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Electrolytic Aids to INSECTICIDE MANUFACTURE

Chlorine and caustic soda, products of the electrolytic industry, are
essential to insecticide manufacture.

Uniformly high quality GLC Graphite Anodes are equally important
to the chlorine and caustic soda production of many leading electro-
chemical manufacturers. The performance of GLC Graphite Anodes
in electrolytic cell operations is unsurpassed.
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To keep voices traveling strongly through telephone cables, you have
to keep water out. This calls for speed in locating and repairing cable
sheath leaks—a hard job where cable networks fork and branch to
serve every neighborhood and street.

At Bell Telephone Laboratories, a team of mechanical and
electrical engineers devised a way to fill a complex cable system with
dry air under continuous pressure. Pressure readings at selected
points detect cracks or holes, however small. Repairman can reach
the spot before service is impaired.

It’s another example of how Bell Laboratories works out ways to
keep your telephone service reliable—and to keep down the cost to you.

Air compressor and tank are at right. Long cyl-
inders on rack dry air before it enters cables.

He’s checking the air pressure in a branch cable, one of
scores serving a town. The readings along the cable are
plotted as a graph to find low-pressure points which indi-
cate a break in the protecting sheath.

Master meters keep watch over the various cable
networks which leave a telephone office in all
directions to serve a community. Air enters the
system at 7 pounds pressure, but may drop to 2
pounds in outermost sections—still enough to
keep dampness out.

BELL TELEPHONE LABORATORIES

Improving telephone service for. America provides careers for creative men in mechanical engineering
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The Niagara Frontier
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ALTH OUGH Philadelphia may with right claim to be the
birthplace of the American Electrochemical Society, Niagara Falls may with
equal right claim to be the home par excellence of the American electrochem-
ical industry’” wrote Professor Joseph W. Richards, in the first issue of Elec-
trochemical Industry, which appeared in September 1902. He writes further in
this enterprising journal, the ancestor of our esteemed neighbor Chemical En-
gineering, as follows: “No field in the whole range of applied sciences is suc-
ceeding more signally, promising more attractively, or so pregnant with sugges-
tions of future applications than electrochemistry.”

There follows an interesting description of the electroprocess industry at the
beginning of the century and brief accounts of the operations of the following
companies: Castner, Electrolytic Alkali, Niagara Electrochemical, Norton Em-
ery Wheel, International Acheson Graphite, United Barium, Oldbury Chem-
ical, Electrical Lead Reduction, National Electrolytic, Atmospheric Products,
and the Union Carbide Company. Professor Richards appears to have been
particularly impressed by the achievements of the Ampere Electrochemical
Company for he writes . . . if one considers the combination of forces which
this company commands—some veteran inventors, some college professors,
some college-trained chemists and electricians, some business men, all enthusi-
astic persevering workers—it is safe to predict that many more valuable
processes will be brought to light as their reward.” To the Pittsburgh Redue-
tion Company and its organizers, R. B. Mellon, Charles M. Hall, G. H. Clapp,
and Arthur V. Davis he offers: “Our congratulations to the enterprising pio-
neers of the aluminum industry in America!” Finally, in the account of the
Carborundum Company is a picture of the first commercial furnace—an im-
pressive relic which we ourselves had the privilege of being shown by the late
Frank J. Tone in the last year of his life.

So this month, we salute Niagara Falls, the home of electrochemical in-
dustry! Well nurtured there in the early years, the industry has long been
world-wide in location. The prophetic vision of Joesph W. Richards is well
demonstrated in America alone by that reliable index of industrial growth and
activity, the chlor-alkali industry. From 40 tons a day from five plants in 1900,
the production of chlorine has grown to over 5,000 tons a day from 58 plants.
In the case of electrolytic caustic soda, the annual output has increased from
about 10,000 tons in 1901 to more than a million and a half last year—RMB
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DOW ADDS NEW EXPORT COMPANIES

Dow has recently formed two subsidiary export

companies to serve foreign industry’s increasing

demands for high-quality chemicals

In the Western Hemisphere, Dow
Chemical Inter-American Limited with
sales offices in Montevideo, Uruguay will
supply chemicals to Mexico and to many
countries in Central and South America.

Industries in other continents—Europe,
Asia, Africa, and Australia—will be served
by Dow Chemical International Limited.
The first sales office of this company

you can depend on DOW CHEMICALS @

will be opened in Zurich, Switzerland.

These two new export companies are only
one example of the continued growth
taking place at Dow. Each year finds new
Dow plant facilities, increased produc-
tion, new products developed . . . an
over-all growth and expansion that keeps
Dow high among the world leaders in
the chemical industry.




TODD “SPECTRANAL”

U. S. PATENTS PENDING

For rapid qualitative analysis of all metallic elements
using two new simple visual spectroscopic methods.

Write for

BULLETIN 110

Model A ‘

FEATURES

® Positive element identification
® Good sensitivity

@ Saves considerable time

® New principle of excitation

@ Analyzes any sample material

® Macro or micro samples

@ Visual method of analysis

® No previous experience necessary
® Sample not destroyed

® No accessories required

) ® Continuous excitation of elements
® Harmless excitation voltage

® Inexpensive
TWO SPECTRANAL METHODS OF ANALYSES

Complete qualitative analysis of all metallic elements can be made
rapidly by simple visual spectroscopic methods. By using a basically
new method of element excitation, analyses may be made directly on
either metal samples or metallic compounds by the methods shown
below.

To Spectranal
|—7v—— power supply

To Spectranal
|—wvor— power supply

.

Platinum

Sample of metal |
Excitation electrode

to be analyzed

lectrod Platinum electrode

Platinum

Sample dissolved in
10% Nitric Acid

10% Nitric Acid
L solution only

For analysis of metallic
elements in solution.

For analysis of metal strips,
wires, rods, turnings, etc.

In the method on the left, the excitation light appears on the sub-
merged surface of the metal sample being analyzed. This light when
viewed through the spectroscope is seen to be composed of only the
principal spectral identification lines of each element present in the
sample.

In the method on the right, the dissolved metallic elements produce
their identification lines.

A specially prepared reference table, which gives the wave lengths
of 4 identification lines of each metallic element, is supplied with the
instrument. One or more elements in a sample may be readily detected
simply by noting whether their 4 reference table identification lines are
present among the spectral lines of the sample.

Model B

ANALYZES ALL TYPES OF SAMPLES

Metallic elements in any type of sample
material, regardless of composition or physi-
cal state, may be readily analyzed. Samples
may be alloys, biological materials, pharma-
ceuticals, ores, minerals, foods, inorganic and
metallo-organic chemicals, soils, water, drugs,
etc., either as solutions or solids. Simple
procedures are given in the operating instruc-
tions for preparing any type of sample mate-
rial for analysis.

WIDE ACCEPTANCE

Several hundred industrial, institutional,
and governmental research and control lab-
oratories are using the Spectranal method
for routine analyses.

TODD SPECTRANAL, Model A, as shown
includes the built-in high quality Bausch &
Lomb improved prism spectroscope with ref-
erence scale, achromatic lenses, and all ad-
justments. The base contains the excitation
power supply and controls. Also included
are the glass excitation chamber with two
heavy gauge platinum electrodes, support
rod, clamp, variable scale light, and beaker
for water cooling. For use on 110 volts a. c.
or d. e. Overall height 21”.

Complete with operating instructions..$350

TODD SPECTRANAL, Model B, same as
Model A, but without spectroscope..... $175

IMMEDIATE SHIPMENT

Todd Scientific Co.

SPRINGFIELD, PA.



Wherever You Use Dielectrics. . .

...investigate the advantages of

GENERAL CHEMICAL
SULFUR HEXAFLUORIDE

The Remarkable New Dielectric Gas

AN
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GENERAL CHEMICAL’'S Sulfur Hexafluoride is
receiving widespread attention as a dielectric for
a broad range of high- and low-voltage electrical
and electronic equipment. From the standpoint
of dielectric strength, chemical stability, and non-
condensing characteristics, it is now considered

by many users to be superior to any other avail-
able gaseous insulation.

BOTH RESEARCH and commercial
applications have shown that this
inert, non-toxic gas possesses supe-
rior insulating properties even at
relatively low pressures for many
types of high voltage apparatus.
Under certain conditions, the dielec-
tric strength of SFg is superior to
either liquid or solid insulating mate-
rials. It is twice that of air, three
times that of nitrogen, and is com-
parable to that of mineral oil at
moderate pressures.

‘ FOR FURTHER INFORMATION
and for confidential consultation on

how this important new dielectric
can be utilized in your equipment,
contact the nearest General Chem-
ical office listed below.

NEW TECHNICAL BULLETIN avail-
able: To assist research and devel-
opment engineers in evaluating
Sulfur Hexafluoride, General Chem-
ical has prepared a new Technical
Bulletin No. SFgA, containing
selected data on the physical prop-
erties of Sulfur Hexafluoride. Free
copies are available on request;
please use business letterhead when
writing.

,f/k»grm FLUORID

ALLIED CHEMICAL & DYE CORPORATION
40 RECTOR STREET, NEW YORK 6, N. Y.
Offices: Albany ¢ Atlanta * Baltimore * Birmingham * Boston * Bridgeport * Buffalo * Charlote
Chicago © Cleveland * Denver ¢ Detroit * Greenville (Miss.) * Houston ¢ Jacksonville » Kalamazoo
Los Angeles * Minneapolis ® New York ¢ Philadelphia ¢ Pittsburgh ¢ Providence ® San Francisco
Seattle * St. Louis ¢ Yakima (Wash.)
In Wisconsin: General Chemical Company, Inc., Milwaukee

In Canada: The Nichols Chemical Company, Limited * Montreal * Torento * Vancouver

For Use In

TRANSFORMERS
0Oil- and gas-filled; also dry types

CAPACITORS & CONDENSERS

NUCLEAR RESEARCH
Van de Graaff Electrostatic
Generators

High Energy Positive-Ton
Accelerators

X-RAY APPARATUS

For both large, high-voltage, and
small, low-voltage equipment
used for diagnostic and therapy
purposes

For industrial radiography

High energy electron equipment
for sterilization of pharmaceu-
ticals and food

ELECTRONICS

Co-axial cables for television, etc.
Radar equipment, wave guides,
similar apparatus

ES

BASIC CHEMICALS

FOR AMERICAN INDUSTRY
©




Electrochemical Industry

THE NIAGARA FRONTIER

Historically, the Niagara Frontier has been the heart of
the electrochemical industry in the United States. Early ex-
ploitation of processes for making calcium carbide, silicon
carbide, graphite, aluminum, magnesium, and sodium gravi-
tated to this area primarily because of the availability of
large blocs of cheap power. This power plus important and
accessible deposits of rock salt within 70 miles made it a
natural center of the chlor-alkali industry. Heavy concentra-
tion of consumers of these electrochemical products north of
the Potomac and Ohio Rivers and east of the Mississippi
made Niagara a convenient and economical shipping center.
Cheap and abundant power, however, was the main factor
in its early growth.

When the power demand exceeded what could be developed
from permissible water diversion, necessitating the generation
of supplemental steam power, further electrochemical expan-
sion drifted to the Ohio and Kanahwa Valleys and other
centers where fuel was cheaper. Chlor-alkali centers sprang
up near other salt deposits in Ohio and Michigan, and, even-
tually, in Texas and Louisiana.

The dispersive trend of the electrochemical producing in-
dustries was hastened by a parallel trend to dispersion of
industries consuming these products into the south and
southwest, and more recently into the Central states, and by
the mounting impact of shipping charges as freight rates
increased. These influences were especially pronounced in the
case of chlor-alkali because of the rise and growth of the
synthetic organic chemical industry and its close association
with natural gas and petroleum.

While tonnage-wise, Niagara industries are now dwarfed
by some of their widely scattered offspring, the frontier con-
tinues to be an active research and development center for
electrochemical and electrothermal operations. Possibly
several generations of working with such processes has
developed an indigenous capacity for this type of work
which speeds the progress of experimental programs related
to it.

Power, however, continues to be the dominant factor in
the industrial growth of the region. The initial hydroelectric
generating capacity of 80,000 kw on the American side grew
to 304,000 kw within the first 25 years of operation, and
stopped there for the succeeding 20 years because that was
the limit that could be obtained from the volume of water
permitted to be diverted for power purposes by international
treaty. Growth in power supply during those two decades
came from increasing steam-generating capacity near Buffalo
on the Niagara River which, by 1940, had reached about
465,000 kw. American hydro was supplemented during most
of this period by surplus hydro power from stations on the
Canadian side of the river.

The emergency of World War II led to increased water
diversion by both U. 8. and Canadian operators which added

t Stauffer Chemical Company, New York, New York.

General Introduction

Paul S. Brallier!

110,000 kw to the American hydro supply, and permitted
expansion of hydroelectric plants in Canada. The growth of
power-consuming industries in Canada, however, absorbed
all of their larger output and took most of the surplus hydro
power that had been transmitted across the border. The
Niagara Mohawk Power Company has installed 160,000 kw
of new steam-generating capacity during the war and post-
war years and has relieved the Niagara River stations of
part of the western New York load by installing 160,000 kw
of steam capacity at Dunkirk, New York, on Lake Erie. The
present western New York supply stands approximately as
follows:

414,000 kw total American Niagara hydro
16,000 kw miscellaneous western New York hydro
80,000 kw imported Canadian hydro

625,000 kw steam power at Buffalo

160,000 kw steam power at Dunkirk

1,295,000 kw

“Redevelopment” of the Niagara River power stations to
permit greater power generation without impairment of the
scenic beauty of the Falls has been in the minds of engineers
on both sides of the river for the past 35 years. A greater
percentage of stream flow may be diverted without scenic
impairment by suitable distribution of the flow across the
crest of the Falls. Much greater power output per cubic foot
of water diverted can be obtained by locating the generating
stations near the lower end of the Niagara Gorge to get more
nearly the full hydraulic head of the water.

Brief accounts of the Canadian program for increased
power generation, which is now in the active construction
stage, have already been referred to in various issues of the
JourNaAL. Corresponding plans have been fully developed by
engineers of the Niagara Mohawk Power Company and its
predecessors for the American share of the water to be di-
verted. These plans look to the generation of an additional
1,200,000 kw of hydro power. Five New York State utilities
stand ready to finance and construct the necessary facilities,
and have made formal application to the Federal Power Com-
mission for permission to do so. Action on the application,
however, has been held up pending the completion of en-
gineering studies by the U. S. Army engineers, and pending
a decision as to whether the installation is to be done by the
Federal Power Commission, the New York State Power
Authority, or the group of privately owned utilities, whose
rate structures are under the control of the New York State
Public Service Commission. The status of the Niagara River
as an international boundary stream does not lessen the
complications involved.

In the following three papers, an effort has been made to
describe the postwar developments in the electrochemical,
electrometallurgical, and chemical industries of the Niagara
Frontier. Morton 8. Kircher, of the Hooker Electrochemical
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Company, tells of electrolytic and chemical operations in the
Niagara Falls area. William T. Dunlap, of the Electro Metal-
lurgical Company, Division of Union Carbide & Carbon
Corporation, gives an account of the Niagara Falls electro-
thermal industries. Gordon R. Finlay and J. A. Upper of the

March 1963

Norton Company, Chippawa, Ontario, describe developments
in the abrasives industry on the Niagara Frontier. A supple-
mentary article on the chemical and electrochemical process
industries of the Buffalo area will appear in a later issue of
the JOURNAL.

POSTWAR INDUSTRIAL ELECTROCHEMICAL AND RELATED
CHEMICAL DEVELOPMENTS IN THE NIAGARA AREA

M. S. Kircher!

The prime reasons for the establishment of electrochemical
industry at Niagara Falls a half-century ago were the avail-
ability of cheap and abundant power and the relatively good
location with respect to markets and raw materials. The
general situation with respect to raw materials and markets
has not changed greatly, but power for expansion during the
postwar years has not been exceptionally cheap or abundant.
Hence new developments have been limited largely to modest
expansion, integration, and development of new products and
processes which fit the economy of the area. It is the purpose
of this article to briefly outline this growth.

The chemical industry at Niagara Falls is based largely on
the electrolysis of salt, the electric furnace production of cal-
cium carbide, and, to a lesser extent, on the electric furnace
production of phosphoros. From the primary raw materials,
salt, potassium chloride, coke, limestone, and phosphate rock,
none of which are produced at Niagara, the electrochemical
industry produces such basic chemicals for the chemical in-
dustry as chlorine, caustic soda, caustic potash, sodium
chlorate, hydrogen, sodium metal, sodium amalgam, hydro-
gen peroxide, acetylene, cyanamide, phosphoros, and phos-
phoric acid.

The electrolysis of salt is considered to include the elec-
trolysis of potassium as well as sodium chloride and embraces
such varied processes as the electrolysis of fused salt to pro-
duce chlorine and sodium metal; the electrolysis of brine by
the diaphragm process to produce caustic soda or caustic
potash, and chlorine and hydrogen; the electrolysis of brine
by the mercury cell process to produce sodium or potassium
amalgam (which are reacted with water to form caustic soda
or caustic potash), chlorine and hydrogen; and the electrolysis
of brine without a diaphragm to produce chlorates and
perchlorates.

The diversification in the uses of chlorine is one of the
most interesting accomplishments and one of most vital im-
portance to the development of chemical industry at Niagara
Falls. The versatility of chlorine as a chemical reagent to-
gether with its relatively low cost has resulted in a mush-
rooming derivatives industry. It is estimated that more than
75 per cent of the 800 tons of chlorine produced per day at
Niagara is used locally in the manufacture of a hundred or
more chlorine derivatives including carbon tetrachloride,
chlorbenzenes, trichlorethylene, perchlorethylene, benzene
hexachloride, monochloracetic acid, chlortoluenes, chlorparaf-
fines, and polyviny! chloride.

Acetylene which is one of the traditional building blocks
of organic synthesis has equally interesting possibilities and
it is natural that many of the larger volume chemical prod-
ucts at Niagara are based on both chlorine and acetylene.

1 Hooker Electrochemical Company, Niagara Falls, New
York.

At least six major acetylene pipelines feed Niagara’s chemical
industry from the large plant of the Electro Metallurgical
Division of Union Carbide and Carbon Corporation. Among
the principal acetylene derivatives produced at Niagara are:
polyvinyl chloride, vinyl acetate, polyvinyl aleohol, trichlor-
ethylene, perchlorethylene, acetic acid, and monochloracetic
acid.

Hydrogen utilization, although not as important or as
diversified as chlorine and acetylene, exemplifies the degree
of integration of the area. There are probably a dozen inter-
plant pipelines conveying hydrogen for such purposes as: the
manufacture of synthetic high-purity hydrogen chloride for
vinyl chloride manufacture; synthesis of hydrogen sulfide for
high-purity sodium sulfide and sodium sulfhydrate manu-
facture; compression into cylinders for sale; hydrogenation of
furfural to furfuryl alcohol; hydrogenation of furan to tetra-
hydrofuran; hydrogenation of phenol to cyclohexanol; hy-
drogenation on a medium or small batch scale of dozens of
organic compounds; manufacture of synthetic ammonia; and
reduction of mill scale to pure powdered iron for powdered
metallurgy.

Electrochemical Developments

Two important new chlor-alkali cells have been developed
to commercial importance at Niagara Falls during the post-
war period, namely the Mathieson “Stationary’’ mercury cell
and the Hooker Type S-3 diaphragm cell. The Mathieson
cell, developed by W. C. Gardiner and associates, which is
the only modern American mercury cell used on a large scale,
when compared with mercury cells of European origin, is
characterized by simplicity, a minimum of gadgets, and
relatively low construction cost (1). The Mathieson cell has
been installed in two large new Mathieson plants and in the
plant of a licensee.

The Hooker Type S-3 and its modification the S-3A, which
are rated at 20,000 and 25,000 amperes, respectively, are
identical excepting that the S-3A has been rotated 90° and
provided with heavier copper conductors (2). The S-3 and
S-3A, like the older Hooker Type S, are based upon the use
of a deposited asbestos diaphragm. These cells cut floor space
and operating labor requirements approximately in half as
compared with the smaller type S cell. Two Niagara Falls
plants, Hooker Electrochemical Company and Stauffer Chem-
ical Company, have installed S-3 cells in making substantial
expansions. In addition the new cells have been installed in
four other large plants in the United States during the past
five years.

A major expansion and modernization program at Stauffer
Chemical Company has made it one of the major chlorine
caustic producers in the area.

The Niagara Alkali circular-type diaphragm cell has been
further imoroved and a recent substantial expansion at the
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View of the Mathieson Stationary Mercury cells at McIntosh, Alabama; these cells were piloted at Niagara Falls.

Niagara Alkali Company’s plant has been made with this
cell.

Although there seem to have been no recent articles pub-
lished on Du Pont’s Downs fused-salt cell, it may be pre-
sumed that considerable work has been done toward the
further development of this cell to obtain larger capacity
and higher efficiency. A recent patent gives some insight into
this development (3).

Emphasis on Integration

The most dramatic example of the integration of the elec-
trochemical industry with the newer chemical growth at
Niagara is the Du Pont process for the manufacture of adi-
ponitrile, a major nylon intermediate, from furfural (4, 5).
The manufacture of nylon “from corncobs” is a dramatic
story in itself; however it is probably not generally recognized
that integration of the process with the electrochemical in-
dustry at Niagara was the key which has permitted this proc-
ess to be competitive with alternate processes based upon
petroleum derivatives.

Following the conversion of furfural to furan by catalytic
removal of the side chain, the furan is hydrogenated to tetra-
hydrofuran employing electrolytic hydrogen which is a by-
product of the caustic chlorine industry. Tetrahydrofuran is
hydrochlorinated to 1-4 dichlorobutane employing HCI which
may be derived from organic chlorination or which may be
produced directly from electrolytic hydrogen and electrolytic
chlorine. The 1-4 dichlorobutane is converted to adiponitrile
by reaction with sodium cyanide. Sodium cyanide also is of
electrolytic ancestry, being produced from electrolytic sodium,
carbon, and ammonia which is produced from electrolytic
hydrogen. Sodium chloride derived as a by-product of the
reaction of sodium eyanide with the dichlorobutane is re-
covered for return to the fused-salt sodium chlorine cells.

Chemical Developments

In the field of chlorinated organic compounds some of the
major developments at Niagara Falls have been the installa-

One group of a double row of Hooker S-3A cells at the
Hooker Electrochemical Company’s plant.
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tion of a trichlorethylene plant by Niagara Alkali Company,
a large expansion in the manufacture of carbon tetrachloride
by Stauffer, the development and installation of processes for
making benzene hexachloride by Hooker Electrochemical
Company and by Mathieson Chemicals Corporation, the
development of a process for the production of lindane, the
pure gamma isomer of benzene hexachloride by Hooker, and
the production of monochloracetic acid by Hooker and Stauf-
fer.

The trichlorethylene plant of the Niagara Alkali Company
at Niagara Falls.

In the field of acetylene derivatives, mention should be
made of the production of polyvinyl chloride and copolymers
by Pathfinder Chemical Company and B. F. Goodrich Chem-
ical Company and the development of polyvinyl alcohol by
the Electrochemicals Division of Du Pont.

Oldbury Electro-Chemical Company has considerably ex-
panded yellow phosphorous production in conjunction with
its increased production of phosphorous pentasulfide, phos-
phorous trichloride, and phosphorous oxychloride.

Production of caustic soda, the largest heavy chemical
export from Niagara, has been greatly expanded by Niagara
Alkali, Stauffer, and Hooker and constant progress is being
made toward higher purity.

International Minerals and Chemical Company and Ni-
agara Alkali are both producing high purity potassium car-
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bonate. Oldbury Electro-Chemical Company has increased
production capacity for sodium chlorate and modernized its
perchlorate plant. Two fused-salt processes based on caustic
soda for descaling stainless and alloy steels have been de-
veloped to widespread commercial use in the steel industry
by Niagara Falls companies. Hooker’s ‘“Virgo” is an oxidizing
process, whereas Du Pont’s “Hydride” process depends upon
the reducing action of sodium hydride.

Mathieson Chemicals Corporation has further increased
the production of calcium hypochlorite (HTH), sodium chlo-
rite, and chlorine dioxide and has developed a process for
hydrazine which is of increasing importance as a rocket fuel
and intermediate for pharmaceuticals. The Electro Metallur-
gical Division of Union Carbide and Carbon Corporation has
further developed its processes for manufacture of salts of
tungsten and vanadium. The Titanium Alloy Manufacturing
Division of National Lead Company has also increased de-
velopment of its line of zirconium chemicals.

Business and Organization Changes

International Minerals and Chemicals Corporation has
purchased the Isco Division of Innis Spieden & Company in
a further move toward integrating their production of potas-
sium chemicals. Pathfinder Chemical Company, a subsidiary
of Goodyear Tire and Rubber Company, has constructed a
plant at Niagara for the production of polyvinyl chloride and
copolymers. Two consulting organizations, R. B. MacMullin
Associates and Maurice C. Taylor Laboratories, have been
formed, both of which specialize in electrochemical and re-
lated technology. Mathieson Alkali Works has become
Mathieson Chemieals Corporation and the company has been
greatly expanded, both by purchase of other companies and
erection of new plants. New research and pilot plant build-
ings have been added to the Niagara Falls Plant. The Niagara
Falls plant of the Chemical Corps has been reactivated and
is being operated by the Hooker Electrochemical Company.

Conclusion

The growth of industrial electrolysis during the past twenty
years has resulted very largely from the expansion of the
synthetic organic chemical industry. The integration of in-
dustrial electrolysis with synthetic organie chemical produc-
tion has been a major factor in the growth of Niagara Falls
as an industrial center. Because it is the birthplace and
greatest seat of industrial electrochemistry, Niagara has be-
come a center for industrial research, consulting, and licensing
of electrochemical processes.

The proposed further expansion of hydroelectric power
generation at Niagara may be expected to give further im-
petus to its electrochemical and allied industries.
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RECENT DEVELOPMENTS IN THE FERROALLOY
AND CARBON INDUSTRIES

W. T. Dunlap, Jr.!

The ferroalloy industry which started in Niagara Falls
about forty years ago has grown rapidly and is now thriving
in the north, south, east, and west. This dispersion of the
industry has been occasioned by availability of power, near-
ness to raw materials and markets, labor supply, and strategic
reasons. The growth of this industry has been at a rather
regular rate, approximately tripling its size every fifteen
years. The ferroalloys largely go into the manufacture of
steel, but because of increased usage of alloys per ton of steel
or, to express it another way, because of the increased pro-
duction of stainless and other high alloy steels, the ferroalloy
industry has expanded over 200 per cent since the start of
World War II while the steel industry has expanded about
45 per cent during the same period of time. Just prior to
World War II, about 6 per cent of the steel produced was
alloy steel; during the war alloy steels jumped to about 10
per cent and is currently running about 8 per cent of the
steel produced. It is estimated that steel capacity by the end
of 1953 will be 120,000,000 ingot tons as compared to 104,-
000,000 at the end of 1951. At the beginning of the war it
was about 82,000,000 ingot tons.

The ferroalloy industry is represented in the Niagara area
by the Niagara Falls, New York, and Welland, Ontario,
plants of the Electro Metallurgical Company; plants of
Pittsburgh Metallurgical Company; Titanium Alloy Manu-
facturing Division of National Lead Company;and Vanadium
Corporation of America. The principal products of these
plants are alloys of chromium, silicon, manganese, columbium,
tungsten, titanium, zirconium, cobalt and vanadium, and
calcium carbide.

Technological progress has continued at an accelerated
rate in the ferroalloy industry with emphasis on the produc-
tion of better quality alloys and pure metals. The Niagara
Falls ferroalloy industry takes pride in the part it has played
in the development of lower impurity ferrosilicon, lower
carbon grades of ferrochromium and chromium metal, and
titanium and zirconium metal. The lower carbon grades of
ferrochromium and chromium metal help to make possible
the manufacture of the alloys for severe service, such as jet

1 Electro Metallurgical Company, Niagara Falls, New York.

and turbo-jet engines, and also aid in the conservation of
strategically important columbium, since the use of colum-
bium is directly proportional to the carbon content. Research
is making rapid progress in this industry and many new
developments may be announced in the near future.

During the last six or seven years, a considerable program
of plant modernization has taken place at Niagara Falls.
Ferro alloy plants in this area are now equipped with the
most modern and efficient types of electric furnaces and,
together with the new plants at other locations, are capable
of supplying any foreseeable alloy requirements as measured
by steel capacity, in case of national emergency.

Another major development during the postwar period has
been work on fume and dust abatement and on the lessening
of stream pollution. Noteworthy progress has been made and
Niagara Falls is now a cleaner place in which to live.

The history and development of the carbon industry in
the Niagara area closely parallels that of the ferroalloy and
carbide, and the electrochemical industries. This industry is
represented in this area by the Acheson Graphite Company;
National, Republic and Welland plants of the National Car-
bon Company ; International Graphite and Electrode Division
of Speer Carbon Company; and Great Lakes Carbon Corpo-
ration.

The products manufactured include carbon and graphite
electrodes, anodes, crucibles, and special shapes for all elec-
trothermic, electrolytic, and special metallurgical and chem-
ical applications. Continued research is carried on to improve
the produets of this industry and to develop carbon products
for new applications. Structural shapes, kiln and blast furnace
linings, and metal chills are some of the relatively new appli-
cations.

The carbon industry in Niagara Falls, as well as the ferro-
alloy industry, has just completed a postwar modernization
program including smoke abatement.

The ferroalloy and earbon industries in the Niagara area
are alive, vital, and bustling. Niagara Falls industries have
had a major part to play in the expansion of these industries
as a whole, and it can confidently be expected that they will
continue to expand.

DEVELOPMENTS IN THE ABRASIVES INDUSTRY
IN THE NIAGARA AREA, 1945 TO 1953

G. R. Finlay and J. A. Upper!

The postwar period in the abrasives industry has been
marked by numerous changes. This article proposes to de-
scribe some of the developments and advances which have
occurred in the Niagara area since the year 1945. The manu-
facturers of synthetic abrasives were drawn to Niagara by
the availability of cheap hydroelectric power. Some finishing
plants followed the supply of crude abrasives, so that the
region has become the heart of the synthetic abrasive indus-
try.

