
MATERIALS FOR PLAIN BEARINGS 

P. G. Forrester 
Glacier Metal Co. Ltd., Wembley, Middlesex, England 

Page 
I. The Role of a Bearing Material 174 

II. Properties Required in Bearing Materials 175 
A. Influence of Material on Sliding Properties 176 
B. Strength Properties 180 
C. Corrosion Properties . . . 182 

III. Selection Criteria 182 
A. Summary of Important Basic Properties 182 
B. Bearing Test Data 183 

IV. Whitemetal Alloys 188 
A. Effect of Composition on Properties 188 
B. Effect of Whitemetal Structure 190 
C. Effect of Whitemetal Thickness 190 
D. Manufacture of Whitemetal Bearings 191 
E. Properties and Applications of Whitemetal Bearings . . . . 193 

V. Copper-Base Alloys 194 
A. General Background 194 
B. Bronzes and Lead-Bronzes 195 
C. Copper-Lead Alloys 199 
D. Overlay-Plated Copper-Lead 204 
E. Whitemetal/Copper-Lead 208 
F. Oil-Impregnated Bearings 208 

VI. Aluminum-Base Alloys 209 
A. General Background 209 
B. Aluminum-Tin Alloys 210 
C. Other Aluminum Alloys 213 
D. Manufacture of Steel-Backed Aluminum Bearings . . . . 214 

VII. Other Materials for Lubricated Bearings 215 
A. Zinc-Base Alloys 215 
B. Silver 216 
C. Iron-Base Alloys 216 
D. Sprayed Pseudo-Alloys . 216 
E. Nonmetallic Lubricated Bearings 216 

VIII. Comparative Assessment of Lubricated Materials 218 
IX. Dry Bearings 218 

A. The Case for Dry Bearings 220 
B. Types of Dry Bearings 221 
C. Methods of Assessment of Dry Bearings 223 
D. Graphite Bearings 226 

173 



174 P. G. FORRESTER 

E. Surface Films Containing Molybdenum Disulfide . . . . 227 
F. Thermosetting Plastics 228 
G. Polyamide and Polyacetal 228 
H. Filled Polytetrafluoroethylene 229 
I. Porous Metal Impregnated with Polytetrafluoroethylene . . . 230 
J. Other Forms of Polytetrafluoroethylene Bearings 232 

K. Choosing and Using Dry Bearings 233 
X. Conclusion 237 

Acknowledgments 237 
References 237 

I. The Role of α Bearing Material 

It will be remembered that at the commencement of his snark-hunt-
ing expedition, described by Lewis Carroll ( I ) , the Bellman laid down 
certain characteristics by which a snark could infallibly be recognized. 
Following this precedent, it is fruitful to describe a plain bearing in 
similar terms, a description which is quite simply, "It carries a load and 
it slides." To narrow this field a little, it is also necessary to add that a 
bearing is generally designed to minimize friction and wear; brakes and 
clutches, which depend on friction, and devices that utilize wear are 
not generally regarded as bearings. This dual role of load-carrying and 
sliding provides a useful starting point for a consideration of bearing 
materials. It is relatively easy to find a material, and to design a com
ponent, that will carry a given load. It is also easy to find a material 
that is slippery. The problem is to combine the two. The necessity for 
combining these two characteristics—strength and sliding properties— 
has resulted in the development of the special bearing materials with 
which we are here concerned. 

In deciding how best to carry a particular load, while permitting 
relative motion, we have, in principle, four degrees of freedom. We have 
some freedom of choice of each of the two materials that comprise the 
sliding surfaces. In addition, we can choose the physical shape—that is, 
the design of the assembly—and we can choose how we lubricate it. 
In practice, these choices are limited. One surface material is generally 
selected primarily from structural considerations, the "bearing material" 
being used for the other surface. Design is limited by space available, 
and lubrication by economic and other reasons. (In some bearings 
lubrication has been eliminated entirely, and materials for such dry 
bearings are now of major importance, as will be seen later.) 

It is therefore unfruitful to consider bearing materials in isolation. 
The three or four variables over which we have some control all interact 
with one another, and there is seldom a unique solution to any bearing 
problem. If it is desired, for example, to increase the load-carrying 
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capacity of a particular bearing, this might be done by redesign, by 
change of material, or by improved lubrication. It is necessary to seek 
the most practicable and economical course in each specific case. 

