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Editorial

The International Geophysical Year

T[II'J INTERNATIONAL GEOPHYSICAL YEAR (IGY) is actually
an 18 month period, from July 1, 1957 through 1958, during which scientists the world over
have agreed to make a well-coordinated series of measurements in addition to their normal
work, in order to study many natural phenomena. This IGY follows, with a gap of 25 years,
the International Polar Year of the early 30’s. It has been expanded to cover the entire world,
and represents the first world-wide coordinated attack on the fundamental problems of the
physics of our environment. It is altogether a much larger operation than the previous one
and represents an effort in which perhaps a total of one hundred million dollars will be spent
for research the world over.

A total of 14 different disciplines are involved at present. All these are fields in which a
complete understanding necessitates a world study, for natural phenomena are no respecters
of political boundaries. Such fields include meteorology, aurora and airglow, oceanography,
seismology, cosmic rays, ionospheric physics, solar physics, geomagnetism, glaciology, and
gravity measurements. To understand these phenomena and their complex interrelations,
data must be gathered from all over the world. For example, in meteorology we do not know
today whether there is a substantial and massive movement of air across the equator. We do
not know much about the nature of the additional radiation that reaches us from the sun at
the times of disturbances on the solar surface. We suspect that this is a charged particle radia-
tion, and we know qualitatively that it produces many important effects. It ionizes the air
through which it passes, producing important changes in the ionosphere and hence in usable
radio communications frequencies. It produces auroras. It produces cosmic ray effects ob-
servable at sea level. We know very little about how, for example, it affects the heat balance of
the atmosphere, how it may affect ozone distribution, and whether it has any effects in mete-
orology of importance to synoptic forecasting. We know it produces magnetic storms, in
which the compass may suddenly point many degrees away from the usual magnetic meridian
and high voltages may be induced on long overhead lines. But the details of these mechanisms
and the many complex interrelations have not yet been made clear. To gain an understanding
we must study the phenomena as individual subjects and also as interconnected occurrences.
To get an adequate picture we must make these studies on a world-wide scale, for the frag-
mentary knowledge, if we must confine ourselves to any one nation, may prove of little value
or even misleading.

(Continued on next page)
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Editorial (continued)

Some 35 nations already have signified their interest in taking part in this work. Naturally,
the contributions of the nations will not be equal, for some nations are favorably situated to
study certain phenomena. For example, the zone of maximum auroral frequency passes
through Alaska, Canada, and Greenland, but is too far north to be well studied in Germany,
France, or Russia. In other countries with quite small populations such as Norway and Sweden,
there happen to be specialists in certain branches who enjoy world fame as the leading per-
sons in their fields. In still other countries there are very few qualified persons in any field,
or at the most only in a small fraction of the fields. Consequently the organization has had to be
flexible, and each nation will not be expected to contribute in every sphere. While in general
it is hoped that the work in any one nation will be primarily carried out by the nationals of
that country, some expeditions are contemplated to cover otherwise understaffed regions.
Important assistance from KEngland is going to the Cosmic Ray laboratory at University
College in Uganda, and expeditions from France will make observations in Bangui, Equatorial
Africa, and Kergulen Island in the south Indian ocean.

A major effort will also be made in the Antarctic. In this little-known area there will be at
least five major expeditions, including an Australian base at Mac Robertson Land, a French
expedition basing at Adelie Land, a British traverse from the Wedell Sea to the pole, a Russian
expedition, and a U. 8. complex consisting of a main base near the old site of Little America
and at least three satellite bases, one at the South Geographic Pole itself. The total explora-
tory effort in this region will be enormous, and, considering that some two-thirds of the en-
tire continent has never been seen by man, the importance of this work is obvious.

The ultimate practical value of the work and of the uses that can be made of the new knowl-
edge gained promises to be enormous. It will be recalled that the last Polar Year work resulted
in the discovery of the ionized layers in the upper atmosphere in the zone of the arctic night.
The presence of these layers has made possible new communications channels. The monetary
value of this discovery to the communications companies alone has been estimated as many
times greater than the entire cost of all scientific work done during that year. Thus it appears
that, as is so often the case with scientific work, the ultimate value far exceeds the cost and
often turns up in the most unexpected fields. This major and well-coordinated attack on the
basic problems of our environment promises to yield many important new facts to advancing
technology, and will greatly increase our understanding of the workings of the physical world
we live in. —SERGE A. Korrr!

1 Dr. Korff is with the Department of Physics, New York University, New York, N. Y.—Ed.
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Anodization of Lead in Sulfuric Acid

JEANNE BURBANK

U. 8. Naval Research Laboratory, Washington, D. C.

ABSTRACT

The anodie corrosion product formed on lead in sulfurie acid solutions depends on

the potential of the metal surface.

In the potential range between lead-lead sulfate and lead sulfate-lead dioxide, the
following compounds were identified by electron diffraction: monobasic lead sulfate,
lead hydroxide, and lead monoxide. In addition, the diffraction pattern for an unidenti-
fied material was observed. Coordinated potential-time curves show arrests corre-
sponding to the appearance of these compounds. The physical nature of these corrosion

films is discussed.

INTRODUCTION

A study of positive grid corrosion in the lead acid storage
battery led to a detailed investigation of the electrochemi-
cal and physical processes associated with anodizing lead
in sulfuric acid solutions (1-3). Rate of attack and com-
position of the corrosion product vary with potential.

Pseudomorphic, epitaxial, and oriented overgrowths
have been postulated for many systems where oxide films
are formed electrochemically. Lead monoxide and lead
dioxide were identified as products of anodic attack on
lead. Lead monoxide was shown by Lander (1) to be the
tetragonal form which is a layered structure parallel to the
(001) planes described by other workers (4, 5). Wyckoff
(6) gave a description of lead dioxide. Their structures
indicate that these compounds may grow epitaxially on
the lead lattice.

In addition to a diffraction study of the anodic products
formed on lead in sulfuric acid, this investigation was con-
cerned with discharge curves of a lead electrode coated
with lead dioxide. In the discharge of such a surface, the
potential remains constant under a given set of conditions,
and, when a new process becomes dominant, the surface
potential will change and level off again at some new value

~ characteristic of the new set of conditions. These “pla-
teaus” may represent distinct electrode processes, each
producing characteristic compounds as corrosion products.
This study was undertaken () to determine where such
arrests occur on the discharge of a lead dioxide electrode
in sulfuric acid, and (b) to identify and characterize by
electron diffraction the anodic products formed at various
potentials.

IXPERIMENTAL

Although most of the pure lead used for this study was
manufactured by the National Lead Company, a few
castings made of very pure (99.9998%) lead were used in
checking runs to eliminate the possibility that some elec-
trochemical effects were caused by impurities.

The cast specimens were milled flat, polished, and
etched. The etch was followed by a rinse in saturated am-
monium acetate solution and a thorough rinsing in city
water, then in distilled water. For polarization studies, the
specimen was inserted in the cell while still wet from the

final rinse. For electron diffraction study, the specimen
was cleaned in the same way, but it was also rinsed in boil-
ing distilled water, blown dry, then mounted in the camera.
In this process, less than 2 min elapsed between the final
rinse and attainment of essentially full vacuum. About
one out of five preparations resulted in a film-free surface
despite the short time exposed to the air.

Single grains cut from polycrystalline castings were used
in orientation studies. Grains having the desired orienta-
tions were selected with an optical goniometer.

After anodizing, the electrodes to be examined by elec-
tron diffraction were usually rinsed in boiled distilled
water; however, in some instances no water rinse was used,
and the electrodes were blotted dry with tissue or rinsed
in acetone and blown dry.

The electrolyte, 1.210 specific gravity sulfuric acid, was
prepared from Baker’s C.P. acid and distilled water.
IXtchants were made from Baker’s C.P. acetic and nitric
acids, Merck’s C.P. ammonium acetate, and Superoxol.!

Polarization studies were carried out in a methyl meth-
acrylate cylinder that was threaded to receive the speci-
men mount described earlier (3). Specimens for electron
diffraction examination were anodized by submerging a
cleaned lead surface in the electrolyte in a glass beaker.
By rapid manipulation of the specimens, formation of
chemical reaction products could be minimized in the
rinsing and drying process. Diffraction specimens were
held at the desired potentials for various periods of time
in order to develop coatings suitable for electron diffraction
study. The time varied from 10 min to 24 hr. A sheet of
pure lead was used as a cathode; its area was ten or more
times the area of the anode.

Potential of the anodizing specimen was measured with
a mercury, mercurous sulfate reference electrode, a high
impedance bridge, and recording potentiometer. In this
paper, potentials are given in reference to the electrode
that is 0.68 volt positive to the normal hydrogen electrode
in 1.210 specific gravity sulfuric acid. Several potentials
of interest are given by Lander (1).

Polarization studies were made by applying the poten-
tial to the cell before introduction of the electrolyte or
before insertion of the electrode into the solution. In this

130% H:0: manufactured by Merck and Co., Inc.,
Rahway, N. J.
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way only a short time is required for the specimen to reach
the potential selected for anodization. The discharge of
lead dioxide films was studied by time potential records.
To obtain reproducible curves, the clean specimen, still
wet with the final rinse, was polarized above the lead
dioxide, lead sulfate potential as rapidly as possible, and
this potential was held for specific periods of time. Poten-
tial changes and arrests displayed by lead surfaces were
followed with the reference electrode (@) during anodiza-
tion, (b) on open circuit stand or “self discharge,” (¢) on
closed circuit discharge through a resistance, and (d) with
discharging current applied.

In one instance the specimen was made by withdrawing
an iron wire loop from molten lead to form a thin foil that
could be totally anodized. The foil was anodized to trans-
lucency at a potential of —0.60 v. It was blotted dry and
the diffraction pattern recorded by transmission. Other
foils made by rolling or etching were anodized above the
lead dioxide, lead sulfate potential.

Electron diffraction patterns were recorded with the
diffraction attachment of an RCA EMU electron micro-
scope. Patterns were taken mostly by reflection, but a few
were made by transmission, and several patterns of scrap-
ings from anodic coatings were obtained with an extended
field attachment. Many attempts were made to strip the
oxide films, but none proved wholly satisfactory. The usual
mercury treatment (7) was not successful, but several
sulfate films were stripped in glacial acetic acid. Film frag-
ments were washed in distilled water and studied by trans-
mission diffraction.

Several x-ray diffraction patterns were recorded with a
North American Phillips geiger counter spectrometer from
lead sheet specimens that were anodized in 0.0005 and
0.1M sulfuric acid.

ResuLts AND DIscussioN

Reproducibility of the electrochemical measurements
was affected by preparation and pretreatment of the metal
surface. After drying, a polished and etched lead surface
became covered with an air-formed film. This deposit re-
sulted in an open-circuit potential of approximately —0.6 v
with respect to the mercury, mercurous sulfate electrode
when the specimen was first introduced into the electro-
lyte. This film was identified as lead hydroxide by electron
diffraction (8). When allowed to stand in acid, a lead sur-
face with such a coating gradually assumed the lead, lead
sulfate potential of —0.93 v if the air-formed film was
thin enough. Such films present on the surface prior to
anodizing interfered with prompt development of a uni-
form lead dioxide coating.

When first introduced into the electrolyte, a lead sur-
face free of oxide or hydroxide films displayed an open-
circuit potential of —1.1 v to the reference. After a while
this potential rose to the lead, lead sulfate potential. A
specimen prepared as described and introduced into the
electrolyte while still wet from the final rinse consistently
showed the —1.1 v potential that is attributable to the
low concentration of lead ion in the acid.

Because the amount and nature of the material present
on the metal surface affected electrochemical results in
short term experiments such as the present ones, speci-
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mens were kept wet with distilled water after preparation
and anodized immediately.

The commonly used acetic acid-Superoxol and nitrie
acid etches (9) formed an oriented film of 3P0 -2Pb(OH).
on the surface of pure lead (10), as shown by electron dif-
fraction examination of the etched surface. This coating
could be removed by rinsing the specimen in saturated
ammonium acetate solution or in nonoxidizing acids such
as acetic or hydrochloric.

Satisfactory electron diffraction patterns of lead could
be obtained from specimens that were dried after final
rinsing if these were used within a reasonable time after
preparation. In no instance was it possible to obtain the
open-circuit potential of lead, Phtt, or lead, lead sulfate
from specimens that were dried before use. This indicated
that the electrochemical measurements were sensitive to
films less than 10 A thick, which is the approximate limit
registered by electron diffraction (11).

In using an optical goniometer for orientation deter-
minations, it was found that the faces developed by the
acetic acid-Superoxol etchant depended on concentration
of the solution. Barrett and Levensen (12) gave the etch
mixture for developing the cube planes, i.e., 2 volumes
water, 2 volumes acetic acid, and 3 volumes hydrogen
peroxide. The concentration of hydrogen peroxide was not
stated. The relation between the etch composition and the
planes developed on specimens of pure lead was determined
by optical goniometer measurements (Table I).

The discharge of lead dioxide coatings formed on pure
lead were recorded in time-potential curves, and the one
shown in Fig. 1 is typical. For pure lead, the length of each

TABLLE I. Elch composition and planes developed on

pure lead
Volume of | Volume
Vol - 3 g
0“1‘,‘;?;_ glacl:ii:éceuc of :;lorier- Planes developed
0 95-99 I 5-1 (111) Octahedral
2 2 3 (100) (110) Decahedral
20 20 |3 (100) Cubic

TIME

Fia. 1. Discharge of PbQ: coating on pure b in 1.210
sp. gr. Hs80,. Potentials are shown vs. the Hg, Hg,S0,
clectrode.
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plateau varied with pretreatment of the specimen. Thus,
a slow polarization up to the lead dioxide, lead sulfate
potential resulted in a short arrest at this potential upon
discharge, and in prolonged arrests at the intermediate
plateaus. The most reproducible results were obtained by
polarizing to lead dioxide as rapidly as possible. With the
exception of the short arrest at —0.32 v, the discharge
curves were similar in form whether taken on open circuit
self-discharge, with current drain, or with discharging
current applied.

As indicated in Fig. 1, arrests occurred at —0.93, —0.73,
—0.61, —0.48, —0.32, and 1.1 v vs. the mercury, mer-
curous sulfate electrode. Compounds appearing on the
surface at —0.93, —0.48, and 1.1 v were reported earlier (1)
and verified in the present work as lead sulfate, lead
monoxide (tetragonal), and lead dioxide, respectively.

The arrest at —0.32 v was not identified as being asso-
ciated with the appearance of a particular compound. This
arrest was consistently of short duration on open-circuit
discharge and did not appear on closed-circuit discharge.
Tetragonal lead monoxide was found on specimens ano-
dized between a potential of —0.4 and +0.9 v. It is pos-
sible that the —0.32 arrest is a polarized lead monoxide
potential.

At no time in this work was a lead dioxide film observed
to discharge directly to the lead, lead sulfate potential,
although thin films apparently by-passed the intermediate
plateaus and discharged directly to —0.73 v.

The compound identified by diffraction on the surface
of specimens that were anodized at —0.73 v was monobasic
lead sulfate (13, 14). Extra lines and bands appeared in
many of the electron diffraction patterns of specimens that
were anodized near this potential, and this plateau had a
slope. It is possible that a series of basic sulfates was actu-
ally formed during anodization.

The —0.73 v arrest was stable and frequently held for
several days of soaking in the acid. If a specimen showing
this potential was cut or scratched, or if a sheet electrode
was further lowered into the electrolyte, the potential
dropped to —0.93 v but rose again to —0.73 v, presumably
as the “break” in this film “healed” by sulfation. The per-
sistence of this plateau suggested that in aqueous solutions
the basic sulfate rather than the normal sulfate was the
more characteristic coating at the metal-coating interface.

The plateau at —0.64 v was associated with the forma-
tion of lead hydroxide identified on the surface of specimens
that were anodized at this potential. A thin foil was totally
anodized at —0.6 v, and the electron diffraction pattern
showed primarily lead hydroxide with a few strong lines
from lead sulfate (Table II).

The occurrence of lead monoxide and lead hydroxide in
sulfuric acid solution was somewhat anomalous; however,
these two compounds were readily identified by their dif-
fraction patterns. Lander (1) suggested that the water
molecule is the attacking species in sulfuric acid, and iden-
tification of the monoxide and hydroxide supports this
view. The sulfate film apparently acts as a barrier to sulfate
ions while permitting access of water molecules to the metal
surface. Displacement of the observed potentials from the
thermodynamically calculated values (Table III) is caused
by the fact that the surface is not at thermodynamic equi-
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TABLE II. Electron diffraction pattern of lead hydroxide

Electron diffraction pattern from Electron diffraction pattern
anodized*® lead of Pb(OH):

d I d I
3.62 ] 3.68 ms
3.30 Vs 3.33 ms
3.01% w — —
2.64 Vs 2.65 s
2.39 vs — -
2.33 8 2.27 s
2.13 s 2.16 fm
1.92 vvw 1.91 m
1.77 vvs 1.73 fm
1.69 8 — —
1.60 w — —
1.52 s 1.53 f
1.42 Vs — ]
1.37 w — —
1.33 w 1.33 f
1.29 wi 1.28 f

* Anodized at —0.6 v vs. the mercury, mercurous sulfate
clectrode in H,S0,.

t The extra lines in this pattern may be accounted for
from the diffraction pattern of lead sulfate.

t There follow many more lines in the patterns for which
there are no comparison data.

TABLE III. Standard and observed electrode potentials

Electrode Sta';f,%g.i?vfs% Obs(evr)ved
Pb0O., PbSO, 1.097 1.1
Hg, Hg,S0, 0.00 0.0
Pb, PbO —0.344 —0.48
Pb, Pb(OH), -0.35 —0.64
Pb, PbSO, -0.971 —0.93
Pb, PhO-PbSO, —0.81 -0.73
Pb, Pb*+, (10~1°M) —-1.1 —-1.1

librium. The arrest at 1.1 v corresponded to the electrode
lead dioxide, lead sulfate in sulfuric acid. An electron dif-
fraction examination of the surface of a specimen anodized
at this potential showed a clear strong pattern for lead
dioxide. If a single erystal of lead was anodized for 10 min
above the lead dioxide, lead sulfate potential, the film was
extremely thin, oriented, and showed interference colors.
The (100) plane of the lead dioxide lattice was parallel to
the (110) plane of the base lead, and the [001] direction
was parallel to the [100] direction in lead. Fig. 2 is a draw-
ing of the space lattices of the two crystals. The tetragonal
cell in the lead lattice (Fig. 2A), which is bounded by four
(110) and two (100) planes, has the dimensions: 4.94 x
3.5 x 3.5 A. The distances between lead atoms in the oxide
structure (6) are 4.97 x 3.4 x 4.97 A. As shown in Fig. 2B,
this is an exceptionally good fit in two crystallographic di-
mensions; the third, however, is larger by more than 21%,.
Since 159% is generally accepted as the maximum difference
tolerated for lattice continuity, the coating would be ex-
pected to fracture away from the base after a limited num-
ber of layers form. This was substantiated by the fact that
lead dioxide of random orientation was observed on sur-
faces of single crystals of lead after anodization. There ap-
peared to be a thin layer of oriented lead dioxide immedi-
ately adjacent to the metal surface. The patterns showed
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(A)

F1a. 2A. Space lattice of two face-centered cubes of Pb
with the body-centered tetragonal cell indicated. (For
clarity the relative atomic and ionic sizes, and the crystal
structure of PbO; have not been indicated in these drawings.
The parameters, given in Angstrom units, indicate the
distances between lead atom or ion centers.)

Fia. 2B. Space lattices of Pb and PbO, indicating the
two-dimensional fit between the body-centered tetragonal
cells of metallic Pb and PbO,.

(100) Pb (101) PbOy
©)

F1a. 2C. The dimensions of (100) Pb and (101) PbO.
lattice planes.

that many small crystals developed across the surface of a
single crystal of lead. The orientation was of high degree,
but the spots show a divergence of 7-12°. According to the
orientation shown in Fig. 2B, the (101) plane of the oxide
would be expected to fall within 10° of the (100) plane of
lead. Lead atoms in the (101) planes of lead dioxide have a
face-centered configuration (Fig. 2C). The strain produced
by such-an oxide growing on a metal surface would be ex-
pected to result in distortion and possibly cause or con-
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TABLE 1V. Diffraction patterns of unidentified material

Calculated diffraction pattern
Electron diffraction X-ray diffraction assuming a body centered
pattern pattern tetragonal lattice of
a = 3.54 co = 5.86 kx
d I* d It d hkl
— — 5.89 14 5.86 001
= - 5.00 1 5.00 110
— N = 3.03 101
2.95 vs 2.93 100 2.93 002
2.53 8 2.50 14 2.50 220
1.95 13 1.95 003
= = = = 1.90 112
= 1.83 1 — —
1.77 m — — 1.77 200
s 1.71 8 1.71 103
aa 1.53 1 1.53 121
1.51 m 1.52 1 1.52 202
5 s 1.46 20 1.46 004
= 1.35 1 — —

— — 1.29 1 — =
1.24 w 1.24 1 1.25 440
1.16 m 1.17 2 1.17 005
1.13 w — — 1.13 204
1.02 vw e — 1.05 132
0.972 vw — s 0.976 303, 006
0.870 mb o ke 0.885 400

* Intensities estimated visually.
t Intensities relative to the strongest line.

SELF DISCHARGE TIME (MINUTES)

I ] ! | 1 ]
10 20 30 0 50 60

ANODIZATION TIME (MINUTES)
FiG. 3. Relationship of the length of the PbO;, PbSO,

plateau observed on self-discharge and the time of anodiza-
tion.

tribute to the buckling and growth of pure lead when ano-
dized in sulfuric acid.

This electron diffraction work showed that polycrystal-
line coatings of lead dioxide were not always completely
converted to sulfate after discharge to the lead, lead sulfate
potential. Such remaining lead dioxide was electrically iso-
lated from the surface and contributed nothing to the dis-
charge process.

An unidentified material believed to be a form of lead
oxide was also present in some anodic coatings, and the
electron diffraction pattern observed for this material is
presented in Table IV. Anodized pure lead foil was exam-
ined by electron diffraction, and patterns were obtained in
which the arcs of the pure lead pattern were doubled. One
of the sets of spots was attributed to lead and the other to
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the unidentified material. The strong orientation exhibited
by this material indicated that it was formed epitaxially on
the base lead. This material might have been a cause of the
growth and buckling of pure lead, and it also might have
contributed to the disparity in the standard and observed
electrode potentials in the middle range. Unpublished work
with the several lead monoxides indicates that this may be
a form of lead monoxide rather than a higher oxide. Com-
plete identification of this material and clarification of its
importance to the storage battery corrosion problem rests
with future investigation.

A plot of the length of the lead dioxide plateau vs. the
length of anodizing time (Ifig. 3) shows that anodizing
above 20 min contributed little to the self-discharge time.
In the first portion of the curve the relationship is essen-
tially linear, i.e., the length of discharge time is directly
proportional to the length of anodization. But, beyond 20
min, little additional discharge time is observed. The cor-
rosion rate determined by Lander (1) showed this same
configuration with time. The point of slope change in the
two cases is different because of differences in experimental
details. Direct proportionality at the beginning of the
curves, however, suggests that this range corresponds to
the lateral growth of coatings across the surface of the
specimen. The leveling off may correspond to a much
slower rate of film thickening. The slow rate may be even
lower than indicated by the corrosion curve, since it repre-
sents an over-all corrosion process that included the in-
crease in thickness of the coating plus the “healing” of
fissures caused by discontinuities in the metal itself and
fractures in the coating.

It is also notable that the leveling off of the curve oc-
curred at about the same time that randomly oriented
polyerystalline lead dioxide became the only pattern ob-
served on the surface by electron diffraction.

CONCLUSIONS

This study showed that during discharge of a lead di-
oxide coating on lead, the electrode assumed a series of
stable arrests believed to represent several distinct proc-
esses. The following compounds were formed upon anodiz-
ing lead in sulfuric acid: lead dioxide, lead monoxide (tetra-
gonal), lead hydroxide, PhO-.PbSO,, and lead sulfate.
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These appeared at characteristic potentials that corre-
sponded to the arrests in the discharge process. In addition,
an unidentified material believed to be a form of lead
monoxide was observed.

The lead dioxide coating was oriented to a limited depth
with respect to the underlying lead from which it formed.
The orientation may be described :

(100) PbO, || (110) Pb
[001] PbO, || [001] Pb

The unidentified material was tentatively described as
having a body-centered tetragonal space lattice of a = 3.54
and ¢ = 5.86 kX units. If the suggested lattice is assumed,
its orientation may be described:

(100) unknown || (110) Pb
[001] unknown || [001] Pb

Manuscript received July 7, 1955. This paper was pre-
pared for delivery before the Boston Meeting, October 3
to 7, 1954,

Any discussion of this paper will appear in a Discussion
Section to be published in the December 1956 JOURNAL.
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A Self-Discharge Reaction of Cells with Manganese
Dioxide and Metal Electrodes

W. C. VosBurgH, D. R. ALLENSON, AND STANLEY HinLs

Duke University, Durham, North Carolina

InTRODUCTION

Metals in water or solutions of electrolytes have been
shown to reduce oxygen to hydrogen peroxide (1, 2). It
has also been shown that, in ammonium chloride electro-
lyte, hydrogen peroxide reduces manganese dioxide in-

stead of being entirely decomposed catalytically by it (3).
It follows that a cell with manganese dioxide and metal
electrodes might undergo self-discharge by this reaction in
the presence of oxygen. A decrease in potential of a man-
ganese dioxide electrode in ammonium chloride electrolyte
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with a piece of zine close to it has been observed (4). Fur-
ther study has shown that this reaction is a possible source
of error in experimental work, especially with silver elec-
trodes in chloride electrolytes, if suitable precautions are
not taken. It may be one of the self-discharge processes of
the Leclanché cell.

EXPERIMENTAL

Manganese dioxide electrodes were made by electro-
deposition on graphite rods (3, 4). Total manganese con-
tent was 0.2 millimole and the composition MnO,.s. The
electrodes were kept for a day after preparation in a solu-
tion 1M in ammonia and either 2M in ammonium chloride
or 1M in ammonium sulfate, depending on the electrolyte
in which they were to be used, or in the electrolyte itself
if it was not an ammonium salt. They were then stored in
water.

For use the electrodes were mounted by means of a rub-
ber stopper in the middle of a glass vessel of about 200 ml
capacity. Sheet metal electrodes of silver, zinc, or lead
could be inserted into the vessels so as to line the inside
wall and encircle the manganese dioxide electrode. Five
different electrolytes were used: (¢) 2M ammonium chlo-
ride with enough ammonia to give pH 7.3, (b) a similar 1M
ammonium sulfate solution, (¢) 2M ammonium chloride
and 0.2M zinc chloride, pH 5, (&) like (¢), but with enough
ammonia to give pH 7.2, (¢) 0.2M potassium chloride in an
equimolal (0.025M) phosphate buffer, pH 6.7. Measure-
ments of open-circuit potentials of the dioxide electrodes
against a saturated calomel electrode were made by a re-
cording potentiometer. The electrolytes were stirred during
measurements by a magnetic stirrer.

Fig. 1, redrawn from the recorder curves, shows the be-
havior of manganese dioxide electrodes with and without
metal electrodes present. Fig. 1A represents duplicate con-
trol experiments with ammonium chloride electrolyte and
with no metal present at any time. The potential was
measured for 3-hr periods on each of three successive days.
The changes in potential were increases and not more than
3 mv in 3 hr. Fig. 1B shows the effect of clean silver elec-
trodes in ammonium chloride electrolyte. The manganese
dioxide electrodes in duplicate cells were affected by the
silver electrodes. In a 3-hr preliminary test without the
silver electrodes, one varied only a little, and the other was
constant. The vertical dashed line at 3 hr indicates intro-
duction of the silver electrode and a 24-hr period thereafter.
During this time the manganese dioxide electrodes de-
creased in potential. The decrease continued fairly rapidly
on the second day, with stirring (3-6 hr in Fig. 1) becoming
slower with time. The second dashed line indicates a second
24-hr period, but without the silver electrode. A significant
increase in potential took place. In the subsequent measur-
ing period (6-9 hr without the silver electrode) one elec-
trode was constant while the other decreased for a time and
became constant. At the third dashed line the silver elec-
trode was again inserted with only a few minutes’ interrup-
tion of the measurement which continued for another 3 hr.
After a period of constancy the potential decreased signifi-
cantly, but less than when the electrodes had stood over-
night.

The decrease in potential indicates reduction of the man-
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F1g. 1. Effect of a metal clectrode on the manganese
dioxide electrode potential. A, controls, no metal electrode
at any time, ammonium chloride electrolyte; B, silver
electrodes in chloride electrolyte; C, silver electrodes in
sulfate electrolyte; D, zinc electrodes in potassium chloride
electrolyte with phosphate buffer. Dashed line at 3 hr
indicates introduction of metal electrode and 12-hr rest
period; at 6 hr, removal of metal electrode and 12-hr rest
period; at 9 hr, introduction of metal electrode with no
rest period.

ELECTRODE POTENTIAL

ganese dioxide. It may be postulated that a reducing agent
formed by the metal electrode can be carried to the cathode
by convection or stirring and react there. Since metals can
reduce oxygen to hydrogen peroxide (1, 2), and since at-
mospheric oxygen was present in the above experiments,
hydrogen peroxide might be the reducing agent. Samples
of an ammonium chloride solution that have been in con-
tact with a silver electrode and air reduce permanganate
and oxidize iodide ion, indicating hydrogen peroxide.

When an ammonium chloride electrolyte was freed from
oxygen by a current of nitrogen before silver and manga-
nese dioxide electrodes were introduced, and a current of
nitrogen passed through the cell, the potential of the man-
ganese dioxide electrode was much more nearly constant
than when air was present.

Tig. 1C represents a similar experiment with a silver
electrode and an ammonium sulfate electrolyte of pH 7.
The behavior is not enough different from the controls
(Fig. 1A) to indicate any effect of the presence of the silver.
Appreciable pH changes accounted for part of the small
potential changes. The test for hydrogen peroxide in the
electrolyte was negative.

Zinc in a potassium chloride electrolyte with a phosphate
buffer at pH 7 was found by Delahay (2) to reduce oxygen
to hydrogen peroxide. A cell constructed with this electro-
lyte showed the most pronounced decrease observed, as
shown in Fig. 1D. The procedure was the same as for the
cells of Fig. 1B, and the curves are similar, except that no
decrease took place during the first night. After standing
overnight the zinc electrodes were covered with a loosely
adherent gray film. Also, the test for hydrogen peroxide
was negative when the cell had stood overnight with the
zine electrode in place. However, it became positive the
next day when the solution was stirred.

When a clean zine electrode was tried in the same way
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in an ammonium chloride electrolyte containing zin¢ chlo-
ride and ammonia, pH 7, the manganese dioxide electrode
showed no change during the 3-day period. A similar elec-
trolyte of pH 5 gave indeterminate results, changes little
larger than the experimental error. In agreement, the test
for hydrogen peroxide in these solutions was negative.

The result for zinc at pH 5 does not disagree with Jen-
nings and Vosburgh (5). Their observation of a decrease
in potential of a manganese dioxide electrode in the pres-
ence of zinc was made over a period of several weeks, and
the change per day was small. However, the manganese
dioxide was probably reduced by hydrogen peroxide rather
than undergoing loss of oxygen as assumed by them.

A clean lead electrode in ammonium sulfate electrolyte
of pH 7 also caused no ohservable reduction of the man-
ganese dioxide electrode. Clean lead on which lead sulfate
had been deposited electrolytically formed too little hydro-
gen peroxide for a positive test on standing overnight in
ammonium sulfate electrolyte. However, electrodes made
of uncleaned sheet lead that had acquired a surface coating
of oxide during storage acted like silver in chloride solutions
and zine in phosphate solutions. Such an electrode caused
reduction of a manganese dioxide electrode in a cell with
an ammonium sulfate electrolyte. Also, ammonium sulfate
solutions that had stood overnight with the uncleaned lead
electrodes gave positive tests for hydrogen peroxide. In
this case the test with titanium(IV) sulfate was positive;
it is not sufficiently sensitive in chloride solutions.

Observable amounts of peroxide were formed by the
three electrodes that either had a surface coating or formed
one as the result of oxygen attack. These were silver in
chloride solutions, zin¢ in phosphate solutions, and un-
cleaned lead. Clean metals that stayed clean evidently
caused catalytic decomposition of the peroxide as fast as
formed. A suitable surface film must retard the decom-
position more than the formation.

To see whether the self-discharge reaction would go on
indefinitely, a cell with silver and manganese dioxide elec-
trodes was allowed to stand for a month during which time
the manganese dioxide electrode potential decreased con-
tinuously from an initial value of 0.453 to 0.237 v.
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Rough measurement of the concentration of peroxide in
solutions that had stood two or three days with metal elec-
trodes gave 104N for both chloride electrolyte with silver
and sulfate electrolyte with uncleaned lead.

Errors can be avoided in experiments with manganese
dioxide (and perhaps other) electrodes and silver, lead, or
zine electrodes by the use of clean metal and conditions
not leading to film formation. Exclusion of oxygen is also
effective. If silver electrodes must be used in chloride solu-
tions, a layer of silver chloride thick enough to retard per-
oxide formation will prevent trouble. Two silver electrodes
coated with silver chloride electrolytically with a current
of 0.25 ma/cm? for 50 hr and kept in boiling water for 3 hr
to insure absence of peroxide caused no significant change
in a manganese dioxide electrode when tested as above.
Such electrodes seem to be able to acquire some peroxide
on standing in water and also from the electrolyte in which
they are coated with chloride. Freshly coated silver elec-
trodes not given the boiling water treatment, and elec-
trodes that had stood for some time caused decreases of the
order of 10 mv on standing overnight in chloride electro-
lytes with manganese dioxide electrodes.
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A Technique for Evaluating Various Cathode Materials

C. K. MoreHousE AND R. GLICKSMAN

RCA Laboratories, Radio Corporation of America, Princelon, New Jersey

ABSTRACT

An apparatus and technique are described which enables a quick preliminary evalua-
tion to be made of various manganese dioxides and other cathode materials in various
electrolytes. Data are presented which show that the capacity of the manganese dioxide
electrode exceeds that calculated for its reduction to Mn,O;-H.() when discharged at
low current drains or with a flow of electrolyte over the electrode. It is also shown that
the structure of the manganese dioxide material is an important property which de-
termines the performance that is obtained when the electrode is discharged, not only
in a NH,C1-ZnCl, type of electrolyte, but also in a basic electrolyte.

INTRODUCTION

It is well known that the manganese dioxide cathode is
the limiting electrode of the Leclanché dry cell. Manganese
dioxide is not a simple compound of constant properties
and 4ts value for battery use does not depend merely on its
purity (1, 2). The x-ray spectrometer, the electron micro-
scope, differential thermal analysis, and magnetic suscepti-
bility have all thrown new light on its characteristics. In
spite of the recent advances, no satisfactory single physical
or chemical method of evaluating cathode materials has
been developed, and actual trials in operating cells have
been necessary to establish their battery quality.

Cahoon (3) suggests the use of the following two electro-
chemical tests as a means of evaluating a manganese di-
oxide: (a) determination of the pH-potential relation in
zinec and ammonium chloride electrolyte; and (b) deter-
mination of the “utilization factor,” ie., the extent of
cathodic reduction in a continuous stream of fresh elec-
trolyte.

In this paper a technique for evaluating various cathode
materials is presented. The apparatus which was designed
for this work is similar to that described by Cahoon (3) for
his “utilization test;”’ however, the procedure and methods
of measurement have been considerably modified.

EQUIPMENT AND PROCEDURE

The apparatus used is shown in Fig. 1, and the procedure
used in making cathode polarization studies is as follows,

A piece of filter paper supported by cotton gauze is fast-
ened to a glass cylinder, 154 in. I.D. and 131 in. in length,
by means of a rubber band. A layer of Acheson No. 615
graphite wet with electrolyte is laid on the filter paper in-
side the glass cylinder. On top of this is placed 0.5 g of
cathode material previously ground with 10% by weight
of Shawinigan acetylene black. The cathode material is
then covered with a layer of graphite and a perforated
graphite disk. A graphite rod, on top of which is placed a
2 kg weight, makes contact with the perforated graphite
disk and acts as a terminal electrode for the cathode. A
zinc sheet placed outside the reservoir at a controlled dis-
tance from the cathode material acts as the anode.

After the cell is assembled, electrolyte is flushed through
the cathode chamber to wet completely the cathode mate-

94

rial. The cell is then discharged by withdrawing a constant
current from the cell, either with electrolyte flowing over
the cathode material at a controlled rate or with no flow of
electrolyte. In this work measurements were made with no
flow of electrolyte, i.c., under static conditions. The inner
chamber, containing the cathode material, holds 15-20 ml
of electrolyte and the outer chamber approximately 60 ml
of electrolyte.

The potential of the cathode or anode is measured by
means of a saturated calomel reference electrode which is
contained in the outer chamber close to the cathode in a
fixed position. Measurements are made at definite time
intervals with a L&N type K potentiometer.

The procedure differed from that of Cahoon’s in the
following ways: (a) the cathode material was discharged
under static conditions with a fixed quantity of electrolyte;
(b) measurements were made while the cathode material
was discharging.

The results presented are lower than the true polariza-
tion values since they include a small constant IR drop
which is characteristic of the electrolyte, apparatus, and
procedure. If necessary, this IR drop can be eliminated by
using various known procedures (4), or it can be measured
by an oscillographic technique (5).

The purpose of this study was to evaluate the perform-
ance of various cathode materials, and, since the manner
in which the voltage of the electrode changed with time is
the most important factor, measurements were made by
the simpler technique. In these experiments, a current
drain of 0.050 amp was used, which corresponds to a dis-
charge rate of 0.100 amp/g for the 0.5-g sample of cathode
material.

EvaLuaTiON oF TECHNIQUE

A number of manganese dioxides which are now being
used in batteries were tested. It was found that differences
in the polarization behavior of the various manganese di-
oxides were comparable with test results reported for cells
containing these oxides. In order to be positive about the
method, several samples of manganese dioxide were ob-
tained as unknowns from the Signal Corps Engineering
Laboratories. Information about source, structure, and
performance in actual cells was withheld until after dis-
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TABLE, 1. Various properties of manganese dioxide materials
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the capacity in ampere-minutes per cubic inch for these
manganese dioxides. On the basis of the data in Fig. 2
taking a cut-off voltage of +0.5 v for the manganese di-
oxide, samples were rated for expected performance in dry
cells on high current drain applications. Taking a +0.10 v
cut-off, samples were also rated for expected performances
in batteries on low drain applications. A complete tabula-
tion of the discharge data and rating for high drain appli-
cations along with the cell performance data and rating
is shown in Table II. Comparative data and rating for low
drain applications are given in Table III.

