
Chapter 17 

Electric Currents 

and Electrical Conduction 

Electric currents are intrinsic to the behavior and the usefulness of many 

materials. From the early years of Bell Laboratories, the electrical properties 

of contact materials were recognized as being critical to the satisfactory per

formance of switching equipment. Discoveries of the thermionic emission of 

materials led to greatly improved cathodes for electron tubes. Fundamental 

studies in electro-chemistry have led to technological advances in the funda

mental understanding of phenomena in corrosion and of processes in electro

plating. In addition, much basic work on the behavior of storage batteries has 

been done at Bell Laboratories. Carbon has also been studied extensively, both 

as a constituent of the microphone and as a material for fixed resistors and 

surge protectors. 

I. ELECTROCHEMISTRY- CORROSION, ELECTROPLATING, 

AND BATTERIES 

Electrochemistry and related subjects have long been of interest at 

Bell Laboratories because of the widespread use of electrochemical 

processes in the manufacture of Bell System equipment and because of 

the occurrence of degradation caused by electrochemical phenomena. 

Corrosion and tarnish processes may adversely affect the electrical 

performance, reliability, and life of equipment, while electroplating is 

frequently the method of choice in applying metallic finishes for cor

rosion protection. In addition, daily use is made of the electrical 

energy storage provided by batteries in an extremely practical applica

tion of electrochemistry. 
In general, electrochemical processes involve the transfer of charge 

across interfaces, demonstrating a close relationship between electro

chemistry and surface chemistry. 

Principal authors: P. C. Milner and A. H. White 
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1.1 Corrosion 

Corrosion is responsible for losses of hundreds of millions of dollars 
annually to the telephone plant. It occurs in a wide variety of forms, 
ranging from general deterioration to catastrophic attack. It is highly 
dependent on local conditions, such as high humidity, the presence of 
specific ionic contaminants, and thermal cycling. Studies of corrosion 
have occupied the attention of Bell Laboratories scientists and 
engineers since the earliest times. 

1.1.1 Metallic Whisker Growth 

One example of corrosion is observed when silver is in contact with 
an insulating material under an applied positive potential. The silver 
is oxidized and transporited ionically across or through the insulating 
material to a conductor under lower potential, where it is redeposited 
as the metal in dendritic form. The extent of the attac:k may be almost 
imperceptible, even at the time the dendrites have caused electrical 
breakdown or shorts between the two conductors. In the mid-1950s, 
G. T. Kohman, H. W. Hermance, and G. H. Downes investigated this 
phenom1enon and showed that it required the absorption of water by 
the insulating material to provide the medium for the ionic transport 
and that it therefore dep1ended on the ambient humidity as well as on 
the type of insulating material involved.1 Silver appears unique 
among metals in requiring only water for this type of migration and 
failure to occur. Other metals require complexing contaminants in 
addition to water, although it has been found that the electrolytic cor
rosion products formed with water alone can cause problems with 
leakage, as R. P. Frankenthal and W. H. Becker demonstrated in 1979 
for gold metallizations in electronic circuits.2 

A diffE!rent source of dendritic metal growth was identified in 1948. 
An investigation of electrical failures of channel filters showed that 
these failures were caused by bridging of circuit components by con
ducting filamentary growths, called whiskers, which caused short cir
cuits. The growths were found to be metallic single 1crystals growing 
from an electroplated zinc finish used on a mounting plate in these 
filters.3 Later research showed that such crystals could form on elec
troplated tin and cadmium as well as on zinc. Generally, the crystals 
were about 3 micrometers (p.m) in diameter and up to 0.6 centimeter 
long. BE!Cause of their length and high metallic conductivity, they 
posed a significant hazard in electronic circuits. Studies by S. M. 
Arnold led to the discovery that whisker growth could be substan
tially repressed by small alloy additions to the finish.4 As a result, a 
tin-lead solder finish has been adopted for use throughout the Bell 
System and much of the E!lectronics industry. 
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The research on the spontaneous growth of whiskers on electro
plated finishes led to other studies of whiskers. C. Herring and J. K. 
Galt used tin whiskers obtained from an electroplated finish to study 
the elastic properties of metallic crystals without dislocations. 5 R. S. 
Wagner and W. C. Ellis develofed the vapor-liquid-solid (VLS) 
mechanism to grow silicon crystals. 

