allow some limited plasticity. Indeed, EDS examinations indicate that the 
fracture surface of the specimens tested at or above the DBTT is covered with 
copper. In fact, it is rather amazing that the control anode material retains 
its brittle fracture behavior to such high temperatures. This behavior also 
suggests that the dispersed metallic phase is unable to provide any toughening 
until temperatures near its melting point, which is estimated to be about 
12oo· c from the Cu-Ni phase diagram. 

The degradation of strength and toughness in Anode F1 materials tested 
in the pilot cell is accompanied by a change in the fracture morphology from 
transgranular (control anode) to completely intergranular failure above and 
below the DBTT (Figures 5.53b and 5.54b). As discussed in Section 5.2, this 
transition is accompanied by reactions involving the metallic phase and the 
uptake from the electrolyte of anAl -containing fluoride phase (AlF

3
, aluminum 

fluoride or oxyfluoride species) at the grain boundaries (Figure 5.57). The 
reduction in fracture toughness follows from the reactions involving the 
metallic phase since they remove a toughening mechanism from the material. 

• The reduction in strength follows from the reduction in fracture toughness. 
Using the room temperature value of Kc of 1.8 MPa·m0·5 and strength of 50 MPa 
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At-Fluoride Phase 

FIGURE 5.57. Micrograph of Fracture Surface Showing Presence of Aluminum 
Fluoride Phase at the Grain Boundaries 

for Anode Fl gives a critical flaw size of -820 ~m, which is approximately 
twice the critical flaw size of the control anode material. Therefore, the 
compositional changes not only alter the fracture toughness, but also increase 
the critical flaw size as well. The shift in DBTT from 1000°C to 500°C can be 
attributed to the softening of the fluoride phase at the grain boundaries. 

Interestingly, both anode materials show a toughness and strength 
decrease prior to the onset of ductility, just below the DBTT. Since this 
decrease appears in both materials and appears in both the toughness measure
ments and the strength measurements, it is not an artifact or error in meas
urement. However, there is no simple explanation for these results. Perhaps, 
since the testing was done in air, there is an environmental effect on the 
material toughness. 

Summary of the Mechanical Properties Tests 

Four-point bend fracture strength and fracture toughness were measured 
for two inert anode materials, a control anode and Anode Fl from the pilot 
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cell test. Measured strength and toughness of the control anode are low for 
cermet materials. Room temperature strength of 110 MPa (16 ksi) and toughness 
of 2.8 MPa·m0·5 were measured for the control anode. Strength increased to 
117 MPa (17 ksi) at 1000'C and then decreased above this temperature, the DBTT 
of the control anode material. Fracture toughness was 2.5 MPa·m0

·
5 at 1000°C 

and increased to 3.7 MPa·m'· 5 at 1050'C . 

Both fracture strength and toughness of these cermet anodes were 
degraded by exposure to the cryolite bath. Anode F1 fracture strength ranged 

from 50 Mpa (7.3 ksi) at room temperature to a high of 63.3 MPa (9.2 ksi) at 
350°C, Fracture toughness was 1.7 MPa·m11

·
5 at room temperature and 

2.6 MPa·m'· 5 at 500·C. The DBTT for Anode F1 material was determined to be 
5oo·c, shifted down from the control anode by 5oo·c. 

Fracture mode changed from transgranular for the control anode material 

tested below the DBTT to intergranular for Anode Fl below the DBTT. Fracture 
mode changed from transgranular below the DBTT to mixed transgranular
intergranular above DBTT for the control anode. Anode F1 exhibited an inter
granular fracture morphology at all test temperatures. 

The material plastic deformation at elevated temperatures is controlled 
by the weakest phase, probably the distributed metallic or grain boundary 
phase. It is expected that the material DBTT is determined by the composition 
and distribution of this phase. The fracture morphology change for the con
trol anode at the DBTT is consistent with this conclusion. It is rather 
remarkable that the control anode can maintain brittle behavior up to IOOOOC 
given that the metallic phase is Cu-Ni with a melting point of -1200·c. The 
low toughness value implies that the ductile metallic copper phase is not dis
tributed optimally for mechanical properties benefit. Apparently, the metal
lic phase is too widely distributed and distributed in a size too small to 
impact the toughness of the cermet material. Fracture toughness for cemented 
carbides can be as high as 18 MPa·m 11

·
5

• The fracture behavior seems to be 
controlled by the cleavage strength of the oxide grains. In general, the 
fracture strength is controlled by fracture toughness below DBTT for these 

materials. The excellent correspondence between strength and toughness for 
the anode materials supports this conclusion. 
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The observed strength reduction and DBTT shift on exposure to the cryo
lite bath for Anode Fl points to degradation of the intergranular phase during 
anode operation, perhaps due to electromigration. The material no longer 
fails by cleavage of the oxide grains, but instead deforms at boundaries 
resulting in a completely intergranular fracture morphology. The change in 
the fracture morphology of Anode Fl compared to the control anode supports 
this conclusion. The presence of anAl-containing fluoride phase at the oxide 
grain boundaries in Anode Fl material suggests that this material is essen
tially very different from the control anode material. 

A low fracture toughness, high thermal expansion coefficient, and moder
ately low thermal conductivity for these cermet anodes makes them very suscep
tible to thermal shock. Observed cracking during operation is consistent with 
this. A calculated thermal shock parameter is very low for a cermet material 
as shown in Figure 5.56. This suggests that use of these materials for inert 
anodes will entail very delicate handling procedures, which is not desirable. 
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6.0 DISCUSSION OF RESULTS 

6.1 MATERIALS INTERACTIONS ISSUES 

The following discussion concerns primarily the materials interactions 
of the cermet anodes in the pilot cell test. The discussion focuses on the 
observations (Sections 5.1 and 5.2) of the type and nature of reactions 
between the electrolyte and the cermet anode material. These results were of 
primary concern in this study on the inertness of the cermet material under 

the pilot cell testing. Issues related to anode cracking were considered less 
important in this study but will have to be addressed in further research if 

the cermet material is ever to be used commercially. Nevertheless, it is 
worthwhile to note at this point that the cracking phenomena resulted from the 
poor mechanical properties of the material (Section 5.3) and were aggravated 
by the less-than-ideal anode electrical connection/support scheme. As dis
cussed in Section 3.2, attempts to reduce thermal expansion mismatches with a 
graded core were unsuccessful because the large anode pieces cracked during 
fabrication. Clearly, the thermal shock sensitivity of the cermet anodes must 
be reduced by 1) developing a better strategy for an electrical connection, 
and 2) determining ways to toughen the material through microstructure and/or 
compositional changes as discussed in Section 5.3.2. 

The cermet material did not appear to behave adequately as an "inert" 

anode. As indicated in Section 5.1, despite no significant dimensional 
changes in most cases, the anodes exhibited reaction layers of varying thick
nesses. Moreover, as discussed in Section 5.2, evidence for electrolyte pene
tration was found deep within the anode material. The mode of ingress of the 
electrolyte appeared to be along grain boundaries and possibly through pores. 
Electrolyte in contact with the external and internal surfaces of the anode 
and along grain boundary surfaces resulted in a multitude of chemical reac
tions. The results of these reactions were very complicated but some trends 
were observed and these were reported in Section 5.2 and summarized in Sec
tion 5.2.7. While it is impossible to explain all of the observed chemical 

changes, some of the trends can be rationalized by considering the thermody
namics of two classes of chemical reactions. 
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Both classes of chemical reactions that can be used to explain some of 
the observed chemical changes involve the three components of the alloy phase 
of the cermet: 
most likely to 

Fe, Ni, and Cu. Since the metallic phase of the cermet is the 
oxidize or corrode under anodic polarization conditions, and 

since some of the changes clearly involve this phase, e.g., selective oxida

tion of Ni from the alloy in certain regions, it seemed reasonable to attempt 
an explanation of the chemical changes by first considering the behavior of 
these elements. As it turns out, the chemistry of these elements is consis
tent with some of the more obvious compositional changes in the anode and is 

the focus of the discussion in this section. 

The two classes of reactions involving Fe, Ni, and Cu are the reactions 
with Al

2
03 and AlF 3 • While Al 203 and AlF3 do not exist as such in either the 

molten salt nor its vapor,(al they provide a good basis for comparing the 
reactivities of the metals in the cryolitic medium and, as it happens, are two 
of the few electrolyte species for which thermodynamic data are available. 

Numerous other workers (Weyand et al. 1986; Mcleod et al. 1987) have shown 
that calculations on this very same basis are also useful as a tool for 
selecting inert anode materials. 