The discharge data presented in these tables are on the
basis of ampere-minutes per gram and ampere-minutes
per cubic inch of the manganese dioxide materials. Cell
discharge data presented were gathered by the Signal
Corps Engineering Laboratories.

It should be pointed out that the rating of the manga-
nese dioxide materials based on discharge data expressed
in ampere-minutes per cubic inch more closely approaches
the rating based on actual cell discharge data than that
based on discharge data expressed in ampere minutes per
gram since the density factor of the sample is taken into
account. This is important because only a certain volume
of manganese dioxide can be introduced into a specific
cell size.

Classification l‘)lc“c‘tr(()“ V[))l'e ‘ lil;czlr(nBt))rc l']l:cstr((}) c;rc Czelm ore C:im( :;’e C:lgm( 8;‘2 C:gn:(?;‘c Afric(:ir)\ ore M“iff)n ore
. . : Reduced African MnOs, treated with H2SO0s Thermal
Meth Anodic depos sraphite el es f: Rt y bE 2 ¥ :
Nethod ol | Amode e atton T 180 and Mag0s | solution. The MnOs which settles out is | decomp, of | Naturally occurring
Available 89.2 E 85.0 65.6 79.9 68.6 85.0 84.6 84-85 70.3
oxygen as % i
MnQ, !
% Total Mn 57.7 59.0 61.5 55.3 45.8 59.0 58.1 58.0 49.0
I un| 4| W un| 4 Jun| @ Jun| @ |un| @ |un| 4 |un| ¢ |y
Electron 4.10 100 | 2.41 100 | 4.68 3.53 4.0 37 | 2.41 |100 | 4.18 4.37 |12 | 3.11
diffraction 3.70 59 | 2.12 43 | 3.96 3.11 | 69 |3.68|100|7.14 | 75| 2.39 (100 | 3.11 2.43(100
data 2.955 6 1.83 3.16 2.43 | 100 | 2.45 5| 1.65| 50 | 2.115| 83 | 2.57 |100 | 2.16| 72
2.467 2 | 1.64 28| 2.74 | 24| 2.16| 70| 1.39| 25| 1.55 1.63 | 52 | 2.43 | 61 | 1.83| 39
2.410 | 1.7 1.495 | 18| 2.43 | 100 | 1.83 | 20 1.44 | 50 | 1.415| 55 | 2.16 | 18 | 1.70| 39
2.207 10 | 1.222 912.15| 65(1.65| 51 1.31 | 25| 1.345/ 50 | 1.84 | 35 | 1.54
2.117 1.2 | 1.165 | 11| 2.04 13 | 1.54 1.62 1.44| 60
2.052 6 1.065 | 11| 1.84| 17| 1.42| 91 1.54 | 47 | 1.37) 70
1.850 | 2.5 | 0.85 1.64 | 53 | 1.37 | 32 1.44 | 23
1.743 | 2.5 | 0.84 1.5¢4 1.29 | 12 1.37
1.606 1.7 1.44 | 66 | 1.05 1.29
1.501 1.41 | 52 1.24
1.477 1.31 17
1.417
1.389 1.17
1.268 1.06
1.228
1.116 0.9
1.099
1.005

charge data on the above equipment had been gathered
and the samples rated according to these data. The vari-
ous types of manganese dioxides are characterized by the
chemical and physical data shown in Table I. Fig. 2 shows

These results show that the method is of value in making
preliminary evaluations of cathode materials. Large dif-
ferences should be easily recognized. The method does
have limitations in that it tells nothing about the concen-
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TABLE I1. Discharge dala and ratings of various manganese diozide materials for use in batleries designed for high drain
applications compared with Signal Corps battery data and rating

Discharge data
0.5 g MnO: material discharged at 0.100Na§|p C(:lo;xss';unt . iaka
Source Classiacation ;7.5,:? Weight basis Volume basis
3“:; m;g Rating alxglmlz:x:‘ Rating Capacity hr* Rating

Electroore #1............... F 19.4 5.8-5.4 2 112-105 2 7.9 1
Electro ore #2............... B 21.0 5.3 3 111 1 6.5-7.5 2
Chem ore #1................. E 16.1 4.9-4.3 4 77-69 4 6.8 3
Chem ore #2................. C 11.5 8.8-6.6 1 101-76 3 6.4 1
Chem ore #3................. G 18.5 3.0-2.6 5 5648 5 4.5-5.0 5
Electroore #3............... D 21.8 2.3-2.0 6 50-44 6 4.5 6
African ore (natural)......... J 22.5 1.9-1.1 7 43-25 7 4 7
Mexican ore (natural)........ I 23.3 0.6 8 14-2.3 8 2.1 8
Chem ore ¥4................. A 13.1 0.3-0.2 9 3.9-2.6 9 Very low 9

* “A” gize Leclanché cells discharged continuously through a 1624 ohm resistance to 1.00 v/cell.

TABLE I11. Discharge data and ratings of various manganese dioxide materials for use in batteries designed for low drain
applications compared with Signal Corps baltery data and rating

Discharge data
0.5 g of MnO: material discharged at 0.100 amp/g to = % |
+0.10 v in 20% NH(CI-33% ZnCls-47% H:) Signal Corps battery
P AJ’DM?M electrolyte data
Source Classification :/nlsx:t‘y Weight basis Volume basis
a‘x;vn;)' ;ai;l/sg Rating nn‘\,;:lmlllﬁ;:;‘ Rating Capacity hr* { Rating
_ e RN — SN (R
Electroore #1............... F 19.4 12.4-11.3 2 241-219 2 140.9 ; 1
Electroore #2............... B 22.5 11.4-11.1 3 257-250 1 130-135 | 2
Chem ore #1................. B 16.1 11.5-10.7 4 185-172 4 101.3 I3
Chem ore #2................. C 11.5 18.6-17.5 1 214-201 3 96.8 ; 4
Chem ore #3 G 18.5 7.9-6.8 5 146-126 5 85.9 -
African ore (natural)......... J 21.0 6.8-5.8 6 143-122 6 80 i 6
Electro ore #3............... D 21.8 5.24.8 8 113-105 7 61.8 |7
Chemore #4................. A 13.1 4.7-4.6 9 62-60 9 50 bos
Mexican ore (natural)........ I 23.3 5.3-2.9 7 123-68 8 36.0 P9

* «A” gize Leclanché cells discharged through a 11624 ohm resistance to 1.13 v/cell.

CHEM ORE w4 (A)
AFRICAN MaOp (V)
CHEM ORE 3 (6)
ELECTRO ORE #2 (B)
ELECTRO ORE # 1 (F)
CHEM ORE #2(C)

+
°
@

es e+ 0

HIGH DRAIN RATING

\YN DRAIN RATING \ g

MANGANESE OIOXIDE POTENTIAL(VOLTS) va. HYDROGEN

CAPACITY (AMPERE MINUTES PER CUBIC INCH)

F16. 2. Capacity in ampere-minutes per cubic inch of
various manganese dioxides discharged at 0.100 amp/g in
20% NH(C1-33% ZnCl:-47% H,0 electrolyte.

tration of impurities, stability, or solubility of a particular
material, such properties being important in designing a
cell with a good shelf life. Data of this type will have to
be obtained from other measurements or from experi-
mental cells.

e S S Vs G S S
X 4 60 [ 00 120 “o 160 8o 200 220 240

Capacrry STUDIES

The apparatus can also be used to study the effect of
various factors on the efficiency of a manganese dioxide
electrode. For example, attempts to obtain maximum effi-
ciency from a manganese dioxide electrode were made by
reducing the discharge rate, allowing greater chance for
ions to diffuse away or to the electrode. Results of these
experiments are shown in Fig. 3. In accordance with cell
test data, as the current drain is reduced, the ampere-
minutes capacity per gram of manganese dioxide to any
cut-off voltage is increased. Data also show that if the
current drain is low enough, it appears possible to reduce
the manganese below its oxidation state in Mn,O;-H,0.

It was reasoned that, by flowing the electrolyte over the
manganese dioxide, diffusion effects would be minimized,
and in addition the hydrogen ion concentration at the
electrode would be kept more constant. Data obtained on
an electrode (Electro MnO, %2) discharged at a current
drain rate of 0.100 amp/g with electrolyte flowing through
the cathode chamber at a rate of 6-9 ml/min are shown in
Fig. 4. As expected, the capacity of the manganese dioxide
is much greater than if it were discharged under static
conditions with a constant volume of electrolyte. It should
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be noted that the capacity exceeds the theoretical capacity
calculated on the basis of reduction to Mn,O;-H.0,
but not below Mn;Os. An examination of the effluent
showed the presence of Mnll, which verifies the findings
of other workers (3).

Since the discharge products were not analyzed, the
exact reaction mechanism cannot be determined. How-
ever, a review of the literature, along with other experi-
mental data, indicates that the following possible reactions
could occur which might explain the increased capacity
beyond the Mn,0;-H,0O theoretical limit:

MnO; + 4Ht + 2¢~ — Mnt+t 4+ 2H,0
Mn.0; + 2H* — Mn**+ 4+ MnO, + H.0
3Mn,0; + 2H* + 2¢~ — 2Mny04 + H,0
3MnO, + 4H*+ + 4¢~ — Mn;O4 + 2H.0

(=]

S

+1.0p |>‘<‘§'
z

FH

+08| |2
©,

[

0.010AMR/GM| S

108 J'\ |5

x4

8¢

\\\4E=

+04| b3

I

x AMR/GM.

MANGANESE DIOXIDE POTENTIAL (VOLTS)vs. HYDROGEN

NN

0.200 \ \

AMP. /GM. 00307 x
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0 x
|
|
|

0 0 B 12 16 20 24 28

CAPACITY (AMPERE MINUTES PER GRAM)

F1c. 3. Capacity in ampere-minutes per gram of Electro
Ore %2 (B) discharged at various current drains in 209,
NH,CI-33%, ZnCl;-47% H,0 electrolyte.

+.0f

ELECTROLYTE FLOW
6-9 ML/ MIN

THEORETICAL CAPACITY
3Mn 02+ 4H'+ 4e” = Mn30,+2H,0

2Mn 02+ 2H'+ 26~ = Mny 03+ H0

THEORETICAL CAPACITY

+08
+06 ~
=
STATIC
+04 ELECTROLYT

s oo oo foco

MANGANESE DIOXIDE POTENTIAL (VOLTS) vs. HYDROGEN

L L PENTY " "
o 4 8 12 16 20 24

CAPACITY (AMPERE MINUTES PER GRAM)

F1c. 4. Capacity in ampere-minutes per gram of Electro
Ore %2 (B) discharged at 0.100 amp/g in 20% NH,C1-33%,
ZnCl.-47% H.0 electrolyte, under static conditions and
with a continuous flow of electrolyte.
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The possibility of the last two reactions occurring is sup-
ported by the work of Copeland and Griffith (6).

The technique described in this paper can also be used
to study the performance of various cathode materials in
different electrolytes. Fig. 5 shows the relative perform-
ance of two types of manganese dioxides discharged in
acid and basic electrolytes. The manganese dioxide pre-
pared electrolytically gives a greater capacity in both basic
and acid electrolytes than the naturally occurring African
manganese dioxide. The importance of the structure of
manganese dioxide on its performance in Leclanché cells
containing an NH,Cl—ZnCl, electrolyte has been shown

20% NH, Cl- 33%ZnClg -47%H,0

+0.80f\
. ELECTROLYTE

+0.60 ELECTRO MnO,

+040

AFRICAN
MnO,
+0.20¢

\
0.00 P,

",
~«._ 30%NaOH-70%H O
-0.20¢ “wa._ SATURATED WITH ZnO
S, ELECTROLYTE
o
N

N
N

MANGANESE DIOXIDE POTENTIAL (VOLTS) vs. HYDROGEN

-0.40 Ay
L
ELECTRO MnO, \\
a
-oe0f e \
AFRICAN kY
MnO, \
b
-0.80
-1.oot
0 4 8 12 16 20 24 28 32

CAPACITY IN AMPERE MINUTES PER GRAM

F16. 5. Capacity in ampere-minutes per gram of Electro
Ore #2 (B) and African Ore (J) discharged at 0.030 amp/g
in acid and base electrolytes.

+0.2¢

-0.2

-0.4

CATHODE ELECTRODE POTENTIAL(VOLTS) vs. HYDROGEN

q 8 1 3 20 24 28
CAPACITY AMPERE MINUTES PER GRAM
Fia. 6. Various cathode materials discharged at 0.030
amp/g in 30% NaOH-70% H,0, saturated with ZnO, electro-
lyte.
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previously. It is evident from these data that structure is
also an important property with respect to the perform-
ance of manganese dioxide in strongly basic electrolytes.

Stupies oF OTHER CATHODE MATERIALS

Discharge data obtained on other cathode materials
which have been used in primary batteries are shown in
Fig. 6. It should be noted that the discharge curves and
voltage levels of these materials simulate the type and
level of discharge curves found in actual cells made with
these materials. The cathode potentials are all lower than
found in actual cells due to an IR drop which is included
in the potential measurements. Since the measurements
were all made using an electrolyte of the same composi-
tion and with the same electrode spacings, this IR drop
becomes a constant for all measurements enabling com-
parisons to be made between different materials.

SuMMARY

A convenient method has been devised which enables
a quick evaluation to be made of different manganese di-
oxides and other cathode materials in various electrolytes.
Like all methods proposed to date, this method has limita-
tions in that it tells nothing about the concentration of
harmful impurities, solubility, or stability of a particu ar
cathode material in the electrolyte. Such data, which a're
important for the design of a practical cell with a long
shelf life, have to be determined by other chemical methods
or by experimental cells.

February 1956

The apparatus and technique can also be of value in
obtaining a better understanding of reaction rates and
conditions under which maximum cathode efficiency can
be obtained.
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The Influence of Nitrogen-Containing Organic Inhibitors on
the Electrode Potential of Steel in Sulfuric Acid

R. N. Roe

Department of Supply, Commonwealth of Australia, Victoria, A uslralia

ABSTRACT

Corrosion inhibition of mild steel in 1N sulfuric acid has been studied by observing
electrode potentials and corrosion rates for thirteen compounds. The mechanism of in-
hibition is discussed with special reference to the nature of the adsorption interphase and

a revised theory of inhibition is proposed.

From hydrogen overvoltage and other considerations, it is postulated that the in-
hibitor is mainly physically adsorbed as a second phase on the chemisorbed hydrogen
film already present on the metal. Inhibition is due primarily to increased hindrance to
the anodic dissolution process, accompanied at higher inhibitor concentrations by a rise

in hydrogen overvoltage.

The measurable quantities, clectrode potential, inhibitive efficiency, and inhibitor
concentration are related in an adsorption equation which can be applied to compounds
adsorbed in a single and fixed mode of molecular orientation.

InTRODUCTION

Extensive investigations have been made of the corro-
sion inhibition of steel in acid solutions, due to the presence
of small quantities of organic compounds containing
nitrogen, oxygen, or sulfur. There are several compre-

hensive reviews of the literature on earlier work, notably
those by Hackerman and his co-workers (1, 2).

Most investigators agrec that inhibition occurs as a
result of adsorption of the organic compounds on the
metal surface. The presence of an adsorbed inhibitor
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layer, generally assumed to be monomolecular, has been
shown by Rhodes and Kuhn (3) by analytical methods
and by Hackerman and Glenn (4) using clectron diffrac-
tion techniques. Ixisting theories on inhibition differ
principally on the question of whether inhibition is due to
adsorption of the inhibitor only at cathodic areas on the
metal or to general nonspecific adsorption.

The several investigations of Mann and his co-workers
(3-7) and others (8-10) led to the theory of specific ad-
sorption of positively charged inhibitor ions at cathodic
sites on the surface. Inhibition was attributed to hindrance
of the discharge of hydrogen ions. The compounds ex-
amined by Mann, mainly aliphatic and aromatic amines,
were supposed to he attached with the chain or ring es-
sentially vertical to the metal surface through forces
acting on the positively charged nitrogen atom in the
molecule. Inhibition efficiency was claimed to be related
to the vertically projected aren of the molecules on
cathodic sites. Nonsymmetrical substitution of alkyl
groups on the benzene ring was found to increase the
inhibiting efficiency of the compounds. This was inter-
preted in terms of the tilting of these molecules, due to
attractive forces between the positive alkyl groups and the
negative benzene ring, with a resulting increase in pro-
jected area of the molecule.

Later investigators (11, 12) have eriticized this “cathode
screening” theory on the following grounds: (e¢) not all
organic compounds showing inhibitive properties are
positively charged; (b) the difference in electrode potential
between anodic and cathodic sites on a freely corroding
steel surface in sulfuric acid is likely to be very small;
there is, therefore, little reason for assuming preferential
and specific attraction to cathodic sites; and (c) the degree
of electrolytic migration of large charged ions to cathodic
points must be negligible in a solution containing a high
concentration of hydrogen ions.

The “cathodic screening” theory has been based mainly
on results derived from external cathodic polarization
experiments on specimens in inhibited acid solutions;
proponents of this theory do not appear to have in-
vestigated the anodic process by anodically polarizing the
specimens. Several investigators (2, 3, 7) have apparently
misinterpreted the work of Chappell, Roetheli, and Mc-
Carthy (9) in this respect, as showing that no appreciable
change in potential occurred on anodic polarization in the
presence of the inhibitor. It is quite clear from their
report that Chappell and his co-workers did not anodically
polarize their specimens, their “anode potential”’ being
simply the normal corrosion potential of a specimen with
no externally applied current. This anode potential was
found to be slightly more cathodic in the presence of their
inhibitor, a certain indication that the inhibitor affects
the anodic process.

The experimental basis for the cathodic screening theory
is also open to question on several grounds. Lven if ex-
ternal cathodic polarization at current densities up to
some fifty times greater than the normal local action
current density could be justified as a valid basis for
interpretation, the apparent increase in hydrogen over-
voltage does not exclude the possibility of considerable
anodie polarization. As pointed out by Hoar (11), Mann’s
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(7) correlation of relative efficiencies of inhibitors from
cathodic polarization and weight loss data merely indi-
cated that the fraction of the surface covered with in-
hibitor molecules is the same as when no current is applied.

Recent work supports the view that inhibition is the
result of general adsorption of inhibitor molecules on the
metal surface, whereby both the anodic and cathodic
reactions are affected. Hoar (11) and Hackerman and
Sudbury (1) showed that, for a large number of com-
pounds in sulfuric acid, steady-state potentials invariably
moved in the cathodic direction relative to specimens in
uninhibited acid, which indicates a greater degree of
anodie than cathodic self-polarization (11). Hackerman
and Sudbury (1), externally polarizing specimens both
cathodically and anodically, and Cavallaro (13) in galvanie
tests with copper-iron and iron-zine couples, concluded
that both anodic and cathodic sites are involved in the
inhibition mechanism.

The present work on nitrogen-containing organic
inhibitors was undertaken to investigate: (@) the indi-
vidual contribution of each of the two electrode processes
to the inhibited state; (b) the relationship between the
concentration and efficiency of the dissolved inhibitor;
(c) the significance of the difference in the steady-state
potentials between specimens in inhibited and nonin-
hibited solutions.

EXPERIMENTAL

Method of tnvestigation.—The behavior of steel in
inhibited 1N H,SO, solutions was studied by observing
average corrosion rates and changes in steady-state
electrode potentials. The measurement of electrode poten-
tials under steady-state conditions ((Ae/At) < 1 mv/hr),
as discussed by Gatty and Spooner (14), is of considerable
importance in systems of this type in which Ae/At is
initially large. It was found that the electrode potential
of the specimen reached a steady-state condition after
about 2.5 hr; all experiments in inhibited solutions were
conducted on specimens which had been allowed to corrode
freely for this period in a noninhibited 1N H,S0, solution.

This pretreatment followed Hoar’s recommendation (11)
in removing the original abraded surface, but was found
to give more reproducible electrode potentials (x=1 mv)
after the 2.5 hr period than his HNOj; treatment.

Materials and equipment.—Mild steel rod (C 0.10%,
Mn 0.65%, Si 0.02%, S 0.03%, P 0.03%) of 0.24 in.
diameter was used as the test material. Specimens 534 in.
long were rotated in a chuck at 1400 rpm and abraded
with “Hydrodurexsil” 280 C and 400 grade emery paper.
They were then swabbed with acetone and distilled water,
dried with a clean cloth, and stored for approximately 20
hr in a desiccator over potassium hydroxide.

Electrode potential measurements were made against a
saturated calomel reference electrode. Electrical connec-
tion was made from the calomel electrode via a saturated
KCl-agar bridge to an isolating tube containing 1N
H.S0; and thence by filter paper strips moistened with
1IN H,80, to seven specimen tubes. All specimen tubes
and the reference electrode assembly were maintained at
25° + 0.25°C throughout the test.

A four-stage double-channel d-c¢ amplifier with a high
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input impedance [modified from a design by Shepard (15)]
was used to measure electrode potentials. The amplifier
input connection was made via a selector switch to brass
connector blocks from which the specimens were suspended
in the solution (Fig. 1). A voltage-backing network in the
amplifier permitted an arbitrary zero to be fixed at a con-
venient reference level. This was maintained at a constant
value throughout of —0.405 v with respect to the reference
electrode; potentials quoted in the text are negative with
respect to this level. As the tests were concerned only with
potential differences, no corrections were made for liquid
junction potentials; individual differences in liquid june-
tion potentials between each of the seven tubes and the
reference electrode were less than 1 mv.

All inhibitors were either of Analytical Reagent grade
or were fractionally redistilled. The quinoline and
quinaldine were synthesized and redistilled. Inhibitors
were dissolved in 1N Hy80,4 (A.R.) at the highest concen-
trations required; this solution was then diluted with
1N H,S0, to give the appropriate lower concentrations.

Procedure.—For each inhibitor, seven concurrent tests
covered a range of concentrations. Specimens were weighed
and assembled as in Fig. 1.

A short length (approximately 14 in.) of close-fitting
rubber tubing containing a short glass plug in one end was
placed over the bottom end of the specimen. A rubber
stopper, ground as shown in Fig. 1, was then placed on the
rod so that a length of exactly 4 in. was exposed between
the adjacent edges of the rubber tube and stopper. The
taper prevented hydrogen bubbles collecting on the under-
side. The specimen was suspended in a test tube (8 in.
long, 134 in. diameter) containing 110 ml of the test solu-
tion so that the liquid level covered the tapered edge of
the stopper. This method of assembly restricted the
specimen under test to a cylindrical surface with an area
of 3.01 in.2 (19.4 cm?).
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Specimens were inserted in the tubes containing un-
inhibited 1N H,S04 at 5-min intervals. After exactly
2.5 hr, during which the specimens corroded freely, an
electrode potential reading was taken. The uninhibited
acid in each tube was sucked into separate flasks, together
with 50 ml of 1N H,S0, added to the tubes for rinsing,
and the tubes were refilled immediately with 1N HzS0;
containing the dissolved inhibitor. One tube, acting as a
control, was refilled with noninhibited 1N H,SO,. This
changeover operation occupied less than 1 min. The
electrode potential was read within 2 min of changing the
solutions and at intervals of 20-30 min thereafter.

After a second 2.5-hr period, each specimen was removed
in turn from its solution, washed thoroughly, dried, and
weighed.

If w; = weight of iron dissolved during the period in
the inhibited solution, this is given by w; = W — wp,
where W = total loss of weight (in 5 hr), and w, = weight
dissolved in the first 2.5 hr (determined volumetrically
with 0.02N potassium dichromate on the extracted solu-
tion in the flasks).

The apparent efficiency of the inhibitor is determined
from the usual equation,

efficiency = 100 - W
Wy

%
where w, = weight of iron dissolved in the control (non-
inhibited) solution during the second 2.5-hr period.

A test period of 2.5 hr in the inhibited solution was
chosen because the corrosion rate of the control specimen
was found to be almost constant during this time. Tests
over longer periods showed that the average corrosion
rate changed from about 0.3 mg/min after 2.5 hr, to
about 0.5 mg/min after 23 hr, probably due to the in-
crease in surface area. The short test period resulted in a
proportionately lower weight loss on the control specimen
and, hence, lower efficiency values for a given inhibitor
than have been reported by other investigators using
much longer times.

Resurrs

The following nitrogen-containing organic compounds
were investigated: aniline, ethylaniline, dimethylaniline,
diethylaniline, pyridine, quinoline, quinaldine (2-methyl-
quinoline), B-naphthoquinoline, diethylamine, di-n-butyl-
amine, piperazine, tetramethyldiamino-diphenyl methane,
and brucine.

The various relationships between efficiency, concentra-
tion, and electrode potential are given in Fig. 2 to 10.

Reproducibility of results was satisfactory as is shown in
duplicate tests on B-naphthoquinoline, diethylamine, and
tetramethyldiamino-diphenyl methane.

Discussion

ts on Inhibitor Effictency, Concentra-
tion, and Potential Curves

Fig. 2-7 show curves typical of those found by other
investigators. Several attempts have been made to relate
either inhibitor efficiency (6, 7, 11) or electrode potential
(1) with inhibitor concentration through adsorption
isotherms of the Langmuir or Freundlich type. The usual

Introductory C
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efficiency.

assumptions made in these calculations are that inhibitor
efficiency or change in electrode potential is proportional to
the fraction of the surface covered by the inhibitor. In
later discussion, it will become evident that these assump-
tions are oversimplified.

Fig. 8-10 have been drawn so as to show the relation
between the change in electrode potential and inhibitor
efficiency in terms of the conventional potential vs. corro-
sion current-type curves. (Plotting inhibitor efficiency in a
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negative sense is equivalent to plotting percentage weight
loss and, hence, corrosion current in the positive sense.)
The change in electrode potential, Ae, is

Ae = Ep = E.‘
where E, = corrosion (steady-state) potential of the
specimen in noninhibited acid, and E; = average po-

tential (integrated and averaged over the “inhibition”
period of the test)! for the specimen in a solution con-
taining an inhibitor at a specified concentration.

The curves show that (a) the over-all movement in
potential for each inhibitor is in the cathodic direction,
indicating predominantly anodic hindrance to the corro-
sion process; and (b) the value of electrode potential
for a given efficiency (current) differs for each compound.
If all inhibitors acted in a purely anodic manner, the
observed potentials for all compounds would be identical
and would correspond to a point on the cathodic polariza-
tion (hydrogen overvoltage) curve. The present observa-
tion can only mean that each compound produces a
characteristic degree of cathodic polarization.

Taking both observations, it is evident that the in-

1 At higher concentrations of a few inhibitors, a slow drift
in potential of a few millivolts occurred during the test
period; for this reason, all potentials were integrated on a
time basis and averaged. It was assumed that a correspond-
ing slow change occurred in the corrosion rate which would,
however, be included in the term weight-loss, itself an in-
tegrated quantity.

February 1956

hibitor is adsorbed generally or, at least, in a manner which
affects both electrode reactions, rather than specifically at
cathodic areas, as Mann and others have suggested.

Nature of the Electrode Surface

Before proceeding to a detailed interpretation of the
results, it is necessary to summarize the existing theory
on the probable nature of the electrode surface at which
adsorption oceurs. Except for Hoar and Holliday’s paper
(16), little consideration appears to have been given to
this important aspect.

Most modern theories on hydrogen overvoltage agree
that an electrode evolving hydrogen is almost completely
covered with a chemisorbegd monolayer of atomic hydrogen
(17-19). Hickling and Salt (17) state that any electrode
at which hydrogen is present is to be regarded simply as an
atomie hydrogen electrode, the pressure of atomic hydrogen
determining the electrode potential according to the
electrode material and the experimental conditions.

Gatty and Spooner (20), in their comprechensive studies
of corroding systems, consider the nature of the electrode
surfaces in detail. They have produced substantial evi-
dence (on grounds other than overvoltage) from which
they infer that, in air-free acid solutions, the surface of
many metals (including iron) undergoing corrosion is
almost completely covered with an adsorbed atomic
hydrogen film. Anodic dissolution takes place only through
pores in this film; the continuous change in location and
magnitude of these pores accounts for the uniform etching
of the whole surface. The total instantaneous area of the
anodic sites comprises only a very small fraction of the
total surface and, eertainly for iron, anodic polarization is
very high, even in noninhibited solutions (20, 21).

According to the theory of overvoltage, the hydrogen
discharge process, essentially

M—H + H;0t + e —M + H, + H:0

takes place on the adsorbed hydrogen film. From Gatty
and Spooner’s conclusions, it follows that, where hydrogen
is being evolved as a result of corrosion in acid solution,
the cathodic current density will be very small compared
with that at the anodic pores, because of the very large
difference in cathode and anode areas.

The following experimental evidence indirectly supports
this view of the conditions at the electrode surface.
Kuznetzov and Iofa (22) concluded from their inhibitor
studies that hydrogen evolution occurred from the whole
surface, whereas dissolution of iron occurred only at the
edges of grains. Hoar and Havenhand (23), investigating
36 stecls in noninhibited citric acid, found that all ma-
terials under a wide variety of test conditions had ap-
proximately equivalent cathodes and that the different
rates of corrosion were due to widely differing anodes.
Further, Frumkin (24) quotes experimental work indi-
cating that the factors governing hydrogen overvoltage
(including the constants in the Tafel equation) are not
necessarily altered by the simultaneous existence of a
metal dissolution process.

The probable nature of the surface of an iron electrode



Vol. 108, No. 2

undergoing corrosion in air-free? acid solutions may
therefore be summarized as follows: (@) the cathodic field
consists of a chemisorbed atomic hydrogen film which
almost completely covers the electrode surface; (b) anodic
dissolution occurs at pores in the cathodic field. These
pores occupy a very small fraction of the total surface and
the anodic reaction is highly polarized.

Adsorption of the Inhibitor and Mechanism of Inhibition

Most of the evidence available favors the view that
adsorption of nitrogen-containing inhibitors from acid
media is mainly physical rather than chemical. The
following typical adsorption characteristics, taken together,
indicate the probability of van der Waal’s forces being
involved: (a) asymptotic increase in adsorption (judged on
inhibitor efficiency) with increasing concentration; (b)
adsorption is rapid (in the present work, it was observed
that on adding the inhibitor, the change in electrode
potential to a fairly steady value was almost instanta-
neous); (c) reversibility [although not always complete (1)];
(d) low heats of adsorption (16); and (e) decreasing ad-
sorption with increasing temperature (1, 16).

On the other hand, there is little doubt from the theory
of overvoltage that the hydrogen film is chemically ad-
sorbed. For a chemisorbed hydrogen film on iron at —96°
to —78°C, Emmett and Harkness (25) found the heat of
adsorption to be about 10,400 cal/g mole. At 25°C, the
value should be rather larger. While heat of adsorption
data for organic inhibitors is meager, Hoar and Holliday
(16) quote values of approximately 3,000-8,500 cal/g mole
for several quinoline compounds.

It is important to note that, hitherto, adsorption of the
inhibitor has been either directly or implicitly assumed to
occur on the bare metal surface. Since, however, the
chemisorbed hydrogen film will not be displaced by a
process involving physical adsorption especially if, as is
likely, the heat of adsorption is less, it is necessary to
consider the possibility that the inhibitor is physically
adsorbed on top of the hydrogen film.

As already mentioned, the rapid movement in electrode
potential on first adding the inhibitor indicates that it
evidently experiences no difficulty in becoming adsorbed.
Benton and White (26) and Insley (27) have shown that,
for iron and other metals, hydrogen can be physically
adsorbed on a pre-existing chemisorbed hydrogen mono-

2 Though probably not air-free in the strict sense, it is
unlikely that the present solutions contained more than
very small amounts of dissolved oxygen. Hydrogen was
continuously evolved from almost all specimens and the
solutions were quiet with an air-liquid interphase of less
than 1 em?. It is also interesting to note that, within certain
limits, conditions at the metal surface controlling hydrogen
evolution are not materially affected by appreciable
amounts of dissolved oxygen. Thus, saturation of the
solution with oxygen does not affect hydrogen overvoltage
values (on copper amalgam) at current densities greater
than about 10~* amp/em? (33). In the present low oxygen
solutions, current densities were of the order of 10~3 amp/
cm?. Uhlig (34) observed a difference of only 1 mv in the
electrode potential shift due to the addition of an inhibitor
to acid solutions bubbled with either oxygen or nitrogen.
Also, in low pH solutions, where hydrogen evolution is the
main cathodic reaction, small amounts of oxygen have a
negligible effect on corrosion rate (35).
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layer. The possibility of inhibitor adsorption in an anal-
ogous manner does not appear to have been considered
previously. While further experimental evidence is re-
quired, this inference appears a necessary and logical
outcome from preceding considerations.

It is visualized, therefore, that the inhibitor is physically
adsorbed on the cathodic hydrogen field and covers, at
the same time, the small anodic pores possibly by “bridg-
ing.” The possibility of direet physical or chemical ad-
sorption of the inhibitor on the bare metal at sufficiently
large anodic pores is not excluded. This may, in fact, ac-
count for the small residual of undesorbed inhibitor ob-
served by Hackerman and Sudbury (1).

The effect of the inhibitor film on the separate electrode
reactions is now examined.

Anodic polarization.—The presence of the inhibitor
film, even at very low concentrations, markedly hinders
the outward migration of ferrous ions from the anodic
pores. Whether this is due to concentration polarization or
increased diffusion resistance is not yet clear, Machu’s
resistance measurements (28) appear to support the latter
view. This further hindrance, added to the already existing
high state of polarization at anodic sites, will determine
almost exclusively the magnitude of the local action cur-
rent. On the other hand, at these low inhibitor concentra-
tions, very little increase in polarization of the large
cathodic field occurs.

The predominantly anodic behavior of the inhibitor is
shown in Fig. 11. Here, the change in electrode potential,
Ae, is plotted against the logarithm of the corrosion rate (in
relative units). For a purely anodic inhibitor, the move-
ment in electrode potential with decreasing corrosion rate
would follow the cathodic polarization (hydrogen over-
voltage) curve, represented by the usual Tafel expression

71 = a + b logw (current density)

where n = overvoltage and a, b are constants. In Fig.
11, b has been assigned the usual value for iron = 0.12
(29). (In earlier experiments in this series, using applied
current, approximate values of b between 0.12 and 0.16
were obtained.) The proximity of the inhibitor curves, in
the early stages of inhibition, to the overvoltage curve
is indicative of substantially increased anodic polarization.
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Fia. 11. Change in electrode potential vs. log corrosion

rate for several inhibitors in relation to the hydrogen over-
voltage curve for iron.
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The gradual divergence of the curves with increasing
efficiency points to an increasing effect of the inhibitor on
the kinetics of the cathodic process.

Cathodic polarization and the significance of the change in
electrode potential—It is recognized that the observed
electrode potential of a corroding surface is influenced by
the relative areas of the anodic and cathodic zones (30).
Where, as in the present study, the cathodic field covers
almost all the metal surface, the observed potential will
be approximately that of the cathodic film (20). The
observed potential, in either inhibited or noninhibited
solutions, is therefore virtually independent of the po-
tential of the anodic sites and approximately equal to
that of an iron electrode evolving hydrogen at a rate
depending on its normal overvoltage characteristics and
the current. The latter is essentially determined by the
degree of anodic polarization. The relationship is shown
diagrammatically in Fig. 12, PC and P’C” are the hydro-
gen overvoltage curves for noninhibited and inhibited
solutions, respectively.

The significance of the change in cathodic polarization
potential, E. to E; , on adding the inhibitor to the system
can now be examined. E. and E; are the potentials of
noninhibited and inhibited surfaces, respectively, at which
hydrogen is being discharged at a rate corresponding to a
current I; in each case.

Adsorption of the inhibitor on to the chemisorbed
hydrogen film may conceivably increase cathodic polariza-
tion by increasing (a) the diffusion resistance; (b) the
activation energy required for the overvoltage process;
(c) the current density.

(a) From their overvoltage measurements by the direct
and indirect methods, Bockris and Conway (31) found no
appreciable increase in film resistance in the presence of
inhibitors. Also calculations in connection with the
present work show that, for the idealized case of a com-
plete monolayer of plane circular molecules, disposed in
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an ordered manner to give greatest packing density, the
proportion of free space (area not covered by inhibitor) is
about 5%. The diffusion resistivity through such a mono-
layer would need to be improbably high to account for
changes in potential observed. It is most unlikely in any
case that the proportion of free space would ever approach
such a small value in view of the irregular shape of most
molecules and the dynamic nature of the adsorption
process.

(b) Except for Bockris and Conway’s conclusions, there
is no evidence to date in favor of increased activation
energy causing the change in potential. It is interesting to
note that, for magnesium in acid solution, Hurst and
Jermyn (32) showed that the activation energy was of
the same order in either inhibited or noninhibited acid.
They concluded that while a proportion of the surface
was isolated by the inhibitor, the residual reaction was the
same as in noninhibited acid.

(c) The view that increased cathodic polarization may
be due simply to reduction in the total area available for
hydrogen discharge, with a corresponding rise in the
current density on the free area, was proposed by Mann
and his school to explain the “specific cathodic adsorp-
tion” theory. Machu (28) has also admitted the feasibility
of this mechanism. This approach has been applied to the
“general adsorption” argument developed here and leads
to an adsorption isotherm expression which is substantially
supported by present experimental data.

Derivation of Equation Relaling Electrode Potential,
Inhibitor Efficiency, and Concentration

It is assumed that the rise in overvoltage from E, to
E; is due solely to an increase in current density (the in-
hibitor film having reduced the available cathode area)
and that no change in activation energy is involved. The
usual Tafel equation then still applies with its constants
unchanged. In Fig. 12, this means that for a given current
I;, E; — E. corresponds to the difference between two
values of the Tafel equation containing only different
current density terms.

