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FUTURE MEETINGS
Of The Electrochemical Society

MIAMI BEACH, FLORIDA—OCTOBER 8, 9, 10, 11, 12 & 13, 1972
Headquarters at the Fontainebleau Hotel

Planned symposia for the Miami Beach Meeting include the following Divisions and subjects:

Battery—Load Leveling and Standby Power, General Sessions; Corrosion—Effects of Metallurgical Sub-
strates on Fundamental Corrosion Processes, General Session; Dielectrics and Insulation—Electrets
Charge Storage and Transport in Dielectrics, Oxide-Electrolyte Interfaces, General Session; Electrode-
position—General Session; Electrodeposition and Electronics—Electrodeposition Processes in the Elec-
tronics Industry; Electronics—Semiconductor General Session, Chemistry and Physics of Compound
Semiconductor Surfaces, General Electronics (Molecular Beam Epitaxy); Electro-Organic—General Ses-
sion; Electrothermics and Metallurgy—Trace Elements; New Technology Committee with the Battery,
Corrosion, Electro-Organic, and Electrothermics and Metallurgy Divisions—Marine Electrochemistry.

CHICAGO, ILLINOIS—MAY 13, 14, 15,16, 17 & 18, 1973
Headquarters at the Sheraton-Chicago Hotel

The following Divisions are planning symposia:
Dielectrics and Insulation; Electronics (Semiconductor, General, Luminescence); Electro-Organic; Elec-
trothermics and Metallurgy; Industrial Electrolytic; Physical Electrochemistry; New Technology Com-

mittee—Electrochemical Aspects of Bio-Engineering.

BOSTON, MASSACHUSETTS—OCTOBER 7, 8,9, 10, 11 & 12,1973
Headquarters at the Sheraton-Boston Hotel

The following divisions are planning symposia:
Battery; Corrosion; Dielectrics and Insulation; Electrodeposition; Electronics; Electrothermics and Met-
allurgy; New Technology Committee—Electrochemical Control of the Environment.
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A new series designed with the specialist in mind—
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TECHNIQUES IN ELECTROCHEMISTRY

Volume One

Edited by Ernest Yeager, Case Western Reserve University
and Alvin J. Salkind, ESB Incorporated Research Center

Volume One launches a new series specifically designed
to enhance the practical ability of electrochemists work-
ing with measurement techniques. The contributions are
authoritative, complete treatments of basic and advanced
practices, augmented by a wealth of illustrative material.
Volume One, devoted to electrode processes, is scheduled
to contain—

Measurement of Reversible Electrode Potentials—Roger G.
Bates; The Study of the lonic Double Layer and Adsorption
Phenomena—Richard Payne; Overpotential Measurements
—Jaroslav Kuta and Ernest Yeager; The Measurement of
Surface Area and Porosity—Alvin J. Salkind; Special Tech-
niques in the Study of Electrode Processes and Electro-
chemical Adsorption—B. E. Conway; Index.

1972 173illus. 464 pages (approx.) $24.95 (tent.)

The first comprehensive book on primary
batteries to appear in twenty years—

THE PRIMARY BATTERY

Volume One
Edited by George W. Heise and N. Corey Cahoon
both Consultants
A Volume in the Electrochemical Society Series
Whether in academics or industry, electrochemists know
that for size, capacity, temperature tolerance, and applic-
ability, the primary battery is still the outstanding means for
direct conversion of chemical to electrical energy. In The
Primary Battery, experts now have a contemporary, authori-
tative exploration of the theoretical and practical evolution
of this uniquely versatile instrument.
1971 238illus. 500 pages $24.95
From the theoreticians and experimentalists
breaking new ground in materials
and technology—

ZINC-SILVER OXIDE BATTERIES

Edited by Arthur Fleischer, Consulting Chemist and John

J. Lander, Air Force Aero Propulsion Laboratory

A Volume in the Electrochemical Society Series
This collection of 36 papers from the symposium on zinc-
silver oxide batteries sponsored by the Electrochemical So-
ciety is a valuable sourcebook for every worker in the field.
The contributing authors have brought together a wealth
of up-to-date information, providing state-of-the-art mate-
rial on everything from electrokinetic theory to battery con-
struction processes.

1971 210illus. 544 pages $27.95

“...the most comprehensive description yet
available of the technology of fuel cells.”
—Journal of the Electrochemical Society

Modern Processes for the Electrochemical Production
of Energy
By Wolf Vielstich, Institut fiir Physikalische Chemie der
Universitat Bonn

Translated from the German by D. J. G. Ives
This comprehensive monograph offers a wealth of factual
information on the highly topical direct conversion of heat,
chemical and nuclear energy into electrical energy.
“Anyone working in the area of fuel cells will find this book
of great value.”  —Journal of the Electrochemical Society

1970 291illus. 501 pages $25.00
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Established fundamentals and new advances are
blended into the new Second Edition of—

CORROSION AND CORROSION
CONTROL

An Introduction to Corrosion Science and Engineering
By Herbert H. Uhlig, Massachusetts Institute of Technology
“. .. an effective bridge between theory, recent research
findings, and modern corrosion control methods. The book
is excellent. . . .” —from a review of the first edition
in Chemical and Engineering News
Topics featured in the new Second Edition include—
e detailed descriptions of critical pitting potentials and
stress corrosion cracking
e new data on corrosion fatigue and passivity
e new material on the intergranular corrosion of nonsensi-
tized stainless steels and related alloys
e an elementary account of Pourbaix diagrams
1971 165illus. 419 pages $14.95

A complete compendium of concepts and
research results—

CORROSION IN NUCLEAR
APPLICATIONS

By Warren E. Berry, Battelle Memorial Institute

A Volume in The Corrosion Monograph Series, edited by
R. T. Foley, N. Hackerman, C. V. King, F. L. LaQue, and
Z. A. Foroulis

Practical use of atomic energy principles uncovered an im-
portant factor for practitioners in the field: optimizing nu-
clear power depends on maximizing corrosion control. In
this introduction to and survey of the field, the author con-
centrates on the corrosion problems associated with spe-
cific types and subtypes of reactors. Every practical aspect
is covered, from corrosion processes in mining nuclear fuels
through problems encountered in reactors using fluid
(molten and aqueous) fuels.

1971 140illus. 572 pages $24.95

Wwiley
Available at your bookstore or from Dept. 092

WILEY-INTERSCIENCE

a division of JOHN WILEY & SONS, Inc.
605 Third Avenue, New York, N.Y. 10016

In Canada: 22 Worcester Road, Rexdale, Ontario
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Galvanic Cells in Molten Sodium Bisulfate

M. C. B. Hotz*

Hydrologic Sciences Division, Inland Waters Branch, Department of the Environment, Ottawa, Ontario, Canada

and R. C. Kerby, and T. R. Ingraham

Extraction Metallurgy Research Section, Mines Branch,
Department of Energy, Mines, and Resources, Ottawa, Ontario, Canada

ABSTRACT

Study of the cells Pt, Hy|NaHSO4|Hy, Pt and Pt, Hy|NaHSO4||Ag:SOq,
NaHSO4|Ag shows that the hydrogen electrode behaves reversibly in molten
sodium bisulfate. Emf's of the cell Pt, Hy|CoSO4(my), NaHSO4||CoSO4(m;),
NaHSO4|Co in the range 200°-270°C have been used to calculate thermody-

namic data for the reaction

%Co + NaHSO4 2 %CoSO4 + %Na2SO4 + %Hs
A plot of emf against log mi/ms is linear, but the slope is steeper than pre-

dicted.

In previous papers (1,2), we have shown that
molten sodium bisulfate and sodium pyrosulfate are
the sulfating agents in the sulfate-catalyzed roasting
of sulfide ores containing cobalt and nickel. More re-
cently, we have published data on the stability and the
thermodynamics of decomposition of these compounds,
and a partial phase diagram for the sodium pyrosul-
fate-water system, in which sodium bisulfate appears
as a constituent (3, 4).

The sodium bisulfate roasting cycle includes two
reactions that occur simultaneously at temperatures
;:segvsgen the melting point of NaHSO4 (187°C) and
2Co0304 + 12NaHSO4 2 6CoSO4 *+ HoO + 6Na2S04 + Oy

[1]

and
NaHSO4 + NaxSO4 2 NagH (SOy) 2 [2]

so that it is difficult to obtain thermodynamic and
kinetic data for the commercially significant reaction
[1]. A possible approach seemed to be through the de-
velopment of satisfactory nickel and cobalt electrodes
in molten sodium bisulfate, and this paper describes
attempts to examine the behavior of a cobalt electrode
in (tihis environment with respect to a hydrogen elec-
trode.

The literature contains very few papers on the elec-
trochemistry of solutions in molten bisulfates. Tajima,
Soda, Mori, and Baba (5) showed that hydrogen and
oxygen were obtained in a molar ratio of 2:1 when
KHSO4 was electrolyzed with platinum electrodes, and
Shams El Din (6) studied overpotentials in the same
system. Le Ber (7) briefly considered the Hy|H* sys-
tem, but had some difficulty in achieving reversibility.
Arvia and his co-workers appear to be the first to have
considered the hydrogen electrode as the basis of an
electrochemical series in a bisulfate melt (8-10). They
found the electrode reaction to be reversible and deter-
mined its potential against a silver|silver sulfate refer-

* Electr Active M
Key words: galvanic, galvanic cells, molten, sodium bisulfate.
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ence electrode. Their attempt to establish an electro-
chemical series was based on corrosion potentials of
a number of metals.

The only other studies of equilibrium systems in-
volving bisulfates are those of Seward and Miller (11)
on the Hg|Hg2+ and Ag|Ag* electrodes in NaHSO4 and
Le Ber (7) on the Ag|Ag* electrode in KHSO4]
NaHSO; eutectic.

The decomposition of molten bisulfate to pyrosulfate
poses a major problem in maintaining the purity levels
of the bisulfate melts, and those used in many of the
investigations quoted were likely contaminated by
pyrosulfates, as well as water and sulfuric acid.

Our study of the stability of sodium bisulfate at tem-
peratures between 100° and 400°C showed that sodium
bisulfate starts to lose water at temperatures just be-
low the melting point (187°C) to form sodium pyro-
sulfate. In order to effectively prevent pyrosulfate for-
mation in our sodium bisulfate melts, we used a closed
system in the present investigation.

Experimental

Preparation of materials.—Sodium bisulfate was pre-
pared by adding stoichiometric amounts of water to
sodium pyrosulfate that had been made by direct re-
action between sodium sulfate and sulfur trioxide (4).

Cobalt sulfate was made by heating Fisher Certified
CoSOy - TH30 at 400°C for 8 hr, crushing the product,
and reheating for a further 8 hr (1).

Johnson, Matthey and Mallory cobalt wire and plati-
num foil were washed with acetone and distilled water,
and oven-dried before use.

Linde hydrogen was purified by passage through a
Deoxo tube, and then over copper mesh at 500°C.

Fisher Certified sodium sulfate was oven-dried at
200°C before use.

The double salt NaCo(SO4); was prepared by pre-
cipitation of its tetrahydrate from a mixed solution of
the two sulfates, followed by dehydration at 400°C for
8 hr.
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Apparatus and procedure: Emf’s were measured with
a L&N Type K2 potentiometer, using a Pye nanoam-
meter as a null detector. Readings were steady within
1 mV over periods of several hours.

The cell vessels were made of Pyrex glass; junctions
between the half-cell containers were made with as-
bestos fibers (12). In such dilute solutions the activities
would not differ significantly on either side of the
junction, and transport should be almost exclusively
by the predominating sodium and bisulfate ions. A
diagram of the cell is shown in Fig. 1. The outer com-
partments contained cobalt electrodes and solutions of
cobalt sulfate in molten sodium bisulfate. The elec-
trodes were 1.3 mm diameter lengths of cobalt wire
welded to 0.4 mm diameter support wires. A piece of
bright platinum foil 1 cm? in cross-section was welded
to 0.4 mm platinum wire to form the reference elec-
trode in the center compartment. This arrangement
permitted two series of measurements to be made si-
multaneously. The cells were sealed to prevent de-
composition of sodium bisulfate, and their construc-
tion ensured that all three compartments were at the
same pressure during the measurement.

The vessels used for the study of hydrogen elec-
trodes were similar in that junctions were made
through asbestos fibers, but some cells were designed
to permit bubbling of hydrogen, while others had half
cells in which the platinum electrodes were isolated
completely from gaseous hydrogen. Various combina-
tions of these half cells were used to check for zero emf
between isolated and bubbling electrodes. Reversible
behavior of the hydrogen electrodes was also estab-
lished with respect to a silver|silver sulfate electrode.

The cells were packed in alumina powder in a Pyrex
tube that fitted closely into a cylindrical brass block
furnace heated by four GE 150W Type 186 H cartridge
heaters. The block was insulated by layers of glass
wool, firebrick, and transite. Temperatures were con-
trolled by a Honeywell Pulse-Pyrovane unit, and cell
temperatures were measured on the K2 potentiometer
with a platinum-10% rhodium platinum thermocouple
in conjunction with a Kaye Ice-point Reference Stan-
dard. Temperature control was within +0.2°C.

Apparatus used for the associated differential ther-
mal analysis and x-ray powder diffraction analysis
were described in an earlier paper (2).

Results and Discussion
Differential thermal analyses on mixtures of cobalt
powder and sodium bisulfate were done at a pro-
grammed temperature increase of 2°C/min between

May 1972
Table I.
Pt, Ha | NaHSO, || NaHSOq | Ha, Pt
Flow rate, Temper-
Cells Emf, V cc/min ature, °C
Pt:Pt, Hy 0.0003 5.0 233
Pt:Pt 0.0006 — 233
AgaSOim) |
1 NaHSOq | Pt, Hy
NaHSO4
Concentration (m) Emf, V Temperature, *C
0.184 —0.183 214.0
0.184 —0.182 215.0
0.184 —0.194 240.0
0.184 —0.200 240.3
0.184 -0.211 270.0

room temperature and 500°C. The sodium bisulfate
fusion endotherm at 187°C was followed immediately
by a large exothermic peak. X-ray powder diffraction
analysis identified the products of this reaction as co-
balt sulfate and sodium sulfate when the reaction was
allowed to proceed at temperatures below 250°C, and
the double salt Na;Co(SO4)2 when the reaction pro-
ceeded above this temperature. Other - endothermic
peaks appearing at 455° and 470°C were identified as
phase transitions of the system CoSO4-NasSOs (13).
Hydrogen was also produced by the above reaction. The
suggested stoichiometry is

Co + 2NaHSO4 @ CoSO4 + NapSO4 + Hp [3]

This is apparently the reaction for the galvanic cell Pt,
H;|NaHSO4, Co0SO4(m3)||NaHSO4, CoSO4(my)|Co.
Measurement of the emf’s of such a cell in which m; =
me should provide thermodynamic data for reaction
[3], if the cobalt and hydrogen electrodes operate re-
versibly in a bisulfate melt.

In order to demonstrate that a reversible hydrogen
electrode is formed in molten sodium bisulfate, the
cells Pt, Hy|NaHSO4||NaHSO4/H;, Pt and Pt, Hs
NaHSO4||[NaHSO4, Ag2SO4|Ag were examined, and the
results are shown in Table I.

The potential of the platinum|hydrogen electrode is
shown to be independent of the gaseous hydrogen
partial pressure, implying that the melt is saturated
with respect to hydrogen and that the activity of the
hydrogen in the melt is constant. Arvia (9) has dem-
onstrated that a reversible hydrogen electrode is
formed in potassium bisulfate melts, and that once the
platinum electrode was saturated with hydrogen from
the cathodic reaction, bubbling hydrogen over its sur-
face did not change the emf. In the present case, it
would appear that the platinum surface has become
saturated with hydrogen without the necessity of a
prior electrolysis to saturate the surface; alternatively,
mere adjustment of the potentiometer balance may
have sufficed to saturate the surface.

The emf of the cell, H, Pt/NaHSO,||NaHSO;,
AgsSO4|Ag varies linearly with temperature and is
reversible (Table I). The hydrogen electrode has also
been found to be reversible with respect to a silver|
silver sulfate electrode in the systems KHSO; (9),
KHSO,|NaHSO; eutectic (7), and NHsHSO4 (11). Be-
cause the potential of the hydrogen electrode does not
vary with the partial pressure of hydrogen gas, melt
decomposition to pyrosulfate can be prevented by us-
ing platinum immersed in the melt in a sealed system
as a reversible hydrogen electrode. This also prevents
contamination with atmospheric moisture; sealed ves-
sels were therefore used in the experiments involving
the cobalt electrode.

The range of molalities in which a cobalt electrode
will function reversibly is restricted by the corrosion
of the metal by sodium bisulfate, and by the solubility
of cobalt sulfate in the melt. In experiments using the
cell Pt, Hy|CoSO4 (m2), NaHSO4||CoSO4(m;), NaHSO4|
Co, for the determination of the thermodynamic data
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Table II.
Emf of the cell Hj| CoSO« » NaHSOq || CoSO: , NaHSO«| Co
(0.0350m) (0.0350m)

and thermédynnmic data for the reaction
%Co + NaHSO« = %Na:SOs + %CoSO: + %Ha

Temper- —-AG, Equilibrium —AH,
ature, ‘K Emf, V cal constant kcal
475.2 —-0.3314 7644 3270.0 34.0
496.4 —0.2761 6369 636.0 34.4
501.2 —0.2707 6245 528.0 34.5
518.9 —0.2305 5316 173.0 34.6
542.0 —0.1671 - 3853 35.8 34.4
543.0 —0.1645 3794 33.7 34
Table 111,
Emf of the cell Ha | CoSOa(,w. NaHSO; || CoSO4m‘,. NaHSOq | Co
at 511.2°K. mi = 0.0350m
ma, mole kg-! Emf, V
0.0177 —0.2668
0.0350 —0.2425
0.0530 —0.2301
0.0750 —0.2152

for reaction [3], the molalities m; and my were set at
0.0350m. Effective inhibition of corrosion by the solute
at this concentration was indicated by the absence of
observable attack on the cobalt electrode during the
course of an experiment. Emf’s were measured at tem-
peratures between 200° and 270°C, and were found to
vary linearly with temperature. The measured emf’s
were constant within 1 mV for several hours. This
excludes the possibility of mixed potentials due to con-
tinuing corrosion of the cobalt electrode, which would
change the cobalt ion activity in the melt and alter
the emf.

The measured emf’s and the calculated free energies,
enthalpies, and equilibrium constants for reaction [3]
are shown in Table II. The entropy change for the cor-
rosion of cobalt by molten sodium bisulfate is AS =
56.4 = 1.4 eu. Using standard entropy values for aque-
ous solutions for a comparison

AS = %S8°uyg) + ¥%S°Nagsostaq) + ¥%28°cosos(aq)
—%8°cots) — S°Nansosry [4]

provides an entropy change of AS° = 51.9 eu at 500°K.
Application of the van’t Hoff isochore to the equilib-
rium constant data leads to an enthalpy at 500°K of
AH = —34.5 kcal - mole—!, in good agreement with
values calculated from the Gibbs-Helmholtz equation,
groviding further justification for the validity of the
ata.

Addition of an equivalent molar amount of sodium
sulfate to the cobalt electrode vessel did not change

-0-300 T : T
-0-250 |- ]
Na,Co (50,4),
: o
EMF[(VOLTS)
€050, + Na, SO,
-0-200 - §
CoS04
-0'150 L L 1
200 225 250 275 300

TEMPERATURE (°C)

Fig. 2. Effect of addition of Na25Os and Na2Co(SO4)2 on the
emf of Pt, H2 | CoSO4(my), NaHSO4 || CoSO4(m;), NaHSO4 | Co.

GALVANIC CELLS IN MOLTEN NaHSO, 553

-0-275

-0-250 |-

EMF(VOLTS)
-0-225 | B
-0-200 L
05 [ -05
LOG (m /m,)
Fig. 3. Theoretical (----) and observed ( ) Nernst plots

for Pt, Hz | CoSO4(mg), NaHSO4 || CoSO4(my), NaHSO4 | Co.

the slope of the emf-temperature relationship below
240°C, but the measured emf’s were about 10 mV
lower. Above 250°C, however, there is a marked
change in slope, the new slope approximating that
found when cobalt sulfate and sodium sulfate are re-
placed by an equal amount of the double salt
NayCo (SO4) 2. These effects are shown in Fig. 2. Seward
and Miller (11) observed that the addition of sulfate
ion to their cell lowered the emf, implying an increase
in the activity of the silver ion. In spite of viscosity
studies that indicated structural changes in the melt,
they were unable to explain the increase in silver ion
activity. The same effect occurs in the present work
with the cobalt electrode, an increase in cobalt ion
activity occurring on addition of sodium sulfate.
Sodium bisulfate forms highly structured melts (14),
with extensive hydrogen bonding (15), and it seems
likely that the added sulfate ions would be incorpo-
rated into this structure. This would reduce associa-
tion of the divalent sulfate ion with the cobalt ion,
thereby increasing its activity. At higher tempera-
tures, where the hydrogen bonding breaks down, this
trend should be reversed, as is evidenced by the be-
havior of the cells on sulfate addition at temperatures
above 250°C.

A series of experiments were done with the cell
Pt, Hy|CoSO4(mz), NaHSO4||CoSO4(m,), NaHSO4|Co
in which the molality m; was maintained at 0.0350m,
and mg varied between 0.0177 and 0.0750m. Emf’s mea-
sured at 238°C are shown in Table III; the cells usually
reached equilibrium within 6-7 hr. A plot of emf
against the logarithm of the ratio of the molalities is
linear but the slope is about 55% steeper than that
predicted by the Nernst equation (Fig. 3).

Although the Nernst slope indicates that the be-
havior of the cobalt ion in a bisulfate melt is complex,
this effect may be qualitatively explained by reason-
ing similar to that used for the addition of sodium
sulfate, that is, the incorporation of sulfate ion into
the melt structure effectively increases the cobalt
activity.
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Electrode Processes
in Sodium Polysulfide Melts

K. D. South, J. L. Sudworth, and J. G. Gibson
British Railways Research Department, Derby, England

ABSTRACT

Results are reported of three-electrode measurements in sodium polysulfide
melts. The composition range covered was NaS3-NaySs; and the temperature
range 300°-400°C. The electrode material used was vitreous carbon. Voltam-
metric, chronopotentiometric, and current interruption techniques were used
to investigate cathodic and anodic processes. Evidence is produced that sulfide
films are formed at the cathode and that these result in limiting currents. The
lowest value of limiting current density was 28 mA - cm—2 obtained for NapS;
at 350°C. At the anode the current appears to be limited by accumulation of
liquid sulfur. The value of the limiting current density in NasSs; was 100
mA - cm~2 at 350°C. A reaction scheme which best fits our results is suggested.

Interest in the electrochemistry of sodium polysul-
fides has recently been stimulated by the development
of the sodium/sulfur battery (1-3), in which the over-
all process at the cathode is the reduction of sulfur to
sulfide ions. In order to gain a further understanding
of the electrode processes we decided to study the be-
havior of a nonporous carbon electrode in three differ-
ent polysulfide melts. Vitreous carbon was deemed a
suitable material for this purpose.

Following a suggestion (4) that lithium polysulfides
might exhibit electronic conductivity, we decided to
investigate the electronic conductivity of sodium poly-
sulfides. Although this work is not yet complete, pre-
liminary results indicate that the electronic contribu-
tion to the conduction in these melts is very small, and
in the interpretation of our results we have assumed
electronic conductivity in these melts to be negligible.

The phase diagram for the system NasS/S has been
constructed by Pearson and Robinson (5) and revised
by others (6,7). At 350°C, if precipitation of solids is
td be avoided, the sodium content of the melt must not
exceed 40 atomic per cent (a/o) (NayS3). Experience
in our laboratory indicates that polarization of the sul-
fur electrode is most severe in the one-phase region
(NaySs-NayS3). We therefore decided to study three
different compositions corresponding to melts in this
region, viz., NagSs 5 (two-phase, NasSs + sulfur), NasSy,
and NaySs. Results in NaySs5 refer to the sulfide-rich
phase (NaySs).

Very little work has been reported on the electro-
chemistry of the alkali metal polysulfides, but recently,
mass transfer effects in molten Na;S/S mixtures were
investigated by Selis (8). He used voltammetric sweeps
to distinguish between the electrode behavior in the
two liquids present in the two-phase region. Results in
the sulfide-rich phase indicated that the current maxi-

Key words: sodium polysulfide, sulfur, vitreous carbon.

mum was associated with an irreversible oxidation
process. At cathodic potentials a current maximum
followed by a current surge was observed. In a recent
paper by Bodewig and Plambeck (9) concerning the
§2-/S° electrode in molten LiCl-KC], a voltammetric
curve was shown for the reduction of S° to S2— at a
graphite electrode. Only one current surge was evident.

In this work we have used voltammetric sweeps, cur-
rent interruption experiments, and chronopotentiom-
etry in an attempt to determine the electrode reactions.

Experimental

Apparatus—Voltammetry experiments were per-
formed with a Wenking 61 RH Potentiostat coupled to a
Wenking SMP 61 sweep unit (max rate 50 mV - sec—1).
A few faster cyclic voltammetric sweeps were per-
formed with the potentiostat coupled to a Hewlett-
Packard 3310A function generator. Voltammetric
curves were recorded on a Bryans 26000 Series XY
plotter. Chronopotentiometric experiments were car-
ried out with the aid of a 5A max constant current
unit in conjunction with a mercury-wetted relay
switch. Both pieces of equipment were built in the lab-
oratory. Chronopotentiograms were recorded on the
Bryans XY plotter set in the Y/t mode. Electrode po-
tentials were measured with a Vibron electrometer
backed-off with a Pye portable potentiometer. A
Techne fluidized sand bath was used to maintain the
temperature at 300°-400°C. A molten salt bath would
have allowed better temperature control, but was not
used for safety reasons. Temperature control was by
“Cal” proportional controller unit, which maintained
the temperature to +3°C.

The experimental cell is shown diagrammatically in
Fig. 1. The side arm containing a porous sinter was in-
corporated to enable melt to be filtered in situ into the
electrochemical compartment. Ground-glass joints
were greased with Apiezon T compound.
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CURRENT .AND On completion of the filtration, rest potentials of
Sk’ﬁi&&‘c"’ 2;:?;2:& both counter and working electrodes were measured.
ELECTRODE The cell impedance was also determined using an a-c

H bridge (automatic Wayne Kerr B641). These measure-
ments were repeated at intervals of 1-2 days as a check

VACUUM / ARGON on the condition of the cell and electrodes. Experiments

INLET were continued on any one melt for a maximum of 10

days.
Voltammetric curves were obtained at different
sweep rates at both positive and negative potentials.
In each case the start of the sweep corresponded to
I DiLIRATION  the initial rest potential of the electrode which was
T/ 2-3 mV, wrt the graphite reference electrode described
previously. After each run the electrode was allowed
GRAPHITE to attain its rest potential before proceeding with
REFERENCE further measurements.
Sl The interruption experiments were performed by
holding the electrode at a given potential with the
CARBON potentiostat for 1 min, opening the circuit with a high
Efé’é‘lﬁgos speed switch and simultaneously recording the sub-
WORKING sequent behavior of the electrode potential with time
ELECTRODE on an oscilloscope (Hewlett Packard 141) or an XY
recorder. The rise times of the switch and the oscillo-
scope were less than 1 usec.
The procedure for chronopotentiometric measur(;-
ments was straightforward using the equipment al-

28’:325??53 SRS g ready described. The same cell and electrode geometry

2 were employed.
vitReous— \S ol Results
CARBON

Fig. 1. Electrochemical cell assembly

Electrodes.—A conventional three-electrode as-
sembly was used. The working electrode material,
vitreous carbon, was supplied in the form of 0.32 cm
diameter rod. A short length was sealed into a Pyrex
tube and faced off to expose a disk of area 0.08 cm2.
The electrode was polished to 0.25x surface finish. The
sealing of vitreous carbon rod into Pyrex was carried
out by the Allen Clarke Research Centre, Towcester,
following several unsuccessful attempts in our lab-
oratory to obtain a leakproof seal. The counterelec-
trode consisted of a large carbon disk attached to a
threaded carbon rod; both pieces were spectrographic
grade porous carbon. Electrode potentials were meas-
ured using a carbon/sodium polysulfide reference
electrode. This electrode, which consisted of a strip of
flexible graphite sheet (‘“Grafoil,” Union Carbide
Corporation) immersed in a melt of the same composi-
tion as the bulk melt, was contained in a Luggin capil-
lary. The potential of this carbon/polysulfide reference
electrode which has been shown to be reversible (10),
was consequently dependent upon the composition of
the melt under investigation. All electrode potentials
have therefore been corrected to the carbon/NaySs/S
electrode, using the potential/composition relationship
for the cell Na/g alumina/NagS,/carbon (where x =
3-5), determined independently by Gupta and Tischer
(7) and Davies (10).

Melt.—Sodium polysulfide (NasS;) was prepared
electrochemically in a specially designed sodium/sul-
fur cell. Special care was taken in handling the sodium
trisulfide which was removed from the preparation cell
in the molten state using a large argon-purged pipette.
This was allowed to cool, transferred to a glove box
and removed from the pipette by breaking the glass.
A dry argon atmosphere was maintained at all times
in the glove box, where the trisulfide was stored until
required. Higher polysulfides were obtained from the
trisulfide by mutually melting with the appropriate
amount of sulfur.

Procedure.—The introduction of electrolyte into the
filtration side arm of the cell was done in the glove
box. The electrolyte was filtered into the cell through
a porosity 4 sinter under an argon atmosphere.

Voltammetry.—Cathodic voltammetric curves at
350°C are shown in Fig. 2. Salient features are a
current maximum followed by a sharp drop in the
current, a region of limiting current and a final cur-
rent surge at about —1.7 to —1.8V. The height of the
current peak was proportional to the square root of
the sweep rate, in accordance with the equation for
peak voltammetry (11).

ip = Kn8/2 D1/2 Cyl/2 (1]

where i, = peak current density; K = Randles-Sevcik
constant, n = number of electrons transferred, D =
diffusion coefficient, C = bulk concentration of reduci-
ble species, and v = potential sweep rate.

Values of the slope of the plot i, vs. v% which was
a good straight line, were 1.9 — 2.1 A - V-% : em—2
- sec and showed no significant variation with melt
composition. Peak potentials were displaced in the
cathodic direction with increasing sweep rates sug-
gesting uncompensated IR effects due to the large
currents obtained. In successive runs at lower sweep
rates, a second, more complex peak appeared on the
curves (Fig. 3). The height of this peak was virtually
constant below sweep rates of 16 mV - sec—1.

Values of the limiting current were determined in
each melt at sweep rates at which they became con-
stant (less than 10 mV - s—1). Actual values at 350°C
were 28 mA - cm~2 in NasS3; 45 mA - cm~2 in NaySy;
and 100 mA - ecm~2 in NagSs. The temperature depen-
dence of limiting current density in NaySs is shown in
Fig. 4.

-+00—
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CURRENT DENSITY (A. cm2)
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]
-0s <0 =I5 =20 25
POTENTIAL (V) wrt C/NapSs

Fig. 2. Cathodic voltammetric curves for different melt composi-
tions at 350°C. Sweep rate v, 50 mV - sec—1.
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Fig. 3. Cathodic voltammetric curves for different melt compo-
sitions at 350°C showing the second current maxima. Sweep rate
v, 833 mV - sec™ .
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Fig. 4. Temperature dependence of the limiting current density
for the composition NasSs.
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Fig. 5. Anodic voltammetric curves for different melt compositions
at 350°C. Sweep rate v, 50 mV - sec 1.

Results of anodic voltammetric sweeps are shown
in Fig. 5. These curves were less reproducible than
the corresponding cathodic ones. This was particularly
so in the case of the NasS3 melt composition. In this
melt the curve rarely showed a current maximum.
The current continued to increase up to a value cor-
responding to the maximum capability of the potentio-
stat. When a current peak was obtained in this melt
as in Fig. 5, it was followed by a region of oscillating
current. In the other two melt compositions the cur-
rent maximum was followed by a limiting current
region. The value of the limiting current in NaySs was
about 100 mA - cm~—2. Again the height of the current
density peak was proportional to the square root of
the sweep rate. In NapSs; the value of the slope,

May 1972
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Fig. 6. Cyclic voltammetric pattern for the composition Na2Sy
at 350°C. Sweep rate v, 0.4 V - sec— 1.

55 A - V-% . em—2 - sec’s, was more than twice the
value obtained from the cathodic results. However, in
NayS; the value of slope of 0.8 A -+ V=% - cm—2 - sec’
was less than half the corresponding cathodic value.

An example of a cyclic voltammogram is shown in
Fig. 6. Noteworthy features are the peak separation
of a 1.04V, and the greater height of the cathodic cur-
rent maximum. The peak separation is very much
greater than the value expected at 350°C for a reversi-
ble couple (11).

In the single sweeps the anodic current maximum
was higher than the cathodic one in this composition,
yet this situation is reversed in the cyclic sweep.

Interruption experiments—These experiments were
conducted in two different melts and the results for
NayS; are given in Table 1. Results for NaySs showed a
similar trend although values of R were generally
lower. Anodic experiments were not conducted above
120 mV in Na»S3 as the current exceeded the maxi-
mum control capability of the potentiostat. An initial
sharp drop, AE, in the potential was noted. This was
ascribed to IR drop and found to occur in less than
1 usec. From the knowledge of I, the current flowing
prior to switch off, a value for the electrode resistance,
R, was obtained. Both sets of results showed an in-
crease in the electrode resistance up to approximately
—1.1V, thereafter the resistance showed a decreasing
trend. Another significant feature was the sharp in-
crease in the resistance at cathodic potentials which
approximately correspond to the initial current den-
sity maxima on the voltammetric curves. Two stable
potentials were evident on the cathodic decay curves,
one at —340 mV and the other at about —1.9V.

Chronopotentiometry.—All measurements were made
with a vitreous carbon disk electrode of geometric
area 0.08 cm2 Figure 7 shows a chronopotentiogram
for NaySs together with the potential decay curve

Table I. Results of interruption experiments in NasSg at 350°C
Geometric electrode area — 0.08 cm?

Potential
Potentiostated following
potential (mV)  Current, Resistance interruption (mV)
wrt C/NasS; I (mA) E (mV) R (ohm) wrt C/Na:S;
120 60 130 2.2 -10
20 30 70 23 —50
—-80 5.8 12 21 —-95
—180 3.0 16 2.0 —190
—330 1.9 4 2.1 —326
—380 3.8 8 2.1 —372
—430 2.5 86 34 —340
—480 2.4 140 58 —340
—680 24 230 96 —340
Arrest at —450
— 880 24 430 180 —3
Arrest at —450
—1080 2.4 640 266 -3
Arrest at —450
—1280 5.6 940 168 —340
—1480 8.8 1140 130 —346
—1680 6.2 200 32 Arrest at
— 1480 & -—450
— 1880 3.3 40 12 —1840
—2280 8.8 350 40 —1930
—2680 220 770 3.5 —1910
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Fig. 7. Chronopotentiogram for the composition Na2S3 at 350°C,
showing the potential decay pattern after switching off the current.
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Fig. 8. Chronopotentiometric results. Dependence of t*2 on i~!
for different melt compositions at 350°C.

following the opening of the circuit. The chronopo-
tentiograms obtained in NaSs and NazS; were similar.

For cathodically impressed currents the observed
transition time, v, is proportional to the reciprocal of
the current density. Results are shown in Fig. 8 and
suggest that the process is controlled by diffusion in
accordance with the Sand equation

it = Y%na%nFCD% [2]

where symbols have their usual significance and i is
the current density.

Anodic chronopotentiograms were only recorded for
NayS;. The traces were again characterized by very
sharp end points. The observed transition times, how-
‘ever, were not in accordance with the Sand equation
since the plot of 1% vs. i—! was nonlinear.

Discussion

The linear dependence of both i, and % on v% and
i~1 respectively suggests that the electroactive species
are transported predominantly by a diffusion process.
Simultaneous solution of the voltammetric and chron-
opotentiometric equations gave a value of K, the
Randles-Sevcik constant, which was dependent on
melt composition, viz., 1.95 X 10—5 in NasSs, 1.3 X 105
in NagSs, and 1.0 X 105 in NapSs. The theoretical
value of the constant at 350°C for a reversible process
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is 1.88 x 10—5 (13). Experimental values are therefore
in fair agreement with the theoretical value particu-
larly in the NayS; melt where the agreement is within
5%. This suggests that under these experimental con-
ditions effects other than those due to diffusion can
be neglected. This is somewhat surprising in view of
the fact that no supporting electrolyte was used.

From the shape of the cathodic voltammetric curves
it is evident that several processes are occurring at the
electrode. Unfortunately, lack of experimental data on
the species present in sodium polysulfide melts makes
interpretation of our results rather difficult. Recently,

 however, some data (10) on the activity of sulfur in

the melts have become available. Values obtained
were 0.9 in NaySs, 0.2 in NapSy, and 0.04 in NagSs. In
the light of these results we are inclined to ascribe
the first current maximum in all melts to the reduc-
tion of a polysulfide ion rather than elemental sulfur.
This step appears to be diffusion-controlled as indi-
cated by the linear dependence of i, on v*. The chron-
opotentiometric results also confirm diffusion-control,
and further imply that the diffusing species is not the
same in all melts. Analysis of the current maxima
over a range of sweep rates yields horizontal straight
line plots of ig/v% vs. v%, (where ig is the current
density at a potential, E, less cathodic than E;) sug-
gesting a fast, reversible electron-transfer process.
Further analysis of the current maxima indicates the
occurrence of a following chemical reaction, thus the
plot of i,/v*% vs. v% which should be a horizontal
straight line for an uncomplicated electron-transfer
step shows a positive deviation from linearity at low
sweep rates in accordance with the diagnostic criteria
for a chemical reaction following the initial electro-
chemical step (12). This is found in NaySs and NayS;
melts but not in NayS; as seen in Fig. 9. We therefore
conclude that this chemical step involves elemental
sulfur.

The sharp drop in the current following the initial
maximum could be associated with the formation of
a film of NasS,. The fact that this sharp drop is ob-
served even at very low sweep rates (0.6 mV - min—1)
tends to support the formation of a film. The sharp-
ness of the transitions in the chronopotentiograms are
also indicative of film formation. The reduction of a
higher polysulfide ion could give rise to S2— ions
which would precipitate in accordance with the phase
diagram. Other S,2— ions could diffuse away into the
bulk melt and recombine with sulfur to form the
original polysulfide ion. This step would constitute
the chemical step observed in NaySs and NagSs melts.
The fact that the following chemical reaction is faster
in NaSs (see Fig. 9) which is the melt having the
highest sulfur activity lends support to the above
explanation.

In NaySs and NapS; there is evidence of a small
current peak immediately following the initial peak
(Fig. 2 and 3). This could be associated with the re-
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Fig. 9. Depend of the volt tric function i,/v%2 on

v%2 for cathodic sweeps in different melt compositions at 350°C
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duction of either elemental sulfur or a different poly-
sulfide ion.

In the region of limiting current, the resistance
ascribed to the film of Na2S, continues to increase to a
maximum at about —1.1V. In NaySs, where the activ-
ity of sulfur is very low, we might expect a more
stable film since the rate of reaction of the film with
sulfur to form higher polysulfides will be much slower.
This is in fact the case, as indicated by the high
values of electrode resistance obtained in this melt.

The second current maximum, which is observed at
about —1.3V, we believe to be associated with the
reduction of the NazS; film to NagS. At this potential,
however, the value of the electrode resistance began
to decrease (Table I). This may be interpreted as the
faster rate of dissolution of NaS than NasS; in the
bulk melt. Alternatively, the film of Na;S may assume
some degree of electronic conductivity although there
does not appear to be any independent ev1dence for
this.

We believe the final current surge to be associated
with the production of metallic sodium. This is con-
trary to the suggestion put forward by Selis that this
surge is due to the formation of sulfide ions. Our
opinion is substantiated by the agreement between the
corresponding potential, about —1.8V, and the free
energy of formation of sodium polysulfides (7). Main-
taining the electrode at potentials more cathodic than
—1.9V resulted in a potential of about —1.9V persist-
ing for several minutes after the current had been
switched off. The existence of metallic sodium at the
electrode in such a reactive medium could be ex-
plained by a thin sodium ion conducting film of Na,S
protecting the metal from the melt.

The shape of the anodic current maximum suggests
the occurrence of two different electrochemical steps.
The first process could be the oxidation of a lower
polysulfide ion to form a higher species. As the poten-
tial is increased the higher polysulfide is then itself
oxidized, and the current increases until the point is
reached when the electrode becomes covered by a
film of liquid sulfur. The current therefore drops
sharply and is subsequently limited by this film. This
situation would be accentuated in melts contain-
ing sulfur at a higher activity, which was found to be
the case. Conversely, the electrochemically produced
sulfur could react quite rapidly with NasS; and this
would explain the rarity of a limiting current in this
melt.

The final current surge at around 1.8V on the volt-
ammetric curves is difficult to explain. One explana-
tion could be interference by the products of a cath-
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odic process at the counterelectrode, although the high
current reached renders this view somewhat doubtful.

Conclusions

At the carbon cathode the first step in the reduction
of sodium polysulfide appears to be the reversible
formation of a lower polysulfide species. In NasS4 and
NaSs melts this is followed by a chemical reaction
involving sulfur. Available evidence suggests that the
current becomes limited by the formation of sodium
sulfide films at the electrode. At higher potentials,
—1.7 to —1.8V, metallic sodium is formed.

At the anode the current is limited by the forma-
tion of a film of liquid sulfur and this hmltatlon is
greatest in the NaySs melt.
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The Electrochemical Activity of Dispersed Platinum
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ABSTRACT

A highly dispersed platinum catalyst (platinum crystallite size less than
154) on a conductive carbon support was prepared. These doped carbons were
made into Teflon-bonded fuel cell electrodes and the platinum surface area
and the dispersed platinum specific activity (i.e., the activity per unit area of
platinum) for oxygen electroreduction in acid electrolyte was determined. The
specific activity of the dispersed platinum was found to be approximately
twenty times less than that of crystalline platinum black. The lower activity
of this catalyst compared with that of platinum black may be due either to the
difference in the platinum crystallite sizes, or to the influence of the support
on the platinum activity, or to a combination of both these factors.

To build low cost acid electrolyte fuel cells with
platinum as the cathode catalyst, it is desirable to
utilize Pt with the maximum activity and one method
of achieving this is to use Pt with the maximum sur-
face area. High degrees of dispersion of Pt (defined
as the ratio of surface metal atoms to total number of
atoms) have been prepared by supporting the plat-
inum on a porous, conducting substrate. However a
basic question which must be answered before using
these supported Pt catalysts is whether the support
and/or Pt crystallite size affects the platinum specific
activity (i.e., the activity per unit area of Pt).

Many dispersed metal catalysts supported on non-
metallic substrates have been prepared (1, 2) and in
some cases the ultimate goal of an atomic dispersion
of the metal has been claimed (3, 4). These dispersed
metal catalysts have been used in many. studies with
gas reactants. The reactions have been divided into
two classes: structure insensitive or facile reactions
and structure sensitive or demanding reactions. Ex-
amples of the former are the dehydrogenation of
cyclohexane (5), the hydrogenation of ethylene (6),
and the hydrogenation of cyclopropane (7). Examples
of demanding (1) reactions are propane cracking (8),
the hydrogenation of benzene (9), ethane hydrogenol-
ysis (10), and the isomerization of neopentane (11).

To relate the specific activity of metals and sup-
ported metals to the metal crystallite size, the catalyst
activity free of mass transfer limitations and the
catalyst area must be measured. Zeliger (12) showed
that the specific activity of Pt supported on asbestos
for the electroreduction of oxygen was constant for
Pt crystallites in the range of 50-100A. Bett et al. (13)
extended this observation and showed that the specific
activity of unsupported Pt for the same reaction was
independent of the Pt crystallite size in the range of
100-400A. Thus it would appear that this reaction was
facile. However these observations may not be ap-
plicable to smaller Pt crystallites since the influence
of the crystallite size on the specific activity of a
metal is expected (1) to be much more significant for
crystallites smaller than 40A.

In the present paper we describe the preparation of
a highly dispersed platinum catalyst (platinum crys-
tallite size less than 15A) on a conductive carbon sup-
port and the specific activity of this dispersed Pt for
oxygen electroreduction. Polarization curves for oxy-
gen reduction on Teflon-bonded diffusion electrodes
prepared from these catalysts were determined in
oxygen-saturated 20% H,SO4 solution at 70°C and
the Pt area of the catalyst was measured by the elec-
trochemical oxidation of adsorbed hydrogen and of
adsorbed carbon monoxide. We have shown that the
specific activity of this highly dispersed Pt for the

* Electrochemical Society Active Member.

Key words: catalytic activity, dispersed platinum, oxygen cath-
odes, fuel cells.
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electroreduction of oxygen is approximately twenty
times less than that of crystalline Pt black.

High dispersions of Pt on nonconducting supports
have been prepared either by localizing metal ions at
specific sites by ion exchange prior to reduction with
hydrogen (4, 14) or by using a low Pt concentration
[less than 1 weight per cent (w/0)] (3, 6). The limita-
tion of the latter method is that, at these low Pt con-
centrations, the minimum Pt crystallite size which
can be detected by x-ray diffraction is approximately
50A (15). Thus we prepared the highly dispersed
platinum catalysts on a conducting substrate by local-
izing the platinum ions through exchange with ions
in a commercial ion exchange resin and subsequently
reducing the metal ions by resin pyrolysis in an inert
atmosphere. Thus the initial stage fixes the platinum
ions at specific sites while in the second stage a con-
ducting substrate is produced and the metal ions are
reduced. We have termed this material a Pt-doped
carbon in order to differentiate it from the material
prepared by the reduction of chloroplatinic acid
adsorbed on a preformed carbon,

Experimental

Preparation of the highly dispersed platinum.—The
procedure used to prepare the highly dispersed plat-
inum was similar to that used by Pohl (16) and by
Pohl and Rosen (17) in the preparation of metal-
doped, semiconductor, polymer carbons.

Cation exchange resins were received in the free
acid form and they were converted into the calcium
form with calcium hydroxide solution. The platinum
solution consisted of 3 g/liter of diamminoplatinum
(II) dinitrite dissolved in a calcium hydroxide solu-
tion of pH 9. Fifty milliliters of the calcium form of the
resin [measured in Ca(OH); solution] was stirred in
500 ml of the hot platinum solution for 3 hr. The resin
was doped with platinum ions in this way to ensure
uniform distribution of the ions throughout the resin.
The resin was decanted from the platinum solution,
washed with water, dried at 110°C for 24 hr and then
at 200°C for 24 hr. It was then pyrolyzed in an inert
atmosphere at a temperature in the range 700°-900°C
for 24 hr. The pyrolyzed material was washed
thoroughly with dilute nitric acid and then water to
remove the calcium salt and finally dried at 110°C in
a vacuum oven.

Highly dispersed platinum was formed in the plat-
inum-doped carbon only with weak acid cationic resins
which were neutralized with calcium hydroxide solu-
tion (18). The two commercial weak acid cation ex-
change resins used in this work were: Amberlite IRC
50 (Rohm & Haas Company) which is based on meth-
acrylic acid and has a particle size of 16-50 mesh and
Amberlite CG50 (Rohm & Haas Company) which has
a similar structure but a particle size of 200-400 mesh.

The noncombustible gases are listed in Table I and
the pyrolysis time was 24 hr for all samples.
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Table I. The preparation conditions of Pt-doped carbons
containing highly dispersed Pt®

Pyrolysis Furnace Weight?

Sample No. temperature atmosphere % Pt
1 700 N2 6.1
2¢ 700 N2 6.1
3 700 N2 6.2
4 700 N: 7.3
5 700 N: 7.8
6 700 N: 12.2
T 700 10% CO, 90% N. 8.1
8 700 50% CO, 50% N- 9.7
9 700 10% C:Hi, 90% N 8.0
10 800 N 84

e These samples contained no detectable Pt crystallites.

> The ratio of the weight of Pt to the total weight of Pt and
carbon.

¢ Sample 2 was prepared from Amberlite CG50 resin, the re-
mainder were prepared from Amberlite IRC50 resin.

Characterization of the highly dispersed platinum.—
The particle sizes of the Pt-doped carbons were in the
range 0.4-12x and it was possible to prepare Teflon-
bonded diffusion electrodes from all these catalysts.
Clearly it was essential to prepare reproducible elec-
trodes and this was achieved by using the same pro-
cedure as that of Vogel and Lundquist (19). As a
check on the electrode preparation technique, elec-
trodes were also prepared from commercial Pt black
(Engelhard Industries) and 5% Pt supported on
graphite. The latter catalyst was prepared by the
reduction of chloroplatinic acid adsorbed on graphite.

The polarization curves for oxygen reduction were
determined galvanostatically in oxygen saturated 20%
H,S0O, solution at 70°C using the floating electrode tech-
nique (20). The cell was a 500 ml round-bottom flask,
and its temperature was maintained by placing in a
heating mantle. The electrodes were inserted through
ground glass joints in the flask. The working electrode
was supported in a gold foil spring, and it was floated
on the surface of the electrolyte. Current collection
from the gold foil to the external circuit was made via
a platinum wire. The counterelectrode was a platinum
gauze on which platinum was electrodeposited. The
reference electrode was a reversible hydrogen elec-
trode which was placed in a Luggin capillary and im-
mersed in the test electrolyte. The IR drop between the
floating electrode and the tip of the Luggin capillary
was determined using an interrupter technique. All
potentials given in this paper refer to the reversible
hydrogen electrode in the same electrolyte and are
corrected for IR drop.

The available Pt area of the electrodes was mea-
sured by determining the charge due to the oxidation
of adsorbed H; and of adsorbed CO in N, purged 1M
H3S04 solution at 30°C using the periodic triangular
voltage sweep technique. These sweeps were made
using an Electroscan 30 (Beckman Instrument Com-
pany).

The platinum concentrations in the doped carbons
were determined by measuring the weight loss after
heating in a muffle furnace at 900°C. These concentra-
tions were checked in selected doped carbons by dis-
solving the platinum in aqua regia and measuring the
absorbance of the stannous chloride complex (21).
The size of the platinum crystallites in the Pt-doped
carbons was determined from the broadening of the
x-ray diffraction line from the (III) plane using a
Norelco diffractometer.

Results

Preparation of highly dispersed platinum catalysts.—
The minimum Pt crystallite size which can be detected
depends on the Pt concentration (15). Preliminary
experiments showed that 15A or bigger Pt crystallites
were detected by x-ray diffraction providing the Pt
concentration was greater than 5 w/o. Thus the sam-
ples with greater than 5 w/o Pt in which Pt could
not be detected by x-ray diffraction contained highly
dispersed platinum. It is not known whether the Pt
was monatomically dispersed or whether it existed as
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small crystallites but the average crystallite size was
less than 15A.

Table I lists the preparation conditions of platinum-
doped carbons containing highly dispersed Pt (sam-
ples 1-10). All these samples had greater than 5 w/o
Pt and Pt crystallites could not be detected by x-ray
diffraction. The concentration of the highly dispersed
Pt in the doped carbon could not be increased above
12.2 w/o (18) (Table L)

In the preparation of the highly dispersed platinum
it was important to ensure that all the platinum ions
were ion exchanged and that no platinum salt was
precipitated in the resin pores. This was achieved
by doping the resin in a hot platinum solution. When
the resin doping solution was at room temperature,
platinum crystallites were detected in the doped car-
bons after pyrolysis and it was presumed that these
crystallites were formed by platinum salt precipitated
in the resin pores. Highly dispersed Pt was formed
when either of the resins was used as the starting
material and when any of the gases was used as the
furnace atmosphere.

To compare the electrochemical activity of crys-
talline and subcrystalline platinum, three platinum-
doped carbons were prepared containing platinum
crystallites. These platinum crystallites were formed
in the doped carbons either by precipitating platinum
salt in the resin pores and pyrolyzing at 700°C (sam-
ples 12 and 13), or by doping the resin in a hot
platinum solution and pyrolyzing at 900°C (Table II).

The specific resistance of several Pt-doped carbons
was measured (18). The values of the materials pre-
pared by resin pyrolysis at 700°C were approximately
0.01 ohm-cm and this is in agreement with the values
determined by Pohl (16). This resistance was suffi-
ciently low for there to be no ohmic drop in the elec-
trode at the low experimental current densities.

Platinum surface areas.—The platinum surface areas
of the doped carbons were measured by determining
the charge associated with the electrochemical oxida-
tion of adsorbed hydrogen and of adsorbed carbon
monoxide. This was carried out by measuring the
current/potential curve during the application of a
periodic triangular potential sweep to the electrode
in nitrogen-purged 1M H2SOy solution at 30°C at a
sweep rate of 10 mV/sec. This sweep rate was chosen
since faster rates gave ill-defined oxidation peaks in
the current/potential curves.

In agreement with the work of Giner et al. (22) we
found that it was not possible to obtain reproducible
values for the charge associated with the oxidation of
adsorbed hydrogen (Qu) with a floating electrode due
to hydrogen evolution at potentials cathodic to ap-
proximately 0.3V, Also it was not possible to deter-
mine the charge due to the reduction of chemisorbed
oxygen (Qpwo) by galvanostatic stripping since there
was no arrest in the potential/time curve due to
chemisorbed oxygen reduction. Thus @y was deter-
mined on a submerged electrode.

Figures 1, 2, and 3 show the current/potential curves
determined on the application of a potential sweep in
the range 0.05-1.45V to electrodes prepared from sam-
ple 5, Pt black and Pt supported on graphite, respec-
tively. Similar current/potential curves to Fig. 1 were
observed with all the electrodes prepared from the Pt-

Table II. Preparation of platinum-doped carbons containing
Pt crystallites
Ion exchange resin: Amberlite IRC50; pyrolysis atmosphere: N2

Pt crystallite

Pyrolysis diameter (A)
temperature Weight (from x-ray
Sample No. (°C) % Pt diffraction data)
11 900 9.4 55
12 700° 11.0 40
13 700¢ 6.7 25

¢ The Pt crystallites were formed by precipitating the Pt salt in
the resin pores prior to pyrolysis.
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Fig. 1. Potential sweeps on electrodes prepared from sample 5.
Pt loading 0.6 mg/cm2, 1M H3S0;4 solution at 30°C.

doped carbons containing dispersed Pt (samples 1-10)
i\;ldl 3;avith those containing crystalline Pt (samples

The current/potential curves obtained with Pt black
(Fig. 2) and Pt/graphite (Fig. 3) electrodes are the
same as those obtained with Pt foil electrodes (23).
The unusual characteristics of the current/potential
curves with Pt-doped carbon (Fig. 1) were: (i) it had
a large capacity current in the potential range of
0.05-0.40V which interfered with the measurement of
Qu on Pt, (ii) it had no peak due to the reduction of
chemisorbed oxygen, and (iii) it had an anodic peak at
0.71V and a cathodic peak at 0.68V.
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Fig. 2. Potential sweeps on Pt black electrodes. Pt loading 9.2
mg/cm2, 1M H2SO4 solution at 30°C.
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Fig. 3. Potential sweeps on 5% Pt/graphite electrode. Pt loading
0.7 mg/cm2, 1M H3S04 solution at 30°C.

Since Qu could not be determined on the Pt-doped
carbon electrodes from the potential sweeps in nitro-
gen-purged electrolyte, it was determined by compar-
ing the potential sweeps with and without carbon
monoxide adsorbed on the electrode surface. The
same measurements were also made with the Pt black
and the Pt/graphite electrodes.

Figures 1, 2, and 3 show the current/potential curves
determined by the application of a potential sweep
with (dashed line) and without (solid line) carbon
monoxide adsorbed on electrodes prepared from sam-
ple 5 (Fig. 1), Pt black (Fig. 2), and Pt supported on
graphite (Fig. 3), respectively, in Np-purged 1M
H,S04 at 30°C. These measurements were made by
first performing the potential sweep on the electrode
in nitrogen-purged electrolyte (solid lines, Fig. 1-3).
The electrolyte was then purged with CO for 1 min
while the electrode was on open circuit (approximately
0.20V) and then with Nj for 5 min to remove dissolved
CO. The cyclic voltammetric sweep on the electrode
was then repeated in the Nj-purged electrolyte
(dashed) lines (Fig. 1-3). The difference in the shape
of the two curves in the potential region 0.05-0.45V is
due to the adsorption of CO on the electrode and in
the potential region 0.60-0.80V it is due to the oxida-
tion of CO. Preliminary experiments indicated that a
5 min N, purge was sufficient to remove all the dis-
solved CO from the electrolyte with minimal desorp-
tion of carbon monoxide from the electrode surface.

Figure 4 shows the potential sweeps in nitrogen-
purged electrolyte on an electrode prepared from a
carbon. This carbon was prepared by the pyrolysis at
700°C of the calcium form of Amberlite IRC50 ion
exchange resin but similar current/potential curves
were also observed with graphite electrodes. There is
no peak due to the oxidation of adsorbed hydrogen or
of adsorbed carbon monoxide on carbon (Fig. 4) and
hence the values of @u and Qco calculated from Fig.
1 and 3 are due solely to reactions occurring on Pt.
Also Fig. 4 indicates that the anodic and cathodic
peaks at 0.71 and 0.68V, respectively, Fig. 1, are due
to the oxidation and reduction of surface groups on
the carbon.

Pt-doped carbons prepared by resin pyrolysis at
500° and 600°C also contained highly dispersed Pt (18).
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Fig. 4. Potential sweep on carbon electrode 1M H»SO4 solution
at 30°C.

However no well-defined peaks in the current/poten-
tial curves were obtained with these materials and
no further studies were made with them since it was
not possible to measure their Pt areas.

For the Pt-doped carbons (samples 1-13), the ratio
of Qco to Qu was in the range 1.5-2.0 to 1. The slightly
low value of Qco is probably caused by CO desorption
during the Ny purge. The values of Qu and Qco of
selected Pt-doped carbons were measured in 20%
H,S0, solution at 70°C as well as in 1M H,SO; solu-
tion at 30°C and the same values were obtained in
each of two electrolytes. With Pt black and Pt sup-
ported on graphite, the ratio of Qu: Qpto: @co was 1:2:2
within +10%. Thus the oxidation of CO was a 2
electron process on dispersed and on crystalline Pt.

The values of the Pt areas (expressed as m2/g) of
the Pt-doped carbons (samples 1-13), Pt black, and Pt
supported on graphite are given in Table III. They
were calculated from the experimental values of Qu
and the Pt loading on the electrode by assuming that
the average density of Pt atoms is 1.12 x 1015 atoms/
cm? (3). The values of the Pt area reported in Table III
are average values obtained with 3 electrodes and
the Pt area of these electrodes agreed within +10%.
The area of the Pt black (Table III) agreed with other
data with Engelhard Pt black (19).

The Pt areas calculated from the CO oxidation data
are not included in Table III. However these values
were the same as those calculated from Qu since the
ratio of Qu:Qco was 1: 2,

The calculated areas of a monatomic Pt dispersion
and of a 14A Pt crystallite are (3) 276 m2?/g and 167
m?/g, respectively. The experimental values of the
areas of highly dispersed platinum (samples 1-10)
are less than the calculated values'for a 14A crystal
indicating that a significant fraction of the platinum is
buried inside the carbon during the resin pyrolysis and
is therefore not wetted by the electrolyte.

Thus the x-ray diffraction measurements (Table I)
show that there are no platinum crystallites in sam-
ples 1 through 10 greater than 14A and the surface
area data (Table III) indicates the Pt available for
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Table I11. Values of the available Pt surface areas of the activity
of Pt of Pt-doped carbons, Pt black, and Pt supported
on graphite

Activity of Pt
Pt surface area

(m2/g of Pt) mA at 0.9V/
(from H: oxi- mA at 0.9V/ mC H: oxi-
Sample No. dation data) mg of Pte dationd.c

1 132 1.5 0.007
2 54 0.7 0.007
3 108 0.9 0.007
4 58 0.6 0.005
5 102 1.6 0.008
6 143 1.0 0.004
7 84 0.3 0.002
8 22 0.1 0.002
9 69 0.3 0.002
10 84 0.4 0.003
11 39 1.3 0.030
12 49 3.0 0.041
13 84 9.1 0.063
Pt black 24 2.5 0.071
5% Pt/graphite 50 6.3 0.101

o The current was calculated by extrapolating the Tafel plot to
ﬁ;b Tl;l:is is the specific activity (i.e., the activity per unit area) of
e Pt.

¢ The average value of the specific activity of highly dispersed
Pt catalysts (samples 1-10) was 0.004.

the electrochemical reaction. The “burying” of Pt
makes it impossible to calculate the actual degree of
dispersion of Pt.

The relatively low platinum area of sample 8 (Table
III) indicates that a particularly large fraction of
platinum was buried during resin pyrolysis in the
N2/CO (50% CO) furnace atmosphere. This is sub-
stantiated by the fact that calcium was detected in
this sample by x-ray diffraction and it was not possi-
ble to wash it out. Hence it appears that the furnace
atmosphere does influence the pyrolysis reaction but
it does not measurably affect the size of the platinum
crystallites (18).

Activity of highly dispersed platinum.—Figure 5
shows the steady-state polarization curves for oxygen

100

Current Density (mA/cm?)

Potential vs R.H.E. (Volts)
1 il

0.0 1
0.90 0. 80 0.70

)
7. 60

Fig. 5. Cathode performance on oxygen. Sample 4, Pt loading
0.2 mg/em2, 20% H3504 at 70°C.
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reduction in oxygen-saturated 20% HySO, solution at
70°C on an electrode prepared from sample 4. The
data obtained with the other electrodes followed the
same general pattern and the slopes of the semi-
logarithmic plots were equal to 70 = 5 mV. These plots
were linear over 1% decades of current for electrodes
prepared from the platinum-doped carbons (samples
1-13) and from Pt supported on graphite and over 3
decades of current for those prepared from Pt black.
Since these plots are linear over a large current den-
sity range, it is possible to obtain the activation
polarization for oxygen reduction on the electrodes.

In the potential range of the oxygen reduction mea-
surements (i.e., 0.9-0.6V), there was no significant
current (approximately 1 pA/cm2?) due to oxygen
reduction on carbon and on the Au electrode holder
and there was no current due to carbon corrosion in
Nq-saturated 20% H2SO4 solution at 70°C. Thus the
experimental polarization curves represent oxygen re-
duction on Pt.

The activity of Pt in Table III is expressed in two
ways: (i) the ratio of the current at 0.9V to the weight
of Pt on the electrode (mA at 0.9 V/mg of Pt) and (ii)
the ratio of the current at 0.9V to mC for H; oxidation.
The value of the current at 0.9V was obtained by ex-
trapolating the semilogarithmic plot to 0.9V and hence
these values of the Pt activity are free of mass transfer
effects.

The first method of expressing the Pt activity (mA
at 0.9 V/mg of Pt) is of practical importance since it
allows the calculation of the activation polarization
per unit weight of Pt. The second method (mA at
0.9 V/mC for H, oxidation) is used in the theoretical
discussion since it is a measure of the specific activity
(i.e., the activity per unit Pt area) of Pt for oxygen
reduction.

The average value of the specific activity of the
highly dispersed Pt was 0.004 and it was apparently
independent of its preparation conditions (furnace
atmosphere and ion exchange resin particle size). The
values of the specific activity of Pt black and of Pt
supported on graphite were in excellent agreement
\(m;;l the value calculated from other Pt black data

19).

