
Chapter 18 

Improving the Mechanical 

Properties of Materials 

The mechanical properties of materials have often been prominent in the 

design of telephone equipment. The classic concerns of metallurgy with the 

strength of metals and alloys have interested Bell Laboratories over the years, 
with special attention to critical uses such as relay springs, connectors, lead 

alloy sheathing for cables, and storage battery electrodes. The advent of poly
mers as structural materials focused new attention on mechanical properties 

and failure mechanisms. Bell Laboratories chemists did much to bring 
scientific and engineering understanding to the mechanical behavior of these 
materials. 

I. STRENGTHENING OF METALS AND ALLOYS 

Nonferrous metals and alloys are of major importance in the Bell 

System because of the large consumption of these materials. The need 

for long life, and economy, resulted in efforts to improve these 

materials. The developments often centered on improving mechanical 

strength and minimizing ultimate mechanical failures caused by 

fatigue, creep, or stress relaxation. In pursuit of these goals, contribu

tions were also made in the field of materials testing. 

1.1 Copper-Based Alloys 

Copper alloys have always been of great interest to the Bell System 

because of their wide use in telephone apparatus such as switches, 

relays, keys, and jacks. In these electromechanical devices, copper 

alloys most often are used in the form of flat springs that are subjected 

to repeated bending, and it is vital that they perform this function 

reliably over many years. In addition, such spring elements had to be 
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reasonable electrical conductors, capable of being soldered, and had to 
exhibit adequate corrosion resistance in the environments in which 
they were placed. Of these requirements, long life under conditions 
of repeated bending was the most critical and prompted early studies 
on the strengthening of copper alloys. 

In one early study, W. C. Ellis and E. E. Schumacher [Fig. 18-1] 
examined precipitation, or age hardening, in brass and bronze alloys 
containing nickel and silicon.1 They showed that the elastic strength 
of these alloys could be two to four times that of the same alloys 
without nickel and tin, that prior cold work increased the rate of age 
hardening, and that subsequent cold work increased the ultimate ten
sile or breaking strength without improving elastic strength. While 
their improved alloys were not used, their findings about the role of 
cold work proved important in later studies. They also discovered age 
hardening in copper-titanium alloys.2 

Concurrent with these studies, J. R. Townsend and C. H . Greenall 
devised the first fatigue-test machine for sheet metals and used it to 
characterize the fatigue strength of copper alloys then commonly used 
for springs in electromechanical devices.3 This method of testing was 
adopted by the metal industry and widely used in fatigue investiga
tions. Further, because the springs were often bent into complex 

Fig. 18-l. E. E. Schumacher (left) and W . C. Ellis, pioneers in the resea rch and development 
of lead-based a lloys and strong advocates of the importance of high purity in metals a nd 
alloys. 
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shapes for use in electromechanical devices, it became necessary to 

develop forming-test methods and establish forming limits for these 

materials. The work, done by G. R. Cohn, followed earlier work done 

at Western Electric and established an industry-wide standard.4 Bell 

Laboratories also played a substantial role in establishing industry 

specifications and in standardizing thickness gauges for copper-alloy 

sheet materials. 
In the 1950s and 1960s, Cohn and coworkers undertook a series of 

investigations on the mechanical properties of copper-alloy sheet 

materials. These included nickel-silver, phosphor-bronze, and 

copper-beryllium alloys, the most important copper alloys then used 

in electromechanical devices.5 Their findings were useful in relating 

elastic strength to composition. 

1.1.1 Texture-Strengthened Copper Alloys 

By the 1960s, as electronic equipment and associated electromechan

ical devices became miniaturized, even stronger copper alloys were 

needed to meet the higher operating stresses encountered. This 

demand renewed the interest of G. Y. Chin, B. C. Wonsiewicz, and R. 

R. Hart in strengthening copper alloys. 
The background for this work dated to Chin's earlier studies of the 

effect of crystallographic texture on the magnetic properties of Per

malloy undertaken for the twistor memory program (see section 1.1.2 

of Chapter 12). That work led to a series of basic investigations, 

including computer simulation studies, on the development of defor

mation textures by Chin and coworkers.6 The fundamental knowledge 

acquired in these studies, in turn, formed a base on which Chin, Won

siewicz, and Hart built to attain remarkable strengthening in already

known copper alloys? [Fig. 18-2] This strengthening was achieved by 

extensively cold rolling these alloys and then heat treating them 

below their recrystallization temperature. This technique combined 

the strengthening conferred by cold work with that obtained by crys

tallographic texture in the deformed material and by precipitation 

hardening. These alloys possessed improved fatigue strength and 

resistance to stress relaxation together with acceptable formability. 