Furthermore, because of this interdependence of material, design, 
and lubrication, it is not generally useful to attempt to describe a ma
terial by any single parameter. There is no "best" bearing material, al
though there may be a best material for a particular closely defined 
application. Statements to the effect that material A carries a higher 
load than material Β are not generally valid; it depends on conditions. 
For example, with pressure lubrication lead-bronze will usually sustain 
a higher load than whitemetal; on the other hand, with very sparse 
lubrication lead-bronze will fail at a lower load than whitemetal. In the 
text of this chapter, figures will be given for performance parameters of 
particular materials, for example, maximum bearing pressure, maximum 
PV (pressure X speed), and wear rate. It must be made clear that these 
numerical values hold good only for the particular range of conditions 
applied. They are of comparative value only, and even such comparisons 
are valid only for the type of application being considered. 

In this chapter the principal objective attempted is an assessment of 
the status of materials currently used. Although sliding bearings of a sort 
have been used since the first wheel was invented, they have been 
changed and improved continuously as better materials became avail
able. Now new demands tax the ingenuity of the engineer and manu
facturer to utilize the most modern materials to fit present needs. 

A comprehensive listing of the physical properties of bearing mate
rials is given by Kiihnel in his "Werkstoffe für Gleitlager" (2) . 

Considerable emphasis has been placed on main and big-end bear
ings of internal-combustion piston engines. The importance of this type 
of application, combined with the severity of the conditions imposed, 
has resulted in more experimental and development work being carried 
out in this field than in any other, and thus more comparative data are 
available. The experience gained on such bearings can be applied, how
ever, with suitable modifications, to a much wider field. Bearing design 
in general has tended to follow in the wake of piston engine bearing 
development. 

II. Properties Required in Bearing Materials 
Having noted that the role of a bearing is to carry a load across a 

sliding contact, it follows that the essential properties of the material are 
of two kinds—those associated with sliding behavior, and those associ
ated with load-carrying. These properties interact and are to some extent 
incompatible, but it is convenient first to consider them independently. 
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A. I N F L U E N C E O F M A T E R I A L O N S L I D I N G P R O P E R T I E S 

When two surfaces slide together, two phenomena are normally 
observed—namely, friction, a force opposing sliding motion, and wear 
of one or both surfaces. Friction is a necessary evil. It is essential to 
animal life on land, since it is basic to all land locomotion, but it is also 
a major source of power loss in all mechanisms. Wear, on the other hand, 
is a phenomenon almost wholly without value and, together with cor
rosion, is the principal agent of destruction of man's creations. A bearing 
must minimize the undesirable effects of friction and wear. Normally 
this is achieved by selection of materials and design, and by the use of a 
lubricant. The theory of friction, wear, and lubrication are discussed 
fairly fully in Dr. Rollins' chapter (in Vol. 3 of this series) from the 
standpoint of liquid lubricants, and in R. J. Benzing's chapter (this 
volume) from the standpoint of solid lubricants. As Dr. Rollins shows, 
the main source of friction and wear is generally believed to be the 
adhesion that tends to occur between solid surfaces at the asperities that 
form areas of real contact. Lubrication reduces friction and wear by 
three mechanisms, known as boundary lubrication, hydrostatic lubrica
tion, and hydrodynamic lubrication. In boundary lubrication, the 
lubricant forms a solid or semisolid film on the surfaces, saturating the 
surface forces and thereby reducing the adhesion between them. Hy
drostatic and hydrodynamic lubrication both depend on the viscosity of 
the lubricant—that is, its tendency to resist change of shape. Here they 
will be considered collectively and referred to as "fluid lubrication." 

In addition to promoting separation of sliding surfaces by boundary 
or fluid films, a lubricant can perform another valuable function in re
moving frictional heat to a region where it can more readily be dis
sipated. 

1. Materials and Fluid Lubrication 

When the two bearing surfaces are wholly separated by a fluid, the 
nature of the surfaces is of no importance. The surfaces do, however, 
affect the readiness with which this separation is achieved. The relevant 
property is the hardness of the surfaces, especially that of the softer 
material. When one of the surfaces is soft, fluid lubrication can be 
maintained under conditions that would give rise to breakdown with 
two hard surfaces. 