! Norton Company, Chippawa, Ontario,

Plant Expansion and Capacity

The capacity of the industry has been greatly increased;
some of the older plants and buildings have been thoroughly
remodelled and considerable new construction has taken
place. Lionite Abrasives has built a new silicon carbide plant
in Stamford, Ontario, with complete storage facilities for raw
materials. This plant was put in operation in March 1950
and has an ultimate capacity of 8000 tons per year. Lionite
is now expanding its aluminum oxide capacity by six furnaces,
an increase of 60 per cent. General Abrasives Company, the
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parent company of Lionite, has refitted the plant at Niagara
Falls, New York, and this has also undergone expansion.
The Exolon plant at Thorold, Ontario, has added 12,000
tons annually to its electric furnace capacity for manufac-
ture of crude, fused aluminum oxide abrasives. At the
same time the company has converted all its furnaces to
60-cycle operation. The grain processing plant for silicon
carbide, which Exolon formerly operated at Blasdell, New
York, was closed in 1947 and operations were transferred to
their headquarters in Tonawanda. There, the facilities for
processing both silicon carbide and fused alumina have been
completely modernized. The Carborundum Company has
made numerous changes in its plant and laboratories at
Niagara Falls, New York, and a complete refitting of the
laboratory is now being planned. Carborundum also pur-
chased from the Bell Aircraft Corporation a plant at Wheat-
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plant. The Norton Company of Canada, at Hamilton, has
been gradually converting from the old bottle-type kilns to
the more modern tunnel kilns and this program is now sub-
stantially complete.

When it became necessary to secure calcined bauxite from
South America rather than from Arkansas, both Norton
Company and Carborundum found it necessary to increase
their storage facilities considerably. Both companies con-
structed batteries of concrete silos sufficient to store about
five boatloads of ore, i.e., 30,000 tons of calcined bauxite.

As noted above, the capacity of the industry has been con-
siderably increased. Power shortages, power interruptions,
and increased costs have impelled some of the producers to
locate new plants elsewhere. Silicon carbide, as a relatively
large consumer of power, was the logical choice for displace-
ment. The Carborundum Company constructed a new silicon
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Fic. 1. Map of the Niagara border area showing locations of the various

abrasives plants.

field, New York, which was converted to the production of
coated abrasives and opened in 1945. In 1949 a plant was
set up to produce fused, cast refractories at Falconer, New
York. Electro Refractories and Abrasives Company is just
completing a new $750,000 plant in Buffalo for the production
of grinding wheels. The company has also doubled its capacity
for processing refractories and is setting up a new tunnel kiln.
Other new construction includes a grain processing plant and
a new shipping building.

The Norton Company has added to its facilities a com-
pletely modern, new research laboratory at Chippawa which
was opened in 1947. It has also doubled its capacity for the
production of fused magnesium oxide and further expansion
is under construction. Two new units have been added to
the aluminum oxide electric furnace plant, along with sup-
porting facilities. Other new construction at Chippawa in-
cludes a 32 Alundum plant, and a Raymond Mill crushing

carbide plant at Vancouver, Washington. Electro Refrac-
tories and Abrasives and Norton Company have both estab-
lished silicon carbide plants at Cap de la Madeleine, Quebec.
Since the Lionite plant is new, and Exolon has expanded, all
five companies now have new capacity for silicon carbide.
The Exolon expansion is estimated at a 50 per cent increase.
Carborundum Company reports that capacity for silicon
carbide and fused aluminum oxide has been doubled since
1945. No further expansion of silicon carbide capacity is cur-
rently in prospect. However, the Norton Company is con-
tinuing to expand its aluminum oxide capacity, which has
increased approximately 50 per cent since 1945.
Somewhatapart from the abrasives industry, although grow-
ing out of it, is a new venture of the Carborundum Company.
It has formed a subsidiary called the Carborundum Metals
Company; a plant is being built at Akron, New York, to pro-
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duce 150,000 b of zirconium sponge per year for the Atomic
Energy Commission.

These increases in capacity have naturally called for a
considerable increase in personnel. In addition to the pro-
duction staff required, both Carborundum and Norton have
added considerably to their laboratory and research staffs.
Both General Abrasives and Electro Refractories and Abra-
sives have appointed directors of research, and, no doubt,
plan further expansion of their technical staffs.

Process Improvements

The most striking postwar development in the production
of aluminum oxide is the technique of pouring and casting
this material. Procedures for casting white Alundum are de-
scribed in patents issued to E. Van der Pyl and J. A. Upper
of Norton Company. A somewhat different technique is being
employed by the Carborundum Company for the casting of
its standard aluminum oxide product. Although experi-
mental products were made by pouring and casting as early
as 1910, it has only recently been possible to carry out this
operation on a commercial scale.
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New Products

Among the new products which have come on the market
since 1945, the cast aluminum oxide produced by Norton
Company and Carborundum Company is, tonnage-wise, by
far the most important. Norton Company’s 32 Alundum has
also been a large-scale product. Other new materials which
are now being produced on a plant scale are: Fiberfrax (Car-
borundum Company), fused stabilized zirconia, fused calcined
dolomite, and grade 368 Norbide (boron carbide with excess
boron). The last three items are products of the Norton
Company. As noted above, the Carborundum Company is
going into the production of zirconium and hafnium metals
on a plant scale. As an intermediate in this process, they are
now producing zirconium carbonitride. Although this has
Jong been made by the Titanium Alloy Manufacturing Divi-
sion of National Lead Company, it is a new product with
the Carborundum Company.

The fused cast refractories produced by Carborundum at
Falconer include glass tank blocks, steel furnace refractories,
and materials for wear-resistant applications such as ball-mill
liners.

Arc furnace methods of fusion have been applied to the
following materials: lime, dolomite (CaO-MgO), thoria, and
stabilized and unstabilized zirconia. Arc furnace techniques
for the production of boron carbide, titanium carbide, zir-
conium carbide, and zirconium carbonitride have also been
improved considerably. Another postwar development has
been the Norton Company’s commercial production of crystal
alumina or 32 Alundum. This process was developed prior to
the war but was not put in commercial operation until De-
cember 1945. .

Considerable work has been done on the air blowing of
molten materials. This has recently culminated in the pro-
duction of Fiberfrax ceramic fiber which is now being manu-
factured by the Carborundum Company on a semicommercial
scale. This alumina-silica fiber shows promise of being an
excellent refractory.

Another new development in the manufacture of grinding
wheels has been the adoption of forming by automatic presses,
followed by a rapid firing in an electrically heated kiln. This
automatic process has been applied by the Norton Company
to the manufacture of large quantities of the smaller sizes of
grinding wheels.

Fic. 3. Tapping of furnace to produce Fiberfrax at the
Carborundum Company plant.

In the field of refractories, the Carborundum Company
has introduced the Niafrax line, which is a silicon carbide
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bonded with silicon nitride, rather than with the usual clay-
type of bond. Their Refrax silicon carbide is a related product.

Both Norton and Carborundum have been producing boron
nitride on a pi'ot plant scale. Norton Company has produced
titanium carbide and zirconium carbide on a semicommercial
scale, while zirconium boride and a variety of other carbides
and borides are still being made on a laboratory scale. Car-
borundum Company has also been working with zirconium
boride and silicon nitride.

For a number of standard products there has been a sharp
increase in demand since 1945. Some of this increased de-
mand has resulted in the new capacity discussed earlier. The
consumption of fused magnesium oxide has increased very
considerably. The refractory and metallurgical uses of silicon
carbide have also expanded and both the Carborundum Com-
pany and Electro Refractories and Abrasives report a con-
siderable increase in demand for their metallurgical addition
agents. There has also been an increased demand for special
grades of silicon carbide to be used as lightning arrester grain
or for other electrical devices. The production of green silicon
carbide has grown, along with the growth of the cemented
carbide industry, since green wheels are preferred for sharpen-
ing carbide tools.

Norbide (Norton boron carbide) has been found to be an
excellent absorber for neutrons and this new use has added
to the demand for this material. Boron carbide has also been
used as a raw material for the manufacture of high quality
boron trichloride.

Changes and Reorganization

An antitrust suit in the United States’ courts compelled
the dissolution of the Canadian Durex Abrasives Company.

March 1953

This had been a pooled organization among several abrasives
companies to serve the Canadian market. The original Durex
plant in Brantford has now been taken over by Norton Behr-
Manning Overseas, Inc. The Minnesota Mining & Manu-
facturing Company has set up its own establishment in
London, Ontario. Carborundum Company has dispersed its
activities among Niagara Falls, Etobicoke, and Preston
(Canada Sandpaper).

The Electro Refractories and Alloys Company of Buffalo,
New York, has recently changed its name to Electro Refrac-
tories and Abrasives. This change brings the concern’s name
more into line with its activities, since one of its major prod-
ucts is now resinoid-bonded grinding wheels.

Future Developments and Forecasts

No company now in the industry is likely to add to its
capacity for the manufacture of either silicon carbide or
aluminum oxide in the near future, except for the construc-
tion now underway but not yet completed at Lionite and
Norton Company. In both these cases the facilities now under
construction are for aluminum oxide. As noted before, the
Carborundum Company plans to provide expanded research
facilities in one of its existing buildings.

Even at the present time, most of the raw materials used
in the industry come from great distances. The St. Lawrence
seaway may eventually result in more extensive shipments of
raw materials by water. Bauxite, for example, could be laid
down in the Niagara Peninsula directly from South America.

The government stockpiling program, now in operation, is
expected to keep all aluminum oxide crude abrasives plants
operating at capacity for at least two years.
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The Sargent electric drying oven was designed
to fill the need of chemists for a dependable,
low-cost, automatically controlled oven with
a long service life. That it has achieved this
objective is evidenced by the fact that thou-
sands of these ovens are now in use in labo-
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Correlations between Parabolic Oxidation of Metals and

Properties of Oxides'

ANDREW DRAVNIEKS

Standard 0il Company (Indiana), Chicago, Illinois

ABSTRACT

From the literature and the author’s data on the parabolic oxide formation rates,
kinetic constants are correlated with some physical properties of oxides. The parabolic
rate constants, taken at 0.67, and reduced to the same number of diffusion paths and
jumps, and the same driving force per jump, fall into logical groups. In the divalent
oxides, the reduced rate constant, r, increases with decreasing cation size, for the same
lattice type; values of r for the wurtaite lattice type are smaller than for the NaCl type.
In the tri-and four-valent oxides, the value of r increases with the cation size. These
relations are explained on the hasis of Jost’s rules. The value of log r is found to vary

*
systematically with [X;, term, where AF* is the free energy of activation. Correlation
between the frequencey factor in the Arrhenius equation and the so-called reduced ac-
Tw
the oxides. The activation energies for the divalent oxides are found to be a function
of the total electron concentration. The activation energy plot vs. Klemm'’s volume
increment shows a concentration of the low E values around the low increments. An
explanation of these last two findings on the basis of polarization energies is attempted.

tivation energy 7.~ found by Dienes for the diffusion in metals, is found to hold also for

INTRODUCTION

The oxidation of metals has been shown to follow
parabolic, linear, logarithmic, and some other specific
rate laws (1-13). The present paper deals with the
parabolie law

dw 2
@ w @
(w = weight increase; ¢ = time; k, k' = constants)
which is traditionally derived from the diffusion of
reactants through the oxide as the rate limiting step
(7, 14). The most direct proof, by means of radio-
active tracers, has been obtained thus far only in
a few cases (15-17). Wagner’s electrochemical theory
of tarnishing (10, 18-21), together with the vacancy
diffusion mechanism, successfully relates the para-
bolic rate constant k to the electrical properties of
the oxide, and explains the dependence of this con-
stant on the oxygen pressure for several cases. Thus,
it seems permissible to assume, at least for the pur-
pose of seeking correlations between the rates of
formation and other properties of oxides, that the
parabolic oxidation is diffusion-controlled. Hence,
the parabolic rate constants, the Arrhenius activa-
tion energies, and the pre-exponential factors for

! Manuscript received December 16, 1951, This paper
was prepared for delivery hefore the Detroit Meeting,
October 9 to 12, 1951. A part of this paper was prepared in
1947-1949 in the course of work at the Chemistry Depart-
ment, Illinois Institute of Technology, Chicago, Ill., under
a contract of the U. 8. Navy, Office of Naval Research.
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the oxide formation may be tentatively associated
with diffusion phenomena. The purpose of the
present paper is to demonstrate that the empirical
parabolic oxidation constants, if interpreted in the
above sense and correlated with certain properties
of the oxides, integrate into comparatively coherent
trends. These trends may be explained on the basis
of coneepts issuing from the present knowledge about
the diffusion in solids.

Dara

All available literature was searched for cases
where the parabolic formation of oxides was either
reported or evident from the experimental data. In
addition, oxidation of Cu, Ni, and Co was studied
experimentally to clarify some uncertainties.

A few words must be said initially about the
factors which might cause complications.

The initial oxidation rate may depend especially
strongly on surface roughness, stresses, pretreatment,
cleanliness (17, 22-25), and other surface factors.
Growth of thin films, especially at somewhat lower
temperatures, may also be complicated by space
charges and potential fields (12, 13) which cause
deviations from the parabolic relationship. For these
reasons, data pertaining to very thin films were not
used.

At larger thicknesses, cracking and other mechan-
ical types of film failures (11, 26) may interfere.
If the parabolic relation is evident from plotted
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points and the data are used with discrimination,
this interference is actually not too important.

Furthermore, impurities in metals pass into the
oxides and may change the oxidation rates (21, 27,
28). Similarly, orientation effects modify the rates
of oxidation, e.g., in case of Cu and Fe by as much
as 20 per cent (29).

Finally, the pressure of oxygen, both by an
eventual rate-limiting process on the surface of
oxide and by changing the vacancy equilibria in
the oxide, may modify the oxidation rates. The first
factor does not seem to be very significant at usual
pressures (30, 31), and the second factor changes
the rates only proportionally to a fractional power
of oxygen pressure (18, 19, 32).

Generally, even with the same investigator, the
reproducibility of the oxidation measurements is
rarely better than a few per cent, and with samples
of varying purity, the variations in the oxidation
rates reported for the same metal may be much
larger.

All of these factors command considerable caution
in selecting data from literature. Even so, some ap-
parently parabolic cases might happen to result from
a fortuitous combination of nondiffusion processes.

However, in experimenting and in examining the
literature data, one gains a certain confidence that,
even if the separate values reported vary by a factor
of 2 or 3, it s the identily of the metal and the oxide
which primarily determines the magnitude of the
oxidation rate. Other factors, inherent or incidental,
only modulate these values and should be averaged
out or overlooked if generalizations are attempted.
As one sees from Table I, the oxide formation rates
at 0.6T,, (T, = absolute melting point of oxide)
where the spread of the values is less than at some
arbitrary common temperature, are still in a ratio
of 1:1000. The reason for choosing 0.67, as the
reference point will be seen from the later discussion.

With this principle in mind, the data summarized
in Table I were compiled. The parabolic rates in
some cases are not amenable to the experimental
study at 0.67.. In such cases, the data from the
region where the parabolic law holds were extra-
polated to 0.6T ... The table contains the Arrhenius
activation energies, K, and the frequency factors,
A, as related by the equation

k= Ae”®*T, (ID

Also entered are the entropies of activation, AS*
and the free energies of activation, AF*, for 0.67,,
from Eyring’s equations (33) introduced into oxida-
tion kinetics by Gulbransen (34)

_ 2T J RSB g AHIRT (I1D)

k=——

h
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AF* = AH* — TAS* (Iv)

where: k£ = diffusion rate constant, cm? sec™;
(k) = Boltzmann’s constant; 7' = absolute temper-
ature; b = Planck’s constant; d = distance between
the diffusion sites; AS* = entropy of activation, per
mole; AH* = enthalpy of activation, per mole;
AF* = free energy of activation, per mole; and
R = gas constant.

In using equation (IIT) a choice of d must be made.
Since the crystals of the oxide in the scale are more
or less disoriented, it appears reasonable to put d =
V!N~ asis done in treating the diffusion in liquids.
V is the volume per mole of diffusion sites; N is
Avogadro’s number. A choice of the diffusing species
also must be made. However, the calculations showed
that AF* changes by less than one keal if oxygen is
chosen instead of metal, so this choice is not too
significant. In the present work, the metal ions were
assumed to diffuse in Me,O) and MeO oxides, and
the oxygen ions in MeyO; and MeQ, oxides, on
grounds to be seen in the discussion.

Free energies of oxide formation at 0.67, were
calculated from the equations given by Thompson
(35) and by Kubaschewski and Evans (36). The
values are given per equivalent of the oxide, so that
they correspond, except for the units, to the F, in
Wagner’s equation for the parabolic rate constant:

_ ol + adign
F=B 000 T W)

(B is a constant dependent on the units employed;
71, fls, and A3 are the mean transport numbers of the
cations, anions, and electrons, respectively; i is
the mean electrical conductivity of the oxide; and
F, is the free energy of formation of the oxide under
conditions of oxidation). For oxides, #; and 7, are
very small, and 7i; is very close to unity (99).

The characteristic frequencies were obtained by
applying the T? (Debye) law to the heat capacities
at 50°K, taken from Kelly (100). The absolute
scale for these frequencies was determined by com-
paring this series of values with another, obtained
from the melting points, the molecular weights, and
mole volumes by the methods of Lindemann (101)
and Herz (102). The actual physical meaning of these
frequencies is obscured by the atomic heterogeneity
and the anharmonicity of the lattice vibrations.
Nevertheless, they may prove convenient in plan-
ning models for the diffusion mechanisms.

Discussion

Table T represents a seemingly incoherent as-
sembly of numbers. However, it is clear that certain
relations between the kinetic constants and other
properties must be implicit in these data, although
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TABLE 1. Parabolic rates and related constants for the formation of metal oxides

ok T, melting \‘r,om‘r)r}e- F kcal }o_g kﬂat 9;6 T,,_.l Lc(g.'I IA) see.t E kcal A.Si‘m AFI‘V) fChanu:t. 4 Lafiicidh
point °K cm‘e, 22‘0?2 uTl‘; g= g_rfmcs“:)f ::;gen eq‘.)f A a: rllzl * HII):{C ecl‘kéal eq&c(al l::?t:e‘ll‘:ox' tice type

AlLO; 2310 26.1 19 -11.3 7.7 23 | —30.8 67 17.8 corundum

BeO 2803 8.3 55 —-9.1 -1.9 55 —-4.9 63 22.6 wurtzite

ChO [ass. 1800] 11.5 —2.7 —2.7 25 own

CdO subl. 1663 15.6 18 [-8 to —9] 7.6 NaCl

CoO 2083 13.2 17 —8.0 —-0.7 42 +2.6 39 8.8 NaCl

Cry03 2263 29.2 31 —-9.9 —-1.3 53 -2.0 55 13.4 corundum

Cu:0 1505 23.8 13 —-9.4 -2.3 29 -1.9 31 6.2 own

CuO® 1609 12.3 5 <—9.2 [—2.5] | <30 -5.5 | <36 8.8 own

FeOY 1633 12.5 |1 [24] -9.1 —2.4 -5.0 35 9.0 NaCl

Fe,0; 1570 30.5 26 —-10.9 -5.6 23 | —18.9 42 9.8 (corundum)

Fe, 04 1530 44.6 24 —8.4 [—1.2] | <30 9.8 spinel

MnOe 2058 13.7 |5 [39)° —-9.4 —-1.3 46 -0.1 46 7.5 NaCl

Mn;0, 1833 49.0 31 -8.4 —-1.2 36 9.0 spinel

MoO. [ass. 1500] 28.3 24 [—9.3] -0.5 37 +3.3 34 rutile

NiO 2263 11.0 13 -9.2 -5.2 25 | —18.6 50 11.1 NaCl dist. (37)

PhO 1163 23.3 18° [—11.3]¢ 6.5 own

TiO: 2048 20.8 43 —10.2 -=5.1 29 | —19.2 52 10.3 rutile

V205 2243 30.9 42 —8.0 —-3.0 31 -9.0 43 11.2 corundum

WO, 1543 17.8 24 —-9.7 +1.4 47 +8.7 38 [71 rutile

Zn0 2248 14.9 26 —11.1 —6.4 29 | —23.6 61 8.2 wurtzite

ZrO. 2973 22.5 45 -8.8 —6.6 18 | —26.6 65 10.9 several

= Formation from Cu;0.
b Formation from Fe-Fe;O,; F° in parentheses for direct formation.
¢ Formation from Mn-Mn;O4; F? in parentheses for direct formation.
4 From Lindemann’s and Herz method.
e At 0.5 T'n.
Note on Sources of Data for Table I
AlO;—Parabolic 350°-450°C (38), extrapolation.

BeO—Averages from (39) and (40), extrapolation.
ChO—From (41), extrapolation; oxide ChO (42), also (43).

E
CdO—Parabolic 300°C (7). For k, assumed .— = 4-4.5, which holds for NaCl type oxides.

CoO—From (44), for pure Co, scale above 850°C is CoQ; other data: (24, 45-47, and author’s).

Cr:0;—From (48); other data: (45, 49).

Cu:0—Author’s data (30); other data: (7, 8,9, 15, 16 19, 50-70).

CuO—Estimates from Cus0/Cu0 ratios in seale (57), using Jost (71) and Valensi (57) methods.

FeO—Forms on Fe in steam (72) above 550°C. Extrapolated from average of (73) and (17), taking into account oxide ratios
in the scale; also (26, 74, 75).

Fe,0;—Prevalent on Fe 300°-400°C (76), extrapolated with E = 23. From (17), E at higher temperatures 30-35; cf. Ref. (74).

Fei0,—At 497°C only oxide on Fe (73). From this value and relative thicknesses of oxide layers at higher temperatures; cf.
Ref. (74).

MnO—By Valensi method (77) from (78), extrapolation to lower temperature from the high temperature end.

Mn;O—From (78), below 900°C where prevalent in the scale.

MoO,—From (79); the only oxide in thin films above 400°C (80).

NiO—Author’s data (pure Ni courtesy International Nickel Company), with parabolic law obeyed ideally; other data:
(7, 19, 45, 48, 54, 61, 81-83).

PhO—From (7), data for 0.5 7%, only; E not known.

TiO,—Parabolic below 600°C (84, 85), extrapolated. Oxygen soluble in Ti, so that & for the oxide must be lower than the
summary constant given. At higher temperature linear (86).

V:03;—*k is the summary constant for oxide and solid solution in V (87). For oxide alone, k should be smaller.

WO,—From (25). Scale above 700°C is WO. (80, 88); E from (25) and (89).

ZnO—Data scattered and difficult to reproduce (7, 19, 23, 82, 90-92). Data from (90), parabolic law observed 375°-400°C
above 10 ¢cm O, pressure; crude extrapolation. :

Zr0,—From (93), summary constant. Oxygen dissolution in Zr rapid, so that at advanced oxidation k refers to oxidation of
Zr-0 alloy; other data: (85, 93-98).

they might be obscured by the uncertainty of some I, as well as on some others, certain correlations
of the data. Nevertheless, one may hope that the emerged. Principal concern is with three kinetic
number of systems suffices to outline some relation- parameters: parabolic rate constants, pre-exponen-

ships. By operating on the parameters from Table tial factors, and activation energies.
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Comparison of Rate Constants

The values of the rate constants are determined
primarily by the nature of oxide and the temper-
ature. If the parabolic oxide formation is regarded
as diffusion-controlled, some of the most obvious
parameters may be accounted for, so as to compare
the oxides more equitably.

Temperature—There have been many attempts
to relate the mechanisms of diffusion and of melting
(71, 103). It appears natural to compare the diffusion
rates at a certain fraction of the melting point of the
matrix. The fraction 0.67, was found to be a good
choice. It falls above 0.5T,,, which usually is con-
sidered to be the limit below which the disorder
equilibria in oxides are frozen (104), and it is also
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F1g. 1. Variation of r with eation charge, size (107-109),
and lattice type. NaCl type: 1—CoO, 2—Fe0, 3—MnO;
wurtzite type: 4—BeO, 5—Zn0; own type: 6—NiO, 7—
Cu:0; trivalent: 8—AlL:0;, 9—Fe;0;, 10—Cry0;, 11—V,05;
tetravalent: 12—TiO,, 13—WO,, 14—Zr0,.

above 0.53-0.597',,, which is reported as the lowest
empirical limit for sintering of simple ionic solids
(105, 106). It is also the range in which many of the
oxidation reactions have been studied and found to
proceed with well-measurable rates. Incidentally,
at higher or lower corresponding temperatures the
relationships which result are much less readily
explainable.

Diffusion paths—If one mole volume of MeO is
made into a cube and placed on the surface of the
metal,*one can imagine N metal ions arranged in
N? paths, each N* ions long. By applying stoichi-
ometry and algebra, one obtains a diffusion rate,
7, referred to the same arrangement and number of
paths and jumps. Because of reasons which will be
shown later, metal ion diffusion was assumed in
Me;0 and MeO oxides, and oxygen diffusion was
assumed in Me,O; and MeO; oxides.
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Driving force—The driving force in the diffusion,
from equation (V), is the free energy of oxide forma-
tion, F, (Table I). Dividing r! by F,, one obtains the
diffusion rate, r, referred to the same driving force
per jump, and taken at 0.67,.

An examination of the relative magnitudes of
r, plotted diagrammatically in Fig. 1, reveals inter-
esting correlations. The ion charges determine
the influence which the ion sizes have on the value
of r,

MnO, FeO, and CoO have the sodium chloride
structure, and the reduced diffusion rates increase
with decreasing cation size. BeO and ZnO have the
wurtzite structure, and the smaller Bet* ion diffuses
faster than the larger Zn*+ ion. In addition, the
diffusion in the wurtzite structure, with four open-
ings between the surrounding oxygen ions facing
each cation, is slower than in the sodium chloride
structure, with eight openings available for the
cation jumps. NiO has a slightly distorted sodium
chloride structure, with some openings smaller than
others, and this causes slower diffusion, despite the
smaller size of the cation. Thus, in the divalent
oxides, the reduced diffusion rate is larger if the
cation is smaller.

In the Me;O; and MeO, oxides, the situation is
opposite. With an increase in the cation size, the
reduced diffusion rate increases.

These relationships agree with many other indica-
tions if one assumes cation diffusion in the mono-
and divalent oxides, and oxygen ion diffusion in the
higher oxides. Jost (110) has pointed out that in
halides the ion with the smaller charge is the diffus-
ing species. Furthermore, the ion diffusivity is
larger if the ion of the opposite kind is made more
polarizable. The ion polarizability is, very approxi-
mately, proportional to the cube of the radius, so
that, if oxygen diffuses, its diffusivity would be higher
if the partner cation were larger. This actually holds
for the Me,O; and MeO, types. Recently, oxygen
diffusion has been demonstrated in Fe,0; and TiO,
(17, 86, 104) and cation diffusion in FeO (17) and
Cu0 (15, 16). Oxygen vacancy mechanism would
be a natural type of disorder in oxides of higher
valences, where the electrical neutrality may
be readily maintained by demoting cations to the
next lower valence. Such mechanism has been
demonstrated for a number of higher oxides (10,
104, 111).

The reduced diffusion rates are expected to be
essentially proportional to the concentration of the
activated species, which most probably are lattice
site vacancies. This thesis may be tested for con-
sistency as follows. The mole fraction concentration
(more exactly the thermodynamic activity) of the
activated sites is formally connected to the equilib-
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rium constant of activation and the free energy of
activation by the relations:? :

)
©

where ¢ is the practically constant concentration
(activity) of the normal sites. From these equations,

—AF*/RT
’

= const e c*~r (VD)

—AF*RT

g . .., AF* -
log r must vary e linearly with T This is

borne out by the plot in Fig. 2.
Magnitude of the Pre-exponential Factor A

Many attempts have been made to attribute
physical significance to the value of A in the Arrhe-
nius equation (II), and to relate A and the activa-

-6

aF*

23RT

Fia. 2. Correlation between rate of diffusion and free
energy of activation.

1—ALO; 5—Cu,0 9—MnO 13—V,0;
2—BeO 6—CuO 10—MoO, 14—WO,
3—Co0 7—FeO 11—NiO 15—Zn0
4—Cr;0; 8—Fe,0s 12—Ti0, 16—Z7rO,

tion energy E. An excellent review of these attempts
is given by Barrer (112). More recent interpreta-
tions are due to Dienes (113) and to Zener and Wert
(114-116).

From the interrelations proposed, the one fash-
ioned after Dienes’ plot for metal diffusion in metals
was found to hold also for the diffusion in oxides
as shown in Fig. 3. Herer is the characteristic
frequency, d is the distance between diffusion sites,
derived from the mole volumes of oxides, and

T is the so-called “reduced activation energy.”
The quality of correlation is similar to the correla-

2 In certain activation types, a (c*)? term must be used
(117, 118), but in the present case, the accuracy is not
sufficient to distinguish the proper exponent.
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tion found for metals. The plot appears to:be an
additional indication that the rate controlling mecha-
nism in parabolic oxidation is the volume diffusion.

Activation Energies o

According to Frenkel (117) and Jost (112, 118-
121), the energy requirement for diffusion is

E=aB'+U (VID)

where E! is the energy to create one activated unit,
U is the energy to move the activated unit around;
and a = 1 for Schottky, and 0.5 for Frenkel dis-
order. The term E! is made up of the sum of several
other terms:

E' = Equ + Eeep + o (VIII)

+2

h-d
3

Fic. 3. Correlation between frequency factor and re-
duced activation energy.

1—AlL0Os 5—Cu0 9—MnO 13—V,0;
2—BeO 6—CuO 10—Mo0, 14—WO,
3—Co0 7—FeO 11—NiO 15—Zr0,
4—Cry0s 8—Fe 03 12—TiO0, 16—Zn0

Eewu is the energy difference due to coulombic
forces between the normal and the activated site;
E,., is a similar difference because of the repulsion
forces, and it usually decreases the first term by
10-20 per cent; K, is the difference in the polariza-
tion energies between both sites, and it also decreases
the total energy requirement. The polarization here
accomplishes a similar function to the water dipole
polarization in breaking up the coulombie forces of
an ionic crystal during the solution process. The
Eou is of the order of the lattice energy. The varia-
tion of the activation energy E thus is caused mainly
by the variation of the difference between the
coulombic and the polarization energies. Unfor-
tunately, the polarization term involves effects such
as mutual polarization of the activated ion and its
surroundings, and of the vacant sites and their
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surroundings which cannot be evaluated readily.
Nevertheless, the above concepts appear to be use-
ful in understanding two correlations which were
found in attempts to discover some physical parame-
ters which in some indirect way would interlock
with the polarization energies.