1.1.2 Stress-Corrosion Cracking 

Metals and alloys that are stressed in a corrosive environment can 
be subject to mechanical failures caused by stress-corrosion cracking. 
Generally, the amount of visible gross corrosion associated with 
stress-corrosion attack is extremely small, making it a particularly 
insidious phenomenon. The environment causing attack is usually 
specific to the metal or alloy involved. In the case of an iron-nickel
cobalt alloy used for making glass-to-metal seals in hermetic packages 
for electronic devices, investigations by R. G. Baker and A. Mendizza 
showed that the cracking agent was moisture and that stress-corrosion 
cracking could be prevented if the entire surface of the alloy was 
coated with a suitable material such as solder? 

A dramatic incident of stress-corrosion failure occurred in some cen
tral offices in the Los Angeles area in the early 1960s, when thousands 
of nickel-brass springs in wire spring relays broke. The environmen
tal agent responsible for these failures was hard to identify. The 
breakage was found to occur where wires with a normally positive 
electric potential emerged under a moderate spring stress from the 
molded plastic base of the relay through a surface covered with a 
layer of fine dust. Extensive studies by N. E. McKinney and Her
mance showed that the cracking agent was the nitrate contained in 
this dust, which was itself noticeabll hygroscopic at relative humidi
ties greater than about 50 percent. It was found that the applied 
potential enhanced the susceptibility of nickel-brass to stress-corrosion 
cracking at relatively low levels of nitrate in the presence of elevated 
humidity, and this led to a change in the spring material from nickel
brass to a copper-nickel alloy. In further investigations, the nitrate 
contamination levels at sites throughout the Los Angeles area were 
measured to determine where the hazards to equipment operation 
were greatest; these results correlated well with the distribution anti
cipated from the sources of nitrogen oxides and the topography.9 

1.2 Electroplating 

Thin layers of copper, nickel, and precious metals are widely used 
as protective finishes on components. They are commonly deposited 
by electroplating. Since the 1950s, chemists at Bell Laboratories have 
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worked on improving the understanding and control of electroplat
ing, with particular attention to the deposition of golld. The need for 
a neutral or mildly acidic gold-plating system for use in plating 
printed wiring boards was addressed by R. A. Ehrhardt. 10 He found 
that excellent deposits could be produced from an electrolyte with a 
hydrogen-ion concentration corresponding to a pH ranging from 5 to 
6, prepared from dibasic ammonium citrate and sodium or potassium 
aurocyanide. These and similarly buffered solutions are now widely 
used for soft (pure) gold plating in a variety of electronic applications, 
and they provided the basis for the development of the hard (alloy) 
gold-plating systems that are used to produce wear-resistant electrical 
contact finishes. These finishes typically contain about 0.1 weight
percent cobalt or nickel as a hardening agent. However, G. B. Munier 
made the surprising discovery that they also contained a few tenths of 
a weight-percent carbon and, when dissolved, left an insoluble resi
due that has been termed "polymer."11 The carbon and the polymer 
derive from the cyanide of the aurocyanide complex and are, together 
with the hardness of the deposits, apparently responsible for the 
excellent wear characteristics of these golds. 

In studies of carbonaceous contaminants in pure gold deposits, H. 
A. Reinheimer found that the carbon content and hardness of the 
deposits could be varied by controlling the plating conditionsP These 
findings have been used in the development of additive-free, hard 
gold plating, which provides wear-resistant deposits of higher ductil
ity and greater thermal stability of contact resistanc:e than the cus
tomary alloy-hardened golds.13 

Electroless plating of copper, nickel, and silver, wherein the metal 
is deposited by an autocatalytic chemical process rather than by elec
trolytic reduction, has been practiced for many years. The first such 
process for gold was invemted by Y. Okinaka, using potassium borohy
dride as the reducing agEmt.14 The process produces soft gold deposits 
with characteristics comparable to those of electrolytic deposits and, 
like other electroless processes, is capable of being initiated by 
transition··metal catalysts.. This allows selective plating on insulating 
substrates or on electrically isolated areas, a capability useful in the 
manufacture of electronic: components and devices. 