It can be seen from Table III that the specific activ-
ity of highly dispersed Pt is significantly lower than
that of Pt-doped carbons containing crystallites, Pt
black, and Pt supported on graphite. This low value
was not due to an experimental artifact. Thus the
high activity of Pt-doped carbons containing crys-
tallites demonstrated that the low activity of dis-
persed Pt was not due to catalyst inhibition during
resin pyrolysis, large carbon corrosion currents in
oxygen-saturated electrolyte, and high ohmic losses
between the catalyst and current collector; and the
high activity of samples 11-13, Pt black and Pt sup-
ported on graphite demonstrated that it was not
caused by inadequate electrode structures.

Discussion

The x-ray diffraction data indicate that a highly
dispersed Pt catalyst was prepared. It was not possible
from the Pt surface area data to determine whether
a monatomic dispersion of Pt was prepared but the
average Pt crystallite size in the samples was less
than 154,

It was shown (24), from measurements of the rate
of hydrogen chemisorption on platinized carbon from
the gas phase, that hydrogen was initially adsorbed
on the metal and it then migrated over the carbon
surface. This process was termed hydrogen spillover
(1), and it has resulted (1, 4, 24, 25) in anomalously
high Pt areas for platinum suported on carbon, zeolites,
and tungsten oxide.

Carbon monoxide spillover onto a support has not
been reported in the literature. Thus hydrogen spill-
over onto the support did not occur in the present work
since the ratio of Qu:Qco was 1:2. Hence the Pt areas
(Table III) are not anomalously high and the specific
activities of Pt (Table III) are correct values.
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Table 1V. Elemental analysis of Pt-doped carbons

Atomic per cent

Sample No. C H o Pt
4 7.4 9 8.4 0.4
6 65.0 22.1 12.0 0.9
1 73.0 20.5 5.8 0.5
9 1.3 6.7 0.5

The specific activity of the highly dispersed Pt for
O, electroreduction in acid electrolyte was consider-
ably lower than that of crystalline Pt (Table III). The
specific activity of Pt foil has not been measured.
However the current/potential curve in the Tafel re-
gion is the same in concentrated phosphoric and sul-
furic acid solutions (19) and thus using data in H3PO,
(26) solution and assuming 0.21 mC/cm? for Hj oxida-
tion, the specific activity of Pt foil at 76°C is 0.02. This
value is significantly lower than those of Pt black
and Pt supported on graphite but greater than that of
dispersed Pt.

The lower activity of the dispersed Pt catalysts may
be due either to the difference in the Pt crystallite
sizes, or to the influence of the support on the Pt activ-
ity, or to a combination of both these factors. It is
not possible from the present data to determine which
has the major influence.

The influence of Pt crystallite size on the activity of
Pt arises since the coordination number of the surface
atoms depends on the crystallite size. For example,
Poltorak and Boronin (27) have shown that in a 14A
crystal only 33% of the surface atoms have the co-
ordination number of atoms in an infinite, ideal face,
whereas in a 50A crystal 85% of the surface atoms
have the coordination number of atoms in an infinite
face. It is clear that the Pt crystallite size distribution
may also affect the Pt activity.

Evidence for an interaction between Pt and the sup-
port was obtained by Nicolau, Thom, and Pobitschka
(28) and by Hillenbrand and Lacksonen (29, 30).
Nicolau Thom, and Pobitschka (28) found that the
sample prepared by the reduction of chloroplatinic
acid adsorbed on charcoal exhibited strong para-
magnetic resonance absorption but that the para-
magnetic resonance absorption was weaker when
Pt was mixed with the charcoal. Hillenbrand and
Lacksonen (29, 30) found that adsorption of Pt on
carbon altered the number of unpaired electrons in
the carbon and this modification depended on the pre-
treatment of the carbon. There are no measurements
of the interaction between the metal and the support
as a function of metal crystallite size but it is expected
that this interaction will be greater for the smaller
metal crystallites.

The catalysts prepared by the pyrolysis of an ion
exchange resin at 700°C do not consist solely of Pt
and carbon, and selected doped-carbons were ana-
lyzed! to determine the fraction of hydrogen and oxy-
gen atoms in each support. These results are reported
in Table IV.

It can be seen from Table IV that the supports con-
tained significant fractions of hydrogen and oxygen.
Comparison of the analysis results (Table IV) with the
Pt specific activity data (Table III) indicates that
small changes in the composition of the support does
not change the activity of Pt for oxygen reduction, but
this does not prove that the support is not influencing
the activity of platinum. Further work aimed at larger
variations in support composition is required to extend
the present study.

This work demonstrates that the activity for oxygen
reduction of highly dispersed Pt on a support prepared
by the pyrolysis of an ion exchange resin is less than
that of crystalline Pt. This may not hold true for all
dispersed Pt catalysts but it may only be applicable to
the Pt dispersion prepared by this particular method.

1 Analyses were made by Schwarzkopf Microanalytical Labora-
tories, New York, New York.
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In addition the low activity of dispersed Pt catalyst
may be applicable only to the electroreduction of oxy-
gen and the relative activity of highly dispersed and
crystalline platinum will probably depend on the na-
ture of the reactant and even of the electrolyte. For
example, Poltorak and Boronin (31) using highly dis-
persed Pt on silica gel found that many hydrogenation,
dehydrogenation, and hydrogenolysis reactions were
independent of the platinum crystallite sizes. However
when the same catalysts were used for reactions in-
volving oxygen species (e.g., hydrogen peroxide de-
composition, methanol and ethanol oxidation, and
acetaldehyde oxidation) their activity was at least one
order of magnitude lower than that of Pt black. It was
claimed (31) that in the latter reactions the platinum
was completely covered with oxygen and consequently
it lost its metallic character.

The highly dispersed Pt catalyst prepared by the
pyrolysis of an ion exchange resin in which Pt ions
were adsorbed is not suitable as cathode catalysts in
acid fuel cells since the increase in Pt area is more
than outweighed by the decrease in Pt specific activity.

Manuscript submitted Aug. 13, 1971; revised manu-
script received ca. Jan. 7, 1972

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1972
JOURNAL,
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Hermetic Compression Seals for Alkaline Batteries

E.J. McHenry* and P. Hubbauer
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974

ABSTRACT

An accelerated thermal cycle test is described which has been used to
evaluate the long-term reliability of seals for nickel-cadmium batteries in Bell
System use. Results of this test correlate well with life test results on long-
term overcharge. Two new types of seal have been developed for use in nickel-
cadmium or other alkaline batteries. The first is a simple modification of the
seal developed by A. W. Ziegler for submarine cable use. It entails substitution
of an injection molded nylon bushing for the machined Kel-F bushing used
by Ziegler, thus eliminating a costly machining operation and greatly sim-
plifying fabrication of the seal. The second is a design employing the same
principles as the Ziegler seal but is simpler and can be made in smaller sizes
than the Ziegler seal. Both designs have been subjected to accelerated thermal
cylclle tests and found to be superior to the seals used on commercial alkaline
cells.

The maintenance-free rechargeable nickel-cadmium
cell depends on a proper balance among oxygen pres-
sure, state-of-charge of the electrodes, electrolyte con-
tent, and positive-to-negative capacity in order to
function dependably. This balance can be maintained
only as long as there is no material transport across the
walls of the container. A leakage rate of as little as

* Electrochemical Society Active Member.
Key words: injection molding, terminal seals.

10 std cm3 of oxygen per month (4 x 10-6 std cm3/sec)
would result in an increase of 480 mA-hr in negative
state-of-charge in one year. This represents approxi-
mately one third of the excess negative capacity in a
typical D (4 A-hr) cell and would result in cell fail-
ure within three years.

Leakage is a problem which seriously limits the life
of nickel-cadmium batteries in Bell System service.
These batteries contain conventional commercial cells
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in which economic and size limitations usually dictate
the use of a seal based on a compressed plastic gasket.
Aerospace cells, having no such economic limitations,
have traditionally used ceramic-to-metal and glass-to-
metal seals in an attempt to achieve long life. However,
NASA data (1) indicate that despite their high cost,
leakage occurred in 33% of the cells tested containing
ceramic-to-metal seals and 53% of the cells tested con-
taining glass-to-metal seals. In addition to the fact that
glass and ceramic seals are expensive, inherently
fragile, and subject to chemical degradation, previous
work in the laboratory .(see section on Ziegler seal)
has shown better results with properly designed com-
pression seals. Therefore, this work was directed to-
ward improvement of the compression seal.

Experimental

Theory and accelerated testing.—The basic principle
of the compression seal is shown in Fig. 1. In its sim-
plest form the seal is composed of a plastic gasket, 1,
compressed between the negative terminal, 2, and the
positive terminal, 3, sealing leakage paths, A. Provided
there is continuous contact between the metal and
gasket surfaces and sufficient pressure is maintained on
the gasket, this seal will effectively prevent leakage.
When metal-to-plastic contact is not continuous or
contact pressure is not maintained above a critical
point, failure occurs. Failure of compression seals may
be the result of any one or combination of the follow-
ing:

1. Improper construction
feathered edges, burrs, etc.).

2. Poor design.

3. Chemical or thermal degradation of the gasket.

4. Thermal or mechanical fatigue of the gasket.

(misaligned gasket,

Chemical or thetrmal degradation of the gasket is
normally not encountered at room temperature or be-
low but may be serious at higher temperatures. Diffu-
sion of gas or liquid through the gasket occurs at an
appreciable rate only at high temperature or pressure.
Seal failures are normally due to poor design, improper
construction, or gasket fatigue, all of which result in
insufficient contact pressure between the gasket and
metal surfaces.

Fatigue results from pressure fluctuations inside the
cell or from stress variations caused by thermal cycle
of components with large differences in thermal expan-
sion coefficients. The internal gas pressure of a sealed
Ni-Cd cell varies with the state of charge and rate of
overcharging., This differential may be as great as 5
atm between the end of charge and the end of dis-
charge. In conventional cells the area of the cover
acted on by the internal pressure is considerably

®

BEFORE COMPRESSION

AFTER COMPRESSION

Fig. 1. Compression seal princip!
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greater than the bearing (contact) surface between the
cover and the gasket. Thus the resulting stress in the
gasket is of the order of 10 times the internal gas
pressure, Normal operation also entails thermal cycle
(daily temperature variation superimposed on a sea-
sonal temperature cycle) which causes expansion and
contraction of the seal components. Gasket materials
generally have thermal expansion coefficients ten times
that of metal container materials so that expansion of
the gasket is restricted by the container. Heating and
cooling cause a fluctuating stress on the gasket which
eventually results in fatigue failure. Thus rapid, broad
range thermal cycling would be expected to greatly
accelerate seal failures which would result from any
of the causes listed above. This test would rapidly pro-
vide comparative data on seal quality which might
otherwise take months or years to accumulate.

The temperature profile that was used in our experi-
ments is shown in Fig. 2. It consisted of cycling be-
tween —40°F and +160°F, one full cycle every 2 hr.
The lag time required for the chamber to come to the
set temperature was approximately 20 min on both
rise and fall. Thermal cycling was continuous seven
days a week with no rest period until failure of the
seal, Failure was determined by applying wet multi-
range pH paper to the seal and observing color change
after 5 min. If the paper indicated a pH of 9 or greater,
the seal was considered failed. Leak checks were made
every day during the first week of testing and every
week thereafter.

Experimental evidence of the correlation between
thermal cycle and overcharge tests is shown in Fig. 3.
The upper graph is a conglomerate of leakage data on
60 commercial D cells of four manufacturers which
were tested at 20°F, 32°F, and room temperature at
200 mA constant overcharge (2). The lower graph
shows results of thermal cycle tests on 20 additional
D cells taken from the same lots. As can be seen, there
is one-to-one correspondence in relative seal quality
exhibited in the two types of tests. Thus, the thermal

TEMPERATURE (°F)

HOURS
Fig. 2. Thermal cycle test temperature profile

CONSTANT OVERCHARGE

SEAL TYPES

0 20 40 60 80 100
% SEALS INTACT AFTER 240 DAYS OVERCHARGE

THERMAL CYCLE LIFE

SEAL TYPES

(o] 4 8 12 16 20
AVERAGE NO.OF DAYS (l2 CYCLES/DAY)

Fig. 3. Commercial battery seal performance
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Table I. Leakage tests, TELSTAR® battery seals

% Failed % Failed

after 4 yr after 5 yr

No. of Overcharge Additional

Type of seal seals at C/100 0.C. stand
Glass-to-metal 50 100 100
Ceramic-to-metal 400 50 100
Ziegler 50 ] 0

cycle test is established as a valid accelerated test of
relative quality of compression seals.

Ziegler seal.—Among the seals developed for use
with nickel-cadmium batteries for TELSTAR® (3) was
a plastic compression seal designed by Ziegler (4) orig-
inally for use in submarine cable repeaters. Although
the reliability of the seal design was not established
in time for the TELSTAR® flights, long-term experi-
ments carried out subsequently showed them to be
superior to glass and ceramic seals as seen in Table I.
More important, they show it to be capable of eliminat-
ing the leakage problem in long-term service.

A diagram of the Ziegler seal used in these experi-
ments is shown in Fig. 4. The threaded metal barrel is
first brazed into the lid of a cell. The Kel-F bushing
is then screwed into the barrel and the central lead
wire inserted through the bushing. Radial compression
is then applied to reduce the barrel diameter from 0.250
to 0.234 in.

In order to insure continuous uniform compression
of the threaded Kel-F bushing, a 0.156-32 Whitworth
thread is used. The important feature of this thread is
the rounded roots and crests. Normal threads with
sharp roots and crests are very difficult to match by
a machining operation so that a helical leakage path
along the sharp root is a primary failure mode. High
precision is required in machining the threads to pre-
vent burrs which would mar the Kel-F during as-
sembly. This construction is referred to as the standard
Zijegler seal.

Injection molded Ziegler seal.—Although the Ziegler
seal is very effective, the precision machining required
is time-consuming and expensive. Of the possible
fabrication techniques available, injection molding
appeared most suitable for our design objectives of
simplicity and economy. This technique is rapid, eco-
nomical, and faithfully reproduces the surface charac-
teristics of the threaded barrel. It has the added ad-
vantage of eliminating the assembly operation since
the bushing is formed in situ.

<
POSITIVE
LEAD WIRE

THREADED
KEL-F BUSHING

—

THREADED
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ke

Fig. 4. Construction of Ziegler seal
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Fig. 5. Injection mold for Ziegler seal

Starting with the basic Ziegler design, a modified seal
was fabricated by injection molding a nylon 6-6 bush-
ing into a nickel barrel. The barrel was identical to
the standard Ziegler barrel (shown in Fig. 4) with the
exception of the thread which was cut with a standard
8-32 tap. Threaded barrels were brazed into covers
made to fit a standard D cell can. The cover and lead
wire were placed in a mold (Fig. 5) and plastic mate-
rial was injected into the cavity to form a bushing.
Molding conditions are shown in Table II. A cylindrical
electrode core taken from a standard commercial D
cell was then placed in a can and the cover with the
injection molded seal was welded onto the can. The
barrel was then crimped in the same manner as the
standard Ziegler seal. At this point the cells were
pressurized with 60 psig of helium and placed on a
mass spectrometer leak detection device. This instru-
ment is capable of detecting a leak rate of 2 x 10-10
std cm3/sec or 0.0063 std cm3/yr. No leakage was de-
tected on any of the cells. Approximately 18 ml of
electrolyte was then added to the cell through a fill
tube on the bottom of the can. The cells were placed
on thermal cycle at 50 mA overcharge. Results of these
tests are presented in Table III,

As can be seen, these seals are equally as effective
as the standard Ziegler seal. A major difference be-
tween the two types of seal is the quality of workman-
ship required in their fabrication. To illustrate this

Table 1. Operating conditions for injection molding Ziegler seals
using a one-half ounce-12 ton Unex jet molding machine

Nylon 6-6 Nylon 6-10 Nylon 12
Die temperature, °F 170 170 170
Cylinder temperature, °F 600 500 510
Injection time, sec 12 12 12
Clamp closing time, sec 30 30 30
Over-all time, sec 60 60 60
Injection pressure, psi 6000 5000 6000
Feed, in. 1% 1% 1%

Nylon was dried for 16 hr at 72°C prior to molding.

Table I1I. Thermal cycle performance of Ziegler seals

No. of No. of

No. of Plastic Assembly thermal seals

seals material method cycles failed
5 Nylon 12 Injection mold 1236 0
5 Nylon 6-6 Injection mold 1236 0
5* Nylon 6-6 Injection mold 1236 0
4 Nylon 6-10 Injection mold 1101 0
5 Nylon 6-6 Injection mold 3410 0
5 Kel-F Standard 1101 0

* Heat and oxidation stabilized.
** 304L stainless steel barrel was used in place of nickel.
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STANDARD

INJECTION MOLDED
Fig. 6. Thread design for Ziegler seals

point, seals were constructed using a worn 8-32 tap
to produce deliberately poor thread quality. Figure 6
shows a comparison between the threads of the stand-
ard and these injection molded seals. Both of the seals
shown have withstood over 1000 thermal cycles with-
out any indication of leakage.

Multiple crimp seal.—The proportionally large in-
crease in over-all cell height accompanying the use of
the Ziegler seal on small cylindrical cells is a major
disadvantage. For this reason another design (5) oper-
ating on principles similar to that of the Ziegler seal
was developed in which the seal is inverted and ex-
tends into the central void of the cylindrically wound
core of the cell as shown in Fig. 7.

It consists of a metal tube containing a coaxial plas-
tic tube and a central metal lead wire. The lead wire
is normally nickel and serves as the positive terminal
of the cell. The outer metal tubing is brazed into the
cell cover, and the plastic tubing and wire are inserted
into it. Multiple crimps compress the plastic tubing
between the outer metal tubing and the central lead
wire, thus effecting a seal. A 0.125 in. OD by 0.062 in.
ID nickel tubing was employed in all of these seals
with a 0.060 in. OD by 0.031 in. ID plastic tubing. The
central wire was drawn to approximately 0.001 in. less
than the plastic tubing ID. In all cases the crimping
operation reduced the outside metal tubing diameter

NEGATIVE TAB
WELD )

POSITIVE
TERMINAL

’/— PLASTIC TUBE

POSITIVE TAB )

Fig. 7. Diagram of crimp seal
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by approximately 0.017 in. Each crimp was ¥ in. long,
and the space between crimps was 1 in. Two groups
of seals were made 2 in. long with seven crimps, and
two groups were made with two crimps and a length
of 3 in.

Injection molding was also applied to the crimp seal
in order to simplify construction and avoid assembly
errors. A larger tubing measuring 0.187 in. OD by
0.125 in. ID by 1 in. long was used with a 0.060 in.
diameter nickel lead wire. Plastic material was injected
into the annulus between the wire and the metal tub-
ing. The tubing was crimped in four equally spaced
sections of 14 in. length. Crimping reduced the tubing
OD from 0.187 to 0.176 in. on the crimped portion.

Since this type of seal extends into the cell it is not
possible to crimp after the welding operation. There-
fore, adequate heat sinking is required to prevent the
seal from being heated above 200°F during welding.
Helium leak check and electrolyte addition were per-
formed in the same manner described for the Ziegler
seals. Thermal cycle performance of the new seals is
presented in Table IV,

Discussion

Values of gas diffusion rates through plastic bodies
comparable in size to the Ziegler seal have been cal-
culated. These values are presented in Table V for %
in. diameter by % in. long bodies of nylon 6 and Kel-F
and are based on diffusion rates reported in the litera-
ture (6) and a 1 atm pressure differential at room
temperature. Leakage of helium through the standard
and injection molded Ziegler seals as well as the crimp
seal has been measured as less than 6.3 x 103 std
cm3/year (2 X 10~10 std cm3/sec). This value is of the
same order as the calculated gas diffusion rates shown
in Table V. Thus gas diffusion is not considered to be
a life-limiting factor. Accelerated thermal cycle tests
indicate that fatigue failure may also be eliminated as
a failure mode in a five to ten year life. All available
evidence suggests that leakage is no longer a problem
in any application where the Ziegler or crimp seals can
be employed.

A major advantage of the new seals over the stand-
ard Ziegler or ceramic seals is the simplicity and ex-
pected economy in their fabrication techniques. Costly
precision machining has been eliminated and replaced
by punching, drawing, stamping, and welding opera-
tions. It is expected that relatively unskilled workers
can assemble these seals quickly with very low in-

Table IV. Thermal cycle performance of multiple crimp seals
with nylon 6-6 bushings

No. of No. of
No. of Seal No. of thermal seals
seals OD, in crimps cycles failed
3 0.125 7 2070 0
5 0.125 7 1596 0
2 0.125 2 996 0
7 0.125 2 588 0
5* 0.187 4 744 0

* Injection molded.

Table V. Diffusion rates of gases through Y4 in. diameter
V2 in. long plastic bodies

Nylon KEL-F
std s
Component g/yr cm3/yr g/yr cm3/yr
N2 4 x 10-7 3 x 104 2 x 10-7 2 x 10+
o} 2 x 10-¢ 1x 10-3 2 x 10-¢ 1 x 10-3
COs 2 x 10-7 1 x 10+ 5 x 10-7 3 x 10~
Hy 2 x 10-7 2 x 10-2 5x 10 5 x 10—
H:0 2 x 10+ 0.2 4 x 10- 4 x 10~

Calculations based on 1 atm pressure differential at room tem-
perature.
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cidence of rejects. The new seals have the added ad-
vantage of flexibility in design change. That is, the
seal dimensions need not be changed at all unless a
gross change is made in the cell design. Thus exactly
the same seal design can be used in the size range from
“sub C” to D cell without any change in any dimen-
sion of the seal. It is conceivable that in small quanti-
ties of special cells it may be cheaper to use the Ziegler
or crimp seal rather than the ordinary commercial seal.

All of the seals studied in this work employed a
nylon insulating bushing. Ease of fabrication, prior ex-
perience with nylon in Ni-Cd cells, and physical and
chemical properties were the main reasons for this
choice. Other materials such as polypropylene, FEP
Teflon, Kel-F, and Kynar appear to be suitable for use
in these types of seals. Some of these materials were
used in preliminary experiments, and results indicate
that with proper control, they will be equally suitable
in these designs. Further work is planned to investigate
other plastic materials and to develop a seal which
will withstand sterilization at 135°C for 72 hr.

Conclusions
The injection molded Ziegler seal and the multiple
crimp seal perform far better on accelerated thermal

May 1972

cycle testing than do ordinary commercial seals and are
expected to perform satisfactorily for five to ten years
of normal operation. These seals are simple in con-
struction and can be produced at a cost considerably
below that for ceramic seals, which they will outper-
form under most conditions.

Manuscript submitted Oct. 14, 1971; revised manu-
script received Jan. 10, 1972. This was Paper 72 pre-
iented %t the Atlantic City Meeting of the Society, Oct.

-8, 1970,

_Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1972
JOURNAL.
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A New Water-Activated
Lead-Acid Battery Concept
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ABSTRACT

A discussion is presented of a reserve lead-acid battery concept based on
water-soluble sulfuric acid gels. The gels consist primarily of 100% sulfuric
acid plus small amounts of boric and phosphoric acids. These gels exhibit ex-
cellent mechanical and thermal stability characteristics when prepared with
a relatively large molar excess of boric acid with respect to phosphoric acid.
The rate of water activation of a battery containing this gel is controllable, and
no solid residues are left after the activation has been completed. Performance,
life, and electrolyte composition aspects are covered in this discussion, with
a view to defining the advantages and limitations of the system and its future

possibilities.

The development of a satisfactory water-activated
dry-charged lead-acid battery is of particular interest
since it would fill a definite need that exists in military
and possibly also commercial applications for a reserve
system. A water-activated battery would have several
advantages over the widely accepted acid-activated
battery in that no separate acid volume is required and
shipment, storage, and activation are inherently less
costly, safer, and simpler. A satisfactory water-acti-
vated concept requires the internal storage of concen-
trated sulfuric acid (or its precursor) in a mechanically
and thermally stable form which will produce sufficient
sulfuric acid electrolyte in a safe yet sufficiently rapid
manner upon addition of water. Other characteristics
for a practical concept require that the acid concentrate
occupy essentially a minimal volume, since internal
free space is greatly limited in conventional batteries,
and that it produce no degradation of cell components.
Further, performance should be comparable to that of
a conventional battery of the same external dimensions.

Various concepts for water-activated lead-acid bat-
teries are described primarily in the patent literature

* Electrochemical Society Active Member.
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and have appeared at an increasing rate in recent years
following a feasibility study reported in 1965 (1).
Briefly, these concepts could be described as involving
the immobilization of concentrated sulfuric acid by
mechanical encasement of the liquid (2-4), physical
sorption (5-9), chemical reaction (10), and gelation
(11-17), although this classification may not always be
completely rigorous.

Stable Boron Phosphate Gels

This paper presents a water-activated lead-acid bat-
tery concept based on the use of stable “boron phos-
phate” gels of concentrated sulfuric acid. Gelation of
concentrated sulfuric acid and oleum by the addition
of essentially equimolecular amounts of boric and phos-
phoric acids was described by Leicester in 1948 (18).
Leicester suggested that gelation is due to the forma-
tion of a boron phosphate, (BPOy), structure which
may be isomorphous with a silicic acid gel of sulfuric
acid in which the silicon atoms are alternately re-
placed by boron and phosphorous atoms. He describes
general properties of these gels including the observa-
tion that, “Equimolecular proportions of the two acids
(H3BOj3 and H3PO4) gave the best gels, but the quanti-
ties could be varied within wide limits (+30%) with-
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out seriously affecting gel formation for the 1/100
(mole ratio BPOs/H2SO4) and more concentrated gels.”
Other properties listed included: (a) increased firm-
ness with concentration, (b) faint to strong opales-
cence, (c) slight syneresis (separation of liquid phase
due to gel contraction) with little indication of thixo-
tropic properties, (d) readily broken down and dis-
solved by the addition of water, (e) good thermal sta-
bility at 100°C, and (f) good room temperature sta-
bility for several months. Leicester also shows that
gelation time decreased rapidly with increasing water
content and moderately with increased BPO4 content.

We found these gels to be easily prepared starting
with boric acid crystals, 85% orthophosphoric acid,
concentrated sulfuric and oleum solutions. Since the
composition of the sulfuric acid component (or H.O/
SO3 ratio) of the mixture greatly influences gel sta-
bility, we assumed the gelation reactions shown below
in order to define a calculated HoO-SO3; composition

H3PO; + (1 4+ x)H3BO3 = BPO, + xH3BO3 + 3H,0
[1]

xH3BO; » xHBO; + xH,0 [2]

H3POs + (1 + x)H3BO3 » BPO4 + xHBO:
+ 3+ x)H,0 [3]

In addition to the water introduced in the gelation
process, the 85% phosphoric acid and the concentrated
sulfuric acid ingredients also introduce water into the
system. This water is effectively removed by the addi-
tion of oleum (free SO3) and the resulting HoSO4 and
H,0, or SO; contents were calculated according to the
above assumptions. Laborious material balance equa-
tions involving different ingredient concentrations and
gel compositions were avoided by use of a FORTRAN
program in our computer facility.

In actual practice, it was found that gel preparation

can be readily monitored by measuring the electrolyte.

solution conductivity which is very sensitive to concen-
tration in the range of interest. Specific conductance
values of liquid gelling mixtures with an acid mole
ratio of 2H3P0;/5H3B03/100H2SO4 are plotted in Fig.
1 as a function of the weight per cent (w/o) HsSOs.
The weight per cent HoSOj4 calculated for each solution
is based on the total SO3 content, and H,O which was
both added and assumed to be derived from gelation
and dehydration. Gel compositions with this 2/5/100
mole ratio exhibit excellent stabilities in the calculated
H,SO4 concentration range from about 99 to 101%,
above which SOz fuming becomes progressively evi-
dent. The specific conductance curve of a pure sulfuric
acid solution with a minimum at 99.7 w/o H>SO4 (19)
is also included in Fig. 1. It is evident that the mini-
mum, as calculated for the gelling solution, exceeds
that of pure H,SO4 by approximately 1 w/o. This would
indicate that the assumed gelation reaction [3] does
not provide a complete description of this complex sys-
tem which may involve interaction of acid species.
A systematic study of the boron phosphate-sulfuric
acid system is required to clarify these results.

Gels prepared in our laboratory using Leicester’s
formulations did not exhibit satisfactory thermal and
storage stabilities toward syneresis as deemed neces-
sary for a water-activated battery application. The
hygroscopic gels were stored in tightly capped glass
bottles at temperatures up to 100°C. In agreement with
Leicester, it was found that gel stability was improved
by decreasing the water content and increasing the
BPO, content, but neither the equimolar gels nor gels
containing up to 30% excess of boric or phosphoric acid
were sufficiently stable.

Gel stabilities were found to be greatly improved
when a relatively large molar excess of boric acid rela-
tive to phosphoric acid is used (16). Table I sum-
marizes the optimum ranges of acid mole ratios neces-
sary to produce battery-stable gels. An approximate
stability-composition domain for gels containing a 99-
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100% calculated (aqueous) HySO4 component, wherein
syneresis was less than 1% by volume after 30 days’
storage at 80°C, is shown in Fig. 2. Acid composition
of the gels is given in moles of phosphoric and boric
acid per 100 moles of calculated (100%) sulfuric acid.
Stabilities of these gels were generally best in the
lower portion of the composition domain where the
H3PO, content exceeded 1 mole per 100 moles HySO4
and the maximum H3BO3/H3PO4 mole ratios were at-
tained. The more stable gels exhibited no evidence of
syneresis or breakdown after 100 days’ storage at 100°C

Table I. Optimum acid ingredient mole ratios for stable
BPO4-H2504 gels

HsBOs/HsPOs > 1.3 and, preferably > 1.5
3.5 =< H3B03/100 moles H2SO4 = 12
1 = HsP04/100 moles H:SOy = 5



570 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

i

Fig. 3. Photograph of a water-clear gel

at which time the tests were discontinued. Attempts
to liquify the most stable gels at even higher tempera-
tures produced instead a surface decomposition with
gradual reduction of the gel body size.

Gel appearance varied from strongly opalescent to
water-clear and was found to be dependent on the
H3PO4/H3BO; ratio, the water content, and the setting
temperature. Water-clear gels generally exhibited the
greatest stability and were obtained only with an
excess of boric acid and minimal (or no) calculated
water content. A photograph of a water-clear gel sam-
ple is shown in Fig. 3.

A particular advantage with this gel is that it can
be combined rapidly with water without the hazard
encountered with concentrated sulfuric acid liquid.

Having established that gels could be prepared with
excellent mechanical, thermal, and storage stabilities,
effort in this development was devoted to determining
the effect of gel-prepared electrolytes on battery per-
formance.

Water-Activated Battery Performance

Electrochemical phenomena arising from the use of
solutions prepared from gelled acids rather than pure
sulfuric acid are primarily due to the presence of
orthophosphoric acid. Furthermore, our measurements
and observations support Leicester’s view that the ad-
dition of water (at least 10-15% by volume of gel)
readily hydrolyzes the gels to the constituent acids
yielding a clear solution (18).

The addition of phosphoric acid to the lead-acid bat-
tery has been rather extensively tried (20) and will
not be reviewed here. Definitive conclusions have often
been dependent on the materials, design, and test mode
or service employed. While the earliest patents claimed
such general improvements as “the elimination of
harmful sulfation” (21), it is now generally accepted
that phosphoric acid additions are of particular benefit
in improving the cycle life of nonantimonial grid bat-
teries (22, 23). More fundamental investigations of the
reactions of phosphoric acid with the lead dioxide elec-
trode have also been reported (23-27) and we have
carried out measurements on the electroanalytical de-
termination of Pb(IV) phosphate species in solution
(28). Nevertheless, a more comprehensive understand-
ing of the incorporation of phosphoric acid in the posi-
tive plate and the changes it produces is definitely
needed.

Activation of Prototype Batteries

Initial 20-min activation performances of prototype
water-activated batteries are superior to comparable
commercial acid-activated batteries owing to the heat
of dilution of the concentrated sulfuric acid gel. This
advantage is illustrated in Fig. 4 wherein discharges
are plotted for 12V-60 A-hr batteries activated and
discharged according to the standard SAE ~ 0°C
(30°F)-150A discharge test specification. These bat-
teries were assembled with production dry-charged 60
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Fig. 4. Performance of 12V-60 A-hr water-activated batteries
on the SAE 20-min activation test at —1°C (30°F), 150A.

A-hr elements in polypropylene containers (and cov-
ers). The water-activated batteries contained 210 cc
(388g) of gel mounted above each cell element (16).
Prior to activation, the batteries and the (1.270 sp. gr.)
sulfuric acid solution had been cooled to ~ 0°C (30°F)
and the water to +1°C. These water-activated batteries
were designed to dissolve the gel body in about 20 min
after the addition of water and the dissolution occurred
with no emission of liquid from the filling ports. The
150A discharge was started 20 min after filling, at
which time the average temperatures of the commercial
acid-activated and water-activated batteries were 3.5°
and 69.5°C, respectively.

Short and Long Term Results

Only a brief summary of available storage, cycle-life,
overcharge, and field service results for one gelled elec-
trolyte composition will be given at this time. A more
detailed presentation of design and performance char-
acteristics will be given elsewhere (29).

Standard production dry-charged 12V-60 A-hr bat-
teries with 6% antimonial-lead grid alloy have fre-
quently been used to compare the performance of
solutions prepared from gelled acids with the standard
sulfuric acid solutions. No effort was made to optimize
or alter the batteries for this application. To make this
extensive comparison, gel with an acid mole ratio of
2H3P04/5H3B03/100H;SO4 was selected based on initial
laboratory test results. The acid concentrations of a
solution prepared from this gel are typically 9, 14, and
455g per liter of phosphoric, boric, and sulfuric acid,
respectively. The solution prepared by the addition of
480g of a 2/5/100 gel containing 0.5 w/o “excess” water
to 802g of water has a specific gravity of 1.282 at 21°C.
The control batteries were filled with 1.270 sp. gr. sul-
furic acid (460 g/liter).

The most significant available results can be sum-
marized as follows:

1. The 60 A-hr sealed, dry-charged, SLI-type bat-
teries with gel mounted above the plate elements con-
tinue to show satisfactory storage after more than six
months ina 60°C-100% relative humidity environment.

2. Gel prepared electrolyte capacities on the 20-hr
(3A) discharge at 27°C (80°F) have shown an average
reduction of 6% relative to their respective controls.

3. At low temperatures (0 to —29°C) and high dis-
charge rates (150 and 300A), the 2/5/100 gel prepared
electrolyte solution has exhibited increased 5 sec volt-
ages! of 3 to 6% and reduced discharge times ranging
from 5 to 33% relative to the control.

4, When cycled according to the SAE cycle-life
specification (30), the 60 A-hr SLI batteries with the
2/5/100 composition electrolyte have averaged only 2/3
of the control cycles. On the other hand, Edison Cycle
Life Test (see Appendix) results average about 10%
higher for the experimental batteries. Field test results
are still inconclusive but seem to suggest a detrimental
effect on life in hot climate use.

1 Voltage measured after 5 sec of discharge at the given rate.
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5. Overcharge life test comparisons for 60 A-hr bat-
teries on the standard SAE overcharge test (30) routine
have shown the same performance for the 2/5/100 acid
solution and the sulfuric acid control.

6. There appears to be a structure-dependent scale
effect when evaluating experimental and control bat-
teries so much so that certain types of low-capacity
batteries (not of the SLI variety) have not exhibited
the above-mentioned performance differences. This
aspect will be discussed at a later date.

7. Gel prepared electrolyte solutions used in batteries
fabricated with nonantimonial lead alloy grids are ex-
pected to improve positive paste adherence. Fortu-
nately, a practical phosphoric acid concentration for
typical nonantimonial systems (e.g., lead-acid batteries
having lead-calcium grids), namely 10 g/liter of solu-
tion, corresponds to what results from the utilization of
the gelled acids described in this paper.

Conclusions

The technical feasibility of a water-activated, dry-
charged lead-acid battery based on stable boron phos-
phate-concentrated sulfuric acid gels has been demon-
strated. Properly formulated gels have been developed
which exhibit superior mechanical, thermal, and shelf
stabilities when stored out of contact with moisture.
The low-temperature activation performance of proto-
type SLI batteries is excellent due to the HoSO4 heat
of dilution released. Laboratory cycle life, and field
testing of SLI prototype batteries indicate that the
gelled acid may reduce the performance of standard
batteries in certain SLI applications, although optimi-
zation of the system to compensate for the modified
electrolyte effects is possible,

Finally, while this discussion addresses itself to the
SLI type of battery, it should be obvious that the
water-activation principle described here is adaptable
}o any battery system utilizing a sulfuric acid electro-
yte.

Manuscript submitted Nov. 1, 1972; revised manu-
script received Dec. 20, 1971. Thxs was presented at
the Cleveland Meeting 'of the Society, Oct. 3-8, 1971.

Any discussion of this paper will appear in a Discus-
3101’1 Section to be published in the December 1972
OURNAL,

APPENDIX
Edison Cycle Life Test for Lead-Acid SLI Batteries
Temperature:  38°-43°C in air environment
Cycle time: 10 min; 1000 cycles/week
Charge — 6 min, 27 sec at 5-6A
Discharge — 10 sec at 150A 10 min

Rest — 3 min, 23 sec
Capacity test: 150A to 7.2V (1.2 V/cell)

WATER-ACTIVATED Pb-ACID BATTERY CONCEPT 571

Specified minimums:

Capacity — > 0.5 min to 7.2V
Life — 10 weeks (10,000 cycles)
for 60 A-hr battery
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Effect of Chloride lon on Iron Corrosion in NaOH Solution

Clarence M. Shepherd* and Sigmund Schuldiner*
Naval Research Laboratory, Electrochemistry Branch, Washington, D. C. 20390

ABSTRACT

Potentiostatic polarization curves for the system Fe-NaOH, in which the
level of reactable impurities had been reduced to 10-¢ ppm, showed that Fe
did not corrode and that the Fe behavior was similar to Pt. Introduction of
chloride ion changed the potentiostatic polarization behavior and at Cl— con-
centrations =2 ug/cc Fe corrosion occurred. Chloride ion also caused the
development of a pronounced active dissolution region in the anodic polariza-
tion curves. At 0.2 ug/cc of chloride ion, the changes in the polarization curve
were small. At 2 ug/cc of chloride ion a typical pattern had developed which
showed a definite corrosion region, followed by “passivity” as the potential was
increased. At 2000 wg/cc of chloride ion corrosion was marked, even in the

“passive” region.

The present work extends our previous (1) study of
the effects of chloride ion on the potentiostatic behavior
of iron in oxygen-free (<106 ppm) NaOH solution.
Mayne, Mentor, and Pryor (2) showed that in oxygen-
free solution chloride ion concentrations from 3.5 to
35 ug/cc will cause iron to corrode, however no cor-
rosion occurred when oxygen was present. The chloride
ion concentration in our high-purity 0.2M NaOH was
approximately 0.01 ug/cc so that we were able, under
Os-free conditions, to determine the effects of chloride
ion at considerably lower levels than previously had
been investigated.

Experimental

The electrode was a high purity Fe wire immersed
in 0.2M NaOH under an atmosphere of helium at 25°C.
The closed system and measuring equipment have been
previously described (1, 3, 4). The 20 mm diameter Fe
wire was fabricated from 3 pass electron beam zone
refined iron which was reported by the supplier to
contain less than 4 ppm metallic impurities. The NaOH
electrolyte was prepared by dissolving high purity
sodium from a glass capsule inside the closed cell (1).
Final purification was by electrolysis to remove traces
of heavy metals and organic material. A point on the
curves shown was determined by potentiostating the
Fe electrode until a constant current was reached. The
potential was then increased and another steady-state
current was obtained. The process was repeated until
the potential was well up into the O, generating region
after which the potential was decreased stepwise until
well into the Hy generating region. The potential was
then increased stepwise back to its original value, thus
completing a cycle. Repeated cycling gave essentially
the same results.

Results and Discussion

The results for the highly purified system, Fe/0.2M
NaOH containing about 0.01 ug/cc Cl— (from NaCl)
as an impurity, are shown in Fig. 1 where the constant
value of the apparent current density is plotted against
the potential measured against the normal hydrogen
electrode (NHE). This curve is used as a standard for
comparison with the results that were obtained when
small known amounts of Cl~ were added to the pure
system. No visual corrosion or changes in the Fe were
observed under low power microscopy nor was Fe
found in the analyzed solution.

When Cl1- is added to the system the potentiostatic
polarization curve of Fig. 1 is affected. The results are
shown in Fig. 2-5 for concentrations of Cl— from 0.2
ug/ce to 2000 ug/cc. The concentration of O, in these
systems was less than 10—¢ ppm (4).

When the chloride ion concentration reached 2 ug/cc
(Fig. 3-5), one observes a large increase in the anodic

* Electrochemical Society Active Member.

Key words: corrosion, iron, chloride ion, passivity, polarization,
potentiostatic, high purity.
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current density, particularly in the region of the loop
where the potential is being increased from point C
through K to L. This increase in current is accompanied
by corrosion. This confirms the Mayne, Mentor, and
Pryor (2) finding of iron corrosion in Oz-free solution
containing 3.5 to 35 ug/cc of Cl—. Under conditions in
which no chloride has been added to the electrolyte
the iron remains bright and shiny over repeated cy-
clings. After 2 cycles in the solution containing 2000
ug/cc of chloride ion, the iron electrode was pitted
appreciably. Considerable amounts of dark brown
corrosion products were observed, particularly in the
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pits. These pits were not randomly distributed but
tended to occur in clusters.

In Fig. 3-5 the Fe electrode is exhibiting normal
passive behavior. At a potential in the neighborhood
of C, a reaction is initiated involving the oxidation of
iron. The current reaches a maximum at the point K,
declines, and enters the passive region along line L-E.
As the amount of chloride ion increases, the nature of
the passive region changes as is evident by the higher
current densities. The current density at 2000 wug/cc
of chloride ion is several times that at low concentra-
tions of chloride. If the reactions that take place in the
system shown in Fig. 1 take place at the same rate
in the systems shown in Fig. 3-5, their current density
in the passive region is being masked by a reaction or
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reactions, whose current density is several hundred per
cent higher. If this latter reaction or reactions involve
the oxidation of iron, then an appreciable amount of
corrosion is being experienced in the so-called “pas-
sive” region. Around point K in Fig. 5 the current
densities are 100 times higher than found in Fig. 1. As
the potential moves upward from E toward F (the
transpassive region), the current density involved in
the production of Op becomes so high that it completely
masks out the effect of the impurities. Consequently,
this portion of the potentiostatic polarization curve was
not affected by change in chloride content.

As the potential was decreased the current went
from anodic to cathodic at about —0.22V in the pres-
ence of 2000 ug/cc of Cl-. When the potential was
increased the current went from cathodic to anodic at
about —0.61V. The difference between these two poten-
tials, AE, is 0.39V. This difference in changeover poten-
tials is characteristic of impure systems and decreases
monotonically as the amount of impurity decreases, as
can be seen in Fig. 6 where AE is plotted as a function
of the chloride content of the electrolyte. As the chlo-
ride content is increased, the value of AE appears to be
leveling off in the neighborhood of a value of 0.4V. As
the chloride value is decreased AE approaches zero in
value (1). Similar results have been observed qualita-
tively with other impurities.

In Fig. 3-5 it can be seen in each case that the poten-
tial at point K remains fairly constant at —0.2V,
whereas the potential at point C decreases appreciably
with increase in chloride content.

The maximum current, iy, is a good measure of the
extent of corrosion in the system. In Fig. 7, the current
density at the potential of —0.2V has been plotted as
a function of the chloride content. This is the potential
that gives the maximum current density at point K in
those cases where the chloride content is sufficiently
high to show a corrosion loop. The relationship is

POTENTIAL DIFFERENCE AE (VOLTS)
o
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Fig. 6. The effect of Cl— ion content on AE, the potential at
which the current changes from anodic to cathodic minus the
potential at which the current changes from cathodic to anodic.
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Fig. 7. The effect of CI— ion on the maximum corrosion current
(current density measured at —0.2V).
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logarithmic and can be expressed as the equation
iM =12 % 107 C04

where C is the concentration of chloride ion in ug/cc
and iy is the current density at —0.2V vs. the normal
hydrogen electrode (NHE) and is measured on the
increasing potential curve. In the standard system,
where impurity effects have been minimized, there is
no visible corrosion and the potential-current rela-
tionships, as shown in Fig. 1, are essentially straight
lines, it seems quite likely that the low chloride con-
tent of approximately 0.01 pg/cc neither causes Fe
corrosion nor typical passive behavior. At a level of
0.2 pg/cc of chloride ion in the electrolyte (Fig. 2),
definite changes have occurred in the potentiostatic
polarization curve, and at 2 ug/cc of Cl— (Fig. 3),
there is the first evidence of an active dissolution
region. This indicates that a concentration of 10-!
to 1 ug/cc of chloride ion must be present to initiate
corrosion or the steps that lead to corrosion.

The variation in results obtained using two succes-
sive cycles in a given purified electrolyte is not large,
in most cases, and is much less than the variation in
results obtained between separately prepared and
purified electrolytes unless the chloride content is
high. At 2000 pg/cc of chloride ion the iron is corrod-
ing and pitting rapidly, thus causing a rapid increase
in the surface area which resulted in an increase of
50% in the current density in going from one cycle to
the next. The data in Fig. 1-5, as well as each of the
points plotted in Fig. 6 and 7 were obtained from sepa-
rate solutions. The variation between results would
probably have been much less for low chloride con-
tents if the data had been taken on a single solution for
each of the successively added increments of chloride
ion.

It has been observed that a silver or a silver-silver
oxide anode would under certain conditions remove
Cl- from a.15% KOH solution as AgCl on the elec-
trode. The optimum conditions were not determined
nor is it known to how low a level the Cl— can be
reduced. It does suggest the possibility that the Cl—
content of existing purified electrolytes could be low-
ered even more in this manner. The silver introduced
into the system could be removed by electrodeposition.
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This technique might also be useful commercially in
keeping the Cl— content low enough to inhibit ap-
preciably metallic corrosion in a system.

Techniques of this sort might lead the way to the
possibility of efficiently removing unreactable impuri-
ties. For a given electrolyte containing a given unreact-
able ionic impurity, a suitable electrode material, tem-
perature, potential, etc., might be found which would
make it possible for this ion to react with the electrode
and form an insoluble film which then could be re-
moved from the system by removing the electrode.

Highly porous metallic electrodes can be prepared
(5) which have surface areas so large that the forma-
tion of even a fraction of a monomolecular layer
would remove relatively large amounts of a given
ionic impurity. This would thus open up the possibility
of removing nearly all of the impurities in an electro-
lyte down to levels that in many cases might approach
the approximately 10-6 ppm that is now being ob-
tained with reactable impurities. Under these condi-
tions it would be possible to prepare a wide range of
reagents whose impurity levels would be several orders
of magnitude less than can be achieved with current
techniques.
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Anodic Oxidation of Ethylenediaminetetraacetic
Acid on Pt in Acid Sulfate Solutions

J. W. Johnson,* H. W. Jiang, S. B. Hanna, and W. J. James*

Departments of Chemical Engineering and Chemistry and the Graduate Center for Materials Research,
University of Missouri-Rolla, Rolla, Missouri 65401

ABSTRACT

The anodic oxidation of EDTA was studied in acid sulfate solutions on
platinized-Pt at 25°C. Polarization relationships were obtained for the EDTA
concentration range 3.42 X 10~5 to 3.42 x 10-3M and pH range 0.35 to 3.80.
Numerous reaction products were identified that indicated a sequential réemoval
of acetate groups from the EDTA, each by an initial decarboxylation followed
by a reverse Schiff-type reaction, that produced formaldehyde and the cor-
responding amine. A reaction sequence which correlated the experimental
data involved Frumkin-type adsorption of the EDTA species through an un-
ionized acetate group followed by a rate-determining electrochemical decar-

boxylation.

Ethylenediaminetetraacetic acid, commonly abbre-
viated “EDTA,” forms very stable, water-soluble com-
plexes with many metal ions. Because of this, studies

* Electrochemical Society Active Member.

Key words: ethylenediaminetetraacetic acid, anodic oxidation, de-
carboxylation.

involving EDTA have dealt mainly with complex for-
mation and associated analytical and industrial ap-
plications. A few reports have been concerned with
electrochemical aspects. One, a polarographic investi-
gation of the products of the anodic oxidation of EDTA
on Pt in alkaline solutions, was made by Kopek’a (1).
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The over-all anodic reaction proposed was

HOOCCH, CH;COOH

N /7
NCH2CH;N +
&z
HOOCCH,; CH,COOH
HOOCCH;
N\
2H,0 > NCHCH:NH; +
HOOCCH;
2CO;z + 2CH30 + 4H* 4 4e [1]

In another, Réishakhrit et al. (2) studied the oxidation
of EDTA on a Pt rotating-disk anode and found in-
creases in the limiting currents with pH. Shifts in the
polarization curves with pH were attributed to shifts
in the dissociation equilibrium. With carbon paste indi-
cator electrodes, Kitagawa and Tsushima (3) reported
a single anodic wave for EDTA in acidic media with
Ep/2 = 0.93V (vs. SCE).

The presence of EDTA during electrochemical proc-
esses (e.g., corrosion, metal dissolution, metal deposi-
tion, etc.) is not uncommon. Thus, it is of interest to
know if EDTA itself is reactive. The purpose of this
investigation was to determine if it could be oxidized
on platinized platinum, and if so, to obtain information
about the electrochemical reaction kinetics. The inves-
tigation included polarization measurements in acid
sulfate solutions of various pH, the determination of
reaction products and coulombic efficiency for CO,
production, and the effect of temperature on the re-
action rate.

Experimental

The electrolyses were carried out in the usual H-cell
(400 ml capacity). All solutions employed analytical
grade chemicals and conductivity water. Prepurified
nitrogen was bubbled through the electrolyte to pro-
vide an inert atmosphere and for stirring. A constant
flow rate (50 cm3/min STP) was maintained through
the anode compartment. The electrodes consisted of 52-
mesh Pt gauze folded on Pt wire frames for support.
They were platinized using a platinum chloride solu-
tion to which a trace of lead acetate had been added.
The anode had a geometric surface area of 11.5 cm2.
It was activated in 1.0N HySO4 before each experiment
as described previously (4).

The electrolytes for the studies were HySOs -+
NasSO4 solutions (pH 0.35-4.0) in which the sulfate
concentration was kept constant at unit normality. The
EDTA concentration was varied from 3.42 x 10-5 to
3.42 x 10-3M. The polarization measurements were
made potentiostatically. A Hg/HgsSOs (1N HSO4)
reference electrode was used in conjunction with a salt
bridge of the same electrolyte as in the cell. The po-
tentials are reported vs. the standard hydrogen elec-
trode (SHE) at 25°C. Reaction products were deter-
mined by standard qualitative analyses and paper elec-
trophoresis. All studies were carried out at 25°C except
as noted.

Results

Polarization measurements—The rest potentials,
Tafel slopes, and limiting currents from the polariza-
tion studies are summarized in Table I. The rest poten-
tials and limiting currents were affected by the N,
bubbling rate (the rest potentials decreased and limit-
ing currents increased with increasing bubbling rate).
There was no effect on currents in the linear Tafel re-
gion. All reported data were taken with the constant
N2 bubbling rate mentioned above. Steady currents at
a given potential were obtained within about 25 min
and remained quite stable for hours. Individual points
were reproducible within +10%.

Semilogarithmic plots of the polarization curves are
shown in Fig. 1. There are linear sections in the poten-
tial regions slightly above the rest potentials, with

ANODIC OXIDATION OF EDTA ON Pt 575

Table I. Rest potentials, Tafel slopes, and limiting currents for the
anodic oxidation of EDTA in acid sulfate solutions on Pt at 25°C

Electrolyte concentration Limiting
EDTA, Rest current,
M x 10¢ H:SO4 N NasSOs, N pH potential Tafel A/cm2?

V (SHE) slope, V x 108

3.42 1.00 —_ 0.35 0.803 0.125 1.9
1.027 1.00 — 0.35 0.842 0.130 11
0.342 1.00 — 0.35 0.889 0.120 0.65
3.42 0.100 0.900 1.78 0.660 0.130 8.7
1.027 0.100 0.900 1.78 0.698 0.130 2.0
3.7 0.010 0.990 2.74 0.650 0.115 13
3.42 0.010 0.990 2.78 0.679 0.110 3.7
1.027 0.010 0.990 2.80 0.700 0.110 19
0.342 0.010 0.990 2.72 0.730 0.120 0.96
34.2 0.001 0.999 2.93 0.623 0.120 30
13.7 0.001 0.999 3.10 0.652 0.105 20
3.42 0.001 0.999 3.59 0.648 0.110 3.4
1.027 0.001 0.999 3.72 0.645 0.110 1.7
0.342 0.001 0.999 3.80 0.665 0.120 0.65

slopes varying from 105 to 130 mV. The limiting cur-
rent region was reached at potentials of about 0.95V
(SHE). No pronounced passivation regions were found.

Two basic solutions, 3.42 x 10—2 and 1.028 X 10—!M
EDTA in 1N NaOH, were also investigated. The polar-
ization curves are shown in Fig. 2. Very small limiting
currents were reached at potentials immediately above
the rest potentials. Visible oxygen evolution occurred
at potentials above 0.78V.

. Reaction products.—Qualitative analyses showed the
anodic oxidation products of EDTA to be quite nu-
merous. A positive test for CO; was obtained by pass-
ing the N, purge through a saturated Ba(OH); solu-
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Fig. 1. Polarization curves for EDTA oxidation on Pt in acidic
sulfate solutions at 25°C. ©, 3.42 x 10~4M EDTA in IN HSO4;
¢, 1.027 x 10~4M EDTA in IN HSO4; V¥, 3.42 x 10-5M EDTA
in IN HySO4; A, 342 x 10~4M EDTA in 0.IN H2S04 + 09N
NazSO4; W, 1.027 x 10—4M EDTA in 0.IN HSOs + 09N
NasSOs; V, 1.37 x 10-3M EDTA in 0.0IN H2804 + 0.99N
Na2$O4; [J, 342 x 10-4M EDTA in 0.0IN H2SOs + 0.99N
Na2SO4; A. 1.027 x 10—4M EDTA in 0.0IN H2S0s + 0.99N
Na2SO4; A, 342 x 10-5M EDTA in 0.0IN HSOs + 0.99N
Naz$04; O, 3.42 x 10—3M EDTA in 0.00IN HySO4 + 0.999N
NazSOs; @, 1.37 x 10-3M EDTA in 0.00IN H2S04 4 0.999N
Na2SO4; O, 342 x 10—4M EDTA in 0.00IN H2SO4 + 0.999N
Na2$SOs @, 1.027 x 10~4M EDTA in 0.00IN HoSOs + 0.999N
Naz$0s; O, 342 x 10~5M EDTA in 0.00IN H2S04 + 0.999N
Na2S04.
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Fig. 2. Polarization curves for EDTA oxidation on Pt in basic
solutions at 25°C. (O, 342 x 10~2M EDTA in IN NaOH; A,
1.027 x 10— !M EDTA in IN NaOH.

tion where a white precipitate (BaCO3;) was formed
(5). Formaldehyde was detected by determining the
melting point of a yellow precipitate formed on addi-
tion of a saturated solution of 2,4-dinitrophenylhydra-
zine (6). Other products in the electrolyte were identi-
fied by paper electrophoresis (7), the results of which
are shown schematically in Fig. 3. Quantitative mea-
surements of CO, production were made galvanostati-
cally for 3.42 X 10-3M EDTA in 10-3N H,SOs +
0.999N NaySOy at potentials in the linear Tafel region.
The average efficiency based on Eq. [1] was 124 +6%.

Temperature dependence.—Arrhenius plots of cur-
rent vs. temperature for 3.42 X 10-3M EDTA in 10—3N
H2S04 + 0.999N NaSO, are shown in Fig. 4 for poten-
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1 I |
7 65 43 2 o 1
Fig. 3. Products of EDTA oxidation on Pt in acidic sulfate solu-
tions at 25°C. (A) Standard tape. (B) 3.42 x 10— *M EDTA in IN
H2504, polarized at 1.2 x 10~4A for 83 hr. (C) 3.42 x 10—4M
EDTA in 0.0IN H3SOy4, polarized at 1.1 x 10—3A for 75 hr. Elec-
trophoretic separation in 1M acetic acid at 5 mA for 45 min,
color developed with ninhydrin: horizontal hatch, purple bands;
diagonal hatch, yellow bands. Bands: 1. IMDA and ED3A (imino-
diacetic acid and ethylenedinitrilotriacetic acid), 2. S-EDDA and
U-EDDA (N,N’-ethylenediglycine and N,N-ethylenediglycine), 3. GL
(glycine), 4. S-KP (2-oxo-1-piperazineacetic acid), 5. EDMA (N-(2-
aminoethyl)glycine), 6. 2-KP (2-oxopiperazine), 7. EDA (ethylene-
diamine).
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Fig. 4. Effect of temperature on current for oxidation of 3.42 x
10-3M EDTA in 0.00IN HSOs + 0.999N NasSOs on Pt. (O,
0.76V; A, 0.86V.

tials of 0.76 and 0.86V (SHE). The slopes of the two
straight lines yielded activation energies of 18.4 and
17.0 kcal, respectively. These further give an effect of
potential on the activation energy, 9E./9V, of ca. —14
kcal/V which is consistent with the Tafel slopes.

Discussion

Limiting currents.—An initial consideration of the
limiting (potential-independent) currents, ir, from the
polarization curves indicated them to be of the same
order of magnitude as diffusion currents. However, the
expected first-order dependence between current and
concentration (8) was not found when the total EDTA
concentration was used. This, together with the absence
of reaction prior to oxygen evolution in basic solutions,
suggested that some EDTA species may be preferen-
tially participating. It is well known that EDTA en-
gages in various equilibria with hydrogen ions with
reported species covering the complete spectrum from
HgL*2 to L—41 Constants for these equilibria have
been reported and are given in Eq. [2]-[7].

HeL*2 = H* 4 H;L* pK; = —0.12 [2]
Hs;L+ = H* 4+ H4L pKy = 1.4 [3]
HL = H+ + HgL— pK3 = 2.2 [4]
HyL.— = Ht + Hp,q.[.'—2 PK4 =23 [5]
HpL-2=H* 4 HL-8 pKs = 6.28 [6]
HL-3=H*+ 4 L4 pKg = 8.85 [7]

There is a considerable variation in the values of these
constants reported by various investigators. All the
values in Eq. [2]-[7] were from a single source, those
reported by Anderegg (9). The concentrations of the
EDTA species in all the electrolytes were calculated
and are shown in Table II. The hydrogen ion activities
used in the calculations were evaluated directly from
the measured pH. For all other species, the activities
and concentrations were assumed equal.

A comparison of the limiting currents with concen-
trations of the individual species (Tables I and II)
shows that no single species can account for the reac-
tion over the entire region studied. Various combina-
tions of species were tried and the one most successful
in correlating the data was the summation of the con-
centrations of the species HsL*, H4L, HsL—, HoL—2,
and HL—3. A log-log plot of iy, vs. Cs 2 is shown in Fig.
5 with a straight line of unit slope drawn through the

1 With this symbolic representation, H{L. = un-ionized EDTA.
2 Sum of the concentrations of species H;L+ through HL-3,
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Table 11. Concentrations of EDTA species in acid sulfate solutions at 25°C

PH ag+ [HiLlo, M [HeL+2], M [H;L+], M [H.L], M [HsL-1, M [HoL-2], M [HL-3], M (L], M

0.35 0.447 3.422 x 10—+ 8.112 x 10-¢ 2.394 x 10-4 2.134 x 10-5 3.014 x 10-7 3.382 x 10-° 3.973 x 10-15 1.256 x 10--’?
0.35 0.447 1.027 x 10-¢ 2.434 x 10-5 7.182 x 10-5 6.401 x 10-5 9.042 x 10-8 1.018 x 10-° 1.192 x 10-15 3.769 x 10‘:‘
0.35 0.447 3.422 x 10-5 8.112 x 10-¢ 2.394 x 10-5 2.134 x 10-¢ 3.014 x 10-8 3.382 x 10-10 3.973 x 10-16 1.256 x 10--“
1.78 1660 x 10-2 3.422 X 10-¢ 9.367 x 107  7.440 x 10-5 1785 x 10~  6.786 x 10-5  2.049 x 10->  6.480 x 10-10 5516 X 10-17
1.78 1.660 x 10-2 1.027 x 10-¢ 2.810 x 10-7 2.232 x 10-5 5.354 x 10-5 2.036 x 10-5 6.148 x 10-8 1.944 x 10-10 1.655 x 10-17
2.74 1.820 x 10-3 1.369 x 10-3 6.140 x 10-¢ 4.448 x 10-° 9.732 x 10-+ 3.374 x 10-¢ 9.293 x 10— 2.680 x 10-7 2.080 x 10-13
2.78 1.660 x 10-3 3.422 x 10-¢ 1.100 x 10-* 8.736 x 10-7 2.096 x 10-5 1967 x 10-3 2.406 x 10-+ 7.608 x 10-8 6.476 x 10-14
2.80 1.585 x 10-3 1.027 x 10-¢+ 2.789 x 10-10 2.320 x 10-7 5.828 x 10-8 2.320 x 10-3 7.337 x 10-3 2.429 x 10-8 2.165 x 10"_‘
2.72 1.906 x 10-¢ 3.422 x 10-5 1.811 x 10-1° 1.253 x 10-7 2.618 x 10-¢ 8.668 x 10-¢ 2.280 x 10-5 6.280 x 10-* 4.655 x 10-1%
293 1.175 x 10-3 3.422 x 10-3 3.070 x 10-° 3.444 x 10-¢ 1.167 x 10-4 6.268 x 10-+ 2.674 x 10-8 1.194 x 10": 1.436 x 10-
3.10 7.943 x 10-¢+ 1.369 x 10-3 2.784 x 10-10 4.620 x 10-7 2.315 x 105 1.839 x 10-¢ 1.160 x 10-3 7.667 x 10-7 1.363 x 10

3.59 2.570 x 10-¢ 3.422 x 10~ 8.528 x 10-13 4.373 x 10-° 6.774 x 10-7 1.663 x 10-5 3.242 x 10— 6.619 x 10-7 3.638 x 10-1=
3.72  1.906 x 10-¢ 1.027 x 10~ 7.826 x 10-1¢ 5.414 x 10-10 1.131 x 10-7 3.746 x 10-¢ 9.852 x 10-5 2.714 x 10-7 2.012 x 10-12
3.80 1.585 x 10-¢ 3.422 x 10-5 1.256 x 10-1¢ 1.045 x 10-10 2.624 x 10-8 1.045 x 10-¢ 3.304 x 103 1.094 x 10-7 9.750 x 10-13

points. Although there is a great deal of scatter, the
trend is correct and covers the entire concentration
range. A least squares analysis of the data gives a slope
of 0.8 = 0.1.