Tables 6.1 and 6.2 show data for the reactions of Fe, Ni, and Cu with 
Al

2
0

3 
and AlF3, respectively (Mcleod et al. 1987). In each case, the reac

tions are written for the formation of oxides or fluorides containing all the 
common oxidation states of the metals. For each reaction, the standard free 
energy change at 1300 K and the standard cell potentials are given. In addi
tion, the cell potentials are given in Table 6.1 for the case where the con
centration of alumina is 10% of its value at saturation giving an activity 

(a) For example, Al2.,0
3 

exists as aluminum oxyfluoride ions, and AlF 3 as the 
tetra- and hexatluoride ions in the melt (Grjotheim et al. 1982). 
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TABLE 6.1. Reactions with Al 203 at 1300 K 

Reaction liG0 ,kJ €0' v ea=IUllll 

Al 203 + 3Fe = 2Al + 3Fe0 699 -I. 21 -1.34 
Al 203 + 2Fe = 2Al + Fe 203 768 -1.33 -1.46 
Al 203 + 3Ni = 2Al + 3Ni0 903 -I. 56 -1.69 
Al 203 + 6Cu = 2Al + 3Cu20 1104 -I. 91 -2.04 
Al 203 + 3Cu = 2Al + 3Cu0 1155 -I. 99 -2 .12 

TABLE 6.2. Reactions with AlF
3 

at 1300 K 

Reaction AG',kJ E"o,v E"a=0.01 

2AlF3 + 3Fe = 2Al + 3FeF2 771 -1.33 -1.50 
AlF3 + Fe= Al +FeF3 422 -I. 46 -I. 63 
2AlF3 + 3Ni = 2Al + 3NiF1 987 -I. 70 -1.87 
2AlF3 + 3Cu = 2Al + 3CuF2 1290 -2.23 -2.40 
AlF3 + 3Cu = Al + 3CuF 1155 -3.52 -3.69 

"a" = 0.001 according to Grotheim et al. (1982) and for the case where the 
fluoride activity is approximately its value at the actual bath ratio 1.35 
(Table 6.2). 1' 1 

The reactions in Tables 6.1 and 6.2 may be viewed as follows. Each 
reaction consists of an anodic half-reaction involving the oxidation of one of 
the three metals, for example 3Ni + Al 203 --> 3Ni0 t 2Al 3

+ + 6e- for oxide for
mation and 3Ni + 2AlF3 --> 3NiF

2 
+ 2Al 3

+ + 6e- for fluoride formation. Both 
types of reactions couple with the cathodic half-reaction 2Al 3

+ + 6e- --> 2Al 
to give the overall cell reactions listed in Tables 6.1 and 6.2. Again, while 
the Al 3

+ does not really exist (unfluorinated) in the cryolite, its use in the 
half-reaction provides a convenient reference. In any event, the ion does not 

(a) In addition to the effects of varying activities of Al
2
03 and AlF 3 , the 

equilibria will be affected by the activities of Fe, N1, Cu, and Al 
within the various phases. A more complete analysis of all of these 
possible equilibria which would include the effects of metal ion activi
ties is beyond the scope of this work but should be attempted in any 
future work on the subject. 
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enter into any of the overall equations, so its role (or the role of a more 
realistic aluminum fluoride ion) is inconsequential in these comparisons. 
Viewed in this way, the reactions in Tables 6.1 and 6.2 are all anodic half
reactions or corrosion half-reactions referenced to the same "reference" half
reaction, i.e., the Al/Al 203 

half-cell reduction reaction against which 

electrode potentials are routinely measured in this system. Consequently, the 
values calculated from the thermodynamic data base should give a good indica
tion of what reactions are favored under the various applied electrode poten
tial conditions. 

All of the potentials for the reactions in Tables 6.1 and 6.2 are 
negative. Consequently, under open-circuit conditions, all of the reactions 
are disfavored and the metals are predicted to be stable with respect to these 
reactions. However, at 2.2 V relative to the same half-cell reaction, or the 

minimum potential required to generate oxygen at unit activity according to 
2Al 203 --> 4Al + 302, some of these reactions are favored. The favored reac

tions are those with potentials less negative than -2.2 V. 

All of the oxide formation and fluoridation reactions involving Fe and 
Ni are predicted to be strongly favored at 2. 2 V. In contrast, the fl uori
dation of Cu is disfavored because the potentials are more negative than 
-2.2 V and the oxide formation reactions are only slightly favored under con
ditions of lower oxide ion activities as might exist near the anode. This is 
consistent with the preferential oxidation of Fe and Ni from the alloy phase 
or, equivalently, the refinement of Cu in these phases. 

The reactions that did occur for Cu were, furthermore, observed to be 
very complex. In the reaction layer, for example, Cu was found in regions or 
bands, sometimes with Ni as an oxide, and was depleted in other areas that 
were similar to the ferrite in composition. While it is impossible to explain 

the details of this varied chemical reactivity with any certainty (the layer
ing may have to do with the variation in cell operating conditions), the 
complexity of the chemistry suggests that Cu has open to it a number of pos

sible reaction pathways. This is consistent with the thermodynamic data in 
Tables 6.1 and 6.2. These data indicate that the reactions involving Cu are 
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much closer to the "2.2 V criterion" than those for Fe or Ni. Slight varia

tions in cell conditions could, therefore, shift one or more of these equi
libria from "favored" to "disfavored" status or visa versa. For example, at 
exactly 2.2 V the oxidation of Cu to form copper oxides is predicted by 

Table 6.1 as long as alumina is at saturation. At lower alumina concentra
tions, the formation of the oxides becomes more and more disfavored (as indi

cated by the values for potential for the arbitrarily chosen 10% saturation). 
If low alumina is coupled with high fluoride concentrations, or if significant 
voltage drops develop at the anode surface resulting in a voltage higher than 

2.2 V within the anode (i.e., right under a resistive layer), or if power 
supply fluctuations result in slightly higher applied voltages at the anode, 
the formation of copper fluorides (particularly CuF1) would be predicted from 
Table 6.2. 

Weyand et al. (1986) suggested that some of the oxides might be pas
sivating. Given that the copper fluorides are probably more soluble than the 

oxides, fluctuations of the sort discussed above could significantly have 
altered the corrosion susceptibility of the Cu component of the alloy phase. 
Consequently, one might expect layers of reaction products with some contain
ing copper oxides formed under conditions when the fluorides were disfavored 
and others containing very little Cu formed under conditions when the fluori
dation of Cu was favored. If the scenario developed in this paragraph is 
accurate, clearly the best way to minimize the reactions involving the Cu 
component is to maintain operating conditions as constant as possible in 

"regimes" where copper oxidation and particularly the formation of fluorides 
is least favored. These conditions appear to include maintaining as close to 
alumina saturation as possible and a reasonably constant voltage profile 
uninfluenced by any reaction layers or external voltage fluctuations. 

Another type of reaction that was observed in the reaction layer was the 
apparent substitution of Al for Fe in the ferrite phase. This type of 
reaction was observed in numerous other studies (Weyand et al. 1986; Windisch 
and Stice 1991) and it is unlikely that it can be completely eliminated. Pre-

• vious work (Windisch and Stice 1991) indicated that the substitution might 

involve (at least initially) the small number of excess Fe ions that exist in 
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the ferrite phase. These Fe ions probably exist as Fe2
+ and are more likely 

to be oxidized or react under anodic polarization {because, unlike the other 
cations in the ferrite, the divalent Fe has a higher oxidation state avail
able). Under ideal conditions, i.e., when less-than-significant amounts of 
metal-phase reactions and very little penetration of electrolyte deep into the 
anode body occur, the substitution reaction probably does not occur to a 
significant extent. Some studies (Mcleod et al. 1987) have even indicated 

that a similar Al-containing solid solution phase may protect underlying fer
rite as a diffusion barrier, as in the case of single crystals. Accompanied 
by other reactions that erode the integrity of the ceramic matrix, however, 
the substitution reaction could conceivably accelerate the degradation proc
esses by occurring over much wider regions and in such a way that the forma
tion of an intact, protective layer is hindered. The presence of ferrite-like 
phases with extremely different morphologies, e.g., the consolidated ferrite 

regions, indicates that the substitution reaction may produce very different 
results depending on the circumstances. 

In addition to the reactions at the anode surface, the penetration of an 

Al-containing fluoride species into the body of the cermet anode and evidence 
for subsequent reactions inside the anode were also reported in Section 5.0. 
One of the reaction products formed as a result of reactions within the anode 
was NiF2 or a composite Ni/Fe fluoride. As shown in Figure 5.40, the amount 
of Fe in the fluoride phase increases relative to Ni as a function of distance 
from the bottom of the anode. Assuming the reactions in the anode can be 
modelled with the reactions shown in Table 6.2, this result is not surprising. 
At the surface of the anode, the activity of fluoride is close to 0.01, 
resulting in the potentials shown in Table 6.2. Deep within the anode, the 
activity of aluminum fluoride should be much less than near the surface. The 
lower fluoride activities would result in more negative potentials, meaning 
that fluoridation of the Fe and Ni would be less favored deeper within the 
anode. But, the fluoridation of Ni is less favored than that of Fe to both 

oxidation states at any given fluoride concentration because the potential is 
more negative for Ni. Near the surface of the anode the differences are 

inconsequential because both reactions are highly favored and because the 
amount of Fe relative to Ni is too small to notice any differences between 
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them. At positions deeper in the anode, the differences between Fe and Ni may 
be more important. With decreased fluoride content the potential for Ni 
fluoridation may fall to values close to or below -2.2 V. Hence the Ni reac
tion may become significantly less favored than the Fe reactions whose poten
tials are significantly less negative than Ni. As a consequence, one would 

expect the product fluoride phase to contain more Fe than Ni at positions 
deeper in the anode. As discussed above, this was observed. Since very 

little Fe is in the alloy phase to begin with, its accumulation to measurable 
amounts in the fluoride phase is significant and implies that, provided the 
thermodynamic arguments made here are at least qualitatively correct, the 
variations in electrochemical potential across the anodes in the pilot cell 
test may have been significant. This result is clearly an undesired conse
quence of penetration of the electrolyte into the anode. It is obvious that 
for this anode material to be successful in commercial applications, the issue 
of electrolyte penetration must be addressed. Significant work is still 

required to understand this transport and to inhibit it. In particular, the 
effects of cermet anode composition and microstructure, as well as cell oper
ating conditions, on this mode of attack are not certain. Solutions to the 
problem may involve fabricating anodes with a "tighter" microstructure and 
higher density, adding components to inhibit transport along grain boundaries 
or other compositional changes, working with a completely different anode com
position, or running cells under more uniform and "benign" conditions. Which 
of these or any alternative approaches gives the best results is unclear at 
this time. Further work in this area is clearly warranted. 