This can be seen by considering the events at the top of a high spot 
on a journal surface when, for one reason or another, it approaches the 
bearing surface. The oil between this high spot and the bearing must 
escape sideways against viscous forces. A pressure higher than the 
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ambient pressure is thus created. Since the area involved is small, this 
will do little to support the journal, and if the bearing is hard, the fluid 
film will tend to be penetrated. If, however, the bearing is soft, it will 
distort locally under this high pressure, thereby allowing a fluid film of 
reasonable thickness to be maintained. As Rollins shows (Vol. 3, p. 157), 
the breakdown of fluid lubrication corresponds approximately to the 
minimum value of friction when this is plotted against the dimensionless 
parameter (viscosity X speed)/pressure (usually expressed as ZN/P). 
McKee and McKee (3) demonstrated that this value is lower for soft 
materials, such as whitemetal, than for harder materials, such as bronze. 
The present author (4, 5) has also demonstrated in experiments with 
sliders on a flat plate that fluid lubrication is maintained much more 
readily with softer materials than with hard. Rylander and Wright (6) 
also showed babbitt to give a much lower ZN/P minimum than copper-
lead, but they found that at least part of the difference was due to the 
better surface finish obtained with the babbitt. 

2. Effect of Material on Dry and Boundary Sliding 
Despite the very extensive research work carried out on friction and 

wear, mainly during the last three decades, it is still quite impossible 
to predict the sliding behavior of any particular combination of ma
terials from a knowledge of their physical or chemical properties. It is 
similarly impossible to provide complete explanations for the experi
mental data obtained so far. Thus materials for new applications must 
still be selected on the basis of experience of similar applications or of 
practical experimental work. There is thus no point in giving in this 
chapter a full account of the present state of friction and wear theory. 
Reference will, however, be made to the research results of more practi
cal significance, for this does at least enable the field of choice to be 
narrowed. For accounts of more basic work, references (7-10) are of 
especial interest. 

Probably the fullest empirical investigation of the sliding behavior 
of metallic couples is that by Roach et al. (II , 12). These authors re
port the effects of sliding steel or Armco iron contacts on plates of 
thirty-nine different elemental materials, under dry conditions. They 
classify these sliding effects according to the extent of material transfer 
(1) from steel or iron slider to plate, and (2) from plate of experimental 
material to steel or iron slider. The best combinations of materials are 
clearly those in which little or no transfer occurs in either direction. The 
elements that satisfy this condition (against both steel and iron) are 
antimony, lead, selenium, silver, tellurium, and tin. In all other cases 
transfer occurs in one or both directions. The characteristics of these 
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favorable elements are: (1) They are in the Β subgroups of the periodic 
table. (2) They are either immiscible with iron in the solid state, or, 
alternatively, they form stable intermetallic compounds. 

The explanation they give for the constitutional effect is based on the 
fairly generally accepted theory that friction and wear derive mainly 
from adhesion at points of true contact at asperities. It is supposed that 
insoluble metal pairs form weak junctions which always fracture at the 
junction rather than within one or other material, whereas with pairs 
forming intermetallic compounds the junction is composed of such com
ponents and is therefore brittle. On the other hand, pairs possessing 
mutual solid solubility tend to form strong junctions which fracture 
within the body of one or other of the specimens. In this case the loca
tion of fracture depends, as might be expected, on the relative hardness 
of the two components. If the slider is harder, the junctions will fail 
within the plate and vice versa. If the components are of approximately 
the same hardness, the fractures will tend to be indiscriminate, and 
transfer in both directions is therefore to be expected. 

It will be noted that the two metals generally regarded to provide 
the best bases for bearing materials—namely, tin and lead—are both 
placed in the "favorable" list. Tin forms a stable intermetallic com
pound with iron, and lead is substantially immiscible with iron in the 
solid state. Three other metals commonly used as a base for bearing 
materials—namely, copper, aluminum, and zinc—are placed in the next 
best category, that in which transfer from metal to steel takes place, 
but not from steel to metal. Of these, copper shows very limited solid 
solubility with iron, and aluminum and zinc form stable intermetallic 
compounds. These metals are all harder than tin and lead, which may, 
perhaps, account for their inferior behavior. 