Product analyses.—The product analyses suggest
that the oxidation of EDTA proceeds along at least two
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Fig. 5. Limiting currents for EDTA oxidation on Pt in acidic

paths. Such a reaction scheme is shown in Fig. 6 for
which all the species were identified with the exception
of ED3A, 3-KP, U-KP, and S-KP. The paper-electro-
phoresis method used was not sensitive to the latter
three, and according to Doran (7), the cyclization of
ED3A to 3-KP is so extensive in acid solutions that
ED3A cannot be detected. Separate studies have indi-
cated that equilibria are reached in the other cycliza-
tion reactions (U-KP & U-EDDA, S-KP & S-EDDA,
and 2-KP 2 EDMA) in which appreciable quantities
of both species exist (10). From the product distribu-
tion, it appears that each decarboxylation step is a
separate electrochemical reaction that gives a desorbed
product capable of further similar reactions as long as
acetate groups are available, This indicates adsorption
through the carboxylate group with a Hofer-Moest-
type reaction (11) occurring which involves the loss of
two electrons, decarboxylation, and a reaction with
water (not necessarily in that order) to form an al-
cohol. The two most common sequences offered to ex-
plain such reactions involve free-radical and/or car-
bonium ion intermediates. In both sequences, the first
electron transfer is thought to form a free radical
which leads to decarboxylation, i.e.

R—CH;—COOH -» R—CH;—COO* + Ht 4+ e [8]

sulfate solutions at 25°C. R—CH;—COO* » R—CHy* + CO; [9]
HOOC-CH CHz-COOH
2 2
N-CHy- CH,~N, ETA"
HOOC-CH CHy-COOH
+Hy0 | -CO,, CHy0, HY, &
HOOC-CH,_ CH;COOH
N-CH,~CH,N. ED3A
HOOC-CH;
1-»420
CHy~CH
HOOC-CHyN 2~ BN-CHyCOOH  3-KP
CO—CH
U-KP +H0 l'°°zv CHRO, H', & S-KP
* *
CH,-CH +H,0 H_ UEDDAT oy cooH H_ SEDDAT o cooH . CHzCH
2 Hy0
N_ 2 PN-CHzCOOH 2= N-CHyCHN] ° IN-CHyCHN, == HOOC-CHgN]_ BN
CO-CH, “H20 H | CH,~COOH HOOC-CH, | H - *CO-CH,
| < 1

+H,0 l-coz, CHyO, H',e  +Hp0 {—coz,cnzo, HY, &

" CHy-CH, +H0  H_ ,CHy-COOH
2-kP H-N, ON-H === N-CHzCHgN. EDMAY
C0-CH, -H0 H H
+Hp0 l- C0,, CHp0, H', &
N ’ »*
N-CH,CH,~N EDA
H "l 2™y
: M *
HOOC-CH,~N 6L
“H

Fig. 6. Suggested reaction scheme for EDTA oxidation on Pt in acidic sulfate solutions at 25°C. t, Representative of any of the
reactive species; *, species identified by paper electrophoresis, bands shown in Fig. 3.
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At this point the sequences diverge with R—CH,* either
forming a carbonium ion by the second electron trans-
fer or reacting to form another intermediate that may
or may not involve an electron transfer. These can be
represented by

R—CH* » R—CHz* + e [10]

R—CH,* + HyO > R—CH,0H + H* [11]
and
R—CHy* + Hy0 -» R—CH,0H + H* [12]

|
In either case with EDTA, the group —N—CH,OH is
formed which is unstable and produces formaldehyde

through a reverse Schiff-type reaction, leaving —NH
(12). A feature that might allow one to distinguish be-
tween these two possibilities is the opportunity for
different coulombic efficiencies for CO, production. In
the first case (Eq. [10] and [11]), the carbonium ion
is believed to be formed by electron transfer to the
anode (13) which gives 1 mole of CO; per 2F of charge
as shown in Eq. [1]. (Also implied here is the con-
tinued adsorption of the reacting species until after
formation of the carbonium ion.) In the second case,
it is possible that the radical R—CHjy* may have been
desorbed during decarboxylation and that Eq. [12]
represents a homogeneous reaction. (This is consistent
with adsorption through the carboxylate group as
mentioned above.) The H* produced in this manner
could be oxidized at the anode which would again give
1COy/2F, but there is also opportunity for it to par-
ticipate in some homogeneous reaction which would
lead to 1CO./F. If this latter reaction should occur,
CO; efficiencies (based on Eq. [1]) greater than 100%
would be observed. As seen above, efficiencies greater
than 100% were found experimentally, thus favoring
the sequence of Eq. [8], [9], and [12]. )

If adsorption had occurred through bonding with the
nitrogen (as opposed to adsorption through the car-
boxylate), one would expect both the acetate groups
to be removed before desorption with only U-EDDA
and EDA as products as well as a 1CO2/2F coulombic
efficiency.

Rest potentials.—According to the reaction scheme
shown in Fig. 6 and discussed in the above section, the
initial electrochemical reaction is between EDTA and
the precursor to ED3A and involves only one electron.
(The proceeding reactions will become significant only
when sufficient current has passed so that appreciable
quantities of the subsequent reactants are produced.)
Thus, the measured rest potentials may reflect the re-
action

Ac Ac Ac CHy*

AN / \ 7
N—(CHy)>—N - N—(CH;)s—N

Ac Ac Ac Ac
+ CO2 + Ht + e [13]

Although the CO; and ED3A precursor (R*) concen-

trations are not known and their standard free energies

of formation are not available to allow a comparison of

the rest and calculated potentials, the Nernst equation

will allow a test of the effect of EDTA concentration

z[a?g] PH on the potential. At 25°C, the relation for Eq.
is

E = E°13 — 0.0591 log (agpra) / (ar*) (acoy) (an+)

[14]
Assuming ag* and aco, constant and agpra = Cj gives
E = E;3 — 0.0591 log(Cs/an+) [15]

(Cy is the concentration of the species as mentioned
previously.) A plot of Erest vs. log(Cz/ay+) is shown
in Fig. 7. The relationship is linear and has a slope
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Fig. 7. Rest potentials for EDTA on Pt in acidic sulfate solutions
at 25°C.

of 55 mV, in good agreement with that predicted by
Eq. [15].

Polarization curves.—The oxidation of EDTA is seen
to occur at potentials somewhat more positive than
those for other organic compounds where CO; is pro-
duced (exclusive of Kolbe-type syntheses). For exam-
ple in 1N H;SOj, ethylene (4) oxidizes in the poten-
tial region from ca. 0.35 to 0.75V; formic acid (14),
0.15 to 0.45V; oxalic acid (15), 0.5 to 0.8V; and maleic
acid (16), 0.35 to 0.60V. Acetic acid has been reported
not to be reactive (17). In the majority of these cases,
adsorption of the organic species was thought to in-
volve the formation of bonds between C and Pt atoms,
and passivation was observed between the upper po-
tential limit for the organic oxidation and that for the
commencement of oxygen evolution. The passivation
ordinarily occurred in the region where EDTA has
been found to be oxidized. This absence of passivation
with EDTA indicates a different type of adsorption
bonding that can presumedly take place on an oxide-
covered surface. Considering the apparent step-wise
decarboxylation, the adsorption reaction thus appears
to involve the carboxylate group and the electrode
surface,

The Tafel slopes of ca. 120 mV or 2(2.3RT/F), are
ones frequently encountered in electrochemical kinetic
studies and normally associated with first-electron-
transfer rate determining steps. The concentration and
pH effects were unusual in that they were both frac-
tional and approximately equal. The EDTA concentra-
tion effect (reaction order) was fairly well defined as
0.36 from the experiments in 1N HSO4 where the pH
was constant. It should be noted from Table I for 1N
HySO4 that the fraction of EDTA forming any of the
individual species is independent of the initial EDTA
concentration. Thus, the same reaction order (~0.36)
would be found for any individual or combination of
EDTA species. By a trial and error procedure, it was
found that a pH effect also of 0.36 in conjunction with
the concentration of EDTA species, Cs, best correlated
the data. A log-log plot of i vs. (Cg/an+)038 is shown
in Fig. 8 for the entire EDTA concentration and pH re-
gion of the study. The line of unit slope drawn through
the points show the data to be reasonably well cor-
related. This gives an empirical expression for the cur-
rent as

i = nFk (Cz/an+)3% exp (aFV/RT) [16]

Reaction mechanism.—From the preceding, several
qualitative conclusions can be drawn about the reac-
tion mechanism:
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Fig. 8. Effect of concentration and pH on current for EDTA
oxidation on Pt in acidic sulfate solutions at 25°C.

1. The rds (rate determining step) involves EDTA
species or species derived therefrom since the concen-
tration effect is positive.

2. The fractional concentration effect indicates that
the EDTA species are adsorbed and that significant,
although not complete, coverages are involved.

3. The positive pH effect indicates OH~ as a reac-
tant or H* as a product during or prior to the rds.
Since the OH~ concentration is very small, the latter
case would be the most probable and would necessarily
occur in an equilibrium step prior to the rds.

4. From the product analyses, there appears to be
separate step-wise over-all reactions involving the ace-
tate groups on EDTA, each of which yields CO, and
CH,0. From the rest potential and CO; efficiency stud-
ies, it further appears that only one electron is trans-
ferred to the faradaic circuit during the reaction that
directly involves CO, production from the acetate
group of the EDTA species.

5. From the concentration correlations for both the
current and rest potentials, the pH effect, and the ab-
sence of reaction in basic solutions where L—4 is the
predominant species, it appears that an un-ionized car-
boxyl group may be initially involved in the reaction
sequence.

6. The occurrence of the reaction in a potential re-
gion where the anodic oxidation of ethylene, acetylene,
etc. is passivated indicates that water discharge is not
involved.

With these considerations, the initial electrochemical
sequence (EDTA - ED3A, Fig. 6) can be represented
as follows3

Ac Ac

R—Il\I—CHz—COOH - R—Il\I—CHg—COO—(ads) + H*
Ac Ac B
R—II‘I—CHz—COO— (ads) -» R—1\|I—CH2' + CO; + e
Ac Ac el

| |
R—N—CHjy* 4+ H,0 » R—N—CH.0H + H* [19]
Ac Ac

l !
- R—N—CH;OH > R—N—H + CH;0  [20]

The atomic hydrogen produced by reaction [19] can be
oxidized at the anode and contribute to the faradaic

3 Species shown in these reactions are nonadsorbed unless other-
wise indicated,
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process or be removed by some nonelectrochemical re-
action causing the CO; efficiency (based on Eq. [1]) to
be increased. The ED3A thus produced can participate
further in the sequence as shown in Fig. 6.

The type of adsorption (e.g., Langmuir, Temkin,
etc.) as well as the nature and position of the rds in
a reaction sequence can affect the associated kinetic
parameters. For Langmuir-type adsorption, a first
electron transfer rds is normally associated with the
Tafel slope of 120 mV. For this case (reaction [18]), an
EDTA concentration effect either close to zero or unity
should be observed for conditions where this type ad-
sorption is applicable, i.e., either high or low coverages.
This does not appear to be the case.

The Temkin isotherm is often assumed for inter-
mediate coverages when lateral interactions between
adsorbed species are appreciable. For EDTA with the
same rds (reaction [18]), Temkin-type adsorption gives
a Tafel slope of 120 mV and concentration dependences
(agpra/an+ )95, These concentration effects are rea-
sonably close to the observed values although 0.5 gives
a poorer correlation than the value of 0.36 illustrated
in Fig. 8. The use of the Frumkin isotherm allows a
better correlation, primarily due to the added adjust-
able parameter associated with the variation of free
energy of adsorption with coverage (18). This isotherm
takes into account long-range interactions between
adsorbed species which may be especially applicable
due to the geometry of the EDTA molecule. Its appli-
cation to the present case is as follows:

From reaction [17]

T17 = ki7 agpra 6y exp(—p6/RT)
— k-176r* au+ exp [(f — B)6/RT] [21]4

Assuming quasi-equilibrium and the effect of coverage
to be predominately controlled by the exponential
terms gives

f6/RT = In(Ky7 agpra/au+) [22]

From the rate determining step, reaction [18]
i = nFkys 6r - exp («FV/RT) exp (86/RT) [23]4

Again assuming the exponential term to dominate the
effect of coverage and substituting Eq. [22] into Eq.
[23]

i = nFk’ (agpra/au+)8’fexp («FV/RT) [24]

The term g/f can be made equal to 0.36 by assigning
the appropriate value to the adjustable parameter f,
thus making Eq. [24] correspond to the empirical rate
expression, Eq. [16]. For the present case, f would
equal 1.4 (assuming g = 0.5).
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The Anodic Oxidation of Hydrogen on

Platinized Tungsten Oxides

I. Composition of Tungsten Blue in Platinized WO,

Hydrogen Electrocatalyst

B. S. Hobbs! and A. C. C. Tseung
Department of Chemistry, The City University, St. John Street, London ECIV 4PB, England

ABSTRACT

A synergistic effect is apparent when Pt/WO; catalysts are used in hydro-
gen electrodes. The exact mechanism of this effect depends on the composition
and mode of formation of a reduced intermediate tungsten oxide. Chemical
analysis and x-ray studies confirmed that this intermediate oxide consists of
blue tungsten bronzes. The influence of Pt loading, platinizing technique, tem-
perature, and pH on the bronze composition was investigated. The maximum
reduction (Ho.44WOs3) was obtained using WO3; impregnated with 0.8 weight
per cent (w/o) Pt in acidic solution between 25° and 100°C.

When platinum is admixed with WOj3, it undergoes
an apparent enhancement in its ability to catalyze the
anodic oxidation of hydrogen in acid solution (1-3).
WOj3 alone has no activity towards Hs-oxidation. Past
workers have been unable to make definite conclusions
on the origin of this effect owing to difficulties encoun-
tered in eliminating electrode structural effects from
their results. Thus, the higher activity observed with
WO; electrodes compared to other platinized substrates
[e.g., graphite or TaC (2, 3)] could have arisen from
differences in Pt morphology or physical electrode
parameters such as wetting, permeability, etc. How-
ever, an alternative explanation has been proposed
in which WOsg, in physical contact with Pt, participates
in the electrode reaction via formation of hydrogen
tungsten bronzes (2).

Hydrogen tungsten bronzes belong to a general class
of nonstoichiometric mixed oxides (4) of general for-
mula A;M,0.; where M is a transition metal, M,0; its
highest binary oxide, A is some other metal or hydro-
gen, and x is a variable, usually 0 < x < 1. Formation
of blue hydrogen tungsten bronzes generally occurs
whenever WOj3 is exposed to reducing conditions, e.g.,
gaseous atomic hydrogen (5-10), treatment of aqueous
suspensions of WO3 with reducing agents (11-14) (viz.
Zn/HCl, SnCly, etc.), but of special interest to this
study is their appearance in mixtures of platinized
WO3 when exposed to H,, particularly in the presence
of water vapor (15,16). According to Benson et al.,
gaseous H; dissociatively chemisorbs on the Pt then

1 Present address: Electrical Research Association, Cleeve Road,
Leatherhead, Surrey, England.

Key words: hydrogen, oxidation, platinized tungsten oxides,
tungsten bronzes, tungsten blue, chemical analysis, x-ray studies,
Hj uptake, crystal structure,

migrates across the metal/oxide interface to form
bronzes. The migration is considerably aided by the
presence of an adsorbed water layer when an exchange
mechanism operates and the WO;3 particles are rapidly
reduced in depth. Bronze oxides are characteristically
chemically inert, metallic conductors of electricity and
the H-compounds are typical group members, except
that they are sensitive towards oxidizing conditions
which reconvert them to the parent oxide (13), e.g.,
air, hydrogen peroxide, oxidizing ions such as Fe3+
and Cet*, and presumably anodic potentials. Thus a
reaction scheme can be formulated for the H-electrode
to include the WO3 support, namely

Hag) + Pt = Pt(Hs)aas

= Ptz(H) ads [1]
normal Pt mechanism
Pt2(H)ags = Pt

+ 2H* 4 2e [2]

Ptx (H) ags + WO3 = H,WO3 + Pt [3]
Bronze route

H,WO; = xH* 4+ WO3 + xe [4]

By means of the bronze route the reaction zone can
be extended and the Pt appears to increase its activity.
No such possibility exists for graphite or TaC which
can be termed “passive” catalyst supports, WO3 being

n “active” support.

Both moist Pt/WO; powders, and suspensions in
acidic solutions, rapidly turn blue when exposed to
H,, indicating partial reduction of the oxide. However,
this “tungsten blue” may consist of either, or both, of
two classes of compound, namely the lower tungsten
oxides (17, 18) (WO, where 2 < x < 3) or hydrogen
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bronzes. Although direct reduction of WO; to lower
oxides by Hs at room temperature does not occur (19),
they could form by local cell action between the hy-
drogenated Pt surface and WO3

2Pt (H) ags = 2Pt + 2H™* + 2e [5]
2WO3 + 2H* + 2e = W05 + H0 [6]

Although the reduction of WO3; to W205 (or WOg5)
is not thermodynamically favored at normal H; anode
potentials [E° WO3/W305 = —0.03V (20)], reduction
might occur through the formation of nonstoichiomet-
ric WO3s [WO3.00.2.95 (18)], the stable intermediate
phase W3,Oss (17, 18) or solid solutions of lower oxide
phases, for which no thermodynamic data could be
found. Bronze formation is also possible by local cell
action and again no thermodynamic data is available
for such reactions

WO; + xH*t 4 xe = H;WO3 [7)

In any system whereby local cells are the sole means
of WO3 reduction, e.g., via the lower oxides of tungsten,
no net contribution to the steady state anodic current
is possible since all the anodic current will be can-
celled by the cathodic reducing current (reactions [6]
and [7] above). The oxide will equilibrate at any given
working potential and the local cells will merely pro-
vide a mechanism for electron conduction between the
Pt particles and current collector.

Benson et al. (15, 16) have studied tungsten blue
formation in a vacuum system and shown it to consist
exclusively of bronzes formed by chemical reduction
(reaction [3]). However, in view of the importance of
the nature and mode of formation of the reduction
product to the electrochemical oxidation of H,, it is
necessary to confirm this finding under conditions
closer to those in a fuel electrode, viz. Pt/WO; slurries
in 5N H.SQ4 between ambient temperature and 80°C
and 1 atm of bubbling Ha.

Experimental

Using x-ray diffraction and analytical techniques,
the tungsten blue composition was determined as a
function of: (i) platinizing method, viz. mechanical
mixing and impregnation—this has been shown to ex-
ert considerable influence on both the rate of tungsten
blue formation (15) and the electrochemical perform-
ance (2); (ii) Pt content; (iii) pH of slurry; and (iv)
temperature.

Due to the extreme sensitivity of tungsten blue to
air, all preparations and analyses were carried out in
completely Oq-free conditions.

Materials.—(i) Impregnation of WO3—to ensure a
high, uniform and intimate dispersion of Pt on the ox-
ide, a freeze drying technique was employed for the
impregnation (21, 22): A slurry of WO3 powder, sus-
pended in chloroplatinic acid solution, was quickly
frozen by pouring into liquid nitrogen. The water was
then removed by vacuum sublimation and the Pt-salt
reduced to metal in a warm H» stream (50°C) below
its melting point (60°C). Complete decomposition was
checked by weighing before and after reduction.

The Pt content was analyzed by extracting the WO;3
with warm NaOH solution and weighing the washed
and dried Pt residue. This residue was also used for
surface area determination by “BET nitrogen adsorp-
tion.” Blank Pt black samples were measured for sur-
face area before and after NaOH treatment to ensure
that the area remained unaltered during the extrac-
tion procedure. Specific surface areas of extracted Pt
residues were all around 35 m2/g.

(i1) WO3 and chloroplatinic acid—Hopkin and Wil-
liams laboratory reagent grade chemicals were used
without further purification. The measured specific
surface area of WO3 was 8 m2/g.

(iii) Pt-black used in mechanical mixtures—Johnson
Matthey Company fuel cell grade, specific surface area
30 m2/g.
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Fig. 1. Apparatus for tungsten blue analysis

(iv) BN sulfuric acid was prepared from ANALAR
grade concentrated acid and distilled/deionized water.

(v) White spot Hy, purified with a palladium diffuser,
was used throughout.

H,-uptake experiments—Before carrying out the
tungsten blue preparations, the time required to reach
equilibrium was determined using a conventional volu-
metric apparatus at 1 atm pressure and ambient tem-
perature. With impregnated powders the Hj-uptake
volume reached a limiting value after about 1 hr cor-
responding to a tungsten blue composition of Ho.44sWO3
or WOz 7s. The time taken to reach this value is almost
certainly controlled by Hy mass transfer through the
slurry. In practical fuel electrodes the conditions are
designed to achieve high transfer rates and the oxide
composition will change much more rapidly.

In all experiments involving tungsten blue prepara-
tion a standard Hy-contact time of 2 hr was used.

Analysis of tungsten blue—Tungsten blue was pre-
pared and analyzed in the apparatus shown in Fig. 1 as
follows: Tap A was connected to Na(Os-free) and Hp
supplies. After Ny purging, H, was bubbled from A
through a weighed platinized WO3 sample suspended
in 5N HySO4. The H, was turned off after 2 hr and a
measured volume of standard potassium dichromate
solution admitted through tap C. The vessel contents
were heated to ca. 60°C, when the blue color changed
to yellow indicating complete oxidation. The cooled
vessel contents were transferred to a beaker and the
excess dichromate back-titrated with standardized
ferrous ammonium sulfate solution. The end point
was determined potentiometrically using a platinized
wire indicator electrode with a glass standard elec-
trode. In all cases a small correction was made to the
titre to allow for reaction with H adsorbed on the Pt
surface.

Preparation of tungsten blue for x-ray diffraction.—
The apparatus, shown schematically in Fig. 2, is a
modified version of that described by Glemser and
Naumann (13). Taps Ai, A, and A3 were connected to
N, (Os-free) and H; supplies. The flask contained dis-
tilled water, freed of O; by boiling during the passage
of N, from A, and out the pressure release valve.
After purging with Ny and sealing the capillary, Hp
was bubbled through the sample suspended in H3SOy,
from A; and out Bg, for 2 hr. The tungsten blue formed
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Fig. 2. Preparation of tungsten blue for x-ray examination

was washed by decantation—pressurized Hy from Aj;
forced the supernatent liquor from the settled suspen-
sion through C; and out B;. Water from the flask was
forced onto the sample by pressurizing at A;. This
procedure was repeated until the washings were neu-
tral (pH 7.0). After the final wash all taps were closed
and the apparatus below the By joint (between C; and
Cp) detached and fused into a high vacuum line
(< 105 Torr) at the B, outlet. The product was
dried by evacuation through B,, then after closing B,
and detaching from the vacuum line, a sample of pow-
der was sealed into the capillary by lying the vessel
on its side, gently vibrating the powder, then when
sufficiently full, applying a spot flame to remove and
seal the capillary without releasing the vacuum.

X-ray powder photographs were taken of the sam-
ples using an 114 cm Phillips camera, copper K«
radiation and exposure times of 8 hr. Lattice d-spac-
ings were calculated from the patterns to within
+0.005A from the Bragg equation.

In order to simplify the glassblowing of the ap-
paratus, Pyrex capillaries were used instead of the
usual Lindemann glass. Diffraction photographs of
WOj3 using both materials showed no differences.

Results and Discussion

Analytical results.—The analytical results are sum-
marized in Table I. The reproducibilities of the quoted
values agreed closely with the estimated limits of ex-
perimental error which were as follows: tungsten oxi-

Table 1. Analytical data for platinized WO3

Tem-
Plat- per-
inum ature

Equiv-
W oxi- Equiv- alent
dation alent lower

Powder (wt %) (°C) PH state  bronze  oxide
Pt/WOs mech. mixt. 2 25 —0.3 586 HouWOs WOnes
Pt/WOs mech. mixt. 2 25 -0.3 5.86 HouuWOs WOr.s
Pt/WOs mech. mixt. 2 25 7.0 599 HonWOs WOz2.095
Pt/WO3 mech. mixt. 2 25 2.0 5.86 Ho.14sWOs WO2.03
Pt/WOs mech. mixt. 2 25 0.5 5.86 Ho1WOs WO2.03
Pt/WOs mech. mixt. 10 25 —03 573 HozzWOs WO2.sr
Pt/WOs mech. mixt. 10 25 -0.3 5.77 Ho.sWOs WOz
Pt/WOs impreg. 0.8 25 -0.3 5.56 Ho.«WOs WO2.7s
Pt/WO; impreg. 0.8 25 -0.3 556 Ho.sWOs WOz.7s
Pt/WOs impreg. 0.8 25 -03 5.58 Ho..eWOs WOz
Pt/WOs impreg. 0.8 72 —-03 562 HoxsWOs WOus
Pt/WOs impreg. 0.8 100 -0.3 5.62 Ho.3sWO3s WOz
Pt/WOs impreg. 10 25 -0.3 5.68 Ho.s3sWOs WOs2.ss
Pt/WOs impreg. 0.1 25 -0.3 5.88 Ho.13WOs WOa.04
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dation state +0.2%, tungsten oxide composition +0.2%,
and bronze composition +7%.

The most notable result in Table I is the considerably
higher extent of reduction achieved by impregnation
methods over straight mechanical mixtures. This result
parallels previous findings (2, 15), and is certainly due
to the higher dispersion of the Pt and intimacy of
contact with the oxide,

The analytical result for a 0.8 w/o Pt impregnated
powder in 5N HoSO4 agreed with the Hy-uptake value
of Hy.44WO3 or WOz 7s.

The Pt content of impregnated powders had little
effect on the oxide composition above 0.8 w/o, but
when reduced to 0.1 w/o a drastic fall in the degree
of reduction occurred. This effect is explained in Part
II dealing with the electrochemistry of the Pt/WOj;
system. The small decrease in the reduction of the 10
w/o powder could have arisen from greater uncertain-
ties in the correction applied for H adsorbed on the Pt.

With mechanical mixtures, reduction was signifi-
cantly increased by changing the Pt content from 2
to 10 w/o. Even at 10 w/o Pt however, the reduction
was still only about half that achieved with 0.8 w/o
impregnated powders.

As long as the solution remained acidic the extent
of reduction remained independent of pH. In neutral
solutions however, blue formation was severely re-
stricted.

Increasing the temperature to 100°C resulted in a
slight decrease in reduction of an impregnated powder.

X-ray diffraction results.—Measured d-spacings
(within +0.005A) and relative line intensities are re-
corded in Table II for diffraction patterns obtained
from a 2 w/o Pt/WO; mechanical mixture and 0.8 w/o
Pt impregnation. Both patterns exhibited line broaden-
ing at high diffraction angles due to small particle size
(23), but the lines were sharp enough for accurate
measurements of angles corresponding to d-spacings
above 1.2A.

Comparison of the d-spacings with the A.S.T.M. in-
dex values for the possible species showed no evidence
for the presence of lower tungsten oxides and inter-
pretation could be made entirely in terms of the
bronze phases, Hy.;WO3;, Ho33WO3;, and HysWO;3; (13).
The Pt concentration was below the detection limits
for any diffraction lines to be discernible.

The mechanically mixed powder had a complex pat-
tern which proved difficult to index. Most lines were
attributable to Ho WO; and H33WO3;, or solid solu-
tions of these phases—as evidenced by lines having
intermediate values between those quoted for the
separate phases. This conclusion was supported by the
empirical formula Ho 14WOj3 obtained by analysis. Some

Table II. Experimental x-ray data for tungsten blues

2% Pt

mechanical mixture 0.8% Pt impregnation
d (A) Intensity d (A) Intensity hkl
3.840 f 3.745 vs 001
3.713 vs 2.651 s 110
3.645 vs 2.168 m 111
3.087 f 1.883 m 002
2.650 vs 1.866 f 200
2.591 m 1.681 s 210
2.157 s 1.678 vi 102
1.993 £ 1.533 m 112, 211
1.933 f 1.329 1 022, 220
1.884 f 1.252 m 122, 221
1.836 f
1.809 f 1.19
1.709 vi 1.18
1.682 m 1.134
1.664 m 1.129 faint and diffuse
1.644 m 1.09
1.533 m 1.045
1.515 m 1.039
1.486 £ 1.005
1.330 vvf
1.253 vs

Intensity key: vs = very strong, s = strong, m = medium, { =
faint, vf = very faint.
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lines remained which were best interpreted as being
due to unreacted WOj, possibly in solid solution with
the bronzes.

The impregnated powder had a far simpler pattern
and evidently consisted of a solid solution of Hy.33WOs3
and HosWO; (cf. data in Tables II and III). Using a
Bunn Chart (24), the “blue” was shown to possess a
tetragonal unit cell and assigned the hkl values given
in Table II. The unit cell parameters a, and ¢, were
calculated from the relationship (24)

d =

1
h? 4 k2 lg
——— + —
ao?

Co?

using d-spacings of the 110 and 002 planes respectively.
The choice of these planes gave maximum accuracy
and ease of calculation. Closer spacings and secondary
reflections at higher diffraction angles (e.g., 220, 003,
etc.) had diffuse lines due to particle size effects, and
the sharp 001 lines had a high inherent error due to
the finite specimen thickness (25).

The a, and ¢, values are compared with those quoted
for HosWO3 and Ho.33sWO; (13) in Table IV. Differ-
ences in a, were too small to draw any conclusions as
to the composition of the solid solution, but the c,-axis
for the tungsten blue had an intermediate value be-
tween HosWO;3; and Hg33WOs. Assuming that as H
progressively enters the tetragonal H,3sWO; lattice,
the c,-axis linearly decreases until the system becomes
cubic at HosWO;, then an empirical formula can be
calculated for the “blue” of Hg42 +0.0sWO3. This
is in good agreement with the analytical result of
Ho.44 + 0.03WOs.

Final confirmation of the composition of the im-
pregnated powder was obtained by reducing some
plain WO3; with zinc and hydrochloric acid to the
same reduction state—previously determined by anal-
ysis of various Zn/WOQOj; mixtures. This method which
is definitely known to form bronzes (13, 26), produced
an identical diffraction pattern.

Table 11l. A.S.T.M. d-spacings for hydrogen bronzes (13)

Ho.1WO3 Ho.3sWOs3 Ho.sWOs
d (A) Intensity d (A) Intensity d (A) Intensity
4.00 10 3.79 80 3.68 50
3.84 60 2.69 80 2.63 50
3.64 100 2.19 10 2.16 10
3.11 10 1.91 20 1.87 30
2.67 60 1.87 10 1.68 100
2.61 20 1.69 100 1.53 80
2.16 10 1.68 20 1.33 30
2.00 10 1.55 100 1.25 80
1.92 10 1.34 10 1.19 30
1.84 40 1.26 100 1.13 30
1.82 40 1.20 10 1.09 10
1.71 10 1.185 10 1.05 50
1.66 20 1.14 10 1.01 80
1.64 20 1.13 10
1.58 5 1.09 10
1.54 5 1.05 10
1.51 20 1.04 10
1.485 20 1.01 50
1.01 50
Table IV. Unit cell di ions for impreg d WO3 powders and
hydrogen bronzes prepared by other authors (13)
Experimental values Ho.3sWOs (13) Ho.sWOs (13)
ao (A) 3.750 % 0.006 (i.ﬁ““) 3.751 % 0.006 3.755 % 0.008
Co (A) 3.77 = 0.01 (\/2dg2) 3.796 x 0.006 3.755 % 0.006
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Conclusions

Hydrogen tungsten bronzes (H,WO3) are formed in
platinized WO3 under the prevailing conditions in a
fuel cell hydrogen electrode. The highest degree of
reduction Ho4WO; was obtained at 25°C using an
impregnation technique for platinizing with 0.8 w/o Pt.
Mechanical mixtures do not produce very intimate
mixing, resulting in slower, incomplete reduction
which can be improved by increasing the Pt loading.
So long as the electrolyte is acidic, pH has no effect on
the reduction.

Although bronzes are the major product when plat-
inized WOj3 is reduced in acid slurries by Hp, it is not
apparent whether they form by chemical reduction or
by local cell action, Whether or not the bronzes con-
tribute to the net anodic current of a Hz-anode will
depend on which of these mechanisms predominates, as
well as the relative rates of bronze formation and
anodic oxidation. Part II describes work aimed at
answering these questions.
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The Effect of Viscous Shear on a
Meniscus in an Electrochemical System

P. C. Wayner, Jr.

Fluid, Chemical, and Thermal Processes Division, Rensselaer Polytechnic Institute, Troy, New York 12181

ABSTRACT

Fluid flow in the evaporating meniscus of an electrode-gas-electrolyte re-
acting system has been studied to examine the effect of viscous shear on
the meniscus profile. The evaporating meniscus profile, the pressure derivative
profile, and the curvature profile for various assumed evaporation profiles
were calculated for 1N H2SO,. Due to the thinness of the meniscus profile in
the interline region, large pressure gradients were needed to balance the
viscous shear stress. The resulting evaporating meniscus profile was signifi-
cantly different from the static profile. Depending on the evaporation rate the
interline radius of curvature could be micron size for a large meniscus. Heat
and mass transfer rates would also be significantly effected by these changes
during an electrochemical reaction. Therefore, thg effect of viscous shear
should not be neglected in analyzing electrochemical processes in a “finite

contact angle” meniscus.

The triple interline region of a meniscus formed on
an immersed solid surface has been the subject of con-
siderable research. In part, this derives from interest
in the potentially high heat and mass transfer rates
associated with a large surface area covered by a thin
liquid film in the form of a myriad of menisci (porous
fuel cell electrodes are of particular interest herein).
The study of electrochemical processes on wetted
metallic surfaces partially immersed in an electrolyte
could be classified according to whether or not a thin
film extends above the intrinsic meniscus. The obvious
and significant characteristic of a meniscus without a
thin film [“finite contact angle meniscus” (1)] is that
the diffusion path length across the liquid film ap-
proaches zero at the interline. This study is particularly
concerned with the outstanding work of Bockris and
Cahan (1) which discusses the effect of a finite con-
tact angle meniscus on kinetics in porous electrode
systems. Conversely, various other authors (2-4) con-
sidered models and systems that included a thin film
above the intrinsic meniscus. Due to the large number
of experimental variables, the complete set of condi-
tions that insure the presence of a particular type of
meniscus is still questionable.

The following three of many conclusions concerning
electrochemical kinetics in a meniscus presented by
Bockris and Cahan (1) are of particular interest here-
in: (i) “most of the current is produced in the first 1%
of the meniscus;” (ii) “the extreme concentration of
current density into this small area can produce local
heating and create a dynamic situation in the physical
location of the meniscus;” and (iii) “the local geom-
etry of the meniscus, particularly in the three-phase
region, dominates the behavior of porous electrodes.”
They also state that some of the heat is readily re-
moved by evaporation. In their analysis of this ex-
tremely complex system, the geometry of the meniscus
is represented by the equation for a cylindrical sur-
face, thereby neglecting the effect of viscous flow of
the evaporating liquid on the meniscus profile. The
major effect of this shear stress would be in the thin-
nest and most important region of the meniscus. Re-
cently, a procedure to evaluate the effect of viscous
flow on the profile has been developed (5). Although it
is not the present objective to completely reanalyze
the very complex transport processes occurring in an
active electrochemical meniscus, the results presented
below demonstrate that it is very instructive to ex-
amine the effect of viscous flow in a few selected and
related cases.

* Key words: meniscus profile, capillarity, porous gas electrode,
planar electrode.
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Synopsis of Reference (1)

In Ref. (1) a 1IN, H2SO4 meniscus was formed be-
tween two parallel optical glass flats. One glass surface
of the resulting slot was coated with Pt to serve as an
electrode. Optical measurements of the resulting
meniscus were made through the other glass surface.
Using reflectrometric techniques, the slope was deter-
mined as a function of distance from the interline at
intervals of approximately 12.7u. Interferometrically,
fringes of the same kind reoccurred at film thickness
differences of 2945A. Simultaneously, the steady-state
total current-potential behavior of the system was also
measured for both H; and O; dissolution is the electro-
lyte. Within the accuracy of the experiments, the re-
sults indicated that the most stable meniscus configura-
tion was one with a finite contact angle between 1° and
3°, and that it could be represented by the surface of
a cylinder with a diameter equal to the slot width. On
the basis of the experimental measurements, a detailed
second-order nonlinear nonhomogeneous differential
equation describing the reaction zone was derived and
solved numerically. The microscopic description of the
reaction zone was a strong function of the meniscus
profile. The calculated relationship between the total
current and potential which depended on many vari-
ables agreed well with the experimental results.

Qualitative Description of an Evaporating Meniscus

Consideration is given herein to an evaporating
meniscus formed on a vertical flat plate immersed in a
pool of liquid. The pressure gradient for fluid flow from
the pool to the zone of evaporation results from a
change in the meniscus profile (curvature). Relative to
the isothermal case, the interline of the evaporating
meniscus has migrated down the plate so that the pro-
file can accommodate the increased pressure gradient
needed to balance the viscous stresses of fluid flow.
Assuming that the contact angle remains constant, the
average curvature of the evaporating meniscus is
larger than that of the isothermal meniscus and varies
with heat flux. The present analysis only evaluates
the effect of capillary pressure given by ¢/R and does
not include the additional effects of a disjoining pres-
sure, surface tension variation, and surface viscosity.
Insufficient data are presently available to include
these additional factors. Therefore, bulk fluid prop-
erties and Newtonian flow are assumed applicable in
the interline region. The effect of surface tension
variation on thin supermeniscus electrolyte films of a
uniform thickness has been analyzed by Lightfoot and
Ludviksson (6). Comparable effects would be present
in that portion of a finite contact angle meniscus where



Vol. 119, No. 5

the pressure gradient becomes relatively small. The
principal conclusions of the present study are primarily
concerned with that portion of the meniscus where the
pressure gradient is relatively large and the effect of
surface tension variation relatively small. A significant
amount of research has been done using a fluid flow
model in which the average velocity was assumed to
be zero (7, 8).

Quantitative Description of the Evaporating Meniscus

Basic relations.—The following treatment parallels
that developed in Ref. (5) except for the use of a dif-
ferent boundary condition at the meniscus base. The
four fluid mechanical conditions at the boundaries of
the liquid are (i) the base pressure of the meniscus is
given by

Ofv

Pf:P“_T (1]

with R = Ry, the radius of curvature at the base of the
meniscus; (ii) the fluid velocity goes to zero at the
wall; (iii) the force balance per unit length at the
interline is given by the well-known Young-Dupré
equation

sy = 0sf -+ ofy COS ¢ [2]

and (iv) the following normal stress for a constant
R = R; surface represents the local stress on the liquid
at the interface

=—P:—Pa —_— 3
TRR t +R [31

Some of the nomenclature for the present analysis is
presented in Fig. 1 with a cross-sectional drawing of
the meniscus. The local curvature, 1/R;, of the menis-
cus at location “i” is

d?t
de dy?
Ki= (_.) = e}
as/, [1+(dt)2]3/2
L dy i
At equilibrium p; = —pg(Y — y), Ki = pg(Y — y)i/

otv, and (9Pg/07)i = pg cos 6. With evaporation, py; <
—pg(Y — y) as a result of the additional pressure
gradient required to balance liquid acceleration and
viscous shear stresses. Since the pressure in the liquid
at the liquid-vapor interface is a function of the curva-
ture, pgli = —Kiory < —pg(Y — )i when there is
evaporation, Using Eq. [4] with the modified pressure
P =p5 4+ pg(Y —9)

< aP) _ 9
or /i ar
dzt \

Ofy
dy? v
_[_dt—_zw —pg(Y —y) [51
(2]

dy i
The results of Sparrow and Starr (9) for fluid flow
in a wedge are now used to approximate the depen-
dence of the local average velocity, ui, on the local
pressure gradient and film geometry. Using a linearized
momentum equation, they obtained Eq. [6] for the
velocity in a converging plane-walled passage with the
half-taper angle, 6. Since this result is symmetrical
with respect to the mid-plane where the shear stress

vanishes, Eq. [6] applies locally in the present system
for small angles and thin films.

U Ai — cos )y
w(rm, §) = M 161

1
[ cos Aj — —sin M]
A

in which ¢ = ¢/6;, and
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Fig. 1. Nomenclature for the analysis of an evaporating meniscus
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In this approach the normal acceleration to the inter-
face is assumed to have negligible effect. Their results
can also be used to obtain Eq. [8] which relates the
velocity to the pressure gradient.

Ul cos A P

- 4py or

M:(P+

where

u(rg) =

(8]

1
462 (cos A — —sin )
A
These last two equations can be combined to give

P 1
232(9—-) (coski——sin M)
ar /i A

pv COS' I(——')COS i+ |
2 9 2 4
' 20 /;

Taking the normal force due to curvature to be the
predominant interfacial effect the radial pressure

oP
gradient, ——
ar

is given by Eq. [5].
i

Numerical.—Using a finite difference technique, the
above equations are sufficient to calculate the meniscus
profile for a given heat flux at the vapor-liquid inter-
face which can be assumed equal to a given per cent
of the total thermal energy generated. The rest of the
heat is conducted away through the solid. Assuming
that all the fluid entering the initial interval, (Ay), is
evaporated, the average velocity of the fluid entering
the initial wedge is

— qAYy )
=\ — 10
Ui ( pAS 4 [ ]

The initial arc length, sy, is

0:(Ay)1 (tan 6. + tan 6;)
o= 1(AY)1 . e + 1 (1]
2 sin 6;

The wedge angle, 6, which is the inverse tangent of
the slope at i is obtained from the slope and curvature
at i-1 using the Euler finite difference approximation
of curvature, K;. This requires that the initial values
of curvature, K,, and contact angle, 6., be assumed. The
change in meniscus thickness, (8t);, is the product of
the step size and the average slope between i and i-1.
Knowing the average velocity and the geometry of the
wedge at i, the derivative of the pressure and curva-
ture are obtained from Eq. [9] and [5]. The volumetric
flow entering each wedge is equal to the total fluid
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evaporated in the meniscus above that level. Using
Euler’s method the above process can now be continued
until either the heat flux becomes negligible or the
wedge angle equals ninety degrees. In the present case,
the effect of evaporation on the meniscus profile is sig-
nificant only at small angles. However, continuing the
analysis until ¢ = 90°, allows the use of the boundary
condition at the base of the meniscus (K = 1/Ry,
8 = 90°) to select the initial curvature.

Evaporation in H;504 Meniscus

The above analysis is now applied to three arbi-
trarily selected evaporation rates, water vapor equiva-
lent of 8, 24, and 72 W/cm?, which are assumed to oc-
cur over the top 250A of a 1N, HySO4 meniscus. Al-
though these flux profiles are not intended as a defini-
tive description of the evaporation zone described in
Ref. (1), which is beyond the scope of this work, the
results based on their use significantly improve the
understanding of the transport process occurring in a
reacting system. Alternatively, considering the large IR
drop and polarizations calculated for the finite contact
angle mensicus in Ref. (1), these evaporation rates are
possible in the interline region. Since we are only in-
vestigating the general effect of viscous flow, the size
of the evaporation region is purposely limited. As a
result of the thinness of the interline region, the effect
of the same evaporation occurring further down the
meniscus would be substantially less. In this model,
the generated vapor could easily diffuse away under a
vapor pressure gradient and condense on a surface at
a lower temperature. Even with an enlarged zone of
evaporation, the total power dissipation would re-
main small in the finite contact angle model because
the upper limit on the zone is very small. In this anal-
ysis, Ay was equal to 250A for the initial five intervals,
625A for the next ten intervals, 1.25 X 10—¢ ¢cm for the
next 380 steps, and 6 X 10~3 cm for the remaining dis-
tance. The radius of curvature at the base of the
meniscus is assumed to be 0.5 mm (one half the slot
width), and the fluid properties are assumed constant
and evaluated at 25°C.

Results

The calculated meniscus thickness at 250A below
the interline and the meniscus heights for the assumed
heat fluxes and contact angles are presented in Table
I. Comparing the isothermal and evaporating cases,
these results demonstrate that the meniscus interline
migrates a small, though measurable distance as a
result of viscous shear. There is a possible +6% error
in the calculated meniscus height due to the use of
only the boundary condition for curvature at the base
of the meniscus instead of both the meniscus thickness
and curvature. Since the approximate size and sign
of the error is the same in all cases, the error in the
migration distance is less than 6%. Auxiliary work
(not presented herein), in which a fixed height at 4 =
90° was used as a boundary condition, demonstrated
that the meniscus profile in the interline region is not
significantly different from the results presented
herein. However, the profile at the base of the meniscus

Table I. Meniscus thickness at 250A below the interline and
over-all meniscus height

Meniscus thickness, Meniscus
Conditions A, aty = 250A height, cm
fe = 0° Less than mono layer 0.0558
isothermal
e = 2° 8.75 0.0546
isothermal
fe = 0° 11.4 0.0532
q = 8 W/em?
e = 0° 15.1 0.0521
q = 24 W/cm?
e = 0° 19.8 0.0507
q = 72 W/em?
e = 2° 20.2 0.0508
q = 72 W/cm?
=2° 8.73 0.0483

c_ylindrlcal surface
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is significantly different. The average radius of curva-
ture for the fixed height boundary value analysis is
approximately 5% less. Previous work (5) demon-
strated that the error due to step size is small. It is
interesting to note that for the cases studied the
evaporating meniscus height is not strongly affected
by the initial contact angle and that the height for the
larger contact angle is slightly larger. This results
from the slightly larger pressure gradient (curvature
change) in the initial portion of the meniscus with a
zero contact angle where the film is thinner.

Comparing the film thicknesses for the various cases
at a point 250A below the interline demonstrates the
following: (i) the film thickness of an evaporating
meniscus is substantially larger than the film thickness
of an isothermal meniscus with the same contact angle;
(ii) the film thickness of an evaporating meniscus with
a 0° contact angle is larger than the film thickness of
an isothermal meniscus with a contact angle of 2°
(however, the 0° contact angle meniscus must start
smaller in the interline region); (iii) the film thick-
ness for the present isothermal model and the cylin-
drical surface model are approximately the same; and
(iv) an increase in the heat flux and/or the contact
angle results in a larger film thickness. These sub-
stantial changes in the film thickness due to viscous
shear would have a correspondingly large effect on
the transport processes occurring in this region of po-
tentially high current densities.

The liquid-vapor interfacial height and the loga-
rithm of the reciprocal of the distance from the inter-
line are plotted vs. the logarithm of the meniscus
thickness in Fig. 2. The curves for the reciprocal dis-
tance from the interline start at y = 125A. These
curves show the substantial effect of evaporation on
the meniscus profile. At a given distance from the
interline (for y > 175A) the evaporating meniscus
with a zero contact angle for the heat fluxes analyzed
is always thicker than the isothermal meniscus with a
contact angle equal to 2°. Previous analysis (1) in-
dicated that 90% of the current is produced in the re-
gion y < 10-4-10—5 cm, with the largest current den-
sity in the immediate vicinity of the interline. These
results were partly based on diffused interferences
fringes that reoccurred every 2.9 X 10—5 ecm. The in-
teraction of these results indicates that it is theoreti-
cally possible to define an evaporating meniscus with
a contact angle equal to 0° that is indistinguishable
from an isothermal meniscus with a 3° contact angle

T . T T
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Fig. 2. Calculated meniscus profiles



Vol. 119, No. 5
T T T T T T T
r I 6,=0° ISOTHERMAL 2
o I 6:0°72WATTS/CM?
6 m I 6;70°24 WATTS/CM2 ]
I IV 670°8 WATTS/CM2 e
¥ ©,=2° ISOTHERMAL 8
3 o g
<
<
5} Logo K N
= 3Pg
' L°9l°(ay )' "‘g’ll:
s | dg—
£ 4
a4l -
<
& \ 2
=AY &
g ’\\‘\ -6 a
4 AR w
=] \
2 3t ‘e“; 13
g-_ \\ g
3 ¢
+ —H4 o
=
<<
Q
2 A3 4 B
\\\ S_:J
AR >
A =]
o\ 18X 1T e
_______________ 5
| 1 1 | 1 1 1

Log, THICKNESS (1,cm.)

Fig. 3. Calculated vertical pressure derivative and curvature
vs. the calculated meniscus thickness.

within the accuracy of the described experimental data
and theoretical analysis. Considering this conclusion
and the current understanding of transport processes
in the critical interline region, considerable additional
study of this area is needed to properly model the
electrochemical reaction zone.

The logarithm of the meniscus curvature and the
vertical pressure derivative are plotted vs. the loga-
rithm of the film thickness for the upper portion of
the meniscus in Fig. 3. These results demonstrate that
there are orders-of-magnitude increases in the pres-
sure gradient to balance the effect of viscous flow. The
horizontal solid line near the bottom of the figure is
the weight density of the fluid. The effect of viscous
shear becomes negligible before the wedge angle is
equal to 10°. The absolute value of the approximate
wall shear stress can be calculated using

0D
sl = \ —
oy

In this analysis the integrated product of the local wall
shear stress and the area would be equal to the de-
crease in weight of the meniscus. These results also
indicate that there are orders-of-magnitude increases
in the radius of curvature near the interline. The
average radius of curvature in the first interval for
run No. 4 in Fig. 3 is 2.5u vs. 479 for the isothermal
meniscus. Therefore, the meniscus profile in the inter-
line region more closely resembles the meniscus found
in a pore than that found on an immersed flat plate.

—pa) t [12]
z=t

Discussion

Curve IV presented in Fig. 2 and 3 represents a
system with an evaporative heat flux of 8 W/cm?
which is assumed to occur over only the top 250A of
the meniscus. This is 30% of the average thermal
energy generated in the top 250A of the meniscus pre-
sented in Fig. 24e of Ref. (1), and a small per cent of
the total heat generated. A substantial flow profile
change occurs when the evaporating fluid flow results
from a curvature change, which gives a plausible
mechanism for the flow. This particular evaporating
meniscus profile starts with a zero contact angle but
resembles an isothermal meniscus with a 4° contact
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angle for a large portion of the main reaction region.
Curve III (72 W/cm? over 2504, 0° contact angle)
corresponds closely to an isothermal curve with a 6°
contact angle in a large portion of the main reaction
region. If a reliable method of predicting the relative
percentage of the thermal energy removed by evapora-
tion were available, the method described herein
could be used to improve the results of Bockris and
Cahan. At present, these results give a good estimate
of the effect of contact angle on the current vs. over-
potential curve if the apparent contact angle is used.
For example, in Fig. 17 of Ref. (1), the per cent
decrease in the current at an overpotential of one volt
for a change in the apparent contact angle from 1°
to 4° is 26%. Additional results are presented in Ref.
(10). The same change would occur if the profile
change was due to fluid flow instead of the contact
angle. This supports the model of an evaporative heat
sink by giving a plausible mechanism for fluid flow.
The large predicted increase in evaporative heat flux
required to go from an apparent contact angle of 4°
to 6° indicates that sufficient fluid flow is available for
even the highest thermal fluxes. A similar effect could
be expected to occur in porous electrodes.

In the complete system, conduction in the electrode
would also remove some of the thermal energy. There-
fore, it is instructive to make an order-of-magnitude
calculation of the unit thermal conductance in a porous
solid (kegs/L) and compare it to a “mass conductance”
in the pores. The unit thermal solid conductance (L
= 1u) is 1400 cal/sec-cm2-K° in nickel, 100 in carbon,
31 in quartz, and 5.6 in Teflon. The conduction path in
Ref. (1) was quartz with a thin surface film of sput-
tered Pt. The unit thermal conductance in a porous
media is much lower than this and is a strong function
of the manufacturing process. For example, the con-
ductance in strongly consolidated sintered metals is an
order-of-magnitude less than the solid conductance
and could be a factor of 100 less in poorly sintered
specimens. For unconsolidated packed material, the
ratio of the two conductances could be 1000. Therefore,
thermal conductance in a porous electrode is a strong
function of the material, the manufacturing process,
and the meniscus location (relative to the junction
between two particles).

Assuming that molecular diffusion through a stag-
nant gas occurs in a uniform pore, the conductance of
the vapor space for water can be estimated to be (in
equivalent thermal units) 7 cal/cm2-sec-K° at 25°C.
This is obtained using Eq. [13] with T = 298°K, L =
1y, p = 1 atm, Dugo.ny = 0.825 cm?/sec, and a water
vapor pressure difference corresponding to a tempera-
ture difference of 1°C

pDas ( Aps )
Na = In{14 — 13
A= —omr + = [13]

This is larger at higher temperatures since the rate of
change of vapor pressure with temperature and the
diffusivity increase with temperature. Like the ther-
mal conductance, the effective mass conductance in a
porous material is a function of its manufacturing
process. These calculations indicate that the evapora-
tive heat flux in porous electrodes made from carbon
and Teflon is relatively large. Alternately, the solid
heat conduction process is much more effective than
evaporation in well-sintered metal electrodes. How-
ever, in both cases, the evaporation-condensation
mechanism could cause meniscus migration but at dif-
ferent velocities. In addition, if vaporization occurred
at a surface with a large radius of curvature and con-
densation occurred in a crevice with a small radius
of curvature, vapor transport would be enhanced.
Theoretically, once the ideal electrochemical meniscus
is completely described, the porous electrode design
can be optimized.

The above analysis is based on the premise that a
fully developed wedge flow model can be used in the
meniscus. A partial feeling for the correct velocity
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distribution can be obtained from a boundary layer
calculation of the distance required for the boundary
layer thickness for flow over a flat plate to be equal to
1 X 10—3 cm. This is the approximate thickness of the
meniscus in the region where viscous effects become
negligible. A simple form of the boundary layer equa-
tion is

t2u,

30y

[14]

Using the interfacial velocity at t = 1 X 10—3 cm for
u,, the calculated distance is negligible compared to
the distance from the bottom of the plate to this point.
In fact the velocity is so low and thickness so small,
that the use of the simple form of the boundary layer
equation is not justified. However, the large difference
between these two distances definitely indicates that
the accelerating velocity profile is well developed in
and above this region. In addition, since the angle 6
is still small in this region, 6-direction flow has a small
effect on the meniscus profile. These two results dem-
onstrate that the wedge flow model is a good approxi-
mation to the flow field in the upper portion of the
meniscus. Since viscous effects become negligible below
this region, the continued use of the model does not
effect the validity of the rest of the profile.

The thermocapillary shear stress at the liquid-vapor
interface is assumed to be negligible in the present
analysis. This assumption is based on the results of
Ref. (5) which demonstrated that the thermocapillary
effect in the upper portion of the meniscus was small
compared to the curvature effect. Thermocapillary flow
would have an effect on the profile in the lower and
less important portion of the meniscus. Further, in-
clusion of this effect requires a priori knowledge of the
temperature gradient, Since this gradient is unknown,
its inclusion would require an additional set of itera-
tions which is beyond the scope of the present study.

Conclusions

Fluid flow in the evaporating meniscus of an elec-
trode-gas-electrolyte reacting system was modeled and
analyzed. The meniscus profile, the curvature profile,
and pressure derivative profile were calculated for 1N
H,SO4 using various assumed evaporation profiles. The
results demonstrate that: (I) A sufficiently large
capillary force was available to supply the required
fluid flow for a large evaporative heat sink. (II) Due to
the thinness of the meniscus profile in the interline
region large pressure gradients were needed to balance
the viscous shear stress. (III) The change in curvature
due to viscous flow had d significant effect on the
meniscus profile in the critical interline region. (IV)
Depending on the evaporation rate, the interline radius
of curvature could be micron size for a large meniscus.
(V) This change in meniscus profile would have an
equally significant effect on the transport and kinetic
processes occurring. (VI) The effect of viscous shear
on the meniscus profile should not be neglected in ana-
lyzing electrochemical processes in a finite contact
angle meniscus. (VII) Currently used optical tech-
niques are not sufficiently accurate to measure the
meniscus profile in the critical region.

SYMBOLS
molecular diffusivity, cm2?/sec
gravitational acceleration, cm/sec?
thermal conductivity, cal/cm-°K
curvature, cm~—1

xEQ Y
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conductance path length, cm

mass flux, moles/cm2-sec

modified pressure, p; — pg (Y — y), dynes/cm?
pressure, dynes/cm?; partial pressure
heat flux, W/cm? _

Reynolds number, (2uér/v)

radius of curvature, cm; gas constant, cm3-atm/
moles-K°

radial direction (see Fig. 1), cm

arc length (see Fig. 1), cm

arc length (see Fig. 1), cm

meniscus thickness, cm

velocity, cm/sec

specific volume of vapor, cm3/g

x coordinate

interline distance from meniscus base, cm
y coordinate distance from interline, cm
distance (see Fig. 1), cm

difference

velocity weighting factor [Ref. (6)]
angle (see Fig. 1), radians

function of Re and ¢, see Eq. [7]
kinematic viscosity, cm?/sec

= (¢/61)

density, g/cm?

surface tension, dynes/cm

coordinate angle (see Fig. 2), radians
ubscripts

component A

component B

atmospheric

contact

effective

liquid surface

gauge

location “i” (see Fig. 1)

R coordinate surface or direction

r coordinate surface or direction
solid surface

liquid vapor interface

vapor

initial interval
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Brief Commumnication

Low Current Density Microcell Diffusion
Layer Thickness at Shallow Vertical Electrodes

R. N. O’Brien

Chemistry Department, University of Victoria, Victoria, British Columbia, Canada

Use of microcell interferometry techniques which
have been well reported (1-4) permit detailed analysis
of the limiting effect of natural convection at vertical
electrodes. A number of authors (5-9) have evolved
equations to describe natural or free convection at
vertical electrodes. Only that evolved by Wilke, Eisen-
berg, and Tobias (10) has been tested for microcells
and found satisfactory (11, 12). Since the testing of
this expression by conventional means, interferometric
data has become available and is presented here.
Microcells are for the purposes of this work defined
as those with electrolyte volumes of 0.5 ml or less.
Those used also had electrode area to electrolyte vol-
ume ratios of about 104 in contrast with conventional
cells which have ratios usually in the range of 10—2
cm~1,

The cell used was very similar to that reported in
Ref. (1). The electrodes were 0.31 cm apart and were
0.191 cm thick, of high purity microcrystalline copper
carefully prepared and polished to give a vertical edge
to avoid shadowing. The experiments were done at
room temperature (22°C).

The limitation of the extent of the diffusion layer
by natural convection is shown in Fig. 1. Fig. 1(a)
shows the concentration gradients for horizontal elec-
trodes with the cathode over the anode (C/A) pre-
viously published in Ref. (3), and Fig. 1(b) shows them
for shallow vertical (S/V) electrodes in the cell
Cu/CuSO4/Cu at the natural pH of 4.3 of 0.05M CuSO4
at a nominal 1 mA/cm? C. D. (0.902 mA/cm?). For
short periods of electrolysis, irregularities of the sur-
face of horizontal electrodes, small departures from
the truly horizontal position, and inequalities of elec-
trode areas in activity have usually not produced de-
tectable convection.

The differences between the convecting system and
the nonconvecting system are that the diffusion layer
constantly expands for the horizontal C/A system and
is limited after about 15 sec by convection in the S/V
arrangement of electrodes to about 0.025 ¢cm. The dif-
ferences under these conditions are more easily seen
in Fig. 2(a) and (b) where the concentration at a
given distance out from the electrode is plotted at
various times. An idea of the uncertainty of the mea-
surements is given by the scatter of points shown in
Fig. 2(b) at times less than 10 sec.

Contrasting Fig. 2(b) with 2(a) convection appears
to have begun at the anode first and is detectable as
an undulation in the curve at 10-15 sec after electrol-
ysis was begun. The first irregularity in the cathode
side occurred farther out from the electrode at just
over 20 sec and was more severe, the slope of the
concentration contour actually reversing. Close to the
electrode, the anode exhibited 3 anomalous changes in
concentration contour until settling down at about 45

* Electrochemical Society Active Member.

Key words: diffusion layer thickness, natural convection, inter-
ferometry.
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Fig. 1. Reproductions of interferograms: (a) no convection,
cathode over anode and (b) shallow vertical electrodes, natural
convection occurring, limiting the diffusion layer to about 0.03 ¢m.
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sec to a constant concentration value and a pseudo-
steady state. At 0.01 cm out from the anode small
changes in concentration were still occurring at 60 sec.
At the cathode, stability at the electrode and at 0.01
cm from it occurred at the same time, about 50 sec,
and only two major perturbations to the smooth curve
occurred. Two convective vortices were set up by 50
sec with overflow and underflow between them as
described previously (4).

The characteristics shown in this experiment are
generally true, that is, although the number of changes
of slope to the pseudo-steady state is not constant, the
anode region has the most, and they begin and end
there first. The initial 10 sec has a smooth concentra-
tion change form similar to that of a convectionless

system and like it, gives a linear plot of AC vs. \/t, but
the plot does not go through the origin. Higher current
densities produce noticeable convection a little sooner
and have less extensive diffusion layers as shown in a
recent paper by Tvarusko and Watkins (13). Ibl and
Bohm (12) have found a similar instability in a redox
system when similar heights and separations of elec-
trodes were used. Optical errors calculated according
to Ibl (14) are negligibly small, of the order of 1%
for these concentrations and current densities.
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Fig. 2. Concentration changes at various times of electrolysis at
various distances from the electrodes: (a) no convection and (b)
natural convection limiting the diffusion layer.
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Dielectric Breakdown in Silicon Dioxide Films on Silicon

I. Measurement and Interpretation

C. M. Osburn* and D. W. Ormond
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598

ABSTRACT

Depending on how one measures the dielectric breakdown strength of
thermally grown SiO; films in the thickness range useful for MOSFET applica-
tions, different results may be obtained. These results are shown not to be an in-
trinsic property of the SiO but rather are artifacts dependent on metallurgical
contact thickness, oxide thickness, capacitor area, applied bias voltage, in-
strument impedance, and time constant. These parameters lead to phenomena
commonly referred to as self-healing (or nonshorting) breakdowns which
represent a voltage collapse followed by thermal processes that vaporize the
shorting electrode metal allowing the capacitor to break down repeatedly at
higher fields. Statistical distributions of breakdown fields for the initial break-
down event point to a continuum of oxide defects having different breakdown
fields in contrast to prior work showing specific defect types. Measurements of
the final shorting voltage (after self-healing breakdown events no longer
occurred) are useful in determining the maximum dielectric strength of a de-
fect-free film. A ramp-rate dependence of the breakdown field is observed
for slow ramps, and a time instability is seen in the high-field conduction

which leads to breakdown.

The dielectric strength of SiO; films on silicon is
important to the performance of MOSFET devices.
Both the initial yield and the reliability of these de-
vices during operation can be related, at least in part,
to the breakdown characteristics of the SiO; gate di-
electric.

Dielectric breakdown in materials has been of inter-
est for many years, particularly as related to high-
voltage insulators and capacitors. More recently, grow-
ing interest in the large-scale integration of transistors
and other thin-film components has shifted attention
to breakdown in very thin films, and, consequently,
breakdown strengths have been measured for films
of many different materials. Unfortunately, only a
limited amount of work has been done to relate mate-
rials and processing parameters to the breakdown
characteristics in SiOp, in order to both improve the
oxide integrity as well as to determine the major
breakdown mechanisms.

Several ways of describing the dielectric strength of
thin insulating films have been developed and refined
in recent years (1). The following three methods have
received special attention: (i) measuring one capacitor
sample having thin metal electrodes in order to allow
self-healing breakdowns (2) to take place by vapor-
izing the metalization over the failed or weak spot in
the dielectric, thereby eliminating the weak spots; (ii)
constructing a statistical distribution of breakdown
values by using a large number of test specimens
(3-4); and (iii) determining the current-voltage char-
acteristics of a capacitor, just prior to the breakdown
event (5). Each method has certain advantages and
disadvantages, and the choice is important. For in-

* Electrochemical Society Active Member.

Key words: dielectric breakdown, silicon dioxide films, metal-
oxide-semiconductor (MOS), self-healing breakdown, conduction.

stance, the first method permits the taking of a large
amount of data from a single capacitor structure, but
its usefulness is usually restricted to studying the so-
called primary, or high-field, breakdown strength; as
such, it tells little about the low-field breakdown
strength which is important for device applications,
and it does not reveal the effect of materials and proc-
essing parameters on the number of oxide defects. The
statistical approach (ii) gives perhaps the best indica-
tion of when an actual MOSFET device might fail dur-
ing loading, but it does not shed as much light as the
former technique on the nature of the breakdown
mechanism. While current-voltage measurements (iii)
provide additional information on the breakdown
mechanism, their usefulness is restricted mainly to
observing primary-type breakdowns; furthermore, the
measurements can be very tedious and difficult to
interpret when other time-dependent components
(e.g., from ionic displacements) appear in the total
current.

