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Introduction

Despite its capability to produce high purity aluminum, the Hall
process has always suffered from a number of significant problems.
One set of problems arises from the use of consumable carbon anodes.
These anodes are expensive to produce, and the cost of producing them
adds significantly to the overall cost of the aluminum produced by the
Hall process. In addition, vast quantities of energy are consumed in
the so-called pre-bake furnaces where the raw materials are treated to
form the large anode blocks. In use, it is difficult to maintain
uniform anode current loading in the Hall cell since the anodes are
consumed resulting in a continuoué change in their shape. It is also
difficult to maintain proper anode-cathode spacing during operation of
the Hall cell, since the anodes are consumed. Additionally, the
anode-cathode spacing is typically greater than required because of
the uncertainty of the consumable anode’s shape and the need to
maintain a deep molten aluminum pool. Such spacing results in an
inordinate consumption of electrical energy, owing to the voltage drop

across the molten salt electrolyte.

Because of the problems caused by carbon anodes, substantial
research has been conducted in an effort to find another anode
material, particularly to find what has been referred to as an inert
anode. An inert anode is defined as one that does not react with
oxygen formed electrochemically at the anode, does not dissolve in the
electrolyte, and is not consumed in the electrolytic reaction.
Unfortunately, the research conducted to date has not resulted in the

development of a fully satisfactory anode material.

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

carbon lining. These cells are operated under conditions that cause



the molten electrolyte to freeze on the sidewall during operation, so
that molten electrolyte floating on molten aluminum is contained
within a shell of frozen electrolyte. This is necessary to prevent
the reaction between the carbon cell lining and compounds in the
molten electrolyte during operation of these Hall cells. The
interface between the frozen and molten electrolyte changes, however,
during operation, making it difficult to operate under uniform
conditions. ‘The necessity to maintain frozen electrolyte at the
sidewalls results in a substantial heat loss and hence contributes

again to the poor utilization of energy.

Still another set of problems with the Hall cell arises from the
lack of a suitable cathode material. At present, carbon is used as
the cathode in these cells. However, molten aluminum does not wet
carbon, and therefore it is necessary to maintain an excessively deep
pool of molten aluminum on the bottom of the cell. The carbon must be
fully covered in order to prevent contact between the molten salt
electrolyte and the carbon cathode itself in the presence of molten
aluminum. Otherwise, the formation of aluminum carbides occurs and
reduces the cell’s productivity. The justifiable presence of the deep
pool, however, gives rise to a new problem. The cell currents are
extremely high, typically on the order of 100 kA to 300 kA. At these
high currents the electromagnetié forces can cause the molten aluminum
to develop waves of substantial physical dimension. 1In order to
prevent the electrical shorting of the molten aluminum to the anode,
it is necessary to separate the anode and cathode by a large distance.
This results in an excessive voltage drop across the electrolyte and

contributes to the poor energy efficiency of the cells.

Obviously, advanced materials in the form of inert anodes,
sidewalls, and cathodes would contribute greatly to the effective

utilization of energy in this reactor. Aluminum is one of the most
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energy-intensive metals to produce, having an energy content of
approximately 6 kWh/lb. When power costs were in the vicinity of

5 mils/kWh this amounted to approximately 3 cents per pound of
aluminum. However, in recent years power costs have risen to the
point where some producers are paying 30 mils/kWh and are facing still
higher power costs in the future. Obviously, faced with such
substantial power costs, aluminum producers cannot remain competitive.
It is imperative that the energy content of this metal be reduced if
it is to remain a viable material and our domestic producers are to

retain their smelting capacity.

Objective -

The objective of the research on advanced materials for energy
efficient production of aluminum was to identify materials for use in
Hall cells as anodes, cathodes and sidewalls. The successful
completion of this research would not only serve to retrofit existing

installations, making them mcre energy efficient, but would also

" permit radical redesign of the Hall cell with attendant improvements

in productivity and, therefore, energy utilization.

Potential for Energy Savings

The potential for energy savings is substantial and has been well

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

R -
Noel Jarrett, W.B. Frank, and Rudolf Keller., in "Advances in the

Smelting of Aluminum," in Metallurgical Treatises, J.K. Tien and
J.F. Eliiott, editors, TMS-AIME, Warrendale PA, 1981, pp. 137-57.



spacing one will substantially decrease the energy consumption in the
Hall cell itself. 1In addition, there are substantial energy savings
accruing from the elimination of the pre-bake furnaces which in ctime
are expected to become liabilities from the standpoint of industrial

health and safety.

Results

During the first term of this project the work was divided inte
major efforts. The first was the growth and characterization of
specimens; the second was Hall cell performance testing. Boath cathnde
and anode materials were the subject of investigation. Preparation of
specimens included growth of single crystals and synthesis of ultra
high purity powderé. The selection of compositions was based
exclusively on the criteria as enunciated by workers in the field at
that time. Special attention was paid to ferrites as they were
considered to be the most promising anode materials at that time by
investigators at Alcoa Laboratories where there was a major DOE
sponsored recgoarch pregram. Indeed, MIT's role was séén by some as to
study some of the more fundamental aspects of the materials science of
the ferrites as Alcoa moved on to addressing the engineering issues
associated with the industrial implementation of these materials. The
results of this first term of work have been summarized in a document
entitled, "Request for Modification of a Research Contract:
‘Investigation of Materials for Inert Electrodes in Aluminum
Electrodeposition Cells.’" The relevant sections of that document are
reproduced here as Appendix 1. This document summarizes the
activities for the first three years of the project and puts in
context that work along with that which followed. For a more complete
report of the first three years the reader is directed to
DOE/ID/12380-13.
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The acfivities of year four are summarized in Appendix 2, "Program
Review Tepics (12/18/86)." Ferrite anode corrosion rate studies
represent a completion of the work begun during the first term of this
project and are described in Appendix 3, "Investigation of Ferrites as
Potential Inert Anodes for Hall Cells," which is the doctoral thesis
of Alan McLeod, Department of Materials Science and Engineering,
Massachusetts Institute of Technology. This document contains other
data as well. 1In particular, the electrical conductivities of a set

of copper-manganese ferrites were measured.

Float Zone, Pendant Drop Cryolite Experiments represent a
modification of the original workplan and were undertaken because it
had become apparent during the first term of the project that
unsatisfactory choices of candidate materials were being made on the
basis of a flawed set of selection criteria applied to an incomplete
and sometimes inaccurate data base. This experiment was then
constructed to determine whether the apparatus used for float zone
crystal growth could be adapted to make a variety of important
measurements associated with the physical chemistry of the cryolite-
based melts and their interactions with candidate inert anode
materials, The results are summarized in Appendix 4 in three tables.
Table 1 enumerates the issues one had to come to terms with in
conducting such experiments. Table -2 summarizes the experiments in
which molten cryolite was suspended on a feedrod of solid cryolite.
The main question was whether the evaporation of aluminum fluoride
would be so fast on the time scale of the experiment that the melt
chemistry would vary unacceptably. As Table 2 shows, chemical

stability was maintained. However, temperature measurement was

' Subject to error. This last point demonstrates the imprecision in

noninvasive pyrometric measurements in this system. Table 3

summarizes the experiments in which the goal was to suspend molten



cryolite from a rod of alumina. The high thermal conductivity of
alumina as compared to solid cryolite proved to be the undoing here.
Excessive superheat was.réquired to attain desired temperatures. This
resulted in excessive vapdrizatioﬁ from the melt with the attendant
loss of stability 'in chemical compositional. Defocussing the laser
beams failed to improve the situation to the point where the
experiment could be performed reliably with the accuracy required to

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

The third major topir in the fourth year was Non Concumable Anodc
(Data Base, Candidate Compositions). This work was driven by our
perception that the basis for prior selection of candidate materials
was inadequate. The results are summarized in Appendix 5 which is a
reprint of an article entitled "Selection and Testing of Inert Anode
Matérials for Hall Cells." This was published in Light Metals 1987,
and enunciates a new set of criteria for the anode problem.
Consideration of these new criteria has led to the discovery of
materials previously ignoréd for this application. Furthermore, new
methods of operating the cells have becaome evident, as well. These
" are deséribed in Appendix 6 which is the.patent application derived
from this work: D.R. Sadoway, J.S. Haggerty and A.D. Mcleod,
"Apparatus and Method for the Electrolytic Production of Aluminum,"
U.S. patent application, serial ne. 000,657, filed .January 6, 1987.



Summary

The searcﬁ for inert electrodes for the Hall cell is one of the
most difficult problems in all of materials science. In spite of a
century of effort, no fully satisfactory materials have been found.
It is the conclusion of this study that the failure to do so was due
in part to the use of a set of selection criteria which were
determined to be insufficient and incorrect. During the course of
this research these selection criteria for the anode were questioned.
What emerged was a revised set of selection criteria with the result
that classes of materials previously dismissed as useless from the
standpoint of this application were identified as candidate materials
within newly specified éperating conditions. Unfortunately, the
program was terminated before these new materials and operating
conditions could be tested. However, it is the opinion of the authors
that if there is indeed a material that can meet the severe
requirements of the Hall cell environment, then this material will'be

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

It is particularly important to appreciate how strongly cell
operating conditions influence the behavior of a material that is
being tested as a candidate electrode. This in part accounts for the
wide variation in cell performance data for ostensibly identical
materials. The corollary to this is that in the search for high
performance materials for use as electrodes and sidewalls, a global
approach is recommended. For example, the performance of a candidate
electrode material can be dramatically altered through changes in cell
bath chemistries and electrochemistries, i.e., cell operating
conditipns. During the course of the present study it was only after
the anode was viewed in the context of an element in a dynamic
materials system, which in this case is the Hall cell operating under

industrial econditions, that new potential solutions to the problem



were discovered.

Finally, this methodology can be extended to other materials
selection problems. For example, in the production of magnesium by
fused salt electrolysis of magnesium chloride, as practiced by the Dow
Chemical Co., vast quantities of carbon are consumed as anodes. In
trying to find an alternative material in this application, one would
have to face the same set of issues described above. Fused salt
electrolysis is important in the production of the alkali metals,
alkaline earth metals, and the rare earth metals. This latter group
is very important from the standpoint of advanced magnetic materials
such as iron-needymium-boron Fe, ,Nd,B, and as precursors to the
recently identified superconducting ceramic materials, e.g.,

YBa,Cuy0, .

In the area of fused salt baéteries, the identification of
advanced materials for electrodes, separators, diaphragms, and
containers would pave the way for the commercialization of this
technology. Again, the selection criteria and testing methodology
described above could play a major role in solving these problems. 1In
this sense, the search for advanced materials for Hall cells can be
considered a test vehicle and forms the basis for future studies

directed at the problems named in ‘this section.
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I. INTROLGCTION

A-zhough there has been a long standing interest in substituting iners
electrodes for carbon eleczrodes in dail aluminum cells, this replacement has
not‘occu:red because candidate materials have not realized anticipated
advanctages in actual use. The reascns for observed deficiencles reflect the
inherent complexity of expcsures encountered in the Hall cell.

This research program is designed to investigate candidate materials
under condicions where materials properties, performance and failure modes
can be interpreted with a level of confidence that is not possible with che
poorly defined polvcrystalline materials used in previous research. Two
classes of candidate materials will be investigated. One is single crystal
samples grown in the uniquely controllable growth conditioms achievabie with
the MIT laser heated floating zone crystal growth apoaratus. The sesond is
ultra high purity powders synthesized from laser heated gases. Sam;lés will
be characterized in terms of parameters that reveal fundamettal ﬁaterials
properties as well as technological parameters that reflect exéosutes typical
of the Hall cell. Our ul:timate objective is to define material compositioms,
crizical fabrication process steps and crizical operating conditicuns which
will permi: economically viable inert anodes and cathodes to be made that
will exhibit adequate performance characteristicse. |

The specif;; advantages anticipated for imert anodes and cathodes

differ; but each should result in reduced overvoltage, reduced thermal

losses, longer cell life aad improved process control. Achievemen: of the

first two will reduce the energy needed to produce aluminum meral; the second.

two primarily reduce c<cst and improve productiivity.
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The consumable carbon anode represents the most important oppocrtunity
for using inert electrodes in the Hall cell. Between 420 £o 55C kg of carben
ié consumed per ton of Al produced. The carbon leaves the cell as a C0-CO,
mix:ure having no practical commercial wvalue and cauging several problems
attridbucable to bubble forﬁa:ion on the ancde face. Largely because of the
high and nonuniforz rate at which carbon is consumed, it is iwmpossible to
achieve a precise location of the electrode face. A large average
iaterelectrode distance is maintained to avoid shor:zing between the ancde and
the molten alu&inum‘cachode. The use of an inert anode will permit the
interelectrode discancé to be reduced to a small fraction of present practice
permitzing the 12R losses through the cell to be reduced proportionally.

This and other factors should more than offset the increase in the reversible
voltage for the reduction reaction.

Identification of a substitute for the carbon cathode is also important,
although it does not offer the same potential for savings as the iner: anode.
The molten aluminum pool which acts as the cathode is supported by carbon
"cathode” blocks in the present design of the Hall cell. This design also
causes the interelectrode spacing to be maintained at larger than optimpum
distances. Because carbon is not weﬁ:ed by the molten aluminum, an excessive
metal pool depth is necessary to protect the carbon from the cryolite.
EZleczromagnetic forces create standing waves and other flows in the molten
aluminum pool. To avoid shorting between metal and the anode, the
interelectrode spacing is increased beyond optimum. The use of a cathode
that i§ wetted by the molten alumiﬁum would raduce the required molten pool

depth and, thus, the interelectrode spacing. As with a precisely located
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inert anode, this cathode change will reduce iZR-losses iz proportion to the
new, reduced iaterelectrode spacing.

At this program's inception, it was widely believed that gemerally
saﬁisfaccory materials had been identified for both anode and cathcde
applications. However, several specific issues remained troublesome for both
electrodes and this program began by focussipg on these topics. Failure
nodes of both electrodes were not defined. It appeared likely that
segregarion of uncontrolled impurities to grain boundaries may be respousible
for widely varying life times. Alsoc, electrical conductivities of the
candidate anode materials were marginal. Our initial approach focussed on
these issues by permitting definition of intrimsic electrode material
properties with singie crystal samples and the elimination of potential grain
boundary contaminancs ia TiB, by synthesis of ultra high purity povders.A

Since beginning this research program, it has become evident that the
working presumptions with respect to the anode were overly optimistic. Not
only did the performance of then—existing and subsequently evaluated anode
materials fall short of requirements; but, the data base needed for
definition of alternative materials proved inadequate. Much effort was
devoted to accessing the actual data base and defining the topics that needed
to be addressed before candidate materials could be selected omn a rational
basis. We found that solubility, contact angle, overvoltage, emf, and
corrosion rate data were unreliabie and sparse. This proposal outlines a
program to develop these data, and using them to define suitable electrode

S T ——

materials by enhancing the definition of material compositions, by producing

single and polycrys:tal candidates, and by evaluating the candidate electrode

materials under appropriate conditionms.
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11, BACKGROUND ’

A. Previous Research

During the existing research program, candidate anode and cathode
materials were identified based on criteria we establisned. These materials
were synthesized as single crystals or as ultra high purity powders. Both
types of materials were ;haractgrized extensively. Samples were also
evaluated in a laboratory scale Hall cell to provide corrosion rate and

overvolzage data under electrolysis conditioms.

l. Growth and Characterization of Single Crystals

Sing;e crystal samples were produced using MIT's CO, laser-heated
floa:ingQEone crystal apparatus. This facility provides MIT with a unigue
ability to produce high purity, concrolleq composition single crvstals of
high melting point materials neéﬁed for inert electrodes. The CO, laser-
heated, floating-zone crystal growth process is probably the most flexible
crystal growth process known in terms of the range of host compositions,
dopants, and ambient atmospheres that can be considered without the
restrictions typical of high temperature materials experiments or withcut the
introduccion of unwanted impurities through contact with a crucible.

The MIT laser heated crystai growth apparatus consists of a 1500 W,
custom designed 2-bean CO2 laser, beam splitting, pointing and shaping
optics, and a controlled atmosphere floa:ing zone crystal growth machine.

Melts are supported by and contact only a solid "feed rod” and growing

crystal having essentially the same composition as-the melt. Thus, there is .

no contamination from a container, a major problem with very high temperatzure

¢



WS Fe ly
9 ®W.22 30 & 0 [ -] ™ 80 90 5 00
0 : : T \
[ N T O
mocL I [ -
| I
5 {l o
rroc. ! =~ “
\ \\ | /‘f / } \“.\\\
\ N2 ,_l i
- w /L l l - \\-
160G
/ L
o /’ & -y
R [ 7 s
! /
=) P umn [
L. 1400- v -
- J— }/
— 21 ;
———(.01 -
[
200 W+S P -
4 H+S
100 i -
1000k T
NiO 10 zo 30 ¢o so 7'0 ab 90 ng. ",:

Mgie 7 Fe,ly

Figure 1. Phase Diagram of the Nio-Fezon Syster showing compcsitions
subjected to floating=zone aeliting.



melzs. The use of the laser heat source imposes virtually no constraiats on
ambient atmospheres or on candidate materials that form scable mells. A
laser heat source is particularliy applicable to high melting point materials
because it has no characteristic temperature whichAin:rinsically lipics the
temperature of the melt.

Feed rods for the growth process are simple to make, permittiing wide
ranges of compositions to be explored. Dried powders are mixed in required
proportions and isostatically pressed into rod shapes. Crystals can be grown
from these low dénsity (typlcally 40-55X of theoretical) uanfired rods.
Usually the rods are “bisk fired” under easily accessible and controllable
conditions to give them improved strengths but not necessarily higher
deasizies.

The Fe,0, based compositions have been the most widely studied. Fe,0,
izself has an unacceptably low conductivity, but good durability. The
spinel, FeaO“, has high conduczivity but is more scluble. The focus of
materials research based on Fe,0; has been to retain :be high conductivity of
the spinel phase while decreasing its solubility. Other low—~solubility
oxides such as ZnO, Ni0 and CoO can be substituted for Fe0 in Fe,0, while
retaining the spinel structure. At this point the formulation process
becomes speculative since very few‘data are available on the composition
dependence of the conduc:ivity and corrosion resistance of these materials,
Tﬁis research program has addressed these issues by studying the behavior of
pore and grain boundary free materials of various compositions in the ferrite
spinel systems.

We initiated our anode research with the NiO-Fe,0; system. .Several

vay

compositions shown in Figure ! at and near the NiFe,0, composition have been

“



TABLE 1

CRYSTAL GROWTH DATA

SAMPLE COMPOSITLON (MOLE %) GROWTH COUNTER- LASER ATM Diam LENCTH
DESIGN- RATE ROTATION -} POWER
ATLON TiB,]| LaBg Fe,0, NLO Co 30, T10,] (cm/hy) RATE (rpm) (M) (cm) (cm)
tr1-09 100 8 0 260 Ar 0.05 4.8
1re-04 100 1s 0 260 Ar 0.05 6.8
[LN-07 100 15 0 300 Ac 0.06 5
111-11 100 15 0 480 Ar 0.1 4
LEI-49 53.51 46.49 2 1t 120 Alr 0.5 <1
ITL-50 50.00 50.00 various Il 120 Alr Q.95 <1
I11-51 50.00 50.00 | 11 120 AMr 0.5 <1
1L1-52 50.00 50.00 2 0 120 Alr 0.9 <1
(L1-54 . 93.51 56.49 2 0 120 Alc 0.5 4.4
[IL-56 43.00 57.00 4 0 360 Alr 0.4 6
[1Y-96a , * " . * * " * 5.6
I1L-59 99.60 40.40 2 11 360 02 0.5 4.5
[11-59a " * . * " " * 4.7
I1i-59b - ” * 10
I11E-99¢ . " " " " " " * 5.3
111-71 78.20 21.80 2 it 360 02 0.5 9
1iI-71a * " * * " " * 8
[e-72 47.50 47.50 5.0 2 1 360 02 0.5 1.5
1i-73 | 47.50 47.50 5.0 2 bl 360 02, 0.5 <1
1v-01. 56.62 38.138 5.0 2 i1 360 02 0.5 4
1Vv-02 56.62 38.38 5.0 2 11 3160 02 0.5 10.8
Iv-03 47.50 47.50 5.0 2 I 360 02 0.9 9.4
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‘produced as single crystals or oriented graia polycrystal samples bv float
zone melting. The crystal grow:h parameters used for these compositions are
summarized in Table I. To ascertain the effects of Ti0,, two different
spinel compositzions were doped with 5 mole X TiC,. The splauel systex
£a0-Fe,C; has not been studied as extensivelv. The phase diagram, Figure 2,
indicares a wider spinel stcichiometryv range than in the NiO-Fe203 svstemn;
this should enadle a larger varlecv~of spinel properties to be achiewved.

Ti3, is a base material in all the inert cathode compcsitions proposed
by industrv. However, due to the difficulty §f preparing crystals of Ti3,,
there are very few data in the literature concerning the incrinsic properties
of this material. We grew single crystals of TiB, and characterized them.
Thé published results of this work clarify some of the anomaious data in the
literature and eszablish reference values for the intrinsic resistivicy. The
c:?stal growth parameters are summarized in Table I. We have also produced
'single erystals of the ;losely'rela:ed boride, LaB..

Mano- and polycrystalline samples were subjected to a number of
characterizations 2o provide a basis for their evaluation as electrodes and
to interpret failure modes. Many of these characterizations are destruciive
s0 they are frequently undertaken after completion of Hall cell tests. The
following characterizations are dome,

. X-ray Diff:ac:ion - This evaluation provides an identification of
the e¢rvstalline phases present, their compositions through the
iattice parameters, quantitative measures of zhe percentages of
each phase, preferred orientations and grain sizes, 1f small
(< 2000 &j.

. Laué Back Réflec:ion - This X-ray technique is used primarily tc
define the orientacion of the crystals.. It also provides & measure

of crvstal perfeczion by spo:t splitting and indicates preferred
orientacion if the boules are polycrystalline.
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Figure 2. Phase Diagram of the Co0-Fe,0; Svstem in air showing
compositions subjected to floating-zone melting..
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. Microstructural Analysis -~ Optical and SEM microscopy.is used to do
quantitative phase analysis, (dimensions, volume fractioms,
orienctaticns, etc.) and to detect other feacures such as cracks.

. Chemical Analyses = Several techniques are eaploved to study the
chemistries. Wet chemical and X-ray fluorescence are used to
determine bulk chemistries. Zmission and spark source mass
spectroscopy are commonly used to detect impurities. The energy
dispersive X-ray analysis on the SEM and microprobe techniques are
used to map compositional variations within samples.

° Mossbauer Spectroscopy = This technique is used to determine the
arrangement of cations in the materials.

¢ Electrical Conductivity ~ The electtical conductivities and
transport numbers are determined in candidate materials. These
measurements are done cs a funetion of tewperaLure and priar
exposure history tc interpret resul:ts.
The characterizations that have been completed are summarized in
Table II. The results of our characterization of TiB, single crystals have
been published,l wnile the overvoltage measurements of monocrystalline nickel

ferrite have been presented in conference? and will appear in princ in the

conference proceedings (Appendicies I and II respectively).

2. Laser Induced Synthesis of Titanium Diboride Powder

The objective of this work was to determine the applicability of the
laser heated, gas phase synthesis process to the synthesis of TiBz powders
and the definition of process variables. Candidate chemistries were selected
hased on computerized chetmodynaéic analysis, equipment was designed and
‘constructed, and poéder was synthesized.

When designing procedures that will lead to the laser syntheses of
powders, one seeks Eertain criteria. -The reactants should be volatile,
preferably gaseocus at ambient conditions. As many as.pqssible of the

reactants should absorb the IR radiation £from the CO2 laser. At this stage



TABLE II

COMPLETED CHARACTERIZATICNS

SAMPLE ELECTRICAL OPTICAL CHEM. X-RAY
DESIGNATION|CONDUCTIVITY MICROSCOPY ANALYSIS SEM |DIFFRACTION| LAUE
IT11-09 x x b4 X
II1-08 X x
I111-07 x b4 X
III-11 x X
I1I-49 x X
I1I-50 x
IiI-Sl X X

I1I-52 — X Pvi

III-54 X X

111-56 x Ave b4
1I1I-59 x x

II11-71 A P

1I1I-72

I11-73

iV=01

Iv=-02

1v-03 -
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in our program, we did not want to investigate laser induced powder -

production at other wavelengths emitted‘by different tyﬁes 0f lasers. The
chemical reaction should be thermodynamically favored (a negactive free
energy) and exothermic. Toxicity, corrosiveness,'and explosiveness oi the..
reactants and products are also concerns. Commercially available, relaczively
simple reactants are desirable.

The reactants selected during the first year of this project included
titanium tetrachloride (TiClh) as the titanium source, boron trichloride
(BCl;) and diborane (B,H,) as the boron sources, and hydrogen (H,) as the
reductant. The reacfions as presenfed id 8CLolchiomel¥rically balanced
equations are:

TiCl,(g) + 2BCl,(g) + 5H,(g) +» TiB,(s) + lOHC1(g)
TiCl,(g) + B,E.(g) + TiB,(s) + 4HC1(g) + H,(g) .

These chemical schemes involve several issues not encountered in the
laser-induced synthesis of Si, SiC and SiBN“ powders. TiCl,6 and BC13 are
corrosive; TiCl, 1s a liquid at ambient conditionms; BZHG and i, are
explosive; B,Hg, BCl;, and phosgéne (a contaminant in BCl,) are toxiec; and
the reactions are eandothermic. Conditions for transferring sufficient energy
from the infrared (IR) beam of the CO, laser to the reactant gas amixture to
induce TiB, formation must be experimentally determined.

We developed a thermodynmamic analysis program that considers variationms
in the equilibrium comﬁosi:ions as functions of the reacdtant composition, che
reaction temperature, and the cell pressure. Solid, liquid and gas phases
were included. TFor the laser process, it is also necessary to denermi;; the
amount of heat required to elevate the initial reactants to the presumed

reaction temperature and to transform them to the predicted equilibrium



1-13

péﬁgosgﬁiééféziafépeéified pressure. This.qﬁgnt;:y is used terstiﬁaté the
amount oé'ii-?a;i;tian from the Coz.laser which must be absofbed by the
reactant gas stream and converted into. thermal emergy. These cépabili:ies
have been coded into a FORTRAN proé:am,calied SOLGASMIX-?V.

'A':uneable CO, laser is used in the studies of aon-silicom based
chemiscries rather thaﬁ the untuned CO, laser which emits only at 10.591 u.
Replacing the rear reflective mirror of a CO, laser with a reflective gfating
makes the laser tuneable, expanding the range of IR waveleng:ﬁs that can be
achieved and allowing some versatility in matching the absorption bands of
the reactant gases to the laser output.

The power emitted from the Adkin MIRL-50 ;uneable Cbz laser varies as a
function of A. A maximum of 45 W is available at the P(20) line of the |
00°1-10°0 transition. For this reason, the optimum A for powder formé:ion
depends on the absorptivity of the reaécant at a specific A ana the power
available from the laser at that A.

Before synche:ic reactions were attempted in the flowing gas powder
cell, potential rgac:anc gases were studied in a static cell. Pure gases and
. gas mixtures_zszs_éﬁbjeﬁted tv varied exposure times and powér levels'of the i

CO., laser to determine conditioms for chemical reaction. Also, the

absorptivity of gaées were measured as’é ftnction of pressure and
temperature,

Since the laser induced powder éyncheses are thermal processes, it is
important :h;t the resulting temperature inc:eéée be Qefinéd in terms of the
‘amcunt of laser,ppwer.absbrbed by :hé gas. - A céﬁputatiénal procedure was ,

-developed for caleialating the induced temperature profile because the
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temperature of the gas within the boundaries of the laser beam cannot be
measured with physical probes.

The static cell is placed in an oven to achisve hot-wall condizicns
because the most promising reactant for TiBz synthésis is a liquid at ambient
condizions; titanium tetrachloride boils at 136°C (i1 atm). The reactants
must be in the gas phase during .the laser synthesis process; otherwise, a
portion of the laser radiation would be used to supply the heat of
vaporization to the liquids and the yield of product per absorbed photon
would be unacceptably low.

& flowing gas delivery system was also designed and concsructed £or uee
with condensed phase reactants. The reactants must be introduced into the
cell in the gaseous state and kept in this state until the reactant mixture
interacts with the IR laser beam. A heated nozzle device is used to vapcrize
the liquid and the annular gas stream is heated to prevent condensation of
the vaporized liquid before.it reaches the laser beam. A diagram of the
heated nozzle assembly is shown in Figure 3. Beéause many of the liquid
reactants are corrosive, 316 stainless steel was chosen as the comstruction
material. A gas-tight syringe pump is used to introduce the liquid reactant
at a controlled rate into the heated nozzle assembly. A second channel
intersects the center bore; this path is for those reactants wnich are gases
at ambient condizions. Mixing with the vaporized liquid takes place prior :o
passage through the stainless steel reactant nozzle. The stainless s:egl
reactant nozzle is-a section of thin walled, stainliess steel tubing inserted
into a threaded, stainiess steel plug.

Heat is supplied by three 50.W cartridge heaters.- Ing;thermocpuples

monitor the temperature distribution in-the stainless steel block and provide
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C:rfridt_ze Regter

(1of 3)

- Licuid iniet
(/8°VveR)

!'1gu:'e 1. The heated nozzle aSSembli- See the text for a detailled
discussion. :
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a control signal for a cemperature control unit which controls curreat to the
cartridge heaters.

Due to the toxic and explosive hazards assoclated with B,Hg, we made a
major effoft to improve the safety of our laser process. OQur approach has
been to identify the hazards associated with each componeat of our system;
to identify methods to minimize these individual hazards; to develop designms
that provide adequate levels of safety and meet the process requirements for
continuous synthesis of TiBZ. The major areas of concern are the fire hazard
associated with the pyrophoric nature of diborane, the toxicity of diborane,
the explosion hazard associated with a rapid releasg of diborane and
hydrogen, the dangers associated with high power CO2 lasers, namely the
burn/fire hazard of the beam itself, and the electrocution danger from the
laser power supply.

TiB, synthesis experiments were initiated with the BCl3 + TiCl,
reaction. Ome overriding fac:or in thi§ decision was the less stringent
safeguards required for experimentation with BCl3 relative to those needed
for ByHg. Our inictial deducticn from the lirerature was that BCl, would be
the substituent that would abosrb the IR laser radiation in the reaczion
TiC1, {g) + 3C1,(g) + Hz(g) - TiBz(s) + by=-products.

The iateraction of BCl, vapor with the 10.59 u output of the CO, laser
vas studied in the previously descfibed static cell. The absorptivity
coefficient, @, 1s determined Zrom the equation, & = [l/(Pl)]ln(IO/I) iz
which P is the partial pressure of BCls, 1 is the cell path length, Io is the
incident laser power and I is the transmitted laser pover.

Absorptivity measurements were made with BCl,, BCls p;us Ar, and BCl,

plus Hz' 4s the BCl3 pressure increases, the net amount cf absorbed laser



TABLE III

ABSORPTIVITY OF BCl,

3.

b.

PBC]_qa Pur Py I, ©a AP
5.2¢ —— — ~2W © 13.1 ato~lem™! N.O.
" — 50¢ " 3.4 -

" — 100 " 2.1 -

" — 250 " 0.8 -

" 50t — ”. 2.6 1t
- 100 — - 1.2 0.8
" 250 — " 0.3 0.8
10t -_— -— ~2W 15 atm~lem™! 0.5¢
" — 50t " 4.7 N.O.
- — 100 " 3.3 "

" — 250 " l.6 -

” Sot _—— " 308 l.8t

" 100 —— " 2.3 2
" 250 —— " lol NoOo
6.5t ——— ——— ~ZW ) la.6 atm-lcm-l N.M.
" — — ~35W 7 1t
20t — —— - S5e2 6.1t
100¢c — — " b 24t
I

P , P._, and P are the partial pressures in torr of BClL.,, Ar and i,,
BCL, Ar i, 3 2
respectively. Io is the lncident laser power in watts. G is the
calculated absorptivity coefficient in units of atm~lecm~l. AP is the
pressure increase in the static cell when IR radiation is absorbed. N.O.

means not observed. N.M. means not measured.

At 100t of BC13, no transmitted radiation was observed.




power increases, but the calculated absorptivity decreases. The absorptivi:y
does not follow a linear dependence on BCl, pressure.' For a specific BCi,
pressure, the additicn of a second gas resduces the amount of absorbed laser
radiacion as well as the calculated absorpcivigy coefficient tased on the

BCl, partial pressure. Ar decreases absorptivity more than H,., Also the ,
pressure jﬁmp, which is indicative of a temperature rise, is more noticeable
with Ar ﬁhaﬁ with H,. With a ﬁore intense beam (Table III) mcre laser
radiation was absorbed per volume of gas but the "effective” absorptivicy
coefficlients Qere lower than with the lower power beams. This is consistent
with the observation made above that the inducement of a hotter gas volume by
:hé laser radiation will result in a lower density of gas molecules within
the laser bean.

The computational procedure, developed was used to estimate the
temperature of BCl; and BCl, plus H,. Figure 4 shows the calculated
temperature profiles in 6.5 torr.of BCl, exposed to a 3 W IR beam (0.19 W
were absorbed per cm of path length) and to a 10 W beam (1.2 W were absorbed
per cm). Due to the increased power absorptionm, the peék temperature at the
center of the laser beam Iincreases from 650 K to 1340 XK. At 19 torzt of BCl,,
2.0 W/cm of path length is absorbed from a 40 W beam resulting in a maximum
temperature of 1990 K. This trend reflects an important characteristic of
the BCl, system, namely, that more power per unit length is absorbed at
nigher BCl, pressure while the mechanism of losing heat by thermal
conductivity is not a function of pressure at pressures in excess of
approximately l torr. A mixture of 19 torr of BCl, plus 20 torr of H,

absorbs 2.1 W/cm of path length from the 40 W beam, but achieves a peak

temperature of only 100C XK. The high thermal counductivity of Hz is
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responsible fot the reduced temperature. These calculated temperatures are
high enough to cause cthe formation of TiB3, powder. |

The static cell apparatus has. been used to define thne range of
processing conditions that induce a chemical réac:ion. A mixture of 10 torr
cf TiCl,, 20 torr of H, and 20 torr of BCl, absorbed 24 W of laser radiatioa,
but no powder was formed. Changing the gas composition to 10 torr of TiCl,,
50 torz of &, and 100 torrs Qf BCl, resulted in all the laser radiation being
ahsorbed (~ 35 W) within the 10.2 em long static cell. A luminescent
emission was.obsérved but no powder formed. At 10 torr of TiCl,, 100 torr of
H,y and 240 torr of BCl,, 1l second laser pulses produced luminescent £flashes
and white £ilm was detected on the front cell window. Longer pulses of laser
radiation caused fracturing of the front KCl window. HeNe light scattering
indicaces that powder was located throughout the static cell, but the
location of the powder formation could not be determined. When the window
film was exposed to air, it changed appearance, apparently lifcing off from
the window surface, It has not been determined if a chemical or
morphological change took place.

We have successfully synthesized TiB, powder under flowlng gas
conditions and have completed initial characterization of powders made with
both varied process conditions and alternative chemistries. These
accomplismments satisiy é major milestone for MIT's Grant DE-FGO7-83ID-12380
entitled "Investigation of Materials for Inert Electrodes in Aluminum Slec:ro
Deposizion Cells.f

Flowing gas titanium diboride synthesis experiments have been based on

two alternative chemistries, These are:

TiCl, + 2BCl; + 5H, -~ TiB, + IQ0HCI
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and )
TiCl, + 3256 > TiBz + 4HCI + Hz. |

Thése chemistries required resolution of several new issues;with respect toO
the laser heat powder synthesis process that were not encouétered with S1H,
based ?hemistries. These include condensible reactants, enaothermic
reactions, low absorptivities and potentially competing reaétion pathways to
products other than TiB,.

Powders were made under f£lowing gas conditions using both chemistries.
Characterizations revealed that the BZHS boron source yielded TiB, and the
BCl, source produced TiCl; powder. We anticipate that process counditions
which cause higher reaction temperatures will produce TiB, powder from BClaz
The reactions were carried out under varied flow razes and pressures. Wide
ranges of process variables.produced stable reactions; it is therefore
anticipated that process variables can be manipulated to optimize the
properties of the resulting powders.

Powders have been characterized by X-ray diffraction, surface area
analysis (BZT), trausalssion electron microscopy (TEM) and chemical analysis
(atomic absorption). X=-rav diffraction indicates whether the powders are
crystalline and is used to identify the crystalline phases and their grain
sizes. Ounly TiB, diffraction patterns were observed‘in the powders formed
from B,H; and the grain size was decermined to be 120 to 140 A. BET analysis
of these powders indicates a surface area of 47.5 m?/gr; assuming a powder
density of 4.5 gr/cm3, this corresponds to a spherical equivalent diameter of
280 A. THEM analysis of the BoHg originating powders indicated a particle . .-
size ranging from 300 to 300 A, a cryscalliine diffraction pattern

corresponding to TiB, and no necks bezween contactin articles. The
g 2



physiﬁal dimensions icdicated by X-ray, BEY.and IEMaan;iysis are in agreement

with one another. They show that the powders are polycrystalline with a
rain size of approximately 1/3 che particle sizef The TEM micrographs also

show that the powder has a uniform particle size and contains no hard

agglomerates. Atomic absorptiom analysis give a bulk compositiom of 23

mole % Ti and 77 mole X B. This composition is btorca rich, corresponding to

the gas mix used in the powder synthesis.

3. Hall Cell Performancé Testing

A labéra:ory-scale electrolysis cell has been designed and buillt to test
the Hall cell behavior' of candidate anode materials. The cell can both
conduct the electrolysis of alumina iﬁ cryolicte and perform scientific
corrosion tests, the latter owing to the invention at MIT of what appears to
be a stable, drift~free aluminum reference electrode.

The cell has three electrodes: a test anode, a counter=electrode or
cathode, and an aluminum reference electrode. The electrolyte is held in a
crucible of either alumina or pvrolytic boron nitride, depending upon the
degree of zmelt saturation with respect to AlZOS' An EBN grade boron nictcride
cylinder holds the test specimen and contains the reference electrode and a
thermocouple well. A concentric eylinder of Mo foll serves as the cachode.
The whole el czrﬁde assembly is lowered into the premelted electrolvte.
There is an argon atmosphere in the cell. Specimens are tested at current
densities of up to 1 A/em?. A current icterrupter is used to measure
potencials~bet§een electrodes. When cﬁmbingd,wi:h the stable reference
electrode, this apparatus measures overpotentials during electrolysis. The

raditional weight loss measurements are also made, and samples are subjected



to microstructural analysis. To date, several anode compositions have been:
studied including traditional graphite and compositions from the nickel
ferrite system. A comparison of overvoltage measurements with the literacture
validates the test procedure and demoastrates the stability of the refarence
electrode.

The capability of doing scientific corrosion testing 1s the resdlt of
the reference elecirade invented at MIT. 'The stability of this electrode is
derived from the physical placement of the electrolyte, molten aluminum, and
refractory metal lead wire in such a way as to avoid shorting and mixed
potent;als. StF, or BaF, in the amount of 30 wt.s is added to cryolice
making the melt sufficiently dense to cause the liquid aluminum pool to float
on top of the electrolyte. In this way it is possible to ensure that the W
or TiB, lead touches only the aluminum and not the salt. Thus, a truly
reversible and stable interface is established between the aluminum pcol and
the melt which is chemically but not electrically isolated from the
electrolyte by means of a porous borom nitride plug. The resistance of the
plug, once it is saturated with electrolyte, is about 20 Q. Another
improvement over conventional reference electrode designs i{s the placement of
the reference tip at the edge of the current path in the test cell. 1In this
way the reference does not disturb the current streamlines, and allows
consistency in the means of overvoltage measurement between different sample
geomet:iés. AThe eleccrolyte is contained in an alumina or pyrolytic boron
nictride crucible which in turn is contained lnside an air-tight alumina tube
to maintain at all times an iner: atmosphere above the test cell. Al,Q,

addizions can be made without opening the .cell to the atmosphere. This .
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atmosphere control ensures that the electroiyte composition will not change

during testing as well as between differeat ruas.

4, Summary and Conclusions

Our research.has produced imporzant results in several tcpical areas
needed to define inert anode and cathode materials for the Hall-H&roul:
cell. This research has also shown that needed background data are sparse
and inaccurata, a combination that is, at best, misleading. The methodology
for making and.evaluating candidate materials has been developed. The basis
for selecting candidate materials is seriously deficienc.

Candidate matarials have been surveved and likely compositions for both
anode and cathode applications have been defined. Single crystals of anode
and cathode candidate materials have been grown and characterized. The
cathode compositions were Ti3, and LaBg; anode candidates were based on Ni
and Co ferrites. Both single crystal and multiphase, oriented grain anode
samples were produced. Characterizations incliude crystallographic,
metallographic, chemical, electrical and dissolution kinetics amalyses. The
high temperature electrical conductivity of single crystal TiB, was measured
for the first time to provide a measure of intrinsic propercty values which
differ from those of polycrys:al;ine samples.

Several topics have been addressed with respect to the svnthesis of
ulzra high puricy Ti3, powders. <{(andidate c¢hemisITies have been reviewed in
terms of criteria important to the laser heated gas phase powder synthesis
process. Safety equipment and procedures were a major topic because of the
hazards represented by candidate gases. .The chemistries selected are based

on T1C13, BC13, B,He and Ti-isopropoxide. A computerized thermodymamic



analysis has been revised substantially to faci;itace its usage and- to
provide graphic outputs of predicced concentratioms of reaction products.
Hot-wall static and flowing gas reactor cells have been developed. The
stazic cell has been analyzed further to provide more accurate measures of
the optical absorptivity and induced temperature rise in the reactant gas.
The flowing gas cell and heater asseﬁbly has also been analyzed to insure
compiete and uniform volatilization of liquid reactants. Experiments of
several types have been undertaken; these include absorptiviry measurements,
volatilizazion rate studies, peak gas temperature measurements, syunthesis
runs in a cold-wall, static cell and flowing gas synthesis rums with a heated
nozzle, TiB, powders have been made under controlled and predicted process
condirions. The powders appeaf sultable for fabrication into test samples.

A laboratory scale Hall cell was designed, constructed and made
operational. The cell iacorporates several novel design features that
.improve the quality of the séientific observations. Current densities,
electrolvcte composition, and other operating parameters span the range of
industrial practice.

A potentially patentable aluminum reference electrode for the Hall cell
was develcped. The existence of a stable reference electrode permits for the
f£irst time potentiodynamic polarization studies to quantify corrosion rates
measured 1n cryolite melts. Also, the reference electrode is belng
incorporated into a system for real-time monitoring of the electrolvte
composiczion.

The results of this research have been disseminated widely :hroughout"z
the technical ccmmdni:y. This has been done by presentations both on and off

campus, as well as by publications in the technical literature.



The research preogram is fully developed following the proposed approach.
The proposed methodology for investigating candidate -electrode materials
under conditicns where materials propercies, performance and failure modes
can be interpreted with a unique level of confidence is obviousiy correct
given the innerent complexity of the Hall-Héroult cel..

It has become apparent that many of the presumptions made at the time
the proposal was written are in fact not correct. The data base for making
materials selection is complecely inadequate. We have outlined the zopics
that require further study. Only with those data will it be possible to make

materials selections on a ratiomal rather than happenstance basis.
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PROGRAM REVIEW TOPICS (12/18/86)

Staffing
Ferrite Anode (Corrosion Rate Studies)
o Compositions
o Crystal Growth
o Crystal Characterizations
Metallographic:
X-ray
Electrical Conductivity
o Hall Cell
Computerized Operation & Data Acquisition
Anode Exp;riments
Float Zone, Pendant Drop Cryolite Experiment
o Cryolitevon Cryolite
o Cryolite on Al703
Non. Consumable Anode (Data Base, Candidate Compositions)
o Definition of Selection Criteria
o Data Survey
o Candidate Materials
Publications, Presentaticns, Visits

Work Plan
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Abstract 3-2 8

The suitability of ferrites as inert anode materials in Hall
cells was investigated using copper - manganese ferrites  as
a test system. Single crystal specimens were prepared so
that testing took place upon equilibrated samples not
affected by preparation. Electrical conductivities were
measured in the temperature range 900 to 1450°C under an
atmosphere of oxygen and were found to be less than 10
(Qcm)‘l at the Hall cell operating temperature, 960°C. The
importance of the effect of oxygen pressure upon intrinsic
properties was demonstrated. In a bench - scale Hall cell
ferrite specimens were tested as anodes. They corroded at
unacceptably high rates, and the corrosicn products were

co - deposited with aluminum. In situ measurements of cell
potential were made as a function of current density. The
use of a stable reference electrode enabled electrochemical
measurements such as anodic overvoltage and a variety of
transient techniqgues.

