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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, Muscte
Shoals, Alabama. Ouring this test 13 cermet ancdes were evaluated. The long-
ast time any one anode was tested was 314 h (13.1 days). Ouring 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 Tayer of signifi-
cant thickness was observed. In addition, electrolyte components were
observed deep within the anode 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 "ipert" 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 optimai
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
themseives. 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 ciear indication as to whether the cermet material would make
a goed 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



diagnostics that would seem to be required in future testing. The work alsc
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; atbeit 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 condugted at the Pacific Northwest
Laboratory (PNL)“} for the U.S. Department of Energy {DOE), Office of Indus-
trial Processes (OIP). The goal of the program is to develop long-lasting,
energy-efficient anodes and ancillary equipment for Hall-Heroult cells used to
produce atuminum metal. Emphasis has been placed on the development of anodes
made from a ceramic/metal composite consisting of NiO and NiFe,0, and a Cu/Ni
metal phase. Laboratory tests (Strachan et al. 1983} have shown that this
composition corrodes at a Tow 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 CMI 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 1991, a test plan for the pilot cell test
was finalized {Windisch et al. 1991a} after a series of meetings with PNL,
RMC, DOE staff, program consuitants, 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, 1991. 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 ancdes 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 voitage signals could be
collected from numerous positions around the cel]l. 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 pubiished 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 Jow rates in this test, it was hoped that industry wouid become

1.2



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 "failure" for the material
or a tack 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.

1.3






























































































































































































































































































































































































































cell test. Measured strength and toughness of the control anode are Tow for
cermet materials. Room temperature strength of 110 MPa (16 ksi) and toughness
of 2.8 MPa-m’° 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-m®° at 1000°C
and increased to 3.7 MPa-m’> 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-m®® at room temperature and
2.6 MPa-m?> at 500°C. The DBTT for Anode Fl material was determined to be

500°C, shifted down from the control anode by 500°C.

Fracture mode changed from transgranular for the control anode materiail
tested below the DBTT to intergranular for Anode F1 below the DBTT. Fracture
mode changed from transgranular below the DBTT to mixed transgranular-
intergranular above DBTT for the control anode. Anode Fl exhibited an inter-
granular fracture morphology at ail 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 1000°C
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 smail to
impact the toughness of the cermet material. Fracture toughness for cemented
carbides can be as high as 18 MPa-m?>. 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.

5.65



The observed strength reduction and DBTT shift on exposure to the cryo-
lite bath for Anode F1 points to degradation of the intergranular phase during
anode operation, perhaps due to electromigration. The material no Tonger
fails by cleavage of the oxide grains, but instead deforms at boundaries
resulting in a completely intergranular fracture morphoiogy. The change in
the fracture morphology of Anode F1 compared to the control anode supports
this conclusion. The presence of an Al-containing fluoride phase at the oxide
grain boundaries in Anode F1 material suggests that this material is essen-
tially very different from the control anode material.

A Tow 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 thermai shock parameter is very Jow for a cermet material
as shown in Figure 5.56. This suggests that use of these materials for inert
anodes will entail very delijcate handling procedures, which is not desirable.
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6.0 DISCUSSIDN 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.
Electroiyte in contact with the external and internal surfaces of the anode
and aiong grain boundary surfaces resulted in a muititude 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 rationaiized by considering the thermody-
namics of two ¢lasses of chemical reactions.
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Both classes of chemical reactions that can be used to expliain some of
the observed chemical changes involve the three components of the alloy phase
of the cermet: Fe, Ni, and Cu. Since the metallic phase of the cermet is the
most Tikely to 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 aliloy in certain regions, it seemed reasonabie 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 A1.,0, and ATF,. While A1,0, and AlF, do not exist as such in either the
molten salt nor its vapor,{” 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
A1,0, and AlFg, 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, A1,0, exists as aluminum oxyfluoride ions, and AlF, as the
tetra- and hexaf1uoride ions in the melt (Grjotheim et al. 1982).
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TABLE 6.1. Reactions with A1203 at 1300 K

Reaction AG®, kJ e,V €2 001
A1,0, + 3Fe = 2A1 + 3Fe0 699 -1.21 -1.34
A1.0, + 2Fe = 2A1 + Fe0, 768 -1.33 -1.46
A1,0, + 3Ni = 2A1 + 3NiO 903 -1.56 -1.69
A1,0, + 6Cu = 2A1 + 3Cu0 1104 -1.91 -2.04
A1,0; + 3Cu = 2AT + 3Cu0 1155 -1.99 -2.12
TABLE 6.2. Reactions with AlF, at 1300 K
Reaction AG®, kJ €,V €2m0 1
2A1F, + 3Fe = 2A1 + 3FeF, 771 -1.33 -1.50
ATF, + Fe = Al + FeF, 422 -1.46 -1.63
2ATF, + 3Ni = 2A1 + 3NiF, 987 -1.70 -1.87
2ATF, + 3Cu = 2A1 + 3CuF, 1290 -2.23 -2.40
ATF, + 3Cu = AT + 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).%