For a noninhibited surface

Iz
E.=a+ blogmz;
where 4, = the cathode area,
For an inhibited surface

E,‘= a+blogmAL_

where A; = the uncovered area (free space) of the cathode
surface corresponding to the current /;

A= Ap(l - 0)
where 0 = the fraction of the surface covered by the
inhibitor.
Taking A, as unit area, and E; > E., and since the
current is the same in each case

1
E,'— Ec = blogm‘z_

1
= b ]Ogm m
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from which

0 . (E;—E)
== antilog B -1
From Fig. 12,

Ei— B, (E,— £ —Ac
b b

where Ae is the observed difference in potential between
noninhibited and inhibited surfaces for current I;.
Thus

Ei—E; 1 I, I; Ae
= b [(a+ blogmz;> - (a +b lo{’mA,,)]_ b

I, Ae
=logoy —
Hence
0 ; I, Ae
1—_—9 = J.ntl](){, <10g1u -[-: - T) -1

I, .. Ae
= Eantllog <_T) -1

TFollowing the form of the Langmuir isotherm used by
Hoar (11, 16) in which

0 ,
logys —— = logi K + logw ¢ — %,

1—-0
where ¢ = bulk concentration of the inhibitor, @ = heat of
adsorption, and K = constant, one may write

logis ¢ = logo [;—:’ antilog ( —%) — I:I — log K + :ﬁ%ﬁ'

Now we have an isothermal equation relating electrode
potential, concentration, and inhibitor efficiency, which
depends primarily on the two assumptions: (¢) that in-
creased overvoltage is due to increased current density;
and (b) that inhibitor adsorption follows the Langmuir
theory.

Application of Equation to Present Data

In Fig. 13 to 15, logiw ¢ has been plotted® against logi
[I,/1; antilog (—Ae/b) — 1] (denoted by logw F) for the
inhibitors studied. For the ninc compounds, aniline,
ethylaniline, dimethyl- and dicthylanilines (except for
the points of lowest concentration), diethyl- and dibutyl-
amines, pyridine, piperazine, and 2-methyl quinoline,
data are in good linear agreement with the equation.
Yor pyridine, dibutylamine, and dimethylaniline, the
slopes of the curves are close to unity, as is required by
the equation. While the slopes for the other six compounds
are generally of the right order, it is evident that adsorp-
tion is also influenced by an additional unknown factor
characteristic of each compound.

3 Least squares lines have been drawn to all data, exeept
for the point of lowest concentration for each of the anilines
which was not included in the calculations. The value of the
Tafel constant b was taken as 0.12. The linearity of the
expression is independent of b and the slope of the curves
is only slightly affected by adopting an approximate value.
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Fia. 13. Adsorption isotherms relating inhibitor con-
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current (log F).
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Fic. 14. Adsorption isotherms relating inhibitor con-
centration (log C) with electrode potential and corrosion
current (log F).

The case of the lowest concentration points of the
anilines is of special interest. While the position of these
points is less certain because of the relatively large effect
of small experimental errors in measuring Ae, the fact
that all points fall on the same side of the linear curve is
probably significant. The present theory assumes that,
as the inhibitor concentration increases, the current
density at the cathodic field also rises. If, however, at
low inhibitor concentrations, the fractional decrease in
corrosion current due to anodic polarization very nearly
equals the fractional decrease in cathode film area, the
current density over this range of concentration will be
nearly constant. The equation, which relates changing
current density with concentration, will then not apply
and calculated data will fall to the left of the equation line
as occurs for the anilines. This reasoning implies that,
at low concentrations, anilines have a slightly stronger
anodic influence than other compounds of this group,
although the cause of this behavior is not yet clear.

Molecular orientation.—Lxcept for pyridine, the com-
pounds showing substantial agreement with the equa-
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tion contain the nitrogen atom “within” the structure
of the molecule. If, as is generally agreed, the adsorption
forces are directed mainly to this atom, these molecules,
on adsorption, should exhibit only a single mode of
orientation. Ring compounds, like -ethylaniline, for
example, should only be oriented “flat” or parallel to the
adsorbent surface.

Pyridine, quinoline and B-naphthoquinoline have the
nitrogen atom located on the outside of the ring structure.
In this position it is always accessible to the adsorption
forces so that these molecules are capable of adsorption
in either the “flat,” “inclined,” or “vertical” modes of
orientation, depending on surface concentration.t It is
not surprising, therefore, that quinoline and S-naphtho-
quinoline do not conform to the equation, since the frac-
tion of the surface covered depends not only on the bulk
concentration but also on the molecular orientation which
will vary with surface concentration. This behavior was
not observed for pyridine which is a relatively weak
inhibitor and cvidently exhibits a single (possibly pre-
ferred) orientation at the comparatively lower surface
concentrations existing.

For 2-methy] quinoline, the position of the methyl group
(adjacent to the nitrogen atom) should permit adsorption
of the molecule only in the flat orientation. Closer ob-
servance of the data to the equation for this material
compared to the parent compound quinoline supports this
view. The vertical section of the 2-methyl quinoline curve
suggests that a state of maximum adsorption has been
reached.

Brucine may be adsorbed through either of its two

1 Hackerman and Glenn’s (4) electron diffraction studies
on an alkyl pyrrolidine-dione, which has a similarly placed
nitrogen atom, obtained cvidence indicating that the
orientation of the adsorbed molecules changed from the
flat to inclined mode as the surface concentration increased.
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nitrogen atoms, although not through both at the one
time. The two linear sections of the brucine curve appear
to indicate two distinet modes of orientation.

The nonconformity of tetra-methyl-diamino-diphenyl
methane with the equation is not unexpected as adsorp-
tion is possible through cither or hoth of its nitrogen
atoms. As the surface concentration increases, the ‘single
atom’ mode of orientation should predominate, since it
requires a smaller area for adsorption.

Revised Theory on the Mechanism of Inhibition®

It has been suggested that the true picture of the
mechanism of inhibition probably involves aspects of
both the “cathodic screening” theory typified by Mann
and the “general adsorption -mainly anodic inhibition”
theory of Hoar, Hackerman, and others. The present
argument embraces the main features of both these
theories and, with the additional evidence, presents a more
complete account of the probable inhibition mechanism
than has been available previously.

The theory is also consistént with modern views on
hydrogen overvoltage.

1t can be summarized as follows:

1. A steel surface corroding in an acid solution is
covered with a chemisorbed atomic hydrogen film which
comprises the cathode area of the corrosion process.
Anodic dissolution takes place only at pores in this film.

2. The inhibitor is physically adsorbed on to the
hydrogen film. Anodic pores are also covered, probably
by bridging, although at sufficiently large pores, some
direct adsorption, either physical or chemical, may oceur.

3. Reduction in the local action current is primarily
due to increased polarization at the anodic pores.

4. Reduction of the available cathode area by the
adsorbed inhibitor causes a rise in hydrogen overvoltage
due to increased current density.

5 Tor adsorbed nitrogen-bearing inhibitors having
only one mode of orientation, the relation between bulk
concentration, corrosion current, and clectrode potential
can be expressed quantitatively for the most part by the
derived equation

I
logi ¢ = K’ logu [l—" antilog (_%c) - 1:‘

; Q

~loge K+ 53 RT

where ¢ = molar concentration, /; and I,, = current (cor-

rosion rate) with and without the inhibitor, respectively,

Ae = difference in clectrode potentials of inhibited and

uninhibited surfaces for current 7; , b = Tafel overvoltage

constant, @ = heat of adsorption, and K and K’ = con-
stants; ideally K’ should cqual unity.

The over-all picture of the mechanism of inhibition is

still incomplete in many respeets. The kinetics of anodic

polarization of iron with and without inhibitors require

s The theory is, for the moment, restricted to compounds
containing only nitrogen as the active atom for adsorption.
Sulfur-bearing compounds like the thioureas not only ex-
hibit a different, electrode potential behavior but stimulate
corrosion at very low concentrations. See also Hoar and

Holliday (16).
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further elucidation as does the effect of molecular structure
and adsorbed orientation on inhibition. The collection of
additional experimental data to confirm or modify the
present views on the nature of the adsorbent interphase
and the manner of adsorption appears to be the next step
toward interpreting other complex aspects of inhibition.
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Oxidation of Tungsten

Warr W. Wess,' Joun 1. NorToN, AND CARL WAGNER
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ABSTRACT

Twao oxide layers form during the oxidation of tungsten between 700° and 1000°C. The
outer layer is porous, powdery, yellow tungstic oxide, WO;, and the inner layer is a
dense, thin, dark-blue, tightly adherent oxide of uncertain composition. The oxidation
reaction follows initially the parabolic rate law, but eventually there is a transition to
the linear rate law. The rate of formation of the inner oxide is presumably inversely
proportional to its thickness. The inner oxide seems to transform to the outer oxide at a
constant rate. Upon combining the rate laws of the two individual processes, an over-
all rate equation covering the whole range is obtained. The thickness of the inner layer
tends to a limiting value when the rate of its formation is equal to the rate of transforma-

tion to the outer layer.

INTRODUCTION

The oxidation of tungsten has been investigated by
several authors. Gulbransen and Wysong (1) found the
1 Allegheny Ludlum Steel Co. Fellow, 1953-1955; present

address: Metals Research Lab., Electro Metallurgical
Co., Union Carbide and Carbon Corp., Niagara Falls, N. Y.

parabolic rate law applicable under most conditions up to
550°C. Likewise Dunn (2) found the parabolic rate law
to hold between 700° and 1000°C. In contrast, Scheil (3)
reports a linear rate law between 500° and 900°C. Results
obtained by Nachtigall (4) and Kieffer and Kolbl (5)
suggest an intermediate rate law. To clarify, the oxidation
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of tungsten has been re-investigated between 700° and
1000°C. Seemingly conflicting observations have been
resolved by covering a wide span of time ranging from
several minutes up to more than one day.

Gulbransen and Wysong (1) noted appreciable volatility
of tungsten oxides only under good vacuum above 800°C.
Millner and Neugebauer (6) reported that tungsten
trioxide is not volatile at 1000°C in oxygen, argon, or in a
vacuum of 1 g mercury. However, they found that tungsten
trioxide volatilized in the presence of water vapor in
excess of 30 volume per cent. The present investigation
confirms that volatilization of tungsten oxides in dry
oxygen up to 1000°C is insignificant, and, therefore,
oxidation can be followed by measuring the weight gain of
specimens.

Hickman and Gulbransen (7) have studied the crystal
structures of the oxides formed on tungsten up to 700°C.
Below 700°C they found only WO, but at 700°C both
WO, and WO; were reported. According to studies of
phase relations in the system tungsten-oxygen, especially
x-ray investigations. the occurrence of other phases may
also be expected. The following stable phases have been
reported (8-15):

aWO; triclinic pseudo-orthorhombic (stable below
720°C),

a'WQj; tetragonal (stable above 720°C),

BWx0s = WO,.90 monoclinic,

YWis0s = WOq3; monoclinic,

SWO, monoclinie.

Each of these phases is supposed to exist in a finite
homogeneity range, the limits of which are temperature
dependent.

In addition, there is a cubic phase, WsO (15), which
however does not seem to be stable above 700°C.

The available thermodynamic data on the tungsten
oxides have been summarized by Coughlin (16).

EXPERIMENTAL

The weight of tungsten specimens suspended in a tube
furnace by quartz filaments from a standard analytical
balance was read periodically as the oxidation proceeded.
Since all the oxide remained on the surface of the speci-
mens, the amount of oxide formed was thus obtained.
Specimens of 0.05-cm thick tungsten sheet weighing from
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2 to 10 g with surface areas from 4 to 10 cm? were polished
on 120-mesh Alundum abrasive paper and washed with
C.P. acetone. US.P. tank oxygen was passed over
“Ascarite,” CaSQ,, and “Anhydrone” for purification
before being admitted to the furnace at flow rates of 2-5
liter /hr.

To start a run, the specimen was raised from a cold
zone below the bottom of the furnace into the oxygen-
filled hot zone maintained at the desired temperature
within +5°C. About 1 min was required for the specimens
to reach the desired temperature. The alternative method
of initiating runs by introducing oxygen into the furnace
with the specimen already at reaction temperature in an
inert atmosphere was rejected since calculations indicated
that, in this case, initial evolution of the heat of forma-
tion of the oxide would produce significant overheating
of the specimen and hence give spurious results.

Tungsten sheet from the A. D. McKay Company was
reported to be 99.9% pure. An analysis revealed the
following impurities: 0.002% Fe, 0.005% Si, 0.019% Al,
0.033% C, and 0.004%, sulfur.

Experimental data are presented in Fig. 1 and 2. No
allowance is made for the time required to reach the
reaction temperature. Deviations between duplicate runs
had about the same magnitude as the scatter of points
during an individual run. Points at short oxidation times
have been omitted for clarity.

The weight gain curves start out with a steep slope
which gradually decreases and tends to a limiting value
corresponding to a virtually constant rate. This suggests
that a parabolic rate law may represent the data for a
short time at the beginning of the experiments. Subse-
quently, transition to a linear law seems to oceur. On this
basis, limiting rate constants &, and k; have been evaluated
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TABLE 1. Rate constants for the oxidation of tungsten
Temp, °C Run No. l ke R ‘ Ymax = dmax hos
i g2/emisec g/emsec glem? cm sec
700 6 2.5 X 107 3.9 X 107 |
700 7 l 1 3.9 X 107!
700 8* | 2.5 X 1070 5.6 X 107 |
700 144 | t 4.3 X 107 |
700 best values ’ 2.5 X 107° 4.0 X 1077 ‘ 3.1 X 1073 2.0 X 1073 1490
800 9 3.0 X 108 3.2 X 10°¢ ]
800 16 3.0 X 107 3.0 X 1076 |
800 best values 3.0 X 10°# 3.2 X 106 | 4.7 X 1073 3.1 X 1073 280
900 10 1.0 X 1077 5.8 X 10-¢ ‘
900 121 | 1.3 X107 7.5 X 107¢ ‘
900 best values ‘ 1.0 X 1077 6.0 X 10-¢ \ 8.4 X 103 5.5 X 1073 264
1000 | 11 | 7.3 X 107 1.8 X 10 [
1000 1 13 ! 7.3 X 1077 1.8 X 10°®
1000 ‘ best values ‘ 7.3 X 1077 1.8 X 10°% ‘ 2.0 X 102 1.35 X 1072 214

* Oxidized in O, saturated with H,O at 23°C.
t Large cdge-to-area ratio.

t No value of k2 has been obtained in view of irregularities at

and are tabulated in the third and the fourth column of
Table I. The parabolic rate constants k; are in general
agreement with those of Dunn (2) whose runs did not
exceed 3 hr. Scheil (3) found that the linear rate law ap-
plied when specimens were oxidized up to 90 hr at 700°C.
This is also in agreement with the results of the present
investigation because for such long oxidation times the
transition from the parabolic to the linear rate law is
virtually complete.

Two experiments were made in order to determine the
effect of variations in the experimental conditions which
may be expected to be critical.

In view of the reported volatility of WO; in water vapor
(6), one run was made in oxygen saturated with H,O at
23°C. The only significant difference was a slight increase
in the constant oxidation rate approached after long
times. No deposit of oxide appeared at the exit of the
furnace.

Since preferred oxidation at edges and corners was
noticed, specimens with an exceptionally large ratio of
edge length to surface area were oxidized. They showed
some small irregularities in rate, but, as a whole, results
did not differ widely from results for standard samples.

On the outer surface of the specimens a thick, powdery,
porous layer of the yellow tungstic oxide, WO3, appeared.
The oxide appeared to have grown outward perpendicular
to the flat surfaces of the specimens as has previously been
observed by Scheil (3). After the yellow oxide had reached
a thickness of the order of 1 mm, preferred oxidation near
the edges was quite evident, particularly at the higher
temperatures where cventually the yellow oxide layer
projected from the edges like petals. Weight gain data
were not taken after the preferred oxidation became
evident since, by that time, the effective area of the
specimens had changed excessively. The porosity of this
layer was clearly evidenced by rapid absorption of ink
from a fountain pen point touched to the oxide surface,
and by microscopic examination (see Fig. 3). Pycnometric
density measurements indicated about 30% porosity.
Absorption of water or glycerin during density determina-

small oxidation times.

tions was slight, apparently due to poor wetting of the
oxide. X-ray diffraction powder patterns taken with a
Geiger counter spectrometer revealed only WOs. Pre-
sumably, the o structure was formed above 710°C but
transformed on cooling.

On scraping the yellow oxide from the surface, a hard,
dark-blue substrate was found which yielded an x-ray
diffraction pattern different from tungsten and different
from that for any of the known tungsten oxides. The
observed diffraction lines coincided with some of the lines
observed for WO; and with some of those reported for the
blue tungsten oxide listed as WOy in the ASTM x-ray
diffraction data cards. The five lines that appeared were

Fia. 3. Tungsten oxidized at 700°C showing porosity in
the yellow oxide (no etch). The light area is unoxidized
metal.
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F1c. 4. Tungsten oxidized at 700°C for 4 hr observed with
oil-immersion objective (no etch). The dark, irregular band
in the middle is the 4- to 15-x thick “blue oxide” layer be-
tween yellow WO; at the top and metal at the bottom. The
distinet identity of the blue oxide is emphasized by exam-
ination with a polarizing microscope or with a sensitive tint
plate.

all sharp and could be indexed on the assumption of a
cubic lattice with a parameter of 3.77 A. The composition
and structure were not definitely determined, but it may
be surmised that this oxide is a metastable modifieation of
one of the intermediate oxide phases.

The thickness of the blue oxide formed by protracted
oxidation at several temperatures was estimated roughly
from the relative integrated intensities of diffraction lines
from the blue oxide layer and from the underlying tungsten.
At 700°C, the estimated thickness was of the order of 15 p.
At 900°C, the thickness was roughly two times greater.
The thickness found at 700°C is close to an estimate of
10 ¢ obtained by microscopic observation of a cross sec-
tion, part of which is shown in Fig. 4.

Specimens oxidized for about 5 min at 700°C were found
to have almost the same thickness of the blue oxide as
those oxidized for extended periods but only a very thin,
powdery layer of yellow oxide. This indicates that the
blue oxide forms quite rapidly during the early stages of
oxidation but later ceases growing.

DiscussioNn

According to Loriers (17) the transition from the para-
bolic to a linear rate law occurs when the primary oxida-
tion product is a nonporous oxide which transforms to
another porous oxide by take-up of additional oxygen.
The formation rate of the primary oxide is assumed to be
inversely proportional to its thickness, whereas the rate of
transformation to the porous oxide is assumed to be
constant. Then one has the rate equations

February 1956

dy/dt = ajy — b Iy
dz/dt = fb (I1)

where y is the mass of oxygen in the barrier layer per unit
area at time ¢, z is the mass of oxygen in the outer porous
oxide layer, f is the ratio of the oxygen content per gram-
atom metal in the outer layer to that in the inner layer,
and @ and b are constants.

The total amount of oxygen per unit area, equal to the
increase in mass per unit area, is

Am/A =y + 2 (I11)

I

Tor short times, when the barrier layer is thin and thus
y is relatively small, the first term on the right-hand side
of equation (I) predominates. Consquently, the constant a
may be caleulated as

. {1d[/Aam\? 1 .
B l.‘i‘z{zéu [(7) } o e e

Hence a is one-half the rate constant, k., of the parabolic
rate law of Pilling and Bedworth (18). At longer times,
the amount of oxygen in the barrier layer tends to a
limiting value ymax when the rate of formation of this
layer is equal to the rate of transformation to the non-
porous oxide. From equation (I), it follows that

Ymux = a/b ")

If ¥ = Ymax , the rate of change in mass per unit area is
essentially equal to dz/dt. Hence, in view of equation (IT),

bf = lim [M] =k 4%
b= dt

0

where k; is the rate constant of the linear rate law valid
for long oxidation times.

On this basis, Loriers has explained qualitatively the
gradual transition from a parabolic to a linear rate law
observed for cerium (17). Subsequent measurements by

Jubiceiotti (19) are in accord herewith. The same behavior
has been found for the oxidation of uranium (20).

In the case of tungsten, it is also possible to represent
the experimental data with the help of equations (I) and
(IT) at intermediate times when neither limiting rate law
applies.

Integration of equations (I) and (II) yields

In(l — by/a)™* — by/a = V*t/a (VI
z = bft (VIID)

whereby the values of y and z in equation (III) as functions
of time are determined.
Introducing the auxiliary values

X = In(l — by/a)™ (IX)
Y = bi/a (X)

we may rewrite equation (VII) as
X-(—-eX)=Y (XTy

and plot log Y caleulated from equation (XI) vs. log X.
With the help of this plot, one may obtain the value of X
for a given value of ¥ = b%/a.
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Substitution of equations (VII) and (VIII) in equation
(ITT) yields

Am/A = (a/b) In (1 — by/a)™ 4+ b(f — 1)t

(X1I)
= (/D)X + Y - 1]

In this way, onc may caleulate Am/A for any time ¢
for a comparison with observed values in order to check
the applicability of the rate laws assumed in equations (1)
and (IT). If the inner oxide had the approximate composi-
tion WOqzs , the value of £ would he 1.09. Since the actual
composition of the inner oxide is uncertain, however, f
has been taken as unity for the sake of simplicity. Hence,
a is equal '$ky and b is taken as equal to & according to
equations (IV) and (VI). Values of %y and k, are listed
in Table I.

Tig. 5 shows that the observed oxidation curves generally
agree with the caleulated curves within the limits of
uncertainty. Deviations at short times which are empha-
sized by the logarithmie scale are due to an uncertainty of
about 30 sec in fixing the effective starting time of the
experiments and to an uncertainty in the calculation of
the limiting parabolic rate constant.
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T1i. 5. Comparison of caleulated and observed values of
Am/A for the oxidation of tungsten.

In addition, the value of y,,.x calculated from equation
(V) may be used in order to obtain the maximum thickness
of the inner oxide film,

inax = Ymax M /162p (XIII)

where M is the formula weight of the inner oxide involving
one atom of tungsten, x is the number of oxygen atoms
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per tungsten atom, and p is the density of the inner oxide.
The evaluation of equation (XIII) has been based on the
formula WO;, although the actual value of z is smaller
than 3. Calculated values of d.x agree with the observed
values within a factor of two which is about the magnitude
of the cxperimental uncertainty. The observed trend of
dinax With temperature is in accord with the caleulations.
From equations (V) and (VII), one may also calculate
the time o5 required for y = 0.5 ynux When half the limit-
ing thickness of the protective oxide layer has been
reached,
tos = (@/®(In2 — 0.5) = 0.19(a/b?) (XIV)
Values of fs listed in Table I show that most of the
inner oxide layer is built up in a rather short time, es-
pecially at higher temperatures. This shows the difficulties
of obtaining an adequate value of k.

Manuseript received August 25, 1955. This paper was
prepared for delivery before the Pittsburgh Mecting,
October 9 to 13, 1955, and is based in part on a thesis sub-
mitted by W. W. Webb in partial fulfillment of the require-
ments for the ID.Se. degree from Massachusetts Institute of
Technology.

Any discussion of this paper will appear in a Discussion
Section to be published in the December 1956 JourNAL.
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ABSTRACT

A general analysis of the characteristics of the oxidation of alloys containing carbon or
carbides is given. Evolution of gaseous CO and CO, may rupture oxide films which, in the
absence of carbon, are highly protective. On the other hand, if the base metal has a high
affinity for oxygen, carbon may be retained in the alloy, or carbon may diffuse across
the oxide layer. Experimental data are reported for the systems Ni—C, W—C, Mn—C,

and Ti—C.

INTRODUCTION

A determining factor for the oxidation resistance of
hard metals based on metal carbides and of carbon-bearing
alloys may be the presence of carbon which may yield
gaseous reaction products, CO and CO, Some carbon-
bearing materials are of industrial interest due to their
high strength at elevated temperatures, but, for widest
applicability, their oxidation resistance must also be
sufficiently high (1). In general, oxidation resistance of a
metal is due to the formation of a solid protective metal
oxide film which acts as a diffusion barrier and limits the
rate of oxidation (2), but the formation of gaseous reaction
products such as CO and CO, may disrupt the protective
oxide film. Therefore, the oxidation of various metal-carbon
systems has been investigated to clarify this situation.

Oxidation of a metal such as nickel or manganese at
elevated temperatures yields an oxide layer virtually
without pores, and the rate is controlled by diffusion of
ions and electrons across the oxide film. If carbon is
present as an alloying element, the formation of CO or
CO; at the alloy-oxide interface may rupture the oxide
layer and, therefore, change the kinetics of the oxidation
process.

If the metal oxide adjacent to the alloy has the formula
MeQ,, evolution of CO and CO. may be due to the reac-
tions

C(alloy) + 1/y MeO, = CO(g) + 1/y Me(alloy) (I)
C(alloy) + 2/y MeO, = COx(g) + 2/y Me(alloy) (II)

The corresponding equilibrium partial pressures of CO
and CO; are

(I11)
vy

where K, and K are the equilibrium constants of reactions
(I) and (II), respectively, and where ame and ac are the
activities of metal and carbon, respectively, at the alloy-
oxide interface.

The following two principal cases are to be considered.
Case I.—If metal Me has a relatively low affinity for
oxygen and, accordingly, the sum pco + Poo, [calculated
from equations (IIT) and (IV) with the carbon activity

1 Allegheny Ludlum Steel Co. Fellow, 1953-1955; present

address: Metals Research Lab., Electro Metallurgical Co.,
Union Carbide and Carbon Corp., Niagara Falls, N. Y.

Poo = Kiac/(ame)'"™
Pooy = Kaac/(ame)??
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of the original alloy] is much greater than the surrounding
pressure P, outburst of CO and CO; is likely to rupture
the oxide film. Then molecular oxygen may diffuse through
the resulting cracks toward the alloy-oxide interface so that
the oxidation of the metal may proceed much more rapidly
than in the absence of carbon unless the oxide layer shows
a very good “healing tendency.”

Under these conditions, the activity of carbon at the
alloy-oxide interface will be much lower than in the bulk
alloy. In view of the porosity of the oxide, the sum of
Poo and peo, may be assumed to be virtually equal to the
surrounding pressure P,

Poo + Pooz = P 4]
The CO,/CO ratio is given by the reaction
1/y MeO, + CO = 1/y Me + CO, (VD)
with the equilibrium condition
Poos/Poo = Ka/(ame)'" (VID)

Upon combining equations (V) and (VII), onc may
calculate the values of pco and peo, and finally, on using
equations (ITI) or (IV), the activity of carbon at the
alloy-oxide interface.

The following possibilities under Case I are to be
considered.

(A) A much lower carbon activity at the alloy-oxide
interface than in the bulk alloy may result in diffusion of
carbon toward the oxide-alloy interface and, therefore, in
preferential oxidation of carbon. This has been found in
the system Ni—C.

(B) In spite of depletion of carbon at the metal-oxide
interface, diffusion of carbon may be negligible. By and
large, the rate of diffusion in a single phase is determined
by the product of a diffusion constant and a concentration
gradient which, in turn, is essentially proportional to the
homogeneity range of the phase. Therefore, if the homo-
geneity ranges of the phases of the Me—C system which
are involved are very small and the rate of oxide formation
is high, diffusion of carbon will be insignificant as can be
shown by calculations omitted in this paper. Thus, non-
preferential oxidation of carbon is expected as has been
found in the system W—C.

Case II.—In systems involving a high absolute value
of the standard free energy of formation of metal oxide
per gram-atom of oxygen, the sum pco + Pco2 calculated
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from equations (I1I) and (IV) with the carbon activity
of the original alloy is less than the surrounding pressure
unless the temperature is very high. Under these condi-
tions, carbon may be retained in the alloy underneath a
dense oxide film, but it is also possible that carbon is
oxidized as is shown below. The following possibilities
under Case IT are to be considered.

(A) Carbon rejected at the alloy-oxide interface may
diffuse backward into the bulk alloy as has been found in
the system Mn—C. Possibly, phases richer in carbon
than that in the original alloy may form. If the sum
Pco + Poo, caleulated from equations (IIT) and (IV) with
the carbon activity prevailing at the alloy-oxide interface
does not exceed substantially the surrounding pressure,
no rupture of the oxide film is to be expeeted and the
oxidation rate is supposed to be essentially the same as in
the absence of carbon except for a small effect due to the
lower activity of the metal.

Enrichment of carbon at the alloy-oxide interface,
however, may in some systems result in a large increase in
the activity of earbon and a pressure poo + pcoz which is
substantially greater than the surrounding pressure.
Thus, after a certain amount of carbon-rich alloy or,
eventually, graphite has been formed, rupture of the
oxide film may occur. Access of oxygen will decrease the
carbon activity with following healing of the ruptured
oxide film and acecumulation of carbon until once more the
critical activity of carbon for rupture of the oxide film
has been reached. Thus, periodic changes of the oxidation
rate would occur. So far, no experimental evidence for this
type of oxidation is available.

(B) Backward diffusion of carbon will not oceur if the
alloy is saturated with graphite and, accordingly, there is
no activity gradient of carbon. In this case, more graphite
may be formed at the alloy-oxide interface. If graphite
appears in disperse form, the cross section of oxide available
for migration of ions and electrons is changed only to a
minor extent and so the oxidation rate may not differ
widely from that for a system free of carbon. No example
can be quoted at the present.

(€) In special cases, outward migration of carbon across
an “oxide layer” may oceur if carbon is sufficiently soluble
therein. The presence of carbon in the oxide may increase
or decrease the concentration of lattice defects which are
decisive for the rate of migration of ions and electrons in
the oxide and, therefore, may increase or decrease the rate
of oxidation of the metal. Dissolution of carbon in oxide
may be considered as an important factor when TiC is
oxidized because TiC and TiO are known to be mutually
soluble, and there may be some carbon solubility in TiO..
So far, however, no direct experimental proof has been
obtained.

The foregoing discussion is based on the assumption of
attainment of thermodynamic equilibrium at the various
phase boundaries. It is possible, however, that the breakup
of metal-carbon honds in a carbide phase requires a high
activation encrgy and thus becomes the rate-determining
step. Under these conditions, oxidation of a carbide may
follow a lincar rather than a parabolic rate law and is
substantially slower than the oxidation of the correspond-
ing metal under comparable conditions during a certain

OXIDATION IN METAL-CARBON SYSTEMS 113

span of time. Although there is no direct evidence, this
may be an important possibility to account for the oxida-
tion resistance of some carbides and other constituents in
bard metals such as borides and nitrides.

These general principles for the oxidation of metal-
carbon systems are illustrated by investigations on the
systems Ni—C, W—C, Mn—C, and Ti—C.

EXPERIMENTAL PROCEDURE

The weight change of specimens heated in dry oxygen
of atmospheric pressure was measured in the same manner
as for the oxidation of tungsten (3). In view of the loss of
carbon, however, the weight change is not a direct measure
of the oxidation rate. Therefore, the amount of carbon
being oxidized was determined separately in parallel runs.
The gas passed over the specimen was led into an auxiliary
furnace with cupric oxide as a catalyst, where CO was
converted into CO; which was finally collected in weighing
bottles containing Ascarite and Anhydrone. The oxygen
take-up per unit surface area Amox/A may then be calcu-
lated as

Amoe/A = Am/A + (12/44) (Amgog/A)  (VIIT)

where Am/A is the observed change in mass of the sample
per unit area and Amgo,/A is the amount of CO, per unit
area collected during the same time.

If metal and carbon are oxidized nonpreferentially, we
have the equation

(1 - 2)Me + 2C + [‘ (1 -2y + x] 0,
o (IX)

= (1 — 2)MeO, + 2CO:

where x is the mole fraction of carbon in the original alloy
or carbide, and y is the average number of oxygen atoms
per metal atom in the oxide layer.

From equation (IX) it follows that

Amco,/A 44z
Am/A 16(1 — 2)y — 12¢

X)

if neither metal nor carbon is oxidized preferentially.

If equation (X) holds, the oxygen take-up per unit area
may be calculated directly from the weight change of the
sample. Upon substitution of equation (X) in equation
(VIID), it follows that

Amex 16(1 — )y Am

A T (0 -—ay-— 120 4 (X0

Conversely, Amox/A may also be calculated from the
amount of CO,. Substitution of equation (X) in equation
(XI) yields

Amoex _ 16(1 — 2)y Amco,

A 4z A ()

Values calculated from equations (VIII), (XI), or (XII)
have been used in order to calculate the parabolic rate
constant as (Amex/A)?/t in glem=* sec! as far as the
parabolic rate law applies.

Equations (VIII) and (X) involve data from parallel
runs since the weight change of a sample and the amount
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of CO; were not determined simultaneously. The applica-
bility of equations (VIII) and (X) requires, therefore, a
sufficient reproducibility. Checks showed that deviations
between different runs were of the same order of magnitude
as the weighing errors in an individual run (about
+0.001 g corresponding to an error of 0.0002 g/cm?
in Am/A or Amge,/A for a sample of 5 em? area).

The System Ni—C

When pure nickel is oxidized at 1000°C, the parabolie
rate law is obeyed, i.e., a protective layer of NiO is formed.
For nickel saturated with graphite and coexisting with
nickel oxide, NiO, the sum pgo + Poo, calculated from
equations (III) and (IV) and data compiled by Coughlin
(4) is of the order of 10% atm at 1000°C. This suggests that
CO and CO, formed by reactions (I) and (II) will rupture
a nickel oxide film. This is confirmed by a comparison of
the oxidation rates of pure nickel and a Ni-C alloy con-
taining 2.3% carbon at 1000°C. Data are presented in
Fig. 1.

Virtually pure nickel was obtained from Vacuum
Metals Corporation, Cambridge, Massachusetts. A nom-
inal analysis indicates the presence of the following im-
purities: 0.004% C, 0.002% 0, 0.0045% S, 0.003% Co,
0.003% Si.

In accordance with previous investigations (5, 6. 7),
pure nickel was found to oxidize very slowly. The parabolic
rate constant was found to be 4 X 1079 gZem~* sec™ at
1000°C.

A Ni-C alloy with 2.3%, C was prepared by melting
pure nickel with carbon in an induction furnace and
sucking the liquid alloy into a Vycor tube. Thus, rods with
a diameter of 0.4 cm were obtained. Since the solubility of
graphite in nickel amounts to only 0.27% at 1000°C (8),
the alloy consisted of nickel saturated with graphite and
excess graphite in nodular and flake form as was found by
microscopical examination. In oxidation tests, samples
showed a weight decrease rather than a weight increase
because the mass of carbon being oxidized exceeded the
oxygen take-up due to formation of nickel oxide. Analogous
observations have been made by Gulbransen and Hickman
(9) when carbon-containing alloys were exposed to much
lower oxygen pressures of the order of 1 p.

The amount of CO; collected during the first few hours,
which is shown as the uppermost curve in Fig. 1, clearly
indicates preferential oxidation of carbon. Only after
longer exposure when the CO. evolution had ceased, a
weight increase of the Ni-C alloy was observed.

70X10 —— T e T
60 ol ———— == 1
sor sPure Nickel Amgy/A T
_2401 —— Ni-C Alloy Amgy/A -
gem 30 {8 Ni-C Alloys Weight Loss/Unit Area
¥ {Duplicates) .
20 eNi-C Alloy A"‘co;/A =
10 -1
_,/A”_o—_—_—a
0 7 T ) o 1 1 Il 1 L o T- 1 1 1
o] 20,000 40,000 60,000 B80O000 100,000 120,000 140,000

Oxidation Time (Seconds)

Fia. 1. Oxidation of nickel and a nickel-carbon alloy at
1000°C. )
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From equations (III), (V), and (VII) it follows that the
carbon concentration at the alloy-oxide interface is
virtually zero. Thus there is formed a one-phase alloy
with a variable carbon content, ranging from zero to
0.27% C, between the alloy-oxide interface and the core
of the original two-phase alloy. In view of the concentra-
tion gradient in the one-phase region, carbon diffuses
outward, and the boundary between the one-phase and
the two-phase region is shifted inward hecause excess
graphite dissolves. A similar situation occurs during the
decarburization of Fe-C alloys in a H;0-H, atmosphere
according to Pennington (10). A mathematical analysis
for & plane sample has been given by Jost (11). The
decarburization rate observed in the present experiments
is somewhat higher than the value estimated from the
diffusion constant of carbon in nickel, which has heen
reported to be 3 X 1077 em?/sec at 1000°C (8).

A photomicrograph of a sample after oxidation for 17
hr confirmed virtually complete decarburization in ac-
cordance with the end of the CO, evolution. Voids were
found instead of the original graphite inclusions.

The rate of formation of nickel oxide on the alloy de-
pends on the damage done to the protective layer by gas
evolution. No detailed mechanism can be suggested.
Thus the observed oxidation rate cannot be related to
other data. The fact that the rate of nickel oxide forma-
tion after complete decarburization drops to values lower
than those observed for pure nickel after equal times
indicates that the damage to the oxide caused by gas
evolution later disappears by some kind of “healing
process.” Microscopical examination of oxidized samples
showed an inner oxide layer consisting of & porous aggre-
gate of fine grains whereas the outer layer was more
coherent. It is probable that the porous part of the oxide
was formed during the early stages of oxidation while gas
was cvolved rapidly and that the less porous outer part
was formed later when gas evolution was slow or had
ceased.

To summarize, the oxidation of a Ni-C alloy containing
2.39% carbon is an cxample for Case I(4) considered
above.

The System W -C

In the system W- (', two carbides, W.C and W(, of
nearly invariable composition are found. The solubility of
carbon in tungsten is very low. Thus virtually no diffusion
of earbon and no preferential oxidation of carbon can be
expected. From previous investigations (12), it is already
known that W,C and WC are oxidized at a high rate, but
no quantitative evaluation is possible since only the weight
change of samples was determined but not the loss of
carbon.

In view of the general program outlined above, the rate
of oxidation of the compound WC was investigated for a
comparison with the rate of oxidation of pure tungsten.
Outburst of CO and CO, is likely to occur at 1000°C but
thermodynamic calculations for lower temperatures are
not conclusive in view of uncertainties of the free energies
of formation of WC and the various oxides.

Specimens of WC were prepared by hot-pressing pure
WG powder obtained from A. D. McKay Company. The
resulting material had a relative density of about 90%.
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Data for the oxidation of WC are shown in Fig. 2 and
are compared with data concurrently obtained for tungsten
(3). At 700°C, the oxidation of WC follows the lincar rate
law. The rate constant is 4 X 10-% g em-%sec!. Results
for 1000°C are rather of a qualitative nature in view of
the exceedingly high rate. The amount of CO; collected
indicates nonpreferential oxidation of carbon correspond-
ing to the over-all reaction

WC + 250, = WO; + CO,

The higher rate for the oxidation of WC in comparison
to that of tungsten suggests rupture of the oxide film due
to formation of CO and CO,. Thus the oxidation of WC
follows the pattern for Case 1(B) considered above.

An examination of the oxide film formed on WC at
700°C revealed only the presence of yellow WQOj;, but no
blue oxide was found in contrast to the finding with pure
tungsten (3).