S
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1. ZIntroduction. G e T

Aluminﬁm is produced primarily by the Hall - Héroult
process. In this high temperature molten salt
electrowinning process, direct current is passed between a
carbon anode and a molten aluminum cathode. The passage of
this current through the eiectrolyte supplies sufficient
Joule heating to maintain the temperature of the bath at
around 960°C. The aluminum eathode, also reterred to as a
pad, can be between 14 and 40 cm in thickness. The pad to
ancde spacing in a well run uell 1188 betwecen ¢4 and 6 cm.
Industrial electrolytes consist mainly of cryolite, NasAlFs,
with additions of AlFa, A1203 refined from bauxite by the
Bayer process, and various concentrations of Can, MgE‘2
LiF. Current densities lie between 0.7 and 1.2 A/cm2 with a

or

cell voltage in the range of 4.5 to 6 V and a current
@fficiency of about 91%. The overall cell reaction for the
production of aluminum as given below has a reversible
‘potential of 1.20 V at 960°C.

241,0, + 3C = ¢Al + 3CO, g% =1.20V (1)

The components of a typical operating cell voltage are given
in Table 1 (1,2).
° .

Aluminum production reguires about 15 k¥W-hr/kg in the
form of electrical energy. At present production levels
this quantity represents about 2.5% of the total electrical
energy produced in the United States (3). An increase in
the energy efficiency of the process from its present value
of about 40% would result in a significant energy savings as’
well as a lower cost product. One way to lower théxenergy
consumption would be to lower the cell vbltage. An
examination of Table 1 shows that the compcnents of the cell

voltage that could be lowered are the electrode resistances,
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the electrolyte resistance (resulting in the so-called "IR
drop"”) and the anodic overpotential. The most feasible way
tc lower the electrolyte resistance would be to decrease the
anode to pad spacing. Electromagnetically - induced
standing waves on the pad and the uneven wear of the anode
are the principle reasons for the present non - optimal
spacing. A cathode wettable by liquid aluminum would solve
the standing wave problem since a thick pad would no longer
be needed. A dimensionally stable ancde, not consumed in
the electrolytic process, would compliment the use of the
wettable cathode allowing a decrease in spacing to possibly
as little as 1.5 cm. This could result in a savings of
about 1.2 V from the overall cell voltage. |

(V)
Busbar to Anode ' 0.1
Busbar to Anode Interface 0.086
Carbon Anode 0.33
Anocde Overvoltage 0.48
Electrolyte Resistance 1.78
Reaction (1) 1.20
Cathode Overvoltage 0.0§&
Carbon Lining 0.33
"Busbar to Lining Interface 0.06
Busbar to Lining 0.3
Total _ 4.66

Table 1 Components of Ceil Voltage

Carbon anode consumption results in problems other than

dimensional stability. The cost of the materials and energy
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needed to fabricate anodes acccunfs.for at least 7%: of the -
total cost of the process. Cell design is restricted sincé
the prebaked anodes must be replaced every 21 days. The
release of sulfur containing, as well as cafcinogenic, gases
from the burnt anode material necessitates gas collecting
and scrubbing apparatus above the pctlines. The carbon is
also a source of impurities such as Fe, Si, V and Ni which
will co - deposit with aluminum.

The quantity of patents (4) granted since the pioneering
work of Belyaev (5,6) indicates that the search for an inert
anode has been actively going on for at least 50 years.

When the present investigation was undertaken, it was
uniformly felt that an inert anode would meet the following
design criteria, listed in the order of their importance

1) Low solubility in the electrolyte.

2) Low resistance.

3) Surfficient mechanical strength.

4) Ease of fabrication.

8) Low cost.

6) Facilitate stable electrical connections.

While the search for an inert ancde has invelved the testing
of many different materials, no single design has been
accepted by the industry.

Of the metals that have been tested only the noble
metals such as Pt or Au are ﬁéarly inert. Belvyaev found
that Cu displayed some resistance to corrosion due to the
~formation of a layer of copper oxide on the metal surface.
Unfortunately this layer would spall off, exposing fresh
metal surfaces for corrosion. '

Oxides were also selected for testing in various anode

designs by first considering their solubility. The oxides
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that are known to have solubilities of less than 1% in
304,‘ 37 Fe203, and SnO2 (7).
The next step taken was to design anode formulations so as

cryolite are Zn0, NiO, Co Crzc

to meet the second criterion, minimum resistance, as listed

above. For this reason, mixtures based upon Sno2 (Swiss
Aluminum Ltd. (8,98), Sumitomo Chem. Co. Ltd. (10, Great
Lakes Carbon Corp. (11)), Cr203 (Sumitomo (12)) and Fe203

(Sumitomo (13), Swiss Aluminum (i4), Diamond Shamrock (15),
Aluminum Co. of America (16), Great Lakes Carbon (17)) have
received a great deal of attention. Other lower
conductivity oxide bases such as Y203 (Diamond Shamrock
(18)) and the oxygen ion conductors, stabilized Zro2 and
doped Ceo2 (Swiss Aluminum (19,20)) have alsc been
investigated. The most successful inert anode designs, at
the time the present investigation was begun, were based
2O3= The develppment, by ALCOA (21), of a cermet

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

upon Fe
all of the above design criteria were met.

Hematite, Fe,O has an unacceptably low conductivity of

about 0.1 (c')cm)"g :t 1000°Cc (22). Higher conductivities can
be obtained from oxide solid solutions or compounds with the
spinel structure based upon Fezoa, hereafter referred to as
"ferrites". Magnetite, Fe304, the ferrite with the highest
conductivity of about 200 ((‘)cm)hl at 1000°C (23), is only
stable for P, < 10735 aem at 1000°c. oOther ferrites that

are stable at high P having intermediate conductivities,

can be formed using %he above low solubility oxides such as
zinc, nickel, and cobalt ferrites. Nickel ferrite, NiFe204,
was the choice for further investigation. It was quickly
found that this ferrite still did not have a sufficiently
high conductivity, was prone to brittle mechanical failure,
and was difficult to fabricate. The addition of a metal
rhase, either Fe, Ni, or Cu, to fcrm a cermet material was
found to dramatically improve the conductivity and

méChanical properties. Intensive trial and error - type
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testing was carried out until it was found that ‘a cermet
containing Cu gave the best results (24). A typical anode
material would consist of a certain amount of porosity, a
matrix of NiFe204, a monoxide (Ni,Fe)O phasé, unreacted NiO
and Fe203, and discrete copper particles. The final design
criterion, stable electrical connections, was met by using a
contact welding process car;ied out under a reducing

atmosphere.

When the present investigation was started, a cermet
using a Ni metal phase was considered the state of the art.
However -the design failed in ways that were difficult to
interpret. As a consequence of using polyphase materials
under conditions that were not always well defined, test
results could not be easily duplicated. Furthermore, the
effects of testing metastable phases under high oxygen
‘pressures and temperatures were not fully appreciated. For
these reasons, the extent to which the oxide phase
contributed to the corrosion resistance of the tested
‘material could not be determined. The initial goal of the
present investigation was to determine how to improve the
‘behavior of the ferrite phase through changes in '
composition. The experimental program involved the testing
of nickel, cobalt, and a series of copper - manganese
ferrites. 1In order to eliminate the variation in
performance due to the variation in processing of the
specimens, single phase, éihgle crystal specimens, prepared
by flcating zone melting, were tested under conditions where
the spinel phase would be at thermodynamic equilibrium.
Electrical conductivity measurements were made at 1 atm.
OXygen pressure for temperatures between 900 and 1450°c. In
situ electrochemical measurements as well as results from
pre - and post - test examination were all combined'to
portray the corrosion behavior of these specimens used as

anodes in a bench - scale Hall cell.
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While the testing of ferrites was being carried out,
some attention was given to the design criteria, given on
page 12, initially used to select ferrites. It was felt
"that selection could be improved by defining the
requirements of an inert anode material rather than those of
an inert anode. This necessitated considering an inert
anode material in the context of its severe environment.
This consists of immersion in a molten salt electrolyte,
made mainly from cryolite with some dissolved alumina, near
unit activity, at 960°C. While current is being passed at 1
A/cm2 current density, oxygen gas is evolving on the anode
at pressures above one atmosphefe. The electrolyte also
centains dissolved aluminum and the anode material may also
occasionally contact the molten aluminum pad. So, the first
materials selection criterion became :

1) The méterial must resist chemical attack and/or
electrochemical dissolution in the Hall cell
environment.

The second criterion became

2) The material must have a sufficiently high electrical
conductivity at 960°c and Pq = 1 atm so that it will
not make an excessive contribution to the voltage
drop across the anode assembly.

The design and construction of the anode largely determines
how well a material meets the second criterion. For
example, a thin layer of material would cause a small
voltage drop even if the material did not have a relatively
high conductivity. The remaining design criteria, nos. 3 to
6 on page 12, could be applied to a material that passed the
above two materials selection criteria.

The testing of ferrite anodes in this study led to the
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conélusion that even though they satisfied the materials ... -
selection criteria given above, they were not suitable for
use as anodes. While the samples "resisted" chemical and
electrochemical attack, they still corroded.at rates that
would not provide long term dimensiocnal stability. More
importantly, the corrosion products co - deposited with -
aluminum, yielding an impure metal product. Another
materials selection.criterién was enunciated, taking co -
deposition into account, since all oxides will dissolve to
some degree. This criterion is the most selective and |
therefore should be considered before criteria 1 and 2 from

above : .
O) The material should not co - deposit with Al.

An oxide like Fe_ O, would not pass this criterion since

273
its reversible decomposition potential is higher, i.e. less
negatibe, than that of Alzoa. However, an oxide with a more

negative decomposition potential could still pass the
materials selection criteria even if it had a high’
sclubility. The material would saturate the electrolyte,
after which irreversible corrosion would be halted, éllowing
the electrowinning cell to continue making pure aluminum.

One conclusion of this study was that ferrites should
not be used in anode formulation. This was not appreciated
at the time systems were éelected for study. Nevertheless,
this investigation has yieided scme results that have
contributed towards an understanding of how the composition
©of a material affects its properties and its behavior in a

given environment.
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2. Selection of Materials for Laboratory Investigation

While the system chosen for investigation should have
industrial relevance it should also be convenient in terms
of preparation and the interpretation of measurements. Six
criteria were used to select a system for investigation

{1] Compositions should be based upon ferrites having
the cubic spinel structure.

[2] These ferrites should exhibit a sufficiently wide
range of stoichiometry under conditions of thermodynamic
equilibrium at 1000°C and P, = 1 atm. While it is possible
and quite common for solid state measurements to be made
upon oxides in metastable crystallographic arrangements, the
operating temperature of the Hall cell is probably too high
to prevent the transformation to equilibrium states in a
short time. It would then be difficult to separate the
effects of electrode - melt interaction and

thermodynamically driven phase formation.

{3] sSmall changes in composition or dopant level may
cause dramatic changes in electrical conductivity without
causing noticeable differences in electrcde behavior. On
the other hand small concentrations of certain oxides may
cause electrocatalytic effects on electrodes. Where
possible, the effects due to such minor additions should be
avoided until bulk interactions are better understood.

f4] The compositions should be amenable to the
application of floating zone crystal growth techniques.
This implies that the composition should form a stable, low
vapor pressure melt under an atmosphere of O2 even with a S50
to 100" superheat. The vaporization should not be so

excessive as to disrupt the liquid zone. If a second phase
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forms as a result of crystal growth then.thié phase should -
be easily dissolved by further heat treatment of the

crystal.

(5] The literature must contain sufficient information
concerning the thermodynamic, structural, and electrical
properties of the selected system. More specifically,
enough information must be available in order that the
second and fourth criteria can be satisfied without extra
investigation. The literature must indicate Lhal the
electrical conductivity at 1000 C must be n - type and high
enough to allow the material to conduct significant currents
without Joule heating. An arbitrary lower conductivity
limit of about 0.1 (@cm) ! can be used. The cation
distribution should be sufficiently well understood so as to

allow the formulation of a model for conductivity.

(6] The cdmpositions should contain varying amounts of
the F92+
conductivity and may have an interesting influence upon

cation. This ion has 3 direct atffect upon

@lectrode behavior. Also, if possible, the compositions
could contain varying amounts of CuO as this oxide may
provide a measure of corrosion resistance to ferrites.

The phase stability of various ferrites was examined
using the Phase Diagrams for Ceramists compilation (25) as
well as the review by Sticher and Schmalzried (26).
Diagrams for ferrites having the general formula MexFes-x24
were examined for the stability of a spinel phase at 1000 C
and PQ = 1 atm. Ferrites formed with Me = Cr, Vv, Ti, Mo,
La, Nb, Ta, Al, Fe, Ca, Sn, and Zr are not stable. Ferrites
of Co, Ni, Cu, Mg, Mn, Li, and possibly Ba and Zn do form
stable spinels under these conditions. ' The Mg, Li%, and Ba
ferrites may have high solubilities in molten cryclite due
to the high solubilities of MgC, Li.0O, and Ba0O (7). Zinc

2
ferrite was eliminated as well since little is known
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concerning the phase stability of this ferrite. This left
the cobalt, nickel, covper, and manganese ferrites.

While cobalt and nickel ferrites were successfully grown
as part of the anode study this work concentrated upon
crystal compositions grown from the manganese ferrite and
copper - manganese ferrite systems. It was found that the
only single phase nickel ferrite composition that could be
grown was at 60 mole% Fezoa, the congruent melting point of
the spinel in the Nio - Fe203 system (27). Compositions on
either side of this congruent point would lead to multiphase
materials. As well, the stoichiometric range of NiFeZO4,
the ferrite stable at 1000°C, is very narrow (28). The CoO
- Fe203 system is not as well known as the nickel ferrite
system. However, it is probable that the stoichiometric
range for CoxFea_xo4 does not widen significantly untiil Pq
is lowered below 10 ° for temperatures above 1000°C (26).
Crystal growth from the'liquid would be difficult in the
copper ferrite system due to the lack of a either a

congruent melting point or a flat liquidus (29).

The relevant Fe2~03 - Mn203 phase diagrams in air are
shown in Figures 1 and 2. Both were measured using X - ray
phase identification of quenched samples. The diagram by
Wickham (31) agrees well with the classical diagram of Muan
and Somiya (30) except for the exact boundary shape of some
regions. Other phase diagrams have been given for lower
oxygen pressures (32,33). Generally the phase bcundaries
move tu lower temperaltures as the PQ is lcwered. The flat
liquidus of this system allows the crystal growth of a wide

range of spinel compositions even at 1 atm. 02. As will be
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-discussed in section 4 this system has been widely used for

crystal growth using various techniques.

While no useful phase dizgrams for the Cu0 -

Mn,.C

2C, System exist,

Fe203 -

the work that is available (34,35)

indicates that the addition of Cu0 to manganese ferrites

extends the spinel region to lower temperatures.

It is
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Figure 2 'Fezoa - anoa Phase Diagram in Air According
to Wickham (31)

possible then, that the presence of Cu0 could increase the
compositional range of spinel solutions at 1000°C. This
system yields compositions of the type CuanyFea-x-yo4’

Even though it would be possible to form a number of spinel
compositions of this type using the NiO - CoO - Fe203
systemwith x+y near 1, little is known about this system and
it is likely that the conduction process would be p - type
for x+y slightly greater than 1. As will be discussed in
sections 3.6 and 3.7 the conduction of the copper -
manganese ferrites remains n - type for nearly all values of
X+y. As well, this system has been subject to a certain
number of investigations concerned with magnetic properties
as result of its sqﬁare hysteresis loop properties. (36,37}."
The proposed compositions are listed in Table 2. The Mn

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

Composition IIIa corresponds to the eutectoid composition as
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I S & III
a Mn, 6F%2.4% Mo, oFe;.8%  Mm, ,Fe, 40,
B Cuy Mrg gFe3. 204 C9g Mny jFey .0, Cuy Mn, Fe, g0,
¢ Cuy gMig 5F€3.0%  CYo.sMRy oFey, 50, Cug My ,Feq g0,
Table 2 Proposed Compositions
shown in Figure 1 at 70 wt% ano3 in Fezos. Composition IIa
corresponds to 40 wt¥ Mnhn,0, and Ia to 20 wt¥. The available

2°3 .
literature concerning the structure and electrical

conductivity of the copper - manganese ferrite system will
be reviewed in the next secticn after a short review of the
fundamental models used for spinels.
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3. Relevant Properties of Manganese and Copper - Manganese
Ferrites from the Literature

- 3.1 Spinel Structure

Several reviews on the structure and properties of
ferrites are available, including the ocne by Smit and Wijn
(38) and that by van Hook (39). The unit cell of a spinel
ferrite consists of 8 MeFeZO4 molecules. The 32 oxygen
anions are arranged in a face - centered close packed
lattice. This lattice contains 64 tetrahedral (or "A")
interstitial sites, only 8 of which are occupied by metal
cations, and 32 octahedral (or "B") sites, half of which are
occupied. In a "normal" spinel the Me2+ ions are located on

the tetrahedral sites only
Mme?* [Fe3*]o, ' (2)

2+

In a completely "inverse" spinel the Me cations are all.

located on octahedral sites
Fes+[Me2+Fe3+]O4 (3)

Many ferrites including manganese ferrites are neither
completely normal nor inverse and can have cations
distributed over both types of sites. Since the cation
distribution cannot be determined by chemical analysis alone
other techniques such as X-ray diffraction, neutron
diffraction, saturation magnetization, or Méssbauer
spectroscopy must be used. The distribution can also be
inferred from measurements of thermodynamic or electrical

properties.

The situation for the ferrite Cu MnyFe3 - yO4 is -

1nherently complex as all of the valence states: Cu , Cu” ,
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Mn2+, Mn3+, Mn4+, Fe2+, and Fe3+ can exist in the-.structure .

at concentrations dependent upon x and y, as well as the
temperature, oxygen pressure; and thermal history.

3.2 Electrical Conductivity in Ferrites

Electrical conductivity in these materials can be
described using the small polaron hopping model as reviewed
by Parker (40) and Bosman and van Daal (41). Simply put,
small polaron hopping describes the movement of electrons
between Fe2+ and Fea+ ions on the octahedral sites. The

cenductivity, «. of a n - type conductor is described by
o = ney (4)

where n is the concentration of charge carrzers, often
assumed to be equal to the concentration of Fea+ ions. The
mobility of the carriers is represented by U, with e as the

«charge on an electron. For the hopping mechanism

2
= ed"w £
o &T exp[kT] (5)

where 4 is the hopping distance, w, the frequency of lattice
vibrations, k, the Boltzman constant, and €, the activation
energy for conduction. Combining equations (4) and (5)

vields
2.2
_ ne d'w -£
T = TRt exP[kT] (6)
or o= exs|E] |
o = eXPLk (7)

A plot of 1ln(cT) vs. T * will yield -g£/k for the slope and
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ln(ao) for the intercept. This model was first applied by
Jonker (42) in his classical paper on the semiconducting
properties of Co Fe, 0, for 0.9 £ x £ 1.3. He assumed that
d was the distance between octahedral sites

d = 2\2a : (8)

N

and used a value of 6.5 x 10°2 sec™! for w. The model has

since been successfully applied to numerous other ferrites
including nickel ferrite (43).

3.3 Lattice Parameter and Phase Transition

The measurement of crystal lattice parameter using X -
ray diffraction often has been used for spinel phase
identification as well as aiding in the interpretation of
the effects of composition, temperature, and POl upon
structure. In 1938 Motoro (44) found complete miscibility
between Fe.O0, and Mn_O, at 1200 C. This miscibility is of

374 374
interest because Fe_ 0, is cubic while Mn_0, has a tetragonal

lattice. Montoro f:u:d tetragonal lattize; for x 2 2 in
Mn#FesaxO4. Finch et al. (45) found similar results to
those of van Hook and Keith (46). They found that their
samples, sintered in air at 1200°C, would be cubic at high
temperatures and undergo the tetragonal transformation upon
cooling to room T. Both papers report that the tetragonal
lattice is found for x > 1.8 and Finch et al. conclude that
the transformation takes blace when the stoichiometric

concentration of Mn°* on the B sites exceeds 1.2. The Mn

3+
ion is identified as a Jahn - Teller ion (47) that will
distort the lattice when present on an octahedral site at a
certain concentration. Brabers (48) also found a tetragecnal
lattice for x > 1.9 for quenched metastable cubic samples

that were re - heated to 200 to 300°C. He interpreted this
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behavior by assuming that the reaction
an + Fé == Mn "y Fe2 (é)
8 8 8 8 . :

goes to the right at lower temperatures, inducing the phase

transition. However, Hucl et al. (49), using Mcssbauer
2+
B8

with x = 1.9 and 2.0. They concluded that the cause of the

phase transition was not known.

spectroscopy, did not find any Fe in tetragonal samples

'

0f greater interest to this study was the behavior of
the structure for x < 2. A few measurements for x = i,
MnFe204, have been repor:ed : 8.517 A for a sample annealed
in air for 24 hr at 1400 C and then quenched (50); 8.505 A,
annealed in air for 3 hr at 1100°C (51); 8.510 A, annealed
at Pq = 0.8 at 1300°¢C and guenched (52). Bergstein (53)
reports lattice parameters for 0.52 < x < 1.987 for samples
sintered in air. For samples gquenched from 1210 to 1310°C
and for 0}52 € x<1 the lattice parameter, a (in &), could
be represented by a = 8.38 + 0.14x. A discontinuity is seen
At x = 1. For X > 1 the lattice parameters for quenched
samples increased at slower rates. The measurements made at
high temperature confirm this behavior. For measurements
made at 1210°C, a = 8,520 + 0.091x for 0.52 < x < 1, and a =
8.581 + 0.030x for 1 < x < 1.987. For measurements made at
1250°C, a = 8.551 + 0.064x for .0.52 S x < 1, and a = 8.605 +
0.011x for 1 < x < 1.987. These results could be

interpreted for x < 1 as being caused by the linear

2+ 3+

(ionic radius, r = 0.91 A) for Fe (r
3+

substitution of Mn
= 0.67 A) on A sites, while Fe2+ is being replaced by Fe
and some amount of Mna* on the B sites. For x > 1, Mn3+ (r
= 0.70 A) substitutes for Fea* (r = 0.67 A) since the A
sites are nearly filled with Mn2+. The differences in the
slopes is a direct result of the differences in the icnic
radii. This kind of dependence of the lattice parameter

upon x for X < 2 has also been observed by Wickham (31),
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Brabers (54) and Bakare et al. (55). Brabers' results were
a =8.39 +# 0.13x for 0 < x < 1, and a = 8.52 + 0.04x for 1 <
%X < 1.9, for samples annealed above 1250°c at Pq € 0.1 and
quenched. In good agreement with Brabers and Bergstein,
Bakare et al. report a = 8.385 + 0.122x (£C.005) for

0 x< 1. '

Tanaka (56) has measured the effects of P, and sintering

Q
temperature upon the values of the lattice parameter and ¢
for Mn_Fe (o} with 0.80 € x < 0.95. He found a maximum

X T3-X 4+y
value of the lattice parameter for when ¥ = 0, usually near

P. = 0.01. For lower values of P § was less than zero

igdicating the formation of anion%c vacancies, causing a
small decrease in the lattice parameter. For higher values
of the Pq. ¥ was positive, and the lattice parameter
decreased at a higher rate with the increase in PQ as a
result of the formation of cationic vacancies. From an
analysis of Tanaka's results, a = 8.392 + 0.122x for a
sintering temperature of 1300°C, and a = 8.409 + 0.105x for

1350°C and 0.80 < x < 0.95, at Po, = 1.

Some work has been carried out on the effect of Cu0
additions upon the lattice parameter of manganese ferrites.
Andriyevskiy et al. (57) report the lattice parameter
relationship a = 8.4585 - 0.0645x (*0.002 A) for
Cuan1 Fe,0,6K samples annealed at 1200°C. Zinovik et al.

-X" 274
(58) report a = 8.511 -~ 0.122x for this formula and a =
8.537 - 0.148x for CuMn, , Fe, O, samples fired above

1000°c. Muthukumarasamy et al. (59) report a = B8.498 -~
0.108x for Cu Mn, _Fe,0, samples annealed at 1200°C in air.
While these authors do not attempt to interpret these
results, probably due to the complexity of this system, a
possible source for the lattice shrinkage may be the

replacement of an+ (r = 0.91 &) by Cu2+ (r = 0.80 4).

It can be seen that while the measurement of lattice
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parameter may lend support to certain cation distributions,
it is in itself not sufficient. Several other techniqgues
have been applied to gain a better measure of the caticn
distribution.

3.4 Cation Distribution of Manganese Ferrites

Az a result of the complexity of manganese ferrites no
single techniqué is capable of completely determining the
distribution. Usually the results from a number of
investigations must be combined with several assumptions to
arrive at the complete picture. The determination of the
distribution is.complicated by its dependence upon
composition, temperature, Pq, and thermal history. This
section reviews the more useful studies available in the
literafure. Some results have been listed in Table 3.

Before the work of Hastings and Corliss (50), MnFezo4

was assumed to be completely inverse. Applying neutron
diffraction to a sample annealed for 24 hr at 1400°C ‘in air

and quenched, they found the manganese content on A sites to

2+

be 0.81. Further analysis, and assuming that Mn porefers A

sites with Mn3+ and vacancies preferring B sites, Harrison
et al. (60) arrived at the tabulated distribution. Krupicka
and Zaveta (61) found a similar distribution using

saturation magnetization measurements. Continuing the work
+ .
of (61), Broz et al. (62) found it necessary to have Mng in

order to account for the magnetic moments measured upon the

samples listed in Table 3. It is interesting to note that
q

the concentration of Fe2+ increases at the expense of Fe“+

B B
as the Mn content increases. They explain the apparently

contradictory increase of £, the activation energy for

. . : +
conduction, with increasing Mn by using the model of Mn4 -

Fe2+ pair formation first proposed by Eschenfelder (63).
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) 2+ 3+ 2+, 3+, 4+ 2+ 3+ 2=
Reference Sample(s) Preparation Mna Fel-a["“b M"c Mnd Fee ufge2—b—c—d-e-f]odil
Technique(s) a b c d e £ ¥
(60) ° neutron »
. . . MnFe, O 24 hrs, 1400 C, air, 0.79 0 0.18 0 0.11 j0.04
Harriscn et al 24 water guench diffraction
(61) _ o saturation
Krupicka and MnFe,0, 1200 - 1400 C, air magnetization, 0.8 1] 0.2 o 0.2 0
Zaveta elec. cond.
Broz et 31‘62) M0, o xF€2 xCauy 1200 - 1400°C, afr ”agne:’° 0.8 4] o | 0.2 |o.82x|0.2 + o
momen 0.18x 0.64x I
0< x< 0.96 2
(65) ° saturation SOF° “ -
MuFe_O 1200 - 1330 C, various : 1200)0.21 0o Jo.23 0 {0.23 ~Zln.m.
Butler and 2°4 P! magnet- SR W
Buessemn o' Szt $on 1250|0.84 o lo.16 | o Jo.16 Sz
1330 0.94 0 0.06 o 0.06 oty "
P =1 »
Q, C
(68) lun_Fe. 0 crystals Seebeck coeff. |, 39 | 5 |o0.16 |ass.0]0.19 0.01
Simsa X 3-x 41}
for: x=0.95
0 £ x < 2.5
(52) ° anomalous
Yamar.aka MnFe 0, 1400 C X - ray 0.79 o |o.21 |ass.0j0.15 jc.02
dispersion
(76 1y Fe, o 1200°c, P, reduced to M555ba“e"x5?r; 0.84 |0.10 [o.26 | o o 0.032
Marais et al X T3-x 44y * %q magnetic =1. . . . .
kee 0.02 € § € 0.03 after x=1.4]10.82 |0.13 |0.46 0 0 0.024
1.2 € x< 1.6 P ' = = 0 %x=1.6]0.81 (0.15 |O0.64 0 o] 0.020
effect
(78) thermodynamic
Peltcn et al M"xFea—xod mode 1 0.31 [0.57 +0.15 ass.0(0.06
for; x=1 at also Fe = 0.03
0 < < é
sx<?3 900 C
(19} wn_rFe, 0 1300°C, 3 hr, P, reduced | Mossbauer, 58;8 0.69 |o.14 Jo.11 |o.07 {0.27 |n.nm
Dorris XT3k ' e Seebeck,  y300l0.54 |0.20 lo:13 [o.11 oi3e | *
0<x<3 for x £ 1, air for x > 1 | thermo. gc ) T ) '
-7 model _ also Fe{ = 0.03
x=1 A, N
Takle 3 Some Cation Distributions Proposed for

Manganese Ferrites (ass.=assumed,

measured;

n.m.=not

62-¢
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Once paired with Mn4+, the Fez+ ion requires an additional..
activation energy in order for it to contribute to the
conduction process. Yamzin et al. (64) applied neutron
diffraction to crystals of Mn Fe, O, for 0.43 £ x < 1.58
grown using the Verneuil technique. They measured the
compositional dependence of the inversion degree and oxygen
parameter ("a" and "¥" in Table 3). For 0.43 € x £ 0.53,
"a" = 0. At xXx = d.84 "a" jumps to 0.78 in agreement with
previous results, and then steadily rises to 0.92 for x =

1.58.

The work by Butler and Buessem (85) an MnFezo4 wAaSs
probably the first systematic study of the effect of
sintering temperature and Pq upon the cation a;stribution.
They arrived at the distribution given in Table 3 by
measuring the magnetization at low temperature and assuming
that Mn3+ - Fe2+
However, Lotgering (66), after making conductivity

are the stable pairs on the B lattice.

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

previously assumed. Conductivity was a result of "thermally
2+ .

ions.
B8

generated"”" Fe
Debate at this stage was centered around explaining
apparently contradictory results. Neutron diffraction and
magnetic measurements indicated relatively high
concentrations of Fe§+ even at at x = 1 in Manea_xo4.
While Seebeck coefficient measurements indicated n - type
conduction up to values of x well beyond 1, conductivity
»megsurements could not support such high concentrations of
Fe *

considerations clouded the issue.

. In retrospect, it can be seen that two other

The first consideration is the possible temperature
devendence of the equilibrium of reaction (9). The

direction of the reaction could very well shift from left to
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right with increasing temperature. Also, the reactﬁon
involves the movement of an electron without any necessary
movement of icns., While ionic pesition can be "frozen" by
guenching from high temperature, electron movement from cne
localized position to another cculd probably nct be
prevented. Nearly all studies are made upon guenched
samples with the assumption that they represent the
configuration of the material at its sintering temperature.

The second consideration is the effect of oxygen

pressure as shown bty the following reacticn
Fe?* + 1o == FedT + 2027 4+ 324 (10)
4 8 270 8

As discussed in the previous section, preparation of
manganese ferrites must take place with the Pq below about
0.01 atm if the formaticn of caticnic vacancies is to be
avoided. While some investigators take this into account,
others prepare samples in air or under argon, for example.
This variation of the Pol used during preparation adds to the
difficulty of comparing experimental results. The
importance of these considerations became better recognized
as the debate over the cation distribution continued.

Simsa (67) explains Lotgering's results by considering
that reaction (9) goes to the right and Mn3+ - Fe2+ pairs
form. The stabilization provided by the pair formation is a
result of Fe:+ countering the tendency of Mn;+ to distort
the crystal lattice. The stabilization energy., about 0.30
eV, must be supplied in order to allow the paired up Fe§+ to
supply an electron for conduction. To support this thecry
Simsa (68) measured the Seebeck coefficient for various
manganese ferrites. For the composition listed in Table 3
the "free" Fe§+ that can contribute towards conductien is

actually 0.03.
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Applilying the Mdssbauer technique in a magnetic field to

MnFe204.

diffraction results of Hastings and Corliss (50). Not all

Sawatzky et al. (69) confirmed the neutron

of the early Mossbauer work was in such agreement. Bunget
(70) explains differences as being a result of the influence

. +
of preparation on the amount of Fe2

In particular he
points cut the influence of coocling rate and the amcunt of
oxygen excess or deficiency. In another study, Sawatzky et

al. (71) did nnt find any Fe§+ in MnFe 0, at 7K. Still

*,0,
using a similar technique, Hucl et al. (49) did not find any
. 2+ .

FeD Aln Mnl.oFe1.104 or MnaFeo4.

Brabers and Dekker (72) used yet another technigue,
infra - red spectroscopy, to support the idea that reaction
(9) goes to the left, giving Mns+ rather than Mn:+. In
applying Mossbauer and X - ray anomalous dispersion to
MnFezo4 in order to study the effects of sintering
temperature and PQ, Yamanakg {52) found that the reaction
goes to the right. Using his results, a cation distribution
has been calculated and included in Table 3. It is in good
agreement with previous measurements. The work of Jirak and
Vratislav {(73) in applying neutron diffraction to MnFe204
has been reviewed and developed by Simsa (74). Measurements
were made upon crystals grown b? Brabers (75) using the
floating zone technique. The samples were held in "sealed
vessels" and measurements were made in the range 330 to
;17000. It should be noted that the ferrite will not be
thermodynamically stable for much of this range regardless

of the Pq. They found a relationship for the temperature

dependence of y, the concentration of Mns, by using Kll’ the
eguilibrium constant for the reaction
== ¥ : E 1
MnA + Fea MnE + Fe, (11)

-

.2 3
k= v - exp[ 3900 %*OOYJ

RT (12)
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It is curious that the eguilibrium constant, K would

depend on the concentration of one of the compé;ents of that
equilibrium. Contrary to the results of Marais et al; (78),
Rotter et al. (77) found only Mn3+ on the B sites in
ferrites with x = 0.95, 1.0, and 1.4. They applied NMR
'spectroscopy to the float - zone crystals of Brabers which

had been annealed so as to ensure a 3:4 stoichiometry.

More recently, the concept of ionic eguilibria has been
applied to model the Mnao4 - Feao4 system. Pelton et al.
(78) have modelled the cation distribution by using the

following free energies of reaction

Fe2™ + Felt == Felt 4+ F3* a6, =0 (k1) (13)

M2t 4 Mundt == Mn;+ +Mn}"  aG,, = 83.6 - (14)

Fe2* + Mn " == Fe2* + mn®"  aq, = 83.6 - (15)
Fel* + mn2* == Fel* 4 MS®  AGg = 154.2 - 0.96T  (9)

Their AG for reaction (9) indicates that the reaction will
go to the right at higher temperatures. Solving for the
relative jonic concentrations using an iterative method
yields the distribution shown in Figure 3. The distribution
as given in Table 3 faor x = 1 is not in agreement with other
measurements. Dorris (79) has used a more involved
thermodynamic model for cation distribution to account for
his Seebeck coefficient and Mdssbauer measurements. He
chose six thermodynamic parameters so that the equilibrium
constants of the following reactions could be calculated.

"Cation

Distribution” : an+ + Fe3+ == Mn2+ + Fe3+ (18)
: A ] B A .
-RTIn(K,g) = « + 28b . with « = 53.0, and (17)

Zﬁ = -60.0 (kJ/mole)
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Figure 3 Proposed Caticn Distribution in the Fe

0 -
. o 374
Mn,0, System at 900 C (78)

3%
"Disproportivnation” : 2Mn§+ e Mn§+ + Mﬁ;+ : (18)
4G, = 16.98 - 11.47 x 10737 (kJ/mole) (19)

" " . 2+ 3+ 3+ 2+
Redox" : MnB + FeB i Mns + FeB (9)
AG, = 14.39 + 3.57 x 10”37 (kJ/mole) (20)

The form of equation (17), which is similar to equation
(12), derived by Jirak and Vratislav (73), was derived using
statistical thermodynamics by O'Neill and Navrotsky (80).
The concentration parameter, b, represents the concentration

of Fei+. The resulting distributions are shown in Figure 4.
The distributions for x = 1 are given in Table 3 for

comparison. It is interesting to note the high
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concentration of Fe§+ even though the model indicates. that

reaction (9) will go to the left at all temperatures.

Dorris indicates that Mn;'+

account for his Seebeck coefficient measurements. Since

must be present in crder to

35
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taking into account the effect of reaction (10) wculd only
~result in a more complicated model and the introduction of
mére variables, it can be understood why neither Pelton et
al. nor Dorris consider the effect of Pq. This assumption
would be more valid had Dorris used the same Pol in preparing
‘'all samples and carried out analyses so as to determine the

exact stoichiometry of his samples.

The literature indicates the difficulties that have been
encountered in trying to determine the cation distribution
of manganese ferrites. The addition of CuO to the spinel
can only further complicate the picture as the next section
- will show.
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3.5 Cation Distribution of Cu - Mn Ferrites

Bunget et al. (81) interpreted their Mossbauer results
by Cu2+ substituting for Mn:+.

lack of sample preparation details decreases the usefulness

Errors in the paper and the

of this work. Cervinka and Simsa (82) proposed the

Mn Fe,.0, sintered at

following distribution for Cu 0.5°2%

o 0.5
1200 C for P

o = 0.25 and guenched

+ 2+ 3+ [Cu2+ 3+ 2+ 3+ ]02~ (21)

Cuy 08M0.41F%0.51[%%0. 43 0. 087%0.08%1.41]%3. 997

With evidence provided by X - ray diffraction and saturation
magnetization measurements, the above distribution was
arrived at by assuming that Cu+, Mn2+, and Fe3+ prefer A
sites and that_Cu2+,'Mn3+, Fe2+, and Fe3+ prefer B sites
(ie. Fe3+ can go to either site). Tsitsenovskaya and
Tarasyuk (83) applied neutron diffraction to a similar
sample prepared under identical conditions, and after making

the same assumptions found the distribution

* 2+ 2+ _ 3+ 2+ . 3+ _ 2+ _ 3+ ].2-
c“o.mmnoaasgeo.oz“o.m[C“o.:semno.17Feo.21Fel.1e]°4 (22)

The agreement between the formulae (21) and (22) is good
considering the difference in techniques used. Rezlescu and
Cuciureanu (84) studied the effects of sintering temperature
and P°= on the Curie temperature of‘copper -~ manganese
ferrites. They concluded that Cu+ prefers A sites above

950°C. Increasing P, caused the reaction below to go the

Q
right.
+ 3+ __ A2+ 2+
CuA + MnB == Cua + Mn (23)

Tsirkunova (85) applied neutron diffraction at room

temperature to samples of Cuo'sManez'sch4 with
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0 £ x< 1.5 prepared at 1zoo°c_dnder a P. of about 1 atm. :

Q
The distribution of the samples is given as the values of a,

b, h, and i for the formula :

+_, 3+_ 2+ é+ 2+ e+ 3+ 3+ 2~

Cu,Fey Feb-hmnl-a-b[cuo.s—aFei Fez.s-x—b-imnx+a+b—l]o4 (24)
X a b h. i lattice parameter (&)

0 0.19 0.81 0.69 0.15 8.41

0.3 0.04 0.70 0.571 0 8.44

0.5 0.04 0.63 0.54 0.04 0.45

0.6 0.01 0.54 0.51 0 8.45

0.8 0.04 0.48 0.46 0.04 8.46

1.8 0.Q1 0.80 0.49 0 B.48

The values of a and b are a result of the neutron
diffraction study. The values of h and i are taken from a
Mdssbauer study performed on the same samples by Belogurov
et al. (86). The measured values of h and i agree well with
the values that were calculated by Tsirkunova based upon the
same cation site preference éssumptions made by Simsa (82).
These results indicate that reaction (23) will go completely
to the right with an addition of Mn greater than 0.3. For x
2 0.3 the Cu distribution is not changed. The Mni+
concentration reaches a maximum of about 0.5 for x near 0.7.

Narayanasamy and Haggstrcm (87) measured the Mdssbauer
spectra of Cu,Mn, _Fe,0, for 0.2 s‘x = 1 at 4.2K in an
external magnetic field. The samples were annealed at
1200°¢ for 6 hr in air and then slow cecoled. The
distribution of formula (25) is given below.

3
Fea

+ . 2+ 2+ 3+ 2+, 2+ . 3+, 2+ 2- ,
Cuy Mnl-a-b[Fez-a-cFec Cuy-pMng Mna+b—d—x}o4 IR (?5)
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X a b c d

0.46 0 0.10 0.10
0.50 0.09 0.04 0.04
0.54 0.13 o} 0
0.62 0.18 o} o)
0.78 0.22 0 o}

HOOO0OO0
COONeaN

2+ 3+
5 agd MnB

will be the same and that the CuA : CuB ration is

The authors assume that the concentration of Fe

independent of x, retaining the value it has at x = 1. They

also acknowledge the possibility of having a small amount of
+

CuA.

3.8 Electrical Conductivity of Mn Ferrites

The experimental techniques mentioned in the previous
two sections are more direct methods of measuring cation
distribution. However, since electrical and magnetic
properties depend directly upon the distribution they can be
used for model confirmation. The electrical property of
most concern in the following section is the electrical -
conductivity.

Belov et al. (88) grew crystals of MnFezo4 using the
Verneuil technique. They do not report any further heat
treatment for these crystals so it is not kaown what the PQ
conditions were. They measured conductivity up to 650 C. &

plot of ln(g) vs. T *

indicated a discontinuity at Tc, the
Curie temperature, and a slope of 0.44 eV for T > Tc. A
later paper by Belov et al. (89) reports the similar
preparation of crystals of Manes_xG4 with x = 0.84 and
1.16. The activation energies were 0.18 for x = 0.84 and
0.59 eV for x = 1.16. Zaveta et al, (90) did apply a heat
- treatment to the x = 1.16 crystal. After annealing in air

Q
at 800 C, € = 0.29 eV, and for an identical treatment in
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vacuum € = 0.04 eV. The authors discuss their results in
terms of the effect of Pq upon Fe§+ concentrations without
getting into any detail. Krupicka and Zaveta (61) prepared

polycrystalline MnFe samples with various values of ¥

2O4+x
by firing in air at different temperatures in the range of
1200°C to 1400°C. The measurement of conductivity at
temperatures below 25°C allows them to report the values of
¢ for different stoichiometries. The activation energy, €.
rose from a value of 0.07 eV for ¥ = 0 to a value of 0.36 eV
at ¥ = 0.24. While both (20) and (6l1) present a definite
indication of thé impact of PQl and the resulting
stoichiometry upon conductivity, most subsequent work
disregards this effect. While careful preparation can be
used to maintain a 3 : 4 stoichiometry, the majority of
authors disregard the effect that a low PQ can have upon the
concentration of Fe§+. In the main, the conductivity, and
in particular €, are seen to depend upon composition with
the implicit assumption being made that preparation can have

little erfecrct.

Funatogawa et al. (91) report conductivity measurements
without discussion in the range 100 to 280K for samples of
Mangé_xO4 with 0.1 € x £ 1.14 whose preparation and
characterization are not known. ¢ decreased from 0.06 eV
for x = 0.1 to 0.04 eV for x near 0.9. At x = 1.14, € jumps
to a Qalue of 0.19 eV. The intercept of the ln(¢) vs. T °
plot,'lh(ac), decreases from 7.8 at x = 0.1 to 2.1 at x =
1.14, for ¢ in (Acm) !. While not particularly useful in
itself, this paper is the first of a number of papers that

report similar behavior for € as a function of x.