Attention has also been directed to the plating of noble metal alter
natives to gold for electrical contact uses. Ruthenium was considered 
a prime candidate for this purpose by virtue of its lower cost and the 
environmental stability of the conducting dioxide that it forms, but it 
was difficult to produce consistently sound deposits using existing 
plating processes. Work by A. Heller, B. Miller, and R. G. Vadimsky 
led to the synthesis of a pure ruthenium salt that involved the 
nitrogen··bridged anionic complex [Ru2N(H20hC18]3- and its use in a 
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plating cell with the anode isolated by a cation-exchange membrane 
separator to produce high-quality deposits.15 The process operated at a 
constant current efficiency, and the ruthenium produced was resistant 
to cracking under thermal stress at the thicknesses useful in contact 
applications. 

1.2.1 Specification of Electroplated Finishes 

Many of the electroplating studies at Bell Laboratories have been 
concerned with the application of existing technology in the manufac
ture of specific products, both by Western Electric and by outside sup
pliers. As a result, a rationale for the specification of electroplated 
finishes based on end-point requirements has been developed. These 
requirements concern the characteristics of the finish as applied 
instead of dealing with the method of application; this approach has 
become generally adopted by government and industry. It assures 
that a finish will serve its intended function, which has been particu
larly important in the use of electroplated gold for such critical appli
cations as electrical contact finishes. The advantages of end-point 
specifications for gold deposits have been discussed by Baker and T. 
A. Palumbo, who list the characteristics measured and illustrate the 
problems encountered when the requirements are not met. 16 

1.3 Batteries 

Stationary batteries are used in every Bell System central office to 
provide load leveling and standby power, and they have been the 
subject of research at Bell Laboratories since 1930. Typical central
office usage involves what is known as float operation, in which the 
batteries are maintained at a full state of charge and are only infre
quently recharged because of an interruption of commercial power 
service. This differs considerably from cycle operation, with its suc
cession of charges and discharges. Initial studies were aimed at deter
mining whether there might be design changes that would improve 
performance in float service. 

1.3.1 Lead-Calcium Alloys for Batteries 

Attention was soon directed to the lead-antimony alloys used in the 
grids of the conventional lead-acid battery plates, where it was recog
nized that antimony caused undesirable electrochemical changes in 
cell behavior. The highly anodic conditions at the positive grid 
caused antimony to be slowly leached and deposited as metallic 
antimony on the surface of the negative plate, giving rise to an 
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undesirable aging process. H. E. Haring and U. B. Thomas recognized 
that th'e aging problems encountered with lead-antimony might be 
overcome by using lead alloys with low levels of alloying constituents 
that were electronegative to lead.17 They initiated studies of the age
hardening, lead-calcium alloys containing about 0.1 percent or less of 
calcium that had been investigated by E. E. Schumacher and G. M. 
Bouton .. These alloys had been found to have metallurgical and phy
sical properties that compared favorably with those of lead
antimony.18 Laboratory studies of lead-calcium confirmed its superior 
electrochemical behavior, but longer-term results from test cells in 
service showed considerable variability in positive grid and post cor
rosion and established the need for accurate analysis and control of 
the calcium content of the alloy. The required rapid calcium analysis 
technique was developE!d by Bouton and G. S. Phipps,l9 and in 1950, 
cells with lead-calcium alloy grids containing 0.065 to 0.085 percent 
calcium began to be used in the Bell System. 

Such cells became widely used for float service, and this concept of 
achieving low self-discharge rates through the use of low-level alloy
ing constituents that are! electronegative to lead was applied elsewhere 
in the development of '·'maintenance-free" lead-acid batteries for auto
motive use. At Bell Lalbs, further developments have resulted in the 
design and manufacture of a novel cylindrical cell that makes possible 
the use of pure lead as the grid material.20 This provides improved 
positive grid-corrosion behavior in long-term float service. 