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 exampie 3Ni + A1,0, --> 3NiD + 281" + 6e” for oxide for-
mation and 3Ni + 2A1F, --> 3Nif, + 2A1%" + 6e” for fluoride formation. Both
types of reactions couple with the cathodic half-reaction 2A1% + 6e™ --> 2AT
to give the overall cell reactions listed in Tables 6.1 and 6.2. Again, while
the AT®" 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 A120 and AlF,, the
equilibria will be affected by the activities of Fe, Ni, Cu, and Al
within the various phases. A more complete ana1y51s 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 A]/A1203 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.

A1l 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-cel] reaction, or the
minimum potential required to generate oxygen at unit activity according to
2A1203 --> 4A1 + 30,, some of these reactions are favored. The favored reac-
tions are those with potentials less negative than -2.2 V.

A11 of the oxide formation and fluoridation reactions involving Fe and
Ni are predicted to be strongly favored at 2.2 V. In contrast, the fluori-
dation of Cu is disfavored because the potentials are more negative than
-2.2 ¥ and the oxide formation reactions are only slightiy 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 aliloy 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 cpen 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, therefecre, 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 Tower 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 volitages at the anode,
the formation of copper fluerides (particularly Cuf,) 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'probab]y 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 1little Cu formed under conditions when the fluori-
dation of Cu was favored. If the scenario developed in this paragraph is
accurate, cleariy 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 initiatly) the small number of excess Fe jons that exist in
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the ferrite phase. These Fe ions probably exist as Fe?* and are more Tikely
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 Tess-than-significant amounts of
metal-phase reactions and very 1little 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 Tayer 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
At-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 NiF, 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
lTower 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 impiies that, provided the
thermodynamic arguments made here are at Teast 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 pasition 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 controiled 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 aperate 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
distributiaon and alsa meet the necessary requirements for thermal stress con-
siderations. It appears the most Tikely success for such a cell design would
be in conjunction with refractory hard metal cathodes, such as the TiB,-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 A1,0, 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 1) 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 ceils 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 Tab cells {(200-500 A) prior to addi-
tional pitot 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 an Al-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 how cermet composition, microstructure,
density, and cell operating conditions influence it. Since some of these
issues invelve or are impacted by fabrication, it is recommended that this
testing proceed to the pilot-scale expeditiously. Further experimental
research and thegretical 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 des{gning 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 an Al-containing fluoride species
into the cermet with the resulting formation of NiF, and Ni-Fe fluoride
compounds.

Mechanical Properties. The cermet anodes tested in the pilot cell were
extremely brittle and sensitive to thermal shock. [f such anodes are to be

successfully used in industry, it appears that significant work remains to
toughen the material by compositional or microstructural modifications, teo
develop new operating conditions that impose less thermal stresses on the
material, or to engineer a more durable e1eétr0de 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 te the
anode needs to be developed. A metal rod screwed directiy 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 compatibie with it being used
as an anode stem. Use of a graded core in the cermet may be successfui but
the procedures have to be developed further since the sintering of large
anodes with these cores has resulted in cracks in previous fabricatien
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/cm’ 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:

1) the inherent Timitations 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 Taboratory, 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 Targe carbon anode on the voltages in the cell and possibly on ancde
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 (n¢ 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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APPENDIX A