When measuring breakdown in MOS capacitors, the
statistical approach is often employed because it is
probably most directly related to device reliability. It
has the additional advantage of being the most sensi-
tive measure of the effect of materials and processing
parameter changes. However, it will be shown that the
procedure used in measuring statistical distributions
does affect the results obtained and that care must be
taken in interpreting data. In this paper, the results of
an attempt by the authors to interrelate various mate-
rials and measuring parameters to the dielectric break-
down characteristics of thermally grown SiO; films are
reported. The interactions of such variables as oxide
thickness, metal electrode area and thickness (here,
aluminum), time response, and impedance of the elec-
trical measuring circuit, as well as testing ramp rate
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and polarity, are discussed. In addition, certain im-
plications of the current-voltage characteristics are
considered since they suggest a likely breakdown
mechanism.

Experimental Procedure

Metal-oxide-semiconductor capacitors were fabri-
cated on 2 ohm-cm, p- and n-type <100>-oriented
silicon wafers. The wafers were ultrasonically cleaned
using NH4OH-H;0;, HC1-H;0,, and HF solutions, while
the quartz glassware was etched with HNO3-HF; oxides
from 200 to 2000A thick were then grown in dry oxy-
gen at 1000°C. By using all reasonable precautions to
insure pure SiO; films, mobile Na* ion concentrations
on the order of 5 X 1019/cm?2 were obtained as deter-
mined by the flatband voltage shift technique (6). One
hundred aluminum electrode dots were electron-gun
evaporated through metal masks onto each wafer in
a clean evaporation system, and the wafers were then
given a 5-min anneal at 500°C in dry nitrogen.

Measurements were made with the circuit shown in
Fig. 1, wherein a ramp voltage (i.e., increasing linearly
with time) was applied to the MOS sample. Break-
down was accompanied by a rapid voltage drop across
the MOS capacitor which was sensed by a special trig-
gering circuit that would record the breakdown volt-
age on a voltmeter. Often, particularly if the aluminum
electrode was thin, the MOS capacitor would not short
out but would recover and continue increasing in volt-
age as the ramp voltage increased until another break-
down event occurred. This process of recovering is the
well-known phenomenon of self-healing whereby the
capacitor discharges through the breakdown path and
vaporizes the metalization over the path leaving a
nonshorted capacitor containing a small, burned-out
area. Up to several hundred of these self-healing
events could take place before the sample would short
permanently. The voltage at which this shorting, or
final, destructive breakdown, took place was recorded
on a second, peak-reading voltmeter. Thus only the
initial, self-healing breakdown voltage and the final,
destructive breakdown voltage were recorded and the
intermediate breakdown events were ignored. When
the aluminum was thick and self-healing did not occur,
both breakdown values were the same. After all the
capacitor specimens on a wafer were tested, histo-
grams giving the percentage of capacitors that broke
down vs. the voltage of breakdown for the initial and
the final breakdown were constructed. From a prac-
tical point of view, only the initial breakdown dis-
tribution was important; from the point of view of
understanding breakdown processes in defect-free
SiOs, the final one was important. This measuring pro-
cedure combined methods (i) and (ii) described ear-
lier in that (a) statistical distributions were con-
structed in order to study low-field breakdown events,
and (b) self-healing events were allowed in order to
measure the intrinsic breakdown strength of SiO..
Intermediate-field breakdown events gave no addi-
tional information since the use of statistical distribu-
tions made it possible to determine the probability of
breakdown at any given field.

The voltage ramp was obtained by charging a fixed
capacitor by means of a constant current generator,

VOLT-
TRIGGER —
CIRCUIT METER
PEAK-
VOLTAGE R _L READING
RAMP |_T_I VOLT-
METER

»

Fig. 1. Diagram of the breakdown measuring circuit
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and its speed was varied by adjusting the current. The
value of the series resistor (Rs) ranged from 10 ohms
to 100 kilohms. The triggering circuit was basically the
nanoampere sensing arrangement described elsewhere
(7) with the input impedance reduced in order to
speed the response time to under 1 usec. The circuit
would trip a relay when a 1-volt, 1-usec pulse appeared
across Rs. With a large series resistor, the time constant
for recharging the MOS after a self-healing event was
larger than 1 usec so that the circuit would detect all
of the self-healing events in which the capacitor volt-
age dropped by one volt or more; later considerations
show that the chances of self-healing occurring with
less than a one-volt drop are quite remote.

Results and Discussion

Measurement of statistical distributions.—When the
series resistor was 100 ohms or less, the initial and
final breakdown distributions were identical, and
visual inspection at 100 magnifications showed that no
self-healing breakdowns had occurred. For larger R
values (>10 kilohms) self-healing breakdowns occurred
which were later observed as small black specks on
the aluminum electrodes under this magnification. Ac-
cordingly a 100-kilohms series resistor was used subse-
quently to permit self-healing so that the maximum
breakdown strength of each sample could be evalu-
ated. Figure 2 compares the initial and final break-
down distributions for a typical wafer with the metal
biased negatively. It was found that the initial break-
down values were continuously distributed over the
entire field range from 0 to 10 MV/cm and did not show
distinct peaks in general. More careful preparation of
the SiO;, films did, however, reduce the frequency of
breakdowns occurring below 2 MV/cm. The final (i.e.,
destructive) distribution, on the other hand, consisted
of distinct peaks similar to those observed earlier by
Fritzsche (3) as well as by Chou and Eldridge (4).
The measuring circuit of Chou and Eldridge was iden-
tical to the one used here for measuring the final
breakdown voltage except that their series resistor was
even larger (250 kilohms); furthermore, visual inspec-
tion did show that their samples experienced self-
healing which was undetected by their slower respond-
ing (~0.1 sec) testing circuitry; hence, their data are
probably more representative of the final breakdown
phenomena. The presence of a low-field peak in the
final breakdown distribution can be explained simply
by the lack of sufficient energy stored in the MOS
capacitor to promote self-healing at low fields. At low
fields, breakdowns are shorting giving rise to a low-
field peak while at intermediate fields breakdowns are
self-healing. This behavior is explained more fully
later. The occurrence of this peak in the final break-
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Fig. 2. Initial and final breakdown distributions
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down distribution does not reflect any property of the
SiO; film but is rather a consequence of measuring con-
ditions. The wide distribution of breakdown fields
across a wafer, as determined from the initial self-
healing breakdown events, indicates either a distribu-
tion of weak spot sizes or several breakdown mecha-
nisms. Both initial and final distributions were de-
pendent on the electrode area since the frequency. of
low-field breakdown events increased with increasing
electrode area.

A more expanded plot of a typical final breakdown
distribution, as used to determine the maximum di-
electric strength (see Fig. 3), shows that the high-field
curve is not Gaussian but rather is skewed at low
fields and has a sharp cutoff at the upper end (Emax).
Furthermore, the peak of the experimental distribu-
tion occurs at a field that is greater than the average
field. The variance of the distribution in most cases is
two to five times larger than would be expected from
thickness fluctuations over the wafer and must be ex-
plained in terms of other mechanisms, possibly large
numbers of very small defects. The shape of the final
distribution is largely independent of measuring tem-
perature. The variance of the distribution remains
about 4% of the average field down to 400A thick films.
Distributions for thinner oxides have larger standard
deviations which can be attributed to the lack of self-
healing.

A correlation has been observed between the initial
and the final breakdown strength of a particular
capacitor. Those which had a low initial, self-healing
breakdown also had low final breakdown voltages;
conversely high final breakdown usually followed high
initial breakdown voltages. It has not been possible to
determine whether the process of self-healing weakens
the remainder of the film or whether both breakdowns
are associated with a generally defective film. Destruc-
tive breakdown usually involves a series of propagat-
ing breakdowns in a cluster until the breakdown area
is so large that insufficient energy is stored to sustain
further clearing of shorted regions.

Polarity.—When the aluminum is biased negatively in
p-type MOS capacitors, the silicon surface is in ac-
cumulation and the entire applied voltage appears
across the oxide. When the aluminum is positive, how-
ever, the surface can be either depleted or inverted,
depending on the field applied and the minority carrier
generation rate. In the equilibrium case, the maximum
voltage across the silicon is equal to the maximum
amount of band bending allowed or about 1 volt; this
is a small correction factor for samples that break
down at roughly 50V or more. On the other hand,
when the carrier generation rate is slow compared to
the measuring ramp, deep depletion can occur, and
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most of the applied field can be in the silicon. Ava-
lanching in the silicon could possibly trigger the
breakdown in this case. Because of this potential diffi-
culty, most of the measurements in this study were
made with the aluminum negative; a comparison was
made with the aluminum positive, however. Under
room lighting and with a ramp rate of 1 MV/cm-sec,
the distribution for the aluminum positive was spread
out over a very large range. The maximum breakdown
voltage ranged up to 150V for 1000A films and went
over 80V for 200A films (15 and 40 MV/cm, respec-
tively, if the entire voltage were across the oxide).
This compares with maximum breakdown strengths
of 92 and 25.8V for 1000 and 200A films (9.2 and 12.9
MV/cm, respectively) with the aluminum negative. As
expected, the Al(+) distribution results were very
light sensitive since light increases the carrier genera-
tion rate and gives faster equilibration; strong illumina-
tion reduced the maximum breakdown voltage in a
200A film from over 80 to 19.4V and from 150 to 89V
in a 1000A film. Comparisons of breakdown distribu-
tions measured under strong illumination with both
polarities gave identical results for the most part. The
maximum dielectric strength for Si(+4) is about 0.4
MV/cm less than for Si(—) however. Occasionally a
capacitor withstood an abnormally high voltage with
depletion bias even under illumination. Subsequent
examination showed that these capacitors exhibited a
high leakage current through the oxide. The authors
attributed the high breakdown voltage in this case to
the high oxide leakage prohibiting the formation of
an inversion layer in the silicon and not to superior
breakdown strength. Thus care must be taken to insure
that equilibrium occurs if meaningful breakdown mea-
surements are to be made with the silicon depleted.
Many measurements were made on n-type Si wafers
with the aluminum biased positively. The behavior
observed was the same as that with A1(—) on p-type
wafers. Apparently the measuring polarity is not an
important factor in itself but rather the condition of
the silicon surface (i.e., accumulated or depleted).

The tendency for self-healing was found to be very
polarity dependent; wiz., self-healing breakdowns
would occur for both polarities but were much less
frequent when the aluminum was biased positively.
For a sample to self-heal with positive aluminum,
thinner aluminum, larger capacitor area, or thicker
oxide was required than for Al(—). Klein (2) found
that for p-type samples of 0.3 and 9 ohm-cm the
resistance of the discharge path was an order of mag-
nitude greater for Al(4) than for Al(—) so that the
initial current surge through the discharge path was
an order of magnitude greater for negative aluminum.
It could be argued that the high-current, Al(—)
breakdown could vaporize the discharge path more ef-
fectively (and, hence, self-heal) while the low-cur-
rent, Al1(+) breakdown could not. In an actual device,
only the first breakdown event is important, of course,
and is not affected by self-healing and hence is not
affected by polarity.

Ramp rate—If the breakdown mechanism in SiO; is
thermal in nature, one would expect to find a ramp-
rate dependence of the maximum breakdown strength.
In this study, the ramp rate was varied from 0.05 to
105 MV/cm-sec with only subtle changes in break-
down strength. For Al1(—) the high-field, or primary,
breakdown peak was observed to shift to higher field
values by about 7% when the ramp rate was increased
from 0.05 to 2 MV/cm-sec, as shown in Fig. 4. No
statistically significant changes in the lower field
breakdowns could be discerned. Breakdown measure-
ments on a single sample using the self-healing tech-
nique (2) showed that the breakdown strength was
constant for ramp rate over 2 MV/cm-sec (see Fig. 5).
These results extend the work of Fritzsche (3) who
found no pulse duration effect from 8 to 400 usec. With
the silicon depleted in room light, the faster ramp in-
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creased the low-field breakdowns but had no real
discernable effect at high fields. It should be noted that
even in room light, many samples withstood voltages
that would create fields in the oxide greater than 10
MV/cm for over 5 min (this anomalously high voltage
is divided between the oxide and the silicon and results
from a low minority carrier generation rate as com-
pared to the rate of loss of carriers through oxide
conduction). Previous studies of low-frequency C-V
characteristics (8, 9) also found very slow carrier
generation rates.

Effect of material parameters on breakdown dis-
tributions.—Oxide thickness.—One significant finding
here where the breakdown distributions were deter-
mined for various oxide thicknesses is that fewer self-
healing breakdowns occur in thinner SiO; samples.
Thus, for thin films (e.g., 200A), the initial and the
final breakdown distributions are almost identical
while they are quite different for much thicker SiO»
layers. One qualitative explanation for this behavior
is apparent; namely, the energy (W) stored in a
capacitor of area F' and oxide thickness d is

WaF-d-E? [1]

where E is the electric field strength applied across
the oxide. For a given field and area, thinner oxide
samples store proportionately less energy that can be
subsequently released for volatilizing a portion of the
metal, thereby resulting in a self-healing event. The
implications of this observation are important when
it is realized that several breakdown studies in the
past have measured the final breakdown only. The
final breakdown voltage in a thick film is usually much
higher than the initial breakdown because the MOS
capacitor can self-heal; in contrast, the final break-
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down in a thinner film is identical to the initial break-
down. Hence, a determination of only the final break-
down distributions can make the apparent intrinsic
breakdown strength and the apparent high-field break-
down frequency decrease with decreasing SiOs thick-
ness; these observations are artifacts of the measure-
ment and do not represent the properties of the film
itself.

Aluminum thickness.—The electrode area dependence
of the fraction of capacitors having final breakdown
strengths within the range of the high-field, or pri-
mary, breakdown peak (i.e., the high-field peak of the
final breakdown distribution in Fig. 2) has been used to
characterize a defect density of the oxide film. For
example, Chou and Eldridge reported defect densities
for several oxide thicknesses wherein the mobile Na*
concentration was ~2 X 1011/cm?2. and the immobile
sodium was not determined. Since self-healing break-
downs were present but undetected in their samples,
it was necessary to determine the extent of any inter-
action between their measurements and results. Ac-
cordingly, the aluminum thickness was varied, and, as
expected, those samples having thicker aluminum
contacts showed fewer self-healing breakdowns and
therefore more low-field, final shorting breakdowns;
however, some self-healing events were observed with
over 10,000A of aluminum thicknesses. The electrode
area dependence of the fraction of high-field break-
downs is shown in Fig. 6 for several thicknesses of
aluminum; the oxide defect density, p, can be deter-
mined from this figure using the relation

—InP = pF [2]

where F is the electrode area and P is the probability
of a primary breakdown. Since p, as computed from
final breakdown distributions, is a function of alumi-
num thickness (see Fig. 7), it is not a true measure of
a density of defects in the oxide but is apparently a
more complicated indicator of the defect density cou-
pled with the aluminum thickness. The occurrence of
undetected self-healing events can greatly distort re-
sults obtained for defect densities. The initial break-
down distribution, on the other hand, was indepen-
dent of aluminum thickness to first order at least; al-
though the wafer dependence precluded an exact com-
parison of wafers having different thicknesses of metal,
no statistically significant difference was ever observed.

Capacitor area and defect density.—In examining the
initial and final breakdown distributions, one observes
a more or less definite threshold field (V) below
which no self-healing breakdowns occur. In practice,
it was found that most samples with initial break-
down above this threshold do self-heal but no samples
self-heal below the threshold. This threshold voltage
varied with the capacitor area, F, as

K—kF (V2 —V,?) 3
= Wi =V [3]
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Fig. 6. Electrode area dependence of breakdown
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where V; is associated with the minimum voltage re-
maining across the capacitor during a self-healing
breakdown event; d is the thickness of the oxide hav-
ing dielectric constant k; and K represents the mini-
mum energy required to vaporize the discharge path
for self-healing and is dependent on aluminum thick-
ness. A value of V; about 23V gave the best fit to the
experimental data for the present films. By compari-
son, Klein (2) found that the theoretical lower limit
of V, should be 12.2V for SiO; films; this value is con-
sidered to be the minimum voltage needed to support
a gas discharge and is composed of the aluminum work
function plus the silicon ionization potential. High-
speed oscilloscope traces showing the voltage across
the capacitor during a self-healing breakdown event
with the wafers used in this study further verified
the minimum value of V. as 22-24V; Klein found an
experimental value of 16V for V. by using oscilloscope
traces.

Since the fraction of the final, secondary breakdown
events varies with aluminum thickness and since the
self-healing threshold voltage of the secondary break-
down varies with capacitor area, it becomes necessary
to re-examine the defect density, p, as used first by
Fritzsche and then by Chou and Eldridge. The past
work has made the assumption of a single type of
defect responsible for the secondary breakdown peak;
this study finds the absence of a well-defined sec-
ondary peak for the initial breakdown distribution.
Instead the breakdowns are distributed over a wide
range of fields. The probability, pr(E), that a capacitor
of area F will break down between E and E + dE can
be determined from the initial breakdown histograms.
Typical distributions of the breakdown probability
for three different capacitor diameters are given in
Fig. 8. In the most general case, three regions can be
discerned: (i) high fields (0.8 Emax t0 Emax) where
pr(E) does not depend on the area F and can be asso-
ciated with the intrinsic breakdown of the film, (ii)
low fields (0 to 0.8 Emax) where pr(E) can be ex-
pressed as F X p(E), and p(E) can be considered as
the density of defects having breakdown E, and (iii)
moderately high fields (0.6 Emax to Emax) where pr(E)
increases with increasing area but not linearly and
appears to be a transition between the intrinsic break-
down region and the defect-related breakdown region.
It should be noted that the range of each region varied
from one sample to another. The use of the defect
densities as a function of field was a very sensitive
indicator of the variability in breakdown properties
of different wafers. Some wafers did show a distinct
peak in the defect density at lower fields indicating a
high incidence of a single type of defect in those par-
ticular wafers. Most wafers, however, showed a con-
tinuum of defect sizes or properties. As expected the
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probability of a defect being present increases as the
defect size decreases. No significant variations in the
defect densities have been observed as a function of
oxide thickness beyond normal wafer to wafer differ-
ences.

The mathematical treatment of a distributed defect
density is only slightly more complicated than for the
discrete defect case. In the defect-related breakdown
region, if we let P(E) be the probability that a capac-
itor of area F has a defect with breakdown less than
or equal to E, then

E
P(E) = jo Fp(&) [1-P(&)] d¢ [4]
Solving gives
E
P(E) =1—-exp{—J; Fp(§) df} [5]

If P'(E) is the probability that the capacitor has break-
down greater than E, then

E
P(E) = exp{— J; Fp(#) de} [6]

E
—InP'(E) =F j; p(¢) dg [

which is the same as Eq. [2] with an integral replaced
for a discrete density. It should be noted that the data
of Fig. 8 fit Eq. [7] at all oxide thicknesses for E = 0.8
Emax with

0.8 E
j; T (8) dE ~120/cm? (8]

Measurement of current-voltage characteristics.—
Figure 9 gives the steady-state I-V curves for a 1300A
oxide film at room temperature. The data were taken
after the field had been applied for a few hours to
drive the mobile ions to one electrode or the other.
The data are quite similar to those of Lenzlinger and
Snow (10) showing Fowler-Nordheim tunneling. In
the present case Al(+) gives higher current at a given
field than Al(—) which is opposite of their result indi-
cating different barrier heights. There is one major
difference in the results: at the high fields, particularly
with Al(—), the current increases with time (% to
10 min) from its instantaneous value to a stable,
equilibrium value. This change is repeatable: if the
voltage is reduced, the current decreases with time to
its original value at the voltage. When the voltage is
increased again, both the instantaneous current and
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the equilibrium current are the same as they were
initially. The range over which this instability could
be observed was only about 4% of the entire voltage
range; at any higher field the current would run away
at too fast a rate to stop. Conduction measurements
made on capacitor structures with a guard ring ensured
that surface conduction does not affect these results.
Although this instability is suggestive of joule heating
in the sample, the power levels are too low to cause
heating (see Appendix). Furthermore, the onset of
the instability occurs at the same field for both polari-
ties although the power levels are two to three orders
of magnitude different. This field-dependent mecha-
nism is thus more likely associated with an electronic
process having a long time constant.

These steady-state I-V characteristics also shed light
on the effect of breakdown measurement on the results
obtained. If the breakdown voltage is defined to be
the voltage at which a prescribed current flows (for
example 1 xA), then the breakdown for Al(—) will
always be 1 to 1.5 MV/cm higher than for Al(+). If
the runaway point is defined as being the breakdown
point, this polarity difference will be smaller since the
instability occurs at the same field for both polarities.

Summary

The dielectric breakdown properties of thermally
grown SiO; films show a wide variability. Depending
on the measuring conditions, this variability may or
may not be observed. Statistical breakdown distribu-
tions as determined from the initial breakdown event
can be considerably different from distributions of
final destructive breakdown when self-healing or non-
shorting breakdowns occur. Initial breakdown dis-
tributions reveal a continuum of defects having dif-
ferent breakdown fields rather than distinct defect
types while final distributions show a low-field peak
which is an artifact of the measurement.

The initial breakdown distributions were largely
independent of materials and measuring parameters.
Metalization thickness, oxide thickness, capacitor area,
and measuring circuit impedance did not affect the
initial, self-healing results. Final distributions, on the
other hand, were very strongly influenced by these
parameters.

The differences in the two distributions are best ex-
plained in terms of the self-healing breakdown proc-
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ess. Only when self-healing takes place is the final
distribution different from the initial. The final dis-
tribution depends on the number of self-healing break-
down events while the initial distribution is not influ-
enced by these events. For a nonshorting breakdown
to occur, sufficient energy must be stored on a capac-
itor to vaporize the metalization over a breakdown
path. The metal thickness, oxide thickness, capacitor
area, and circuit impedance are merely the parameters
that affect the stored energy or the energy required
for self-healing and would be expected to influence
the final breakdown. It should be emphasized that the
phenomena of self-healing breakdowns is not related
to any fundamental property of the SiO; film but
rather is related to the measuring parameters.

Due to the interaction of the materials and measur-
ing parameters with the final breakdown, it is con-
cluded that the initial distribution gives the better
measure of the breakdown characteristics of the SiO»
film itself. Furthermore, since actual devices use
thicker metalization which is covered with glass, self-
healing does not occur readily, and the initial break-
down is destructive and is therefore the important
one. Final breakdown distributions are useful, how-
ever, for determining the maximum dielectric strength
of the film and the mechanism of breakdown.

Measurements of the ramp-rate dependence of the
breakdown distribution, coupled with steady-state
I-V characteristics, indicate that for the aluminum-
biased negatively the breakdown occurs via an elec-
tronic instability.

APPENDIX

The equation governing heating in a film per unit
area on silicon with no radial heat loss is

dT dT
J V—k—=dC—
dx dt

where T = temperature of the film, J = current den-
sity flowing through film, V = voltage across film,
k = coefficient of thermal conductivity (11) ~ 3 X
10-3 cal cm~1! sec—! °K—1, C = heat capacxty (11)
~ 0.4 cal/em? d = thickness of film, x = vertical
dimension, and t = time.

The highest observed current density from Fig. 9
was 105 A/cm?2 at about 100V, thus the first term
giving the heat imput is about 2.5 x 10—4 cal/cm2-sec.
Assuming even a minimal 1°C temperature difference
across the 1000A film gives a thermal conductance loss
(second term) of 3 X 102 cal/cm2-sec or six orders
larger than the heat generated. Thermal runaway
seems highly unlikely under these conditions. In 50004
films of evaporated silicon oxide Klein and Burstein
(12) observe thermal runaway when the J - V term is
about 1 cal/cm2-sec or four orders higher than ever
attained with SiOj; in addition their thermal conduct-
ance loss should be at least one order of magnitude
less than for the 1000A films here.

Acknowledgments

The authors would like to thank Dr. J. Eldridge and
Dr. N. Chou for many interesting and stimulating dis-
cussions during the course of this work and for crit-
ically reviewing the results. Dr. D. Young was con-
sulted several times and his comments are gratefully
acknowledged. They would also like to thank R. Ham-
mer for the test probe used in breakdown measure-
ments.

Manuscript submitted Sept. 1, 1971; revised manu-
script received Dec. 10, 1971,

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1972

JOURNAL.
REFERENCES
1. N. Klein, Advan. Electron. Electron Phys., 26, 309

(1969).
2. N. K;gér)l, IEEE Trans. Electron Devices, ED-13, 788
(1 ;



Vol. 119, No. 5

3. C. Fritzsche, Z. Angew. Phys., 24, 43 (1967).
4, N.(C]”lz%L)l and J. Eldridge, This Journal, 117, 1287
1970).

5. N. Klein and H. Grafni, IEEE Trans. Electron De-
vices, ED-13, 281 (1966).

6. E. H. Snow, A. S. Grove, B. E. Deal, and C. T. Sah,
J. Appl. Phys., 36, 1664 (1965).

7. General Electric Transistor Manual, p. 325, Tth Edi-
tion (1964).

DIELECTRIC BREAKDOWN IN SiO: FILMS 597

8. T. Hickmott, Private communication.
9. M. Kuhn and E. H. Nicollian, This Journal, 118, 370
(1971).
10. M.(L;éngz)linger and E. Snow, J. Appl. Phys., 40, 278
1

11. D. W. Kfngery, “Introduction to Ceramics,” p. 446,
490, John Wiley & Sons, Inc., New York (1960).

12. N. Kleir)l and E. Burstein, J. Appl. Phys., 40, 2728
(1969).

Dielectric Breakdown in Silicon Dioxide Films on Silicon

1. Influence of Processing and Materials

C. M. Osburn* and D. W. Ormond
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598

ABSTRACT

The breakdown characteristics of thermally grown SiO; films on Si are shown
to depend on oxide thickness, substrate doping concentration, sample prepara-
tion, presence of passivating layers, and testing temperatures. The maximum
breakdown strength varies as [thickness] ~0-2! below 8004, is essentially con-
stant from 1000 to 20004, and increases slightly (8%) with increasing testing
temperature in the range —196° to +300°C. The breakdown strength is only
moderately affected by the dopant-type level in the starting silicon wafer: 1020
phosphorus atoms/cm? in the silicon reduced the breakdown strength in 200A
thick oxides by only 20%. The initial condition of the silicon wafer, cleaning
procedure, oxidation temperature, passivation layer, and postmetalization
anneal are important parameters in the control of defect-related, low-field
breakdowns, while the oxidation ambient, substrate doping, oxide thickness,
metalization, and measuring temperature have little or no influence on this

process.

The fabrication of MOSFET devices requires the
growth of SiOp films that will withstand moderate
electric fields. Defects in the oxide that lead to dielec-
tric breakdown reduce both the yield and the reliabil-
ity of devices. For this reason, it is important to study
processing and other material parameters that could
lead to breakdown.

Low-field breakdown in SiO; films has previously
been attributed to flaws or defects in the oxide or sili-
con by several investigators (1-5). Considerable work
has been done to establish the conditions which reduce
defect concentrations and thereby maximize the di-
electric strength. The effects of oxide thickness (2, 3,
5-11), substrate doping (3, 4, 6), reactivity of the metal
electrode (2), postmetalization annealing (2), pas-
sivating layers (2), and temperature (3, 9) have been
examined, but, unfortunately, the results have not al-
ways been in agreement. For instance, it has been
reported that SiO; breakdown strengths increase (2),
decrease (3, 5-9), or are constant (10) as the oxide
thickness is increased. One common problem of many
past studies is that breakdown measuring conditions
have not been well defined; as a consequence, defect-
related breakdowns have obfuscated the results of in-
vestigations made to determine the thickness and
temperature dependence of the maximum breakdown
strength, and the occurrence of undetected self-healing
events has distorted statistical breakdown character-
istics. Consequently, earlier papers report breakdown
strengths in the range 5-7 MV/cm, while later ones
give values of 8-10 MV/cm. This study represents an
attempt to systematically determine the effect of dif-
ferent processing and material variables on breakdown
strengths through more carefully controlled, well-
defined measurements.

* Electrochemical Society Active Member.

Key words: dielectric breakdown, silicon dioxide films, silicon
processing; MOS, silicon dioxide defects.

Experimental Procedure

Metal-oxide-semiconductor capacitors were fabri-
cated on silicon wafers using procedures previously de-
scribed (1). Both p-type and n-type substrates, having
from 1014 to 1020 dopant atoms/cm3 of phosphorus or
boron, were used in growing SiO, films from 50 to
2000A thick. Oxide thicknesses were measured ellip-
sometrically. Dry oxygen as well as oxygen saturated
with water at 95°C were used as ambients, and oxida-
tions were carried out from 900° to 1200°C. The stand-
ard processing involved dry oxidation at 1000°C of 2
ohm-cm material. Phosphosilicate glass layers were
grown on some samples by depositing P2Os onto SiO.
at 800°C in an ambient of 91% Ng, 9% O, and a small
amount (0.02-0.3%) of POCI; followed by a drive-in
at 975°C. One hundred metal electrode dots were elec-
tron-gun evaporated onto each wafer through masks in
a clean evaporation system, and the wafers were given
a 5-min postmetalization anneal at 500°C in dry nitro-
gen, Aluminum, magnesium, chromium, molybdenum,
gold, and platinum electrodes were added, but alumi-
num ones were used for most of this work. A standard
metal thickness of 3000A was used to permit self-heal-
ing breakdown events to occur (1). Statistical break-
down distributions were measured, and care was taken
to measure the voltage of the first, self-healing break-
down as well as the voltage of the final destruction (1).
For device applications, only the voltage of the first
breakdown event is of interest since it would render a
device useless; furthermore, initial breakdown distri-
butions are used to determine the defect density as a
function of breakdown field as discussed in Part I (1).
The final breakdown field is important only in studying
the maximum dielectric strength of a defect-free film.
The measuring polarity was selected to accumulate the
silicon surface thereby minimizing the voltage drop in
the wafer.
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Results and Discussion

Oxide thickness—When the distribution of final
breakdown voltages is measured (self-healing events
ignored), the fraction of high-field breakdown events
increases with increasing oxide thickness as shown in
Fig. 1 [the field value of 0.8 Emax is used as the dividing
line between low-field, defect-related breakdowns and
high-field, intrinsic breakdown as discussed in the pre-
vious paper (1)]. This thickness behavior, first re-
ported by Chou and Eldridge (2), occurs because low-
field breakdown events are more likely to recover
through self-healing if the oxide is thick (1). Thus for
thick oxides, the breakdown events are self-healing
until the intrinsic dielectric strength is attained; for
thin oxides, all breakdown events are destructive. It
therefore must be emphasized that the behavior in Fig.
1 is the result of a peculiarity in the measurement and
cannot be related to any fundamental property of the
oxide,

On the other hand, distributions of the initial break-
down voltages show a markedly different oxide thick-
ness dependence. From the results in Fig. 2 for three
different capacitor areas, it is evident that the fraction
of high-field breakdowns is independent of oxide thick-
ness, within experimental error. Even though each
point represents an average of several wafers (or 400
to 1000 capacitors tested), the data show a large
amount of scatter because the breakdown character-
istics have a strong wafer dependency. The capacitor
area dependence of the breakdown probability is con-
sistent with films having 120 defects/cm2. It is clear
that the occurrence of high-field breakdowns does not
fall off markedly, even for oxides as thin as 200A.
Films thinner than 100A do show increased low-field
failures, suggesting that nonuniformities in the Si/SiO»
or SiOy/Al interface regions have dimensions that are
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at least a sensible fraction of ~100A. On occasion, ex-
ceptionally defect-free (~20 defects/cm?2) oxides were
grown which did seem to show a few more defects in
200-500A films as compared to 1000A thick ones. The
authors observed that the initial breakdown voltage
distribution provides a more sensitive measure of
wafer-to-wafer defect variations than does the final
breakdown one. When self-healing can occur, the
final breakdown distribution reflects the maximum
breakdown strength of a uniform film rather than the
breakdown strength of a defective area. Initial break-
down voltages give results that can be interpreted in
terms of a property of the film (such as a defect density
from the data in Fig. 2) while the final breakdown
voltage cannot be easily related to the quality of the
film,

The oxide thickness dependence of the maximum
breakdown strength shows still another type of be-
havior (Fig. 3). The maximum dielectric strength ac-
tually increases with decreasing thickness as observed
by some previous investigations (3, 5-9, 11) and as
predicted by both thermal (12-13) and electronic (13-
15) breakdown models. Due to the limited range of
data available, it is not possible to precisely determine
the relationship between Emax and d. With 2 ohm-cm
Siand d < 10004, the breakdown strength is constant;

however, with film less than 800A the maximum break-
down strength varies as d—9-21, The oxide thickness de-
pendence is smaller for more heavily doped silicon
wafers and is discussed later. This is smaller than the
usual d—050 dependence associated with the simplest
models for electronic or avalanche breakdown but it
does approximate the d—025 behavior predicted by
Forlani and Minnaja (15). Furthermore, O’Dwyer’s
(13, 16) consideration of space charge buildup due to
avalanching as well as collision ionization gives break-
down strengths which do not vary with thickness as
strongly as d—0.50,

Data of Fritzsche (3) and Pratt (11) are also in-
cluded in Fig. 3 for reference. Both show increasing
breakdown strength with decreasing oxide thickness
with the exception of Fritzsche’s curve at 22°C where
defects have possibly masked the intrinsic breakdown
strength. Samples used in this study did not exhibit
as pronounced a temperature dependence as reported
by Fritzsche. In Pratt’s sputtered SiOs, Epax o« d—0.66
for films up to 10,000A thick in contrast to the constant
breakdown strength observed here above 1000A. This
thickness independence of the dielectric strength for
thicker films is even more surprising in view of theo-
retical (13) and experimental (14, 15) evidence show-
ing a varying dielectric strength for bulk dielectric
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layers of other materials. This finding suggests that
the breakdown process in thin-film structures is ini-
tiated in a small region of fixed thickness, possibly
near the injecting electrode.

The data in Fig. 3 also fit reasonably well to a
Enex* o« log (1/d) plot, which would indicate that the
breakdown is thermal in nature. However, this alter-
nate failure mechanism seems remote because of the
low power input levels supported by the capacitor just
prior to breakdown and because of the observed tem-
perature dependence of breakdown. The high-field in-
stability in the current-voltage characteristics prior
to breakdown (1) is more likely associated with colli-
sion ionization and Fowler-Nordheim emission (16).

Substrate doping.—In the MOSFET configuration,
the gate electrode extends over the diffused source and
drain regions. Limited data in the literature (3, 6) (see
Fig. 4) indicate that the SiO; breakdown strength de-
creases markedly as the substrate doping increases
from 104 to 101%/cm. Extrapolation of this data, to
~1020 dopant atoms/cm3 typically used in the source
and drain regions of an FET device, reveals a maximum
breakdown strength in the range 3-5 MV/cm, about
twice that encountered in proper device operation.

The maximum breakdown fields, obtained using 100
capacitors for each condition, are shown in Fig. 4 and
5 as a function of dopant concentration for several
SiO, thicknesses. Clearly substrate doping has a rather
small influence on dielectric strength since only a 10-
20% decrease in the usual strength was observed for
the extreme case of 200A films with 1020 impurity
atoms/cm3. The effect was even less pronounced for
thicker SiO, films, as summarized in Fig. 3 and 6,
where the thickness dependence of the maximum
breakdown field for 2 and 0.001 ohm-cm wafers with
boron and phosphorus doping, respectively, are plot-
ted. It should be noted that the behavior is roughly
the same for all cases: i.e., increasing breakdown
strength with increasing thickness. The effect of thick-
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ness is somewhat more pronounced for the more
lightly doped substrate. For thicker films (over 8004),
high substrate doping reduces the breakdown strength
by a few per cent at most. The effect of doping becomes
as large as 20% when the SiO; thickness is reduced to
200A. This change must be considered minor, how-
ever, in light of the more pronounced SiO; thickness
dependence which improves oxide breakdown over
both heavily and lightly doped wafers. Curiously, high
phosphorus concentrations have more influence than
boron does. The reverse situation might have been
expected since phosphorus segregates to the silicon
during the SiO; growth while boron moves into the
oxide (17-19).

Substrate doping had no significant effect on the
statistical distribution of initial breakdown events
when evaluated in terms of two statistical parameters:
namely, the fractions of very low-field (<0.2Emax) and
of very high-field (>0.8Emsx) initial breakdown
strengths. (Neither of these parameters correlated
with the doping level in the silicon.) Statistical com-
parison did show, however, that certain wafers ex-
hibited substantially poorer breakdown characteristics
than usual. Quite possibly, surface defects associated
with a given lot of wafers can be more important than
dopant concentration. Although the heavily doped
wafers (0.001 ohm-cm) contained spiral rings of dif-
fering color (presumably nonuniformities introduced
during growth), they exhibited typical breakdown
properties. For some unknown reason, the n-type sam-
ples used here were consistently poorer than the p-type
ones for all doping levels. Typically there were ~300
defects/cm?2 in n-type samples but only ~150/cm? in
p-type specimens, as estimated from the relationship

—InP=/,A [1]

where p is the defect density, A is the area of a capaci-
tor dot, and P is the fraction of very high-field
(>0.8Emax) breakdown events (1). The difference
might be attributed to intrinsically higher defect den-
sities for SiO; film grown on n-type silicon wafers or,
more likely, to the use of different oxidation furnaces
for n- and p-type materials.

Steady-state current-voltage measurements were
taken on MOS structures fabricated from 2 ohm-cm
p-type as well as on 2 and 0.001 ohm-cm n-type Si
wafers. When the capacitors were biased sufficiently
long for the low-field transient to decay, the resulting
I-V characteristics were essentially identical. The
slight differences were well within the normal wafer-
to-wafer variation and are most likely explained by
minor variations in SiO; thicknesses across the wafers.
Since conduction is limited by the barrier height of
the injecting electrode (20), these measurements
further support the observation (21) that the barrier
height does not vary with silicon doping.

It is evident that any breakdown mechanism must
explain: (i) the effect of substrate doping increases
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with decreasing oxide thickness and (ii) phosphorus
doping has more influence with Al1(+) than boron does
with Al(—). The reported segregation coefficient (17-
19) for phosphorus is 10 compared to 0.1-0.3 for boron.
Thus the difference between dopant concentrations in
the oxide and the silicon is greater for phosphorus, but
the absolute dopant concentration in the oxide is
greater over the boron-doped substrates. If a certain
fraction of the dopant ions in the oxide were charged
(i.e., P+ and B-), the excess positive charge in the
phosphorus-doped sample would enhance the electric
field for the injected electrons while the negatively
charged boron atoms would reduce the field. This
mechanism would explain the first observation; un-
fortunately capacitance-voltage curves do not show
any fixed charge in the oxide. In addition a charged-
impurity model leading to a field enhancement would
predict lower dielectric strengths for thicker films since
the magnitude of the enhancement is related to the
total charge in the film.

Wafer processing.—In order to determine some pos-
sible origins of defects in thermally grown SiO; films,
specimens were prepared under various conditions in-
cluding different SiO, growth temperatures in both O
and steam; the possible effects of different metal elec-
trodes and the postmetalization anneal were also
studied.

Clearly, one obvious source of oxide defects stems
from surface faults (e.g., scratches, pits, bumps) in the
starting silicon wafer. Chou and Eldridge (2) found
that an HCI vapor polish of the silicon followed by in-
situ oxidation using rf heating resulted in far fewer
defect-related breakdowns, but apparently this re-
duction of defects was related more to the oxidation
step than to the surface etching. A strong wafer de-
pendency of breakdown was already noted for Fig. 2
where the data are quite scattered even though the
points actually represent averages over many wafers
each having 100 capacitor dots. Caines and Duffy (22)
have correlated the position of breakdown in pyro-
lytically grown Al;O3 with defects or contamination
of the starting silicon wafer.

In order to better understand the role of the sub-
strate in breakdown, wafers from three suppliers were
cleaned, oxidized, and metalized in the same run.
Large area electrodes (50 mil diameter) were used to
raise the frequency of defect-related breakdowns. The
resultant defect densities (computed using Eq. [1])
were 29, 16, and 27 defects/cm? = 5/cm? for the three
wafer sources; it thus appears that defects related to
the silicon polishing can vary slightly from one lot of
wafers to another. However, the defect densities that
can be attributed to silicon defects here (~25/cm?)
are only a fraction of the defects computed from the
data of Fig. 2 (i.e., 120/cm?2) and from the experiments
with high dopant concentrations (150-300/cm?). Thus,
much of the wafer dependency of the defect density
apparently arises from processing variations such as:
solvent residues left on wafers during cleaning, in-
complete drying, or dirty or partially devitrified fur-
nace tubes. For instance, wafers given a cleaning se-
quence of trichloroethylene, isopropyl alcohol, and HF
solution had 160 defects/cm2 while control wafers had
only 50/cm? after cleaning with NH4OH-H:0;, HCI-
H;0;, and HF. It has been also observed on many
wafers that low breakdown capacitors are spacially
clustered indicating the presence of either a larger de-
fective area or a line defect. A large defect area (3 200
mil diameter) would more likely be due to processing
than to wafer defects, although line defects could be
due to scratches or crystallographic steps. Scratches
introduced during handling have been observed to
cause clustering of low-breakdown capacitors; other-
wise, microscopic examination at 500 magnifications
has generally failed to detect this defective area.

Laverty and Ryan (5) have previously reported an
effect of the oxidation temperature on breakdown dis-
tributions. Unfortunately, their distributions were not
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very similar in shape to those encountered in other
studies (1-3); they represent very substandard oxide
films. This effect, as found on oxide films typical of this
study, is shown in Fig. 7 where the oxidation tempera-
ture has very little effect on films over 1000A thick;
for thinner films higher oxidation temperatures pro-
mote defects. The effect of oxide thickness becomes
more important as oxidation temperature is increased.
When grown at 900° or 1000°C, the 200A films in this
particular lot had about 15% more low-field break-
downs than 10004 films; when grown at 1200°C, they
had 45% more low-field breakdowns.

Since oxidation temperature influences breakdown,
one might expect to find a correlation of breakdown
characteristics with oxidation ambient. Strangely
enough it does not matter whether oxidation is done
in dry O; or in oxygen saturated with water at 95°C.
No difference in defect densities could be seen in oxides
from 200 to 1000A thick grown under either condition
at 1000° or 1200°C. These findings are in agreement
with the more recent results of Fritzsche (3), but dis-
agree with those of Ainger (6) and Deal (23), who re-
ported much lower dielectric strengths for their sam-
ples. High-temperature annealing in nitrogen (15 min
at 1000°C), following oxidation, increased defect den-
sities by 50% in 1000A films and by 400% in 200A ones.
Cleaning of the oxidation tube at 1150°C with a 6%
HC1/0, mixture (24-25) followed by oxidation at
1150°C resulted in a 60% decrease in defect density.
Other work (26) has shown that oxidation in 1%
HCl/O, at 1000°C is likewise effective in reducing the
number of defects causing dielectric breakdown. These
results suggest that the improved breakdown charac-
teristics seen with HCI1 vapor-polished wafers (2) may
be due to the presence of HCI in the system rather
than due to a better surface polish.

Several oxide films were deliberately contaminated
with NaCl, during or after growth, to gain an under-
standing of the role contaminant ions play in defect
formation and growth. Films having 1014 Na*/cm?,
evaporated onto the SiO; prior to electroding, showed
normal breakdown behavior when the aluminum elec-
trodes were biased negatively; for Al1(+) however the
peak of the breakdown distribution was shifted to a
lower field as seen earlier by Raider (27). Other films
were grown to half their final thickness, were con-
taminated with 1014/cm2 sodium ions, and were then
grown to the desired final thickness. These films
showed 5 X 1012 mobile charges/cm?. It was not deter-
mined if the remaining sodium evaporated during the
final growth period or if it was left immobile in the
film. Breakdown measurements with Al(—) showed no
degradation while Al(4) slightly lowered the field at
which the peak in the distribution occurred; neverthe-
less, the fraction of lower field or defect-related break-
downs did not increase due to the presence of the so-
dium.
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The oxidation temperature and the nitrogen anneal-
ing dependence of the defect density support a model
where a metal excess in the oxide favors increased
numbers of defects. As the oxidation temperature in-
creases or after a high-temperature N anneal, the oxy-
gen content of the oxide would be expected to be re-
duced; both conditions give high defect densities par-
ticularly for thin films. The rate of oxide growth is
irrelevant as seen with the steam oxidation. Although
crystallization was suspected, the data do not support
this mechanism since both steam and NaCl should en-
hance recrystallization.

The choice of metallization material did not influ-
ence breakdown to any significant extent either. When
biased negatively, magnesium, chromium, aluminum,
molybdenum, gold, and platinum all gave similar
breakdown distributions with a maximum breakdown
strength of over 8 MV/cm. However, conduction mea-
surements (28) show many orders of magnitude dif-
ference in current levels at a fixed field for injection
from magnesium and for gold verifying the Fowler-
Nordheim, barrier-height-limited conduction mecha-
nism.

The postmetalization annealing treatment (5 min at
500°C in Nj) resulted in a slight improvement of oxide
integrity by reducing the defect density from 32 de-
fects/cm2 to 11/cm2 on 1000A test films. This reduction
of defects is believed to be due to the elimination of
interface states, which if present, could create internal
fields which would then enhance the applied field.
Thus it appears feasible that at least some of the oxide
defects are electrically charged clusters rather than
structural or geometrical defects. Chou and Eldridge
(2) report that a short anneal improves the shape of
the final breakdown distribution and that a more pro-
tracted anneal at 500°C would induce structural defects
which are responsible for shorts. Figure 8 extends the
temperature range of that work down to 200°C. No
measurable effect is observed after 800 hr at 200°C
while at 300°C annealing doubles the defect density in
only a few hundred hours. Even at 250°C only a minor
change is observed after 900 hr. The degradation after
prolonged annealing at 500°C in the work of Chou and
Eldridge was related to the reactivity of the metal used
for electrodes. Likewise with this lower temperature
testing the onset of defect forrhation at 300°C correlates
well with the onset of injection of aluminum into SiO.
(29). Samples made with Pt electrodes do not show the
pronounced deterioration at 300°C. The degradation in
breakdown characteristics is dependent on oxide thick-
ness as well as temperature; 200A thick oxides show a
high defect density after a few hundred hours at 250°C.

Ozxide passivation.—Earlier work (2) has shown that
a thin phosphosilicate glass layer was effective in re-
ducing the low-field or so-called secondary breakdown
events and hence in reducing the measured defect den-

140

600& SiOp DEFECTS CAUSING BREAK-
Al(-) IMV/cm-sec DOWN BETWEEN 0.05 AND
0.8 x Emax
gl X 300°C
& X ® 275
§ « A 250
> O 200
= 00—
(7]
¥4
w
o
-
& sl 250°C
ic ~
o
af A A 5 200°C
s ° oe
[ | [ (L ()
0 200 400 600 800 1000

ANNEALING TIME (HRS)

Fig. 8. Effect of extended annealing on defect densities

DIELECTRIC BREAKDOWN IN SiO, FILMS 601

Table 1. Effect of phosphosilicate glass layers on defects causing
dielectric breakdown in SiO; films

P20; concen- Defect den-
PSG thickness (A) tration (%) sity* (¢m-?)
0 (starting oxide) 0 15
0 (30 min 975°C, N2) 0 37
60 21 19
60 3.7 17
60 4.0 12
60 5.4 6
15 3 22
35 3 18
60 3 17

* +30% as measured on 500A SiO; films.

sity. Furthermore the PSG increased the resistance of
undoped and Nat-doped wafers to extended anneal-
ing in Ny at 500°C. The improved properties are ex-
plained by a continuous film of PSG over the under-
lying SiO, thereby filling pinholes or cracks in the film.
The thickness and concentration of the passivating PSG
required to eliminate defects has not been fully ex-
plored however. In this investigation PSG layers were
deposited on both good (<30 defects/cm2) and poorer
(>100 defects/cm?) films of SiO;. The substandard
films were fabricated with an organic cleaning step,
and oxidation was followed by a 1 hr anneal in N; at
1000°C; both conditions were previously shown to in-
crease the number of defects in the film.

The results obtained with the good oxide are sum-
marized in Table I. One immediately sees that the 30
min nitrogen drive-in at 975°C more than doubles the
defect density; hence, it is not surprising that in many
cases (when PSG thickness and concentration are low)
the defect density is higher in glassed films than it is
in the starting films. Nevertheless, the defect density
does decrease with both increasing PSG thickness
and P,Os concentration in the glass. At least 60A of
4% P05 glass is needed to obtain films that are sub-
stantially better than the starting films. Defect den-
sities less than 5/cm2 were never observed even with
200A of 9% P05 glass layers. Apparently these defects
(5-10/cm?) were due to defects in the wafer and could
not be eliminated with PSG. We have already shown
that wafers obtained from different sources result in
defect densities that vary by over 10 defects/cm2 It
should also be emphasized that the improvement in
breakdown characteristics seen with thicker PSG is
very substantial particularly in eliminating low-field
(<0.2Epmax) breakdown events. A PSG layer, 10% of
the total oxide thickness, can give an 80% improve-
ment in the breakdown strength of a capacitor. Ap-
parently very deep pinholes or cracks in the SiO, layer
are filled with the PSG. Since 60A of PSG is needed to
realize better films, it appears that the pinholes are of
the order of 1004 in diameter.

With the poorer films (~100 defects/cm?), the PSG
addition markedly reduced the defect density. The de-
fect density dropped to 60/cm? with 60A of 2% P20;
and to 40/cm? with 60A of 5% P,Os glass. Although
this improvement is substantial, it is not as large frac-
tionally as the improvement seen with good starting
films. It is apparent that the effectiveness of PSG in
improving breakdown characteristics is closely linked
to the condition of the starting oxide films.

Temperature.—The temperature dependence of the
breakdown strength is expected to be very helpful in
analyzing the nature of the intrinsic breakdown
mechanism. Fritzsche (3) reported that the intrinsic
maximum dielectric strength decreases with increasing
temperature from 0° to 80°C in much the same way
as amorphous quartz. Chou and Eldridge (2) found
very little change in breakdown characteristics in the
25°-150°C range. Korzo (9) on the other hand reports
an increasing breakdown strength- up to about 25°C
followed by a slight drop at 50°C; his measurements
were on oxides grown by pyrolytic decomposition of
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ethylates and had unusually low over-all breakdown
strengths leading one to suspect defect-related break-
down.

To evaluate the effect of measuring temperature, a
matrix of samples with 200, 400, 600, 800, 1000, and
1500A SiO, layers were tested at —30°, +25°, 70°, 130°,
and 200°C; in addition, several wafers were also mea-
sured at —196° and +300°C. Figure 9 gives some typi-
cal results showing a very slight increase (~8%) in
maximum dielectric strength on going from liquid
nitrogen to 300°C. Breakdown distributions were also
only slightly affected by temperature. The defect den-
sity could not be correlated with measuring tempera-
ture other than by noting that the fraction of very
low-field (=0.2Emax) events increased by a few per
cent on going from —30° to 185°C. These results fur-
ther support the conclusion that most defects are
present in the MOS structures after fabrication, and,
except for the lowest field breakdown, are largely
unaffected by measuring temperature.

The temperature dependence of breakdown supports
an electronic rather than thermal mechanism for
breakdown. With thermal breakdown, models indicate
that Emax* should decrease linearly with increasing
temperature (13), a trend that is contrary to the
present data. Although it will not be dealt with in
detail here, it should be remarked that the analysis
of the temperature dependence of electronic break-
down is by no means complete. This dependence enters
into electronic models via the temperature dependence
of various ionizing processes that can take place in
the oxide layer and is presumed to have a small effect
on Enax. Thus the behavior observed in Fig. 9 is con-
sistent with most electronic breakdown models and
inconsistent with the temperature dependence expected
for thermal breakdown. A ramp-rate dependence of
the breakdown distribution similar to that reported
earlier (1) was observed over the entire temperature
range giving further support to the electronic break-
down model. The observation of the ramp-rate de-
pendence at liquid nitrogen temperatures suggests that
a space charge redistribution in the oxide occurs and
is due to electronic rather than ionic charges.

Summary

Many processing and material variables are im-
portant to the breakdown characteristics of thermally
grown SiO; films. The condition of the starting silicon
wafer, the wafer cleaning sequence, the oxidation
temperature, the passivation layer, and the postmetal-
ization anneal are important parameters in the control
of defects that have low breakdown strengths. No
single factor was ever responsible for all of the defect-
related breakdowns although poor wafer cleaning
would substantially decrease yield. A number of the
defects can be associated with the wafer as deter-
mined by comparison of wafers from different sources;
others can probably be associated with electrically
charged clusters that are neutralized during the post-
metalization anneal, and the rest can be attributed
to defects introduced during growth. A 1200°C oxida-
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tion substantially increases the defect density in 200A
films.

Surprisingly enough, oxidation ambient (wet or dry
0O2), substrate doping, oxide thickness, metalization,
and temperature had little or no influence on defect-
related breakdowns. High temperatures seemed to
favor more low-field breakdowns although the increase
was only a few per cent for a 200°C increase. Even
though the maximum breakdown strength increased
with decreasing oxide thickness, the number of defect-
related breakdowns remained constant down to 200A.
Below that thickness the percentage of low-field fail-
ures increased. A very strong wafer dependence was
observed, however, and several lots of wafers showed
poorer than average characteristics for thin samples.
High oxidation temperatures did aggravate the influ-
ence of the thickness dependence on breakdown dis-
tributions.

Oxide thickness, temperature and substrate doping
influenced the maximum breakdown strength. Films
grown on 2 ohm-cm p-type wafers from 60-800A
followed the relationship Emax « d—°2!; above 1000A
the dielectric strength was 9.2 MV/cm. More heavily
doped wafers resulted in a less pronounced thickness
dependence. The breakdown strength increased very
slightly (8% over a 500°C range) with increasing
temperature. This behavior points to an electronic
breakdown mechanism; the observation of a high-field
instability in the current voltage characteristics (1)
provides experimental evidence of a space charge re-
distribution possibly due to internal collision ioniza-
tion (13, 16). Substrate doping had only a minor (20%)
effect on dielectric strength and was most noticeable
for thinner films although phosphorus doping of the
silicon wafers had a greater influence than boron dop-
ing.
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Electrical Conduction and Dielectric Breakdown

in Silicon Dioxide Films on Silicon

C. M. Osburn* and E. J. Weitzman
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598

ABSTRACT

Conduction through SiO: films, thermally grown on Si substrates, was found
to take place via a Fowler-Nordheim (F-N) tunneling mechanism, after an
initial transient current associated with trapping of charge, mobile ions, and
space charge redistribution has died away. The temperature dependence of
the steady-state F-N current decreases with increasing applied field and was
found to be smaller in magnitude than previously reported. Typical post-
metalization annealing treatments (e.g., 5 min at 500°C in dry Nj) lowers the
conductivity of the MOS capacitor structures by two to three orders of magni-
tude, an effect that can be attributed to the elimination of either traps or fixed
charge distributed throughout the oxide. For applied fields larger than 8
MV/cm, a current instability arises which can lead to dielectric breakdown.
For a wide range of different electrode materials, the onset of this instability
appears to correlate well with the temperature and oxide thickness depen-
dences of breakdown, as observed earlier (10). These findings are discussed
in terms of a model which suggests that carriers can be generated and re-

distributed by collision ionization processes within the oxide.

Electrical conduction in SiO; films grown on Si sub-
strates has been studied by several investigators (1-9)
largely because of the importance of this insulator in
silicon transistor technology. In particular, it is well
known that metal-oxide-semiconductor FET’s are op-
erated with extremely large electric fields (e.g., 1 to
2 mV/cm) so that during testing dielectric breakdown
can substantially lower the performance of these de-
vices. As part of a continuing effort to investigate the
electrical integrity of thermally grown SiO; films (10),
prebreakdown current-voltage characteristics become
important for gaining insight into the major break-
down mechanisms and for relating various materials
and processing parameters to the resultant intrinsic
dielectric strength.

Since several authors (11-13) have recently re-
viewed the various conduction mechanisms taking
place in thin insulating films, this topic will not be
detailed here other than to remind the reader that it
is essential to distinguish between bulk-limited and
electrode-limited conduction processes. In general,
electronic conduction, space-charge-limited conduc-
tion, nonblocked ionic conduction, and impurity con-
duction are bulk limited while Fowler-Nordheim
(F-N) tunneling and Schottky emission are electrode
limited. Since SiO, is such an effective insulator, mea-
surements of conduction in Metal/SiOy/Si capacitors
are highly sensitive to preparation and purity; conse-
quently, results vary widely from one investigator to
another. Earlier studies (3-5) indicated that the proc-
ess was jonic in nature due to the presence of mobile
impurities. Refinements in processing of MOS capac-
itors reduced the impurity content (notably Na* ions)
to the point where electronic conduction could be ob-
served, wherein the currents were believed to be space-
charge-limited modified by traps (6) or space-charge-
limited with tunneling at the electrodes (7). Later,
multiple conduction states were observed in both

* Electrochemical Society Active Member.

Key words: dielectric breakdown, electrical conduction, silicon

dioxide films, MOS, Fowler-Nordheim tunneling, electron injection,
transi ducti collision

thermally grown (8) and pyrolytically deposited SiO;
films (9), and the switching from one state to another
was linked to the presence of certain impurities in the
oxide. Finally, conduction through high-purity SiO»
has been demonstrated to occur via a Fowler-Nord-
heim tunneling mechanism (1-2).

This paper deals with conduction through high-
purity SiO; in MOS capacitors and its relationship to
dielectric breakdown. The parameters describing F-N
conduction are evaluated from experimental data, par-
ticularly the temperature and voltage dependence of
the current. Finally an instability in the conduction is
compared to the oxide thickness and temperature
dependence of breakdown.

Experimental Procedure

Silicon wafers, 2 ohm-cm p-type as well as 2 and 0.001
ohm-cm n-type, were cleaned in solutions of NH,OH-
H,0,, HCI-H;0,, and HF and then oxidized in dry
0, at 1000°C to form oxides from 200 to 1500A thick.
An array of 100 metal electrodes, 32 mils in diameter,
were electron-gun evaporated through metal masks.
Aluminum, chromium, magnesium, molybdenum, gold,
and platinum were deposited for this purpose since
they cover a wide range of electrode work functions.
The MOS samples were subsequently annealed for 5
min at 500°C in dry N, in order to remove radiation
damage from the evaporation step (14). Capacitance-
voltage tests made on electrothermally stressed capac-
itors indicated typical mobile ion concentrations of
less than § X 1010 cm~—2, d

Current-voltage characteristics were measured with
a Keithley 416 picoammeter. For measurements from
room temperature to 325°C, the samples were placed
on a small hot stage inside a shielded box with a dry
Ny ambient. Measurements were also made in liquid
nitrogen. Care was taken to ensure that external leak-
age was negligible. Special measuring procedures were
required to obtain repeatable results because the I-V
characteristics were not at first reproducible (see Fig.
1). Note that the applied field must be cycled between
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Fig. 1. Current-voltage characteristics of typical MOS capacitor
showing cycling needed to achieve reproducibility.

low and high values several times before the I-V
curves for increasing and decreasing fields coincide.
This same degree of reproducibility could be attained
by stressing the capacitor at moderately high fields
(E ~ 7 MV/cm) for several hours while the current
decreased with time to a steady-state value. Although
this behavior was similar to ionic polarization effects
frequently seen in other glasses, its appearance at tem-
peratures as low as that of liquid nitrogen pointed to
an electronic rather than ionic polarization in this
case. No appreciable flatband voltage shift (< 5 x 1010
charges/cm?2) was seen as a result of cycling or pre-
stressing.

Using thin metalization (< 3000A) so that weak
spots or flaws in the oxide would be eliminated by
self-healing breakdown processes (15), it was possible
to obtain on a wafer, I-V characteristics for several
capacitors that were within a few per cent of one
another. This high degree of reproducibility, coupled
with earlier observations that the current scaled with
the capacitor area (1), indicated that the measured
current was distributed over the entire electrode area
and not localized.

Results and Discussion

Transient conduction.—The temperature and the field
dependencies of the initial current transient were
studied in order to determine the origin of the decay
seen here. Previous workers have reported similar
transients and have attributed them to ion motion
(2, 5, 17) notably sodium or protons, charge trapped
or released by irradiation (18) or charge storage (4).
Not surprisingly, the transient decay rate increased at
higher applied voltages. The decay was not accompa-
nied by a current transient in the opposite direction
when the voltage was reduced to zero as is often seen
(19) when polarization occurs. The charge levels in-
volved in the decay, as determined by integration of
current-time plots (16), were typically 1011-10!*/cm?
and were found to increase with increasing voltage as
might be expected with trapped charge and in con-
trast to mobile charge. It thus appears that the transi-
ent is due to trapped charges being released at high
fields. The trap depth determines the field required
for release. It should be noted that a current decay
is observed at a high field after steady-state conduc-
tion was attained at a lower field, giving further evi-
dence that the transient species is released by the high
field. The almost linear increase in the transient charge
concentration, with applied field in one sample from
3 to 7 mV/cm, indicates that the trap density must be
uniformly distributed over this energy range in that
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sample. The transient behavior is observed for both
polarities of applied field with roughly the same
amount of charge involved. Nevertheless, capacitance-
voltage measurements have not been able to detect
an appreciable flatband voltage shift (> 0.1V) after
the decay has occurred. Thus if traps are involved in
the process, they must be located near the metal SiO.
interface as concluded earlier (4). Calculations show
that for these traps to account for 1014 transient
charges/cm?, they must be located within 0.2A of the
metal-oxide interface for less than 0.1V flatband volt-
age shift in a 1000A thick film. In addition, 10!
charges/cm? in the oxide would create fields up to 50
MV/cm. It appears more reasonable to postulate a
lower number of traps (i.e., 1011-1012/cm2); the field
created by these trapped charges could then enhance
the injected current. The transient would thus be due
to two components: (i) mobile charge released from
traps and (ii) injected electron current due to an
internal space charge region.

The shape of the current decay curve shows a large
variability although it is similar to an exponential
curve. A single time constant t in I « I, e — t/t does
not satisfactorily describe the data at room tempera-
ture. Instead two -different time constants must be
considered. Likewise the data could be represented by
I « git—% 4 Bot—% as might be expected with ionic
motion of different species (3, 17). The time constant
for the fast decay in one sample was about 15 sec at
room temperature, about twice that at —200°C and half
that at 75°C, making an exponentially activated proc-
ess unlikely since it would have such a low activation
energy (~0.01 eV). These time constants are not
within the range observed for sodium or proton release
from traps as reported by Hofstein (17) and probably
represent electronic traps. The slow decay (v ~ 150
sec at 23°C) is within the range described for ionic
motion although its smaller contribution to the total
current prohibited accurate temperature measure-
ments. Likewise the complexity of this current decay
made it impractical to get estimates of the distribution
of trap energies. Occasionally with the metal biased
positively, the current would increase with time for
the first 50 sec and then decay. At this time the origin
of this behavior is not known although the character-
istics are similar to those involving space-charge-lim-
ited (SCL) transients (5, 17, 20) with a very long
transit time. The lack of a steady-state current after
the peak (rounded cusp for SCL transient) indicates
trapping is important.