1.3.2 Nickel-Cadmium alld Non-Aqueous Battery Materials: 

Work has also been carried out on other secondary· battery systems. 
Sealed nickel-cadmium alkaline cells were studied in the early 1960s 
by D. C. Bomberger and L. F. Moose,21 and were used in the original 
Telstar satellite, and programs for their improvement have continued. 
Attention was focused on positive-active (cathode) materials for high
energy-density lithium secondary cells that utilize nonaqueous elec
trolytes and operate at ambient temperatures. What was desired was 
an electronically conducting material that could be reversibly oxidized 
and reduced without changing the shape and structure, in a process 
that involves the solid··state transport of lithium ions. A surprising 
number of compounds with such properties were Jfound in the late 
1970s; among them are layered transition metal dichalcogenides such 
as VSe2, and transition metal oxides such as V60 13.

22•23 The under
standing gained in fundamental studies of these materials opens up 
new options for practical battery systems. 
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II. RELAY AND CONNECTOR CONTACTS 

The performance and reliability of relay and connector contacts 
have long been important to the Bell System and have been studied 
at Bell Laboratories for many years. In the early 1950s, W. P. Mason 
and coworkers applied Ehotoelastic techniques to study stress-strain 
patterns in polymers.24, They simulated the stress-strain conditions 
that existed in the solderless wrapped connector developed by H. A. 
Miloche and R. F. Mallina.26,27 [Fig. 17-1] The stress-strain conditions 
between the wrapped wire and the terminal permitted solid-state 
diffusion but did not permit cold welding. Mason's results led to the 
prediction of a life of over 40 years for the connectors under any 
likely ambient conditions. 

In the early use of silver contacts in connectors, problems were 
encountered from the formation of insulating films in a sulfiding 
environment. This led to the introduction of gold plating to increase 
the reliability of these contacts. However, in 1960, Egan and Men
dizza found that the silver sulfide that formed in the pores of the 
plated gold crept rapidly over the gold surface, resulting in the 
undesireable silver sulfide film. 28 Their investigation led ultimately to 
the complete abandonment of gold-plated silver as a contact material. 

The effect of contaminants more generally on the performance of 
relay and connector contacts was the subject of many studies and the 
results of these investigations have had a widespread influence on the 
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selection of contact materials and design. In a systematic study of 
relay contact contamination, Hermance [Fig. 17-2] and T. F. Egan 
found that an amorphous, brownish, insulating organic deposit was 
formed on non-arcing palladium contacts.29 Laboratory investigations 
showed that this material was produced when metals, particularly 
those of the palladium and platinum groups, were rubbed together in 
the presence of low concentrations of a wide variety of organic 
vapors. The vapors were apparently adsorbed on the metal surface 
and then frictionally activated and polymerized, which led to the use 
of the term "frictional polymer" to describe the material, and to the 
adoption of a practice of evaluating new contact materials with regard 
to the formation of such frictional polymers. Fortunately, gold and its 
alloys produce very few frictional polymers, and a thin gold-alloy 
overlay on palladium provided good contact material and improved 
relay performance greatly.30 

Fig. 17-2. H. W. Hermance studied the impact of 
conta minants on relay contacts in the telephone plant. 
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III. OXIDE-COATED CATHODES FOR VACUUM TUBES 

The operation of vacuum tubes depends upon thermionic emission 
of electrons from a cathode into a vacuum, preferably from a surface 
of low and stable work function. In the early tubes the cathode was 
simply a hot filament whose surface had been treated in empirically 
determined ways to lower its work function. A major improvement 
appeared in the late 1920s in the form of the indirectly heated oxide 
cathode. This is heated by a tungsten filament with insulation pro
vided to separate it from the nickel cathode, which is coated with a 
mixture of alkaline earth oxides. The mixture contains barium oxick 
and the oxides of strontium and calcium. The nickel substrate is 
lightly doped with magnesium or some other element capable of 
slowly reducing the oxide to produce free, low work-function atoms, 
such as barium. 