6.2 OPERATIONAL ISSUES 

The following discussion concerns operational issues related to the 
pilot cell test of the cermet anodes. The comments were provided by RMC 
personnel who supervised the operation of the pilot cell and who are in the 
best position to recommend action concerning the operational efficiency of 
aluminum reduction cells. 
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The operation of the pilot cell with the cermet anodes in a six-pack 
cluster arrangement was successful in that individual anodes remained in con
tinuous operation for as long as 314 h (13.1 days}. However, the corrosion 
rate of the anodes, as determined by the rate of increase in the metal impuri
ties, was inadequate for Al reduction cells, with impurity levels exceeding 
that normally desired for primary metal production (<0.5% total impurities). 

Major problems that occurred during the pilot cell operation indicate the need 
and the directions for further development of the cermet anode technology. 

6.2.1 Cermet Anode Cracking and Stem Breakage 

The cracking of the cermet anodes and breaking of the stems indicate 

that significant design and material selection considerations must be 
addressed. The anode stem material breakage appears to be manageable with the 
proper selection of materials and the use of ceramic barriers to protect 
against electrolyte/vapors attack. The more difficult technical problem 
appears to be centered around the stem-to-anode connection and the thermal 
stress cracking that occurred in the cermet anodes. Regardless of the anode 
design, it is recommended that additional physical and mechanical properties 

testing and modelling of thermal stresses be performed prior to future large
scale electrolysis testing. The controlled heat-up requirements for the 
anodes requires specialized start-up and operating techniques. These proce
dures will have to be determined in sufficient and certain detail or the mate
rials problems solved to allow more flexibility. 

6.2.2 Operation at Low Anode Current Density 

The apparent need to operate at low anode current density will require 
the design of a reduction cell with significantly increased surface area and 
with sufficient current conduction to achieve the thermal stability of the 
aluminum reduction cell. This revised design must exhibit uniform current 
distribution and also meet the necessary requirements for thermal stress con
siderations. It appears the most likely success for such a cell design would 

be in conjunction with refractory hard metal cathodes, such as the TiB1 ·G type 

currently under development. 
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6.2.3 Operation at Alumina Saturation 

Although the test was inconclusive with respect to the operation of the 
cermet anodes at reduced alumina concentrations, the corrosion rate did 

• increase significantly with operation at reduced alumina. It is essentially 
impossible to operate a conventional reduction cell for long periods of time 

• at saturated A1 203 conditions due to increasing muck build-up. This muck 

results in a greater cathode voltage drop and a reduced liquid volume in the 
cell. The development of innovative cell designs will be required to address 

these problems. Additional testing is required to determine more precisely 
the effects of reduced alumina concentrations on cell operation with cermet 
anodes. 

• 

6.2.4 Cermet Anode Corrosion Rate 

Despite showing significant corrosion rates for the cermet anodes, 
results from the pilot cell test were inconclusive with respect to the 
"inertness" of the cermet anodes. This was because there was l) poor current 
distribution among the anodes as well as on the individual anodes, and 
2) cracking and breaking of the anodes, possibly causing contamination of the 

metal pad. Many fundamental and applied questions remain concerning the cer
met anodes. Significant additional testing would appear to remain concerning 
both materials development and fabrication techniques. 

Further development work on the cermet anodes needs to continue using 
both small bench cells and larger prototypes. Studies need to continue in the 
characterization of the material as well as toward innovative cell designs and 
scaled-up anode deSigns. Significant tests could be conducted in both small 
bench cells (<30 A) as well as larger lab cells (200-500 A) prior to addi· 
tional pilot cell operations . 
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7.0 CONCLUSIONS AND RECOMMENDATIONS 

The pilot cell test suffered from a number of limitations. Optimal 

operating conditions were not maintained, including alumina concentration at 
saturation, constant current and voltage conditions and ACD, and constant tem
perature. In addition, mechanical fracture problems occurred in both the 

anode connections and the cermet anodes themselves. Despite these limita
tions, however, the pilot cell test was successful in that certain important 

and relevant information was learned about the cermet anodes under scaled-up 
conditions. These conclusions and the recommendations with regard to each are 
summarized below: 

The Cermet Material. Significant amounts of electrolyte penetrated into 
the cermet anodes in the pilot cell test. The migrating species appeared to 
be anAl-containing fluoride phase, and at least one mode of access was along 

grain boundaries. Clearly, this access of electrolyte to the interior of the 
anode is unacceptable. Further research is recommended to understand the 

mechanisms of this transport and ho~ cermet composition, microstructure, 
density, and cell operating conditions influence it. Since some of these 
issues involve or are impacted by fabrication, it is recommended that this 
testing proceed to the pilot-scale expeditiously. Further experimental 
research and theoretical studies should also be performed on the different 
phases in the cermet and how they react under various redox and chemical con
ditions. The arguments made in Section 6.1 are preliminary in scope, yet, 

despite this, suggest the advantage of more fundamental studies. If success
ful, this work would suggest ways to alter the reactivities of the cermet 
components via compositional or operational changes. 

It is still unclear whether the cermet material evaluated in this work 
is the best choice for an "inert" anode. Significant corrosion of these 
anodes was observed in the pilot cell test. If DOE and the aluminum industry 
intend to develop a nonconsumable anode material, it is recommended that addi
tional bench-scale and pilot-cell evaluations be performed. However, major 
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emphasis in these studies should be given to the material from which the 

anodes are constructed. The analyses presented here could serve as the basis 
for a focussed program of materials development. 

Chemical Transformations. Certain chemical interactions were identified 
in this work and should be kept in mind when designing or testing future 
anodes made from the cermet material. These interactions were 1) the trans
formation of Cu to oxides in a layered structure at the surface of the anode, 

2) the replacement of Al for Fe in the ferrite phase and accompanying changes 
in grain structure for the ferrite phase, 3) the preferential reaction of Fe 
and Ni relative to Cu in the alloy phase, and 4) coupled with these transfor
mations, the penetration and reactions of anAl-containing fluoride species 

into the cermet with the resulting formation of NiF 2 and Ni-Fe fluoride 
compounds. 

Mechanical Properties. The cermet anodes tested in the pilot cell were 

extremely brittle and sensitive to thermal shock. If such anodes are to be 
successfully used in industry, it appears that significant work remains to 
toughen the material by compositional or microstructural modifications, to 
develop new operating conditions that impose less thermal stresses on the 
material, or to engineer a more durable electrode configuration. The mechani
cal properties testing performed in this work should serve as a procedural 

guide for evaluating improved materials. 

Anode Connection. A new strategy for an electrical connection to the 
anode needs to be developed. A metal rod screwed directly into the cermet as 
used in the pilot cell will not work because of the severe thermal expansion 
mismatch. Clearly, this rod cannot be constructed of Ni. A less expensive 
material is needed, the properties of which are compatible with it being used 
as an anode stem. Use of a graded core in the cermet may be successful but 
the procedures have to be developed further since the sintering of large 

anodes with these cores has resulted in cracks in previous fabrication 

efforts. 

Pilot Cell Operating Conditions. During the pilot cell test, signifi

cant fluctuation in operating conditions occurred. Those portions of anodes 
exposed "mostly" to "normal" conditions of less than 0.5 A/cm2 and close to 
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alumina saturation exhibited very little "dimensional loss," but did show the 
growth of a reaction layer of significant thickness. Anodes exposed to severe 
conditions of higher current density and low alumina concentration exhibited 
severe dimensional and compositional changes. The observed changes in the 
anodes were accompanied by the increase of significant amounts of anode
derived impurities in the Al metal. The corrosion processes observed in this 
work can probably be attributed to one or more of the following factors: 

I) the inherent limitations of the cermet material tested, 2) the differences 
between the composition and microstructure of the cermet material tested in 
the pilot cell and previous cermet material tested in the laboratory, 3) the 

fluctuations in cell operating conditions and, in the case of alumina satura
tion and current, their variance from "optimal" conditions, 4) the influence 
of the large carbon anode on the voltages in the cell and possibly on anode 
reactions, and 5) the failure of the connector rods and the cracking of the 
anodes, which necessitated a significant amount of electrode manipulation. 
Which of the above factors was most important is still unclear at this time. 
Clearly, additional pilot-scale testing is required to determine, without 
ambiguity, whether the cermet material itself is in some way deficient. 

In any future pilot cell test on this material, it is recommended that 
only cermet anodes be employed (no carbon), anodes be fabricated that have 
microstructure and physical properties as close as possible to the anodes pre

viously tested in the laboratory, the pilot cell test be performed using a 
design and procedure that minimizes fluctuations in operating conditions and 
more easily permits operation near alumina saturation, the pilot cell be 
modelled extensively before testing particularly in regards to its current and 
voltage characteristics, and a more durable anode design or effective heat-up 
strategy be used to minimize thermal shock . 
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PNL BATH ANALYSIS 