One would expect that the total electron density
might have a bearing on the polarization energies
in an oxide. Atom cores, that is nuclei with sur-
rounding electrons other than the valence electrons,
are polarizable and it is believed, for instance, that
in the compression of other than alkali metals, the
distortion of cores plays a considerable role (122).
From this standpoint, a higher electron concentra-
tion would tend to increase the polarization energy.
For the divalent oxides considered, the lattice
energies have a maximum spread of fifteen per cent,

60

50—

wl-

00—

ACTIVATION ENERGY, KCAL

| l 1
10
2 g 4

ELECTRON CONCENTRATION, MOL CM Y
Fi1a. 4. Variation of activation energy with total elec-
tron concentration in divalent oxides.
1—BeO 3—Co0 5—FeO
2—Cb0 4—Cu0 6—MnO

7—NiO
8—7Zn0

as obtained from the approximate formula of
Kapustinskii (123):

U, = 256.1

Te + a (IX)

where U, is the lattice energy in keal, m and » are
the coefficients in the compound formula Me, X, ,
and 7. and r, are the univalent (Pauling’s) radii of
the cation and anion, respectively. This also should
be, approximately, the amount of the maximum
spread in the value of the complex (Eeour + Frep)
term. Then the activation energy, which is the
difference between the latter term and the polariza-
tion energy, should decrease with an increase in the
total electron density. Fig. 4 indicates that this
expectation holds. Higher valency oxides do not fit
into this plot, probably because of the more com-
plex distribution of the polarization energies arising
from the fact that not all of the sites used by the
cations in the MeO type oxides are occupied here.
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Fig. 5 illustrates the variation of the activation
energy with volume increment. Biltz and Klemm
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Fig. 5. Variation of E with volume increment.

1—ALO; 6—Cu,0 11—Mn;O, 16—ThO. (126)
2—BeO0 7—FeO  12—Mo0; 17—V,0;
3—CbO  8—Fe,0; 13—NiO 18—WO,
4—Co0  9—Fe;04 14—Ta,0; (41, 125) 19—ZnO
5—Cr.0; 10—MnO 15—TiO, 20—Z7r0,
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Fic. 6. Activation energy vs. reciprocal of energy of
arbitrary oscillator.

1—AlO; 5—Cu,0 9—Fe;0, 13—TiO0.
2—BeO 6—CuO 10—MnO 14—V,0,
3—Co0 7—FeO 11—Mn;0, 15—Zn0
4—Cry0; 8—Fes0s 12—Ni0O 16—ZrO,

(124) attributed to one mole of O= in solids an aver-
age volume of 11 cem. The difference between the
actual volumes (Table I) and 11 cem is the volume
increment. A certain trend is evident: lower activa-
tion energies tend to group around the zero incre-
ment. The trend appears even more consistent if
one considers that the points for Al;Q;, ZnO, and
ThO, are questionable, since for these oxides the
parabolic law has been found to hold over quite
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narrow temperature ranges, and that Cu)O, the
only monovalent oxide considered here, has a very
specific lattice. The following explanation is pro-
posed. Large negative or positive increments signify
more mismatch in sizes, and more polarization and
interionic strain in the lattice than occur for smaller
increments. The additional polarization upon activa-
tion is then smaller, which makes the activation
energy larger.

In closing, Fig. 6 illustrates what happens if one
attempts to treat ions as harmonic oscillators. It
was assumed that the cations vibrate harmonically
with their characteristic frequency, according to
the equation:

Loy = 2rmpia? (X)

where m is the vibrator mass, » its frequency, and x
its amplitude. The question was asked, what energy
would be required to reach an amplitude propor-
tional to one half of the Me-Me distance as taken
from the mole volumes of oxides. Naively, one would
expect that the larger this energy requirement is,
the larger should be the activation energy. However,
exactly the reverse situation obtains. This appears
to be an indication that the frequency is a function
of the amplitude and that the restoring force changes
due to the loosening of the oxygen framework as
the amplitude increases, which in fact is stating in
different terms that one must take account of the
polarization energies.

Fig. 1 to 5 give a gratifying realization that the
assembly of the empirical metal oxidation data is
not such a formless mass of numbers as it appears
to be at first sight. Certain trends are evident and
are in agreement with some of present diffusion
concepts. '

Any discussion of this paper will be included in a Dis-
cussion Section, to be published in the December 1953
issue of the JOURNALL.
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The Diffusion and Solubility of Nitrogen in Beta Zirconium'

M. W. Mawierr, E. M. Baroopoy, H. R. NeLson, anp C. A. Parp

Battelle Memorial Institute, Columbus, Ohio

ABSTRACT

A study has been made of the diffusion of nitrogen in beta zirconium in the tempera-
ture range of 900° to 1600°C at one atmosphere pressure. Diffusion-rate calculations
based on a solution of the usual diffusion equation gave a diffusion coefficient, Dy =
3 X 1072 ¢~33.600/RT ¢m?/gec. The energy of activation of diffusion, 33,600 cal/mole, has
a probable error of 1,600 cal/mole. The limiting solubilities of nitrogen in beta zirconium

were determined from the diffusion data.

INTRODUCTION

In the course of a program on gas-zirconium
studies, the interaction of nitrogen and zirconium
was considered. It was found that the over-all re-
action of nitrogen with zirconium has been described
by Gulbransen and Andrew (1) in the temperature
range 400° to 825°C, and by Dravnieks (2) at 860°
to 1050°C. Fast (3) has reported the solubility of
nitrogen in zirconium to be about 20 weight per
cent. This is apparently the saturation limit in the
alpha-zirconium phase. The authors found no other
reference to the solubilities of nitrogen in zirconium,
nor to the rates of diffusion of nitrogen in zirconium.
Therefore, an investigation of the diffusion of nitro-
gen in zirconium was started. The work on diffusion
in the beta phase of the metal and the solubility
limits in this phase are described below.

EXPERIMENTAL PROCEDURE

Cylindrical zirconium specimens were machined
from outgassed iodide zirconium crystal bars. A
typical analysis of such zirconium is: zirconium
97.8 to 98.2 per cent, and hafnium 1.8 to 2.2 per
cent, with traces of oxygen, nitrogen, hydrogen, iron,
and silicon totaling less than 0.01 per cent. A zir-
conium eylinder about 4 ¢m long by 0.6 ¢cm in diam-
eter and weighing about 10 grams was placed in the
reaction tube (fused silica or mullite) of a modified
Sieverts apparatus. The system of approximately
100-ml volume was evacuated by a two-stage glass
mercury-diffusion pump and a Hyvac mechanical
pump. The reaction tube was heated by a resistance-
wound furnace for temperatures up to 1000°C and
by Globar elements for temperatures of 1050° to
1400°C. Still higher temperatures were reached by
high frequency induction heating.

With the specimen at the desired temperature,

! Manuscript received May 5, 1952. This paper was pre-
pared for delivery before the Montreal Meeting, October
26 to 30, 1952. Work done under Contract No. W-7405-eng-
92 for the U. S. Atomic Energy Commission.
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commercial nitrogen (99.7%, pure), dried by mag-
nesium perchlorate, was admitted from a gas buret.
Further nitrogen additions were made, as needed,
to keep the pressure at 500 to 760 mm. The quanti-
ties of nitrogen absorbed ranged from 10 to 300 ml.

Upon completion of a run in which nitrogen was
reacted with zirconium for a predetermined time,
the system was evacuated, and the reaction chamber
and specimen cooled as rapidly as feasible.

Lengths equal to the radius of the cylinder were
cut from the ends of the specimen and discarded.
The rest of the specimen was machined radially into
several layers of equal weight which were then
analyzed for nitrogen content by a modified Kjeldahl
method.

DIFFUSION WITHIN THE METAL

In considering the diffusion of nitrogen in beta
zirconium, attention must first be given to the
structure of the specimen after reaction. Rhines (4)
has shown that a binary diffusion system consists
of one-phase layers with the layer of highest content
of diffusing matter on the surface. The nitrogen-
zirconium system consisted of a beta solid-solution
core surrounded by a thin alpha layer, and this in
turn was surrounded by a thin gamma layer of
ZrN. Metallographic examination showed the alpha
and gamma layers to have a total thickness ranging
from 0.05 to 0.08 mm, and x-ray analysis verified
the presence of ZrN. Since 0.08 mm is only 3 per
cent of the cylinder radius, it was not necessary to
give further attention to the exact location of the
interface between the surface film and the beta
metal. In fact, in subsequent calculations it was
possible to treat the original radius of the cylinder
as synonymous with the radius to the interface
between the beta core and the surface layers.

In order to determine the concentration gradients,
and ultimately the diffusion  coefficient, it was
necessary to divide the specimens into a number of
concentric layers and analyze each for nitrogen. A
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surface layer including the alpha and gamma phases
was first removed and the concentration in it was
not used in subsequent calculations. The remaining
metal, containing only nitrogen which had diffused
as solute through beta zirconium, was machined into
six additional layers of equal weight. For these
layers, plots of weight per cent nitrogen vs. depth
of penetration gave relatively smooth curves, as
shown for a typical case in Fig. 1. Each of the con-
centration values is an average concentration,
plotted midway in its respective layer.

When it is assumed that the diffusion coefficient
is a constant, and that the concentration of diffusing

[1L)

‘Weight Per Cent Nitrogen

! Layer |

0.03|

| !
00% 010 [X I5 020 025 030 035
(a-r), centimeters

Fic. 1. Experimental average concentrations vs. depth
of penetration at 1200°C for 2 hours.

matter, ¢, is a function of radius and time only, the
partial differential equation for ¢ takes the form:

dc o, 1ac

&‘D[aﬁm]- 2
The solution of equation (I) for a cylinder of infinite
jength is (5):

c(r, t) —1+2 'fj o(r/a)B) oAt

n=1 Bn a(ﬂn) (II)

where: ¢(r, t) = local concentration at radius, r,
and time, ¢; ¢, = constant concentration maintained
at surface; D = diffusion coefficient; a = radius of
ceylinder; J,(8) = Bessel’s function of the first kind
and order zero; Jo(8) = first derivative of Jo(8);
B, = roots of J,(8) =

If we neglect the distinction between average
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concentration over a layer, as obtained by the experi-
mental procedure, and local concentration at the
middle of a layer, a simple graphical solution for
the diffusion coefficient is available. Plotting ¢/c,
against r/a for various values of Dt/a® in equation
(II) gives a family of curves, as shown in Fig. 2
The experimental (r/a)’s were determined for
each concentration in each specimen. A Dt/a? and
a ¢, were then so chosen to give the best fit of the

[X T =

Jemperoture,C )ﬂ
Symbol

=) 900
1000
1100
1200
1300
1400
1500
1600

xppoO+8

c/cy

F1c. 2. Concentration distribution for various values of
Dt/a? (as indicated by the numbers on the curves) in a
cylinder of radius “e’ with zero initial concentration and
surface concentration c,.

TABLE 1. Diffusion coefficients for nilrogen in zirconium

Sample Time, Tempera- | co, weight Dt D X 107,
No. hours ture, °C per cent a? cm?/sec
1 44.5 900 0.04 0.01 0.1
2 20 1000 0.08 0.02 0.4
3 5 1000 0.14 0.005 0.5
4 4.25 1100 0.16 0.015 1.1
5 2.5 1100 0.17 0.01 2.7
6 2 1200 0.26 0.015 2.4
7 1 1200 0.24 0.015 5
8 1 1300 0.35 0.015 6
9 1 1400 0.47 0.03 11
10 1 1500 0.53 0.05 17
11 0.5 1600 0.64 0.04 27

experimental data to theoretical. Representative
experimental data at 100°C intervals are plotted in
Fig. 2. The values Dt/a?, ¢,, and the diffusion co-
efficients obtained from them are listed in Table I.

The fact that it was not necessary to distinguish
between the average concentration over a shell and
the concentration at the midpoint is readily verified.
For example, consider a thin shell of thickness
2 & centered at r/a. Writing f(r/a) for ¢/c, , one has
for the average concentration:
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When this is evaluated approximately by first ex-

panding the integrand in a Taylor series, the follow-
ing expression is obtained:

AW (T)i
7= f(a> -I-f(a) (L) aw
For purposes of illustration this may be applied to

the case Dt/a® = 0.02 and r/a = 0.9. Taking
8 = 0.05, which is slightly larger than used in the
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Fia. 3. Variation of diffusion coefficient with tempera-
ture.

experiments, and using equation (II) to evaluate
f(r/a) and its first two derivatives, one obtains:

i f(%) = 0.0016. W)

The corresponding value of f(r/a) is about 0.65,
making it evident that the small difference between
local and average concentrations is not significant:
The logarithms of the diffusion coefficients listed
in Table I were plotted against reciprocal tempera-
ture, as shown in Fig. 3. The equation of the best
straight line through the points was then deter-
mined by the method of least squares, and identified
with an equation of the Arrhenius type to obtain:

Dg = 3 X 1072¢~3.60/87 o2 /sec. (VD)

Dg is the diffusion coefficient for the 8-phase in the
temperature range 900° to 1600°C. The energy of
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activation of diffusion is 33,600 cal/mole, with a
probable error of 1600 cal/mole. The frequency
factor, 3 X 1072, is uncertain by about a factor 2.

SoLusiLITY OF NITROGEN IN BETA ZIRCONIUM

According to the description of the cross section
of the specimen, the solubility limit of nitrogen in
beta zirconium is the concentration just inside the
interface between the beta and alpha phases. As
stated before, this interface was very near the outer
surface of the cylinder, the thickness of the high
concentration phases being less than 3 per cent of
the cylinder radius. Thus, no serious error was intro-
duced in obtaining the maximum concentration in
the beta phase by extrapolating to the outer surface
rather than the interface.

Atomic Per Cant Nifrogen
1.0 20 3i° 40

1700 T T

/

Temperature, C
@
-

1100
10 o
a TB
900 I’ —
——
a
800 J
o1 02 0.3 0.4 05 06 07

Weight Per Cent Nitrogen
Fic. 4. Solubility limits (c,s) of nitrogen in beta zir-
conium.

It is then evident that the ¢, determined from
equation (II) is the approximate limiting solubility
of nitrogen in beta zirconium at the given tempera-
ture. The ¢,’s determined in this study were plotted
in Fig. 4. A line which is considered the boundary
between the beta and alpha-plus-beta phases was
drawn through these points. The dashed line is
intended only to indicate the possible boundary
between the alpha and alpha-plus-beta phases.

Harris (6) and Breitbar (7) used a similar approach
to determine the Ay, lines in the carbon-iron system.
Recently, Wasilewski (8), working in our laboratory,
also used this method for the nitrogen-titanium
system. His ¢,’s fall on the line dividing the beta and
the alpha-plus-beta phases as determined by a
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metallographic technique and show that comparable
results are obtained by each method.

Any discussion of this paper will appear in a Discussion
Section, to be published in the December 1953 issue of the
JOURNAL.
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Electrodeposition of Tin-Nickel Alloy Platg from
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ABSTRACT

Tin and nickel can be codeposited in approximately equi-atomic proportions from
solutions containing stannous chloride, nickel chloride, and fluorides. The alloy de-
posits thus obtained are almost fully bright and are single phase, having a nickel ar-
senide type of structure. Below 300°C the deposits are quite stable, but on annealing
at higher temperatures recrystallization takes place and a duplex structure of Ni;Sn,
and Ni;Sn, results.

In the absence of fluorides, satisfactory alloy deposition is not possible from chloride
solutions. Evidence is adduced that the fluorine complexes both the tin ions and the
nickel ions. The constancy of composition of the cathode deposit that is a feature of
the recommended electrolyte suggests that deposition is associated with the presence
in the electrolyte of a tin-nickel-fluorine complex. Complex ion formation is followed
through the medium of cathode potential-current density curves. The effect of the
variables of the process on deposit composition is discussed.

The conductivity and throwing power of the electrolyte have been determined. The
x-ray structure of tin-nickel alloy deposits covering a range of composition has been
examined, and it is shown that bright deposits are characterized by a preferred orien-
tation of the crystallites.

From solutions of this type, tin-nickel alloys can only be obtained by operating at a
temperature above 45°C, the optimum temperature being 65°C. The metastable struc-
ture of these deposits is thought to be explained by the high activation energy of the
discharging cations resulting from the high temperature of operation.

Tin-nickel alloy deposits as normally obtained contain approximately 65 per cent of
tin and 35 per cent of nickel. Such deposits have a pleasing color, showing evidence of
a faint rose-pink tint, and are equally as resistant, or even more resistant, than elec-
trodeposited chromium to atmospheric tarnishing. The progress made to date in the

industrial development of the tin-nickel alloy plating process is briefly reviewed.

INTRODUCTION

A method of codepositing tin and nickel in roughly
equal atomic proportions was described recently by
one of the present authors (1). The solution used
contained stannous chloride, nickel chloride, am-
monium bifluoride, and sodium fluoride, and the
codeposition was dependent on the complexing
action of the fluorides whereby the deposition po-
tentials of the tin and nickel were brought sufficiently
close to enable an alloy plate to be deposited. Much
fundamental work was done in perfecting this
process, and as the first report described only the
essentials necessary to understand its technology
it was thought that a description of the detailed
research carried out might be of interest. The theory
of alloy plating is still in the elementary stage, and
most, if not all, of the successful processes of this

! Manuscript received October 17, 1951.
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type have been evolved by trial and error. The
present process is not a complete exception to this,
but its perfection is partly attributable to theoretical
reasoning. Moreover, the experimental work, par-
ticularly that completed since the original paper was
written, has shed some interesting information on

the theory of alloy plating, suggesting that in this

particular case an entirely novel mechanism of
deposition is functioning.

Chloride-fluoride electrolytes will not deposit
tin-nickel alloys over the whole composition range.
It is a feature of these electrolytes, and apparently
also of a more recently examined acetate type of
electrolyte, that they favor the deposition of tin
and nickel in roughly equal atomic proportions.
With difficulty, it is possible to deposit alloys of
other than this basic composition, the limiting tin
contents being about 40 per cent and 90 per cent,
respectively. It would not be practicable, however,
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on a commercial basis, to use either of these electro-
lytes for depositing plate of other than the above
standard composition. .

The Tin-Nickel Alloy System

This system is characterized by a number of

intermetallic compounds, of which Ni;Sn, and Ni;Sn, -

are important in connection with the present work.
The alloy deposits with which we are concerned
contain approximately 65 per cent of tin and 35
per cent of nickel. This composition corresponds
closely with the formula NiSn and Rooksby (2)
has established that such electrodeposited alloys
are single phase and intermetallic compound in
structure. The compound NiSn is metastable and
is not therefore found in the equilibrium diagram.
The structure of these alloy deposits will be dis-
cussed at greater length in a later section.

We do not at present know any method of making
the alloy NiSn other than by electrodeposition, and
for this reason we are at present recommending
the use of tin and nickel anodes simultaneously to
replenish the bath. A cast and annealed tin-nickel
alloy containing 65 per cent of tin has a duplex
structure consisting of NisSn, and NisSny, and if
used as an anode the Ni;Sn, phase dissolves prefer-
entially. Single phase anodes consisting entirely of
NisSn; or NisSn, dissolve satisfactorily but neither
alloy is of the wanted composition.

Principles of the Plating Process

It is quite possible to codeposit tin and nickel
from mixed simple salt solutions but under conditions
more suited to the research laboratory than to the
works. Parkinson has shown that while the differ-
ence between the normal electrode potentials of
stannous tin and nickel is only about 0.1 volt the
addition of stannous chloride to a nickel chloride
solution causes the nobility of the cathode to increase
rapidly until a point is reached where the cathode
potential coincides with that for a simple acid
stannous tin electrolyte. The mixed electrolyte
then deposits almost pure tin. To deposit tin and
nickel simultaneously from such solutions, the ratio
of nickel to tin in the electrolyte must be main-
tained at a much higher value than their ratio in
the deposit. Any change in the metal content of
the electrolyte will then be accompanied by a much

" larger change in the composition of the deposit,
and control of the latter within close limits becomes
difficult or impossible. Parkinson has also shown
that there are other objections to mixed simple salt
baths.

By complexing the tin ions and the nickel ions
or both, it is possible to bring the deposition poten-
tials for tin and nickel close together and also, by
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the choice of a suitable complexing medium, to
reduce the high acidity which necessarily charac-
terizes straight stannous salt electrolytes.
Fluorides are known to exert a strong complexing
influence on stannous tin ions in acid solution, and
one electrotinning solution depends on this for its
success (3). In the present work various complexing
agents have been tried but, with the exception of
an acetate type of electrolyte that has not yet been
fully investigated, the best results have been ob-
tained from fluoride-containing electrolytes. A
process based on such an electrolyte has been per-
fected and is now coming into commercial use in
Great Britain. The composition of the electrolyte
decided on for development and hereafter referred
to as the standard electrolyte is as follows: stannous
chloride, 50 g/l; nickel chloride, 300 g/l; sodium
fluoride, 28 g/1; ammonium bifluoride, 35 g/I.

Influence of Klectrolyte Composition
on Cathode Potential

It has previously been shown that the successful
codeposition of tin and nickel from a mixed fluoride
solution is dependent on the presence of fluorides
to complex the stannous tin ions and, to a lesser
extent, the nickel ions. In an attempt to explain
the complexing action of the fluorides used, and in
order to obtain further data on the effects of other
variables of the cathode process, the cathodic
polarization in electrolytes of various constitution
was determined.

EXPERIMENTAL PROCEDURE AND RESuLTS

The electrolytes were contained in 5-liter Lucite
cells maintained at a constant temperature. The
cathodes were machined copper cylinders of constant
superficial area having the ends stopped off to pre-
vent edge effects. The anodes were concentric sheets
of either tin or nickel, according to the electrolyte
used. A capillary tube was pressed in close contact
with the cathode, the reference electrode being a
saturated calomel half-cell. The polarizing current
was obtained from a storage battery and the emf
of the cell was measured by a Marconi-type pH
meter. All reagents were of high purity, the stannous
chloride used throughout being the pure, anhydrous
salt marketed under the name ‘‘Stannochlor.”
Deionized water was used for making up the electro-
lytes.

Complexing action of the fluoride ton on the stannous
tin ton—A stock solution containing 40 g/l of
“Stannochlor,” corresponding to a tin content of
about 27 g/l, was prepared. Maintaining the tem-
perature at 65°C, increasing amounts of sodium
fluoride, up to a maximum of 80 g/1, were added to
this solution and the cathode potential was deter-
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mined over a range of current densities. The results
obtained are shown in Fig. 1. Curves A to E show
that the cathode potential becomes progressively
more negative as the concentration of sodium fluoride
is increased; with 60-80 g/l of sodium fluoride the
cathode potential becomes more negative by 0.3-0.5
volt, according to the current density. Further
additions of fluoride were found to produce no
measurable change. With less fluoride, the tendency
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toward complex formation diminishes and below
10 g/! is no longer clearly detectable. If ammonium
fluoride is substituted for sodium fluoride, much the
same results are obtained.

Complexing action of the fluoride ion on the nickel
ton.—A stock solution containing 300 g/1 of nickel
chloride was prepared and the effect of adding thereto
either sodium fluoride or ammonium bifluoride was
examined. The results obtained are summarized in
Fig. 2 from which it is seen that the change in

ELECTRODEPOSITION OF Sn-Ni ALLOY PLATE 109

cathode potential with fluoride concentration is
small. Fluorides thus appear to exert less complexing
action on nickel ions than on stannous tin ions.
Effect of adding nickel chloride to a stannous chlo-
ride-fluoride bath.—A stock solution containing 50
g/l of “Stannochlor,” 28 g/ of sodium fluoride, and
35 g/1 of ammonium bifluoride was prepared. Nickel
chloride was added to this solution in increasing
amounts up to a maximum of 300 g/1 and the cor-
responding effect on the cathodic polarization was
measured. Fig. 3 shows the polarization curves
obtained alongside those for straight stannous
chloride (curve A), straight nickel chloride (curve B),
and stannous chloride plus fluorides (curve C).
Curves D, E, and F show the effect of adding in-
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creasing amounts of nickel chloride to the stock
solution. With 300 g/1 of nickel chloride the cathode
potential as compared with a stannous chloride-
fluoride solution is ennobled by 0.09-0.17 volt ac-
cording to the current density. The greater slope
of curve D as compared with curves E and F may
be due to concentration polarization effects arising
from too low a concentration of nickel chloride.
Effect of temperature—The optimum working
temperature for tin-nickel alloy deposition is 65°C.
Tin-nickel deposits can be obtained at temperatures
as low as 45°C but only at relatively low current
densities. Below 45°C almost pure tin tends to
deposit except at very low current densities. Change
in temperature has a marked effect on the cathode
potential in a straight nickel chloride electrolyte,
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which becomes more negative as the temperature is
reduced. Temperature change has comparatively
little effect on the potential in a stannous chloride-
fluoride electrolyte (Fig. 4). The cathodic polariza-
tion for the standard tin-nickel bath is profoundly
affected by a reduction change in temperature below
about 50°C (Fig. 5). As the temperature is reduced,
the cathode potential becomes more negative and
ultimately the curve approaches that for the stan-
nous chloride-fluoride bath (curve C, Fig. 3). This
is in accordance with the observation that at room
temperature the mixed chloride-fluoride bath de-
posits tin only.

Effect of surface active agents.—It has been shown
earlier that many surface active agents when added
to the standard tin-nickel electrolyte, unless present
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Fia. 4. Effect of temperature on the cathode potential-
current density relationship for electrolytes containing
nickel chloride with and without addition of stannous
chloride and fluorides.

in very small concentrations, inhibit the deposition
of nickel except at low current densities. This effect
has been further examined for the substance Lubrol
W, a cetyl-alcohol polyethylene-oxide condensate,
which is known to function satisfactorily as an
addition agent in stannous chloride electrolytes.
The addition of 2 g/1 of Lubrol W to a stannous
chloride-sodium fluoride electrolyte causes the
cathode potential to become less negative at low
current densities and rapidly more negative at high
current densities, the change over oceurring at
about 15 amp/ft? (compare curves A and B, Fig. 6).
Addition of Lubrol W to a nickel-chloride-fluoride
electrolyte causes the cathode potential to become
about 0.10 volt more negative over the whole cur-
rent density range (compare curve C, Fig. 6, with
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curves B and C, Fig. 2). If 2 g/l of Lubrol W is
added to the standard tin-nickel electrolyte the
cathode potential, which at the lowest current
density is made more negative by about 0.06 volt,
becomes progressively more negative as the current
density is increased (compare curves D and E, Fig.
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6). In form, curve E resembles curve B, the upward
trend at high current densities being characteristic.
The addition of 2 g/l of Lubrol W to the standard
tin-nickel bath completely suppresses the deposition
of the nickel and only a dull tin deposit is obtained.
In very small amounts Lubrol W acts as a brightener
and does not interfere with alloy formation but the
quantity permitted is so small that the use of this
detergent could not be recommended safely.
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Discussion of the Electrode Potential M easurements

Taken collectively, the cathode potential determi-
nations indicate that a fundamental factor in the
deposition of tin-nickel alloy is the complexing
action of the fluoride ion on the stannous tin ions
and, to a lesser extent, on the nickel ions. The po-
tential of the cathode in a tin-nickel solution con-
taining 0.23M tin is reduced by 0.25-0.4 volt by
the presence of 1.42-2.0M of fluoride, the complexing
action being a maximum at the latter concentration.
Optimum results are obtained from a mixed stan-
nous chloride-nickel chloride electrolyte when the
fluoride concentration is 2.0M and it is possible that
under these conditions a complex of the type
Nas(SuCLF,) exists in the electrolyte. By comparison
with a straight stannous chloride electrolyte the
amount of direct interaction between the fluoride
ion and the nickel ion in a straight nickel chloride
electrolyte appears to be small. It cannot be assumed,
however, that in an electrolyte containing both tin
ions and nickel ions addition of fluoride causes only
the tin ions to be extensively complexed and, as
mentioned later, there are indications to the con-
trary.

The cathode potential for the mixed metal chlo-
ride-fluoride electrolyte becomes progressively more
negative as the temperature falls below 75°C, the
decrease in potential being most marked below
50°C. If the temperature is reduced to 20°-30°C
the cathode potential values are much the same as
those obtained for the deposition of tin from a
chloride-fluoride electrolyte. Temperature appears
to exert far more effect on the deposition potential
of nickel than on that of tin and this doubtless
accounts for the effect of temperature on the com-
position of the cathode deposit.

It is significant that the polarization curve for
the standard electrolyte occupies a position inter-
mediate between the curves for straight stannous
chloride and for straight nickel chloride (Fig. 3).
The ennobling action of nickel chloride when added
to a stannous chloride-alkali fluoride electrolyte
is not inconsistent with the formation of an inter-
metallic compound of nickel and tin. It is also note-
worthy that an increase in the nickel content of
the electrolyte from 60 to 75 g/l causes only a
slight further ennobling of the cathode potential,
and that over this nickel concentration range the
nickel content of the deposit remains almost con-
stant.

Effect of the Composition of the Llectrolyte on the
Composition of the Depostt

The cathodic polarization curves give some indi-
cation of the manner in which the composition of
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the deposit may be expected to change with varia-
tion in the concentration of each constituent of the
electrolyte. The effects of the variables of the process
on deposit composition have already been outlined
by Parkinson. A fuller examination of the effect of
varying the ratio of tin to nickel in the electrolyte
and of varying the fluorine concentration of the
electrolyte has since been made.

Effect of varying the tin-nickel ratio in the electro-
lyte—A solution containing 50 g/l of stannous
chloride, 28 g/l of sodium fluoride, and 35 g/l of
ammonium bifluoride was prepared and varying
amounts of nickel chloride were added thereto.
Deposits were made over the current density range
5-40 amp/ft2. The results obtained are summarized
in Table I. The figures recorded are the average of
from two to four tests in each case; there was very
little scatter between the individual test results in
each group.

TABLE 1. Effect of tin-nickel ratio in electrolyte
on deposit composition
(Temperature: 65°C)

Per cent tin in deposit at a current density of:
NiCle, g/1
5 amp/ft? 15 amp/ft? | 24 amp/ft? | 40 amp/ft?
20 92.3 88.8 — —
60 70.5 76.5 79.0 —
100 69.5 72.5 82.3 —
150 66.8 69.8 72.3 —
200 65.5 66.5 68.5 —
300 63.3 64.8 65.8 63.3
400 62.8 64.8 62.3 63.0

Except at the lowest concentrations of nickel the
composition of the deposit remains fairly constant
over the range examined. Over the range 60-150
g/l of nickel chloride there is a tendency for the
amount of nickel in the deposit to decrease as the
current density is increased. Over the whole range
the amount of nickel deposited increases, at first
rapidly but later very slowly, as the concentration
of nickel chloride is increased. For the standard
solution containing 300 g/1 of nickel chloride, changes
in current density and in nickel chloride concentra-
tion have little effect on deposit composition.