BATH CONCENTRATION DATA




PNL BATH ANALYSIS

SAMPLEID DATE TIME RATIO CaF2 AIR03 EXCESS AIF3 BATH TEMP ALUMINA MgFl LiF
Ta % 3 DEG C SAT % % %

2683—-15A AUG3 1400 1.75 0.45 038 —598 993 33

2683—15A 1400 1.77 0.27 0.24 ~6.43 993 20

2683164 1800 1.74 027 06 -576 993 s.1

2683—16B 2200 1.68 027 1.26 -439 081 1.7

2683—-17B  AUG4 20 175 0.45 09 —595 990 1.9

2683 - 18A 600 1.6 0.45 1.49 -2.50 o 14.7

2683— 8B 1000 1.49 0.36 581 0.25 969 58.8

2683 18C 1400 1.48 045 464 0.51 o738 449

2683—19A 1800 142 172 8.67 1.96 081 86.7

2683-19C 2300 1.4 145 937 2.46 970 98.4

2683-208B AUGSs 200 143 136 .15 1.74 973 79.7

2683 - 20C 600 1.43 1.27 1.72 1.74 982 75.7

2683—20E 1000 1.42 1.36 8.08 198 981 799 022 063

2683 -G 1400 14 1.36 10.1 2.45 985 982 021 064

2683-22A 1800 132 1.44 9.43 458 966 1018 023 063

2683-22C 2200 1.28 1.72 952 568 973 1008 026 0.64°

2683-23B AUGs M 128 208 8.63 571 o712 929 02 082

2683-23D 600 1.22 2.26 844 7.47 967 943 023 068

2683-23E 1000 122 218 B.28 147 969 920 016 052

2683 —24A, 1400 1.18 238 8.29 870 964 948 016 053

2683-24C 1800 1.16 238 9.16 0923 971 1020 016 053

268324 2200 1.14 85 10.21 979 BSS 017 051

2683250 AUGT 200 1.16 3.62 859 9.16 084 943 0.17 053

2683-25C 600 1.1 15 824 953 985S 900 0.7 053

2683 -26R 1000 1.t4 362 84 9.81 985 M9 017 055

2683 -26D 1400 1.11 362 8.28 10.79- 088 .7 015 051

2681-27A 1800 1.02 525 7.58 13.73 969 971 016 0.46

2683-21C 2200 099 48 8.06 14.80 984 974 016 049

2683-28A  AUGS 0 0.98 5.06 796 15.14 986 968 016 049

2683-28C 400 0.96 498 692 16.09 987 847 0.6 049

2683-28E 1000 095 452 7.09 1651 994 84.3

2r33-29R 1400 091 5.06 8.07 17.79 931 103.8

2683304 1800 102 479 7.84 13.76 571 98.2

2683-31B 2200 1.02 488 85 11.64 933 1019

2683-3D  AUGY 200 1.02 47 7.8 11,78 995 29.1

2681-32B &0 1.01 4.69 8.17 14.08 993 %44 017 046

2683-33A 1000 .02 459 9.14 13.59 984 108.1

26B3—34A 1400 1.09 4.68 8.45 11.30 965 105.1

2683-34A 1300 109 641 2.73 11.16 955 106.3

2683—35A 2200 1.09 622 9.9 10.90 962 1311

2683-36A AUGI10 200 1.1 631 648 1.0 965 85.1

2683-36C 600 1.1 6.44 5.28 11.18 965 690 0.1 034

2683-37A 1000 1.12 5.79 871 10.16 961 113.7

283 —38A 1400 1.12 5.51 9.24 10.13 956 122.1

A.l



SAMPLEID DATE TIME RATIO

PNL BATH ANALYSIS

CaFl AIZ03 EXCESS AlF) BATHTEMP ALUMINA MgF2z LiF

o %o % DEGC SAT % % %
2683 -394 1800 1.1 5.51 321 993 959 107.0
2683—-40A 2200 1.13 6.41 7.61 9.90 965 99.4
2683-41A AUG 11 200 1.13 6.44 71.99 9.35 964 104.9

2683 -42A 600 1.17 6.42 9.03 8.52 70 1145 011 035
2683 -43A 1000 1.2 63 71.39 7.80 972 92.1
2683-43C 1400 1.22 6.39 7.66 7.18 983 90.9
2683 —44A 1300 1.19 6.3 179 3.06 981 9s
2683 -45A 2200 1.2 6.38 6215 7.90 982 74.8
2683-468 AUG 12 200 1.21 6.32 7.46 7.50 979 90.0

2683 46D 600 1.16 6.41 1.94 394 988 93.5 011 03s
2681478 1000 1.11 63 8.16 10.48 982 9.5
2681—48B 1400 11 6.3 8.16 10.580 976 102.2
2683484 1800 .05 6.33 6.27 12.37 978 79.1
2683 —49A 2200 1.06 5.94 8.7 12.08 977 108.6
2681-49C AUG 1] 200 1.07 577 7.55 11.93 967 97.4

2683 -50A 600 L.1 5.69 729 10.66 981 876 012 03
2683 50D 1000 114 5.69 7.63 9.67 974 93.6
2683 50F 1400 1.18 5.76 6.19 8.57 972 76.2
2683-52A, 1300 1.24 5.67 5.86 6.81 962 74.5
2683-52D 2200 1.26 558 6.52 6.19 981 755
2683-5)A AUG 14 200 1.28 5.69 688 559 989 769