Conduction mechanism.—The conduction process is
not affected by the oxide thickness in the 200-1500A
range since the applied fields required to produce
given current densities are independent of thickness,
in accord with the earlier results reported by Lenz-
linger and Snow (1) (see Fig. 2). Furthermore, to
within experimental error, the currents are indepen-
dent of substrate type and dopant concentration for
injection from either electrode. Figure 3 shows typical
I-V characteristics for various electrode metals; the
curve for injection from the bulk silicon is indepen-
dent of the counterelectrode material. The spread in
behavior is indeed very large. For the most part, the
logarithm of the current density (J) is roughly pro-
portional to the applied field (E), although at higher
fields a deviation from this behavior is observed with
Mg electrodes. In addition, for high-field injection
from Al, Mo, Pt, and Si (at least), another type of
instability occurs in which the current increases with
time until a stable value is reached within a few
minutes. Figure 4 illustrates this effect in more detail
for a 1400A-thick oxide grown on a 2 ohm-cm n-type
wafer; since the same type of behavior was seen with
p- and n-type substrates, it can be concluded that this
particular instability is not due to minority carrier
generation effects taking place in the Si depletion
region. This high-field instability occurs at roughly
the same field (8 MV/cm) independent of electrode
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material although the current levels may be con-
siderably different when it is observed.

Both the Fowler-Nordheim and the Schottky con-
duction mechanisms are highly sensitive to the barrier
height at the injecting electrode, and hence to the
metal as observed in Fig. 3. The distinction between
Fowler-Nordheim and Schottky emission are best seen
with the energy level diagram of Fig. 5a. The energy
difference between the metal Fermi level and the oxide
conduction band presents a barrier (¢) for the elec-
trons in the electrode to enter the oxide which is tri-
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angular-shaped when an electric field is applied. Elec-
trons can tunnel through the barrier from the metal
Fermi level (Fowler-Nordheim) or can be emitted
over the barrier by thermal emission (Schottky). The
intermediate conduction mechanism is thermally as-
sisted electrode tunneling whereby thermally excited
electrons tunnel through the upper portion of the
energy barrier. The actual barrier is not a sharp tri-

LEVEL

(b)

(c)

Fig. 5. Energy and field distribution near metal-silicon dioxide
interface. (a) Under applied field showing image force lowering;
(b) after collision ionization leaves relatively immobile positive
charge (image force lowering neglected); (c) field distribution
showing high-field region near interface and low-field region in
bulk.
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angle but is curved and has a height less than ¢ be-
cause of image-force lowering. The image-force lower-
ing term arises from the potential redistribution in the
oxide as a result of image charge induced in the metal
from charge in the oxide.

The Fowler-Nordheim tunneling current Jrn into a
solid with a barrier height of ¢ with image-force low-
ering is given by (1)

Jex = (q3E2m/8rnh¢m*) [1/t2(y)] [=CKT/sin (aCkT)]
X exp {—[4(2m*)1/2 ¢3/2/3 hqE] v(y)} [1]

where m* is the electron effective mass in the SiOs, E
is the applied field, g, m, h, k are the electronic charge,
electron mass, Planck’s constant, and Boltzmann’s
constant, respectively, and

C =2(2m*¢) % t(y) /hqE [2]
Yy =1/¢ (GBE/4n er o) [3]

with e being the relative dielectric constant of SiOg
and ¢, the permittivity of free space. The correqthn
for image-force lowering appears in the elliptic
integrals t(y) and v(y) and are tabulated elsewhere
(21).

The Schottky current Js is given by (13, 20)

Js = (4nmqk?/h3) T2 X exp {—[¢
— VE (g¥/4n e €0) %1/KT}  [4]

This Schottky conduction mechanism can be rejected
for several reasons: (i) It predicts an exponentially
activated temperature dependence which is not_ob-
served in Fig. 6 and 7. (ii) The slope d log Js/d\/E, at
room temperature gives a dielectric constant of only
0.35, well below even the optical value of 2.2. (iii)
Temperature-field plots (13) giving regions for
Fowler-Nordheim tunneling, thermally assisted tun-
neling, and Schottky emission show that Fowler-Nord-
heim conduction is expected for the conditions in this
work with the possible exception of the highest tem-
perature (~300°C) at lower fields where conduction
does appear to vary exponentially with reciprocal tem-
perature. The intermediate mechanism of thermally
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assisted tunneling can also be ruled out since that
current should vary roughly exponentially with 1/T.

For a given field, the currents observed in this study
were one-to-three orders of magnitude greater than
those reported by Lenzlinger and Snow, with the ex-
ception of aluminum injection where it was two orders
less (see Fig. 3). It should be noted that a layer of
phosphosilicate glass (1004, 5% P320Os) under the alu-
minum contact did not change the normally observed
current. Within the limits of experimental error, the
present data would fit Eq. [1]; furthermore, Lenzlinger
and Snow’s observation of the absolute magnitude of
the current being one order of magnitude low can be
explained by only a few per cent error in barrier
height, effective mass, or even oxide thickness which
seems very reasonable in view of their discrepancies
in effective mass.

Due to the dominant exponential term in Eq. [1], it
was not possible to independently determine the bar-
rier height and the effective mass from the data but
only their product. Lenzlinger and Snow used addi-
tional barrier height measurements to determine the
effective mass; they found a best fit for a mass ratio
of about 0.43, but this ratio varied by over 10% de-
pending on the metal electrode, and it was not suffi-
cient to explain their observed temperature dependence.

Table I gives the slope of the J/E2 vs. 1/E plot for
injection from various metals in column 2; column 3
gives the barrier height if one assumes m*/m = 0.5
with the standard deviation for the least squares fit

Table I. Conduction and breakdown strengths for injection
from various metals

Barrier
e height, eV Breakdown
m* —_—— strength
@32 - +v(y) This ‘max
Metal m studyt Literature (mV/cm)
Mg 1.7 1.9 [0.3] 2.4 (1) 8.3
2.25-2.5 (2)
Si (bulk) 3.6 3.1[0.1] 3.25 (1) 8.9
3.15 (18, 22)
3.29 (23)
Cr 3.6 3.1[0.3] 3.2 (22) 8.0
Pt 3.7 3.2[1.1] — 8.8
Mo 4.0 3.4[02]) — 9.2
Al (23°C) 4.2 3.5[0.3] 3.2 (1,21) 9.2
(100°C) 3.6 3.1 [0.5]
(200°C) 3.4 3.0 [0.3]
Au 7.8 5.2 [0.6] 4.2 (1) 8.0
4.0-4.1 (21)

t Assuming m*/m = 0.5.
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given in brackets [the correction for image-force low-
ering, from v(y), is about 7% using the optical dielec-
tric constant of 2.2]. The barrier heights are within
10% of those reported (1,18, 22-24) elsewhere for Si,
Cr, Mg, and Al; the agreement for the Au barrier
heights is not as good where the experimental error is
large. Despite the high work function of Pt, the Pt-
SiO; barrier was only 3.2 eV high, as determined by
I-V measurements. Quite possibly this unexpectedly
low value as well as differences in conduction levels
between this work and that of Lenzlinger and Snow
can be explained in terms of impurities at the M/SiO,
interface altering work functions. As shown by the
measured barrier heights in Table I, there is a reason-
able spread in the values from one study to another.

The most obvious temperature-dependent term in
the Fowler-Nordheim conduction equation is (xCkT)/
sin (nCkT). By adjusting the effective electron mass,
Lenzlinger and Snow could fit their data to that func-
tional form for one given field strength but then show
that such a mass adjustment is unwarranted. They
subsequently calculated the temperature dependence
of the barrier height that would give such results, An
examination of the temperature dependence of the con-
duction in Fig. 6 and 7 for several different field
strengths show: (i) the temperature dependence is
smaller for higher fields; (ii) the Si(—) polarity con-
dition gives a more pronounced variation with tem-
perature than the Al1(—) one; and (iii) at lower fields,
the current at higher temperatures begins to increase
very rapidly. On the basis of these observations, it
seems that more than one term in Eq. [1] is tempera-
ture dependent. Although the nCkT/sin (xCkT) term
does give a more pronounced temperature dependence
at low fields since C « 1/E, it does not quantitatively
describe the variation of temperature dependence with
field. In the exponential term, m*, ¢, and the dielectric
constant in v (y) could vary with temperature; a varia-
tion in barrier height seems most likely to explain the
second observation. Table I also gives the least squares
slope of the conduction for a few temperatures and
shows that the exponential term in Eq. [1] decreases
with increasing temperature. The rapid increase in
current at high temperature and low field can be ac-
counted for by either the nCkT/sin (nCkT) term which
becomes infinite at CkT - 1 or by a change of conduc-
tion mechanism to one that is activated such as
Schottky emission or even bulk conduction; Faradaic
currents are probably too small to make any con-
tribution at these temperatures (25). Higher tempera-
ture measurements will be necessary to resolve this
conduction mechanism. Although the temperature and
field dependence of the current are more complex than
originally reported (1), the magnitude of the variation
is smaller particularly with Al(—). This may be at-
tributed in part to a transient species that required
special precautions to insure steady-state results as
discussed earlier. Often a very large temperature de-
pendence of conduction was observed on initial thermal
cycling. These data were not repeatable however, and
the final reproducible data showed much less variation
with temperature.

Annealing of the SiO; films after metalization had a
very important effect as shown in Fig. 8 by markedly
reducing the current resulting from a given applied
field for electron injection from both the Al and the Si
contacts. Additional heat treatment (5 min or more
at 500°C) did not further shift the 10 min, 500°C curves
by more than a few per cent. Analysis of the data re-
veals that the Fowler-Nordheim slopes of the unan-
nealed specimens give barrier heights for both elec-
trodes that are 1.5 eV lower than those of annealed
specimens. It seems unlikely that this is a true barrier
height lowering due to impurities or surface states at
the injecting interface since the apparent barrier low-
ering is the same for the Si/SiO; interface as for the
Al/SiO; one. Instead two alternate models are pro-
posed. First there is a trap level 1.5 eV below the con-
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duction band in SiO, that can be annealed out; elec-
trons are injected into this level with the unannealed
samples and have sufficient mobility to travel along
this trap level through the sample. It should be noted
that trap levels (18) 2.0 eV below the conduction band
have been reported and that irradiation has changed
barrier heights at Si-SiO; and Cr-SiO; interfaces (23).
In the second model, unannealed charge trapped in the
bulk varies the potential distribution within the oxide
resulting in a nonlinear potential vs. distance profile
thereby altering the shape of the tunneling barrier. If
the trapped charge is somewhat uniformly distributed
throughout the oxide, the tunneling barriers at both
interfaces will be equally reduced. Flatband voltage
shifts during the anneal show relatively small changes
in charge (~10!2/cm2) compared to the amount of
charge necessary to Schottky lower the barrier by 1.5
eV (=2 x 1013/cm2); nevertheless, localized charges
are not detected by the flatband voltage measurement.
Without additional measurements it is not possible to
determine which model is more correct. Since samples
metalized from a tungsten filament instead of with an
electron gun did not show as large an effect of anneal-
ing, the traps or oxide charge are presumed to be in-
duced during metalization rather than present in as-
grown oxide films.

Dielectric breakdown.—The high-field current insta-
bility is of particular interest in the study of dielectric
breakdown. Figure 9 shows a typical current vs, time
plot in this region of instability. The time constant
associated with this current buildup appears to de-
crease slightly as the applied voltage increases, This
instability is observed over only a small upper field
region with a width of about 5% of the applied field
making it somewhat difficult to observe experimentally.
As Fig. 4 shows, there is a voltage at which the steady-
state I-V curve becomes vertical and results in break-
down. The instability in Fig. 9 also occurs at a com-
parable rate when the sample is immersed in liquid
nitrogen making a thermal breakdown mechanism un-
likely. Likewise, any redistribution of space charge
by motion of ionic carriers seems unreasonable particu-
larly since the low-field I-V characteristics are repro-
ducible after the conduction has been unstable. When
the field is reduced after a period of time in the un-
stable region, the current relaxes to its original low
value at that field; the time constants for this relaxa-
tion are about the same at —196° and 23°C. Capaci-
tance-voltage flatband measurements made immedi-
ately after the instability had occurred showed at least
0.2V shift for the M(—) instability and ~1V for the
M(+) one. This C-V shift apparently indicates posi-
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tive charge in the oxide near the injecting electrode
as a result of the high-field instability.

This onset of this instability correlates very well
with the maximum breakdown strength [measured
with a voltage ramp (10)] in both thickness and tem-
perature dependence. Figure 10 shows the onset cur-
rent increasing markedly with decreasing oxide thick-
ness for films less than 800A thick and remaining con-
stant for thicker films. Data showing the increasing di-
electric strength with decreasing thickness below 800A
are included for reference (10). The current region
over which stable Fowler-Nordheim tunneling occurs
is merely extended for thin oxides. The temperature
dependence of the maximum breakdown strength (10)
is plotted in Fig. 11 along with that of the onset of the
instability. The scale is greatly expanded, and both the
breakdown field and the instability field increase by a
few per cent with increasing temperature. The obser-
vation that the instability occurs at a fixed field re-
gardless of the barrier height of the injecting electrode
is further substantiated by breakdown measurements
included in Table I showing the maximum break-
down strength is constant to within 10% for the differ-
ent metals tested.

The relative temperature and barrier height inde-
pendence of the current instability are evidence that
the instability is field-controlled. In this regard, it is
possible to associate the instability with the onset of
nondestructive avalanching in the oxide in a region,
probably close to the injecting electrode. After injected
electrons drift under the influence of the applied field,
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additional carriers are created by collision ionization
forming a space charge region which can modify the
shape of the previously triangular tunneling barrier.
The process is diagrammed in Fig. 5b and ¢, wherein,

under the application of a field E, injected electrons

with mean free path A gain energy E\; above a critical
field this energy becomes enough to excite carriers
from an energy level within the bandgap upon colli-
sion. The excited electrons are rapidly swept to the
collecting electrode leaving positive charge a distance
of ) from the injecting electrode. This charge modifies
the potential and field distribution as seen in Fig. 5b
and c¢ with the effect of increasing the field in a narrow
region around the injecting constant and reducing the
field in the rest of the bulk. The reduced field prevents
further collision ionization in the bulk that could lead
to complete breakdown. Ionization at the interface
continues until all the available traps are excited or
until recombination and ionization rates equalize re-
sulting in a steady-state condition after a few minutes
(see Fig. 9). The current enhancement is due to the re-
duction in the size of the tunneling barrier (Fig. 5b);
calculations with a 4 eV high barrier demonstrate over
a 30% reduction in barrier area with 1013 charges/cm?
(0.01 of a monolayer) located 100A from the interface.
With a 342 mean free path (26) and an 8 MV/cm
nominal field, the injected carriers should be able to
excite traps 2.7 eV below the conduction band. Cer-
tainly a sophisticated treatment of the process would
consider the energy distribution of traps and the
variance of the mean free path. It is surprising, how-
ever, that an electronic process should have such a long
time constant (viz., 100-500 sec).

Recently, O'Dwyer (27-28) has made theoretical cal-
culations of high-field conduction for a dielectric ma-
terial in which collision ionization processes are taken
into account. His I-V curves for both Fowler-Nordheim
and Schottky cathode emission show a negative re-
sistance instability which he associates with break-
down in very much the same way that the instability
observed here can be associated with breakdown. The
dielectric thickness coefficient (y) of breakdown as
computed in Emax & d~7 using his model is generally
less than one half which is usually associated with elec-
tronic breakdown and one quarter which has been
predicted under certain conditions (29). Samples simi-
lar to those used there (10) showed Emax o d—021, This
work then provides qualitative experimental support
for O’'Dwyer’s model. More precise quantitative com-
parisons will need to be based on physically deter-
mined properties such as ionization coefficients and
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carrier mobilities; these data, unfortunately, are not
yet available.

Summary

The initial conduction in thermal SiO; films is seen to
decrease with time. The decay can be characterized by
at least two different exponential time constants. The
fast decay is nearly temperature dependent while the
magnitude and temperature dependence of the slow
component agrees with data (17) on release of mobile
ions from traps. Due to the lack of an appreciable
flatband voltage change during decay, only a small
component of the transient current can be attributed
to mobile ion motion or polarization. A steady-state
conduction is observed after several hours under high-
field (7 MV/cm) stressing. The data equally well fit log
J vs. EV2 and log J/E? vs. 1/E plots indicative of
Schottky and Fowler-Nordheim emission processes, re-
spectively. The former mechanism seems unlikely be-
cause it predicts a dielectric constant value for SiO»
which is much less than the experimentally observed
one and the temperature dependence of J is not ex-
ponentially activated, as expected. The data fit the
Fowler-Nordheim conduction equation, although both
the effective mass and the barrier height could not be
independently computed because the results were not
sufficiently accurate. However, assuming a reasonable
effective mass, the calculated barrier heights give good
agreement (to within 10-20%) to previously measured
values.

The temperature dependence of the conduction is
more complex than previously reported (1) since it
was found to decrease with increasing applied field,
vary with electrode material, and become exponen-
tially activated at low fields. The results cannot be
explained in terms of the usual temperature depen-
dence of Fowler-Nordheim conduction; rather, one is
forced to consider a temperature-dependent barrier
height or effective mass. It is not known whether the
ta\'ctivated region represents Schottky or bulk conduc-
ion.

The postmetalization anneal reduced the current
level by up to three orders of magnitude for both
polarities. The mechanism proposed involves charged
defects or traps in the unannealed oxide film. It was
not possible to determine if tunneling and conduction
were via these trap levels rather than the oxide con-
duction band or if the charged defects modified the
internal potential distribution so as to reduce the size
of the tunneling barrier.

A high-field current instability was observed that
could lead to dielectric breakdown; the onset field of
this instability was about 8 MV/cm and was indepen-
dent of the electrode material. Likewise maximum
breakdown strengths were not significantly influenced
by the choice of the electrode metal. The onset of the
instability increases with decreasing oxide thickness
and increasing temperature in much the same way as
dielectric strength. The observation of this instability
at low temperatures points to an electronic mecha-
nism. The results qualitatively fit O’Dwyer’s (27-28)
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model where the instability is due to collision ioniza-
tion. Further calculations with this model must await
additional data on ionization and drift kinetics in SiO..
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Preparation of (Y,Yb,Er)F, Phosphors for
Green-Light Emission

Sidney G. Parker* and Rowland E. Johnson

Texas Instruments Incorporated, Dallas, Texas 75222

ABSTRACT

A coprecipitation method has been used to prepare (Y,Yb,Er)F; phosphor
powders for conversion of infrared to visible light. The coprecipitated material
was treated in a stream of HF at 800°-900°C to dehydrate the powder and
convert oxyfluorides to the fluorides. An interesting example of crystal growth
occurred which gave a stable phosphor of the desired particle size. The phos-
phor converted up to 3% of the infrared radiation of GaAs: Si diodes to green

light at 5400A.

(Y,Yb,Er)Fs has been used for conversion of infra-
red light of 9300-9600A to green light having a wave-
length of 5400A (1). The phosphor has previously been
prepared by melting the fluorides of Y, Yb, and Er to-
gether or by heating the fluorides together in a flux
such as BeFy, then leaching out the flux (1,2). The
material obtained by melting the fluorides was uni-
form in composition, but the particles were too large
for an application which required a particle size =20
um. When ground to the desired particle size, the crys-
tals were apparently damaged, seriously reducing the
phosphor conversion efficiency by 50% or more. Flux-
grown material also required grinding and, in addition,
was nonuniform and contained a high concentration
of flux even after extensive leaching. A further dis-
advantage is the highly toxic nature of BeF,. In both
methods, the starting material must be the anhydrous,
high-purity rare-earth fluorides.

We describe a method of coprecipitation of the rare
earth fluorides, washing and filtering the precipitate,
and treatment with HF at 900°C to prepare the phos-
phors. The phosphors are uniform, of the proper par-
ticle size and show a high conversion efficiency. The
starting materials are rare earth oxides which are
readily available in high purity at relatively modest
price levels.

Experimental

Oxides of Y, Yb, and Er of 99.999%, 99.999% and
99.9999% purity (with respect to other rare earths)
were used. Approximately 10g of the oxides in the
desired mole ratio were dissolved in 25 ml of hot con-
centrated HCL The clear solution was diluted with 50
ml H,0 and cooled to room temperature. To this solu-
tion in a polyethylene beaker we slowly added, while
stirring vigorously, a mixture of 10 ml concentrated
HF and 10 ml concentrated HNO3. The gelatinous pre-
cipitate which formed was digested at ~70°C with
constant stirring for 20-24 hr during which the pre-
cipitate became more crystalline. The supernatant
liquid was decanted and the precipitate washed with
10% HF-10% HNOj until the wash was free of chlo-
rides. The digestion and washing with 10% HF-HNOj3
was repeated several times. The precipitate was then
rinsed with methanol, filtered, and air-dried at 110°C;
it was a free-flowing powder which was probably a
mixed rare earth fluoride and oxyfluoride with an un-
known amount of water of hydration.

The material was heated slowly to 800°C over a
period of 2 hr in a stream of He or Ni Anhydrous
HF was then mixed into the gas stream and the mate-
rial was heated at 900°C for 4-8 hr. The reaction
chamber was a vitreous carbon tube or an iridium
tube with carbon liner; the phosphor was held in a
platinum or vitreous carbon boat. The final product

* Electrochemical Society Active Member.

Key words: phosphors, infrared conversion, rare-earth compounds,
coprecipitation, crystal growth.

from this dehydration-crystal growth treatment was
very stable in air and could be used as a phosphor
without further processing. It is routinely stored in a
desiccator or drying oven and has shown no degrada-
tion of phosphor efficiency in more than a year.

Optimum processing conditions were selected by
comparing conversion efficiencies of the phosphors. We
define efficiency as the ratio of green-light output to
infrared power emitted by a GaAs diode; an efficiency
of 3.0% was achieved with our best phosphors.

Results and Discussion

Composition and Purity

An optimum phosphor composition was
Yo.80Ybo.19Erp.01F3 as determined by varying the Y/Yb
and Yb/Er ratios independently. The source of the
starting materials greatly influenced the efficiency of
the resulting phosphor. For example, Y and Yb, re-
ported to be 99.999% purity, from two different sources
gave phosphors of 1.5 and 2.5% efficiency. Analysis of
the rare-earth elements and their compounds is very
difficult; although emission spectroscopy is frequently
used, the complex spectra make detection of many im-
purities impossible. Table I shows emission spectro-
graphic analysis of typical phosphors; in this series,
only Batch 36 had a high efficiency, and it also had the
highest purity.

Table II shows the results obtained by mass spectro-
graphic analysis on phosphor material as coprecipi-
tated and after the dehydration-crystal growth steps
and indicates the large number of impurities present.
The concentration of all impurities except carbon and
gold was decreased by the dehydration-crystal growth
in HF. The amount of oxygen in the material was
rather high even after dehydration and suggests that
the final product may still contain oxyfluoride. Carbon
could come from the organic compounds used for ex-
traction and purification of the rare-earth oxides or
from the carbon tube and boat used during dehydra-
tion. The effects of various impurities on phosphor per-
formance were not studied. Electron microprobe analy-
sis showed the particles to be homogeneous within the
accuracy of the instrument which was +2%.

Coprecipitation Conditions
It was necessary to exercise control over the copre-
cipitation conditions to give a material easy to handle,

Table I. Emission spectrographic analyses of
Yo.80Ybo.19Er0.01F3 phosphors

Impurities in ppm by weight

Batch No. Mg Mn Cu Si B
36 0.1-1 ND 0.1-1 1-10 ND
62 0.1-1 ND 0.1-1 1-10 1-10
64 0.5-5 0.1-1 0.1-1 1-10 ND
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Table I1. Mass spectrographic analyses of
Yo.80Ybo.19Ero.01F3 phosphors
(ppm atomic)

Dehydrated-
Coprecipitated sintered

Impurity material material

C 1200 2200

o 20.000 8000

Na 560 115

Mg 28 10

Al 430 11.3

P 10 2.8

Cr 10 1.6

Ni 6.5 —

Cu 580 13

Zn 177 4.4

Te 50 19

Ba 1.1 0.28

Au 4.3 6.1

Hg 0.89 —

Pb 4.1 3.3

Si 1800 —_

as established in past work (3), as well as a material
which has a high conversion efficiency. Standard pro-
cedures described for gelatinous precipitates include
low temperature (25°C) precipitation, dilute solutions,
and slow addition of the precipitant with stirring. Phos-
phors prepared from concentrated solutions or at
elevated temperatures gave approximately 1/20 the
conversion efficiency of the best phosphors. The poor
phosphors were presumably due to occlusion of im-
purities or water during precipitation which could not
be removed in subsequent handling.

Homogeneous precipitation (4) to produce the mixed
fluoride would presumably be of value here. A method
has been reported by Vecht (5) which produces fluo-
ride ion by acid hydrolysis of fluoroborate ion, (BFy) —,
but we have not tested his method on this system.

Digestion and Washing

The digestion and washing conditions had a great
effect on the phosphors. The best phosphors were
formed by digestion for 24 hr at about 70°C with a
10% HF-10% HNO; solution followed by washing and
additional digestion with dilute HF-HNOj; solution.
Digestion is a well-known method of obtaining particle
growth and exclusion of impurities (3). Digestion of
our gelatinous precipitate made it denser until it was
transformed into a fine powder.

Analysis of phosphor efficiency indicated that it was
necessary to use an acidic wash solution and to repeat
the wash and digestion step a number of times. Diges-
tion and washing in water alone gave phosphors with
0.1% efficiency compared with 3.0% for the best. This
“water only” material could be improved to 2.5% by
acid digestion and wash. Material which was digested
once for only 24 hr or which was washed in water after
acid digestion gave low-efficiency phosphors. Repeated
digestions and washings seemed necessary to obtain
breakdown of the gelatinous precipitate and to give a
crystalline material containing much less water of
hydration. Debye-Scherrer x-ray diffraction patterns
of the material after the digestion washing in dilute
acid solutions showed that the material was crystalline
although the lines were rather diffuse and weak in
intensity.

Dehydration—Crystal Growth

The dehydration period and temperature were also
important factors in producing a good phosphor. The
highest efficiency phosphors were obtained by starting
a flow of N or He, increasing the temperature over a
period of 2 hr to 800°C and then maintaining at that
temperature for 1 hr. TGA and gas chromatography
showed H,O was evolved, starting at about 500°C.
After complete dehydration, anhydrous HF was added
to the gas stream, the temperature raised to 900°C, and
the system maintained for 4 hr. Heating at tempera-
tures greater than 900°C gave inferior phosphors as
did heating at 800°C for up to 12 hr in anhydrous HF.
Bringing the temperature directly to 900°C also gave
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a degraded phosphor. Heating at 900°C for periods
longer than 4 hr did not improve the phosphor.

Phosphors with almost identical conversion effi-
ciencies were formed when the dehydration-crystal
growth steps were carried out in either a vitreous car-
bon boat or a Pt boat in a vitreous carbon tube. Mass
spectrographic analysis of phosphors treated in Pt
boats showed 0.2-2 ppm(wt) Pt in the final product.
Using an iridium tube resulted in doping the phosphor
to 500 ppm with IR which reduced the conversion
efficiency to 1/10 of its normal value. However, reac-
tion of HF with Ir could be prevented by placing a
carbon foil inside the Ir tube. There was little or no
reaction of carbon foil or vitreous carbon if exposed
to anhydrous HF. The phosphor was packed roughly
into the boat; presumably these processes would occur
more efficiently if the powder were spread in a thin
layer or if gas flow could be directed through a bed
of the powder.

As indicated in Table III, x-ray diffraction patterns
on the freshly coprecipitated material which had been
air dried at 110°C were diffuse, but after heating in
HF the lines were sharp. This suggested that crystal
growth occurred as well as dehydration. The diffrac-
tion pattern for the final product corresponded to that
for the material produced by melting the anhydrous
fluorides together in a dry HF ambient. Scanning elec-
tron micrographs of the phosphor at various stages
confirmed that crystal growth occurred during heating
in HF at 800°C and higher. Little if any crystal growth
occurred by heating in the absence of HF. Figure 1(a)
shows a scanning electron micrograph of the material
after heating for 1 hr at 800°C in He; the appearance
is identical to the unheated powder. Figure 1(b) shows
the same powder after He treatment followed by
treatment in HF at 800°C for 1 hr. It can be seen by
comparison that the particles have increased in size
by sintering together during the HF treatment. Con-
tinued heating in HF at 800°-900°C for 4 hr or more
gave well-shaped crystals =20 um in diameter, as
shown by microscopic examination. Previous treatment
also affected crystal growth. Thus, a fluoride precipi-
tate which had been washed with HyO, rather than
the HF-HNO; mixture, showed very little crystal
growth under the standard treatment and showed poor
conversion efficiency as a phosphor.

Figure 2 shows photomicrographs of samples in
index matching oil in transmitted light and crossed
polarized light of material treated in HF at 900°C for
4 hr. It can be seen from the shape of the well-faceted

Table I11. Comparison of d-spacings for Yo.80Ybo.19Ero.01F3
phosphors for different stages of hydration

Dehydrated Melted
Co-ppt phosphor hosph hosph
Line
No. “d" A 1o “a”, A 1o “dr, A 1/1o0
1 3.70 Very diffuse 3.65 15 3.67 15
2 3.44 Sharp 3.56 50 3.57 50
3 3.24 Very diffuse 3.38 25 3.39 25
4 2.84 Diffuse 3.16 100 3.17 100
5 2.52 Very diffuse 2.85 30 2.86 30
6 2.31 Very diffuse 2.47 15 2.49 15
T 2.06 Very liffuse 2.39 2 2.40 2
8 1.95 Very diffuse 2.18 10 2.31 2
9 1.89 Very diffuse 2.04 20 2.19 10
10 1.85 Diffuse 1.98 30 2.05 20
11 1.72 Very diffuse 1.92 90 1.93 30
12 1.66 Very diffuse 1.90 25 1.92 90
13 1.56 Very diffuse 1.84 90 1.90 25
14 1.83 15 1.85 20
15 1.77 30 1.83 15
16 1.74 30 177 30
17 1.70 20 1.74 30
18 1.66 20 171 20
19 1.58 10 1.66 20
20 1.54 10 1.58 10
21 1.53 10 1.54 10
22 1.48 10 1.48 10
23 1.46 10 1.46 10
24 1.43 10 1.43 10
25 141 10 1.41 10
26 1.35 5
27 1.33 5
28 1.28 2
29 1.27 5
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(a)

(b)

Fig. 1. Scanning electron micrographs (3000X) of (a) phosphor heated in He at 800°C for 1 hr (unheated phosphor showed identical ap-

pearance) and (b) phosphor from (a) heated in HF at 800°C for 1 hr.

particles that crystal growth has occurred. There is
some strain in the crystals as evidenced by the shad-
ing. It is also apparent that during sintering or crystal
growth, occlusions were formed in the crystals, most
likely due to the pores or holes between the small
particles during agglomeration (6). Heating in HF at
800°C did not give the pores; however, the particles

treated at 800°C were less efficient light converters
than those treated at 900°C. It was possible that the
pores acted as scattering centers and increased the con-
version efficiency. Prolonged sintering in anhydrous HF
at 900°C did not reduce the number or size of the pores.

We conclude that dehydration, in the absence of HF,
is necessary before the fluoridation step. This latter

(b)

Fig. 2. Phosphor particles in index matching oil: (a) cross-polarized light and (b) transmitted light. Magnification 360X



Vol. 119, No. §

process converts any oxyfluoride to fluoride and in-
duces the desired crystal growth at about 900°C. Mois-
ture in the HF stream could degrade the phosphor by
forming an excessive amount of oxyfluoride or by at-
tacking the carbon tube or boat and dispersing carbon
particles throughout the system.

Testing and Application of the Phosphor

The method for evaluating the phosphors gave a
rapid relative comparison but was not optimized for
maximum output. For testing, the phosphor powder
was mixed with silicone oil to form a viscous slurry
with about 75% phosphor by weight. The slurry was
applied to a 0.072-in. diameter domed GaAs:Si diode
which gave infrared of 9300-9600A. Slurry was applied
until maximum green light output was obtained. The
GaAs diode was operated at 2A at a power level of
3.36W. The diode was well heat-sinked and operated
for only short periods. The green-light intensity was
determined with a silicon solar cell, filtered to remove
the infrared. The solar cell voltage was measured
across a fixed resistor and had been calibrated to give
output power. The maximum conversion of diode infra-
red output to green light output was 3.0% which repre-
sented a brightness of ~8000 ft-L. No effort was made
to obtain the maximum in light output by use of reflec-
tive surfaces, index-matching media, or a particular
particle size, although some preliminary experiments
indicated that the green-light output could be doubled
by use of reflective coatings. The test method was
reproducible to 1% and accurate to probably +10%;
it enabled phosphors to be checked for conversion
efficiency in only a few minutes. The phosphor-oil
slurry was readily removed so the same diode was
used for all tests.

Evaluation devices were made from diode chips,
0.024 in. square. An epoxy was applied; then the phos-
phor powder was allowed to settle through the epoxy.
After curing, the epoxy-phosphor layer was ~200 um
thick and roughly 50% phosphor. Characteristics of
some devices are given in Table IV. Since the phosphor
emission depends on a 2-(or more) photon absorption,
there is a nonlinear relation of infrared emission to
green-light emission. Again, no effort was made to
optimize the brightness of these devices. These green-
light emitters showed little or no degradation in light
output after 6 months under constant load at 50 mA
but did show 10% degradation at 100 mA load. This
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Table IV. Green light output at various current levels for
Yo,gono,xgEro.mFg on GaAs:Si diodes

IR power (mW) Brightness, ft-L

o. 50 mA 100 mA  25mA 50 mA®* 100 mA** 125mA
49 2.42 4.93 17 7 250 325
23 2.76 5.7 27 130 430 560
25 2.90 6.19 49 210 640 850

* Brightness 99% after 6 months at 50 mA.
** Brightness 90% after 6 months at 100 mA.

was caused by degradation of the diode rather than
the phosphor. There appeared to be no reaction of the
phosphor with the epoxy. Phosphors tested periodically
over the span of one year showed no decrease in con-
version activity. This suggests that the lifetime of a
green-light emitter would be determined by the life-
time of the GaAs diode.
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Thermodynamic Calculations for GaAs._.P.

Vapor Growth

M. Bleicher

Technische Universitdt, Institut fiir Technische Elektronik, 8 Miinchen 2, Germany

ABSTRACT

The combined transport of GaAs and GaP to form GaAs;-.P, mixed crys-
tals in an open-flow system by AsCl; and PCl; with two separate Ga sources
has been calculated, based on simple thermochemical considerations. A new ap-
proach has been taken to determine theoretically the solid composition of the
GaAs; —P, mixed crystal. The influence of the seed temperature on the solid
composition has been studied as well as the influence of the total concentra-

tion of the incoming gases.

Production of GaAs;—,P, mixed crystals has become
very important in recent years. Two ranges of composi-
tion are especially favored: first the composition of x

Key words: vapor phase deposition, thermodynamics, GaAs;-zPz,
computer calculations.

about 0.4 for applications in the visible, and second
very low-phosphorus contents to produce GaAs hetero-
junction lasers (1). One of the reasons for the great
interest in the GaAs;-,P, mixed crystals is their rela-
tively easy and cheap production by means of epitaxial
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growth from the vapor phase. A well-known system
is the Ga-As-P-Cl-H open tube flow system, which
uses Ga, AsCl;, and PCl3 as starting materials and
hydrogen as a carrier gas.

Since the early investigations (2, 3) much work has
been done on the arsenic half of this system, for exam-
ple by Boucher and Hollan (4), Shaw (5), and Kirwan
(6). On the phosphorus half Luther and Roccasecca
(7), Seki et al. (8, 9), and Kirwan (6) have made a
new approach experimentally as well as theoretically
since the early work of Oldham (10). For the whole
complex system however only experimental studies of
the preparation and investigation of the crystals are
known.

This paper carries out thermodynamic calculations
for the complex system and highlights the influence of
the substrate temperature on the composition of the
epitaxial deposit.

Computer Calculations

Chemical and thermodynamical background.—Calcu-
lations are made for a system containing two separate
gallium sources, which are fed by PCl; and AsCls,
respectively. The incoming pressures ppci3 and pasciz
are varied from 10—4 up to 0.1 atm.

Within the reacting tube nine different vapor species
are taken into account, which are assumed to govern
seven dominant chemical reactions, taking place at
the usual operation temperature range between 700°
and 1000°C. These reactions are listed below together
with their equilibrium constants.!

Ga(l) + HCl(g) = GaCl(g) + %H2(g)

Ya
K = PGacC1 PH2 (1]
PHC1

GaCl(g) + 2HCI(g) = GaCls(g) + Ha(g)

Ky = DGaClg PHy
DGacl PHCI2
GaAs(s) + HCI(g) = GaCl(g) + YaAs4(g) + %H2a(g)
Ks = DGaCl PAss " PHp ¥ 3]
PHC1
GaP(s) + HCl(g) = GaCl(g) + %P4(g) + %H;(g)

DGaC1 PP4” PHo

(2]

K= ——m m M08 [4]

PHC1

P4(g) = 2P2(g)

2
Ky 28 151

Pry

Ass(g) = 2Asa(g)

Ky = R (61

PAsq

1/2P;3(g) + 3/2H2(g) = PH3(g)

Ky = PrHs [

pPZI/Z pH23/2

Recently it has been shown by Ban (17) that the
assumption for the reactions is justified especially for
the deposition process (Eq. [3] and [4]). All of the
itemized vapor species, except PH3, are commonly ex-
pected to occur in systems like the one described. But,
concerning PHs, Ban (17) stated its existence in a rela-
tive high concentration experimentally.

Combinations between phosphorus and arsenic like
AsP, AsyP;, AsgP, or AsP3 are not taken into considera-

1 Some further possible vapor species were estimated and found to
lie several magnitudes below that of the interesting ones. Over the

whole range of considered temperatures and input concentrations
Pasciy < 10-7 atm, peciy < 1075, Pasny; < 10-° atm, and pc1, < 10-13

atm; hence these species are ignored in the analysis.
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Table |. Equilibrium constants, atm units

logio K1 = 3.67 — 0.87 x 103/T — 0.16In T

logio Kz = —13.95 + 9.58 x 10%/T + 0.92In T

logio K3 = 8.04 — 6.99 x 103/T — 0.35 x 10-3T — 0.221In T
logio K¢ = 6.08 — 7.255 x 103/T — 0.03In T

logw K5 = 11.5 — 1.21 x 104/T — 05In T

logi Ky = 11.5 — 1.59 x 104/T — 043In T

logw K7 = —4.04 + 3.58 x 103/T — 0.207In T

tion because of the lack of thermodynamical data. As
soon as this information becomes available, there will
be no difficulty in introducing them in the given set of
reactions. The values for the reaction equilibria con-
stants, which are related to the standard free energy
change of the concerned reaction in the form —AG; =
RT In K, are taken from a list given by Kirwan (6) for
the first five equations, while the sixth is taken from
Hurle and Mullin (13) and the seventh is calculated
from data of the JANAF Tables (14). These values
which are listed in Table I originate from a careful
literature survey and have been found to be the least
contradictory ones.

Arsenic-saturated source reaction equilibria.—For
source temperatures of the Ga boat of about 925°C it
is assumed that after some time of saturation with
arsenic a thin layer of GaAs will cover the liquid gal-
lium. Therefore the reaction equations [2], [3], and [6]
must be applied. Because the pressures of six different
vapor species are involved at this place, three more
equations are required. The latter are denoted as equa-
tions of conservation. In general, for such problems one
gets for n different vapor species always n-3 equations
from the chemical reactions and three equations of
conservation, from which one describes the conserva-
tion of the total pressure of the system. For an open-
flow system this is expressed as

2pi = latm [8]

The remaining two equations are given in the case re-
garded here by conservation of chlorine

PGacl + 3Pcaciz + PrC1 = 3Pascs [9]

and conservation of arsenic
4pass + 2PAsy = Dasci [10]
where pasci; denotes the partial pressure of the in-

coming AsCls.

It must be stated at this point that due to the cri-
terion of constant pressure a volume change is in-
duced in the system while the reactions are taking
place, because mole numbers are changing. For this
reason the equations of conservation Eq. [9] and [10]
should be expressed in terms of moles instead of partial
pressures. Since the relative volume change for the
whole system has been estimated to be smaller than
3%, this error will be ignored in the calculations.
Equation [10] is only true for the source region, where
no deposition can occur. The etch rate ER of the gal-
lium source in grams per minute is expressed by

ER = (Pgac1 + Poacis)goa v, [11]
RT,

where gga is the atomic weight of Ga, T, the tempera-
ture at which the reaction products are entering the
tube, and V, is the total flow rate (cubic centimeters
per minute).

Phosphorus-saturated source reaction equilibria.—
The same procedure described above is now applied to
this source, also containing gallium. In this case, how-
ever, Luther (7) and Seki (8) have pointed out that
no skin of GaP forms. For this reason Eq. [1], [2], [5],
[71, [8] and in addition

Pcacl + 3Pcacis + Pucl = 3ppcig [12]
and

4pp4 + 2ppe + PPH3 = PrCl3 [13]
have to be taken into account.
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Deposition reaction equilibrie.—In the deposition
zone of the reaction tube the incoming vapor mixture
is allowed to form an equilibrium phase between all
its species and solid GaAs and GaP, respectively, for
all temperatures considered. This assumption is only
true for low flow rates as well as for a long deposition
region. Here Eq. [2] to [7] must be applied and, in
addition, the heat of mixing which occurs at the re-
action

(1 — x)GaAs(s) + xGaP(s) = GaAs;—zP:(s) — AHn
[14]
The heat of mixing is given by

AHp = Qx(1 — x) [15]

Huber (15) has calculated Q to be 1 kcal/mole, i.e.,
the maximum heat of mixing at * = 0.5 is 0.25 kcal/
mole. The resulting modification in the equilibrium
constants is negligible and therefore ignored in the
following. Equation [8] and the conservation of chlo-
rine is still valid

Paac1 + 3Pcacis + Puc1 = 3pascig + 3ppciy  [16]

The third equation of conservation states that the
sum of arsenic and phosphorus atoms precipitating out
of the vapor phase must be equal to that of the gallium
atoms

4PoAss + 2Poasz + DPoPH3 + 4Dops + 2P0y — 4PAss
— 2pasy — PPH3 — 4DPy — 2pPy
= DoGaCl + DoGaCl3 — PGaCl — Pcacig [17]

where the po’s indicate the partial pressures coming
from the source into the deposition zone of the re-
actor.

This new equilibrium yields the amount of GaAs
and GaP depositing at the seed dependent only on the
input partial pressures of AsCl; and PCls, the source
and the substrate temperature. The concentration x of
GaP in the solid is given by the rates of precipitation
similar to Eq. [17]

. PopH3 + 4Pop4 + 2Pory — PPH3 — 4PPs — 2Ppy (18]
PoGaCl + PoGaCls — PGaCl — PGaClz

On the other hand it is possible to express x in terms
of vapor pressures and equilibrium constants by com-
bining Eq. [3] and [4] in the form

GaAs;—P;(s) + HCl(g) = GaCl(g)
+ (1 — x)/4As4(g) + x/4P4(g) + %Hz(g)
DGac1 DP4®/4 Dass1—9/4 pyyl/2

= PHC1 k2

where x becomes
[( PHC1 )4 Kst ]
In
e PGacCl 171-12”2 PAsg [20]
&3
In —_
K4 DAss
Equation [20] serves to predict in what direction x will
change as soon as equilibrium is no longer maintained.

Results

The model proposed here is based only on simple
chemothermodynamical relations. No account is taken
of the kinetic mechanisms which might control the
growth of an epitaxial layer in reality. Also no regard
has been paid to the fact that in practice total homo-
geneity is not achievable.

Figure 1 shows the equilibrium partial pressures of
the different vapor species over the arsenic- and phos-
phorus-saturated gallium source at 1200°K over vari-
ous input pressures of AsCl; and PCls, respectively. It
must be noted that in contrast to the negligible arsine
pressure (8, 9), phosphine by Eq. [7] has a remarkably
high vapor pressure. This plot is for a single source
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Fig. 1. Partial pressures and etch rates over a arsenic and phos-
phorus saturated Ga source, respectively, vs. the AsCls and PCl3
input partial pressures, respectively, for a constant 1200°K source
temperature.
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Fig. 2. Partial pressures and growth rates over a GaAsi—oPr
deposit vs. the deposit temperature.

temperature but above 920°C there is little influence on
growth. For the Group V elements only the ratio of
dimers to tetramers is varying, while their total con-
centration remains constant. The dominant Group III
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Fig. 3. GaAs;— P, deposit position vs. the d

ture for several phosphorus percentages of the PCl; and AsCI;
input gases.

element pressure, Pcaci, is about constant too, because
the HC1 pressure lies more than one magmtude lower.

In Fig. 2 the equilibrium pressures in the deposition
zone are plotted vs. the seed temperature for equal
incoming pressures of AsClz and PCl;. Two things are
most interesting. First again the high phosphine pres-
sure, which dominates until about 1060°K, second the
behavior of the growth rates (denoted as GR GaAs and
GR GaP and weighted with their molecular weight)
while the growth rate of GaP stays nearly constant,
the GaAs growth rate reveals a steep slope at higher
temperatures. This behavior may be explained by the
temperature dependence of Eq. [3]. In any case this
phenomenon causes mostly the strong variation of the
GaP solid concentration vs. deposition temperature
shown in Fig. 3. According to this figure it should be
possible to grow pure GaP crystals within a vapor con-
taining arsenic at elevated temperatures. Further-

1.0
0.9
0.8 1
S
0.71 g
It
Y Y

0.51

0.2 const. p = 5x10°atm

T input AsCl,
x

ool — ;
00 10 20 30 40 50 60 70 80 90 100
" Roput BT ASCT,

Fig. 4. GaAs;—.P, deposit composition vs. the phosphorus per-
centage of the PCl; and AsCls input gases.
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more in this region a GaAs seed will be etched away.
Figure 4 illustrates the solid composition x vs. the per-
centage of PCls to AsCls in the input gas. Once more
the strong influence of the seed temperature can be
seen. This is not in agreement with Finch and Mehal
(11) who observed a straight relationship for tem-
peratures between 775° and 820°C, but they used only
one source, which is not comparable with the calcu-
lations done here. Stewart (16) with the AsHj; PHj,
HCl/Ga system at ~780°C obtains a GaP solid con-
centration of 0.4 employing a P to As input vapor per-
centage of 28.6%, a point that fits exactly the calcu-
lations here. He also observed a composition variation
by varying the HC1 flow. This may be explained by
Eq. [20], if the equilibrium over the source is not
reached completely, i.e., the ratio puci to pcaci changes.
Finally it can be seen from Fig. 3 and 4 that for very
low-phosphorus input concentrations no GaP is form-
ing, in fact in this range all the available phosphorus
is used in forming phosphine.

The great influence of the substrate temperature on
the composition of the deposit diminishes with the
higher concentrations of the input gases, indicated in
Fig. 5. Here the solid composition approaches exactly
the same value given by the ratio of the input gas con-
centration.

Conclusions

Applying the AsCls, PCls, Ga, Hy system for growth
of GaAs;—.P; mixed crystals the seed temperature in-
fluences strongly the solid composition of the crystal.
This dependence becomes smaller with increasing input
concentrations of the trichlorides. Within the reactor
a relatively high, at any case, a nonnegligible vapor
pressure of phosphine exists. Above about 920°C, vari-
ation of the source temperature has little influence on
the growth conditions.
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A Cross-Hatch Pattern in GaAs._. P. Epitaxially
Grown on GaAs Substrate

Seigo Kishind, Masahiko Ogirima, and Kazuhiro Kurata*

Central Research Laboratory, Hitachi Ltd., Kokubunji, Tokyo, Japan

ABSTRACT

A cross-hatch pattern which appears on the surface of GaAs;—.P, epitaxi-
ally grown on the GaAs substrate was studied by x-ray diffraction techniques.
The origin of this structure was determined by x-ray diffraction topography
to be a misfit dislocation array aligned along lines perpendicular to each other
in the layer of graded composition. The composition profile normal to the wafer
was also determined by electron microprobe analyses. Furthermore, the growth
mechanism of the aligned dislocations was proposed from the fact that
aligned dislocations enable a considerable reduction in the curvature of the
wafer which is due to the lattice mismatch between the GaAs;-.P, epitaxial
layer and the GaAs substrate. The GaAs;-.P, wafer having the cross-hatch
pattern was determined to be high in quality from the half width of the

rocking curve.

GaAsi—P; (x < 0.4) is one of the most promising

materials currently being utilized for visible injection
electroluminescence. The efficiency of emission which
is in the red at room temperature is high because the
bandgap is direct, and the material can be made high
conductivity n- or p-type. At present, GaAs;—.P. has
a technological advantage over Gai-,Al;As and GaP
for display application because relatively large areas
of GaAs;-.P; wafer suitable for use in electrolumines-
cent devices can be readily obtained by the vapor phase
growth technique. An understanding of the role of
the crystal defects in the growth mechanism is im-
portant in order to control and improve the efficiency.

The crystal defects such as dislocations and stacking
faults which may be important in determining the
properties of vapor phase epitaxially grown GaAs; P,
wafers have been described by a number of investiga-
tors (1-5).

This paper deals with the relationship between the
cross-hatch pattern (6) and the dislocations and spe-
cifically with the origin of the dislocations and their
effects on the perfection of epitaxially grown
GaAs; - .P, wafer.

Experimental
The GaAs;—.P; crystals doped with Te were epitaxi-
ally grown on GaAs substrate in an open-tube system
using Ga, PCls, As, and Hy (7). Hydrogen, purified by
Pd diffusion, was metered into the system through two
* Electrochemical Society Active Member.

Key words: GaAsi-zPz, x-ray diffraction, x-ray topography, dislo-
cation, epitaxial layer.

flowmeters. One of them was connected to PCl3 bub-
blers while the other controlled further dilution of the
displaced PCl; vapors. The diluted vapors then passed
over Ga feed material. The alloy composition was con-
trolled by the temperature of arsenic source. Mechani-
cally and chemically polished surfaces of (100) ori-
ented seeds were used.

Typical operating conditions were: gallium tempera-
ture, 900°C; seed temperature, 810°C; PCl3 bubbler
(0°C) flow rate, 40 cc/min; dilution hydrogen flow
rate, 160 cc/min; temperature gradient at the sub-
strate, 10°C/cm; arsenic source temperature, 430°C.

To minimize strains and crystal imperfections due to
lattice mismatch between GaAs;-,P, and GaAs, a
layer of continuously graded composition was grown
before growing a thick layer of uniform composition.
The layer of graded composition was grown by con-
trolling the temperature of arsenic source in the range
of 430°-530°C. The thickness of the epitaxially grown
layer was usually 100 um and the growth rate was
usually 25 um/hr. As mentioned later, the optimum
thickness of the graded composition was 20-40 um. So
the temperature of arsenic source was varied from
530° to 430°C continuously for 1 hr in the initial period
of epitaxial process. When the thickness of the graded
composition layer was out of the range of the optimum
thickness described above, the cross-hatch pattern was
hardly observed.

Dislocations were observed by the Lang method, in
which AgK: radiation from microfocus x-ray equip-
ment was used, with the use of two kinds of specimens,
(i) One specimen was the epitaxially grown GaAs;—Px
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(o)
f Cross Hatch Pattern

Fig. 1. The shape of specimen 1 from which x-ray topographs
were taken.

wafer 50-100 um thick including the GaAs substrate,
which was reduced to 100 um thickness by mechanical
polishing with 2000 mesh carborundum and chemical
etching with an etch solution of 3H2SO4: 1H20: 1H20,.
The schematic diagram of the specimen is shown in
Fig. 1. (ii) The wafer composed of the epitaxially
grown GaAs;-,P, layer and the GaAs substrate was
angle lapped at 5° in order to reveal dislocations in the
substrate, the graded composition layer, and the con-
stant composition layer. This specimen was also etched
with a similar etch solution described above after
mechanical lapping. The schematic diagram of the
specimen is shown in Fig. 2(a) and (b).

The composition profiles of the phosphorus content in
the GaAs;- P, layer normal to the GaAs substrate
were examined by electron microprobe analyses. A
particular precaution was taken to detect the variation
of the phosphorus content in the graded composition
layer. At the same time variation of the arsenic content
was observed throughout the depth of the wafer for
supporting the results.

The difference in lattice parameter between the
GaAs;-,P; epitaxial layer and the GaAs substrate
causes a pronounced curvature in the structure. This
curvature was measured by an x-ray diffraction tech-
nique (8). Prior to measurement, the thickness of the
GaAs substrate was kept constant because the curva-
ture of the wafer depends on the thickness of the sub-
strate. In this case (400) CuK,; diffraction in the Bragg
case was used. The x-ray beam was incident not at the
GaAs; P, epitaxial layer but at the GaAs substrate
because the measured results were governed by the
compositional variation when the epitaxially grown
GaAs; - P, surface was used for measurement.

GaAs,_,P, (~110u)
/

GoAs,_,P, Constant
Composition Layer (A)

GoAs,_, P, Tapered
Layer
ond
GaAs Substrate

(B)

GaAs Substrate(C)

GaAs Sub.

(a) (b)

Fig. 2. The angle lapped sp which is composed of the
GaAs;—;P; constant composition layer, the graded composition
layer, and the GaAs substrate, respectively. (a) and (b) show the
section and the plane figures, respectively.
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The perfection of the epitaxially grown GaAs;—:P;
wafer was also examined by an x-ray diffraction tech-
nique (9) in which two different wavelengths of x-ray
beams (10) were used for diffraction. X-ray radiation
of two wavelengths, CuKq; and CuKpg;, were used. With
the use of this method the phosphorus content, assum-
ing that Vegard’s law of solid solutions holds for this
GaAs-GaP system (11), was also examined. The per-
fection of the GaAs;—.P, wafer was examined from the
half width of the rocking curve which was the dif-
fracted intensity vs. a small fraction of the incident
angle A¢ around the Bragg angle.

The efficiency of junction luminescence was mea-
sured by silicon photocells at 10 A/cm? of diode current.

Results and Discussion
X-ray topographs were taken from the specimen
whose surface revealed the cross-hatch pattern as
shown in Fig. 3, and they are shown in Fig. 4(a), (b),
(e), (d), and (e). The shape of the specimen in this

500 p
Fig. 3. The optical photograph of the surface which reveals the
cross-hatch pattern.

of the
and (e) show topographs from (220), (220), (040), (111), and
(111) diffractions, respectively.

Fig. 4. X-ray topograph peci 1. (a), (b), (c), (d),
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case is shown in Fig. 1. The type of the dislocation ob-
served here is similar to one observed by Ewing (2),
that is, dislocation networks are aligned along [011]
and [011] directions with %a[011] and %a[011] Burg-
er’s vectors, respectively. X-ray topographs using the
diffraction vectors [111] and [111] are also reproduced
in Fig. 4(d) and (e) for determining the Burger’s
vector more accurately. The diffraction planes used
here are shown in the pole figure, Fig. 5. From
these x-ray topographs and the pole figure, Burger’s
vector of two kinds of the dislocations aligned along
lines perpendicular to each other were determined
exactly to be %a [011] and Y%a [011]. The image con-
trast criterion (12), for [011] and [011] dislocations
only, is violated in some local areas. Therefore, where
contrast violations exist, dislocations may have screw
component or interact each other. Detailed examina-
tions were not established at this stage.

X-ray topographs of a similar specimen are also
reproduced in Fig. 6(a) and (b), in which the shape
of the specimen is shown in Fig. 2(a) and (b). From
these x-ray topographs it is obvious that dislocation
densities in both the GaAs substrate and the constant
composition layer, are rather low, while the aligned
dislocations gather in the graded composition layer of
the specimen. This may be the result of the large
lattice mismatch between the GaAs substrate and the
GaAs; - .P, layer.

An x-ray topograph was also taken from the speci-
men whose surface does not reveal the cross-hatch
pattern as shown in Fig. 7. The shape of the specimen
is similar to that shown in Fig. 1. In this case there is
the irregular form in the image of dislocations because

(110)

% (040)

@
(i
(ilo)

. (] ®(110)
(oon mn

(f1o)

Fig. 5. The pole figure of specimen 1 from which x-ray topo-
graphs were taken.

(a) ‘°°P (b)

Fig. 6. X-ray topographs of specimen 2 in which signs A, B, and
C correspond to _those in Fig. 2(b). (a) and (b) are topographs
from (220) and (220) diffractions, respectively.
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Fig. 7. X-ray topograph obtained by (220) diffraction from the
GaAsy — P, wafer whose surface does not reveal the cross-hatch
pattern.

dislocations could not align along the line. The lattice
strain might be too large to be compensated by making
the misfit-dislocations array in the graded composition
layer because of the sudden change of the phosphorus
content as discussed later.

Variation of the phosphorus contents in the growth
layer were measured by electron microprobe analyses
as shown in Fig. 8(a) and (b). Figures 8(a) and (b)
are obtained from the specimens which reveal, respec-
tively, the cross-hatch pattern clearly and obscurely
on the surface of the epitaxial GaAs;—,P, wafer. It is
fairly obvious that the aligned dislocations were intro-
duced in the graded composition layer when the epi-
taxial GaAs;-,P, wafer has the graded composition
layer of 40 um width as shown in Fig. 8(a).

If the lattice mismatch between the GaAs;—,P, epi-
taxial layer and the GaAs substrate causes the curva-
ture and no dislocations are introduced to compensate
the elastic strain, the curvature p can be obtained from
the following equation (13-15)

p=

[1]

where to, tij, dicj, and do are the thickness of the sub-
strate, the thickness of the i(j)th epitaxial layer, the
lattice parameter of the i(j)th epitaxial layer, and the
lattice parameter of the substrate, respectively. Figure
9 shows schematically the representative epitaxial
layer which is composed of eight different layers. The
result calculated by Eq. [1] is shown in Fig. 10 with a
solid line. In this case the thickness of the substrate is
400 xm and the epitaxial layer is composed of eight lay-
ers each of 5 um thickness but each layer has different
phosphorus contents. The curvature of the wafers mea-
sured by an x-ray diffraction technique (8) are also
shown in Fig. 10 in order to make correlation to the
visibility of the cross-hatch pattern. Signs O, A, and X
show the wafers which reveal the cross-hatch pattern
clearly, rather clearly, and obscurely, respectively. It
is evident that the curvature of the wafer in which
the cross-hatch pattern is visible clearly is always
smaller than that of the wafer in which the cross-
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Fig. 8. Variation of the phosphorus content by electron micro-
probe analyses in the graded composition layer. (a, above) and (b,
below) show the result from the GaAs; — P, wafer which reveals and
does not reveal the cross-hatch pattern on the surface, respectively.

hatch pattern is obscure. In this experiment a convex
configuration as viewed from the GaAs side was ob-
served. It is also to be noted that the sign of the curva-
ture is always reverse of those observed by Saul (16).
From the result that a concave configuration was ob-
served as viewed from the GaAs side, Saul determined
that the thermal mismatch was larger than the lattice
mismatch between the GaP epitaxial layer and the

Table I. Mole fraction of GaP (x)

From the lat- From the

Specimen No. tice parameter energy gap
1 0.417 0.42
2 0.404 —
3 0.421 0.42
4 0.382 0.38
5 0.372 0.37
6 0.389 —
7 0.380 0.38
8 0.476 —
9 0.427 0.40
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Fig. 9. The model from which the curvature of the GaAs;— P
wafer was calculated. It is postulated that the misfit dislocations
are not introduced.
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Fig. 10. Relation between the visibility of the cross-hatch pattern
and the curvature. Signs O, A, and X show the GaAs;—P.
wafer which reveal the cross-hatch pattern clearly, rather clearly,
and obscurely, respectively. Solid line shows the result obtained
from Eq. [1].

GaAs substrate. However, the present observed sign
of the curvature supports that the stress due to lattice
mismatch considerably exceeds the stress due to differ-
ential thermal contraction in the GaAs;i- P,-GaAs
system, as Abrahams et al. have already reported (5).

Contrary to the result by Saul, it is reasonable to
assume from our results that the wafer bends progres-
sively during growth, if the lattice mismatch is not
perfectly compensated by misfit dislocations. From the
experimental results described above, a model of the
formation mechanism of the misfit dislocation array
in this case is proposed as shown in Fig. 11 and 12,
where (a) and (b) show the plane and the section
views of the wafer, respectively. Figures 11 and 12
show the model of the wafer in which the cross-hatch
pattern is visible and obscure, respectively.
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Fig. 11. The model of crystal growth in which dislocations are
lined up in the graded composition layer. (a) and (b) show the
plane and the section figures, respectively.
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Fig. 12. The model of the crystal exhibiting curvature due to
lattice mismatch between the GaAsi—.P, layer and the GaAs
substrate. (a) and (b) show the plane and the section figures, re-
spectively.

When the cross-hatch pattern is visible, the
aligned dislocations observed by x-ray topography
may be composed of many dislocations which line
up as if the small grain boundary is constructed.
If the dislocations are arranged as shown in Fig.
11, the lattice mismatch at the graded composition
layer can be compensated easily by the disloca-
tions induced. The cross-hatch pattern visible on the
surface, however, does not show the aligned disloca-
tions themselves, because the aligned dislocations are
existing in the graded composition layer and they are
materially reduced in number on the surface as shown
in Fig. 6. The cross-hatch pattern may be formed on
the surface because growth rate variation of the epi-
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taxial layer are initiated by: (i) the impurity concen-
tration difference at the dislocation lines in the graded
composition layer, and (ii) the screw components of
some parts of the aligned dislocations which are visi-
ble in the x-ray topographs shown in Fig. 4.

If this model is used, it is easy to explain that the
curvature of the wafer is small when the cross-hatch
pattern is clearly visible. When the gradient of the
phosphorus content is very sharp as shown in Fig.
8(b), the formation of the lattice strain during growth
may be too large to be released by introducing the
aligned dislocation array. In such a case dislocations
may have a random distribution and consequently the
cross-hatch pattern cannot be visible.

The phosphorus contents at the surfaces of the epi-
taxially grown GaAs;—,P, wafers are shown in Table
I with the results obtained from the energy gap data.
The phosphorus contents were obtained from the lat-
tice parameters which were measured from the differ-
ences of the two peak profiles obtained from
(511) CuKq1 and (400) CuKp; diffractions (10, 17). The
representative peak profiles are shown in Fig. 13 and
14 in which the upper and the lower profiles show
(400) CuKgi, and (511) CuKg; diffractions, respectively.
Figures 13 and 14 show the peak profiles obtained
from the specimens where the cross-hatch pattern is
clearly visible and obscure, respectively. This peak
profile is a kind of the rocking curve, although the
incident beam is not perfectly monochromatic. The

Diffracted ZIntensity

(511)CuK g,

Rotating Angle of Specimen

Fig. 13. Rocking curves of the GaAsj—,P, wafer whose surface
reveals the cross-hatch pattern clearly. In this figure 86 shows the
lattice parameter, and the half width shows the perfection of the
crystal.

2min.

!-—86

(4OO)CUKB'

Diffracted Intensity

(511)CuKq,

Rotating Angle of Specimen

Fig. 14. Rocking curves of the GaAs;—.P, wafer whose surface
does not reveal the cross-hatch pattern.
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perfection of the crystal, however, can be similarly
estimated from the half width of the peak profile
shown in Fig. 13 and 14. The half width of the peak
profile of the epitaxially grown GaAs;-,P; wafer, with
a clearly revealed cross-hatch pattern, is comparable to
that of the GaAs substrate in which dislocation density
is lower than 104 cm—2 The half width of the peak
profile is broader, as shown in Fig. 14, when the wafer
does not reveal the cross-hatch pattern. This high
quality of the epitaxially grown GaAs;-,P, wafer
could be also expected from the model shown in Fig.
11 because the aligned dislocations need not be intro-
duced at the surface.