Constitutional relationships and hardness can, however, hardly be the 
sole factors determining sliding behavior. Finch (13) and Tingle (14) 
have demonstrated the importance of oxide films, and Kerridge (15) and 
Archard and Hirst (16), among others, have demonstrated that oxide 
particles play a major part in determining wear behavior. Thus the 
nature of the oxide film formed on metals before and during sliding 
must be expected to be of significance. Furthermore, the appropriateness 
of any theory based on direct interaction between surfaces is questioned 
by Lewicki (17), who claims that it is virtually impossible to bring any 
solid surfaces closer together than about 100 A, in the presence of atmos
pheric air and moisture. If so, then the transfer of material across a 
sliding couple must take place through an extremely thin semifluid film 
between them, presumably by melting or even vaporization of the sur
faces, brought about by intense frictional heating of this film. 
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Thus, even under the relatively simple conditions of unlubricated 
sliding, the relationship between sliding behavior and physical and 
chemical properties is far from being clearly established. When a lubri
cant is present, the position is even more complicated. Lubricants inter
act with metal or metal oxide surfaces to form adsorbed surface films, 
the nature of which is dependent both on the lubricant and on the 
surface material. Lunn (18) has demonstrated that the electrical resist
ance of a lubricated sliding couple varies greatly with relatively minor 
changes in composition and structure of one component. He concludes, 
"The bearing properties of a metal are determined by the ability of its 
surface to react with the lubricant and the surrounding atmosphere for 
the formation of adhesive films which prevent metallic contact between 
the rubbing surfaces." He further claims (19), " . . . the reaction form
ing the film presumably consists of an oxidation of the oil, promoted 
by the lowest-melting of the components of the bearing metals, which 
apparently act as oxidation catalysts." 

Lunn s work, in common with that of Lewicki, casts a good deal of 
doubt on the conventional theory of boundary lubrication, but its practi
cal significance is extremely difficult to assess. The validity of applying 
laboratory data to practical applications can be tested only if a reliable 
and reproducible test under practical conditions can be devised, and 
herein lies the difficulty. Differences between materials can be disclosed 
and assessed only under conditions of marginal lubrication. This implies 
working in the unstable region of the μ-versus-ZN/P curve, and it is 
hardly surprising that tests in this region are excessively variable in 
their results. Furthermore, marginal lubrication can be established by a 
variety of means, such as low speed, low oil viscosity, high load, re
stricted oil supply, misalignment, and oil film cavitation. The relative 
behavior of different materials is likely to depend on the particular 
means chosen. In practical conditions any or all may apply. 

Thus it is that the choice of bearing materials for conditions where 
sliding properties under marginal lubrication are critical is a matter of 
lore rather than technology. 

3. Effect of Material on Abrasive Wear 
In the previous section the intrinsic wear properties of sliding couples 

have been discussed, and it has been noted that the presence of a 
lubricant modifies wear relationships and reduces the level of wear 
obtained, even if fluid lubrication is not complete. This favorable effect 
of a lubricant is to some extent counteracted by the introduction of 
abrasive particles almost inseparable from the use of oil. Contaminant 
particles may be picked up from the atmosphere or from dirt left in the 
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mechanism during assembly, or they may consist of detritus resulting 
from the wear of other parts of the mechanism, served by the same 
lubricant system. For example, wear detritus from piston rings is an 
important cause of wear in engine bearings. 

In bearings adequately supplied with lubricant, wear by contaminant 
particles is a much greater factor than direct surface-to-surface wear. 
Roach (20), using an Underwood bearing testing machine, demonstrated 
that rate of journal wear (and incidentally rate of temperature rise) was 
related to abrasive particle size. In the author's laboratories, attempts 
have been made to compare the lubricated wear behavior of different 
materials in a thrust-bearing rig, and here, too, significant amounts of 
wear have been obtained only by making additions of abrasive con
taminants to the lubricant. Rylander and Wright (6) also showed that 
hard abrasives such as corundum greatly increased wear rate, but they 
showed, too, that small amounts of very fine abrasive, such as rouge, 
could reduce the critical ZN/P minimum value and hence allow a higher 
load to be carried without seizure. This effect they found to be due to 
improvement in surface finish of the journal. 

The effect of naturally occurring abrasives on journal wear has been 
examined by Baker and Brailey (21), whose results will be considered 
in detail when bearing tests are being considered and practical ma
terials compared. 