2683-53D 600 13 557 8.09 4.98 990 892 012 037
2683-53E 100 1.24 5.69 6.54 6.75 984 75.3
2683 -54A 1400 1.24 576 531 6.84 974 4.1
2683 -55A 1800 .21 587 5.14 7.74 963 65.8
2683~ 55C 2200 1.21 5 532 7.73 984 61.8
2683-56B AUG 15 200 1.2 519 5.64 aol 980 66.9
2683 56D 500 121 5.87 .U 1.56 981 85.1
2683 -57A 1000 1.21 518 6.46 7.63 97t 79.5
2683-57C 1400 1.25 5.78 5.62 6.53 972 68.4
2683-58A 1800 1.2 577 467 8.10 958 610
2683 -58C 2200 .14 5.78 418 10.02 953 59.1
2683-39B AUG 16 200 1.12 568 443 10.68 953 59.3
2683-59D 600 L.13 559 484 1031 263 62.3
2683 -60A 1000 113 543 397 + 10.20 967 75.1
2683 —60C 1400 112 5.12 kR - 10.81 954 513
2633 -61B 1800 1.12 5.11 8.59 10.25 261 109.8
2683-61D 2200 1.12 5.43 178 10.79 262 8.8
2683-62A  AUG 17 200 1.13 543 1.76 10.69 957 232
2683--62D 600 1.13 552 512 10.29 263 658
2683-63A 1000 1.14 5.42 6.71 9.80 965 849
2683 --63C 1400 1.17 524 11.76 836 %68 1447
2683-64A 1800 1.21 516 134 1 968 159.6
2683 -64C 2200 1.3 5.14 7.93 5;m 9 94.3
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PNL BATH ANALYSIS

SAMPLEID DATE TIME RATIO CaF? AIRO3 EXCESS AIF3 BATH TEMP ALUMINA MgF2 LiF
% % % DEG C SAT % % %
2683-658 AUG18 200 136 5.15 17 3.43 966 93.2
2683-65C 600 1.38 5.15 7.24 2.9 975 8316
2683664 1000 133 532 1.7 4 976 896
2683-66D 1400 133 531 10.25 4.08 963 123.8
2683-6TA 1800 1.3 5.32 10.8% 3.50 978 124.7
2683—6BA, 2200 1.4 506 1135 379 983 1263 0.3 033
2683-69A AUG19 200 1.4 495  10.09 385 975 1163
2681-70A 600 1.34 468 12.24 376 971 142.6
2683-70C 1000 134 4.7 7.62 397 9717 86.4
2683~71B 1400 133 452 6.18 432 978 69.4
2683-728 1800 1.1 424 8.09 424 968 94,5
2683-72D 2200 1.27 415 738 592 964 930 0.1 038
2683738 AUGZ0 10 1.26 406 621 &3 969 72.4
2683-73D 600 1.24 4.06 4.89 1.01 970 57.0
2683-T3E 1000 122 389 5.62 748 971 76.6
2683—-T4A 1400 1.18 3.98 629 8.73 963 76.2
2683-74B 1800 1.18 3.89 622 8.75 964 748
2683-74C 2200 1.24 416 8.24 6.74 981 91.5
2683758 AUG21 200 131 407 6.82 486 971 78.3
2683-16B 600 1.33 416 115 426 970 89.4
2683-76D 1000 1.1 407 774 48 975 87.2
2683-76E 1400 13 416 7.84 507 971 90.3
2687—1A 1300 133 425 843 422 979 93.4
2687-1C 2200 1.33 425 808 424 982 883
2687-1F AUG2Z 1200 1.34 4.43 7.24 4.00 976 818
2687-28 600 132 452 7.42 4.53 973 85.5
2687-2C 1000 1.26 452 8.16 6.15 983 90.5
2687-2F 1400 1.27 434 835 536 978 94.1
2687-3B 1800 1.35 18 10.06 364 969 115.0
2687-3D 2200 1.35 38 1152 358 %66 1336
268748 AUG23 20 132 3. 7.3 458 974 2.6
2687—4D 600 1.29 179 804 536 968 93.0
2687—4E 1000 1.27 1.61 16 596 998 76.5
2687—-5A 1400 1.2 1.61 6.96 8.08 972 97
2687 —6A 1800 12 161 6.65 8.11 973 759
2687-6C 2200 1.17 37 151 895 983 828
2687-7B AUGZ4 200 1.23 a7 823 1.07 981 89.9
2687-7D 600 1.25 388 7.51 6.53 980 829
2687-8B 1000 1.28 46 7.41 563 975 852
2687-8C 1400 1.27 497 712 5.90 970 B49
2687-8F 1800 131 4.98 6.79 4.81 981 76.5
2687-8G 2200 1.33 419 6.55 419 985 718
2687-9B  AUG2S 200 133 479 7.26 425 984 799
2687-9D 600 1.29 479 723 535 985 79.8
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PNL BATH ANALYSIS

