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Abstract Fhis paper reviews the
technical development of a high reliability
base metal connector and illustrates an effort
to convert contact research into physical
product wusing design judgment and
expedient testing. Topics include normal
force, corrosion susceptibility, contact
lubrication, crimp  termination, and
performance testing.

INTRODUCTION

As monetary conditions have made noble
metals such as gold increasingly costly there
has been a natural rebirth of interest in
reliable base metal connections. In response
one can expect more scientific investigation
into the fundamentals of contact reliability
and, of course, new physical designs. The
broader, underplayed role of new designs is
to correlate contact theory and idealized
research with service performance, thereby
providing a key to subsequent advancement
in connection design.

This paper reviews the contact research,
analysis and testing which, along with

design judgments, produced the high
reliability base metal contacts now used to
separately connect certain telephone

equipment power circuits. These pin and
socket contacts, formed from tubing to
minimize low volume production costs,
crimp terminate to either No. 10 or No. 12
gauge wire (see Fig. 1). Retained in self-
latching  polycarbonate  housings, the
contacts were to exhibit a low, stable

resistance for a forty year life marked with
thirty possible mating cycles. Service
conditions included a minimum 24 volt line
potential, a 4-8 ampere line current, and a
temperature average of 38°C, peaking at
46°C. The contacts were actually designed
to withstand a 70°C long term maximum
temperature and 20 ampere surge current.
Implicitly, the connection needed to survive
any long term corrosion caused by
interaction with the environment.

CONTACT DESIGN

The most revealing indicator of the long
term electrical performance of general
pressure contacts appears to be the normal
force at the metal interface. Classical
contact literature, Holm [1] being a major
example, shows normal force to
fundamentally affect the degree of
penetration of surface contamination, the
subsequent amount of true metal contact
area, and the ultimate value of interface
resistance. The specific level of normal
force needed to produce an acceptable
interface resistance under given voltage and
current conditions depends, in turn, on a
legion of identified variables such as the
conductivity and roughness of the contact
metal, the hardness and thickness of the
plating, the geometry and wipe of the metal
interface, and the nature of the inevitable
surface contamination. Optimizing these
factors toward the lowest force level, though
intriguing, was unnecessary. Instead,
economical contact metals were chosen



based on some reported experiments relating
normal force to the electrical reliability.

Mechanical arrangements were then
designed to provide the necessary force.
Tin plated copper was the metal

combination chosen for this application.
Copper’s high conductivity provided a low
bulk resistance with a minimum metal cross
section. Additionally, as will be shown
later, copper contributed two advantages to
the crimp connection: (1) its low yield stress
promoted high residual contact force after
crimping, and (2) it minimized the damaging
affects of differential thermal expansion
between the crimp barrel and terminated
copper wire.  Though copper is more
electrically conductive than gold, its reactive
surfaces quickly develop thick, tough films
which resist mechanical penetration and
electrical breakdown [2], [3]. To obtain a
low contact resistance, then, necessitated
some protective coating such as a soft metal
with characteristically thin, brittle surface
films vulnerable to mechanical penetration
as the metal deforms under load. Soft, pure
tin develops an oxide film in clean, dry air at
room temperature which is self-limiting to
about 60 A thickness and easily broken [4].
High temperature, high relative humidity, or
the presence of reactive gases would cause
somewhat thicker films. The theoretical
constriction resistance of clean tin surfaces
ranks close to gold and superior to tin-lead
solder [5], other possible contact metals.
Tin plating is more commonly available than
solder plating; and tin is also believed to
wear better than solder [6]. These reasons,
plus galvanic compatibility with the tin
plated wire, promoted tin as a good
candidate for the plating.