Demands for improved alloys created parallel demands for 

improved methods of testing. An important aspect of this was that in 

many miniaturized designs, particularly those for connectors, stress 

relaxation replaced fatigue as a limiting design criterion. Stress relax

ation resulted in the loss of forces needed to ensure good electrical 

contact or mechanical movement. A. Fox devised new tests for 

evaluating this property in wire and strip material.8 Further, the high 

strength of these alloys uncovered inadequacies in the classical 

method of measuring elastic strength,9 which led G. F. Weissmann to 
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investigate alternate methods. In 1973, he developed a new measure
ment technique and a novel apparatus popularly called the "tic-toe" in 
which the test could be conducted. The apparatus subjects the speci
men to a metronome-like oscillation and measures the number of 
cycles to failure.10 This test has the advantage that it measures elastic 
strength in spring materilals in the way that they are stressed in ser
vice. 

1.1.2 Spinodal Copper Alloys 

In 1971, J. T. Plewes began a fundamental study of alloys that could 
be made to undergo a particular type of metastable phase transforma
tion known as spinodal decomposition. This transformation resulted 
in a finely modulated microstructure, with the possibility of substan-
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Fig. 18-2. Yie:td strength measured at 0.01 percent strain 
(a common ref,erence offset) vs. elongation of a standard, 
2-inch-long tensile bar of texture-strengthened phosphor 
bronze (upper curves) compared with conventionally 
prepared bronze (lower curve). [Hart, Wonsiewicz, and 
Chin, Metal/. Trans. 1 (November 1970)]. 
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tial alloy strengthening. Unfortunately, such alloys were frequently 
brittle and unsuitable for use. Plewes, however, found that this 
embrittling grain boundary phase could be suppressed by cold work
ing prior to aging at the spinodal decomposition temperature. Very 
strong and ductile alloys could then be obtained. 11 He demonstrated 
this strengthening for a family of copper-nickel-tin alloys. In addi
tion to excellent strength and ductility, these alloys possessed good 
fatigue and stress-relaxation characteristics. 

Later, Plewes showed that the addition of a fourth element to these 
copper-nickel-tin alloys, notably, niobium in very low concentrations, 
eliminated the need for cold work prior to aging to obtain ductility. 
This made it possible to consider the use of these alloys in the form of 
high-strength castings. The spinodal copper-nickel-tin alloys 
developed by Plewes found use in a variety of applications in the Bell 
System, such as relays and connectors, as well as in various outside 
applications. 

1.2 Lead-Based Alloys 

Until 1947, Bell System transmission and exchange area cables were 
covered by lead or lead alloy sheaths to provide environmental pro
tection. However, high cost and deficiencies in performance of the 
earliest sheaths of pure lead or lead and 3 percent tin alloy prompted 
studies to find improved sheathing materials. The most important of 
these were the lead-antimony, lead-calcium, and lead-silver alloys. 

1.2.1 Lead-Antimony Alloy Sheaths 

Schumacher, G. M. Bouton, and F. C. Nix studied the lead-antimony 
system to alleviate the difficulties encountered at Western Electric in 
the introduction of lead-antimony alloys for sheath manufacture and 
to understand the mechanism of precipitation hardening (then a fairly 
new concept) that was resEonsible for the improved mechanical prop
erties of these alloysP· 3 Precipitation hardening depends upon 
supersaturating a solid-solution alloy by quenching and then aging at 
some intermediate temperature to precipitate out a finely dispersed 
second phase. In this way, significant improvements in the mechani
cal strength, hardness, and resistance to fatigue failure can be 
obtained in suitable alloys. From this work, the 99 percent lead, 1 
percent antimony composition was developed, whic~ became the stan
dard sheathing alloy for both power cables and communications 
cables throughout the United States. At the same time, Townsend and 
Greenan carried out fatigue studies on lead and lead-antimony 
alloys.14 They developed laboratory fatigue tests that could produce 
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the same type of fatigue failures as those encountered ]ln the field, and 
which could be used to predict the field fatigue performance of other 
lead-sheath alloys. Fatigue testing of sheath materials was carried out 
for many years together with creep tests, which were also important 
to the su<:cessful use of cables.15 