Effect of varying the fluorine concentration in the
electrolyte—Using a solution containing 50 g/l of
stannous chloride and 300 g/l of nickel chloride,
the effect of varying the sodium fluoride concentra-
tion was studied. This solution contained no am-
monium bifluoride and therefore no adventitious
hydrofluoric acid; the effect of free hydrofluoric
acid concentration was examined independently.
The results obtained are shown in Table II from
which it is seen that an increase in sodium fluoride
concentration is accompanied by a decrease in the
tin content of the deposit.
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The effect of hydrofluoric acid concentration was
determined by varying the concentration of acid
in a solution containing the above amounts of
stannous chloride and nickel chloride along with
some ammonium bifluoride. The solution was ini-
tially made up to contain 38 g/l of ammonium bi-
fluoride, corresponding to 12 g/1 of free hydrofluoric
acid; further additions of 2, 4, and 8 g/1 of acid were
made. Table III shows that variation in the free
acid concentration over the range concerned has
no marked effect on deposit composition; as the
acid concentration increases the amount of tin in
the deposit slightly diminishes.

Effect of varying the working temperature and cur-
rent density.—The effect of these variables was dealt
with in the original paper. Summarizing here, varia-
tion in the temperature from 45° to 70°C and in
the current density from 18 amp/ft? to 36 amp/ft?

TABLE I1. Effect of sodium fluoride concentration on
deposit composition
(Temperature: 58°C; current density: 24 amp/ft?)
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be extended to 87 per cent of tin but not for bright
plate. It is remarkable that the change in the com-
position of the deposit is always relatively much
smaller than the change in the tin/nickel ratio in
the electrolyte. Also, a change in the cathode current
density does not greatly alter deposit composition,
unless the solution is relatively low in total metal
content. In Table IV the effect of current density is
only marked for solution (a) which contains much
less metal than solutions (b) and (¢) and appreciably
less than solution (d). :

Throwing Power and Conductivity

Throwing power means rather more in alloy
plating than it does in the deposition of a single
metal. The term embraces the following considera-

TABLE 1V. Effect of electrolyte composition and current
density on deposit composition

(Temperature: 65°C)

Composition of electrolyte, [Current density,| Per cent tin
g/l amp/ft?

Sodium fluoride, g/1 | Per cent tin in deposit

20 | 72.5

40 68.0
60 62.5

TABLE II1. Effect of free hydrofluoric acid concentration on
deposit composition
(Temperature: 58°C; current density: 24 amp/ft?)

Free hydrofluoric acid, g/l Per cent tin in deposit

12 73.0
14 71.5
16 71.0

20 70.0

has little effect on deposit composition. The bright-
ness of the plate falls as the temperature is reduced,
however, unless the current density is also reduced,
and in practice the temperature should not be al-
lowed to fall below 60°C.

From the above results it will be appreciated that
it is not easy to deposit tin-nickel alloy plate over
a wide composition range from the type of electro-
lyte under consideration. As information on the
structure of deposits covering as wide a range of
composition as possible was wanted, an attempt was
made by modifying the composition of the electro-
lyte to deposit plate of other than the standard
composition (65 per cent tin, 35 per cent nickel).
By resorting to the solutions given in Table IV it
was possible to obtain deposits having limiting tin
contents of 42 per cent and 72 per cent, respectively;
further work has since enabled the upper limit to

in deposit
(a) SnCl,, 2H,0 21 16 60
NaF 11
NH,HF, 15 32 42

NiCl, 6H,0 180

(b) | SnClL,2H,0 100

NaF 75 16 62
NH HF, 100
NiCly, 6H,0 500 32 59
(¢) | SnCl,2H:.0 100 16 72
NiF, 75 40 72
NiCl,, 6H:0 325
KCl 100 64 66
(d | snF. 50 24 64
NaF 75 40 61
NiCl,, 6H,0 200 64 51

tions: (a) distribution of metal thickness over the
surface of an irregular cathode, i.e., conventional
throwing power; (b) variation in the composition
of the deposit over the surface of an irregular cathode
(hereafter referred to as composition throwing
power); and (¢) variation in the brightness of the
deposit over the surface of an irregular cathode
(hereafter referred to as brightness throwing power).

Previous work has established that the composi-
tion throwing power and brightness throwing power
are excellent. No significant variation either in
composition or brightness has been observed on
irregular cathodes when plated in a clean solution.
Contaminated electrolytes do not give fully bright
deposits, but the variation in brightness is not then
related to the unavoidable variations in surface
current density but rather to the geometry of the
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work insofar as certain surfaces are more favorably
placed than others to collect foreign matter. Even
under these conditions the composition throwing
power remains at a high level.

The thickness throwing power was measured
quantitatively by using the bent cathode test.
Cathodes bent at a right angle were plated in the
standard tin-nickel solution under conditions calcu-
lated to give a deposit thickness of 0.0005 in. based
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on the total cathode area. After plating, the tin-
nickel coating was protected by an overlay of 0.02
in. of electrodeposited copper and the cathodes were
then sectioned and the thickness of the alloy plate
measured under the microscope.

The results obtained for two different sets of
conditions are summarized in Fig. 7 and 8. Except
at the extreme edges of the cathodes, where the
thickness of the plate approaches twice the average,
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and at the back of the bend where the thickness
diminishes to about 0.0001 in., the thickness dis-
tribution is seen to remain very constant; it is
particularly noteworthy that so much alloy has
deposited on the remote surfaces of the cathodes.
Few, if any, other electrolytes are capable of simu-
lating this performance.

It was decided to supplement these tests by calcu-
lating the throwing power and it was therefore
necessary to determine the conductivity of the
electrolyte. Conductivity measurements were made
over the temperature range 40°-65°C with the
results shown in Fig. 9 which includes a comparison
curve for a straight nickel chloride solution. Of the
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Fic. 9. Variation of conductivity with temperature for
the standard alloy plating electrolyte and for a nickel
chloride electrolyte.

TABLE V. Throwing numbers for some common
plating baths

Electrolyte N Source of information

Tin-nickel.............. 0.0145 | Authors
Silver cyanide. .. 0.023 | Gardam (4)
Copper sulfate.......... 0.0115
Nickel chloride......... 0.0067

Wesl d Roehl (5
Watts type nickel....... 0.0024(. esley and Roehl (5)
Hard nickel. ........... ! 0.005

two solutions the tin-nickel electrolyte has a some-
what higher conductivity, its specific conductivity
at 65°C being 0.29 mhos per cm?.

Gardam’s throwing number, N, was calculated

from the formula N = where p is the specific

2
resistance of the electrolyte and b is a constant.?
For the tin-nickel electrolyte at 65°C, b = 0.1 and
1 .. .

P =029 = 3.45, hence N = 0.0145. This is a high
value, as is evident from the values of N for various
electrolytes given in Table V.

2 The value of b is obtained from the formula e. = a — b
log d, where e is the cathode potential at the current
density, d.
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For bright, or almost bright plate, as normally
obtained from the standard electrolyte, the effect
of current density on deposit composition is negligi-
ble. The composition throwing power in practice
is so good that analytical checking of deposit com-
position is not necessary. If, through the electrolyte
getting out of balance, the deposit becomes dull,
plate composition may vary with current density
to some extent, but even in extreme cases there is
not much departure from the equi-atomic deposition
rate.

The brightness throwing power is generally high.
Slight variations in brightness may occur over the
surface of irregular cathodes.

Effect of Various Cations on the Internal Stress in
the Deposit

Electrodeposited tin-nickel alloy is an intermetal-
lic compound and consequently is fairly hard, the
hardness of deposits of the standard composition
being around 700 on the Vickers diamond scale.
Like many such compounds the alloy is inherently
somewhat brittle, but provided the plate is free
from internal stress the brittleness is not sufficient
to impair its serviceability or to cause the coating
to flake under impact. Owing to the brittleness,
however, it is not possible to fabricate by sharp
bending sheet material plated with tin-nickel as
the compressive stress induced in the coating on
the inside of the bend usually causes some of the
plate to flake off.

To give serviceability the plate must be deposited
in a stress-free condition. The amount of stress in
the plate and also its brightness vary with the nature
of the foreign cations that are necessarily present
in the electrolyte. These cations are unavoidably
introduced via the fluoride additions and may be
H+, Na*, K*, or NH,*; they may be present either
individually or collectively, according to the nature
of the fluoride or fluorides employed. Tin-nickel
plate of constant composition can be deposited from
a mixed chloride electrolyte containing any one or
alternatively containing two, three, or even all of
these cations, but an acceptable deposit from the
viewpoint of stress and brightness is not obtained
in every instance. .

An examination was made of the effect of these
cations on the properties of the plate. Tests were
carried out using a solution containing 50 g/l of
stannous chloride and 300 g/1 of nickel chloride to
which the following additions were made: (a) so-
dium fluoride, ammonium bifluoride, and hydro-
fluoric acid; (b) potassium fluoride and hydrofluoric
acid; (¢) sodium fluoride and hydrofluoric acid; (d)
ammonium fluoride and hydrofluoric acid. In each
case the solution was adjusted to a total fluoride
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content of 2M (38 g of F per liter) of which 12 g/1
was present as hydrofluoric acid.

The magnitude and nature of the stress were
estimated by depositing 0.0005 in. of tin-nickel
alloy on one side of a copper strip measuring 6 x 1
x 0.005 in. The strip was held rigidly at the upper
end and the stress was determined qualitatively
from the curvature, if any, induced by the deposit.
This test was reasonably reproducible and served
as a useful indication of the relationship between
the nature of the foreign cations and the stress.

With the exception of solution (a), all the remain-
ing solutions gave stressed deposits. Solution (b) gave
the greatest amount of stress. Solutions (b) and (c)
induced a compressive stress while solution (d) in-
duced a tensile stress of roughly the magnitude of
that observed for solution (¢). Solution (a) gave
substantially stress-free deposits. It thus seems that
stress is associated with the presence of the ions
K+, Nat+, NH% Hydrofluoric acid itself at the con-
centrations used does not induce stress but can do
so if present in amounts exceeding 12 g/l, and for
this reason care should be taken not to allow the
free acid concentration greatly to exceed this limit
in practice.

The fact that solution (a) does not induce stress
is attributed to the presence of both Na* and NH*,.
A balanced reaction results, the negative stress
induced by the sodium ions being neutralized by
the positive stress induced by the ammonium ions.
The reasons underlying the effect of these foreign
ions on stress are not known at the moment and
further investigations are being conducted.

Effect of Various Cations on the Brightness and
Appearance of the Deposit

These tests suggest that the brightness of the
plate depends on the nature of the fluoride present,
that is, on the nature of the cation associated with
the fluorine anion. Further work was undertaken to
find the most desirable fluoride or fluorides from
the viewpoint of the brightness and general appear-
ance of the plate.

Using an electrolyte containing 50 g/1 of stannous
chloride and 300 g/l of nickel chloride with some
free hydrofluoric acid, the effects of (a) sodium
fluoride, (b) ammonium bifluoride, (c) sodium fluoride
and ammonium bifluoride in equal amounts, and
(d) potassium fluoride, were examined. As previous
work had shown that the presence of hydrofluoric
acid was always desirable no tests were made in
acid-free electrolytes. In each of the above groups
tests were carried out at fluorine concentrations of
1.0M, 1.5M, and 1.75M; this does not include any
fluorine derived from the hydrofluoric acid which,
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for each concentration of alkali metal or ammonium
bifluoride, was adjusted to 4, 8, 12, and 16 g/1. This
makes 48 electrolytes in all. Brass panels, measuring
3 x 2 in., polished on one side, were plated at 9, 18,
and 36 amp/ft? in each electrolyte; the temperature
in every case was 64°C and the electrolytes were
agitated during deposition. The appearance of the
plate was assessed by visual examination.

Owing to the high reflectivity of many of the
samples it is extremely difficult to obtain an in-
formative photograph of them. The following com-
ments, however, summarize the results of the visual
examination. .

1. For the metal concentrations used, the fluorine
concentration, not including the fluorine from the
hydrofluoric acid, must exceed 1.0M for satisfactory
deposition.

2. Potassium fluoride at all concentrations, ir-
respective of the hydrofluoric acid concentration,
gives a plate that is neither as bright as is desirable
nor as bright as can be obtained from the use of
other fluorides.

3. Ammonium bifluoride behaves similarly to po-
tassium fluoride, but is less satisfactory.

4. Sodium fluoride along with free hydrofluoric
acid over a certain concentration range for each
gives excellent bright plate over the whole of the
current density range investigated.

It thus appears that the sodium ion is at least
partly responsible for the brightness of the plate.
This is confirmed by the observation that solutions
containing ammonium bifluoride alone, which nor-
mally produce semibright plate, can be made to
deposit fully bright plate by adding to them either
sodium fluoride or sodium chloride.

From the brightness viewpoint the presence of
ammonium bifluoride is not really essential. The
addition of the ammonium salt is advisable, how-
ever, for the reason given in the preceding section.
Also, there is some evidence that solutions containing
both sodium fluoride and ammonium bifluoride are
rather more tolerant to metallic impurities, par-
ticularly to copper, than those containing sodium
fluoride and hydrofluoric acid.

Anodic Replenishment of the Electrolyte

The tin-nickel process is at present being operated
with tin and nickel anodes used simultaneously and
supplied by separate circuits The difference between
the anode potentials of the tin and nickel under
properly balanced conditions does not exceed 0.1
volt which suggests that it might be possible to
feed all of the anodes from a single current source.
Some measure of success has been obtained with
a single anode circuit but the dual circuit system is
generally to be preferred. The dual system facilitates
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control and enables accurate replenishment of the
electrolyte to be effected. There is a tendency for
a tin-nickel alloy containing about 76 per cent of
tin to deposit chemically on the tin anodes, whether
the bath is working or not. These anodes must
therefore be bagged to retain the resultant sludge.
The amount of sludge formed in terms of work
plated is comparatively small, and the sludging has
no deleterious effect on the cathode deposit.

Alternatively, operation with alloy anodes is a
possibility. Cast anodes containing the same amounts
of tin and nickel as in the cathode deposit have a
duplex structure, consisting of Ni;Sn, 4+ NizSn,.
Such a structure is unsatisfactory as the NigSn,
is dissolved preferentially. A single phase structure
appears to be essential, and this limits the available
alloys to either NizSn, or NisSn. Neither of these
compounds corresponds exactly in eomposition to
the deposit (which is approximately NiSn), and
although each compound dissolves smoothly in the
electrolyte without the formation of sludge neither
compound enables the electrolyte to be kept com-
pletely in balance. Alloy anodes have not been
tested outside the laboratory where a true assess-
ment of their performance is complicated by the
high drag-out from small tanks. From work already
done it is thought that anodes consisting of NisSn,
might prove satisfactory in practice while the evi-
dence is that NisSn, is less promising. The use of
NisSn, anodes leads to a steady fall in the tin con-
tent of the electrolyte. On the other hand, NisSn,
contains proportionately more tin than the deposit
and would be expected to lead to enrichment of the
electrolyte in tin, but since some tin is lost through
oxidation the balance may prove to be partly re-
dressed. Unfortunately, NijSn, cannot be made
merely by casting. The cast alloy has a duplex
structure and prolonged annealing out of contact
with air is necessary to convert the cast structure
wholly to NizSn, .

Ideally, alloy anodes of composition NiSn are
wanted, but apart from electrodeposition no means
of making such an alloy is known at present. It is
possible that powder metallurgical methods might
enable a suitable alloy to be produced and this line
of approach is being considered. The main advan-
tages accruing from the use of alloy anodes are
reduction or elimination of anode sludging and
simplification of electrical control.

Structure of the Deposits

In an earlier publication, one of us (H. P. R.)
showed that tin-nickel deposits containing around
65 per cent of tin and 35 per cent of nickel were
characterized by a metastable nickel arsenide type
of structure, similar to that of v'NisSn, (2). It was
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also shown that such deposited alloys recrystallized
when heated above 300°C, and that in bright de-
posits of this composition there was strongly marked
preferred orientation.

This preliminary work has now been extended to
cover as wide a composition range as possible. From
the authors’ earlier remarks it is clear that chloride-
fluoride electrolytes will only deposit tin-nickel
alloys over a limited composition range. By resorting

TABLE VI. Summary of resulls of z-ray examinations of
tin-nickel electrodeposits

Ref. A ¢ | Tin -

Nz. eﬁﬁ?gﬁ:;s?t lc)glrll::ntt, Structural constitution

1105 | Bright 57 | Sn/Ni phase; ecrystal
structure similar to
that of 875

875 | Bright 65 | Sn/Ni phase; hexagonal
structure cell with
lattice constants ¢ =
415 &, ¢ = 510 &,
c/a =1.23

570 | Bright 69 | Sn/Ni phase as above

544 | Mainly bright 75
but with local
dull patches

Sn/Ni phase as above
mainly, but in dull
patches  substantial
concentrations of
NiSn, are present.

526 | Bright and dull | 82 | Substantial concentra-
regions tions of NisSn, are
present, but in bright
regions hexagonal
Sn/Ni phase is pre-
dominant.
1095 | Very matte 87 | Mixture of Sn with an
surface alloy phase not specif-
ically identified.
900 | Dull 68 | Hexagonal Sn/Ni phase

as above, with lattice
constants not notice-
ably different from
those established for
875.

to the modified solutions given in Table IV it was
possible to prepare deposits suitable for x-ray
examination varying in tin content from 57 per cent
to 82 per cent. The alloys were deposited on copper
foil.

In order to provide direct reference standards
of established tin-nickel alloys falling within the
range of composition of the electrodeposits, alloys
corresponding with the molecular formulas NisSn,
and NizSn, were cast and aged for 48 hours at 625°C.
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Conventional x-ray powder examination confirmed
that these gave crystal structure data corresponding
with standard data published in the literature (6).

Two x-ray diffraction techniques were employed
for examination of the electrodeposits themselves.
Powder samples were obtained by severe deformation
of the cathodes. The electrodeposit was fragmented
in this way and the fragments could be collected to
form a conventional cylindrical specimen for mount-
ing in a 19 cm diameter x-ray powder camera. In
the second method, rectangular sections, of dimen-
sions 10 x 3 mm, were cut from the cathodes and
these were arranged for examination by x-ray
surface reflection utilizing a 10 ecm diameter cassette.
The sections were held on a single crystal goniometer
head, so that it was a simple matter to change the
angle of incidence of the x-ray beam on the electro-

TABLE VII. X-ray data on a typical bright tin-nickel
electrodeposit (No. 875)

d d
" (obs.) 1 hkl, By (calc.)
2.94 8 101 2.94
2.56 vw 002 2.55
2.076 vs {102 2.08
110
1.697 m 201 1.70
1.601 vw 112 1.61
1.528 vw 103 1.54
1.470 m 202 1.47
1.314 m 121 1.31
1.280 vw 004 1.28
1.198 m 122 1.20
104
300
1.085 w 114 1.09
1302

The fourth column lists calculated interplanar spacing
data based upon a hexagonal structure cell with lattice
constants: a, = 4.15 &; ¢, = 5.10 &; ¢/a = 1.23.

deposited surface. In most instances all the data
required could be obtained with a single angular
setting between 10° and 15°.

Identity of the Deposils

The results of the x-ray examination of the electro-
deposits are summarized in Table VI. It is seen that
most of the bright deposits are composed of a single
alloy phase with a characteristic crystal structure.
Table VII gives interplanar spacing data for this
phase

The preponderating alloy phase, corresponding
approximately to the composition NiSn, has a
structure similar to that of Ni;Sn, but the difference

“in the dimensions of the unit cell for NiSn and

NisSn. previously reported is confirmed. In particu-
lar, the axial ratio of 1.25 for NiSn is appreciably
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smaller than the minimum value of 1.26 established
for NiSn, richest in tin. A reference specimen of
cast alloy, aged at 625°C, and containing 58 per
cent of tin, gave values of a, = 4.13 10\, C, = 5.20
A, C/a = 1.26 for its structure cell dimensions.

Another noteworthy feature is that the charac-
teristic hexagonal phase persists in the bright elec-
trodeposits for tin concentrations up to about 75
per cent by weight. The range of composition would
appear to extend from about 57 per cent to nearly
75 per cent tin. The hexagonal phase is indeed found
in specimen 526 which contains 82 per cent of tin.
However, it is not certain that, for the specimens of
higher tin content, the composition was absolutely
consistent over the whole area. The x-ray investiga-
tion in any event proves that differences in phase
condition from one point to another occur both in
specimens 526 and 544. There is thus no conclusive
evidence that the hexagonal phase condition in the
electrodeposited alloy extends beyond a tin content
of about 75 per cent.

The lattice dimensions of the hexagonal alloy
characterizing the bright electrodeposits show only
minor changes with alterations in tin content. As is
mentioned below, the x-ray reflections exhibit some
broadening associated with textural features of the
deposits, so that the accuracy of lattice parameter
determination is not high. Even so, direct comparison
of the x-ray diffraction patterns of the series shows
that differences in lattice spacings are not greater
than one or two parts in a thousand over the range
of compositions studied. The directions in which
minor changes can be detected indicate that the
structure cell dimensions increase slightly with
increase of tin content.

All the electrodeposits characterized by the hex-
agonal crystal structure have been proved to be in
a metastable condition. Heat treatments up to
temperatures of about 300°C produce no detectable
change, but above this temperature decomposition
begins, and various mixtures of the normal v'Ni;Sn,
phase and the Ni;Sn, phase form, depending upon
the chemical composition of the electrodeposit.

Texture of the Deposits

The x-ray reflection patterns reveal that in the
majority of the bright electrodeposited specimens
the ecrystallites are directionally orientated with
respect to the surface of the cathode. The direc-
tionally orientated arrangement is normally found
whenever the hexagonal phase condition occurs.
It is found, for instance, on the bright areas of
specimen 526 but on the dull areas, where the phase
condition changes to NiSn,, no directionality is
disclosed.

Specimen 900, alone of those in the hexagonal
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phase condition, exhibited practically no direc-
tionally orientated features. It is significant that
this specimen was specially prepared to possess a
dull surface and that a random orientated texture
resulted as a consequence.

The principal orientation texture in bright speci-
mens appears to be one in which (110) planes of
the hexagonal crystallites tend to lie parallel to
the copper base surface. This texture is shown by
specimens 1105 and 544 which represent the extremes
of the bright composition range. On the other hand
another texture is quite common as is disclosed in
some photographs by a change in the arrangement
of the strong arcs.

Line broadening effects on the x-ray diffraction
patterns of specimens 1105 to 544 indicate that the
average ultimate crystal size of the hexagonal alloy
is below 0.1 u. Some variations from one specimen
to another were evident, but a reasonable estimate
is that the average size lies about the 0.05 u figure.
No difference in this respect was disclosed by the
dull specimen 900.

Appreciably larger crystal size features were
displayed when the phase condition was not the
characteristic hexagonal one. If the electrodeposit
was composed largely of Ni;Sny for example, the
crystal size appeared to be greater than 0.1 u. The
free tin constituent of the electrodeposit, specimen
1095, was composed of still larger crystallites, of
average size between 1 and 5 p.

GENERAL DIscussioN

Although some relevant information has been
collected it is impossible at this stage to advance
other than a tentative theory of the tin-nickel
alloy plating process.

The following facts have been firmly established:
(a) the chloride-fluoride electrolyte favors the co-
deposition of tin and nickel in equal atomic propor-
tions; (b) an entirely different electrolyte containing
the two metals as acetates when operated at tem-
peratures above 65°C has been found to produce
bright tin-nickel alloy plate of the same composition
as that obtained from the chloride-fluoride electro-
lyte, Both of these electrolytes deposit a tin-nickel
alloy chemically by direct immersion on tin.

It is difficult to explain the constancy of composi-
tion of the cathode deposit and the chemical de-
position of tin-nickel on tin by any mechanism other
than one involving the presence in these electrolytes
of some complex ion containing both tin and nickel.
There is some further evidence supporting this
possibility. When making up the tin-nickel electro-
Iyte it is customary first to dissolve the nickel
chloride in water and then to add the fluorides and
stannous chloride in that order. When about half
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of the fluoride additions have been made the solu-
tion often becomes turbid and develops a tendency
to precipitate nickel salts. On adding the stannous
chloride the solution becomes clear and if more
fluoride is added the turbidity does not reappear.
It is suggested that this solubility effect is consistent
with the presence of a tin-nickel complex.

‘The fact that a tin-nickel alloy cannot readily be
deposited from a stannous chloride-nickel chloride
bath except in the presence of fluorine suggests that
the fluorine ion must in some way be bound up with
the tin-nickel complex. Mixed fluorides of tin and
nickel are well known, and it may be significant
that light green crystals of a previously unreported
compound of this type having the formula NiF,2SnF,-
6H,0 have been isolated from the tin-nickel electro-
lyte. The high throwing power of the tin-nickel
electrolyte in respect of both thickness and composi-
tion further suggests that deposition does not occur
directly from tin and nickel ions. Although the
complexing effect of fluorides has been shown to be
much more marked for a straight stannous chloride
solution than for a straight nickel chloride solution
there is evidence of complex formation in the latter
case. The view that in the standard alloy plating
bath both the tin ions and the nickel ions are com-
plex is therefore got inconsistent with the experi-
mental results obtained for straight solutions.

The postulate of a complex mixed metal-fluorine
ion is believed to be entirely novel. There is not
sufficient evidence available at present to enable
the structure of the complex to be predicted with
any degree of certainty. Both tin and nickel form
fluorine coordination compounds with covalency
numbers of four and six, and it is conceivable that
the tin-nickel-fluorine complex has a structure
modelled on similar lines. It is believed that the
ion is in any case dimensionally large compared
with the stannous ion and the nickel ion. It seems
to be fairly certain that simple metal ions are present
freely in the electrolyte in addition to the complex
ion, but under normal conditions the simple ions
are not discharged as their deposition potentials
are too high. However, under certain circumstances
it is possible to discharge at any rate the stannous
ion in preference to the complex ion, the notable
instance being when surface-active agents are present
in the electrolyte. It has already been mentioned
that such additions when present in other than very
small amounts greatly favor the deposition of tin.

If 1 g/l of Lubrol W is added to a standard tin-
nickel electrolyte, tin-nickel alloy plate cannot be
deposited at current densities exceeding about 2
amp/ft2. As the current density is increased the
deposit rapidly becomes enriched in tin and very
soon almost pure tin plates out. If the cathode is
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rotated rapidly, the tendency to deposit tin as the
current density is raised diminishes markedly.
This observation again tends to support the view
that the tin and nickel are associated in a single,
large complex ion. Of the three possible ions present,
the stannous ion will probably be the smallest
since the nickel ion is usually highly solvated. In
the presence of the surface-active agent the easy
diffusion of ions to the cathode is obstructed to an
extent depending on the dimensions of the migrating
ions. The molecule of the surface-active agent is
itself large and would be expected to impede the
complex ions far more than the stannous ions, and
any film of these large molecules in the immediate
vicinity of the cathode would cause the cathode
layer rapidly to become impoverished in complex
ions. Rotation of the cathode probably disrupts the
film and allows the depleted cathode layer to be
replenished. Rotation introduces centrifugal forces
which act on all the ions present in ‘proportion to
their respective masses. At the rotational speeds
used the tin-nickel alloy deposited was richer in
tin than the standard alloy, the maximum nickel
content not exceeding 25 per cent. It is suggested
that this enrichment is the result of the larger mass
of the nickel ion and the tin-nickel ion as compared
with the stannous ion.

From the practical viewpoint, one of the most
noteworthy features of the chloride-fluoride tin-
nickel electrolyte is the constancy of composition
of the deposits obtained from it. This property of
the solution greatly simplifies the control of the
process and makes it almost as easy to operate as a
single metal plating process. The gamma structure
which typifies these electrodeposits occurs under
equilibrium conditions only when the atomic ratio
of nickel to tin approaches 3:2. As the atomic ratio
in the electrodeposit is close to 1:1, the indication
is that under the conditions of electrolysis additional
tin can be incorporated into the alloy lattice. It
would appear that vacancies and defects in atomic
packing characteristic of the structure are not neces-
sarily associated only with one kind of atom, but
can occur in the nickel layers as well as in the tin
layers. The symmetry of the nickel arsenide type
of structure cell is maintained, but the cell dimen-
sions are modified and show little variation with tin
content, the distinguishing feature being the decrease
in axial ratio. Structurally, therefore, bright electro-
deposited alloys may be considered to be identical
over a composition range that is certainly wider than
is likely to be encountered in practice.

The reason for this departure from structural
equilibrium is probably to be found in the surplus
activation energy of the discharging cations which
causes the released atoms to penetrate into non-
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equilibrium positions in the crystal lattice. An equi-
librium condition is understood to exist when the
potential energy of the atoms and ions in the crystal
lattice of the deposit is at a minimum. This state
can be approached (a) by maintaining the difference
between the activation energy of the discharging
cations and the crystal lattice energy at a minimum,
and (b) by maintaining the rate of deposition at
the lowest possible value, i.e., operating at the
lowest possible cathode overvoltage. Under these
conditions there is a close approach to thermody-
namic reversibility. As the operating temperature
is increased, however, the proportion of ions having
an energy in excess of their activation value, ¥, for
the process at temperature, T, increases exponen-
tially, according to the equation k = Ae #/r7. At
the working temperature of 65°C an adequate pro-
portion of the discharging ions possess energy suffi-
cient to surmount the potential energy barrier
associated with the metastable crystal lattice. It is
therefore significant that tin-nickel alloys cannot be
deposited from the solutions under consideration
at temperatures below 45°C. The high working
temperature thus appears to be at least one factor
responsible for these deposits being in a nonequi-
librium state.

CONCLUSION

This paper describes the laboratory work that
has been carried out on the codeposition of tin and
nickel from chloride-fluoride electrolytes.

Although laboratory research is continuing, suffi-
cient information has been obtained to enable
industrial development to commence, and at the
time of writing several plants are in operation.
The largest of these plants has a capacity of 2000
gal and has now been working for about a year.
Experience gained with this plant and with others
since installed has indicated directions in which
the process might be improved. Basically, the process
has proved satisfactory. The brightness of the de-
posit, however, has not normally been quite good
enough to enable all final finishing to be dispensed
with, while pitting has occasionally proved a little
troublesome. The further work now in hand is
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mainly directed toward finding suitable additions
to improve brightness and to combat pitting, and
progress is being made in each field. Practical ex-
perience has also suggested directions in which the
chemical engineering of tin-nickel plating plant
might be improved, and this applies in particular
to the filtration and circulation of the electrolyte.

Considering the very short time that this new
process has been in industrial use the results obtained
to date can justly be regarded as most gratifying.
The view has, in fact, been expressed by a user that
in one year tin-nickel has made as much industrial
headway as electrodeposited chromium made in
the first ten years!