Since tin develops thicker films than noble
metals, thereby requiring higher normal
contact forces, it has not seen use in Bell
System high reliability applications of

miniature separable connections, especially
for dry circuit conditions. The feasibility of
using such base metal contacts for dry
circuits has been demonstrated [7], but the
necessary development work has not yet
been reported. In the case of 24 volt talking
circuits, J. M. Wilson [8] presented
convincing evidence in 1948 of the
suitability of electrotin finish for sliding
contacts. Wilson conducted crossed rod
resistance tests of 27 year old pinch tin-
plated copper switchboard wire taken from
service and also tin plated brass cylinders
with a copper underplate aged for 26 months
at 50°C. At a 250 gram load and one
milliampere current the resistance values for
unwiped surfaces ranged from less than one
milliohm to 10 milliohms.  This work
further supported the choice of tin plating
for the present application.

It is properly mentioned here that the little
understood phenomenon of metallic whisker
growth [9], [10] has also severely restricted
the use of tin in Bell System applications. In
the present case, however, whiskers were
not of concern because (1) they would need
to unexpectedly grow one-half inch to reach
adjacent metal, (2) a four ampere shorting
current would harmlessly fuse such a
whisker [11] and (3) the enclosing
polycarbonate housing substantially blocks
direct access to adjacent metal. Although
tests later performed on sample contacts
were of relatively short duration compared
to the length of time usually needed to
determine whisker growth potential, no tin
whiskers were in fact ever observed on
actual contacts.

Before turning back to the question of
normal force, consider the possibility of
encountering severe copper corrosion or
galvanic corrosion at discontinuities in the
tin plating such as pore sites or wear tracks.
Plating thickness is generally known to



affect the plating porosity; and discussions
with some tin platers indicated that it was
unreasonable to expect nonporous tin
coatings at thicknesses less than 500
microinches. If porosity can be controlled,
the actual plating thickness does not appear
to significantly affect the contact
performance [12], although unusually thick
platings (on the order of several thousandths
of an inch) may detrimentally alter the
contact geometry by extruding under
pressure [7]. In practice, porosity testing
itself tends to be rather subjective, especially
in establishing the test duration and tolerable
number and size of visible pore sites. The
present contact had to its advantage four
socket tines each with two contact points
(see Fig. 1), a redundancy feature
significantly improving the probability of
making good metal contact. Still, a
relatively continuous tin coating was
necessary to insure the relevance of an
empirically determined normal force
requirement.

Pore site definition was obtained by
corroding contact samples in sealed
chambers of sulfur dioxide fumes, two
variations being the Clarke-Leeds test and
the Clarke-Britton test. The Clarke-Leeds
test [13], which generates 10 percent SO? at
85 percent RH, was found to be inadequate
for the following reasons: (1) changes in the
ambient humidity prior to closing the test
chamber affected the results, (2) voluminous
corrosion product obscured individual pore
sites, and (3) pure tin reacted with the SO? to
form heavy corrosion product. In carefully
controlled experiments Britton and Clarke
[14] observed tin discoloration in high
humidities for SO? concentrations as low as
0.2 percent. The 0.03 percent SO? and 95
percent RH test recommended in their
published paper, and here referred to as the
Clarke-Britton test, was found to give clear
definition of the individual pore sites while

not reacting with the tin itself. The test

yielded essentially the same results under
“wet” conditions, accomplished by placing a

small breaker of hot water in the chamber a
few minutes before starting the test.

Interestingly, pure copper coupons corroded
more heavily in the 0.03 percent SO? test
than the 10 percent test, indicating a
significant dependence on the relative
humidity. The duration and temperature of
the porosity test are known to affect the
results; however, these variables were not
studied here; and all tests were run for 24
hours at 20°-30°C. The requirements and
results for various plating thicknesses are
presented later.

Variations in surface roughness are also
known to affect plating porosity and

interface resistance. These effects were not
studied here and no optimum roughness was
determined. However, the surface

roughness was consistently controlled at the
manufacturing level by a deburring

operation which tumbled unplated parts in a
46 grit abrasive for several hours causing a
matte appearance to the final plated product.