1.2.2 Lead-Calcium Alloys 

In 1930, Schumacher and Bouton, confirming independent studies 
of Dean and Ryjord at Western Electric, showed that lead-calcium 
alloys subjected to predpitation hardening could develop greater 
strength, hardness, and resistance to fatigue and creep failure than the 
99 percent lead, 1 percent antimony alloy. They also established the 
solid-solubility limits for calcium in lead and showed that strengthen
ing was achieved at very low calcium-content levels. In a typical 
alloy containing 0.04 percent calcium, ultimate tensile strengths of 
about 5,2.50 pounds per square inch (psi) were obtaim~d, as compared 
with 2,200 psi for pure lead.16 [Fig. 18-3] Although lead-calcium alloys 
did not replace lead-antimony in cable sheathing, they did find use in 
the late 1960s in large-diameter sleeves for joining; lead-sheathed 
cables. Also, lead-calcium alloys later replaced lead-antimony grids in 
lead-acid storage batteries. To control the low but precise calcium 
content rec1uired for these alloys, Schumacher and Bouton developed a 
rapid, visual, quantitative test suitable for factory use. 17 
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Fig. 18-3. Variation of tensile strength with calcium content of 
hardened lead-calcium alloys. [Trans. Electrochemical Soc. {October 
1935): 313). 
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1.2.3 Lead-Silver Alloys 

One of the last Bell Laboratories developments in strengthened lead 
alloys occurred in 1945 when Bouton, K. M. Olsen, and Schumacher 
reported on the improved strength, hardness, and creep resistance of 
lead alloys containing from 0.004 to 0.15 percent silver.18 These were 
intended for use as sleeves to join pressurized, lead-sheathed cables, 
but they were never used because polyethylene began to replace lead 
as the standard cable sheathing material. 

1.3 Zinc-Based Alloys 

Zinc-based alloy die castings produced by many suppliers appear in 
countless products. Originally developed as economical substitutes 
for aluminum alloys, early die castings failed because of intercrys
talline cracking and swelling caused by lead and tin impurities in the 
zinc. In the early 1930s, Bell Laboratories cooperated with industry in 
developing a series of zinc-based die casting alloys, known as Zamak • 

alloys, which were free of such problems, and which became the 
industry standard for small parts production.19 

Knowledge gained from these early studies was later applied by 
Bouton and P.R. White to develop a superior solder for aluminum.20 

II. STRENGTHENING OF POLYMERS 

Polymeric materials are useful in diverse applications because they 
exhibit unusual combinations of mechanical properties. Properties of 
interest include elastic modulus, impact strength, and elongation to 
fracture or yield. A great deal of fruitful work has been carried out to 
tailor mechanical properties through admixture of nonorganic materi
als (for example, fiber glass and other composites), mixing of polymers 
to form polymer alloys, and thermal and mechanical processing. 
Many polymers crystallize to only a limited extent and thus even pure 
homopolymers can behave as composites. In viscoelastic materials, 
which manifest characteristics of both solids and liquids simultane
ously, the mechanical properties of importance are often more com
plex than encountered with simple liquids or crystalline solids. The 
mode of failure (that is, the limit of strength) may involve creep, craz
ing, cracking (perhaps influenced by environmental agents), and other 
less familiar behaviors. 

• Trademark of New Jersey Zinc Company. 
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2.1 Polyethylene in Cables 

The mechanical integrity of polymers employed as sheath material 
in cables is a matter of primary importance. The sheath is subjected to 
many forms of abuse in manufacture, storage, delivery, installation, 
and service. W. 0. Bake-r, I. L. Hopkins, and J. B. Howard demon
strated the importance of molecular weight, particularly the elimina
tion of the· lower range of the molecular weight distribution, as a criti
cal factor in sheath cracking.21 They also recognized the significance 
of biaxial stress and deVE!loped test methods relevant to cable sheath 
cracking. (See section III of Chapter 14.) 

2.2 Crosslinked Polyvinyl Chloride Wire Insulation 

Wire used in switchboards, distributing frames, and other telephone 
applications is often subjE!Ct to severe abrasive stresses.. Historically, a 
layer of textile fiber was served or braided outside the plastic insula
tion to toughen the structure, but the manufacturing process was slow 
and expensive. In the early 1970s, L. D. Loan introduced a superior 
process in which polyvinyl chloride (PVC) is compounded with a 
crosslinkilng agent and then extruded onto the conductor.22,23 This 
wire is subsequently irradiated by an intense beam of high-energy 
electrons that causes the insulation to crosslink. The resulting insula
tion is mechanically tou~;h and can be used directly with no textile 
protectiv«~ coating. Other properties are also favorable. By 1981, this 
process became the standard method of making insulation for wires 
used in electric circuits. 