SAMPLEID DATE TIME RATIO CaF2 A1203 EXCESSAIFJ BATH TEMP ALUMINA MgF2 LiF 

% % % DEOC SAT% % % 

~-------------------------------------------------------------------------
2683-ISA AUG 3 1400 

2683-ISA !400 

2683-16A 1800 
2683-168 2200 

2683-178 AUG 4 200 

26S3-18A 600 
2683-188 1000 
2683-\SC 1400 
2683-19A 1800 

2683-19C 

2683-208 

2683-ZOC 

2683-ZOE 

261B-200 
2683-ZZA 
2683-22C 

2683-239 

26!B-230 

2683-23E 
2683-24A 
2683-24C 

2683-24E 
2683-258 
2683-ZSC 
1683-268 

2683-260 

2683-27A 
2683-27C 

2200 
AUG 5 200 

600 

1000 

1400 
1800 

2200 
AUG 6 200 

600 

1000 

1400 

1800 

2200 
AUG 7 200 

600 

1000 

1400 

1800 

2200 

2683-ZSA AU08 0 

2683-ZSC 400 

2683- ZSE IOOJ 
1683-298 1400 
2683-JOA 

1683-318 
2683-310 

26113-328 

26R3-JJA 

2683-J4A 
2683-34A 

21183-JSA 

1800 

2200 
AUG9 200 

2683-~6A AUG 10 

600 

1000 
1400 
1800 

2200 
200 
600 

1000 

1400 

2683-JtlC 

2NB-37A 

1683-JSA 

1.75 
1.17 

1.74 

1.61! 
1.75 

1.6 
1.49 

1.48 
1.42 
1.4 

1.43 

1.43 

1.42 

1.4 
132 
1.28 
1.28 

1.22 

1.22 

1.18 

1.16 

1.14 

1.16 

1.15 

l.l4 
1.11 

1.02 

0.99 
0.98 

0.96 

0.95 

0.91 

1.02 

1.02 

1.02 

l.Ot 

1.02 

1.09 
1.09 
Ul9 

1.1 
1.1 

1.12 

1.12 

0.45 

0.27 

0.27 

0.27 
0.45 

0.45 

0.36 
0.45 

1.72 

1.45 

1.36 

1.27 

1.36 

1.36 
1.44 

1.72 

2.08 

2.26 

235 
235 
235 

3.62 

3.52 

3.62 

3.62 

5.25 
4.8 

5.06 

4.91! 
4.62 

5.06 

4.79 

4.88 

4.71 

4.69 
459 
4.61! 
6.41 
6.22 

6.31 

6.14 

5.79 
5.51 

0.38 

0.24 

0.6 

1.26 
0.9 

1.49 

5.81 
4.64 
8.67 

9.37 

7.75 
1.n 
8.08 

10.1 
9.43 

952 
8.63 

8.44 

8.28 
8.29 

9.16 

as 
8.59 

8.24 

8.4 
8.28 

7.58 

8.06 
7.96 

6.92 

7.09 
8.07 

7.84 
85 
7.8 

8.17 

9.14 

8.45 

7.73 

9.9 

6.48 

5.28 

8.71 
9.24 

A.! 

-5.98 

-6.43 

-5.76 

-4.39 

-5.95 

-2.50 

0.25 
0.51 

1.96 
2.46 

1.74 

1.74 

1.98 
2.45 
458 
5.68 

5.71 

7.47 

7.47 

8.70 

9.23 

10.21 
9.16 

9.52 

9.81 

10.79· 

13.73 

14.80 

15.14 

16.09 
16.51 

17.79 

13.76 

13.64 

13.78 

14.08 
13.59 

11.30 

11.16 
10.90 

11.01 

11.18 

10.16 

10.13 

993 
993 
993 
981 

990 

m 
969 

978 
981 

97<J 

973 
982 

981 

985 
966 

973 
972 
967 

969 

"' 971 
979 

984 
985 
986 

988 

969 
984 
986 

987 

994 
981 

971 
983 
995 
993 
984 

966 

955 

962 
965 

965 
961 
956 

3.3 
2.0 
5.1 

11.7 

7.9 

14.7 

58.8 

44.9 

86.7 

98.4 

79.7 

75.7 

79.9 0.22 0.63 

98.2 0.21 0.64 
101.8 

100.8 

92.9 

94.3 

92.0 

94.8 
102.0 

85.5 
94.3 

90.0 

91.9 

0.23 0.63 

0.26 0.64' 

0.26 0.62 

0.23 0.68 
0.16 0.52 

0.16 0.53 

0.16 0.53 

0.17 0.51 

0.17 0.53 

0.17 0.53 

0.17 0.55 

90.7 0.15 0.51 

97.1 0.16 0.46 

97.4 0.16 0.49 

96.8 0.16 0.49 

84.7 0.16 0.49 
84.3 

103.8 

98.2 

101.9 

89.1 

94.4 0.17 0.46 

108.1 

105.1 
106.3 

131.1 

85.1 

69.0 0.11 OJ4 
I 13.7 

122.1 



PNL BATH ANALYSIS 

SAMPLEIO DATE TIME RATIO CaF2 Al203 EXCESSAlFJ BATH TEMP ALUMINA MgF2 LIF 

% % % DEGC SAT% % % 

--------------------------------------------------------------------------
26R3-39A 

2683-40A 
1800 
2200 

2683-41A AUG t1 200 

26113-42A 600 

26113-43A 1000 

2683-4JC 1400 
2683-44A 1800 
2683-45A 2200 

261'13-468 AUG 12 200 

2683-460 600 

2683-478 1000 

2683-488 1400 

2683-48A 
26li3-49A 

2683-49C AUG 13 

2683-SOA 

2683-500 

2683-SOF 

2683-52A 

1800 
2200 
200 
600 

lodO 
1400 

1800 
2683-520 2100 

26R3-53A AUG 14 200 
2683-530 
26SJ-53E 

600 
1000 

2683-54A 1400 

2MJ-55A 1800 
2fi.II3-55C 22011 

2683-568 AUG IS 200 
26113-560 600 

2683-57A 1000 
2tSR3-S7C 1400 

2fiRJ-5fiA 1800 

2683-58C 2200 
26lU-59B AUG 16 200 
26!'13-590 

2AAJ-60A 

26R3-60C 
2/'iRJ-618 

600 

1000 

1400 
1800 

261n-61D 2200 

26R3-62A AUG 17 200 
2683-620 

2683-63A 

26R1-63C 

2683-64A 
268J-64C 

600 

1000 

1400 

1800 

2200 

1.13 

1.13 
1.13 
1.17 

1.2 
1.22 

1.19 
1.2 

1.21 

1.16 
1.11 

1.1 
1.06 
1.06 
1.07 

l.ll 

1.14 
1.18 

1.24 
1.26 
1.28 
1.3 

1.24 

1.24 

1.21 

1.21 

1.2 
1.21 

1.21 

1.2.5 
1.2 

1.14 
1.12 

1.13 
1.13 
1.12 
l.l2 
1.12 
1.13 

1.13 
1.14 
1.17 

1.21 

1.3 

j_jl 

6.41 

6.44 

6.42 

6.3 
6.39 

6.3 

6.38 
6.32 

6.41 
6.3 
6.3 

6.33 

5.94 
5.77 
5.69 

5.69 

5.76 

5.67 

5.58 

5.69 

'" 5.69 

5.76 

5.87 
5.77 
5.79 

5.87 

5.78 

5.78 

5.77 
5.78 , .. 
5.59 

5.43 

5.12 
5.11 
5.43 

5.43 
5.52 

5.42 

5.24 

5.16 

5.14 

8.21 

7.61 

'·"' 9.03 

7.39 

7.66 

1.19 

6.2.5 
7.46 

7.94 

8.16 

8.16 

6.27 
8.1 

1.55 

7.29 

7.63 

6.19 

S.86 
6.52 

6.88 
8.!» 