Separable Connection

End point electrical requirements ultimately
determine the necessary level of normal
force. In particular, a “stable” resistance
would most likely be attained if the interface
remained within, say, 6°C of the bulk
contact temperature. This is a Bell System
standard simply intended to retard
temperature degradation processes as much
as possible. Certainly if the interface
temperature reaches the softening point of
tin (100°C), the mating surfaces will be
altered and actual welding will commence.
The interface resistance corresponding to the
above thermal conditions can be derived
from the classical relationship [15]



V2=4L(T2-T ?)

where Vc = voltage drop across interface
L = Lorenz constant
T = interface temperature
TA = bulk temperature

Solving for a 20 ampere surge current, 70°C
bulk temperature, and 100°C interface
temperature yielded the most conservative
resistance requirements, 2.3 milliohms.
Long term operation at 8 amperes, 70°C
bulk, and 76°C interface required 2.5
milliohms resistance or less.

Wilson’s previously reported crossed rod
measurements (using 200 microinch tin
plated copper wire aged unmated for 27
years) indicated that loads of 100-700
(upper limit estimated) grams would be
needed to produce a 2.3 milliohm interface
resistance for wires pressed together without
wiping. Compton and baker [5]
demonstrated that 150 grams would produce
less than 2.3 milliohms resistance for 200
microinch solder coated copper wires aged
unmated for six months in New York City
and wiped at least 0.005 inches. Tin plating
under the same conditions should perform
even better [16], although published
literature offers incomplete and conflicting
views for this comparison. More relevant,
perhaps, was the work by Chiarenzelli [16]
with tin wires aged while mated for thirteen
months at a New Jersey oil refinery where
S0O2 pollutant levels were high, relative
humidity reached 75 percent, and
temperature reached 32°C. A constant 150
grams applied to the undisturbed crossed
wires maintained a stable resistance under
0.5 milliohms. Flat specimens aged
unmated for thirteen months at the same
location and probed at intervals with a clean
gold tip exhibited stable resistance values of
about one milliohm at 100 grams load.
Based on all of the above experiments, 150

grams appeared to be a reasonable minimum
design load.

Since the geometry of the mating surfaces
also affects the load requirement, the force
developed in the reported crossed rod
experiments had to be related to the actual
contact geometry. Theoretical arguments
can be found to support at least three
different criteria for matching one contact
geometry to another: (1) duplicate the
apparent contact area, (2) produce an
equivalent maximum compressive stress
level, or (3) require the smallest dimension
of the two apparent areas to be the same.
Pursuing these criteria numerically involved
modeling the geometries after classically
solved cases of contact between elastic
bodies. The contact geometry was idealized
as a circular cylinder pressed against a flat
surface; and the crossed rods were idealized
as homogeneous circular cylinders. Roark
[17] tabulated stress and deformation
solutions for these two cases. Applying the
theoretical relations indicated the tin surface
would flow plastically in both cases at loads
of less than one gram. This spread of the tin
would no doubt contribute to the break up of
films but apparently not of itself insure long
term resistance stability. Assuming the
copper substrate rather than the extruding tin
controlled the compressive stress level and
apparent contact area, further analysis
indicated that bulk yielding of the copper
base would occur at relatively low loads-5
grams for the crossed rods and 33 grams for
the contact geometry. At 33 grams the
actual contact would already have more
apparent area than the crossed rods would
already have more apparent area than the
crossed rods would attain at 150 grams, thus
meeting criterion (1). The stress level for
.08 inch diameter crossed rods at 150 grams
was calculated to be 143,000 psi or three
times the tensile yield stress of copper. An
equivalent stress could be produced in the
contact geometry with 292 grams, thereby



meeting criterion (2). Note that the elastic
stress relations used in this analysis, though
technically invalid beyond the elastic limit,
could validly represent a material model
exhibiting no strain hardening but yielding
abruptly at a stress three times higher than
tensile yield. Tabor's [18] work on
spherical indentations into ideally plastic
metals, in fact, showed the mean pressure
over a plastically deformed contact area to
level off at a comparable value higher than
tensile yield. Criterion (3) could only be
met with a load of 680 grams. Taking a
conservative stance, 680 grams per contact
area of 1360 grams per tine was made the
minimum design force requirement.