The System Mn- C

Manganese has a high affinity for oxygen. Therefore, it
is expected that during the oxidation of Mn-C alloys no
CO or COq is formed, but carbon is retained in the alloy.

The oxidation of pure manganese has been studied by
Gurnick and Baldwin (13), who overcame the tendency of
manganese samples to disintegrate on heating by electro-
plating manganesc on a strong base material. The parabolic
law was followed during oxidation in air between 400°
and 1100°C. The parabolic rate constant was found to be
5 X 10°% gZemsec! at 1000°C. About 10% MnO and
909% Mn;O4 were formed.

The manganese-carbon phase diagram has been studied
by Isobe (14) and by Vogel and Doring (15) who have
shown that there is a high temperature v phase, similar
to v iron, which dissolves carbon up to about 2 wt % at
1000°C’. At higher carbon contents, there scems to be a
carbide with a homogeneity range from about 3 to 4
wt % carbon at 1000°C. The available information on the
manganese carbides has been summarized by Kuo and
Persson (16).

A sample of manganese obtained from Electro Metal-
lurgical Company, New York, New York, contained 0.929,
Fe, 0.21% Si, and 021% C. A Mn-C alloy containing
1.33% C was prepared by melting manganese and chips
of spectroscopically pure carbon in an alumina crucible

Oxidation Time ( Seconds)

Fia. 3. Oxidation of manganese and a manganese-carbon
alloy.

under a purified argon atmosphere. Rods were obtained
by sucking the liquid metal into Vycor tubes. Oxide-free
surfaces resulted, but specimens of both manganese and
the manganese-carbon alloy invariably cracked during
cooling. However, it was possible to select suitable pieces,
cut them to size, abrade their surfaces, and reheat them
for oxidation experiments without disintegration.

Data for 1000°C are presented in Fig. 3. Unalloyed
manganese was found to oxidize according to the parabolic
rate law with a constant of 5 X 10-® gZem—4sec! in agree-
ment with Gurnick and Baldwin (13). The Mn-C alloy
oxidized at a somewhat higher rate.

Only small amounts of CO, were collected. A stoichio-
metric calculation indicates that 0.17 g CO./1 g O take-up
should be collected if neither manganese nor carbon were
oxidized preferentially. After 90,000 sec, a weight increase
of 0.08 g/cm? was found, whereas the amount of CO,
collected amounted to only 0.00027 g/cm? which is 29,
of the amount expected for nonpreferential oxidation.
In another run of 44 hr (160,000 sec), the amount of CO,
was 15 the amount expected for nonpreferential oxidation.

That nearly all the carbon does remain in the manganese
during oxidation was confirmed by a carbon analysis of a
representative sample of the metallic core from another
test after 25 hr (90,000 sec) of oxidation. The analysis
showed 2.15 wt % carbon in exact agreement with the
amount expected, assuming that all carbon remains in
the specimen. Metallographic examination revealed the
presence of a distinct layer, about 100 p thick at the
surface of the metallic core. Presumably, there was a
carbide phase stable at 1000°C which transformed on
cooling to other phases stable at lower temperatures.
In the oxide layer, no pores were visible.

To summarize, the oxidation of a Mn-C alloy containing
1.339% carbon is an example for Case II(4) considered
above. ’

The System Ti—C
Titanium also has a high affinity for oxygen and ac-
cordingly the sum pco + peo, at the alloy-oxide interface

is expected to be low so that rupture of the oxide film on
Ti-C alloys should not and did not cceur. Nevertheless,
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nonpreferential oxidation similar to that of WC was
found.

The titanium-carbon system has a narrow, terminal
solid solution and a very stable carbide, TiC, with a
substantial homogeneity range (17).

The titanium-oxygen system is characterized by a large
terminal solid solubility of oxygen in titanium and by at
least three oxides: TiO, Ti,0s, and TiO, (18, 19)

Oxidation of pure titanium has been studied by several
authors and the references through 1954 are given by
Simnad, Spilners, and Katz (20). The parabolic rate law is
obeyed fairly well. There are essentially two simultaneous
processes, namely, solution of oxygen in titanium, and
formation of a layer of titanium oxides, mainly TiOs.
Simnad, Spilners, and Katz have separated the rates of
these processes.

In what follows, comparative values for the oxidation
of pure titanium, TiC, and carbon-deficient TiC are rc-
ported.

Titanium metal specimens were cut from swaged rods of
vacuum-melted iodide titanium. Commercially pure
titanium carbide powder was hot-pressed into specimens
having apparent densities in excess of 97%. Carbon
deficient titanium carbide containing 15.8 wt % carbon
was made by reacting stoichiometric TiC with titanium
powder reported to be 99.9% pure (A. D. McKay Com-
pany) at 1600°C in vacuo for 1 hr. This material was
crushed in order to obtain a uniform powder. The carbon
content corresponded to the formula TiCoe. Hot-
pressed specimens were rather porous and contaminated
by carbon from the graphite die at their outer surfaces.
Contamination was removed by grinding.

Upon comparing weight change and CO. evolution
during oxidation, it was found that essentially equation
(X) holds, i.e., titanium and carbon are oxidized non-
preferentially. Therefore, the oxygen take-up was calcu-
lated from weight gain measurements and from the
amount of CO; with the aid of equations (XI) and (XII),
respectively. Results are shown in Fig. 4.

At 1000°C, the oxygen take-up corresponding to the
formation of TiO; is about the same for titanium metal
and TiCoes but is somewhat lower for TiC. The parabolic
law does not apply strictly. The rate found for pure
titanium is somewhat greater than that found by Simnad,
Spillners, and Katz (20) for both pure titanium and oxygen-
saturated titanium.

Oxidized TiCp.cz samples showed no internal oxidation
in spite of the porosity of the original sample.
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The structure of the scale on both titanium and titanium
carbide was investigated by metallographic techniques
and x-ray diffraction.

The only oxidation product was TiOs, with the exception
of one experiment in which pure titanium was oxidized
for about one week and an intermediate layer of TiO
was found. The TiO structure was ascertained by x-ray
diffraction.

On titanium carbide oxidized for 24 hr at 1000°C', two
conjugate layers were found microscopically. Both layers
had the rutile structure. Using the polarizing microscope,
it was seen that the outer layer was composed of large
grains most of which extended all the way through it,
whereas the inner layer consisted of much smaller grains
and many pores. The layer structure was similar to that
described by MeDonald and Dravnicks (21) in their
discussion of the “Zone of Metal Phase Consumption.”
The occurrence of a porous zone is not consistent with
diffusion of oxygen ions only via vacancies in TiO,.
Chemical analysis of a portion of the outer layer without
any visible TiC gave a value of 0.05% carbon. This is an
indication that carbon may dissolve in TiO; and diffuse
outward.

In an attempt to establish whether earbon escapes from
the sample by solution in and diffusion through titanium
dioxide, slices from a single crystal of rutile were packed
in titanium earbide powder and heated in helium at 900°
and 1000°C for two days and then were cleaned and
analyzed for carbon. The crystals were reduced as was
indicated by the change in color. The analysis did not
reveal the presence of carbon in excess of that in o blank
(0.005% carbon).

The mechanism of carbon transport across the oxide
layer, therefore, remains open to question because diffusion
in the form of CO or CO, is unlikely, nor has diffusion of
carbon atoms becn ascertained.

Ozidation of Some Iard Metals

Oxidation of a commercial hard metal consisting of
titanium carbide bonded with 209 nickel gave results
similar to those obtained for pure titanium carbide.
Titanium and carbon are oxidized nonpreferentially,
whereas nickel is left over in metallic form near the alloy-
oxide interface. This indicates that the chemical potential
of oxygen at the alloy-oxide interface is very low and the
TiO. layer is essentially nonporous.

A commercial hard metal in which tantalum and niobium
had been added to the carbide in order to improve the
oxidation resistance also showed nonpreferential oxidation
of titanium and carbon. After oxidation for 10,000 sec
at 1000°C, the oxygen take-up per unit area was found to
be four times less than that found for TiC. An alloy con-
taining about the same amounts of the metallic elements
without carbon showed a similar improvement of the
oxidation resistance in comparison to pure titanium, pre-
sumably because of a lower concentration of oxygen ion
vacancies in the TiO: layer due to the presence of Nh,O;
and Ta.0s.

As a whole, the presence of carbon seems to have a
relatively minor effect on the oxidation characteristics of
hard metals based on titanium carbide.
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CONCLUSIONS

In this paper, an attempt has been made to show the
large variety of possibilities which may oceur when
alloys containing carbon or carbides are oxidized, but
detailed investigations have been deferred. In particular,
further investigations are desirable in order to determine
the cffect of carbon concentration on the oxidation rate of
alloys in which evolution of CO and CO, ruptures an
oxide layer. Moreover, the mechanism of carbon migration
through a TiO; layer needs clarification.

Note added in proof: The curves in Fig. 1 labeled Amos/A
actually show the weight of nickel oxide formed per unit
area, i.c., 4.67 X Amox/A.

Manuseript received August 25, 1955. This paper was pre-
pared for delivery before the Pittsburgh Meeting, October
9 to 13, 1955, and is based in part on a thesis submitted by
W. W. Webb in partial fulfillment of the requirements for
the D.Se. degree from Massachusetts Institute of Tech-
nology.

Any discussion of this paper will appear in a Discussion
Section to be published in the December 1956 JOURNAL.
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Spectral Energy Distribution Curves of ZnS: Ag and
ZnCdS: Ag after Thermal Vacuum Treatment

C. H. Bacuman, M. L. SawNEr, AND WM. ALLEN

Physics Department, Syracuse University, Syracuse, New York

ABSTRACT

Liquid settled screens of ZnS:Ag and of ZnCdS:Ag of thickness comparable to those
of cathode ray tubes were subjected to various temperatures in vacuum. The tempera-
tures ranged from 300° to 800°C and exposure times from 5 to 30 min. Spectral energy
distribution curves were then obtained for these phosphors under electron bombard-
ment. Intensity changes, color shifts, and the appearance of new emission bands are
noted. These seem to be related to the diffusion and evaporation rates of the phosphor
components and the effects depend upon screen thickness as well as time and tempera-

ture of exposure.

INTRODUCTION

A major problem in the development of cathode ray
tubes has been the appearance of blemishes on the lumi-
nescent screens due to the bombardment of the screens by
ions in the supposedly pure electron beam. These “ion
burns” were especially detrimental in obtaining lasting
picture quality in television tubes and therefore much
attention has been directed to the study of the nature and
origin of ions in cathode ray tubes. This phase of the prob-
lem has been most recently discussed by Bachman, Hall,
and Silberg (1). As a result of such studies, various means

have been devised for trapping negative ions before they
can strike the screens, and modern cathode ray tubes in-
corporate some device of this sort. Thus, most of the
objectionable blemishes have been removed, although
continued electron bombardment can also produce deteri-
oration of the screens.

Although the cause of screen blemishes has been deter-
mined and at least partially removed, the actual mecha-
nism for destruction of luminescent efficiency by the ions
is unknown. Observations on ion burned screens indicate
that the destruction is due to energy transferred from the
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fast moving particles to the phosphor screen. Both posi-
tive and negative ions will produce a burn, and the degree
of burn is roughly proportional to the beam intensity.
The burns are usually neutral in color, or exhibit the same
color as unburned phosphor but with reduced intensity;
however, some have been observed to be violet or green.
No correlation between such colors and the ions of any
particular element is apparent. The amount of destruction
of luminescence seems to be controlled in part also by the
penetrating power of the particles, since electrons produce
burns at a much slower rate than the more massive jons.
Also, aluminum backed screens are less susceptible to ion
burning, with burns due to heavier ions diminished more
effectively than those due to the lighter ones. Such con-
siderations lead to the hypothesis that ion burns might be
due to a localized heating at the point of bombardment.
Since phosphors are in general poor heat conductors, dis-
sipated energy would be largely confined to the region
near the point of bombardment. Thus it might be that
high local “temperatures” are produced on or near the
surfaces of the screens. As well as being dependent on the
beam intensity, such local temperatures would also depend
on the penctrating power of the particles, as determined by
their energy and size.

Actual ion burns are difficult to analyze since only the
surface portions of the thin screen are affected, and any
tests are masked by the predominance of unburned phos-
phor. A new approach seemed necessary and, following the
assumption that local temperatures at the point of ion
bombardment could be duplicated on bulk material, the
possibility of using thermal vacuum treatment as means
of simulating ion burns has heen investigated. Such treated
materials can be obtained in sufficient quantity for analy-
sis, and studies of their luminescent characteristics can
be compared to actual ion burned samples to establish the
ralidity of the approach. Farly experiments of this sort
showed that thermal vacuum treatment does produee per-
manent changes in both the color and intensity of lumi-
nescence not unlike those observed on ion burned sereens.
These experiments also established that the changes could
not be due to contamination such as by copper. For exam-
ple, effects were produced on the surface of a phosphor
layer which was heated in vacuum by infrared focused on
the surface through an infrared transmitting window. In
other studies of nearly enclosed pellets of phosphor there
oceurred gradations in color of luminescence through the
pellet, pointing to the importance of the diffusion and
evaporation of the phosphor components as factors in
thermal destruction. These preliminary experiments which
will not be detailed here established that the phosphors
could be changed by thermal vacuum treatment and the
purpose of this paper is to present data describing such
changes.

To gain more quantitative information about this ther-
mal destruction, apparatus was constructed to measure
the spectral energy distributions of treated phosphors
under cathode ray excitation. Sereens of about the stand-
ard cathode ray tube thickness were studied. Preliminary
experiments of this sort, as well as the pellet study men-
tioned above, indicated that the screen thickness was an
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important factor, and must be considered as one of the
rariables.

On these typical sereens the effect was predominantly
surface only, as a result of the diffusion and evaporation.
It is the authors’ intent to look for any correlation between
such sereens and ion burned sereens, but as yet no such
correlation has heen proven. The data presented are of
interest in themselves since the conditions are to some
extent encountered in commercial phosphor applications.

The following is then an account of the effects of thermal
vacuum treatment on the luminescence of ZnS:Ag and
7nCds:Ag as controlled by the time and temperature of
the heat treatment and the thickness of the screen.

LIIXPERIMENTAL PROCEDURE

Phosphor sereens were prepared on Vycor slides, heated
in a vacuum furnace, and finally spectral energy distribu-
tions were measured relative to untreated samples under
cathode ray excitation. In all handling of phosphors great
care was taken to insure that any changes in color or in-
tensity depended only on the thermal treatment, and not
on such external factors as contamination, nonuniform
sereens, or varying properties of the cathode ray tube dur-
ing measurements.

The phosphors were settled in water on Vycor slides,
cach of which had an area of about 3 em2 These slides
were placed on glass rod platforms in the bottom of glass
beakers. From a stock suspension of 1 gram of phosphor
in 100 ml of water, 10, 20, and 40 m] were added to three
100 ml beakers containing the slides, together with enough
water to fill the beakers completely. After allowing the
particles to settle for about 30 min, the water was drained
off with a capillary tube siphon. Two sereens were prepared
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Fig. 1. Thermal vacuum treating apparatus
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in each settling so that every treated screen could have an
identical untreated standard for comparison. Samples pre-
pared in this way had uniform sereen densities of about
2.5 mg/em?, 4.5 mg/em?, and 9 mg/em? (These will he
denoted by I, II, and III in later parts of this paper.)

Thermal treatments were carried out in a bell jar
vacuum system evacuated with a metal oil diffusion pump
provided with a cold trap (see Fig. 1). Dry ice and acetone
were used as the refrigerant. The furnace consisted of a
nichrome heater coil surrounded by stainless steel shield-
ing. To guard against any material being ejected from the
walls of the furnace onto the sample, the sample was held
in a quartz tube within the heater coil. An iron-constantan
thermocouple was used for measuring the temperature
within the coil. Ax it required from one to five minutes for
the furnace to come to the desired temperature, time meas-
urements were started when the sample reached this tem-
perature. With only manual control the temperature could
be maintained to within 10°C. .\t the end of the heating
period, the system was allowed to cool to below 100°C be-
fore admitting air to the system. Some uncertainty is in-
troduced here, since some changes in the phosphor con-
stitution affecting luminescence might oceur during the
heating and cooling periods, which required different times
for different temperatures.

The arrangement for measuring the spectral energy dis-
tribution of the treated samples is shown in Fig. 2. In
brief, the system consisted of a demountable cathode ray
tube in which any one of several samples could be viewed
at will under irradiation by a diffuse, ion-free, clectron
beam accelerated to about 1000 v. Our preparation of
the phosphor sereens results in a surface effect. The ion
burn is also a surface effect and the use of this low vol-
tage accentuates the phenomenon hy giving greater con-
trast.

At any time the treated sample could be replaced by its
companion standard without varying the exeiting clectron
beam. Thus it was possible to compare the intensity of a
treated sample with a standard at any wave length under
equivalent conditions of clectron beam voltage and cur-
rent density. The emitted light was analyzed hy a prism
spectrometer provided with a photo cell. Photocurrents
were read with an RCA microammeter and corrections
were made for the nonlinear response of the phototube.
Such corrections were ohtained by making observations
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Fra. 2. Arrangement of apparatus for obtaining spectral
energy data under electron bombardment.

SPECTRAL ENERGY DISTRIBUTION CURVES 119

on a ribbon tungsten filament of known temperature, and
determining multiplying factors to fit the photocurrent vs.
wave-length curve to the black body curve corrected for
the emissivity of tungsten.

In running an energy curve, repeated reference to the
intensity of some particular wave length was necessary to
detect any small changes which might occur in the cathode
ray tube or phototube circuits. Such repeated references
at the peak intensity seldom showed variations of more
than 3 or 4%. Photocurrent data were then corrected by
assuming that these small changes in intensity varied
linearly during the short time between references. The
intensity standardization was made by observing the
photocurrent at the peak wave length for an untreated
sample, then immediately rotating the treated sample
into view for a similar measurement. Several ratios of in-
tensity of the treated screen to that of the standard at
this wave length were averaged. Except at very low inten-
sities (ratios less than 0.2) these ratios showed variations
about the average of less than +59%,. Calling the peak in-
tensity of the standard unity, this average was then the
relative intensity of the treated sample at this wave length.
The rest of the distribution was then adjusted to be propor-
tional to this relative intensity at the standardizing wave
length. All intensity measurements are thercfore relative
to a similar untreated sample.

ResuLrs

Speetral energy distribution  (S.E.DD.) curves from
treated phosphors are shown in the accompanying illustra-
tions. The intensity. relative to the peak intensity of an
untreated screen of like thickness is plotted vs. wave
length, for screens of three different thicknesses for each
temperature and time interval. The phosphors used in this
study were furnished by the General Electric Company.
The yellow component was 53% CdS and 479, ZnS. Both
phosphors contained 0.05% Ag by weight and also 0.015%,
Cl, 0.05% Na, and 0.04% Zn0O. Average particle size was
9 microns. The ZnCdS was, of course, hexagonal, and the
7ZnS was cubie with a trace of hexagonal form as deter-
mined by x-ray diffraction studies.

The effects of the heat treatment on the S.15.D. of
7nS:Ag is shown in the curves of Fig. 3. As can be seen
from these the most prominent effect observed i\ the ap-
pearance of two new emission han(ls one (5380 A) appear-
ing at 600°C, the other (5140 A) appearing at 700°C.
Treatments below 500°C' have little effect on the intensity
or color of luminescence. Samples run at 400°C (not shown
in the figure) showed less than a 20%, drop in intensity for
all three screens. Also, higher temperatures do not cause
as large a decrease in the intensity of the blue emission
band. There was a slight indication of a more complex
structure of the blue emission band, or a possible shift to
a slightly longer wave length. This is not shown in the
curves but, while points near the peaks usually did not
deviate from a smooth rounded curve, slight deviations
were noted in the peaks of the samples treated above
600°C.

The results for ZnCdS:Ag are shown in Fig. 4. This
phosphor is more sensitive to the treatments, temperatures
as low as 300°C' lowering the intensity by as much as 50%,.
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This is of practical interest since such temperatures are
used in the industrial processing of cathode ray tubes.
There is a tendency for the emission bar.d to shift to shorter
wave lengths. Visually, screens treated for 30 min at 700°C
fluoresced grayish-blue with a very low intensity. Note
that at 300° and 400°C, and also for the longer treatments
at 500° and 600°C, the thin screens have a higher intensity
than the medium. This might be an indication of a new
emission band similar to those observed in treated ZnS:Ag.
The long wave-length side of the emission band is broad-
ened for these screens, and a minor emission band appears
in the red portion for one of these samples. For both phos-
phors, material was observed deposited on the inner sur-
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F1G. 4. Spectral energy distribution curves for ZnCdS:Ag
after various thermal vacuum treatments. Dotted lines are
for thin screens, broken lines for medium screens, and solid
lines for thick screens (see text). “P” indicates peak wave
length.
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face of the quartz tube in which samples were treated,
but the amount was insufficient for analysis.

DiscussioN

Various tests were conducted on treated ZnS:Ag phos-
phors in an effort to account for the appearance of the two
green emission bands. To determine whether they were due
to the formation of ZnQ, treated samples were washed in
acetic acid to dissolve any traces of a surface oxide layer.
This affected neither of the bands. X-ray diffraction stud-
ies failed to show any observable changes in the crystal
structure.

Recent work by Smit and Kroger (2) indicates that a
green band peaking at 5140 hy may be produced by heat-
ing ZnS in a reducing atmosphere. This band is evidently
due to an excess of zinc over the exact stoichiometric com-
position. It seems quite probable that the 5140 A band
observed in the authors’ samples treated at 700°C is due
to such an excess produced by evaporation of sulfur. How-
ever, a longer wave-length green band (5380 ;\) was also
observed, most prominent on thin screens treated at 600°C.
This might indicate that excess zinc atoms can produce
two slightly different emission hands depending on their
position in the lattice. At the lower temperatures sulfur
may be removed, leaving the zinc atoms more or less in
their original positions. At the higher temperatures, zine
may volatilize appreciably, and upon cooling recrystal-
lization might force any extra zinc atoms into interstitial
positions. Thercfore, one might attribute the longer wave-
length green Dhand to excess zinc at normal lattice sites
with sulfur vacancies, and the other band to excess zinc
atoms in interstitial positions.

Since the longer wave-length green band is attributed
to defects in the normal crystal lattice, this emission might
be expected to resemble that produced by a substitutional
impurity, in contrast to the shorter band, which would be
similar to foreign interstitial activation. Leverenz (3)
points out that there is evidence indicating a rather clear
distinction between the luminescences associated with
substitutional and interstitial activation, and has listed
the characteristics of phosphors usually associated with
the two types of impurity center. Observations on the
treated phosphors here seem to be in agreement with this
distinction, on two accounts at least. The treated phos-
phor having the 5140 A band was observed to have a
rather long persistence, usually associated with interstitial
activation. The optimum concentration for a substitu-
tional activator is generally much greater than that of an
interstitial one. As can be seen in the curves, the 5380 A
band was most prominent on thin screens, appearing on
the thicker screens only after long treatment. At higher
temperatures zinec may volatilize, thus lowering the effec-
tive concentration of the excess zine activator. Any inter-
stitial zinc produced upon cooling would have a low con-
centration, lowest on thick screens, where this band is
most prominent.

Kroger's theory of self-activated ZnS attributes the
blue emission band to zinc vacancies. The presence of
silver stimulates the formation of these vacancies, and
shifts the emission band to a slightly shorter wave length.
Vaporization of sulfur would account for any lowering in
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the intensity of the blue emission band but, at higher tem-
peratures where sulfur evaporation would be greater, this
blue emission is less affected, indicating that a construc-
tive process is also taking place. Assuming the correctness
of Kroger’s theory, and the above hypothesis concerning
the green band, the various emission bands which might
occur in a thermally treated ZnS:Ag phosphor are:

(A) The original Ag-activated band (4550 7&);

(B) A green band due to sulfur vacancies (5380 JOX);

(C) A green band due to interstitial zinc (5140 f&);

(D) The blue emission of self-activated ZnS due to the
zine vacancies not influenced by association with Ag
(700 A).

The results indicate that each of these emission bands
may be produced. The formation of the green bands, and
the lowering of intensity of the blue emission band may
both be attributed to sulfur evaporation. At the higher
temperatures, appreciable zinc evaporation will occur, and
zine vacancies may be produced in certain parts of the
crystals. Such vacancies may be produced in the neighbor-
hood of a Ag atom, and henee add to the original emission
band, or they may be independently formed, having an
emission band of a slightly longer wave length. Such occur-
rences would account for the apparently enhanced blue
emission, and the complex structure of this band noted in
the samples treated at the higher temperatures. The de-
pendence of the formation or destruction of the various
emission bands on time, temperature, and screen thick-
ness must finally be accounted for by the different rates
of evaporation and diffusion of the phosphor components.

The lowering of intensity of the yellow emission of
ZnCdS:Ag must presumably be of the same character.
However, since there is no apparent reinforcement of in-
tensity at higher temperatures, evidently the rates of dif-
fusion and evaporation are such that there is no tendency
for cation vacancies to form. There is only a slight indica-
tion that anion vacancies, or interstitial Zn or Cd may
produce a new luminescent band. Perhaps certain tem-
peratures and times intermediate to those tested here
might bring out these more distinctly. The general tend-
ency for the emission band to shift to shorter wave lengths
is due to the higher rate of evaporation of cadmium, this
tending to revert the emission band to that of pure ZnS.
The odd shaped S.E.D. curve for samples treated at 700°C
for 30 min could be due to the presence of regions of the
screens which have been predominantly freed of cadmium.

Several interesting observations were noted on treated
screens. One of the samples having the 5140 & band showed
signs of deterioration under the short exposure to electrons
during measurement. Grotheer has shown (4) that electron
burning is most noticeable on phosphors having long per-
sistence, and this is considered an indication that deteriora-
tion is enhanced when the luminescent centers are excited.
Untreated ZnS:Ag is not electroluminescent, but treated
samples with and without the green bands were found to
exhibit a weak luminescence excited by an electric field.
Samples having the 5140 A band flashed brightly for a
brief instant upon application of the field, indicating the
presence of an effective electron trapping mechanism in
this phosphor.
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CONCLUSION

The original reason for studying thermal vacuum treat-
ments of phosphors was an attempt to gain further insight
into the destruction of luminescence by ion bombardment.
Although the validity of the hypothesis that ion burns are
due to high local “temperatures” at the point of ion im-
pact has not been firmly established, these studies do indi-
cate that the destruction produced thermally is caused by
the ejection of material from the phosphor, such as might
be expected to occur with ionic impact.

However, there seems to be one clear distinction be-
tween thermally induced destruction and ion burns, espe-
cially with the ZnS:Ag. With this phosphor, a construc-
tive process appears at high temperatures, and thus the
intensity of the samples was not lowered to less than
709%. Visual observations on ion burned samples of ZnS: Ag
seem to indicate a much more pronounced lowering of
intensity. If ion burns were completely like thermal burns,
one would expect that under some conditions of ion bom-
bardment this constructive process might take place and
give rise to a permanent enhancement of luminescence.
This has not been noted, and here the analogy between
the two types of destruction may fail. The ion burn is
an extremely localized affair, and the diffusion and evapo-
ration picture must appear quite different from the case of
the more evenly distributed thermal energy of heat treat-
ments. Therefore, the chance of forming zinc vacancies
without accompanying anion vacancies would be less,
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since the formation of these vacancies under thermal treat-
ment is apparently closely connected with the rate of dif-
fusion of zine through the samples. The chance occurrence
of zinc being ejected by the ions may, however, account
for the occasional temporary increase of light output some-
times noted on ion bombarded screens.

In addition to possibly furthering the understanding of
ion burn phenomena, thermal vacuum treatments such
as described here might also be useful in studying the self-
activation of other phosphors, and might also lead to the
appearance of new emission bands and other luminescent
properties such as the green bands and the electrolumines-
cent effects noted here.

Manuscript received June 17, 1955. Portions of this work
were sponsored by the office of Ordnance Research, U. S.
Army.

Any discussion of this paper will appear in a Discussion
Section to be published in the December 1956 JoURNAL.
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ABSTRACT

Various electrophotoluminescence effects of phosphors continuously excited by ultra-
violet radiation were studied for their dependence on field strength and frequency.
These effects include luminescence stimulations at application and removal of alternat-
ing electric fields, quenching, and a periodic fluctuation of luminescence (ripple) during
the field application. For some electroluminescent phosphors, the gradual transition
from the quenching ripple to the electroluminescence brightness wave was observed,
indicating that the brightness waves and the ripple patterns are produced by inde-
pendent processes. The observations are discussed in the light of previous theoretical

considerations.

INTRODUCTION

If electroluminescent or nonelectroluminescent phos-
phors of the zinc-sulfide type are excited to luminescence
by ultraviolet radiation (or by x-rays), the application of
an alternating electric field modifies the luminescence. This
modification, either during continuous excitation by radia-

tion or during phosphorescence afterglow, is called, ac-
cording to Destriau (1) “electrophotoluminescence.” It is
a complex phenomenon consisting of several partial effects
(2-4), which are indicated in Fig. 1. During “field on,”
the intensity varies periodically with twice the frequency
of the field. This “ripple” is superimposed on a stimulation
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Fic. 1. Electrophotoluminescence, schematical. #,, field
on; 1, field off; a, electric or first stimulation; b (at ),
maximum quenching; ¢, intermediate recovery to steady
quenching; d, cut-off or second stimulation ( ), some-
times missing (------- ) or replaced by d’, cut-off quenching
[CERRRES ); e, final recovery; f, ripple. Time scale distorted:
L—b>0hL— 4

at the instance of field application and on a quenching that
exists during field application. The quenching is particu-
larly strong just after the field is applied. The maximum
of the first stimulation occurs after a few periods of the
field; maximum quenching is reached after about 1{, sec;
the intermediate recovery takes many seconds;-the final
recovery, a few seconds.

This paper is mainly concerned with a study of the fre-
quency and field strength dependence of the stimulations,
the quenching effect, and the ripple amplitudes of electro-
photoluminescence. In addition, for electroluminescent
phosphors, the transition from ripple pattern to bright-
ness wave with increasing field strength will be described.
It will be shown that the ripple pattern and the brightness
wave have independent origins.

EXPERIMENTAL PROCEDURE

Twenty-eight ZnS-phosphors of cubic or hexagonal
structure, made with or without flux, and with a variety
of activators were examined in this investigation. For
detailed quantitative work, only about half of this number
was used. These include commercial products such as the
electroluminescent phosphors Q62-2666 (du Pont de
Nemours & Co., Wilmington, Del.), 3-310 (General Elec-
tric Co., Cleveland, Ohio), and Sylvania Panelescent
Lamps (Sylvania Electric Products Inc., Salem, Mass.),
and the nonelectroluminescent phosphors 1402 (du Pont),
2301 (New Jersey Zinc Co., Palmerton, Pa.), and MB-19
(Stroblite Co., New York, N. Y.). Among the noncommer-
cial phosphors, the most extensively used corresponded to
electroluminescent Sylvania type of phosphors. They were
prepared in this Laboratory according to the methods of
Homer and co-workers (5) and include a green phosphor
(No. 23), a blue-green (No. 22), and a yellow phosphor
{No. 11).

All phosphors were embedded in parlodium (except the
Sylvania Lamps, which were used as delivered) and in-
vestigated in cells of the usual construction (3), with
about 5 cm? area and about 0.2 mm thickness of the phos-
phor layer. A d-c-operated argon lamp with a Wratten
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filter No. 18A transmitting from 2900 to 3900 A served
a8 the ultraviolet source. Other filters between the cell
and the 1P21 photomultiplier separated the green and blue
luminescence emission (Wratten No. 21, transmitting
above 5300 A, or Wratten No. 8 and Corning 5850, trans-
mitting from 4300 to 4800 A).

The output of the photomultiplier was observed either
with an oscilloscope or with a vacuum tube voltmeter in
an averaging circuit. The last method was used in particu-
lar for the measurements of the steady-state quenching,
while oscilloscopic observations served for the measure-
ment of the phenomena of short duration. Photographic
records or direct readings on the screen were utilized for
the oscilloscopic measurements.

The electric field was applied after the ultraviolet ex-
cited luminescence had reached its equilibrium value.
Ultraviolet excitation was maintained continuously during
field application. The applied field was obtained from
sinusoidal generators together with power amplifiers.
The output of these systems could be varied from zero to
500 v (rms) in the frequency range from 100 cps up to
10 keps. At higher and lower frequencies the output
voltage decreased appreciably. In a few instances, square
wave fields from an appropriate generator were used.
Except for the square wave fields, all potential differences
refer to rms-values.

The measurements of the first stimulation were difficult
at low frequencies. Below about 50 cps, they become very
sensitive to the phase at which the field is applied to the
phosphor. Since this was not regulated, measurements
varied sometimes by as much as 25%. Other measurements
were reproducible to better than 3%. At frequencies below
a few kilocycles per second, the large ripple amplitude
during the application of the field also interferes with
accurate measurements of stimulation effects.

REsuLTs

All phosphors exhibit the two stimulations, the quench-
ing, and the ripple. Frequency and field strength depend-
ence of these effects, however, show notable quantitative
differences for the various phosphors. These differences,
however, did not show any systematic dependence on
the method of preparation (kind of activator or flux) or
on other luminescence properties such as time of after-
glow or whether electroluminescent or not.

Stimulation.—The first stimulation always decreases
with increasing frequency up to about 10 keps, then either
slowly increases or remains nearly constant. The typical
behavior is shown in Fig. 2. The values at frequencies
below 2 keps are too high because the large ripple ampli- -
tude could not be separated, in these measurements, from
the stimulation effect proper.

The cut-off stimulation consists of two components. A
very sharp peak, not illustrated in Fig. 1, is followed by a
tail (“final recovery”) of long duration (Fig. 3). The tail
has the shape of the solid or dashed curves at e in Fig. 1.
The dashed curve is normally observed only at frequencies
below several hundred cps. But for two phosphors, No. 11
and MB-19, this behavior was found at all frequencies.
In these cases (Fig. 3B), the peaks were observable down
to about 1000 cps, while usually (Fig. 3A) the peaks
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Fig. 3. Cut-off stimulation. A, Green Sylvania Lamp,
4 keps; B, Phosphor MB-19, 9 kcps; — - — steady-state

quenching; --- output without field.

appeared only above 5 to 10 keps. The peak intensity
increases with frequency and for some phosphors (in par-
ticular for the Sylvania Lamps) reaches a saturation
value. This saturation occurs sooner with higher applied
voltage. The “tail intensity” also increases with frequency
at the low frequencies but does not vary appreciably after
the peaks can be observed. The curves shown in Fig. 2
for the second stimulation refer to the maximum peak
height above the reference level (output without field).
The large ripple amplitude at low frequencies prevented
the use of the steady quenching level as reference level
for the cut-off effects.

All phosphors showed the stimulation. In one case, the
cut-off stimulation was reversed into a cut-off quenching
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(@ in Fig. 1). This happened with phosphor No. 22 at low
frequencies. At other frequencies, this phosphor behaved
like all others. Stimulation effects become stronger at
higher field strengths, but the increase with field strength
is not very pronounced.

Quenching—The typical frequency dependence of the
maximum quenching and of the steady-state quenching is
illustrated in Fig. 4. The curves for phosphor 2301 repre-
sent the most generally observed type. A minimum of the
quenching at a frequency of the order of 5 to 10 keps, as
shown for MB-19, is observed only for a few other phos-
phors, notably for No. 11 and 3-310. All these are cubic
phosphors, although other cubic phosphors did not show
this behavior. The electroluminescent green Sylvania
phosphors produced even more complicated curves. It
may be pointed out that Destriau (6) recently observed
quenching in some fast-decaying phosphors even with
d-c fields.

Larger fields increase the quenching with an almost
linear dependence on field strength in most nonelectro-
luminescent phosphors. In electroluminescent phosphors,
however, quenching begins to diminish at some field
strength, since high fields will produce electroluminescence
in these phosphors. The transition from quenching to
electroluminescence will be described below.

For many phosphors, the quenching effect appears only
in the green emission, although stimulation effects can be
observed also in the blue. Phosphors with predominantly
blue emission, however, showed quenching also in the
blue region.

Ripple amplitude—In Fig. 5, the frequency dependence
of the amplitude of the ripple during the steady-state
quenching and of the electroluminescence brightness
waves are shown. The maximum of the ripple near 100 cps

40

o 20 0 &0 % 00
FREQUENCY (KCPS)

Fi1c. 4. Quenching vs. frequency (per cent of output
without field). XXX Steady-state quenching; OOO
maximum quenching; Phosphor 2301, green emission;
- — — Phosphor MB-19, blue emission; -+ - Green Sylvania
Lamp, green emission. Frequency zero corresponds to 20
cps.
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occurs also in other phosphors. This behavior is quite
different from that of the brightness wave amplitudes,
where maxima oceur above or below this frequency in the
blue and green bands, respectively. Immediately after the
field is applied, i.e., during the first stimulation and the
decline to maximum quenching, the amplitudes of the
ripple are, in general, much larger than in the steady state.

Transition from quenching to electroluminescence.—
Fig. 6 presents a series of oscillograms obtained for in-
creasing potential difference. They show two periods of
the ripple during steady-state quenching. It can be seen
that the quenching occurs actually only during part of
the period and that the two peaks per period are of very
unequal height. Increasing the voltage will at first increase
the net quenching. Then, at a potential difference that
would be just sufficient to produce electroluminescence in
the same cell in the absence of ultraviolet radiation, a new
peak begins to develop (marked by arrows in Fig. 6).
This peak grows with increasing potential difference and
finally takes over entirely. At the same time, the total
light output increases until the quenching effect has dis-
appeared and an electroluminescence brightness wave is
obtained. It shows the usual phase shift of brightness
waves, since it slightly precedes the field, whereas the
ripple peaks during pure quenching have a phase shift in

F1c. 6. Oscillograms for Green Sylvania Lamp excited by
60 cps field and ultraviolet. --- field; — ripple pattern.
a, 26; b, 90; ¢, 110; d, 125; e, 160 volts rms. The continuous
solid line: intensity without field. Arrows: brightness wave
peaks.
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the opposite direction. The phase change from ripple
to brightness wave is not a gradual shift, but it is the
result of different relative intensities of two independent
peaks whose individual phases remain constant.