The tin-nickel process is being used for finishing
a wide variety of articles, including automobile
fittings, domestic goods, battery cases, etc. The
plate is fully as tarnish resisting as chromium and
has a more pleasing color. The blueness of chromium
is entirely absent, tin-nickel being characterized by
a faint rose-pink tint.
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The Hot-Wire Process for Zirconium'

RosertT B. HoLDEN AND BERNARD KOPELMAN
Sylvania Electric Products Inc., Bayside, New York
ABSTRACT

. To better understand the hot-wire process for zirconium, a study has been made of
the thermal decomposition of zirconium tetraiodide molecules which are isolated from
the effects of interaction with other tetraiodide molecules and with the reaction prod-
ucts. It was found that the probability that a given zirconium tetraiodide molecule will
decompose upon striking once upon a hot surface in vacuo is very high, approaching
unity at 1400°C.

This work was supplemented and extended by a second series of investigations, which
were based upon pressure measurements made inside of an operating de Boer bottle.
From these two experimental approaches considerable information was gained about
the hot-wire process, including a knowledge that the rate-determining step in most cases
is that of gaseous transport, and that the initial synthesis of zirconium tetraiodide in
the de Boer hottle is catalyzed, apparently photochemically, by the lighting of the fila-

ment.
INTRODUCTION

Although the hot-wire method for the preparation
of pure metals has been known since the early part
of the century, the process actually remains little
understood from a fundamental standpoint, despite
the fact than an appreciable amount of engineering
data has been collected. Currently there is consider-
able interest in the application of this process to the
preparation of ductile zirconium. Commonly known
as the de Boer iodide process, it is conducted in the
following manner (1). The zirconium which is to
be purified, together with a small amount of iodine
or zirconium tetraiodide, is loaded into a reaction
chamber or “de Boer bottle.” This de Boer bottle
contains two sealed-in electrical leads capable of
carrying a substantial current, and a long, thin
“seed” filament which joins these leads within the
bottle. The bottle is then evacuated (if free iodine
is placed in the bottle, precautions must be taken
to prevent loss during evacuation), and heated to a
temperature such that the iodine will react with
zirconium to form the tetraiodide at an appreciable
rate. A current is then passed through the seed
filament sufficient to heat it to 1300° to 1500°C.
The volatile zirconium tetraiodide diffuses to the
hot filament, where it.is decomposed to metallic
zirconium and iodine. The iodine thus liberated
diffuses back to the crude “feed” zirconium, reacts
with more of it to form the tetraiodide, which is in
turn decomposed upon the hot filament, and so on.
In this manner a heavy rod of ductile zirconium is
built up on the seed filament.

It was decided to carry out a fundamental study of

! Manuscript received August 1, 1951. This paper was
prepared for delivery before the Philadelphia Meeting,
May 4 to 8, 1952. This work was done for the Atomic Energy
Commission under Contract At-30-1-GEN-366.
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the iodide process in this laboratory to gain an im-
proved understanding of the process in general and
of the controlling or limiting factors in particular.

From a kinetic standpoint the process may be
considered to consist of the following steps: (a)
synthesis of zirconium tetraiodide at about 300°C
from the zirconium feed material and iodine vapor;
(b) transport of this tetraiodide to the neighborhood
of the hot filament; (¢) thermal decomposition of
this tetraiodide on the hot filament; (d) transport
of the iodine liberated at the filament back to the
neighborhood of the feed zirconium. On further
consideration it is seen that steps (b) and (d) are
closely related, for they both proceed according to
precisely the same mechanisms (diffusion and
convection) and the only intrinsic differences between
them are the greater speed and smaller kinetic col-
lision diameter of the free iodine as compared with
the tetraiodide. Hence a simplification is to be gained
by lumping (b) and (d) together and terming it
simply the gaseous transport step.

For our purposes the analysis into these three
steps constitutes an adequate description of the de
Boer iodide process.

The most important goal is a knowledge as to
which of the steps in the process is rate-determining.
This information is of importance in a fundamental
sense, and engineering-wise is vital to an intelligent
attempt to accelerate the process.

The problem, then, is to determine which is the
slow step. The two sets of experiments described
here clearly reveal the slow step in the process.

Tue DEcomMPosITION COEFFICIENT

To begin with, it is not known what fraction of
the gaseous contents of an operating de Boer bottle
is zirconium tetraiodide and what fraction is free
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iodine. For purposes of argument, however, consider
a hypothetical cracking bottle containing only
zirconium tetraiodide. The rate at which zirconium
tetraiodide molecules strike the hot surface is easily
computed from the kinetic theory of gases. This rate
turns out to be enormously greater than the rate
of deposition of metallic zirconium as determined
from typical cracking runs. One explanation for this
difference is that the average tetraiodide molecule
must strike the hot surface many times before de-
composing. This leads to a consideration of the
probability that a given tetraiodide molecule will
decompose upon striking the hot surface. A measure-
ment of this probability offers a direct method for
ascertaining whether the decomposition step (c) is
rate-determining. Hence it was decided to perform
a series of experiments which consisted in measuring
the probability that a given zirconium tetraiodide
molecule will decompose upon impinging once on a
hot surface in wvacuo. This probability, hereafter
termed the ‘decomposition coefficient,” may be
considered to be characteristic of the limiting case
of a de Boer bottle with a vanishingly small charge
of zirconium tetraiodide.

Experimental

The apparatus used is shown in Fig. 1. It consists
of a zirconium tetraiodide chamber, a, the neck of
which is ground to accommodate a standard taper
which is sealed to a conduit tube, b, a set of orifices,
¢, through which the tetraiodide effuses under essen-
tially equilibrium conditions, and a hot target, d,
which is struck by a portion of the effusing tetra-
iodide. The walls, e, are cooled by liquid nitrogen,
f, in order to trap the tetraiodide which does not
strike the target,  that which rebounds from the
target without having been decomposed, and any
liberated iodine. The target is formed from a strip
of sheet molybdenum and the desired temperature
is obtained by resistance heating, the necessary
current being supplied through the leads, g. The
jigs, h, serve to secure the target to the leads and
also to maintain rigidly the position of the target.

The target temperatures are measured through
the window, ¢, by means of a Leeds and Northrup
Optical Pyrometer, No. 8622-C. The system is
attached to a D.P.I. air-cooled three-stage fraction-
ating oil diffusion pump through a ball-type trap,
J- The connecting tubes are 2 in. in diameter and as
short as possible in order that the pumping speed
might be as great as possible for the system.

The zirconium tetraiodide used in these experi-
ments was prepared by a modification of the method
of Stahler and Denk (2) and was distilled under
high vacuum. This was analyzed for iodine and the
stoichiometric amount was found. It is of critical
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importance never to allow this material to come in
contact with atmospheric air, since it is immediately
attacked by moisture.

To make a run, the entire apparatus is evacuated
to a pressure of about 10~® mm Hg, and the critical
portions are baked out. Then the diffusion pump is
shut off, the system filled with dry argon, and a
flow of argon maintained through the apparatus
while the tetraiodide chamber is loaded. The load-
ing consists in placing a sealed thin-walled vial
containing a weighed portion of zirconium tetra-
iodide in this chamber and then smashing it. The
system is then evacuated, the target is degassed,
the refrigerant space is filled with liquid nitrogen,
the target is brought to the desired temperature,
and the chamber, a, is heated by means of an oil
bath to a temperature such that the tetraiodide
effuses through the orifices, ¢. This temperature is
maintained until all of the tetraiodide has effused.

Fig. 1. Decomposition coefficient apparatus

During these runs the pressure in the system, as
measured with the ionization gauge tube, k, was
maintained <1 X 10 mm Hg and most of the
time was of the order of 2 X 10~ mm Hg. At the
completion of a run the target was chemically
analyzed for zirconium. The zirconium formed a
bright, adherent plate upon one side of the molyb-
denum strip. The molybdenum strip was removed
by dissolving it in nitric acid, leaving behind a thin,
bright, highly ductile:foil of zirconium. The only
impurity which could be detected spectrographically
in this foil was molybdenum, obviously the result
of diffusion of the target material into the zirconium
plate during the course of its build-up.

Treatment of Data

The experimental data are given in Table I.

In order to compute the decomposition coefficient,
P., from these data, it is necessary to know the
fraction of the effusing tetraiodide which actually
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impinges upon the target. The conducting tube and
orifices (b and ¢, respectively, in Fig. 1) were de-
signed so that the resistance to molecular streaming
offered by the orifices was of a higher order of mag-
nitude than that of the conducting tube proper.
Since the vapor pressure of crystalline zirconium
tetraiodide is known as a function of temperature
(3), it was possible to obtain any desired pressure in
the zirconium tetraiodide chamber simply by choos-
ing the proper temperature. This pressure was main-
tained at such a value that the mean free path was
of a greater order of magnitude than the diameter of
the effusion orifices. Under these conditions the
tetraiodide effuses under essentially -equilibrium
conditions, and since the orifices are essentially

TABLE I
Run ?:;?Sc't:dc ZrIi load, g Zr on target, g
1 1382 0.7734 0.0087
2 1432 0.9530 0.0254
3 1372 2.2310 0.0605
4 1211 0.8416 0.0157
5 1152 0.5120 0.0030

knife-edged, the effusing tetraiodide obeys the
Knudsen cosine law (4), which states that

dw
ds = — cos &
™

where ds is the probability that a molecule coming
through the orifice will be in an element of solid
angle dw. The angle between dw and the normal to
the orifice is given by . (In an auxiliary experiment
it was verified that this law was obeyed in this
apparatus.)

The fraction, f, of the total tetraiodide which
actually struck the target in any given run is then
given by

f=fsds=$fsdwcosx

where the integration is performed over the entire
solid angle intercepted by the exposed area of the
target.

In these experiments the targets were in either
of two shapes: one with the intercepting surface
planar and the other with the intercepting strip
bent into a semicircle. In calculating the intercepted
fraction of the tetraiodide for the case of a flat target
the integration was done graphically.

By bending the target strip into a semicircle so
that its area closely approximated a portion of the
surface of a sphere, and adjusting its height so that
the orifice lay on the surface of this imaginary sphere
defined by the target strip, the integral becomes (4)
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A
/= ger
where A is the exposed area of the target strip and
r is the radius of this sphere.

The decomposition coefficient is then given by
bl

S

3|2
213

where n; is the number of moles of zirconium de-
posited on the target and n, is the total number of
moles of zirconium which effuse through the orifice.
In the calculations for the case of the semicircular
target it was necessary to take into account the
possibility that a given tetraiodide molecule might

TABLE II
Temp, °C Decomposition coefficient*, Estimatedg :rror limit
1432 1.0 10
1382 1.0 50
1372 0.8 10
1211 0.58 10
1152 0.32 10

* A value of 1.0 for p. means that every zirconium
tetraiodide molecule which strikes the hot surface is de-
composed.

strike the target more than once before being trapped
at the walls,
The results are given in Table II.

Discusston

The experimentally determined values of p.
demonstrate strikingly that the slow step in the
eyclic iodide process is not the actual rate of de-
composition. This result is an encouraging one from
a practical standpoint, for it means that the slow
step must be either the synthesis step (a) or the
gaseous transport step (b, d), both of which appear
to offer greater possibilities for acceleration than the
actual rate of decomposition. The method chosen
for deciding between these two follows.

PRrESSURE MEASUREMENTS
Outline of Method

One means of determining which of the remaining
two steps is the slow one consists of making pressure
measurements inside of an operating de Boer bottle.
This method is, in principle, singularly simple and
direct.

If the rate-determining step in the process were
the synthesis step, it follows that most of the iodine
present in the cracking bottle during a run would
be in the uncombined form. On the other hand, if
the gaseous transport step were rate-determining,
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an appreciable fraction of this iodine would be in the
form of the tetraiodide.

At the operating temperature of a de Boer bottle,
iodine is a gas, whereas zirconium tetraiodide is a
solid exhibiting a sublimation pressure of only a
few centimeters. Consider a cracking bottle which
is loaded with sufficient iodine to give a theoretical
pressure, P, of, say, one-half of an atmosphere at
the operating temperature prior to any reaction
with metallic zirconium. The amount of free iodine
present at any given time is given approximately
by P, the measured pressure, and the amount of
tetraiodide present in the bottle is approximately
proportional to (P, — P). This affords a means of
determining which of the steps is rate-determining.

In short, then, if the pressure in the bottle is sub-
stantially that which would be expected if the iodine
were entirely uncombined, the synthesis step would
be rate-determining. If the pressure were sub-
stantially less than this value, the gaseous transport
step, which is the only remaining possibility, must
be rate-determining. In principle the computation
of the theoretical pressure, P, must include the
effect of the nonuniformity of temperature inside
the bottle. In practice, however, this turned out to
be unnecessary.

Experimental

The bottle used in this work is of the conventional
de Boer type (5), the bottle proper being Pyrex
glass, 4 in. in diameter and about 20 in. high. The
electrical leads, which were 3{¢-in. tungsten rods,
were introduced through the bottom of the bottle
in order to leave the top free for the installation of
the pressure indicator.

A 0.010-in. tungsten seed filament was used in
this work, and the feed zirconium consisted of sec-
tions of iodide zirconium. These sections were about
a foot long, somewhat less than 14 in. in diameter
and had been cut from the end portions of “crystal
bar” zirconium. They were held against the bottle
wall by a cylinder of molybdenum screen.

The initial voltage applied across the bare tungsten
seed filament was 12 volts, which gave a brightness
temperature of 1240°C (not corrected for emissivity).
As zirconium deposited, the voltage was reduced
according to a set schedule by which the product
E*/1 was held approximately constant, so that
the filament temperature was maintained at es-
sentially the same value throughout a run.

The actual measurement of the pressure in the
bottle is complicated by the fact that both the iodine
and the zirconium tetraiodide are corrosive and are
condensable. These difficulties were surmounted by
using a glass Bourdon sickle-type gauge as a null
indicator and balancing the pressure inside of the
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cracking bottle against air pressure in an external
measuring system. This null indicator was mounted
at the top of the cracking bottle as shown in Fig. 2.
Since it did not appear to be feasible to observe the
null indicator directly, an arrangement was used
whereby the balance point could be detected elec-
trically. This arrangement is also shown in Fig. 2.
The sickle gauge, a, bears a movable gold-tipped
contactor, b, which can make or break contact with
the stationary gold-tipped contactor, ¢. This con-
tact is detected by means of an auxiliary electrical
circuit consisting of a battery and a microammeter
with a series ballast resistor.

At some pressure difference, AP, between the
de Boer bottle and the external pressure measuring
system (regions A and B in Fig. 2) electrical contact

b

CBACKING BOTTLE

Fig. 2. Glass null manometer

will just be established. This pressure difference is
determined by an initial calibration. In operation
the pressure in the external measuring system, P’, is
adjusted until contact is just established (as shown
by the microammeter) and then read on an ordinary
mercury manometer. The actual pressure, P, in
the cracking bottle proper is then given by P =
P' 4 AP.

At elevated temperatures this gauge was dis-
tinctly less accurate than at room temperature.
The gauge constant, AP, is actually a function of
temperature and displayed a tendency to slowly
drift with time at the operating temperatures. Al-
though the gauge used gave results with an ac-
curacy better than +0.1 cm Hg at room temper-
ature, the results obtained at the temperatures used
in this work (300°-320°C) may be relied on only
to 0.6 cm Hg.
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Discussion

Typical results of pressure measurements made
over the course of cracking runs are shown in Fig.
3 and 4. The ordinates give the total pressure in the
bottle and the abscissas give the time elapsed after
the bottle has reached the operating temperature
(300°-320°C). In the run represented by Fig. 3
the filament was lighted two minutes after the bottle
had reached the operating temperature whereas in
the next run, represented in Fig. 3, the filament was
not lighted until it had been held at the operating
temperature for more than two hours. A small,
sharp pressure increase followed the lighting of the
filament in the run shown in Fig. 3, undoubtedly
due to a temperature rise in the gas immediately
surrounding the filament. In the run represented in
Fig. 4 this rise was not detected, apparently because
the pressure measurements were not taken at suf-
ficiently short intervals. Shortly after the filament
is lighted the pressure in both cases drops to a very
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Fi16.3. Crackingrun. (Time = 0 when bottle first reaches
operating temperature.)

low value, indicating that the iodine has largely
reacted to form the tetraiodide. The pressure remains
low during the remainder of the run which shows
that at steady-state operation most of the total
iodine present is in the form of the tetraiodide. This
result strikingly demonstrates that the synthesis
step (a) is not the slow step in the process when con-
ducted in this fashion. Strictly speaking, this result
is applicable only when feed material is employed
which is at least as reactive as crystal bar ends. The
only material which would be expected to be con-
sistently less reactive than crystal bar ends, however,
is interior sections of crystal bar. In special cases
other feed materials might become covered with a
surface layer of oxide or otherwise passivated so that
the rate-limiting step would be the synthesis step,
(a), but this would not be the ordinary case.
The previously described work on the decomposi-
tion coefficient shows that the decomposition step
(c) is also not the slow step. This implies that the
rate-determining step in the iodide process for ductile
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zirconium is the transport of the gaseous reactants.
This does not include the possibility of the special
case involving highly passivated feed material, in
which the synthesis step (a) could become con-
trolling.

Once sufficient iodine has been added to the crack-
ing bottle to cause solid zirconium tetraiodide to
condense out during the steady-state operation, it
is clear that further addition of iodine would have
no effect on the rate of deposition of zirconium from
a bottle which has essentially isothermal walls.
From the fact that a large proportion of the iodine
is in the form of tetraiodide during steady-state
operation we can conclude that any addition of
iodine beyond about one gram per liter of bottle
volume (the exact value depending, of course, upon
the actual temperature of the wall of the bottle),
could not influence the rate and therefore would be
pointless in a bottle with isothermal walls. .

If the interior wall of the bottle were not essentially

FILATENT LIGHTED

p-00-0—00—0-0—0—0—0—00-0-0":

PRESSURE (Cm.Hg )
« & o
© o _o
T T T

~n
o
T

RUN TERMINATED

S
T

1 1
(4] 50 100 150 200

TIME { MINUTES)

Fia. 4. Cracking run. (Time = 0 when bottle first reaches
operating temperature.)

isothermal, zirconium tetraiodide would condense out
preferentially on the colder portion and coat it with
a layer of the tetraiodide, which would tend to
thermally insulate this section. This, in turn, would
effect a change in the temperature of the coldest
exposed portion of the wall. Since the extent of this
change would be dependent upon the actual amount
of tetraiodide which condensed, the addition of
iodine beyond a gram per liter of bottle volume
could, in this case, indirectly produce an effect upon
the actual rate of deposition of zirconium.

In view of the facts that most of the iodine is in
the form of the tetraiodide and that the rate-de-
termining step in the process is that of gaseous trans-
port, it is at first curious that the iodide process does
not proceed at a greater rate. The reason for this is
as follows. For every molecule of zirconium tetra-
iodide which is reduced at the hot surface four atoms
of iodine are liberated. These atoms remain un-
associated as long as they remain in the hot region
which immediately surrounds the filament. Since
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the condition of pressure equality throughout the
bottle must be fulfilled, it follows that there will be
a net flow of molecules away from the filament when-
ever the process is taking place. This means that
for a tetraiodide molecule to reach the hot filament
it must proceed against this net flow gradient, i.e.,
it must, so to speak, swim upstream. With a circu-
larly cylindrical filament it is easily shown from
geometric considerations that the magnitude of this
gradient increases exponentially as the filament is
approached. This screening effect which is thus pro-
duced about the hot filament accounts for the ob-
served rate for the process.

Since the rate for the entire cyclic process is de-
termined by the rates of gaseous transport in the
neighborhood of the filament, a method which sug-
gests itself for accelerating the process is that of
forcibly blowing the gaseous contents of the bottle
over the filament. In view of the low pressure in-
volved, however, this may prove to be impractical.

An unanticipated and very interesting result which
is obtained from this data is that the synthesis of
the zirconium tetraiodide proceeds very slowly before
the filament is lit, and rapidly thereafter, i.e., the
lighting of the filament enormously accelerates the
reaction. Since iodine exhibits a high specific optical
absorption in certain spectral regions, the most
plausible hypothesis for the mechanism of this
phenomenon is that molecules which absorb radi-
ation in some frequency range become sufficiently
excited to make them unusually reactive as compared
to those molecules possessing only thermal energy.
Reactions which proceed in this fashion, the so-called
photochemical reactions, are common, particularly
when one of the reactants is a halogen. A simple
computation shows that between one and two per
cent of the energy emitted by the hot filament under
ordinary operating conditions is sufficiently energetic
to completely dissociate the iodine molecule (D, =
12,439 em™!) (6) into atomic iodine, which may
well constitute the activated state for the reacting
iodine.

However, since these reactive molecules (or atoms)
will rapidly lose their excess energy, i.e., be “de-
activated,” this photo-excitation can only be effec-
tive in accelerating the reaction between zirconium
and iodine when it takes place in the immediate
neighborhood of the feed zirconium. Since the iodine
absorbs the exciting radiation whether or not it is
in the neighborhood of the feed, one would anticipate
that the proximity of the feed material to the fila-
ment would be of eritical importance in the initiation
of the reaction. It would also be expected that as the
photochemical synthesis proceeds and free iodine
is consumed fewer blanketing iodine molecules would
remain between the filament and the feed material
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so that the reaction would avalanche, i.e., it would
be self-accelerating. On this basis one might expect
some difficulty to be experienced in initiating the
reaction in a case where the feed material is very
far removed from the hot filament, which might be
the case, say, in a very large de Boer bottle. Such
a difficulty, if encountered, could be overcome either
by (a) introducing the iodine very slowly after the
filament is lit, or by (b) placing a few small “ignition”
filaments near the feed zirconium, and operating
them only until the synthesis is substantially com-
plete. The first of these methods would operate by
reducing the concentration of the blanketing iodine,
and the second would depend upon the proximity
of the auxiliary radiators to the crude zirconium.

SUMMARY

A fundamental study of the hot-wire process for
the production of ductile zirconium was conducted.
Two complementary methods were employed. The
first comprised a measurement of the probability
that a zirconium tetraiodide molecule will decompose
upon striking a hot surface. The second was based
upon pressure measurements made in the interior
of an operating cracking bottle. The more significant
information gained is as follows:

1. The probability that a zirconium tetraiodide
molecule decomposes upon impinging once upon a
surface at 1300°-1500°C in vacuo is nearly unity.

2. The rate-determining step in the hot-wire proc-
ess, when conducted with feed zirconium which is
not appreciably less reactive than erystal bar ends,
is the transport of the gaseous reactants.

3. The total amount of free iodine in an operating
cracking bottle is very small.

4. The initial synthesis of zirconium tetraiodide
in the cracking bottle is catalyzed, in all probability
photochemically, by the lighting of the filament.

5. The iodide process could probably be ac-
celerated by forcibly circulating the gases in the
cracking bottle.

Any discussion of this paper will appear in a Discussion

Section, to be published in the December 1953 issue of the
JOURNAL,
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The Elecirochemistry of Gallium'
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ABSTRACT

Electromotive force measurements were made on cells of the type Ga (s or 1)/
GaX; + HX/H, (Pt) where X is chloride or perchlorate at 20°, 25°, 28°, and 35°C, for
various gallic ion concentrations at several constant acidities. The standard elec-
trode potential for the gallium-gallic ion electrode in aqueous solution at 25°C is
found to be —0.560 =+ 0.005 volt. The standard free energy at 25°C was calculated to
be —38,800 cal mole™!. The standard entropy and enthalpy for the cell reaction at
25°C were estimated to be —39.2 cal mole~! deg™! and —50,500 cal mole™!, respectively.

The liquid gallium electrode behaved in an irreversible manner, but electroplated

solid electrodes behaved satisfactorily.

INTRODUCTION

The purpose of this work was to attempt to de-
termine the standard electrode potential, E°, for
the gallium-galli¢ ion couple:

Ga — Gattt 4 3e. (4)

Previous attempts (1-4) to measure the potential
of cells with gallium electrodes led to results show-
ing considerable variance. Results varied with time,
equilibrium was apparently not obtained, and surface
films were noted on the electrodes. Von Bergkampf
(3), in a brief paper, reported potentials for two cells;
from these measurements and with the assumption
that the activity coefficients of gallium were equal
to those of lanthanum, he calculated the value of
E° to be —0.52 volts. This is the value generally
accepted today. Von Bergkampf mentioned no pre-
cautions to exclude air, no corrections for hydrolysis,
and no attempts to purify his materials.

Perhaps the most comprehensive work done was
by Stelling (4). He found that the potential of gallium
amalgam electrodes prepared under hydrogen varied
erratically at first but became fairly constant after
2-4 days. In many cases, no steady state was ob-
served and this was attributed to incomplete re-
moval of air from the cells. Mechanical agitation
of the electrodes increased the potentials. Using a
dropping amalgam electrode he got more constant
results. From these potentials Einecke (5) calculated
the standard potential for equation (4) to be —0.56
volts.

Stelling also found that the potentials suddenly

1 Manuscript received March 10, 1952. This paper was
prepared for delivery before the Cleveland Meeting, April
19 to 22, 1950. Based on part of a thesis submitted to the
Chemistry Department, University of Chicago, in partial
fulfillment of the requirements for the degree of doctor of
philosophy.

2 Present address: Julius Hyman and Company, Denver,
Colorado.
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dropped about 300 mv when gallium melted. The
potentials remained low as the liquid gallium super-
cooled until, at about 26°C, the potential rose sud-
denly to near its original value.

None of the above authors corrected his concentra-
tion data for the hydrolysis of the gallium salt.
Fricke and Meyring (6) estimated the value of the
first hydrolysis constant

_ (GaOH*")(H*)

- (Ga*++) (B)

K,
to be 1.4 X 10~? at 18°C from pH measurements on
gallium chloride solutions. More recent measure-
ments (7) indicate a value of 4.03 X 1073,

EXPERIMENTAL

The experimental apparatus was conventional.
A gas purification and saturation train was used so
that gas might be bubbled through the cell arms to
remove oxygen or to stir the solution. Tank hydrogen
(or nitrogen) was bubbled through potassium per-
manganate solution and then passed up an oxygen
absorption tower similar in design to one described
by Meyer and Ronge (8). The gas was then passed
through four saturators and then into the cells.

The bath was a 24 x 24 x 28 in. water bath with
both cooling and heating arrangements. Temper-
ature control was better than 0.01°C.

The electrical circuit for measuring the potentials
was conventionally designed to give a null measure-
ment. The potentiometer was a Leeds and Northrup
Type K-2 potentiometer calibrated by the method
of Young and Hartsuch (9). Appropriate shielding,
grounding, and mechanical rigidity requirements
were fulfilled.

Cells

Several types of cell construction were tried. The
type used to obtain the data reported below was
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a three-arm H type with double cross tubes (to allow
completely free circulation of gas and solution) and
with a tungsten lead sealed into the bottom of each
arm (platinum amalgamates with gallium). Each
arm also contained an inlet for admission of gas or
solution into the cell. In use, the cell held a total
volume of 100 ml of solution. In a given experiment,
the potential difference between any two of the three
gallium electrodes used or between a gallium elec-
trode and the reference electrodes could be measured.

Preparation of Materials

Gallium metal with an estimated initial purity
of 99.8 per cent was repurified by the use of the
method of Hoffman (10) with some variations.
These variations involved the partition of chloro-
gallic acid between aqueous hydrochloric acid and
isopropy! ether to separate gallium from most other
elements (11). Analysis showed the final purity to
be 99.992 per cent gallium with respect to metallic
constituents. The method of analysis has been re-
ported elsewhere (12).

A portion of the purified gallium metal was dis-
solved in aqua regia and the solution evaporated to
a syrup four times, after repeated additions of con-
centrated nitric acid. It was then heated 16 hours
at 250°-300°C to form the sesquioxide. The oxide
was then dissolved in excess hydrochloric acid and
the gallium precipitated as the hydroxide with am-
monium hydroxide. The gelatinous precipitate was
filtered, washed, and redissolved in slightly more
than the calculated amount of hydrochloric acid.
The gallium chloride solution was then analyzed
for gallium as the oxide and for chloride as silver
chloride.

Gallium perchlorate was prepared by addition
of a measured small excess of silver perchlorate to
the solution of gallium chloride. The excess silver
ion was removed by the insertion of a gallium crystal
in the solution.

Water and constant-boiling hydrochloric acid used
to make up the several solutions were purified by
redistillation from a quartz vessel.

Potential Measurements

Measurements made on cells with liquid gallium
electrodes gave widely discordant results, and the
potentials varied with time in an erratic manner.
Since previous investigators (3, 4) had obtained
variable results with the use of gallium crystals and
amalgams, and in view of the steady potentials de-
rived from the use of electrodeposited indium elec-
trodes (14), we investigated the value of gallium
electrodes prepared in this manner. Earlier workers
used electrodeposition as a method of recovery of
gallium from its solutions and were not generally
concerned with the nature of the deposit.
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Six tungsten electrodes were plated simultane-
ously, all connected in parallel. The external circuit
consisted of a battery, a variable resistor, and a
milliammeter. The anode for the electrolysis cell
was made of platinum, since a tungsten anode soon
decomposed.

Preliminary experiments showed that gallium
was deposited as a gross, dull gray mass from a
gallate solution about 0.01 molar in gallium and
2.5N in sodium hydroxide after 30 hours at 0.03
amp/cm? and 5 to 6 volts. On microscopic examina-
tion, the deposit was seen to consist of myriads of
tiny bright crystals. The excess alkali was trouble-
some to remove, so the deposition in acid solutions
was investigated.

At acidities above 1.0N hydrochloric acid the
gallium did not deposit. In ice water with 0.1N
acid and 0.002} gallium chloride and current
densities of 0.03 to 0.45 amp/cm? the deposits were
of a fragile tree-like structure. With 0.002N acid
the electrolysis current soon dropped to zero and
the region near the cathode was observed to contain
a gelatinous white solid which appeared to be gallium
hydroxide.

Good deposits similar to those obtained in alkaline
solutions were obtained in solutions about 0.05N
in hydrochloric acid and 0.003M (or greater) gallium
chloride. The platinum anode was vut off to a 2-mm
length and placed so it dipped below the surface of
a liquid gallium pool, effectively forming a gallium
anode. Nitrogen was bubbled through the solution.
Electrolysis at current densities of 0.013 to 0.033
amp/cm? resulted in gross adherent polycrystalline
deposits. When the electrolysis was performed at
28°C or higher, the deposits frequently showed
partial melting.

All the electrodes used in these experiments were
prepared at 25° or 20°C by electrolysis for 12 to 14
hours. The current was maintained as closely as
possible to 15 ma, corresponding to a current density
of 0.02 amp/cm?. It was not necessary to keep a close
check on the acidity. The solution was periodically
tested for the presence of platinum and, if platinum
was present, the solution was replaced. After one
such electrolysis the current efficiency at the cathode
was found to be 68.5 per cent.