Since the soft copper tines could not provide
the needed force alone, an unusual
application of stainless steel auxiliary

springs was employed (see Fig. 1). The
friction coefficient between these coil

springs and the socket tines, having an
experimental range of 0.065-0.189, could
conceivably increase or decrease the
nominal contact force depending on whether
the coil was being deflected outward or
inward by small variations in the mating pin

diameter. Since the friction force probably
relaxes away in time, the concern here was
about wear and possible resistance
degradation due to load cycling, [19].

Wilson [8], however, observed no resistance
degradation for load cycles of 50 to 250
grams; and, as will be shown later, wear was
satisfactorily controlled by lubrication.

A theoretical deflection analysis of
the coil spring arrangement was used to
predict normal force ranges for chosen
design variables. The analysis itself, though
involved, essentially applied a work balance
to an idealized mechanical model with
friction, resulting in the expression

F=_nEd42N (D-Do)

32 (1 £ p No ) Do D?

where F = normal force per tine
n = number of springs
No = number of coils/springs
d = wire thickness
E = elastic modulus
U = coefficient of friction
Do = initial coil diameter
D = deflected coil diameter.

Observe that the variation caused by friction
is minimized by using several springs each
with a small number of coils.

Prototype models were made of a design
having three springs of two turns each and a
theoretical nominal force of 3610 grams,
ranging from 2500 to 6440 grams due to
friction. The prototype model demonstrated,
as predicted, a critical dependence on the
coefficient of friction between the coils and
the tines. Interestingly, this dependence
went beyond the concern about wear
damage to the extent that unlubricated
contacts would self-lock, totally preventing
pin insertion. Lubricating the contact was
thus essential to its operation. Experiments
with various concentrations and
combinations of liquid lubricant polyphenyl
ether (Monsanto OS-124) and solid lubricant
Bareco wax were conducted. The liquid
lubricant could not, either alone or in
combination with the solid lubricant, prevent
the self-locking condition. However, a
solution of one-half percent of the
microcrystalline wax dissolved in 1,1,1-
trichloroethane proved satisfactory.

The normal force was experimentally
determined wusing two techniques: (1)
measuring pin withdrawal force for a
calibrated coefficient of sliding friction, and
(2) imbedding a commercial
magnetostrictive force transducer in the
male pin. The coefficient of friction for
lubricated contacts showed and experimental



range of 0.02-0.06 for the pin and socket;
and the withdrawal force fell in the range
0.7-2.4 kg. Use of the magnetostrictive
force transducer (see Fig. 2), which was
thought to have less experimental error than
the first technique, was new to contact
testing and has possible application in
quality assurance. The two measuring
techniques broadly agreed that the contact
normal force was in the range 1,500 to 4,500
grams per tine, which exceeded the
minimum force requirement.

The initial force of the separable contact was
not expected to significantly diminish due to
stress relaxation over time because the
controlling stainless steel auxiliary springs
lose only about 2 percent of their initial
stress at 60°C [20]. Also, a theoretical stress
analysis indicated that little or no permanent
deformation of the deflected coil springs
should occur. Thus, a force equivalent to
one shown to provide reliable contact
between aged crossed rods should remain
for the lifetime of the separable contact.

Permanent Crimp Connection

The following design variables, as
summarized by Whitley [21], control the
performance of crimp connections:

1. Wire — material, size, and type (solid,
braid, or stranded).

2. Tubing Properties —a. Diameter and wall
thickness. b. Bulk material modulus of
elasticity. c¢. Temper. d. Finish (plating,
knurling, grooves, etc.).