There is, however, an important difference between the
brightness waves of Fig. 6¢ and those obtained without
any ultraviolet radiation. Only one peak per half-period
appears in Fig. 6e, while in a brightness wave very often
two are observed. Actually, an additional small peak
appears slowly if the ultraviolet radiation is cut off. The
shape of this normal brightness wave (without ultraviolet)
is seen in Fig. 7, where the peaks are named B and C peaks
(in phase and out of phase with the field, respectively) in
accordance with the designation of similar peaks observed
with nonsinusoidal fields (7). The time required for the C
peaks to attain a constant height varies from several
minutes to a quarter of an hour after removal of the radia-
tion. By applying ultraviolet again, the additional peaks
disappear at once. These effects have been observed for
various other electroluminescent phosphors.

The ultraviolet radiation tends, for some electrolumines-
cent phosphors, to unbalance markedly the light output
for successive half-periods of the field. This was most
pronounced in phosphor 3-310 (Fig. 8), a phosphor that
did not exhibit C peaks with sinusoidal fields.

Fig. 9 shows a series of oscillograms similar to Fig. 6
but for square wave fields. Again there are marked quali-

\ \/
Fi1c. 7. Brightness wave without u.v., 60 cps, Green
Sylvania Lamp. --- Field; — brightness wave.

Fic. 8. Dissymmetry of brightness waves, 60 cps, phos-
phor 3-310. --- Field; — light output with u.v.; ---- light
output without u.v.
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F16. 9. Oscillograms for Green Sylvania Lamp excited by
60 cps square wave field and ultraviolet. --- Field; — ripple
pattern. a, 5; b, 35; ¢, 53; d, 80 volts. Continuous solid line:
intensity without field. Arrows: brightness wave peaks.

tative differences between the two half-periods. At low
voltages, the one half-period does not seem to be affected
at all, while in the other a maximum quenching is followed
by a partial recovery. At a certain critical potential differ-
ence (again the voltage for which electroluminescence
would begin to appear), spikes begin to develop. These
spikes grow gradually with increasing field, and the ripple
pattern transforms to the brightness wave of square
wave excited electroluminescence (7).

DiscussioN

Several theoretical aspects of electrophotoluminescence
effects in a continuously ultraviolet-excited phosphor have
been discussed previously (8). This treatment leaves
sufficient freedom to accommodate the variety of behavior
found for the different phosphors. The basic assumptions
and conclusions may be briefly reviewed:

(A) The field may empty the traps; this is the main
contribution to the first stimulation.

(B) The field induces radiationless transitions of con-
duction electrons; this is the main contribution to
quenching.

(C) These two processes describe the behavior between
¢, and ¢, of Fig. 1. After this time, the induced radiation-
less transitions become relatively ineffective, the centers
available to them becoming filled. These centers may be
assumed to be near the surface, to which the electrons are
drawn by the field. Continuous excitation by ultraviolet
of the phosphor in this state of intermediate equilibrium,
at the time of maximum quenching, yields a growth curve
that reaches a final equilibrium different from that without
field, equivalent to steady quenching. It is not necessary
to assume actual recombinations for the quenching mech-
anism. If electrons are trapped at the surface, they may
attract holes so that these holes cannot be trapped in
activator levels, thus diminishing the possibility of radia-
tive transitions of conduction electrons with empty acti-
vator levels. This process is mathematically equivalent
to the field-induced radiationless transitions assumed
above.

(D) Excess charges accumulate in the conduction band
during field application; their release at field removal pro-
duces the cut-off stimulation. These excess charges may
in part be due to polarization charges trapped near the
surface and released only after final removal of the field.
Evidence for such quasi-permanent polarization has re-
cently been offered from quite different experiments (9).
The observations shall be discussed in the light of these
assumptions and conclusions.

As mentioned -above, the intermediate recovery was
interpreted (8) as a growth curve. But there is another
possibility, viz., the existence of two quenching processes,
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a fast one with high efficiency and a slow one with low
efficiency. The fast process is assumed to be the same as
that described above, radiationless transitions of conduc-
tion electrons to empty centers or deflection of holes from
centers by surface-trapped electrons. This process ceases
to be effective after a certain time, i.e., after all surface
traps have been filled, equivalent to maximum quenching.
The slow process remains and is the only process acting
in the steady-state quenching. The intermediate recovery
then is the gradual transition to this state. This slow
process might be the one assumed by Zalm and co-workers
(10), i.e., emptying of hole traps with subsequent radia-
tionless recombinations of the released holes with elec-
trons in traps. It can be shown, by considerations similar
to those used in (8), that the ratio of the time constants
of the two processes is equal to the ratio of the number of
conduction electrons to the number of empty centers,
which was assumed to be small.

The slow component of the second stimulation (the
final recovery) can readily be ascribed to the slow release
of trapped polarization charges as mentioned above. The
sharp overshoot, however, requires another source of
excess electrons. Curie (11) has pointed out that the life-
time of the cloud of free electrons created by excitation of
electroluminescence effects may be several 10~ sec. (In
Curie’s paper, this time is referred to as the lifetime of an
electron in the conduction band, but its real significance
is with respect to the cloud and not to an individual elec-
tron.) This estimate may be assumed to be valid also for
electrophotoluminescence effects. Therefore, at frequencies
higher than a few keps, some free electrons will be retained
in the conduction band at every period of the field, with
the result that, over many periods, an excess charge is
accumulated that increases with frequency for a fixed
time of observation. The dumping of these free excess
electrons at “field off” should give the observed sharp
peak. At frequencies much higher than the reciprocal of
the lifetime of the cloud, which is also a measure for the
build-up time, saturation may be expected, since the
cloud will not be regenerated sufficiently fast.

The disappearance of the quenching and of the slow
component of the cut-off stimulation at low frequencies
is attributed (8) to the possible existence of currents. This
would compensate any loss of electrons and also drain
off any excess electrons, maintaining a constant charge
density. The individual differences in the quenching be-
havior at low frequencies (Fig. 4) are, however, difficult
to understand from a general viewpoint. Probably, in-
dividual surface properties come into play.

It should not be necessary to discuss the frequency
dependence of the first stimulation independently since it
is intimately connected with that of the quenching (8).
If quenching increases with frequency, the first stimula-
tion should decrease if the number of traps emptied per
period is considered to be independent of frequency. But
this last condition need not hold in all cases and, therefore,
no rigorous correspondence between first stimulation and
quenching can be expected.

The appearance of certain peaks in electroluminescent
phosphors only in the absence of ultraviolet excitation
can be ascribed -to polarization and diffusion processes
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(12). These C peaks, which begin to grow whenever the
applied field decreases, were interpreted (7) as being due
to polarization charges periodically accumulated by the
field and released when the field diminishes. It is plausible
that the ultraviolet radiation creates so many free elec-
trons in the bulk of the phosphor particle that the released
polarization charges cannot easily diffuse back to empty
centers because the charge density gradient has hecome
smaller. Thus, the additional peaks would not appear.

The frequency dependence of the ripple amplitude and
of the brightness wave amplitude is due to different proc-
esses. While the brightness wave amplitudes are governed
mainly by the excitation efficiency and the decay times of
the luminescence processes (7), the ripple amplitude de-
pends mainly on the ratio of the transition probabilities
from the conduction band to either empty centers or traps.
Theory predicts (8) a maximum of the ripple amplitudes
at some critical frequency. But since it is doubtful whether
the observed maximum (Fig. 5) is actually due to this
effect rather than to polarization and possible barrier
effects, no numerical evaluation of the probability ratio
shall be tried.

Observations on the transition from quenching to elec-
troluminescence also indicate the independent origin of
ripple pattern and brightness wave. Both patterns super-
pose additively. The forward phase shift of the brightness
wave is generally assumed to be due to the action of
polarization charges (13), although the detailed mechanism
of this effect is not yet completely understood since differ-
ent methods of computing the polarization field lead to
different results. The quenching effect is assumed to be
due to a loss of free electrons available for luminescence
transitions. This loss yields a phase shift in the direction
opposite to that caused by polarization effects, as was
pointed out by Curie (11) in a simplified consideration of
the particle balance.

The assumptions about the cause of the quenching are
also supported by the fact that quenching is observed,
for many phosphors, in the green emission only. This is
true in particular for the green Sylvania phosphor, where
two separate emission bands with different excitation
mechanisms are established (7, 14) and where only the
green band involves conduction electrons. This argument
is valid also for the quenching process proposed by Zalm
(10) since the trapped electrons come from the conduction
band.

No interpretation can yet be given of the unbalancing
effect of the ultraviolet radiation. It may be connected
with the experimental circumstance that only one side
of the cell is exposed to radiation and that the cell is not
symmetric with respect to the clectrodes.

After submission of this paper for publication, similar
work became known (15) in which unbalancing effects were
observed under various circumstances. The authors want
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to point out that such effects do not contradict the model
used here (8) since the shape of the ripple pattern is not
derived from the model, but is put into the mathematical
formalism.

CONCLUSION

The properties described and discussed in the previous
sections, although demonstrated only in a few examples,
are typical for all phosphors investigated quantitatively
or tested qualitatively. In particular, the qualitative
features of the frequency dependence of the electrophoto-
luminescence effects and the transition to electrolumines-
cence are common to many phosphors, and they agree
well with the general picture derived for these effects
from other observations and from theoretical considera-
tions. On the other hand, there is a wide spread in the
quantitative aspects. Any speculation about the individual
differences would be premature. The general properties
and their interpretation seem, however, to be well es-
tablished.
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Effect of Zone-Refining Variables on the Segregation

of Impurities in Indium-Antimonide

T. C. HARMAN

Battelle Memorial Institute, Columbus, Ohio

ABSTRACT

Upon zone-refining indium-antimonide, ultimate concentrations of two slowly segre-
gating impurities are approached. The most slowly segregating impurity, identified
as tellurium, was found to be n-type which lowers the melting point. of indium-anti-
monide. The second most slowly segregating impurity, identified as zinc, was shown
to be p-type which raises the melting point of indium-antimonide. Both impurities
originated in the indium. Electrorefining is an effective technique for removal of zinc
from indium. Zone-refining is an effective technique for removal of tellurium
from indium. There are no indications that deviations from stoichiometry prevent the
attainment of extrinsic carrier concentrations below 10!4/cm® in indium-antimonide.

INTRODUCTION

At the present time, there is considerable interest in the
semiconducting compound, indium antimonide. This in-
terest may be grouped broadly under the categories
constituting practical applications and those involving
basic advances in present knowledge of solid-state phe-
nomena.

Both the fabrication of devices and the carrying out of
fundamental studies requires ultra-high purity material
with impurity contents of the order of one part per hundred
million or less. It is the purpose of this paper to discuss the
nature of the problems involved in the preparation of high-
purity InSb and to give an account of the solution of such
problems.

EXPERIMENTAL
Preparation and Purification of the Compound

Indium-antimonide ingots were prepared by direct
reaction of the elements in a Vycor container under a
reduced pressure of pure, dry hydrogen. The compound
was purified by the zone-melting technique (1). Initially,
the ratio of zone length to ingot length was 14 and the rate
of travel of the molten zone was 30 cm/hr. These quantities
were gradually decreased until the zone length was 2.0-2.5
cm with a 20 em ingot, and the rate of pass was 1 em/hr.
The final 10-15 zone-melt passes were made under these
conditions.

During the course of the zone-refining passes, 1-cm
lengths were cut from the impure ends and discarded.
Also, specimens were removed from various portions of
the ingot for electrical measurements. In addition, the
ingot was probed periodically to determine the sign of the
thermal emf at room temperature and at 80°K, to ascer-
tain whether p- or n-type conduction predominated. The
electrical measurements indicated that, initially, the en-
tire ingot was p-type. However, upon subsequent zone
passing, the region at the end of the ingot which was last
to freeze became n-type. Subsequent passes increased
the length of this n-type region as determined by electrical
measurement at 80°K. After 30 passes, it extended over
half the length of the ingot. After a total of 30 or more
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zone passes, thin slices cut perpendicular to the direction
of travel of the molten zone were removed from the ingot.
Hall coefficient and resistivity measurements at 80°K were
carried out on specimens prepared from these slices. Carrier
concentrations, type of conduction, and mobilities were
determined from the electrical data. Analyses of the
electrical properties as a function of distance along the
ingot after a large number of zone passes, as well as in-
formation obtained during the course of zone-refining
passes, indicated that the most slowly segregating im-
purity is n-type, and that it lowers the melting point of
indium-antimonide. The second most slowly segregating
impurity is p-type; it raises the melting point. Early in the
investigation it was found that the final concentration of
these two slowly segregating impurities in indium-anti-
monide depended on the purity of the indium used in the
preparation ‘of the compound. In the experiments to be
described in this paper, the antimony was zone melted
prior to use in preparations of indium-antimonide. How-
ever, recent measurements show that concentration of
these troublesome impurities is much lower in high-purity
antimony than it is in the indium.

Zine Impurity tn InSb

Fig. 1 shows how the purity of indium-antimonide,
after 17 zone-melt passes, is affected by the purity of the
indium. As indicated in the figure, indium-antimonide
was prepared from as-received indium and indium further
purified by zone refining and by electrorefining. Both
electrorefining and zone refining of the indium are effective
in removing the p-type impurity. The p-type impurity
concentrates at the front of the InSb ingot during zone
refining. Spectrographic analyses on the ends of an indium-
antimonide ingot after five and nine zone passes showed
that zinc segregates to the portion of the ingot first to
crystallize, while copper, lead, tin, and nickel segregate
to the portion of the ingot last to freeze. These results
suggest that the unknown p-type impurity is zinec.

Confirmatory evidence was obtained by a zinc-doping ex-
periment. An ingot of pure indium-antimonide (total im-
purity concentration less than 10 at./cm?) was doped with
2.6 X 10" zinc at./cm3. After five zone-leveling passes,
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the carrier concentration varied from 1.7 X 10'® cm—3 to
3.1 X 108 ¢cm-3, indicating that each zinc atom had con-
tributed one hole.

The distribution after five zone-melt passes is shown in
Fig. 2. The lower curve gives the distribution of the slowly
segregating p-type impurity found in indium-antimonide
after five zone-melt passes. Thus, it is further verified
that zinc is the slowly segregating p-type impurity in
indium-antimonide and has a segregation coefficient
greater than one.
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TFic. 3. Segregation of zinc from indium by electro-
plating.

Another important consequence of this experiment is
that the information obtained can be used to determine
the concentration of zinc in indium. This is done in the
following manner. An indium-antimonide ingot prepared
from indium with an unknown concentration of zine
and pure antimony is given five zone-melt passes. From &
comparison of the concentration of the p-type impurity
in this ingot with the concentration measured in the zinc-
doped ingot, the zinc concentration in the indium can be
calculated. Using this technique, it was found that the
99.97+ 9, purity indium obtained from the Indium
Corporation of America has a zinc concentration of 20-30
ppm.

Results of studies of electrorefining processes for the
reduction of the zinc impurity in the indium are shown in
Fig. 3. The zinc concentration, as determined by the
technique just described, is plotted as a function of the
amount of material plated out of the bath. The electro-
plating cell consists of an indium anode, an indium fluo-
borate electrolyte, and a steel cathode upon which the
indium is plated. For the first 75 g, additional indium is
being dissolved in the electrolyte and zinc-rich indium is
plated out of the bath. Then, the indium anode is replaced
by a carbon anode and the pure indium remaining in the
electrolyte is plated out.

n-Type Impurities in Insb

The most slowly segregating impurity found in indium-
antimonide also was investigated. As discussed previously,
it is n-type and segregates to the rear of the indium-anti-
monide ingot during zone melting. Fig. 4 shows the effect
of the further purification of indium on the concentration
of the n-type impurity in indium-antimonide. To mini-
mize compensation effects caused by the p-type impurity,
a large number of zone passes were given to move the zine
to the front of the ingot. The mobilities at 80°K of speci-
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mens whose impurity concentrations are given in Fig. 4
varied from 500,000 ecm?/volt-sec to 40,000 cm?/volt-sec in
a manner consistent with increasing impurity concentra-
tion. This behavior is consistent with a negligible amount
of compensation. Further evidence that the material is
uncompensated is afforded by extrapolating to this region
the p-type concentration gradient at the front of the
ingot. It is then found that the concentration of zine is at
least an order of magnitude lower than the n-type im-
purity. In general, uncompensated n-type specimens of
best purity are cut approximately 5 em from the p-n
junction in extensively zone-refined ingots of 20 cm length.

As shown by the upper curves, distribution of the
n-type impurity after 40 zone-melt passes does not differ
greatly from the distribution after 50 zone-melt passes.
The larger number of zone passes continues to purify the
compound, but the process becomes inefficient. Purifica-
tion efficiency is greatly enhanced by removing the slowly
segregating impurity from the indium before the com-
pound is formed. An effective method for removing this
impurity was found to be zone melting of the indium. The
techniques used in this process are as follows. Approx-
imately 1 lb indium was placed in a high-purity graphite
boat 30 c¢m long. The boat was placed in a sealed Vycor
tube under a reduced pressure of hydrogen. Zone lengths
of 2.5-5 cm were maintained by means of a resistance
heater. Five zone-melt passes were made at 7.5 ecm/hr
and five additional passes were made at 1 cm/hr. The
front and rear sections of this ingot were used to prepare
indium-antimonide ingots for extensive zone refining.
Analysis of the measurements made on the extensively
gone-refined indium-antimonide showed that the front
section of the indium ingot contained approximately two
orders of magnitude less of the slowly segregating n-type
impurity than had been present in the rear section. In an
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effort to identify the unknown impurity, spectrographic
analyses were carried out. Even though electrical data
indicated the presence of 8 ppm of the unknown impurity,
no impurity was detected. Therefore, the impurity is one
whose spectrographic detection limit is at a rather high
concentration. A possibility which was considered is
selenium, since this element has a relatively high detection
limit and is known to be an n-type impurity in InSb.
However, activation analyses for selenium, which were
obtained, did not confirm selenium to be the impurity in
question.

The rates of segregation of various impurities in a
material upon zone melting are usually widely different.
Hence, by comparing the distribution of the unknown
impurity found in indium-antimonide ingots after five zone
passes with the distribution of various known impurities,
it should be possible to identify the unknown material. It
is known that the Group VI elements are n-type impurities
in indium-antimonide and that th?ay have high spectro-
graphic detection limits. Work on the segregation coeffi-
cients (2) of various impurities in germanium has shown
that the smaller atoms usually segregate the more slowly.
Since sulfur is a small atom and a Group VI element, it was
studied first. Fig. 5 compares the distribution of the sulfur
impurity with the unknown impurity after five zone
passes as a function of fractional distance along the ingnt.

The information about the segregation of the unknown
impurity was obtained by zone leveling rear sections of
extensively zone-refined indium-antimonide ingots. The
impurity concentrations of all other impurities except the
unknown are estimated to be below 10'%/cm3. After zone
leveling, a zone of 2.5 em was passed along the 20-cm
ingot a total of five times. The impurity distribution was
then determined by Hall effect measurements at 80°K.

A similar technique was used for determining the
distribution of the sulfur atoms. Indium-antimonide of
10'%/cm?® purity was doped with 1.2 X 108/cm?® sulfur
atoms. After zone-leveling, the impurity concentration was
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relatively uniform, varying from 7 X 107/em? to 1.256 X
10'*/cm3. Rate of pass, zone lengths, and ingot lengths
were kept constant for the various dopings. By comparing
the behavior of the two impurities, one can readily see
that sulfur segregates much faster than does the unknown.

Fig. 6 shows the behavior of selenium contrasted to that
of the unknown after five zone-melt passes. These results

|°||
7/
/

Py
e /
0_ 18 | l
s =
E |
S |
o l
g +
o
2

5

=3
E
g 10" Unknown ,5——
> lﬁ\
I |

/
-

16

I

o [ 04 06 10

0.2 08
x, Fractional Distance Along Ingot

Fia. 6. Behavior of selenium contrasted with that of the

unknown n-type impurity in InSh after five zone-melt
passes.

10"
-
A -

S TeIIurium\ //
go° ==
s
T

@
o
c
=3
S
Fd
5

(=%
E

Bio”
2
> Unknowr: —

|°l‘

) 02 0.4 06 08 10

X, Fractional Distance Along Ingot

Fic. 7. Behavior of tellurium contrasted with that of
the unknown n-type impurity in InSb after five zone-melt
passes.

InSb ZONE-REFINING, IMPURITY SEPARATION 131

0!

C
» Co

)
°

E Tellurium and
baﬁ [~ A

Seleni L Sulfur

Concentration in Solid
Initial Concentrationin Ingot

0! '
]

0 4 7
Number of Zone Lengths Measured Along Ingots

Fic. 8. Normalized values of the concentration along the
ingot of some group VI impurities in InSb after five zone-
melt passes.

indicate that selenium segregates more slowly than does
sulfur but not so slowly as the unknown. This is rather
surprising since, in germanium, the segregation coeffi-
cients deviate further from unity with increasing atomic
number of impurities from Groups III and V of the periodic
table (2). Confirmatory evidence that the situation is
reversed for some Group VI impurities in indium-anti-
monide is shown in Fig. 7. Here it is seen that tellurium
segregates more slowly than does selenium and that its
rate of segregation is, in fact, identical to that of the un-
known.

Fig. 8 summarizes the distributions of the principal
Group VI impurities in indium-antimonide after five
zone passes. Recently, Reiss (3) has developed equations
for the redistribution of solute after zone passing. His
equations for the case of a finite bar with a segregation
coefficient close to unity describe fairly well the distribution
of tellurium after five passes when a segregation coeffi-
cient of 0.8 is used. Since equations for the case of a finite
bar with a segregation coefficient differing appreciably
from unity have not been developed, effective segregation
coefficients of the other impurities studied can only be
roughly estimated. They are 10 for zinc, 0.5 for selenium,
and 0.1 for sulfur.

SUMMARY AND CONCLUSIONS

The information obtained on the most slowly segregating
p-type impurity found in indium-antimonide is sum-
marized as follows:

1. The impurity is zinc.

2. It has a segregation coefficient greater than 1 in
indium-antimonide.

3. It originates in the indium. The concentration in
Indium Corporation of America’s 99.97+ % purity is
20-30 ppm.

4. Tt has a segregation coefficient less than 1 in indium.

5. Electrorefining is an effective technique for removal
of zine from the indium.

The information obtained on the most slowly segregating
n-type impurity found in InSb is summarized as follows:

1. The impurity is tellurium.
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2. It has a segregation coefficient slightly less than 1 in
indium-antimonide.

3. It originates in the indium. The concentration in
99.97+ 9% purity indium is about 1 ppm.

4. It has a segregation coefficient considerably less than
1 in indium.

5. Zone refining of the indium is an effective technique
for removal from the indium.

In conclusion, the preceding work has shown that by
purifying the elements as well as zone-refining the com-
pound, it is possible to achieve uncompensated extrinsic
carrier concentrations of below 10/cm? in indium-anti-
monide. For purities in this range, there are no indications
that deviations from stoichiometry offer a barrier to the
attainment of this low extrinsic carrier concentration.
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Electrolytic Stream Etching of Germaniun

MiLes V. SuLLivaN aND JouN H. E1GLER

Bell Telephone Laboratories, Inc., Murray Hill, New Jersey

ABSTRACT

A technique has been developed for the electrolytic etching of germanium in a con-
trolled stream of 0.1% potassium hydroxide. By means of a special jig, the etching is re-
stricted to the junction area without the aid of the usual masking waxes.

INTRODUCTION

In the processing of semiconductor materials for use
in transistor devices, it is necessary to etch the surface
in order to remove all the mechanical debris formed in
cutting and shaping operations. This etching also removes
any chemical contamination introduced during processing.

In the past, this etching has been done with very
corrosive chemicals such as hydrofluoric acid, nitric acid,
acetic acid, bromine, and hydrogen peroxide. Because
these materials are so very corrosive, it has been necessary
to protect solder joints, lead wires, and other portions of
the device by masking them with an inert material. The
application of this masking material is done under a
microscope by a skilled operator and is both difficult and
time consuming. The desire to eliminate this masking and
the subsequent unmasking operation led the authors to
develop a technique of stream electroetching which does
not require masking. It will be seen, however, that other
advantages have also accrued.

Electroetching of germanium which is submerged in
an electrolyte has been previously described (1), but this
method requires masking to protect the surfaces which are
not to be etched. Jet electroetching of germanium was
introduced by Tiley and Williams (2) and has been suc-
cessfully applied to the fabrication of certain types of
transistors, but has not been adapted for use on grown junc-
tions. The technique to be described in this paper is
another modification of electroetching in which a stream of
electrolyte is allowed to flow over certain portions of the

sample to be etched but is restrained from wetting other
portions by surface tension between the stream and a
special etching jig.

ArpraraTUs AND PrOCESS

Four principles in the process restrict the etching cur-
rent to the desired areas of the device. First, the use of an
electrolyte whose conductivity is lower than that of the
material being etched assures one that the most intense
etching takes place on those portions of the germanium
which are the nearest to the cathode. And since the
cathode can be positioned close to the p-n junction, one is
then able to give the junctions the most intense etching.
Second, the use of a close electrode spacing along with the
low-conductivity electrolyte results in a rapid etching rate
for those areas directly opposite the cathode. Third, the
use of a shaped cathode aids considerably in giving a
relatively uniform etch to that area of the germanium
which is directly opposite the cathode. Fourth, the use of
a restricted stream of etchant very definitely limits the
etching to those areas which are wetted by the electrolyte.

These restrictions to the etching current permit one to
control the etching pattern precisely enough to make it un-
necessary to resort to masking in any of the applications of
this technique. A convenient jig for maintaining a re-
stricted stream of electrolyte around a typical junction bar
is a hairpin-shaped piece of platinum wire (see Fig. 1).
The electrolyte which is gravity fed from a nozzle above the
hairpin is constrained by surface tension to flow between
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Fia. 1. Stream electrolytic etching a p-n junction

the legs of the hairpin. The germanium bar is brought up
from below and placed between and at right angles to the
legs of the hairpin. The rate of flow of electrolyte is ad-
justed to maintain a flow over only that portion of the
germanium bar which lies between the hairpin legs but not
for any appreciable distance beyond. In this manner the
leads which are connected to the ends of the germanium
bar are not wetted.

Etching times and currents vary with the material be-
ing etched and its past history. With 0.1% potassium
hydroxide as the electrolyte, the first etch after the usual
mechanical shaping operation requires 1-2 min, whereas a
cleanup etch after waxing and dewaxing requires only a
few seconds. Etching current densities up to 15 amp/cm?
have been employed although most of this work has been
carried on at 1.5 amp/em?

REsuLTs

Starting with a p-n junction diode whose surface has
been lapped with 600 carborundum, Fig. 2 shows that
about 25 u (0.025 mm) of damaged material! must be re-
moved before a low saturation current is obtained on the
diode. The subsequent decrease in current as more ma-
terial is removed is the result of reducing the cross-sec-
tional area. (Original cross section was 0.63 x 1.27 mm.)

Fig. 3 shows the appearance of the original surface of
the diode (frame 0) and the effect of successive 1-min
applications of electroetching. Note that the extremities of
the bar are not etched.

In the processing of n-p-n grown junction triodes, the
introduction of this technique in place of chemical etching

1 This figure is in agreement with the depth of damage due
to various mechanical surfacing treatments on germanium
reported by T. M. Buck and F. S. McKim at the Semi-
conductor Symposium of The Electrochemical Society in
May 1955.
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F1c. 2. Effect of electroetching on the saturation current
of a p-n junction.

F16. 3. P-n junction after successive 1-min electro-
etches.

has resulted in a considerable simplification of the fabri-
cation. This includes the elimination of long-lifetime treat-
ments? and their associated washes and masking oper-
ations and their subsequent removal with the appropriate
organic solvents. This has resulted in an over-all savings of
about 20% on the man hours required in the processing of
such devices. In addition to the rather obvious economic
advantage gained by cutting down the number of steps
required, it has been found that a number of other ad-
vantages have accrued.

1. Rate of eiching can be controlled. It is quite evident
that the electroetching rate is under far better control than
is realized in simple chemical etching. There is the further
implication, however, that the process may be speeded up
considerably. Although it is possible to perform the entire
etching in a few seconds, from practical considerations,
times of the order of one minute are usually employed.

2. Contamination s ized. Since a continuously

2 An anodic treatment in a suspension of hydrolyzed
antimony trichloride.



134 JOURNAL OF THE ELECTROCHEMICAL SOCIETY

100
| CHEMICALLY POLISHED - FIRST HUMIDITY CYCLE
2 CHEMICALLY POLISHED - SECOND HUMIDITY CYCLE
3 STREAM ELECTROETCHED
+
5 ¢
77
A7
< S
g Vi ]
¢ ;s
z y I
2z
z S
/ 3
5 4 /
« g .
3, A /
v % Q3 ll
z /
2 Pl A7
7 B
] vavi
S 1,4
TS - /-
3 / 2,
7 ry
"4 d y
- ” g )
- S, N 4 24 o
[ P .(U
- .l
.-
1 ——]
10 20 30 40 50 60 70 80
. RELATIVE HUMIDITY IN PERCENT

FiG. 4. Humidity stability of electroetched junctions.
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humidity cycle.

flowing system is used, contamination from previous
etchings will be minimized. Further, since there is no
masking, there will be no contamination by the masking
material itself or by etchant which may be trapped or
adsorbed by the masking.

3. Etchant is tnexpensive. It is less than one-tenth the
cost of chemical etchants usually employed. It should be
pointed out that this cost differential will be even greater
in large-scale production since it will then be necessary to
neutralize the chemical etchants before disposing of them.

4. Etchant ts nonhazardous. This appears as a pleasant
change from the very hazardous chemical etches, the
handling and disposal of which posed a considerable prob-
lem for very large-scale commercial usage.

5. Etching can be done after the germanium has been
mounted on tils header. When chemical etches were em-
ployed, it was customary to mask and etch at an early
stage in the fabrication process since masking becomes
more difficult and is more extensive as the device is further
assembled. Now that the necessity for masking has been
eliminated, the etching may be postponed to a later stage
of fabrication, thus decreasing the chances for contamina-
tion and simplifying the precautions necessary during the
early processing.

6. A more stable surface is formed. A number of recent
tests have shown that a germanium surface which has been
anodically etched in potassium hydroxide is more desirable
than the chemically etched surface. For example, the elec-
troetched grown junctions maintain their low reverse cur-
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rent even when exposed to a relative humidity of 509,
(see Fig. 4). Under these same conditions, chemically
etched junctions show over a 1009 change in reverse cur-
rent. Each point in Fig. 4 is the average of six junctions and
the data were taken after at least 24 hr in the indicated
humidity. Also, electroetched surfaces have low surface
recombination rates, in fact, lower than has been reported
for many of the other usual chemical etches (3, 4). And
last, the spread in electrical characteristics has been no-
ticeably less on electrolytically etched surfaces than on
chemically etched surfaces.

Because of the very interesting properties displayed by
these surfaces, they have been examined (5) by electron
diffraction techniques. These studies have shown that some
of the germanium dioxide which is formed during the
electrolysis remains on the surface of the germanium as a
thin film. It is believed that this oxide film is responsible
for some of the unusual properties of electroetched ger-
manium. In fact, the different reaction of the chemically
etched surface after the first humidity cycle in Fig. 4 may
be attributed to the slow building of an oxide film on the
surface.

Microscopic examination of the electroetched surface
shows various types of etch pits, including those found at
lattice dislocation centers (6). Although a certain degree
of control over the appearance of these pits may be
achieved in the etching process, the exercising of this type
of control has very little influence on the electrical char-
acteristics of the etched device.

A technique has been developed for the electrolytic
etching of germanium in a controlled stream of electrolyte.
The three main advantages of the process as compared to
chemical etching are: (@) the product has been improved,
presumably by virtue of the oxide film formed during the
etching; (b) handling and treatment operations are simpli-
fied by eliminating the masking and unmasking oper-
ations; and (c) the safety conditions have been improved
by eliminating hazardous chemicals.

Manuscript received August 15, 1955. This paper was pre-
pared for delivery before the Chicago Meeting, May 2 to 6,
1954.

Any discussion of this paper will appear in a Discussion

Section to be published in the December 1956 JourNAL.
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Thermodynamics of the Oxidation of Chromium

J. N. Ramsey,' D. CaPLAN, anD A. A. Burr

Department of Metallurgical Engineering, Rensselaer Polytechnic Institute, Troy, New York

ABSTRACT

By a microbalance technique in which oxidized chromium sheet is heated in prepared
H,-H,O atmospheres the dissociation pressure of Cr,O; is determined over the temper-
ature range 598°-1154°C. From these data are calculated the free energy and enthalpy of

formation of Cr.0;.

INTRODUCTION

Excellent oxidation resistance and strength at elevated
temperatures make chromium an attractive base metal for
heat-resistant alloys. Unfortunately, poor formability and
extreme brittleness at room temperature have thus far
hindered commercial development. Investigations now in
progress at several laboratories and some recent publica-
tions (1-4) indicate that ductile chromium-base alloys can
be produced provided that the impurity level is reduced to
a sufficiently low value. Oxygen is known to embrittle the
other body-centered cubic, high-melting metals, iron,
molybdenum, and tungsten, and it is believed that it may
also raise the ductile-to-brittle transition temperature of
chromium. For this reason an investigation of the chro-
mium-oxygen system was undertaken. A survey of the
literature on the dissociation pressure of Cr;O; revealed a
considerable spread between the data of the various in-
vestigators. With the availability of high grade chromium
sheet, experimental work was undertaken to check existing
data. This paper describes the simple and direct experi-
mental technique which was used.

The thermodynamics of the chromium-oxygen system
may be arrived at either by determining experimentally
the atmosphere which is in equilibrium with metal and
oxide at various temperatures, or by calculating from
tabulated entropy and heat capacity data (5, 6, 7) for
oxygen, chromium, and chromium oxide along with the
heat or free energy of formation of the oxide at one tem-
perature. Results of such calculations are usually ex-
pressed by an equation having the form

{¢9]

which expresses the standard state free energy change for
the oxidation reaction as a function of temperature and
constants related to entropy and heat content data. This
free energy change is related to the equilibrium constant,
K, by the expression

AFS, = Ao + aTIn T + bT? 4 ¢T* + IT

AF, = —RTh K In)
Hence, for the reaction
2Cr + 3 02 = Cr: 03 (ITD)
i
AFy = —RTIn ﬁf) =RTIn P,‘,x Iv)
2

1 Present address: Massachusetts Institute of Technol-
ogy, Cambridge, Mass.
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which by combination with equation (I) allows the cal-
culation at any temperature of Po,, the equilibrium dis-
sociation pressure of the oxide.

Such treatments have been described, notably by
Maijer (8), Thompson (9), Ellingham (10), Lustman (11),
Richardson and Jeffes (12), Ward, Ray, and Herres (13),
Smithells (14), Brewer (15), and Coughlin (16). The cal-
culated curves of four of these investigators are drawn in on
Fig. 1 and show a considerable variation. The most recent
(16) is considered to embody the most accurate thermo-
dynamic data, including a new determination of the heat
of formation of Cr;0; (17).

There have been several experimental determinations
of the dissociation pressure of chromium oxide (18-23).
Wartenberg and Aoyama (18) heated polished chromium
at 600°-1400°C in a stream of hydrogen containing known
small amounts of water vapor and estimated the equilib-
rium temperature for dissociation by the appearance and
disappearance of temper colors on the specimen. Granat
(20) passed dry hydrogen slowly through hot Cr,O; at
1000°-1500°C and determined the H;O content of the
emerging gas. Grube and Flad (21, 22) passed hydrogen
of known moisture content over Cr;0; powder, part of
which had previously been reduced to metal. Over the
range 780°-1300°C equilibrium temperatures were ob-
tained by detecting the temperature at which the powder
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F1c. 1. Calculated and experimental data for the equilib-
rium dissociation pressure of Cry0;.
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neither gained nor lost weight while in a particular at-
mosphere. Okada, Kokubo, and Matsuo (23) used a similar
constant weight technique to determine the equilibrium
temperatures from 939° to 1310°C.

In the present work the equilibrium temperature is de-
termined by detecting with a microbalance the point at
which oxide-coated specimens begin to lose weight.

EXPERIMENTAL

The chromium used for the experiments was in the
form of sheet which had been prepared by sheath rolling
and finished by a pass or two in air at about 500°C. The
following impurity contents were determined by semi-
quantitative spectrographic analysis: Al 0.005, Mg 0.005,
Ti 0.01, Zr < 0.001, Si 0.001, Fe 0.005, Ni 0.001, Mo <
0.001, Mn 0.001, Pb 0.005, Cu 0.005%. The specimen
measured 0.012 x 0.6 x 1.2 in. and weighed approximately
1.0 g. Before each run it was heated in oxygen to form a
surface layer of chromium oxide.

Fig. 2 is a schematic diagram of the apparatus used in
the determination of the dissociation pressure. The
oxidized sample of chromium sheet was attached to the
beam of a quartz microbalance by a fine tungsten wire and
hung in the vertical tube furnace. A plastic housing around
the microbalance protected it from air currents. Changes
in weight were detected by observing with a microscope
sighted on a reference point on the tungsten suspension
wire.

Hydrogen of a constant and known moisture content
was prepared by passing cylinder hydrogen over platinized
asbestos at 425°C to convert oxygen to water, adding an
excess of water vapor with a humidifier, and condensing
out the excess in a constant temperature cold trap con-

F1G. 2. Schematic diagram of microbalance and vertical
tube furnace.

February 1956

sisting of 25 ft of copper tubing coiled in a thermoregulated
bath of refrigerant. Any desired Hy-H;O ratio could be
obtained by suitable adjustment of the cold trap temper-
ature. To avoid pick-up of moisture or oxygen only glass,
copper, and porcelain was used in the gas train.

With the prepared atmosphere entering the vertical
furnace tube at the bottom and the specimen hung just
above the thermocouple used for measuring the temper-
ature, the furnace was slowly heated and the temperature
recorded at which the specimen first began to lose weight.
Near the equilibrium temperature a heating rate of 2°C/
min was used.

ResuLts

The equilibrium temperatures for different settings of
the cold trap temperature are shown in the first two col-
umns of Table I. Using the following relationships, these
data are converted to dissociation pressures or to stand-
ard free energies of formation: From the equation for the
formation of water vapor

Hy + 24 Oxey = HaOe) W)
one can write
—2AFS,
2 log Ku,0 = 15767

From this relation, values of 2 log Kn,0 at the equilibrium
dissociation temperatures are obtained by substituting the
corresponding known values of AF, [e.g. reference (12)].
Since the P, of the experiments is essentially one atmos-
phere, the term 2 log Pu,0/PH, can be evaluated from the
known vapor pressure of ice at the various cold trap tem-
peratures (24). In this way the dissociation pressure is
calculated and, through equation (IV), the standard staté
free energy change. Values so obtained are shown in the
last two columns of Table I.