Probably the most quoted of these is the paper by
Lotgering (66). He reports conductivity and Seebeck
. £iai £
~coefficient measurements upon samples cf Manea__xO4+x for
0.8 £ x< 1.8. A number of these samples were single

crystals grown by Kooy and Couwenburg (92) using the
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floatirig zone technigque. All samples were given a heat
treatment at temperatures above 1300°C in order to ensure
that I¥! < 0.003. While exact details are not given,
samples with X less than about 1 were annealed under coz.
Samples with X greater than about 1.6 were annealed in air,
and samples with 1 < X < 1.6 were annealed with P, = 0.01.
The activation energy was obtained from plots of 1ln(¢T) vs.
17!, using conductivity data obtained in the 150 to 500K
range using a 4 - point technique. For x < 1 the € vs. x
dependence is similar to that reported by Funatogowa. At
X = 1 the activation energy jumps by about 0.30 eV to about
0.32 eV and continues to increase to about 0.5C eV at x =
1.8. The room temperature conductivity also drops by about
3 orders of magnitude for x > 1. The Seebeck coefficient,
while it is negative for all x values, also shows a )
discontinuity at x = 1. Lotgering explains his results by
considering'that'reaction (8) goes to the left, having a
positive enthalpy of reaction of 0.30 eV. Once the an*

2+ ions at x = 1, an

ions have replaced all of the Fe
additional energy of 0.30 eV must by supplied in order to
create a Fe§+nion. Using this concept of "thermally
generated” Fe;+, Lotgering explains how the conductivity can
remain n ~ type even though reaction (9) goes to the left.
Thé>weakness of Lotgering's study lies in the fact that the
seemingly high Fes+ content for x‘< 1 is probably a result
of the low PQ used for annealing these samples rather than a
low Mn concentration. The discontinuity at x = 1 is in part

due to a change in sintering atmosphere instead of juét a
2+

5 generation.

change in the mechanism of Fe
Rosenberg et al. (93) confirmed and continued
Lotgering's study by making measurements for 2 € x < 3.
They showed that € continued up to about 0.65 eV for x =
2.8. The Seebeck coefficient continued to be negative. .
These authors did not state the atmosphere used for sample

preparétion.
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Simsa (68) measured the Seebeck coefficient for -«

- .
3-Xu4+3' with
0 £ x££ 2.5 prepared by Gerber et al. (94). Without being

manganese ferrite crystal samples, Mane

specific, Simsa states that the atmosphere for measurement
and preparation was adjusted to have a low enough Pq so as
to maintain a 3 : 4 stoichiometry. The measured activation
energies, which follow Lotgering's measurements, and the
negative values of § as reported in (94) support the
conclusion that a reducing atmosphere was used. Simsa
interprets his results, meésured from 20 to 600°C, by
considering that reaction (9) goes to the right as opposed
to the left as assumed by Lotgering. He explains the
decfease in ¢ as X increases by considering the formation of
stabilized Fe2+ - Mn3+ pairs. If no remaining "free" Fe§+
is present, an additional 0.30 eV must be supplied in order
to allow the paired Fe§+ to contribute to the conductivity.
While Simsa's model may by more attractive than Lotgering's,
his work is also weakened by the lack of consideration for
the effect of.PQa
Brabers (75) also made measurements of Seebeck
coefficient and conductivity upon single crystals grown
using the Bridgman or floating zone technique in an
unspecified atmosphere. Conductivity measurements made for
0.5 € x££ 1.60 in the 20 to 150°c range gave £ values in
agreement with Lotgering's data. 1In a later paper (95) on
cr?stals with 0.8 € x £ 3 measurements are reported in the
range 20 to 600°C. Brabers found a discontinuity in the
measured coefficients and resistivities at around 300°C. He
found that for samples that had been heated beyond 300° that

-1

€, from 1ln(oT) vs. T plots, increased by an amount of 0.15

to 0.30 eV over the vaiues for unheated samples. He reports

only for heated samples with 1 € x € 2 that ¢ is nearly
constant at around 0.65 eV. Brabers does not appear to

]
consider the explanation that for temperatures above 300 C
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ionic motion is possible. The sample is in a metastable
state in terms of its phase composition and ionic

equilibrium with O Heating the sample above 300°C allows

2"
it to begin to equilibrate, causing changes in cation

distribution and stoichiometry.

This effect was further demonstrated by Rezlescu et al.
(96) who studied the time variation of conductivity for a
number of ferrites. A sample of MnFeZO4 was prepared by
quenching in air a sample that had been heated in air for 4
hr at 1300°C. The conductivity decreased by 4.3% after 7
days at 25°C, and decreased by 15% after only 5§ hr at 200°¢C.
Simsa (97,98), after noting the same behavior as did
Brabers, explains the effect using a complicated model
incorporating the effects of multiple level electron donors
and ionic diffusion. It is interesting to note that in the
discussion section of another paper (99), Simsa denies the
possibility that chemical decomposition of the samples COﬁld
cause the effects seen, even though no X - ray or |
metallographic examinations were made upon heated samples.

The recent work by Dorris (79) is one of the few studies
that attempts to measure the electricai properties of
manganese ferrites for conditions under which the sample is
at thermodynamic equilibrium. He measured the temperature
dependence of the Seebeck coefficient and electrical
conductivity for polycrystalline Manes_xO4 samples with 0 <
X € 3. For x £ 1 measurements were made in the range 600 <
T < 1350°C and for x > 1 in the range 1000 € T £ 1500°C.
For x 2 1.4 measurements were made in air. PFor x £ 1.0,
Dorris states, without being specific, that the PQ was
reduced using CO/CO2
sample as a single phase spinel. According to Pelton et al.
(78), the Pq would have to be as low as around 10-12 in
order to maintain a stable spinel for temperatures

gas mixtures in order to keep the

° .
approaching 600 C. Dorris states, without reporting any
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measurements, that he could vary thé-PQl abross~the~stability
range without noticing any change in the electrical .
properties.. This is possible if the Pq was not varied
across a wide range as it could not be at the relatively low
temperatures used. As discussed in section 3.3, Tanaka (56)
‘showed that the Pq would have to be increased beyond about
10—2 at high temperatures bgfore cationic vacancies would
form. Below this Pq, anionic vacancies, vacancie; in the O
lattice, form. A reaction like that given below might not
have a strong effect upon elec¢trical properties.

.2~ 3+

—— 2+
0° + MnB = MnA

(NI

1 1
+ 50, + 79, (26)

As will be discussed later, this problem of Pq dependence
bears further study. Since Dorris used reduced Pq's for

X <1, it is not surprising that his activation energies
follow to some extent the same trends as that shown by the
other étudies discussed above. The discontinuity shown at x
= 1 is not as extreme as the iow temperature studies. His
rTesults are listed in Table 4. The activation energies are
take from plots of ln(eT) vs. T-l. Conductivity values were

all corrected for sample porosity.

% £ (eV) o at 14006°C (Qcm)”?
0.2 0.120 125
0.4 0.167 86
0.6 0.309 57
0.8 0.390 28
1.0 0.470 24
1.4 0.679 = 27
1.8 0.717 25
2.2 0.795 30
2.6 0.779 23
3.0 0.788 39

Table 4 Results of Electrical Conductivity Measurements

for Manea_xO4 (79).

[T R
B ‘{“.:!
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3.7 Electrical Conductivity of Cu - Mn Ferrites

While few papers on the effect upon electrical
broperties of adding Cu0 to manganese ferrites are .
available, some general trends are indicated. Rosenberg ét
al. (100) prepared sampies of Cu Mn _ Fezo4 with 0.14 € x <
0.97 by sintering at 1200 c under an unspecified atmosphere.
For temperatures above T they report € = 0.5 and log(e) =
-5.5 at 300K for x = 0. 14 and € = 0.53 with loé(c) = -6.0
at 300K for x = 0.28. They report a negative Seebeck
coefficient fqr all values of Xx. Simsa and Andrejev (101)
prepared two crystals and several polycrystalline samples of
Cug, sMPyxFes 5= o
-200 £ T € 600 C they found that ln(¢s) vs. T plots were
not linear for the polycrystalline samples. Nonetheless
they were able to observe a discontinuous rise in € for x >
0.3. They conclude that all of the Fe2+ has been  trapped

into F€2+ - Mn 3+ pairs by the time x reaches 0.3.

04 with 0 € x < 1. In their measurements for

Rezlescu and Cuciureanu (84) measured the conductivity
of Cu Mn1 xFezc4 samples for x = 0.35, 0.55, and 0.8. From
the In(¢) vs. T © plots they found that for T > T, (ie.
paramagnetic behavior), for samples annealed in air at
1200°C for 4 hr and quenched, € = 0.273 eV and log(es) = -2.6
at 298K for x = 0.35, and ¢ = 0.301 eV with log(s) = -2.7 at
298K for x = 0.55. For these same compositions, annealed at
1000°C under pure 02 for 2 hr and then quenched, € = 0.704
eV with log(¢) = -5.4 at 298K for x = 0.35, and € = 0.734 eV
with log(es) = -5.0 at 298K for x = 0.55. These results
demonstrate that changing preparation can have a more
dramatic effect upon conductivity than changing compcsition.
The result that conductivity decreases with the addition of
Cu0 to manganese ferrites has also been confirmed by Wu et

al. (102). Thevy found that the addition of 5% Cuzo to
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MnFe204 decreased the room temperature -conductivity by.a. -

factor of 10.
3.8 Summar

In the only othér revieﬁ of any significance on the
cation distribution of ferrites in the Cu - Mn - Fe - O
system, Tsirkunova (103) concludes that there is no
agreement in the literature on the cation distribution and
that more work needs to be done. The literature survey
contained herein confirms his viewpoint and alsc points out
a few considerations that have not been fully appreciated in
previous studies.

These considerations revolve about the cbncept of ionic
equilibration. Most measurements are made at léw
temperatuire upon metastable samples. While the atomic
position may be "frozen in" by quenching to room
temperature, electron movement can still change the cation
distribution. Also, if these quenched samples are heated
beyond about 250°C, ionic movement can take place as the
ionic equilibria begin to assert themselves. At the very
least, this heating will result in the precipitation of
other phases. The first important conclusion resulting from
this literature survey is that measurements made upen
metastable samples can not represent the properties of
equilibrated structures.

Samples also reach an equilibrium with the surrounding
pressure of O2 at higher temperatures. The survey shows
that, for example, the activation energyvy for conduction, €,
probably has a stronger dependence upon ?q than upon
composition, especially for samples with a high iron
content. The second conclusion then, is that the effect of
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Pq must either be accounted for, or eliminated, when trying
to interpret experimental measurements. Giving
consideration to these two conclusions wiil minimize the
effects that preparation will have upon the structure being
investigated. It is difficult to determine the effects of
"preparation when the intrinsic properties are not yet

understood.

In this study, thé electrical conductivity of
essentially single crystal ferrite samplés was measured
under an atmosphere of O2 at temperatures where it can be
assured that complete equilibration will be reached. While
the few measurements reported here represent only a small
fraction of the work required to exactly define the
structure, this study is useful in that it demonstrates the
kind of experimental considerations that must be applied in
qrder to arrive at éonsistent structural models.
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4. Crystal Growth
4.1 Literature

Manganese ferrite crystals have been grown using a
variety of techniqdes (104). The Verneuil or flame fusion
technique involves the injection of oxide powder into a
hydrogen/oxygen flame. The condensing oxide is collected on
a boule in a heated furnace. Generally this technique
produces small, poor quality ferrite crystals. Another

‘problem is the uncertainty in the value of the P, in the

flame. The Bridgman or Bridgman - Stockbarger tgchnique
produces better‘quality crystals. A long crucible
containing the oxide is pulled through a séeep temperature
gradient. While container contamination can be a problenm,
the atmosphere and temperature are closely controlled. The
method is capable of growing large crystals of controlled
dimensions. In the Czochralski method, the crystal is
pullied from a crucible - contained melt under controlled
atmosphere and temperature. In the floating zone method a
liguid zone is held between the growing crystal and a
sintered polycrystalline feed rod. Various heat socurces,
including induction, arc, arc image, electron beam, gas
flame and lasers can be used. This method has the advantage
of the lack of container - melt interaction. While
atmosphere control is possible. temperature control is more
‘difficult. A disadvantage of growing crystals from the melt
is a result of the evaporation of one or mere high vapor
pressure components of the melt. Crystals can be grown at
lower temperatures through the use of flux - based methods.
Crystals grow from saturated fluxed soluticns upon bboling
or evaporation. Fine quality, but small and often dendritic
crystals can be grown.
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The flame fusion technigue was used by Scott (1085) to
grow a wide variety of oxides and farrites including
manganese ferrite. Burger ancd Hanke (10€6) repcrt on the
inclusion of a—FeZO3 layers in flame - grown crystals of
MnFe204. These layers, found in a zone of 0.5 to 1.5 mm
deprth from the surface, formed along the octahedral planes
of the matrix spinel. Vichr (107) used the Verneuil and
Bridgman techniques to grow crystals of Manea_ 0, with

X4

0.37 € x £ 2.5 and CuanyFea_x_YO4 with 0.113 € x £ 1.00 and

0.25 £ y £ 0.887. The Bridgman technique yielded the better
guality crystals and a significant loss of Cu was noted from
the use cf the Verneuil technigque. Bridgman growth was also
applied to various manganese ferrites by Gerber et al. (94)
and Penover and Shafer (107). Solid state diffusion
techniques have been applied to grow MnFe204 crystals by’
Paulus and Hamelin (108) and Zyryanov (109). Monforte et
al. (110) pulled manganese ferrite crystals from a melt ﬁ
formed in a frozen skull contained in a water - cooled
copper induction coil. Massau and Broyer (111) also
employed the Czochralski technigue to pull manganese ferrite
crystals from melts contained in a rhodium crucible. The
results showed that it was difficult to maintain dimensicnal

uniformity.

The first report of the use of the flocating 2zone
technique to produce manganese ferrite crystals was probably
that of Kooy and Couwenberg (92). They used the focused
image of a carbon arc from a cinema projection lamp as a
heat source to grow Mn Fe, O, with 0.9 £ x 5 1.2 under
various oxygen pressures. Growth rates were usually 6 cm/hr
and up to 20 cm/hr with rotations of between 60 and 120 rpm.
Crystals of iron, nickel, and manganese ferrites. to a few cm
in length were grown by Poplawsky (112,113) using the
floating zone technique. A focussed arc image was used as
the heat scurce. The prcblem of a lack of dimenéional

uniformity may have been a result of the use of a large
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volume melt and about a 3 times difference between the feed .
and crystal diameters. Brabers (114), using a setup similar
to that of Kooy and Couwenberg, except that the heat source
was a Xenon lamp, dJgrew manganese ferrite crystals weighing

up to 5§ g.

4.2 Results of Present Study

In the electronics industry, ferrite crystals of
considerable size and purity are manutactured using Bridgﬁan'
techniques. These crystals are used in tape and video
recording heads and have applications in microwave devices.
In this investigation, since high purity, atmospheric
equilibration, and experimental convenience are important,
the floating zone technique was used. For possibly the
first time, a laser, in this case a 1.5 kW CO laser, was
used as the heat scurce. The apparatus, deszgned and
constructed by J.S. Haggerty (115), provided large, high
purity crystals, and allowed accurate dimensional control
during growth. The quality of these crystals is mainly due
to the ability of the apparatus to aim the lasar beams
accurately and control their power.

Crystals were pulled at.a rate of 2 cm/hr with rotation.
For most samples the polycrystalllne feed rod was fed in
from above and the crystal pulled out below. However, those
samples with the highest Cu0 content (Ic, IIc, and IIIc in
Table 2) showed considerable melt instability as a result of
the evaporation of this oxide. ‘It was found that pulling in
the opposite direction produced a moré stable liquid zone
for these compositions. Growth was carried cut under a
static atmosphere of O2 with a beam power under 200 watts.

Feed rods were prepared by first mixing reagent grade
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oxides in distilled water according to the proportions given
in Table 2. After mixing for at least 24 hr, the water was
evaporated and the oxide mixture packed into latex tubing.
After pressing in an isopress, the green rods were fired in
O2 in a ?t bcat at 1200°C for at least 20 hr. Rods of
‘sufficient quality were used as feed rods for crystal

growth.

The crystals produced were 0.4 to 0.5 cm in diameter by
about 10 cm in length. Previous Laué back reflection
studies on cobalt and nickel ferrite crystals, grown before
the copper - manganese series, indicated the lack of a
preferred growth orientation. It was also found that the
use of X - ray diffraction could not lead to a useful means
' of phase detection and quantification because of overlapping
patterns and the resulting low sensitivity of the technique.
The most useful means of checking phase composition and
crystallinity was metallographic examination. Crystal
pieces were cut using a diamond saw, mounted in bakelite,
ground on fresh SiC papers to 600 grit, and then polished
usihg successively finer grades of diamond powder. The
resulting examination indicated that all samples were single
phase. The high iron samples : Ia, Ib, and Ic, each had a
small quantity of the Fe203 layers, like those observed by
Burger and Hanke (106), in a zone a short distance from the
surface. These layers probably form as the crystals cool
after growth. Their morphology resembles that of the Fe203
precipitates that grow in normal polycrystalline samples as
observed by Yamaguchi and Kimura (116) in zinc ferrites.
Crystals Ia, Ic, and IIb proved to consist of a few large
grains' that grew in a direction parallel to the growth axis.
These grain boundaries should not have any effect upon
conductivity measurement as current will be passed in a
direction parallel to the growth axis as well. Crystal IIlc
proved to contain a number of pores of a size easily
discernible without the microscope. The reverse growth
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direction used for this crystal prdbabi?‘allowed,the B
entrapment of bubbles formed in the ligquid zone‘during
growth. ' ’

Using the piconometric fechnique, thé densities of 1 to
2 g sized crystal pieces were-measured after these air
quenched samples had been annealed at 1400°C in 02 for 15°
hr. These same pieces were then sent to Lavac Inc.
(Boylston, MA) for chemical analysis for Cu, Mn, Fe, and 0.
The accuracy of the metal analyses, carried out using plasma
emission spectroscopy, is to 0.1 wt¥. The oxygen analyses,
carried out using inert gas fusion, was less accurate at
+0.5 wt%. The results of these analyses are listed in -
Appendix I. The calculated sample stoichiometries, measured
densities, and calculated lattice parameters are listed in
Table 5. The stoichiometry is listed for the formula
Cu MnynzFe3 -y~ zo; 000" As indicated in the literature, it
is motre reasonable to expect cationic vacancies rather than

an oxygen excess.

’ d 3 a

Sample X b4 2 (g/cm™) (&)
Ia 0 - 0.464 0.25 5.014 8.316
Ib 0.116 0.490 0.185 5.066 8.346
Ic 0.183 0.542 0.17 5.019 8.389
Ila 0 1.189 0.24 . 4.924 8.366
IIb ©.004 1,133 0.20 4.977 8.369
IIc 0.163 1.189 0.13 4.997 8.415
IIIa 0 2.030 0.14 4.878 8.458
IIIb 0.084 1.932 c:11 4.861 : 8.493
IIlc 0.141 1.896 0.11 (4.795) (8.542)

Table 5 Stoichiometry and Density of Crystal Samples

for the Formula : CuanyDzFea-x—y—zo4;00O'

The lattice parametef was calculated using
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_amz' |
a =10 [Noé} | , (27)

where MW is the molecular weight of the sample, and N° the
Avogadros number. The accuracy of x and y in Table 5 is
*0.004 with z only being accurate to *#0.05. The values for
IIIc are in brackets as the sample had contained porosity
not accounted for in the density measuremenf.

Table § shows that the samples lost more than half of
the Cu0 from the original formulations given in fable_2.
This was a result of the vapor pressure of the copper oxide
being higher than that for the ox;des of iron and manganese.
This result ties in with the observation of liquid zcne
instability for the high Cu0 samples. The densities and
vacancy content are discussed in the next section.

4.3 Lattice Parameters and Oxygen Excess

Unfortunately, most authors report stoichiometry results '
in terms of an oxygen excess rather than a cationic vacancy
concentration. They report ¥y in the formula Manea_x04+x.
In order to be able to compare the present results with
those in the literature, the stoichiometry has been re-
calculated in Table 6. The accuracy of the calculated
values of § is *0.07. The majority of the values of §
reported in the literature are four to five times lower than
those reported in Table 6. Bergstein (117) has difficulty
explaining a complicated dependence of ¥ upon x for
ﬂMn’xFea_xo4+x samples annealed between 1200 and 1310°C in
air. Showing three peaks in the experimental curves, ¥
varied between 0,03 and -0.02 for 0.5 € x € 2.0. '
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Sample b 4 Y 5

Ia. 0 0.506 0
Ib 0.123 0.522 O.
Ic¢ 0.194 0.575 0.24
IIa 0 1.292 ©
ITb 0.004 1.213 0.28
ITc 0.171 1.245 0.19
IIlTa. O 2.126 0.19
IIIb ©0.087 2.007° 0.16
IIIc 0.146 1.965 0.15

Table 6 Stoichiometry of.Crystal Samples for

CuanvFEB -X- Y 4 nlln-i-&

He reports a better behaved dependence of x upon X for
Cuo.sMn Fe2 5-x 4+K samples annealed at 1200 C (’18) At Pca
=1, ¥ is near © for x > 0.5 and then increases to near 0.09
as X approaches 0. Wickham (31), who reported the phase
diagram given in Figure 2, measured § for samples of

Mn Fe3 -x 4+K annealed in air. The.zalues of ¥ decreased as
the temperature increased. At 1400 C ¥ decreased smoothly
from 0.09 at x = 0 to 0 at x = 0.45. For x > 0.45, ¥
remained near zeroc. Tanaka (56) reports ¥ = 0.03 for a
sample with x = 0.8, annealed at 1300 C at Pq = 1.

Oleinikov et al. (119) also report values cof ¥ that
decreased as temperature increases. Their values are more

_ in keeping with those given in Table 6. At 1200°C for Pol =
1, § decreases from 0.5 at x = 0.25 to 0.08 at x = 1, from
where it decreases at a slower rate to about 0.05 at x =
1.9. They indicate that a hematite phase will~precipitate
when ¥ approaches 0.5. This is reasonable since the formula
Mn Fe3 -x 4 5 is equlvalent to Mn Fezrxoa. Their results
indicate that the closer the spinel 'is to the hematitie -
precipitation phase boundary, as shown in Figures 1 and 2,
the higher will be the value ef §. As seen from Tatle 6,

composition Ia, the composition closest tc the phase
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boundary at 1400°C, has the highest value for ¥ of 0.37.
The other samples have decreasing values of § with
increasing Mn'coﬂtent. The'phase bcundary also moves to
lower temperatures for higher concentrations of Mn. The
agreement of the results in Table 6 with those of Oleinikov
et al. encourages the adoption of their gualitative
interpretation. However, the higher magnitude of the
present results as compared to the others discussed above
cannot be explained without a greater knowledge of the
analytical techniques used in these investigations and a
knowledge of the exact nature of the heat treatment given to

their polycfystalline samples.

The decfease in ¥ with increasing manganese content is
in agreement with the literature. This can be explained by
considering the cationic vacancy formation reaction :

2+

1 __ 1 3
Fea + 4O == Fe + 20 + ED (10)

Increasing manganese content decreases the concentration of
Fe§+, which forces the concentration of UB to decrease., It
appears that Mn2+ §+. The

A
replacement of Feg would also serve to lower the

is not as easily oxidized as Fe
+ by Cu;‘+
vacancy concentration in a similar way. The temperature
dependence of reaction (10), as observed in the literature,
could be explained by assuming that while the reaction is
exothermic, it results in a net decrease in entropy. Since
a gas is involved only on the left side of the reaction, a
negative value for Aslo is reasonable. In this way reaction
(10) would go more to the left at higher temperatures, as

observed,

As can be seen by considering the lattice parameters
reported in section 3.3, the values reported in Table 5 are
low by about 0.15 A. If the oxygen excess is ignored, the
values of 8.492 for Ia, 8.534 for Ila, and 8.552 A for IIla
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are calculated. These results are in better agreement with
the literature. The low values for the lattice parameters
reported .in Table 5 are consequently a result cf the low
molecular weights used in equation (27). The increase in
lattice parameter with increasing manganese content confirms
the expectations predicted by the literature survey.

4.4 Summary

The floating zone crystal growth technique used in this
study generated copper - manganese ferrite crystals of high
chemical purity and homogeneity. The chemical equilibratinn
of the samples with 02 is ensured by the mixing of the
liquid zone during growth. The use of these samples for
conductivity measurement, as discussed in the next section,
proéided measurements not affected by porosity, grain
growth, and grain boundary resistance. However, the growth
of crystals from the ligquid is not without its drawbacks.

As can be seefi from a comparison of Tables 2 and 5 the
technlgue caused significant c¢ompositional changes-dufing
growth due to selective evaporation of melt components. The
choice of compositions was limited by the need of a
congruent melting point or a flat ligquidus. Finally, grown
crystals contained a la;ge amount of built - in stresses due
to their rapid cooling from the liquid. These stresses must
be relieved by anhealinq in order to increase the resistance
of the sample to brittle cracking.

The results discussed above indicate an unusually high
_vacancy concentration in the analyzed crystalsd..As.much of |
the literature reports méasuréments for polycrystalline
samples annealed in air at temperatures lower than 140000,
comparison is difficult. More imwvestigation is required to

confirm the presented results and {orm a consistent model.
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§. Electrical Conductivitv Measurements:

§.1 Exverimental Apparatus and Automation

Measurements of electrical conductivity in the 900 to
1450°c temperature range were made for samples Ia to IIIb
under a pressure of one atmosphere of flowing oxygen. This
Pq was used as it is the pressure of oxygen that the
material will be subject to while being tested as an anode
in a Hall cell. Measurements were not made upon sample IIIc
due to its porosity. . The standard four point DC technique,
similar to that applied by Tuller et al. (120) was used.
Care was taken to ensure that the sample had equilibrated
with the atmosphere at the temperature of measurement béfore
recordingAdatau An IBM PC-AT computer was used to automate
the measurements, which tocok as long as five or six days per

sample to complete.

Crystal pieces, about 2.5 cm in length, were cut from
the samples using a diamond saw. The saw was also used to
cut notches about 0.5 cm from either end of the piece, Pt
wires, wrapped around the sample, and kept in place by the
nctches, were used as the two voltage measurement contacts.
The separation of these contacts and the sample diameter
were measured using micrometer calipers. These dimensions
and their estimated accuracy are given along with the
conductivity measurements in appendix III. Pt disks, four
millimeters in diameter, were put on the ends of the sample,
and held in place with Pt paste. The current contacts to
these disks were made using a Pt - Pt/13% Rh thermocouple at
either end of the sample. These twc thermocouples were also
used to help position the sample so that the temperature
difference between the ends was less than two degrees.

While this design should allcw the measurement of the
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Seebeck coefficient, it wés found that such measurements

were scattered and of low accuracy, probably as a result of
the low AT used. Such measurements are better suited to a
system that gither allows for sample movement or that has a

controlled temperature gradient.

A furnace with elements of SiC was designed and built
with an 8 c¢m long temperéture zone, constant in tempefature
to within 2°. A Eurotherm (Eurotherm Corp., Reston, VA)
solid state temperaturc control system was used to control
the furnace.~ The control system had a remcte setpoint
option that allowed the computer to set the temperature.

The computer also controlled a KEPCO (KEPCO, Inc., Flushing,
NY) DC power supply that was used to apply a voltage to the
sample. An analog to digital system, DT 2805, manufactured
by Data Translation (Data Translation, Inc., Mariborough,
MA), was used as the interface between the computer and the
experiment. Sample current was calculated from the measured
voltage drop across a calibrated resistor. The controlling
program, listed in appendix II, was written using the Asyst
programming language (Macmillan Scftware Co., New York, NY).
A brief description of the algorithm will serve to describe
the operation of the experiment.

First of all, the sample was heated to 1400°C at a rate
of 200 K/hr, and annealed at this temperature for 4 hr.
Temperature was then increased to the first temperature of
measurement, 1450°C. The system waited until the sample
temperature was constant and then waited a further 20 min at
that temperature. Measurements of sample resistance were
made every 10 min. One hundred current - voltage points
were taken in a few seconds during a voltage step sweep, -
that swept from 9 to a maximum of 0.1 V between the volfage
probes. The slope, the sample resistance, and the intercept
were calculated by linear regression. The intercept was

always less than 1 mV. An automatic check was made for
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sample polarization. If detected, the maximum sample
voltage would be decreased by 10%. Visual inspection of the
current - voltage plots confirmed that no polarization
occurred for maximum sample voltages of less than 0.1 V.
Resistance measurements were made until the sample
resistance was constant. Constant resistance was defined as
the agreement of three successive resistances to within the
experimental deviation of the wvalues, typically 0.2%. Once
constant, the current - voltage values were recorded along
with the data shown in appendix III for that particular
temperature, The program would then repeat the prccess
described above for the next lower temperature until the
lower temperature boundary, usually 900°C, was reached. The
process was then repeated in the direction of increasing
temperature so that the reproducibility of the results could
be tested. When the measurements were completed, the sample
was cooled to room temperature at a rate of no more than 200
K/hr.

5.2 Results

The data from the experiment described above were then
imported into a spreadsheet program. The data, and the
results of the spreadsheet calculations are given in
appendix III. The columns listed from left to right, are
the temperature, the average from the left and right
thermoéouples; the sample resistance in Q; the error in the
sample resistance; and then the intercept of the current -~
voltage data and its error. The "R" following this data,
not to be confused with the sample resistance, is the
~goodness of fit coefficient from the-linear regression of
the current - voltage data. This value was in the range of
0.9999 to 0.99999, indicating a good £fit. The time
indicated in the next column of data is the time required to
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reach a consfant resistance. The following columns ccntain -
calculated values: T ; the conductivity, o, in (aem)”?. and
the error in ¢. This error was caiculated taking account
the error in the sample resistance and its dimensions.
However, the error given on the activation energy, -k times
the slope of the 1ln(e¢T) vs. T_l data, was a result of the
linear regression analysis only. The calculation of the
slope used both the héating and cooling data. The goodness

of fit coefficient lay between 0.99 and 0.999.
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- The results have been plotted in Figures 5. to 12.
" 'Figure '8 is' a summary of the conductivity vs. temperature
data presented in Figures 5 to 7. ‘Figurellz is a summary of
the 1n(e¢T) vs. T ! plots shown in Figures 9 to il.
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Figure 6 Electrical Conductivity as a Function of
Temperature for Crystals IIa, IIb, and II¢c

... Both Figures 5§ and 6 show a discontinuity in the ‘
measured temperature dependence of - the conductivity. : Not
only does the coﬁductivity show a marked decrease at this
discontinuity, but the amount of hysteresis between the

heating and cooling sections has increased. This
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discontinuity was interpreted as being the result of the
onset of Fe203 precipitation. This hematite phase has a low
conductivity, and will precipitate in fine layers throughout
the sample, thus causing a decrease in cunductivity.
Yamaguchi (116) has s*tudied the kinetics cf F9203
precipitation from spinels and has concluded that the
precipitatioen is nucleation controlled rather than growth
rate controlled. The consequence of. nucleation: control is . .
that upon decreasing the temperature, undercooling is
observed before precipitation begins. This would result in

hysteresis in the conductivity data. Another set of
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conductivity measurements was made for sample Ia for
temperatures spanning the region of hysteresis. For this
experiment, the system waited 4 hrs at each temperature
before taking measurements. The nucleation control model
was confirmed by these measurements as the area of the
hysteresis region did not decrease a great deal. Because of
the undercooling, the actual reversible temperature for the
onset of;Feer3 precipitation is that temperature where, upon.
heating, the Fezo3 precipitates disappear. These

temperatures, where observed, have been listed in Table 7 in

4

the next section. The temperature of transformation becomes
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more difficult to observe at lower temperatures as the

- hysteresis spreads out along the curve in the direction of

the tamperature axis, and the conductivity change is not as
great. ' "

5.3 Discussion

2

The results of the conductivity measurements are
summarized in Table 7.
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o ag
log(e) 1400°C, 3

Sample at 25 C (Qcm) © (eV)
Ia -4.17 80.2 0.58 £ ©
Ib -5.81 66.4 0.60 £ O
Ic -5.60 56.1 0.58 £ O
IIa -7.44 32.4 0.688 * 0
IIb -7.00 35.5 0.669 = 0O
IIc -7.83 30.6 0.724 £ O
IIIa . -8.74 24.2 0.782 £ O
IIIb -8.86 23.4 .79 * O

.01
.01
.01
.008
.004
.003
. 002
.01

0.800
IIb, and IIc

Te

(“c)

1390 * 10
1325 = 20
1280 = 20
~1120
~1170
~1100
(not
observed)

Table 7 Summary of Electrical Conductivity Results
Measured Under 1 atm. Oxygen for Temperatures

of Up to 1450°C
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The values of log(c) at 25°C have been extrapolated and the
values of o at 1400°C interpolated from the best fit 1ln(c¢T)

ve. T !

lines, € is the activation energy for conduction,
as seen in equation 7, and 'I’f is the estimated reversible
temperature for the precipitation of Fe203.
The values of~'1'f are significantly higher‘than t§e~
temperatures given for the phase boundaries shown in Figures
1 and 2. There are two reasons for this. The first is that
the phase diagrams given in Figures 1 and 2 were measured in

air, and it is known that the phase boundaries move to
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higher temperatures with increasing Pq. The second reason

is that the conductivity measurements are more sensitive to

the presence to Fe, O, than X - ray diffraction spectra would

273
be. Conductivity measurements can also separate the

reversible precipitation temperature from the undercooled
precipitation temperature. Also, quenched samples may not
be represenfative, since precipitation is relatively slow.

Activation energies were plotted for comparison in
Figure 13. The combined results of Funatogawa et al. (91),
Lotgerihg (66), and Rosenberg et al. (93), representing the

most accepted values, are described by the solid curve.
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- These measurements were made at low temperatures upon

metastable samples prepared under reducing conditions. The

results of Dorris (79) were taken from measurements made

upon stable samples at high temperatures.

The measurements

were made by Dorris under reducing atmospheres for x € 1.0,

and in air for x = 1.4.

The results for samples Ia, Ila,

~and IIla were taken from high temperature

made at Pq =

1.

reparation is greatest
prep g

for those samples

Measurements made upon metastable samples

measurements, all

.The effect of the oxygen pressure of.

with < 1.0,
have yielded

activation energies lower than those measured frem the
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conductivity measurements taken at high temperature.

Previous observations have been confirmed by the
measurements presented in this section. Low temperature
measurements made upon metastable samples cannot represent
the high temperature intrinsic properties. The effects of
preparation, particularly the Pq, cannot be ignored as it
will have a direct influence upon the electrical properties.
The effect of Pq .
are high enough to cause the formation of cationic

is probably strongest when the pressures

vacancies. The formation of oxygen vacancies, at lower

Po,
properties.

's, may not have such a strong effect upon the electrical

The conductivity data indicated that a plot of 1ln(e¢T)
vs. T-l is linear in the single phase spinel region. While
this linearity seemed to confirm the small polaron hopping
model briefly discussed in section 3.2, equation (6) could

not be used to calculate reasonable values for n, . the
2+
B8 .
the present study, is that while the mobility does appear <o

concentration of Fe The only ccnclusion made, based on
be an activated process, the small polaron model does not
provide an adequate description. The application of a more
extensive model should await the acquisition of a larger
data base. 1In particular, more measurements need to be made
at higher oxygen pressures, say for Pq 2 10°2, in order that
the effect of cation vacancies can be studied.

5.4 Summary

The conductivity measurements have demonstrated the

effect that a relatively high P, can have upon the

Y
electrical properties of manganese ferrltes, partlcularly

those with high iron contents. The inapplicabilty of the
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small polaron model ruled out any attempts. to determine the . .

cation distribution quantitatively. The decreasing

conductivity with increasing Mn content indicated a

2+
BA.

remained high even when the Mn concentration exceeded the Fe

2+

B

concentration remained high or the conductivity mechanism

decreasing Fe concentration. However, the conductivity

concentration by a factor of two. Either the Fe

changed. This gquestion has not been answered in the
literature and requires more investigation. The addition of
the small amount of CuO to samples IIa and IIla did not
greafly affect the conductivity other than to cause a small
decrease. Unfortunately the Fe : Mn ratio did not remain
constaht in samples Ia to Ic as a result of evaporation
losses during crystal growth. The decrease in conductivity
could then be a result of either increasing Cu or increasing
Mn content.

The results discussed above demonstrated the sensitivity

of electrical conductivity to the appearance of a second
phase in this system. This suggests that the experimental
| techniqué discussed above could also be used in phase
diagram determination studies. The technique would be
applicable at temperatures above about 1100°C, where the
kinetics of precipitation are sufficiently rapid. The
precipitating phase must also have an identifiably different
conductivity from that of the parent phase. The results
show that the samples Ia‘throﬁgh IIc will not be stable at
960°C, the temperature of operation of the bench - scale
Hall cell. The samples that were chosen for electrochemical
testing were IIIa and IIIc. Sample IIIc was chosen so as to
demonstrate the effect that an amount of dissolved Cu0O may
have on the anodic behavior of the sample.
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6. Bench - Scale Hall Cell Testing

6.1 Previous Work

The overall cell reaction for an aluminum electrowinning
cell operated with an inert anode would be

o

2A1203 == 4Al + 30 € = 2.20V (28)

2
Aluminum weould collect on the cathode as before. Oxygen gas
would be the reaction product on the inert anode. Lacking
the reducing power of carbon, the reversible cell potential
has inéreased by a volt. Optimistically, in spite of the
higher reaction voltage, the voltage of an operating ceil
will be lower as a result of more efficient cell design.
This design would, in part, result from the use of a
dimensionally - stable anode. The intensity of the search
by the aluminum industry for a practical ihert anode ' '
material has been reflected more by the number of patents
issued (4), rather than in the few papers that have been
published. It was only recently, once it was found that
most "inert" materials would react with the electrolyte,
that the problem has become one of scientific interest as
well. One of the greatest barriers to solving this problem
has been the difficulty in reproducing the results that have
been communicated. Part of the reason for this difficulty
must be attributed to the problems associated with carrying
out research upon the particular molten salt system used to
dissolve alumina. The other scurce of difficulty was the
variation in experimental techniques emplovyed in testin§
candidate materials. One of the objectives of the present
study.wés to try to identify those aspects of the testing of
anode materials that are the most critical, F' |
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Gold is probably the only anode material thaﬁ_is
completely inert. Platinum, which appears inert, does
become etched and and somewhat brittle after extended use.
The reasons for this are not known. As the present study
will demonstrate, it is useful to compare the behavior of
candidate materials to the behavior of completely inert
materials. Unfortunately, very little has been published
about the anodic behavior of Pt, and even less published for
Au. Thonstad (121) measured the overvoltage for the
evolution of O2 on Pt using the traditionally designed
aluminum reference electrode with the aluminum on the
bottom. Oxygen was bubbled over the Pt wire anode. The
electrolyte consisted of Greenland cryolite saturated with
alumina at 1000°C. The overvoltage wasvo,17 V at a current
density of 1 A/cmz. Voltage decay measurements indicated
that the reversible decomposition voltage for the cell was
2.205 V. Thonstad does not describe either the exact means
of overvoltage measurement, or the means of IR voltage
compensation. The "IR voltage" was that component of the
voltage drop resulting from the resistance of the
electrolyte that was included in the potential measured
between the reference electrode and the anode. 2Zhang and
Qiu (122) report overvcltage measurements in agreement with
those of Thonstad'measured using "modified continuous
impulse" and voltage sweep techniques. Dewing and Van der
Kouwe (123) report chronopotentiometric results for Au and
Pt anodes. This work was of limited use to the present
study as the authors did not apply current densities of less
than 10 A/cmz.

Unfortunatel?, the use ¢of Au or Pt would not be
practical on an industrial scale. Interest has revelved
arouné other metals, notably upon copper, and oxides such as
those based upon Sno2 or Fe203. In 1937, Belyaev and
Studentsov (5) tested as anodes in a bench - scale Hall

cell, oxides of Fe, Sn, Co, Ni, Zn, Cu, and Cr., The oxides
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Fejy0,, Sn0,, Co,0,, and NiO were the most stable. Seeking
_an improvement in conductivity, Belyaev (6) then tested
ferrites of Z2n, Ni, Ca, Mg, Al, Sn, Cr,. and Co. The
ferrites of Sn, Ni, and 2Zn led to the production of the
metal with the lowest impurity concentrations. . In what
p:obably was the first paper of its kind, Liu and Thonstad
(124) reported the overvoltages for oxygen evolution upon
ancdes based upon Snoz. The composition used : 2% Sb203,
2% (by wt.) CuO in Snoz, was thought to be, at the time, a
leading inert anode candidate. It was found later that
while the Sn content of the aluminum produced was low when
this anode was used, it was high enough to caﬁse tearing
prcblems during the production of aluminum sheet and foil.
The testing cell was very similar in design to the cell used
in the present study except that it employed a traditional
Al reference electrode. The authors reported the effect
upon the overvoltage of various surface - level doping
agents. They noted a significant current at voltages less
than 2.2 V. This currenf was interpreted as being a result
of the anodic oxidation of dissolved Al rather than as a
result of the corrosion of Snoz. Russell (125) reported
polarization measurements made upon SnO2 and various
ferrites. He gave corrosion rates without stating how they
were measured. Other experimental results in this paper are
suspect due to the lack of pre - electrolysis purification
of the electrolytes used. In a later paper, Russell (126)
reported the activity of oxide films formed upon metal and
. cermet anocde materials. Horinouchi et al. (127) reported
the results of in situ electrolysis of various low
solubility oxides for times of up to 40 hr. They noted
corrosion of all oxide anodes without giving any further
discussion. While the paper reported the results of what
must have been a largeAstudy, it was noticeably lacking in
detail.

Recently, investigators from ALCOA Laboratories reported
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some of the results they obtained from their recent five - -
year effort on inert anode materials. They claimed success
for a cermet material which consisted mainly of a nickel
ferrite matrix that supported up to 17% of a fine discrete
Cu metal phase. The oxidation of the copper at the ancde
surface seems to allow the formation of a passivating layer
that prevents further corrosion. The mechanism of
passivation is not yet well understood. Ray (21) has
discussed the selection process for the composition used.
De¥Young (128) has measured the dissolution rates of various
oxides using a rotating disk technique. Tarcy (129)
reported upon the corrosion and passivation of cermets. Ray
(130).has reported the effects of bath additives and cell
operating parameters upon the behavior of dimensionally
stable anodes. Investigators at Pacific Northwest Laboratory
have continued the development of the copper - containing
cermet material. Windisch and Marschman (131) have reported
a study of the passivation of copper and the cermet
‘material, '

A study of the techniques used in industry to
investigate the anodic behavior of candidate inert anode
materials led to the cell design and testing proéedure
described in the next section. While the cell was smaller
and the equipment less sophisticated than that available in
the industry, the experimental techniques to be described
have produced useful results ﬁnder carefully controlled
cenditions upon fully characterized, single phase specimens.
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6.2 Experimental Apparatus and Control

The bench-scale Hall cell is shown in Figure 14.
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Figure 14 Bench - Scale A1203 Electrowinning Cell

A sectioﬂ of test specimen of about 2 cm in length was cut
from the crystal with a diamond saw. ' This section was
mounted in an alumina tube with an electrical connection
providéd by Pt paste and Pt foil. The mounting désign
minimized the distance between the electrical connection and
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the electrolyte and insulated éhe:gidegvof the sample from -
significant current flow. The mounted sample, attached to a
stainless steel rod, was immersed only a few millimeters in
the melt. Electrical connection to the molten Al pooil
cathode was provided by a molybdenum wire. The
approximately 150 ml of electrolyte was contained in an
alumina crucible which was covered withxa BN cap to help
minimize ‘evaporation losses. ‘

The algminum reference electrode (132) was contained in
a grade HBN boron nitride tube which was immersed-in the
melt next to the test sample. The addition of 30%, by
weight, of BaF, to cryolite allowed the Al to float on this
reference solution, thus ensuring that no contact could be
made between the.fungsten lead wire and the salt. This
eliminated the common problem of mixed and non-stable
reference potentials. The bottom of the BN tube was drilled
to within 1 mm of the bottom. This layer of BN acted as a
porous'plug - type membrane between the reference solution
and the electrolyte.i The level of the reference solution
was maintained above that of the electrolyte se that any
flow of salt would occur out of the reference. This ensured
that the composition of the reference solution remained .
constant. The potential between the reference electrode and
the cathode, which contained only junction and membrane
potentials when Ehe'cell;was at rest, remained constant at
0.06 V during the éxperiments.'