3. Geometry of Indentation — a. Longitudinal
(length and number of indents). b. Axial
(oval, diamond, hexagon, etc.). c. Depth of
indentation.

Each of these variables bears on the quality
of the connection and must be optimized in
some knowledgeable manner for the whole
system.

The 12 gauge and 10 gauge cable used in
this application contained stranded, tinned,
hard drawn copper wire. Tubing was chosen
with a cross-sectional area slightly greater
than that of the 10 gauge cable so as to carry
line current at cable temperature and
develop equivalent cable resistance. Using
copper tubing minimized the differences in
thermal expansion rates between the barrel
and wire, thus minimizing thermal strains
which could damage cold welds existing at
the joint interface [22]. Whitley [21]
emphasized the importance of cold welding
in reliable crimp connections, although this
subject has not been thoroughly studied.
Additional help in maintaining cold welds
derived from the use of a soft temper barrel
of the same elastic modulus as the
terminated wire. This condition should
produce residual radial forces between the
crimped barrel and wire, as illustrated in
Fig. 3.

Geometry of indentation broached a subject
not well documented in contact literature. It
is likely that variations of many different
shapes can be made to perform equally well;
and commercially available crimp joints do
show considerable diversity. The diamond
die shape was chosen here due to the
previous success of compactive-type crimps
[23] and the observation that crimp barrels
self-center in the diamond die wedge. The
length and depth of indentation were
determined empirically. Optimization
curves for pull-out force and contact
resistance after temperature cycling (see Fig.
4) substantiated the rule of thumb that the
total cross-sectional area be reduced by 15
percent for quality compactive crimps. The
final choice for the 10 and 12 gauge crimp
designs exhibited pull-out forces of 142 and
73 kilograms minimum, respectively, nearly
the tensile strengths of the cables
themselves. A disadvantage of the diamond
shape was the relatively high 1361 kg force



needed to form the crimp, a force not easily
obtained from small hand tools.

Reliable crimp terminals generally displace
metal at the wire interface so as to scrub
clean large surfaces which then become sites
of cold welding. Metallurgical cross
sections of the proposed crimps (see Figs. 5
and 6) showed tin displacement along both
the strands and the barrels. It appeared,
however, that no copper was exposed. The
crimped barrel extruded longitudinally ten
percent; and, as a result, some voids
remained between strands of the crimped
cable even though the overall metal cross-
section was reduced. These voids could
probably have been eliminated with further
area reduction, but only at the expense of
necking down the cable and losing strength.
Although the voids might allow corrosive
attack to interior surfaces, the uniform
honeycomb appearance of the strands
indicated high pressure and, as tested later,
“gas tight” contact areas. Fig. 7 illustrates an
unacceptably loose crimp having zero area
reduction. This crimp, which also exhibited
a low pullout force, illustrated the need for
proper tool adjustment to produce the
required indentation.

If residual radial forces play a smaller role
than cold welds in controlling the electrical
performance, then it is possible to see a
decrease in resistance as the crimp ages [24].
Metal diffusion with time could improve the
cohesion of tiny contact asperity welds
allowing more uninhibited electron flow
between the surfaces [21]. High
temperature aging caused no resistance
changes in the present design significantly
greater than normal experimental variations
(Fig. 4). Thus, the initial quality of the
crimp was expected to remain intact
regardless of possible stress relaxation
conditions.

PERFORMANCE EVALUTION

Although the connector was necessarily
judged by its ability to meet laboratory
criteria, field use was recognized as the
ultimate test of the design and the
evaluation. Identified chemical , thermal and
mechanical failure mechanisms were known
to contribute to the electrical degradation of
general service aged connectors. A brief
discussion of the testing theory associated
with the more interesting of these possible
failure modes is presented below along with
a discussion of test results.