6.54 

5.31 

5.14 

5.32 

S.64 
7.21 

6.46 

5.62 

4.67 

438 
4.43 
4.1!4 

5.97 

3.R8 
8.59 
3.78 

1.76 
5.12 

6.71 

11.76 

13.1 
7.93 

A.2 

9.93 

9.90 

9.85 

8.52 

7.80 
7.18 

8.06 
7.90 

7.50 

8.94 
10.48 

10.80 

12.37 

12.08 
11.93 

10.66 

9.67 

857 

6.81 

6.19 

5.59 

4.98 
6.75 

6.84 
7.74 

7.73 

8.01 

7.56 

7.63 

6.53 

8.10 

10.02 
10.68 

10.31 

10.20 

10.81 
10.25 
10.79 

10.69 

10.29 

9.80 

836 
7.11 
5.01 

9S9 

"' 
964 

970 
972 

983 
981 
982 
979 
988 

982 
976 
978 
911 
967 

981 
974 
972 

962 

981 

989 

990 
91!4 

974 
963 
984 

91!0 

981 
971 
972 

9S8 

9S3 
9SS 
963 

967 

"' 961 
962 

"' 963 

96S 

968 

968 

971 

107.0 
7>.4 

104.9 

114.5 0.11 0.35 

92.1 

90.9 

93.5 
74.8 

90.0 

93.5 0.11 0.35 

"'·' 102.2 
79.1 

108.6 

97.4 

87.6 0.12 0.36 

93.6 

76.2 

74.5 
15.5 

76.9 
89.2 0.12 0.37 
75.3 

64.1 

65.8 

6UI 

66.9 

85.1 

19.5 

68.4 
61.0 
59.1 

59.3 
62.3 

75.1 

51.3 

109.8 
411.8 
23.2 

65.8 

84.9 

144.7 

159.6 

94.3 
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PNL BATH ANALYSIS 

SAMPLEID DATE TIME RATIO OFZ Al203 EXCESSA1F3 BATIITEMP ALUMINA MgF2 LiF 
% % % OEOC SAT% % % 

--------------------------------------------------------------------------
2683-658 AUG 18 ZOO 
Z683-65C 600 

261!3-66A 1000 

2683-660 1400 
2683-67A 1800 

2683-68A 2200 

2683-69A AUG 19 200 
2683-70A 
2683-?0C 
2683-1!8 

2683-728 
2683-720 

2683-738 AUG 20 

ZfillJ-730 

600 
1(]00 
1400 

1800 
2200 

200 
600 

1(]00 
1400 

1800 

2683-BE 

268J-74A 

2683-748 

268J-74C 

2683-758 

2683-768 

2683-760 

2683-76E 
2687-IA 

2687-IC 

26117-\F 
2r.R7-28 

2M7-2C 

1681-ZF 
2687-38 
2687-30 
26R7-4B 
26117-40 

2M7-4E 
2687-SA 

2687-6A 

26R7~6C 

2200 
AUG 21 200 

600 
1(]00 
1400 

1800 
2200 

AUG 22 200 

600 

1000 

1400 

1800 
2200 

AUG23 ZOO 

600 

1000 

1400 

1800 
2200 

2687-78 AUG 24 ZOO 

2687-70 600 

2687-88 1000 
2687-8C 1400 
2687-8F 1800 
2fiR7 -/!G 2200 

2687-98 AUG25 200 
2fiR7-90 600 

1.36 

1.38 

133 
133 
1.34 
1.34 

134 
134 
134 
1.33 
1.33 
1.27 
1.26 

1.24 

1.22 

1.18 
1.18 
1.24 

1.31 

1.33 

1.31 

1.3 
133 
1.33 

1.34 
1.32 

1.26 
1.27 
1.35 
1.35 
1.32 
1.29 
1.27 

1.2 

1.2 
1.17 
1.23 
1.23 

1.28 

1.27 
131 
1.33 

1.33 

1.29 

5.15 

5.15 
5.32 

S31 
5.32 

S.06 
4.95 

4.68 
4.7 

4.52 

4.24 

4.15 

4.06 

4.06 

3.89 

3.98 

3.89 

4.16 

4.07 
4.16 

4.07 
4.16 

4.23 

4.2S 
4.43 

4.52 

4.52 

434 
3.8 
38 

3.71 
3.79 

3.61 

3.61 

3.61 

3.7 
3.71 

3.88 

4.6 

4.97 
4.98 

4.79 

4.79 
4.79 

7.7 
7.24 

7.7 
10.25 

10.85 

11.35 

10.09 
12.24 

7.62 

6.18 

8.!» 
7.78 

6.21 
4.89 

6.62 

6.29 

6.22 

8.24 

6.82 

7.75 
7.74 

7.84 
8.43 

8.08 
7.24 

7.42 

8.16 

8.35 

10.06 

11.52 
7.3 

8.04 
7.6 

6.96 

6.65 

7.51 
8.23 

7.51 

7.41 

7.12 
6.79 

6.55 
7.26 

7.23 

A.3 

3.43 

2.93 
4.21 

4.08 

3.80 

3.79 

3.85 

3.76 

3.<n 
4.32 

4.24 

S.92 
6.32 
7.01 

7.48 

8.73 

8.75 

6.74 

4.86 
4.26 

4.8: 

5.07 
4.22 
4.24 

400 
4.53 

6.15 

S.86 
3.64 
3.58 

4.58 

5.36 

S.96 

8.08 

8.11 

8.95 
7.07 

6.53 

5.63 
S.90 
4.81 

4.29 

423 

5.35 

966 .,, 
976 

968 
978 

983 .,, 
<nl 
9n 
978 

968 

964 
969 
970 

"" 963 

964 
981 
<rll 
<no .,, 
<nl 
979 
982 
976 

973 

983 

978 

969 

966 
974 

968 

998 

972 
973 
983 
982 

980 
97S 
970 
981 

98S 
984 

985 

93.2 

83.6 

89.6 

123.8 
124.7 

126.3 0.13 0.33 

116.3 

142.6 

86.4 
69.4 

94.5 

93.0 0.11 0.38 
72.4 

57.0 

76.6 
76.2 

74.8 

91.5 

78.3 

89.4 

87.2 

90.3 
93.4 

883 
81.8 

85.5 

90.S 
94.1 

115.0 

133.6 

81.6 

930 
16.5 
79.7 

75.9 

82.8 
89.9 
829 

85.2 
84.9 
16.5 

71.8 

79.9 

79.8 



PNL BATH ANALYSIS 

SAMPLEIO DATE TIME RATIO CaF2 Al203 EXCESSAIF3 BAlli 'TEMP ALUMINA MgFZ LiF 

%- % % DEGC SAT% % % 

--------------------------------------------------------------------------
2(>87-90 1000 
2f>87-9J 1400 
2687-IOA 1800 

2687- t oc 2200 

2687 -I OF AUG 26 200 

2687-118 
2687-110 

26117-ISA 

2687-JSC 

2687-ISF 

600 

1000 
1400 
1800 
2200 

26117-169 AUG27 200 
261'\1 -160 600 

2687-16E 700 

26117-16H 1000 

26R7-17A 
26117-179 

2687-IM 

2687-UIB 

26R7-1110 

1200 
1400 
1600 

1800 
2000 

2687 -I !IF 2200 

2687-1110 AUG 28 0 
2687-199 200 
2687-19C 400 

2687-19E 600 

2687-ZOA 1000 
26117-20C 1400 

2AA7-2IB 1800 
26117- 21 0 2200 

2687-228 AUG 29 200 
26R7-22C 600 
21'i.117-23A 1000 

2687-239 1400 
2f'87-2JD 1800 
21').117- 248 2200 

2681-240 AUG 30 200 
2687- 24E 600 

2687-258 
2687-JOA 

1000 
1400 

1.25 
1.23 

1.24 
1.24 

1.21 
1.24 
1.21 

1.26 
1.211 
1.28 

1.31 

1.31 

131 
136 
1.35 

1.34 

136 
1.37 

1.4 

1.43 
1.46 

1.49 
1.49 

u 
1.52 
1.55 
1.56 

1.61 
1.6 

1.57 
1.55 

1.56 
I.S 

1.58 
1.62 

1.64 

4.61 

452 
4.61 

4.51 

4.7 

4.7 

4.36 

4.36 
4 

4.19 

4.19 

4.19 

4.19 
4.18 

4.28 

4.37 
432 
4.28 

4.28 

4.27 

432 

4.37 

432 

4.27 

4.09 

3.91 

4.45 

4.37 

3.55 

3.55 

3.12 
3.HI 

3.21 
3.12 

3.29 

3.38 

3.46 
3.47 

6.89 
7.46 

752 
7.62 
7.63 

7.18 
7.26 

6.65 
6.53 
6.19 
6.36 
5.22 

4.72 

4.44 
3.91 

4.61 

3.55 

4.59 

4.39 

4.14 

3.75 
3.28 

3.9 

3.12 
2.83 
2.12 

1.97 

1.41 

1.43 

1.54 
3.44 
2.79 
2.08 
2.51 
2.26 
2.26 

A.4 

6.52 

7.06 

6.76 

6.76 

7.63 
6.78 

7.69 

6.26 

5.72 
5.73 
488 

4.94 

4.97 
3.59 

3.89 
4.13 

3.62 
3.31 

2.52 
1.75 

0.99 

0.25 
0.24 

0.00 

-0.49 

-1.22 
-1.45 

·-2.63 
-2.42 

-1.71 
-1.21 
-1.46 

000 
-1.94 

-2.87 

-3.32 

981 

971 
985 
985 
990 
981 

973 
970 
952 

956 
967 
975 

9116 

981 

976 
975 

973 
967 
969 
970 
967 
971 
972 
973 
971 

976 
981 

9R3 
983 

983 
976 
996 

9110 
989 
979 

976 
984 

77.5 

85.5 

83.3 

84.1 
83.5 
81.2 
84.6 
77.9 

82.2 

76.9 
74.7 

59.0 
50.7 
48.5 
43.9 
52.2 

40.5 

53.7 
50.7 
47.5 

43.6 

37.3 
44.1 
35.0 
31.8 
23.0 

21.1 
14.8 

14.7 

15.9 

36.4 
26.6 

21.7 

24.7 
23.5 
23.9 

• 
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LETTER FROM W. E. HAUPIN ON CALCULATING CURRENT DENSITIES 
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Dr. Charles F. Windisch Jr. 
Battelle, PNL 
Battelle Boulevard 
P.O. BOX 999 
Mail Stop K2-48 

Richland WA 99352 

Dear Dr. Windisch: 

2820 Seventh Street Road 
Lower Burrell, PA 15068 

Phone: {412)337-4021 
Fax: (412)339-6871 

Aug 16, 1991 

RE: Voltage Measurements on Pilot Cell Test of Inert Anodes 

I visited the Reynolds Metals Research Facility Aug. 10 
through Aug. 14 to observe the pilot cell testing of Battelle 
inert anodes. My overall impression was that the inert anodes 
were performing well. The cell was running smoothly. The 
anodes were withstanding well the normal mechanical abuse that 
occurs with pot working and breaking crust around them. 

While there I assisted in making potential scans under and at 
the sides of inert anodes to determine the current distribution. 
The quartz voltage probes with tungsten tips functioned well. 
Although they slowly dissolved, they retained adequate wall 
thickness and strength even after 20 to 25 minutes in the bath. 
Presently the inert anodes are operating with about 0.2 
A/cm2 on the anode bottoms, about 0., A/cm2 on the sides 
facing bare walla with very little current leaving sides 

facing the carbon anode or other inert anodes. These 
figures are slightly different than I quoted to you over the 
phone. Upon returning home I discovered an error in the calcu

lations I made at the Reynolds laboratory. The above indicates 
that you could safely increase the inert anode current 

at least 25%. 

B.! 



voltage Probe Work 

The probe was kept connected to the cathode of the cell 

through a 15 ohm resistor except when taking a reading. For 

readings, a switch connected the probe to a high resistance 

digital voltmeter referenced to the inert anode under study. we 

found frequently, when measuring close to an inert anode, less 

than the expected 2.217 V between the probe tip and the inert 

anode. It appears that either the nearly constant cathoding of 

the probe tip did not maintain unit activity of aluminum on the 

tungsten or the low currents on the inert anodes did not estab

lish unit activity of oxygen on them. Also I observed that the 

probe's potential would start to drift positive after 3 to 4 
seconds following cathoding. Since it took only about 3 seconds 
to make a reading, this did not seem to be a problem, but it is 

poorer stability than we experienced in the past in a conven

tional Hall Cell. 