'The reference solution was pre - electrolyzed in order
to remove electrcactive impurities. The cell used for the
purification of the reference solution employed a graphite
crucible as .the anode. The molten aluminum cathode was held
in an alumina riser tube, 1 ca in dia., Which:was immersed
in the melt to a depth of approximately 1.5 cm. Electrical
contact to the aluminum was made by tungsten wire.

Pre - electrolysis was carried out by applying 3 V for
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several hours. This electrolysis moved any electroaétive
impurities into the aluminum cathcde, thus ensuring that the
reference interface was Al/A.13+ only. It is doubtful that
the positive effect of reference solution pre - electrélysis
upcn the stability of the eilectrode has ever been full

appreciated.

Not shown in Figure 14 are the thermocouple and gas
inlet tubes which were held just above the melt. The cell
was contained within another alumina tube which allowed
maintenance of a dry atmosphere of argon over the cell.
Heating was done by an electrical resistance furnace. The
top fitting was designed to permit rapid removal and
replacement of anodes.

The electrolyte was formulated to ccntain 5% CaF 7%

A1203, and have a bath ratio (BR) of 1.15 in order tg
resemble industrial compositions. The bath ratio is defined
as the weight ratioc of NaF to AlFé in the electrolyte. The
cryolite ratio (CR), defined as the mole ratio of these two
compounds, is twice the bath ratio. Greenland cryoclite and
reagent grade CaF2 and Alzo3 were used. The AlF3 was
supplied by ALCOA. Impurity levels and water contents were
taken into account during formulation. The resulting.
mixture was 79.39%, by weight, cryolite; 10.28% AlFa: 3.75%
Can; and 6.58% Alzc3 before melting. The total weight pf
salt added to the cell was 297 g, and 78.7 g of Al were
added for the cathode. After electrolysis, the melt was

analyzed for %Alzo and BR using the AlCl3 and pyrotitration

methods, respectiv:ly. The A1203 content increased to a
value of 11% while the BR stayed at 1.11 % 0.02. Quenched
melt samples were seen to contain fine crystals of Alzoa.
This supersaturation accounted for ‘the high' measured -
coﬁcentration. On the basis cf these measuremehts it was
decided that AlF, and Al.0, additions need not be made

273
during this set of experiments.
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Once the electrolyte was molten and the temperature was:
stable at 960°C, pre - electrolysis was carried-out using a
Pt anode with a surface area of 1.6 cmz. At an applied
voltage of 3.00 V a current density of aboﬁt 1 A/cm2 was
observed. The current density decreased as the impurity
concentration decreased. Electrolyte purity was measured by
applying voltage sweeps at a rate of 20 mV/s in order to
determine the residual current, defined as the current
density at a veltage slightly less than that required for
A1203 reduction. A clean mel; would show a residual current
density of less than 20 mA/cm”. Generally pre -

electrolysis took less than 3 hr.

The test anocdes were immersed in the melt after the
completion of pre - electrolysis and after some measurements
were made upon Pt. The test specimen was lcwered into the
hot zone over a time of abcut 2 hr so that thermal shock was
avecided. The measurements were made using the

instrumentation diagrammed in Figure 15.

— MONITOR
ngé:o ib DATA TRANSLATION |
POWER SUPPLY V[=={ DT280SBOARD | ______
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| KEYBOARD |

T CURRENT A/D
A/D | INTERRUPTER

A/D

HE_]

- A/D
‘l L REFERENCE
l"———'—— TEST ANODE
l CATHODE

Figure 15 Computer Controlled Electrochemical Testing

Instrumentation
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The current interrupter (ESC Model 810-02, modified, The
Electrosynthesis Co., Inc., E. Amherst, N.Y.) was used to
measure that portion of the IR drop that was inciuded in the
measured anode to reference potential. The overvoltage was
calculated by subtracting this IR drop and the zerc current
emf from the anode to reference potential. The zero current
emf was obtained from the extrapolation of the anode to
reference voltage to open circuit, i.e., i = 0, and usually
measured 2.16 V. This potential contains a component of
magnitude -0.06 V, the result of membrane and thermal emf's.
All potentials were measured using the DT2805 analocg to
digital board. The output channels of the board were used
to control the DC power supply in either vocltage or current
control modes. The board in turn, was controlled by the |
computer using the program listed in appendix IV. This |
system was capable of making a variety of electrochemical
measurements as well as just applying potentiostatic or
galvanostatic electrolysis. Any mathematically describable
transient could be applied to the cell. The program listed
was capable of conducting voltage sweeps, galvanostatic
pulses, and making potential or current step steady state
measurements. The program also displayed and stored the
data. The acguisition rate of the system was limited by the
DT2805 board to a maximum rate of a point every 0.2 ms. The
response time of the DC supply was less than 0.2 ms. This
system was equivalent in cperation to the combination of a
potentiostat/galvanostat, a signal programmer, a current
interrupter, a digital storage oscilloscope, and a chart
recorder. Not only did the computer based system have the
advantage of lower cost, but it was capable of supplying
higher currents beyond the capabilities of most
.potentiostats. Also, unlike most potentiostats, both sides
of - the output of the DC supply were isolated from ground,
eliminating any ground loop problems.



80
3-80

6.3 Results of Electrochemical Measurements -

8.3.1 Tests I to III

The results reported in section 6.3 were measured in
five different experimenis. Some measurements were made
upon Au, Pt, and a cobalt ferrite crystal designated C1 in
three different experiments. These results have been
discussed in greater detail elsewhere (133,134). Some
results are shown in Figure 16 as curves of cell voltage vs.
current density. The current on the Au and Pt anodes did
not increase until a cell potential of 2.2 V was reached.

This is the decomposition potential for Alzo in a saturated

solution at 960 C. However the current on tge cobalt
ferrite sample\was significant at potentials less than

2.2 V. This effect was also found on the manganese ferrite
samples whose results are reported in the next two sections.
The Figure also demonstrated the difficulty in obtaining
consistent results, even with identical anodes. One of the
problems was being able to define the electrode area.
Changes in melt level, and the ability of the melt to creep
up the sides of the electrode contributed to the problem.
Measurements also depended upon the melt purity and
technigue used. All of the .results shown in Figure 16 were
made with melts purified by pre - electrolysis, using the
vocltage - step steady state technique.

While these initial trials helped tc establish a working
cell design, two problems existed with the experimental
technique used. An immersion time cf 1.5 hr for the ferrite
test anodes was found to be toc short to show observable -
corrosion. Later work, discussed in section 6.3.3, carried

out on the manganese ferrites after a repair of the current
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Figure 16 Cell Voltage vs. Current Density for Various
Anodes for Tests I to III

interrupter, showed that previous IR measurements may have
been toc high. These problems decreased the usefulness of
the results measured in tests I to III. However some useful
results were obtained from a scanning electron microscopic
examination of the electrolyzed cobalt ferrite specimens. A

sample of cbmposition 25 wt% CoO in Fe,O after

2 273’
for 1 hr, showed the

formation of an interface layver 8 vm in thickness. A sample

electrol?sis at 3.0 Vand 1 A/cnm

of identical composition electrolyzed at 2.0 V for 1 hr had
a layef 25 to 30 Ym in thickness. The current increased

from 0.20 to 0.29 A/cm2 during electrolysis for this sample.
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It is possible that a higher rate of oxygen evolution .
impeded the formation of the layer. Elemental profiles
showed the interface layer was an alumina ~ rich oxide
solution containing a small amount of fluoride. A diffusion
profile out of fhe sample was observed for Co and Fe.
Alumina was forced to diffuse into the sample because the
activity of alumina in the melt was 1. Post - test chemical
analyses of the electrolyte and metal did not show a high
enough increase in the Fe and Co concentration to allow the
calculation of an accurate ccrrosion rate.

6.3.2 Test IV : Sample IIIa

Improved test methods resulting from the experience
gained in earlier experiments allowed the extraction of the
maximum amount of consistent informaticn from tests IV and
V. Cell voltage results are given for various anodes in
Figure 17. These curves were measured using the current -
step steady state technique. In this technique the current
was increased by 0.02 to 0.03 A/’cm2 increments. The system
waited for arcund 5 s at each step, took 100 points in 1 s,
and then stored the mean value of these measurements. This
digital averaging technique effectively filtered out much of
the fluctuations in the measured voltage caused by bubble
evolution or electrolyte flbw at the anode. This noise
level was as high as #0.5 V at current densities greater

than 1 A/cmz.

Curves are giveh for the anodes: graphite (Gr), Pt in a
pré - electrolyzed melt (Pt), Pt after the 750 min
electrolysis of IIIa (Pt'), and the ferrite IIIa after its
electrolysis (XIIIa). The residual current, defined as the
current density at voltages less than 2.2 V, on Pt' was at
least 8 times higher than that for the clean melt.
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.Anodes for Test IV (Pt' is for immersion of
Pt anode after electrolysis of IIIa)

The higher residual on Pt' was a result of the electrolysis
of the impurities added to the electrolyte as a consegquence
"of the corrosion of IIIa. Current began to pass on IIIa at
potentials as low as 0.9 V vs. the Al cathode. The high
residual on IIIa was a result of a combination of corrosion
current and the electrolysis of these corrosion products.
An examination of the relevant'decomposition potentials
helped to explain why the electrolysis of sample IIIa beggn
at 0,9 V. These potentials were calculated using reaction

29 and equatioﬁ 30
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MeO ==> Me + 20 : (29)
n 4 2
2
o - AG.
829 = ~""29 (30)
- 2zF
AGZ9 was calculated assuming unit activities for all three

of the components at 1300 K. The AG values were taken from
Barin and Knacke (135,136). Unit activity was a reasonable
assumption for oxygen gas. The activity of the metal oxide
will only be one when it has saturated the electrolyte.
While few solubility data are available, values of 0.003 to
0.2 wt% have been reported for Fe203 in cryolite (see page
365, ref.7). .Therefore it would not take a great deal of
oxide to saturate the electrolyte. Reducing the Me activity
by dissolution into Al could decrease the potential by as
much as 0.2 V for an activity of 102 or by 0.5 V for an
activity of 107%. Such low activities for Fe and Mn in Al
were not expected since the Al used in the pad already
contained some Fe before use, and the solubilities of Fe and
Mn are less than 1 wt% at 960°C. The relevant oxide

decomposition potentials are

. o
Cxide -529 (V)
Cuo .0.21 7
Cu20 0.38
Fezo3 0.84
FeO 0.99
ano3 1.07
MnoO 1.49
A.1203 2.17

Table 8 Relevant Oxide Decomposition Pctentials
Calculated at 1300 X
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For sample IIIa the lowest of the potentials is that for
Fezo3 at 0.84 V. Since IIZa had been electrolyzed in fhe
melt for 12.5 hr prior to the measurements shown in Figure
17, it was not unreasonable to assume that sufficient Fe203
had dissolved into the electrolyte so as to approach
saturation. So the overall cell reaction on IIIa, as well
as upon Pt', at potentials around 0.9 V would be the
decomposition of Fezos. As the cell potential was increased
the electrolysis of dissolved manganese oxides would

commence, followed by the electrolysis of A120 Results to

3
be discussed later will confirm this explanation. In

particular, chronopotenticometric measurements performed upon

Pt' have confirmed that the electrolysis of Fe203 began at

the reversible potential given in Table 8.

It was noted that due to the smaller area of IIla,
assumed to be 0.25 cmz, that the error on the current
dens;ty for this sample was larger than that for the Pt
anode. As a result of the tendency of the anode to round
out as a result of corrosion and the creeping of the
electrolyte, the actual electrolyzed surface area was

probably as much as a factor of 2 higher.

The overvoltage results shown in Figure 18 were measured
at the same time as the results in Figure 17 using the same
technique. These results were higher than the other results
discussed in section 6.1, especially at higher current
densities. Since the overvoltage for oxygen evolution has
not yet been established it was not possible to say what
, measurements were in error. However, the simple calculation
~.that will be.presented in the next section confirmed that
this is the overvoltage that is being measured. It was
possible that since measurements were made at steady state,

an additional polarization potential, related to gas bubble
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evolution, was included in the overvoltage.

86

2.00 3 : l — ,3
- . i i
3 | | / |
3 i | ! | /\/\/V J.
2.50 : ;
4 .
= i
: |
: !
£2.00 = :
z 3 /
3 / /
-y 3
m .
3 : . !
5 o
O i 1
& 1.00 = / :
3 | |
3 !
0.50 = i l
© 3
- - | I
E ! .
2 | |
0.00 S L LA LU B S B SO A p e B B S S Mt s i e S At e A L S I S A Bt S ST N N B SN B B SN
oot 0.50 1.00 1.50 2.00 2.50 3.

Current Density (4/cm?@)

Figure 18 Overvoltage vs. Current Density for Various
Ancodes for Test IV

The effect of melt impurities was also observed using
the voltage sweep technigue. The curves in Figure 19 are
for a melt purified by pre - electrolysis. The remaining
peaks. below the decomposition pofential for AJ.203 indicated
that the melt was not completely free of impurities, as can
be expected. The highest potential peak was probably for
Si4+, while the lpwest may be for Fe2+. The middle peak

could not be identified. Chemical analyses indicated that
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Figure 19 Voltage Sweeps on Pt for a Pre - Electrolyzed
Electrolyte for Test IV '

these impurities are already present in the cryolite added
to the cell. Pre - electrolysis reduced the electrolyte
concentration of these impurities to a level dependent upon
the potential applied to the cell during the pre - .
electrolysis. The sweeps shown in Figure 20 indicated that
the impurity level was much higher after the electrolysis of
IIIa. The large peak shown started at a potential of 0.83
V, and thus cqnfirmed the electrolysis of Fe2 3" While the -
peak height was proportional to the sguare root of the sweep
rate, no other gquantitative results were obtained from these

measurements. Even though the rapid sweeps ‘should have
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avoided gas polarization effects the reproducikility of the

peak height was pcor.
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Figure 20 Voltage Sweeps on Pt' for Test IV

The ancde to reference potential measured during the
electrolysis of sample IIla is shown in Figure 21. Bubble
evolution was .the cause of the fluctuations of this
potential around 3.0 V. Since the average potential did not -
drift noticeably it was concluded that the reference
‘electrode was well behaved, and that the test specimen did
not corrode to such'an extent so as to impede the current
flow.
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Electrolysis of IIIa During Test IV

In the chronopotentiometric technique, a constant

current pulse was applied to the cell and the response of

the
was
was
the

useful for twe reasons.

anode to reference potential measured.

First of all,

disregarded because it was constant.

The s

This technigue

the IR potential

econd

This meant that
response of the anode to reference potential was due to

reason is

.. that this response occurred before enough' current was passed

so as to allow the formation c¢f a significant amount of gas

at the anocde

bubble caused discontinuities in measured potentials.

As has been shown,

the release of a gas

The
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chronopotentiometric curves given in Figure: 22 demcnstrated
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Figure 22 Chronopotentiometric Curves for 1 A/cm
Applied at Various Pre - Electrolysis Times
During Test IV

the effect of pre - electrolysis upon the total impurity
content of the electrolyte. A point of inflection occurred
at the transition time, v, at pctentials above 2.2 V when
the electrolysis of Alzd3 began. For times less than T,
impurities were being electrolyzed. Figure 22 shows that T
decreased as the concentration of electrolyte impurities was

lowered by pre - élegtrolysis. Chronopotentiograms are
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Figure 23 Chronopotentiometric Curves on Pt for a Pre -
Electrolyzed Melt for Test IV '

the impurity concentration was low in this electrolyte, the

electrode reaction was diffusion controlled.

time{'r, represented the time it took for the impurity

concentration,

c,

The solution of this diffusion problem (see page 124-5,
ref, 137, for example) results in Sand's equation given

bélow:

The transitipn

to reach zero at the electrolyte. surface.
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iTx ='nFDxnxC°x‘ . o U -3 )
. 2

where i is the current density, n the number of electrons
exchanged, F the Faraday constant, D the diffusion
coefficient, and C° the bulk concentration. For the results
% 2 0.20 * 0.05 (As®/cm?). A value of
(cmz/s) (see page 181-2, ref.7) was used for D.

in Figure 23, ir
2 x 1073
This is the diffusion coefficient for'Alzo3 in cryolite and
was used to approximate the coefficient.for the impurity.
For the anodic reaction of 02°, n = 2. The concentration of
O2a from the impurity oxide, C°, is then calculated to be
abuut 3 x 10-4 (mole/cma). Fur cumparison, the
concentration of 02~ from.Alzos was 6 x 10 ° (moie/cms).

The calculated concentration of impurity was high, but

reasonable considering the assumptions made.

Chronopotentiograms were also taken on IfIa for current
densities of up tc 8 A/cmz. A constant voltage was reached
in less than 0.1 s and no steps were observed. It appeared
that none of the three possible anodic reactions were
diffusion limited at these current densities. As will be
discussed in section 6.5, the reaction mechanism on oxides
can be complex, adding to the difficulty in interpreting

measurements.

Chronopotentidgrams obtained on Pt', the Pt ancde
immersed after the IIIa'electrolysis, are shown in Figure
24. The transition times were longer due to the higher
idburity concentration in this electrolyte. For this systenm

it% was not constant, but was a linear function of current

density : iTx = 1.059 + 1.151i. The coefficient of fit was
0.986 for this equation. According to the text by Macdonald
(page 141, ref.137), this lineafity‘was the result of a
chemical reaction being coupled to the charge transfer
reaction, the so called "CE" mechanism. This coupled

reaction was the decomposition reaction of the impurity
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Figure 24 Chronopotentiometric Curves on Pt' After the
Electrolysis of IIIa for Test IV

2~ jon that was

containing complex to produce the 0
discharged on the anode. Possible reactions will be
discussed in section 6.5. 1In this case the intercept,
1.059, equals the right hand side of equation 31. A similar
calculation to that given above yielded the concentration of
1.4 x 10”2 (mole/cm®). While the absolute values of the

concentrations calculated using equation 31 were not that

. accurate, their ratio was more representative of the
"physical situation. This ratio implied that the impurity

concentration after the electrolysis of IIIa was 5 times:

higher than before the electrolysis of IIla. So the
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chronopotentiometric measurements have confirmed :the-
impurity concentration increase qualitatively indicated by
the steady state cell voltage measurements shown in Figure
17. '

The curves shown in Figure 24 also vielded important
information concerning the major impurity species
eléctrolyzed before A1203. - The potential of the plateau
before the transition point, ep’ was linear with respect to
current. The relationship, Ep = 0.83 + 0.34i, fit the data
to * 0.01 V with a goodness of fit coefficient of 0.9998.
The extrapoclated potential at i = 0 was the reversible
decomposition potential. eor for the electrolysis of the
impurity. This voltage was identical to the decomposition

potential of Fe20 given in Table 8. This confirmed the

hypothesis given :arlier, that the electrolysis of IIla
resulted in a concentration of Fe203 near saturation in the
electrolyte. iateaus for the decompcsition of ano3 and
MnO were not seen, possibly be;ause the concentrations of

these oxides were not as near to saturation as was the

«concentration of Fezoa. The only measurement available
indicated that the solubility of Mnao4 was just over.1l wt¥%
(see page 365, ref.7). A concentration below saturation

increased the already higher decomposition potential, so

that it was nearer to that of A1203.

-6.3ﬂ3 Test V : Sample IIIc

‘The composition of IIIc was similar to that of IIIa
except that IIlc contained an amount of CuO. It was shown
that this amount of CuO should have little effect. upon the
electrical properties of this high manganese férrite.
However, some electrochemical studies (129,131) have

indicated that the presence of Cu metal leads, in some way,
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- to a passivation QfAthe anode. This sample was tested in
order to confirm the behavior of IIIa and to see if this
amount of Cu0 provided any paésivation. The results on IIlc
will not be discussed in as much detail, except to indicate
where the results confirm the behavior discussed in the
previous section.

The cell voltage vs. current density results for the
anodes used in test V are given in Figure 25.
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Figqure 25 Cell Voltage vs. Current Density for Varicus’
Anodes for Test V '
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The curve for Pt was measured after 3 hr of pre -
electrolysis, and the Pt' data were taken after the 14 hr
electrolysis of sample IIIc at about 1 A/cm2 and 3.3 V.
Sample IIIc was assumed to havé an area of 0.2 cmz. Unlike
the steady state results measured for IIla, shown in Figure
17, the data for IIIc were measured before electrolysis.
For this reason, the residual current was significantly
lower even when the uncertainty in the electrode area was
taken into account. This was a result of the lack of
impurities in the electrolyte just after the immersion of
IITec. The residual current observed on IIIc was a
combination of corrosion current and the electrolysis of
remaihing melt impurities. The high residual for Pt', whose
curve had a similar shape to the Pt' anode in Figure 17,
confirmed that the IIIc anode did corrode during
electrolysis, resulting in a higher impurity content in the

melt.

The voltage sweeps showq in Figure 26 confirmed
previously observed behavior. The sweep on IIIc was taken
after its 13 hr electrolysis. Again, the presence of a

concentration of Fe near saturation, ¢generated by the

o]
273
corrosion of IIIc, has led to a reversible potential near

0.9 V for the electrolysis of IIIc.

Figure 27 shows the overvoltage results for Pt, Pt', and
IIIc measured before electroiysis. These data were taken at
.the same time as the data shown in Figure 25. The dashed
lines represent the results of a calculation of overvoltage
that was in good agreement with measured values. This
overvoltage was calculated by first considering the
components of the total cell voltage. ecell

Q

Ecell =g + Ec Ea + IR (32)

The cell resistance, R, consisted mainly of electrolyte
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Figure 26 Voltage Sweeps on Pt and IIIc at 1 V/s for
Test V

resistance since 3/16" dia. stainless steel rods were used
for current leads and high surface area connections were
used at all contact points between the anode and cathode.
The Pt anode to Al cathode resistance was measured to be
0.234 Q by an AC impedance bridge. The current, I, equals
iA, where A is the electrode area. eo, the reversible

. reaction potential, was measured to be 2.27 V, using the

curve for Pt in Figure 25. The overvoltage for the cathod
Ec’ was neglected since this overvoltage was small as

compared to €4 and the electrode area for the cathode is

3.5C0

e,
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much larger than the area for the anode. This led to
equation 33 ‘

E. = E&

a cell 2.27 - iA(0.234) (33)

‘Equation 33 wasvused to calculate the dashed curves given in
Figure 27 from the data given in Figure 25. The good -
agréement supported the view that the potentials given -in-
Figure 27 were indeed anodic overvecltages. The agreement
for IIIa data was alsc good. Since the equation could not

predict the overvoltage results of tests I to III in a
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~similar manner, these earlier results must remain doubtful. .
Unfortunately, so little is known about the overvoltage of
Oz‘evolution and how it is affected by measurement technique
that the results given here cannot be confirmed.

Chronopotentiometric curves taken using a Pt anocde in a
melt pre - electrolyzed for 3 hr are given in Figure 28.
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Figure 28 Chrbnopotentiometric Curves on Pt for a Pre -
Electrolyzed Melt for Test V

. o | .
% was constant at 0.53 £ 0.03 (Asx/cm ).

This led to a concentration somewhat higher than that

For these results ir

calculated in Test IV.



3-100
6.4 Bath and Metal Analyses

Chemical analyses were carried out by Luvac Inc for Si,
Mn, Fe, and Cu in pre - and post - test samples of melt and
metal. The results are listed below in Table 9.

ELECTROLYTE.
Element Before : Af ter
Electrolysis
IIla IIIc
Si 0.035 ' 0.002 0.005
Mn <0.002 0.024 0.015
Fe 0.023 0.016 0.015
Cu 0.002 0.011 0.005
METAL
Element Before After
Electrolysis ‘
IIIa Illc IIIa IIIc
Si 0.036 0.023 0.13 0.10
Mn 0.003 0.002 0.084 0.095
Fe 0.115 0.056 0.16 0.081
Cu - <0.001 - 0.007

Table 9 Pre - and Pcst - Test Chemical Analyses of
Electrolyte and Metal in Weight %

The analyses of Si demonstrated the effect of pre -
electrolysis. The Si content of the metal increased while
the electrolyte concentration decreased. The Fe content of
the electrolyte decreased. This was a result of the .
reduction, by pre - electrolysis, of the e;ectrolyte
concentration followed by a concentration increase resulting

from the ferrite electrolysis. This Fe content was
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equivalent to a Fe,0, content of 0.022 wtX. DeYoung (128)
. reports a Fe203 solubility of 0.13 wt% for.: bath ratio of
1.1, and an alumina content of 6.5 % at 960 C. For the
present study, a higher alumina content of 11 % would
probably result in a lower F920a solubility. It was also
possible that the Fezo3 content was below saturation. The
- slight difference this might cause in the calculation of
Ast was compensated for by the Fe content in the metal

being below saturation as well.

The most accurate calculation of the corrosion rate used
the Mn analyses as they were near zero before electfolysis.
However, it was realized that error in the calculation could
be introduced as a result of the evaporation of the metal
fluorides from the molten electrolyte. The corrosion rate
calculated here was then the lowest possible value.  Using
the initial salt and metal weights, the amcunt of Mn
corroded from the ferrite to the salt and metal was
calculated to be 0.132 g for IIIa and 0.115 g for Illc.

This was the result of the corrosion of 0.263 g of IIIa
oxide, and 0.248 g IIIc oxide. Using the crystal densities
given in Table 5, this was calculated to be equivalent to
2.4 mm of IIIa, and 4.1 mm of IIIc. These lengths compared
well with the observed lengths of crystal corroded.
Calculated wear rates were 94 (mg/hrcmz) for IIIa, and 95
for IIIc, or in other units : 0.94 (kg/hrmz) for IIIa, and
0.95 for IIIc. The close agreement of the wear rates
indicated that the amount of CuO in IIIc did not provide any
significant resistance. to corrosion. It was also observed
that these corrosion rates were so high as to preclude the
use of these materials as dimensionally stable anodes.
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6.5 Anodic Reaction Mechanism

The results detailed above'indicated that the ferrite
samples did corrode during electrolysis. Some of the
corrosion products were electrolyzed into the metal while
the remainder stayed in the electrolyte. The anodic
reaction was complex, since four reactions could be taking
place in conjunction, depending upon the applied potential.
These reactions were the electrochemical corrosion of the
ferrite, the chemical dissolution of the ferrite, the
electrolysis of dissclved corrosion products, and the
electrolysis of Alzoa. The chemical dissolution of the
ferrite would be independent of potential. While no
detinite indication of electrochemical corrosion could be
inferred from the results, the pcssibility could not be
eliminated. The results shown in Figure 25 for IIIc showed
that if eilectrochemical corrosion took place, it did so at
potentials above those required for the electrolysis of
dissolved corrosion producté. The electrolysis of corrosion
products began at potentials as low as 0.83 V with the
electrolysis of dissolved Fezoa. The electrolysis of ather
dissolved oxides took place at higher potentials, followed
by the electrolysis of dissolved alumina at potentials
higher than 2.2 V. While the results did not indicate any
specific mechanism for any of these reactions, certain
possibilities can be discussed. It was possible to show
that the observed behavior of the anode was reasonable
considering what was is known about the chemistry of the
@lectrolyte. '

It has been postulated (7), and some evidence exists to
support the theory, that the major ionic species .in a molten
Al,0, - Na,AlF, solution are : Na*, F7, AlOF;-x, and AlFs_Y,
with 3 € x < 5 and 4 £ y £ 6. Thonstad (121) has postulated

the following anodic reaction mechanism for the evolution of
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Oz on FT
1-x . 3-x 2- ,
ALOF, * ==> AIF. ¥ + 0 (34)
2— -
o) == Q(ad) + 2e . (35)
02~ + 0(ad) == 0,(ad) + 2e” (36)
0,(ad) ==> 0,(g) (37)

Reaction 34 was fast and the reaction rate was controlled by
either 35 or 36. Thermodynamic analyses (134) showed that
oxides that will co - deposit with Al do not form stable
fluorides in preference to AlFa. So~these oxides probably
formed an oxy - flouride complex. This complex could be
formed by either chemical dissolution or electrochemical’
corraosion ‘

n-2-x n-2.2-

MOE + XF == MOFx f —Efo ‘ (38)
2
- n-2-x n-2 _ -
Mog + XF == MOFXH + -z—oz(g) + {n=-2)e (3¢9)
2 ‘

For n = 2 a complex like MZOFin~2-x

could form instead. The
discharge of the metal ~ containing complex would follow a
reaction scheme like 34 to 37. The combined chemical
reaction found using the chronopoténtiometric technique on
Pt, discussed in section 6.3.2, would be the equivalent of

reaction 34
== MF + 0 (40)
Thé electrochemical reacfions following reaction 40 would be

identical to 36 and 36. It was seen that any metal oxide
could undergo this anodic reaction. Since no completely
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insoluble oxide is known, the important question becomes. one
of electrochemical stability. Once the oxide is in
solution, following reaction 38 or 39, for example, the
subsequent discharge by reactions 40, etc. can only take
place if the oxide is less electreochemically stable than
Alzoa, as are the oxides of Fe, Mn, and Cu. In fact, nearly
all of the oxides of interest to the aluminum industry as
inert anocde materials will co - deposit with Al. However,
as discussed in reference 134, a few oxides do exist which
will not co - deposit. It is expected that these are the
materials that will be used to solve the inert anode

problem.
6.6 - Summar

An experimental apparatus and procedure was developed to
test different anode materials in a bench - scale Hall cell.
‘The cell incorporated a novel reference electrode design
that could be more widely applied to thermodynamic emf
studies as well as to further overvoltage measurements. The
replacement of the alumina crucible with a boron nitride
crucible could allow testing for longer electrolysis times
with lower Alzoa concentrations in the bath. The steady
state technigue was used .to measure overveoltage, and
provided a measure of the melt contamination level, as well
as the reversible cell potential. The chronopotentiometric
or galvanostatic pulse technique was used to confirm
relative melt contamination levels, reversible pctentials,
and yielded some ihformation on the anodic reaction
mechanism. While the voltage sweep technigue showed some
usefulness, few measurements were taken due to a lack of
reproducibility. If test times could be extended by using a
BN crucible, since it was found that an alumina crucible
woulq last less than 50 hr, then greater care could be taken
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during measurement. Fcr example, a wait of scveral minutes
after each voltage sweep would allow the electrolyte to-
eliminate concentration gradients by convective stirring. A
number of measurements with identical sweep rates could be
taken and then averaged. Unfortunately, the melt
. composition will probably change as more current is passed,
especially if’a significant impurity concentration is

present.

The experiments described in this section provided an
awareness of the important issues that must be considered
when testing anode materials. Testing took place in a dry
atmosphere under conditions where evaporation losses were
minimized. The behavior of a completely inert anode such as
Au or Pt was established in a melt purified as much as
possible using pre - electrolysis with the same anode.
Completely inert anodes provided a comparative basis for the
study of the behavior of non - inert materials. A stable
- reference electrode provided a means of isolating the anode
behavior from the behavior of the rest of the cell. The iR
drop was measured using a current interrupter, since this
potential was a significant part of the measured anode to
reference voltage. The problem of noise resulting from gas
evolution on the anode was taken into account. At longer
times, digital averaging was used to eliminate much of the
noise effect. Other measurements were made at short enough
times so that a significant amount of gas'was not generated.
Such transient techniques precluded the use of a current
interrupter. This encouraged the use of -galvanostatic
techniques, where the iR drop is constant as well. Testing
times were long enough so that a measurable amount of
corrosion took place during electrolysis. Test times would
have to be even longer than the 13 hr periods used in this
study if thé'test specimens either passivated or had a very
low solubility. '



106
3-106

Some problems can not be solved using better
experimental techniques and must instead await the results
of many more successful investigations. The data base
concerning inert anocde testing was found to be small and
inconsistent. The complex, and not well understood bath
chemistry, made the interpretation of results difficult.
The high temperature, and corrosive nature of the
electrolyte restricted cell design and did not allow
physical observation of the cell during operation. The
tendency of the melt to creep gave rise to significant
uncertainties in electrode areas, particularly those used
for the ferrite ancdes.

Not only has the present study laid down, for the first
time certain experimental techniques that should be followed
when testing possible inert anode materials, but it has also
obtained a number of useful results concerning the ancdic
behavior of manganese ferrites. The most important result,
that the ferrite corrodes, was indicated by electrochemical
measurement and confirmed by post - test sample examination
and salt and metal analyses. A wear rate was calculated
using the Mn accumulation. The elactrochemical measurements
showed that the Fezo3 concentration in the melt approached
saturation as a result of the electrolysis of the ferrite.

The presence of Fezo in the melt lowered the reversible

3
potential of the cell tc near the reversible decomposition
a 0.84 V. The small amount of CuO in

sample IIIc¢c did not reduce the wear rate of the sample. If

potential of Fezo

the oxide components of an inert anode just dissolved up to
the saturation limit without any further losses, corrosion
could be halted. The present study proved that the
electroactive impurities generated'by anode corrosion and/or
dissolution did not remain in the melt but co - deposited
with aluminum. 1In this way corrosion continued for as long
as the anode was in the melt. Two possible routes to an

inert anode remain. The first is the use of some means of
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. passivation that can operate at temperatures around 1000°Cuv
”where ﬁost-kinetié barriers are uéually ineffective, The
second route is through the use of oxides that will not co -
deposit with aluminum. The use of such oxides has not yet
been considered since their solubilities are high enough to
alter bath chemistry. However, these oxides exist (134),

and their use bears further study.
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7. Conclusions

In this study care was taken to ensure that testing was
carried out upon samples equilibrated with their
environment. Single crystal specimens were prepared and
annealed so that each had the same preparation. The
intrinsic property of electrical conductivity was measured
over the temperature range of spinel phase stability at 1
atmosphere of oxygen. Samples that were single phase '
spinels at 960°C and P, = 1 were selected for bench - scale
Hall cell testing. The result of this attention to phase
equilibria is that results were interpreted in terms of
intrinsic properties, not influenced by sample preparation.
The study has led to a number of useful conclusions both in
terms of inert anode development and materials science.

Those conclusions that are of interest to the further
development of inert anodes are

{1] Spinel ferrites that are stable at 960°C and P, = 1
atm will not have conductivities higher than 10 (Qcm)-%'
under these conditions. Metastable ferrites will
precipitate a lcw conductivity Fe203 phase. This limit was
seen from measurements made upcen the manganese ferrites used
in this study and is known to apply to other ferrites as
well. This places severe restrictions upon the design of a
cell utilizing an all - okide anode. This anode would have
to be 100 times thinner than a carbon anode in order not to
increase the bulk anode voltage drop. A practical anode
that utilizes a ferrite matrix would have to be made more
conductive by the addition of a second metal phase to form a

cermet.

[2] This study has shown that the ferrite phase of an
anode will corrcde and that the corrosion products will co =
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deposit with aluminum. The wear rate found for the
manganese ferrites tested in this study indicated that these
materials would not make useful anodes. In fact, all
ferrites are uhacceptable materials for use in inert anode
formulation. This conclusion led to the creaticn of .a
revised set of materials selection criteria. In this set,
' the criterion of co - deposition has primary importance,
replacing the o0ld design criterion of low solubility.

[3] The solution to the inert anode problem lies either
in some means of passivation protection for the ferrite, or
in the use of oxides that will not co - deposit with
aluminum. The new materials selection criteria have
identified a new group‘of candidate materials for future
testing. | _ van

A number of .conclusions are more of scientific
interest

[4] The electrical condﬁctivity measurements reported in
this study are unique in that they are measured upon stable
samples all at 1 atmosphere of oxygen. The attention baid
to sample equilibration has resulted in the conclusion that
the activation energy for conduction of high iron containing
ferrites has a strong dependence upon higher values of the
PQ. It is likely that much of the variation in the A
activation energies reported in the literature was a result
of a variation in the P, used for preparation rather than

Q
Just a change in composition.

[(S] Electrical conductivity of the manganese ferrites
decreased with increasing manganese content. While the
. measurements confirmed that the mobility was an activated
‘ process; the small polaron hopping model was not followgd.

[6] The anodic reaction mechanism of a ferrite anode was
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complex, thus adding to the difficulty of interpreting .
measurements. However, based on the results of this study,
the corrosion mechanism of the ferrites consisted of a slow
chemical dissolution step, follocwed by a more rapid
decomposition reaction of the metal oxide - containing

2~ jon thus released was electrolyzed to

complex ion. The O
form oxygen gas at the anode, and the metal ion co -
deposited at the cathode. ' It was not possible to identify
the rate controlling step, although it does not appear to be

diffusion, even at relatively high current densities.

A number of accomplishments'resultinq from the bench -
scale Hall cell testing experiments are also given : '

[Z] Very little work has been reported on the behavior
of oxide anodes in an electrolyte as corrosive as molten
cryolite. This study pointed out important experimental
considerations that must be followed in order that results
be reproducible and open to interpretation. The
electrochemical techniques most useful to the study of
possible inert anodes were identified and applied. The
experiments demonstrated the means by which in situ
measurements of anocdic corrosion could be made. Previous
stud;es of candidate materials relied exclusively on pre -
and post - test sample examination and chemical analyses.

{8] The use of stable refefence electrode allowed the
ﬁeasurement of the steady state overvoltage for oxygen
evolution on various ancdes. Very few measurements of this
type are available.

(9] The cell design, measuring instrumentation. and
experimental procedure would be applicable. to any -
electrochemical investigation. This system ﬁrovides an
advantageous alternative to traditional potentiostat - based
systems.
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8. Recommendations for Further Study

A number of jeeeapoh_opportuniﬁies in both anode
development and materials science.can be outlined. Iif
ferrites are to be used as;anodes,_the passivation mechanism
must be confirmed. Cell testing must be carried out in the
manner outlined in this study. Polycrystalline samples with
a higher CuO content could be prepared by traditional
ceramic techniques. ' Samples containing Cu metal should also
be obtained. A BN crucible would be an asset to further
cell testing as longer test times will be needed and lower
A1203 contents could be used. The use of a BN crucible
would probably necessitate the occasional addition of A1203
to the electrolyte. An electrode that passivates will show
an initially'high.residual current that will drop to zero as
complete surface passivation occurs. The composition and
stability of this surface layer is of interest. If complete
passivation does not occur, then the use of ferrites must be
abandoned in favor of oxides that do not co - deposit. Such
materials have been identified (134). The use of these
oxides will result in different bath chemistries due to
their high solubilities. Further investigation into the
bath chemistry would be needed in order to demonstrate the
ability of the electrolyte to still produce high purity
aluminum.

The conductivity apparatus and procedure developed in
this study could be apblied to many different materials. A
need exists for measurements made upon stable materials
’under controlled atmosphere The Pq dependence of the
‘conductivity of hlgh 1ron containing ferrites 1s also of
1nterestt The effect of PQl upon activation energy must be
confirmed, and further measurements are required for the

application of suggested models. The apparatus could be
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used to make Seebeck coefficient measurements if a sacrifice
of some automation could be tolerated. It may be necessary
to use more complicated mobility models in order to
interpret results. The use of a tebhnique such as Moéssbauer
spectroscopy in a magnetic field could be used in
conjunction with the electrical property measurements in
order to arrive at a cation distribution. The literature
survey showed that the conductivity mechanism and cation
distribution of manganese ferrites remains a puzzle.
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‘9. _Appendices | .

I Crystal Sample Analyses

-

A
722 Main Street “:::,y:c:,. 0-1765

UV Boyiston, MA 01508
- Tel. (617) 869-6401

REQUESTED aY Massachusetts Institute of Technology ATTENTION Alar Mcleod
Cambridge, MA 02139 Room 8-111

Invaice Oate
- 12/22/86 )
Inveice Number [~ s Order Numd Customer's Requisition Number Ogte- Recsived
Q063298 GF-R=-6944206 544350 12/10/86
T s
OESCRIPTIO
3 Samples, Manganese Ferrite, analzyed for Iron,
Manganese a~d Oxygen content.
6 Samples, Manganese Ferrite, analyzed for Iron,
Manganese, Oxygen and Copper content.
RESULTS
SAMPLE IDENTIFICATION IRON % MANGANESE % QXYGEN %
Sample ¢ Ia 58.6 11.7 29.4
Ila 39.9 29.7 29.1
Illa 20.9 50.0 28.7

SAMPLE

IDENTIFICATION IRON % MANGANESE % OXYGEN % COPPER %

Sample ¢ Ib 55.9 12.2 29.0 3.33

Ic 53.3 13.5 ' 29.0 5.27

IIv- 62.9 28.7 29.5 .12

IIc 37.9 29.3 28.17 4.85

IIiy 2°.6 47 28.6- 2.37

ITzc 21.1 45.9 28.2 3.94
LUVAK INC. ~
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II Conductivity Program Listing

INTEGER
INTEGER
INTEGER

INTEGER.

INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER

SCALAR IT _
SCALAR RAT

SCALAR RATE

SCALAR S.TIME
SCALAR A.TIME
SCALAR W.TIME
SCALAR STATUS
SCALAR V.DC.MAX
SCALAR TICKS

SCALAR NEW.T

SCALAR LOW.T

SCALAR MIGH.T
SCALAR SINT.T
SCALAR 2Z

SCALAR STP
SCALAR DIRECT
SCALAR N.PTS

SCALAR START.POINT
SCALAR N.SBK

SCALAR SKIP

DIM( 100 ] ARRAY XS
DIM{ 100 ] ARRAY YS

REAL SCALAR AC

REAL SCALAR Al

REAL SCALAR A2

REAL SCALAR A3

REAL SCALAR A4

REAL SCALAR F.SET

REAL SCALAR MV

REAL SCALAR V.SAMP.MAX
REAL SCALAR LENGTH

REAL SCALAR AREA

REAL SCALAR EX

REAL SCALAR EY

REAL SCALAR EX2

REAL SCALAR EY2

REAL SCALAR EXY

REAL SCALAR M

REAL SCALAR B

REAL SCALAR S2

REAL SCALAR ERR.M

REAL SCALAR ERR.B.

REAL SCALAR R

REAL SCALAR DELTA.T

REAL SCALAR LR.VOLT

REAL SCALAR DROOP

REAL DIM([ 30 ] ARRAY X
REAL DIM[ 30 ] ARRAY Y
REAL DIM( 120 ] ARRAY WAIT
REAL DIM{ 180 ] ARRAY SBK.SAMP
REAL DIM[ 61 , 7 ] ARRAY DATA

REAL

DIM( 61 , 4 ] ARRAY SBK

60 STRING SAMPLE.NAME
30 STRING X.LABEL

114
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. 30 STRING Y.LABEL

A/D.TEMPLATE COLD.JUNCTION
A/D.TEMPLATE LEFT.THERM
A/D.TEMPLATE RIGHT.THERM
A/D.TEMPLATE CURRENT
A/D.TEMPLATE VOLTAGE
A/D.TEMPLATE DC.OUTPUT '
A/D.TEMPLATE DIVIDER.OQUTPUT
A/D.TEMPLATE LR.POT

SO Be WM O

0 D/A.TEMPLATE F.CONTROL
1 D/A.TEMPLATE DC.CONTRCL

A OO Ee W~ O

COLD.JUNCTION 3 A/D.GAIN
LEFT.THERM 3 A/D.GAIN
RIGHT.THERM 3 A/D.GAIN
CURRENT 2 A/D.GAIN
VOLTAGE 1 A/D.GAIN
DC.OQUTPUT 1 A/D.GAIN
DIVIDER.OQUTPUT 2 A/D.GAIN
LR.POT 3 A/D.GAIN

\

GRAPHICS.DISPLAY

Q0 0.1 VUPORT.ORIG

1.8 0.85 VUPORT.SIZE
VUPORT ISEE

23 3 24 79 WINDOW BOTLN
NORMAL .DISPLAY (DEF)}

\

IMPRESS

STP 1 = IF EXIT THEN

NORMAL .DISPLAY SCREEN.CLEAR HOME

INVERSE.ON 0 1 GOTO.XY 25 SPACES ." STATUS" 25 SPACES "DATE "TYPE 8 SPACES
$ "TIME "LEPT "TYPE 3 SPACES : .