SAMFPLE ID DATE TIME RATIO CaFI ARRO3 EXCESS AIF3 BATH TEMP ALUMINA MgF2 LiF

% % % DEG C SAT % % %
2687-9G 1000 1.25 4.61 689 6.52 981 715
2687-9] 1400 123 4.52 7.46 7.06 977 5.5
2687—10A 1800 1.24 461 752 6.76 985 83.3
2687-10C 2200 1.24 4.51 162 6.76 985 4.1
1687-10F  AUG26 20 121 47 163 7.63 990 835
7687118 600 1.24 47 7.18 6.78 981 812
2687-11D 1000 1.21 436 7.26 169 973 846
2687~ 15A 1400 1.26 436 6.65 6.26 970 719
1687—15C 1800 1.28 4 6.53 5.72 952 82.2
1687~ 15F 2200 128 4.19 6.19 573 956 79
1687168 AUG27 200 1.3 4.19 6.6 4.88 967 747
2687 - 16D 600 .31 4.19 5.22 4.94 975 59.0
2687—16E 700 131 419 472 497 936 50.7
2687—16H 1000 1.36 4.18 4.44 3.59 981 485
26A7—17A 1200 1.35 423 191 3.89 976 19
2687—178 1400 1.34 437 461 413 975 522
I6RT—18A 1600 1.36 432 355 162 973 40.5
26R7— 18R 1800 137 4.28 4.59 3 967 537
2687 18D 2000 1.4 4.28 4139 2.52 969 50.7
2687 18F 2200 1.43 an 4.14 1.75 970 475
2687-18G  AUG 28 0 146 FRY) 375 0.99 967 436
2687—198 200 1.49 437 3.28 0.25 971 373
2687-19C a0 1.49 a3 39 0.24 972 4.1
2687 - 19E 600 15 427 112 0.00 973 150
2687~ 20A 1000 1.52 4.09 2.83 —0.49 971 T o318
2687-20C 1400 1.55 191 2.2 -122 976 230
2687-21B 1800 1.56 445 1.97 —1.45 981 21.1
2687-21D 2200 1.61 437 141 ~2.63 983 14.8
W87-22B  AUG29 200 1.6 3558 1.43 -242 983 14.7
2687-22C 600 1.57 3.55 1.54 -1.711 983 159
2687 -23IA 1000 1.55 312 3 —-1.2t 976 16.4
2687-238 1400 1.56 318 279 —1.46 996 266
2687- 23D 1800 1.5 3.21 2.08 0.00 980 217
26R7-24R 2200 1.58 112 2.51 -1.94 989 247
26R7-24D  AUG30 200 1.62 3.9 2.26 ~2.87 979 235
7687 -24E 500 1.64 318 2.26 ~332 976 19
2687-25B 1000 146 984

2687 - I0A 1400 347
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APPENDIX B

LETTER FROM W. F. HAUPIN ON CALCULATING CURRENT DENSITIES




2820 Seventh Street Road
Lower Burrell, PA 15068
Phone: {412)337-4021

Fax: (412)339-6871

hug 16, 1991

Dr. Charles F. Windisch Jr.
Battelle, PNL

Battelle Boulevard

P.O. Box 999

Mail Stop K2-48

Richland WA 99352

Dear Dr. Windiech:
RE: Voltage Measurements on Pilot Cell Test of Inert Anodes

I visited the Reynolds Metals Research Facility hug. 10
through Aug. 14 to observe the pllot 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,

Whnile there I asgisted 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/cm?2 on the anode bottoms, about 0.4 A/cm2 on the siden
facing bare wallas with very little current laaving sides
facing the carbon anode or other inert anodes. These
figures are glightly different than I gquoted 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 increame the lnert anoda current
at leapt 25%.
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Yoltage Probe Work

The probe was kept connected to the cathode of the cell
through a 15 ohm reslstor except when taking a reading. For
readings, a switch connected the probe to a high resistance
digital voltmeter referenced to the lnert anocde under study. We
found fErequently, when measuring close to an lnert anode, less
than the expected 2.217 V between the probe tip and the inert
anode. It appears that either the nearly congtant 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. 2alsoc 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 stabllity than we experlenced in the past in a conven-
tional Hall Cell.

prelimi Analvsi E I

The optimum way to analyse the probe data 1s by computer with
a 3D plotting program. I made the following quick analysils of
data from anode A to determine that we were getting valid data.
From 3 wvertical scans at varying distance between the inert
anode and the north wall I determined that the averége potential
gradient to the wall was 0.063V/cm. From geometry, the bath
area at this location was 15 cm x 1B cm 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% CaF;, 0.5% MgF2, 0.6%
LiF, and 7% Al,0;. This bath would have an electrical
conductivity of 2.068 ohm !l cm-!, Therfore, 0.063V/cm * 2.068
ohm ! em'! = 0.130 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 guadrant (87 cm? for
1.9" submerged) we get a current density of 0.41 A/cm?2 for this
side of anode A. '

A scan under anode A gave 0.058 V/cm. Voltage scandg between
anode B and the carbon anode and anode C and the carbon ancde
showed a negative potential gradient indicating that current was
fanning out from the carbon anode {(operating at a more positive
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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 carbocn
anocde and noting the rise in currents from ancdes A, B, and C,
From this information and the geometry I assumed that current
fanning from the bottom under anode A was 2.54 cm east 1.27 cm
south, 0 west, and approximately 2.54 cm north. Based upon
this, I calculated the effective bath cross section under anode
A to be 270 cm?. The current then is 0.058 V/cm * 2.068 ohm'!
cm'l * 270 em2 = 32A. Dividing by the anode bottom area of 182
cm? glves a current density of 0.18 A/cm2. Thig agrees well
with the 0.19 A/cm?2 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 ve 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
gides facing other 1nert anodes.