B. S T R E N G T H P R O P E R T I E S 

A bearing surface is subjected to a compressive load, transmitted 
through the oil film in the case of a lubricated bearing. The material 
must be able to withstand this load without permanent deformation or 
fracture. In some cases the load is substantially constant in value and 
direction, in which case the yield strength of the material is the relevant 
characteristic, but more generally the load changes in value, in direction, 
or in both. In such cases the load-carrying capacity of the material is 
limited by its fatigue strength, and failure, when it occurs, is by fatigue 
rather than by plastic deformation. It is uncertain whether fatigue fail
ure can be regarded as being due to fluctuations in stress wholly com
pressive in nature, or whether some form of secondary tensile stress plays 
a part. Various possible sources of tensile stress have been suggested 
(22-24). It is sufficient here to note that bearing surfaces do fail under 
repeated applications of load, and that the form of the failure is typical 
of fatigue. It may also be noted that the limited amount of information 
available indicates that the resistance of bearing materials to failure 
under repeated stress is very much in line with their fatigue strength, 
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as determined by conventional reversed-stress methods such as the rotat
ing cantilever test. The requirement of adequate fatigue resistance is 
clearly opposed to the requirement of low hardness for optimum sliding 
properties, for there is a broad inverse relationship between the fatigue 
strength of a material and its hardness. For best results, it is necessary 
to choose a material with a fatigue strength adequate for the load 
conditions to be applied, while having the minimum hardness consistent 
with this requirement. The load conditions can rarely be accurately 
predicted, however, so it is necessary to provide a considerable factor 
of safety as regards strength, thereby sacrificing the advantage which 
a lower hardness would give. 

In addition to being able to sustain the loads applied to its surface, 
a bearing must also be considered as a structural component which is 
required to maintain its shape and fit in the assembly, while transmitting 
loads to other components. For this reason, it is common practice for the 
bearing to take the form of a lining metallurgically bonded to a backing 
of a structural material, usually steel, cast iron, or bronze. This backing 
may be an actual functional component of an assembly, such as a 
connecting rod, a crankcase, or an axle box. Alternatively, the backing 
may have the sole function of supporting the bearing lining. Thus, for 
example, the "bearings" of internal combustion engines now consist, 
almost universally, of semicylindrical "shells" or liners, having a steel 
backing and a softer lining. Such liners are normally held in position by 
"interference fit" or "crush"—that is, by making the diameter of the 
liner, in the free state, slightly greater than the internal diameter into 
which it is fitted. 

As well as providing structural support, a steel or bronze backing 
can also increase the effective strength of a very thin lining. As will be 
seen later, when discussing whitemetal and overlay bearings, the effec
tive fatigue strength of a soft metal can be as much as doubled, by 
using it as a very thin lining. 

An obvious point, although one that is sometimes forgotten, is that 
it is the strength value at operating temperature which is relevant. The 
soft materials used for bearing linings lose a considerable proportion of 
their room-temperature strength when raised to normal lubricant temper
atures (typically 80° to 150°C). Temperature of operation is thus an 
important factor in choice of material. 

The bond between backing and lining is of paramount importance in 
obtaining maximum performance from a given type of lining material. 
First, cavities or oxide films at the bond can interfere with conduction 
of heat from the bearing surface, and hence cause hot-spots in the lining, 
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locally reducing its strength. Second, the increase in effective fatigue 
strength which a backing confers on a thin lining is obtained only if 
the bond is at least as strong in shear as the lining material. Otherwise 
premature fatigue failure will occur at the bond. Third, in thick linings, 
fatigue failure can be accelerated if the bond is weaker than the material, 
and hence provides an easy path for fatigue cracks to extend. Much of 
the technology of bearing manufacture is concerned with obtaining 
metallurgically sound and strong bonding between lining and backing 
materials. 

C . C O R R O S I O N P R O P E R T I E S 

So far we have considered the resistance of bearings to wear and to 
mechanical failure, especially fatigue. It is necessary also to consider 
briefly a third enemy of metals, namely corrosion. Lubricated bearings 
are normally immune from atmospheric corrosion, once installed, al
though they may require protection prior to installation by electro
plating, or by other conventional means. The principal cause of corrosion 
is the lubricant itself, or products picked up and retained by the lub
ricant in service. Waters and Burnham (25) distinguish between "ex
istent" corrosivity of the fresh lubricant and "potential" corrosivity which 
can be developed in service, and the authors describe tests for both 
characteristics. The principal source of bearing corrosion is the acidity 
which develops through oxidation. As Rollins shows (Vol. 3 of this 
series), this can be counteracted by antioxidant additives, or by cor
rosion inhibitors which form protective films. 