The electrodeposited electrodes were tested in
cells of the type:

Gag/GaCly + HCl/Hy(Pt). )

Measurements were also made with electrodeposited
gallium electrodes in cells of the type:

Gas/Ga(ClOs); + HCIO,/Hy(Pt). In

The following observations were made with regard
to their hehavior. (a) In solutions where the hydro-
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chloric acid concentration was above 0.1N, a slow
but steady evolution of gas from the electrode surface
took place. In solutions below 0.05N acid, no gas
evolution was observed. (b) The potentiometer null
adjustment was easily made to about 0.03 mv.
Readings were steady and reversible in the sense that
the null setting could be approached from either
side. (¢) The potentials reached a constant value in
2 to 5 hours and maintained this steady state for
from 2 to 12 hours. (d) The cell potentials generally
exhibited an initial rise, leveled off, and then began
a steady fall. (¢) The average deviation from the
mean steady state potential of three electrodes pre-
pared and tested in the same solution was about 4
to 6 mv. (f) The average potentials of two sets of
three electrodes prepared at different times and
tested in the solution differed by less than the de-
viation within either set, i.e., the electrode prepara-
tion was generally reproducible. (g) Out of 223
electrodes prepared under the standard conditions,
readings from 28 were rejected. (k) The potentials
attained were independent of whether or not hy-
drogen bubbled over the gallium electrode. A tem-
porary change occurred, but the potential soon
returned to near its original value. This effect is
discussed more fully below.

Concentration Series

Four series of experiments were performed, each
with an approximately constant acid molality and
varying gallic ion molalities. Three were in ap-
proximately 0.005, 0.01, and 0.03 molal hydrochlorie
acid. The fourth was in 0.025M perchloric acid. The
three hydrochloric acid series were run at 20°, 25°,
and 28°C. The perchloric acid series was run only
at 25°C.

Three gallium electrodes were used for each ex-
periment. The potentials reported are the averages
for the three electrodes. Precautions were taken to
exclude air and, at the end of an experiment, samples
were taken for analysis and density determination.
They were analyzed for gallium by the 8-hydroxy-
quinoline method, and for chloride gravimetrically
as silver chloride. The perchlorate samples were
titrated with standard base.

The precision of the measurements was too poor
to permit any good assessment of the temperature
coefficient of the potential. Whenever the stability
of a set of electrodes permitted, they would be re-
tained in the cell while the thermostat temperature
was either raised or lowered. The solution was then
allowed to reach equilibrium again. In this way
several scattered measurements of the temperature
coefficients were made.
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CaLcuLATIONS AND REsurrs?

The first hydrolysis constants given in Reference
(7) were recalculated with the use of the more
rigorous equation:

+y
= (GaOH™)(H') (I11)
Gattt), — (GaOHtt)

where (Gat*+), represents the stoichiometric gallic
ion concentration. The calculated values range from
2.57 X 1074t026.90 X 10~*and averaged 5.83 X 104,
This last value was used to calculate the amount of
hydrolysis of the various solutions used in this work.
The difference between molarities and molalities
as well as between molarities and activities was
neglected in this calculation. The effect of further
hydrolysis as well as complex formation (e.g.,
GaCl*t, ete.) was also neglected.

For a cell of type (I) where the reaction is Ga 4
3HCl — GaCl; 4+ $H, the fundamental electro-
chemical equation leads to an expression:

_RT | (Maurss)
3F " (Murp

E=E

RT . (y%)'GaCl
= JP L [p AL e
T D

where EY is, by definition, equal to the two expres-
sions which follow; E is the observed cell potential
(corrected to one atmosphere hydrogen pressure);
M is the molality of the designated ion; E° is the
standard potential of the gallium-gallic ion couple;
and vy is the mean activity coefficient of the desig-
nated compound. A similar expression holds for
cells of type (II).

If the second equality is plotted* against the square
root of the ionic strength, the intercept at zero ionic
strength is E°.

The data were used to calculate best fitting linear
equations of the form —E" = ay + a\/u by the
method of least squares. Table I (columns 3 and 4)
lists the coefficients ao and @, for the several equa-
tions. The standard error of estimate of the linear
equation is given in column 5. The average of the
standard errors is £0.004 volts.

3 For analytical results, densities, calculated (GaOH*)
concentration, corrected gallic ion and hydrogen ion con-
centrations, and the ionic strength, u, order Document
3857 from American Documentation Institute, 1719 N
Street, N. W., Washington 6, D. C., remitting $1.00 for
microfilm (images 1 in. high on standard 35 mm picture
film) or $1.35 for photocopies (6 in. x 8 in.), readable with-
out optical aid.

4 The data required for such plots have been microfilmed
and are available from the American Documentation Insti-
tute, 1719 N Street, N. W., Washington 6, D. C. Order
Document 3857, remitting $1.00 for microfilm or $1.35 for
photocopies.
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The values of ao are, of course, identical with the
standard potential —E°. Since these E° values,
although at infinite dilution with respect to gallium,
refer to various constant acidities, they were used
together with the averages of the corrected acid
concentrations to construct lines fitted by the least
squares method. The constant term in each of these
isothermal lines corresponds to a value (E%) which
refers to zero gallic ion and zero acid concentrations.

The values of K% found for the three temper-
atures are listed in Table IT along with the standard

TABLE 1. Coefficients and standard error of estimate of
least squares equations

Acid series 1;58);) o ((‘,:ou_s)EB) a %ﬁgg
0.005 HCI 20 0.5459 | 4 .02524 0.0050
25 0.5467 | +.02545 0.0032

28 0.5411 | 4.06520 0.0064

0.01 HCI 20 0.5552 | —.004077 | 0.0043
25 0.5512 | +.01098 0.0027

28 0.5475 | +.02061 0.0047

0.03 HCI 20 0.5241 | +.02274 0.0053
25 0.5182 | +4.04760 0.0047

28 0.5192 | +.05126 0.0038

0.025 HCIO, 25 0.5177 | 4.07331 0.0020

TABLE II. Standard potential and free energy al infinite

dilution
Temp ‘ —E» Error of estimate —AF®
(°C) (volts) volts] (cal/mole)
2 0.599 +.006 38,700
25 0.560 +.005 38,800
28 0.553 +.005 38,300

TABLE III. Activity coefficients, v + GaCl,

B ¥ £ HCl v % GaCl v & La(NOy)
0.10 0.906 0.800 0.772
0.15 0.873 0.729 0.688
0.20 0.844 0.668 0.620
0.25 0.821 0.617 0.563
0.30 0.803 0.575 0.523
0.35 0.791 0.542 0.497

error of estimate. The values of the standard free
energy AF® in cal/gram mole are also listed.

The least squares linear equation for the 0.005M
acid series at 25°C was used to calculate the mean
activity coefficients for GaCl;. Use was made of
values for ¥ &= HCI interpolated from the data of
MacInnes (15). Table III presents the calculated
values and, for comparison, the activity coefficients
of lanthanum nitrate interpolated from data given
by Lewis and Randall (16).

The experiments to determine a temperature co-
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efficient of the potentials allow only a rough estima-
tion of its value. In every case where the bath
temperature was raised, the potentials fell. When
the bath temperature was lowered, the potentials of
30 out of a total of 53 electrodes increased in value.
There appeared to be no correlation between in-
crease in potential and acidity or gallic ion concen-
tration. Nevertheless, since the potential trend was
counter to what would be expected if the electrodes
were simply deteriorating, this change was assumed
to give a rough indication of the temperature coef-
ficient. The over-all average of these changes was
0.566 mv degree™, corresponding to an entropy
change for the reaction represented by cell (I) of
—39.2 cal mole~! degree'. This value can be com-
pared with Latimer’s estimate (17) of “at most,
—50” in the infinitely dilute solution and with von
Bergkampf’s (3) value of —23.2 calculated from the
heat of solution in 9N hydrochloric acid. If our
entropy difference is assumed to be the standard
entropy difference, the enthalpy, AH® at 25°C is
—50,500 cal/mole.

Discussion

The analytical errors are small compared to the
variability in the electrodes. In all but the most
dilute solution the precision of the gallium analyses
was better than 1.0 per cent. In the most dilute
solution (0.000860M) the precision was 2.0 per cent.

The chloride analysis errors averaged about 0.1
per cent and the perchlorate analysis errors about 1
per cent. These errors are not serious in the deter-
mination of E¥ since the analytical results enter
only in the logarithmic term.

Gallium did not appear to be dissolving from the
electrode into the solutions since the analytical re-
sults agreed fairly well with the calculated dilutions.
Furthermore, inspection of the Nernst equation
showed that the potential should fall if gallium were
being dissolved. :

If the gallium electrode were acting in part as a
hydrogen electrode, the potentials would also be
influenced. When a platinum wire was touched to
a gallium electrode, the cell potential immediately
fell to practically zero. The effect of the passage of
hydrogen over the electrode varied with both gallic
ion and acid concentrations. The higher the acid
concentration and the lower the gallic ion concentra-
tion, the greater the potential rise on interruption
of the hydrogen stream, or the potential fall on
start of a hydrogen stream. In the 0.005M acid series,
the potential rise on interruption of the gas stream
averaged 1.9 mv. In the 0.03M acid series it ranged
from 0.9 mv in the most concentrated gallic ion
solution to 5.9 mv in the most dilute. These obser-
vations indicate that the gallium electrode was act-
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ing to a minor extent as a hydrogen electrode, too.
The potentials in the lower acid concentrations are
more indicative of the true equilibrium potential
of the gallium-gallic ion couple. The data presented
in the previous section were, of course, obtained
without passage of a gas stream over the gallium
electrode.

The liquid electrodes showed considerable evidence
of passivity, but the general trend of potentials
shown by the solid plated electrodes was what might
be expected from a reversible type of electrode. Pre-
vious investigators used crystals which must be
prepared by supercooling the liquid (sometimes as
much as 20°). It was recently reported (18) that a
small transition in crystal form occurs at 18.9°C.
This might well lead to strain in the crystal lattice
and thus to potentials different from those found in
this work. It has also been shown by Lewis (19)
that while massive silver electrodes differed widely
in their potential, electrodes prepared by electrolysis
gave reproducible values.
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Electrodeposition Behavior of Cadmium and of Thallium
at Mercury Cathodes'

L. B. Rocers aND CHARLES MERRITT, JR.

Department of Chemistry and Laboratory for Nuclear Science and Engineering, Massachuselts Institute of Technology,
Cambridge, Massachusetts

ABSTRACT

The deposition behavior from approximately millimolar solutions of thallium (I) and
cadmium at a mercury cathode can be predicted from polarographic data within 10
mv. The variations in the deposition at a particular potential were usually smaller
than that corresponding to 5 mv when using instruments with control limits of about
=+3 myv. The presence of about 0.02F copper or bismuth in the mercury appeared to have
no effect on the deposition behavior of cadmium. During the course of this study, several
incidental observations of practical importance were noted.

INTRODUCTION

The increased interest in controlled potential
electrolysis made it desirable to examine more com-
pletely the applicability of polarographic data for
predicting electrodeposition behavior (1) and to
determine the experimental reproducibility of depo-
sitions performed with a suitable instrument. If
experimental factors appreciably broadened the
limits beyond those inherent in the instrument, the
decrease in reproducibility would limit ones ability
to separate elements having nearly the same deposi-
tion behavior (2). Thallium was selected as the first
element to study because the amount deposited at
a given potential for a one-electron reaction is least
susceptible to variations in cathode potential. The
results obtained with thallium encouraged the ex-
tension of the study to cadmium.

It is also important to know what effect, if any,
the presence of one element in the mercury has on
the deposition behavior of the second. Preliminary
experiments were therefore carried out to test the
effect of copper and bismuth in the mercury on the
deposition behavior of cadmium. Cadmium was
arbitrarily selected for this portion of the study.

EXPERIMENTAL

Apparatus—The regulators for controlling the
potential of the cathode were a line-operated unit
of the type described by Lamphere (3) and a battery-
operated regulator (4) both of which hold a preset
potential constant to about 3 mv. A portable Rubi-
con potentiometer having a range up to 1.6 volts,
was connected across the reference half-cell and the
cathode to adjust and measure the cathode potential

! Manuscript received May 2, 1952. This paper was pre-
pared for delivery before the Philadelphia Meeting, May
4 to 8, 1952.
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to the closest millivolt. The potentiometer was also
used to check the initial and final potentials of po-
larographic curves obtained with the Sargent Model
XXTIT recording polarograph.

Measurements of pH were made with a Beckman
Model G pH meter. Resistances of the salt bridges
and polarographic cells were measured by means of
a conductance bridge, Model RC-1B of Industrial
Instruments, Ine.

The electrolytic cell shown in Fig. 1 consisted of
a beaker fitted with a rubber stopper containing
appropriate holes to receive the electrodes, stirrer,
gas dispersion tube, and sampling tube. Electrical
contact with the mercury cathode was made directly
by means of a platinum wire sealed into glass. An
“external” anode, a platinum wire, was placed in
a saturated solution of potassium sulfate connected
through an agar salt bridge, saturated with potas-
sium chloride, to a vessel containing a saturated
solution of potassium chloride which in turn was
connected to the electrolytic solution by another
agar salt bridge saturated with potassium chloride.
A saturated calomel electrode (S.C.E.) was used
as a reference half-cell and was also connected to the
electrolytic solution by means of an agar bridge
saturated with potassium chloride. The use of fritted
glass dispersion tubes prevented contamination of
the electrolytic solution with agar gel without unduly
increasing the resistance of the cell. By using Tygon
tubing for the major portion of the bridge, greater
flexibility and ease of handling resulted. Because
of the high currents drawn, an “internal” platinum
anode was used only during the separations of copper
and bismuth.

A motor-driven stirrer was constructed to permit
simultaneous stirring of both the mercury and the
solution. Deaeration of the solution prior to and
during electrolysis was accomplished by passing
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nitrogen through a solution of 0.1F hydrochloric
acid and then through a fritted glass dispersion tube
immersed in the solution.

Reagents—Solutions were prepared from reagent-
grade chemicals and distilled water. A stock solution
of approximately 0.004F thallium (5) was prepared
by saturating 0.1F hydrochloric acid with thallium
(I) chloride and then decanting from the excess
solid. The stock solution of cadmium was prepared
by dissolving the required weight of cadmium oxide
in enough hydrochloric acid to make the solution
0.05F in cadmium and 0.1F in hydrochloric acid.
Solutions were prepared for electrolysis by ten-fold
dilution with 0.1F hydrochloric acid to make the
final concentration 0.005F in cadmium.

The copper-cadmium and bismuth-cadmium solu-
tions were prepared from the required weight of the

To ANODE — TYGON
SAMPLE
TUBE
P
— N2
{—CATHODE

1

l/

To SCE —

SATURATED KCL
SOLUTION

Hg

AGAR - KOL ————fe

SINTERED :
oLAsS — |

Hg —
Fic. 1. Electrolytic cell

cupric or bismuth chloride and a suitable aliquot of
the cadmium stock solution by dilution with 0.1F
hydrochloric acid solution to make the final concen-
trations 0.02F in copper or bismuth and 0.005F in
cadmium. In the case of bismuth, the bismuth
chloride dissolved, but later reprecipitated as a
milky suspension of the oxychloride. A well-shaken
sample of this suspension was used in the electrolytic
experiment.

Polarographic procedures—The diffusion current
(¢4) for each solution was determined prior toelectrol-
ysis. By measuring the 7, after electrolysis, one could
calculate the distribution of the element between the
two phases.

The determination of the values for Ei of each

element was made from appropriate polarograms
" taken with a total span of 0.5 volt on the slidewire.
The initial and final voltages were determined to

March 1953

+0.1 mv with a potentiometer. The observed K
was always corrected for /R drop.

Electrolytic procedures.—Depositions from known
volumes of solution into a known volume of mercury
(usually a total volume of 200 ml) were carried out
at various potentials until equilibrium was reached.
Using about a 20 ml sample which had been with-
drawn through the sampling tube into a pipet, each
solution was analyzed polarographically for thallium
or cadmium to determine the percentage of the
element remaining in solution. The sample was re-
turned to the electrolytic cell after each polarogram
so that an electrolysis at a new potential could be
made without concern for changes in volume. By
maintaining the potential on the cathode during the
analysis of each sample, dissolution of any metal
from the mercury could be prevented and the time
required to reach equilibrium at a more negative
potential decreased. The time required to reach
equilibrium was different at each volume ratio and
was determined by making a polarographic analysis
at fixed time intervals until a constant value for
the polarographic diffusion eurrent was reached.

Several points on the deposition curve for a 1:1
volume ratio were determined by successive elec-
trolyses at various potentials. For volume ratios
other than 1:1, only a single electrolysis was per-
formed at an appropriate potential. In all cases the
value for the potential at which half of the element
was in the mercury (¥5,) was caleulated by means
of the Nernst equation (2) from the value of the
percentage of the element remaining in the aqueous
phase.

The solutions containing copper or bismuth to-
gether with cadmium were first electrolyzed at a
potential sufficiently negative to deposit only the
copper or bismuth and to leave the cadmium in
solution.? When essentially all of the copper or bis-
muth had been deposited, the potential was made
more negative and the Fjq, for cadmium determined.

No attempt was made to control the room temper-
ature which was approximately 27°C during most
of the runs. Since only very small currents passed
through the electrolytic cell, there was no appreci-
able heating effect on the solution.

REsuLts

Thallium.—The E; for thallous ion in 0.1F hydro-
chloric acid was found to be —0.461 volt vs. S.C.E.
which agrees within the estimated experimental

2 Polarograms taken of the copper-cadmium and bis-
muth-cadmium solutions after electrolysis at the first
potential were used to determine when all of the copper or
bismuth had been plated out and gave, at the same time,
a reference 7, to use for the cadmium analysis. The values
of 7z obtained were the same, within the limits of error, as
those obtained for solutions of cadmium alone thereby
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error with the value of —0.460 in the literature (6).
As shown in Table I, an Egq of —0.464 volt vs.
S.C.E. was obtained for & volume ratio of 1:1 which
also agrees well® with the FE;,.

The reversibility of the thallium amalgam system
was tested by allowing essentially complete deposi-
tion (about 999,) followed by dissolution of some
thallium at an applied potential of —0.455 volt vs.
S.C.E. At equilibrium 56.5 per cent of the metal
ion was found in solution giving a caleulated value
for Egq of —0.462 volt which agrees with the
deposition result.

In view of the suggestion (2) that certain separa-
tions should be facilitated by using ratios of phases
other than 1:1, experiments were run to check the
shift of Ky, when the ratio of the volumes of mer-
cury and solution are changed. The results, which are

TABLE 1. Deposition of thallium from 100 ml of 0.1F hydro-
chloric acid into 100 ml of mercury

Applied P ¢ f thalli Eso per cent
il 2 o v | POl | M
—0.390 93.5 —0.460
—0.410 88.7 —0.464
—0.430 79.5 —0.465
—0.450 63.7 —0.465
—0.470 42.5 —0.463
—0.490 22,5 —0.468
—0.510 10.5 —0.454
—0.530 8.1 —0.467

Mean = —0.464 4 0.003 v*

TABLE II. Effect on Es, of using different volume ratios
of mercury to aqueous phase

Applied Percentage Es0 per cent,

Volumes of phases poéegot;al * | of thallium (v vs. S.CE)
. v 1n aqueous —_—
(v vs. S.C.E.) pgase Found Cale.*
150 ml mercury | —0.430 57.¢ —0.437 | —0.435
50 ml aqueous
50 ml mercury | —0.510 36.3 —0.495 | —0.493

150 ml aqueous

* Eso9, calculated from the Ejog, for a ratio of 1:1.

summarized in Table II, are in good agreement with
theory.

Cadmium.—An Ey of —0.606 volt vs. S.C.E. for
cadmium ion in 0.1F hydrochloric acid was obtained
in the present study, and it agrees satisfactorily
with the literature value of —0.599 volt (6). As

indicating that essentially no cadmium was deposited
during the deposition of copper or bismuth.

# The limits of uncertainty are expressed in terms of a
probability of 90 per cent in accordance with the recom-
mendations set forth in ASTM Manual on the Presenta-
tion of Data, Supplement A, American Society for Testing
Materials, Philadelphia (1940).
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shown in Table III, the E; agrees with Ejso, within
the assigned limits of error.

When equilibrium was approached by dissolution
from mercury for 8 hours, 31.5 per cent of the metal
was found in the solution at an applied potential
of —0.620 volt vs. S.C.E. This gave a calculated
value for Fso of —0.611 volt which shows that the
cadmium system, as expected, is also reversible.

The shift of Esq, for the cadmium solutions for
volume ratios other than 1:1 and the effect of copper
and bismuth are summarized in Tables IV and V.

TABLE 1II. Deposition of cadmium from 100 ml of 0.1F
hydrochloric acid into 100 ml of mercury after 8 hours

. (Aplplieg " dPgrcen.tage of Es0 per cent
po ('fznvlsa. S-J.:C.i'].) v ca mlur;l l:seaqueous (v vs. S.C.E.)
—0.605 60.4 —0.611
—0.600 69.4 —0.610
—0.616 48.3 —0.615
~0.630 19.0 —0.611

Mean = —0.612 & 0.003 v.

TABLE IV. Effect on Exw, of using different volume ratios
of mercury to aqueous phase

Applied Percentage. E3a per cent
otential + | of cadmium (vvs. S.C.E.)
Volumes of phases | POgfis2 ol I S
(vvs.S.C.E.) phase Cale. Foiitid
150 ml mercury | —0.580 60. 5 —0.586 | —0.586
50 ml aqueous
50 ml mercury | —0.640 225 —0.624 | —0.624

150 ml aqueous

TABLE V. Effect on the Es, of cadmium of other metals
deposited in mercury using 76 ml each of mercury and
—0.1F hydrochloric acid

Potential

( . S.C.E.) Percent- Es0 per cent
Metal apgli‘::l to deposit cag:lioufm (vvs. S.C.E)
present - ig aque-
elg:l:i;t Cadmium | U8 phase This expt. T;;)rlznhl
Copper —0.4 | —0.628 | 23.; | —0.613 | —0.612
Bismuth -0.2 —0.620 | 42.. —0.616 | —0.612
Discussion

In general, the results indicate that, if an instru-
ment is used which is inherently capable of con-
trolling the potential to 3 mv, an over-all experi-
mental error of the same size can be attained. The
present study also indicates that the position of the
deposition wave can be predicted closely from po-
larography and that its exact position can be pre-

4 Kolthoff and Lingane (6) have given the limits of un-
certainty of Ej for cadmium in 0.1F chloride solution as
—0.599 = 0.005 volt. The limits for the experimental value
given here are also =+0.005 volt for a probability of 99
per cent.
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dicted from a knowledge of the volumes of the two
phases.

Although these studies involving prior deposition
of copper or bismuth into the mercury showed no
effect of the presence of these elements on the deposi-
tion behavior of cadmium, the limited amount of
data does not rule out the possibility of finding effects
under extreme conditions, i.e., high concentrations
of copper or bismuth in the mercury during the
deposition of a small amount of cadmium. Certainly
the data cannot be extrapolated to other systems
although it is encouraging to find that interference
may not always be found.

Although it has been known that elements deposit
at different rates, it was interesting to observe that
the rate of attainment of equilibrium was very much
slower with cadmium than with thallium. In con-
trast to the time of 3 hours for thallium, 9 hours were
required for cadmium to attain equilibrium at a
1:1 volume ratio. If constant times of electrolysis
are used which fail to allow for equilibrium to be
established, a deposition curve can be obtained with

TABLE VI. Deposition of cadmium from 100 ml of 0.1F
hydrochloric acid into 100 ml of mercury after 2 hours

: {}P}p“ed 63 dPgrcen}age of Exo per cent
po (evnv]:. Sd:COEo) v ca mm'ghlanseaqueous (v vs. S.C.E.)
~0.580 92, —0.612
—0.600 80.9 —0.618
~0.620 59.1 —0.625
—0.640 25,1 —0.626
—0.660 6.9 —0.626
~0.680 1.2 —0.623

Mean = —0.621 v & 0.005 v.

nearly the same limits of experimental error as the
curve obtained under equilibrium conditions but
with an appreciably different value for Ejq,. Such
a case is given in Table VI for which the electrolysis
time was two hours.® Furthermore, it is important
to note the pronounced effect of the volume ratio
on the time required to reach equilibrium. In de-
positing cadmium at volume ratios of 1:3 and 3:1,
the time was 29 hours compared to 9 hours for the
1:1 ratio. This can be attributed in part to the fact
that a single stirrer of the type used in these experi-
ments cannot stir both phases efficiently if the
volumes are very different, i.e., the solution phase
was poorly stirred when its volume was large whereas

5 A less striking case is presented in Table III where
the time of eight hours allowed for the electrolysis gives a
value for the amount of element remaining in solution
which is only 99 per cent of the equilibrium value. There-
fore the resulting value for Eso will be slightly more
negative than the Eseg at equilibrium.
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a large volume of mercury noticeably slowed down
the stirrer. The use of a separate stirrer for each
phase should minimize this difficulty.

During the early runs, it was found that hydrogen
peroxide produced by reduction of dissolved oxygen
in the solutions made it impossible to measure the
polarographic diffusion currents of cadmium and
thallium. After providing for deaeration of the
solutions no further difficulty was encountered. The
fact that other workers (7) have generally used an
internal platinum anode, which probably causes
catalytic decomposition of hydrogen peroxide, may
account for the fact that no previous reports of the
interference of hydrogen peroxide have been given.

It was found that the polarograms of thallous
ion before electrolysis showed a slight maximum.
Since this maximum did not appear in polarograms
on electrolyzed solutions, it was obviously due to
the presence, initially, of some reducible impurity,
probably traces of oxygen. By electrolysis at a po-
tential of —0.3 v vs. S.C.E. where less than 1 per
cent of the thallium was deposited, the maximum
was successfully eliminated so that a flat plateau
could be obtained for the reference point of 0.0 per
cent deposited.

A determination of pH before and after electrolysis
showed no change and it was concluded that there
was essentially no appreciable discharge of hydrogen
from the acidic solutions of either thallium or cad-
mium.

SumMMARY AND CONCLUSIONS

From the depositions of thallium and cadmium
into mercury at controlled potentials, one can con-
clude that the Fgg, values for reversible half-cell
reactions involving elements soluble in mercury is
essentially equal to the polarographic half-wave
potential when the volumes of mercury and aqueous
phase are the same. For the two cases studied it has
been shown that the prior separation of copper or
bismuth effects no change in the value of I, for
cadmium. The position of the deposition wave will

v
be shifted by the value % log e [in accordance

Vsol’n
with predictions (2) from the Nernst equation] when
the relative volumes of mercury and solution are
different from 1:1. If complete separation is to be
achieved, one must electrolyze for a much longer
time than anticipated in order to insure attainment
of equilibrium whenever the volume ratio differs
appreciably from unity.
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A New Electrochemical Process for Indium'

J. R. Miis, B. G. Hunt, anp G. H. TurNER

Research and Development Division, The Consolidated Mining and Smelting Company of Canada, Limited, Trail, British Columbia

ABSTRACT

Metallurgical operations on products containing indium result in its concentration
in a slag containing 2.5 per cent In. This slag is reduced eleetrothermically to produce
a bullion containing lead, tin, indium, and antimony. This bullion is treated electro-
lytically by a modification of the Betts process to yield a lead-tin alloy cathode and a
high-indium (30-35%) ancde slime. The anode slime is treated chemically to give a
crude (99%) indium metal, which is refined electrolytically. The properties and uses

of indium are discussed.

INTRODUCTION

The widespread association of indium with zine
blende is the general basis for the commercial re-
covery of this element, which is obtained as a by-
product of zine reduction. In the electrolytic process
which is used at Trail, B.C., the indium remains with
the iron content of the zine concentrates through
the roasting and leaching operations. Leaching plant
residues containing this iron and indium are trans-
ferred to the adjacent lead smelter for the recovery
of the contained lead and residual zinc values. In
the lead blast furnaces the indium becomes divided
between the slag and the lead bullion in roughly
equal proportions. The indium content of the slag
is removed along with the zinc in the slag fuming
furnaces. The zinc oxide fume is treated in a separate
leaching plant, residues from which are returned
to the lead smelter along with the residues from the
leaching plant treating the primary zinc calcine.

Earlier efforts to recover indium were based on
the treatment of this zinc oxide fume by extraction
with H,SO,, followed by the precipitation of a crude
indium sludge containing 10 to 20 per cent In by
neutralizing with Na,CO;. A similar method has
been used by other producers of indium.

The indium content of the lead bullion reports
almost quantitatively in the dross which separates
from the lead before the casting of the latter into
anodes for electrolytic refining. Since the indium-
containing residues from the leaching of the zine
oxide fume are recirculated to the lead smelter, this
dross provides an eventual outlet for practically
all of the indium entering the operations. Customary
treatment of this dross is a reverberatory liquation
which yields the typical copper matte and speiss,
along with a slag. This slag, as recovered in normal
operations, contains 2.5 to 3.0 per cent In and 4 to
5 per cent Sn. This is the highest concentration of

1 Manuscript received August 12, 1952. This paper was
prepared for delivery before the Montreal Meeting, October
26 to 30, 1952.

indium encountered in the Trail operations. For this
reason the economic recovery of the metal from this
source seemed promising, particularly if a process
by which the lead and tin contents could be recovered
simultaneously were found. Potential production of
indium is approximately one million ounces (35 tons)
per year from current operations while stockpiled
by-products contain an additional reserve of some
10 million ounces. Fig. 1 shows the movement of
indium through the Trail lead and zinc reduction
plants.

PropuctioN oF INDIUM
Electric Furnace Reduction of Indium-Bearing Slag

Slag resulting from dross treatment contains
sufficient copper to make a preliminary copper
separation advantageous. (See Table I.) Flotation
is employed to remove the bulk of the copper as a
saleable copper concentrate. This leaves the indium,
tin, and lead in a finely divided tailings product as
a wet filter cake. This material is processed to a suit-

" able furnace feed by drying and sintering in a rotary
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kiln. The accompanying flowsheet (Fig. 2) shows
the flow of indium from the above stage through to
refined metal.

The smelting equipment consists of an electric
furnace and its auxiliary gas and fume recovery
system. The furnace is a shaft type of rectangular
shape. There is a steel plate shell lined with fire brick
which is in turn lined with carbon paste baked into
position. Power is supplied to the furnace by a single
phase transformer through two vertically suspended
graphite electrodes. The rated power input is 75 kw
at about 50 volts and 1500 amperes. There are two
tapholes, the higher one for tapping slag and the
lower one for removing metal or slag or for draining
the furnace. Gases and fume are withdrawn from
the furnace, mixed with air and burned in a combus-
tion chamber, then cooled and passed through a
baghouse unit for dust recovery.