Mogt sincerely,

Jzﬁzadlvp/ j;z;“7{“1

Warren Haupin

CC: Dr. Pat Hart
Dr. Denis Strachan
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APPENDIX D

METAL ANALYSIS RESULTS



]

' METAL ANALYSIS

Sample 1D Date Time Ni, % Fe, % Cu, %

2683-13 AUG 3 700 0.004 0.42 0.120
2683—-158 1400 0.004 0.48 0.110
2683~-17B AUG 4 200 0.004 0.48 0110
2683~-19B 1800 0.005 0.50 0.093
2683-19D 2200 0.005 0.51 0.093
2683-20D AUG S5 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
2683228 1800 0.004 0.46 0.082
2683-22D 2200 0.008 0.48 0.080
2683-23A AUG 6 200 0.004 0.48 0.081
2683-23C 600 0.004 0.43 0.074
2683-23F 1000 0.004 0.44 0.077
2683-24B 1400 0.004 0.4 0.071
2683 24D 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
2683250 600 0.004 0.42 0.069
2683 - 26A 1000 0.003 D.42 0.089
2683-26C 1400 0.003 0.40 0.065
2683-278 1800 0.003 0.42 0.068
2683-27D 2200 0.003 0.39 0.085
2683-288 AUGBS 0 0.003 0.42 0.068
2683 -28D 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 AUGg 200 0.004 0.39 0.056
2683-32A 600 0.003 0.37 0.053
2683-33B 1000 0.003 0.32 0.045
2683348 1400 0.003 0.37 0.055
2683-358 2200 0.003 0.37 0.052
2683368 AUG 10 600 0.003 0.35 0.050
2683378 1100 0.004 0.37 0.050
2683-388 1400 0.004 0.38 0.050
2683398 1700 0.003 0.33 0.046
2683—40B 2200 0.004 0.32 0.045
2683-418B AUG 11 200 0.008 0.37 0.050
2683428 600 0.006 0.34 0.047
2683-43B 1000 0.006 0.35 0.048
2683 -430 1400 0.008 0.36 0.051
2683—44B 1800 0.022 0.42 0.058
2683 —45B 2200 0.039 0.37 0.060
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METAL ANALYSIS

Sample ID Date Time Ni, % Fe, % Cu, %
2683 —46A AUG 12 200 0.018 0.35 0.052
2683 -46C 600 0.034 0.35 0.059
2683--47A 1000 0.023 0.37 0.057
2683 —-4BA 1400 0.02 0.33 0.050
2683 —-488B 1800 0.018 0.33 0.049
2683—-49B 2200 0.022 0.34 0.054
2683 49D AUG 13 200 0.023 0.32 0.053
2683-50B 600 0.024 0.33 0.051
2683 -50C 800 0.044 0.33 0.061
2683-50E 1000 0.055 0.38 0.071
2683-50G 1400 0.044 0.36 0.064
2683-52B 1800 0.056 0.37 0.068
2683-520 2200 0.081 0.64 0.081
2683-538 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 --54B 1400 0.12 0.44 0.100
2683 -558 1800 O.14 0.44 0.120
2683-55D 2200 0.14 0.46 0.120
2683 - 56A AUG 15 200 0.34 0.56 0.220
2683-56C 600 0.37 0.69 0.280
2683-57B 1000 0.19 0.47 0.160
2683-57D 1400 0.14 0.45 0.130
2683-58B 1800 0.1 0.39 0.100
2683580 2200 0.09 0.37 0.100
2683 -59A AUG 16 200 0.09 037 0.090
2683 -59C 600 01 0.37 0.100
2683-60B 1000 0.14 0.38 0.110
2683-60D 1400 011 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 600 012 0.37 0.100
2683 -63B 1000 012 0.37 0.100
2683-63D 1400 0.13 0.38 0.100
2683--64B 1800 0.14 0.40 0.110
2683640 2200 0.14 0.38 0.110
2683 —65A AUG 18 200 0.55 0.48 0.360
2683 -650D 80O 0.98 0.61 0.700
2683 —-66B 1000 0.59 0.51 0.380
2683-66C 1400 0.2 0.44 0.130
2683-678B 1800 0.15 0.39 0.110
2683-68B 2200 0.16 0.39 0.110
2683-698 AUG 19 200 0.18 0.44 0.120
2683-70B 600 017 0.40 0.120
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METAL ANALYSIS