Preliminary Analysis of Probe Data 

The optimum way to analyse the probe data is by computer with 

a 3D plotting program. I made the following quick analysis of 

data from anode A to determine that we were getting v~lid data. 
From 3 vertical scans at varying distance between the inert 

anode and the north wall I determined that the average potential 

gradient to the wall was o.063V/cm. From geometry, the bath 

area at this location was 15 em x 18 em or 270 cm2. Bath 

analysis for the day was not yet available so I assumed, based 

upon prior days, that it was 1.25 R, 5% CaF2 . 0.5% MgF2 , 0.6% 

LiF, and 7% Al2o 3 . This bath would have an electrical 

conductivity of 2.068 ohm-1 cm·1. Therfore, 0.063V/cm • 2.068 
ohm-1 cm·l = o.130 A/cm2 current density in the bath. Hence, 270 

cm2 • 0.130 A/Cm = 35 amps from this quadrant of side area. 
Dividing by the submerged side area for the quadrant (87 cm2 for 

1.9" submerged) we get a current density of 0.41 A/cm2 for this 

side of anode A. 

A scan under anode A gave 0.058 V/cm. Voltage scans between 

anode B and the carbon anode and anode C and the carbon anode 

showed a negative potential gradient indicating that current was 

fanning out from the carbon anode (operating at a more positive 

8.2 
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potential than the inert anodes) preventing current escape from 
the sides of the inert anodes facing the carbon anode. This was 
confirmed by lowering the voltage (and current) on the carbon 
anode and noting the rise in currents from anodes A, B, and C. 
From this information and the geometry I assumed that current 
fanning from the bottom under anode A was 2.54 em east 1.27 em 
south, 0 west, and approximately 2.54 em north. Based upon 
this, I calculated the effective bath cross section under anode 
A to be 270 cm2. The current then is 0.058 V/cm * 2.068 ohm· 1 

cm·l * 270 cm2 = 32A. Dividing by the anode bottom area of 1B2 
cm2 gives a current density of 0.18 A/cm2. This agrees well 
with the 0.19 A/cm2 current density on the bottom of anode B 
calculated by dividing the measured current into it by its 
bottom area (since essentially no current leaves the sides of 
anode B) • 

Summing the calculated currents from the side and bottom of 
anode A gives 67 amps vs the 68 amps measured. The additional 
ampere (or even slightly more, considering the error of measure
ment and in assumptions made) may be leaving the anode from the 
sides facing other inert anod~s. 

Most sincerely, 

Warren Haupin 

CC: Dr. Pat Hart 
or. Denis Strachan 

8.3 
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ANALYSIS OF NI ROD FRACTURE 
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To: 

From: 

Copy: 

Date: 
Subject: 

Manufacturing Technology Laboratory 
Analytical Department 

Tom Alcorn ~L 

Xiangwen Wang MTL 

Alton T. Tabereaux, Carl L. Compton, and Nolan E. 

Richards, MTL 

Battelle-PNL 

August 19, 1991 
SBM/BDX Bvaluation of Failed Ni Rods 

Froa Pilot Inert Anode Test 

====~---------------~---------------==-------------=-======= 
Background: 

Batte1le-PNL uses nickel rods (grade type: Nickel 200) 
as holder and conductor for the inert anodes in the inert 
anode pilot test at MTL of Reynolds Metals Co. These Ni rods 
experienced self-broken failure at the section above the 
inert anode after a period of service. Two of those N~ rod 
samples were ' brought to the Analytical Lab for SEM/EDX 
evaluations of possible causes for the failure. 

Visual observation of the samples indicates that a 
layer of greenish film was over the broken section of one Ni 
rod while the other sample had extraordinary sizes of 
grains/crystals in the failed section which was surrounded 
with about 2 mm thick greenish layer. · 

SEM/EDX analysis was performed on these broken sections 
of the Ni rods. 

summaries: 

1. The greenish layer/film was analyzed to be primarily 
composed of Nio and some of cryolite component such as 
NaF and AlFJ. 

2. Abnormal high contents was found over the Ni 
grains/crystals in the failed section of one Ni rod, 
which was associated with either Mn and Ti or Ni as 
non-metallic phases. 

J. Some high S content areas were also found in a freshly 
fractured section opposite the failed site. 

4. Sizes of grains/crystals in the failure section of one 
Ni rod sample were found to be at least 10 times 
greater than the freshly fractured section opposite the 
failed site. 

5. No graphite precipitate phases were found in the failed 
sections. 

C.l 



conclusions and Recommendations: 

The results of SEM/EDX analysis in this report are only 
preliminary and it is therefore not conclusive. Further 
evaluations are needed for. the Ni rod failure. Nevertheless, 
the following conclusions and recommendations were made: 

1. The oxygen was observed on SEM/EDX to diffuse into the 
Ni rod and form layers of porous oxide at the site of 
the harsh environment during the course of pilot test. 

2. The recrystallization/growth of the Ni grains, and 
precipitation/formation of non-nickel phases such as 
Mn, Ti, and Ni sulfides, may be the primary reasons for 
the Ni rod failure. 

J. Nickel grade 200 is not s~itable for service above 315 
0 c for prolonged period[ 1 J. 

4. Impurity of the Ni metal and microstructure of the Ni 
rod should be investigated for the sources of s. 

5. Ni alloys such as Inconel rather than pure Ni rod is 
recommended to be used in the inert anode test. The Ni 
alloys have both high corrosion resistance and 
mechanical strength at the high temperature corrosive 
environment. 

SEM/EDX Bvalyation: 

1. Ni Rod Sample 11 

The failed section of the sample wa~ covered with 
greenish film. Figure 1 shows a typical morphology of the 
surface. The bright area on the secondary electron image is 
due to the presence of fluoride. Figure 2 (a) and (b) are 
~he EDS respectively for the whole field of the sample 
;urface shown in Figure 1 and bright area. Figure J (a) and 
(b) present the structure change of the Ni rod. Figure 4 
gives the EDS of the whole field of Figure J (b). The 
presence of S in the freshly fractured section opposite the 
failed site as shown in Figure J (b) was identified to be 
from over the Ni grains. Figure 5 shows dark eyejround areas 
which was enriched with s . An EDS for the window area was 
presented in Figure 6 (b) . 

2. Ni Rod Sample 12 

This sample has extraordinary sizes of grains/crystal 
in the whole broken section which was surrounded with about 
2 mm thick greenish layer. Figure 7 (a) shows the surface on 
which one can easily identify greenish film and 
recrystallization region. Figure 7 (b) is a close look at 
the greenish film which is composed of layers of NiO showing 
the oxygen diffusion into the rod. Figure 8 is the EDS 
obtained over the film region. Figure 9 is a general micro
structure of the broken section showing the sizes of these 
grains. Bright dots around the grains or on the distinct 
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crystal surface were identified to be non-metallic sulfide 
phases. Figure 10 (a) shows the non-metallic sulfide phases 
on one (100) plane and Figure 10 (b) shows how the phase was 
formed on the surface. Figure 11 gives an EDS obtained on 
one of the non-metallic phases. Formation of the sulfide 
precipitate phases and recrystallization of the grains will 
cause embrittlement of the Ni rod. 
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(a) 

(b) 

Figure 1 Video prints of the SEM secondary electron images 
for (a) failed section of Ni rod #1 and (b) a close 
look of bright area in Figure 1 (a). 
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Figure 2 EDS obtained for (a) the whole field of failed 
surface in Figure 1 (a), and (b) the whole field of the 
surface in Figure 1 (b) . 
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(a) 

(b) 

Figure 3 Video prints of the SEM secondary electron images 
for (a) a typical surface of the failed section of 
sample #1, and (b) fractured structure opposite the 
failed site at the sample scale. 
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Figure 4 EDS obtained for (a) the whole field of failed 
surface in Figure 3 (a), and (b) the whole field of the 
surface in Figure 3 (b) • 
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Figure 5 Video print of the SEM image showing forms of S 
(dark eye areas) on one Ni grain. 

C.8 

, 

• 



• 
• 

\ 

• 

16-Aug-19'?1 12::.3:-lC: 

.. ,..,, •.. :-] til Pod, C•ooos 1 tt S I ·:1~ f,.om f' ~ 1 I•Jr ~ SIt t 
'.'eor t • -l165 •: oun t s I B•Jbb It phas~. Ill ndoto~ 

IIi 

(a) 

tit ... 
;) 

IIi 

j ~ 
T 1 LA J.} ,t.. r~ 

~ 1 12 13 I 4 1'5 16 I I 18 I'? 
4- 0.000 P.angt• 113. c: 30 1 ~ v HJ. 110 -· 
tl i Pod, Oppos1t~ SId~ f r· orft r,tlur~ S Itt 
Vtrt• 2859 counts !Smooth Phlls~. 1·11 ndow Art a, z,t.JOx) 

tH 

~II tli 

)\ s I ~!L..-I 1 12 13 l_ 4 I '5 16 I I 

4- 0.000 P.angt• 10 .230 ~-~'V 10 .lll1 -· ·-
(b) 

Figure 6 EDS obtained for (a) the window area in Figure 5, 
and (b) smooth area on the grain shown in figure 5. 
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(a) 

(b) 

Figure 7 Video prints of the SEM secondary electron images 
for (a) green layer zone in failed Ni rod #2, and a 
close look at the green layer. 
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Figure 8 EDS obtained for the green layer zone shown in 
Figure 7 (a). 
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Figure 9 Video print of the SEM image for the failed Ni rod 
#2 showing crystals with distinct surface planes. The 
bright dots on the surface were identified as non
metallic sulfide precipitate phases. 
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(a) 

(b) 

Figure 10 Video prints of the SEM secondary electron images 
showing (a) a plane (100) of Ni crystal and precipitate 
phases, and (b) a close look at one typical 
precipitate. 