Although oil technologists have largely mastered the problem of oil 
corrosion, a bearing material liable to attack, such as copper-lead, is 
clearly at a disadvantage compared with immune materials, for the 
designer cannot always guarantee the use of the correct lubricant. This 
subject has been reviewed in considerable detail by Zuidema (26). 

III. Selection Criteria 

A. S U M M A R Y O F I M P O R T A N T B A S I C P R O P E R T I E S 

Before considering the appropriate tests for bearing materials, it is 
useful to summarize our conclusions as to the properties likely to be 
relevant. These are listed in Table I. 

Most of these properties may be measured by standard types of test, 
too well known to require mention here. Such tests are the normal first 
stage of assessment of a potential new bearing material. 
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T A B L E I 
I M P O R T A N T B A S I C P R O P E R T I E S O F B E A R I N G M A T E R I A L S 

Property Affecting 

Hardness a. Maintenance of fluid lubrication 
b. Behavior under marginal lubrication 
c. Limitation of seizure damage to one component 
d. Effect of abrasives 

Fatigue strength Maximum permissible instantaneous load under 
fluctuating load conditions 

Compression yield strength Maximum permissible static load 
Chemical reactivity a. Formation of oxide and other protective films 

b. Interaction with lubricants 
c. Corrosion resistance, with respect to oil or to other 

environments 
Melting range a. Effect of temperature on strength and hardness 

b. Limitation of seizure damage 
Constitutional relationship to 

metals, especially iron Wear and seizure behavior 
Versatility in manufacturing 

methods Cost of product 

B. B E A R I N G T E S T D A T A 

Numerous experimental investigations have been made of the be
havior of materials subjected to the simultaneous application of load 
and sliding conditions. These experiments may conveniently be classified 
into three types: single-contact tests, rig tests, and field experiments. 

I. Single-Contact Tests 

In lubricated bearings a high proportion of the load is carried by a 
fluid film, and material effects come into play only intermittently and 
locally. This makes the detailed study of material effects in actual bear
ings extremely difficult. By using special geometrical arrangements 
which limit the potential contact area, such as a ball on a flat surface, 
or crossed cylinders, fluid lubrication effects can be minimized and the 
position of the contact area predicted. This greatly simplifies the experi
mental approach, and friction and wear theory has been developed 
largely from experiments of this kind. It is a powerful technique for 
studying the physics and chemistry of sliding surfaces and has been 
used with success by, for example, Hardy and Doubleday (27), Bowden 
and Tabor (9) and collaborators, and many others. It is, however, pri
marily a technique for interpretation rather than prediction of bearing 
behavior. In so far as it deliberately eliminates or distorts one of the 
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most important factors in lubricated bearings, the lubricant/material 
interaction, attempts to apply results directly to bearings can be most 
misleading. This is, for example, demonstrated in tests reported by 
Booser et al. (28), in which specimens of bearing material were run, 
under load, against a rotating ring. Cadmium-nickel gave better results 
than tin or lead-base whitemetal, and brass better than lead-bronze, two 
comparisons which are out of line with practical experience. The need 
for integrating the results of such tests with other data is emphasized by 
these authors. 

Thus, in lubricated materials the principal use of single-contact tests 
is for fundamental work. For dry bearing materials, on the other hand, 
comparative results of direct value can be obtained on such machines, 
for the problem of the material/lubricant interaction does not arise, and 
single-contact test machines can give results very similar to these given 
by more complex bearing test rigs. 

2. Rig Tests 

The term "rig test" is here used to mean a test in which a practical 
form of bearing is used as specimen but in which predetermined condi
tions are artificially applied and controlled. 

a. Fatigue Rigs 

Fatigue has been the most successful field of application of bearing 
rig tests. Standard fatigue tests, such as the rotating cantilever machine, 
give useful preliminary information but cannot take account of design 
or manufacturing variables such as lining thickness. On the other hand, 
field tests are likely to be excessively prolonged. For example, an opera
tional life of at least 10,000 hours, and often much more, is required, and 
tests of this duration would mean very slow development progress. 
Furthermore, there is a tendency for other components to fail before 
the bearings. Rig tests enable practical conditions to be simulated while 
being increased in severity, thus obtaining results in a reasonable time. 
With fatigue, the risk of a crossover in life/load curves is small, so 
accelerated tests are reasonably reliable. 