When light emitting diodes are fabricated from the
wafer which reveals the cross-hatch pattern clearly,
the electroluminescent efficiency is higher by about
50% than that of the wafer with no cross-hatch
pattern.

Conclusions

1. A cross-hatch pattern on the surface of GaAsi— Py
layer appears when the graded composition layer of
20 ~ 40 ym width is formed in the initial period of
epitaxial process.

2. The origin of the cross-hatch pattern was deter-
mined by x-ray topography to be a misfit dislocation
array aligned along lines perpendicular to each other
in the graded composition layer.

3. The curvature of the GaAs; P, wafer is small or
large depending on whether the cross-hatch pattern
is clear or obscure on the surface.

4, When the cross-hatch pattern is visible on the
surface, the GaAs;-,P, wafer is high in quality on the
surface because the half width of the rocking curve
is as narrow as that of the GaAs substrate.

5. These results support the proposed model with
regard to the growth mechanism of the aligned disloca-
tion array. -
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The Equilibrium Pressure of N. over GaN

C. D. Thurmond* and R. A. Logan
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974

ABSTRACT

The equilibrium pressures of N» over GaN and Ga are not known. Values
of the heat and entropy of formation of GaN are proposed that give equilib-
rium N, pressures as a function of temperature. Experiments reported in the
literature lead to consistent upper and lower bounds to the calculated curve
but do not define its position very well. We report the results of three different
types of experiments, using NHj3 in Hs, which tighten the bounds to the equi-
librium curve: the NH; pressures at which GaN could be seen to form from
Ga were upper limits; the pressure of NH; in the exiting gas stream after
reaction with Ga gives a qualified upper limit; and of greatest importance, we
believe, are the measurements of the NHj pressures generated when Hj is passed
over GaN. These latter pressures are lower limits to the equilibrium curve
and are believed to lie close to it. The experimental results are in agreement
with the calculated equilibrium pressures of N over GaN and Ga obtained using
the heat of formation of GaN based on the measurements of Hahn and Juza,
and Mah and the assumption that the entropy and heat capacity of GaN are
the same as those of ZnO.

The temperature and nitrogen pressure ranges over
which GaN is stable are not known. It is believed that
very high pressures of nitrogen are required to form
GaN from Ga(l) at temperatures above 1000°C (1).
At lower temperatures a skin forms on the Ga(l),
presumably GaN, impeding further reaction (1). NHj
at a pressure 1 atm reacts with Ga(l) above 1050°C

* Electrochemical Society Active Member.

Key words: gallium nitride, equilibrium, decomposition pressure,

heat of formation, entropy.

(2), any reaction below this temperature also is im-
peded by a thin GaN film,

It has been suggested (3) that the decomposition of
GaN(s) may lead to polymeric nitride molecules,
(GaN),. Transport experiments offered some support
for the existence of such species (4) but no evidence
of polymeric nitride molecules was obtained from
mass-spectrometer studies (5, 6).

It is the purpose of this paper to calculate the equi-
librium pressure of Ny over GaN and Ga as a function
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of temperature from a heat of formation in the litera-
ture and an estimated entropy and heat capacity of
GaN. It will then be shown that this curve is consistent
with previously reported experimental results which,
however, do not define the position of the curve very
well, and is in good agreement with our erperimental
results which do define the position much more
sharply.
Equilibrium Pressure Curve

The equilibrium between GaN, liquid Ga, and Ny is

described by the following reaction

GaN(s) = Ga(l) + % Na(g) [1]

The equilibrium N pressure is related to the standard
free energy change of reaction [1] by the expression

12 RTInPn, = —AG*y [2]

It has been assumed that GaN has a narrow non-
stoichiometry range and that the solubility of GaN in
Ga is negligible. The standard free energy change, in
turn, is related to the free energy of formation of GaN,
and the heat and entropy of formation by

—AG°; = AGfgan = (AHfGan — TASfGan) [3]

The heat of formation of GaN at 298°K given in the
NBS tables (7), is —26.4 kcal. It is based on the heat of
combustion of GaN measured by Hahn and Juza (2) and
the heat of combustion of Ga measured by Mah (8). The
entropy of formation of GaN has not been measured,
but following a suggestion by Sime and Margrave (4),
we have estimated the entropy of GaN by assuming
it is the same as that of ZnO which is the same crystal
structure (wurtzite), is isoelectronic, and is of nearly
the same molecular weight. The entropy of ZnO at
298°C is 10.43 eu (9). In addition, we have assumed
that the heat capacity of GaN is the same as that of
ZnO (10). With the available thermodynamic informa-
tion on liquid Ga (11) and on N; (12), the heat and
entropy of formation of GaN can be obtained, from
which the equilibrium Nj pressure can be calculated.

The equilibrium N; pressure, estimated as described
above, has been plotted in Fig. 1. At temperatures
higher than 800°C, the calculated N, pressure is greater
than 1 atm; at 1200°C, the pressure is 1000 atm, reach-
ing 100,000 atm at about 1700°C.

Comparison with Available Experimental Data

The calculated Ny pressures can be compared to re-
lated observations reported by a number of workers.
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LI T T T

700
T
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1041k
Fig. 1. Pressure of Na over GaN(s)-Ga(l), (log PNy vs. 104/T).
The solid line is calculated. Lower limits to the equilibrium curve:
A MacChesney and co-workers (13), A Juza and Hahn (2),
A Lorenz and Binkowski (14). Upper limits to the equilibrium
curve: Y Maruska and Tietjen (16), x——x Logan and co-workers
(17), 4 Lorimor and co-workers (18).
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The most direct information comes from a measure-
ment by MacChesney and co-workers (13) who found
that at 1600°C, under a pressure of about 700 atm of
Ny, GaN decomposed. This observation gives a lower
limit to the equilibrium curve and, as plotted in Fig,
1, is consistent with the calculated curve. Lorenz and
Binkowski (14) studied the rate of decomposition of
GaN over the temperature range from 600° to 1000°C.
They noted the highest Ny pressures reached at the
time the rate measurements were discontinued. These
pressures also represent lower limits to the equilib-
rium curve and are plotted in Fig. 1. The five points
are consistent with the estimated curve. Juza and
Hahn (15) provide one point obtained by the same
method.

The three sets of measurements just cited represent
all of the information found in the literature that could
be used to give lower limits to the equilibrium curve.
There are three reports, however, on the reaction of
NH; with Ga that can also be used to give upper
limits to the equilibrium curve.

The first of these is by Maruska and Tietjen (16)
who prepared GaN by passing GaCl and NH3 in H;
over a sapphire substrate at 825°C and at atmospheric
pressure. The fact that GaN was formed in the pres-
ence of 0.14 atm of NH;3 and 0.86 atm of Hy permits an
upper limit to the equilibrium Ny pressure over GaN
and liquid Ga to be calculated. It is equal to the Ny
pressure corresponding to equilibrium with the NHj
and H, pressures used in growing the GaN layers.
This equilibrium is described by the equation

1 3
NH;(g) = ?Nz(g) + ?Hz(g) [4]

which leads to the following expression relating the
partial pressures to the equilibrium constant, K4

Pnyug
12 = Ky —o
Pnol/2 = Ky Prgt/? [5]

The value of K4 obtained from the JANAF Tables (12)
is about 3 x 103 at 825°C, leading to a value for the
N, pressure of 3 X 105 atm. This point is plotted in
Fig. 1 and lies far above the calculated equilibrium
curve, It is, of course, consistent with this curve but
does not help appreciably to define it.

Recently, two additional observations related to
the reaction of NH3 with Ga provide upper limits to
the equilibrium N, pressure curve. Logan and co-
workers (17) have added N to GaP by passing NHj
in H, over liquid Ga containing dissolved phosphorus
from which GaP was grown by cooling. It was found
that the N concentration in GaP was proportional to
the NHj pressure and there was an NHj pressure above
which good crystal growth of GaP was not possible.
Lorimor and co-workers (18), in applying Logan’s
technique to the addition of N to GaP, observed that
the concentration of N saturated, That is, crystal
growth could be obtained with some difficulty at
higher NH;3 pressures but no further increase in N
concentration was found. They observed altered crys-
tal growth and reported that GaN was formed.

The NH; pressures in Hp, at which GaN was formed
from Ga in the studies of N doping of GaP, were in
the range of 10-3 atm at temperatures of approxi-
mately 1000°C. Equivalent Ny pressure can be calcu-
lated from the conditions used and have been plotted
in Fig. 1. It is seen that Logan’s point straddles the
calculated curve, while Lorimor’s point lies slightly
below the curve. The temperature range of each of
these points corresponds to the range over which GaP
epitaxial layers were grown.

It is concluded that the equilibrium Nj pressure
curve lies on or below the curve plotted in Fig. 1 but
not lower than 1 to 2 decades below it.

We have attempted to obtain improved upper limits
to the equilibrium N; pressures by finding the mini-
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mum NHj pressures at which GaN can be formed
from Ga. Additional information has been obtained
from the NH; pressure leaving the tube after reaction
with Ga. The discovery that high pressures of NHj,
relatively speaking, are generated by the reaction of H,
with GaN, has led to greatly improved lower limits to
the equilibrium curve,

Experimental

Most of the GaN used in these studies was grown
by reacting a partial pressure of NH; in Hy; with Ga
at 1150°C in a furnace system that was previously
used (17) to grow epitaxial layers of N-doped GaP.
The furnace was modified so that an easily replaceable
quartz liner was used inside the main quartz furnace
tube. The NHj pressure ranged from 10-3 to 5 x 10—2
atm in H,, with gas flow rates of 70 to 280 cc/min
and a tube ID of 2.1 cm. The GaN formed was in the
form of small, black, irregularly shaped crystals with
dimensions ranging from 75 to 500 um. The other GaN
studied was composed of smaller crystals, gray in
color, grown by Zetterstrom (19) by reacting Ga with
1 atm of NH; at 1100°C in a similar furnace. To sepa-
rate out the very small crystals formed in this growth,
the batch was repeatedly rinsed with agitation and
the larger crystals retained. They ranged in size from
20 to 100 xm. In all cases, the GaN was separated from
the Ga growth melt by digestion in aqua regia.

Pxug was determined by causing the NH3-H, fur-
nace exhaust gas to bubble through a 4 cm high col-
umn of HCI solution of known column and normality,
and containing methyl red indicator. The normality of
the HCl solution was adjusted to give a convenient
titration time of 5 to 10 min so that the uncertainty
(a few seconds) in the determination of the time of
the indicator color change was negligible. The contri-
bution of the indicator to the normality of the solu-
tion became significant (~10%) only at the lowest
normality used (2 x 10—5N). Since the furnace gas
flowed at constant rate rather than at constant pres-
sure, the gas flow rate was unaffected by the small
change in gas pressure due to the titration. The NHj
dissolution into the HCI solution was complete as evi-
denced by doubling the column height of the HCI

solution by the addition of Hy0, without changing the’

titration time for a given gas mixture. Pyus is deter-
mined from the gas flow rate and the titration time of
the solution of known volume and normality.

The system was routinely monitored for evidence
of dissociation of NHj in the furnace. A clear indica-
tion of dissociation was the variation of Pnns with fur-
nace temperature. Dissociation could be made negli-
gible by use of new quartz furnace liner which was
cleaned in deionized H2O and alcohol prior to use. No
bake-out was necessary. The main quartz furnace tube
caused NHj dissociation after continual use for one to
three months. The dissociation correlated with de-
vitrification of the tube and was rectified by replace-
ment with a new quartz tube. It was observed that the
low oxygen (and water vapor) level in the furnace
ambient was essential to achieve negligible NH; dis-
sociation. The pyrolytic graphite crucibles used both
in the formation and dissociation studies of GaN did
not cause NH3 decomposition and the crucible weight
loss during an experiment was less than 1 mg.

The NH; pressure from the reaction of Hy; with GaN
was determined by inserting 1-13g of GaN crystals,
contained in a pyrolytic graphite crucible, into the
furnace, at uniform temperature and with a pure Hj
ambient. The NH3 pressure in the exit gas was moni-
tored continuously and increased to a constant value in
about 60 min. This is about the time required to achieve
a constant value of the NH3 pressure when Hz and NHj
are mixed and passed through the empty tube. Typi-
cally, about 25 w/o (weight per cent) of the GaN dis-
sociated, leaving Ga, in heating times which ranged
from 16 hr at 925°C to 4 hr at 1175°C.
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Results and Discussion
In the work reported here, the reaction of NH; with
Ga has been used to give upper limits to the Nj equilib-
rium pressure over GaN and Ga. The reaction Hy with
GaN has been used to give lower limits to the N
equilibrium pressure. Both of these reactions can be
described by the following equation

3
GaN(s) + -Z—Hz(g) = Ga(l) + NHs(g) (6]

The equilibrium constant relates the equilibrium pres-
sures of NH; and H; in the equation

Pnug

Pag? Ks (71
It has again been assumed that the nonstoichiometry
range of GaN is small and that the solubility of GaN
in Ga is negligible. The pressure ratio Pyua/Pup?/2 is
also given in Eq. [5] from which the following equa-
tions can be written

P Pnol/2
MBS Ry = (8]
PH23/2 K4

Since K4 can be obtained from the JANAF Tables (12),
the values of Pnu3/Pu,®/2 can be calculated for the
equilibrium Ny pressures given in Fig. 1. They are
plotted in Fig. 2 as log Pnus vs. 104/T and give the solid
line. This is the reverse of the calculations made in the
section on Comparison with Available Experimental
Data to obtain upper limits to the equilibrium N line
from NH3 and H, pressures at which GaN formed.

The minimum NHj; pressures in Hy at which GaN
was seen to form when passed over liquid Ga, have
been plotted in Fig. 2 and are upper limits to the
equilibrium NHj; pressure. Measurements made inde-
pendently by Ilegems (20) are included.

An independent upper limit to the equilibrium curve
is obtained from the pressure of NHj leaving the re-
action tube. This pressure is always less than that
entering. Measurements of the NHj3 pressure after NH;
in Ho was passed through clean empty tubes showed
that negligible decomposition occurred. However, it
cannot be ruled out that some decomposition of NHj
to Hy and N; occurred during the reaction with liquid
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Fig. 2. Pressure of NH3 in Hy over GaN(s)-Ga(l), (log PNHj3 vs.
104/T). The solid line is equivalent to the calculated line of Fig.
1. The dashed lines represent a =1 kcal uncertainty in the free
energy of formation of GaN.\” Minimum NH3 pressures at which
GaN was seen to form from Ga. + NHg3 pressures in exiting gas
stream. Y Ind t mea ts by M. llegems of minimum
input NH3 pressures at which GaN was seen to form from Ga./\
NH3 pressures from the reaction of Hy with GaN. == Lorimor
and co-workers (18).
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Ga. At lower NH; pressures where GaN is not formed,
the NHj3 pressure decreased about 10% in passing
through the reaction zone. We have taken this to be
an estimate of the extent of dissociation of NHj in these
experiments. The lowest observed exit pressures at
several temperatures where GaN was formed are
plotted in Fig. 2. These points may be too low by as
much as 10%.

All of the upper limit points plotted in Fig. 2 are
consistent with the calculated equilibrium line ex-
cept for one point at the highest temperature which,
however, agrees within the 10% estimated uncertainty.

We have found that impressively high pressures of
NH; are generated when H, is passed over GaN. The
measured pressures set lower limits to the equilibrium
curve. The points plotted in Fig. 2 are the highest
pressures measured at each temperature and are
steady-state values achieved after about 1 hr of heat-
ing. They all are consistent with the estimated line
and fall well within the band resulting from the 1 kecal
uncertainty in the heat of formation of GaN.

The dependence of the NH; pressure on flow rate
and sample area suggested that equilibrium was near.
The observed NH3 pressure increased ~20% as the flow
rate decreased from 280 to 70 cc/min and a similar
small increase was observed when the GaN area in-
creased by a factor of 5. The GaN area was varied by
changing the weight of crystals of a given mesh size.
The points plotted in Fig. 2 are the highest NH; pres-
sures measured at each temperature, obtained with
the largest GaN area and smallest flow rate used at
each temperature. It is possible, however, that equi-
librium pressures were not attained because appre-
ciable catalytic decomposition of NH; may have taken
place in the hot tube down stream from the GaN. This
possibility restrains us from accepting these as equi-
librium measurements. They are, however, completely
acceptable lower limits to the equilibrium curve.

On the basis of the lower and upper limiting points
that we have obtained, we conclude that the equilib-
rium pressure of NHj, given by the calculated line of
Fig. 2, is consistent with all of the experimental in-
formation available as is true also for the pressure of
Ny given by the line of Fig. 1. The data of Lorimor
et al. (18), plotted in Fig. 1 in terms of N, pressure, is
plotted in Fig. 2 in terms of NH; pressure and provides
an upper limit, with the indicated uncertainty in the
NH; pressure. The data of Fig. 2 are summarized in
Table I.

These results, then, are consistent with a heat of
formation of GaN of —26.4 + 1.0 kcal (2,7,8) and an
entropy and heat capacity the same as those of ZnO

Table I. Pressure of NH3 in Hz over GaN(s)-Ga(l) vs. T°C
(data of Fig. 2)

Experimental conditions T°C Py, (10-% atm)

(\/) Minimum input NH; pressure at 1150 2.5
which GaN was seen to form from Ga 1050 7.0
1000 3.2

950 3.5

( + ) NHjs pressures in exiting gas stream 1150 1.58
1050 2.30

1000 2.60

950 3.00

(Y ) Independent measurements of M. 1130 3.85
Ilegems of minimum input NHs; pres- 1105 3.04
sures at which GaN was seen to form 1100 2,51
from Ga 1095 3.81
1055 3.49

() Lorimor and co-workers (18)

(/N ) NH; pressures from the reaction of 1149 1.48
H: with GaN 1125 1.34
1100 1.39

1002 0.905

929 0.645

899 0.501

EQUILIBRIUM PRESSURE OF N, OVER GaN 625

Table 1. Heat and free energy of formation of GaN(s)
Ga(s,]) + %Nz2(g) = GaN(s)

T, °K —AH{, keal AGft, kecal
298 26.40 = 1.0 —33.04 1.0
900 26.94 —4.06

1000 26.74 —1.54
1100 26.52 +0.97

1200 26.29 +3.46

1300 26.04 +5.93

1400 25.78 +8.39

1500 25.52 +10.81

1600 25.24 +13.21

(9, 10). The heats of formation and free energies of
formation used to calculate the curve of Fig. 1 are
given in Table II.

Two criteria have been used to determine limits to
equilibrium conditions: GaN must decompose or it
must form. The fact that GaN may appear not to de-
compose under certain conditions does not give useful
information since the rate of decomposition may be too
slow to be observed. Similarly, Ga may appear not to
react with Ny or NH3 and Hy when, in fact, the reac-
tion may be impeded by a thin surface nitride film.
Conclusions can be drawn when changes occur; they
cannot be drawn when changes do not occur.

We have taken advantage of two slow kinetic proc-
esses in order to closely approximate the equilibrium
properties of GaN: the slow rate of decomposition of
GaN to form Ga and Nj, and the slow rate of decom-
position of NHj3 to N2 and Hy. The iron-nitrogen system
has been studied under somewhat related circum-
stances and equilibrium nitrogen pressures up to hun-
dreds of thousands of atmospheres have been deduced
from the much lower NH; pressures in H, used to con-
trol the nitrogen chemical potential (21).

Summary

The equilibrium pressure of Ny over GaN and liquid
Ga has been calculated from available thermodynamic
functions with the assumption that the entropy and
heat capacity of GaN are the same as those of ZnO. The
calculated equilibrium pressure curve was found to be
consistent with a number of reported experiments al-
though the spread between upper and lower bounds
was rather broad. NH; pressures in H,, which were
found to be the maximum pressures at which GaP,
doped with N, could be grown (17, 18), gave equiva-
lentdnitrogen pressures in agreement with those calcu-
lated.

Three different experimental methods are reported
here which were used to narrow the gap between upper
and lower limits to the equilibrium pressure curve.
In one method the minimum NHj pressure at which
GaN could be seen to form on the surface of Ga was
measured. Another consisted of measuring the NHj3
partial pressure in Hj after passing over liquid Ga. Of
importance is the last method, which appears to give
results near equilibrium, where measurement was
made of the NHj pressure generated by the reaction of
H; with GaN. All measurements were consistent with
the calculated equilibrium curve.

Acknowledgments
We are indebted to H. G. White for his assistance in
performing these experiments. We thank M. Ilegems
for helpful comments and for the experimental data
used in Fig. 2 and R. B. Zetterstrom for providing the
GaN crystals grown by reacting Ga with 1 atm of NHs.

Manuscript submitted Sept. 22, 1971; revised manu-
script received Dec. 27, 1971.

Any discussion of this paper will appear in a Discus-
ﬁion Section to be published in the December 1972
OURNAL,

REFERENCES

1. A. Rabenau, “Compound Semiconductors,” Vol. 1,
p. 174, R. K. Willardson and H. L. Goering, Edi-



626 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY

t(orsé Reinhold Publishing Corp., New York
2

2. H. Hahn and R. Juza, Z. Anorg. u. allgem. Chem.,
244, 111 (1940).
3.J. L Margrave and P. Sthapitanonda, J. Phys.
Chem., 59, 1231 (1955).
4, R. J. Sime and J. L. Margrave, ibid., 60, 810 (1970).
5. Z. A. Munir and A. W. Searcy, J. Chem. Phys., 42,
4223 (1965).
6. R. C. Schoonmaker, A. Buhl, and J. Lemley, J.
Phys. Chem., 69, 3455 (1965).
7. D. D. Wagman, W. H. Evans, V. B. Parker, I
Halow, S. M. Bailey, and R. H. Schumm, Nat.
Bur. Std., Tech. Note 270-3 (1968).
8. A. D. Mah, Nat. Bur. Mines, Rept. 5965 (1962).
9. K. K. Kelley, Bur. Mines, Bull. 477 (1950).
10. K. K. Kelley, Bur. Mines, Bull. 548 (1960).
11. D. R. Stull and G. C. Sinke, “Thermodynamic
lgggg)rties of the Elements,” Am. Chem. Soc.

May 1972

12. D. R. Stull, Project Director, “JANAF Thermo-
chemical Tables,” (1967).

13. J. B. MacChesney, P. M. Bridenbaugh, and P. B.
O’Conner, Mater. Res. Bull., 5, 783 (1970).

14. M.-R. Lorenz and B. B. Binkowski, This Journal,
109, 24 (1962).

15. R. Juza and H. Hahn, Z. Anorg. u. allgem. Chem.,
244, 133 (1940).

16. H. P. Maruska and J. J. Tietjen, Appl. Phys. Let-
ters, 15, 327 (1969).

17. R. A. Logan, H. G. White, and W. Wiegmann,
Solid State Electron., 14, 55 (1971).

18. O. G. Lorimor and L. R. Dawson, This Journal, 118,
292C (1971).

19. R. B. Zetterstrom, J. Mater. Sci., 5, 1102 (1970).

20. M. Ilegems, Private communication.

21. L. S. Darken and R. W. Gurry, “Physical Chemis-
try of Metals,” p. 378, McGraw Hill Publishing
Co., New York (1953).

Kinetics of Manganeseo-Wustite Scale Formation

on Iron-Manganese Alloys

P. Mayer* and W. W. Smeltzer**

Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada

ABSTRACT

The oxidation kinetics of Fe-Mn alloys containing up to 59 w/o (weight per
cent) Mn exposed to carbon dioxide-carbon monoxide atmospheres at 1000°C
have been determined by a thermogravimetric technique. The experimental
conditions were chosen in order that the reaction would lead to formation of a
single-phase manganeseo-wustite [(Fe Mn)O] scale. The rate of parabolic
oxidation decreased and the manganese content in wustite increased with in-
creasing manganese content in the alloy. A diffusion model, which is based on
equations derived by Wagner for metal diffusion through the scale under
chemical activity gradients, leads to a description of the scaling kinetics, and
to evaluations for the self-diffusion coefficients of iron and manganese and
the nonstoichiometry as a function of the manganese content in wustite.

A major objective of this investigation was to con-
tribute to the understanding of the oxidation mecha-
nism of binary alloys when a single-phase superficial
oxide scale is formed as the major reaction product
with only a relatively small degree of oxide precipita-
tion in an internal oxidation zone. In recent papers,
Wagner (1), and Coates and Dalvi (2) have advanced
methods for calculating the distribution of cations in a
metal-conducting scale growing by parabolic kinetics.
The Fe-Mn-O system could meet these requirements
since Foster and Welch (3) have demonstrated that
wustite and manganous oxide form a continuous solid
solution.

In the present work, the oxidation kinetics, morpho-
logical development, and composition of the wustite
scale on Fe-Mn alloys exposed to CO2-CO atmospheres
at 1000°C were investigated under conditions to insure
formation of (FeMn)O scale by parabolic kinetics.
These results are used in combination with diffusional
and thermodynamic properties of this ternary system
and the above-mentioned theoretical considerations to
gain an insight into the mechanism of scale growth
and the metal transport properties of the oxide solid
solution.

Experimental
The alloys were prepared from electrolytic iron, 99.96
w/o (weight per cent) pure, and manganese, 99.99 w/o

* Electrochemical Society Stud A iat
** Electrochemical Society Active Member.
l?ey words: Fe-Mn alloys, parabolic oxidation, manganeseo-wustite
scale,

pure. Approximately 300g of material were placed in
the melting chamber of a nonconsumable arc furnace
with a tungsten electrode operating under argon. In
order to prevent any long range segregation, each
charge was melted, inverted, and then remelted until
a total of four melting operations had been completed.
It was then sealed in a quartz tube filled with argon
and annealed for five days at 1000°C. The compositions
of the alloys are given in Table I.

Alloy buttons were hot-rolled at 800°C to a thickness
of 4 mm. The surface of each sheet was cleaned by
pickling in dilute hydrochloric acid and by abrasion
using 600 grit silicon carbide paper. The sheets were
then cold-rolled to a thickness of approximately 2.5
mm. Test specimens, 10 X 10 X 2 mm, were prepared
from these sheets by mounting plates in Bakelite and
metallographically polishing all surfaces to 1x diamond
abrasive using kerosene as lubricant. After removal
from the Bakelite mountings, specimens were washed
with petroleum ether and stored in dried acetone.

Table I. Chemical analyses of Fe-Mn alloys based on
manganese determinations

Alloy number Nominal composition w/o Mn

in text of alloys, w/o Mn in alloys
1 0 0.0
2 1 0.93
3 12 12.33
4 27 27.35
5 32 31.83
6 59 58.94
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An Ainsworth, Type RV, continuous recording
microbalance was used to determine the weight change
of a specimen exposed to a reaction atmosphere. The
thermogravimetric assembly has been described pre-
viously (4); the temperature of the reaction zone in
the furnace was controlled to +2°C. A specimen was
lowered into the reaction atmosphere which was main-
tained at a flow rate of 0.6 cm/sec to prevent thermal
segregation of the gases. Carbon dioxide, 99.95 v/o
(volume per cent) pure, was dried by passage through
columns containing magnesium perchlorate, reduced
copper oxide, and activated alumina. Carbon monox-
ide, minimum purity of 99.6 v/o, was purified by pass-
age through columns containing magnesium perchlo-
rate and ascarite.

Oxidized specimens were mounted in epoxy, cold,
self-setting resin, the final polishing being done with
1u diamond abrasive and kerosene as lubricant. Chem-
ical analyses were carried out by means of a Cameca
electron-probe microanalyzer operating at 15 keV and
a specimen current 50-80 nanoA. This instrument was
calibrated as described previously (5). Standards for
checking the calibration curves for the alloys were
alloys of several known compositions. The calibration
procedure for the wustite phase could be verified only
for pure wustite. The Debye-Scherrer method of x-ray
analysis using Co K« radiation was used to determine
oxide crystallographic structures.

Results

The dependences of the oxidation kinetics on the
compositions of the exposed alloys and on the CO2/CO
ratios in the reaction atmospheres are illustrated by
the parabolic plots [(oxygen weight gain/unit area)?
vs. (time)] in Fig. 1 and 2. These curves, which were
reproducible within +15%, are of the same shape as
those obtained for pure iron due to a relatively smaller
reaction rate before onset of parabolic kinetics (6, 7).
The plots in Fig. 3 illustrate that the values of the
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Fig. 1. Parabolic plots for the oxidation kinetics of Fe-Mn alloys
in 100/1 and 100/10 CO2-CO atmospheres at 1000°C. The numbers

on curves correspond to the alloy composition designations in
Table 1.
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Fig. 2. Parabolic plots for the oxidation kinetics of Fe-Mn alloys

in 70/30 and 50/50 CO>-CO atmospheres at 1000°C. The num-

bers on curves correspond to the alloy composition designations in
Table I.
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Fig. 3. Parabolic oxidation constants for Fe-Mn alloys as a
function of manganese content.

parabolic oxidation constants decrease with increasing
alloy manganese contents and carbon monoxide partial
pressures.

Powder x-ray analyses of the scales demonstrated
that they were composed of (FeMn)O with exception
of those formed on pure iron and the alloy containing
10 w/o0 Mn exposed to pure carbon dioxide and a 100/10
CO,-CO atmosphere. In these cases, the presence of
magnetite was identified. The mean lattice parameter
of the single-phase scales, Fig. 4, exhibited a variation
linearly related to the MnO content of the oxide solid
solution.



628 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY

4500 —

o

LATTICE PARAMETER (A)

44751
4450}
4425}
4400
4375

4350

4325

L 1

1 1 1 1 1
1 2 3 45 6 7 8 9 10
MOLE FRACTION MnO IN (FeMn)O

Fig. 4. Mean lattice parameter of the (FeMn)O solid solution
scales.

A scale was essentially compact and uniformly thick
during its growth. There was a small degree of internal
oxidation but the penetration depth of its zone was
negligible compared to the thickness of the scale. These
features are illustrated by the micrographs in Fig. 5
and 6. Internal oxidation for the Fe-1% Mn alloy was
so small that its penetration distance could not be
determined at the comparatively high magnification
of 1000X. In the alloy of highest manganese content,
59 w/o Mn, the penetration depth of oxide never ex-
ceeded 10% of the scale thickness. The only oxide
identified in both the scales and internal zones was
(FeMn)O.

Manganese concentration profiles in the scales and
alloy substrates of specimens exposed to the various
atmospheres for different intervals in the regions of
parabolic oxidation were determined by the electron
microprobe technique. The profiles shown in Fig. 7
and 8 for the alloy specimens containing 1 and 59 w/o
Mn illustrate typical distributions for the alloying ele-
ment between the metal and scale. The manganese
concentrations were determined to within +0.5% of

Fig. 5. The metallographic
cross-sections and the inter-
faces between the scales
formed on Fe-1 w/o Mn and
Fe-12 w/o Mn alloys exposed
to a 70/30 CO2-CO atmos-
phere at 1000°C (X130).

Fig. 6. The metallographic
cross sections and the inter-
faces between the scales
formed on Fe-32 w/o Mn and
Fe-59 w/o Mn alloys exposed
to a 70/30 CO2-CO atmos-
phere at 1000°C (X130).
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Fig. 7. Manganese concentration profiles in the metal and
(FeMn)O scale of an Fe-1 w/o Mn alloy oxidized at 1000°C. The
scale thickness has been standardized to y = x/x.

the determined values. Manganese depletion from an
alloy was small, the depletion distance never extend-
ing inward more than 50u from the alloy interface. The
change of manganese concentration across a scale
was small but the decrease in its concentration toward
the outer surface gave rise to a linear manganese
gradient. These gradients in the scales formed on the
different alloys under various atmospheric conditions
are recorded in Table II. Values are also tabulated for
the MnO concentration at the outer scale surfaces as
determined by extrapolation of the linear profiles.

Discussion

Oxidation of the alloys gave rise predominately to
a scale consisting of a solid solution of the divalent
oxides. An oxidation curve exhibited a region of slow
reaction before onset of parabolic kinetics due to inter-
facial control at the scale/gas boundary. Oxidation in
all atmospheres, nevertheless, proceeded at significant
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70, S L T T T 70 jre(eq) = —Dre v T [1]
¢ dlnamn
j eq) = —Dyp — —m8M8— 2
sok N ™ Jimn(eq) Ma iz [2]
; (C0,/C0) = 50/50 when correlation effects are disregarded. In these equa-
el T S T, i tions, D is a metal self-diffusion coefficient, ¢/V is
70 3% the local concentration of manganese in equivalents
R LU per unit volume, and a is a local activity. Since the
parabolic scaling rate is supposed to be controlled by
diffusion, the above relationships yield Equation 11
% 60¢—o0—0—0—o0~, T._._._'_'_-eo from Ref. (1) for the parabolic oxidation rate constant
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Fig. 8. Manganese concentration profiles in the metal and
(FeMn)O scale of an Fe-59 w/o Mn alloy oxidized at 1000°C. The
scale thickness has been standardized to y = x/xs.

rates because of rapid metal diffusion within the oxide
layer of large nonstoichiometry. The metal ratio in
the scale was only slightly different from that in the
alloy inasmuch as manganese, the less noble metal,
entered the scale preferentially. Further, the ratio of
manganese to iron in the scale decreased with distance
from the alloy interface due to manganese exhibiting
a smaller mobility than iron in the oxide solid solu-
tion. The metal gradients, nevertheless, attained a
steady-state value during the stages of parabolic oxi-
dation kinetics (Fig. 7 and 8).

The occurrence of parabolic kinetics governing
growth of a relatively uniform scale with steady-state
gradients in the oxide solid solution and the absence
of an appreciable degree of internal oxidation meet
the requirements of the theoretical analysis carried out
by Wagner (1) for the distribution of cations in a
metal conducting scale. Accordingly, the equations
that he has deduced may be utilized with the present
experimental results to calculate the metal diffusion
coefficients in (FeMn)O and the dependence of its
nonstoichiometry on the MnO content. His formalism
is used and the reader is referred to the original paper
for mathematical details.

The equations for the flux of metal cations through
the scale are

where ¢ is the mole fraction of MnO in the oxide and
Y = x/xs is the normalized scale thickness.

The Gibbs-Duhem equation for the oxide solid solu-
tion may be expressed as

(1—¢ dlnareo + ¢dInamno =0 [4]

Since the (FeMn)O solid solution may be considered
as nearly ideal (3)

dln aMnO _
dlng¢

Utilizing the equalities of the absolute valences, zre
= ZMn = 2, = 2, we can express Eq. [3] upon substitu-
tion of [4] and [5] as

18]

dg dlna,
(1—=p) —+——[A—¢§ + pt]l =k* [6]
dy dy
where
k* = k/Dre and p = Dun/Dre 71

The metal profiles in the oxide scales which were
stationary and very flat under conditions for parabolic
oxidation could be approximated to a linear gradient

t=a+by (8]

where, a = ¢ is the mole fraction of MnO in the scale
at its inner interface and b is the gradient across the
oxide. On substitution of Eq. [7] and [8] into [6]

dlna, _ k*+ (p—1b
dy 14 (p—1)¢

The second equation that may be utilized in this
calculation from Wagner’s analysis is the algebraic
expression 39 in Ref. (1) for material balance at the
outer interface for manganese

dln d. dl
_[DMnE(_aM_“O._E_.ﬂ)] =tk
dt dy dy v=1
[10]

On applying the same simplifications as in the previous
case, the resulting expression is

[9]

Table Il. The values for the linear gradient, b, and the concentration at the outer oxide interface,
£¢”, of MnO in scales on alloys exposed to CO2-CO atmospheres. The values of
b and £” from Eq. [8] are expressed as MnO mole fractions

Alloy composition, w/o Mn

Oxidation
atmospheres, 0.93 12.33 27.35 31.83 59.04
v/o [CO2/CO] b x 104 & b x 104 & b x 104 34 b x 104 £ b x 104 &
50/50 -0.9 0.0092 —123 0.121 —27.0 0.271 -31.4 0.314 —-59.2 0.584
70/30 —-0.9 0.0091 —-12.2 0.122 —27.8 0.270 —-31.8 0.313 —-53.3 0.584
100/10 —_ —_ —-12.2 0.120 —-27.8 0.269 -31.2 0.315 —59.1 0.586
100/1 —_ —_ —-12.3 0.121 -27.7 0.271 -31.6 0.315 -59.0 0.584
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dl b
k*=p 2t P2 [11]
ay I
Substitution of Eq [9] into [11] yields
b
. z [12]

k¥ =—m/m//———
pP-1DA -

These equations allow one to express the cation
self-diffusivities in the following forms

k¢ (p—1) QA —¢)

Dre = _—_pb_— [13]
ke (p—1)1A—=¢)
Dmn = J—b_- [14]

where the parabolic rate constant k is related to the
experimental rate constant k, by the relation

2 2
k(ﬁ)z_k_"(l) [15]
sec 2 16
In order to carry out calculations for metal self-
diffusion coefficients and oxide nonstoichiometry, cer-
tain assumptions and approximations must be made to
evaluate the constant p. The manganese concentration
in the scale at its outer surface for an alloy of given
composition was not measurably dependent on the
oxygen potential of the atmosphere over the CO/CO
ratios examined (Table II). This result and in view
of previous findings that the (FeMn)O solid solution
is nearly ideal allows one to invoke the assumption
by Wagner that the enrichment of a metal toward
the outer surface in a scale (in this case iron) results
from its larger mobility. Since there is general agree-
ment that the transport of iron and manganese in FeO
and MnO takes place by a vacancy mechanism (8, 10),
we my approximate the self-diffusion coefficients to

x X
@
Dge = D°re

(Fa)eo

Dyn = D°Mp ——mm8 ™
‘Mn D°Mn ( xom ) o
[16]

Here D° and x°_ refer to the self-diffusivities and
vacancy concentrations for the pure oxides, and x

refers to the vacancy concentration in (FeMn)O. The
ratio for the diffusivities in the oxide solid solution

Dwmn D°mn / Dere [17

Dre (xD)MnO (ID)FeO
therefore essentially corresponds to the ratio of the
jump frequencies for manganese and iron into an adja-
cent cation vacancy. Hence, the factor for manganese
depletion across the scale may be regarded as corre-
s%onding to the mobility ratio of manganese to iron.
That is

Dwmn &
= = — [18]
Dre ¢

where from Eq. [8], ¢’/¢ = 1 4+ (b/a). A value of p
= 0.99 + 0.004 is obtained using the results given in
Table II.

The metal self-diffusivities are therefore related as
follows

P

Drpe = 1.01 Dvn [19]

The self-diffusion coefficient of iron may now be deter-
mined by substituting the value for p and the experi-
mental values for the oxidation parameters in Eq. [12].
These results are presented in Fig. 9. Addition of MnO
to FeO decreased the diffusion rate of both cations. The
values for the self-diffusion coefficient of iron in
wustite for oxygen potentials corresponding to 50/50
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and 70/30 CO,-CO atmospheres may be evaluated
from published results (8, 9). It is seen that the plots
determined for this diffusivity in (FeMn)O under
these conditions extrapolate to these limiting values.
Woustite and manganous oxide exhibit metal defi-
ciencies associated with occurrence of cation vacancies
(8, 10). The former oxide shows by far the largest
range of nonstoichiometry at 1000°C and the magnitude
of the self-diffusion coefficient for iron is directly
proportional to nonstoichiometry (8, 9). We therefore
express the dependence of the diffusivity on nonstoi-
chiometry for the ternary oxide solid solution as
II:I (X-1X-
Dge = D°pe = D°pe [20]

(x“D )Feo (X°—-1X

and where X° and X are the ratios of the atomic frac-
tions of oxygen to metal in pure wustite and the
ternary oxide. Consequently, we may utilize diffusion
evaluations from this investigation to determine the
variation of (FeMn)O nonstoichiometry with increas-
ing manganese content.

The results of these calculations using Eq. [20] are
shown in Fig. 10. A comparison is also given between
the calculated values and those determined by Voetzel
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Fig. 9. Self-diffusion coefficient of iron in the (FeMn)O solid

solution at 1000°C.
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Fig. 10. Nonstoichiometry of the (FeMn)O solid solution at
1000°C. The dashed curve represents values obtained at 1100°C by
Voeltzel and Manenc (11) on equilibration of (FeMn)O in atmos-
pheres undergoing the water-gas reaction. The values for pure
FeO are those determined at 1000°C by Swaroop and Wagner (12).



Vol. 119, No. §

and Manenc (11) and Swaroop and Wagner (12). The
determinations from the first investigation are those
obtained at 1100°C, but the investigators report that
the nonstoichiometry was practically identical within
the experimental precision at 1100° and 1000°C in
atmospheres of constant CO,/CO ratio (11). A very
small variation in nonstoichiometry of pure wustite
only occurs over the temperature range 1000°-1100°C,
the nonstoichiometry at 1000°C being 2-3% smaller
than that at 1100°C for atmospheres of constant CO2/
CO ratio. Within these limitations, it can be seen from
Fig. 10 that there is good agreement between values
obtained in this investigation and those in the litera-
ture. This consideration offers additional substantiation
to the diffusion model and analysis adopted to describe
the parabolic oxidation kinetics of the Fe-Mn alloys
in CO.-CO atmospheres.

Summary

The parabolic kinetics were determined for the
formation of the manganeseo-wustite scale on Fe-Mn
alloys exposed to CO2-CO atmospheres at 1000°C. The
morphological development and manganese gradients
in the scale and metal demonstrated that the reaction
proceeded under steady-state conditions. A model
based on a diffusion analysis was shown to account for
this kinetic behavior. It was possible by this analysis
to evaluate the self-diffusion coefficients for iron and
manganese and the nonstoichiometry of wustite as a
funection of manganese content. All of these parameters
were found to decrease with increasing amounts of
manganese dissolved in the (FeMn)O solid solution.
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Electrical and Structural Properties

of Metal Sulfides in Chloride Melts
The Systems Cu 5-CuCl and FeS-FeCl

A. K. Garbee! and S. N, Flengas*

ABSTRACT

The phase diagrams of the systems CuyS-CuCl and FeS-FeCl, and the den-
sities of the liquid solutions have been measured over the permissible concen-
tration and temperature ranges. Specific conductivities of the liquid mixtures
have also been determined. The results indicate that the CupS-CuCl solutions,
for concentrations up to about 30 m/o (mole per cent) CueS and temperatures
below 1000°C, are essentially ionic conductors. Electronic conductance be-
comes evident for the more concentrated solutions. In the FeS-FeCl; solutions,
ionic conductivity appears to be restricted to concentrations below 10 m/o FeS.

The thermodynamic calculations from the CupS-CuCl phase diagram and
the structural interpretation of the density measurements indicate that (CugS)a
dimers are present in dilute solutions. Further association occurs at higher
concentrations and the formation of a continuous sulfide network appears to be
related to the onset of electronic conduction. The solubility of copper metal
in cuprous chloride is very low, and the conductivity of cuprous chloride, and
of cuprous chloride-rich melts with cuprous sulfide, appears unaffected by
the presence of copper metal. The addition of excess copper metal to molten
cuprous sulfide, however, greatly increases its electrical conductivity.

Because the electrical conductivities of cuprous and ferrous sulfides are
predominantly electronic in nature electrodeposition from the molten sulfides
is not feasible. Electrolysis of solutions of CuzS in CuCl in the composition
and temperature ranges of ionic behavior yielded copper metal at the cathode
with high current efficiencies. Copper metal was also recovered selectively
from solutions of a synthetic Cu-Fe-S matte dissolved in molten CuCL It is
also shown that FeS may be extracted from a synthetic FeS-Cu;S matte by
solvent extraction using molten CuCl at the appropriate temperatures., The
extraction is attributed to an exchange reaction which converts the FeS com-
ponent into the soluble ionic form of FeCl,.

Previous work in this laboratory (1-4) and else-
where (5-9) has indicated that the molten solutions

* Electrochemical Society Active
452)52“*“ address: Armco Steel Corporation, Middletown, Ohio

Key words: electrical conductivities, metal sulfides, metal chlo-
rides, electrical properties of mattes, densities of metal sulfides.

of metal sulfides in their corresponding metal chlo-
rides exhibit interesting thermodynamic and electrical
properties, Within specific temperature and composi-
tion ranges such solutions, rather dilute in metal sul-
fide, behave like ionic conductors. As the sulfide con-
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tent and the temperature are increased electronic con-
ductivity sets in, and the concentrated solutions behave
more like the electronically conducting “pure” molten
metal sulfide. It is evident that in the range of ionic be-
havior the recovery of metals from their sulfide ores by
fused salt electrolysis should be feasible. In addition
to this practical aspect, the factors determining the
ionic to electronic transitions as well as the thermo-
dynamic and structural properties of such high-tem-
perature liquid semiconductors are of theoretical
interest.

The sulfide solutions investigated previously in this
laboratory include AgsS-AgCl (1-2) and the PbS-
PbCl, (3-4) binary systems. The present paper de-
scribes work on the thermodynamic and structural
properties of the molten salt solutions of CusS and of
FeS in CuCl and FeCl,, respectively. The investigation
includes the determination of the liquidus curves of
the binary systems CupS-CuCl and FeS-FeCl;, and
measurements of densities and electrical conductivities
in these systems. Finally, copper metal has been recov-
ered by electrolysis of the CusS-CuCl solutions and
from a synthetic matte containing Cu-Fe-S dissolved
in molten CuCl

Experimental

Preparation of materials—Anhydrous CuCl was
prepared from an aqueous solution of cupric chloride
by reduction with sulfurous acid. The precipitated
CuCl was washed with anhydrous alcohol and was de-
hydrated by treatment under vacuum for several
hours, followed by melting and sublimation in a
stream of dry hydrogen chloride gas. Chemical analysis
of the product indicated a purity of better than 99.7%
by weight.

Anhydrous FeCl, was prepared from reagent-grade
hydrated FeCl, dried in a vacuum oven at 110°C for
several days. This partly dehydrated solid was finely
ground in a dry box filled with purified argon and then
was treated with dry hydrogen chloride gas at about
500°C. The chemical analysis of this product corre-
sponded to a 99.7% FeCl; content.

Pure Cu,S was prepared by direct reaction between
stoichiometric amounts of hydrogen-reduced copper
metal powder and sulfur which had been previously
purified by sublimation. The reactants were charged
to quartz ampoules which were then flame-sealed
under vacuum. The reaction was completed by heating
at about 600°C for at least three days.

The chemical analysis of the reaction product indi-
cated a CusS compound in the composition range
Cuy.97S to Cug.0S. The x-ray analysis was in excellent
agrgement with the established diffraction patterns for
CusS.

Stoichiometric FeS was also prepared by reacting
equivalent quantities of hydrogen-reduced iron metal
powder (99.999% by weight) with sublimed sulfur in
double-wall glass ampoules which were sealed under
vacuum. This type of reaction cell was found necessary
as, during heating, volume changes within the reacting
mixtures tended to crack the inner compartment. The
reaction between iron and sulfur was highly exo-
thermic and could be initiated simply by touching the
walls of the reaction site with a gas flame. When this
initial violent reaction had subsided, the reaction cell
was transferred to a furnace and heated to 600°C for
a period of six days. The chemical analysis of the
reaction product indicated an FeS composition be-
tween FeSj o and FeSy ;. X-ray analysis was in ex-
cellent agreement with the established diffraction
patterns for FeS.

All other chemicals used in the course of this in-
vestigation (NaCl, KC], and BaCl;) were of reagent
grade and were dried in a vacuum oven at 110°C prior
to use.

Materials handling and transfer were always con-
ducted in a dry box filled with purified argon gas,
fitted with an air-lock.
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Thermal stability of systems investigated.—Because
of the pronounced dependence of the electrical prop-
erties of CusS and FeS on stoichiometry the thermal
stability of CuyS, FeS, and of their solutions with CuCl
and FeCly, respectively, was investigated. This in-
formation was a prerequisite for designing appropriate
freezing-point depression apparatus, the density mea-
suring apparatus, and the cells for measuring the
electrical conductivities. The arbitrary temperature of
750°C was selected for comparison, simply on the basis
of its being about half-way between the melting points
of CuzS and CuCl. For this measurement, about 4g of
material was added to a thin-walled quartz basket
which was suspended from a quartz spring thermo-
balance in a closed all-silica-glass system. After the
entire system had been evacuated argon gas was intro-
duced and a movable furnace kept at 750°C was raised
until the part of the quartz tubing containing the
basket was in the hot zone of the furnace. The observed
loss of weight was then recorded as a function of time
over a period of 18 hr.

Weight losses in pure CupS and FeS were not de-
tected. However, a solution containing 11 m/o (mole
per cent) CusS lost about 8% by weight due to vapor-
ization of CuCl. With pure CuCl and FeCl; the weight
losses due to vaporization were alarmingly high. Both
samples lost about 20% by weight after 18 hr of expo-
sure. A sample of CusS of 4.642g was also studied
thermogravimetrically at a temperature of 1150°C. The
complete heating and holding at 1150°C for 1 hr re-
sulted in a loss of weight of 17 mg due to sulfur evolu-
tion which is equivalent to 0.36% of the original
weight. When cooled to room temperature the solidi-
fied melt had acquired star-shaped copper metal crys-
tallites which were visible around the circumference.

Hence, at the higher temperatures in an open ex-
perimental apparatus some unavoidable desulfurization
should be expected to occur. For this reason it was de-
cided to conduct the experiments in closed systems,
where possible, or otherwise to measure a given prop-
erty over the shortest possible period of time which
would be compatible with the establishment of equi-
librium and the reproducibility of the measurement.

Experimental.—Liquidus temperatures in the CupS-
CuCl system were determined using a previously de-
scribed technique (1,3) and existing apparatus. Cool-
ing rates were varied between 0.57° and 1.5°C/min. For
these measurements the heart-shaped quartz cells
fitted with a thermocouple well and containing about
15g of salt mixture were sealed under vacuum. Tem-
peratures below 800°C were recorded using a 1 mV
full-scale recorder and 24-gauge Chromel-Alumel
thermocouples. For higher temperatures the thermo-
couples were platinum-13% platinum-rhodium. The
sensitivity of the recorder was about 0.25°C, but the
accuracy of the melting points should be taken as to
the nearest degree. For chloride-rich compositions
supercooling was not noticeable. However, supercool-
ing did occur in the sulfide-rich melts and was mini-
mized by vibrating the cells.

For the FeS-FeCl; mixtures, the steepness of the
liquidus curve and the limited solubilities did not per-
mit accurate cryoscopic measurements by this method.
Only the melting point of pure FeCl; and the eutectic
temperature could be detected. Hence, a decantation
technique was employed. The measurements involved
the equilibration at a given temperature of the sul-
fide-chloride mixtures placed in decantation quartz
cells fitted with two side arms as described elsewhere
(10).

At the beginning of a run, the cell with the salt
mixture was sealed under vacuum and placed inside a
graphite cylinder also containing the thermocouple
wells and radiation baffles. The assembled system could
be lowered into the hot zone of a cylindrical tilting
furnace. The temperature along the 4-in. long graphite
block was maintained constant to within +3°C. When
heated to the desired temperature the liquid phase
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saturated with FeS was decanted into the second side
arm of the cell by tilting the entire furnace. Prior to
decantation the solutions were allowed to remain for
several hours at temperature to ensure equilibration.
After cooling, the cell was opened and the decanted
phase was analyzed by extracting the water-soluble
FeCl, with distilled water. The accuracy of the method
was established from separate blank experiments dur-
ing which both fused samples and mechanically mixed
FeS and FeCl, were used. The former method yielded
consistently slightly lower FeS contents by less than
0.5%. Thus, even for the smallest sulfide composition
studied, 2.34% by weight FeS, the absolute error was
only 0.012%. The only significant uncertainty in this
type of measurement originated from the difficulty
in maintaining a temperature control over the 4-in.
long decantation cell of better than +3°C.

The densities of the molten solutions in the CusS-
CuCl and FeS-FeCl; systems were determined by mea-
suring the apparent loss of weight of a density sinker
dipping into a melt at given compositions and tempera-
tures. The density sinker was made by encapsulating a
tungsten rod in quartz glass. For the oxygen-free
melts quartz was found to be an excellent container
material. All measurements were conducted in an at-
mosphere of purified argon using the quartz spring
thermobalance apparatus and the cathetometer de-
scribed previously (1, 3).

For the present measurements the quartz spring
under a load of 5g had a total extension of 65 cm,
allowing the detection of weight changes of the order
of +0.2 mg. The results were corrected for the slight
increase in weight due to condensation of the salt on
the quartz fiber supporting the density sinker.

The densities for pure Cu;S could not be measured
by this method because of the high viscosity and high
surface tension of the melts.

Electrical conductivities in the systems CuyS-CuCl
and FeS-FeCl, were measured as functions of melt
composition and temperature, using the U-tube quartz
capillary cells of 2 mm diameter described previously
(2,4). All measurements were taken under an atmo-
sphere of oxygen-free argon gas. Cell constants varied
between 500 and 900 cm—!. Calibrations were made
using a 1.0 demal KCI1 solution (11). The electrical con-
ductivities were measured using an a-c conductivity
bridge equipped with a Wagner ground and an oscillo-
scope detector. The bridge was operated at a fre-
quency of 3000 Hz and resistances could be measured to
within +0.02 ohms. All values were corrected for lead
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and electrode resistances. For the lower temperatures
the temperature control throughout the length of the
cell was better than +1.5°C, but between 1100° and
1200°C, it was only +3°C.

Finally, the electrolysis experiments were conducted
in the quartz cells shown in Fig. 1. Electrode materials
were copper for the cathode and graphite for the anode.
These cells were also operated under an atmosphere of
purified argon.

Experimental Results

Phase diagram determination.—The liquidus curves
for the system CusS-CuCl and part of that for the sys-
tem FeS-FeCl; are given in Fig. 2, where they are com-
pared with those for similar systems.

The CuzS-CuCl system is of the simple eutectic type.
The characteristic points are the melting points of CuCl
and CugS given as 422.9° = 1.0°C and 1127.7° + 2.0°C,
respectively, and the eutectic temperature at 389.5°
+ 1.5°C. The eutectic occurs at 12.1 m/o CuzS. The de-
tailed data of the measured liquidus and eutectic tem-
peratures are given in Table I.

Table I. Phase diagram measurements

Liquidus Eutectic

Composition temperature temperature
Xou,8 C) (°C)
Cu2S-CuCl system

1.0 (Pure Cu:S) 1128 (m.p.) —_

0.950 1083 —_

0.900 1047 —

0.850 lggz 5 —

0.800 i —
0.734 963.3 388.0
0.635 942.2 386.3
0.499 880.8 389.5
417 846.9 391.0
0.346 793.2 389.6
0.254 —_ 390.6
0.231 —_ 391.8
0.183 _— 390.0
0.145 —_ 389.0
0.109 392.8 389.2
0.075 401.0 389.5
0.041 410.2 389.5

0 (Pure CuCl) 422.9 (m.p.) —_

Temperature Solubility
(°C) Xres

FeS-FeCl system

697 0.032
730 0.057
135 0.058
800 0.072
857 0.108
868 0.100
890 0.120
898 0.138
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The present data should be compared with previous
measurements by Urazov and Schleide (12) and by
Truthe (13). The agreement is generally poor on the
CusS side of the eutectic where there is a 36°C spread
in the reported values for the melting point of “pure”
CusS. In the composition range between 70-90 m/o
CusS, Truthe’s (13) measurements differ by about
60°C from the present results. Urazov and Schleide
(12) did not report any measurements beyond 48 m/o
CU2S.

X-ray studies on material cooled from the eutectic,
on both the sulfide and the chloride-rich sides, did not
show any peak shift or line broadening. Therefore,
solid solubility in this system is slight, if it occurs at
all.

The cooling curves for pure CuCl and for composi-
tions rich in CuCl indicate an exothermic reaction at
406°C which should be associated with the phase trans-
formation of CuCl (14) from a-wiistite to the g-zinc
blende type structure.

Cooling curves for the system FeS-FeCl, for com-
positions up to 40 m/o FeS showed only one inflection
at a eutectic temperature of 674°C. In nine determina-
tions FeCl, was found to melt at 679.4° =+ 0.7°C. The
solubility of FeS in FeCl, is limited and was measured
by the decantation technique. The results are given in
Fig. 2 and in Table I.

In Fig. 2, the liquidus curves of the systems FeS-
FeCly and CusS-CuCl are compared with those for
Pb-PbCl; (3), AgsS-AgCl (1), and ZnS-ZnCl, (15).

It may be seen that at corresponding temperatures
the solubility of the sulfides in the chloride melt de-
creases in the order: AgeS-PbS-CusS-FeS-ZnS, which
is in the same order as the cation-ionic radius, or in the
approximate order of the melting points of the pure
metal sulfides. Work in this laboratory (10) on the re-
ciprocal systems, PbS-NaCl, PbS-KCl, PbS-RbCl, and
PbS-CsCl has indicated solubilities of the order of
only 2 to 5 m/o sulfide which increased from the NaCl-
PbS to the CsCl-PbS systems. Thus, the solubility
trends in common cation and in reciprocal systems are
entirely different.

Cryoscopic calculations.—In order to clarify the
transformation for CuCl, and also for the purpose of
obtaining information regarding the nature and the
activities of the ionic species present in these solutions
and of their degree of dissociation, freezing point de-
pression measurements were also made on the systems
CuCl-NaCl, CuCl-KCl, and CuCl-BaCls,.

From the results for the CupS-rich liquidus curve,
the activities of CusS have been calculated using the
simplified form of the van’t Hoff equation

Ina \ S | e = I [1]
solvent

where, Ty, and Tr are, respectively, the liquidus and the
fusion temperature of pure CusS, and AHr is the heat
of fusion of CuzS given (16) as 2600 =+ 500 cal. The re-
sults of the calculations are presented in Table II and
indicate positive deviations from ideality.

Activity calculations were also made for CuCl for
compositions along the CuCl liquidus. For this cal-
culation the new heat of fusion for CuCl, determined
calorimetrically in this laboratory (16), was used. The
calorimetric. measurements have shown that the solid
transformation for CuCl at 406°C is accompanied by a
heat effect of 1550 + 50 cal/mole. Fusion occurs at
422.9°C and has a heat effect of only 1800 =+ 50 cal/
mole. It should be noted that the solid transformation
is not mentioned in compilations of thermodynamic
data and the heat of fusion is reported as having such
widely different values as 2430 cal/mole (17) and 3879
cal/mole (18).

For the calculation of the activities of CuCl at tem-
peratures below the transformation temperature, the
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Table 1. Activity calculations
Ty (Liquidus
System Xoucl temp, °C) acuct yCuct
CuCl + BaCl: 1.000 422.9 — —_
990 417.0 0.989 0.999
0.987 414.9 0.985 0.998
0.981 411.8 0.979 0.998
0.976 408.0 0.972 0.996
CuCl + KCI 0.992 418.1 0.990 0.999
0.988 415.9 0.987 0.999
0.978 410.2 0.976 0.997
0.969 405.2 0.965 0.995
0.966 403.4 0.959 0.892
0.856 398.7 0.941 0.984
0.952 396.6 0.935 0.982
0.931 386.2 0.808 0.965
CuCl + NaCl 0.992 418.9 0.992 1.000
0.983 414.5 0.984 1.001
0.974 410.3 0.976 1,001
0.965 405.5 0.966 1.001
0.958 403.5 0.959 1.000
0.953 401.5 0.952 0.999
0.934 394.5 0.928 0.988
0.890 379.6 0.875 0.984
CuCl + Cu.:S 0.995 421.1 0.996 1,001
0.988 419.0 0.992 1.005
0.978 416.6 0.988 1.010
0.974 414.6 0.984 1.010
0.965 412.2 0.980 1.015
0.958 409.5 0.975 1.017
0.951 407.5 0.971 1.020
0.936 403.5 0.959 1.024
0.923 400.2 0.947 1.027
0.917 399.0 0.943 1.028
0.907 396.5 0.934 1.030
0.898 394.4 0.927 1.032
0.891 392.8 0.921 1.034
Xou,s acu,8 YCug8
Cu:S-CuCl 1.000 1128 — —
0.9765 1101 0.9865 1.0102
0.9612 1092 0.9757 1.0151
0.9500 1083 0.9695 1.0205
0.9000 1047 0.9443 1.0492
Cu:S-BaCl: 0.9748 1108 0.9867 1.0511
0.9432 1118 —_ —
van't Hoff equation was used in the form
arg (AHf + AHT) 1 1
hn—=——| ——— [2]
ary R Ty Tr

where, ary, and arg, are the activities at the liquidus
and the transformation temperatures, respectively. AHg
is the heat of fusion of (8)-CuCl, and AHry is the heat
for the « > B transformation.

All activity calculations are referred to pure super-
cooled CuCl as the state of reference. Table II also in-
cludes the activities of CuCl in the binary systems
CuCl-BaCl,, CuCl-KCl], and CuCl-NaCl, calculated
from the cryoscopic results. It is readily seen that in
these systems the deviations from ideality are slightly
negative, while in the CusS-CuCl system the deviations
are positive. The positive deviations from ideality in
the CuCl-Cu,S system may be considered as evidence
that Cu,S is present in the liquid solutions as associated
species.

Solute association may be evaluated quantitatively
by applying the limiting law to the van’t Hoff relation-
ship. For the very dilute solutions, Eq. [1] may be
written as

RT¥? Mcuar
AHy 1000

where, AT, is the measured freezing point depression,
m is the molality of CuzS, and n has the significance of
the number of foreign particles produced from one
molecule of solute.

Using Eq. [3], » has been calculated from the experi-
mental AT values, and the calculations are summarized
in Table III.

For a molten salt system with a common ion, n = 1
if the solute salt is totally dissociated. Inspection of the
data in Table III shows that n is essentially unity for
the systems NaCl-CuCl, KC1-CuCl, and CuCl-BaCl,.
For the system CuCl-CuyS, n is about 0.6, indicating
that CusS exists as an associated species.

If it is assumed that CuzS in solution is present as

AT = —n

(3]
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Table 111. Cryoscopic calculations of the number of
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Table 1V. Density measurements (d = a + bt) (°C)

foreign particles in CuCl solutions grem~3
m* solute, Stand. Temp
Solute molality n Xcuct a b x 10+ dev. range (°C)
Cu:S 0.04964 0.6850 System CuzS-CuCl
0.12569 0.5851
0.22564 0.5274 1.000 4.0829 —17.9298 0.007 465-838
0.26857 0.5838 0.964 4.2173 —8.4622 0.005 411-662
0.36853 0.5484 0.952 4.2535 —8.6774 0.003 492-639
0.44405 0.5700 0.943 4.2478 —8.3090 0.002 452-74%
0.51487 0.5650 0.934 4.2888 —8.2019 0.002 464-794
KC1 0.08444 1.0742 0.903 4.3635 —8.4947 0.003 426-697
0,12455 1.0616 0.864 4.4708 —17.3269 0.005 539-699
0.22395 1.0712 0.825 4.4236 —8.1457 0.004 509-787
NaCl 0.08156 0.9265 0.790 4.6189 —8.2951 0.003 613-795
0.17625 0.9003 0.746 4.5462 —6.0143 0.003 672-899
0.26527 0.8972 0.668 4.5840 —4.7938 0.003 842-1018
BaCl: 0.10326 1.0975 0.633 4.7182 —5.5801 0.001 902-1000
0.13906 1.1003 0.551 4.7514 —5.0319 802-10:
0.19569 1.1004 0.450 4.7159 —3.4010 0.002 908-1074
0.25092 1.1292 0.306 4.9236 —3.5308 0.001 1043-1150
Xrecl,
* For dilute solutions
Mcuct
Xuolute = 1000 -m System FeS-FeCl:
where, Mcuci is the molecular weight and X is the mole fraction. (l)ggg %3:2;% _ggﬁg gggg ggg_ggi
0.916 2.7430 —5.5758 0.001 830-851

the dimer (Cu2S)2 the following association reac-
tion should be expected to have occurred

CugS = %2 (CugS)2

The equilibrium constant for this reaction may be
written as

3
—X
2
Ke——— [4]
1-n)X
where, o represents the fraction of CuxS which forms
the associated species and X is the solute mole fraction.