Sampls ID Date Time Ni, % Fe, % Cu, %
2683-70D 1000 0.2 0.44 0.120
2683 -71A 1400 0.2 0.43 0.120
2683-72A 1800 0.29 o7 0170
2683-72C 2200 0.34 0.48 0.200
2683 -73A AUG 20 200 0.27 0.44 0.160
2683-73D 600 0.56 0.74 0.210
2683-73F 1000 0.29 0.50 0.180
26B3—74A 1400 0.22 0.44 0.130
2683-748B 1800 0.22 0.45 0.140
2683-74D 2200 0.22 0.44 0.140
2683—75A AUG 21 200 0.22 0.44 0.130
2683-76A €00 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—-1B 1800 0.25 0.44 0.140
2687 -1D 2200 0.26 0.48 0.160
26B7-1E AUG 22 200 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  AUG 23 200 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 -5B 1400 0.27 0.45 0.160
2687 -6B 1800 0.29 0.48 0.160
2687 -6D 2200 0.28 0.48 0.160
2687-7A  AUG?24 200 0.3 0.49 0.170
26087-7C 600 0.28 0.46 0.150
2687 - 8A 1000 0.3 0.52 0.170
2687-8D 1400 0.3 0.51 0.170
2687 -8E 1800 0.3 0.51 0.170
2687 -8H 2200 0.31 0.52 0.180
2687-9A  AUG 25 200 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
2687-10B 1800 0.31 0.53 0.170
2687 -10D 2200 0.32 0.54 0.180
2687-10E  AUG 26 200 0.32 0.52 0.180
2697-11A 600 0.22 0.54 0.180
26B7-11C 1000 0.36 0.66 0.220
2687 -15B 1400 0.3 0.55 0170
26087-15D 1800 0.3 0.56 0.170
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METAL ANALYSIS

Sample 1D Date Time Ni, % Fe, % Cu, %
2687 —15E 2200 0.29 0.54 0.160
2687 -16B AUG 27 200 029 0.53 0.170
2687 —16C 600 0.29 0.54 0.180
2687 —16F 730 0.3 0.54 0170
2687 -16G 1000 0.32 0.56 0.190
2687 -17C 1400 0.33 a.57 0.190
2687 -18C 1800 0.33 0.56 0.190
2687 18F 2200 0.33 0.56 0.190
2687 -19A  AUG 28 200 0.34 0.56 0.210
2687—-19D 600 0.35 0.57 0.210
2687—-208 1000 0.24 0.56 0.200
2687 -20D 1400 0.36 0.57 0.220
2687-21A 1800 0.41 0.81 0.250
2687 -21C 2200 0.41 0.62 0.250
2687 —22A AUG 29 600 0.48 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 0.48 0.69 0.380
2687 —24A 2200 0.53 0.71 0.420
2687 —24C AUG 30 200 0.53 0.72 0.430
2687 — 24F 600 0.56 Q.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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APPENDIX E

METAL IMPURITIES IN THE BATH




BATH IMPURITIES

Sample ID Dats Time Cu, % Ni, % Fe, %
2683-15A AUG 3 1400 0.002 0.005 0.066
2683—15A 1400 0.002 0.005 0.0668
2683 -—-16A 1800 0.002 0.006 0.077
2683—-16B 2200 0.002 0.006 0.096
2683-178 AUG 4 200 0.001 0.006 0.067
2683—18A 600 0.001 0.006 0.057
2683-188 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 0.076
2683--208 AUG S 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
2683-20G 1400 0.001 0.008 0.040
2683-22A 1800 0.0 0.006 0.083
2683-22C 2200 0.001 0.006 0170
2683-23B AUGSH 200 0.001 0.006 0.055
2683-23D 600 0.001 0.005 0.054
26B83-23E 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
2683-25B AUG7 200 «<.001 0.006 0.024
2683-25C 600 <001 0.006 0.034
2683-26B 1000 < 001 0.005 0.023
2683-26D 1400 <.001% 0.005 0.021
2683-27A 1800 «< 001 0.005 '0.025
2683-27C 2200 <.001 0.005 0.027
2683-28A AUGSH 0 <.001 0.004 0.020
2683 -28C 400 <001 0.004 0.020
2683-28E 1000 < .00 0.006 0.018
2683298 1400 <.001 0.006 0.021
2683-30A 1800 <001 0.006 0.020
2683-318B 2200 <.001 0.005 0.016
2683-31D AUG9 200 <. 001 0.006 0.019
2683-32B 600 <. 001 0.008 0.0186
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 0.015
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