2.3 High- Impact Polymers 

Glassy polymers have desirable mechanical rigidity, but they are 
brittle. Rubbery polymers do not shatter, but they are soft and 
unsuited to many structural applications. By combining the two 
materials, it is possible to obtain the desireable properties of both. 
Rigid, high-impact compositions can be obtained by compounding 
rubber spheres into a glassy matrix. G. H. Bebbington demonstrated 
that scrap plastic from discarded telephone housings and handsets can 
be formulated with PVC and iron oxide to produce a useful, general
purpose, high-impact molding compound.24 This material is used in a 
number of applications, including internal parts for telti'!phones. 

2.4 Failur'e Mechanisms 

There has been a long-term interest at Bell Laboratories in polymer 
strength and mechanisms of failure. In addition to thE! work of Baker 
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and Hopkins in connection with molecular weight and biaxial stress, 
H. D. Keith, F. J. Padden, and R. G. Vadimsky studied microscopic 
deformations of polyethylene spherulites and discovered a subtle 
structural feature, the intercrystalline link, that is believed to play an 
important role in endowing polyethylene with its useful high 
modulus.25 (See section 3.3 of Chapter 14.) T. T. Wang, M. Matsuo, 
and T. K. Kwei modeled the inception of fracture in polystyrene com
posites incorporating rigid and rubbery spherical reinforcements.26 

They correctly predicted craze initiation behavior on the basis of a 
principal strain criterion. 

Mechanical failure depends upon many factors including chemical 
composition, average molecular weight and distribution, molecular 
orientation, thermal history, specimen configuration, and stress 
geometry. S. Matsuoka and coworkers succeeded in developing a 
theoretical framework that allowed failure model (that is, brittle vs. 
ductile) and conditions of failure to be rredicted on the basis of 
minimal experimental measurements.27'2 This system provided 
design engineers with a valuable procedure in the important matter of 
material selection. [Fig. 18-4] 
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Fig. 18·4. Stress-strain behavior of polyvinyl chloride. 
Solid lines represent theoretical calculations, based on 
a rather complicated parametric formulation of 
postulated polymer structure, which give excellent 
agreement with the indicated experimental results. 



572 Engineering and Science in the Bell System 

III. RESEARCH AND DEVELOPMENT WORK AT BELL tABS ON WOOD 
POLES AND ON THEIR PRESERVATION 

In the early days of telephony, the poles used to support conductors 
were of naturally durable species-chestnut, northern white cedar, 
and western red cedar.29 Later, these were butt treated with coal tar 
creosote, and still later, AT&T pioneered in the use of pressure, full
length creosoted southern pine poles, which had a physical life equal 
to or long,er than that of the durable species, even when butt treated. 
By the mid-1950s, the Bell System pole plant of some 22 million poles 
was 100 percent treated and predominantly southern pine.30 

When Bell Laboratories was founded, a timber group was organized 
in the new Outside Plant Development Department to work with the 
Chemical Research Department to improve the telephone pole. R. E. 
Waterman was in charge of the wood preservation program. By 1934, 
research led to the development of accelerated pro,cedures for the 
chemical and biological evaluation of wood preservatives. The results 
of their Jfirst endeavors, as reported by R. R. Williams, Waterman, C. 
0. Wells, F. C. Koch, and W. McMahon, involved the use of small 
stakes, 1 inch to 2 inches in diameter, treated to graduated retentions 
of preservatives and set out in test-plot environments to determine 
the amount of preservative necessary to prevent decay and termite 
attack.31 This method became a published industrial standard. 

Analytical methods were also developed to measure the amounts of 
preservatives in test stakes and standard poles. These techniques, cou
pled with the work of the development group in analyzing sapwood 
thickness data on hundreds of thousands of poles, with the contribu
tion of W. A. Shewhart and others in the Quality Assurance Depart
ment, resulted in a statistical sampling procedure for acceptance of 
treated poles. 

A fast method to bioassay ground-contact wood preservatives was 
conceived by J. Leutritz .. 32 In this procedure, small sapwood pine 
cubes are treated to graduated levels of preservative and exposed to 
wood-destroying fungi for 90 days. The threshold level at which no 
decay takes place can be measured and compared for different preser
vatives. This procedure has had an impact on the testing of wood 
preservatives in government laboratories throughout the world. A 
paper by R. H. Colley offers a wealth of information on the subject of 
preservative evaluations.33 
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