From a mass balance calculation it is readily shown
that

=i 5
n - [5]

From Eq. [4] and [5]
(1l-n)X
Ke—— [6]
(2n —1)
Using the n values determined by cryoscopy for the
dilute solutions containing up to 5 m/o CuzS, K is found
to be practically constant for all compositions and to
have the average value of K = 1.3.

From the a values obtained from Eq. [5] it is seen
that about 80% of CusS is present in the dilute solu-
tions in the form of (Cu2S)2 dimers.

The behavior of CusS in the CusS-CuCl system bears
close resemblance with that of PbS in the PbS-PbCl,
system previously investigated (3), which also showed
positive deviations from ideality. However, in the
Ag>S-AgCl (1) system the dilute solutions of AgeS
were shown to obey Temkin’s rule, thus indicating
that Ag>S could be present either as a dissociated
compound or as a monomer (AgsS).

Similar calculations have not been performed on the
FeS-FeCl, system owing to the limited solubilities
observed and also because of the lack of reliable data
for the heat of fusion. It is evident, however, from the
low solubilities that this system should also be char-
acterized by large positive deviations from ideality.

Density measurements.—Densities were measured as
functions of composition from pure CuCl to solutions
containing 69.4 m/o CusS. Because of the volatilization
of CuCl at high temperatures, most of the measure-
ments with melts rich in CuCl were conducted at tem-
peratures below 750°C.

Similar measurements for the FeS-FeCl, system
could only be obtained over the narrow composition
range permitted by the phase diagram. Reproducibility
for all these measurements was better than + 0.3%.
The density data for each composition were fitted by

the least squares method to linear equations of the
type
d=a-+ bt

where a and b are constants, and t is the temperature
in °C. The equations for the two systems, CuS;-CuCl
and FeS-FeCl, are given in Table IV, together with
the corresponding standard deviations.

Densities for pure CuCl have also been measured by
Klemm (19) and are in agreement with the present
results to within + 0.5%.

From the results shown in Table IV molar volume
isotherms for the CuS-CuCl system were calculated
at the selected temperatures of 500°, 750°, and 1000°C,
and are shown in Fig. 3.

The dominant feature of the molar volume isotherms
is a pronounced minimum occurrmg at about 30 m/o
CusS at 1000°C. The minimum is shifted to lower Cu.S
contents as the temperature is decreased.

The isotherm at 1000°C indicates negative deviations
from apparent additivity. The approximate partlal
molar volumes that may be obtained from the iso-
therm at 1000°C by the method of tangents indicate
two distinct trends. Below about 30 m/o sulfide, CuCl
in solution should have about the same packing as in
pure CuCl. Molten CuCl in this sense appears to be an
associated liquid and to have a loosely packed struc-
ture. CupS enters these solutions at a substantially
decreased partial molar volume of about 25.9 cm3/mole.
For compositions containing more than 30 m/o CupS
the trend is reversed and CuCl appears to enter an
essentially unaltered CupS structure at the smaller

MOLAR VOLUME

750°C

o 0500

26 | L L L L L 1 L i —
o 0 20 30 a0 50 60 70 80 90 100

Mole % Cup,S

Fig. 3. Molar volume isotherms in the CuS-CuCl system
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partial molar volume of about 27.2 cm3/mole. The par-
tial molar volume of CusS in this range appears to be
approximately the same as for pure CusS.

These effects may be understood if it is considered
that in concentrated solutions CupS exists as a heavily
associated structure of rather poor packing where CuCl
can be easily accommodated. The decrease of the par-
tial molar volume of CupS for compositions below 30
m/o CusS is indicative of the more efficient accommo-
dation of the sulfide within the open CuCl structure
because of dissociation of the polymeric CusS to sim-
pler species. This interpretation is in agreement with
the cryoscopic calculations which indicated the pres-
ence of CusS dimers in dilute solutions.

The shift with decreasing temperature of the mini-
mum in the volume isotherms toward lower sulfide
concentrations indicates the possible increase in the
covalency of the melts at the lower temperatures.

The transition toward increased association at about
30 m/o CupS at 1000°C roughly corresponds to the
composition at which, as it will be shown shortly,
§igniﬁcant electronic conduction appears to be setting
in.

For the few compositions studied, molar volume
isotherms have been calculated for the FeS-FeCl, sys-
tem and are given in Fig. 4. It is seen that the molar
volume decreases linearly with increasing FeS con-
tent. The initial decrease of the molar volume on addi-
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Table V. Specific conductivity in the CuzS-CuCl system

Compo- Specific conductivity (mhos/cm)

sition

Xou,s 500°C 600°C 700°C 800°C 800°C 1000°C
CuCl 3.55 3.78 3.89 3.96 3.99 3.96
0.035 3.39 3.59 3.73 3.81 3.80 —_
0.077 3.00 3.50 3.67 (3.82) _ =
0.093 3.30 3.45 3.48 —_ _— —_
0.125 3.28 3.46 3.65 — — —
0.162 3.25 3.45 3.67 3.87 — —
0.192 —_ 3.43 3.72 4.00 4.18 _
0.260 _ — 3.75 4.04 4.33 4.46
0.267 —_ — — 4.04 4.41 4.52
0.304 — — — 4.15 4.40 4.72
0.360 - —_ — 4.21 4.88 5.48
0.506 — —_ —_ — 5.17 6.06
0.652 — — — —_ (7.47) 10.45
0.752 —_ —_ —_ —_ —_ 12.20
0.853 — —_ —_ —_ - (12.9)

Parentheses indicate extrapolated values.

tion of FeS appears to follow the same trend as with
the copper system.

Electrical conductivity measurements.—CuzS-CuCl
system.—Specific conductivities for pure molten CuCl
were determined at temperatures between 450° and
970°C, and are given in Fig. 5 and in Table V.

The system has also been investigated by Grantham
and Yosim (20) in the temperature range 475°-1157°C,
and by Sakai (21) in temperature of 475°C to about
600°C. The present results are in excellent agreement
with the former. It is of interest to note the nonlinear
increase of the electrical conductivity of CuCl with
temperature. At about 900°C the conductivity curve
reaches a maximum and then the conductivity acquires
a negative temperature coefficient. This abnormal be-
havior has also been detected by Grantham and Yosim
(20) and has been explained as indicating increased
covalency in CuCl at the high temperatures. Neverthe-
less, the magnitude of the conductance is typical of
that encountered with ionic melts. Additional evidence
for the ionic behavior of molten CuCl is provided from
electrolysis experiments which have been reported
to proceed with 100% current efficiency (8).

The specific conductivity of pure molten CusS has
also been measured in the temperature range 1130°-
1195°C and is represented by the equation

K mho - em~! = 19.5010 + 0.1235 (t — 1000°) in °C [7]
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Fig. 5. Specific conductivities of pure
molten CuCl and CuS-CuCl melts con-
taining 3.5, 9.3, and 26.0 m/o CusS,
respectively.
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The standard deviation is 0.365 mho/cm. Molten CuzS
may be described as a liquid semiconductor having
conductivities which increase from 35 mho/cm at
1130°C to 44 mho/cm at 1195°C. At temperatures higher
than 1200°C significant desulfurization of the molten
sulfide was evident and measurements were not taken.

The specific conductivities of nonstoichiometric
molten CupS containing excess copper were also mea-
sured at 1150°C and the results are given in Fig. 6. For
these measurements the nonstoichiometric Cu.S was
prepared by melting together in the conductivity cell
known amounts of copper metal powder with stoi-
chiometric sulfide. Clearly, the presence of excess cop-
per causes a significant increase in the conductivity of
molten CusS.

The present results on “stoichiometric” CuS are
about 35% lower and less temperature dependent
than the values reported by Yang, Pound, and Derge
(8), although the CupS used by the latter contained
between 0.44 and 1.64% excess copper and should be
expected to yield higher conductivities. Knacke and
Strese (22) have also reported values for the conduc-
tivities of CupS which change from 25 mho/cm at
1130°C to 97 mho/cm at 1480°C and are much lower
than the present results.

The specific conductivities of the CusS-CuCl solu-
tions were also measured as functions of melt composi-
tion and temperature and the results are summarized
in Table V. The specific conductance curves for melts
containing 3.5, 9.3, and 26 m/o CusS are also given
in Fig. 5.

The conductivities for the latter were not linear
functions of temperature and could not be repre-
sented by linear equations. The transition from a posi-
tive to a negative temperature coefficient which was
observed with pure CuCl also characterized the CusS-
CuCl melts containing up to about 27 m/o CusS.

The specific conductivity isotherms in the low-tem-
perature range up to 700°C for solutions containing
up to 25 m/o CusS are given in Fig. 7. It is evident
that the specific conductivity of the solutions de-
creases initially on addition of sulfide. For the isotherm
at 700°C, the conductivities reach a minimum at about
10 m/o Cu;S and then increase up to the liquidus
composition. These solutions should be considered as
ionic as their conductivities are still lower than the
conductivities of pure CuCl at the same temperatures.

The initial decrease of the conductivity on addition
of sulfide should be attributed to the lower mobility of
the divalent sulfide anion and to its anchoring effect
on the surrounding cations. The thermodynamic cal-
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Fig. 6. Conductivities of nonstoichiometric Cu-rich cuprous sulfide
at 1150°C.
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Fig. 7. Specific conductivity isotherms of dilute solutions of CuzS
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culations have indicated the presence of associated
(CuzS), dimers and such nonionic groups are not
expected to contribute to the ionic conductivity. The
conductance minima shift toward higher sulfide con-
centrations at lower temperatures.

The specific conductivity data at 1000°C given in
Table V have been converted to molar conductivities
and are presented in Fig. 8. A significant increase in
the specific conductance is observed at higher tem-
peratures when the sulfide content exceeds about 30
m/o. Thus, the molar conductivity of a solution con-
taining 30 m/o CupS is about 30% higher than that
of pure CuCl. As the associated Cu,S in solution is not
expected to contribute to the conductance, as shown
by the initial decrease in conductance on the addition
of CuyS, it follows that the increase in conductance
must be attributed to electronic contributions.

When the present results are compared with the
measurements by Yang, Pound, and Derge (8), there
is disagreement with regard to the sulfide content
at which electronic conductivity sets in. At 1200°C
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the specific conductivities measured by these authors
remained almost constant at 5 mho/cm, from pure
CuCl to about 50 m/o CusS, and then increased to
about 77 mho/cm for “pure” molten CupS. Hence,
melts containing up to 50 m/o CuzS were considered
to be ionic conductors. In the present study even at
1000°C electronic conductivity sets in at about 30 m/o
CusS, and at 1200°C it should be expected that the
onset of electronic conductance would occur at even
lower Cu;S contents.

Considering the effect of dissolved copper on the
specific conductivities of the CuyS-CuCl melts, mea-
surements were also obtained with conductivity cells
fitted with copper electrodes immersed in melts con-
taining pure CuCl and a CuyS-CuCl solution (15 m/o
CupS), respectively, at a temperature of 700°C. Both
these solutions had previously been equilibrated with
Cu metal. The resistance of these cells was monitored
as a function of time. After 72 hr of operation the
resistance change was only 0.5%, indicating that for
all practical purposes the presence of dissolved copper
in these melts, if any, does not introduce electronic
contributions.

FeS-FeCl, system.—The specific conductivity for pure
FeCl, was also measured as a function of temperature
and may be expressed by the equation

Kreciy (mho - em~—1) = 0.00149 + 1.889 x 10—3¢t (in °C)
(81

with a standard deviation of 0.004. Other data for this
system are not available in the literature.

As was the case with the density measurements with
the FeS-FeCl, melts the specific conductivity measure-
ments presented in Fig. 9 are restricted to a narrow
range of compositions. The dotted lines represent
extrapolated values obtained from measurements at
higher temperature where the system is miscible. It
is evident that in this system a conductivity minimum
does not occur.

From the conductivity isotherm at 925°C it is seen
that the FeS-FeCl, solutions probably remain essen-
tially ionic up to a composition of 10 m/o FeS, and
that the more rapid increase in conductance at higher
concentrations could indicate possible electronic con-
tributions.

Accuracy of results—With regard to the accuracy and
reproducibility of the results, the reproducibility of the
specific conductivities for CuCl between runs was of
the order of +0.03 mho/cm, or within +0.9%. For
FeCl, the reproducibility was of the order of =+0.01
mho/cm, or better than +0.8%. The electrical con-
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@
8
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Fig. 9. Specific conductivity isotherms in the FeS-FeCly system

May 1972

ductivity of cuprous sulfide could be reproduced within
=+0.15 mho/cm, or better than +0.4%. Reproducibilities
of the conductivities of the solutions were of com-
parable magnitude. However, taking into account the
additional factors of calibrating procedure and tem-
perature uncertainty, the accuracy of the conductivity
measurements reported herein is given with 1% con-
fidence.

Electrolysis experiments.—For the binary mixtures
CuzS-CuCl the electrolyte contained 10 to 20 m/o CusS
and the temperature was varied between 450° and
600°C. Electrolysis of CuS dissolved in molten CuCl,
and of a synthetic CusS + FeS matte dissolved in
molten CuCl, produced copper metal at the cathode
and sulfur gas at the anode. The choice of electrolyte
composition was made so as to obtain the highest sul-
fide content in the ionic composition range indicated
by the conductivity results. Also, it was desirable that
the solutions should remain liquid at low enough tem-
peratures. The boiling point of sulfur (444.6°C) was
used as the lower temperature limit for the experi-
ments, and therefore, the anodic reaction product was
always a vapor which could be swept out of the anode
compartment by the argon carrier gas.

The current efficiencies were obtained by weighing
the cathodic deposits and were found to vary. Low
values for the current efficiencies for small amounts of
deposits could be attributed to the fragile structure of
the dendritic deposits and to the resulting breakage of
the dendrites while the cathodes were being removed
from the melts. Continuous electrolysis produced large
well-shaped copper crystals. The structure of the de-
posits was not uniform throughout deposition. At the
initial stage of electrolysis the deposits were generally
coarse and multipyramidal but further deposition led
to the formation of rather large dendritic crystals hav-
ing fine needle-like projections. In all 25 electrodep-
osition runs the measured deposition potentials were of
the order of 0.3-0.5V, which values are lower than
0.63V representing the theoretical (17) decomposition
potential of CusS in an ideal solution.

Current efficiencies of about 80% were obtained in
the low-temperature range 450°-500°C with low ap-
parent current densities up to 15 mA/cm? and with
CupS concentrations not exceeding 30 m/o. An elec-
trolyte containing 6.6 m/o CusS, at a cathodic current
density of 0.3 mA/cm2, yielded a current efficiency of
97.3%. Apparent current densities of the order 20-40
mA/cm? usually yielded poorly defined deposits and
low current efficiencies of about 50%. At 650°C, a solu-
tion containing 46.4 m/o CusS yielded a small amount
of spongy deposit mixed with electrolyte with prac-
tically zero current efficiency, because of the electronic
conductance at such high CusS concentrations.

With the ternary solutions, FeS-CuzS-CuCl, which
are the equivalent of dissolving the synthetic matte in
a CuCl solvent, electrolysis produced copper metal at
the cathode and chlorine-contaminated sulfur gas at
the anode. Deposition of iron metal appeared to be
totally absent. This behavior should be understood in
terms of the exchange reaction

FES(S) + ZCUCI(L) = cqu(L) + FeClz(L) [9]

which is thermodynamically favored and has a stan-
dard free energy of —9800 kcal/mole at 1100°C. The
implications are that in the molten salt mixture of the
synthetic matte CusS-FeS dissolved in excess CuCl, the
stable components are FeCl; and CupS. Considering 1
g'mole of solution having the initial composition: X,
g'moles CuCl, X, g-moles CusS, and X3 g-moles FeS,
where X3 = X; and Xp, the final composition after the
exchange reaction has taken place is readily calculated

as
2X1 -_ Xs 2X2 + 2X3
XCuCl e — e CugS = ———————— =
2X; 4+ 2X5 4 3X3 2X1 + 2X, 4+ 3X3
X i d Xpes =0 [10]
= —, a =
FeCl2 2X: + 2X; ! FeS
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Table VI. Effect of exchange reaction on composition: FeS-CuCl-Cu$ solutions

Composition (mole fraction)

Calculated after Calculated ition potentials (V)
Initial mixture exchange reaction 500°C 1000°C
CuCl Cu:S FeS FeCl: CuCl CusS FeS FeCla CuCl CusS FeCl: FeS CuCl Cu;S FeCly FeS
0.500 0.375 0.125 —_ 0.375 0.500 —_ 0.125 1.004 0.583 1.349 - 0.831 0.518 1.178 =
0.750 0.125 0.125 —_ 0.625 0.250 _ 0.125 0.969 0.606 1.349 —_ 0.774 0.556 1.178 —
0.500 0.250 0.250 — 0.250 0.500 — 0.250 1.030 0.583 1.326 —_ 0.875 0.518 1.140 -—

These solutions must contain an excess of CuCl for the
purpose of insuring complete solubility of the sulfides,
and ionic type conductivities.

The approximate decomposition potentials may be
calculated using Raoultian activities as

RT
Egec. = E°ax — 'ﬁln Xax [11]

where, E°sx is the standard potential for pure liquid
AX at a temperature T, and Xax represents the final
concentrations of a given species AX, which is calcu-
lated taking into account the exchange reaction. The
standard potentials may be calculated from available
free energy data for pure CuCl (23), CuzS (17), and
FeCl; (17), respectively.

The effect of the exchange reaction on the decom-
position potentials of the species in solution is dem-
onstrated by the sample calculation in Table VI. It is
evident from Table VI that the Cu-S pair has the
lowest decomposition potential of about 0.5-0.6V,
which is in agreement with the observed decomposition
voltages in all experiments. The decomposition voltage
of FeCly, which is formed as the result of the exchange
reaction, is greater than 1.0V and hence it should not
interfere with the deposition of copper. Thus, the selec-
tive separation of copper from iron by electrolysis of
a Cu-Fe-S matte dissolved in a cuprous chloride sol-
vent is feasible.

The above conclusion appears to be more valuable
than the conclusion that copper metal can be electro-
deposited from the solution of CupS-CuCl. In tradi-
tional copper extraction from sulfide ores a substan-
tially pure CuyS product is only obtained after treat-
ment of the reverberatory matte. If the matte consists
essentially of CusS and FeS, direct recovery of copper
by molten salt electrolysis might be suggested. How-
ever, the exchange reaction (9), while it does make
possible the selective electrodeposition of copper, is
also consuming copper-containing solvent (CuCl).

Molten salt solvent extraction.—From previous work
in this laboratory (10) on alkali halide-metal sulfide
systems and from the present results it has been es-
tablished that limited solubility is common in recip-
rocal chloride-sulfide mixtures. However, utilizing the
exchange reaction [9], FeS may be separated from the
CusS present in a synthetic FeS-Cu,S matte by a sol-
éergl extraction process involving the use of molten

uCl.

Exchange reaction [9] predicts that the nominal
ternary system CupS-FeS-CuCl in the presence of
excess CuCl, is best represented by the system CuzS-
CuCl-FeCl,. In the latter the solubility of iron which
is now present as the ionic component FeCl; is expected
to be quite high even at relatively low temperatures.

To substantiate the above possibility, quartz cells of
the same type as the FeS-FeCl, decantation studies
were used to sample the liquid phase representing
the saturated solutions of CuzS and FeS in molten
CuCl. Chemical analysis for iron and copper of the
samples obtained by decantation at various tempera-
tures indicated that the ratio of iron to copper in the
molten CuCl phase was greater than in the remaining
solid mixture, except at the highest temperatures
studied. The iron to copper ratios are summarized in
Table VII. The decreasing ratio with increasing tem-
perature is likely due to increased solubility of Cu,S at

the higher temperatures. Therefore, it is concluded
that molten salt solvent extraction can separate iron
from copper at appropriate temperatures. As shown,
the iron-rich melt thus produced may be electrolyzed
directly to yield electrolytic copper. Also, if desired,
FeCl; may be separated from the sparingly soluble
CusS by aqueous leaching, as indicated in the experi-
mental section.

It may be concluded that the combination of molten
salt solvent extraction with electrolysis could provide
the basis for a new process leading to the recovery of
copper and possibly of iron from copper-iron mattes.

Discussion

When the electrical properties of the CuzS-CuCl and
the FeS-FeCl, melts are compared with the previously
investigated systems Ag»S-AgCl (1,2) and PbS-PbCl,
(3,4), there are several common characteristics which
become evident. In dilute solutions of sulfide and at
low temperatures the electrical conductivities in these
four systems appear to be ionic. As the sulfide content
and the temperature are increased electronic conduc-
tivity sets in and the solutions behave like liquid semi-
conductors.

In the Ag;S-AgCl (2) system, 1% electronic con-
duction appears at about 15 m/o Ag,S at 750°C, and at
about 25 m/o AgsS at 530°C. In the PbS-PbCl, system
(4) electronic conduction starts at about 35 m/o PbS.
In this respect the CusS-CuCl system behaves more
like the lead than the silver systems. In addition, both
pure molten PbS and pure molten CusS exhibit positive
temperature coefficients for conduction. The conduc-
tance of Ag,S is relatively insensitive to temperature
changes. Also, the specific conductance appears to in-
crease for both PbS and CuzS on melting. There is a
corresponding decrease for AgsS.

The more “ionic” character of the CuzS-CuCl solu-
tions may be related to the weaker electronic character
of the “pure” molten CuzS. A comparison of the spe-
cific conductivities of a number of “pure” metal sul-
fide is given in Table VIII. It is readily seen that on the
basis of the electronic conductivities, CuzS is a more
“jonic” sulfide than either PbS, AgsS, or FeS.

The electrical properties of the metal sulfide-metal
chloride solutions, namely, the magnitude of electronic
conductivity at some common concentration of sulfide,
and the sulfide composition at which electronic con-
tributions set in, indicate similar trends. Thus, the
order of increasing electronic conductance in the sul-
fide-chloride melts follows the sequence CusS, PbS,
Ag>S, and FeS, and the order of sulfide content in the
MS-MCI binary systems at which electronic conduc-
tivity sets in appears to increase in the opposite di-
rection.

Table VII. Solvent extraction of iron by molten CuCl from
a synthetic FeS-CusS matte

Original
solid mixture Decanted liquid
Temperature % Fe % Fe
of decanta- —
tion (°C) % Fe %Cu % Cu %Fe %Cu %Cu
660 8.83 56.95 0.155 10.2 3.2 0.236
765 7.99 58.06 0.138 8.82 489 0.180
870 3.79 6155 0.0616 2.72 59.4 0.046
929 5.78 59.87 0.0965 415 56.4 0.074
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Table VIII. Electrical conductance of molten sulfides near their
melting points

Specific Temperature

Temper- conduct- coefficient of
Com-  ature ance conductance
pound (°C) (mho/cm) (mho/cm - °C) Reference
Cu=S 1130 36 +0.12 Present study
Pbs 1120 116 +0.30 Bell and Flengas (4)
Ag:S 840 202.5 Nil Bell and Flengas (2)
FeS 1200 400 —05 Argyriades et al. (24)
CoS 1182 1410 —10.0 Velikanov (25)
Nis 97 4055 -11.0 Velikanov (25)
SbhsSs 550 0.17 +0.00275 Velikanov (25)
TIS 375 0.10 +0.0133 Stoneburner (26)
T12Ss 216 0.017 +0.0026 Stoneburner (26)
GeS 664 1.33 +0.0209 Handfield et al. (27)
SnS 895 24 +0.0065 Boutin and Bourgon (28)

For the dilute solutions of the metal sulfides in their
chlorides the thermodynamic calculations and the in-
terpretation of the molar volumes for these systems are
in substantial agreement in indicating the dissociation
of the sulfides into monomeric- or dimeric-type species.
These solutions appear to be ionic conductors.

The electronic conductivity in the sulfide-rich melts
appears to be related to the association of the sulfide
species and to the creation of a continuous sulfide net-
work acting as a suitable path for electron transfer.
This was particularly evident in the AgsS-AgCl and
CuS-CuCl melts where the abnormally high partial
molar volumes of the metal sulfides for the sulfide-rich
compositions indicated the presence of the associated
sulfide network of rather poor packing capacity. The
breakdown of the electronic conductivity on the addi-
tion of the metal chloride is at least partially due to the
dissociation of the structure into monomeric or dimeric
species and to their subsequent isolation by the chlo-
ride solvent. The electronic conductivity in molten
metal sulfides may be understood in terms of a modified
“band model.”

In a perfect covalently bonded material the elec-
trons are generally restricted in their directional bonds
and cannot contribute to the conductance. The appear-
ance of electronic conductivity requires the promotion
of electrons from their valence band to a conducting
energy level. At high temperatures such transitions
are probable and in addition impurity-type mecha-
nisms may arise as the result of the thermal decom-
position of the sulfides which is expected to create
some nonstoichiometry. Also, in polar crystals the elec-
trons of the negative ions may be excited to a conduc-
tion band of positive ions creating positive holes which
offer a convenient path for p-type semiconductivity.
Electrons excited to a conduction band may contribute
to the electronic conductivity by moving from one posi-
tive ion to the next.

Thus, the conductivity mechanism for monovalent
molten sulfides may be described by exchange reactions
of the type

S2~ 4+ M* > (8- —p) + (Mt +e")
(p-hole) (conducting
electron) [12]
followed by

(Mt +e7) + Mt > Mot 4+ (M* 4 e7)  [13]
for n-type conductivity and by
S2= 4 (S— —p) » (S«— —p) + S2— [14]

for p-type conductivity. In addition, electron trapping
should not be excluded and the melts could become
predominantly p- or n-type semiconductors.

The excitation of electrons from the valence band of
S2- species to the conductance band of the M+ species
requires a certain energy Eg and in an electronically
conducting liquid the concept of the band model must
be modified to account for the lack of long-range
order. However, the degree of directional long-range
order which appears to exist in these polymeric sul-
fides should be helpful for the purpose of understand-
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ing the conductivity path for electron transfer. In addi-
tion, collisions between polymeric chains and chain
rearrangements should present instantaneous ener-
getically favorable conditions for electron transfer
from chain to chain. Apparently, the presence of the
ionic component MCI1 in a binary system MCI-MS has
the effect of decreasing the size of the polymeric M-S
chains through the normal route of dissociation and
the over-all energy gap for the transfer process in-
creases with increasing MCI content until the solutions
become ionic.

The measured activation energies (4) in the PbS-
PbCl; system support this interpretation. The activa-
tion energy for electronic conduction which is about
8 kcal in “pure” molten PbS increases to 18, 22, 25,
and 38 kcal/mole as the concentration of PbS in the
binary PbS-PbCl, systems decreases to 80, —6, 45, and
40 m/o, respectively. The number of thermally acti-
vated carriers for electronic conductivity, if nonstoi-
chiometry effects are ignored, should also be a func-
tion of temperature and increase as the temperature
increases.

The addition of excess dissolved metal increases the
total electronic conductivity because the added M
atoms act as electron donors according to reaction [4]

M- M* 4+ e— [16]

However, it should also be expected that such elec-
trons are donated at a conduction band level and ac-
cordingly the activation energy for conduction should
not be affected to any large extent. The behavior of
the previously investigated Pb-PbS-PbCl, (4) ternary
system supports this interpretation. For solubilities of
Pb in PbS (X = 0.45) — PbCl, melts varying between
0.01 and 1.13 m/o Pb the activation energy for con-
duction remains constant at about 25 kcal/mole. This
activation energy is about the same for the binary
PbS-PbCl; melt containing 45 m/o PbS which do not
contain any dissolved “excess” lead.

It appears, however, that the ionization reaction [16]
does not proceed to completion and that only a frac-
tion of the “excess” metal atoms present are capable
of providing conducting electrons. For example, a
Cu2S-Cu melt containing 0.012 w/o (weight per cent)
dissolved copper has a conductivity which is only 4
mhos/cm higher than that of pure molten Cu,S. Sim-
ilarly, in the case of the PbS-PbCl,-Pb system (4) it
has been calculated that if all the added metal atoms
were ionized giving free electrons in the conduction
band, then a concentration of 0.014 m/o excess Pb
should have increased the melt conductivity by about
1000 times.

Thus, it is evident that excess metal solubility should
be accounted for by both “ionized” and “nonionized”
species, the latter being the most numerous. The excess
metal solubility in the corresponding pure metal sul-
fides at comparable temperatures appears to decrease
in the order Cu,S-PbS-Ag,S. However, the magnitude
of the electronic conductivity in these liquids does
not appear to be directly related to the metal solubility.
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On the Transition from Internal to External Oxidation

in Ternary Alloys \

Howard W. Pickering*

Edgar C. Bain Laboratory, United States Steel Corporation, Research Center, Monroeville, Pennsylvania 15146

ABSTRACT

Addition of certain metals to binary A-B alloys can markedly improve
oxidation resistance through formation of a dense layer of BO, on the surface,
e.g., the addition of Cr to Fe-Al alloys with the formation of a dense layer of
Al,03. The reason for the improved oxidation resistance is the subject of this
paper. Experiments are described for the model alloy system, Ag-Zn-Al. A
Ag-3 atomic per cent (a/o) Al alloy exhibits internal oxidation without
formation of an Al,O3 layer on the surface. Upon addition of 21 or 25 a/o Zn,
internal oxidation is completely suppressed and a dense, highly protective
Al,O3 layer is formed. These data support the mechanism originally advanced
by Wagner whereby Zn functions as a secondary getter for oxygen atoms.
Other aspects of the results pertaining to the occurrence of exclusive internal
oxidation in the alloys of low solute content and to the complex transient
behavior exhibited by alloys of intermediate solute content are also discussed.

Oxidation resistant alloys for industrial use at ele-
vated temperatures are usually ternary or multicom-
ponent alloys rather than binary alloys. The low oxida-
tion rate of Fe-Cr-Al alloys, for example, is well
known (1-6). The good performance of these alloys
results from the formation of a dense Al;O; layer over
the surface. The presence of Cr in the alloy in rela-
tively large amounts is essential for the formation
of this layer at feasible Al contents. Yet, Cr does not
appear to enter the Al,O; layer to an appreciable
extent. Addition of other elements to Fe-Al alloys
(in place of Cr) are in certain instances even more
beneficial for the formation of an AlyO3 layer (7).

Wagner (8) has tentatively outlined the basic prin-
ciples underlying the oxidation resistance of such
alloys. In essence he suggested that one or more of the
components functions as a getter for oxygen along
with the component of highest affinity for oxygen. The
action of the secondary getters supposedly decreases
the diffusion of oxygen inward when the dissolved
primary getter is depleted in the surface layers. In
discussing the Cu-Zn-Al system Wagner points out
that the oxygen concentration in the alloy next to the
ZnO layer, determined by equilibrium between ZnO

* Electrochemical Society Active Member.

Key words: alloys, elevated temperature properties, mechanism,
oxidation, silver.

and Zn in the alloy, may be as small as 10~8 of that
determined by the coexistence of Cu and CuO, as in
the case of a copper alloy containing 1 or 2 a/o Al
but no Zn. Hence virtually no oxygen diffusion into the
alloy is to be expected when Zn is present in rather
large amounts. As a result Al atoms may diffuse to
the depleted surface region without being intercepted
by oxygen atoms. They may then react with oxygen
and also with the Cu20 and ZnO which are formed
at the beginning of oxidation (along with nuclei of
Al,03) to form more Al;O3 by a displacement reaction.

Wagner (8) specifically explained in this manner the
excellent oxidation resistance of the Fe-Cr-Al alloys
as well as that of the Cu-Zn-Al alloys as reported by
Dunn (9) already four decades ago. The possibility of
forming a dense Al,O3 layer by addition to the alloy
of other metals has considerable technological im-
portance since the ternary alloys with low Al content
not only give excellent oxidation resistance but at the
same time exhibit good mechanical behavior—quite the
contrary of their counterpart binary alloys which have
poor mechanical properties as a result of the high Al
contents required for the formation of a protective
Al,Og3 layer.

Pfeiffer’s (5) x-ray and electron diffraction data of
the oxide scales which form on Fe-20% Cr-5% Al at
1073°-1473°K in air may be an indication that the
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Table |. Composition of alloys—mean and standard deviation
Number of samples analyzed for each determination are given in parenthesis

Alloy a/o Zn a/o Al Alloy a/o Zn a/o Al

Ag3Al 0 3.0*+0.1 (7 Ag5Zn3Al 52=*+04 (2) 3.1*0.1(4)

Ag6Al 0 6.1 +0.2 (9) Agl0Zn3Al 10.0 = 0.1 (4) 3.2*0.2 (4)

AglOAl 0 9.5+ 0.4 (3) Agl2Zn3Al 122 +0.8 (7) 3.1*0.1(3)

Agl4Al (] 14.0 = 0.3 (3) Ag21Zn3Al 20.6 = 0.5 (2) 3.0*0.1 (3

Ag5Zn 4.7+0.2 (2) 0 Ag24Zn3Al 241+ 0.2 (3) 2.6 = 0.3 (3)

Ag9Zn 9.3 *+0.1 (3) 0 Ag5Zn6Al 5.1%0.2 (3) 5.9*0.2 (2)

Agl15Zn 148+ 0.1 (2) 0 Agl0Zn6Al 9.5*+0.4 (4) 6.0

Ag21Zn 20.9 = 0.8 (5) 0 Agl5Zn6Al 14.8 = 1.1 (4) 6.0 0.2 (2)
Ag20Zn6Al 20.2 =0.6 (4) 6.1 0.3 (2)

Wagner mechanism operates in this system. At early
stages of oxidation, corresponding to the formation of
~ 3 X 10—6 cm-thick scales, AloO3, FeAloO4, and Cra03
were identified, whereas at longer times (~ um-thick
scales) only AlyO3 could be found.

It is the purpose of the present work to obtain a
more definite validation of Wagner’s tentative proposal
by systematically investigating the oxidation behavior
of a series of binary and ternary alloys. For ease of
interpretation and experimentation Ag was chosen as
the principal component since it does not form a stable
oxide above 460°K at one atmosphere of oxygen, and
Zn and Al were chosen as the secondary getter and
the protective scale former, respectively, in accord
with their relative tendencies to form stable oxides.
The system Ag-Zn-Al is thus a model system in which
the complexities of multiphase and multilayer surface
oxides are not encountered.

As a result of prior investigations on Ag-In (10,11)
and other alloys (12-17), in the present study one may
expect that Ag-Al and Ag-Zn alloys with low Al and
Zn contents would show internal oxidation, whereas

those of higher (> 15 a/o) Al and Zn contents would
show external oxidation. The ternary Ag alloys of low
Al and Zn contents also may show internal oxidation
whereas if the Wagner hypothesis holds, ternary alloys
of low Al but high Zn content should exhibit external
oxidation and a low rate of oxidation through forma-
tion of an AlyO3 surface layer.

Experimental Procedure

Alloy samples were exposed to 1 atm of oxygen at
823°K (550°C) and in a few cases at 923°K (650°C).
Except where specifically stated, data are for 823°K.
The alloys, Table I, were prepared from 99.9999% Ag,
99.9999% Al, and 99.999% Zn by zone leveling in a
high-purity graphite boat under an atmosphere of Pd-
purified hydrogen; the Ag and Zn metals were deoxi-
dized prior to alloying by melting under the same
atmosphere. This melting procedure was found to be
the best of several tried; appreciable Zn loss was
encountered in the melting of the high Zn alloys but
since the loss per zone leveling pass was fairly repro-
ducible, sufficiently close estimates of the required Zn
content in the initial charge could be made. The zone-
leveling homogenization was determined to be satis-
factory by chemical analysis. Subsequent electron
microprobe examination of the specimens detected no
microsegregation in the alloys. The alloys are all well
within the composition range of the terminal fcc phase
of the binary Ag alloys so that metallic-metallic
phase transformations are not likely during oxidation.
A section of each ingot was cleaned of oxide by grind-
ing and was cold-rolled to 0.05 cm. Specimens 1.3 cm
on edge were cut from the strip and a small hole
drilled at one corner for suspension. The specimens
were then cleaned in chloroform, rinsed in alcohol,
and dried prior to a recrystallization anneal at 873°K
in an evacuated silica capsule for 7.2 ksec (20 hr).
Grain size of several of the alloys was measured and
found to be in the range of 0.05 to 0.2 mm. Immediately
prior to a run the specimen was electrolytically etched
in 1N HNO; at 0.06 A cm~2 for 30 sec, as suggested by
Rapp (11). This procedure gave sufficiently reproduci-

ble results in the oxidation runs. A 3-winding, vertical-
(silica) tube furnace (18, 19) with a 4-cm uniform-
temperature zone of +0.2°K was used for the oxidation
experiments.

Before a run a specimen was weighed by a balance
precise to 0.05 mg and then suspended in the cold
zone above the furnace by a silica hook and stainless
steel chain. With the reaction zone at 823°K (or 923°K)
and a steady upward oxygen flow of approximately
2 cm3 sec~! the specimen was lowered into the reac-
tion zone, held there for a prescribed time, and then
raised to the cold zone. After cooling the specimen
was removed and weighed. Weight gain data as a func-
tion of oxidation time were obtained by oxidizing
several specimens of a given alloy for different times
in this manner. Each specimen was then examined by
cross-section metallography and other methods. In a
few experiments continuous weighings were made
using another furnace of similar design and a thermo-
balance; this produced complete weight gain-time data
with one specimen. Results were essentially the same
with both weighing methods; unless otherwise stated,
data in this paper were obtained by the discontinuous
weighing method. Cross-section metallographic exam-
ination and electron microprobe analysis after com-
pletion of a run helped ascertain the structure and
composition of the oxidation zone.

Results

The data are presented and analyzed in separate
sections, first those pertaining directly to the Wagner
hypothesis and subsequently two other sections, one
on the Ag alloys of low solute content which undergo
exclusive internal oxidation and the other on the
alloys of intermediate solute content which eventually
exhibit a low oxidation rate after an initial period of
high oxygen uptake.

Transition in ternary alloys (Wagner hypothesis).—
Weight-gain, m, and thickness, ¢, of the zone of internal
oxidation, for reaction of Ag-Al and Ag-Zn specimens
with oxygen at 1 atm and 823°K (550°C), are shown
in Fig. 1-3. Ag3Al (Ag-3 a/o Al) was found to oxidize
at a very high rate, and according to the parabolic
law for the duration of the test of 61.2 ksec (17 hr)
except for a relatively short initial period. This, along
with other information to be presented, established
that the Ag3Al alloy undergoes essentially exclusive
internal oxidation, and, hence, is suitable for investi-
gating the role of Zn additions. In contrast the rate of
oxidation of Agl0Al and Agl4Al is very low (Fig. 1)
as a result of the formation of a dense, protective Al,O3
layer. The addition of Zn by itself to Ag is not as
effective as Al additions in reducing the oxidation rate
(Fig. 3), e.g., the Ag21Zn alloy oxidizes at a rate
nearly matching that of Ag3Al.

The weight-gain at 823°K for ternary Ag-Zn-Al
alloys containing 3 a/o Al and various amounts of Zn
are shown in TFig. 4. Additions of 21 or 25 a/o Zn to
the Ag3Al alloy are sufficient to reduce the rate of
oxidation to a very low value, similar to that of th
Agl4Al alloy. Actually the rate attained after an
initial period is even lower than that indicated by the
total weight gain of 150 ug since extrapolation of the
data to zero time gives a nonzero intercept (100 to 150
ug), i.e., there is an initial, though brief, higher rate
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Fig. 1. Weight gain-time data for Ag3Al(e), AgbAI(O),
Agl0AI(C]), and Agl4AI(M) specimens at 823°K. Calculated
weight gain for exclusive internal oxidation (Eq. [7]) are given
for comparison.
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Fig. 2. Measured thickness-time data of the zone of internal
oxidation on Ag3Al(@) specimens. Each point represents the mean
value of 16 or more measurements on each specimen; the largest
standard deviation was only 2.2 x 10~5 m for the mean value at
61.2 ksec. Calculated thicknesses (Eq. [5]) of the internal oxida-
tion zones are given for comparison.

of oxidation. Similarly there was found an initial
higher rate of oxidation for the binary Agl0Al and
Agl14Al alloys. The exceedingly low rate of oxidation
attained in the second period is essentially the same
for the alloys, Agl0Al, Agl4Al, Ag21Zn3Al, and
Ag25Zn3Al, in agreement with the formation of a
dense, protective Al,O3 layer on each of the alloys.

Similar oxidation results were obtained for the
ternary alloys containing 6 a/o Al and varying amounts
of Zn. These data, though, are less instructive since
according to Fig. 1, the Ag6Al alloy already exhibits
partial formation of a protective AloOg layer.

Cross-section metallographic observations of the
specimens are in agreement with the above interpreta-
tion of the kinetic data. Oxidized Ag3Al specimens
show a zone of internal oxidation (Fig. 5).

In contrast the Agl0Al, Agl4Al, Ag21Zn3Al, and
Ag25Zn3Al specimens form only a thin oxidized region
along the surface (Fig. 6 and 7). The detailed morphol-
ogy of this region is the same for all four alloys, and
is more complicated than the formation merely of a
dense Al;O3 layer at the surface. Proceeding outward

Fig. 3. Weight gain-time data for Ag5Zn(M), Ag9Zn((]),
Ag15Zn(A), and Ag21Zn(A) specimens.
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Fig. 4. Weight gain-time data for Ag5Zn3AI((O), Ag10Zn3AI(V),
Ag13Zn3AI(V), Ag21Zn3Ai(@), and Ag25Zn3Ai(@) specimens.
and for Ag3Al from Fig. 1.

Fig. 5. Cross-section micrograph showing a zone of internal
oxidation (Z.1.0.) in a Ag3Al sample which was oxidized for 29 ksec
at 823°K. Etched.

from the alloy there is often a discontinuous porous
layer, then a dense layer, and finally patches of a
white, metallic-appearing material. A porous region
appears as a cavity or gap unless precautions are taken
to avoid pullout during metallographic preparation
as in the middle micrograph of Fig. 6.
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Fig. 6. Cross-section micrographs of oxidized Agl0Al and
Ag14Al samples. The top and bottom micrographs are etched. 1

indicates gap. 11 indicates twin boundary.

The patches of white material were identified as Ag
by electron microprobe examination. Silver was seen
on the surfaces of many specimens, and particularly
those containing higher amounts of solute as in Fig. 7.
Wriedt and Darken (20) also observed Ag patches on
the surface of internally oxidized Ag-Al alloys, and
found that the amount increased with time of oxida-
tion. They identified them by x-ray diffraction. Two
sets of Ag lines were observed: one from the Ag
patches on the surface and the other from an expanded
and distorted Ag matrix within the internal oxidation
zone.

The dense layer contains the alloy microstructure
(Fig. 6 and 17), i.e., grain and twin boundaries, char-
acteristic of a zone of internal oxidation. Yet, for the
ternary alloys in particular, these layers reflect light
rather poorly, much as oxide layers do. Furthermore,
in the case of the ternary alloys the dense layer is
decidedly enriched in Zn and approximately unchanged
in Al relative to the bulk alloy according to electron
microprobe examination; this indicates a high volume
per cent of oxide, mainly ZnO, in the layer. The Ag
content in the layer on the other hand is lower than in
the alloy, in agreement with the presence of Ag on the
surface.

Electron microprobe examination was not made for
Ag10Al and Agl4Al alloys. Presumably the dense layer
has a higher ratio of Ag/Al;O3 than in the ternary
alloys, since the (alloy) microstructure was more
readily revealed by etching and the amount of Ag on
the surface was less.

The occurrence of some, albeit very little, “internal”
oxidation during exposure of the oxidation-resistant

Ag25Zn3A1 40um
—_—
Fig. 7. Cross-section micrographs of oxidized Ag21Zn3Al and
Ag25Zn3Al specimens. The bottom micrograph is etched. 1 points
to twin boundaries in the oxidized region.
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binary and ternary alloys to oxygen agrees with the
brief, higher oxidation rate prior to the establishment
of the exceedingly low oxidation rate shown for these
alloys in Fig. 1 and 4. The dense Al;O3 layer which
ultimately forms and reduces the oxidation rate to
virtually nil is probably very thin and is not resolved
by optical microscopy.

Discussion.—These data show that the addition of Zn
to a Ag alloy containing a relatively small amount of Al
results in the formation of a dense, protective Al;O3
layer. The beneficial effect of Zn in the formation of
this layer is illustrated in Fig. 8. These data support
the Wagner hypothesis (8, 21, 22) for the transition
from internal to external oxidation in ternary alloys
and, along with other data to be described, give some
clue as to further details. On the basis of the data the
transition is visualized as follows: When the surface
of a Ag21Zn3Al alloy is initially bare, ZnO and AlyOy
are nucleated at the beginning of oxidation. The rela-
tively large amount of Zn provides for the formation
of sufficient oxide in the surface region to effectively
block the diffusion of oxygen. Much of the initial silver
in this region is “extruded” (20) or migrates to the
surface; the latter may occur if the activity of Ag in
the zone of internal oxidation is greater than unity as
a result of strain. The presence of a ZnO layer ensures
that the activity of oxygen in the alloy is very low,
since it is determined by the coexistence of ZnO and
Zn. As a result, the diffusion of oxygen into the alloy
is negligible. In view of the depletion of Al in the alloy
next to the surface, Al atoms migrate towards the
surface without being converted to AlO3 on their way.
Hence, the supply of Al atoms diffusing toward the
surface is sufficient for preferential reaction of the
oxygen with Al In addition, the initially formed nuclei
of ZnO may be converted at least in part to Al,O3 by
the displacement reaction

2Al + 3ZnO - AlyO3 + 3Zn [1]

Once a dense Aly;Oj3 layer is formed between the outer
Zn-rich oxide layer and the bulk alloy the oxidation
rate falls to the very low value determined by trans-
port through Al,Os.

Hagel (23) offers an alternative explanation of the
role that a third component plays in the formation of
a protective layer; it is based on the degree of protec-
tion afforded by an «-Al;O; vs. a y-Al;O3 layer. He
suggests that transformation from 4-Al;O; to a more
protective a-AlO3 layer is enhanced by the presence
of certain alloying elements. This mechanism, however,
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Fig. 8. Chart illustrating the beneficial effect of Zn in Ag-Zn-Al
alloys for promoting the formation of a protective Al2O3 layer.
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cannot be responsible for the transition to low oxygen
uptake upon the addition of Zn to Ag-Al alloys since
Ag3Al without Zn additions does not form any Al»Oj
layer.

Hence it seems reasonable to proceed on the basis
that some, and perhaps many, of the multicomponent
industrial alloys rely for their superior oxidation
resistance on the ‘“gettering action” of certain com-
ponents which themselves may not be a constituent of
the final protective oxide layer. It follows that the
basic principles advanced by Wagner (8) may be used
in the development of new alloys. Certain complica-
tions, however, must be avoided. Wood (24) points
out that, depending on the kinetics of growth of the
solvent metal oxide and on the alloy interdiffusion
coefficient, the solvent metal oxide may engulf (over-
grow) the nuclei of the solute metal oxide in accord
with the earlier theoretical consideration of Wagner
(21) and thereby preclude the formation of a protec-
tive solute metal oxide layer. He shows for Fe-Cr-Al
alloys of relatively low chromium and aluminum con-
tents that it is possible for the iron oxides to overgrow
and undercut the CryO3 and spinel nuclei. This seem-
ingly is not a problem with the higher alloyed Fe-
Cr-Al alloys where a protective layer is well known to
form at low total oxygen uptake (1-6), nor with cer-
tain other oxidation-resistant, Fe-base alloys, accord-
ing to recent data of Boggs (7).

xclusive internal oxidation.—For diffusion control
and fixed boundary conditions the depth, ¢ of the zone
of internal oxidation is given as a parabolic function
of the time, t,

£ =27 (Dot) [2]

where Dy is the diffusivity of oxygen in the two phase
(solvent metal 4 solute oxide) zone of internal oxida-
tion, and v is a dimensionless parameter. Darken (25),
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Wagner (26), Rhines et al. (27), and Meijering and
Druyvesteyn (28) have solved the relevant diffusion
equation. For the special case that movement of the
front is completely determined by diffusion of oxygen
in the metal one has the conditions (26)

7<<1 [3]
and
vDo/Dy >>1 [4]
in which case Eq. [2] becomes
2No'® Dot "%
= [ » Ny(© ]

where No‘) is the solubility of oxygen in the external
interface of the solvent metal, » is the atomic ratio of
oxygen to metal in the internal oxide and Nu(® is the
mol fraction of the metal M in the bulk alloy. The
solubility product of the internal oxide is here assumed
to be negligibly small. The conditions of Eq. [3] and
[4] were found to be satisfied for the alloys in the
present investigation which contain low amounts of
Al and Zn. For example, after internal oxidation of
Ag3Al for 14.4 ksec (4 hr) the measured ¢ is 8.7 X 10—
cm (Fig. 2), and y = 0.03 which satisfies conditions in
Eq. [3] and also Eq. [4] since Do/Dy is very large.

Modification of Eq. [5] gives a relation for the weight
gain, Am, of the specimen

[5]

Am NM(‘)) W [6]
T iy, Pl

where Vy, is the molar volume of the alloy and Wo
is the atomic weight of oxygen. Substituting Eq. [5]
into Eq. [6] one has

el = &’_ [2v Np(@©No(®Dot] % 7]
A Vm

Values for No®> and Do in Eq. [5-7] were assumed
to be the solubility and diffusivity, respectively, of
pure Ag as reported by Eichenauer and Miiller (29),
v was assumed to be 1.5 and 1.0 corresponding to the

Fig. 9. Cross-section micrograph showing morphologically different zones of internal oxidation in Ag-Zn specimens, and an electron mi-
croprobe analysis which shows that the black “lines” within the zone of internal oxidation (Z.1.0.) of the Ag21Zn specimen are Zn-rich. Ag
trace lags the Zn trace by 1.2 um; probe traverse was from right to left. Specimens in (a) and (b) were etched.
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Ag5Zn 3A1

0.l mm

Fig. 10. Cross-section micrograph of a Ag5Zn3Al sample after
7.2 ksec at 823°K showing a zone of internal oxidation. Etched.

formation of stoichiometric Al:Os and ZnO, respec-
tively, Vi = 10 cm3 mol~! and A = 3.5 cm? Data in
Fig. 1-4 indicate that the alloys Ag3Al, AgbZn, Ag9Zn,
and Ag5Zn3Al undergo exclusive internal oxidation.
On the other hand definite departures occur for all
other alloys, e.g., the weight gain for Agl5Zn (Fig. 3)
is lower than that for Ag9Zn and significantly lower
than the calculated value from Eq. [7]. Still, Agl5Zn
and some of the other alloys of intermediate solute
content undergo appreciable internal oxidation and
are discussed later in the section on transition alloys.
Cross-section metallographic examination shows a
zone of internal oxidation for the Ag3Al (Fig. 5),
Ag5Zn, Ag9Zn (Fig. 9a and 9b), and AgdZn3Al alloys
(Fig. 10). Internal oxidation of the Ag-Zn alloys is
complex. Examination of oxidized AgdZn specimens
after polishing and etching reveals what appears as
a “normal” zone of internal oxidation next to the
surface and a second morphology (of internal oxida-
tion) next to it which is comprised of acicular segments
aligned mostly perpendicular to the surface (Fig. 9a).
The acicular segments begin to develop after about
2 ksec oxidation as seen in the top micrograph, and to
line up along twin boundaries or other planes which
presumably are unresolved (micro) twin boundaries.
At higher magnification the acicular segments are seen
to be comprised of fine, parallel-arranged rows of
material; this material may be porous as indicated by
the fact that pull-out occurs during metallographic
polishing. After etching, this structure is readily re-
vealed as gaps or cavities in the scanning electron
microscope (Fig. 11). The change from the normal to
the acicular morphology occurs in the absence of a
noticeable change in the kinetics of oxidation (Fig. 3).
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Two morphologies of internal oxidation are also
observed for Ag9Zn (Fig. 9b). The second morphology
for Ag9Zn forms at an earlier stage and appears less
acicular and less aligned perpendicular to the surface.
In the higher Zn, binary alloys, on the other hand,
only the second morphology, in further modified form,
is observed. In the most Zn-rich alloy (Ag21Zn) the
rows of material lie mainly parallel to the surface. It
is shown in the next section that the formation of
layers parallel to the surface is characteristic of alloys
of intermediate solute content, i.e., those which often
exhibit a two-stage kinetic behavior, and a total oxy-
gen uptake between that for exclusive internal oxida-
tion and that for formation of a dense, protective
oxide layer at the surface.

Electron microprobe examination of the cross-sec-
tioned Ag3Al and AgbZn specimens showed that the
contents of the component metals within the zones of
internal oxidation were essentially the same as in the
original (unoxidized) alloys. Individual internal oxide
precipitates are not resolved since the area analyzed
by the beam is large relative to the precipitate size.
The absence of solute enrichment within the zone of
internal oxidation is additional justification for the
assumption that for these alloys the kinetics of the
internal oxidation process are controlled by the diffu-
sion of oxygen within the zone of internal oxidation
and, hence, of the applicability of Eq. [5].

Discussion.—The internal oxidation of Ag3Al appears
to be uncomplicated in comparison to that of Ag5Zn
and other alloys of higher solute content. The some-
what lower-than-calculated values of ¢ and Aam for
Ag3Al may be the result of a slightly reduced oxygen
flux as a result of incipient “blocking” by the AlO;
precipitates, or the solubility of oxygen may be lower
as a result of strain (30).

For the other alloys, in which the thickness of the
zone of internal oxidation was irregular the “average”
observed ¢ for each alloy is in accord with Eq. [5] and
valu s of No®Do in the literature. However, the
maxi,qwum ¢ observed at only a few locations yields a
significantly larger No)Do product, e.g., No®?’Do (max)
for Ag5Zn equals 9 X 10710 cm? sec—1 vs. 1.85 x 1010
cm? sec—! for pure Ag (29). This may be explained by
significant interface diffusion or gas phase transport
through pores of the acicular structure.

Fig. 11. Cross-section, scanning electron micrographs of an oxidized Ag5Zn specimen showing the acicular structure as gaps or cavities

after pullout during mechanical polishing and sub
twin boundary.

t etching. Micrograph in (b) is enlargement of circled region in (a). 1 indicates



Vol. 119, No. 5

Fig. 12. Cross-section micrograph of an etched Ag6Al sample
after 62 ksec of oxidation at 823°K, and an electron microprobe
analysis which shows that the black “lines” in the region of the
boundary between the alloy and the zone of internal oxidation
(Z.1.0.) are Al-rich. Ag trace lags Al trace by 1.2 um; probe
traverse was from right to left.

Transition region in binary and ternary alloys.—Data
in Fig. 1-4 show that an induction period of large
oxygen uptake preceeds a falloff in the oxidation rate
for the alloys of intermediate solute content, i.e.,
Ag6Al, Ag21Zn, Agl0Zn3Al!, and Agl3Zn3Al In a
sense, the oxidation resistant alloys, Agl0Al, Agl4Al,
Ag21Zn3Al, and Ag25Zn3Al also belong in this group
since they, too, exhibited an, albeit very short, induc-
tion period.

Cross-section optical metallographic examination of
oxidized specimens of the Ag6Al, Ag21Zn, Agl0Zn3Al,
and Agl3Zn3Al alloys always shows a zone of internal
oxidation containing what appears as black, ragged
lines usually aligned roughly parallel to the surface
(Fig. 9d and 12). These “lines,” sometimes referred to
in the literature as films, have been observed in Cu-Si
(12), Ag alloys (31, 32, 11), Fe-Al (33), Ni-Al (34),
and other alloys. Meijering (32) found that their fre-
quency and thickness increased with solute content
and that alloys which contain them oxidize at a lower
rate. Elongated shapes and alignment of internal oxide
precipitates including needles, plates, and dendrites
have also been observed by electron microscopy for

1 Continuous weighing measurements give a weight-time curve
similar to that shown and indicate that the unusually large scatter

of points from the discontinuous weighing measurements for
Agl10Zn3Al is not significant.

Z.1.0.
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various systems by Kahlweit and co-workers (35, 36)
and others (33).

The material appearing as black lines in Fig. 9d and
12 is shown to be porous by the fact that pullout
readily occurs during metallographic preparation.
After appreciable pullout, gaps or cavities remain
which are revealed by scanning electron microscopy
(Fig. 13). Microhardness measurements show that
these regions are softer than the neighboring two-
phase material (Ag + oxide), in agreement with their
porous structure.

Electron microprobe analysis shows that the layers
even after appreciable pullout are rich in the solute
metal, undoubtedly in the form of oxide (Fig. 9d and
12). The traces give average values, i.e., the magni-
tudes of the local departures from the alloy composi-
tion are probably greater than indicated in the micro-
probe traces. The layers within the zone of internal
oxidation for Agl0Zn3Al consist of oxides of both Al
and Zn, according to electron microprobe analyses.

The top micrograph of Fig. 14 is of the Agl0Zn3Al
alloy after 1.8 ksec (30 min) of oxidation and corre-
sponds to the initial period of the high rate of oxida-
tion (point A in Fig. 4). At these early stages of oxida-
tion porous oxide layers are, for the most part, absent
within the zone of internal oxidation. They are first
observed along grain boundaries between the surface
and the internal oxidation front and then along the
front itself. The middle and bottom micrographs of
Fig. 14 are of other specimens of the same alloy, but
correspond to the later, very low rate of oxidation
(point B in Fig. 4). In the bottom micrograph the
specimen was etched to reveal the twin and grain
boundaries. At these longer oxidation times the layers
are common features within and at the front of the
zone of internal oxidation, as they are after comparable
oxidation times for Ag21Zn and Ag6Al (Fig. 9 and 12).

The thickness of the zone of internal oxidation varies
appreciably for these alloys, in contrast to the alloys
of lower solute content which do not form protective
oxide layers. Some regions, usually amounting to less
than 5% of the surface, are observed in cross-section
to be free from internal oxidation. Presumably in
these regions a protective oxide layer forms immedi-
ately upon contact of the specimen with the oxidizing
environment. Such behavior has previously been ob-
served by Rapp (11) and others.

A slight drop of the Zn content in the unoxidized
portion of the Ag21Zn specimen at the internal oxida-
tion front in Fig. 9d indicates enrichment of Zn in the
zone of internal oxidation. Diffusion of solute metal
and, in addition, of oxygen along grain boundaries in
the alloy ahead of the internal oxidation front were

Fig. 13. Cross-section, scanning electron micrographs showmg a gap(s) along the boundary between the alloy and the zone of internal

oxidation (a) for an oxidized (923°K) Ag6Al specimen, ically

polished and etched, and (b) for an oxidi

chanically polished. Different phases are not distinguishable.

d Ag21Zn specimen, me-
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1.8 ks

29ks

Fig. 14. Cross-section micrographs of oxidized Ag10Zn3Al speci-
mens illustrating black “lines,” identified as Al- and Zn-rich,
regions, within the zone of internal oxidation. The bottom micro-
graph is etched.

indicated also for Ag6Al and the ternary alloys which
oxidize according to the kinetics of the transition
region. Subsequent deformation of these specimens
revealed that grain boundaries within the nominally
unoxidized portion of the specimens had become em-
brittled.

Discussion.—Transition from internal to external
oxidation does not take place at a definite concentra-
tion in these alloys but rather over a fairly wide com-
position range (Fig. 8). This occurs for specimens of
identical thermal and mechanical history and surface
preparation. Rapp has already showed that the
boundary of the transition region depends to some ex-
tent on the prior surface preparation.

The data in the present paper show further that for
alloys in the transition region the attainment of a low
rate of oxidation is preceded by an induction period
during which the oxidation rate is much higher and a
zone of internal oxidation forms. The occurrence of an
induction period is not surprising in view of early
considerations by Wagner (21, 22). Chattopadhyay
and Wood (37) have recently emphasized the occur-
rence of transient behavior during initial external
scale formation accompanied by internal oxidation.

The main question for binary and ternary alloys in
the transition region (and seemingly general to all of
the alloys which attain a low oxidation rate) is where
and how a dense oxide layer of the solute metal is
formed once internal oxidation has transpired. Time
invariant diffusion behavior is usually assumed in
analyses of oxidation processes, except initially when
diffusion control would require an infinite rate. Apply-
ing the concept generally means that for a given set of
experimental conditions (pog, solute content, etc.) a
single oxidation process, e.g., internal oxidation, occurs
for the duration of the experiment and a single rate
constant is obtained. When exceptions to such behavior
are observed during internal oxidation they can some-
times be traced to the initial period (prior to the
establishment of diffusion control) when starting con-
ditions allow oxidation to occur heterogeneously over
the surface. One specific explanation of the transient
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behavior is that patches of dense oxide which form
initially spread sideways and eventually impinge to
give a dense oxide layer at the external surface (38).
Then one has the end of inward transport of oxygen,
i.e.,, the extremely low oxidation rate which is ob-
served after an initial period of a high rate of oxygen
uptake. For this mechanism to operate it is necessary
that Al can diffuse to the surface after internal oxida-
tion begins. This would appear to be possible along seg-
ments of unoxidized alloy which extend to the surface.
A surface scale is sometimes observed on the Ag6Al
specimens; portions of one are barely visible in Fig. 12.

Another factor which may account for a change in
the diffusion kinetics at some stage of the oxidation
process is void formation during the internal oxidation
process; voids may block the diffusion of an important
species and thereby be a precursor to the formation of
a dense Al;O3 layer along the boundary between the
zone of internal oxidation and the alloy.

There is some reason to suspect that voids do form
at temperature as part of the internal oxidation process.
The easy pullout of material within the zone of internal
oxidation indicates porosity which is developed either
as a result of internal oxidation or of cooling after the
oxidation run. Features usually associated with nonuni-
form contraction during cooling, however, such as
matching surfaces, are not very evident.

Conclusions

Weight gain data and cross-sectional metallographic
examination show that whereas a Ag3Al alloy exhibits
internal oxidation without formation of a dense Al;O;
layer, upon addition of 21 or 25 a/o Zn internal oxida-
tion is completely suppressed and a dense highly pro-
tective AlO3 layer is formed. These data support the
hypothesis advanced by Wagner (8) that Zn may be
considered as a secondary getter for oxygen atoms so
that virtually no oxygen atoms diffuse into the alloy
and, therefore, aluminum atoms can diffuse to the sur-
face without being intercepted by oxygen atoms. Newly
arriving Al atoms may then form additional AloO3 by a
displacement reaction with initially formed nuclei of
ZnO. Other metals such as chromium and silicon in
base metal alloys containing aluminum as the least
noble constituent, e.g., Fe-Cr-Al, may be expected to
behave similarly in the formation of a highly protective
layer of Al;O3.

For AgbZn and Ag9Zn the internal oxidation process
changes at a certain depth to one which is strongly in-
fluenced by the microstructure. The front of internal
oxidation is irregular. At points of greater penetration
the NoDg product is significantly larger than that for
pure Ag.