The furnace charge is prepared by mixing each
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to the furnace and smelting continued until the re-
actions are completed as established by previous
experience. The melt is then tapped out into a cast
steel pot where the slag and metal constituents sepa-
rate before freezing. When cold, the button is broken
and the slag separated and discarded. The metallics
are reheated in a melting pot, allowing separation
of a speiss from the lead-tin-indium bullion. The
melting point of the speiss is sufficiently high to
prevent its melting and it is returned to the lead
smelter. The bullion is allowed to cool to near its
melting point, whereupon a soft crust collects on the
surface and is removed by skimming. These skim-
mings contain appreciable indium and are recycled
to the electric smelting furnace. The final bullion
obtained after removing the skimmings contains
about 80 per cent Pb, 4-5 per cent In, 10 per cent Sn,

TABLE 1. Typical analyses of materials

1 Pb Cu Sn In As Sb Fe Zn S Ca0 Si0;
% % % %o % % % % % % %
Dross retreatment slag...| 35.0 5.5 4.4 2.5 2.0 1.8 10.7 5.4 1.1 2.5 13.8
Sintered tailings......... 32.0 1.9 4.8 2.7 2.1 1.9 11.5 5.8 0.6 2.7 14.9
Bullioni; < g sow o pa 78.0 0.8 10.0 4.6 0.2 4.3 <0.1 - s — -
Slag...........oo 0.6 0.2 0.3 0.2 0.1 0.1 13.4 1.5 0.5 23.2 36.8
Speiss. ... 6.5 6.2 6.2 1.7 13.7 2.9 49.6 1.5 == — =
Bumes: <« o s in s wanin 37.8 — 2.8 3.1 3.9 0.5 0.6 29.8 1.5 0.3 1.4

DROSS Rt'fﬂff TMENT SlAc
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SINTERING OF TAILINGS

Cu CONCENIRATE

COKE Fume
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Fra. 2. Flowsheet of indium recovery process

100 Ib of sinter with 17 Ib limestone as a flux, and
8 lb coke as a reducing agent.

The operation as conducted at present is es-
sentially batchwise. A batch of mixed feed is charged

and 4-5 per cent Sb and is cast into suitable anodes
for subsequent steps.

The indium and tin are not readily reduced, so
in order to obtain a slag acceptably low in both these
metals, it was found necessary to carry the smelting
temperature of each batch up to 2700°-2900°F
(1480°-1590°C) before tapping the batch from the
furnace. This type of operation, carried out on a rela-
tively small scale and requiring such temperatures,
can only be successfully accomplished by the use of
an electric furnace. Under these conditions the major
part of the indium and tin appear in the lead bullion
where they are amenable to further treatment.

Some indium, tin, and lead together with most of
the zinc are evolved from the furnace as a fume. This
is burned to the oxide, collected in a baghouse, and
recycled to the furnace until the zine builds up to
about 40 per cent when it begins to give trouble by
causing excessive furnace blows. This high zinc
fume is then removed from the circuit and the
cycle repeated.

The speiss largely results from the reduction of
part of the iron in the feed due to the prevailing
reducing conditions and high temperatures. The
iron forms the major constituent of an alloy contain-
ing arsenic, lead, tin, copper, antimony, and indium.
Unless care is exercised, an excessive amount of
indium appears in this speiss, lowering the recovery.
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However, this indium is not necessarily lost as the
speiss is returned to the lead smelter circuit. By en-
suring that the proper amount of metallic iron is
formed, there is reasonable assurance that most of
the indium reports in the lead bullion.

The net recovery of indium and tin from sintered
tailings to bullion is about 65 per cent, while that of
lead is 70 per cent. The remainders are not lost as
they are returned to the main metallurgical circuits
for reprocessing. It is expected that, with continued
operation, modifications will be developed that will
result in higher recoveries and minimize the propor-
tions of the materials that must be recycled.

Electrolytic Parting of the Bullion

The bullion was found to behave in an interesting
way when subjected to anodic oxidation. Lead, tin,
and indium were expected to go into solution, from
which the lead and tin could be deposited at the
cathode, leaving the indium to build up in the elec-
trolyte. The oxidation-reduction potential of indium
is considerably more negative than that of tin and
lead, —0.34 volts as compared with —0.13 for tin
and —0.12 for lead, which would suggest the prob-
ability of indium dissolving readily at the anode and
not depositing at the eathode. Instead, as much as
90 per cent of the indium was found to remain at
the anode in the form of an anode slime containing
30-35 per cent indium and 35-40 per cent antimony.
Such a sharp upgrading of the indium content of the
bullion, concurrent with the separation of the lead
and tin as a lead-tin alloy cathode deposit seemed
a very promising approach to the recovery of the
lead, tin, and indium values of this metal.

The lead fluosilicate electrolyte from the Betts
process lead refinery, being readily available and
suitable, was chosen for the electrolyte in this opera-
tion. Lead starting sheets used in the lead refinery
are also suitable for this process. The current density
is not critical, but a value of 12 amp/ft? was chosen.
Anode slimes are removed on a three-day cycle.
The addition agents used in the lead refinery also
satisfy this process. In general, this process may be
operated in a manner almost identical to that of
electrolytic lead refining. A typical anode slime
composition is: In—33%: Sb—37%; Cu—129%,;
Sn—89%,; Pb—3%,; As—19,.

The cathode deposit contains 90-92 per cent lead,
with the remainder being tin.

The lead content of the electrolyte gradually falls,
as indium and tin enter it. The tin content levels off
at about four g/l while the indium continues to rise.
The lead content, which is initially in the range 50-60
g/l, is not allowed to fall below 15 g/l. It is main-
tained at this level by the addition of a lead refinery
by-product, a crude lead fluoride, which is soluble

March 1953

in this electrolyte. The conductivity of the electro-
lyte gradually decreases as the indium content in-
creases, which is objectionable. However, it is
suspected that in this process the conductivity
change results more from the increase in fluorine
content than from any change in the metal content.
There is no change in the chemically determined
free acid content of the electrolyte. The electrolyte
is withdrawn when the indium content reaches 35
g/ and the conductivity about one-half of the orig-
inal value. The recovery of the indium, tin, and lead
content from the withdrawn electrolyte is described
later.

The reason for the retention of indium in the
anode slimes appears to be related to the nature of
the system Pb-Sn-Sb-In when its composition is
approximately that produced in the electric furnace,
namely, Pb—80%, Sn—109%,, Sb—5%, In—59%,. This
system consists largely of a lead-tin alloy of the
relative composition 80-10, upon which is super-
imposed the compound InSb. Some SnSb is also
present, accounting for the retention of some tin in
the anode slimes and the loss of some indium to the
Pb-Sn alloy and thence to the electrolyte. The stabil-
ity of the compound InSb is evidently sufficient to
prevent indium from being oxidized at anodes oper-
ating close to the reversible potential of lead, and
thus 0.2 volt more positive than the standard po-
tential of indium. Polarographic studies of the
electrochemical behavior of indium have shown that
the electrolyte has a strong influence on the rate
of electrochemical processes involving this element.
In hydrofluosilicic acid, among many others, re-
actions involving indium appear to exhibit a distinet
element of slowness, or in other words, moderate
activation energies. This factor, in combination with
the chemical association of indium and antimony,
described earlier, may combine to render the bulk of
the indium content of the anode passive. The elec-
trolyte factor alone is not capable of preventing the
oxidation of indium. This is demonstrated by the
10 to 15 per cent of the total indium content, not
associated with antimony, which enters the elec-
trolyte.

For these reasons it is desirable to keep the molar
ratio of indium to antimony in the bullion close to
unity. As indium exceeds antimony, the excess is
oxidized and the recovery of indium in the slimes
falls below the 80-90 per cent maximum. As the
indium content of the electric furnace charge ex-
ceeds the antimony content, the bullion product
usually contains more indium than antimony. This
has been corrected by the addition of a high anti-
mony content (289%,) antimonial lead. In the future
it is planned to recirculate a portion of the antimony-
tin residue from the anode slimes treatment (see
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below) to keep the indium-antimony ratio of the
bullion at unity. This step will also increase the tin
recovery of this process.

Treatment of Indium Slimes

The high indium slimes are treated for indium
recovery as follows. Weighed amounts of the dried
slimes mixed with the indium-tin hydroxides from
the electrolyte recovery (see below) are mixed with
concentrated sulfuric acid, and the mass is roasted to
about 300°C. The metals are thoroughly oxidized;
indium, copper, and lead to their sulfates, antimony,
tin, and arsenic to oxides. The sulfated mass is
leached with water. Indium, copper, and a small
amount of arsenic are taken into solution. Antimony,
tin, lead, and most of the arsenic remain in the
residue, and this is filtered off.

Sodium chloride (50 g/1) is added to the acid sul-
fate extract at this point, the pH is adjusted to 1.0,
and sheets of crude indium are placed in it. Cementa-
tion of the copper, which carries the arsenic with it,
takes place rapidly. When it is complete, the copper-
coated indium sheets are removed and replaced with
zine or aluminum sheets and the pH is adjusted to
1.5, whereupon cementation of the indium content
of the solution proceeds rapidly. It has been found
desirable when using aluminum to limit the indium
content of the solution to about 50 to 60 g/1 before
cementation of the indium. At higher indium con-
centrations, the formation of aluminum sulfate in
excess of its solubility lowers the indium recovery by
coating the aluminum sheets with crystals of this
salt. The sponge indium is removed from the solu-
tion, washed, compacted, melted under a caustic
soda solution, and cast into slabs, which form the
anodes for the electrolytic refining operation. At
this stage, the indium has a purity in excess of 99.5
per cent. The major impurities present are lead, tin,
iron, copper, and zin¢ or aluminum, depending on
the metal used for cementation.

The addition of sodium chloride to the sulfated
slimes water extract may merit an explanation.
Electrochemical reactions of indium are very sensi-
tive to the solutions in which they are carried out.
Of the common inorganic anions, only the halides,
excluding fluoride, allow these reactions to take place
reversibly. The chloride was chosen because of its
low cost.

Llectrolyte Recovery

The electrolyte from the electrolytic parting of
the bullion when discarded has the following com-
position: Pbh, 15 g/1; Sn, 4 g/I; In, 35 g/I.

Lead is precipitated with sulfuric acid, and the
sulfate returned to the lead smelter. The fluosilicate
content is precipitated as sodium fluosilicate using
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sodium chloride and sodium hydroxide. The caustic
sludge from the melting of indium sponge, which
contains some indium, can be used at this point.
The indium and tin are then precipitated as the
combined hydroxides, using ammonium hydroxide.
These are mixed with the anode slimes for further
treatment.

Electrolytic Refining of Crude Indium

The most critical feature in the electrolytic re-
fining of this metal is the choice of electrolyte. As
indicated above, halides, other than fluoride, allow
the electrochemical reactions of indium to take
place reversibly. Polarographic studies of indium
demonstrated this, and also showed why some
previous attempts to refine the metal, using a soluble
anode, had failed. It is noteworthy that previous
successful attempts to deposit indium electrolytically
were achieved with electrolytes containing citrate
and tartrate (1). Both of these anions have been
shown by polarography to allow the reversible re-
duction of indium from solution.

The electrolyte chosen for this refining operation
and other features are as follows:

Details of electrolytic refining of indium
Indium (as chloride or sulfate)...40 to 60 g/1

Sodium chloride. ................ 90 to 100 g/l

PH. 2.0 to 2.5
Temperature................... .less than 40°C

Current density................. 10 to 20 amp/ft?
Addition agent. ................. glue, 1.0 g/ satisfactory
ANOdER 0 s v s 20 s o 5 00 v bagged (cotton)
Tanks...............ooooiiii. rubber-lined steel
Produet......................... 99.98% indium

The indium content of the electrolyte is not
critical. 40 to 60 g/1 was the level chosen. Sodium
chloride was added to provide the chloride ion neces-
sary to ensure reversible anode and cathode be-
havior, and also to increase the conductivity of the
electrolyte. As the temperature must be maintained
below 40°C to ensure 100 per cent cathode current
efficiency, a minimum generation of heat in the bath
is necessary. This temperature requirement has been
achieved without the aid of supplementary cooling.
In combination with the temperature, the acidity
of the electrolyte contributes to the cathode current
efficiency. The pH is maintained in the range 2.0-2.5,
in which range it is very stable. The current density
has not been found to be critical. Values, higher than
those indicated, might necessitate supplementary
cooling in warm weather. Little work on addition
agents for this process has been done, but a small
amount of glue (1 g/1) gives an adequately smooth
deposit. The anodes are bagged to prevent the
small amounts of very fine lead, tin, and copper
formed upon them from being mechanically carried
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into the cathode deposit. The rubber-lined steel
tanks are easily fabricated, and have proven satis-
factory. Typical impurities in the cathode metal are:
Pb, 0.007%; Sn, 0.007%; Cu, <0.001%; Fe,
<0.001%; Cd, <0.0019%. By careful re-electrolysis
a metal of 99.999 per cent purity has been prepared.
The cathodes are melted under a caustic soda solu-
tion cover and cast into large bars.

Analysis of Indium

Polarographic methods are used for all indium
analyses in these operations. Analyses of refined
indium metal for impurities use polarographic,
spectrographic, and colorimetric methods.

The adoption of polarographic procedures for the
analyses of and for indium has led to a greater
knowledge of the electrochemistry of this element,
which was of considerable value in choosing and
developing this process.

Electrochemistry of Indium

This subject has been treated by others (2). The
tendency of compounds of indium to be relatively
nonionic or covalent in their bonding is felt to be
one of the more important properties of this element
which influences its metallurgy. The electrochemistry
of indium in many electrolytes is affected by the
high activation energies of the electrode processes.
Kinetic factors also appear to influence the behavior
of indium in high temperature reactions, such as the
passage of indium through the lead blast furnaces,
and in the electric furnace smelting of the indium-
bearing slags previously described. In many respects
the chemical behavior of indium is similar to that of
tin, which accounts for the close association of these
two elements in the lead-zinc metallurgical opera-
tions.

Properties and Uses of Indium

Indium is characterized by its extreme softness
and duetility, relatively low melting point (156°C)
and high boiling point (2.000°C), and its resistance
to atmospheric and alkaline corrosion. It will be
appreciated that a metal with these properties would
find little use as a structural metal, but that its
value would be found in special applications. More-
over, at a price of about 214 times that of silver,
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uses are restricted to those in which small quantities
of indium are effective. Outstanding is the use of
a diffused layer of indium in high speed bearing
alloys. Other applications are in alkali resistant
solders (3) fusible alloys, and glass-to-glass and
glass-to-metal sealing preparations (4).

Certain properties of indium and indium com-
pounds hold promise of useful applications in the
electrical and electronics industries.? These include
the use of indium as a component of junction-type
transistors (5), and of indium alloys as a solder in
glass capacitators and as low resistance contacts
with oxides such as TiO, and BaTiO;, suggesting
its value in piezoelectric units.

Other uses suggested for indium metal are for
a counterelectrode in selenium rectifiers, and as an
impurity addition in semiconductors for the purpose
of stabilizing them in prepared electrical states.
The oxides, sulfides, selenides, and tellurides of
indium are all semiconductors and photoconductors.
The oxide, either in film form or as a sintered com-
pact of In;03, has the characteristics that make it
potentially useful as a resistor, either in the form of
a film resistor heating element or a printed circuit
resistive element.

Indium sulfide (In,S;) has a large negative temper-
ature coefficient of resistivity, and is chemically
and electrically stable at fairly high temperatures,
which makes it a potential component for use in
a thermistor. It also exhibits distinct phosphorescent
properties.

Any discussion of this paper will appear in a Discussion
Section, to be published in the December 1953 issue of the
JOURNAL.
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Current Affairs

New York Meeting Combines Fine Technical Program
with Attractive Entertainment Features

Final arrangements for the Society’s
New York Meeting, April 12 through
16, have been completed, according to
reports from General Chairman H. R.
Copson. The result is an extensive tech-
nical program, varied entertainment,
and a number of special features of
unusual interest. The Statler Hotel, at
7th Avenue and 33rd Street, New York,
will be convention headquarters.

Requests for reservations should be
sent to Front Office Manager, Hotel
Statler, and members are urged to make
their reservations early.

Registration

The registration desks will be located
on the mezzanine floor of the hotel on
the south side. Registration hours will
begin on Sunday, April 12, from 4:00
p.M. to 10:00 p.M.; Monday, April 13,
from 8:00 A.M. to 5:00 p.m.; and for the
remaining days of the meeting, 9:00
AM. to 5:00 p.m.

Technical Program

The technical program will run from
Monday through Thursday, with simul-
taneous sessions each day. About 135
papers will be presented. Participating
are the Theoretical Electrochemistry
Division, the Electronics Division, the
Electrothermic, Electric Insulation, and
Electro-Organic Divisions.

A feature of special interest this year
is the 3-day symposium on the Applica-
tion of Electrochemistry to Biology and
Medicine, sponsored by the Theoretical
Division. The extensive Electronics
program includes symposia on Lumines-
cence, Screen Application, Rare Metals,
and Semiconductors. The Electric In-
sulation Division plans sessions on Elec-
trophysics, Applied Dielectrics, Capaci-
tors, and Electric Insulation.

Another feature of wide interest is
the Richards Memorial Lecture which
will be held on April 15. The lecture
will be given by Dr. William Shockley

New York Convention and Visitors Bureau

Unusual aerial view of the buildings that comprise the famed Rockefeller Center,

one of New York’s magnificent sights.
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of Bell Telephone Laboratories on the
subject “Transistor Physics.”
Round-table discussions have been
scheduled by the Luminescence Section
and the Phosphor Screen Application

KennerdH G. ComPTON
Chairman, Advisory Commitlee

Section of the Electronics Division, and
by the Electro-Organic Division.

The complete technical program will
be printed in the April JoURNAL.

Luncheons

Division luncheons have been
scheduled by the Electronics, Electro-
thermic, Electro-Organic and Electric
Insulation Divisions. The latter has
planned a special luncheon in honor of
Dr. Debye.

The Society Luncheon, to which the
ladies are invited, will be held on Mon-
day, April 13, in the Keystone Room.
Dr. John R. Dunning, Dean of the
School of Engineering, Columbia Uni-
versity, will address the Society on the
subject “Engineering Comes of Age.”

Entertainment and Dinners

A reception and dinner will be held
on Monday evening, April 13, in connec-
tion with the symposium on Applica-
tion of Electrochemistry to Biology
and Medicine.
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The Reception and Banquet will take
place on Tuesday evening; this will be
the occasion of the Presidential Address
and the awards of the Young Authors’
and Turner Book Prizes. A reception
for Dr. and Mrs. Warner will precede
the Banquet.

Wednesday evening has been left
open so that all attending the meeting
will be free to enjoy some of the enter-

Fabian Bachrach
Frep P. PErERs

Chairman, Publicityy Commitiee

JOURNAL OF THE ELECTROCHEMICAL SOCIETY

tainment and dining places the city
offers.

For the Ladies

The Ladies Headquarters Room on
the mezzanine floor is an innovation
designed to enable the ladies to keep
posted on all the events planned for
their entertainment and to get together
for arrangement of group plans.

HERBERT BANDES
Chatrman, Entertainment Commitiee

Prize Essay Contest
Announced

The third annual Prize Essay Con-
test, sponsored by The Electrochemical
Society, has been announced and the
following subject for the contest
selected, “Contributions of Electro-
chemistry in Science.”

Two prizes will be awarded for the
two best essays submitted: the first
prize will be $100 plus a one-year mem-
bership in the Society; second prize
will be $50, together with a one-year
Society membership. The contest is
open to undergraduate and graduate
students. Essays, from 1000 to 2000
words, must be received at the Society
offices by July 1, 1953. Winners will be
announced in the JoumrNaAL in the
October 1952 issue.

The prizes for the contest are financed
by royalties received from the sale of
the “Corrosion Handbook,” a widely
used technical publication sponsored by
the Society and published by John
Wiley & Sons, Inc., in 1948.

Further information concerning the
contest may be obtained by writing the
Secretary of The Electrochemical So-
ciety, 235 West 102nd Street, New York.

Change of Address

Argonne National Laboratory, for-
merly located in Chicago, Ill., is now
addressed at P.0. Box 299, Lemont, IIL.

Nominations Accepted
for 1954 Acheson Award

Ernest G. Enck, Chairman of the
Acheson Medal Award Committee,
would like to receive suggestions for
possible candidates for the next Acheson
Medal Award, to be made in the fall
of 1954.

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 Com-
mittee 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 1st 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

March 1953

the medal. Any unsuccessful candidate
may be renominated in the usual
manner for any subsequent Medal
award.

Correspondence should be addressed
to Ernest G. Enck, Foote Mineral
Company, 18 West Chelten Avenue,
Philadelphia 44, Pennsylvania.

Naval Research Lab
Announces Vacancies

The Naval Research Laboratory of
Washington, D. C., has announced a
number of professional vacancies in the
physical sciences and engineering fields,
for which the Laboratory desires ap-
plications.

Included in this list of positions to be
filled are the following: Electrical En-
gineers, salaries from $3410 to $5940 per
year; Electronic Engineers; Mechanical
Engineers, salaries from $3410 to $5940;
a large number of Electronic Scientists
in various fields; Physicists, salaries
$3410-$9600; Laboratory Electronic
Mechanics, Metallurgists, and numerous
others.

For the majority of the vacancies
listed, Civil Service status is not neces-
sary. Interested parties should address
inquiries to W. G. Torpey, Personnel
Officer, Code 1817, Naval Research
Laboratory, Washington 25, D. C.

Abstracts Booklet for
Electronics Division

The Electronics Division will
again publish an “Enlarged Ab-
stracts” booklet for the 1953
Spring Meeting of the Society at
New York. The booklet will have
1000-word abstracts of each paper
to be given at the sessions of the
Electronies Division in their sym-
posia on Luminescence, Phosphor
Screen  Application, Rare Metals
and Semiconductors.

The abstracts will contain perti-
nent information and experimen-
tal data given in the papers and
will provide these details before
publication, thus aiding workers in
the field. The abstracts will be
“printed but not published.”

The abstract booklets are ex-
pected to be available by March
15th; the price will be about $1.50.
Orders should be sent to C. W.
Jerome, Sylvania Electric Prod-
ucts Inc., 60 Boston Street, Salem,
Massachusetts.
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Charles A. Thomas
Awarded Perkin Medal

Charles A. Thomas, president of
Monsanto Chemical Company, was the
recipient of the Perkin Medal, con-
sidered the highest award in science, at
a banquet in his honor at the Waldorf-
Astoria Hotel, New York, on Janu-
ary 16.

The Perkin Medal was founded in
1906 in honor of Sir William Perkin on
the 50th anniversary of his discovery of
the first synthetic dye. It is awarded by
the American Section, Society of Chemi-
cal Industry, in cooperation with the
American Chemical Society, the Ameri-
can Institute of Chemical Engineers,
The Electrochemical Society, and the
American Section, Societe de Chimie
Industrielle. Dr. Thomas is the 47th
person to receive the medal.

Dr. Thomas, whose brilliant career
includes an impressive list of honors,

CHARLES A. THoMAS

was awarded the Perkin Medal “for out-
standing contributions to the chemical
technology of automotive fuels, of
catalysts, of synthesis of valuable
produets from petroleum, and of atomic
energy.”

In his speech of acceptance, Dr.
Thomas discussed the disastrous effects
that would result from a 50-year cessa-
tion or “moratorium” on all scientific
activities, a suggestion made recently
by some who feared the rapid strides
of science. In this connection, the
medalist reviewed the ill effects of such
a stoppage in the fields of health and
medicine, in the losses to industry and
the defense program, in employment,
and in scientific developments in agri-
culture affecting food supplies.

International Congress in Paris

The Third International Congress on
Electrothermies will be held in Paris on
May 18-23, 1953.

About 120 papers will be presented,
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of which 80 will come from foreign
countries. American participation is wel-
comed and anyone interested in attend-
ing the Congress or sending a paper
to be read should make application
immediately (and submit a 75-word ab-
stract) to Mr. R. Felix, Secretary, III°
Congres International d’Electrothermie,
2, Rue Henri-Rochefort, Paris (17¢).

DIVISION NEWS

Electric Insulation Division

The Electric Insulation Division
plans to hold a business meeting at the
forthcoming Spring Meeting of the
Society in New York, during which the
election of new officers will take place.
The meeting is scheduled for April 15,
immediately following the Debye
Luncheon.

The following slate has been suggested
by the Nominating Committee for the
new term:

Chairman—R. A. Ruscetta, General

Electric Company

Vice-Chairman—A.

Samica Corporation

Gunzenhauser,

Secretary-Treasurer—L. L. Deer,
Naval Ordnance Plant (In-
dianapolis)

THoMAs D. CALLINAN, Chairman

Electronics Division

The annual business meeting of the
Electronics Division will be held during
the Spring Meeting of the Society,
April 12-16, in New York. The specific
time and place will be announced in the
Program Booklet for the convention.

Changes in Bylaws

At the Executive Committee meeting
of the Division in Philadelphia in 1952,
the following changes in our bylaws
were proposed :

1. In Article 1, Section 2, and Article
7, Section 2, replace “Fluorescence”
with “Luminescence.” (This was an
error in the original bylaws which is
being corrected.)

2. Article 2, add: “Section 3.—Fiscal
Year. The fiscal year of the Division
shall be from June 1st to May 31st.”
(Inserted at the request of the Society;
we previously had no official fiscal year.)

3. Article 6, Section 1, add “The
most recent past Divigion chairman and
the chairmen of symposia shall also be
on the executive committec. No member
of the executive committee may have
more than one vote.” (The past Divi-
sion chairman is included to allow con-
tinuity of action. Symposia chairmen
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are added to better plan their symposia.
The “one-vote” addition is made to
include a provision implicitly planned
when the bylaws were drawn up.)

These changes will be voted on at the
business meeting.

* ¥ k

The Nominating Committee, H. C.
Troelich, Chairman, 8. Jones, and D. M.
Wroughton, have selected the following
nominees for office during the 1953-54
term:

General Chairman—R. H. Cherry,
Leeds and Northrup Company,
Philadelphia, Pa.

Group Chairman (Rare Metals)—
A. U. Seybolt, Research Labora-
tory, General Electric Company,
Schenectady, N. Y.

Group Chairman (Luminescence)—
J. H. Schulman, Crystal Branch,
Naval Research Laboratory, Wash-
ington, D. C.

Group Chairman (General Elec-
tronies)—A. E. Hardy, R. C. A.
Victor Division, Lancaster, Pa.

The term of the Secretary-Treasurer,
C. W. Jerome, has two more years to
run. All nominees have given assurance
of their willingness to serve.

The bylaws of the Division provide
that additional nominations may be
made by petition signed by 5 members
of the Division. Such petitions must be
in the hands of the Nominating Com-
mittee Chairman before the election
and the nominees must give assurance
of their willingness to serve.

The election will be held at the busi-
ness meeting of the Division.

C. W. JEroME, Secretary-Treasurer

Electrothermic Division

At the meeting of the Nominating
Committee of the Electrothermic Divi-
sion of The Eleetrochemical Society,
held November 12, 1952, the following
nominees were selected for the coming
election at the Spring Meeting of the
Division to be held in New York:

Chatrman—I. E. Campbell, Battelle

Memorial Institute

Vice-Chairman—John 8. Dewar, Na-

tional Carbon Limited

Secretary-Treasurer—Guy Fetterley,

Norton Company

Members-at-Large—Julian ~ Glasser,

La Grange, Illinois, and Marvin
Udy, Niagara Falls, New York
(2 to be elected).

This report is submitted by the Nomi-
nating Committee: A. T. Hinckley,
Chairman, J. H. Brennan, and H. R.
Oswald.

A. T. HinckLEY, Chairman
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SECTION NEWS

Cleveland Section

Dr. Robert A. Powers, of the Na-
tional Carbon Company, Cleveland,
addressed a joint meeting of the Cleve-
land Sections of The Electrochemical
Society and the National Association of
Corrosion Engineers on January 13 at
the Cleveland Engineering Society. Dr.
Powers’ subject was “Recent Experi-
mental Methods in Corrison Re-
search.”

The speaker pointed out that many
studies of the fundamentals of corrosion
and allied phenomena are in essence the
study of surface properties and as such
normally permit only an indirect experi-
mental approach. For this reason ex-
perimental techniques are perhaps more
important than in many other fields of
research.

A current trend in corrosion re-
searches of a surface chemistry nature
is to study the surfaces in as direct a
manner as possible. Two such experi-
mental techniques which allow this
were discussed. One was the use of
radioactive isotopes as tracers and the
other the use of contact difference of
potential. The talk was amply illus-
trated with examples of the use of these
two techniques.

J. M. MarcoLis, Secretary

Midland Section

Dr. Roy B. Heath, Consultant
in Research and Development of
MacDermid Incorporated was the guest
speaker at the Midland Section meeting
on January 20. His subject was “Elec-
trochemistry in Metal Cleaning.”

Both anodic and cathodic cleaning
with sodium hydroxide of steel was dis-
cussed. The effect of silicates, phos-
phates, nitrates, chlorides, and other
additives to the sodium hydroxide in
obtaining clean metal for plating, was
presented. The voltage ranges used in
the industry as well as the empirical
nature of our knowledge of the process,
the additives, and the varying nature
of the “soil” removed emphasizes,
Dr. Heath said, the need for funda-
mental research on the problems of
metal cleaning.

F. N. Aiquist, Secretary

New York Metropolitan Section

The Metropolitan Section held its
first meeting of the new year on Janu-
ary 21st with Dr. Abner Brenner of the
National Bureau of Standards as its
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featured speaker. Dr. Brenner addressed
an unusually large gathering on the
subject of the “Electrodeposition of
Some of the Less Common Metals from
Nonaqueous Solutions.”

Dr. Brenner stated his belief that all
the metals which can be plated from
aqueous solutions have been plated and
that there is very little hope for another
development like that of chromium
plating. The real improvements in the
future will come in the nonaqueous field,
he said. Metals not now plateable from
aqueous solutions include two types:
the so-called light metals typified by
beryllium, aluminum, and magnesium;
and the so-called refractory metals in-
cluding titanium, zirconium, molyb-
denum, tungsten, columbium, and
tantalum.

After outlining possible uses for these
now unplateable metals, Dr. Brenner
went on to discuss why they cannot be
deposited from aqueous solutions. The
reasons in general fall into two classes:
their potentials are too high and there-
fore cannot be reached in solutions con-
taining ionizable hydrogen or, as in the
case of the refractory metals, no simple
ions exist and there are therefore no
simple equilibria at the cathode surface.

In the main body of his talk, Dr.
Brenner discussed the two principal
types of nonaqueous baths, namely
fused-salt baths and organic solvents.
These two types shade off into each
other as in the case where low-melting
organic salts are used which could be
classified as either fused salts or organic
solvents. The speaker discussed in par-
ticular the plating of molybdenum
from fused salts and the plating of
aluminum from organic solvents.