0 24 GOTO.XY 80 SPACES INVERSE.OFF :

0 3 GOTO.XY ." TEMPERATURES IN DEGREES C :" 20 SPACES ." DESIRED ="

CR CR ." SETPOINT = . ACTUAL: LEFT =" 9 SPACES ." RIGHT ="
9 SPACES ." AVERAGE ="

CR ." LEFT MINUS RIGHT =" 7 SPACES ." , POTENTIAL DIFFERENCE =" 9 SPACES
L (mv), COEFF. ot , .

CR CR ." HEATING RATE =" 5 SPACES ." (DEG/HR), SETTLING TIME = (MIN) "

CR ." MAXIMUM SAMPLE VOLTAGE =" 8 SPACEs ." (V)"

CRCRDATA [ 1 , 1] 0 = IF CR CR CR CR ELSE
." DATA TAKEN AT" 7 SPACES ." DEGREEsS C:"

CR CR ." RESISTANCE =" 9 SPACES ." +/-" 7 SPACES ." (OHM), COND. ="
9 SPACES ." (OHM-CM)-1"
CR ." INTERCEPT =" 8 SPACES ." +/-" 8 SPACES " (VOLT), GOODNESS OF FIT,
." R =" 9 SPACES ." IN (MIN)"
CR ." SEEBECK COEFF. =" 9 SPACES ." +/-" 9 SPACES '." USING" 5 SPACES

." POINTS" THEN
CR 29 SPACES ." e w1
64 18 GOTO.XY ." DATA SETS STORED"

LABEL.AXES

NORMAL .COORDS

0.55 0.05 POSITION HORIZONTAL O LABEL.DIR X.LABEL CZNTERED LABEL
. .0.02 0.74 POSITION VERTICAL 270 LABEL.DIR Y.LABEL CENTEREL.LABEL -
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0 LABEL.DIR WORLD.COORDS

CONV.T
273.15 + 1. SWAP / 1C00. *

CINV.R
1. SWAP / LENGTH * AREA / LN

PRCMPT
INTEN.OFF
Q 23 GOTO.4£Y 80 SPACES
0 23 GOTC.XY ." NEW VALUE = " #INFUT

INTEN.ON

CHANGES
0 23 GOTO.XY .
O STP. = IF ." FREEZE; " ELSE ." THAW :; " THEN
." CONTINUE: CHANGE: MAX. SAMP. VOQLTAGE, HEATING RATE, OR SETTLING TIME"
INTEN.ON 0 23 GOTO.XY O STP = IF ." F" ELSE ." T" THEN
8 23 GOTO.XY ." C" 26 23 GOTO.XY ." M"
46 23 GOTO.XY ." H" 63 23 GOTO.XY ." §"
KEY CASE
70 OF 1 STP := ENDOF
&+ OF O STP := ENDOF
77 OF PROMPT V.SAMP.MAX :a2 6 4 FIX.FORMAT 25 9 GOTO.XY V.SAMP.MAX . ENDOF
72 OF PROMPT RATE := 3 O FIX.PORMAT 15 38 GOTO.XY RATE . ENDOF
83 OF PROMPT S.TIME := 2 O FIX.FORMAT 46 8 GOTO.XY S.TIME . ENDOF
.67 CF ENDOF
ENDCASE
0 23 GOTO.XY 80 SPACES
1 STP = IF 30 23 GOTO.XY ." DISPLAY FROZEN" THEN
INTEN.OFF

TEST
?KEY IF KEY 124 = IF CHANGES THEN THEN
SEC.DELAY
1 +«+10D0
1000 MSEC.DELAY
TEST
LOOP

PLOT.1
STP 1 = IF EXIT THEN
GRAPHICS.DISPLA

ISEE .

" +" SYMBOL

X 1000. * Y XY.AUTO.PLOT

“ mA" X.LABEL ":= " V" Y.LABEL ":= LABEL.AXES
SOLID

X (1] 1000. * X (1] M*B + POSITION

X [ 30 ] 1000. * X [ 30 ] M * B + DRAW.TO

8 4 FIX.FORMAT ) .

BOTLN HOME ." SLOPE = "M . ." +/-" ERR.M . ." (OHMS)"
7 6 FIX.FORMAT CR - :

BOTLN ."“ GOODNESS QF FIT = " R

(DEF)
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PLOT.2
STP 1 = IF EXIT THEN
GRAPHICS.DISPLAY
ISEE
HORIZONTAL LINEAR O TICXS 1 - 10 * WORLD.SET
WAIT ( 1) ACO := WAIT [ 1 ] Al :=
TICKS 2 DO
AO WAIT [ I ] MIN AQ :=
Al WAIT ( I ] MAX Al :=
LOOP
VERTICAL LINEAR AC 3. * A1 - 2. / Al 3. ® A0 - 2. / WORLD.SET
WORLD .CQORDS
XY .AXIS.PLOT
" TIME (MIN)" X.LABEL ":= " QOHMS" Y.LABEL ":= LABEL.AXES
AXMIN AYMIN POSITION
" +" SOLID&SYMBOL

TICKS 1 DO
I 1 - 10 * WAIT [ I ] DRAW.TO
Loo®P

7 4 FIX.FORMAT . '
BOTLN HOME ." LATEST RESISTANCE ERROR =" ERR.M .
(DEF)
PLOT.3
STP 1 = IF EXIT THEN
GRAPHICS.DISPLAY
ISEE :
Q0 IT :=
BEGIN
IT1 + IT :=
IT 62 = IF IT 62 = ELSE O DATA [ IT , 2 )] = THEN -
UNTIL
IT1 - IT :=
TICKS 2 < IF DATA
TICKS 2 < IF DATA
IT1 + 1 DO

1,1 ] ELSE NEW.T THEN DUP A0 := Al := ’
1 , 2 ] ELSE WAIT [ TICKS 1 - ] THEN DUP A2 := A3 :=

DATA [ I , 1 ] A0O > IF DATA [ I , 1 ] A0 := THEN

DATA ([ I , 1 ] A1 < IP DATA [ I , 1 ] Al := THEN

DATA [ I , 2 ] A2 > IF DATA [ I , 2 ] A2 := THEN

DATA [ I , 2 ] A3 < IF DATA [ I , 2 ] A3 := THEN
LOQP i

HORIZONTAL LINEAR A0 CONV.T Al CONV.T WORLD.3ET

VERTICAL LINEAR A2 CONV.R A3 CONV.R WORLD.SET

WORLD .COORDS o :
XY.AXIS.PLOT .

" (10)3/T" X.LABEL ":= " LN(COND)" Y.LABEL ":= LABEL.AXES
" +" SOLID&SYMBOL -

DATA [ 1 , 1 ] CONV.T DATA [ 1 , 2 ] CONV.R POSITION

IT + + 2 DO

DATA [ I , 1 ] CONV.T DATA [ I , 2 ] CONV.R DRAW.TO

" +" SYMBOL : :
TICKS 1 > IF NEW.T CONV.T WAIT [ TICXS 1 - ] CONV.R DRAW.TO THEN
TICKS 1 > IF BOTLN CR ." LATEST DATA IS SHOWN AS SINGLE POINT." THEN
(DEF) .

BLANK. 1
0 18 GOTO.XY 40 SPACES
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0 22 GOTO.XY 20 SPACES

BLANK. 3
25 22 GOTO.XY

OTH.UPDATE

60 SPACES

STP 1 = IF EXIT THEN

INTEN.ON

3 0 FIX.FORMAT 15 8 GOTO.XY RATE .
2 0 FIX.FORMAT 46 8 GOTO.XY S.TIME .
6 4 FIX.FORMAT 25 9 GOTO.XY V.SAMP.MAX .

INTEN.OPF
DATA.UPDATE

STP 1 = IF EXIT THEN

Q IT :=
BEGIN
1 IT + IT
IT 62 = IF
UNTIL

IT 1 - IT :=
IT 0 = IF §7

S 0 FIX.PORMAT 14 11 GOTO.XY DATA ( IT .
7 4 FIX.FORMAT 13 13 GOTO.XY DATA [ IT .
S 4 FIX.FORMAT 285 13 GOTO.XY DATA [ IT ,
6 3 FIX.FORMAT 48 13 GOTO.XY LENGTH DATA
6 S FIX.FORMAT 12 14 GOTO.XY DATA ( IT ,

23 14 GOTO.XY

7 6 FIX.FORMAT 59 14 GOTO.XY DATA [ IT ,
3 0 FIX.FORMAT 790 14 GOTO.XY DATA ( IT ,
7 8 PIX.PORMAT 17 15 GOTO.XY SBK [ IT , 2 ]

29 15 GOTO.XY

IT 62 = ELSE O DATA [ IT , 2 ] = THEN

18 GOTO.XY O . EXIT THEN

"W N e
s Pt s bt s

T, 2]/ AREA /
DATA [ IT . 5 ] '

-~

FIX .

— s
.

SBK [ IT , 3

3 0 PIX.FORMAT 43 15 GOTO.XY SBK [ IT . ¢ ) FIX .

60 18 GOTO.XY

SHOW.STATUS

IT .

STP 1 = IF EXIT THEN

STATUS CASE

O OF BLANK.
1 OF BLANK.
2 OF BLANK.

1 BLANK.2 BLANK.3 0 22 GOTO.XY ." RAISING TEMPERATURE" ENDOF
2 0 22 GOTO.XY ." AT TEMPERATURE" ENDOF
1 0 18 GOTO.XY ." WAITING MINUTES" 22 1 = IF 18 18 GOTO.XY

." " THEN 3 O FIX.FORMAT 8 18 GOTO.XY ZZ . ENDOF

OF BLARK.
OF BLANK.
OF BLANK.
BLANK.
OF BLANK.
OF BLANK.

CORNAOOe W
(o]
]

OF BLANK.

1 0 18 GOTO.XY ." MEASURING RESISTANCE" ENDOF

3 25 22 GOTO.XY ." SAMPLE POLARIZED" ENDOF

25 22 GOTO.XY ." CONSTANT RESISTANCE" ENDOF

BLANK.2 BLANK.3 0 22 GOTO.XY ." LOWERING TEMPERATURE" ENDOF
ENDOF : -

0 18 GOTO.XY ." SAVING DATA" ENDOP

0 18 GOTO.XY ." SAVING I - V" ENDOF

»Hu»u

10. OF BLANK.1 0 18 GOTO.XY ." SAVING R - t" ENDOF
11 OF BLANK.1 0 18 GOTO.XY .". TESTING RANGE OF DC SUPPLY" ENDOF

ENDCASE
: CLUMSY
BEGIN
4 2 "TIME

" suB " °° ” n =
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UNTIL

CONVERT.TYPE.R
1000. * MV :=

MV
MV

MV

MV

2 RAT

0 < IP 1 RAT := EXIT THEN
3400. <= IF

0 AO :=

1.6251434E-1 Al :=
-2.0454379E-5 A2 :=
2.5404938E-9 A3 :=
-1.1767904E-13 A4 := ELSE
11160. <= IF

4,8509886E1 AQ :=
1.128487SE-1 Al :=
-2.8603978E-6 A2 .:=
8.85173702E-11 A3 :=
-1.1440038E~-15 A4 := ELSE
16020, <= IF

=-4.1134459E0 AQ :=
1.2738464E~1 Al :=
~4.3132296E-6 A2 :=
1.3863882E-10 A3 :=
-1.5283798E~-15 A4 := ELSE
19530. <= IP

1.4180146E2 AQ :=
9.0181346E-2 Al :=
-7.4068329E~-7 A2 :=
~1.4487255E-11 A3 :=
9.4290495E~-16 A4 := ELSE

ROOM. T
COLD.JUNCTION A/D.IN -20. 20. A/D.SCALE 0.5 /

LEFT.T
5 "TIME "LEFT " 23:59" "= IF CLUMSY THEN

101 1 DO

LEFT.THERM A/D.IN XS [ I ]
5 MSEC.DELAY

Loop

Xs

MEAN -20. 20. A/D.SCALE CONVERT.TYPE.R ROOM.T +

RIGHT.T
§ "TIME "LEFT " 23:59" "= IF CLUMSY THEN

101 1 DO

RIGHT.THERM A/D.IN XS [ I }

LR.POT A/D.IN YS [ T ] :=
S MSEC.DELAY

Loop

¥S MEAN -20. 20. A/D.SCALE LR.VOLT :=
MEAN -20. 20. A/D.SCALE CONVERT.TYPE.R ROOM.T +

XS

SAMP.T

LEFT.T RIGHT.T + 2. /

T.UPDATE

:= EXIT THEN THEN THEN THEN O RAT
AO MV Al * + MV 2 ** A2 * + MV 3 ** A3 ® &+ MV ¢ ** A4 * +

STP 1 = IF 1 SEC.DELAY EXIT THEN

=

119
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INVERSE.ON 72 1 GOTO.XY 5 "TIME "LEFT "TYPE

INVERSE.OFF INTEN.ON

4 0 FIX.FORMAT 57 3 GOTO.XY NEW.T .

5 0 FIX.FORMAT 11 5 GOTO.XY F.SET .

6 1 PIX.PORMAT 34 5 GOTO.XY LEFT.T EX := EX

50 3 GOTO.XY RIGHT.T BY := ZY .,

5 0 FIX.FORMAT 68 S GOTO.XY EX EY ¢ 2. /

& 2 FIX.FORMAT 19 6 GOTO.XY EX EY - .

7 3 FIX.FORMAT 51 6 GOTO.XY LR.VOLT .

N.SBK 0 = IF 1 N.SBK := THEN :

EX EY - 0 <> IF 5 3 FIX.FGRMAT 74 6 GOTO.XY LR.VOLT EX EY - / DUP
SBK.SAMP [ N.SBK ] := . N.SBK 180 = IF O N.SBK := THEN
N.SBK 1 + N.SBK := THEN v

INTEN.QFF

: ALL.UPDATE

T.UPDATE

OTH.UPDATE

DATA.UPDATE

SHOW.STATUS

: DATA.SAVE.INIT

FILE.TEMPLATE
3 COMMENTS
REAL DIM{ 61 , 7 ] SUBFILE

END

" DATA.AST" DEFER> FILE.CREATE

FPILE.TEMPLATE
3 COMMENTS
REAL DIM( 61 . 4 ] SUBFILE

END .

" SBK.AST" DEFER> FILE.CREATE

: DATA.SAVE

8 STATUS := SHOW.STATUS

" DATA.AST" DEFER> FILE.OPEN

SAMPLE.NAME | >COMMENT

S "TIME "LEFT " ON " "CAT "DATE "CAT 2 >COMMENT

" T (), R (OHM), ERR.R, B (V), ERR.B, R, t (MIN)" 3 >COMMENT

DATA ARRAY>FILE

FILE.CLOSE

SBK. SAVE -

" SBK.AST" DEFER> FILE.OPEN

SAMPLE.NAME 1 >COMMENT

S "TIME "LEFT " ON " "CAT "DATE "CAT 2 >COMMENT

“ T (C), SEEBECK COEFFICIENT IN V. ERROR ON SEEBECK., #POINTS" 3 >COMMENT

SBK ARRAY>FILE .

FILE.CLOSE

: WAIT.SAVE
10 STATUS := SHOW.STATUS
FILE.TEMPLATE
3 COMMENTS C
REAL DIM{ 120 ] SUBFILE
END : ,
I 9> 1IFP 20 FIX.PORMAT ELSE 1 O PIX.FORMAT THEN S
" WAIT" I "." "CAT " .AST" "CAT DEFER> PILE.CREATE



121
3-121

“ WAIT" I "."” "CAT " .AST" "CAT DEFER> FILE.OPEN

SAMPLE.NAME 1 >COMMENT

5 "TIME "LEFT " ON " "CAT "DATE "CAT 2 >COMMENT . :

" OHMS VS TIME, 10 MIN PER POINT AT " 6 1 FIX.FORMAT DATA [ I , 1 ] "."
“"CAT " DEGREES C" "CAT 3 >COMMENT

WAIT ARRAY>FILE

FILE.CLOSE

IV.SAVE
9 STATUS := SHOW.STATUS
FILE.TEMPLATE

4 COMMENTS

REAL DIM[ 30 ] SUBFILE

2 TIMES .
END , o
I 9> IF 20 FIX.FORMAT ELSE 1 O FIX.FORMAT THEN
“ IV" I “." "CAT " .AST" "CAT DEFER> FILE.CREATE

"IV* I "." "CAT " .AST" "CAT DEFER> FILE.OPEN

SAMPLE.NAME 1 >COMMENT

5 "TIME "LEFT " ON " "CAT "DATE "CAT 2 >COMMENT

" FPIRST ARRAY CURRENT IN A, SECOND VOLTS" 3 >COMMENT

" TAKEN AT " 6 1 FIX.FORMAT DATA [ I , 1 ] "." "CAT " DEGREES C AFTER "
"CAT DATA [ I , 7 ] "." "CAT " MINUTES." "CAT 4 >COMMENT

1 SUBFILE X ARRAY>FILE .

2 SUBFILE Y ARRAY>FILE

FILE.CLOSE

T.0UT
F.SET 1590. > IF 1590. F.SET := THEN
F.CONTROL F.SET 0.3903222 / FIX D/A.QUT

T.UP
F.SET 1. + F.SET := T.OUT

T.DOWN
F.SET 1. - F.SET := T.QOUT

CHECX.T

NEW.T SAMP.T - EX :=

EX AB3 2. <= IF EXIT THEN

O DIRECT = I[F EX -2. < IF T.DOWN. ELSE T.UP THEN EXIT THEN
Q. DROOP = [F EX -3. < IF 1 DIRECT = IF T.DOWN THEN

ELSE -1 DIRECT = IF T.UP THEN THEN EXIT THEN
0. DROQP > IF EX 3. > IF T.UP THEN EXIT THEN
0. DROOP < IF EX =-3. < IF T.DOWN THEN EXIT THEN

Z
22 :=
ZZ 0 = IF EXIT THEN
2 STATUS :=
Z2Z 1 + 100

IMPRESS ALL.UPDATE 9 SEC.DELAY
S "TIME "LEFT " 23:59" "= IP CLUMSY THEN
TICKS 1 > IF PLOT.1 10 SEC.DELAY ELSE T.UPDATE 9 SEC.DELAY THEN
TICKS 3 > IP PLOT.2 10 SEC.DELAY ELSE TICKS 1 > IF IMPRESS
ALL.UPDATE ELSE T.UPDATE THEN 9 SEC.DELAY THEN
DATA [ 2 , 2 ] 0 > IF PLOT.3 10 SEC.DELAY ELSE TICKS 3 > IF. IMPRESS
- ALL.UPDATE ELSE T.UPDATE THEN 9 SEC.DELAY THEN
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DATA ( 2 . 2 ] 0 > IF IMPRESS ALL.UPDATE EZLSE T.UPDATE THEN 9 SEC.DELAY
T.UPDATE 2 SEC.DELAY
CHECX.T
22 1 - 22 :=
LOOP
T.SET
NEW.T :=
NEW.T SAMP.T - ABS 2. < IF 1 STATUS := SHOW.STATUS EXIT THEN
NEW.T SAMP.T > IF 1 DIRECT := O STATUS := SHOW.STATUS
ELSE -1 DIRECT := 6 STATUS := SHOW.STATUS THEN
4000 SYNC.PERIOD
ATINOCUHRANTTR
BEGIN .
5 "TIME "LEFT " 23:59" "= IF CLUMSY 4000 SYNC.PERIOD SYNCHRONIZE THEN
RATE 900. / DIRECT * F.SET + F.SET := T.0UT
T.UPDATE
SYNCHRONIZE TEST
NEW.T SAMP.T - ABS 20. <«
UNTIL
O. DROOP :=
1 I = IF S.TIME Z THEN
SAMP.T NEW.T - ABS 5. < IF 1 STATUS := SHOW.STATUS EXIT THEN
BEGIN
NEW.T SAMP.T - DROOP :=
DROOP ABS 0.2 ®* DROCOP + F.SET + F.SET := T.QUT
S.TIME 2Z
SAMP.T NEW.T - ABS §. <
UNTIL
O DIRECT :=
1 STATUS := SHOW.STATUS
S5 SEC.DELAY
: RATS
RAT 0 = IF EXIT THEN
INTEN.ON BLINK.TOGGLE
3 20 GOTO.XY ." PROBLEM"
BLINK.TOGGLE
12 20 GOTO.XY
RAT CASE
OF ." NEGATIVE OFF SCALE ON THERMOCOUPLE." ENDOF
OF ." POSITIVE OFF SCALE ON THERMOCOUPLE." ENDOF
OF ." NOT ENOUGH POWER TO FURNACE." ENDOF
DIVIDER OUTPUT 700 LOW." ENDOF ’
QF ." DIVIDER OUTPUT TOO HIGH." ENDOF
OF ." MORE THAN 20 HR WAIT FOR CONSTANT RESISTANCE." EZNCOF
ENDCASE
3 22 GOTO.XY ." PRESS <RETURN> TO CONTINUE AFTER FIXING."
“INPUY
INTEN.OFF CHANGES
RAT 6 = IF 1 TICKS := THEN
RAT 3 = IF SAMP.T P.SET := NEW.T T.SET THEN
0 20 GOTO.XY 80 SPACES
0 22 GOTO.XY 80 SPACES
QO RAT :=

AW+
o]
9

: LR 4
O BX := 0 EY := 0 EX2 := 0 EY2 := 0 EXY := 0 Al :=
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31 1 DO
"X (I ] EX+2X :=
Y[ I ]EY+ EY := :
- X{ I]JX[I]*®EX2+ EX2:s
Y[ IJ]JY([I] *EBY2 +EY2 :=
X[ I]JY[TI] * EXY +EXY :=
Loop
) ' EX2 30. EX EX * - AO :=

]
EXY 30. ®* EX EY * - A0/ M :=
EX2 EY *» EX EXY ®* - A0 / B := ’
31 1 DO
Y{IJ]X([I]M®*B+-22=22a14+41 :=
LOOP
Al 28, / 8§82 :=
S2 30. ® AO / SURT ERR.M :=
S2 EX2 * A0 / SQRT ERR.B :=
EXY 30. * EX EY * - EY2 30. * EY EY ®* - A0 ® SQRT / R :=
REPLACE
SBK.SAMP [ 180 N.SBK - } SBK SAMP [ IT ] :=
N.SBK 1 +# N.SBK :=
IT1 - IT :=
FILTER ) . X
SBK.SAMP MEAN AQ := ] ©
O N.SBK :=
1 IT :=
BEGIN ' AR .
SBK.SAMP { IT ] A0 7 2. > IF REPLACE THEN
IT 1 + IT :=
IT N.SBK + 180 >
" UNTIL
1 IT :=
BEGIN .
SBK.SAMP [ IT ] AO /7 0.5 < IFP REPLACE THEN
IT 1 + IT :=
IT N.SBK + 180 >
UNTIL
N.SBK 170 > IF OM:= 0 S2 := EXIT THEN
0 AQ :=
181 N.SBK - 1 DO
AO SBK.SAMP [ I ] + A0 :=
Loop
A0 180. N.SBK - / M :=
0 AQ :=
181 N.SBK - 1 DO
SBK.SAMP [ I ] M - 2 == A0 + AO :=
LooP
AQ 178. N.SBK - /7 82 :=
B - : FEEL )
. 5 "TIME "LEFT " 23:59" "= IF CLUMSY THEN
. 0 IT :=
- BEGIN
IT 5§ + IT :=
IT 4095 > IF 4 RAT := DC.CONTROL O D/A.OUT RATS 5 IT := THEN
. DC.CONTROL IT D/A.CUT
. 10 MSEC.DELAY
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VOLTAGE A/D.IN -1.0 1.0 A/D.SCALE V.SAMP.MAX >=
UNTIL
DC.CONTROL 0 D/A.QUT
IT 5 - V.DC.MAX :=
V.DC.MAX 60 < IF 5 RAT := RATS MYSELF THEN
RES
8 "TIME "LEFT " 23:59" "= IF CLUMSY THEN
V.DC.MAX 30. / MV :=
31 1 DO
DC.CONTROL MV I * FIX D/A.OQUT
S00 MSEC.DELAY TEST
101 1 DO
CURRENT A/D.IN XS [ I ] :=
VOLTAGE A/D.IN YS [ I ] :=
§ MSEC.DELAY
.Loop .
XS MEAN -0.10 0.10 A/D.SCALE 0.2037 / X [ I ] :=
'YS MEAN -1.0 1.0 A/D.SCALE Y { I ] :=
LOOP
DC.CONTROL O D/A.OQUT
%S MEAN 4093 > IF V.SAMP.MAX 0.9 ®* V.SAMP.MAX := 1 Z FEEL 1 Z MYSELF THEN
: RESIST
BEGIN
11 ‘STATUS := SHOW.STATUS FEEL RATS 1 2
3 STATUS := SHOW.STATUS RES LR ¢ STATUS :=
4 : DO .
Y[ 321 I-)]X[311I-]M®*DB+ -252SQRT < IF 3 STATUS := THEN
LOOP .
4 STATUS = IPF .
(30 )Y (28] -X([30)X (28] ~-/M~-ERR.M>TIP
V.SAMP.MAX 0.9 * V . SAMP.MAX := SHOW.STATUS OTH.UPDATE ELSE
THEN

3 STATUS := THEN TH
3 STATUS =
UNTIL .
7 STATUS := SHOW.STATUS 3 STATUS := SHOW.STATUS
: RESISTANCE
1 TICKS :=
BEGIN
SAMP.T RATS DUP DATA [ I , 1] :=SBK (I , 1] :=
RESIST

M WAIT [ TICKS | :=
TICXS 1 + TICKS :=
TICKS 120 > IF S STATUS := THEN
TICKS 3 > IF
WAIT { TICKS 1 -] WAIT [ TICKS 2 - ] - ABS ERR.M < IF
WAIT [ TICKS 2 - ] WAIT { TICKXS 3 - | - ABS ERR.M < IF
5 STATUS := THEN THEN THEN
STATUS 5 <> IF TICKS 12 > IF
O DUP EX := EY :=
7 1 DO .
EX WAIT [ TICKS 6 - I - ] + EX :=
EY WAIT [ TICKS I - ] + EY :=
LOOP
EX 6. / EX :=
EY §. / EY :=



0 DUP A0
7 1 D0
WAIT
. WAIT
LOOP
AQ 6.
Al 6.
EX EY
STATUS §
STATUS §
IMPRESS
M DATA [ I ,
ERR.M DATA {
BDRDATA [ I .,
ERR.B DATA [
RDATA [ I .
TICKS 2 - 10
FILTER M SBK
S2 SQRT sBK (I

Al :=
[ TICKS 6 ~ I
[ TICKs I - )

SQRT A0
SQRT Al :=
ABS A0 Al + <

[ I (I B S

IF
2 ]
I,
]
]

3]
5]
DATA [
I, 2]

3

4
I
6
°
{

180 N.SBK - SBK ( I

]
. 4
DATA.UPDATE 1 Z 5 STATU

ELSE 8 Z RATS THEN
STATUS § = ‘
UNTIL
SHOW.STATUS

T.INCR
0 § GOTO.XY
4C00 SYNC.PERIOD
0 7 GOTO.XY
S 0 PIX.FORMAT
SYNCHRONIZE

BEGIN
S "TIME
RATE 900.

"LEPT " 23:53" "=
/ F.SET + P.SET

STP 0 = IF 21 7 GOTO.XY LEFT.T

SYNCHRONIZE TEST
LEFT T SINT.T >=

UNTIL ‘

T.WAIT

HOME 0 5 GOTO.XY 80 IPACES 0

A.TIME 1 + 1 DO ,
5 "TIME "LEFT " 23:59" "=
59 SEC.DELAY
500 MSEC.DELAY
STP 0 = IF 19 5 GOTO.XY 3

STP 0 = IF 21 7 GOTO.XY §
AO SINT.T - 2. > IF F.SET
SINT.T A0 - 2. > IP FP.SET

LOCP

: "TEMP

" DATA.AST" DEFER> FILE.OPEN

DATA FILE>ARRAY

FILE.CLOSE

DATA

" SBK.AST" DEFER> FILE.OPEN

IF 1 SKIP = IF TICKS 121 < IF 3 STATUS

128
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- ] EX -2 ®5 R0 + AO
EY - 2 °* Al + Al :=

:= THEN THEN THEN
:= THEN THEN THEN

IF 5 STATUS

ALL.UPDATE RATS
13

I, 7]

]
]

." INCREASING TEMPERATURE"
." SAMPLE TEMPERATURE = "

IF CLUMSY 4000 SYNC.PERIOD SYNCHRONIZE THEN
:= T.0UT
THEN

GOTO.XY ." AT TEMPERATURE FOR

3]

MIN"

IF CLUMSY THEN

O FIX.FORMAT I . THEN

0 FIX.FORMAT LEFT.T AOQ
1 - P,SET := T.0UT THEN
! 4+ P.SET := T.0UT THEN

:= AQ THEN
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SBK FILE>ARRAY
FILE.CLOSE
CR CR SBK .

RANGE
NORMAL.DISPLAY O 0 GOTO.XY
." THIS PROGRAM MEASURZS AND STORES SAMPLE CONDUCTIVITY QVER A RANGE OF"

." TEMPERATURE"
CR CR ." THE SAMPLE IDENTIFIER IS : " "INPUT SAMPLE.NAME “:=
CR ." SAMPLE DIAMETER IN CM = " #INPUT 2. / 2 ** PI * AREA :=

CR ." VOLTAGE PRCBE SEPARATION IN CM = " #INPUT LENGTH :=
CR ." INITIAL MAXIMUM SAMPLE VOLTAGE IN V = " #INPUT V.SAMP.MAX :=
CR ." THE HEATING (AND COOLING) RATE IN DEG/HR = " #INPUT RATE :%
CR ." THE PURNACE SETTLING TIME IN MIN = " #INPUT S.TIME :=
CR ." THE LOWER TEMPERATURE IN DEG C = " #INPUT LOW.T :=
CR ." THE HIGHER TEMPERATURE IN DEG C = " #INPUT HIGH.T :=
¢R ." NUMBER OF POINTS LN ONE DIRECTION (MAX. IS 30) = " #INPUT N.PT3 .a
CR ." START AT PCINT NUMBER = " #INPUT START.POINT :=
CR ." HOURS OF ANNEALING TIME BEFORE MEASUREMENTS = " #INPUT 60 * A.TIME :=
CR ." ANNBALING TEMPERATURE = " #INPUT SINT.T :=
CR ." WAITING TIME AT TEMPERATURE IN MINUTES = " #INPUT W.TIME :=
CR CR ." (DO A SCREEN DUMP AND PRESS <RETURN> TO CONTINUE.)" "INPUT
NORMAL .DISPLAY HOME
SAMP.T F.SET :=
A.TIME O > IF T.INCR T.WAIT THEN
O'RAT := O X := O Y := O DATA := O WAIT := O SBK := O STATUS :=
START.POINT 1 > IF TEMP THEN
DATA.SAVZ.INIT
LOW.T 1. / HIGH.T 1. / - N.PTS / DELTA.T :=
SAMP.T F.SET := .
N.PTS 2 * 2 + START.POINT DO
0 TICKS := 1 N.SBK := IMPRESS ALL.UPDATE RATS
I N.PTS 2 + < IF HIGH.T 1. / DELTA.T I 1 - * +
BLSE LOW.T 1. / DELTA.T I N.PTS 1 + - = - THEN
1. / FIX T.SET RATS :
W.TIME Z RESISTANCE
DATA.SAVE WAIT.SAVE IV.SAVE SBK.SAVE
0 WAIT :=
LooP
25 T.SET RATS
SINTER
NORMAL.DISPLAY O O GOTO.XY
e SINTERING TEMPERATURE = " #INPUT SINT.T :=
CR .” SINTERING TIME IN HR = " #INPUT 60 * A.TIME :=
" CR ." THE HEATING (AND COOLING) RATE IN DEG/HR = " #INPUT RATE :=
LEFT.T F.SET :=
T.INCR T.WAIT
HOME O 8 GOTO.XY 80 SPACES O 5 GOTO.XY ." DECREASING TEMPERATURE"
S 0 FIX.FORMAT
4000 SYNC.PERIOD
SYNCHRONIZE
BEGIN
5 "TIME "LEFT " 23:59" "= IF CLUMSY 4000 SYNC.PERIOD THEN
F.SET RATE 900, / - F.SET := T.QUT
STP 0 = IF 21 7 GOTO.XY LEFT.T . THEN
SYNCHRONIZE TEST
F.SET 100 <=
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UNTIL

0 F.SET := T.OUT
SINGLE

NORMAL.DISPLAY 0 0 GOTO.XY

." THIS PROGRAM MEASURES THE RESISTANCE AT ONE TEMPERATURE."

CR CR ." THE SAMPLE IDENTIFIER IS : " "INPUT SAMPLE.NAME ":=

CR ." SAMPLE DIAMETER IN CM = " #INPUT 2. / 2 ** PI ® AREA :=

CR ." VOLTAGE PROBE SEPARATION IN CM = " #INPUT LENGTR :=

CR ." INITIAL MAXIMUM SAMPLE VOLTAGE IN V = " #INPUT V.SAMP.MAX :=
CR ." THE HEATING (AND COOQOLING) RATE IN DEG/HR = " #INPUT RATE :=
CR ." THE FURNACE SETTLING TIME IN MIN = " @INPUT S.TIME :=

CR ." THE TEMPERATURE OF MEASUREMENT IN DEG C = " ®INPUT HIGH.T :=
CR ." HOURS OF ANNEALING TIME BEFORE MEASUREMENTS = " 2INPUT 60 * A.TIME :=
CR ." ANNEALING TEMPERATURE = " #INPUT SINT.T :=.

CR ." WAITING TIME AT TEMPERATURE IN MINUTES = " #INPUT W. TIME :=

CR " MEASURE RESISTANCE FOR UP TO 20 HQURS? (Y OR N) : " "INPUT X.LABEL ":=
LABEL “Yy" "= IF 1 SKIP := ELSE 0 SKIP := THEN ’
CR CR ." (DQ A SCREEN DUMP AND PRESS <RETURN> TO CONTINUE.)" “INPUT

NORMAL .DISPLAY HOME
SAMP.T F.SET := R
A.TIME O > IF T.INCR T.WAIT THEN ' *
O RAT := 0 X := 0 ¥ := 0 DATA := 0 WAIT := :
0 SBK := Q STATUS := Q TICKS := 1 N.SBK :=
DATA.SAVE.INIT
2 1 DO

IMPRESS ALL.UPDATE RATS HIGH.T T.SET RATS

W.TIME 2 RESISTANCE DATA.SAVE WAIT.SAVE IV.SAVE SBK.SAVE
LoOoP
25 T.SET RATS

GO
NORMAL.DISPLAY 0 0 GOTO.XY
." --RANGE-- MEASURES RESISTIVITY OVER A RANGE QF TEWMPERATURE"

CR CR ." --SINGLE-- MEASURES RESISTIVITY FOR A SINGLE TEMPERATURE"
CR CR ." ~-SINTER~- SINTERS SAMPLE"
CR CR ." NOTE:" , .
CR ." 1) FOR SINTERING CONNECT THE THERMOCOUPLE TO CHANNEL 1 (LEFT.T)"
CR ." 2) PRESS THE | KEY TO TURN DISPLAY ON OR OFF DURING EXECUTION"
CR CR
DAS. INIT

0 STP :=

INSTALL GO IN TURNKEY



III Conductivity Results

CATA FOR CRYSTAL SAMPLE [a, TAKEN 10/31/86 TO i1/4/86, P.148A TO 149

SAMPLE GEOMETRY :

VOLTAGE PROBE LENGTH = 1.5 (cm) +/- 0.01
OIAMETER = 0.452 (cm) AREA =
e s e e S S R TR ST SIS TSRS TIISRRSET
No T R ERR ON R 8 ERR ON 8
(deg C) (ohm) {ohm) {volt) (volt)
=======.====:====::::::m===========::========:::::.-==:======:=~
1 1507 0.09722 0.0002! -0.00015 0.00006
2 1484 0.09996 0.00018 -0.00004 0.00005
3 1473 0.10215 0.00019 -0.00003 0.00005
4 444 0.10698 0.00025 -0.00016 0.00006
©§ 1423 0.11093 0.00025 <-0.00013 0.00006
6 1402 0.11545 0.00027 -0.00012 0.00006
7 13 0.1209 0.00021 ~-0.00018 0.00005
8 1362 0.2294 0.0008 -0.00013 0.00005
9 1382. 0.32415 0.00024 -0.00024 0.00005
10 1318 0.41448 0.00033 -0.00013  0.00006
11 1300 0.53291 0.00048 -0.00021 0.0000S5 .
12 1322 0.43682 0.00045 -0.00023 0.00006
13 1340 0.33806 0.00066 -0.00022 0.00006
14 1360 0.2¢9%4 0.00053 -0.00023 0.00006
1S 1382 0.15843  0.00031 -0.00014 0.00006
16 1401 0.11759 0.00021 <-0.00011 0.0000S
17 1422 0.1127 0.00023 -0.0001 0.00006
18 1440 0.10898 0.00023 -0.00012 0.00006
19 1462 0.10495 0.00022 -0.00019 0.00006
20 1485 0.10128 0.00022 -0.0001 0.00006
21 1505 0.09818  0.00027 -0.00006 0.00007

3-128

0.1608 (em)2 +/- 0.001

128

o=
R t (1037 COND +/-
(min) (K)-1 (ohm=cm)-1

0.999936 130 0.56180 96.19  1.67
0.999956 30 0.5691S 93.55 1.59
0.99995¢ 70 0.572T4 91.55 1.56
0.999921 40 g.58241 87.41 1.53
0.999932 50 0.58962 88.30 1.7
0.99992¢ 30 2.59701 81.00 1.42
0.999959 150  0.60453 77.38 1L
0.999958 320 0.61162 40.77  0.89
0.999992 500 - 0.61820 28.85 0.46
0.999987 420 0.62854 2.5 0.37
0.99999 90 0.63573 17.55 0.28
0.999986 230 0.62686 2141 0.35
0.999947 80 0.5199% 27.66 0.48
0.999938 60 0.61237 37.54 0.65
0.999946 180 0.60423 58.66 . 1.01
0.999956 170 0.58737 79.53 1.3§
0.999942 40  0.58997 82.98 1.43
0.999938 40 0.583T7 85,81 1.49
0.999937 80 0.57637 89.11  1.54
0.99993S 130 0.56883 92.33 .61
120 0.56243 95.25 1.1

0.999891
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DATA FOR CRYSTAL SAMPLE IS, TAKER 11/6/86 TO 11/10/86, P.149A
SAMPLE GEOMETRY :

VOLTAGE PROBE LENGTH = 1.225 (em) +/- 0.01

DIAMETER = 0.475 (ca) AREA = 0.177 (em)2 ¢/~ 0.004

CRYSTAL SAMPLE [b, PAGE 149A

PP Ll R ELE LT T uo s xRy

Na. T R ERR ON R 8 ERR ON 8 R : (10)3/7 COND +/=

(deg C) (ohm) (chm) ~  {valt) (volt) (ain}  (K)=1  (ohm-gcm)-1

1 1854 0.09621 ©€.00025 0.00011 0.00007 0.999%07 20 0.57304 71.98 2.3
2 1434 0.09884 0.00023 0.00002 0.000056 0.999%22 200 0.58582 69.95 2.26
3 1412 0.10222 0.00023 0.00003 90.00006 0.999932 90 0.58347 67.77 2.18
4 1390 0.10841 0.00027 -0.00006 0.00007 0.999912 110 0.80132 §5.08 2.12
S 1369 0.11024 0.00023 0.00003 0.00006 0.999937 80 0.60901 §2.718 2.02
§ 1348 0.11529 0.00025 -0.00009 0.00606 0.999933 100 0.§1690 60.03 1.93
T 1328 0.12113  0.00026 -0.00006 0.00006 0.999937 ] 0.52461 §7.14  1.84
8 1306 0.1282 0.00024 -0.0001% 0.00005 0.959951 40 0.833nn §3-99 1.72
9 1284 0.2095 0.C0045 -0.00065 0.00006 0.999932 230 0.54226 33.04 1.08
10 1263 0.24514 0.00052 -0.00001 0.00006 0.999938 120 0.55104 28.23  0.91
11 1242 (.28498 0.00084 -0.00004 0.00006 0.99993 120 0.55007 20.28 1.78
121223  0.34532 0.0007S -0.0001 0.00006 0.399934 290 0.56845 20.04 0.65
13 1201 0.38007 0.0008 -9.00006 0.00006 0.999933 59 0.57843 18.21 (.58
14 1221 0.36467 0.00082 -0.00014 0.00006 0.999928 90 0.8693¢ 18.98 0.61
15 1242 §.33521 0.0007 -0.00019 0.00006 0.999938 50 0.64007 20.65 0.66
16 1284 0.28897 0.00062 -0.00018 0.00006 0.959935 = 160 0.65062 3.9 0.M
17 1283 0.2424% 0.0004% -0.0002 0.00005 0.999942 166 0.54257 28.55 0.9
18 1305 0.18382 6.00039 -0.00013 0.00006 0.999938 200 0.633M 371.65 1.2
19 1327  0.13476 0.0003 -0.00012 0.00006 0.999932 156 0.62500 51.36 1.66
20 1349 0.11483 0.00023 -0.00006 0.0000% 0.993343 240 0.81882 60.38 1.93
21 1369  0.10918 0.00024 -0.00002 0.00006 0.999538 70 0.50901 63.39 2.04
22 1392 0.10437 0.00025 -0.00008 0.00006 0.999922 110 0.650060 66.31 2.1§
23 1413 0.10103 0.06016 - -0.00008  0.00004 0.999963 S0 0.59312 68.50 2.17
28 1435 0.09718 0.0003 -0.00001 0.00008 0.999869 20 0.58548 11.22 2.3
25 1456 0.09376 0.00025 0.00008 0.00007 0.999903 90 9.57837 713.82 .41
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OATA FOR CRYSTAL SAMPLE Ic, TAKEN 11/12/86 T0 11/17/85, P.150
SARPLE GEOMETRY :