By combining these experimentally determined values of
AF?3, with heat capacity and entropy data in the literature
(5, 6), the standard heat of formation of Cr,O; at the
reference temperature 298°K can be calculated. One such
procedure is that outlined by Darken and Gurry (25).

Thus for the reaction

25 Cr + HO = 14 Cry0; + He (VI)

values of the function (F, — Hj,;)/T are calculated at
even temperatures for the species Cr and CrsO; by ex-
pressing the function in the form (HS — H3,)/T —
(S — Sxs) — Sms. Values for these three terms are taken
from Kelley’s tables (5, 6). For the species H, and H,O
the function (F5, — Hg)/T has already been tabulated
(26). It is readily converted to the function above by
the relationship (FS, — H3)/T = (Fy, — Hy)/T —
(H;es - H;)/T~

By combining the (F3, — H3,,) /T functions for the four
reactants at even temperatures, values of (AF,— AHj,,)/
T are obtained.2 When this is done, interpolation to the

2 These same values can be more simply obtained in
another way since AF7 data for H;0 and Cr;0; are included
in the tabulations of Coughlin (16). After subtracting AH,
from the tabulated AF7 values and dividing by T, combina-
tion of the resulting functions yields the (AF7 — AHy,)/T
for the reaction.



Vol. 103, No. 2

TABLE 1. Experimental values for the oxidalion of chromium

to Crs04
Cold trap | Dissecia- Puso Pox AF°
Tempetatuje perature Pus (atm) (kcal)
—-74 508 | 1.38 X 1076 | 2.1 X 1073 | —213.2
—49.5 826 | 4.41 X 1075 | 3.1 X 10727 | —200.0
-2 1039 | 4.61 X 1074 | 2.4 X 1072 | —185.7
—18 1154 I 1.23 X 1073 | 6.8 X 10719 | —178.0

TABLIS I1. Thermodynamics of the reaction 25 Cr + H.0 =
14 Cr,0; + Ha

Temp AF";'¥AH;” . Pmp AF;' AH®
CK) R K= oy T zi»«

‘ (ew) Haty (cal/deg) (cal)
871 9.71 7.25 X 108 —26.82 —31820
1099 9.20 2.27 X 10¢ —19.93 —32010
1312 | 8.82 2.17 X 103 —15.27 —31600
1427 | 8.64 8.13 X 102 —13.32 —31340

four experimental temperatures gives the values for
(AF%3 — AH3,,)/T seen in the second column of Table II.

The equilibrium constant for reaction (VI), K =
Py,/Pujo, which has been determined in the four ex-
periments, permits the calculation of AFS,/T = — 4.576
log K. This may now be combined with the values de-
termined for the function (AF — AH,,,)/T to give values
for AH,,,. That is, AH,,, /T = AF3/T — (AF5 — AH,,,)/
T'. Table IT shows the four values of AH,,, obtained. The
average value is AH,,, = — 31690 cal.

Since the standard heat of formation at 298°K of
HyOy is —57,798 cal (16), addition of equations (V)
and (VI) gives

24 Cr 4+ 14 0y = 14 Cry03 AHZ,, = — 89490 cal

That is, the standard heat of formation of Cry0; at
298°K [equation (III)] is — 268,500 cal.
DiscussioN

As can be seen from Fig. 1 the results of this research
and of most of the prior work when plotted on the co-
ordinates logarithm of the dissociation pressure and
reciprocal of the absolute temperature lie nicely along a
straight line nearly coincident with the calculated cuive
of Richardson and Jeffes (12). This curve is based on the
equation

20r + 3% 0s = CriOs; AFss s = — 267,750 + 62.10T

which embodies the Roth and Wolf (27) determination of
AH;,, = — 268.9 keal. It might have been expected that
the theoretical curve of Coughlin (16) would most closely
describe the experimentally determined values but, as the
graph shows, values of the dissociation pressure read from
the Coughlin curve would be slightly different from the
experimental data and, from the Lustman or Thompson
curve, more different still. The Coughlin curve, for the
same reaction as above, is based on the equation

AFs 15 = —274,670 — 14.07T log T + 2.01 X 10372
+ 0.69 X 10° T + 105.65T
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which incorporates a recent determination by Mah (17) of
AH3,, = —272.7 keal.

Coughlin (16) has combined this experimentally de-
termined AHj3,, with heat capacity and entropy data to
calculate AF; and AH5. In the present investigation, an
experimental determination of K and hence of AF% has
been combined with the same heat capacity and entropy
data to yield AHj,,. This value (—268.5 kcal) is slightly
less negative than that given by Mah (—272.7 keal).
The difference probably lies within the combined ex-
perimental uncertainty of both values. A possible source of
error in the present measurements is thermal separation in
the Hp-H,O atmosphere, although it is believed this has
been minimized by arranging to have the uniform hot zone
in the vertical tube furnace long relative to the length of
the specimen. In this way a steady state should become
established such that the gas composition around the
specimen is that dictated by the cold trap temperature,
The fact that the presently determined value for AHj,,
checks the Roth and Wolf (27) value within 0.5 keal
probably does not lend support to either of these relative
to the Mah value of —272.7 keal.

CoONCLUSIONS

1. The dissociation pressure of Cr:0; is obtained as a
function of temperature in the range 598°-1154°C from
which is calculated the standard free energy change for the
reaction

2Cr + 33 0, = Cry0s

2. The average value for the standard state heat of
formation at 298°K of Cr.O; calculated from the above is
AH,,, = —268.5 keal.

3. Of several calculated equations in the literature for
the free energy of formation of Cr0; as a function of
temperature, the one which best fits the experimentally
determined data both of the present research and of much
of the prior work over the temperature range 600°-
1500°C is that due to Richardson and Jeffes:

AFG = ~267,750 + 62.10T
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Mathematical Studies on Galvanic Corrosion

V. Calculation of the Average Value of the Corrosion Current Parameter

J. T. WABER, JOHN MORRISSE Y, AND JOHN RurH

University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico

ABSTRACT

Mathematical analysis for the mean current density has been completed for one gen-
eral and two limiting ratios of electrode and corrodent dimensions with the same co-
planar, juxtaposed arrangement of long, narrow electrodes as used previously. The re-
sulting mathematical expressions were reduced to numerical evaluations, and many of
these results have been graphically summarized in perspective illustrations.

The characteristic ratio (\/2) was used to explain the behavior of all similar electrode
systems and to emphasize that relative, not absolute, dimensions of the system estab-
lish its behavior. The theory and two experimental studies were in good agreement.

INTRODUCTION

Mixtures of phases are frequently present in com-
mercial metals, and much of the gross corrosion behavior
of such metals results from the action of local galvanic cells
formed between constituents. Aside from the presence of
impurity phases, certain commereial metals consist of two
or more phases, and the percentage of the minor con-
stituent in the matrix may approach 50%. Therefore, it is
important to describe analytically the effect of increasing
the percentage of one constituent on the average corrosion
rate. In a two component phase diagram total corrosion
should increase to a maximum with increase of the less
noble phase, A, then decline as the fraction of B decreases
8o far that there are insufficient sites for cathodic reactions
to occur without substantial polarization. Experience is in
accord with this qualitative argument,.

In many cases, interest d8es not lie in the detailed dis-
tribution of corrosion attack over the anodes, as described
in previous papers (1-4), but in the average corrosion rate
of one phase. For this reason attention was turned to the
problem of calculating total and average values of the

corrosion current parameter C,*(x). This general prol:lem
can be investigated quantitatively assuming (a) the
anodic and cathodic polarization parameters &, and L.
are equal, and () the electrodes consist of long strips which
are arranged alternately in a common plane. Avoidance’
of these limitations would introduce serious mathematical
difficulties and would not contribute significantly more to
an understanding of corrosion phenomena than does the
present analysis.

The over-all behavior of the galvanic system can be
characterized in terms of three parameters, each involving
the ratio of lengths: a/c, &/c, and b/c (4). For purposes of
describing commercial metals, ¢ may be defined as the
average radius of particles of the anodic phase, and ¢ as
half the average distance between centers of the anodic
inclusions. However, the specific definitions of e and ¢
which apply to the present analysis are: a is the half-width
of the anodic strips, and ¢ is half the distance between the
repeated anodes. The quantity b is the thickness of the
liquid electrolyte layer above the plane of the electrodes.
In this paper both finite and infinite thicknesses are con-
sidered.
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MaTtHEMATICAL RESuLTs

Boundary conditions.—The case of a finite thickness of
the corrodent is physically equivalent to placing an in-
sulator at the outer boundary of the liquid. This condition
at the boundary can be expressed mathematically as

ol)*
OJ b

1

An even, symmetrical, infinite, alternating array of elec-
trodes juxtaposed and lying in a common plane is con-
sidered, as this arrangement is most pertinent to the
practical case of local galvanic cells. At the center of the
anode and cathode, the corrosion current must be con-
tinuous and have continuous derivatives. Thus, in terms
of the geometrical relation of electrodes used before (1-4),

apP* _ap*
T |z=0 o

=0 [2]

r=c

The origin is taken at the center of one of the anodes. For
polarized electrodes the following boundary condition (5)
is used:

P

Pz, 0) - 22| = BuSule) )

The definition of the anodic corrosion current parameter
can be employed:

€)= ( z“> "a'y

This quantity is a dimensionless parameter since ¢ and y
are distances and E, and P are voltages. Thus, equation
[3] for the anodic side can be written:

QE") e = 15

O0<z<a) [4]

P, 0) + (

since the value for the step function Sy(z) is unity in the
anodic region.

Series solution of the problem.—A Tourier series which
satisfies Laplace’s equation and these several boundary
conditions has been shown elsewhere (4) to be

P*(z,y)

= A* + Z An*cosh [-— (1)—])] cos ('n x) [6]

n=1
where the coefficients are

Ao* = Ei(a/c)
6 nwa)
2E, "\
Ay n "nrb nrl nwbd g
cosh(—) + (~—) sinh (—)
¢ ¢ c

Dertvation of mean parameter.—The mean value of the
corrosion current parameter on the anode is obtained by
integrating C,*(z) over the interval

1 a—0
CF =~ fo C*@) do 8
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Substituting C,*(z) from either equation [4] or [5] gives
the correct expression, but for practical reasons it is im-
perative to use [5]. The series obtained by differentiating
P* as in [4] depends on the denominator [1 + (n7/c)
tanh (nwb/c)] for convergence, whereas P* is employed
directly in [5] and the resulting series converges as
n[l 4+ (nw®/c) tanh (nwb/c)], hence more rapidly. The
integration step [8] raises the power of n in either de-
nominator by one. Consequently, the series converges to a
given accuracy with fewer terms if [5] is employed. Note
that from equation [5]

2011 ~ P¥. 0)/El]

Co*@) = T

0<z<a) [9

since S, () is unity in the anodic interval. By substitution,

it is simple to show that
2q a
-5 (1-0)- &L+ 0)
[10]
(mrb) . (mra)
.cosh{ — )sin| —
c ¢

The integration can be done termwise since the potential
function has sufficient continuity to permit interchange of
the order of summation and integration. Substitution from
equation [7] leads to the series

— 2 a
w-§(1-1)- %2

n=l

sin? (’L’c’9> [11]
[1 N (mri)t h(mrb>:|

after dividing numerator and denominator of each term by
the appropriate hyperbolic cosine.

An equivalent expression can be derived for an infinite
liquid depth by replacing equations [6] and [7] with the
appropriate Fourier series. The same expression can be
obtained from [11] by noting that the hyperbolic tangent of
an infinite argument is unity. Thus

._.2a a
im ¢, 2( ) Zjl

[12]

sin (n_ra) i
o
. c / (1 " nrﬁ)
n ¢

Definition of the average parameter.—Expressions [11]
and [12] are developed for the mean current distributed
over the anode. In practice, this quantity is less useful than
the average of the anodic current distributed over the
entire electrode surface. That is, it is more common to
employ the latter average when calculating polarization
curves, ete. This is done since it is not always convenient to
obtain independently the percentage of anodic phase.

Thus, I',* has been identified as the total or integrated
corrosion current parameter,

= f 0w do [13]
0
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and the distinction between the mean and the average as
T,*/a and T, */c, respectively, has been made. It is clear

then that
liv g a\ —

T (6) G* e
and the values of the more conventional and convenient
average can be obtained easily from [11] and [12]. In the
absence of external sources of current, I';* = —T'.*, which
is the total cathodic current.

Mean parameter for infinite cathode and infinite electro-
lyte—When the electrodes are polarized, the coupling of an
infinite cathode with a finite anode increases the current
flowing, but the current remains finite. Because of the
practical importance of this problem it seemed desirable
to investigate it on its own merits. Further, previous
results obtained by means of Fourier integrals (2) permit
investigation of the limiting value of the mean corrosion
current parameter as the anodic fraction (a/c) goes to zero.
It should be emphasized that the ensuing derivation re-
lates only to an infinite liquid layer thickness. A finite
case is discussed below.

It was established elsewhere (2) that C,*(z) for infinite
cis

CH@) = %‘{[’2—’ = Si()\):l cos X 4 Ci(M) sin A
[15]
+ [g - Si()\’)] cos A’ 4 Ci(\") sin )\’}
where the auxiliary dimensionless variables X and A’ were
defined as
=(a+2)/8
=@-2/

and where z, a, and £ have the same meanings as em-
ployed before (1-4). The S¢(\) and C%(\) functions are the
sine and cosine integrals,

From [13], [15], and [16],

o 2w o oy
T, —g{j;/s ( ) Sit(\) cos A 4+ Ci(A) sin X ) dN

+ f ([- — Si(\') cos N + Ci(\') sin )\’)d)\}

Since M’ is the variable of integration (the dummy index) in
the second definite integral, it may be replaced by the
symbol A.

2
Lo

[16]

(17]

2a/8 T
I.*= {[5 - Si()\)] cos A + Ct(\) sin )\} d\ [18]

This may be solved by integrating by parts. The sine and
cosine integrals Si(\) and Ci(\) must be differentiated with
respect to their upper limits. Recalling that

d a
% |, 10 & = 1@ (19

substitution of this expression into the results obtained by
partially integrating [18] yields
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2 2a/2
TL* = asti (g) - %r‘f {Si(\) sin A + C4(\) cos A} ‘
0

2a/¢
+ 2 I g (s“‘ )‘> i [20]
T J
2 2a/Q
2 T (cos )\) i
™ Jo

After combining the sine squared and cosine squared terms
in the integrand, it can be shown that
(21]

2a
T.*=asin (=
a sin < 2 )
2a/¢

2
+ ;‘? {In X = Si\) sin A — C4(\) cos A}
0

This expression cannot be evaluated directly since both the
logarithm and the cosine integral become infinite as A
approaches zero.

One of the definitions of the cosine integral is

21— cost

Ci(\) = In\y — f dt [22]
0

where In ¥y = 0.577216. After substituting [22] into the
previous equation, regrouping terms gives

. f2 2
T.* = asin ({) + —a{(l —cosA) InX — Inycos A

(23]
2a/9
— Si(\) sin X + (cos ) f —ﬁt dt}
0
By applying ’Hopital’s rule,
}‘ir;\ (L—cosA)InA=0 [24]
Using the trigonometric identity
(1 — cos \) = 2sin2(A/2) [25]

equation [23] reduces to

T.* =asin (53 > 4 {2 sin? (8) In (2%7>
% 2a/¢
- Si(@) sin (28 ) + cos (fla)_l (1 —cost)dInt

after applying the limits of integration. I',*/a is a dimen-
sionless quantity.

Mean parameler for infinite cathode but finite electrolyte.—
The potential can be represented by the Fourier integral

(26]

P*(z,y) = f : A*(n) cos (zhn) cosh [(b — y)kn] dn  [27]
o

where & is a quantity (to be chosen later) having the di-
mensions of reciprocal length needed to render the quan-
tities in the arguments of the hyperbolic and circular
cosine functions dimensionless. The quantity A*(n) must
be chosen so that P*(z, y) converges to prescribed bound-
ary conditions. Utilizing the boundary condition similar

to [3],
*
P02 _Es/@ (28]

Y ly=0
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but with S,'(z) being the infinite step function defined
earlier (2), it can be shown that

f cmA*‘(n) [cosh (bhn) + (%An) sinh (bhn)] cos (zhn) dn (20]
o

= E,S./(®)
In order to obtain the coeflicient A*(n) in this integral,

both sides are multiplied by cos (vhm) and integrated with
respect to z.

/ " cos (mha) { f * A*m){cosh (bhm)
0

<0

+ (%hn) sinh (bhn)] cos (nhx) dn} dz [30]
= [m E,S. (z) cos (mhx) dr
0

Substituting the value of Sa’(z) into the right-hand side and
rearranging the order of integration on the left,

’l—L f N A*(n)[cosh (bhn) + (%hn) sinh (bhn))
o
[31]

[ [ Teos (mhx) cos (nhz) d(hx)j| dn = E, inf;"h—ha)

The inner integral on the left-hand side is equivalent to the
Dirac function é(n — m). Utilizing the properties of this
function, the left-hand side reduces to

1

A ( ) A*(m)[cosh (bhm) + (¥hm) sinh (bhm)]
h

(32]
_ E, sin (ahm)

mh
In this manner the coefficient A*(m) can be found and
substituted into [27]. Thus the polarized potential func-
tion consistent with the imposed boundary conditions is
P*(,y)

_ 2E, [ sin (ahn) cosh [(b — y)hn] cos (xhn) dn  [33]
I A n[cosh (bhn) + (¥hn) sinh (bhn)]

Evaluation of this definite integral in terms of tabulated
functions appears to be difficult. However, a simpler ex-
pression for the interfacial potential may be used (6),

PHz, 0) = 2E, [® sin (ahn) cos (xhn) dn
U= nll+ (@hn) tanh (bhn)]

(34]

This relation can be utilized to compute the anodic cor-
rosion current parameter C,*(x) from equation [5).

The mean value of the parameter C,*(x) may then be
computed. Thus the total anodic current is

r,.*=%f"[1-£f§f’i):|dx (35]
o ba

For convenience there can be substituted into [35] an even
simpler expression for the interfacial potential,

P*(z,0) = B, f P(n) cos (zhn) dn i36]
0
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where the symbol P(n) is the appropriate function of =,
a, &, and b, but not of x, defined so that [34] and [36] are
identical.
Then the mean value for anodic current parameter is
* a—0 a0
Lt _ %f [l - / P(n) cos (zhn) dn]d:c [37]
0 0

a

Changing the order of integration,

Fa*_% 2 e sin han
PRl 73 A P(n )( )dn [38]

or finally, after inserting the definition of P(n),

sin? (ahn) dn

To* 2a 2
a @{1 ~ ahr /c; 7?1 4+ ({hn) tanh (bhn)]} (3]

Into this general expression, there is inserted the choice
of h, (2/2), to bring equations [26] and [39] into more
formal agreement.

Symmetry of the mean corrosion current.—The mean
corrosion current parameter (',* is symmetrical about the
value of a/c = }4 when the polarization parameter { is
held constant. However, that point is considered again
below.

For convenience, the three dimensionless ratios

a=afc; B=c/{y 1 =>b/k [40]
are introduced. On substitution into [11],
T.*
T‘ = 208(1 — @)
[41]
4;3 B S sin? (nma)
~ 21 + (nwB™) tanh (ny)]

To show that this parameter is symmetrical about 14, it is
assumed that

=10 [42]

where & is some positive real number lying between zero
and one half. On substitution,

() - oo

E.5>

n=l

L [43]
sin? nw (14 + 8)

n¥1 4+ nwB~! tanh (nwy)]

First, it is necessary to show that the numerator of the
summand in [43] is symmetrical, After expressing the sine
of a sum of two angles and squaring it,

sin? ( o) + nr&)— smz( 2 )cos (nwd)
+ cos? (?21) sin? (nrd) [44]

+ 2sin (%) cos (nz_ir) sin (nwd) cos (nmwd)

Note that

2 sin (1&27_r) cos (%) =sin (nr) =0 [45]
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Thus, the numerator of the summand in equation [43] is
independent of the choice of the sign accompanying 8, since
[45] causes the cross product term on the right side of
[44] to drop out, and only this term is affected by the
choice. The term a(l — «) in [41] is symmetrical about
14. Therefore, the expression for either the mean or the
average value of the corrosion current parameter is sym-
metrical about one half.

This statement is correct as long as 3 or 5 are inde-
pendent of changes in a. Specifically, C,* is calculated in a
later section subject to the condition that a/R or of is
constant. In this case, I',*/a increases rapidly as a ap-
proaches zero. Graphical examples demonstrating the
important difference between the two conditions were pre-
pared.

The symmetrical behavior of the integrated anodic
current parameter I',* is similar to that of I';*/c. It is clear
that the parameter T',* can be related to total current
flowing in a galvanic system by substituting the values of
a, E,, and the specific conductivity ¢ which are pertinent
to the system.

NuMmEericAL EvALUATION

Summation of the series.—Details of coding these prob-
lems for calculation on the MANIAC computer need not
be presented here. Convergence of the series was so rapid
that serious errors were not introduced by truncation of
the series at n = 100.

Fia. 1. Dependence of the mean value of the anodic cur-
rent density parameter Co* on the characterizing ratio
(a/?) and the anodic fraction (a/c). Computed for a rela-
tive thickness (b/c) of the electrolyte equal to 0.05.

February 1956

Fig. 2¥Dependence of the mean value of the anodic
current parameter C,* on the characterizing ratio (a/g)
and the anodic fraction (a/c). Computed for a relative
thickness of 5.

To facilitate computation of each term in the series, it
was noted that the hyperbolic tangent did not differ sig-
nificantly from one when its argument exceeded five.
This substitution of unity eliminated the separate series
evaluation of hyperbolic tangent for each term after the
No-th which was dependent on b/c.

Values of the quantities chosen.—In the detailed evalu-
ation, ¢ was fixed at 10, as has been done in many of the
calculations to date, and the dependence on (a/c) was
investigated by letting a vary in the range 0-10. Five
relative thicknesses of liquid layer, namely b/c = 0.005,
0.05, 0.5, 1.0, and 5.0, were employed. Two choices were
available for using the polarization parameter. In most of
the evaluations, constant values of the dimensionless
ratio (a/®) were chosen rather than constant € values.
This choice, of course, affects the values of /¢ which ap-
pear in the denominator of equations [11] and [12]. This
ratio was found from the product (a/c)(®/a) without the
intervening computation of L.

Values of the mean anodic current parameter—Values of
the mean anodic corrosion current parameter were com-
puted for over 400 combinations (7) of the ratios (a/®),
(a/c), and (b/c). In these calculations the polarization
parameter was not fixed but was permitted to vary in such
a way that the ratio (a/®) characterizing the behavior of
the galvanic system was kept constant. Some of the values
have been assembled into graphical summaries. Two per-
spective drawings made to scale are presented in Fig. 1 and
2. In the former, b/c was chosen as 1/20 and, in the latter,
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Fi1G. 3. Comparison of the mean anodic current density
for constant £ and for constant (a/®) values. Curves com-
puted for a relative thickness of 0.05.

as 5. It was shown (4) that the clectrolyte layer is effec-
tively “infinitely thick” whenever the relative thickness
(b/c) exceeds unity, in all practical problems. Thus the
two graphs pertain to a small finite and an “infinite”
liquid layer thickness, respectively.

Note that in these perspective drawings the char-
acterizing ratio (a/®) is plotted on a logarithmic scale
with large values of £ in the front and with ¢ increasing in
relative size on the receding “picture planes.” This choice
of logarithmic scale permits combining a large amount of
data into a form which can be easily assimilated and
giving equal weight to very small and to very large
(a/%) values.

In many practical problems, one might regard & as es-
sentially fixed and wish to know how the mean current
density would vary with the (a/c) ratio. For this reason,
additional values of the mean, namely (I',*/a), have been
computed with ® constant and a varying in the (a/c)
ratio. Fig. 3 compares the values of C,* obtained when
(a/®) or R are fixed. The dotted line is for the constant
Q data. As would be expected, the curve for constant ¥ is
symmetrical about the line a/c = 4. In the case of the
constant ratio curves, the increasing polarization param-
eter (as a/c is increased above 1g) reduces the corrosion
current density over the entire anode and thus reduces
I'.*. However, when a/c is small, the ® values in the con-
stant ratio curves are also small. The corrosion current
density rises rapidly.

Average corrosion current parameter—There is no im-
portant difference between the average value of the cor-
rosion current parameter on the anode and on the cathode,
since T',* is equal in magnitude to I'.* but has the opposite
sign and, in either case, c is the divisor. This is not true of
the mean values; thus the distinction between the two
quantities in this section.

Values of T',*/c were obtained from the mean values by
equation [14). A graphical summary of the important
results is presented in Fig. 4 and 5. The same values of the
three parameters were employed in these graphs as in
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Fic. 4. Dependence of the average value of the current
density parameter upon the ratios (a/®) and (a/c).
Computed for a (b/c) value of 0.05. This illustration sup-
plements Fig. 1.

F1G. 5. Dependence of the average value of the current
density parameter upon the ratios (a/®) and (a/c). Com-
puted for a (b/c) value of 5. This illustration supplements
Fig. 2.

Fig. 1 and 2, respectively. These four drawings are com-
plementary.

Effect of relative thickness—The previous illustrations
have shown the effect of two limiting relative thicknesses
of the corrodent layer. However, it seemed desirable to
present in one or two graphs a summary of the effects to be
expected with intermediate thicknesses.

Fig. 6 was constructed for a constant value of the char-
acterizing ratio (a/®). Examination indicates that, when
sections of the surface are taken at constant small (b/c)
values, the curves are similar in shape to those presented in
Fig. 1, and that, as the relative thickness is increased, there
is a smooth transition toward a curve which is concave
downward as the surface is in Fig. 2. Note that here, as in
several other perspective drawings, the surface is not
extended to intersect the plane corresponding to a zero
anodic fraction. Such an extension could be made by
computing the values from the integral derived above in
connection with the second limiting case. When the anode
is greater than about one-ninth the size of the cathode
(e/c > 1/10), the current is less for relatively shallow cor-
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F1a. 6. Dependence of the mean current density on the
relative thickness (b/¢c) and the anodic fraction (a/c).
Computed for (a/®) = 1.

rodents than for deep ones. This apparently results from
concentration of the corrosion current into the vicinity of
the anode-cathode junction (4). This concentration is
greater when (b/c) is smaller than (a/c). In Fig. 6, the
mean value of the corrosion current parameter, C,*, de-
creases very rapidly as (b/c) approaches 0.01 at which
time the latter becomes significantly smaller than any of
the (a/c) values employed. However, as (a/c) approaches
zero, and (a/c) becomes smaller than the intermediate
values of (b/c) which have been used to construct Fig. 6,
the values of C,* rise rapidly.

When the value of { is, relatively speaking, ten times as
large as in Fig. 6, an upswing of the C,* values as (a/c)
‘approaches zero also occurs for small (b/c) values. Sim-
ilarly, a curve drawn for (b/c) = 1 is concave downward.

Further discussion in terms of small (a/c) is presented in
the next section, where the numerical results pertinent to
the two limiting cases are discussed.

Evaluation of the mean current parameter for the limiting
cases.—Equation [26] was numerically evaluated by hand
as the integral in it converges rapidly after the first ten
terms. The sine and cosine terms had been evaluated pre-
viously for large arguments (2). Tabulated values of the
sine and cosine integrals were used.

The reduction of the integral in [39] to tabulated func-
tions did not appear to be simple. Therefore, numerical
integration was used, since convergence should be rapid.
The maximum error is less than 1% and decreases rapidly
as (a/®) increases.

By far the more important limiting case is the second,
which involves finite liquid depths, since it is more per-
tinent to the material already presented. The case of an
infinite liquid depth can be regarded as a limit to the case
under discussion. The finite liquid case is discussed in more
detail for this reason. .

A graphical summary of the mean values of C,* com-
puted for various (a/®) and (b/a) values from equation
[39] is presented in Fig. 7. The curve for (b/a) = 10 is
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Fig. 7. Variation of the mean value of the anodic cor-
rosion current parameter C,* with the characterizing ratio
(a/®). Computed for (b/a) = 0.1, 0.5, 1, and 10 as a pa-
rameter.
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Fig. 8. The spread between the maximum, mean, and
minimum values of C,*(z) for different fixed values of the
characterizing ratio (a/®).

10

indistinguishable from that drawn for (b/a) = «. How-
ever, when b is much smaller than a, say for (b/a) =
1/10, the current density is small. Thus, in this sense b is
the critical dimension A.

The limiting value of (2a/%) for C,* which results for
small values of the characterizing ratio (a/2) was added as
a tangent to this figure. It can be deduced from earlier
equations (2). Inspection of Table I of (2) indicates that
for small a/® values, the maximum value of C,* is ap-
proximately 2a/8.

Using equation [15], it can be shown that

2 [+ w

2a
i W = lim Ca*(0) = 2T 7| _2a
(al/lgl»o e e ©-% {2 +2} g



Vol. 103, No. 2

since all of the quantities within the brace can be ap-
proximated by either 1, X, or N’. Therefore, those which
would be second order in (a/8) in the total expression can
be neglected. Only the two terms containing (7 /2-cos 0)
remain. The manner in which the mean value C,* is
bounded between the maximum and minimum values of
C,*(z) isindicated in Fig. 8, which has been plotted from
Table I of (2) and the data computed from equation [26].

CoMPARISON WITH EXPERIMENTAL RESULTS

Jaenicke and Bonhoeffer (8) employed a galvanic as-
sembly in which thin cathodic cylinders of platinum were
bolted between two anodic cylinders of zinc. The pla-
tinum cylinders were varied in length to give different
anode-cathode ratios. The assembly was immersed in acid
solution contained in a shallow dish, and the quantity of
zine dissolved in a given time was used to compute the
dissolution rate and thus the average cathodic current.
The dissolution rate of the zinc, under the same con-
ditions but while not coupled to the platinum, was sub-
tracted from the latter rate to obtain the correct rate due
to galvanic action. Their data are tabulated as mean
cathodic current densities.

The quantity £ can be obtained from their data by the
formula Wagner (5) used,

L = B/ [47]

where ¢ is the specific conductivity in ohm-em™!, 8, the
coefficient in Tafel’s equation for hydrogen overvoltage,
is 0.050, and J . is current density in amp/cm?. Employing
the data given for J, in their Table 4, the value of &, for
0.05N hydrochloric acid lies in the range 0.0225-0.069
cm, whereas the calculated values for 0.05N hydrochloric
acid plus 1M potassium chloride range from 0.145 to
0.252 em. The equivalent limiting values of a/® are 133,
44, and 21, 12 respectively in the two media.

The average current density over the cathode, J,, was
computed from the mean anodic corrosion current param-
eter C,* by the expression

@) l)E

In this equation, the a in the numerator and denominator
has not been cancelled to facilitate rapid recognition of the
source of each factor. C,* was computed for b = 2.5 cm,
for several values of the parameter a/&, (15, 30, 60, 120),
and for each cathode breadth which Jaenicke and Bon-
hoeffer employed. The appropriate values of ¢ and E, were
estimated from their data. The resulting J, data are
tabulated in Fig. 9. The agreement is surprisingly good in
the case of the more concentrated solution. However, the
data for 0.05N hydrochloric acid are smaller by a factor of
three or four than would have been expected from the low
Je values. In the more poorly conducting solution, the
voltage difference between the two materials was higher,
otherwise the current density would have been signifi-
cantly smaller. Comparison of the two curves for a/® = 30
shows that the product (E,s) appearing in [48] was ap-
proximately constant for the two solutions. Thus the data
for hydrochloric acid are low for some reason.

Robertson and Uhlig (9) prepared alloy mixtures of
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F1c. 9. Comparison between the computed and experi-
mental values of J,, based on the data of Jaenicke and
Bonhoeffer.

magnesium and tin which contained the intermetallic com-
pound MgsSn. The composition of six alloys used was
adjusted so that a different percentage of the compound
would be mixed with either parent metal. Samples of these
alloys were immersed in a 1N sodium chloride solution.
The hydrogen that evolved during the corrosion was col-
lected and served as a measure of the average corrosion
rate. The authors did not study polarization character-
istics of Mg,Sn, magnesium, or tin present in their alloys,
and the self-corrosion rates of magnesium and Mg,Sn
were not obtained separately. Thus, accurate values of
L, and £, cannot be obtained. Equation [47] may be em-
ployed to estimate £, from the rate of hydrogen evolution
shown in their Fig. 10. The rate for 709, free magnesium
gives €. =2 0.8 cm, which is consistent with values noted in
other experimental studies (2-4). Robertson and Uhlig
employed powdered samples, and the size of the particle
ranged from 0.015 to 0.065 cm. Thus, if virtually the en-
tire particle was free magnesium, the maximum value of
a/R was 0.04, since a is chosen as one half of the anode size.
The average cathodic current at 30 and 80% compound
was compared with data computed for a constant a/Q =
0.05 and for b/c = 0.1. The experimental ratio is 1.49,
whereas the theoretical ratio was 1.48. This suggests good
agreement.

Discusston

When the characterizing ratio (a/®) is kept constant as
in Fig. 1, and (a/c) approaches zero, then in the limit either
{ must go to zero to maintain (¢/®) constant or ¢ must go
to infinity. The former case has been discussed. The rapid
increase in the average current near the origin of Fig. 1 is
due to the forced, simultaneous decrease in L. Fig. 2
reveals that the same increase is, however, small when
(b/c) is large. )

A constant (a/®) section was made through the surfaces
in Fig. 1 and 2, and these sections were combined in con-
structing Fig. 10. The two curves with the largest and
smallest (b/c) values become equal when the anodic funec-
tion (a/c) approaches either one of its limiting values,
zero or unity, i.e., when either the anode or the cathode,
respectively, becomes vanishingly small. However, near
the middle range of (a/c), the mean corrosion current is
less for shallow electrolyte “films” than deep liquid layers.
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MEAN ANODIC CURRENT PARAMETER C.*

1 1L 1 1
o 0.2 0.4 0.6 08 L0
ANODIC FRACTION (o/c)

F16. 10. Variation with the anodic fraction of the mean
values of the anodic corrosion current parameter. Com-
puted for (b/c) = 0.05,0.1,0.2,0.3, 0.5, and 5. Curves for the
smallest and largest relative thicknesses were obtained
from Fig. 1 and 2, respectively.

Thus, one may conclude that the current is concentrated
into the vicinity of the junction and limited in magnitude
when the relative thickness (b/c) is small in comparison to
unity. This behavior was convincingly displayed earlier
4).

As might be expected for larger values of (b/c), the
significant departure from equality does not occur until the
anodic fraction is substantially farther away from the
limits, one or zero. That is, when (b/c) is large, the elec-
trolyte appears to be “infinitely deep” for most electrode
widths. It is important to look at the relative size of b
and of the smaller electrode width, ¢ or (¢ — a). For
clarity, four additional curves were added to Fig. 10; these
were computed for (b/c) = 0.1, 0.2, 0.3, and 0.5.

Similar slopes of the family of curves near @ = 0 can be
deduced qualitatively. When @ becomes very small in com-
parison to some finite ¢, b will become larger than a as long
as the relative thickness (b/c) is fixed. Earlier (4) it was
concluded that the corroding liquid was essentially “in-
finitely deep,” if its dimension were a few times larger than
the anode dimension. This means that the various values of
C.* become essentially equal to the single value obtained
for infinite b when « is very small. However, this is based
on the assumption that the sum of the anode and cathode
widths ¢ is finite.

The argument also applies when ¢ is infinite. Then, of
course, both « and % are zero. The ratio (b/a) may take on
any value and still satisfy the condition that o and 5 are
zero. For any given (a/®) value in Fig. 7, the values of
C.* approach a limit, set by the infinite electrolyte depth,
as b/a increases. That is, b is essentially “infinite,” if it is
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several-fold larger than a. Thus one may arrive at the
conclusion that the curves will asymptotically approach
the limiting curve in Fig. 10 in the region of a = 0, even
though ¢ is finite but very much larger than a.

The discussion of these two limiting cases has increased
the understanding of the over-all behavior of similar
electrochemical systems. When € is large, the C,* values are
small and are approximately equal, independent of the
relative sizes of the dimensions @ and b, ie., when the
galvanic system is behaving “microscopically.” However,
in certain instances, either ¢ (or b) may be larger than
£, and the other one, (b or a) may limit the local distri-
bution of the current density. In such cases, the system will
be “microscopic” if that dimension, say b, is much smaller
than £.

When c is very large, the really significant ratio becomes
(b/a), and the direct dependence upon ¢ is eliminated. A
variation of this statement is that either a or b may become
the critical dimension A, i.c., that dimension which most
strongly affects the distribution of current density. For a
fixed (b/c) ratio, @ becomes A as the anodic fraction «
goes to zero, since b appears to be “infinite.” The curves
for @ = 0in Fig. 1 and 2 can be derived from the limiting
cases of finite and infinite electrolytes, respectively.

If (b/c) is large but ¢ finite, then, as the anode becomes
vanishingly small, the current approaches a uniform value
over the anode, and the electrochemical systems appear to
behave microscopically. A similar result is obtained when
the cathode width (¢ — @) becomes infinitely small in com-
parison with the size of the anode a. The limiting case just
discussed of an infinite cathode and electrolyte also ade-
quately describes this feature of the over-all behavior.

The second limiting case of a thin finite electrolyte layer
pertains to Fig. 1 where it is assumed that in most cases the
anode and cathode are larger than the liquid depth. The
smallest value of the anodic fraction (a/c) employed in the
calculation is 0.05 which is equal to the specific value of the
relative thickness used for constructing that figure. That is,
the smallest (a/b) used was unity.

When the anode is very tiny in comparison to b or ¢,
because of a fixed (b/c) ratio, a is the critical dimension,
and the liquid depth appears to be “infinite” despite the
smallness of b, because the ratio (b/a) is large. A similar
argument applies to vanishingly small cathodes as well.

When (b/a) is smaller than approximately one, the
current will be concentrated into the vicinity of the
anode-cathode junction, and the curve of the mean value of
C,* as a function of « in Fig. 4 reflects this fact. That is,
the T,* curve for small b/c lies below that for infinite
relative thickness. When b/c is small, the significant ratio
(b/a) can be greater than one for very small values of a/c.
Analysis of the second limiting case shows that mean value
of C,* rapidly approaches a certain maximum value as a
becomes infinitely small and that this maximum value is
that obtained for an infinite electrolyte in the other
limiting case.