The meeting was followed by an
unusually lively discussion in which
many in the audience took part.

F. A. LoweNHEIM, Secretary

Niagara Falls Section

The Niagara Falls Section held a
meeting on January 14, 1953, at the
Red Coach Inn, Niagara Falls, New
York. Twenty-three members and
guests were present for the dinner with
thirty-five at the meeting following.
After a brief business meeting, Dr.
J. C. Warner, National President of The
Electrochemical Society and President
of the Carnegie Institute of Technology,
addressed the section on the subject
of “History of Theories of Electrolytes.”

Dr. Warner traced the development
of theories of electrolytes from the
pioneer work of Galvani and Volta, the

March 1953

experimental researches of Davy and
Faraday, and the early ideas of
Grotthuss and Clausius. Grotthuss pro-
posed a theory of conductance which
made no assumption of free ions in solu-
tion, and it seems likely that Faraday
did not assume ionization in the absence
of an applied field. Clausius proposed a
statistical theory of ionic dissociation
which would yield only a very small
ionic concentration in the absence of an
applied field.

Following the classical experimental
research of Hittorf and Kohlrausch,
Dr. Warner emphasized the little
known work of Valson in 1870, who from
his work on surface tension and refrac-
tive index came close to anticipating the
basic postulate of Arrhenius some 15
years later. Following the work of
Van't Hoff and Rauolt on the colliga-
tive properties of solutions came the

J. C. WARNER

famous theory of Arrhenius on electro-
lytic dissociation. Here, Dr. Warner
entered a plea that in present day teach-
ing the modern theories of electrolytes
should be emphasized with the theory
of Arrhenius regarded in its proper
though brilliant historical perspective.

The defects of the Arrhenius theory
became increasingly apparent and sug-
gestions of complete dissociation were
made by Noyes, Bjerrum, Van Laar,
ete. Ghosh’s theory was contrary to
the observed relations of conductance
and Milner’s theory was so complex
mathematically that it was largely
ignored, although since regarded as
essentially sound.

Dr. Warner then discussed the basic
ideas of the Debye-Hiickel theory of
the thermodynamic properties of elec-
trolytic solutions, the Debye-Hiickel-
Onsager theory of conductance, and
the evidence that has now accumulated
to support a theory of complete dis-
sociation.

MivrtoN JaNEs, Secretary-Treasurer
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Philadelphia Section

The Philadelphia Section held its
second meeting of the season on January
7 in the Harrison Laboratory of Chemis-
try at the University of Pennsylvania.
An unusually large group of 80 or so
members and guests heard an inter-
esting presentation of the theoretical
and practical aspects of ion exchange
membranes given by Dr. George W.
Bodamer and Dr. Alvin C. Winger,
both of Rohm and Haas Company,
Philadelphia.

Those members and guests who at-
tended an enjoyable dinner prior to the
meeting had the opportunity of meeting
the speakers informally. Chairman John
F. Gall presented Dr. Bodamer and
Dr. Winger to the meeting group, both
of whom are well known to the Phila-
delphia Section and active in its affairs.

Dr. Winger presented, theoretically,
the properties of ion exchange mem-
branes. Expressions for the permselec-
tivity, the concentration dependence of
permselectivity, and the concentration
and temperature dependence of mem-
brane conductivity were considered.

Dr. Bodamer then discussed several
uses of ion exchange membranes, includ-
ing the preparation of salt-free caustic,
the liberation of organic acids from their
metal salts and of amines from their
mineral acid salts, treatment of waste
materials, and the de-salting of sea and
brackish waters. The speakers illustrated
their talks with small laboratory models
of various cells and, after their formal
presentations, answered questions from
the audience. The meeting was closed by
a rising vote of thanks to the speakers.

E. L. Eckrewor, Secrelary

Pittsburgh Section

The Pittsburgh Section, at its meeting
on December 1, heard an unusually
interesting address by Earl A. Gul-
bransen, Westinghouse Research Lab-
oratories, Pittsburgh, on “Corrosion
Research in Europe.”

Dr. Gulbransen had recently returned
from a six-month visit to a number of
laboratories in eight European coun-
tries. His talk included a detailed dis-
cussion of the following groups:

1. G. I Finch’s group in London on
the Electro-Optical Study of Corrosion.

2. J. Benard’s group in Paris on the
Nucleation Process in Low Pressure
Oxidation of Iron.

3. G. Chaudron’s group in Paris on
the Transformation Research in the
Iron Oxide.

4. W. Feitknecht’s group in Bern on
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the Structure of the Corrosion Products
of a Number of Metals.

Comments also were made concern-
ing the work of Vernon and Evans in
England and Pourbaix in Belgium.

A particularly interesting discussion
period followed Dr. Gulbransen’s talk
during which it was decided to consider
the possibilities of conducting a panel
discussion concerning anodic coatings
of metals.

R. D. WiLLiawms, Secretary-Treasurer

India Section

At the annual meeting of the Indian
Institute of Metals, held on February
27 at Bangalore, a symposium on
“Metallurgy in Electro-Process In-
dustries” was held under the joint
auspices of the Indian Institute of
Metals and the India Section of The
Electrochemical Society.

A symposium on “Electrolytic Alkali
Chlorine” was held at the Indian In-
stitute of Science, Bangalore, on Febru-
ary 26, 27, and 28, under the auspices
of the India Section.

The two companies listed below have
recently become Patrons of the India
Section:

1. Kamani Metals and Alloys, Ltd.,
Bombay.

2. Tata Chemicals Ltd., Bombay.

The latest issue of the Bulletin of the
India Section, Volume 2, Number 1,
was published in January, 1953.

J. BALACHANDRA, Secretary-Treasurer

PERSONALS

WarLace DRUMHILLER, formerly re-
search assistant at the University of
New Mexico, Albuquerque, is now
employed by the University of Cali-
fornia at the Los Alamos Scientific
Laboratory, Los Alamos, N. Mex.

SamueL H. DreisBacH has accepted
a position as research electrochemist at
Kaiser Aluminum & Chemical Corpora-
tion, Spokane, Wash. Mr. Dreisbach
has been at the University of Michigan,
Ann Arbor, Mich.

Arren S. Brumum has left Precision
Castings Company, Finishing Division,
of Kalamazoo, Mich., to accept a posi-
sion as plating engineer with Kuehne
Manufacturing Company, Matton, IIl.

WitLiam E. Kunn has joined the
Carborundum Metals Company, Ni-
agara Fallsy N. Y. Mr. Kuhn was
previously with the Titanium Alloy

Manufacturing Division of National
Lead Company, Niagara Falls.

GusTAF SODERBERG, consulting en-
gineer and lecturer at Chalmers Insti-
tute of Technology, Gothenberg,
Sweden, is now residing at Saevedalen,
Sweden.

Donatp R. MartiN, formerly with
the Naval Research Laboratory, Wash-
ington, D. C., has joined the Mathie-
son Chemical Corporation, Niagara
Falls, N. Y.

AvLeEN G. Gray has been appointed
Technical Editor of Steel magazine,
Cleveland, Ohio. Mr. Gray had been
consulting editor on Steel for the past
several years. He was most recently
connected with the Du Pont Atomic
Energy Division of Knolls Atomic
Power Laboratory, Schenectady, N. Y.

James B. GopsCHALK is now em-
ployed at Fox Products Company,
Philadelphia. Mr. Godschalk had been
associated with Leeds & Northrup
Company, Philadelphia.

CuestErR G. Borirer, formerly with
United Chromium, Inc., Los Angeles,
Calif., has joined the McGean Chemical
Company, Detroit, Mich.

Paiie B. BrowN has resigned from
the A S & R, Parral. Chihuahua,
Mexico, and has formed his own mining
company in the same city. He plans to
work with connections in the U. S.

GeraLp G. Harc, formerly with
Armour Research Foundation, Chicago,
Ill., has been appointed Director of
Research, Quebec Iron & Titanium
Corporation, Sorel, Quebec.

EDWARD L. MACK

Edward L. Mack, of Flushing, New
York, died on November 6, 1952 at the
age of 62.

Dr. Mack was born in Vergennes,
Vermont, and was educated at Union
College and Cornell University, New
York, where he received the B.S. and
Ph.D. degrees, respectively. He was
connected with the Bureau of Mines
in Ithaca, and later with the Reynolds
Research Corporation and the Graphic
Arts Research Corporation. His interests
were in the fields of metallic foils, textile
laminating, and alloy steels.

He was a longtime member of The
Electrochemical Society, having joined
in 1915.

March 1953

LELAND A. WOOTEN

Leland A. Wooten, Director of
Chemical Physics, Bell Telephone Lab-
oratories, Murray Hill, New Jersey,
died on December 29, of a heart attack.

Dr. Wooten was born in Statesville,
North Carolina, in 1900. He received
his B.S. degree from Davidson College
and the Ph.D. degree from Columbia
University. His early years were de-
voted to teaching and in 1928 he joined
the technical staff of Bell Laboratories.
In 1947 he was placed in charge of
Analytical Chemistry and Chemical
Electronics Research and Engineering,
and last year was made director of
Chemical Physics. His interests were in
analytical and physical chemistry, and
chemistry of electron tube mate-
rials, semiconductors and transistor
materials.

He became a member of The Electro-
chemical Society in-1944.

NEW MEMBERS

In January 1953, the following were
elected to membership in The Electro-
chemical Society:

Active Members

Roerr T. Banister, Thompson
Products, Inc., 23555 Euclid Ave.,
Cleveland, Ohio (Electrodeposition
and Theoretical Electrochemistry)

Steve EisNer, Dept. 487, Central En-
gineering, Chrysler  Corporation,
Highland Pk., Mich. (Electrodepo-
sition)

Anprew GeMANT, The Detroit Edison
Company, 2000 Second Ave., Detroit,
Mich. (Electric Insulation)

StepHEN HeBeL, George Miller &
Company, Ltd., mailing add: 29,
Alexandra Court, 60/1 Chowringhee
Rd., Calcutta, India (Corrosion and
Electrodeposition)

Isipor S. HirscHHORN, New Process
Metals, Inc., mailing add: 56 Green-
wood Ave., West Orange, N. J.
(Industrial Electrolytic)

Francors J. OuMeR, Armour Research
Foundation, Chicago, Ill. (Battery,
Electrodeposition, Industrial Elec-
trolytic, and Theoretical Electro-
chemistry)

JouN PamiNa, Jr., American Society
for Metals, mailing add: 1441 Maile
Ave., Lakewood, Ohio (Corrosion,
Electrodeposition, and Industrial
Electrolytic)

Fernano F. C. Porram, Compagnie
Industrielle des Piles Electriques,
94 rue Charles Laffitte, Neuilly
(Seine) France (Battery)
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Rarpr M. Porrer, General Electric
Company, Lamp Development Lab-
oratory, Nela Park, Cleveland, Ohio
(Electronics and Theoretical Electro-
chemistry)

V. R. RamanaraaN, The Central Elec-
trochemical ~ Research  Institute,
Alagappa College, P.O. Karaikudi,
S. India (Electric Insulation and The-
oretical Electrochemistry)

TroMAs RapHAEL, Dewey and Almy
Chemical Co., mailing add: 24 Tufts
Rd., Winchester, Mass. (Battery)

WaLter J. Sakowski, Mathieson
Chemical Corporation, mailing add:
Balmer Rd., Youngstown, N. Y.
(Industrial Electrolytic)
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Ricuarp H. SiveLETON, National Re-
search Corporation, mailing add: 379
Woburn St., Lexington, Mass. (Cor-
rosion, Electrodeposition, Electro-
thermic, and Industrial Electrolytic)

Ramaswamy TuyaGgarATAN, The Indian
Aluminum Company, Ltd., Alupuram
Alwaye, S. India (Corrosion, Electro-
thermic, Industrial Electrolytic, and
Theoretical Electrochemistry)

Tromas H. VaucaN, Library, Research
& Development, Wyandotte Chemi-
cals Corporation, Wyandotte, Mich.

Associate Members

Harry C. ManpeLt, Jr., University
of Pennsylvania, mailing add: 601 E.
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Anchor 8t., Philadelphia, Pa. (Elec-
trodeposition, Electronics, Electro-
Organic, and Theoretical Electro-
chemistry)

Ivor L. Simmons, Metal and Thermit
Corporation, mailing add: % Rosen-
thal, Apt. 210, 81-10 135th St.,
Kew Gardens, L. I, N. Y. (Electro-
deposition and Theoretical Electro-
chemistry)

Reinstatement
Student Associate Member

Boris Levy, 2464 East 21st St., Brook-
Iyn, N.'Y.

BOOK REVIEWS

Manufacturers

ALY quantit

As the largest producer of chlorates and
perchlorates WECCO is proud of its
record of producing chemicals of
unexcelled quality in large scale
operation. Check and compare the purity
of WECCO'’S products and you will find
them at the top regardless of whether

you sample a cup ot a carload.

Western

of
Chlorates,

Perchlorates
and
Manganese
Chemicals.

ELECTROCHEMICAL COMPANY
Plant and Sales Office @« HENDERSON, NEVADA Box 55

Executive Offices 9036 Culver Boulevard
CULVER CITY, CALIFORNIA Box 472

AN INTERNATIONAL BIBLIOGRAPHY ON
Aromic Eneray, Vol. 2, Scientific
Aspects, Supplement No. 1 by Atomie
Energy Section, Department of Se-
curity Council Affairs, United Nations,
New York. Distributed by Columbia
University Press, New York, 1952.
$3.50.

This is a supplemental bibliography of
8,231 references to papers published in
1949 and 1950 in the general fields of
fundamental nuclear science, the physics
and engineering of nuclear reactions,
the biological and medical effects of
high energy radiations, isotopes in
biology and medicine, and application
of radioactive tracers in nonbiological
sciences and technology. There is an
author index and a list of journals
from which the references are given.

R. M. Burns

THEORY OF ELECTRIC POLARISATION
by C. J. F. Béttcher. Published by
Elsevier Publishing Company, Hous-
ton, Texas, 1952. 492 plus xiii pages,
$10.00. .

Professor Béttcher’s new book is an
addition to the literature in dielectric
theory which will be welcomed by the
student as a comprehensive text and
by the worker in the field as a reference
book. Although the author, in his
preface, calls it an introduction to the
subject for advanced students, it ap-
pears to this reviewer that the student
should have some acquaintance with
the subject before attempting to read
this book.

The treatment from basic electro-
statics to the more advanced considera-
tions of dipoles in liquids and solids
is eclassical throughout. It is highly
mathematical and although a number
of appendices are included on vectors,
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part of the G-10, saves many man hours of super-
vision in the modern laboratory. Its 3000°F. top heat
is available for intermittent operation—and you
can run it for a week at 2500°F. It's compact—
2'x3'x5" pletely self contained . . . all control.
and equipment are in the furnace housing, just
hook it up. It's a current saver—the electronic
controller applies current only to adjust or main-
tain heat. It's tough—10 oversize Globars and an
8 KW transformer produce optimum low watt density
and long element life.

It's a natural for your laboratory. Ask your
laboratory equipment dealer for full details, or write
Lindberg Engineering Company, 2474 West Hubbard
Street, Chicago 12, lllinois. Ask for Bulletin No. 980.

LINDBERG —(: & complete line of the finest

LABORATORY
HEATING APPARATUS

tensors, and other mathematical ap-
paratus, it is largely assumed that the
reader has the necessary background to
handle the material. The derivations
are given in detail, and a good physical
picture is presented, supplemented by
numerical calculations. A large number
of interesting electrostatic problems are
considered and the book possesses the
unity and rigor necessary for a com-
prehensive theoretical presentation.

The - experimental worker will es-
pecially appreciate Chapter IX which
considers the determination of dipole
moments from measurements in gases
and liquids, and Chapter X which con-
siders dielectric loss; in both chapters a
correlation with molecular structure is
presented. An excellent review and
comparison of the methods of extra-
polating data obtained on solutions is
given; pure dipole liquids are also dis-
cussed. The phenomenon of dielectrie
relaxation is treated together with d:
electric loss, and the theory of rate
processes is introduced in this connec-
tion. Several tabulations of experimental
data are scattered throughout these
sections but a separate chemical name
index is included to aid in finding in-
formation for any particular compound.

Special topics, such as piezoelectricity
and ferroelectricity, are treated briefly.
Multiphase systems are considered only
for the special case of crystalline pow-
ders; the more general Maxwell-Wagner
effect is merely mentioned in passing,
and nothing is said of interfacial
polarization.

Professor Béttcher’s notation is
slightly different from that common in

- this country, and his use of electro-

static rather than m.k.s. units may
disturb some readers, but these are
carefully explained and consistently
used and should cause no trouble. The
book is well indexed, and well an-
notated with literature references, which
seem to be quite up to date.

D. EpkLsoN

Exnausr Hoobs, 2nd ed., by J. M.
Dalla Valle. Published by The
Industrial Press, New York, 1952.
146 plus vi pages, $3.50.

The book presents the theories for
the design of exhaust hoods, a special
subject in the general field of ventila-
tion, in a readily understood manner
with practical examples. The phases
related to legal and health requirements
are pertinent and the book is useful
reference material for laboratory and
industrial installations.

J. G. MorLEY
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LaBoraTory THERMOMETERS. Cata-
logue describes over 200 different ther-
mometers from —330°F to +760°F,
includes prices, and introduces two
recently developed models. Brooklyn
Thermometer Co. P-111

Vorrace Recuratep Powkr Sup-
pLY. Illustrated leaflet describes a new
standard voltage regulated power supply
featuring one regulated B supply and
one unregulated filament. Excellent
regulation, low ripple content, and
low output impedance are charac-
teristics. Kepco Laboratories, Inc.

P-112

TestiNne MerHops. Eighty different
methods for testing, inspecting, and
analyzing some ninety different types
of products are listed in new folder now
available. Shows scope of services
available for the quality control of
many products, and the facilities for
performing these services in the field or
in the laboratory. American Standards
Testing Bureau, Inc. P-113

HiGH-TEMPERATURE LuBRICANT.
How ‘dag’ colloidal graphite has been
used successfully to lubricate kiln ears
at 450°F, oven conveyors up to 1200°F,
and forging dies at over 2000°F, is de-
seribed in a new, illustrated bulletin.
Acheson Colloids Co. P-114

CURRENT AFFAIRS

Prastic Pipe. A 16-page brochure
on plastic pipe contains all pertinent
information on company’s four types:
Flexible, Semi-Rigid, Rigid High Im-
pact, and Rigid Polyvinyl Chloride
Pipe. Detailed tables give chemical
and physical characteristics of each
type. Triangle Conduit and Cable Co.
Inc., Plastic Products Division. P-115

Mass SpecTroMETER. 20-Page bro-
chure, with diagrams and photo-
graphs, gives detailed description of
design, quality of workmanship, and
performance features of Model 21-103A
Mass Spectrometer. An integrated as-
sembly of precision units, it is composed
of three sections, interconnected to form
a complete, self-contained instrument.
Consolidated Engineering Corp. P-116

YarpNEY SiuveErceL.* Known as the
smallest and lightest storage battery
in the world, the Silvercel has extremely
high capacity per unit weight and
volume. Full description of physical
and electrical characteristics given in
illustrated folder. Yardney Electric
Corp. P-117

* Trademark

ControL-CuNTER BookLeT. New 31-

age application booklet on control
centers stresses the case for centralizing
all controls of an entire system in one
group of enclosures. Also discusses char-
acteristics that make for flexibility of
application, ease of servicing, and safety
of operating personnel. Westinghouse
Electric Corp. P-118

465 Center Street

CHIEF CHEMIST

for
NEW RAYTHEON CATHODE TUBE PLANT

We are expanding our commercial picture tube manufacturing facilities. A new
100,000 square foot plant now being built at Quincy, Massachusetts, incorporating
the most advanced engineering featureé in the industry, will be in production by
mid-summer. We are announcing an unusual opportunity for an alert engineer
with experience in Cathode Ray screening and aluminizing, to earn industry-wide
recognition as a key man in an outstanding company.

Send complele resume of experience and qualifications,
including salary expecied, lo

RAYTHEON MANUFACTURING COMPANY

Donald Blanchard, Personnel Manager

Quincy 69, Mass.
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InpusTRIAL WIRE CLOTH . . . and spe-
cial metal fabrications. Folder illustrates
and describes various types of wire
cloth, available in any metal or alloy
to meet individual specifications. Sizes
from 20 to 250 mesh up to 4 in. openings.
Also screens, filter leaves, baskets,
trays, ete., for all types of industrial
processes. Cambridge Wire Cloth Co.

P-119

Oxmr RemovaL Process. Bulletin
announces a new alkaline procedure for
the removal of cuprous and cupric oxides
from copper and copper alloys. Also
information on Ebonol “C”” process for
blackening and coloring of copper and
copper alloys. Enthone, Inc. P-120

Lasoratory InstrRumeNTs. Now
available is the 1465-page, 1953 cata-
logue of scientific laboratory instru-
ments, apparatus, supplies, and
chemicals. Distributed on request to
qualified laboratory persons. E. H.
Sargent & Co. P-121

To receive further information
on any product or process listed
here send inquiry, with key num-
ber, to JOURNAL of The Electro-
chemical Society, 235 West 102nd
Street, New York 25, N. Y.

Please print your name and ad-
dress plainly.

- RECENT PATENTS

Selected for electrochemists by Fred
W. Dodson, Chairman of the Patent
Committee, from the Official Gazette.

October 21, 1952

Wood, W., and Bowen, C. E., 2,614,977,
Mercury Cathode Electrolytic Cell

Brandt, G. E., 2,615,061, Battery Plate

Craig, P. H., 2,615,062, Storage Battery
Cap with Gas Recombining Means

Claessen, W. H. L., 2,615,140, Electric
Discharge Tube Containing an Alka-
line Metal

October 28, 1952

Ellis, G. B., Application 111,751, RM
Cell Structure

Baldwin, J. H., Application 215,565,
Prevention of Short Circuiting of
Leakage Currents

Maybach, G. E., 2,615,337, Battery
Liquid Level Indicator

Deuth, A. F., 2,615,777, Electrolytic
Recorder with Self-Renewing Elec-
trode

Minnick, L. J., and Presgrave, C.,
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2,615,838, Electrolytic Process of
Producing Alkali and Alkaline Earth
Metals

Chester, A. E., 2,615,836, Method of
Bonding Vitreous Enamels

Liger, A. W., 2,615,837, Electroplating
Bath and Process

Willier, H. 0., 2,615,839, Recovery of
Precious Metals from Photographic
Baths

Chapman, A. A. G., 2,615,840, Electro-
lytic Method to Remove Rust

Thorp, C. E., and Panula, G., 2,615,841,
Ozone Generation

Wells, R. S., 2,615,848, Method of
Producing Magnesium Arsenate Phos-
phor Activated by Manganese

Markoski, J. A., 2,615,849, Infrared
Quenchable Zinc Sulfide Phosphors

McKeag, A. H., 2,615,850, Manganese
Activated Zinc Lithium Silicate Phos-
phor

Moulton, J. D., and Enters, R. F.,
2,615,930, Method of Making Positive
Electrodes for Battery Cells

Hatfield, M. R., 2,615,931, Heavy
Duty Gas Depolarized Dry Battery

Marko, A., and Kordesch, K., 2,615,932,
Process for Manufacturing Porous
Carbon Electrodes

Carlson, D. J., and Decot, H. T.,
2,615,933, Battery Heating System

Lark-Horovitz, K., and Whaley, R. M.,
2,615,966, Alloys and Rectifiers Made
Thereof

Glasener, C. R., Willard, A. R., and
Weiler, C. R., 2,616,015, Machine
for Welding Battery Plates

November 4, 1952

Biigel, R. D., 2,616,799, Electrolytic
Capacitor

Brennan, J. B., 2,616,165, Electrode for
Electrolytic Devices and Methods of
Making Same

Levi, R., 2,616,840, Rhenium Plating

Stareck, J. E., 2,616,841, Process of
Reducing Cuprous Oxide Coatings
to Produce Patterns or Designs, and
Baths for Use in the Process

Sheer, C., and Korman, S., 2,616,842,
Arc Process for the Production of
Fume

Sheer, C., and Korman, 8., 2,616,843,
Arc Process for the Reduction of
Metals

Klumb, G. H., 2,616,844, Anode Con-
struction for Use in Cathodic Pro-
tection for Water Softeners and
Filters

Kreml, J. F., 2,616,845, Electrolytic
Polishing Apparatus

Kullgren, B. C. J., 2,616,937, Alkaline
Accumulator

Brandt, G. E., 2,616,938, Electrode for
Galvanic Cells

Fischbach, A., 2,616,939, Sponge Cad-
mium Electrode and Method of
Making the Same

Reid, R. W., 2,616,940, Primary Cell

Lasko, G. A., 2,616,941, Indicating
Apparatus

Cade, P. J., 2,616,949, Conductivity
Cell Test Element

Terpstra, J., 2,616,950, Apparatus for
Continuously Determining the Elec-
trical Conductivity of a Liquid

Booe, J. M., 2,616,953, Electrolytic
Condenser

November 11, 1952

Sheer, C., and Korman, 8., 2,617,761,
Arc Process for the Selective Re-
covery of Metals

Basilewsky, A., 2,617,762, Anode Device

Fischer, K. A., 2,617,763, Apparatus
for Electrically Filtering Paraffins

Nagy, R., and Wollentin, R. W.,
2,617,773, Lead Activated Calcium
Tungstate Phosphor

November 18, 1952

Horvitz, G. J., 2,618,592, Electrolytic
Process for Recovering By-Products
From Industrial Waste Liquors

Rossel, R. M., 2,618,593, Apparatus
for Cleaning, Sterilizing, and Drying
Dental Drill Burrs

Van der Pyl, E, 2,618,671, Tunnel Kiln

Cizmadia, L., and Maloit, R. J.,
2,618,672, Apparatus for Measuring
the Temperature of a Moving Sur-
face

Shannon, J. K., and Schmit, R. R.,
2,618,673, Cover for Batteries

Lallmang, H. C., 2,618,675, Battery
Terminal Clamp

March 1953

November 25, 1952

Glasstone, 8., 2,619,437, Primary Cells

Zapponi, P. P.,; 2,619,454, Method of
Manufacturing a Magnetic Record-
ing Medium by Electrodeposition

Haris, W. W, and Brown, W,
2,619,455, Galvanic Anode

EMPLOYMENT
SITUATIONS

Please address replies to box shown,
% The Electrochemical Society, Inc.,
235 W. 102nd St., New York 25, N. Y.

Position Wanted

EvecrrocHemisT. Twelve years ex-
perience in electrowinning, plating pro-
cess development, corrosion problems,
primary battery development, and
metallurgy. Patents and publications.
Good speaker and technical writer.
Age 33. Desires research and develop-
ment work, preferably in South or
Southwest. Other locations considered.
Reply to Box 352

Positions Available

ELectrocHEMIST. Competent elec-
trochemist to conduct research on elec-
trolytic metal production. Prominent
company in Western New York. Possi-
bility of commercialization. Reply to
Box A-243.

CorrosioN CHeMmIsT. Industrial lab-
oratory performing metallurgical re-
search requires man to initiate and
carry out fundamental inquiries per-
tinent to mechanisms of corrosion of
metals in various corroding media.
Develop testing techniques for investi-
tigating electrochemical phenomena
which may be involved in the corrosion
of various metals in different environ-
ments. Ultimate objective of research
is the origination of new alloys with
superior corrosion resistance and the
development of treatments that will
enhance the corrosion resistance of
present materials. Please send outline
of qualifications, personal background,
and educational summary. Reply to
Box A-244.

CHeMICAL ENGINEER to act as pro-
duction consultant for chemical plant in
Eastern Ohio. Experience with com-
mercial roasting, leaching, washing, fil-
tering, and electrolytic equipment de-
sirable. Salary commensurate with
background and experience. Opportu-
nity with expanding company. Send com-
plete resumé and salary information.
Interviews arranged. Reply to Box A-
245.



LICA is the name by which our company is widely
known throughout industry whenever plating, abrad-
ing and other allied problems are discussed, for it is
in this field that we have specialized for some thirty
vears. From our research and development labora-
tory have come many important products and meth-
ods, which have resulted in greatly improved plating

and finishing operations and lower costs.

RONAL is the name by which a leading company in its
field is known . . . a company long specializing in the develop-
ment of new and unique processes in electrochemical deposi-
tion. This company is Ronal Chemieals, Inc., Long Island
City, New York.

It was only natural that with Lea’s leadership in electro-
chemical, electroplating and allied fields it should collaborate
with Ronal. Lea has joined its reseirch and development
organization and its contacts with industry with the scientific
*know-how’ of Ronal Chemieals, Inc., from whose laboratory

Burring, Buffing, Polish-

ing, Plating and Spray
Coating . . . Manufac-

turers and Specialists in
the Development of
Production Methods,
Equipment and Com-

positions.
Manufacturers of Lea
Compound and Learok
: g dustry's quality
buffing compounds for
over twenty-five years

have already come three significant developments in electro-
deposition: Ronal Bright Copper, Ronal Bright Silver, and
Ronal Bright Gold. These are now being merchandized re-
spectively under the names of Lea Copper Glo, Lea Silver
Glo and Lea Golden Glo.

Watch for further developments. Meanwhile if either we
or Ronal can be of help in any research or pilot plant studies
you are making, do not hesitate to call on us. If yourresponsi-
bilities cover plating and finishing—and you’re not satisfied
with the results—perhaps we can help in this, too.

THE LEA manuracTuring co.

16 Cherry Avenue, Waterbury 20, Conn.
LEA MFG. COMPANY OF CANADA, LTD.

370 Victoria Street, Toronto 2, Canada



The Newest Products ‘
of Research go into \

ENTHONE

L

Enthone’s extensive research in surface

chemistry insures the use of the

most modern products for

metal cleaning,

Powerful

new synthetic

surface-active materials

assure

HIGH DETERGENCY

Just fill out and mail

[] CLEANER 160 — An all purpose cleaner for
soak or electrolytic cleaning of copper, brass,
nickel-silver, zinc and steel.
[J CLEANER 69S — Powerful cleaner for soak or elec-
trolytic cleaning of steel.
[] ETCHALUME — Non-scaling, fast acting, etch cleaner
for aluminum.
[J ALUMINUM CLEANER “NE”—— A non-etching
cleaner for aluminum.
[] EMULSION CLEANER 75— An emulsifiable solvent

cleaner for rapid removal of solid dirt and oils from all metals.

FAST ACTION

FREE RINSING

COMPANY NAME

MY NAME

ADDRESS

CITY

ENTHONE

INCORPORATED

STATE

442 ELM STREET
NEW HAVEN, CONNECTICUT
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