13 

C.13 



19-Aug-1991 08:26:34 

Ill Pod Fat I ~d !bo1.·~ Inert Hn•Jd~ t2 
Vert• 2424 counts (Over on~ Pr~ctptt~teJ 

•). 

tin 

II a 
s 

Range• 

f·fn 

11n 

T I 

Ill 

Figure 11 EDS obtained on the precipitate shown in Figure 
10 (b) . 
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METAL ANALYSIS 

Sample!D Date .Time Ni,% Fe,% Cu,% 
--------------------------------------------------

2683-13 AUG3 700 0.004 0.42 0.120 
2683-158 1400 0.004 0.46 0.110 
2683-178 AUG4 200 0.004 0.48 0.110 
2683-198 1800 0.005 0.50 0.093 
2683-190 2200 0.005 0.51 0.093 
2683-200 AUG5 200 0.004 0.49 0.086 

• 2683-20A 600 0.004 0.50 0.092 
2683-20F 1000 0.004 0.48 0.086 
2683-20H 1400 0.004 0.49 0.085 
2683-228 1800 0.004 0.46 0.082 
2883-220 2200 0.008 0.48 0.080 
2683-23A AUG6 200 0.004 0.48 0.081 
2883-23C 600 0.004 0.43 0.074 
2683-23F 1000 0.004 0.44 0.077 
2683-248 1400 0.004 0.41 0.071 
2683-240 1800 0.004 0.42 0.072 
2683-24F 2200 0.004 0.43 0.072 
2683-25A AUG7 200 0.004 0.44 0.076 
2683-250 600 0.004 0.42 0.069 
2683-26A 1000 0.003 0.42 0.069 
2683-26C 1400 0.003 0.40 0.065 
2683-278 1800 0.003 0.42 0.068 
2683-270 2200 0.003 0.39 0.065 
2683-288 AUG8 0 0.003 0.42 0.068 
2683-280 400 0.003 0.41 .0.064 
2683-28F 1000 0.003 0.35 0.053 
2683-29A 1400 0.004 0.42 0.062 
2683-308 1800 0.004 0.41 0.058 
2683-31A 2200 0.003 0.37 0.052 
2683-31C AUG9 200 0.004 0.39 0.056 
2683-32A 600 0.003 0.37 0.053 
2683-338 1000 0.003 0.32 0.045 
2683-348 1400 0.003 0.37 0.055 
2683-358 2200 0.003 0.37 0.052 
2683-368 AUG10 600 0.003 0.35 0.050 
2683-378 1100 0.004 0.37 0.050 
2683-388 1400 0.004 0.36 0.050 
2683-398 1700 0.003 0.33 0.046 
2683-408 2200 0.004 0.32 0.045 
2683-418 AUG 11 200 0.006 0.37 0.050 
2683-428 600 0.006 0.34 0.047 
2683-438 1000 0.006 0.35 0.048 
2683-430 1400 0.008 0.36 0.051 
2683-448 1800 0.022 0.42 0.058 

• 2683-458 2200 0.039 0.37 0.060 

• 
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METAL ANALYSIS 

Sample 10 Date Time Ni,% Fe,% Cu,% 
---------·----------------------------------------

2683-46A AUG 12 200 0.018 0.35 0.052 
2683-46C 60(j 0.034 0.35 0.059 
2683-47A 1000 0.023 0.37 0.057 
2683-48A 1400 0.02 0.33 0.050 
2683-488 1800 0.018 0.33 0.049 
2683-498 2200 0.022 0.34 0.054 
2683-490 AUG 13 200 0.023 0.32 0.053 
2683-508 600 0.024 0.33 0.051 • 
2683-50C BOO 0.044 0.33 0.061 
2683-SOE 1000 0.055 0.38 0.071 
2683-50G 1400 0.044 0.36 0.064 
2683-528 1800 0.056 0.37 0.068 
2683-520 2200 0.081 0.64 0.081 
2683-536 AUG 14 200 0.055 0.38 0.069 
2683-53C 600 0.062 0.39 0.072 
2683-53F 1000 0.07 0.40 0.072 
2683-548 1400 0.12 0.44 0.100 
2683-558 1800 0.14 0.44 0.120 
2683-550 2200 0.14 0.46 0.120 
2683-56A AUG15 200 0.34 0.56 0.220 
2683-56C 600 0.37 0.69 0.280 
2683-578 1000 0.19 0.47 0.160 
2683-570 1400 0.14 0.45 0.130 
2683-588 1800 0.1 0.39 0.100 
2683-580 2200 0.09 0.37 0.100 
2683-59A AUG·16 200 0.09 0.37 0.090 
2683-59C 600 0.1 0.37 0.100 
2683-608 1000 0.14 0.38 0.110 
2683-600 1400 0.11 0.36 0.100 
2683-61A 1800 0.11 0.34 0.100 
2683-61C 2200 0.12 0.38 0.100 
2683-628 AUG 17 200 0.11 0.38 0.100 
2683-62C 600 0.12 0.37 0.100 
2683-638 1000 0.12 0.37 0.100 
2683-630 1400 0.13 0.38 0.100 
2683-648 1800 0.14 0.40 0.110 
2683-640 2200 0.14 0.36 0.110 
2683-65A AUG 18 200 0.55 0.48 0.360 
2683-650 600 0.98 0.61 0.700 
2683-668 1000 0.59 0.51 0.380 
2683-66C 1400 0.2 0.44 0.130 
2683-678 1800 0.15 0.39 0.110 
2683-688 2200 0.16 0.39 0.110 
2683-698 AUG 19 200 0.18 0.44 0.120 
2683-708 600 0.17 0.40 0.120 

' 
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METAL ANALYSIS 

SampleiD Date Time Ni,% Fe,% Cu,% 
--------------------------------------------------

2683-700 1000 0.2 0.44 0.120 
2683-71A 1400 0.2 0.43 0.120 
2683-72A 1800 0.29 0.71 0.170 .. 2683-72C 2200 0.34 0.48 0.200 
2683-73A AUG20 200 0.27 0.44 0.160 
2683-730 600 0.56 0.74 0.310 
2683-73F 1000 0.29 0.50 0.180 

• 2683-74A 1400 0.22 0.44 0.130 
2683-748 1800 0.22 0.45 0.140 
2683-740 2200 0.22 0.44 0.140 
2683-75A AUG21 200 0.22 0.44 0.130 
2683-76A 600 0.21 0.42 0.130 
2683-76C 1000 0.24 0.44 0.140 
2683-76F 1400 0.24 0.44 0.140 
2687-18 1800 0.25 0.44 0.140 
2687-10 2200 0.26 0.48 0.160 
2687-1E AUG22 200 0.25 0.44 0.150 
2687-2A 600 0.25 0.42 0.140 
2687-20 1000 0.26 0.46 0.150 
2687-2E 1400 0.27 0.46 0.160 
2687-3A 1800 0.72 3.07 0.430 
2687-3C 2200 0.42 1.63 0.220 
2687-4A AUG23 200 0.31 0.51 0.180 
2687-4C 600 0.33 0.60 0.180 
2687-4F 1000 0.3 0.52 0.180 
2687-56 1400 0.27 0.45 0.160 
2687-66 1800 0.29 0.48 0.160 
2687-60 2200 0.28 0.48 0.160 
2687-7A AUG24 200 0.3 0.49 0.170 
2687-7C 600 0.28 0.46 0.150 
2687-8A 1000 0.3 0.52 0.170 
2687-80 1400 0.3 0.51 0.170 
2687-BE 1800 0.3 0.51 0.170 
2687-8H 2200 0.31 0.52 0.180 
2687-9A AUG25 200 0.32 0.52 0.180 
2687-9C 600 0.32 0.52 0.180 
2687-9F 1000 0.32 0.52 0.190 
2687-9H 1400 0.32 0.54 0.180 

2687-106 1600 0.31 0.53 0.170 
2687-100 2200 0.32 0.54 0.180 
2687-10E AUG26 200 0.32 0.52 0.180 
2687-11A 600 0.32 0.54 0.180 
2687-11C 1000 0.36 0.66 0.220 
2687-156 1400 0.3 0.55 0.170 
2687-150 1800 0.3 0.56 0.170 . 