130

VOLTAGE PROBE LENGTH = 0.896 (cm) +/- 0.005
DIAMETER = 0.42) (em) +/- 0.002 AREA = 0.1392 (cm)2 +/~ 0.0013
CRYSTAL SAMPLE [c, PAGE 150
no. T R ERR ON R 8 ERR ON 8 R t (10)3/7 COND +/-
{deg C) (ohm) (ohm)  (volt)  (volt) {min)  (K)-1  (chm-cm)-1
11461 0.10286 0.00024 0.00006 0.00007 0.999922 50 0.57670 62.58 1.08
¢ 1446 0.10502 0.0002T 0.00008 Q.00007  ©.y9sEy 30 0.58173 61.29 1.07
3 1430 0.10781 0.00028 0.00004 0.00008 0.999909 90 0.58720 59.70 .08
§ 1413 0.1102 0.00028 0.00003 0.00006 0.999933 30 0.59312 58.41 1.00
§ 140t 011294 0.00023  0.00003 0.00005 0.99994 3 0.%9117 $6.9y 0.97
§ 1387 0.11582 0.00023 0.00003 0.00005 0.999945 40 0,60247 85.57 0.3¢
T 131 0.11801  0.00025 0.00003 0.00006 0.599935 S0 0.60827 S4.08 0.92
8 1358 0.12241 0.0002¢ 0 0.00c08 0,999944 70 0.61312 §2.58 0.69
9 1340 0.12604 0.00025 0.00002 0.00006 0.999944 20 0.61996 51.07 0.3
10 1328 0.13622 0.00027 -0.00004 0.00006 0.999928 40 0.62461 49.43 0.4
111313 0.138463 0.00028 -0.00006 0.00006 .99994 70 0.62092 7.8 0.3
121298 0.13937 0.00028 -0.00006 0.00006 0.299943 70 0.63654 46.18 0.78
13 1283  G.14413  0.00029 -0.00008 0.0000§ 0.999945 20 0.5267 44 66 0.75
i 1277 0.14913  0.00031 -0.00001 0.00006 0.99994 30 0.64787 43.1§ 0.73
15 1257 0.1534  0.00031 -0.00005 0.00006 9.999944 2 0.65359 41.42 0.7
16 1243 2.16352  0.00031 -3.00004 0.)0006 ' 0.99895 20 0.55963 39.36 0.6
17 1229 0.21144  0.00041 -0.00003 0.00006 0.999946 S50 0.66578 30.44 0.51
18 1215 0.2372  0.00045 -0.000084 0.00006 0.99995 160 0.5720¢ 27.14  0.46
19 1200 0.26563 0.00046 0 0.00005 0.939356 120 0.57889 26,23 0.40
20 118 0.25737  0.00049° -0.00005 0.00006 0.999949 20  0.57248 25.01 0.42
211228 0.24312  0.00088 -0.00009 0.00005 0.999945 40 0.56622 26.47 0.45
22 1243 0.21892 0.00043 -0.00011 0.90006 0.999946 150 0.55962 <9.40 0.50
23 1257 0.19653 0.00036 -0.00007 0.00005 0.959953 60 0.65359 32.75 0.5§
28 1270 0.17109 0.00032 -0.00009  ¢.00006 0.999951 120 0.54809 31.62  0.83
5 1284  0.15419 0.0003 -0.00001 0.00006 0.993946 §0 0.64226 41.74  0.70
/B 1299 0.14233  0.00029 -0.00001 0.00005 0.989943 8¢ 0.83613 45.22 0.717
271312 0.13791  0.00027 -0.8001  0.00006 0.399947 40 0.6309! 46.67 0.79
28 - 1326 0.13351 0.00027 -0.00008 0.0000§ 0.999941 30 0.52539 48.21  0.82
29 i34Y 012935  0.00024 0.00002  0.00006 0.999951 40 0.51958 43.76  0.54
30 13%6  0.7257S  0.00025 0.0000¢  0.00006 0.999943 20 0.61387 5119 0.97
3t 1368 0.12306 0.00025 -0.00006  0.90006 0.999944 < 0.60938 §2.30  0.89
32 1383 0.11951  0.00023 0.00004 .00006 0.99994¢ 30 0.60386 §3.86 0.9
33 1396 0.11676 0.0002¢ -0.00002 0.00005 0.399938 50 0.53916 §5.13  0.9¢
34 1811 0.11396° 0.00023 -0.00002  9.00006 0.399944 30 0.59382 56.48 0.36
35 1828 011111 0.00022 -0.00005  0.00006 0.999946 36 0.58893 $7:93 0.38°
36 144¢ 0.1085 0.00022 0 0.00006 0.999941 20 0.58377  :38.32. 1.0
? 50 0.57937 50.59 .02

1453 0.10624 0.00021 -2.90001  0.00006 0.999948
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DATA FOR CRYSTAL SAMPLE Ila, TAKEN 12/11/86 TO 12/15/86, P.i51

SAMPLE GEOMETRY : AO0ZRRARS ANLERSTH ANO-D1AS

VOLTAGE PROBE LENGTH = 1.53 (cm) ¢/~ 0.01 :

DIAMETER = 6.433 (cm) ¢/~ 0.602 AREA =  0.1473 (em)2 +/- G.0014

CRYSTAL SAMPLE Ils, PAGE 151

No. T R ERR ON R g ERR ON 8 R t (10)3/7 COND +/-
(deg C) (oham) (ohm) (volt)  (volt) (rin)  (K)}=1 (ohm-cm)-1

oenea o = v, e e ov > e - s
= SSe=T SSSTIS=TISITEEIT:

11449 0.29517 0.00056 -0.00003 0.00006 0.99995 70 0.58072 35.20 0.62
2 1430 0.30756 . 0.0007¢ -0.00009 0.00007 0.999919 30 0.58720 33.718  0.61
31412 0.32048 0.00071 -0.00011 0.00067 0.999832 20  0.59347 32.42 0.%8
4 1385 0.33207  0.0007 -G.00005 - 0.00006 0.399938 20 0.59952 31.29 0.55
§ 1376 0.34677 0.00077 -0.00011 0.00007 0.999831 40 0.50643 29.96 0.53
§
1
8

1356 0.36277  0.0008 -0.06013 0.00007 6.99983 80 0.51312 28.64 0.51

1381 0.37919  0.00077 "-0.00016 0.00006 0.999%43 20 0.51958 27.40 0.48

1322 0.39687 0.00078 -0.00027 0.00006 0.999946 20 0.62696 26.18  0.46

3 1303 0.41607 0.00078 -0.00025 - 0.00006 0.99995 30 0.63452 %.37  0.44

10 1286 0.43556 0.00107 -0.00025 0.00007 0.899915 170 0.64144 23.85 0.43
111266 0.45552 0.00065 -0.00022 0.00007 0.993971 40  0.64977 22.81  0.39
12 1249 0.47954  0.00065 -0.0001S 0.00007 0.999974 20 0.65703 21.67  0.37
13 1230 0.50678 0.00083 -0.00026 0.00008 0.999963 100 0.§6534 20.50 0.3%
14 1212 0.53211 0.00068 -0.00024 0.00006 0.999977 90 0.567340 19.53  0.33
15 1192 0.56421 0.00084 -0.00022 0.00007 0.999963 90  0.68259 18.42 0.32
1§ 1175 0.59606 0.00086 -0.00027 0.00007 0.99997 40  0.69061 17.43  0.30
17 1187 0.63165 0.00085 -0.00027 0.00006 0.999974 120 0.63930 16.45 0.28
18 1139 0.67101 0.00082 -0.00034 0.00006 0.998979 30 0.70822 15.48 0.26
19 1121 0.7T112  0.00088 -0.00037 0.00006 0.999978 30 0.71736 14,61 0.25
20 1101 0.758i5 0.00095 -0.00048 0.00007 0.99997¢ 50 0.72780 13.70  0.23
21 1083 0.80771  0.0009 -0.00025 0.00007 0.999983 20 0.73746 12.86 0.22
22 1085 0.86741 0.000396 -0.00035 0.00007 0.899983 90 0.74738 11.98  0.20

23 1048 0.93011  0.00081 -0.00054 0.00006 0.999986 20 0.75700 11,17 0.18
241027 1.01147  0.0011 -0.00048 0.00006 0.999984 40 0.76923 10.27 0.17
25 1008 1.11068 - 0.00127 -0.00053 0.06007 0.999382 130 0.78003 8.35 0.16
26 993 1.20687 0.00138 -0.00053 0.00007 0.999982 20 0.79989 8.61 0.1¢
2T 974 1.31331  0.00153 -0.0007 0.00007 0.99998% 20 0.80192 7.1 0.13
8 955 1.424  (.0016¢ -0.00085 0.00007 0.999982 40 0.81433 1.30 0.12
3 337 1.54923 0.001%4 -0.00072 0.00007 0.999978 30 0.82645 6.77 0N
30 917 1.69758 0.00202 -0.00087 0.00007 0.99938 20  0.84034 .12 0.10
31 899 1.85119 0.00158 -0.0008 0.00005 0.999989 20 0.8532¢ §.61 0.09
32 919 1.68518 0.00185S -0.00077 0.00006 0.999983 20 0.83883 §.17  0.10
33 938 1.54674 0.00182 -0.00064 0.00007 0.999981 20 0.82576 6.72 0.1
38 954 1.43839 0.00165 -0.00063 0.00007 0.999982 60 0.81500 1.22 0.12
I 972 1.33615  0.00135 -0.0006 0.00006 0.99%386 20 0.8031 7.78  0.13
3§ 992 1.282¢1 0.G0162 -0.00057 0.00008 0.999976 150  0.79051 8.36 0.14
37 1010 1.15696 0.00141 -0.00054 0.00007 0.999979 40 0.77942 8.98 0.15
38 1027 1.0853  9.00114 -0.00048 0.00006 0.999%84 30 0.76923 9.57 0.16
33 1047 1.01201  0.00105 -0.00046 0.00006 0.999986 140 0.757S8 10.27 0.1
40 1085 0.94687 0.00125 -0.00033 0.00008 0.999376 20 0.74738 10.97 0.19
&1 1082  0.88762 G.30083 -0.00044 0.000056 0.999985 140 0.73801 11,77 0.20
421102 - 0.4'747  0.00WIE -0 GODIR  0.00008 0.999976 60  0.72727 .11 .22
43 1120 0.7267¢  0.G00S -0.00033  0.00007 0.999978 230 0.71788 14.30  0.24
44 1139 0.66509 0.00075 -0.00044 0.00007 0.999982 80 0.70822 15.62 0.26
45 1157 0.51351  0.00061 ~-0.00031 0.00006 0.999986 80 0.69930 16.34 0.28
46 1175 0.57786 0.00052 -0.00036 0.00005 0.9939989 SO  0.69061 17.98  0.30
47 1194 0.5436 0.00066 -0.00031 0.00007 0.999979 90 0.58166 19,11 0.32




48
49
50
51
§2
83
54
§§
56
57
58
59
60
&1

1212
1230
1247
1266
1284
1302
1321
1339
1356
13717
1394
18412
1431
1450

0.51306
0.48548
0.46068

0.4388
0.41696
0.39808
0.37909
0.36182
0.34638
0.13081

0.3171
0.3039¢
0.29207
0.28046

0.00057
0.00062

0.0006

0.0005
0.00046
0.90039
0.00048
0.00059
0.00059
0.00048
0.00053
0.00048
0.00047
0.00046

-0.00023
-0.00004
-0.00006
-8.0081¢
<0. 0091
=0.00018
-0.0000¢
0.00003
-0.00061
¢
-0.00007
0.00019
0.0001
0.00018

3-132

§.06067
0.00008
0.00008
0.00007
9.00007
0.00006
0.00006
0.00008
0.00008
6.00007
0.00008
0.00007
0.00008
0.00008

0.939982

0.999877"

0.999976
0.899982
0.998484
0.399987
0.999978
0.999962
3.999958
0.99997

0.39996
0.899965
0.999964
0.399963

8¢
130
40
100
40
160
180
10
20
30
20
20
20
20

8.67340
0.5653¢
6.65789
8.64977
0.64226
0.63892
0.52735
0.62035
0.51387
0.60606
0.59988
0.59347
4.58685
0.58038

20.28
21.40
22.55
23.68
24.92
26.10
.4
28.712
30.00
ER I 3
32.70
34,19
35.57
37.05

132

0.3¢
0.36
0.38
0.40
0.42
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DATA FOR CRYSTAL SAMPLE [Ib, TAKEN 12/20/86 70 12/28/86, P.151A
SAMPLE GECMETRY :

133

VOLTAGE PROBE LENGTH = 1.51 (cm) +/- 7.01 . - .
DIAMETER = 0.454 (cm) +/- 0.403 - AREA = 0.1819 (em)2 +/- 0.0021:
CRYSTAL SAMPLE Ilb, PAGE !S5t . : :
¥o. T R ERR ON R 8 ERR ON 8 R t (10)3/7 CONOD +/-
{deg C) (chm) (ohm) {volt) {volz) {min) {X)-t {ohm-cm)-1
1 1448 0.28055 0.00041 0.00026  0.0001 0.39996 70 0.58106 38.78  0.83
© 2 1432 0.24801  0.00044 0.00042  0.000' 0.399956 30 0.38851 37.61  0.30
3 1412 0.25611 0.00084 0.00632  0.0001 0.399959 30 0.53347 36.42 0.78
4 1394 0.26568 0.00037 0.00031 0.00008 0.999973 20  0.59988 35.11 0.74
§ 1376 0.27722 0.00031 0.00069 0.00006 0.395%84 30 0.50643 33.65 0.70
6§ 1358 0.28828 0.06037 0.00013 0.00008 0.399977 §0 0.61312 22.36 0.58
T 1340 0.30029 0.00028 0.00009 0.00005 0.999988 S0 0.51996 31.06 0.84
8§ 1329 0.31317  0.00032 -0.00003 0.00006 0.999%85 60 0.62735 29.79  0.51
9 1304  0.3267 0.00033 -0.00003 0.00006 0.999986 110 0.§3412 28.55 0.59 -
! 1285  0.34112  0.00036 ~0.00002 0.00006 0.999985 40 0.54185 27.3¢ Q.56
11 1267 0.35788  0.00037 -0.0001 0.00006 0.399985 30 0.54935 26.06 0.54
121249 0.37434 0.00037 0.00005 0.00008 0.999937 260 0.65703 2.92 0.91
13 1230 0.39537 0.00036 -0.00017 0.00005 0.999989 180 0.66534 23.59  0.48
14 1212 0.41874  0.0605 ~0.00017 0.000607 0.99998 120 0.67340 22.41  0.47
15 1191 0.44154  0.0004! -0.00019 0.00006 9.999988 210  0.68336 2113 0.43
1§ 1174 0.4663 0.00042 -0.00013 0.06005 0.999983 SO 0.59109 20.00 0.4
17 1154 0.49584 0.0005 -0.00014 0.00006 0.99998% 80 0.70077 18.81 0.39
' 1137 0.52941  0.00049 -0.00012 0.00005 0.999988 130 0.70922 17.62 0.36
1 1119 0.56616  0.0005 -0.00019 0.00005 0.999983 200 3.71839 15.48  0.34
20 1105 0.50171 0.00051 -0.00017 0.00006 0.999986 60 0.72S68 15.50 0.22
21 1082 0.54894  0.0007 -0.00023 0.00006 0.999384 20 (0.73801 14.37 0.30
22 1068 0.731 0.00082 -0.00016 0.00007 0.999983 190 0.74683 12.76  0.26
23 1048  0.81012 0.00089 -9.00027 0.00007 0.999583 130 0.75700 11.51 0.2
24 1027  0.8863 0.00109 -0.00031 0.09007 0.999379 186 0.76923 10.52 0.22
2 1010 0.96286 5.00103 -0.00036 0.00006 0.999984 190 0.77982 9.69 0.20
26 992 1.08462 0.00108 -0.0003¢ 0.00006 0.999985 170  0.79051 8.93 ¢6.18
27 972 1.13887 0.00118 -0.00047 0.00005 0.999985 250 0.8032% 8§.19 0.17
28 954  1.23627 0.00125 -0.00051 0.00006 0.999986 90 9.81500 7.55 0.1§
29 936 1.3347 0.00137 -0.00049 §.90006 0.99%985 30 0.82713 §.99 0.14
30 917 1.4533%  0.00209  -0.0006  0.00009 0.9993N 20 0.84034 §.42 0.13
3N 300 1.58064 0.00224 -0.00072 0.00008 0.999972 110  0.85251 5.90 0.12
32 916 1.46035 0.00173  -0.0006 0.00007 Q.999981 40 0.88104 §.39 0.13
33 937 1.384779  0.00156 -0.00047 0.00007 0.999981 120 0.82645 §.92 0.14
3¢ 955  1.25131  0.00148 -0.000S4 0.00007 0.99998 100 0.81433 7.45 0.1
35 971 1.16553 0.00119 -0.00036 0.00006 0.999985 80 0.80386 8.00 0.17
36 992 1.07997 0.00103 -0.00031 0.00006 0.999987 70  §.79051 8.64 0.8
371019 1.09274  0.00114 -0.00037 0.00007 0.399983 130 0.77942 3.2t 0.19
3§ 1028 0.94884 0.00101 -0.00031 0.00006 0.599985 rd 0.76864 9.83 0.20
39 1048 (.88668 0.00103 -0.00027 0.00697 0.359981 20 0.75700 10.52  0.22
40 1065 0.83221 0.00101 -0.00034 0.00007 0.999979 40 0.74738 11.21 0.3
41 1082  0.7892 0.00096 -0.00019 0.00007 0.999979 210 0.73801 11.82  0.25
42 1103 0.73997 0.00079 -0.00027 0.00006 0.99998¢ 190 0.726T4 12:61  0.26
43 1118 0.69497 (.00066 -0.00028 0.00006 0.999988 20 0.7189: 13.42  0.28
4 1125 0.54517 0.00082 -0.00017 0.00007 0.999978 &0 0.71023 14.46 (.20
45 1187  0.54641  0.00057 - -0.00032 0.000C6 0.99992% {70  9.58830 1787 0.28
46 1174 0.47927 0.00043 -0.90022 (.00005 0.5393983 520 0.89109 19.46 0.40
47 0.58166 20.67 0.42

1194 0.45128  0.00032 -0.00003 J.00004 0.999992 30



48
49
50
8
82
53
54
5h
57
58
59
60
§1

iPAR
1231
1248
1258
1288
1304
130
1343
1357
1277
1394
1418
1432

1849

0.42544
0.40225
0.38244
0.36193
0.34582
0.32908
0.31408
0.30092
0.2891%

0.2767
0.26567

0.2851

0.2463

0.2367

0.0004¢4
0.00033
0.00055

0.2003
0.00038
0.00033
0.00038
£.00027
0.0002¢
0.00029
'0.00033
0.00029
0.00033

0.0004

-0.000135
-3.00011
~0.00015
-0.0001
=0.00013
-0.00009
-0.00002
-0.20017
0.29008
g.200m1
0.00009
0.00018
0.00009
0.00025

3-134
0.00006 0.99938¢
0.00005 0.999981
0.00009 0.399371
0.00005 0.999993
0.00006 0.999986
0.00006 0.999985
'0.00007 0.999979
0.00005 0.999988
0.00006 0.399986
0.20008 0,999985
0.00007 0.999379
0.00007 N 999982
0.00008 0.999974

0.0001 0.999961

20
90
30
80
30
70
20
50
0
30
20
120
20
30

0.67389
0.55489
0.85746
0.54833
0.54144
0.63412
0.§2735
0.61881
§.681350
0:.60606
0.59988
0.59242
0.58651
.58072

1.

23

o

3

36

32

.19
U,
28,
2.
28.
29.

39
7
eyl
kKt
70

.00
3.
3.
35.
.56
3.
39.
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DATA FOR CRYSTAL SAMPLE [[c, TAKEN 1/2/87 7O 1/15/%7, P.1518
SAMPLE GEOMETRY : .

" VOLTAGE PROBE LENGTH 1.25 (cm) +/- 8.91
DIAMETER = 0.439 (cm) +/- 0.002 _ AREA = 0.1514 (cm)2 +/- 0.002!
CRYSTAL SAMPLE I, PAGE 1518
No. T R ERR ON R 8 ERR ON 8 R t  (10)3/T  CONOD +/-
(deg C) {ohm) (ohm) (valt) (volt) (min) (X)-1  (ohm=-cm)-1
1 1453 0.23521 0.00045  0.0008 0.00011 0.999948 40  0.57937 3511 0.92
2 43¢ 0.24617  0.0005 0.00027 0.00012 0.999%42 50 0.58582 33.55  0.79
3 1413 0.25663 0.00063 0.00047 0.00014 0.989917 20  0.59312 32.18 0.7
4 1380  £.2735  0.0003 -0.00006 0.00006 0.999983 160 0.60132 30.19  0.68
5 1378 0.28559 0.00041 0.00006 0.00009 0.999972 30  0.60569 28.92  0.66
§ 1358 0.29942 0.00035 -0.00002 0.00007 0.99938 70 0.51312 27.58  0.82
T 1339 0.31398 0.00038 0 0.00006 0.999983 140  0.6203% .30 0.5
8 1326 0.32973 0.00043 -0.00006 0.00008 0.339377 170 0.62617 25.05 0.57
9 1301 0.34716 0.000357 -0:00003 0.00006 0.999984 210  0.63532 23.79  0.53
10 1284  0.36468 0.00047 -0.00011 0.00008 0.999977 220 0.64226 22.65 0.5
111265  0.3838  0.00045 -0.300!3 9.00007 0.999981 100  9.55020 21.52 0.4
12 1246 0.40646 0.000S5 -0.00013 0.00008 0.999974 110  0.§5833 20.32  0.46
13 1229 0.42807 0.00057 -0.00013 0.00008 0.999975 30 0.66578 19.29  0.44
14 1208 0.45275  0.0005 -0.000%7 0.00007 0.999983 230 0.67522 18.28  0.4%
1S 1196 0.47914  0.00066 -0.00025 0.00008 0.999974 300 0.58074 17.28  0.39
16 1174 0.50691  0.0006 -0.00C12 0.C0007 0.999981 100  0.69106 16.29 0.37
17T 1155 0.5407¢ 0.00062 -0.00013 0.00007 0.993982 30  3.70028 15.27 0.34
18 1135 0.57633 0.00053 -0.00C23 0.00009 0.999985 1190 0.71023 14.33  0.32
19 1122 0.61578  0.00055 -0.00023 0.00008 0.993988 40  0.71685 13.41  0.30
20 1102 0.65925 0.00049 -0.00026 0.00007 0.999992 160 0.72727 12.53 ¢0.20
211080 0.70635 .0.00048 -0.00005 0.00008 0.999998 1000  0.72910 115 0.2
22 1063 0.76036 0.00044 -0.00033 0.00067 0.999995 240  0.74850 10.95 0.2¢
23 1047 0.91972  0.00057 -0.00025 0.00008 2.999993 110  0.757S8 10.07 9.22
28 1027 0.99124  0.0005¢ -0.00029 0.00007 0.999995 110  0.76523 9.27 0.20
35 1009 0.96831 0.00059 -0.00036 9.00007 0.999995 110  0.78003 8.52 0.19
6 994 1.08099 0.00064 -0.00035 0.00007 0.9999%8 110  0.78927 7.92 (.17
2T 971 114762 0.00074 -0.00083 0.00008 0.999994 110  0.80386 1.20 8.15
28 955 1.26405 0.0008¢ -0.0006 0.00008 0.999994 120 0.81433 §.53 6.14
29 935 1.40006 0.00109 -0.00063 0.00009 0.399991 110  0.82781 5.90 0.13
30 912 1.55185  0.00077 -0.00069 0.00006 0.999997 110  0.84317 §.32 0.12
31 896 1.69881 0.00145 -0.00072  0.0001 0.99999 60  0.85543 4.86 0.1
32 920 i.55546 0.00098 -0.00067 0.00008 0.9999%4 80  0.83822 5.31 0.:2
33936 1.4193  0.0008 -0.00068 0.00007 0.399996 110 0.22713 5.82 0.13
34 956 1.30164 0.00082 -0.00066 0.00008 0.9999%¢ 110  0.81367 §.38 0.14
I 975 1.19379  0.00082 -0.0005 0.00008 0.999994 110  0.80128 §.92 0.:S
¥ 992 1.10129  0.0006% -0.00087 0.00007 0.999994 110  0.7905: 7.50 0.7
17 1010 1.01305 0.00067 -0.00047 0.00008 0.399994 110  0.77942 8.15 0.18
38 1028 0.94735  0.00057 -0.00048 0.00007 0.999955 110  0.76864 8.72 0.19
39 1045 0.87814  0.000S1 -0.00048 0.00007 0.999995 110  0.75815 9.40 0.2
40 1065 0.80842 0.00056 -0.00024 0.00008 0.999933 10 0.74738 10.22 0.23
41 1088 0.7482 0.00042 -0.00022 0.00007 0.999995 90  0.73692 1.1 2.2
42 1102 0.87525  0.0004 -0.00023 0.00007 0.999995 120  0.72727 12.23 2.2
43 1120 0:817§7  0,90039 -0.00032  0.00008 0.999994 170  0.71788 13.37  0.29
44 1139 0.57772 0.00033 -0.000%9 3.30007 0.999995 110  0.70822 4.2 0.2t
4§ 1157 0.54169  0.00036 -0.00015S  0.00008 0.999983 70  0.69930 15.25 0.38
¢6 1171 0.5079  0.00038 -0.00015 0.00009 0.999992 110  0.69252 16.26 0.36
47 1190 0.48266  0.00039 -0.00017 0.00007 0.399981 110  0.58353 17.11  0.38



48
49
50
51
52
§3
54
55
56
57
58
59
60
61

1210
1229
1266
1279
1282
1300
1322
1340
1338
1375
1395
1415

1835

1448

0.4525§
0.43062
0.38588

0.3769
0.36828
9.24923
0.33206
0.31626
0.30193
0.28772
0.27483
0.26287
0.25246
0.24218

0.00045
0.00038
0.20035
§.0002¢
0.00055S
0.00084
0.00041

0.0003
0.00033
0.00034
0.0004S
0.00033
0.00039
0.00033

-0.00005
-0.00016
-0.0000¢
-0.00012
-0.00019
-0.6002¢
¢.00066
-0.00002
=0.00018
9.20001
0.00007
0.00013
0.00011
0.00012

3-136

0.00008
0.00007
0.00008
0.00006
0.00008
0.00007
0.00007
0.00006
0.00007
0.00007

0.0001

.00007

0.00009
0.90008

0.999986
0.999991
0.999989
0.999994
0.999968
0.899978
0.399978
0.999988
U.999983

0.99938
0.899962
0.993977
0.999967
0.99997S

10
110
50
110
10
110
4
110
20
10
50
50
30
40

0.67431
0.66578
0.64877
0.64433
J.64309
0.63573
0.526836
0.61996
0.51312
0.50680

0.59952-

0.58242
0.58548
0.58106

18.25
19.18
21.40
1.9
22.42
23.85
24.87
6.1
21.35
28.70
30.0%
1n.4
2.n
.10

O DO OO0 DO OO0 OO

A
.43
.48
.48

.54
.56
.58
.82
.85
.89
i
.15
.18

136
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DATA FOR CRYSTAL SAMPLE [lla, TAKEN 1/30/87 TQ 2/3/87, 9.151C

SAMPLE GEOMETRY

VOLTAGE PROBE LENGTH = 1.47 (em} +/- 7.0

DIAMETER = 0.447 (cm) +/- 0.003 AREA = 0.1569 (cm)2 +/- 0.0021

CRYSTAL SAMPLE [1la, PAGE 151C

No. T R ERR ON R 8 ERR ON 8 t (107 CoNO +/-
{deg C) (ohm) {ohm) (volt) (voit) (nin)  (K)-1 (ohm-cm)=1

- i

1449 0.33085 0.00067 0.00028 0.00012 0.999943 30 0.58072 28.30 0.62
1425 0.35299  0.00063 0.00021 0.00011 0.999356 60 0.58893 26.54 0.58
1404  0.37652 0.00048 0.00018 0.00007 9.999978 100 0.53630 24.88 0.53
1382 0.40115  0.00063 0.00012 0.00009 0.399965 30 0.50823 23.35  0.50
1358 0.43158  0.00047 -0.00005 0.00006 0.99998¢ S0 0.51312 21710 0.46
1335 0.46182  0.00055 -0.00009 0.00007 0.99998 40 0.52189 20.28  0.43
1314 0.49407 0.00065 -0.00017 0.00008 0.999976 36 0.63012 18.96 0.40
1290 0.53162  0.00064 --0.0001'4 0.00007 0.993978 20  0.63980 17.62 0.7
1267  0.57139  0.00056 -0.00012 0.00006 0.999986 20  0.54935 16.39  0.3¢
1244 0.6178  0.0009 -0.00038 0.00009 0.99937 40 0.55920 15.16 0.32
1219 0.66814 0.00074 -0.00015 0.00007 0.999983 S50 0.57024 14,02 0.30
1198 0.72314  0.00076 -0.00026 0.00006 0.939984 40 0.5798! 12.85  0.27
1175 0.78779  0.00087 -0.00023 0.00007 0.999983 30  0.5906! 11.89  0.25
1152 0.85738 0.00095 -0.00039 0.00007 0.993983 20 0.70175 10.93 0.23

(A)MNNNNNNNNN-‘—.-‘—-‘—‘—.-‘—Q— ) "
oomﬂmmnwn—-ammﬂmmam O W OO ~ A N B D D s

1128 0.93556 0.001 -0.0004 0.00006 0.999984 20 0.71278 10.01 0.2
1107 1.02106 0.00146 -0.00033 0.00009 0.998971 40 0.72464 9.17  0.20
1082 1.12144 0.001 -0.00041 0.00005 0.99939 0 0.73801 8.35 0.17
1060 1.23807 6.00134 -0.00053 0.00006 0.999984 - 20 0.75019 7.57 0.16
1037 1.36553  0.90184 -0.000S7 0.00008 0.399974 20 0.76336 §.86 0.15
1015 1.51142  0.00226 -0.00066 0.00009 0.999%63 110  0.77640 §.20 0.13
991 1.§9133 0.00262 -0.00076  0.0001 0.999367 &0 0.79114 .54 0.12
968 1.88638 0.00261 -0.00097 0.00008 0.999S73 90  0.80580 .97 0.1
947 2.10582 0.00316 -0.00087 0.00009 0.999963 SO  0.81967 $£.45 0.10
323 2.3818 0.00248 -0.00112 0.00008 0.99997 20 0.83612 3.93 0.08
901 2.70383 0.00329 -0.00153 0.00008 0.939979 60 5.27 "2 1.4 3.7
923 2.39279  0.00323 -0.00121 0.00008 0.993975 20 0.83512 3.91  6.08
886 2.1107¢  0.00286 -0.00093 0.00008 0.999975 100 0.8203 4.48 0.09
970 1.87038 0.00243 -0.00098 0.00008 0.999976 30 0.30451 5.0 0.1,
891 1.68029 0.00187 -0.00087 0.00007 0.399983 60 0.79118 5.87 ¢0.12
1016 1.48671  0.00135 -0.00063 0.00006 0.999988 110  0.77580 §.30 0.13
31 1036 1.35533  0.00152 -0.00067 0.00007 0.999983 40 0.763% §.91 0.15
32 1058 1.23027 0.00207 -0.00049  0.0001 0.389962 70 0.75131 1.61 0.18
33 1084 1.13026 0.00108 -3.0006 0.00006 0.399988 60 0.73692 §.29 0.17
3¢ 1107 1.02347 0.00129 -0.00041 0.00008 0.999978 30 0.72464 9.15 0.19
35 1130 0.93505 0.00087 -0.00049 0.00006 0.999388 60 0.71276 10.02 0.2
36 1152 0.85761 ©0.00076 -0.00034 0.00005 0.39939 20 0.70175 10.82  0.23
31 1174 0.79019  0.00098 -0.00037 0.00008 0.999979 50 0.69109 11.85 0.2
38 1198 0.7283¢ 0.00074 -0.00026 0.00006 0.999986 50 0.§7981 12.84 0.27
39 1221 0.67082 0.00074 -0.00022 0.00007 0.999983 20 0.56938 13.96 0.29
40 1243 0.62089 0.00061 -0.00016 0.00006 0.999887 110  0.55963 1€.09 0.32
41 1267 C.57686 0.00087 -0.00014 0.00009 0.999967 40 0.64935 16.28 0.35
82 1291 0.S3398  C.0006 -0.00015  0.00007 0.999982 20  0.53939 17.8¢  0.37
43 1312 - 1.49976  0.00058 -0.00017 0.00007 0.999981 80 0.63091 18.74  0.40.
8¢ 1334 0.46681 0.00047 -0,0004 0.00006 0.299986 50  0.62228 20,07 0.42
45 1358 0.43495 0.00052 -0.00008 0.00007 0.99998 50 0.51312 1.5¢  0.46
46 1381 0.40711  0.00047 -0.00002 0.00007 0.999982 30 0.50459 23.01 0.49
A7 0.59701 .38 .82

1402 0.38408 0.00047 -0.00002 0.00007 0.999879 2
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08 1427 0.35953 0.00043  0.0001 0.00007 0.99938 20 0.5982¢  26.05
49 1449 0.33847 0.00084 0.00008 0.00008 0.399976 20  0.58072

P )
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OATA FOR CRYSTAL SAMPLE [IIb, TAKEN 2/10/87, P.156
SAMPLE GEOWETRY

VOLTAGE PROBE LENGTH 1.547 (em) +/- 0.005
DIAMETER = 0.458 (cm) +/- 0.002 . AREA =  0.1647 (em)2 +/- 0.001¢
. CRYSTAL SAMPLE [[Ib, PAGE 156

No. T R ERR ON R 8 ERR ON 8 R t (10)3/7 COND +/-
“(deg C) (ohm) (oha) (volt) (voit) (min)  (K)=1  (ohm~cm)-1
11450 0.34924  0.00038  0.0001 0.00006 0.999983 110 0.58038 26.89  0.35
2 1824 §.37232 0.00046 -0.00006 0.00007 0.999977 60 0.58928 25.22  0.33
3 1407 0.39488 0.00044 -0.00014 0.00007 0.999983 110 0.53524 23.718 0.:
4 1390 0.417%6  0.00052 -0.00006 0.00007 0.999978 20 0.60132 22.49  0.2¢
S 1364 0.e4218 0.00058 -0.00015 0.00008 0.999976 10 0.61087 21,18 0.28
6 1343 0.46953 0.00054 -0.00008 0.00007 0.399981 80 0.51881 20.00 0.26
T 1322 0.50027 0.00051 -0.00023 0.00006 0.999385 110 0.62836 18.77 0.2¢
8 1302 0.53292 0.00046 -0.00027 0.00005 0.99999 110 0.63492 17.62 0.22
§ 1277 0.36668 0.00066 -0.00036 0.00007 0.393981 110 0.64516 16.57  0.22

139



IV _Electrochemical Testing Pregram Listing

INTE
INTE
INTE
INTE!
INTE
INTE
INTE
INTE
INTE
INTE
INTE
INTE
INTR

DIM([ 100

GER
GER
GER
GER
GER
GER
GER
GER
GER
GER
GER
GER
GER

3-140

SCALAR IT

DIM[ 1000 ] ARRAY V.A/C
DIM[ 1000 ] ARRAY V.A/R
DIM({ 1000 ] ARRAY I.A/C
DIM( 1000 ] ARRAY V.IR

DIM[ 100 ] ARRAY VS.A/C
DIM{ 100 ] ARRAY VS.A/R
DIM( 100 ] ARRAY IS.A/C
DIM[ 100 ] ARRAY IRS

DIM{ 100 ] ARRAY A/C.SAMP
DIM([ 100 ] ARRAY A/R.SAMP
DIM{ 100-] ARRAY IR.SAMP
DIM{ 100 ) ARRAY I.saMP -

. 2 ] DMA.ARRAY FAST

REAL OIM{ 3 ., 100 ] ARRAY VAR
REAL DIM[ 100 ] ARRAY XS
REAL DIM[ 100 ] ARRAY YS
REAL DIM( 1000 ] ARRAY XL
REAL DIM( 1000 ] ARRAY YL
INTEGER SCALAR TICKS
SCALAR TIME

SCALAR I.START
SCALAR I.PULSE
SCALAR I.FINISH
SCALAR V.START

REAL
REAL
REAL
REAL
REAL

REAL

REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL

PN E N7 W AN NN e g
- O NSRS W~ O

n
W
w

SCALAR V.PEAK

SCALAR SWEEP.RATE
SCALAR E.AREA
SCALAR FULL.SCALE
SCALAR MV

SCALAR V.0UT
SCALAR I.0UT
SCALAR V.ZERC
SCALAR TOCKS
SCALAR I.SCALE

30 STRING X.LABEL

30 STRING Y.LABEL

14 STRING FILENAME.IN
14 STRING FILENAME.OUT

A/D.
A/D.
A/D.
A/D.
A/D.
A/D.
A/D.

D/A.
D/A.

N
>

TEMPLATE COLD.JUNCTION
TEMPLATE THERMOCOUPLE
TEMPLATE VOLTAGE.A/C
TEMPLATE CURRENT.A/C
TEMPLATE VOLTAGE.A/R
TEMPLATE VOLTAGE.IR
TEMPLATE BOTH.BLIP

TEMPLATE V.CONTROL
TEMPLATE I.CONTROL

40 WINDOW BOTLN

GRAPHICS.DISPLAY
0.05 0.1 VUPORT.ORIG

140
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1.3 0.85 VUPORT.SIZE
VUPORT ISEE
GRAPHICS.DISPLAY
NORMAL .DISPLAY

\

NORMAL . DISPLAY

141

cn " "' H paneda T . 1'li
CR ." || COMMAND | DOES: | #PTS | ARRAYS STQRED: |
CR " ;lr Lr # : ﬁll
CR ." || GO | Displays this summary. ! nene ! none "
CR ." || TEMP | Reads temperature. | none | none n"
CR ." } ZERO | Zeros curreat. | none | none e
CR ." || AREA | Changes electrode area. | none | none (i
CR ." || RANGE | Selects current range. ! none | none e
CR ." | DELAY | Sets feedback delay. | norne | none B
CR ." || WHAT ! Displays parameters. | none | none n"
CR ." || GALV | Applies current pulse. I 100 | i A/R A/C 1"
CR ." || BLIP | Applies faster current pulse. I 106 | i A/R "
CR ." || SWEEP | Applies voltage sweep. I 1000 | 1 A/C g
CR .” || C.SWEEP | Applies cyclic voltage sweep. I 1000 | § A/C e
CR ." || WHIP | Applies faster voltage sweep. t 100 | § A/C "
CR ." || C.WHIP | Applies faster cyclic sweep. i 100 | i A/C . "
CR ." |} SS | Steady - state measurements. ! 100 ! & A/C A/R IR var ||"
CR ." || VSsS ! Steady - state, voltage steps. | 100 | i A/C A/R IR var ||"
CR ." || I.RUN | Electrelysis, constant current. | 100 | A/C A/R IR "
CR ." || V.RUN | Electrolysis, constant voltags. | 100 | i A/R IR e
CR ." || OPEN | Opens 2.AST data file. | none | none "
cR " s x — Jo il —-J3 1}
: SETUP

8 3 FIX.FORMAT

COLD.JUNCTION 3 A/D.GAIN

THERMOCOUPLE 2 A/D.GAIN

VOLTAGE.A/C O A/D.GAIN

CURRENT.A/C 1 A/D.GAIN

VOLTAGE.A/R 0 A/D.GAIN

'VOLTAGE.IR 0 A/D.GAIN

BOTH.BLIP 0 A/D.GAIN

DAS.INIT

GO

AREA
CR ." ELECTRODE AREA IN (CM)2 IS "
#INPUT E.AREA :=
RANGE

CR ." ENTER CODE FOR CURRENT RANGE."

CR ." O FOR 50 A, 1 FOR S A, 2 FOR 0.8 A, OR 3 FOR 0.1 A : "

#INPUT IT := .

IT 0 = IF 10. I.SCALE := ELSE

IT1 = 1IF 1. I.SCALE := ELSE

IT 2 = IF 0.1 I.SCALE := ELSE

IT 3 = IF 0.02 I.SCALE := ELSE

CR ." BAD ENTRY, TRY AGAIN."

THEN EXIT

THEN THEN THEN

CURRENT.A/C IT A/D.GAIN



.
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DAS. INIT

DELAY
CR ."™ DELAY TIME, IN MSEC, FOR SUPPLY CONTROL FEEDBACK IS *
" ( 0.2 MSEC MINIMUM ) : "
- #INPUT TCCKS :=

CONVERT.TYPE.R
1000 * MV :=
46.674533 MV 0.11179913 * + MV MV * 2 ,56859255E-6 ®* - MV MV MY = =
$.3473173E-11 * + TIME :=

CONVERT . TYPE.K
1000 * MV :=
4.4041973 MV 0.025198680 © + MV MV * 9.0154824E-8 * - MV 3 **
1.54969308 12 * + TIME .=

I.IN
CURRENT.A/C A/D.IN I.SCALE NEG I.SCALE A/D.SCALE 0.2037 /

WHAT

NORMAL.DISPLAY

SCREEN.CLEAR

15 1 GOTO.XY INVERSE.ON ." STATUS" INVERSE.OFF

0 3 GOTO.XY

§ 3 FIX.FORMAT

." AREA = " E.AREA . ." (CM)2"

6 4 PIX.FORMAT

CR ." ZERO CURRENT VOLTAGE = " V,ZERO . .* V"

6 3 FIX.FORMAT ’

CR ." CURRENT MEASUREMENT RANGE TO " I.SCALE 0.2037 / . ." A/(cCM)2"

CR ." CURRENT TO " I.SCALE 0.2037 / E.AREA * . ." A"

4 1 PIX.FORMAT

CR ." FEEDBACK DELAY TIME = " TOCKS . ." MSEC"

CR CR ." TEMPERATURE = DEG. ¢C¥

CR ." ROOM TEMPERATURE ="

CR CR ."” CURRENT DENSITY = A/(CM)2"

CR ." IR VOLTAGE = LA

CR ." CELL VOLTAGE = v '

CR .” ANODE TO REFPERENCE VOLTAGE = A

CR CR ." IT IS ON"

CR CR ." TYPE <CNTRL>+<BREAK> TO HALT."

BEGIN
THERMOCOUPLE A/D.IN -100. 100. A/D.SCALE CONVERT.TYPE.K
COLD.JUNCTION A/D.IN -20. 20. A/D.SCALE .5 /
19 10 GOTO.XY 4 1 FIX.FORMAT ?
TIME + PIX 14 9 GOTQ.XY 4 O PIX.FORMAT .
I.IN E.AREA / 18 12 GOTO.XY 6 3 FIX.FORMAT .
VOLTAGE.IR A/D.IN -10. 10. A/D.SCALE 13 13 GOTO.XY § 3 FIX.FORMAT .
VOLTAGE.A/C A/D.IN -10. 10. A/D.SCALE 15 14 GOTO.XY .
VOLTAGE.A/R A/D.IN -10. 10. A/D.SCALE 29 15 GOTOQ.XY .
6 17 GOTO.XY "TIME “TYPE
15 17 GOTO.XY "DATE "TYPE 29 19 GOTO.XY
1000 MSEC.DELAY

AGAIN

PLOT.S
GRAPHICS.DISPLAY
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ISEE
AXIS.DEFAULTS
WORLD .COORDS
XS YS XY.AUTO.PLOT
OUTLINE
NORMAL . COORDS
0.55 0.05 POSITION
0 LABEL.DIR
HORIZONTAL X.LABEL CENTERED.LABEL
0.02 0.75 POSITION
270 LABEL.DIR
VERTICAL Y.LABEL CENTERED.LABEL
O LABEL.DIR
WORLD .COQRDS
PLOT

GRAPHICS.DISPLAY
ISEE
AXIS.DEFAULTS
WORLD . COORDS
XL YL XY.AUTO.PLOT
QUTLINE
NORMAL . COORDS
0.55 0.08 POSITION
0 LABEL.DIR
HORIZONTAL X.LABEL CENTERED LABEL
0.02 0.75 POSITION
270 LABEL.DIR
VERTICAL Y.LABEL CENTERED.LABEL
O LABEL.DIR
WORLD . COORDS

+ FPILING
CR ." ENTER A FILE NAME LIKE A:TTPPP_##.AST : "
"INPUT FILENAME.IN ":=
FILENAME.IN DEFER> ?ILE CREATE
FILENAME.IN DEFER> FILE.OPEN

CR ." FIRST COMMENT ( TYPE OF DATA, PAGE, DATE, TIME ) : " CR
"INPUT 1 >COMMENT '
CR ." SECOND COMMENT ( ELECTRODES, ETC. ) : " CR

"INPUT 2 >COMMENT

. V.SET
V.OUT 1000. * 1.8366 / 2. + FIX V.CONTROL D/A.OUT
800 I.CONTROL D/A.OUT

ZERO
CR ." SETTING CURRENT TO ZERO."
18 I.CONTROL D/A.OQUT
4096 V.0UT :=
BEGIN
vV.ouT 1 - V.0UT :=
V.QUT V.CONTROL D/A.0UT
TOCKS MSEC.DELAY
I.IN 0.00§ <=
UNTIL o
VOLTAGE.A/C A/D.IN -10. 10. A/D.SCALE V.ZERO := .- .
V.ZERO 0.1 + V.OUT :=> ! o
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7 4 FIX.FORMAT
CR ." THE ZERO CURRENT VOLTAGE IS : " V.ZERO .
8 3 FIX.FORMAT

I.SET

I.0UT 0. = IP V.2ERO V.OUT := V.SET ELSE
I.0UT 84.6153 * 17.52 + FIX I.CONTROL D/A.OUT
4095 V.CONTROL D/A.OUT THEN

CLUMSY

BEGIN
4 2 "TIME "SUB " 00" "=
UNTIL

BLIP

NORMAL.DISPLAY .

CR ." STARTING CURRENT DENSITY IS : "

#INPUT E.AREA * I.START :=

CR ." PULSE CURRENT DENSITY IS : "

#INPUT E.AREA * I.PULSE :=

CR ." PFINISHING CURRENT DENSITY IS : "

#INPUT E.AREA * I.FINISH := .
CR ." DURATION OF PULSE IN SECONDS (0.05 SEC. MINIMUM) IS : "
#INPUT TIME :=

BOTH.BLIP 3 ¢ RESET.A/D.CHNLS

BOTH.BLIP CLEAR.TEMPLATE.BUFFERS FAST DMA.TEMPLATE.BUFFER
TIME S. * CONVERSION.DELAY

DAS . INIT

CR '." APPLYING INITIAL CURRENT FOR 10 SECONDS."