The oxide-coated cathode was the subject of enormous development 
efforts, which gradually improved its performance and life. During 
manufacture, however, the cathode continued to be prone to activity 
"busts," which could often be traced to minute quantities of contam
inants such as sulfur or chlorine. At Bell Labs a number of research
ers tried to remedy this situation. Among the first were J. A. Becker 
and R. W. Sears, who, as early as 1930, cited evidence that the emis
sion was determined by the condition of the oxide surface.31 Probably 
the last was a group under the direction of A. H. White that made use 
of the post-World War II theories of semiconduction in a research pro
gram aimed at understanding barium oxide as an n-type semiconduc
tor. Unfortunately, an oxide cathode is more complicated than this 
because it is a very porous structure with a major part of its conduc
tivity arising from electrons in the pores, especially at high tempera
tures.32 Indeed, its structure is so complicated that as of the time of 
this writing there is no generally accepted model of the physics of the 
oxide-coated cathode, even as to the location of the seat of thermionic 
emission. [Fig. 17-3] 

Nevertheless, the work of H. E. Kern and his collaborators provided 
the necessary high-purity nickel alloys and brought the chemistry of 
this cathode under good control.33 They showed that cathode activa
tion and life are controlled by the rate of diffusion of reducing agents 
such as carbon, zirconium, or magnesium from the interior to the sur
face of the nickel core. The reducing agent reacts with the oxide coat
ing to generate free alkaline earth atoms necessary for electron emis
sion and for maintaining the electrical conductivity of the oxide coat
ing. 

Even after the transistor had largely displaced vacuum tubes in elec
tronic circuitry, the thermionic cathode still had important applica
tions as an essential source of electron emission in gas lasers. D. Mac-
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Nair devised a matrix-type cathode that provides good electron emis
sion under exposure to reactive gases such as C02, 02, H20, and Cl2, 
most of which poison emission from conventional porous oxide-coated 
cathodes.34 These designs include a great variety of barium-strontium 
oxide cathodes in varied matrix structures. Most spectacular, however, 
was the BaZr03 cathode that gives copious electron emission in carbon 
dioxide and other oxidizing atmospheres. 

IV. CARBON MICROPHONES AND CARBON RESISTORS 

4.1 Microphone Carbon 

Throughout the history of telecommunications, granulated carbon 
has proved to be the most satisfactory active, nonlinear element in a 
transducer for converting acoustical into electrical energy. Condenser 
and moving-coil microphones provide much more faithful reproduc
tions of the signal, but they do not amplify it. As early as 1930, the 
electrical power output of the carbon transmitter was of the order of 
1000 times greater than the acoustical power input. The cost of sup
plying this much gain to the subscriber's set by any other mea.ns was 
prohibitive until the advent of the electronic telephone that could 
provide gain. The polymer-foil electret microphone, first developed 
in 1966 by G. M. Sessler and J. E. West,35 and further developed by J. 
B. Baumbauer and A. M. Brzezinski in 1979,36 provided an inexpen
sive microphone of small size, having lower noise and distortion than 
the carbon transmitter. 

Before 1931, manufacture of microphone carbon started with anthra
cite coal purchased from a particular mine in eastern Pennsylvania. 
This coal was crushed in a specified manner, sifted, purified in a 
stream of air, and roasted according to a procedure that had been care
fully studied by H. H. Lowry and his colleagues.37 This procedure 
produced particles of nearly uniform size and spherical shape and 
reduced the hydrogen content of the carbon without leaving pores 
that would have adsorbed atmospheric gases and impaired perfor
mance. A deposit of pyrolytic carbon, formed from the decomposition 
of methane gas, smoothed the surface of the granules further and 
increased their elastic modulus. As a consequence, there was a great 
improvement in the performance, reproducibility, and reliability of 
transmitter carbon. This work also provided a method of selecting 
another source of supply after the original mine had been exhausted. 
Thus after 1931, the making of microphone carbon started with 
anthracite coal purchased from a different mine in eastern Pennsyl
vania. 
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During the early 1930s, F. S. Goucher and his colleagues clarified 
the physics of this material br a series of studies of ~contacts between 
individual carbon granules.3 They established that at any given 
applied force the current-voltage curve of the contad was reversible 
and ohmic, providing that care was taken to avoid heating. They 
found the contact resistance between granules to be a function of con
tact area which, in turn, was a function of the applied force. This 
latter function was complicated by the fact that the carbon surfaces 
were visibly rough, as seen under the microscope. The temperature 
coefficient of resistance was shown to be the same as that of disor
dered carbon, even in the presence of adsorbed gases that increased 
the resistance. This eliminated various hypotheses that had invoked 
field emission or a special surface layer to explain the electrical pro
perties. J. R. Haynes v•~rified the assumption of elastic deformation 
implicit in all this work by showing that the stress-strain curve 
between two particles was reversible up to a total displacement of 
3 x 10-6 em, which is greater than that present in commercial con
tacts.37 [Fig. 17-4] These contributions to the physics of the carbon 