Electrical performance was unguestionably
the prime, if not single, function of the
connection.  The low, stable resistance
requirement numerically meant the voltage
drop across the connector could not
significantly exceed the voltage drop across
an equivalent length of cable (i.e., the
connector was to be electrically invisible).
Since electrical degradation typically occurs
with a catastrophic suddenness after long
intervals of successful performance, but
since laboratory tests do not accurately age a
connector to a specified lifetime, a device is
usually rejected on the basis of small
resistance instability interpreted as the
precursor to catastrophic failure.

Clean, new contacts of the present design
exhibited an overall interface resistance of
.015-.030 milliohm, which corresponded to
240 milliohm maximum for each of the
eight parallel contact areas. A porosity
requirement mentioned later in this section
insures that two of the eight contact areas
will always touch initially on continuous tin
plating. By arbitrarily designating a
doubling of the interface resistance
associated with two parallel contact areas a
“failure,” the failure criterion was any .120
milliohm resistance increase. This
arbitrarily chosen criterion lends itself to
various theoretical interpretations. If one
assumes that the actual contact area consists



of electrically independent asperity point

contacts which remain constant in number
but are individually encroached upon by

insulating contaminant, the criterion could

arguably represent a 75 percent loss of the
contact area associated with two of the eight
possible contact envelopes.

In contrast to the arbitrary nature of the .12
milliohm criterion, the earlier mentioned 2.3
milliohm resistance, which limited the

interface temperature below the softening

point of tin, provided a well defined
alternate failure criterion. Interestingly, the
voltage drop necessary for electrical

breakdown of insulating films on tin
surfaces is most likely greater than the 46
millivolts corresponding to 2.3 milliohms
resistance. This means that the onset of
thermal welding would occur before
possible electrical breakdown of film
contaminant, emphasizing the importance of
mechanical film rupture.

Chemical failure, the term applied to

electrical separation of contact surfaces by
encroaching films, usually derives from

either galvanic corrosion or direct chemical

attack of the metal surfaces. Time,

temperature, humidity, and reactive gases
are the principal factors which produce and
control such failures. To simulate long-term

environmental effects, an accelerated
laboratory test involving these factors was
needed to accurately age samples without
introducing unrealistic failure modes. In

fact, such a test did not exist. The most
sophisticated documentation of a test of this
sort was probably the British Post Office

Industrial Atmosphere Test [25], [26].

An alternative to controlled aging was to
require a continuous tin plating via a
porosity test, to insure the “gas tightness” of
the mated contact via a salt spray test, and to
rely on the realistically aged crossed rod

measurements. When subjected to a Clarke-
Britton porosity test after thirty wear cycles,
lubricated contacts having a 351 microinch
minimum tin plate over a 100 microinch
minimum self-leveling copper plate showed
no porosity. Without the copper underplate,
however, 421 microinch minimum tin plated
samples showed some porosity. If at least
three of the socket tines were required to be
pore free, then a porosity requirement
allowing no more than four pore sites visible
at 10X magnification on the significant
contact area of the male pin insured that at
least two of the eight contact points would
rest on a continuous tin coating.

“Gas tightness” may loosely be defined as
the ability of a mated connector to maintain
a stable resistance in extremely corrosive
environments—so corrosive, in fact, as to
develop nonconductive films on all available
surfaces and to substantially degrade loosely
mated contacts. Total connector resistance,
the sum of interface and bulk resistance, was
monitored using a four-wire technique with
a one ampere current and 12.6 volt open
circuit potential, both below specified
service conditions. Measurements taken on
thoroughly dried samples after a military salt
spray test showed no high resistance failures
(12  milliohm increases), indicating
relatively good protection of the contact area
from corrosive attack. The same test
produced 4 to 1000-fold resistance increases
(i.e., 1.8m -1000 m ) in control samples of
another commercially available tin-plated
connector.