I.START I.0UT := I.SET

10000 MSEC.DELAY

CR ." APPLYING PULSE."

I.PULSE I.0UT := I.SET

BOTH.BLIP A/D.IN>ARRAY(DMA)

TIME 1000 * MSEC.DELAY

BOTH.BLIP 7 7 RESET.A/D.CHNLS

0.3 CONVERSION.DELAY

DAS.INIT
I.FINISH I.0UT := I.SET
101 1 DO

FAST [ I , 1 ) IS.A/C [ L ) :=

PAST ( I , 2 ] VS.A/R[ I ] :=
LOOP
CR ." PULSE PINISHED. PRESS <ENTER> TO PLOT."
"INPUT :

" TIME" X.LABEL ":=

O TIME XS (]JFILL

“ A/(CM)2" Y.LABEL ":=

IS.A/C ~-10. 10. A/D.SCALE 0.2037 / E.AREA / ¥s :=
I.START E.AREA /7 ¥YS { 1 ] :=

PLOT.S

BOTLN CR ." PRESS <ENTER> FOR NEXT PLOT"
"INPUT

" ANODE/REF VOLTAGE" Y.LABEL ":=

VS.A/R -10. 10. A/D.SCALE YS :=

PLOT.S o :
BOTLN CR ." PRESS <ENTER> TO CONTINUE"
"INPUT : ’ ’
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GRAPHICS.DISPLAY
NORMAL .DISPLAY

CR ." DO YOU WANT TO SAVE THIS DATA? "
"INPUT ® N" "= IF EXIT THEN
FILE.TEMPLATE
5 COMMENTS
REAL DIM{ 100 ] SUBFILE
2 TIMES
END
FILING
6 2 FIX.FORMAT
CR .” THE CURRENT WAS PULSED FROM " I.START E.AREA /
I.PULSE E.AREA / . ." AMPS/(CM)2 FOR " TIME .
7 4 FIX.FORMAT .
CR ." ENTER ABOVE IN THIRD COMMENT :" CR

"INPUT 3 >COMMENT

" FIRST ARRAY :
" SECOND ARRAY

ANODE/REF. VOLTAGE" 4 >COMMENT

.

145

" AMPS/(CM)2 TO "
SECONDS."

1 SUBFILE VS.A/R -10.
2 SUBFILE IS.A/C -10.

CURRENT DENSITY IN A/(CM)2" § >COMMENT

10. A/D.SCALE ARRAY>FILE

FILE.CLOSE
CR ." DATA SAVED."

GALV

NORMAL .DISPLAY .

CR ." STARTING CURRENT DENSITY IS
#INPUT E.AREA ® I.START :=

CR ." PULSE CURRENT DENSITY IS : "
#INPUT E.AREA * I.PULSE :=

CR ." FINISHING CURRENT DENSITY IS :

#INPUT E.AREA * "I.FINISH :=

CR ." DURATION OF PULSE IN SECONDS
#INPUT TIME :=

VOLTAGE.A/C CLEAR.TEMPLATE.BUFFERS
YOLTAGE.A/R CLZAR.TEMPLATE.BUFFERS
CURRENT.A/C CLEAR.TEMPLATE.BUFFERS
DAS.INIT

CLEAR.TASKS

(0.3 SEC. MINIMUM) IS

VS.A/C TEMPLATE.BUFFER
VS.A/R TEMPLATE.BUFFER
1S.A/C TEMPLATE.BUFFER

VOLTAGE.A/R 1 TASK A/D.IN>ARRAY
VOLTAGE.A/C 2 TASK A/D.IN>ARRAY
CURRENT.A/C 3 TASK A/D.IN>ARRAY

TIME 10. * TASK.PERIOD

1 1 TASK.MODULO

1 2 TASK.MODULO

1 3 TASK.MODULO
CR ." APPLYING INITIAL CURRENT POR
I.START I.0UT := I.SET
10000 MSEC.DELAY
CR ." APPLYING PULSE."
I.PULSE I.QUT := I,SET
PRIME.TASKS
TRIGGER.TASKS
BEGIN

?BUFFER.FULL
UNTIL
STOP.TASKS

I.FINISH I. OUT := I.SET

10 SECONDS."

CR ." PULSE FINISHED PRESS <ENTER> TO PLOT "

10. A/D.SCALE 0.2037 / E.AREA / ARRAY>FILE
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"INPUT

" TIME (SEC)" X.LABEL ":=

O TIME Xs (]JFILL

® A/(CM)2" Y.LABEL ":=

IS.A/C I.SCALE NEG I.SCALE A/D.SCALE 0.2037 / S.AREA / ¥S :=
I.START E.AREA / ¥S [ 1 ] :=

PLOT.S .

BOTLN CR ." PRESS <ENTER> FOR NEXT PLOT"
"INPUT :

" CELL VOLTAGE" Y.LABEL ":=

VS.A/C -10. 10. A/D.SCALE YS :=

PLOT.S

BOTLN CR ." PRESS <ENTER> FOR LAST PLOAT : " “INPUT
" ANODE/REF VOLTAGE" Y.LABEL ":=

VS.A/R =10. 10. A/D.SCALE Y8 :=

PLOT.S

BOTLN CR ." PRESS <ENTER> TO CONTINUE"
"INPUT

GRAPHICS.DISPLAY

NORMAL.DISPLAY

CR ." DO YQU WANT TO SAVE THIS DATA? "
"INPUT " N" "a IF EXIT THEN
PILE.TEMPLATE

6 COMMENTS
REAL DIM({ 100 ] SUBFILE
3 TIMES
END
FILING
6 2 FIX.FORMAT
CR ." THE CURRENT WAS PULSED FRCM " I.START Z.AREA / ., ." AMPS/i{cM)2 TO "
I.PULSE E.AREA / . ." AMPS/(CM)2 FOR " TIME . ." SECONDS."

7 4 FIX.FORMAT

CR ." ENTER ABOVE IN THIRD COMMENT :" CR

"INPUT 3 >COMMENT

" FIRST ARRAY : CELL VOLTAGE" ¢ >COMMENT

" SECOND ARRAY : ANOGDE/REF. VOLTAGE" 5 >CCMMENT

" THIRD ARRAY : CURRENT DENSITY IN A/{CM)2" 6 >COMMENT
1 SUBFILE VS.A/C -10. 10. A/D.SCALE ARRAY>FILE

2 SUBFILE VS.A/R -10. 10. A/D.SCALE ARRAY>FILE

3 SUBFILE IS.A/C I.SCALE NEG I.SCALE A/D.SCALE 0.2037 / E.AREA / ARRAY>FILE
FILE.CLOSE

CR ." DATA SAVED."

SWEEP
NORMAL .DISPLAY . '
." THE SWEEP RATE MUST BE LESS THAN 2.0 V/SEC."
CR ." ENTER SWEEP RATE IN V/SEC : "
#INPUT 1000. * 1.8366 / 2. - SWEEP.RATE :=
CR ." THE VOLTAGE MUST BE LESS THAN 10 V. "
CR ." STARTING VOLTAGE IS : "
#INPUT 1000. * 1.8366 / 2. + V.START :=
CR ." PEAK VOLTAGE IS : "
#INPUT 1000. * 1.8366 / 2. + V.PEAK :=
V.PEAK V.START ~ SWEEP.RATE / 1000. * TIME :=
V.START V.PEAK V.A/C []FILL
V.CONTROL CLEAR.TEMPLATE.BUFFERS V.A/C TEMPLATE.BUFFER
CURRENT.A/C CLEAR.TEMPLATE.BUFFERS I.A/C TEMPLATE.BUFFER
VOLTAGE.A/C CLEAR.TEMPLATE.BUFFERS V.A/R TEMPLATE.B3UFFER .
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DAS.INIT
CLEAR. TASKS N
V.CONTRCL 1 TASK ARRAY>D/A.OUT
CURRENT.A/C 2 TASK A/D.IN>ARRAY
VOLTAGE.A/C 3 TASK A/D.IN>ARRAY
0 TICKS := :
BEGIN
TICKS 1 + TICKS :=
TIME 1000 / TICKS / 50 <=
UNTIL
TIME 1000 / TICKS / TASK.PERIOD
TICKS 1 TASK.MODULO
TICKS 2 TASK.MODULO
TICKS 3 TASK.MODULO
PRIME.TASKS .
CR ." APPLYING INITIAL CELL VOLTAGE FOR 10 SEC."
V.CONTROL O D/A.QUT :
I.CONTROL 800 D/A.QUT
V.CONTROL V.START D/A.OUT
10000 MSEC.DELAY
CR ." APPLYING SWEEP."
TRIGGER. TASKS
BEGIN
?BUFFER. PULL
UNTIL
STOP.TASKS :
V.ZERO V.OUT := V.SET
CR ." SWEEP FINISHED. PRESS <ENTER> TO PLOT."
" INPUT
I.A/C I.SCALE NEG I.SCALE A/D.SCALE 0.2037 / E.AREA / YL :=
V.A/R ~10. 10. A/D.SCALE XL :=
" CELL VOLTAGE" X.LABEL ":=
" CURRENT DENSITY" Y.LABEL ":=
PLOT
BOTLN CR .” DO YOU WANT TO SAVE THIS DATA ? "
"INPUT " N" "= IF EXIT THEN
FILE.TEMPLATE

S COMMENTS
REAL DIM( 1000 ) SUBFILE
2 TIMES

END

NORMAL.DISPLAY

FILING

6 2 FIX.FORMAT

CR ." THE VOLTAGE WAS SCANNED FROM " XL { 1 ] . ." Vv TO "
XL [ 1000 ] . ." AT A RATE OF " SWEEP.RATE 2. ~ 1.8366 * 100C. /
." V/SEC."

8 3 FIX.FORMAT

CR ." ENTER ABOVE AS THE THIRD COMMENT : " CR

"INPUT 3 >COMMENT
" FIRST ARRAY : CURRENT DENSITY (A/(CM)2)" 4 >COMMENT
" SECOND ARRAY : CELL VOLTAGE" 5 >COMMENT
1 SUBFILE YL ARRAY>FILE

2 SUBFILE XL ARRAY>FILE

FILE.CLOSE

CR ." LDATA SAVED."

-
.

::C.SWEEP
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NCRMAL.DISPLAY :
." THE SWEEP RATE MUST BE LESS THAN 4.0 V/SEC."
CR ." ENTER SWEEP RATE IN V/SEC : *
#INPUT 1000. * 1.8366 / 2. + SWEEP.RATE :=
CR ." THE VOLTAGE MUST BE LESS THAN 10 V. *°
CR ." STARTING VOLTAGE IS : "
#INPUT 1000. * 1.8366 / 2. + V.START :=
CR ." PEAK VOLTAGE IS : "
#INPUT 1000. * 1.8366 / 2. + V.PEAK :=
V.PEAK V.START - SWEEP.RATE / 2000. * TIME :=
V.PEAK V.START - S00. / MV :=
501 1 DO
V.START MV I * + V.A/C [ I ] :=
V.A/C [ I ] V.A/C [ 1001 T =] :=
LooP _
V.CONTROL CLEAR.TEMPLATE.BUFFERS V.A/C TEMPLATE.BUFFER
CURRENT.A/C CLEAR.TEMPLATE.BUFFERS I.A/C TEMPLATE.BUFFER
VOLTAGE.A/C CLEAR.TEMPLATE.BUFFERS V.A/R TEMPLATE.BUFFER
DAS. INIT
CLEAR. TASKS
V.CONTROL 1 TASK ARRAY>D/A.OUT
CURRENT.A/C 2 TASK A/D.IN>ARRAY
VOLTAGE.A/C 3 TASK A/D.IN>ARRAY
0 TICKS :=
BEGIN
TICKS 1 + TICKS :=
TIME 1000 / TICKS / 50 <=
UNTIL
TIME 1000 / TICKS / TASK.PERIOD
* TICKS 1 TASK.MODULO
TICKS 2 TASK.MODULO
TICKS 3 TASK.MODULO
PRIME.TASKS
CR ." APPLYING INITIAL CELL VOLTAGE FOR 10 SEC."
V.CONTROL O D/A.QUT
I.CONTROL 800 D/A.OUT
V.CONTROL V.START D/A.OUT
10000 MSEC.DELAY
CR ." APPLYING SWEEP."
TRIGGER.TASKS
BEGIN
2BUFFER. PULL
UNTIL
STOP.TASKS
V.ZERO V.OUT := V.SET
CR ." SWEEBP FINISHED. PRESS <EINTZR> TO PLOT."
"INPUT _
1.A/C I.SCALE NEG I.SCALE A/D.SCALE 0.2037 / E.AREA / YL :=
V.A/R -10. 10. A/D.SCALE XL :=
" CELL VOLTAGE" X.LABEL ":=
" CURRENT DENSITY" Y.LABEL ":=
PLOT
BOTLN CR ." DO YOU WANT TO SAVE THIS DATA ? "
“INPUT " N" "= IF EXIT THEN
FILE.TEMPLATE
S COMMENTS
REAL DIM[ 1000 ] SUBFILE .
2 TIMES
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END
NORMAL.DISPLAY
FILING
- 6 2 PIX.FORMAT
"CR ." THE VOLTAGE WAS CYCLED BETWEEN " XL [ 1] . ." VAND "
XL { 500 ] . ." AT A RATE OF " SWEEP.RATE 2. - 1.8366 * 1000. /
." V/SEC."
8 3 FIX.FORMAT
CR ." ENTER ABOVE AS THE THIRD COMMENT : " CR

"INPUT 3 >COMMENT

¥ FIRST ARRAY : CURRENT DENSITY (A/(CM)2)" 4 >COMMENT
" SECOND ARRAY : CELL VOLTAGE" 5 >COMMENT

1 SUBFILE YL ARRAY>FILE

2 SUBFILE XL ARRAY>FILE

FILE.CLOSE

CR ." DATA SAVED." -

WHIP

NORMAL .DISPLAY
." THE SWEEP RATE MUST BE LESS THAN 20 V/SBC.
CR ." ENTER SWEEP RATE IN V/SEC : "
#INPUT 1000. * 1.8366 / 2. + SWEEP.RATE :=
CR ." THE VOLTAGE MUST BE LESS THAN 10 V., "
CR ." STARTING VOLTAGE IS : "
#INPUT 1000. * 1.8366 / 2. + V.START :=
CR ." PEAK VOLTAGE IS : "
#INPUT 1000. * 1.8366 / 2. + V.PEAK :=
V.PEAK V.START - SWEEP.RATE / 1000. * TIME :=
V.START V.PEAK VS.A/C [(]FILL
V.CONTROL CLEAR.TEMPLATE.BUFFERS VS.A/C TEMPLATE.BUFFER
CURRENT.A/C CLEAR.TEMPLATE.BUFFERS IS.A/C TEMPLATE.BUFFER
- VOLTAGE.A/C CLEAR.TEMPLATE.BUFFERS VS.A/R TEMPLATE.BUFFER
DAS. INIT
CLEAR.TASKS
V.CONTROL 1 TASK ARRAY>D/A. OUT
CURRENT.A/C 2 TASK A/D.IN>ARRAY
VGLTAGE.A/C 3 TASK A/D.IN>ARRAY
TIME 100. / TASK.PERIOD
1 1 TASK.MODULO
1 2 TASK.MODULO
1 3 TASK.MODULO
PRIME.TASKS
CR ." APPLYING INITIAL CELL VOLTAGE FOR 10 SEC."
V.CONTROL O D/A.OQUT. .
I.CONTROL 8Q0 D/A.OUT -
V.CONTROL V.START D/A.QUT -
10000 MSEC.DELAY
CR ." APPLYING SWEEP."
TRIGGER.TASKS
BEGIN
?BUFFER.FULL
UNTIL
3TOP.TASKS
V.ZERO V.OUT := V.SET
CR ." SWEEP FINISHED. PRESS <ENTER> TO PLOT.”
"INPUT -
IS.A/C I.SCALE NEG I.SCALE A/D.SCALE .2037 / E.AREA / YS :=
VS.A/R -10. 10. A/D.SCALE XS := P
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" CELL VOLTAGE" X.LABEL ":=

" CURRENT DENSITY” Y.LABEL ":=

PLOT.S :

BOTLN CR ." DO YOU WANT TO SAVE THIS DATA ? "
“INPUT " N" "= IP EXIT THEN

FILE.TEMPLATE

S COMMENTS
REAL DIM{ 100 ] SUBFILE
2 TIMES

END

NORMAL.DISPLAY

FILING

A 2 FLX.FURMAT

CR ." THE VOLTAGE WAS SCANNED FROM " XS { 1 ] . ." VvV TO "
XS [ 100 ] . ." AT A RATE OF " SWEEP.RATE 2. - 1.8366 * 1000. /
." V/SEC.™ :

T 4 PIX._PORMAT

CR ." ENTER ABOVE AS THE THIRD COMMENT : " CR

“INPUT 3 >COMMENT ,
" PIRST ARRAY : CURRENT DENSITY (A/(CM)2)" & >COMMENT
" SECOND ARRAY : CELL VOLTAGE" $ >COMMENT

1 SUBPILE YS ARRAY>FILE

2 SUBFILE XS ARRAY>FILZ

FILE.CLOSE

CR ." DATA SAVED."

.WHIP

NORMAL.DISPLAY

." THE SWEEP RATE MUST BE LESS THAN 40 V/SEC."
CR ." ENTER SWEEP RATE IN V/SEC : "

#INPUT 1000. * 1.8366 / 2. + SWEEP.RATE :=

CR ." THE VOLTAGE MUST BE LESS. THAN 10 V. "
CR ." STARTING VOLTAGE IS : "

#INPUT 1000. * 1.8366 / 2. + V.START :=

CR ." PEAK VOLTAGE IS : "

#INPUT 1000. * 1.8366 / 2. + V.PEAK :=
V.PEAK V.START - SWEEP.RATE / 2000. * TIME :=
V.PEAK V.START - 50. / MV :=

§1 1 DO
V.START MV I ®* + V.A/C [ I ] :=
V.A/C { T ] V.A/C ([ 101 I -] :=
LOOP '

V.CONTROL CLEAR.TEMPLATE.BUFFERS VS.A/C TEMPLATE.BUFFER
CURRENT.A/C CLEAR.TEMPLATE.BUFFERS IS.A/C TEMPLATE.BUFFER
VOLTAGE.A/C CLEAR.TEMPLATE.BUFFERS VS.A/R TEMPLATE.BUFFER
DAS.INIT :
CLEAR.TASKS

V.CONTROL 1 TASK ARRAY>D/A.OUT

CURRENT.A/C 2 TASK A/D.IN>ARRAY

VOLTAGE.A/C 3 TASK A/D.IN>ARRAY
TIME 100. / TASK.PERIOD

1 1 TASK.MODULO

1 2 TASK.MODULO

1 3 TASK.MODULO
PRIME.TASKS
CR ." APPLYING INITIAL CELL VOLTAGE FOR 10 SEC."
V.CONTROL 0 D/A.OUT ) L
. T.CONTROL 800 D/A.QUT
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V.CONTROL V.START D/A.OUT
10000 MSEC.DELAY
CR ." APPLYING SWEEP."
TRIGGER.TASKS
BEGIN
?BUFFER. FULL
UNTIL
STOP.TASKS
V.ZERO V.0OUT := V.SET
CR ." SWEEP FINISHED. PRESS <ENTER> TO PLOT."
"INPUT :
IS.A/C I.SCALE NEG I.SCALE A/D.SCALE .2037 / E.AREA /
VS.A/R -10. 10. A/D.SCALE XS :=
" CELL VOLTAGE" X.LABEL ":=
" CURRENT DENSITY" Y.LABEL ":=
PLOT.S
BOTLN CR ." DO YOU WANT TQO SAVE THIS DATA ? "
"INPUT " N" "= [F EXIT THEN
FILE.TEMPLATE

$ COMMENTS
REAL DIM{ 100 ] SUBFILE
2 TIMES

END

NORMAL.DISPLAY

FILING .

6 2 FIX.PORMAT

CR ." THE VOLTAGE WAS CYCLED BETWEEN " Xs [ 1 ] . ."
XS { S50 ] . ." AT A RATE QOF " SWEEP.RATE 2. - 1.
." V/SEC."

7 4 FIX.FORMAT

CR ."” ENTER ABOVE AS THE THIRD COMMENT : " CR

"INPUT 3 >COMMENT

YS :=

V AND "
8366 *

" FIRST ARRAY : CURRENT DENSITY (A/{CM)2)" 4 >COMMENT

" SECOND ARRAY : CELL VOLTAGE" 5§ >COMMENT
1 SUBFILE YS ARRAY>FILE

2 SUBFILE XS ARRAY>FILE

FILE.CLOSE _

CR ." DATA SAVED."

NORMAL .DISPLAY

CR ." SCAN FROM : "

#INPUT E.AREA ° I.START :=

CR .” SCAN TO HOW MANY A/(CM)2 ? "
#INPUT E.AREA * I.FINISH :=

CR ." TIME DELAY FOR EACH POINT IN SEC (MORE THAN 1 SEC.) : "

#INPUT TIME :=
V.2ZERO V.QUT := V.SET '
4 0 FIX.FORMAT

CR ." THIS WILL TAKE ABOUT " TIME 10. * 6. / . ." MINUTES."

CR ." PRESS <ENTER> TOQO CONTINUE."
"INPUT
8 3 FIX.FORMAT

VOLTAGE.A/C CLEAR.TEMPLATE.BUFFERS A/C.SAMP TEMPLATE.BUFFER
VOLTAGE.A/R CLEAR.TEMPLATE.BUFFERS A/R.SAMP TEMPLATE.BUFFER
_VOLTAGE.IR CLEAR.TEMPLATE.BUFFERS IR.SAMP TEMPLATE.BUFPER
CURRENT.A/C CLEAR.TEMPLATE.BUFFERS I.SAMP TEMPLATE.BUFFER

DAS.INIT
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CLEAR.TASKS
VOLTAGE.A/C 1 TASK A/D.IN>ARRAY
VOLTAGE.A/R 2 TASK A/D.IN>ARRAY
VOLTAGE.IR 3 TASK A/D.IN>ARRAY
CURRENT.A/C 4 TASK A/D.IN>ARRAY
10 TASK.PERIOD
1 1 TASK.MODULO
1 2 TASK.MODULO
1 3 TASK.MQDULO
1 4 TASK.MODULO
TIME 1000. * SYNC.PERIOD
GRAPHICS. DISPLAY
L5EE
QUTLINE .
HORIZONTAL LINEAR 0. I.FINISH E.AREA / WORLD.SET
VERTICAL LINEAR O. 6. WORLD.SET
HORLD . COORDS
XY .AXIS.PLOT
NORMAL . COORDS
0.55 0.05 POSITION
0 LABEL.DIR
HORIZONTAL " A/(CM)2" CENTERED.LABEL
0.02 0.75 POSITION
270 LABEL.DIR
VERTICAL " CELL VOLTAGE (V)" CENTERED.LABEL
HORIZONTAL O LABEL.DIR
WORLD.COORDS
O 0 POSITION
7 3 FIX.FORMAT
SYNCHRONIZE
101 1 DO
DAS.INIT
I 100. / I.FINISH Il.START - ®* I.START + I.OUT := I.SET
PRTME TASKS
SYNCHRONIZE
TRIGGER.TASKS
BEGIN
?BUFFER. FULL
UNTIL
. STOP.TASKS
10 TASK.PERIOD
A/C.SAMP MEAN VS.A/C { I ] :=
A/C.SAMP VARIANCE ABS SQRT VAR [ 1 ,1) =
A/R.SAMP MEAN VS.A/R [ I ] :=
A/R.SAMP VARIANCE ABS SQRT VAR [ 2 , I ] :=
IR.SAMP MEAN IRS [ I ] :=
IR.SAMP VARIANCE ABS SQRT VAR [ 3 , I ] :=
I.SAMP MEAN IS.A/C [ I ] :=
IS.A/C [ I ] I.SCALE NEG I.SCALE A/D.SCALE 0.2037 / E.AREA /
VS.A/C [ I ] -10. 10. A/D.SCALE DRAW.TO
BOTLN CR ." C.D. =" IS.A/C { I ] I.SCALZ NEG I.SCALE A/D.SCALE
0.2037 / E.AREA / .
BOTLN CR ." CELL V. =" VS.A/C [ I ] -10. 10. A/D.SCALE
Loop
8 3 FIX.FORMAT
BOTLN V.ZERO V.QUT := V.SET - . B .
BOTLN CR ." FINISHED STEADY STATEZ MEASUREMENTS. PRESS <ENTER> TO PLOT."
"INPUT
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o

" CURRENT DENSITY A/(CM)2" X.LABEL ":=

IS.A/C I.SCALE NEG I.SCALE A/D.SCALE 0.2037 / E.AREA / XS :=
" ANODE/REF VOLTAGE" Y.LABEL ":=

VS.A/R -10. 10. A/D.SCALE YS :=

PLCT.S
"BOTLN CR ." PRESS <ENTER> FOR LAST PLOT."
"INPUT
* SCATTER IN A/C VOLTAGE (V)" Y.LABEL ":=
VAR XSECT[ 1 . ! ] 0. 20. A/D.SCALE YS :=
PLOT.S

BOTLN CR ." DO YOU WANT TO SAVE THIS DATA ?
“INPUT " N® "= IF EXIT THEN
FILE.TEMPLATE

7 COMMENTS

REAL DIM{ 100 ] SUBFILE

4 TIMES

REAL DIM[ 3 , 100 ] SUBFILE
END
NORMAL .DISPLAY

FILING

" FIRST ARRAY : CELL CURRENT DENSITY" 3 >COMMENT
" SECOND ARRAY : CELL VOLTAGE " 4 >COMMENT

" THIRD ARRAY : A/R VOLTAGE" 5 >COMMENT

" FOURTH ARRAY : IR DROP" 6 >COMMENT

" FIFTH ARRAY : VARIANCE ON A/C, A/R, IR" 7 >COMMENT
1 SUBFILE XS ARRAY>FILE

2 SUBFILE YS.A/C -10. 10. A/D.SCALE ARRAY>FILE

2 SUBFILE VS.A/R ~-10. 10. A/D.SCALE ARRAY>FIL

4 SUBFILE IRS -10. 10. A/D.SCALE ARRAY>FILE

S SUBFILE VAR 0. 20. A/D.SCALE ARRAY>FILE
FILE.CLOSE

CR ." DATA SAVED."

vss

NORMAL.DISPLAY

CR ." SCAN FROM : "

#INPUT V.START :=

CR ." SCAN TO HOW MANY VOLTS ? "

#INPUT V.PEAK :=

CR ." TIME DELAY FOR EACH POINT IN SEC (MORE THAN 1 SEC.) : "
#INPUT TIME :=

V.ZERQ V.OUT :m V,SET

4 0 FIX.FORMAT

CR ." THIS WILL TAKE ABQUT " TIME 10. * 6. / . ." MINUTES."
CR ." PRESS <ENTER> TC CONTINUE."
"INPUT

8 3 FIX.FORMAT
VOLTAGE.A/C CLEAR.TEMPLATE.BUFFERS A/C.SAMP TEMPLATE.BUFFER
VOLTAGE.A/R CLEAR.TEMPLATE.BUFFERS A/R.SAMP TEMPLATE.BUFFER
VOLTAGE.IR CLEAR.TEMPLATE.BUFFERS IR.SAMP TEMPLATE.BUFFER
CURRENT.A/C CLEAR.TEMPLATE.BUFFERS I.SAMP TEMPLATE.BUFFER
DAS.INIT
CLEAR.TASKS

VOLTAGE.A/C 1 TASK A/D.IN>ARRAY

VOLTAGE.A/R 2 TASK A/D.IN>ARRAY

VOLTAGE.IR 3 TASK A/D.IN>ARRAY

CURRENT.A/C ¢ TASK A/D.IN>ARRAY
10 TASK.PERIOD
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TASK.MODULO
TASK.MODULO
TASK.MODULO
1 & TASK.MODULO
TIME 1000. ® SYNC.PERIOD
GRAPHICS.DISPLAY
ISEE
OUTLINE ‘ '
HORIZONTAL LINEAR 0. 5. WORLD.SET
VERTICAL LINEAR V.START V.PEAK WORLD.SET
WORLD . COORDS
KY.AXIS.PLOT
NORMAL . COORDS
0.55 0.05 POSITION
0 LABEL.DIR
HORIZONTAL " A/(CM)23" CENTERED.LABEL
0.02 0.75 POSITION
270 LABEL.DIR
VERTICAL " CELL VOLTAGE (V)" CENTERED.LABEL
HORIZONTAL O LABEL.DIR
WORLD .COORDS
0 0 POSITION
7 3 FIX.FPORMAT
SYNCHRONIZZ
101 1 DO
DAS.INIT
I 100. / V.PEAK V.START - * V.START + V.OUT := V,SET
PRIME.TASKS
SYNCHRONIZE
TRIGGER. TASKS
BEGIN
?BUFFER.FULL
UNTIL
STOP . TASKS
10 TASK.PERIOD *
A/C.SAMP MEAN VS.A/C [ I ] :=
A/C.SAMP VARIANCE ABS SQRT VAR [ 1 , I ] :=
A/R.SAMP MEAN VS.A/R [ I | :=
A/R.SAMP VARIANCE ABS SQRT VAR [ 2 , I ] :=
IR.SAMP MEAN IRS [ I ] :=
IR.SAMP VARIANCE ABS SGRT VAR [ 3 , I ] :=
I.SAMP MEAN IS.A/C [ I ] :=
IS.A/C ( I ] I.SCALE NEG I.SCALE A/D.SCALE 0.2037 / E.AREA /
VS.A/C ( I ] -10. 10. A/D.SCALE ‘DRAW.TO

1
1
1

& WN

BOTLN CR ." C.D. =" IS.A/C [ I ] I.SCALE NEG I.SCALEZ A/D.SCALE
0.2037 / E.AREA / .
BOTLN CR ." CELL V. =" VS.,A/C [ I ] -10. 10. A/D.SCALZ

LCCP

8 3 FIX.FCRMAT

BOTLN V.ZERC V.OQUT := V.SET

BOTLN CR ." FINISHED STEADY STATE MEASUREMENTS. PRESS <ENTER> TC PLCT."
"INPUT

" CURRENT DENSITY A/(CM)2" X.LABEL ":=

IS.A/C I.SCALE NEG I.SCALE A/D.SCALE 0.2037 / E.AREA / XS :=
" ANCDE/REF VOLTAGE" Y.LABEL ":= S '
VS.A/R -10. 10. A/D.SCALE YS :=

PLOT.S

BOTLN CR ." PRESS <ENTER> FCR LAST PLOT."
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"INPUT
" SCATTER IN A/C VOLTAGE (V)" Y.LABEL ":=
VAR XSECT[ 1 , ! ] 0. 20.  A/D.SCALE YS :=
. PLOT.S

BOTLN CR ." DO YOU WANT TO SAVE THIS DATA ? "
"INPGT " N" "= [F EXIT THEN
FILZ.TEMPLATE
7 COMMENTS
REAL DIM[ 100 ] SUBFILE
4 TIMES
REAL DIM({ 3 , 100 ] SUBFILE
END
NORMAL . DISPLAY
FILING
FIRST ARRAY : CELL CURRENT DENSITY" 3 >COMMENT
" SECOND ARRAY : CELL VOLTAGE " 4 >COMMENT
" THIRD ARRAY : A/R VOLTAGE" § >COMMENT
" POURTH ARRAY : IR DROP" 6 >COMMENT
* FIPTH ARRAY : VARIANCE ON A/C, A/R, IR" 7 >COMMENT
1 SUBFILE XS ARRAY>FILE
2 SUBFILE VS.A/C -10. 10. A/D.SCALE ARRAY>FILE
3 SUBFILE VS.A/R -10. 10. A/D.SCALE ARRAY>FILE
4 SUBFILE IRS -10. 10. A/D.SCALE ARRAY>FILE
5 SUBFILE VAR 0. 20. A/D.SCALZ ARRAY>FILE °
FILE.CLOSE :
CR ." DATA SAVED."

.RUN
NORMAL.DISPLAY
CR ." DESIRED CURRENT DENSITY IS : "
#INPUT E.AREA * I.FINISH :=
CR ." HOW MANY MINUTES OF ELECTROLYSIS (1 MIN. MINIMUM) ? *
#INPUT 60 * TIME :=
VOLTAGE.A/C CLEAR.TEMPLATE.BUFFERS CYCLIC A/C.SAMP TEMPLATE.BUFFER
VOLTAGE.A/R CLEAR.TEMPLATE.BUFFERS CYCLIC A/R.SAMP TEMPLATE.BUFFER
VOLTAGE.IR CLEAR.TEMPLATE.BUFFERS CYCLIC IR.SAMP TEMPLATE.BUFFER
DAS. INIT
CLEAR. TASKS
VOLTAGE.A/C 1 TASK A/D.IN>ARRAY
VOLTAGE.A/R 2 TASK A/D.IN>ARRAY
VOLTAGE.IR 3 TASK A/D.IN>ARRAY
$ TASK.PERIOD
1 1 TASK.MODULO
1 2 TASK.MODULO
1 3 TASK.MODULO
TIME 10 ®* SYNG.PERIOD
GRAPHICS.DISPLAY
ISEE
OUTLINE
HORIZONTAL LINEAR 0. TIME 60. / WORLD.SET
VERTICAL LINEAR 0. $. WORLD.SET
WORLD.COORDS
XY.AXIS.PLOT
NORMAL .COORDS
Q.85 0.08 POSITION
O LABEL.DIR S .
" HORIZONTAL " TIME (MIN)" CENTERED LABBL T 3 LI
0.02 O 75 POSITION oo
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270 LABEL.DIR
VERTICAL " CELL VOLTAGE (V)" CENTERED.LABEL
HORIZONTAL O LABEL.DIR
WORLD . COORDS
0 0 POSITION
I.FINISHE I.0UT := I.SET
SYNCHRONIZE
7 3 FIX.FORMAT
101 1 DO
4 "TIME "LEFT " 23:5" "= IF CLUMSY THEN
5 TASK.PERIOD
PRIME.TASKS
SYNCHRONIZE
TRIGGER.TASKS
500 MSEC.DELAY
STOP. TASKS :
A/C.SAMP MFAN VS.A/C [ T ] s
A/R.SAMP MEAN VS.A/R [ I | :=
IR.SAMP MEAN IRS [ I ] :=
TIME I * 6000. / VS.A/C [ I ] -10. 10. A/D.SCALE DRAW.TO
BOTLN CR ." CELL V. =" VS.A/C [ I ] -10. 10. A/D.SCALE .
LooP
BOTLN V.ZERO V.OUT := V.SET
BOTLN CR ." DO YOU WANT TO SAVE THIS DATA AND THE A/R AND IR "
." VOLTAGES ? "
"INPUT " N" "= IF EXIT THEN
FILE.TEMPLATE
6 COMMENTS
REAL DIM[ 100 ! SUBFILE
3 TIMES
END
NORMAL .DISPLAY
PILING
6 2 FIX.FORMAT
CR ."” A CURRENT OF " I.FINISH E.AREA / .
." A/(CM)2 WAS PASSED FOR " TIME 60 / . ." MINUTES."
7 4 FIX.PORMAT
CR ." ENTER ABOVE AS THIRD COMMENT :" CR
"INPUT 3 >COMMENT
" PIRST ARRAY : CELL VOLTAGE IN V" 4 >COMMENT
" SECCND ARRAY : ANODE/REF. VOLTAGE IN V" 5 >COMMENT
" THIRD ARRAY : IR DROP IN V" 6 >COMMENT
1 SUBFILE VS.A/C -10. 10. A/D.SCALE ARRAY>FILE
2 SUBFILE VS.A/R -10. 10. A/D.SCALE ARRAY>FILE
3 SUBFILE IRS -10. 10. A/D.SCALE ARRAY>FILE
FILE.CLOSE -
CR ." DATA SAVED."

.RUN

NORMAL .DISPLAY

CR ." DESIRED CELL VOLTAGE IS : *

#INPUT V.OUT :=

CR ." HOW MANY MINUTES OF ELECTROLYSIS (1 MIN. MINIMUM) ? *

#INPUT 60 ° TIME :=

CURRENT.A/C CLEAR.TEMPLATE.BUFFERS CYCLIC I.SAMP TEMPLATE.BUFFER
VOLTAGE.A/R CLEAR.TEMPLATE.BUFFERS CYCLIC A/R.SAMP TEMPLATE.BUFFER
VOLTAGE.IR CLEAR.TEMPLATE.BUFFERS CYCLIC IR.SAMP TEMPLATE.BUFFER 2o
DAS. INIT
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CLEAR. TASKS
CURRENT.A/C 1 TASK A/D.IN>ARRAY
VOLTAGE.A/R 2 TASK A/D.IN>ARRAY
VOLTAGE.IR 3 TASK A/D.IN>ARRAY

5. TASK.PERIOD
1 1 TASK.MODULO
1 2 TASK.MODULO
1 3 TASK.MODULO

TIME 10 ° SYNC.PERICD

GRAPHICS.DISPLAY

ISEE ,

QUTLINE ~

HORIZONTAL LINEAR O. TIME 60. / WORLD.SET

VERTICAL LINEAR O. 4. WORLD.SET

WORLD . COORDS

KY.AXIS.PLOT

NORMAL . COORDS

0.85 0.05 POSITION

0 LABEL.DIR

HORIZONTAL " TIME (MIN)" CENTERED.LABEL

0.02 0.75 POSITION

270 LABEL.DIR

VERTICAL " A/(CM)2" CENTERED.LABEL

HORIZONTAL O LABEL.DIR

WORLD.COORDS '

0 O POSITION

v.SET

SYNCHRONIZE

7 3 FIX.FORMAT

101 1 DO

4 "TIME "LEFT “ 23:5" "= IF CLUMSY THEN
5 TASK.PERIOD
PRIME . TASKS
SYNCHRONIZE
TRIGGER, TASKS
500 MSEC.DELAY
STOP. TASKS
I.SAMP MEAN IS.A/C [ I ] :
A/R.SAMP MEAN VS.A/R [ I ] :=
IR.SAMP MEAN IRS [ I |
TIME I * 6000 /

157

IS.A/C [ § )} I.SCALE NEG I.SCALE A/D.SCALE 0.2037 / E.AREA / DRAW.TO

BOTLN CR ." C.D. =" IS.A/C [ T ] I.SCALE NEG I.SCALE A/D.SCALE

0.2037 / E.AREA / .
LOOP
BOTLN V.ZERO V.QUT := V.SET

BOTLN CR ." DO YOU WANT TO SAVE THIS DATA AND THE A/R AND IR "

." VOLTAGES ? "
"INPUT " N" "= IF EXIT THEN
FILE.TEMPLATE
6 COMMENTS
REAL DIM{ 100 ] SUSFILE
3 TIMES3
END
NORMAL.DISPLAY
FILING
8 3 FIX.PFORMAT

CR ." A VOLTAGE OF " V.OUT . ." WAS APPLIED FOR "
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TIME 60 / . ." MINUTES."

7 4 FIX.FORMAT

CR ." ENTER ABOVE AS THIRD COMMENT :" CR

"INPUT 3 >COMMENT

" FIRST ARRAY : CURRENT DENSITY IN A/(CM)2" 4 >COMMENT

" SECOND ARRAY : ANODE/REF. VOLTAGE IN V" 5 >COMMENT

" THIRD ARRAY : IR DROP IN V" 6 >COMMENT

1 SUBFILE IS.A/C I.SCALE NEG I.SCALZ A/D.SCALE 9.2037 /

E.AREA / ARRAY>FILE

2 SUBFILE VS.A/R -10. 19. A/D.SCALE ARRAY>FILE

3 SUBFILE IRS -10. 10. A/D.SCALE ARRAY>FILE

PILE.CLOSE

CR ." DATA OAVED."
¢ TEMP
: NORMAL.DISPLAY
5 QO PTX.FORMAT
SCREEN.CLEAR
." TYPE <CNTRL>+<BREAK> TO HALT."
CR ." TEMPERATURE IN CELCIUS ="
BEGIN : :
THERMOCOUPLE A/D.IN -100. 100. A/D.SCALE CONVERT.TYPE.K
COLD.JUNCTION A/D.IN -20. 20. A/D.SCALE .5 / TIME + HOME CR CR .
1000 MSEC.DELAY
AGAIN
7 4 FPIX.FORMAT
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Table 1

FLOAT-ZONE, PENDANT-DROP CRYOLITE EXPERIMENTS
Issues:

Establishment of Stable Pendant Drop Method

Optical Properties re: Laser (melt?)

v/p (drop size, shape?)

Evaporation Rate (maximum time)

Compositional Change (unstabie composition)
Temperature Uniformity
Compositional Uniformity

Dissolution Rate of Candidate Anodes



o

Table 2 429

FLOAT-ZONE, PENDANT-DROP CRYOLITE EXPERIMENTS

Cryolite on Cryolite Experiments

Feed Diameter: - 8 mm (Greenland Cryolite)

Melt Power: ~40 watts

Melt Temperature

Visible Pyrometer: 830°

Infrared Pyrometer: -800°

Thermocouple: : 765°

Phase Diagram i
Stoichiometric: 1010°
Eutectic: 888°

Normal Bath: -960°

Greenland Cryolite: >1000°

Melt Piupertles

/D -1

Transparent, No turbidity

No Color :

Low ¢

Stable for 2, 5, 15, 25 min.

ChemisE¥y (5 min.)

) $ Na
Stoichiometric 32.86
Feed Rod Unmelted 30.5
Feed at S/L Intorface 30.65
Quenched Drop 32.25
Condensate 23.7

Conclusions:

Cryolite Absorbs Laser Radiation
Melt Geometry is Acceptable
Vaporization Rate is Acceptable
Chemical Stability is Acceptable
Tcmperature Measurement Subject to

(s e NeNe]

12.86
12.4
12.45
12.95
17.7

Error

Na/Al
2.33
2.46
2.486
2.49
1.33



Table 3 43

FLOAT-ZONE, PENDANT-DROP CRYOLITE EXPERIMENTS

o Cryolite on Aljp03

Al903 Diameter: - & mm.
Cryolite Diameter: - 8 mm.
a. S mm Laser Beams Directed onto Cryolite

Melt Power: 80 - 100 Watts
Melt Temperature: not determined (incandescent)
Melt Stability: Excessive Vaporization Rates
Conclusion: High Thermal Conductivity of Al703 rod required
excessive superheat.
b. Unfocused Laser Beams Directed onto Cryolite
Melt Power: 150 - 200 Watts

Melt Temperature: not determined (Al)03 > 1500° C)

Melt Stability: Cryolite melt used up Al703 rod, ran into hot zone

and vaporized.

Conclusion: Pendant drop experiment requires thermally guarded,
isothermal environment. Experiment is feasible but

difficult.
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SELECTION AND TESTING OF INERT ANODE MATERIALS POR HALL CELLS

Alan D. Mcleod, Jean-Marc Lihrmann, John S. Raggerty, and Donald R. Sadoway,

Department of Materials Science and ®ngineering,
Massachusetts Institut= of Technology,

Cambridge, Massachusetts, 02139
Na, AlF_.), for example : Pe, 0 Sno and
A t of critert 11 cell anod ( ‘ :
new set of criteria f°rpaadau::talan° € cr.8 Blectrical conducti$:%y is &nhanced

materials is presented.
thermodynamic data are used to estimate how
well a variety of oxides will satisfy these
criteria in the context of the total
environment of an operating industrial cell.
In addition, the results of tests of
candidate anode materials performed in this
laboratory are presented.

INTRODUCTION

While the current efficiency in modern
Hall - Héroult cells exceeds 90X the voltage
efficiency is less than 30X. In large
measure the latter is a consequence of the
present choice of electrode materials, which
imposes severe limitations on cell design,
most notably the need to separate the
electrodes by a spacing so great that more
than 40X of the total cell voltage is
associated with the so - called iR drop
across the electrolyte. The discovery of
materials for an inert anode, wettable
cathode, and inert sidewall would pave the
way for radical innovation in cell design and
operation with attendant improvements in
productivity., This paper will be restricted
to the discussion of inert anode materials.