For the “transition” alloys the formation of a pro-
tective AlyOj layer is preceded by an induction period
during which internal oxidation occurs. Rows of alu-
minum oxide and/or zinc oxide form in alignment
roughly parallel to the surface within the zone of
internal oxidation. It is not clear though if these
layer-like regions are instrumental in the eventual
attainment of a lower rate of oxidation or are simply
a consequence of a reduced inward flux of oxygen
caused by the eventual formation of a continuous,
dense Al;O; layer at the surface.
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Electrical Switching in Anodic Oxide Films on Zircaloy-2

N. Ramasubramanian

Chalk River Nuclear Laboratories, Atomic Energy of Canada Limited, Chalk River, Ontario, Canada

The advantage of using the Widmanstétten mor-
phology for locating weak spots in anodic oxide films
on Zircaloy-2 was reported by us (1). It was shown
that the initial electrical breakdowns were centered
on the a-platelet boundaries where the intermetallic
precipitates and second phase impurities have seg-
regated during cooling the alloy in vacuum from the
B phase. These breakdowns were always preceded by
switchings to a high conductivity state; the occurrence
of one or the other was governed by the load resistance
in the circuit. The results obtained on such switching
phenomena are presented here.

Experimental
The details regarding material, heat treatment, sur-
face preparation, anodization, and current-voltage
measurements have been described elsewhere (1).
Zircaloy-2/anodic oxide/metal sandwiches were pre-
pared by evaporation of gold or silver contacts through
masks to a thickness of 1000-1500A (monitored by a
quartz crystal). Silver counterelectrodes were also
formed utilizing the Eccobond Solder 56C supplied by
Emerson and Cuming Inc. and G. C. Electronics’ silver
paint. The Eccobond contact was cured at 70°C for 2

Electrochemical Society Active Member.

_Key words: Zircaloy-2, anodic oxide, electrical switching, transi-
tion metal alloying additions.

hr, and the paint was air-dried. The voltage sources
were an Electro Pulse Inc. Model 2140A pulse gener-
ator, d.c. from dry cells and a.c. from a Variac. The
series resistance was 10 kohm during switch ON opera-
tion (high to low impedance state) and varied from
3 to 1 ohm during the low to high impedance, switch
OFF operation. Impedance measurements were made
using a GR-1680A automatic capacitance bridge.

Results

The electrical switching characteristics of the anodic
oxide films on Zircaloy-2 could be classified into three
types: (a) the most commonly observed one, asso-
ciated with the delayed type of breakdown, (b) a
nondestructive bistable switching, and (c) transitory
switching observed in thin films, 250 to 750A thick.
Out of a total of thirty tested (as-received material),
each carrying four or more diodes, all the specimens
exhibited the type (a) and about 15% of the diodes
the type (b) switching behavior. All the thin films
tested showed the transitory switchings.

Bistable switching, type (a).—The current-voltage
characteristics of the diode were traced first at 80° and
190°K; only the leakage currents were measured for
potentials of both polarities up to ~60% of the anodiz-
ing voltage. Time of holding at various applied volt-
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ages was varied from a few seconds to ~5 min, with
no detectable change in conductivity. Similarly at
room temperature a positive bias on the alloy in the
same range of voltages did not produce any change in
conductivity. However, when a negative potential was
applied at room temperature, current bursts were ob-
served at ~15V and holding the alloy at the voltage
for a few minutes brought about a switch to the ON
state. In this initial ON condition the i X V relation
was ohmic, and the temperature coefficient of resist-
ance was positive.

Considering the case of a 50V film as a typical ex-
ample, —16.5V on the alloy for % min duration at
room temperature turned the diode ON; in the ON
state the resistances were 63 and 54 ohm at 300° and
80°K, respectively. A current of 100 mA (60 Hz from
a Variac) turned the diode OFF. In the case of diodes
carrying evaporated electrodes this initial switch OFF
operation resulted in the “single-hole” type of break-
downs (1). When Eccobond solder or silver paint
formed the counterelectrode, it was noticed that after
the initial switching OFF operation the diode could
be turned ON by a positive or a negative bias on the
alloy.

A number of ON & OFF operations were carried
out and the behavior was quite varied: switch ON
voltages were in the range of 5 to 27V; OFF currents
varied from 75 to 150 mA and the i X V relation was
either ohmic or nonohmic with a positive or negative
temperature coefficient of resistance, respectively.

Bistable switching, type (b).—A few of the diodes
exhibited the type (b) switching which occurred in
the temperature range of 80° to 300°K when the applied
bias exceeded +6V. As the d-c voltage across the oxide
film was gradually increased, a sharp increase fol-
lowed by a rapid decrease in current was observed at
~BV. More such current transients were observed
when the applied voltage was increased to ~10V.
Then at some stage, when lowering the applied bias,
the current suddenly increased by more than two
orders of magnitude at around 4V i.e., a switch to the
low impedance ON state. The current-voltage curves
showed the following characteristics in the ON state:
an initial ohmic portion, a zero temperature coefficient
of resistance, a zero differential resistance region, and
multiple conduction levels. Any systematic variation of
the minimum voltage required for the onset of current
bursts with the oxide thickness was not found.

A typical example of the conductivity changes is
illustrated in Fig. 1 and 2 for a 2100A film carrying an
evaporated gold contact and tested at liquid nitrogen
temperature. In the low impedance ON state a slight
instability in current was observed and the i X V
curves were nearly symmetrical for positive and nega-
tive bias on the alloy, curves ¢ and d. On warming the
sample to room temperature no changes in the i X V
relation were noticed, and the same curves ¢, d were
traced. From the ohmic portion of the curves a re-
sistance of 18.5 kohm can be calculated.

Then the impedance of the diode was measured at
1 kHz, and it was found that this act had effected an
ON to OFF switching. The curves shown in Fig. 2
were traced subsequently. At ~3V current transients
were noticed and the diode switched ON at 3.2V,
(curve az in the figure). Curves a; and a; were traced
in the ON state; as was found to be symmetrical with
ag until the current through the diode exceeded 90 nA,
the maximum passed immediately after OFF -» ON
switching (curve az). When the current through the
diode was increased beyond this maximum value, a
zero differential resistance portion as was traced, with
the increases in applied voltage going almost entirely
across the series resistor. Finally the curves ag and ary
were traced. A similar type of behavior was observed
when the alloy was biased negative following another
impedance measurement, curves by to b7 in the figure.
Switching times for OFF —» ON transitions (curves a
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conductivity and switching in Zircaloy-2/2100A anodic oxide film/
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Fig. 2. Switching, zero differential resistance regions and multi-
ple conduction levels; tracing of x-y recorder plots obtained during
the tests at 80°K on the diode referred to in Fig. 1.

and by in the figure) were less than 10—8 sec, and at-
tempts to trace these current-time curves were unsuc-
cessful.

A number of ON 2 OFF operations similar to that
in Fig. 2 were carried out and the i X V tracings
recorded for various maximum currents through the
diode in the low impedance state. Switch ON voltages
were all around =+2.5V. The zero differential resist-
ance region on both the positive and negative sides
was seen to cover a current range from ~30 to >240
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uA. The curves were similar in shape and symmetrical
about the origin; the resistances of the ohmic portions
varied from 30 to 10 kohm and the switch off currents
varied from 500 to 750 uA. No surface changes were
noticed on the evaporated counterelectrodes.

Transitory switchings in thin films.—A set of i X V
curves, selected from those obtained at room tempera-
ture on a 25V (~700A) film, is shown in Fig. 3. At 8.7V
negative bias on the alloy the current through the
diode increased abruptly, a; in the figure followed by
a zero differential resistance portion as. Instability in
the current flow was noticed when the diode tended
to switch OFF and then ON as shown by the loop as,
ay and aj in the i X V characteristics. When the cur-
rent through the diode was decreased, slight instability
was still noticed and the portion a; was traced which
passed through the origin. In tracing a; the current
was gradually reduced to zero, over a period of 15 sec.

Immediately after tracing a; the diode was found in
the high-impedance state. Then a number of i x V
tracings were made; in each instance the diode was
highly resistive to start, was turned to the ON state
at about +1.4V and the i X V curve in the ON state
passed through the origin. In the ON state, during the
transitory switching, the i X V curves were almost
linear and the resistance varied in the range of 5 to 8
kohm. Then the diode settled to bistable switching,
and the ON state was characterized by an ohmici x V
relation and zero temperature coefficient of resistance.

Some of the diodes were tested at 80° and 190°K
before the room temperature experiments. For volt-
ages up to ~50% of the anodizing voltage, at lower
temperatures only the leakage current flow was
noticed. At room temperature transitory switching
occurred, the easy direction for the first one to be
initiated being Zircaloy-2 negative. The number of
transitory operations prior to the onset of bistable
mode varied among the various specimens and also
on a single specimen carrying a number of diodes.

Vacuum-cooled material.—The oxide thickness var-
ied from 1200 to 2500A and a total of 50 diodes
carrying evaporated gold electrodes were tested. All
these were characterized by the type (a) bistable
switching. The switch ON voltage did not vary with
the oxide thickness and was 18 = 2V. The initial
switch OFF operation led to a few isolated single-
hole breakdowns centered on the boundaries between
the a platelets (1). Subsequent to this initial switch
OFF operation, a second set of breakdowns were pro-
duced in some of the diodes by having a low series
resistance in the circuit and by applying a negative
potential of 20 =+ 2V on the alloy. These breakdowns
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Fig. 3. Zircaloy-2/25 V anodic oxide film/silver (Eccobond, 0.12
cm?) tested at atmospheric conditions; x-y recorder plots of the
transitory switchings.
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were more in number than the initial ones and their
density averaged to ~102/cm2. The diodes were highly
conducting following this step; Park and Basavaiah
have reported a similar type of behavior in oxide
films on evaporated zirconium (2). The scanning
electron micrographs of a second set of breakdowns
are shown in Fig. 4. Almost all such breakdown spots
were also found to be located on the a-platelet
boundaries.

Discussion

When Zircaloy-2 is cooled in vacuum from the g
phase, second phase intermetallic (Zr-Fe-Cr and Zr-
Fe-Ni) particles are precipitated along the a-platelet
boundaries. Second phase impurity particles (Zr and
C, P, or Si present in ppm quantities) are probably
the nucleation sites for the growth of the a-platelets
(3). The initial and the subsequent breakdowns, in
oxide films on the vacuum-cooled material, were all
located on the a-platelet boundaries; the delayed type
of bistable switching in these films is in the majority
observed in oxide films grown on the alloy in the as-
received condition. Therefore, it is reasonable to con-
clude that the second phase particles in the as-received
alloy are the sites of such switching and the associated
breakdowns.

Park and Basavaiah identified the conducting fila-
ment with the rim around the breakdown spots (2).
In our experiments, however, the switch ON operation
did not result in a breakdown when the series resist-

@)
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Fig. 4. Scanning electron micrographs of the second set of break-
downs in anodic oxide (2100A thick) grown on the vacuum-cooled
Zircaloy-2.
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ance in the circuit was sufficiently high; also, the
initial switch OFF operation resulted most often in
single breakdown spots and the diode subsequently
was highly resistive. Therefore, Park and Basavaiah’s
observation might represent an intermediate state and
the current carrying filament present prior to break-
down is likely to be very different from that produced
after the breakdown. The breakdown spots generally
were 3 to 4 um in diameter (cf. Fig. 4); however, the
original current carrying filament is likely to have
been much smaller in dimensions. Moreover, the oxide
grown on the second phase particles has been shown
to be highly heterogeneous and porous (1). Therefore,
calculation of the resistivity of the filament based on
the diameter of the breakdown spot and the anodic
oxide (zirconia matrix) thickness would be meaning-
less. Though a positive temperature coefficient of re-
sistance was found in the ON state, the nature of the
filament material thus remains unknown.

At this stage, any attempt to interpret the mecha-
nism of the initial switching would be highly specula-
tive because the composition of the second phase par-
ticles, their behavior during wet anodization, the type
of oxide grown on them, etc., remain unknown. In this
connection, a study of the oxide growth on the inter-
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metallics of zirconium and iron, chromium or nickel
and their electrical properties might be helpful.

Conclusions
In anodic oxide films on Zircaloy-2, the second phase
particles are the sites where a majority of the bistable
switchings and the associated breakdowns occur.

Acknowledgments

The author remains indebted to Dr. B. Cox for sev-
eral profitable discussions. He is most grateful to Mr.
T. Trottier who assisted in carrying out the experi-
ments.

Manuscript submitted Feb. 22, 1971; revised manu-
script received ca. Jan. 12, 1972. This was Paper 152
(p)rttesingec%g% the Atlantic City Meeting of the Society,

ct. 4-8, i

_ Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1972

JOURNAL.
REFERENCES
1. N. Ramasubramanian and T. Trottier, This Journal,
118, 1797 (1971).
2. K. C. Park and S. Basavaiah, J. Non-Crystalline
Solids, 2, 284 (1970).
3. R. A. Holt, J. Nucl. Mater., 35, 322 (1970).

The Composition of Ga._.Al.As Grown from

Ga-Rich Solutions as a Function of

Growth Temperature and Solution Composition

W. G. Rado, W. J. Johnson, and R. L. Crawley
Scientific Research Staff, Ford Motor Company, Dearborn, Michigan 48121

It has been shown that efficient visible light emitting
diodes can be fabricated from liquid phase epitaxially
(LPE) grown layers of Ga;—.Al;As (1). The maximum
direct energy gap obtainable is 1.9 eV corresponding to
a composition of x = 0.37 (2). The work of Panish and
Sumski (3) and Ilegems and Pearson (4) on the Ga-
Al-As ternary system indicates that Ga;—;Al;As in the
range of 0 < x < 0.37 can be grown by LPE at or
below 1000°C from solutions containing less than about
0.007 atom fraction Al This communication presents
experimental data for Gaj—Al;As grown in the tem-
perature range of 800°-950°C from Ga-Al-As solutions
containing 0.002-0.014 atom fraction AL

The Ga;—.Al;As was grown by LPE on (111)-Ga and
As faces of single crystal GaAs substrates that were
doped with Te or Se in the range of 0.5 to 2.5 x 1018
electron/cm3. The growth apparatus was similar to
that of Hayashi et al. (5) in that the solution was
pushed over the substrate. Our apparatus also em-
ployed a special provision to shear the solution during
its push in order to expose a fresh, unoxidized surface.
The solution typically contained 4g of six nines pure
Ga and the appropriate amounts of six nines pure Al
and polycrystalline undoped GaAs. For each run, the
saturation temperature, Ts, the temperature at which
the Ga-Al solution is just saturated with the specific
amount of GaAs used, was determined by using the
ternary phase diagram of Ilegems and Pearson (4).

The substrates were lapped with 1 um alumina,
etched in 10 HNO;3:1 HF:5 HyO for 10 sec, rinsed and
dried before being loaded into the boat. The GaAs
source material was heavily etched, rinsed, dried, and
then wetted with Ga before placement in the solution.

Key words: LPE, LED, phase diagram, direct energy gap semi-
conductors, electron microprobe.

During loading, the solution was heated to 50°C to
insure that the Al was dissolved properly. After posi-
tioning in the furnace, the system was flushed over-
night with H, purified by Pd. The system was then
heated to an equilibration temperature, T, either equal
to Ts or exceeding Ts by about 40°C. After at least one
hour at T, cooling at 40°C per hour was initiated. The
solution was pushed over the substrate at 3°-5°C below
Ts and allowed to cool to room temperature. Typical
grown layers were 30 to 200 um thick.

The x-ray emission produced from the layers by
the electron beam of an ARL model EMX electron
microprobe was analyzed to yield the alloy composi-
tion. Measurements were made as a function of posi-
tion along the growth direction in 2-20 um steps. The
composition at the onset of growth was then obtained
by interpolation to zero thickness. The error was esti-
mated at +=2%. The variation of the initial solid com-
position with atom fraction Al in the solution, Xa)(1),
and saturation temperature, TS, is shown in Fig. 1.

Within the experimental uncertainties, the measured
concentration of AlAs in the solid did not depend on
substrate orientation, the physical properties of the
substrate (doping level, dopant, etchpit density, etc.)
or on the equilibration temperature, T.. Examination of
the metallurgical interface between the substrates and
the grown layers indicated that no etchback of more
than a few micrometers took place. Post-growth in-
spection of the solution revealed no undissolved GaAs
source material. From these observations we concluded
that a condition close to equilibrium existed in the
solution before the initiation of growth.

In Fig. 2, our experimental values are compared to
the calculations of Ilegems and Pearson (4). Our data
are in moderately good agreement with the calculated
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Fig. 1. Initial AlAs concentration in solid Gai—:Al-As vs. Al

atom fraction in Ga-Al-As solution for specific values of Tg. For
Ts = T., A 800°-805°C, [J 850°-855°C, V 875°C, O 895°-
905°C. For Ts = T — 40°C, m 850°-855°C, @ 895°-905°C,
¢ 945°-950°C.

isotherms, but deviations as high as 30% are found for
Al solution compositions in the 0.003-0.006 atom frac-
tion range. A much better agreement is found between
our data and the experimental values of Alferov
et al. (6).

In conclusion, experimental data are presented
establishing the relationship between the AlAs con-
centration in solid Gaj-,Al;As and the Al concentra-
tion in the solution for crystal growth by LPE in the
800°-950°C range. These data should prove useful in
the growth of direct energy gap Gai;-.Al:As for use
in efficient light emitting diodes.

Manuscript submitted Nov. 11, 1971; revised manu-
script received ca. Jan. 28, 1972,

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the December 1972
JOURNAL.

COMPOSITION OF Gaj;-Al;As 653

.90

MOLE FRACTION ALUMINUM ARSENIDE IN SOLID

1 | | 1 | |
0 .002 .004 .006 .008 .0l 012 014
ATOM FRACTION ALUMINUM IN SOLUTION

o

Fig. 2. Experimental isotherms from Fig. 1 (solid lines) and those
calculated by llegems and Pearson (4) (dashed lines). For compari-
son purposes, the following data points are also included: @ 1000°C
Ref. (3), W 1000°C Ref. (4), O 802°C, (] 852°C and A 900°C
Ref. (6).
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Erratum

Regarding the paper “Electroplating of Osmium” by
A. J. Appleby which appeared on p. 1610 in the
December 1970 JOURNAL, Vol. 117, No. 12, it has
recently been brought to the author’s attention that a
practical aqueous bath for obtaining bright osmium
electrodeposits was described by L. Greenspan [Engel-
hard Ind. Tech. Bull. 10, 48 (1969] as the above paper
was in final preparation. As stated by Mr. Greenspan:
“This bath contains osmium in alkaline solution as an
anionic complex formed by reacting osmium tetroxide

with sulfamic acid. Using this bath at a temperature of
65°-75°C, and with current densities of 2-10 A/ft?
deposits at a rate of about 100 win./hr are obtained
with current efficiencies of the order of 40-80%. De-
posits of about 50 win. are from lustrous to bright;
those of 100 win. and above are dull but smooth. This
bath appears more suited for practical electrodeposi-
tion of osmium than the cyanide bath and is commer-
cially available.” The author is indebted to Mr. Green-
span for bringing this omission to his attention.
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DIVISION NEWS

Electro-Organic Division
Notice of Vote to Change Bylaws

The Executive Committee of the
Electro-Organic Division has evolved
the idea of increasing the scope of
their Division and changing the Divi-
sional name. They have now agreed to
submit these changes to the member-
ship of the Division in the form of
proposed changes to the bylaws of the
Division.

The new name of the Division would
be the Organic and Bioelectrochemis-
try Division, and Article Il, Purpose,
would be changed to reflect the in-
crease in the scope of the Division.

The proposed changes in the bylaws
of the Division will be voted upon at
the Divisional luncheon business meet-
ing to be held Wednesday, May 10,
1972, in the Columbia Room of the
Shamrock-Hilton Hotel, Houston, Texas.

Industrial Electrolytic Division
The appointed Nominating Commit-
tee for the May 1972 election of
officers in the Industrial Electrolytic Di-
vision, R. G. Milner, J. R. Anton, and
M. P. Grotheer, Chairman, proposes
the following slate of candidates:

Chairman—N. E. Richards

Vice-Chairman—D. N. Goens

Secretary-Treasurer—T. C. Jeffrey,
E. H. Cook, L. L. Dunn, and J. Parker.

Each of the candidates has been
contacted personally. All have con-
sented to be nominated and to serve in
the respective offices if elected.

Additional nominations may be made
from the floor by active members of
the division at the May 1972 Business
Meeting to be held in Houston.

Notice of Vote to Amend Bylaws

The Executive Committee of the In-
dustrial Electrolytic Division has agreed
on the draft of proposed changes in the
bylaws of the Division. The proposed
changes will be voted upon at the Divi-
sional luncheon business meeting to
be held May 8, 1972, in the Nile Rooms
of the Shamrock Hilton Hotel, Houston,
Texas. The proposed changes are ad-
ditions to the existing bylaws and are
as follows:

Article VIII—Duties of Officers.

Section 1. The chairman shall have
the following duties: (k) To appoint,
soon after his election, one member to
the Program Planning Committee. (1)
To appoint each year an author for the
Report of the Electrolytic Industries to

Theodore D. McKinley

As a result of the recent annual elec-
tions, in which the voting was by mail
ballot, Theodore D. McKinley has been
elected the new President of The Elec-
trochemical Society (1972-1973) and
Theodore R. Beck has been elected
Vice-President (1972-1975). They will
take office on May 12, 1972.

Mr. McKinley, research supervisor at
the DuPont Experimental Station, Wil-
mington, Delaware, replaces Cecil V.
King who will continue as Past-Presi-
dent on the Board of Directors.

Theodore R. Beck

Dr. Beck, who joined Flow Research,
Inc., Kent, Washington, on May 1, 1972,
and who has been appointed Affiliate
Professor, Department of Engineering,
at the University of Washington in
Seattle, begins the first of his three-
year term as Vice-President.

Other offices not affected by this
election are those of the two other
Vice-Presidents, N. Bruce Hannay and
D. A. Vermilyea; that of the Secretary,
Dennis R. Turner; and that of the Trea-
surer, R. Homer Cherry.

serve for a period of two years. By this
procedure, two authors will be ap-
pointed for each report.

Section 2. It shall be the duty of the
Vice Chairman: (a) To actively assist
the Chairman in all of his duties and to
perform the duties of Chairman in his
absence; (b) To be a member of and
act as Chairman of the Program Plan-
ning Committee.

Article XI—Standing Committees.
Section 1. The Industrial Electrolytic

Division shall maintain a Program Plan-
ning Committee which will select pro-
gram and symposium topics and pro-
gram chairmen for national meetings
of The Electrochemical Society. The
Program Planning Committee shall
consist of the Chairman (the Vice-Chair-
man of the Industrial Electrolytic Di-
vision) and three additional members
appointed for six-year terms. The
three appointed members should rep-
resent a broad spectrum of Division
technological activities, both theoretical
and applied.
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Article XIl—Report of the Electrolytic
Industries.

Section 1. The Division shall issue a
report on the production volume, eco-
nomics, and new technology of the
electrolytic industries.
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ECS Membership Statistics

The following three tables give a breakdown of membership as of January 1, 1972
In Table | it should be noted that the totals appearing in the right-hand column are
not the sum of the figures in that line since members belong to more than one
Division. The totals listed are the total membership in each section.

Table 1. ECS Membership By Sections and Divisions

Division
) é
8 -
g g
4z, s £ 08 o
PEEE- - g & 25 9% .8 & % 3
o5 EZ 6% 5 5 BF 25 FE § 4R 4R
§ ¢ 83 E8 5 Ep E§ 3l i€ B g2 3
2 F 58 8 ¢ &6 5 TE ZE £ £
Section a 8 é 51, é % % E b:‘ 2 ﬁ ﬁ
Chicago 52 37 16 36 46 18 16 14 31 3 182 171
Cleveland 52 27 3 31 34 15 21 27 44 6 167 161
Detroit 43 43 10 62 25 19 14 9 50 4 140 134
Midland 3 3 1 2 9 3 6 11 4 34 30
New York
Metropolitan 158 111 58 145 274 51 83 58 140 24 666 666
Niagara Falls 7 7T 11 14 30 5 16 29 16 3 119 95
Pacific N.W. 13 8 3 13 5 5 6 13 20 1 53 48
Philadelphia 70 34 15 43 66 16 25 17 56 11 224 224 |
Pittsburgh 12 48 12 30 57 4 34 26 41 3 175 155
San Francisco 26 21 28 27 130 10 19 9 40 1 224 216
National Capital
Area 49 32 14 24 35 9 10 4 43 1 153 143
Ontario-Quebec 16 28 18 27 38 3 43 32 41 149 147
Boston 50 46 15 42 112 17 32 11 64 6 262 255
S. Calif.-Nevada 55 40 16 47 134 17 33 22 66 4 285 260
Columbus 15 25 8 16 18 3 24 6 18 1 81 175 |
Indianapolis 8 10 11 8 26 4 11 3 13 56 55 |
North Texas 14 12 11 14 100 4 9 3 13 4 131 131 |
South Texas 3 10 3 1 10 4 3 10 15 1 47 42
Non-Section 157 138 62 138 198 68 91 111 203 67 929 924
TOTAL as of
Jan. 1, 1971 828 688 306 739 1414 267 511 427 918 163 4077
TOTAL as of
Jan. 1, 1972 803 680 315 720 1347 275 496 415 918 140 3932
Table 11. ECS Membership By Grade
Total as of Total as of
1/1/71 1/1/72
Active 3625 3482
Life 25 30
Emeritus 100 102
Honorary 9 9
Associate 24 17
Student 180 183
Representatives of Patron and Sustaining Members 114 109
Total 4077 3932
Delinquent 177 230
Total 4254 4162
Table I11. ECS Patron and Sustaining Membership
Total as of Total as of
1/1/11 1/1/12
Patron Member Companies 6 6
Sustaining Member Companies 115 103
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(Division News Cont.)

Article XIl|—Dissolution.

If the Industrial Electrolytic Division
of the Society can no longer function
advantageously as a unit of the So-
ciety it may request the Board of Di-
rectors for permission to dissolve. If
such permission is granted, all funds
which have been accumulated by the
Industrial Electrolytic Division, includ-
ing money in banking and other ac-
counts and investments of all types,
shall be transferred to The Electro-
chemical Society, Inc. If the Industrial
Electrolytic Division has underwritten
any continuing awards for which in-
vested funds provide an adequate in-
come, the Society shall undertake to
continue such awards at the discretion
of the Board of Directors.

SECTION NEWS

Columbus Section

The Annual Banquet Meeting was
held in December of 1971, and Colum-
bus Section members had the oppor-
tunity to hear Dr. N. B. Hannay, Vice-
President of the national Society, de-
scribe national Society affairs which
affected the members-at-large. The
technical portion of the meeting gave
Dr. Hannay an opportunity to discuss
his experience with electronic materials
of the past, and trends for the future.

In January, Dr. T. E. Leontis, of the
Magnesium Research Center at Bat-
telle-Columbus, talked about magne-
sium as a primary energy source. He
said that magnesium possesses elec
trochemical properties that make it an
ideal material as a primary energy
source. Although its theoretical poten-
tial (E° = —2.37V) is not realized in
practice, the observed value (—1.4V)
is still 0.64V more anodic than zinc.
Further, magnesium has a very favor-
able electrochemical equivalent: 1000
A-hr/Ib as compared to 372 A-hr/Ib for
zinc. These characteristics of magne-
sium have been put to good use in
sacrificial anodes to protect steel, and
in reserve-type and dry cell batteries.
Over 300,000,000 Ib of magnesium
anodes have been used since 1950 to
protect pipelines, underground storage
tanks, sea-going vessels, and hot water
heaters. Present consumption for these
applications is at a rate of 15,000,000
Ib/yr. Reserve-type cells are used to
power torpedos, sonobuoys, firing
squibs, etc.; and rapid advances have
been made in magnesium dry cells in
recent years. Magnesium dry cells are
superior to zinc dry cells (Leclanché-
type) in several respects. They have a
higher voltage, higher capacity over
wide ranges of discharge rate, better
voltage maintenance, broader operating
temperature range, and exceptional
storageability. Magnesium batteries are
replacing zinc batteries in military ap-
plications, and commercial batteries
can be expected in a few years.

Eric W. Brooman
Secretary-Treasurer
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Cleveland Section

The Cleveland Section's speaker for
the month of February was Dr. David
E. L. Dyke of Battelle Columbus Labo-
ratories. The subject of Dr. Dyke's talk
was “Electrodeposition of Paint.” His
work involving deposits of films that
may contain up to nine components
indicates a fascinating challenge to
electrochemists.

The speaker for the month of March
will be Professor R. W. Staehle of Ohio
State University. Professor Staehle will
speak on “Fundamental Studies of
Stress-Corrosion Cracking."”

The following announcement was
made by James W. Sprague and Alvin
J. Salkind in the Bulletin of ICS-MnO»

(International Common Samples of
MnOg),

The concept of International Com-
mon Samples was proposed informally
during the Centennial Symposium on
Leclanché Cells in 1966 at Philadelphia,
Pennsylvania, U.S.A. By having avail-
able on a world-wide basis common
samples of manganese dioxide, the
value of fundamental research on man-
ganese dioxide would be promoted and
progress in dry cell technology would
be facilitated.

The Cleveland local Section is
pleased to announce that a Distribution
Center for Common Samples of Man-
ganese Dioxide has been established.
The Distribution Center is sponsored
jointly by our local Section and the
Battery Division of The Electrochemical
Society. Dr. Akiya Kozawa, well-known
for his research interests in manganese
dioxide and an active member of both
the Cleveland local Section and the
Battery Division, has been appointed
Chairman of the Distribution Center.
Through the cooperation of various
manganese  dioxide suppliers and
academic and industrial research ad-
visors, he now has quantities of ten
common samples ready for distribution.

The ultimate value of each common
sample will be the information devel-
oped by the researchers who use the
sample. We hope that this experiment
in international cooperation will be use-
ful and successful. The first Bulletin of
ICS-MnO; was issued on December 1,

1971. In that Bulletin, the purpose of
the common samples was described by
Dr. R. A. Powers and Dr. A. Kozawa in
the following manner.

Manganese dioxide has been used
in the Leclanché cells since 1866; but
despite a number of research papers
published, the physical and chemical
properties of manganese dioxide re-
quired or desirable for the battery
cathode have not been well established.
The electrochemical behavior of man-
ganese dioxide in the battery is influ-
enced by crystal structure, surface area,
pore size distribution, shape and size
of the particle, electrical conductivity,
surface condition, chemical composi-
tion, various impurities (H20 and foreign
elements) in the structure, and various
defects in the structure. Reproduction
of identical manganese dioxide sam-
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cases, involving particularly important data, a (PLEASE ADD $2.70 FOR POSTAGE OUTSIDE U.S. AND CANADA)
- disicl il Ay

purely experimental paper will be published. [ resnal sibsqitons & o, e 0 avtishe
SAMPLE COPIES AVAILABLE UPON REQUEST

that the subscription is paid for by the subscriber and
is for his personal use.

Divisions of Plenum Publishing Corporation

(plenum press /consu"ants bureau] 227 W.17th ST., NEW YORK, N.Y. 10011

ples does not appear to be a simple
task even though the conditions of the
preparation are thoroughly specified i-

Table I. List of MnO, samples available (Sept. 1, 1971)

C Samples Nature of Sample Source Sample/bottle
a written form. At the present status of — .
our k,nOWIedge' it is impossible to reach I.C. No. 1 Electrolytic MnO: made Japan about 1 kg
unanimous agreement on standard by Ti anode
samples of MnO; for electrochemical 1.C. No. 2 Electioptic Mnoe made Japan about 1 kg
activity. Under these circumstances, it 1.C. No. 3 Electrolyhc MnO: made Japan about 1 kg
seems necessary to have international by C anode . ’
1.C. No. El t I t MnO: LaPile Leclanche about 1 k
common samples as a control or a No: 4 eltrolytic Mn (France) g
reference in order to study, evaluate 1.C. No. 5 Chemacally prepared éahpan. Mletacls& about 1 kg
. . emicals Co.

?nd compare various manganese diox- (1.C. No. 6 Natural Ore Not ready for distribution)
ides for battery use. 1.C. No. 7 Natural MnO: ore Ghana Org i agou:ltg

Technical people in battery manu- I.C. No. 8 Chﬁl;\m(ja”y prepared Sedema, Belgium about 1 kg
facturing and in manganese dioxide 1.C. No. 9 Electrolytic MnOa Kerr-McGee Corp. U.S.A. about 1 kg
roduction need to compare the elec- (coarse_grade)
P : 21 P . I.C. No. 10 Electrolytic MnO: Kerr-McGee Corp., U.S.A. about 1 kg
trochemical behavior and the physical I.C. No. 11 Chemical MnO: made by Kerr-McGee Corp., U.S.A. about 100g

and chemical properties of various man- chlorate process

ganese dioxides. Data obtained by one — ——

laboratory (or data described in one Price: No. 1 to 10, $8.00 each bottle containing 1 kg; No. 11, $4.00 each bottle containing 100g.
paper) can be reasonably compared $1.ssr(;l%glghg l;:(:1tanreg.e including the postage: by air mail, $5.00 each bottle; by surface mail,
to those obtained by another labora-

tory (or to those described in another

paper) if the common samples are in-
cluded in these two sets of data.

Once research results (publications)
on various manganese dioxides are
accumulated for comparison with data
on the common samples, this knowl-
edge will be more useful and valuable
than information published without
reference to such common samples.
Therefore, all people who are doing
research on manganese dioxide have a
need for such common samples, not
only for confirmation of their analytical
methods for determining the chemical
and physical properties, but also as a

reference sample for the measurement
of unknown properties such as elec-
trochemical  activity  for  battery
cathodes.

The number of common samples is
not limited. Hopefully, if an appropriate
new type of manganese dioxide is in-
troduced to the market, the supplier
will offer it to the International Com-
mon Sample Office. The new material
will be added to the list and the sub-
scribers to the Bulletin of ICS-MnO;
(Bulletin of The International Common
Samples of Manganese Dioxide) will be
notified.

The samples now available from the
Distribution Center for the I.C. Samples
are shown in Table |. Extra copies
of the Bulletin are also available from
the I.C. Sample Office.

To order samples available as listed
in Table |, send your order with your
check to: the I.C. Sample Office, At-
tention: Dr. A. Kozawa, P.0. Box 6116,
Cleveland, Ohio 44101. Advance pay-
ment is required. Checks should be
made payable to the I.C. Sample Of-
fice. The amount of the check should
include the price of the sample and the
shipping charge.
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Detroit Section

The Detroit Section held its monthly
meeting on March 16, 1972, at Green-
field’s Northland Restaurant. The
speaker was David. A. Vermilyea, a
Vice-President of the Society and a re-
search staff member of General Electric
Corporate Research and Development.

Dr. Vermilyea gave a brief report of
current Society matters followed by a
technical presentation of some unusual
corrosion problems that have' occurred
in water cooled nuclear reactors. At
300°C intergranular stress corrosion
cracking of sensitized or cold worked
stainless steels was found to be de-
pendent on the chromium content of
the alloy and pH. Construction and op-
eration of reference electrodes and re-
lated equipment, to obtain polarization
curves and corrosion rates in aqueous
solutions at high temperatures, were
described.

National Capital Area Section

Dr. N. B. Hannay, Bell Telephone
Laboratories, Murray Hill, N.J., dis-
cussed “Electronic Materials-Present
and Future” at the February meeting of
the National Capital Area Section. Af
ter pointing out that progress in elec-
tronics is becoming increasingly de
pendent upon progress in materials, the
speaker described recent developments
in electroluminescent semiconductors,
materials for phosphors and lasers,
acousto-optic and electro-optic crystals
(including a device which can convert
light of one color into another with
practically 100% efficiency), ferroelec-
tric materials for holographic memo-
ries, and “bubble-domain” magnetic
materials. The latter hold great promise
in memory devices because of the high
concentration bits which can be stored
in them. Following the lecture, Dr. Han-
nay, who is also a Vice-President of
the Society, reported on and answered
questions about Society matters.

The March meeting of the section
was on the topic “Modification of the
Lead-Acid Battery for Hybrid Vehicles”
by Dr. H. P. Silverman, TRW Systems
Group, Redondo Beach, Calif. The
speaker briefly reviewed some of the
proposals for low-pollution vehicles:
external combustion engines, modified
internal combustion engines, and hy-
brid vehicles. The last seems particu-
larly promising for meeting the rapidly
approaching deadlines for a low-emis-
sion vehicle.

Using a conventional automobile,
a velocity-acceleration chart was
plotted which showed that there were
heavy concentrations of points at
two areas on the graph, corresponding
to urban and freeway driving condi-
tions; and that, although the power re-
quired for freeway driving was some-
what larger than for urban driving, the
additional power for acceleration was
about the same for both.

Thus the hybrid vehicle concept de-
pends on designing a conventional in-
ternal combustion engine to operate at
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a relatively constant power output, per-
mitting optimum performance, with ex-
cess power at low demand levels being
used to drive a generator and charge a
battery. When peak power is needed
for acceleration, it would be drawn from
the battery through a traction motor
without additional demands on the en-
gine.

After reviewing the various types
of batteries that might be used, the
lead-acid type was selected because
of its low cost and high reliability. Con
ventional designs are not suitable,
however, because their power density
is too low; and they are not designed
to withstand the high charge-discharge
rate demands of the hybrid vehicle.
Thus a program was instituted to re-
design the lead acid battery to lower
its internal resistance and reduce its
weight. A new, more conductive alloy
was used for the plates, which were
also made thinner, and with an altered
cross section to improve conductivity
in the direction of current flow to and
from the tabs. Improved separator
plates were used to permit more plates
in a given volume, with a corresponding
reduction in electrolyte volume.

These changes resulted in a battery
which was 23% lower in internal resist-
ance and 13% lighter than conventional
batteries, yet can deliver 140-160 w/Ib
and about 3 whr/lb, both about double
the capabilities of present designs. A
mock-up of the hybrid vehicle has been
built, using off-the-shelf components
(including batteries); and tests indicate
that the concept is sound, with engine
emissions within those specified in the
Muskie bill, intended to apply to 1976
engines.

James Barclay
Secretary

Pittsburgh Section
1972 Spring Meeting

The Spring Meeting commemorating
the 60th anniversary of the Pittsburgh
Section of The Electrochemical Society
will be held on Friday, May 19, at 9:00
a.m. at the Alcoa Technical Center,
Pittsburgh, Pennsylvania. The meeting
will be followed by a tour of the newly
completed Alcoa Research Laborato-
ries. The program includes the follow-
ing papers:

“The Electrochemistry of Polymer
Deposition,” by Z. K. Kovac, PPG In-
dustries.

“The Oxidation of Vapor Deposited
Aluminum in Air at 23°C,” by D. L. Ki-
nosz, Alcoa Technical Center.

“The Passivation of Iron and Its Al-
loys,” by R. P. Frankenthal, U.S. Steel
Research Laboratories.

“Selective lon  Electrodes,” by
A. Staub, U.S. Steel Research Labora-
tories.

“The High Temperature Combustion
of Zirconium and Hafnium,” by R. L.
Tallman, Westinghouse Research Labo-
ratories.
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/SO PROBE
Measures

ELECTROSTATIC
POTENTIAL

Without Physical Contact
The Easy Way

For Research or Production Line
APPLICATIONS

Accurate surface potential
measurement of small area

Measurement of Electrets
lllumination effects on charged surface
Surface charge leakage measurement
Electrostatic field measurement
Electrostatic monitoring systems for:

Hazardous industrial areas

Hospitals ~ Film Processors
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transfer areas

Aircraft

Plastic Manufacturing

Textile Manufacturing

@® Simple Operation - No Time
Consuming Set-ups or Special
Shielding Required

@ Drift Free Performance

@ Absolute Calibration

@ Accuracy Essentially Independent
of Probe-to-Surface Spacing

@ Inherent error less than 0.1%

@ Millivolt to kilovolt ranges

@ Surface resolution better than
0.03" circle

® New TRANSPARENT PROBE
Uses no mirrors or Coated
Glass - Permits Direct lllumination
of Charged Areas
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Portable Instruments
D.C. Fieldmeters
Special Purpose Electrometers
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OBITUARY

Edward B. Saubestre
Edward B. Saubestre, Technical Di-

rector at Ethone, Inc. since 1958, died

on March 24, 1972.

An active member of The Electro-
chemical Society, Dr. Saubestre was a
Divisional Editor of the Electrodeposi-
tion Division for the Journal. He had
been a Divisional Editor of the Electro-
deposition Division for a number of
years and had been elected Division
Chairman in October 1971. He was a
member of the Honors and Awards
Committee and on the Board of Direc-
tors of the Society.

Dr. Saubestre was also very active in
the American Electroplater's Society
and the American Society for Testing
and Materials. His other memberships
included the American Chemical So-
ciety, the American Society for Metals,
the Institute of Metal Finishing (Lon-
don), and the American Association for
the Advancement of Science. He was
a fellow of the American Institute of
Chemists.

Dr. Saubestre was educated at
Columbia University where he received
his B.S. degree in 1945, his M.S. in
1948, and his Ph.D. in 1952. Before
joining Ethone as Technical Director he
was with the Central Research Lab-
oratories of Sylvania Electric Company.

As an author, Dr. Saubestre pub-
lished numerous papers relating to the
metal finishing industry and contributed
regularly to various technical publica-
tions. He lectured frequently both in
this country and abroad on aspects of
the metal finishing industry. He
authored a number of patents includ-
ing processes for plating on plastics,
electroless plating, blackening proc-
esses for metals, metal strippers, and
processes for plating on aluminum.

NEW PRODUCT

New Mercury Removal Process—A
new process, available from Koertrol
Corporation, permits the removal or
reclamation of mercury from liquids by
using a powerful reducing agent, so-
dium borohydride. The technique,
known as the Ventron process, suc-
cessfully removes in excess of 99.5%
of the mercury from plant effluents.
With a typical waste water system, the
first step is to adjust the pH of the
Hg containing effluent to a predeter-
mined level; sodium borohydride is
then metered into the effluent to re-
duce the mercuric compounds to the
metallic state. Organic Hg must be
pre-treated and converted into the in-
organic form. With the aid of a floccu-

1973 Palladium Medal Award, ECS

The eleventh Palladium Medal of The Electrochemical Society will be
awarded at the Fall Meeting of the Society to be held in Boston, Massa-
chusetts, October 7-11, 1973. The medal was established in 1951 by the
Corrosion Division.

The recipient shall be distinguished for contributions to the field of
Electrochemical Science and Corrosion. The recipient need not be a
member of the Society, nor shall there be any restrictions or reservations
regarding age, sex, race, citizenship, or place of origin or residence.

The award consists of a Palladium medal and a nickel replica thereof,
both bearing the recipient’s name, and the sum of one thousand five
hundred dollars.

The recipient shall receive the award in person at the designated meet-
ing of the Society and shall at that meeting deliver a general address to
the Society on a subject related to the contributions for which the award
is being presented. Expenses involved in the acceptance of the award
shall be assumed by the recipient.

In addition to the above, with regard to the selection, the rules have
the following provisos:

1. The selection of the recipient is the responsibility of the Palladium
Medal Award Subcommittee of the Honors and Awards Committee con-
sisting of six members of the Society who shall be knowledgeable in the
field of the award and, ex officio, the Chairman of the Honors and Awards
Committee. After due deliberations the Subcommittee shall determine
whether the list of nominees includes any suitably qualified candidates
for the award and, from those so qualified, shall select one candidate to
be recommended to the Honors and Awards Committee as the award
recipient. The Honors and Awards Committee will then make its recom-
mendation to the Board of Directors. On approval of the recommendation
for the granting of the award by the Board of Directors, the President of
the Society shall inform the intended recipient of the action and shall
determine whether the requirements governing acceptance of the award
will be met. If there is agreement by the intended recipient with the re-
quirements governing acceptance, the recipient of the award shall be
announced in the Journal.

2. Nominations for the award shall be solicited by the Chairman of the
Award Subcommittee by announcement in the Journal of The Electro-
chemical Society and communications to the Officers, and Division and
Local Section Chairmen of the Society. Nominations shall be considered
closed at the beginning of the Fall Meeting of the Society (Miami Beach,
Florida, 1972) but nominations once made, shall be considered in effect
for two consecutive award periods.

3. All nominations, whether made by a member of the Subcommittee or
by any other member of the Society, must be accompanied by a full
record of qualifications of the nominee for the award.

4. The nominator must assume the responsibility of providing the Chair-
man with six copies of the supporting documents. If the nominator does
not have facilities to readily provide the Chairman with the six copies,
the material shall be supplied to the National Office of the Society, which
shall then prepare the necessary six copies for the Chairman. These
copies must be in the hands of the Chairman no later than October 6,
1972.

Previous medalists have been:

Carl Wagner—1951
Nathaniel H. Furman—1953
Ulick R. Evans—1955

Karl F. Bonhoeffer—1957 Thomas P. Hoar—1969
Aleksandr N. Frumkin—1959 Leo Brewer—1971

Please address all nominations to the Chairman of the Palladium Medal
Award Subcommittee, Dr. Manfred Breiter, General Electric R & D Center,
P.O. Box 8, Schenectady, New York 12301.

Herbert H. Uhlig—1961
Norman Hackerman—1965
Paul Delahay—1967

May 1972

lant, the precipitated Hg metal is re-
moved by clarification and filtration.
Resultant Hg sludge is suitable for dis-
tillation without further processing. The
Koertrol Corporation is located at 3427
Industrial Drive, Durham, N.C. 27704.

New Mercury Cell Accessory—Mer-
cury content in nanogram quantities can
be estimated with a mercury cell ac-

cessory introduced for Corning’s Model
240 atomic absorption spectrophotom-
eter. This accessory presents a flame-
less detection technique at 253.7 nm
that exploits the absorption of mona-
tomic mercury vapor in accordance
with the well accepted Hatch and Ott
procedure. For further information con-
tact: Corning Scientific Instruments,
Corning Glass Works, Medfield, Mass.
02052.
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NEW MEMBERS |

It is a pleasure to announce the fol-
lowing new members of The Electro-
chemical Society as recommended by
the Admissions Committee and ap-
proved by the Board of Directors in
March 1972.

Active Members

Davidson, R. B., University, Al.
Downey, B. J., Villanova, Pa.

Gill, R, B., East Windsor, N. J.
Hoover, T. R., Athens, Ga.

Muller, B., Berlin, Germany

Perry, J. Jr., New Shrewsbury, N. J.
Slattum, C., Dallas, Tx.

Watts, C. R., Huntington Beach, Ca.

Associate
Melnicki, L. S., Niagara Falls, N. Y.
Palermo, H. W., Springfield, N. J.
Student

Jackson, J. M., Santa Monica, Ca.
Klinedinst, K. A., Stanford, Ca.
Shallwani, M. A., Swansea, Wales, U. K.

Transfer

Bogar, F. D., Springfield, Va.
Dalvi, A. D., Mississauga, Ont., Canada
Shippey, F. L., Penfield, N. Y.

PEOPLE

Ivan C. Blake has been appointed
Vice President of Manufacturing for
the Yardney Electric Division, Pawca- ‘
tuck, Connecticut. A member of The |
Electrochemical Society, Mr. Blake has |
authored several technical papers |
which have been published in the
Journal and in trade publications. He
holds U.S. and foreign patents on elec-
trochemical devices and components.

Otto Kardos, a pioneer in develop-
ing modern bright plating processes
and the holder of basic patents in
this field, is retiring from his position
as senior research associate with M&T
Chemicals, Inc., Detroit, Michigan.

Dr. Kardos obtained his Ph.D. in |
Chemistry from the University of Vienna
in 1932 and first came to this country
in 1942. In 1944 he joined the Hanson-
Van Winkle-Munning Company, which
later became a part of M&T Chem-
icals, as a research electrochemist.

Dr. Kardos specialized in the devel-
opment of bright plating processes for
nickel, copper, silver, zinc, cadmium,
and cobalt; and he is the inventor or
co-inventor of thirty U.S. patents along
with corresponding foreign patents.
Among these is a basic pioneering
patent on which most modern bright
leveling nickel plating processes are
based. He developed, in cooperation
with Dr. D. G. Foulke, a now generally
accepted theory on the mechanism of
leveling and microthrowing power dur-
ing electrodeposition on small-scale
profiles.

Among his professional affiliations,
Dr. Kardos is a member of The Elec-
trochemical Society. He is the author
of many technical papers.
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Which of our
electronic
potentiostats
Is foryou?

A newly expanded line of Wenking Electronic
Potentiostats for various electrochemical inves-
tigations is now available.

Choose from four basic series: ‘fast rise’ and/or
high output voltage models (with output swing
of £100V); a 'high current' model (output cur-
rent to £ 10 amps ); several standard models,
and an inexpensive laboratory model for rou-
tine requirements. Accessory systems, including
a high precision voltmeter and motor potenti-
ometers, are also available.

Which Wenking is for you? Complete literature
describing all Wenking models, the world's most
widely used electronic potentiostats, is available
free on request to help you decide. Just write:
Wenking Division, Brinkmann Instruments, Can-
tiague Road, Westbury, N.Y. 11590. In Canada
write: Brinkmann Instruments (Canada) ltd., 50

Galaxy Boulevard, Rexdale (Toronto), Ontario. .

ADIVISION OF

Wenking
Potentiostats

 BRINKMANN

A
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BOOK REVIEWS

“Thick-Film Microelectronics: Fabrica-
tion, Design, and Applications,” by
Morton L. Topfer. Published by Van
Nostrand Reinhold Co., New York
(1971). 210 pages; $10.95

If technical books are divided into
two categories, those designed to help
experts and those for the person who
wishes to become an expert, “Thick-
Film Microelectronics” falls clearly into
the latter group. As an introduction to
thick-film hybrid circuitry it is surpris-
ingly complete, covering subjects as
disparate as screen-printer set-up and
partitioning of circuits into individual
modules. In each case the topic is
covered with sufficient detail to develop
most of the important criteria involved.
Photographs, diagrams, and tables are
used to good effect throughout the
text.

The Introduction objectively reviews
the triple technologies, monolithic, thin-
film, and thick-film, covering areas of
mutual compatibility and trade-offs.
Design rules-of-thumb and the capabil-
ities of available materials and com-
pounds are surveyed in the second
chapter. The approach is conservative;
the capabilities of the technology are
not oversold. The chapters dealing
with artwork, screens, printing, firing,
etc., have a fair “do-it-yourself” flavor
and contain numerous useful pieces of
common sense. They assume that the
reader will avail himself of as much
commercially available material and
equipment as possible. No effort, for
instance, is expended on the technol-
ogy of ink manufacture; however, the
required adjustments to optimize prints
from a given ink are examined in ap-
propriate detail.

The chapters on assembly and pack-
aging techniques are well stocked with
discussion useful to entrants into the
field. The discussion of bonding tech-
niques, although somewhat dated be-
cause of recent innovations, presents
the basics well. We should note here
that the preparation of any book sum-
marizing technology in such a rapidly
moving field as hybrid circuits is always
a difficult undertaking; however, Mr.
Topfer has been more successful than
usual because he has concentrated on
what you need to know to start partici-
pating rather than what are the latest
developments.

The later chapters of the book ad-
dress partitioning, reliability, and nu-
merous applications which serve well
in demonstrating where thick-film hy-
brids are finding application. Appropri-
ate recognition is given to IBM's pi-
oneering thick-film work for its 360
computer systems. Hybrid circuits for
consumer electronic equipment now be-
coming important, unfortunately, only
receive brief comment. Hermetic, mili-
tary styles are well covered.
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Two topics of major importance to
anyone planning to use the technology
presented in the book, manufacturing
economics and process yields, receive
only superficial comment. Perhaps
rightly, they are apparently considered
beyond the scope of the text.

For those newly facing the technical
problems and opportunities of thick-
film hybrid design and manufacture,
this book should prove very helpful.
Mr. Topfer has performed a significant
service to the technical community by
providing such a concise and readable
distillation of otherwise available but
disorganized spoken and written in-
formation.

John Piper
Union Carbide Corporation
Greenville, S. C.

“Optical Processes in Semiconduc-
tors,” by Jacques |. Pankove. Pub-
lished by Prentice-Hall, Inc., Engle-
wood Cliffs, New Jersey (1971). 407
pages; $21.00.

“Optical Processes in Semiconduc-
tors” is a graduate level text that pro-
vides an excellent overview of this field.
Such an introduction has not pre-
viously been offered in any one book.

The text is lucid and terse with many
citations of original work in the areas
discussed. Quite a few figures from im-
portant experimental papers are repro-
duced and generally aid the exposition.
In a number of instances these figures
are inadequately integrated with the
author's text and the reader is left to
figure out the significance of some of
the legends appearing in the figures.
Usually these are sample identifica-
tion numbers, but sometimes the omis-
sions are more serious.

The principal shortcoming of this
book is that the author has tried too
hard to keep it short and the clarity of
the argument has suffered for it. Sev-
eral important and fairly subtle topics,
such as plasma resonance phenomena
in optical absorption, are alluded to
only briefly. More significantly, the en-
tire subject of photoconductivity, aside
from effects in p-n junctions, is barely
mentioned. Rather than devote a sec-
tion of the book to bulk photoconduc-
tors, the author has instead chosen to
refer the reader to several well-known
texts on the subject.

Aside from the disregard of photo-
conductivity, this book is, on the whole,
very well done, It achieves the author's
goal of providing a clear, concise, and
comprehensive introduction to the field
on the graduate level. In addition, the
inclusion of a wealth of carefully se-
lected experimental data and copious
references to original papers make it
a valuable reference text.

David A. Kiewit
Hughes Research Laboratories
Malibu, Calif.

May 1972

“Electroplating Engineering Handbook”
(third edition), edited by A. Kenneth
Graham. Published by Van Nostrand
Reinhold Co., New York (1971). 845
pages; $29.95.

This is-a standard handbook which
has no competitor and should be on the
workbook shelf of every electroplating
engineer. There is no other convenient
single source of information on plant
and processes and process control, un-
less one considers the expensive three-
volume “Dettner/Elze Handbook” in
German, or the inexpensive “Metal Fin-
ishing Guidebook.”

The book is divided into two parts:
Part | on General Processing Data, and
Part |l on Engineering Fundamentals
and Practice. The successive editions
have appeared at rather frequent in-
tervals (1955, 1962, 1971) and without
intensive editing and extensive addi-
tions, so owners of the first and second
editions would be well advised to keep
them on their active shelves. With the
exception of a chapter on costs the
entire first edition is essentially re-
printed in the second and third edi-
tions. Why the chapter on costs
should have been omitted from the
second and third editions is a mystery.

The number of chapters in the first
edition was 36, in the second, 38, and
in the third, 40. Thus the main addi-
tions in the second edition related to
Electroless Plating, Current Distribu-
tion, and Electroforming at the end of
Part |. The principal additions to the
third edition were chapters on Elec-
trochemical Machining and Electro-
phoresis at the end of Part Il.

A strange economy of space in the
new third edition is a paring down of
the index by about one-third or more
over the second edition. Thus owners
of the second edition may wish to re-
tain it for its more detailed index, and
users looking for information on a spe-
cific detail would do well to check the
index in the second edition.

Another strange feature of the new
third edition is the handling of ma-
terial contributed by the rather nu-
merous deceased authors. This mate-
rial is now reprinted under new author-
ship with a rather inconspicuous foot-
note stating that the deceased author
contributed to the first edition, and
no recognition of contributions to the
second edition is made. An outstand-
ing example of this is Chapter 9, on
Analysis of Plating Baths, which was
contributed to the first and second edi-
tions by Myron Diggin and now ap-
pears under the authorship of the ed-
itor-in-chief, A. Kenneth Graham.

On the critical side, the weakest
point in the book appeared to be the
relatively brief and generalized de-
scription of semi- and fully automatic
plating machines. This hardly seemed
adequate to give the reader any clue
to the existence of the huge fully
automated machines to be found in the
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EDWARD GOODRICH
ACHESON

By
RAYMOND SZYMANOWITZ

Here is a completely documented, absorbing
biography of the man who gave the world
such indispensable produjcts as Carborundum
and man-made graphite—Edward Acheson,
famed inventor, scientist and industrialist.
An amazing success story replete with human
drama and adventure. lllus.

At bookstores or postpaid from:

VANTAGE PRESS, INC.

516 West 34th St., New York, N. Y. 10001
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$10.00

larger plants, handling a number of
processing cycles and covering an
area as large as several city blocks.

All quibbling over details aside, this
handbook is a monumental contribution
to the electroplating profession which
defies adequate description here.
There is no other comparable single
source where one can count on finding
dependable information on such prac-
tical matters as plating room floors,
tanks, power supply, heating, ventila-
tion, filtration, circulation, rinsing, dry-
ing, waste disposal, hygiene and safety
measures, barrels, conveyors, and
other automatic equipment. This is
combined with descriptions of baths
and processes in common use, analy-
sis and control, metallurgy and prep-
aration of the basis metal or non-metal
as the case may be, design for plating,
definitions, specifications, methods of
thickness determination and corrosion
testing, and tables of useful data.

All in all, it is a reference that no
one intimately concerned with electro-
plating can afford to be without.

George Dubpernell

M&T Chemicals, Inc.
1700 East Nine Mile Road
Ferndale, Mich. 48220
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m MODULAR SYSTEMS

MP-1026

Power Operational Amplifier/
Potentiostat/

Regulated Power Supply

50 watt solid-state electronics provide
+0-10v and *0-5a with +0.02% regula-
tion. Potentiostat mode provides *0-5v.
Operational amplifier mode has open
loop gain >10° and rise time faster than
1v/ysec. Linearity of potentiometer is
+0.25% with *.03% resolution. $480.00

MP-1027
Chart Recorder

10" potentiometric strip chart recorder
with 6 switch-selected speeds and all
solid-state electronics. Switched syn-
chronizing outlet. Calibrated full scale
ranges from 1 mv to 1v with accuracy of
+0.25% F.S. Pen response 0.6 second
F.S. Chart speeds from 0.1 in./min. to
2.0 in./min. standard, other speeds avail-
able. $515.00 - $660.00

FAC S

MP-1704

Operational Amplifier Manifold
Table-top or rack mounting cabinet with
8 plug-in spaces. Includes dual millivolt
source, *+0-4000 mv with 0.5% linearity.
Four op.amps.:two differential; chopper-
stabilized; and electrometer with input
impedances to 10" ohms. Outputs of £15
volts and up to 100 ma. Other plug-ins
such as bridges and integrators avail-
able. $963.00

McKEE-PEDERSEN INSTRUMENTS
Phone 415-937-3630
Box 322, Danville, CA 94526 USA
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POWER Applications, Inc.
41-06 Bell Blvd.
(P. 0. Box 305j)
Bayside, New York 11361
212-631-7784
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Member of Technical Staff

CENTRAL RESEARCH LABORATORIES

This is a unique opportunity to join a truly outstanding Re-
search and Development group in an organization where
future growth is tied to continued technological leadership.

The Physical Sciences Research Laboratory of Texas Instru-
ments needs a Ph.D. in Chemistry or Materials Science with
5-10 years experience in synthesis of I1I-V compound semi-
conductors. Should have experience with Czochralski and
Bridgman methods, zone refining, and epitaxial growth in-
cluding vapor phase and liquid phase techniques.

May 1972

Send fidential r

Staffing Manager
Corporate Research and Engineering
P.0. Box 5474 Dallas, Texas 75222
Mail Station 217

TEXAS INSTRUMENTS

INCORPORATED

AN EQUAL OPPORTUNITY
EMPLOYER

ing current salary, to:

POSITION AVAILABLE

Please address replies to the box
number shown, c/o The Electrochemi-
cal Society, Inc., P. O. Box 2071, Prince-
ton, N. J. 08540.

Battery Engineer—Modern lead acid bat-
tery manufacturing plant on the West
Coast requires Battery Engineer with min-
imum of 2 years experience in battery de-
velopment, testing, and engineering. Ana-
lytical chemical background desirable.
Qualified candidates interested in joining
a dynamic group write in confidence, in-
cluding salary history, to Box B-60.

Positions Wanted

Society members of any class may, at
no cost and for the purposes of pro-
fessional employment, place not more
than three identical insertions per
calendar year, not to exceed 8 lines
each. Count 43 characters per line,
including box number, which the So-
ciety will assign.

POSITIONS WANTED

Please address replies to the box
number shown, c/o The Electrochemi-
cal Society, Inc., P. 0. Box 2071, Prince-
ton, N. J. 08540.

Physical Electrochemist—Ph.D. 15 years su-
pervisory experience. Seeks R&D position,
metal electroplating, electroless plating,
metal finishing and finishes, corrosion pro-
tection and control, surface chemistry and
metallurgy, anodizing, organic coatings. Pat-
eBntsCang publications. Will relocate. Reply

ox C-95.

MOS Process Engineer—M.S. 1966. 4 years
experience in R&D lab. Strong background in
solid-state diffusion, epitaxy, and deposition
of pyrolytic oxides. Last 3 years spent in sili-
con gate MOS development, including both
p- and n-channel as well as complementary
devices. Seeking responsible position in de-
velapcmeant or production. Will relocate. Reply
Box C-96.

R&D Manager-New Product Development—
Young chemist and chemical engineer, Ph.D.,
multilingual, experienced in leading scientific
personnel, coordinating and interfacing R&D
efforts with sales, and marketing and produc-
tion. Technical accomplishments in corrosion
and protective coatings, test methods devel-
opment and electrodeposition. Reply Box

Staff Technologist—Ph.D. Inorganic chem-
ist with industrial experience in electrochem-
istry, electrodeposition, metal reduction,
alloy formation, coatings, and refractory ma-
terials synthesis. Highly competent in tech-
nical communications, both written and oral.
Seeking industrial R&D position. Some liai-
son with production, marketing, and man-
agement desired. Reply Box C-98.

Materials Engineer—B.Sc. Experience in
design and deveiopment of electrochemical
equipment and instrumentation used in syn-
thesis and evaluation of novel electronic
materials such as phosphors, liquid crystals,
and other electro-optic materials. Performed
growth of single crystals. Familiar with high
temperature and vacuum technology of re-
fractory metals and ceramics. Interested in
R&D or production. Reply Box C-99.

Inorganic Chemist—M.S. Research in lead-
acid battery production has lead to improved
understanding of plate composition and bat-
tery life. Also background in areas of electro-
analysis and instrumentation. Productive,
enterprising, and communicative. Seek re-
sponsible position in Engineering or R&D
related to inorganic and electrochemistry.
No agencies. Reply Box C-100.

Electrochemist—B.S. and M.A. Chemistry.
Twelve years electrochemical experience.
Research on battery technology and plating
processes. Process control continuous plat-
ing line. Two years adjunct college instruc-
tor. Seeking challenging and rewarding po-
sition with industrial firm or educational
institution. Reply Box C-101.

Solid-State Chemist—Ph.D. 1971, M.S. 1952,
19 yrs. exp. all aspects solid-state; R&D,
pilot plant, & prod. background; inorganic,
analytical & phys. chem. Synthesis of ma-
terials & phosphors my specialty. 36 new
products and processes developed for light-
ing industry. 41 patents issued, 38 papers.
Supervisory, management exp. Economic
evaluation from conception to plant con-
struction. Reply Box C-102.

Electrochemist—Ph.D. 1944, Seeks chal-
lenging industrial research or development
position or academic position. R&D back-
ground includes electrode kinetics, batteries,
electrodeposition, corrosion, and stress cor-
rosion. 47 publications, administrative ex-
perience. Location open. Reply Box C-103.
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