Based primarily on caution, the connectors
were also subjected to 100 high temperature
cycles (25°C-105°C) and three high
humidity intervals (96 hours each at 95
percent RH) in otherwise uncontrolled
atmospheres. These standard tests
represented at least qualitatively the cyclic
variations expected in the connector’s



service life. The humidity test, less severe
than salt spray, was intended to realistically
accelerate chemical attack. The temperature
cycle was designed to represent the heating
associated  with  intermittent  circuit
operation.  Degradation due to thermal
strains and/or chemical attack could result.
The degree of failure acceleration, if any,
was not known; and in the absence of other
corrosive agents such tests do not always
degrade contact resistance. Actual test
results of thoroughly dried samples
indicated no static resistance failures due to
the temperature and humidity cycling,
although the cumulative twelve day, 95
percent relative humidity exposure caused
the resistance of seven percent of the
samples to be somewhat erratic with motion
(i.,e., highest measured instantaneous
resistance was .93 milliohm).

Another high temperature test was used to
accelerate stress relaxation primarily in the
crimp connection. Gohn and Fox [27]
estimated that annealed copper initially
stressed to its proportional limit would lose
48 percent of that stress after forty years at
25°C. Mason [28] determined high
temperature relaxation/curves based on
solderless wrapped connections which
indicated an accelerated test for 33 days at
118°C would correspond to forty years at
25°C. It was not known how differences in
stress patterns between solderless wrapped
terminals and crimped terminals would
dispute the application of Mason’s work
here; and it was not known if the diffusion
or cold welding phenomena would be
accelerated to an equivalent degree as the
stress relaxation; but the crimp connection
was not electrically degraded by the 33 day
test or subsequent retention (twist and pull)
test.

The performance evaluation revealed no
conspicuous failure modes. While being

subjected to a battery of artificial aging tests,
the connector exhibited the required stable
resistance, less than an equivalent length of
cable. Measurements of crimp connections
showed no more than 20 pohms of interface
resistance. Separable connections lubricated
and left unmated for one year at room
temperature showed a typical interface
resistance of .24 milliohm per contact area.
After heavily corroding unmated contacts in
a Clarke-Leeds porosity test, the highest
measured interface exhibited by a
combination of all eight contact areas was
2.2 milliohms. Evaluation of the connector
in the field remained, as previously stated,
the final step in connector qualification.

CONCLUDING COMMENTS

Reflecting on the overall development
process described in this paper, one could
guestion what makes the present device a
40-year connector rather than a 100-year or
10-year connector. Unfortunately, the state-
of-art testing used for evaluation was not
sophisticated enough to accurately establish
the connector’s life span. Of the several
conservative design features, one deserves
reemphasis here—contact redundancy. The
separable contact was designed so that any
one of the eight contact areas could
reasonably meet the electrical requirements
alone. The only specific reference to 40
years was the high temperature test used to
promote stress relaxation. The crossed rod
experiments used to establish design loads
included samples aged in real time, the
oldest being 27 years. Beyond these
considerations, engineering  judgment
tempered with an appreciation of
fundamental contact physics simply reigned.

One could also question whether the present
design would be applicable for “dry
circuits.” Dry circuits are those for which
the voltage and/or current is too low to cause



any physical change in the contact.
Rigorous testing dictates that resistance
measurements be conducted at lower
voltages and currents than expected in
service, thus making the present design
technically applicable only for circuits
higher than twelve volts and one ampere.
Although the tested contacts did not exhibit
either noticeable high temperature wilding
or insulation voltage breakdown, no direct
proof was obtained that the test circuit did
not alter the contact. However, the close
similarity between a limited number of dry
circuit tests and standard resistance tests on
contacts taken from the salt spray chamber
suggested that these particular base metal
contacts would perform well under dry
circuit conditions.

In addition to describing one specific contact

design, this paper was intended to reveal the
nature of any general effort to convert

contact research into a physical product.
Several major questions were only

incompletely answered here. How do

idealized contact tests apply to real contact
geometries? What is a relevant criterion for
the onset of high resistance failure? And

what accelerated test can accurately reflect a
given raised life requirement? These

guestions have, of course, been raised
before; and they will no doubt continue to

promote research effort.
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