The search for inert anode naterials has
proved to be one of the most difficult
challenges for modern materials science.
While a variety of formulations has been
proposed and numerous patents have been
granted (1) no material has proven to be
fully satisfactory. Indeed, it may well be
that there is no material that can meet the
requirements of an industrial cell. At
least, this seems to be the conclusion of all
previous research which was directed to find
“the inert anode material”. It is the
opinion of the suthors that a totally
different approach sust be adopted, i.es.,, not
to lcck for "the inert anode material” but
rather to consider the entire cell in the
context of a dynamic msaterials system. The
purpose of this paper is then to state
clearly the criteria of selection and to pose
the problea in the light of the above.

Until recently, materials used for inert
anode formulations were selected from those
oxides that have low solubilities in cryolite

35

byzdaping with oxide additions to the host
materials or by the presence of a distinct
netal phase to form a cermet. The
disadvantage in such cases is that the host
is selected without consideration of all the
criteria and on the basis of a relatively
snall and frequently inaccurate data base.
By consideration of other fundamental
naterials property data, in particular
thermodynamic data, it is possible to
establish an improved rationale for materials
selection. Laboratory testing is necessary
to confirm that candidate materials behave
according to expectations.

MATERIALS SELECTION

In selecting candidate anode materials
one pust consider as nearly as possible how
that naterial will behave in its total
environnent. In an operating Hall cell this
environment is not homogeneous. While the
electrolyte consists of cryclite (NaSAlFs) -
AlF, - CaF_ - Al,0, there are severe
gra&lentn gn cheiigal potential across the
interelectrode gap. In the vicinity of the
inert anode the melt is highly oxidizing due
to the evolution of pure oxygen at pressures
exceeding one atamosphere. Near the ¢athode
the melt is highly reducing due to the
presence of dissolved elemental aluminum.
All the while as the cell operates electrical
currens is passing at current densities near
1 A/ce”. Given this complex set of
conditions it should be apparent that
consideration of chemical dissclution of a
candidate material in pure cryclite or even
cryolite containing dissolved Al O, cannot
alone serve as the basis for mat r?al-
selection.

For example, the interaction of the
candidate material with the aluminua
dissolved in the electrolyte must be
censidered. The aluminuam may reduce the
metal oxide allowing the metal to itself
dissolve in the electrolyte. Alternatively,
a metal oxide may dissolve by forming a metal
fluoride through an exchange reaction with
the electrolyta.

Since cryolite will dissolve most. if not



all, oxides to some extent, one must consider
what happens to a metal oxide once it is in
solution. The metal can co-deposit with
alusinum by electroiytic reduction or
dissolve in the molten aluminum cathode
following a metallothermic - type
displacemant reaction. The second new
criterion, then, uses the electrochemical
series in the Hall cell electrolyte to
predict whether or not & metal will co-
deposit. The third new critericn ccnsiders
whether or not elemental aiuzminum will
displace the impurity setal from the
slectrolyte by chemical reaction.

The diagras shown in Pigure 1 can be used
as an aid in discussing the concepts behind
the proposed selection criteria. Similar to
a decision tree, the diagram shows the tests
a metal oxide must pass in order o be deemed

useful as an anode. The firast test considers
the exchange resaction between the candidate
metal axjde and dissclved aluminum. If

alusinum reduces the metal oxide the material

faile this test. . However, as will be
METAL - OXIDE
EZXCHAKRGE
pass fail
PUNCTION OF
CURRENT DENSITY
pass
fall
3 20
pass fail
OXIDE - PLUORIDE
EXCHANGE
pass fail
oK \\
CO~DEPOSITION
pass
fajl
METAL - PLUORIDE
EXCHANGE
pass tall
oK
Pigure 1. Stages in Materials Selection.
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discussed in more detail below, an oxide can
be protected from chemical! attack by
dissolved aluminum by the oxygen evolving on
the anode. %This oxygen acts to oxidize the
dissolved elemental aluminua thereby reducing
its concentration in the vicinity of the
ancde. Thus protected, it can still pass the
first test, hence, an alternate rcute through
“funct:on 9f current density” has been
included.

ThHe third and fourth boxes determine if
the oxide passes both stages of the second
test. The issue here is the chemical
dissolution of the metal oxide through the
exchange reaction between the cxide and the
molten fluorides. The first stage of thie
tess, “3 2 0" refers to a condition where the
metal changes valence when going into
soclution. It will be shown that it is
undesirable tc have the valence of the metal
increase as shown by a negative value for §.
Al OXldeé that does not go into sovlution
through the oxide - fluoride exchange process
will pass the second stage of this test. An
oxide that fails this test should not be
dropped from consideration, however. The
material could stiil be acceptable if it can
pass both of the last two tests, "co-
deposition” and “metal - fluoride exchange".
The following discussion will consider each
test in turn starting from the top of the
diagram. An examination of the applicable
thermodynanic data will indicate which oxides
will pass which tests. The end result of
this examination will be a list of oxides
that are acceptable for use as anode
materials on the basis of the criteria
enumerated in this paper.

Both the metal - metal oxide and metal
oxide - metal fluoride reactions can be
thought to occur at the anocde surface.
forper rearrion between the anode and
dissolved slemental sluminum can be
repTansanted by

The

a B,
"GOE + skl == SA-zos + Me (1)

n

[

This reaction is also referred to as the
*crucibie reaction", i1.e., wonld a crucible
aade of the metal oxide under consideration
be aveeptabie as container nf mnlten aluminus
at Rall cell operating temperatures? If
aluminux oxide is stabier than the metal
oxide of the crucible a reaction will occur
consuming the crucible until the melt is
exhausted of dissolved aluminum or is
saturated with alumina. The free ermergy
change for reaction (1) calculated per mole
of metal, Me, at 1300 XK is given for various
oxides in Table I. All thermodynamic data
for this and subsequent analyses have been

taken from Barin and Knacke (2,3). Evidently
a series of oxides from 2r0, to Y 03 will
satisfy the first criterion| Their positive

AG indicates that dissclved aluminum will not
reduce the oxide if it is assumecd that the
activities cf dissolved petals are unity. 0f
course during electrolysis, the anode will be
surrounded by a “"shroud"” of 02. The
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Table I. Free Ener of Reaction for Metal - Oxide Exchange at 1300 X
OXIDE a6, (kJ) OXIDE a6, (kJj CXIDE aG, (kJ)
PbO, -829 Te 04 -303 Ceo, -30
WO, -7133 NiO -301 Bao -12
Rh,0, ~-613 cdo -298 Lizo -11
Sbo, -609 Co0 -284 Ti0 -8

- § sno, -528 FeC -233 2ro, 13
Bi,0, =522 Cr,0, -231 uo, 22
V.0, -521 Zno -229 Sro 31
GeO, -507 Cu,0 -184 Mgo 33
WOZ -482 V203 -181 BeO 84
Sb,0, =448 K,0 ~165 cao 12
Cuo -385 si0 ~150 La,0, 76
Fe, 0, -384 B,0 -145 Nd,0, 17
Nb,0, -370 MnoO -139 Sm,0, 82
b 3-Te} =347 Ti0, -130 Ce, 0, i1c
vo, -330 Na,0 -124 Sc, 0, 129
Mn,0 -32: vo -108 ¥,0, 132
Ga,0, -304 T1,0, -48

Table II. Pree Bnergy of Reaction for Metal Oxide - Metal Pluoride Exchange at

1300 K

CXIDE AGz (kJ) OXIDE AGz (kJ)
Sro -190 81203 33
PbOz" ~186 1!203‘ L}
YZ°3 -119 Nb205 112
Sczo3 -80 V203 136
PbO -47 Inzo3 144
11203 -6 Pb02 148
Co0 -1 VOz‘ 174 -
Mno 2¢ VO2 223
anoa‘ 28 "03 282

359
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resulting high oxygen pressure, P,, will
certainly lower the dissolved net%l activity.
This effect could move reaction (1) in either
direction, depending on the metal valence, n,
and the relative metal activities. Por this
reason some oxides may still satisfy the
first criterion due to the activity ahift.
The i{mportance of Table I is that it
indicates that some oxides will be more
susceptible to attack than others. It will
be seen that the following criteria are pore
stringent in any case.

The metal oxide - metal fluoride exchange
reaction occurring at the anode surface can
be described by reaction 2 :

[

n-=3
laoa + 3 Alts == Merﬁ_ + + 202 (2)

n-3
<—A1,0

§ 2°3

The value of & is non - zero when the metal
oxide changes valence state as it goes into
solution. 'In such cases the thermodynanics
©f the reaction are influenced by the P, .
¥hen & < 0, the reaction is forced to the
right at higher values of the P., clearly not
2 desirable result. One can argue that AGz
is related to the solublility of the metal

360

. However,

40
Bo0
L - Li20
+
30 K20
+
g 2 7 Na20
3 +
g’
‘2 20 A 10203 Ng203
= + +
E CoQ Ce02°
0 + o+
n 15 -
MgO
* .
10 -J SiG2br0O
+ FeO ti02
5 ce ++ 2r02 02
+ U
i n0+ j;: C'ZO% 0
Fe203 + Tozoa// vo+ Y205
L.\"‘H"CUO/ -t:;Cr203 4 +
0 04 = b
T T 1 T T
-300 -100 100 300
Free Energy (kJ/mole)
Pigure 2. Metal Solublity Plotted Against AG

2

oxide. Bvidence of this can be seen in
Pigure 2 where scolubility is plotted against
4G, per mole of Me at 1300 K. The solubility
du%a used in Pigure 2 were taken from Table
10.3 in the book by Grjotheim et al. (4).
This plot also shows that a positive aAG, is
no aseurance that a peta) oxide will not go
into solution but rather indicates only that
the metal oxide will dissolve at a reduced
activity level. 1In fact, the values of AG
are useful primarily to rank oxides in
relaticn to relative reactivities. The
values of AGz for some oxides whose
solubilities“have hot Been measured are
listed in Table Il. The attached "*"'s
indicate a condition where 3 > 1, "*! meaning
4 = 1, and "**” meaning § = 2. A question
arises at this stage as to the importance of
the second criterion in comparison with other
criteria. If an oxide 4id not go into
solution then it would certainly be

acceptable as far as this criterion goes.

it 'is safe to assume that all metal. ,
oxides will go into solution 4in varying
degrees, the extsnt depending on the driviag
force, AG,. Rather, it is better to consider
what happsns to the oxide once it has
dissolved in the electrolyte. The final two
criteria consider the behavior of the

2



dissolved metal at the cathode.

The metal Me can report to the aluminunm
product through two mechanisms ~ eleciroliytic
co-deposition or chemical reduczion by
aluminum itself. Once in the metal, the
impurity must either be romoved or tolesrated.
If the maetal is not returned to the cell in
sope form, the contamination of the aluminunm
product by the metal constitutes consumpticn
of the anode material.

The co-depoaition criterion can be
employed using the calculaged reversible
decomposition potential, E , at 1300 X for
the reagtion :

n
MeoE > Me + 202 (3)
2
This can be calculated using the esgquation :
AG
° 3
z3 2F (4)
where P is the Paraday constnﬂ&. The values
of E are given in Table IlI. According to

these thermodynamic data those oxides whose

E is more negative than that of Al 0, will
not co-deposit with aluzinum, anlungna the
electrolyte is saturated with the metal
oxide. The metal aay, however, co-deposit in
the aluminum pool, at an activity less than 1.
Howeyer, the magnitude of the cathodic shift
in E is only about 0.2 V for a metal

t
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activity of 0.01 in molten aluminum. Kinetic
factors are also not expected to be
significant on a liquid metal cathods.
Mergault (5-7), Grjotheim et al (8), and
Monnler and Grandjean (9) have measured the
order of deposition for. some oxides using a
carbon ancde. The resulting series, starting
from the least negative potentials is : NiO,
vzos, !oac‘. 6030‘. ’0203, "03' 1102, szos,
uoz, Alzoa. The oxides that

Crzoa. leos.

wers more statle than A1203 were BeO, Mgo,
CaC, Sr0, 3a0, and La 03. The order of the
former series of oxidis is in reascnable
agreement with that shown in Table III. The
order of the latter series was not obtained
as decomposition potentials were higher than

that for alumina.

The metal can also dissolve in the
aluminum pool through a metallothermic type
reaction :

MeF_ + DAl == ZpA1P. + Me (5)
n 3 3 3

The thermodynamic data for this exchange
reaction are given in Table 1IV.

Tables III and IV indicate that there are
a few metal oxides capable of resisting
attack by electrolytic and metallothermic
reduction into the product aluminum. These
are MgoO, Sro, Lazos.Ndzos, Cao, c.zoa,
Sc 03, ¥,.0., and possibly Li,0, Ba0O, UO,, and
Bea. rhg 3econd criterion 1ad1c1tes thgt all

Table III. Oxide Decomposition Potentials at 1300 K
OXIDE -E; (V) | oxIDE -g; (V) | OXIDE -£; (M
Pb02 0.043 Peo 0.987 Ceoz 2.11%
hao3 0.054 Zno 1.082 TiO 2.158
cuo Q.206 un203 1.067 ‘51203 2.173
Cuzo 0.380 vzos 1.069 Lizo 2.180
51203 0.409 Nazo 1.117 Bao 2.202
Pbo 0.466 Gazo3 1.146 ZrO2 2.213
SbO2 0.397 VO2 1.302 002 2.234
NiO 0.640 Cr, 04 1.363 Mgo 2.375%
85203 0.847 ub205 1.386 Sro 2.397
cao 0.705 o 1.486 BeO 2,440
Co0 0.727 10205 1.529 leoa 2.462
K,0 0.748 Vzo3 1.544 Na,0, 2.484
SnO2 . 0.813 n,os 1.638 Snzo3 2.508
Pezo3 0.842 e 1.€38 Cao 2.5982
Geo, 0.846 $1G 31.787 Ce, 0, 2.399
woa 0.879 Tioz 1.822 8:203 2.621
wo, 0.911 Tizo3 2.007 ¥,0, 2.643

361
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Iable IV. Pree Energy of Reactior for Metal - Pluoride Exchange at 1300 X

FLUOORIDE 4Gg (kJ) PLUORIDE 4Gy (kJ) FLUCRIDE AGy  (kJ)
WPS -989 Wa =317 KF 3
Pb?‘ -976 CdF2 -306 UF,
VPS -78% Pb?z -299 NaF 13
CoF, -657 Co?2 -283 BeF, 52
WP -846 Yer, -2857 Lir 90
8133 -855 ZnF, -257 MgF, 109
vr, -553 CrF, -180 Ndr, 167
Nb?5 -481 ?1F‘ ~165 8cF, 179
MnF, -466 Man -162 n.r2 195
cup2 -430 Sil" -126 Cl?z 211
FeF, ~422 r:rz -718 SrF, 221
TaF, -378 L2 2" -46 YF, 251
Crr, -353 ur, -42 Cel’3 239
CufF =340 Ti?a -42 Lar, 289
NiF, ~329

of these oxides have or will probably have
significant solubilities in cryolite. For
this reason thése oxides have not been of
great interest in anode formulations to date.
However, the high solubility must be viewed
in the light of their resistance against
further decomposition. Simply stated, it is
not oo important that the oxide resist
dissolution 4t is extreametly important,
however, that the oxide resist exsolution.

Cerium oxide has been proposed for use as
a self forming anode (s.f.a.) material (10).
The desirability for the use of such &
material becomes apparent from the
consideration of the above c¢riteria. The
oxide will go into sclution with cryolite,
hut only contaminates the metal pad in low
concentrations. Since AG, for the mate?ial
is strongly positive it cin be easily removed
from the metal pad and returned to the cell.
Since § probably equals 1 for this material
it has the additional attribute of a
solubility that is inversely proportional to
oxygen pressure, l.s., it becomes nmore
resistant the harder the cell is driven.

Oxides like Pezo have been used in inert
anode rormulations (?1). largely due to their
low solubility in the electrolyte.
Consideration of the .other criteria
demonstrates the weakness in using solubility
as the only criterion for selecting
materials. 1020 does not satisfy the ftirst
criterion., the 'grucible reaction”; thus,
only if the oxygen evolving on the anode
completely removes dissolved aluminum form
the melt can Pe,0, be spared from attack by
metallothermic ?eauction. Froz the
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standpoint of the second criterion Fe,0
looks attractive: in fact, a relatively low
solubility has been measured. Nevertheless,
this oxide still does nct meet the second
criterion because it does dissolve in the
electrolyte as do all oxides. PFe o3 does
meet the third criterion because gt is
decomposed electrolytically, and iron reports
to the molten aluminum product. As well,

AlF, forms in preference to either of the

irofl fluorides. Thus, the fourth criterion
is not met, and the metal can bde
metallothermically displaced from the melt @g
well. This also indicates that it would be
difficult to remove the irom from the
aluainus product through the addition of
Al?s. So while the solubility of FPe O, in
the"melt appears to be low, a more canglete
considerativii 0of the other griteria show that
this property is insufficient to make the
material acceptable as an anode. It has been
suggested (12) that corrosion may be reduced
by the addition of 20203 to the cell through
additions to the feed” “While this may slow
down the “"wear rate” of the anode, the iron
will deposit in the aluminua and contazinate
the cell product.

not

In addition to the above issues one mus®
also address probleams of adequate electrical
conductivity along with a variety of ‘design
considerations. HNowever, as a result of
having done a materials sye¢tems analysis, a
number of candidate oxides has been
identified for further research.
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TESTING OF CANDIDATE FE RITE ANODE MATERIALS

This laboratory has been involved with
the measurement of electrical conductivity of
anode materials and the testing of these
materials in a banch - scale Hall cell.
Ferrite materials were chosen fcor study
because of eariier industrial interest in
them (13-17). Some Hall cell tasting results
taken on a single crystal of cobalt ferrite
have been previously reported (i8). Not
reported in that paper are some interesting
results obtained from a subsequent SEM
examination of the interface layer between
the ferrite sample and the electrolyte as
shown in Figure 3.

The sample was electrolyzed at 3.0 V,
1 A/cm”, for about 1 hr in an alumina
saturated bath containing $X CaF, at a bath
ratio of 1.11 and a temperature 3: 960 C.
Pigure 3 shows first a normal SEM micrograph

. J66X-

- 38KV WO:21RR  S:00000 P:20e00

Pigure 3,

with the cobalt ferrite crystal at the left
and the frozen electrolyte at the right. The
contrast was reversed for the other
micrographs sc that the elemental trace would
shocw. The light square at the left side of
eacii micrograph indicates the position on the
sample represented in the chemical analysis
trace and defines the zero concentration
baseline for the profiies. 'This smample shows
2 reaction zone of about 8 Mm in thickness.
The reaction zone for a cobalt ferrite sample
of identical compcsitiocn tested in an
electrolyte of the same composition for the
sape immersion time and electrolyzed only at
2.00 V was 25 to 30 vm thick with similarly
shaped profiles. The current density for zhe
sample electrolyzgd at 2 V increased from
0.20 to 0.29 A/ca”™ during electrolysis. The
profiles indicate that the reaction zone is
mostly oxide with a small amount of fluoride.
The concentrations of iron and cobalt show a
gradual decline towards the outside of the

Scanning EZlectron Micrographs and Elemental Concentration Profiles of

the Perrite - Salt Interface Region for a Cobalt regritn Crystal Sample

(25 wtX CoO in Fe, O

) Electrolyzed at 3.0 V, 1 A/em”, for 1 hr, in an

Electrglyte of BR -31.11. Containing $% Carz, 11% Alzoa, in Greenland Cryolite,

at 960 C.
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(Figure 3 cont.)

zone. The most interesting feature is the
high concentration of sluminum in this Zzone.
Microprobe analyses indicate that the
aluminum concentration is higher than the
concentrations of iron and cobalt combined as
well as being higher than the aluminum
concentration in the salt. This is
reasonable in view of the fact that the
activity of Alzc is one in the melt and zerc
in the bulk of tRe cobalt ferrite anode.

This chemical potential gradient is the
driving force for the formation of an alumina
rich solid sclution. Por the zone to grow
aluminue must diffuse from the melt through
the interface to the ferrite, while cobalt
and iron must diffuse from the ferrite to the
melt.

The reaction zone keeps the ferrite from
coming into direct contact with the
electrolyte. Since ircn and cobalt must
diffuse through the layer the dissoclution
process predicted in Part 1 will be slowed
down. However, the process does not stop,

34

and any 4ron and cobalt that go into solution
in the electrolyte will certainly co-deposit
with aluminus. It may be that the “wear
rate" is low enough as a result of this
protection. The zone will continne tn grow,
however, and at longer times may cause an
unacceptable increase in the electrical
resistance of the anode.
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Backgrbund

Aluminum metal is not found naturally. Instead,
aluninum is tightly combined with other elements and has
to be extracted from them.

Commercially, aluminum is produced from naturally
occurring aluminum compounds by the electrolytic reduc-
tion of alumina, A1203. Alumina is obtained from bauxite
ore by the Bayer process which involves digesting crushed
bauxite ore in streng caustic soda sclution at high
temperatures.

In 1886, Charles Hall in the United States and Paul
Heroult in France independently developed the currently
employed electrolytic process for extracting aluminum
from alumina. This process, known today as the Hall-
Heroult process, transformed aluminum from a precicus
metal into a common structural material. The process is
still the most widely used commercial process for obtain-
ing aluminum metal and is fundamentally the same as it
was originally disclosed by Hall and Hercult in 188s6.

In the Hall-~Heroult process, electric current is
passed through a bath of molten electrolyte containing
alumina. An important feature of the Hall-Heroult
discovery was that cryolite, a double salt of aluminum -
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and sodium represented by the structural formula Na3AlF6,
would dissolve alumina at temperatures around 1000°C and
that the dissolved alumina could be electrolytically
reduced to form molten aluminum metal.

The electrolytic reduction is performed in heavy
metal cells or pots known as Hall-Heroult cells. These
cells have massive carbon cathodes at the base and carbon
anodes, ncrmally formed in the shape of large blocks,
suspended above the cell and capable of being lowered
into the electrolyte. Direct electric current is passed
from the anodes through the electrolyte to the carbon
cathodes. The carbon anodes are consumed in the chemical
reaction which occurs in a Hall-Heroult cell. This
reaction can be represented, as follows:

2A1203 + 3C ——3 4A]1 + 3C02.

Aluminum produced by the Hall-Heroult process is
very pure, e.g., 99.0% to 99.8%. The main impurities are
traces of iron and silicon.

Despite its capability to produce high purity
aluminum, the Hall-Heroult process has always suffered a
number of significant problems. One set of problems
arises from the use of consumable carkon anodes. These
anodes are expcnsive to produce and the costs of pro-

ducing the carbon anocdes adds significantly to the
overall cost of aluminum produced by the Hall-Heroult
process. In use, it is difficult to maintain uniform
anode current loading since the anodes are consumed

‘fésuIting in a continuous change in their shape. It is v o

also difficult to maintain proper anode/cathode spacing
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during operation of the cells since the anodes are
consumed. Additionally, the anode/cathode spacing is
typically greater than rsquired because of the uncer-
tainty of the consumable anode's shape and the need to
maintain a deep mclten aluminum pool. Such spacing
results in an inordinate consumpticn of electrical enerqgy
for the aluminum produced.

- Because of the problems caused by carbon ancdes,
substantial research has been conducted in an effort to
find another anode material, particularly what has been
referred to as an "inert" anode. An inert anode is one
which would not react with oxygen formed at the anode,
would not dissolve in the electrolyte and would not be
consumed in the electrolytic reaction. Unfortunately,
the research conducted to date has not resulted in the
development of an anode material which is fully satis-
factory.

Another set of problems with Hall-Heroult cells
arises from the use of a carbon lining in these cells.
These cells are operated under conditions which cause
molten electrolyte to freeze on the side walls of cells
during operation so that molten electrolyte floating on
molten aluminum is contained within a shell of frozen
electrolyte. This is necessary to prevent reaction
between the carbon cell lining and compounds in the
molten electrolyte during operation of these cells. The
interface between the frozen and molten electrolyte
changes, however, during operation of cells, making it
difficult to operate under uniform conditions. The
necessity to maintain frozen electrolyte at the side
walls also results in a substantial heat loss through the
side walls.
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Summary of the Invention

This invention relates to the discovery that
materials heretofore not considered useful in anodes and
cell linings of cells for the electrolytic production of
aluminum can be so employed to provide improved electro-
lytic cells and processes for the production of aluminum.

The improved electrolytic cells of this invention
have an anode and cell lining comprising materials which,
under the operating conditions of the cell: (a) have a
standard potential which is more electronegative than
aluminum; and (b) have a positive standard free energy
for chemical displacement of metal fluoride by elemental
aluminum. Additionally, the materials should be ones
which can be formed into anodes and cell linings which
are thermally and mechanically stable at the operating
conditions of the cell, and in the case of the anode,
electrically conducting. '

In the methcd for producing aluminum employing the
improved cells, the electrolyte is first saturated with
the materials from which the anodes and cell lining are
formed to prevent consumption of the anode and cell
lining during cell operation. This can be accomplished
by running the cell for a sufficient period to saturate
the electrolyte with the anode and cell lining materials
or, preferably, by pre-conditioning the cell by adding a
sufficient amount of the materials to saturate the
electrolyte with them at cell operating conditions.

The use of materials meeting the above criteria for
both the anode and cell lining of an.electrolytic cell

"results in significant advantages over the use of pre~...

baked carbon anodes and carbon cell linings currently



10

15

20

25

30

6-6

employed. For example, once the electrolyte is saturatczd
with material meeting these criteria, the anode and cell
lining become essentially non-consumable since these
materials neither co-deposit with nor are chemically
displaced by the aluminum product to any significant
extent. Thus, the anodes retain their shape thereby
facilitating the maintenance of uniform current densities
in the electrolytic cell. Further, the problems encoun-
tered in maintaining proper anode/cathode spacing with
consumable carbon electrodes are eliminated. In addi-
tion, anodes made from such materials obviate one of the
major reasons necessitating the use of anode/cathode
spacings greater than required and resulting in inordi-
nate consumption of electrical energy. Thus, anodes made
from these materials will allow greater flexibility in
the choice of operating conditions for the electrolytic
cells.

The use of materials as described herein will also
allow significant cost reductions for the production of
aluminum because the high ccst of petroleum feed stock
for the pre-baked carbon electrodes is eliminated as well
as the expensive baking procedures required to produce
these carbon electrodes. Instead, many of the materials
meeting the criteria described above are readily avail-
able and can be formed by traditional forming methods,
e.g., sintering and casting. 1In addition, of course, the
anodes do not have to be replaced as frequently since
they are essentially non-consumable.

The use of such materials in the cell lining elimi-
nates the need to maintain the walls of the cell suf-
ficiently cool to freeze molten eiectrolyte. Indeed, the
ability to insulate the walls of the electrolytic cell so
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that they are maintained in a hot condition should result

in significant thermal energy savings.

Running the electrolytic cells under conditions
where the electrolyte is saturated with materials satis-
fying the criteria described herein also prcvides sig-
nificant advantages over traditional operating condi-
tions. For example, the melting point of the electrolyte
is reduced which will provide a number of advantages
associated with the capability to run the cells at lower
operating temperatures, such as a reduced heat load. It
also permits operaticn of the cells at higher alumina
concentrations thereby improving the yield of the process.

Brief Description of the Figures

Figure 1 is a schematic illustration of a Hall-
Heroult cell of the type commonly employed in the com-
mercial production of aluminum;

'Figure 2 is a schematic illustration of a Hall-
Heroult cell modified according to this invention;

Figure 3 is a schematic illustration of a vertical
electrolytic reduction cell suitable for the production
of aluminum according to this invention;

Figure 4 is a schematic illustration of an electro-
lytic cell, including bipolar electrodes, which cell
would be suitable for the production of aluminum

according to this inveéntion.

Detailed Description of the Invention

A conventional Hall-Heroult cell 10 employing
pre-baked carbon anodes is illustrated schematically in
Figure 1. This cell has a steel outzr shell 12 with
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thermal insulation on the inside of shell 12. A carbon
cathode 16 is positioned at the bottom of cell 10 and
contains metallic current collector bars 18. Carbon
anodes 20 are formed froh prebaked carbon blocks sus-
pended from steel anode rods 22 which serve to supply
electrical current to anodes 20. Cell lining 24 is also
formed from carbon blocks.

Molten electrolyte 26 contains dissolved alumina

~supplied By breaking alumina crust 28 and adding fresh

alumina. Crust 28 forms on frozen electrolyte and helps
to minimize heat loss from the top of cell 10. Cryolite,
Na3AlF6, is commonly employed as the base material in the
electrolyte since it dissolves alumina at temperatures
around 1000°C. In addition, certain fluoride salts, such
as aluminum fluoride, A1F3, and calcium fluoride, Can,
are also traditionally present. AlF, and CaF, decrease
the freezing point of electrolyte and All-"3 also improves
current efficiency in the cell.

As electrié current is passed from carbon anode 20
through molten electrolyte 26 to cathode 16, dissolved
alumina is reduced to form molten aluminum layer 30 at
the bottom of the Hall-Heroult cell and carbon dioxide
gas is generated at the anode. Carbon anode 20 is
consumed during this reaction.

It is important to prevent molten electrolyte 26
from contacting carbon cell lining 24 to prevent cell
lining failure caused by the formation of intercalation
compounds and the dissolution of A14C3. To prevent such
contact, cell 10 is operated under conditions which allow
a layer of frozen'electrolyte 32 to form between carbon
cell lining 24 and moiten electrolyte'26. Thus, molten
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electrolyte 26 is contained in a shell of frozen elec-
trolyte and supported by a pad of molten aluminum 30.
Unfortunately, during operation of the Hall-Heroult cell,
the interface between molten and frozen electrolyte
varies depending upon operaﬁing conditions. This adds to
the difficulty in operating the cell under uniform
conditions.

Molten aluminuﬁ 30 does not wet carbon cathode 16
which prevents the formation of aluminum carbide which
would contaminate the aluminum product. It is possible,
however; for disruptions in molten aluminum layer 30 to
occur and to result in contact between molten electrolyte
26 and carbon cathode 16. Such contact is highly undesir-
able because it results in a reaction between carbon
cathode 16 and dissolved alumina in molten electrolyte 26
thereby causing undesirable consumption of carbon cathode
16. To prevent this, conventional Hall-Heroult cells are
operated so that a relatively deep pool of molten alumi-
num is always present to prevent contact between molten
electrolyte and the carbon cathode. The dimensional
instabilities inherent in such a deep cathode pool of
aluminum through which large current densities are passed
require excessive spacing between the ancde and cathode
with all attendant disadvantages.

As mentioned above, there has been much researchA
directed towards finding replacement materials for the
carbon. anode and carbon cell lining of a conventional
Hall-Heroult cell. Much of this research has been
directed to finding inert anode materials. Despite the
extensive research which has been conducted, a material
has not been found which is entirely satisfactory.
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The present invention results from the discovery
that certain materials, although soluble to some extent
in the molten electrolytes employed in Hall-Heroult
cells, can be employed as anode and cell lining mate-
rials. The materials of this invention are carefully
selected so that, despite their solubility in electre-
lyte, there is no net consumption of these malerials qand
their presence in the electrolyte does not result in
centamination of the aluminum product.

A first criterion for materials suitable for use as
anodes and cell linings according to this invention is
that the materials not co-deposit electrolytically to any
significant extent with aluminum during operation of the

The capability of a metal oxide to éo-deposit with
aluminum can be determined using the calculated revers-
ible decomposition potential, E°, at 1300 X for the

reaction,
n
MeOB — Me + 202,
2

wherein Me represents the metallic element in the cxide
compound under consideration and n is the valence of this
metal in the oxide compound. This can be calculated
using the equation:

EO F—3 AG°

nF
where F is the Faraday ccnstant and AG° is the standard

Gibbs free energy of the above reaction. Calculated
values of E° are given in Table I.
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A similar determination for the standard potential
of non-oxide materials can be made in a manner similar to -
that described above for oxides.

Thus, the first criterion for selection of materials
for molten salt electrolytic cell anodes and cell linings
according to this invention is that the material have a

standard potential which is more electronegative than

aluminum under the operating conditions of the cell.

This will normally ensure that the metal component of the
materia; does not co-deposit with aluminum. It ie
possibie, however, in some cases, that minor amounts of a
metal from the anode material might co-deposit despite
the fact that the anode material satisfies the first
criterion. This could be because aluminum cells do not
always operate ﬁnder equilibrium conditions for which the
available thermodynamic data were generated. It is also
possible that the available thermodynamic data employed
in calculating the standard potential is not entirely

. accurate. The co-deposition of minor amounts of a metal

is not intolerable since all materials meeting the two
criteria described herein can be readily removed from
molten aluminum by conventionally practiced techniques,
particularly treatment with aluminum fluoride. Such. .
minor amounts of co-deposited metal can, upon removal, be
recycled to the electrolyte to assist in maintaining
saturation levels of the matetial in the electrolyte. 1In
this case, there is no net loss of the ‘
material in the process.

. Although the examples set forth above are all
oxides, it is believed that other oxy-eompcunaswend non-

" oxy-compounds meet the two criteria described'abqve.
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mixed oxides, oxyhalides and oxycarbides of metals.

it does not co-deposit by

aluminum.

pool following a chemical

wherein Me represents the metal and n is the valence of
the metal in the metal fluoride.

The second criterion

Certain metals

MeF_ + nAl =

-3

BAlF. + Me,

for an anode material is that
a chemical displacement with
can dissolve in the aluminum
displacement represented as,

Thermodynamic data for this displacement reaction are

presented in Table II.

Table II.

Standard Free energy of Reaction for

Chemical Displacement of Metal Fluoride

by Elemental Aluminum at 1300 K

FLUCRIDE -

AG  (kJ) | FLUORIDE'| aG  (xJ) | FLUORIDE | aG (k7]
WF 989 vF, ~317 KF 3
25 -976 car, -306 UF, 6
VF, -785 PbF, -299 NaF 13
CoF, -657 CoF, ~283 BeF, 52
WF -646 FeF, -257 LiF 90
BiF, -555 ZnF, -257 MgF, 109
vF, -553 crF, -180 NGF, 167
NbF -481 TiF, -165 ScF, 179
MnF ~466 MnF, -163 BaF, 195
CuF, -430 SiF, -126 caF, 211
FeF, —422 TiF, -78 srP, 221
TaF, -375 ZrF, -46 Y7, 251
cre, -353 uF, -42 CeF, 259
CuF -340 TiF, Y LaF, 289
NiP -329
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Those metal oxides having a positive standard free
energy for the displacement reaction described above
satisfy the second criterion. 4

The data of Tables I and II show that there are a
few metal oxides which do not co-deposit in the aluminum
by electrochemical deposition or chemical displacement.
Preferred metal oxides are MgO, Sro, La203, Nd203, cao,

Ce203, Sc203, Y203. Lizo, Bao, uo, and BeO are examples
of materials which also satisfy the criteria of this
invention. '

These oxides each have significant solubility in
cryolite. For this reason, these oxides have not been of
great interest in anode formulations to date. However,
their sclubility must be viewed in the light of their v
resistance against further decomposition. Simply stated,
it is not so important'that the oxide resist dissolution: -
it is extremely important, however, that the oxide resist J
exsolution. ‘ ' :

Although the specific compounds for which data are
presented above are all inorganic metallic oxides, any
compound which satisfies the criteria of this invenfion )
can be employed. Additionally, anodes and cell linings -
can be formed from pure metals and metal alloys on which
oxide films are generated, in situ, during operation of
the electrolytic cells. An example of a suitable metal
is lanthanum and an example of a metal alloy is a
lanthanum-ytrrium alloy.

Of course, the materials employed in forming the
anode and cell lining according to this invention must
also be capable of being formed into solid shapes having
the requisite mechanical, thermal and electrical pro-
perties. In regard to mechanical properties, the
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materials should be capable of formation into self-
sustaining shapes. Such shaping may be done, for
example, by sintering ceramic materials with heat alone
or with the simultaneous application of heat and
pressure or by melt.processing (e.g., casting) metals and
alloys. These are art-recognized techniques for.forming
such materials into shaped bodies.

The materials should also be thermally stable under
the conditions of operation of the electrolytic cell.
This means that it must have a melting point above the
temperature of the molten electroiyie and preferably
undergo no phase change under working conditions of the
cell.

The anode must also be inherently electrically
conductive or capable of being made electrically con-
ductive. The term "electrically conductive" is used
herein to mean an anode that has an electrical conduct-
ivity under the operating conditions of a Hall-Heroult
cell of at least 10% of the conductivity of .a graphite
anocde under the same conditions. Preferably, the con-
ductivity will be comparable to a graphite electrode.

The oxide materials disclosed herein are typically
electrical insulators, i.e., high bandgap materials.
Thus, their electrical conductivity must be improved
considerably if they are to ke used as anodes in molten
salt electrolysis cells. This can be accomplished by
making a composite material cecnsisting or at least two
phases: an electronically conductive phase, i.e., low
bandgap, and a phase of the anode material discloseq
herein. The electronically conductive phase can be
chosen from the following: metal, metal alloy, elecF
tronically .conductive inorganic compound or solid
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solution. In the case where the,conductiVe phase is
either a metal or metal alloy, the resulting composite
material is called a cermet. The electronically con-
ductive phase typically comprises from 10 - 30 volume per
cent of the material, although a broader range is pos-
sible in many cases. The metal or metal alloy selected
should not react chemically with the oxide phase mate-
rials, i.e., undergo displacement reactions. Candidate
metals are copper, nickel, and their alloys and a can-
didate compound is tin oxide. '

Another approach to an electrically conductive anode
is to construct the anode of monolithic metal or metal
alloy upon which an oxide coating forms, in situ, upon
commencement of gleétrolysis. For this coating to be
stable, the electrolyte must remain saturated with
respect to the oxide at all times. This is achieved by
the addition of appropriate metal oxide to the cell kath
or by constructing the cell lining of the same metal
oxide or both. Such a coating would be self-healing and
its thickness would be self-reqgulating. The choice of
metal or alloy in this case is restricted to the metallic
constituents of the oxides satisfying the criteria
disclosed herein. Examples of suitable metals include
lanthanum, yttrium and their allovs.

The material employed for the anode should also be
resistant to oxidation since oxygen is generated at the
anode. Thus, the material employed as the anode is
preferably an oxy-compound with the particularly pre-
ferred materials being oxides. -

It is not necessary that the material employed for.
the anode be the same material as that employed for the
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cell lining as long as both materials meet the criteria
described herein. If the materials are not the same, it
is desirable to saturate the electrolyte with both
materials so that neither is consumed during operation of
the cell. It is preferred to employ the same material
for the anode and cell lining in most cases.

The use of the materials satisfying the criteria
described herein opens up new possibilities for the
design of molten salt electrolytic cells. One such
design, employing a horizontal monopolar anode, is
schematically 1llustrated in Figure 2. Elaectrolytic cell
40 contains a single anode 42 at the top of cell 40.
Anode 42 is connected to a supply of electric current by
anode rod 44. Molten aluminum 46 is produced on top of a
cathode at the bottom of the cell formed from a current
collector bar 48 electrically connected to the molten
aluminum 46 by connectors 50 which can be formed from
electrically conducting refractory metal compounds, such
as titanium boride, TiBz. Alternatively, current could
be conducted from the collector by a graphite lead
encapsulated in a non-consumable material, which may be
one of the materials meeting the requirements described
herein for anodes and cell linings, running from the
collector through the electrolyte and out of the top of
the cell.

Cell 40 also has cell lining from the same material
as anode 42 or from a different material satisfying the
criteria discussed above. In the operation of cell 40,
it is not necessary to employ cool side walls to create a
frozen layer of electrolyte. Thus, molten electrolyte
extends to cell lining 52 and the only layer of frozen

electrolyte 54 forms on top of the cell.
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Another design for a molten salt electrolytic cell
employing materials meeting the criteria as described
herein for the anode and cell lining is schematically
illustrated in Figure 3. Cell 60 has a series of
vertically oriented anocdes 62 formed from a material
according to this invention. Cell 60 also contains a
plurality of vertically oriented cathodes 64 which can
consist of carbon or an inert wettable material.

Cell iining 66, which is enclosed within a steel
outer vessel 68, is formed from the same material which
is employed for anodes 62 or from a different material
meeting the cell lining criteria discussed herein.

-In cases where the presence of saturation values of
anode and cell lining material does not alter the
relative density of liquid aluminum in molten electrolyte
from that of present Hall-Heroult cells, oxyéen gas e
produced at anodes 62 rises to the melt surface and |
liquid aluminum falls to the bottom of cell 60. In cases R
where the relative density of liquid aluminum and molten a_;g
electrblyte is inverted from the value in a present | @,u;
Hall-Heroult cell, both the oxygen gas and liquid aluminun
rise to the melt surface. Under these conditions, it is
desirable to interpose a retaining structure or semi-wall
70 between anodes 62 and cathodes 64 to prevent the
buoyant liquid aluminum from forming an electrical short
between electrodes. The choice of material for semi-wall
70 is subject to the same considerations as the choice of
material for lining 66. 1In order not to reduce the
ability of the electrolyte to dissolve aluminum oxide,
semi-wall 70 and lining 66 should preferably consist of

the same material.
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Still yet another design for a molten bath electro-
lytic cell is schematically illustrated in Figure 4.

Cell 80 includes a hecrizontal bipolar electrode stack 82.
In such a design, each electrode element consists of an
anodic surface and a cathodic surface separated from
neighboring elements by electrically insulating spaces.

A positive feeder electrode 84 and negative feeder
electrode 86 are placed on the top and bottom of stack
82, respectively. Electrode elements are formed from the
materials described herein for anodes and a suitable
cathodic material, which can be carbon or preferably an
inert wettable material. Cell lining 88, enclosed in
steel jacket 90, can be selected from the same material
as the anode, a different material meeting cell lining
criteria or from a more conventional material. If liquid
aluminum 92 is denser-than the molten electrolyte 94, the
bipolar stack is charged to make the upper surface of
each element cathodic and the lower surface anodic. By
providing a central vent, enchanced circulation of the
electrolyte can be achieved as a consequence of the gas
lift. If the liquid aluminum is less dense in the
electrolyte, a vertical bipolar arrangement is preferred.
In this case, both the liquid aluminum and oxygen gas
rise to the melt surface. The electrode elements also
serve as semi-walls to prevent the ligquid aluminum from
shorting the cathode to the anode.

Although the discussion above has been limited to
electrolytic cells and methods for producing aluminum
metal from molten salts, the materials described herein-
can alsc be employed in such cells and methods for.
producing other metals. For example, the criteria
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employed herein to select materials for the anodes and
cell linings of aluminum cells can also be applied to
select materials suitable for the production of mag-
nesium, neodymium or other metals. In these cases, the
material selected must meet the same criteria except that
these criteria ére made specific to the metal to be
produced rather than aluminum. Thus,\the first criterion
is that the material have a standard potential which is
more electrénegative than the metal to be produced under
the operating conditions of the cell. The second cri-
terion is that the material have a positive standard free
energy for the metal fluoride displacement with the metal
to be produced at the operating temperature of the cell.

a

Equivalents

Those skilled in the art will recognize or be able
to ascertain, using no more than routine experimentation,
many equivalents to the specific embodiments of the
invention described herein. Such equivalents are
intended to be covered by the following appended claims.
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Abstract of the Disclosure

Improved electrolytic cells and methods for pro-
ducing aluminum by the electrolytic reduction of an
aluminum compound dissolved in a molten fluoride
electrolyte are disclosed. In the improved cells and
methods, materials are employed for both the cell anode
and cell lining which, at the operating conditions of the
cell: (a) have a standard potential more electronegative
than aluminum; and (b) have a positive free energy for a
metal fluoride displacement reaction with elemental
aluminum. By saturating the molten electrolyte with
these materials, electrolytic cells can be run without
net conéumption of the cell anodes or cell linings. Use
of such materials for cell anodes and cell linings :
procduces significant advantages over the pre-baked carbon
anodes and carbon cell linings presently employed in
Hall-Heroult aluminum cells.
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