Sample ID Date Time Cu, % Ni, % Fe, %
2683-41A AUG 11 200 0.002 0.008 0.028
268083 —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 0.03Q
2683 —-45A 2200 0.002 0.018 0.017
2683-46B AUG 12 200 0.001 0.008 0.027
2683-46D 600 0.001 0.006 0.022
2683478 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 0.006 0.019
2683-49C AUG {3 200 0.002 0.007 0.028
2683 -50A 600 0.001 0.006 0.029
2683-50D 1000 0.001 0.007 0.025
2683~-50F 1400 0.001 0.006 0.024
2683-52A 1800 0.001 0.006 0.027
2683-520 2200 0.001 0.006 0.024
2683-53A  AUG 14 200 0.003 0.009 0.024
2683-53D 600 0.001 0.006 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 0.018
2683-55C 2200 0.001 0.005 0.015
2683-56B AUG 15 200 0.001 0.006 0.018
2683-56D 600 0.001 0.006 0.018
2683—-57A 1000 0.001 0.007 0.019
2683-57C 1400 0.001 0.006 0.023
2683 --58A 1800 0.001 0.007 0.028
2683-58C 2200 0.001 0.006 0.023
26B3-59B AUG 16 200 0.001 0.006 0.026
2683--59D 600 0.001 0.006 0.024
2683—60A 1000 0.001 0.006 0.019
2683-80C 1400 0.002 0.007 0.017
2683-61B 1800 0.001 0.006 0.024
26883-61D 2200 0.002 0.005 0.014
2683-62A AUG 17 200 0.001 0.007 0.018
2683-62D 600 0.001 0,006 0.019
2683-63A 1000 0.001 0.006 0.017
2683-63C 1400 0.005 0.013 0.020
2683 - 64A 1800 0.002 0.006 0.020
2683-84C 2200 0.002 0.008 0.018
2683-65B AUG 18 200 0.002 0.008 0.028
2683-65C 600 0.002 0.007 0.030
2683 —-66A 1000 0.002 0.009 0.028
2683-66D 1400 0.001 0.008 0.024
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BATH IMPURITIES

Sample ID Date Time Cu, % Ni, % Fa, %
2683 -67A 1800 0.002 0.010 0.029
2683 —68A 2200 0.002 0.009 0.025
2683—-69A  AUG 19 200 0.002 0.009 0.026
2683 -70A 600 0.002 0.008 0.026
2683-70C 1000 0.002 0.009 0.027
2683-71B 1400 0.002 0.009 0.027
2683-72B 1800 0.002 0.008 0.032
2683-72D 2200 0.001 0.007 0.028
2683-73B AUG 20 200 0.001 0.007 0.020
2683-73D 600 0.002 0.008 0.028
2683-73E 1000 0.002 0.006 0.022
2683~ T4A 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--75B AUG 21 200 0.002 0.005 0.021
2683-76B 800 0.001 0.005 0.029
2683-76D 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
2687-1C 2200 0.002 0.008 0.025
2687 -1F AUG 22 200 0.002 0.008 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—4B AUG 23 200 0.001 0.007 0.020
2687—-4D 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 -6A 1800 0.002 0.006 0.028
2687 -6C 2200 0.002 0.006 0.029
2687-78 AUG 24 200 0.002 0.006 0.025
2687-7D 600 0.002 0.006 0.023
268788 1000 0.002 0.012 0.080
2687 —-8C 1400 0.002 0.008 0.060
2687 - 8F 1800 0.002 0.009 0.052
2687-8G 2200 0.003 0.009 0.043
268798 AUG 25 200 0.002 0.007 0.036
2687-90 600 0.002 0.007 0.041
2687-9G 1000 0.002 0.006 0.026
2687-9) 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 AUG 26 200 0.002 0.008 0.028
2687-118 600 0.002 0.008 0.027
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BATH IMPURITIES

Samplse ID Date Time Cu, % Ni, % Fe, %
2687—11D 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
2687-16B AUG 27 200 0.002 0.005 0.030
2687 -16D 600 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

2687178 1400 0.003 0.008 0.040
2687-18A 1600

2687-18B 1800 0.003 0.009 0.049
2687 -18D 2000

2687 —18F 2200 0.003 0.009 0.057
2687-18G AUG 28 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
2687-21D 2200 0.003 0.009 0.052
2687-228 AUG?29 200 0.011 0017 0.073
2687 ~22C 600 0.007 0.014 0.078
2687 -23A 1000 0.006 0.013 0.112
2687-23B 1400 0.00% 0.013 0.079
2687-23D 1800 0.012 0.021 0.110
26A7-24B 2200 0.013 0.020 0.174
2687-24D AUG 30 200 0.007 0.013 0.079
2687 - 24E 600 0.003 0.009 0.054
2687 -25B8 1000 0.006 0.013 0.042
2687 -30A 1400 0.005 0.017 0.060
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