3.5 r-----------------·--, 

6 
FORCE I dynes I 

10 

Fig. 17-4. Typical force-displacement characteristic of 
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transducer stimulated and supplemented improved transmitter 
design,38 even though a complete physical theory of this complicated 
aggregate has not yet been achieved. 

4.2 Ceramic Core for Deposited-Carbon Resistors 

The advent of precise electronic equipment, such as that used in 
radar during World War II, imposed stringent demands on the tech
nology of resistors, capacitors, and other components.41 (For more on 
this topic see the second volume of this series, "National Service in 
War and Peace," pp. 142-143.) This in turn led to the invention of 
deposited-carbon resistors, which had critical applications in elec
tronic systems.39 [Fig. 17-5] These resistors were made by putting 
down a thin film of carbon on the surface of a ceramic core. The 
resistance values were varied by means of spirals that were cut 
through the carbon film and were accurately controlled by the size of 
the ceramic core, the resistivity of the deposited film, and the length 
of the spiral. The quality of the ceramic core was quickly perceived 
to be basic to the success of the design. The core had to have high 
insulation resistance at all operating temperatures and low ionic con
duction to avoid resistance changes caused by electrolytic polariza
tion. Perfection of the surface structure and freedom from contami-

/ 

/ 

/ 

Fig. 17-5. T ypical examples of several varieties of deposited 

carbon resistors. 
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nation were important to the integrity of the deposited carbon. To 
satisfy these requirements, M. D. Rigterink chose a composition of 
fine-grained raw materials, such as kaolin and precipitated carbonates 
of alkaline earths, which are capable of thorough mixing and fine 
grinding.42 Careful studies were made of the time and temperature 
regimes needed to achieve the fine-grained structure responsible for 
the excellent adherence of carbon films. 

This technology, which was so useful to the progress of high
frequency electronics during the war, also formed the basis for meet
ing the even greater demands of electronics in the age of solid-state 
devices. 

4.3 Polymer Carbonization and Voltage Surge Protectors for Telephone 
Lines 

In the late 1940s, F. H. Winslow and W. 0. Baker initiated a study 
aimed at producing small carbon spheres from crosslinked styrene 
polymers obtained by suspension polymerization. Their experiments 
were stimulated by an interest expressed by a Bell Labs Station 
Apparatus Group in obtaining small carbon spheres of the same size 
and properties as those of the microphone granules made from 
anthracite. Polymer spheres were preoxidized at 250°C and carbon
ized by a group engaged in pyrolitic states, supervised by R. 0. Gris
dale. Winslow and Baker succeeded in making the desired carbon 
balls, although for economic reasons these spheres did not go into 
production. But in the course of their research they advanced the 
understanding of the mechanism of crosslinking in polymer carboni
zation.43 This pyrolytic carbon process has been used in the prepara
tion of heat shields for protecting space vehicles during reentry into 
the earth's atmosphere. 

These carbonization ideas proved to be very useful in an application 
in the voltage surge protectors used with every Bell System telephone 
line. C. W. Wilkins and coworkers experimented with other binders 
for the coke, keeping in mind the crosslinking principles established 
by Winslow and Baker, and came up with binders that are furfuryl 
alcohol and phenol-formaldehyde based, which polymerize and car
bonize in a manner similar to that observed above. 

The same carbonization process may prove useful in developing 
bound carbon for replacement of certain gold-plated contacts now in 
use. 
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