Qualitatively this result can be deduced by noting that
for any b/c value greater than zero, there will be some
values of a/c such that a/b will be smaller than one half.
Thus, for any thin film of electrolyte, there will be some
small size of either the anode or the cathode for which this
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film will effectively be “infinitely deep.”” Thus, the equality
of the C,* curvesat @ = 0 or 1 in Fig. 11, independent of
the (b/c) values, is explained, and the general behavior of
any similar electrochemical system which is consistent
with the basic premise of equal polarization parameters is
elucidated.

SUMMARY

On the basis of the detailed theoretical analysis it can be
concluded that the mean current density over the anodes is
a maximum when the anodic fraction (a/c) = 14 and be-
comes zero as either the anode or cathode becomes van-
ishingly small, provided the polarization parameter € is
constant. This maximum value is dependent on the
relative liquid depth. In the event that the characterizing
ratio (a/®) is kept constant, the same mean current density
increases to a large value which is independent of the
relative electrolyte depth, as the anodic fraction ap-
proaches zero. These phenomena can be explained in terms
of the characteristic ratio (A\/{). For a given anodic frac-
tion, other than zero or unmity, as the relative electrolyte
thickness (b/c) is reduced, the mean current density de-
creases from some maximum value. The qualitative agree-
ment between these theoretical deductions and two pre-
viously published experimental studies was discussed.
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MANUSCRIPTS AND ABSTRACTS
FOR FALL MEETING

Papers are now being solicited for the Fall Meeting of the Society, to be held at the Statler Hotel in Cleve-
land, September 30, October 1, 2, 3, and 4, 1956. Technical sessions probably will be scheduled on Batteries,
Corrosion, Electrodeposition, Electrothermies and Metallurgy, and Theoretical Electrochemistry; (joint sym-
posium with Electrodeposition).

To be considered for this meeting, triplicate copies of abstracts (not to exceed 75 words in length) must be
received at Society Headquarters, 216 West 102nd St., New York 25, N. Y., not later than June 15, 1956.
Please indicate on abstract for which Division’s symposium the paperis tobe scheduled. Complete manuscripts should
be sent in triplicate to the Managing Editor of the JOURNAL at the same address.
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The Spring 1957 Meeting will be held in Washington D. C., May 12, 13, 14, 15, and 16, at the Statler Hotel.

Sessions will be announced in a later issue.




FUTURE MEETINGS OF

The Electrochemical Society

LN

San Francisco, April 29, 30, May 1, 2, and 3, 1956
Headquarters at the Mark-Hopkins Hotel

Sessions will be scheduled on

Corrosion (joint symposium with Theoretical),
Electric Insulation, Electronics (including Luminescence and Semiconductors),
Electrothermics and Metallurgy, Industrial Electrolytics,
and Theoretical Electrochemistry

* Kk K
Cleveland, September 30, October 1, 2, 3, and 4, 1956
Headquarters at the Statler Hotel
Sessions probably will be scheduled on

Batteries, Corrosion, Electrodeposition,
Electrothermics and Metallurgy, and Theoretical
Electrochemistry (joint with Electrodeposition)

* % *
Washington, D. C., May 12, 13, 14, 15, and 16, 1957
Headquarters at the Statler Hotel
* *
Buffalo, October 6, 7, 8, 9, and 10, 1957
Headquarters at the Statler Hotel
* k *
New York, April 27, 28, 29, 30, and May 1, 1958
Headquarters at the Statler Hotel
* * *
Ottawa, September 28, 29, 30, October 1, and 2, 1958

Headquarters at the Chateau Laurier

*x kX %

Papers are now being solicited for the meeting to be held in Cleveland. Triplicate copies of
each abstract (not exceeding 76 words in length) are due at the Secretary’s office, 216 West 102nd
Street, New York 25, N. Y., not later than June 15, 1956 in order to be included in the program.
Please indicale on abstract for which Division’s symposium the paper is to be scheduled. Complete
manuscripts should be sent in triplicate to the Managing Editor of the JoUrNAL at the same address.
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Current Affairs

San Francisco Meeting Plans

Stanford Research Institute’s “proton bombarder,” consisting mainly of a two
million-volt generator, a 20-foot vacuum tube, and two large electromagnets. Weigh-
ing about five tons, it can detect one-millionth of one-millionth of a gram on a surface.

Plans for the San Francisco Meeting
of the Society, April 29-May 3, are
coming along nicely. The complete
program, including general information,
technical sessions, and abstracts, will
appear in the March JOURNAL.

The Ladies’ Program will include a
tour of San Francisco, a “Tour of the
Ships,” a visit to the famous Rod Mec-
Clellan Orchid and Gardenia Nursery
and luncheon in Sausalito in Marin
County across the Golden Gate from
San Francisco.

Plant Trips

A plant trip is scheduled for the Radia-
tion Laboratory at the University of
California, Berkeley. This laboratory
has played a prominent role in high
energy nuclear physics, in developing
numerous accelerators, and in discover-
ing new elements and elementary parti-
cles.

Another trip is scheduled for the
Stanford Research Institute which is
the applied research center of the West
and the second largest organization of
its kind in the U. S. Founded in Novem-

ber 1946 by Stanford University with
the encouragement of a number of
prominent Western industrialists, the
Institute has grown to a staff of 1200.
Of this staff, two-thirds are technical
and professional personnel comprising
engineers, chemists, physicists, econo-
mists, and other specialists.

SRI, located in Menlo Park, Calif.,
is a nonprofit corporation affiliated
with neighboring Stanford University.
A confidential research and fact-finding
service is provided to business, in-
dustry, and government agencies on a
contract basis. Research programs
are grouped under three main operating
divisions: Engineering, Physical Sci-
ences, and Economics.

The Institute’s progress and expan-
sion have depended upon income from
research investigations conducted for
industry and government and upon
contributions. At the end of 1955, the
annual rate of contract research was
ten and one-half million dollars.

The Institute encourages the accumu-
lation and dissemination of scientific
and technical information through
publication of scientific proceedings,
articles, and papers. Numerous pro-
fessional meetings and scientific sym-
posia are sponsored by SRI each year.
Also, in the public interest, research
studies are conducted with Institute
funds in many fields of technical and
economic assistance: waste utilization,
industrial air pollution, public health
and agriculture, resources and area
development.

The Institute’s Electrochemical Lab-
oratory carries out applied and basic
studies related to low-temperature
electrolysis, the electrochemistry of
transition metals such as titanium,
deposition of metals, and polarization
phenomena.

News Notes in the Electrochemical Field

G.E. Water Treatment
Laboratory

The General Electric Co. has put a
new one and one-half million dollar
laboratory into operation at the Han-
ford atomic plant to seek water treat-
ment methods that will permit greater
production of fissionable material. The
goal is to find economical ways of chemi-
cally treating Columbia River water so

that it can be used to cool Hanford
atomic reactors operating at higher
power than at present.

The new laboratory will be in opera-
tion 24 hours a day. It provides large-
scale facilities for experiments in filter-
ing and chemical treatment and for
pumping water through simulated
hydraulic systems and test channels in
a nearby reactor. Equipment for cor-
rosion and hydraulic studies is included.

2C

Also, indoor and outdoor fish troughs
and ponds are available to expose
aquatic life to various concentrations
and types of reactor effluent.

Engineering Societies Directory

The Engineering Societies Directory,
a complete list of all engineering societies
in the United States, together with
pertinent information about them, will
be published by the Engineers Joint
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Council tentatively as of June 1,
1956. The Directory will be a new
publication, not a revision of the Engi-
neering societies Yearbook, which
was published in 1948, and which has
been discontinued.

Questionnaires were mailed to all
known societies about January 16 and
should be returned to EJC by March 1.
If a society did not receive such a
questionnaire by that time, it should
contact Engineers Joint Council, 29
W. 39th St., New York City.

The Directory will be the only com-
plete listing of engineering societies at
all levels and will be available at $3.50
per copy.

Olin Mathieson Trade Name
Change

Olin Mathieson Chemical Corp.
will sell its patterned metal used in
heat and cold transfer under the trade
name “Olin Roll-Bond.” It formerly
was sold under the name “Western
Roll-Bond.”

Olin Roll-Bond, a process which
makes it possible to create any pattern
of tubing—no matter how intricate—
within a single homogeneous sheet
of metal, was introduced by the corpora-
tion in October 1954. It may be used
in every industry dealing with tempera-
ture control.

Corning Glass Works Expansion

Plans to enlarge its facilities for
manufacturing glass electronic com-
ponents in Bradford, Pa., have been
announced for Corning Glass Works
by John L. Hanigan, Vice-President
and General Manager of the com-
pany’s Electrical Products Division.

Enlargement of the Bradford plant,
including the eventual installation of
automatic resistor and capacitor pro-
duction equipment, is part of the
company’s announced intention to
manufacture and sell components to all
parts of the electronics industry. A
rapidly increasing demand, especially
from radio and television set manu-
facturers, for Corning components
necessitated the expansion.

Additional space has been obtained
that will nearly double the present
Corning plant area in Bradford. While
necessary alterations to the newly
acquired area are now being carried
out, the expansion, which will include
eventual consolidation of all the com-
pany’s major electronic manufacturing
operations, will be carried out gradually
during 1956 to avoid disruption of
delivery schedules. When the consolida-
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tion is complete, the full line of
Corning components, including re-
sistors and fixed capacitors, will be
produced there.

G.E. European Office Established

General Electric Research Labora-
tory recently announced that it has
established a European office and
appointed Dr. George J. Szasz as its
first scientific representative abroad.
“The purpose of the new office,” ac-
cording to Dr. C. G. Suits, G.E. Vice-
President and Director of Research,
“is to strengthen scientific contacts
between the General Electric Research
Laboratory and basic research activities
being conducted in Europe.”

As a major part of his activities, Dr.
Szasz will travel throughout Western
Europe, attending scientific meetings
and visiting laboratories which conduct
fundamental research in scientific areas
of interest to the General Electric Co.
For the present, Dr. Szasz will maintain
an office with the International General
Electric Ltd., Crown House, Aldwych,
London, W.C. 2, England.

The Research Laboratory’s new
European activities are part of an over-
all program of external scientific rela-
tions directed by Victor H. Fraenckel,
laboratory consultant.

MCA Science Program

As part of its expanding activities in
the field of education, the Manufactur-
ing Chemists’ Association has an-
nounced that it is embarking on a
program designed to assist science
teachers and students in the junior
high schools, pilot testing in a few
school systems in various sections of
the country to begin in the early part
of 1956. Once -the program has been
perfected it will be made available to
MCA member companies for execution
in their own plant communities.

The program was announced by Glen
Perry, assistant director of public
relations of E. I. du Pont de Nemours
& Co., Inc., and chairman of MCA’s
Industry Education Program Commit-
tee. A rough blue-print for the next
five years has been established, encom-
passing a range of activities from the
elementary levels through the senior
high schools. The pilot program for
1956, gauged for the junior high school
alone, involves the preparation, use,
and testing of materials such as a
teacher’s source and experiment book,
& student experiment booklet, a wall
chart, and a vocational guidance
publication.
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Vacuum Furnace Cross-Licens-
ing Agreement

National Research Corp., Cambridge,
Mass., has signed an agreement with
Deutsche Gold- und Silber-Scheidean-
stalt A.G., Frankfurt am Main, Ger-
many, ordinarily referred to as IDegussa,
for an exchange of information relating
to high vacuum furnaces.

For a period of 15 years National
Research Corp. has been the leading
producer of industrial vacuum furnaces
in the United States, and Vacuum
Metals Corp., owned jointly with
Crucible Steel Co. of America, is the
country’s first and largest producer of
vacuum melted metals and alloys.
NRC has designed and built many of
the vacuum melting furnaces for the
United States atomic energy program
and for a number of industrial and
research installations in the United
States.

Degussa, one of Germany’s principal
inorganic chemical and metallurgical
companies, also has substantial equip-
ment manufacturing operations. Its
Industrieofenbau, located at Wolf-
gang bei Hanau, near Frankfurt am
Main, is the principal European manu-
facturer of vacuum furnaces. Degussa
has specialized in the production of
sintering furnaces for hard metals and
carbides and in vacuum and controlled
atmosphere  heat-treating - furnaces.
Through the agreement, this know-how
will be made available to NRC for
the production of furnaces in the
United States.

Air Pollution Abatement

Speaking at the 20th annual meeting
of the Industrial Hygiene Foundation
on November 17 in Pittsburgh, Pa.,
M. F. Crass, Jr., Secretary of the
Manufacturing Chemists’ Association,
told his audience that the chemical
industry spends at least forty million
dollars annually on air pollution abate-
ment efforts and that total industrial
spending probably exceeds one hundred
million dollars. Relatively new nonin-
dustrial pollution sources, such as auto-
mobile exhausts, home heating plants,
incinerators, and open burning in mu-
nicipal garbage dumps, are adding to
the problem. Added economic losses
increase the cost of air pollution, he
said, explaining that in cleaned-up
Pittsburgh an average annual saving
of some twenty-five million dollars is
effected in laundry, housing main-
tenance, and dry cleaning alone. He
summarized the activities of the MCA’s
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air pollution abatement committee by
saying it consisted of four facets:
continued supply of information to
top-level industry executives on progress
of air pollution abatement, encourage-
ment of continued research and evalu-
ation of existing data, continued dis-
semination of information to the
general public, and assistance to local
state and federal officials in connection
with proposed legislation.

While urging an open mind on the
changing air pollution situation, Mr.
Crass stated the MCA was opposed to
broad federal control, believing that
jurisdietion should be kept at the local
level. However, he stated that the
MCA  supported federal encourage-
ment and sponsorship of research in
the field. In connection with the na-
tional aspects of the problem, Mr.
Crass reiterated an earlier proposal by
the MCA that a national advisory com-
mittee on air pollution abatement,
made up of government, industry, and
public representatives, be appointed.

“Soviet Professional Manpower”’

The Soviet Union is graduating al-
most twice as many technical specialists
in certain fields as the United States.
Between 1928 and 1954 the Soviet
Union graduated about 682,000 pro-
fessionals in the cngineering field, as
against 480,000 in the United States
during roughly the same period; agri-
cultural graduates in the Soviet Union
totaled about 244,000, as against
133,000 in the United States; and Soviet
graduates in medicine outnumbered
those in the United States two to one,
320,000 against 148,000.

These and other findings are presented
in a definitive study, “Soviet Profes-
sional Manpower,” by Nicholas De-
Witt, being published by the National
Science Foundation in cooperation
with the National Academy of Sciences—
National Research Council. The book
is the result of more than two years of
research on the Soviet educational
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system and on the supply and distribu-
tion of its professional manpower.

In announcing its publication, Alan
T. Waterman, Director of the National
Science Foundation, and Detlev W.
Bronk, President of the National
Academy of Sciences-National Research
Council, expressed the hope that the
book would not only serve to focus
nation-wide attention on the capabili-
ties of other nations in science and
technology but would also arouse
interest, particularly at the local level,
in the need for greater attention to our
own problems in identifying and training
persons with special aptitudes for
careers in science and technology.

The book is for sale by the Superin-
tendent of Documents at $1.25 a copy.

Report on Educational Problems

Three conditions must be met if
private educational institutions are to
accommodate the swelling college-age
population, according to Dr. John T.
Rettaliata, President of Illinois Insti-
tute of Technology, Chicago. The
conditions listed in his 64-page annual
report for the 1954-1955 school year,
now being distributed, are: (a) private
educational institutions must convinee
themselves they can acquire the means
to expand their enrollments in order to
accommodate the increasing number of
students who will qualify for college
admission; (b) public institutions should
consider raising tuition charges so that
students with adequate finances will
pay a more appropriate share of the
cost of their education and thus ap-
preciate it more; (c) the friends, neigh-
bors, and benefactors of private educa-
tional institutions must rally to give
financial assistance to the colleges and
universities, thus eliminating the need
for the institutions to increase charges
to students. Dr. Rettaliata warned that
increased accommodations must be
achieved without any sacrifice in the
quality of the educational program.

The “tremendous need” for more
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college students capable of preparing
for engineering and science careers
was pointed out by Dr. Rettaliata, who
said the reality of the shortage of
technological and scientific personnel
no longer is questioned. He contended
that one of the factors adversely affect-’
ing the development of more scientists
and engineers is that some students
make career decisions too late. He at-
tributed the increasing number of
cases of this type to “the pronounced
trend in the nation’s high schools
toward more general education.”

Graham Crowley Moves

It has been announced by Dr. A.
Kenneth Graham, President of Graham,
Crowley and Associates, Inc., Jenkin-
town, Pa., that the company’s general
offices and Chicago research laboratory
have moved into improved quarters at
5465 W. Division St., Chicago 51, Ill.
Also, a new branchoffice hasbeen opened
at the site of the company’s pi'ot plant,
2152 Portage St., Kalamazey, Mich., in
order to better serve industry in the
Michigan area with respect to electro-
plating, industrial waste treatment,
and engineering matters.

Ultrasonic Irradiation Studies

Changes in the internal character-
istics of aluminum and other metals
subjected to nuclear radiation can now
be studied by ultrasonic methods, ac-
cording to a recent announcement by
the Vibro-Ceramics Corp., Metuchen,
N.J.

Use of the company’s ultrasonic at-
tenuation analyzing equipment in
making absorption measurements, be-
fore and after materials are exposed to
irradiation, will supply vital data re-
garding the alteration of physical
constants and electrical properties of
the metals.

Vibro-Ceramics, an associate com-
pany of Gulton Industries, Inc., will
continue to offer its BBC-2 Ultrasonic

JUNE 1956 DISCUSSION SECTION

A Discussion Section, covering papers published in the July-December 1955 JourNALS, is scheduled for publi-
cation in the June 1956 issue. Any discussion which did not reach the Editor in time for inclusion in the
December 1955 Discussion Section will be included in the June 1956 issue. Those who plan to contribute re-
marks for this Discussion Section should submit their comments or questions in triplicate to the Managing
Editor of the Journar, 216 W. 102nd St., New York 25, N. Y., not later than March 1, 1956. All discussions
will be forwarded to the author, or authors, for reply before being printed in the JoURNAL.
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Analyzer to industry in addition to con-
ducting a complete service of ultrasonic
irradiation studies for other commercial
firms,

Nominations for 1956 Acheson
Award

William Blum, Chairman of the
Acheson Medal Award Committee,
would like to receive suggestions for
possible candidates for the next Ache-
son Medal Award, to be made in the fall
of 1956.

The procedure to be followed by the
membership, taken from the Rules
Governing the Award of the Acheson
Medal, is given below.

1. Nominations shall be accepted
from the membership at large.

2. All nominations, whether made by
a member of the Nominating Commit-
tee or by any other member of the
Society, must be accompanied by a full
record of qualifications of the nominee
for the award. Such supporting docu-
ments from friends of the candidate or
from his organization shall be in order.

3. The nominator must assume the
responsibility for providing the Chair-
man of the Nominating Committee
with nine copies of the supporting
documents, one for each member.

Nominations must be sent to the
Chairman not later than March 1 of
the year in which the medal is awarded
and nominations will be considered
closed after that date.

All nominations of candidates for the
medal shall be continued in force for a
period of two consecutive awards of the
medal. Any unsuccessful candidate may
be renominated in the usual manner for
any subsequent Medal award.

Correspondence should be addressed
to William Blum, 2311 Connecticut
Ave. N.W., Washington 8, D. C.

Silvercel Battery Falls 143.4
Miles Without Damage

Tests completed by the Naval Re-
search Laboratory, Washington, D. C.,
have revealed that a new silver-zinc
storage battery, used in the Viking 12
rocket, operated perfectly after falling
to earth from a height of 143.4 miles, a
distance beyond the earth’s atmosphere.

Retrieved from the wreckage of the
rocket in the desert at White Sands,
N. Mex., the battery, known as the
Yardney Silvercel and manufactured
by Yardney Electric Corp. of New
York City, was put under test by the
Navy in Washington. It performed
perfectly and at present is in use as a

source of electrical energy for unrelated
tests now in progress.

Fansteel Expansion

A tantalum-columbium production
expansion program recently was
authorized by the directors of the Fan-
steel Metallurgical Corp., North Chi-
cago, IlL., work to begin immediately.
The cost of the program is estimated at
$1,000,000.

According to Dr. Frank H. Driggs,
President, approximately $200,000 will
be expended in new building construc-

"tion and alterations to existing build-

ings. The remainder will be used for
equipment, principally chemical proc-
essing equipment, electric furnace
equipment, and electrical switchgear.

Registry of Rare Chemicals

The National Registry of Rare
Chemicals, a sort of “bureau of missing
chemicals,” is conducted by Armour
Research Foundation of Illinois In-
stitute of Technology, Chicago, as a
free service for scientists and others
seeking compounds they cannot locate
at regular supply houses. While not a
storehouse of chemicals, the registry
has catalogued on cards more than
30,000 rare chemicals. Since it began
operation in 1942 it has assisted more
than 20,000 persons. For further in-
formation write to: Program Develop-
ment Office, Armour Research Founda-
tion of Illinnis Institute of Technology,
10 W. 35th St., Chicago 16, Ill.

Process for Super Cleaning
Atmospheric Air

Wheela.brat(‘)f Corp., Mishawaka,
Ind., has anrvounced Wheelabrator
Ultra-filtration, a process developed by
its engineers for super cleaning at-
mosphesic air with industrial-type air
filtration equipment. The process may
be used in applications formerly em-
ploying disposable or viscous filters or
low voltage electrostatic precipitators.
The advantages of Wheelabrator Ultra-
filtration lie in extremely high cleaning
efficiency, moderate cost, and nearly
complete freedom from maintenance
expense.

Ultra-filtration employs conventional
industrial Wheelabrator Dustube dust
collectors of the tubular cloth filter
type. Briefly, the process involves the
charging of the filter bags with a filter
aid which precoats the filtering surfaces
and provided a highly efficient matrix
upon which the fine particles of at-
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mospheric dust and tarry matter are
collected. One application of filter aid
will last from two to three years under
normal conditions, Since shaking the
spent filter aid and accumulated dust
from the filter bags comprises the only
maintenance of the filter required,
maintenance costs are limited to the
infrequent cleaning and recharging of
the collector.

(Continued on last page of
Reader Service Page)

SECTION NEWS

Council of Local Sections

The Council of Local Sections an-
nounces the following Committees:

Nominating Commiltee

R. A. Woofter—Pittsburgh
C. A. Hampel—Chicago
M. F. Quaely—New York

Committee on Council Bylaws

L. 0. Case—Detroit
R. A. Woofter—Pittsburgh
N. C. Cahoon—Cleveland

Transportation to San Francisco Meeting

F. A. Lowenheim—New York
F. W. Koerker—Midland

Guide for Programs for Local Sections

H. T. Francis—Chicago
N. C. Cahoon—Cleveland
M. B. Diggin—New York

Procedure for Formation of New
Local Sections

F. W. Koerker—Midland
P. J. Ensio—Ontario-Quebec
J. C. White—Washington-Baltimore

Encouragement of High School Science

D. T. Ferrell, Jr.—Washington-Balti-
more
S. H. Dreisbach—San Francisco
J. F. Hazel—Philadelphia
If you have suggestions or recom-
mendations which might be of value
to these committees, please write to
the members of the proper committee
or the officers of the Council.
F. W. KoErker, Chairman
Council of Local Sections

New York Metropolitan Section

A regular meeting of the Metro-
politan Section was held on November
16, 1955, with Dr. Harry P. Gregor as
guest speaker. His subject was “Ion
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Exchange Membranes.” The attend-
ance at the dinner was 39.

The meeting was called to order by
Chairman Myron B. Diggin. The Treas-
urer did not have a report prepared.
Mr. M. F. Quaely reported for the
committee appointed to consider re-
vision of the Bylaws. He reported that
a petition requesting the change had
been signed by 12 members, and that
this petition was filed with the Secre-
tary. The changes proposed in the
Bylaws were read atthe October 20,
1955 meeting and copies of the pro-
posed revised Bylaws distributed to
all members who wished to have a copy.
The Chairman announced that the
proposed revision would he brought up
for vote at the next meeting. There
was no new business.

KenNeTa B. McCain,
Secretary-Treasurer

Ontario-Quebec Section

The fall meeting of the Ontario-
Quebec Section was held on November
18, 1955 at MecGill University, Mon-
treal, Canada. About 95 were in at-
tendance.

Dr. H. H. Uhlig of the Department
of Metallurgy, Massachusetts Institute
of Technology, President of the Society,
spoke on “Corrosion as an Klectro-
chemical Process.” He stated that the
electrochemical theory of corrosion had
its beginnings as early as 1801 through
a publication of Wollaston, which was
followed in 1830 by a discussion of de
la Rive, and in 1903 by W. R. Whitney.
The original theory was applied only
to rusting and to acid attack of metals.
Within the last few years, however, it
has been recognized that other forms of
corrosion are also electrochemical in
nature, these being: stress corrosion
cracking, pitting, corrosion fatigue,
intergranular corrosion and dezincifica-
tion. As a result, considerable progress
has been made toward an understanding
of general corrosion reactions, and, in
particular, it has been possible to
predict that preventive measures like
cathodic protection can be used effec-
tively, with few exceptions, to stop
any kind and all forms of corrosion
damage.

The kinds of cells operating in cor-
rosion processes are three in number.
First, the dissimilar electrode cell
accounts, for example, for the specific
corrosion rate of magnesium or alumi-
num containing cathodic impurities,
the behavior of galvanic couples, and
the effect of variable cold work or
differing grain size on the corrosion
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rate. In 1830 de la Rive presented data
showing that the corrosion-accelerating
effect of an added impurity to zine im-
mersed in acid depends on the nature
of the impurity. Today we know that
the important property determining
rate is the hydrogen overvoltage char-
acteristic of the impurity. This result
is directly predictable from electro-
chemical theory.

A second type of cell is the concentra-
tion cell, the most important form of
which is the differential aeration cell.
The latter accounts for the fact that
iron covered with mounds of moist
rust tends to pit under the mounds, and
it is also such cells that commonly
initiate pits in stainless steels, alumi-
num, and other metals.

The third kind of cell is the differential
temperature cell made up of electrodes
or electrolytes at differing temperatures.
These cells often operate in corrosion
of heat exchangers, refrigerators, and
boilers.

The mechanism of pitting in stainless
steels immersed in sea water can be
used to illustrate the application of
electrochemistry to a specific corrosion
process. When current flows, chloride
ions transfer to local anodic areas on
the metal surface acting as pit nuclei,
and high current densities cathodically
protect adjoining azeas. Concentrated
solutions of met» chlorides accumulate
within the growing pit, these solutions
having the property of destroying pas-
sivity and of setting up a cell between
passive and active metal having a
potential difference of about 0.5 v.
The slow leaching out of corrosion
products from a pit in the direction of
gravity, destroying passivity in the
process, explains why pits are often
elongated. Pitting tendency can be
inhibited by making the corrosive en-
vironment alkaline; hydroxyl ions are
available which move more rapidly into
the pit than do chloride ions and, hence,
precipitate basic metal chlorides. The
latter no longer have the property of
destroying passivity and, hence, oxygen
can diffuse into the pit and re-establish
passivity. The fact that titanium does
not corrode in sea water to form soluble
chlorides, but basic chlorides instead,
explains why titanium does not pit,
even after many years’ exposure.

Polarization curves can be used to
supplement our knowledge of corrosion
mechanisms and to explain the basic
mechanism of cathodic protection. Polar-
ization curves, in general, are useful asa
means of measuring the degree of passiv-
ity, and can also be used to calculate the
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The American Brass Company, Waterbury 20, Conn. In
Canada: Anaconda American Brass Ltd., New Toronto, Ont.

Please give me details on how | can get a test supply of
“Plus-4" anodes sufficient to fill one tank.

How you can cut copper costs with
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ANODES

(Phosphorized Copper)

You can stop throwing copper away in
acid solution dumped to correct solu-
tion concentration. You can also reduce
acid you have to add—another cost
saving, And there’s no copper wasted
as sludge at the bottom of the tank.

WHY PLATING WITH "'PLUS-4”
ANODES COSTS LESS

no anode sludge (no ““bagging” or
diaphragms required)

=42 no copper “build-up” in solution
<43 smooth, heavy cathode deposits

+4 up to 159, more cathode deposit

Because anodes corrode uniformly,
you can get more cathode deposit per
anode. Smaller “fish” mean lower scrap
loss.

Smooth, heavy cathode deposits—
without diaphragms or “bagging”™—
mean better work.

Find out for yourself—as other elec-
trotypers have—how easy it is to cut
your acid plating costs with *“Plus-4”
Anodes. 56187

*PLUS-4” ANODES

a product of

ANACONDA

made by
THE AMERICAN BRASS COMPANY
For use under V. S. Patent No. 2,689,216

very small corrosion rates of passive met-
als in passivating environments. Simi-
larly, cathodic polarization data, in par-
ticular hydrogen overvoltage measure-
ments, combined with corrosion poten-
tials can be employed to caleulate corro-
sion rates of metals in specific media.

In turn, the theory which applies
here can be used to understand the
origin of variations in measurements
of the standard potential for iron ob-
tained by various investigators in the
past for so-called equilibrium potential
measurements. The discrepancy of 0.031

v between the two most recently re-
ported values for E° can be caused by
the order of only 0.5 mg/dm?/day
difference in the corrosion rate which
is extremely small, and which can
easily be accounted for by different
sources of iron used for the potential
measurements or by slight variations
in electrolyte. Corrosion theory, there-
fore, has reached the stage where it is
able to contribute to, as well as draw
from, principles of physical chemistry.

Dr. W. C. Gardiner of the Olin
Mathieson Chemical Corp. spoke on
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“Brine Impurities and Their Effect on
the Operation of Caustic-Chlorine
Cells.” The mercury cell process for
alkali-chlorine production was dealt
with in particular. This process was
described and illustrated with photo-
graphs of Mathieson E-8 cells. The
particular conditions required by mer-
cury cells were outlined. The various
sources of salt and the impurities to
be expected were mentioned. Various
methods of handling brine in com-
mercial plants were described and illus-
trated with flowsheets. It was mentioned
that the effects of individual impurities
had been studied by various investiga-
tors starting with Walker and Paterson
of MeGill University in 1903. Addi-
tional results obtained by Japanese,
Swexlish, Russian, and Austrian worlers
had been published during the past
four years. Details of the Sweilish
results were discussed in detail. It was
concluded that the most desirable brine
for mercury cells would be nearly satu-
rated with NaCl. It may be approxi-
mately saturated with CaSO, if the
pH is maintained at about 3. Mag-
nesium and iron should be below 5 mg
and 10 mg per liter, respectively, and
vanadium and chromium helow 0.1
and 0.1 ppm, respectively.

During the general discussion of both
papers which followed, representatives
of six different industries using alkali-
chlorine cells gave information regarding
their cells and outlined some of the -
problems which they have encountered.

President Uhlig gave a brief talk on
The Electrochemical Society, its aims,
its accomplishments, and its problems.

R. R. RoGERs,
Secretary-Treasurer

San Francisco Section

The regular meeting of the Section
was held at the University of California
Faculty Club on November 30, 1955.
Dr. T. D. Parks, Director of Research,
Clorox Chemical Co., delivered a talk
entitled “Theory and Application of
Amperometric Titrations.”

After a brief outline of the history
and development of polarography,
Dr. Parks discussed some of the more
recent uses of both polarographic and
amperometric techniques in analytical
determinations. The use of both the
dropping mercury and the rotating
platinum microelectrode was illus-
trated. The effect of temperature,
“poisoning” materials, and the speed
of rotation of the microelectrode were
discussed.
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After the talk, Dr. Parks answered
specific questions relating to the analysis
of materials commonly encountered in
routine industrial analytical determina-
tions, such as the quantitative evalua-
tion of the concentration of lead, halide,
phosphorus, molybdenum, and sulfate
ious. The application of mixed solvents
and the use of nonaqueous solvents in
amperometric work was also discussed.

BerNaRD Porrer

Washington-Baltimore Section

The 35th technical meeting of the
Section was held on November 16, 1955
at Johns Hopkins University in Balti-
more. The first speaker of the evening
was Dr. John J. Chapman, Research
Contract Director, Dielectrics Labora-
tory of the Johns Hopkins University,
whose topic was “Dielectric Properties
of Laminated Materials.” Dr. Chapman
described the variation of dielectric
strength and loss factor of a number of
laminated materials, over a range of
frequency from 60 cycles/sec to 100
megacycles/sec. Data concerning the
effects of temperature and moisture
adsorption on the dielectric properties
were also presented.

Dr. John M. Kopper, Research Scien-
tist of the Radiation Laboratory, Johns
Hopkins University, spoke on the sub-
ject “The Effect of Forming Current
TFrequency on the Abrasion and Cor-
rosion Resistances of Protective Coat-
ings on Magnesium.” Di. Kopper de-
scribed the coatings formed in HAE
electrolyte with alternating current
frequencies from 9 to 2700 cycles per
second. It was found that the abrasion
resistance of the coatings rose to an
asymptotic maximum at approximately
130 cycles per second, and that the
corrosion  resistance decreased with
increasing frequency.

The third topic of the evening was
“\ Magnetic Model of Crystal Struc-
ture,” presented by Dr. Robert B.
Pond, Assistant Professor of Metal-
lurgy, Mechanical Engineering Depart-
ment, Johns Hopkins University. A
unique model of the crystal structure
of hexagonal close-packed and face-
centered cubic metals was deseribed.
The individual atoms of the crystallo-
graphic array were represented as
dipolar units. By using this model, an
explanation of the mechanism of plastic
deformation by slip was presented. A
new dislocation form was described, and
a short motion picture showed the
working mechanical model.

JeanNE Bursank, Secretary

CURRENT AFFAIRS

ECS Membership Statistics

The following two tables give break-
down of membership as of January 1,
1956. The Secretary’s Office feels that
a regular accounting of membership
will be very stimulating to membership
committee activities. In Table I it
should be noted that the totals appear-
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ing in the right-hand column are not
the sums of the figures in that line since
members belong to more than one
Division and, also, because Sustaining
Members are not assigned to Divisions.
But the totals listed are the total
membership in each Section. In Table
I, Sustaining Members have been
credited to the various Sections.

TABLE 1. ECS Membership by Sections and Divisions

Division
8| s

- AR 218 | 8| &

Section : g g P g g . ;:% 3 _=§ .§ E E %
SEIEIR R L LRI E R
gle|sl8|8 |8 |8Rl8elgs|A|d]|d2 |9
FIE|B| 8|8 |38 Ba|em|8a| 0|55 (553
R |O|A|W (K |@|lad |8 |6 |2]0 |& |2

Chicago 9 33| 2| 44| 14) 8 10| 14| 20 131 105 102 +3
Cleveland 42| 36| 4| 47| 32| 10| 20 28| 42| 14 171] 150|421
Detroit 4 15 6 31| 5 6 4/ 3| 19 20 73| 67 46
India 70 1) 2/ 100 21 5 3 9 8 3 23 23 O
Midland 5 12( of 3 1) 2| 6 15 8 4 38 36 +2
New York 63| 98| 19| 126{ 70| 26 45| 55| 74| 76| 427| 374/+53
Niagara Falls 6| 19| O] 17 2| 5| 51 45 16( 24| 141| 105436
Pacific Northwest 5 11 0o 9 1] 2{ 35 13| 13 40, 29(+11
Philadelphia 19] 28| 4| 39| 42/ 16| 17] 13| 14| 29| 160 144|+16
Pittsburgh 3 290 3| 22| 11| 5 21 13| 27| 1] 85 69|+16
San Francisco 6 10 2| 14| 7| 3 7 16/ 11} 4 43 38 +5
Washington-

Baltimore 300 37| 9 31| 18 3| 11 13| 27| 7| 108 104 +4
Quebec-Ontario 70 11 o 13f 1] 3 24 19 7 12| 59 43416
U.S. Non-Section 72| 140 29| 157| 88| 54| 92| 93| 140{ 101| 622] 581|441
Foreign Non-Section | 31| 38/ 8| 46| 18| 24| 25/ 52| 50| 54 175 176 —1
Totala,sofJan,l,I%G’ 309| 518| 88| 609| 312| 172| 341| 401| 476 377| 2270,

Total as ofJan.l‘.o 955| 281| 516/ 81| 590| 276( 169| 309| 374 460| 306 2141
Net Change 4 |+28 +2I+7 +19|4-36 +3|+32|+-27(+16/4-71

NEW MEMBERS

In December 1955 the following were
approved for membership in The
Iilectrochemical Society by the Ad-
missions Committee:

Active Members

Joun H. Apams, Miami Lab., Eagle-

Picher Co., Miami, Okla. (Elec-
tronics)
JouN A. Avres, General Electric

Co.; Mail add: 1419 Wright Ave.,
Richland, Wash. (Corrosion)

A recent action of the Board of
Directors of the Society requires that,
commencing January 1, 1956, all
prospective members include first year’s
dues with their applications for member-
ship.

Also, please note that, if sponsors
sign the application form itself, process-
ing can be expedited considerably.