• 
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METAL ANALYSIS 

SampleiD Date Time Ni,% Fe,% Cu,% 
---------·----------------------------------------

2687-15E 2200 0.29 0.54 0.160 
2687-168 AUG27 200 0.29 0.53 0.170 
2687-16C 600 0.29 0.54 0.160 
2687-16F 730 0.3 0.54 0.170 
2687-16G 1000 0.32 0.56 0.190 
2687-17C 1400 0.33 0.57 0.190 
2687-18C 1800 0.33 0.56 0.190 • 
2687-18F 2200 0.33 0.56 0.190 
2687-19A AUG28 200 0.34 0.56 0.210 
2687-190 600 0.35 0.57 0.210 
2687-208 1000 0.34 0.56 0.200 
2687-200 1400 0.36 0.57 0.220 
2687-21A 1800 0.41 0.61 0.250 
2687-21C 2200 0.41 0.62 0.250 
2687-22A AUG29 600 0.46 0.63 0.300 
2687-23A 1000 0.62 0.80 0.520 
2687-238 1400 0.48 0.68 0.360 
2687-23C 1800 0.49 0.69 0.380 
2687-24A 2200 0.53 0.71 0.420 
2687-24C AUG30 200 0.53 0.72 0.430 
2687-24F 600 0.56 0.77 0.460 
2687-25A 1000 0.56 0.74 0.460 
2687-308 1400 0.58 0.76 0.480 
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BATH IMPURITIES 

SampleiD Date Time Cu.% N\% Fe,% 
----------------------------------------------
2683-15A AUG3 1400 0.002 0.005 0.066 
2683-15A 1400 0.002 0.005 0.066 
2683-16A 1800 0.002 0.006 o.on 
2683-166 2200 0.002 0.006 0.096 
2683-176 AUG4 200 0.001 0.006 0.067 
2683-18A 600 0.001 0.006 0.057 
2683-186 1000 0.001 0.007 0.078 

• 2683-18C 1400 0.001 0.007 0.089 
2683-19A 1800 0.001 0.006 0.081 
2683-19C 2200 0.001 0.006 O.Q76 
2683-206 AUG5 200 0.001 0.007 0.280 
2683-20C 600 0.001 0.006 0.100 
2683-20E 1000 0.001 0.007 0.044 
2683-200 1400 0.001 0.008 0.040 
2683-22A 1800 0.001 0.006 0.083 
2683-22C 2200 0.001 0.006 0.170 
2683-236 AUG6 200 0.001 0.006 0.055 
2683-230 600 0.001 0.005 0.054 
2683-23E 1000 <.001 0.006 0.024 
2683-24A 1400 <.001 0.006 0.022 
2683-24C 1800 <.001 0.005 0.025 
2683-24E 2200 <.001 0.008 0.037 
2683-256 AUG7 200 <.001 0.006 0.024 
2683-25C 600 <.001 0.006 0.034 
2683-266 1000 <.001 0.005 0.023 
2683-260 1400 <.001 0.005 0.021 
2683-27A 1800 <.001 0.005 '0.025 
2683-27C 2200 <.001 0.005 0.027 
2683-28A AUG8 0 <.001 0.004 0.020 
2683-2BC 400 <.001 0.004 0.020 
2683-28E 1000 <.001 0.006 0.018 
2683-296 1400 <.001 0.006 0.021 
2683-30A 1800 <.001 0.006 0.020 
2683-316 2200 <.001 0.005 O.Q16 
2683-310 AUG9 200 <.001 0.006 0.019 
2683-326 600 <.001 0.006 0-016 
2683-33A 1000 <.001 0.006 0.019 
2683-34A 1400 <.001 0.006 0.022 
2683-34A 1800 <.001 0.006 0.023 
2683-35A 2200 <.001 0.005 O.Q15 
2683-36A AUG 10 200 <.001 0.006 0.019 
2683-36C 600 <.001 0.006 0.021 
2683-37A 1000 <.001 0.006 0.021 
2683-38A 1400 <.001 0.006 0.023 
2683-39A 1800 0.005 0.009 0.025 . 
2683-40A 2200 • 0.003 0.009 0.024 

• 
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BATH IMPURITIES 

SampleiD Date Time Cu,% Ni,% Fe,% 
----------------------------------------------
2683-41A AUG 11 200 0.002 0.008 0.026 
2683-42A 600 0.002 0.007 0.031 
2683-43A 1000 0.005 0.012 0.044 
2683-43C 1400 0.003 0.009 0.033 
2683-44A 1800 0.008 0.018 0.030 
2683-45A 2200 0.002 O.Q18 0.017 
2683-468 AUG 12 200 0.001 0.008 0.027 
2683-460 600 0.001 0.008 0.022 
2683-478 1000 0.002 0.007 0.025 • 
2683-488 1400 0.002 0.007 0.027 
2683-48A 1800 0.001 0.008 0.024 
2683-49A 2200 0.001 0.008 0.019 
2683-49C AUG 13 200 0.002 0.007 0.028 
2683-SOA 600 0.001 0.008 0.029 
2683-500 1000 0.001 0.007 0.025 
2683-SOF 1400 0.001 0.008 0.024 
2683-52A 1800 0.001 0.008 0.027 
2683-520 2200 0.001 0.008 0.024 
2683-53A AUG14 200 0.003 0.009 0.021 
2683-530 600 0.001 0.008 0.019 
2683-53E 1000 0.001 0.005 0.017 
2683-54A 1400 0.001 0.006 0.018 
2683-55A 1800 0.002 . 0.007 O.Q18 
2683-55C 2200 0.001 0.005 0.015 
2683-568 AUG15 200 0.001 0.008 0.018 
2683-560 600 0.001 0.008 0.018 
2683-57A 1000 0.001 0.007 0.019 
2683-57C 1400 0.001 0.008 0.023 
2683-58A 1800 0.001 0.007 0.028 
2683-SBC 2200 0.001 0.006 0.023 
2683-598 AUG16 200 0.001 0.006 0.026 
2683-590 600 0.001 0.008 0.024 
2683-60A 1000 0.001 0.008 0.019 
2683-BOC 1400 0.002 0.007 0.017 
2683-618 1800 0.001 0.006 0.024 
2683-610 2200 0.002 0.005 0.014 
2683-62A AUG 17 200 0.001 0.007 0.018 
2683-620 600 0.001 0.008 0.019 
2683-63A 1000 0.001 0.008 0.017 
2683-63C 1400 0.005 0.013 0.020 
2683-64A 1800 0.002 0.008 0.020 
2683-64C 2200 0.002 0.008 0.018 
2683-658 AUG18 200 0.002 0.008 0.028 
2683-65C 600 0.002 0.007 0.030 
2683-66A 1000 0.002 0.009 0.028 
2683-660 1400 0.001 0.008 0.024 . 
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BATH IMPURITIES 

Sample ID Date Time Cu,% Nl,% Fe,% 
----------------------------------------------
2683-67A 1800 0.002 0.010 0.029 
2683-BBA 2200 0.002 0.009 0.025 
2683-69A AUG 19 2()o 0.002 0.009 0.028 
2683-70A 600 0.002 0.008 0.028 
2683-70C 1000 0.002 0.009 0.027 
2683-718 1400 0.002 0.009 0.027 
2683-728 1800 0.002 0.008 0.032 

I 2683-720 2200 0.001 0.007 0.028 
2683-738 AUG20 200 0.001 0.007 0.020 
2683-730 600 0.002 0.008 0.026 
2683-73E 1000 0.002 0.006 0.022 
2683-74A 1400 0.002 0.006 0.028 
2683-748 1800 0.001 0.006 0.023 
2683-74C 2200 0.002 0.005 0.014 
2683-758 AUG21 200 0.002 0.005 0.021 
2683-768 600 0.001 0.005 0.029 
2683-760 1000 0.002 0.005 0.019 
2683-76E 1400 0.002 0.005 0.020 
2687-1A 1800 0.002 0.006 0.026 
2887-1C 2200 0.002 0.006 0.025 
2687-1F AUG22 200 0.002 0.006 0.022 
2687-28 600 0.002 0.006 0.022 
2687-2C 1000 0.002 0.008 0.023 
2687-2F 1400 0.002 0.009 0.022 
2687-38 1800 0.002 0.013 0.051 
2687-30 2200 0.002 0.006 0.023 
2687-48 AUG23 200 0.001 0.007 '0.020 
2687-40 600 0.002 0.007 0.024 
2687-4E 1000 0.002 0.006 0.033 
2687-5A 1400 0.002 0.007 0.032 
2687-SA 1800 0.002 0.006 0.028 
2687-6C 2200 0.002 0.006 0.029 
2687-78 AUG24 200 0.002 0.006 0.025 
2687-70 600 0.002 0.006 0.023 
2687-88 1000 0.002 0.012 0.080 
2887-8C 1400 0.002 0.008 0.060 
2887-8F 1800 0.002 0.009 0.052 
2687-8G 2200 0.003 0.009 0.043 
2887-98 AUG25 200 0.002 0.007 0.036 
2687-90 600 0.002 0.007 0.041 
2687-9G 1000 0.002 0.006 0.026 
2687-9J 1400 0.002 0.006 0.024 
2687-10A 1800 0.002 0.007 0.032 
2687-10C 2200 0.002 0.006 0.031 
2687-10F AUG26 200 0.002 0.008 0.028 
2687-118 600 0.002 0.008 0.027 

I 
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BATH IMPURITIES 

Sample 10 Date Time Cu,% Ni,% Fe,% 
----------------------------------------------
2687-110 1000 0.002 0.008 0.034 
2687-15A 1400 0.003 0.007 0.031 
2687-15C 1800 0.002 0.006 0.040 
2687-15F 2200 0.002 0.005 0.024 
2687-168 AUG27 200 0.002 0.005 0.030 
2687-160 BOO 0.005 0.011 0.036 
2687-16E 700 0.003 0.008 0.036 
2687-16H 1000 0.003 0.009 0.040 

' 2687-17A 1200 
2687-178 1400 0.003 0.008 0.040 
2687-18A 1600 
2687-188 1800 0.003 0.009 0.049 
2687-180 2000 
2687-18F 2200 0.003 0.009 0.057 
2687-1BG AUG28 0 
2687-198 200 0.003 0.009 0.047 
2687-19C 400 
2687-19E 600 0.004 0.010 0.038 
2687-20A 1000 0.003 0.009 0.056 
2687-20C 1400 0.002 0.008 0.060 
2687-218 1800 0.003 0.009 0.049 
2687-210 2200 0.003 0.009 0.052 
2687-228 AUG29 200 0.011 0.017 0.073 
2687-22C BOO 0.007 0.014 O.Q78 
2687-23A 1000 0.006 0.013 0.112 
2687-238 1400 0.005 0.013 0.079 
2687-230 1800 0.012 0.021 0.110 
2687-248 2200 0.013 0.020 0.174 
2687-240 AUG30 200 0.007 0.013 0.079 
2687-24E 600 0.003 0.009 0.054 
2687-258 1000 0.006 0.013 0.042 
2687-30A 1400 0.005 0.017 0.060 
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