TABLE II. ECS Membership by Grade

Total as | Total as Net

of 1/1/56 | of 1/1/55 | Change
Active 2013 | 1889 | +124
Life 14 14 0
Emeritus 34 39 -5
Associate 49 63 ~10
Student 53 31 +18
Honorary 5 5 0
Sustaining 102 100 2
Total 2270 | 2141 | 4129

Ricarpo Q. Bach, Central Research
Labs., American Smelting & Re-
fining Co., South Plainfield, N. J.
(Electrodeposition)

WiLLiam G. Barr, The Biochemical
Research Foundation of the Franklin
Institute, Newark, Del. (Electro-
deposition)

DanieL BErmaNE, Mass. Institute of
Technology; Mail add: 4 Scott St.,
Cambridge, Mass. (Theoretical Elec-
trochemistry)

Jorn J. DraneY, Merck & Co.; Mail
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add: 46 Van Buren Ave., Teaneck,
N. J. (Electronics)

LipmaN S. GErBER, Detroit Arsenal,
U. S. Army Ordnance; Mail add:
2315 Calvert St., Detroit 6, Mich.
(Battery)

Jack D. GurreneLaN, Central Engi-
neering, Chrysler Corp., P.0. Box
1118, Detroit 31, Mich. (Battery,
Corrosion, Electrodeposition)

WArreN W. Harris, Union Carbide
Nuclear Co.; Mail add: 101 W.
Damascus Rd., Oak Ridge, Tenn.
(Corrosion)

JuLius J. Harwoop, Office of Naval
Research; Mail add: 2511 Jennings
Ct., Silver Spring, Md. (Corrosion)

Frank W. Hurp, Union Carbide Nu-
clear Co., Rm. 1701, 30 E. 42 8t.,
New York, 17, N. Y. (Electrodeposi-
tion, Electrothermics and Metal-
lurgy, Industrial Electrolytic)

Warter J. KarasH, Duro-Test Corp.,
2321 Hudson Blvd., North Bergen,
N. J. (Electronics)

RiNe Krueer, Engineering Dept.,
Delco Battery Operations, Muncie,
Ind. (Battery)

James F. MacHoLL, Electric Storage
Battery Co.; Mail add: 4618 Mackall
Rd., South Euclid 21, Ohio (Battery)

JouN D. MerTLER JR., Electrometal-
lurgical Co., 137-47th St., Niagara
Falls, N. Y. (Electrodeposition,
Electrothermics and Metallurgy, In-
dustrial Electrolytic)

Stancey J. NoeseN, General Electric
Research Lab., Metals and Ceramics
Bldg., Rm. 249, Schenectady, N. Y.
(Electrothermics and Metallurgy)

Harry G. Oswin, Kaiser Aluminum
& Chemical Corp.; Mail add: 818
W. 14 Ave., Spokane, Wash. (Cor-
rosion)

Freperick J. Porr, Electric Storage
Battery Co.; Mail add: 2335 Ard-
leigh Dr., Cleveland Heights, Ohio
(Battery)

Georce W. Prarr, Jr., Mass. Institute
of Technology; Mail add: Glezen
Lane, Wayland, Mass. (Electronics)

Frep M. Reinuart, National Bureau
of Standards, Rm. 105, N.W. Bldg.,
Washington 25, D. C. (Corrosion)

Harop R. Scamipt, General Engi-
neering Lab., General Electric Co.,
1 River Rd., Schenectady, N. Y.
(Corrosion,  Theoretical  Electro-
chemistry)

ALBerT SHraskL, Fansteel Metal-
lurgical Corp., North Chicago, Ill.
(Electronics, Theoretical Electro-
chemistry)

RoBerT C. SoMMER, Central Research
Lab., American Smelting & Refining
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Co., South Plainfield, N. J. (Electro-
deposition)

Davip R. SterN, American Potash &
Chemical Corp.; Mail add: 201 W.
Washington Blvd., Whittier, Calif.
(Electro-Organie, Industrial Electro-
Iytic)

Henxry F. Srour, Columbia-Geneva
Steel Div.; Mail add: 1485 Grove
Way, Concord, Calif. (Corrosion,
Electrodeposition)

Associate Members

Lee Auperuccio, Van der Horst Corp.
of America, Olean, N. Y. (Electro-
deposition)

Frep A. Carasso, New York Uni-
versity; Mail add: 405 Cary Ave.,
Staten Island 10, N. Y. (Theoretical
Electrochemistry)

Student Associate Members

James B. Doniaes, University of
Maryland; Mail add: 3414 Carpen-
ter St., S.E., Washington, D. C.
(Electrodeposition)

Jurius Kuerer, Graduate School of
Arts & Sciences, New York Uni-
versity; Mail add: 880 Summit Ave.,
Jersey City 7, N. J. (Theoretical
Electrochemistry)

Reinstatements to Active Member-
ship

TroMas C. BREITNER, American Smelt-
ing & Refining Co., South Plainfield,
N. J. (Battery, Electrodeposition,
Electro-Organic, Theoretical Elec-
trochemistry)

Frank P. Romanorr, Appollo Metal
Works; Mail add: 6650 S. Oak Park
Ave., Chicago, Ill. (Corrosion, Elec-
trodeposition)

Deceased Members

Henry Patge, New York, N. Y.
Joun B. MerriLt, Towanda, Pa.

PERSONALS

WiLBur C. MYERSs is at present em-
ployed as Senior Research Engineer in
the Electronics Division of the National
Cash Register Co., Hawthorne, Calif.
He previously was located at Cleve-
land, Ohio.

JeroME KRUGER, physical chemist,
has joined the Corrosion Section of the
Metallurgy Division of the National
Bureau of Standards, Washington, D. C.
Dr. Kruger will direct a new Bureau
project for studying the surface reac-
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tions of metal single crystals in selected
environments. From 1952 to 1953,
Dr. Kruger was engaged in research on
corrosion inhibitive coatings at the
Naval Research Laboratory in Wash-
ington.

R. Worcorr Hooker

R. WoLcorr Hookkr, Vice-President
of Hooker Electrochemical Co., Niagara
Falls, N. Y., recently was elected Presi-
dent of the Synthetic Organic Chemical
Manufacturers Association at the 34th
annual meeting held in the Hotel
Statler, New York City.

Loren C. Hurp

LoreN C. Hurp has been appointed
President and a Director of the Metals
Disintegrating Co., Inc., Blizabeth,
N. J., manufacturers of metal powders,
metal pigments, metal abrasives, and
pulverizing, air conveying, and dust
collecting equipment.

Grorgk T. PauL has accepted a posi-
tion with the International Nickel
Co., Ine., New York City, in the Cor-
rosion Engineering Section, Develop-
ment and Research Division. He had
been with the American Cyanamid
Co., Bound Brook, N. J.

(Continued on page 39C)
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Society Prizes and Awards

The Edward Goodrich
Acheson Medal and
Prize

The Edward Goodrich Acheson Gold
Medal and $1,000 Prize were founded
by Dr. Acheson in August 1928.

The award is made once every two
vears (first award at the Fall Meeting,
1929) to the person who shall have
made a distinguished “contribution to
the advancement of any of the objects,
purposes, or activities...of the So-
ciety. Such contribution may consist
of but shall not be limited to (a) a dis-
covery pertaining to electrochemistry,
electrometallurgy, or electrothermics,
(b) an invention of a plan, process or
device, or research evidence by a paper
embodying information, useful, valu-
able, or significant in the theory or
practice of electrochemistry, electro-
metallurgy, or electrothermics, and/or
(¢) distinguished services rendered to
the Society or its successor.”

The award is made without distinc-
tion on account of sex, citizenship,
race, or residence. See Trans. Electro-
chem. Soc., 54, 6 (1928).

The Palladium Medal

The Palladium Medal of The Elec-
trochemical Society was founded in
1950. The source of funds for the estab-
lishment of the medal is the royalties
derived from sales of the “Corrosion
Handbook” which was sponsored and
largely written by members active in
the Corrosion Division of the Society.
Dr. H. H. Uhlig served as Editor-in-
Chief.

The award of the medal is to be
made every two years to a scientist, in
recognition of original and outstanding
contributions to the knowledge of cor-
rosion in one or more of the following
fields: the theory of corrosion or corro-
sion control, electrode potentials, prop-
erties of electrolytes, electrode reac-
tions, and the surface properties of
metals. The jury for the selection of the
medalist is appointed by the Board of
Directors of the Society and consists of
three members, including one member
from the Corrosion Division and one
from the Theoretical Division, hoth of
whom are active in their respective
fields. See J. Electrochem. Soc., 98, 95C
(1951).

The Joseph W. Richards
Memorial Lectureship

Dr. Joseph William Richards was
one of the founders of The Electro-
chemical Society, and its first Presi-
dent. He was Secretary and Editor of
the Society’s TRANsACTIONS from 1904
to 1921. His very active and untiring
interest in the Society and in the
science and art of electrochemistry re-
flected itself in the rapid growth of the
Society and of the electrochemical
industry throughout the world. From
the very start, Dr. Richards fostered
the international spirit.

The Joseph W. Richards Memorial
Lectureship was established in 1929 by
a group of friends and admirers of Dr.
Richards. The interest of the fund is
used to meet the expenses incurred by
inviting and entertaining distinguished
scientists. See Trans. Electrochem. Soc.,
57, 30 (1930).

The Electrochemical
Society Prize to
Young Authors

An annual prize of one hundred dol-
lars was established by the Board of

Directors in July 1928. The prize is
awarded to the author of the best paper
printed ‘in the yearly volume of the
JourNAL of the Society. The judges to
pass upon the merits of the paper are
the Chairman of the Publications Com-
mittee, the Secretary of the Society,
and three members of the Society, and
two alternates, selected by the Chair-

- man of the Publications Committee, the

Committee being at liberty to invite
the opinion of members not on the
Committee.

The prize is open to students and
graduates under thirty-one years of
age of any technical school, college, or
university, no matter where located.
See Trans. Electrochem. Soc., 55, 22
(1929); 92, viii (1947).

Francis Mills Turner
Award, Sponsored by the
Reinhold Publishing
Corporation

For several years, Francis Mills
Turner personally offered an annual
prize consisting of $50.00 worth of
scientific and technical books published

Epwarp G. AcHEison,*

Honorary Members of the Society

CHARLES F. CHANDLER,* New York, N. Y.... Volume 35 ( 1919)
Ebcar F. SmitH, * Philadelphia, Pa.. .. .... Volume 35 (1919)
CarL Hering,* Philadelphia, Pa........... Volume 41 (1922)

Niagara Falls,

NoY.o oo Volume 43 (1923)
WiLpEr D. BancrorFr,* Ithaca, N. Y.. .. .. Volume 47 (1925)
Epwarp WesToN,* Montelair, N. J.. ... ... Volume 50 (1926)
THoMAS A. Epison,* Orange, N. J......... Volume 54 (1928)
W. Lasu MILLER,* Toronto, Canada. ...... Volume 55 (1929)
Epwarp DEan Apams,* New York, N. Y.. .. Volume 57 (1930) -
CHarLEs F. BurcEss,* Chicago, Ill.. ... ... Volume 62 (1932)
FreEpeErick Mark Brcker,* New York,

N.Y. oo Volume 66 (1934)
L. H. BAEkELAND,* New York, N. Y....... Volume 69 (1936)

........... Volume 78 (1940)
ArcuEr E. WHEELER, New York, N. Y.....Volume 80 (1941)

W. R. WHITNEY, Schenectady, N. Y........ Volume 85 (1944)
Pauw J. Krugst, Chattanooga, Tenn.. . .. .. Volume 85 (1944)
CoLiN G. Fink,* New York, N. Y......... Volume 89 (1946)
JouN W. MarpEN, Chester, N. J.......... Volume 91 (1947)
WirLiam Buum, Washington, D. C......... Volume 100 (1953)
* Deceased
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by the Reinhold Publishing Corpora-
tion. At the time of his demise, the
Reinhold Publishing Corporation es-
tablished the “Francis Mills Turner
Memorial Award, Sponsored by the
Reinhold Publishing Corporation,” con-
sisting of $100.00 worth of scientific
and technical books to be given each
year to an author under 31 years of
age. This revision was gratefully ac-
cepted by the Board of Directors at the
Society convention held in Philadel-
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phia, May 4 to 8, 1952. See J. Electro-
chem. Soc., 99, 162C (1952).

Consolidated Fellowship
Fund

Due to the deterioration of the Wes-
ton Fellowship funds, the Board of
Directors on Qctober 26, 1952 estab-
lished a Consolidated Fellowship Fund
from the accumulated earnings of the
Weston Fellowship Fund, the entire
Roeber Research Fund, the excess

February 1956

earnings of the Acheson Fund, and the
$1000 returned by John W. Marden
(Acheson Award) at the Montreal
Meeting. This fund will be accumu-
lated until such time as the Society has
available sufficient yearly income from
this source to justify offering a fellow-
ship, at which time the Society again
will be in a position to sponsor graduate
studies in electrochemistry.

Former recipients of the Acheson
Medal and Weston Fellowship are
listed helow.

Winners of Society Prizes and Awards

Acheson Medalists

Epwarp G. AcHrsoN* — Artificial
Graphite and Carborundum—=56, 7
(1929).

EpwiN F. NortaHRUP*—Induction Fur-
naces—60, 8 (1931).

CounN G. Fink*—Electrochemistry—
64, 2 (1933).

Frank J. Tone*—Electrothermics—
68, 2, 8 (1935).

Freperick M. Becker*—Electrother-
mies—72, 3 (1937).

Francts C. Frary—Electrometallurgy
—176, 4 (1939).

CrarLEs F. Burerss*—Electrochem-
istry—82, 3 (1942).

Wiiiam Buum — Electrodeposition —
86, 4 (1944).

H. JerMaiN CrrieeToN—Electro-Or-
ganic Chemistry-—90, 5 (1946).

Dunean A. MacInnes—Electrochem-
istry—94, 4P (1948).

George W. ViNarn, — Batteries — 97,
231C (1950); 98, 11C (1951).

Joan W. MarpeN—Electronics—100,
37C (1953). )

Georce W. Hrise—Batteries—101,
201C (1954).

Weston Fellowship
Holders

Epwagp B. Santcar*—“The Titration
of Potassium Cyanide and of Free
Cyanide in Silver-Plating Solutions
by Means of Silver Nitrate”—B58,
435 (1930); “Electrodeposition of
Silver from Sulfate, Nitrate, Fluo-
borate and Fluoride Solutions”—b69,
307 (1931).

Karr SoniNer—“An  Experimental
Study of Negative Osmosis. Part I”;
“Experimental Verification of a
New Theory Concerning the Mecha-
nism of Anomalous Osmosis. Part II”
—81, 477, 487 (1932).

* Deceased.

MaruN E. Foere—“A Study of
Cuprous Oxide Solid Photoelectric
Cells”—866, 271 (1934).

Roserr D. Brur—*“Electrodeposition
of Aluminum from Non-Aqueous
Solutions””—686, 339 (1934).

Pierre A. Jacquer—*“Effect of Col-
loids on Electrodeposition”—66, 21
(1934).

MryroN A. CoLer—*“Electrolytic Proc-

esses in the Magnetic Field”—72,
247 (1937).

Henry B. Linroro—“The Effect of
the Speed of Rotation on the Elec-
trode Potentials of Copper and
Zine"—172, 461 (1937).

Garra L. Purnam—T1, 26 (1937).

Vrirrorio oE Nora—73, 39 (1938).

WarpeMar P, RUEMMLER—T5, 52
(1939); 77, 50 (1940).

RooNEY E. BLack—T79, 44 (1941).

WirLiam E. Roake—81, 46 (1942).

RoserT D. M1scu—93, 14P (1948).

Massoup T. SiMNaD—94, 3N (1948)t;
97, 161C (1950).

Joseph W. Richards
Memorial Lecturers

Joun A. MatHEws,* Vice-President
and Director of Research, Crucible
Steel Company, New York, N. Y.
“The Electric Furnace and the Alloy
Age,” 61, 143 (1932).

R. 8. HurroN, Goldsmiths’ Professor
of Metallurgy, University of Cam-
bridge, England. “Faraday and His
Electrochemical Researches,” 64, 13
(1933).

W. S. Lanpis,* Vice-President and
Director, American Cyanamid Com-
pany, New York, N. Y. “Joseph W,
Richards, The Teacher—The In-
dustry,” 66, 6 (1934).

Kar K. Darrow, Physicist, Bell
Telephone Laboratories, New York,

t J. Electrochem. Soc.

N. Y. “Electricity in Gases,” 69,
67 (1936).

Craries H. Herry,* Director, Herty
Foundation Laboratory, Savannah,
Ga. “The Utilization of Southern
Pine,” 78, 50 (1938).

BrapLry SroucHToN, Dean of Engi-
neering, Lehigh University, Bethle-
hem, Pa. “Modern Marvels of Elec-
trometallurgy,” 76, 29 (1939).

ViapiMir K. ZWORYKIN, Associate Di-
rector of RCA Research Labora-
tories, Camden, N. J. “The Electron
Microscope,” 80, 14 (1941).

B. D. Saknarwarna,* Metallurgical
Consultant, Pittsburgh, Pa. “Ther-
mal Reactions in Ferro-Alloy Metal-
lurgy, the Basis of Alloy Steel De-
velopment,”’ 84, 13 (1943).

StewagrT J. LLovp, Professor of Chem-
ical Engineering, University of Ala-
bama, University, Ala. “Freedom in
Science,” 89, 9 (1946).

Ouiver W. Srorey, Consultant, Bur-
gess Battery Company Chicago,
IIl. “Research in Industry—Is Gov-
ernment Antagonistic to It?” 96,
3P (1949); 97, 9C (1950).

J. O’'M. Bockris, Lecturer, Depart-
ment of Inorganic and Physical
Chemistry, Imperial College of Sei-
ence and Technology, London Uni-
versity, London, England. “Over-
potential,” 98, 153C (1951).

Palladium Medalists

Carn WaeNer, Department of Metal-
lurgy, Massachusetts Institute of
Technology, Cambridge, Mass. “The
Electrochemistry of Ionic Crystals,”
99, 346C (1952).

Naruanis, Howsin Furman, Chair-
man, Department of Chemistry,
Princeton University, Princeton, N.
J. “Coulometry—Related Phenomena

* Deceased.
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of Electrolysis and Current-Sweep
Polarography,” 101, 19C (1954).

Uick RicHaRDSON Evans, Cambridge,
England. “Electrochemical Corro-
sion in Nearly Neutral Liquids,”
103, 73 (1956).

Winners of Young
Authors’ Prize

WirLiam C. Garbiner —“Hydrolysis of
Mercurous  Sulfate by Cadmium
Sulfate Solution in the Weston Nor-
mal Cell”; “Oxidation of the De-
polarizer in  Preparing Standard
Cells”; “Crystalline Mercurous Sul-
fate and the Weston Normal Cell”—
66, 111 (1929).

Dwicnr K. ALPERN—-“Lingineering De-
velopment of Photovoltaic (lells”—
68, 275 (1930).

Frank L. Jones-—“Llectrodeposition
of Tungsten from Aqueous Solu-
tions”—59, 461 (1931).

F. W. Gobsky, Jr.—“Alternating Cur-
rent Capacities of Electrolytic Con-
densers”; and “Potential Gradients
in  Anodic Films”--61, 515, 519
(1932).

B. L. Bawey -“Hardness Values for
Electrochemical Products’—-63, 369
(1933).

Josepn R. Hearp, Ji.—“Electro-Or-
ganic Oxidations in  Concentrated
Aqueous Organic Salt Solutions”—
65, 301 (1934).

Urron B. TaoMas, Jr.- “Llectro-
chemical Behavior of Lead, Lead-
Antimony and Lead-Caleium Alloys
in Storage Cells”--68, 293 (1935).

W. A. Jonnson “Studies of Over-
voltage: Effect of Fusion of the
Cathode and Effect of Temperature
on Gas Polarization”- -70, 259 (1936).

R. SpeNckr SoanNks—‘Potential Dis-
tribution in High Current Carbon
Ares in Air” -T2, 281 (1937).

N. B. Nicaors--“The Cathode Ray
Oscillograph Applied to the Dropping
Mercury Electrode” -73, 193 (1938).

G. A. Moore-—“Comportment of Pal-
ladium-Hydrogen System toward Al-
ternating Electric Current”’—175, 237
(1939).

J. 8. Mackay—“Photoelectric Cells
Sensitive to Long Wave Length Ra-
diation: The Bismuth Sulfide Cell”’—
77, 299 (1948).

Epwarp ApLer—“Photovoltaic  Ef-
fect”; “‘Semi-Conductor Photocells
and Rectifiers”—79, 367, 377 (1941).

SioNkY  SpriL-—-“Electrophoretic  De-
watering of Clay”—81, 119 (1942).

Warrkr G. Berr-—“A Reversible Oxy-
gen Electrode”—83, 253 (1943).

Joun P. CoyLe—“The Extraction of
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Indium from Complex ILead-Tin
Alloys”—86, 223 (1944).

AustiN 1. Haroy—“The Photocon-
ductivity of Zine-Cadmium Sulfide
as Measured with the Cathode-Ray
Oscillograph”—-87, 355 (1945).

NormaN A. NieLseN--“Passivation of
Stainless Steels”-—89, 167 (1946).

Henry LeHeiskr, Jr—“The In-
fluence of Crystal Face on the Elec-
trochemical Properties of a Single
Crystal of Copper”-—91, 95 (1947).

MicHaxL A. StrercHER- “The Dis-
solution of Aluminum in Sodium
Hydroxide Solutions” -- 93, 285
(1948).

J. C. Grikss, Jr—*“The Electrodeposi-
tion Behavior of Traces of Silver’—
96, 33 (1949).

Grorge W. MureHy-—“The Separa-
tion of Simple Electrolytes in Solu-
tion by an Electro-Gravitational
Method”—97, 405 (1950).

JouN T. Byrne—“Critical Interpreta-
tion of Illectrodeposition Studies In-
volving Traces of Klements”-98,
457 (1951).

W. K. KuaN—“Production of Titanium
Ingots by Melting Sponge -Metal in
Small Inert-Atmosphere Arc Fur-
naces”; “Development of Graphite
Electrodes and Study of Heat Losses
with Different Electrodes in the
Single Electrode Inert-Atmosphere
Are Furnace”—99, 89, 97 (1952).

J. HarrerN—*“Kinetics of the Dissolu-
tion of Copper in Aqueous Am-
monia”—100, 421 (1953).

M. J. Pryor—-“The Protective Action
of Pigments on Steel”’—101, 141
(1954).

Winners of Turner Book
Prize

SipNEY  SeeiL-—“Electrophoretic  De-
watering of Clay”--81, 119 (1942).

Warrkr G, Brri—“A  Reversible
Oxygen Electrode”— 83, 253 (1943).

Joun P. Coyre—“The Extraction of
Indium from Complex Lead-Tin Al-
loys”—85, 223 (1944).

Jamus T. Waser—“Stress Corrosion
Cracking of Mild Steel”—87, 209
(1945). .

Burkr: CarrwricHT—“Electrolysis of
Manganese into a Metal Cathode
from Suspensions of Manganese
Oxide and Carbon in Molten Man-
ganous Chloride”—89, 373 (1946).

Avustin . Haroy—“A Combination
Phosphorometer and Spectroradiom-
eter for Luminescent Materials”—91,
221 (1947).

Micuakr A. SteeicHER—“The Dis-
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solution of Aluminum in Sodium

Hydroxide Solutions” --- 93, 285
(1948),
Raver F. Horckrenman-—“Salt-Bath

Chromizing”--96, 262 (1949).

PauL Drranay-—Parts I and II of the
paper “A Polarographic Method for
the Indirect Determination of Polari-
zation Curves for Oxygen Reduction
on Various Metals”—-97, 198, 205
(1950).

Kurt H. STerN aND CHARLES C. TEM-
pLtoN—“The Electrical Conduet-
ance of Solutions of Cobalt (II)
Nitrate Hexahydrate in Acetophe-
none at 25°C”—97, 443 (1951).

. T. GiLeert—“The Nature of Zinc
Corrosion Products”™—99, 16 (1952).

Roserr B. HorprN—-“The Hot-Wire
Process for Zirconium” (co-author,
Bernard Kopelman) -- 100, 120
(1953).

D. A. VErMiLYEA—“Formation of An-
odic Oxide Films on C'athodes”— 101,
389 (1954).

Personals

(Continued from page 36C)

James T. McKunzie of the Ameri-
an Cast Iron Pipe Co., Birmingham,
Ala., is the recipient of the 1955 South-
ermn Chemist Award of the American
Chemical Society. The medal was pre-
sented for the Memphis Section of the
ACS by 8. F. Clark, University of
Mississippi, at the Southeastern Re-
gional Meeting of ACS local sections in
Columbia, S. C., in recognition of Dr.
MacKenzie’s work in metallurgical
chemistry,

RosERT B. MACMULLIN has received
the Professional Achievement Award of
the New York section of the American
Institute of Chemical Engineers. He is
with R. B. MacMullin Associates.

P. S. Naravana has been elected to
the Managing Committee of the Insti-
tute of Management, Bangalore.

Epwarp HILLNER, formerly a student
and Teaching Fellow at New York
University, New York City, recently
was inducted into the U. S. Army. He
is at the Rocky Mt. Arsenal, Denver,
Colo.

Norman P. SwirNy, recently sepa-
rated from active duty in the U. S.
Army, is now at the graduate school,
Indiana University, Bloomington, Ind.
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Nonmember Journal
Prices

As of January 1, 1956, non-
member subscription rates to the
JournaL are $18.00 instead of the
$15.00 previously charged, and
single copies of the Journaw to
nonmembers are $1.75 instead of

$1.50.

S. KrisuNAMURTHY has left Bangalore
to join the Indian Standards Institu-
tion, New Delhi, as Assistant Director
(Chemicals).

B. K. Ram Prasap has heen ap-
pointed Director of the Central Llec-
trochemical Research Institute, Karai-
kudi.

Roperr Gersrricd is at the Uni-
versity of Rochester, Rochester, N. Y.,
where he has an assistantship while
studying for his master’s degree. He was
formerly a student at the College of
Wooster, Wooster, Ohio.

Tnus H. Gares has moved from
Salt Lake City, Utah, to Canon City,
Colo. He recently accepted a position
as Metallurgical Engineer with the
Metallies Recovery Corp. in Florence,
Colo.

Hanrry C. Garos has resigned from
his position with the ¥. I. du Pont
de Nemours & C'o., Inc., Wilmington,
Del., to join the Lincoln Laboratory,
Massachusetts Institute of Technology,
Lexington, Mass.

Ricuarp P. Hunnicurr, formerly
with the General Motors Corp., Mich.,
is now employed by the Aerojet-General
Corp., Calif., as a metallurgist.

ALLAN E. CHESTER

Dr. Allan E. Chester, Vice-President
of the Promat Division, Poor and Co.,
died on November 20, 1955 en route to
Honolulu. He was 54 years old.

He received his Bachelor of Science
degree at Kenyon College, Gambier,
Ohio, and a Doctor of Science degree
from Culifornia Institute of Tech-
nology, Pasadena, Calif. An outstanding
research chemist, Dr. Chester held many
patents in the fields of electrochemistry
and vitreous enameling. He came to
Poor and Co. from Ferro Corp. in 1938,
and, as Research Director, formed the
Promat Division. He was made Vice-
President in 1952,

Besides The Electrochemical Society,
which he joined in 1943, Dr. Chester
was active and held offices in a numher
of technical societies, among them, The
American Electroplaters’ Society, the
American Society for Testing Materials,
the Ceramic Society, the National
Association of Chrome Furniture Manu-
facturers, the Faraday Society, and
The American Association for the
Advancement of Science.

Dr. Chester is survived by his wife,
Alice, Highland Park, Ill.; a daughter,
Sister Vera C.8.J., Jamestown, N. D.;
and two step-sons, John H. Bins,
Lake Bluff, Iil., and Thomas W. Bins,
Lake Forest, Il1.

EMPLOYMENT
SITUATIONS

Please address replies to box shown,
c¢/o The Electrochemical Society, Inec.,
216 W. 102nd St., New York 25, N. Y.

Positions Available

Patenr OrrFicr ExamiNers. Ingi-
neers and scientists are needed imme-
diately as Patent Examiners by the
U. 8. Patent Office, Washington, D. C.
Patent Ixaminers pass upon applica-
tions for patents in a wide range of tech-
nical fields. The job keeps them in close
touch with the latest developments in
these fields. Salaries start at $4,345
per year and it is possible to reach
$7,570 in 514 years. Vacations and sick
leave and pension benefits are liberal.
The positions call for a college degree
in engineering or applied science or a
college degree with a major in chemis-

DRY CELL ENGINEER
VICE-PRES. POSITION
OPEN

DRY CELL CORP. IN MEX-
ICO CITY WANTS ENGINEER
(Chemist or Physicist) who has
heavy experience in Production
and Laboratory work in the manu-
facture of Dry Cells. MUST as-
sume responsibility for produc-
tion. HI-SALARY plus SHARE
IN PROFITS, low taxes, excellent
climate, and low living costs.

Send complete resumé and in-
terview will be arranged. All re-
plies will be held in strict confi-
dence.

APARTAD(O POSTAL No. 7355
MEXICO 1, D. F.

February 1956
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try or physics or with certain combined
credits in these fields. There is no exam-
ination. For further information, ad-
dress the Commissioner of Patents,
Washington 25, D. C.

ENGINEERS, ELECTRONIC SCIENTISTS,
MEeTALLURGISTS, PHYsIcists, PHysr-
oLogists, PsycHorogists, TECHNoLO-
arsts. The Naval Air Material Center,
located at the Naval Base, Philadelphia,
Pa., has vacancies in the above engineer-
ing and scientific positions which must
be filled. The Center is engaged in an
extensive program of aeronautical
research, development, experimentation,
and test operations for the advancement
of Naval Aviation. Iingineering vacan-
cies exist in the following options:
Electrical, Electronies, General, Indus-
trial, Mechanical, Structural, and Aero-
nautical (various suboptions). Starting
salaries range from $3670 to $8990 per
annum. Application for Federal Em-
ployment, Standard Form 57, should
be filed with the Industrial Relations
Dept., Naval Air Material Center,
Naval Base, Philadelphia 12, Pa.
Applications may be obtained from
the above address or information as
to where they are available may be ob-
tained from any first or second class
post office.

Positions Wanted

CuemisT, 36, 11 years’ experience,
including batteries, electroplating, gen-
eral physical and chemical commerical
testing, seeks New Jersey, Philadelphia,
New York City position. Reply to
Bozx 357.

CueMicaL ENGINEER, 40, BS. de-
gree, 14 years’ experience, including
materials engineering and research,
electrodeposition processes, product en-
gineering and development work in-
volving capacitors. Reply to Box 358.



Literature and

New Products

LITERATURE
FROM INDUSTRY

SuLraMATE NICKEL PraTiNg. New
16-page technical bulletin describing a
versatile nickel plating process is offered.
Called Sulfamate Nickel Plating, the
patented process can produce nickel
deposits with considerable variations
of stress, hardness, tensile strength,
elongation, ductility, and electrical
resistivity properties. It is applicable to
a wide variety of engineering and func-
tional uses. Hanson-Van Winkle-Mun-
ning Co. P-375

NicKEL-PLATED STEEL. A 12-page
manual on CF&I Bart Lectro-Clad
nickel-plated steel is available. It
presents a technical description of
CF&I Lectro-Clad nickel-plated pro-
ducts covering manufacturing tech-
niques and fabrication procedures,
including forming, welding, cleaning,
handling, and testing methods. The
Colorado Fuel & Iron Corp. P-376

Acke Grass CATALOGUE SUPPLEMENT.
Supplement No. 1 to Ace General
Catalogue 50, featuring outstanding
items added to the Ace line, is now
ready for general distribution free of
charge. Although Ace is noted primarily

It’s for You )

Send in this postage paid card
for further information on the

“LITERATURE FROM
INDUSTRY”
and
“NEW PRODUCTS”

listed briefly on the accom-
panying pages.

as a manufacturer of laboratory glass-
ware, this supplement contains prin-
cipally laboratory items other than
glassware. Probably the most note-
worthy of these are the Pushomatic
quick couplings and the PSC air control
equipment, both of which are handled
exclusively by Ace. Ace Glass Inec.
P-377

COLORS FOR ANODIZED ALUMINUM.
Colors for anodized aluminum that re-
sist fading from sunlight and outdoor
exposure are shown in a recently pub-
lished brochure. It describes the ano-
dizing, dyeing, and sealing procedures
necessary to obtain maximum light
fastness and is offered as a service to
metal finishing and related industries.
Copies are available by request on
company stationery. Sandoz Chemi-
cal Works. P-378

G-E CoNTROL TRANSFORMERS. A new
32-page catalogue, designated GED-
2767, describes the complete line of
G-E control transformers. It contains
ratings, dimensions, product features,

_and model numbers. Also included are

list prices, weights, and wiring diagrams.
A special section shows panel and
machine tool voltage regulation curves
for use in selecting the proper trans-
former for given applications. General
Electric Co. P-379

“Our SMALLEST SERVANTS.” The
first popular book on fermentation
chemistry has been published. The 32-
page book is illustrated in color with
prints, photographs, drawings, and
diagrams. It is being made available in
the U. 8. and abroad to public libraries,

school and college libraries, students
and teachers, writers and editors, and
other groups interested in this aspect of
scientific research and production. Chas.
Pfizer & Co., Inc. P-380

“WHar's NEW FOR THE LABORA-
ToRY,” 25th ed., features many new
items including two Corning serological
pipettes; “Blue M” Relative Humidity
Apparatus; Freeze-Drying Equipment;
Temperature Indicating Controller with
Thermistor Sensing Probe; Fluoro-
carbon Lubricant for metal, glass,
plastic, or ceramic parts; High Vacuum
Pump; Pre-Cleaned Slides. Scientific
Glass Apparatus Co. Inc. P-381

PoryviNy, CHLormE PIPE AND
Frrrings. Brochure covers polyvinyl
chloride pipe and fittings. Valves of
this material are also available. Com-
plete facilities are available for the
fabrication of any special items that
might be needed. Albert Pipe Supply
Co. Inc. P-382

NEW PRODUCTS

p-¢ AMPLIFIER. A new d-c amplifier,
designated the Model 303 d-c Indi-
cating Amplifier, has an input im-
pedance of over one million megohms,
a maximum gain of 160,000, and a
frequency response of d.c.—100 ke.
Other features include an accurate
meter with ranges of 2 to 2000 mv full
scale, a power amplifier for driving all
common direct-writing recorders, a
differential input, and a zero drift of

(Continued on next page)
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less than 2 mv/hr on any range or
gain  setting. Keithley Instruments,
Ine. N-242

SuN Barrery CeLis. A new series
of selenium Sun Battery Cells is avail-
able. The low cost and high self-gener-
ated output of these cells make them
ideal components for transistor power
supplies, control applications, photo-
metric equipment, as well as experi-
mental uses. Now in production in a
wide range of sizes and power ratings.
International Rectifier Corp.  N-243

“Vouracr SENSING”  RECTIFIERS.
Rapid Blectric Co. has developed
“Voltage Sensing” in conjunction with
their selenium and germanium recti-
fiers. These rectifier units automatically
increase the output voltage as the load
or current demand is increased. De-
veloped for automatic plating opera-
tion, its use can be extended to other
electrolytic applications where a greater
degree of constant current density is
required. Rapid Electric Co.  N-244

Avtomaric ProGramming Equip-
MENT. Any sequence of plating opera-
tions can be made completely automatic
through the use of Rapid Electric
automatic programming equipment.
Either selenium or germanium power
units can be combined with program
timing equipment for automatic opera-
tion of any series of plating steps.
Simple application to any existing
installation plus elimination of super-
vision and manual control are addi-
tional features. Rapid Electric Co.

N-245

Postage
Will be Paid

Moper A HorrMaN CoNTROL. Sepa-
rate, automatic plating-cycle control, in
production barrel plating plants, for
each tank, is achieved with a new con-
trol unit. A control box having two

signal lights and an automatic cut-off-

time switch make up the new system.
It is more compact, lighter in weight,
and lower in cost than previous models.
Hoffman Control Co. N-246

PAPER ISLECTROPHORESIS APPARA-
Tus. Improvements over early work in
terms of flexibility and efficiency have
been engineered into the new Spinco
Continuous-Flow Paper Electrophoresis
apparatus. New methods of electrolyte
feed and wide-range controls permit
the instrument to give maximum
throughput under any required degree
of resolution. At the same time, design
efficiency has been raised so that
resolutions formerly requiring as much
as 1500-volt operation are made at
14 this value. Spinco Div., Beckman
Instruments, Inc. N-247

NeoprrENE CasING FOR LLECTRONIC
ComroNENTs. New concept in the
design of component seals combines
the advantages of metal cans and resin
embedment in a tough, yet flexible,
casing. The new seal is a neoprene
case molded in two pieces and lined
with a shell of phenolic resin for rein-
forcement. It makes for assembly

. ease, can be production-tested for seal

effectiveness. First cost is lower than
metal cans or embedments, rejects
are reduced. Case can be completely
filled, thus eliminating air voids. T. I.
du Pont de Nemours & Co. N-248
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PROTOMAKA. A unit for making
production prototypes of printed elec-
tronic circuits has been announced.
Called the PROTOMAKSY, the unit
measures only 60 in. long X 50 in.
wide X 4514 in. high, but is capable of
producing an average printed circuit
in only 30 to 40 min. Circuits up to
12 in. X 16 in. in size ean be manu-
factured. This is the first time that the
printed circuit process has been de-
signed into a single compact unit.
Printed  Electronies Corp. N-249

News Items

(Continued from page 32C)

Fluidized Coating Process

Announcement of a revolutionary
new process for providing corrosion-
resistant  coatings of polyethylenes,
polyfluorocarbons, nylon, and other
plastics on metallic and dissimilar
plastic molded targets has been made
by the American Agile Corp., Maple
Heights (Cleveland), Ohio.

Prior to this, certain targets could be
coated with polyethylene, to provide
corrosion-resistant surfaces, by using
special spraying equipment. However,
many additional targets could not be
sprayed because of their small size
and/or irregular shapes.

The new process, known as the fluid-
ized-coating process, was displayed for
the first time at the 25th National
Chemical Show, December 5-9, 1955,
in Philadelphia. It involves the use of
a Powder Fluidizer, a compact unit
consisting of a specially designed gas
distribution system which maintains
the plastic powder in a turbulent dense
fluid state. The appearance of the
fluidized bed closely resembles that of a
boiling liquid.

Also available is a line of specially
blended polyethylene coating powders,
developed by American Agile, which
can also be used with a spraying unit
where this process may be utilized.

The fluidized-coating process pro-
vides a uniform coating up to 3{¢g in.
thick. The target to be coated is first
preheated to predetermined tempera-
ture, then immersed in the fluidized
coating powder for from 10 to 15 sec.
It is then replaced in the oven, and
allowed to cure for a short period.

The process, at present, is available
for use only in laboratories. Within
the next few months however, as larger
coating units are built, applications
to industry in general will be possible.
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25 SECONDS . . . STRIPPING COMPLETED!

25 seconds from immersion to completed stripping!

That’s the fast, dramatic story of ENTHONE Enamel Stripper S-18 in action —

another example of Enthonics* at work.

Enthone Enamel Stripper S-18 is the modern
organic stripper developed for removing the
newest organic finishes such as Epon or Epoxy
coatings and many synthetic enamels from
copper, copper alloys, steel and aluminum.

For the right strippers to solve your organic
stripping problems fill out a questionnaire

we'll send at your request; return it with
typical samples of your work. Enthonics will
find the answer . . . without obligation!

And ask for your copy of the “Enthone Check
List” of literature covering more than 60
products and processes developed for modern
electroplating and metal finishing.

* The Scientific Solution of Metal Finishing Problems

METAL FINISHING PROCESSES
442 ELM STREET, NEW HAVEN 11, CONNECTICUT
ELECTROPLATING CHEMICALS
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