Inertion loading rigs. Ludicke (29) described a rig consisting essen
tially of a dummy engine, in which load was applied to big-end bear
ings by the inertion of a heavy piston. Inertia of rotating out-of-balance 
masses is used to apply cyclic loads to bearings in the Underwood 
machine described by Johnson (30), probably the best-known type of 
bearing fatigue rig. 

This principle is also used in the Viking machine designed by the 
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Glacier Metal Co. (31). In this case, however, the test shafts are sup
ported at each end by pairs of "connecting" rods, placed at right angles. 
The connecting rods are fixed at their small ends, but are able to flex 
(Fig. 1) . The load derived from the eccentric weights on the shaft is 

Load vector 

Direction 
of 

rotation 

Shell 
bearings 

Center of rotation 

Test shaft 

Eccentric weights 

-Conn.-t" 
rods 

3-

Rods clamped at little 
ends but free to flex 
at necks "Viking" test machine 

Loading principle 

In position shown, the cap 
halves of rods Β and D 
are being subjected to the 
full load 

F I G . 1. Principle of Viking bearing fatigue test machine. 

carried by stress components operating along the axes of the connecting 
rods. The test bearings are thus subjected to loads that are substantially 
constant in direction and change sinusoidally. 

Hydraulic loading. At least four types of machine utilize a crankpin 
of small "throw" and a connecting rod, attached to a hydraulic piston. 
Various techniques are used to adjust the instantaneous hydraulic pres
sure, and hence the form of the loading diagram. These machines are 
the "B.I.C.E.R.A." rig (32), the Glacier Sapphire rig (33), and the rigs 
described by Holfeder (34) and by Blount (35). 

All these rigs have proved effective in yielding comparative fatigue-
strength values for different materials which are in line with those 
observed in practice. The absolute values of fatigue strengths obtained 
vary considerably, probably because of differences in the degree of edge-
loading in the various machines, and of differences in the effectiveness 
of fluid lubrication, which affects surface temperatures. The value of 
such machines thus lies in providing reliable comparisons between 
materials, rather than in providing specific design data. 
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b. Wear and Seizure Rigs 
Rig tests of wear and seizure performance of lubricated bearings 

have not met with practical success comparable with that achieved by 
fatigue rigs. Wear and seizure are influenced far more strongly by 
lubrication conditions than is fatigue. Thus it is necessary to standardize 
lubrication conditions extremely accurately to get repeatable results, 
and this in practice means accurate control of lubricant supply, temper
ature, geometric form, clearance, surface finish, and cleanliness. Having 
done this, repeatable results can be obtained, and comparisons made 
between materials, but these comparisons relate only to these particular 
conditions and may be reversed under other conditions. A further diffi
culty is that, if practical conditions are closely replicated, tests will be of 
inordinate duration. If attempts are made to accelerate these by increas
ing the severity of conditions, the relative performance of materials may 
be changed, and the whole purpose of the tests defeated. For example, 
consider a bearing, carrying a constant load of 1000 psi, pressure-lubri
cated with oil of average cleanliness, and tested for 1000 hours. Under 
such conditions, journal wear with whitemetal might be about 0.0001 
inch per 1000 hours but as much as 0.0005 inch with phosphor-bronze. 
If, to accelerate the test, the load is quadrupled, whitemetal would 
probably flow and interfere with lubrication, causing very high wear. 
Phosphor-bronze, on the other hand, would sustain the load without flow 
and with only a proportional increase in wear. This might lead to the 
false conclusion that, under normal conditions, phosphor-bronze would 
wear less. 

A popular form of test has been to subject bearings to step-by-step 
increases in load until seizure takes place, and to rate materials ac
cording to their seizure load. This, in the author's view, is relevant only 
to the very small number of applications in which maximum seizure 
load is the important criterion. In such a test a material may well yield 
a high value, simply because its high wear rate permits rapid running-
in, and hence favors the maintenance of fluid lubrication. A material of 
low wear rate, which would be much better in the majority of applica
tions, would give an inferior result. 

The results of wear and seizure rig tests on lubricated bearings 
must therefore be treated with extreme caution, and in the ensuing 
discussion of specific materials little weight will be given to such results. 

These considerations do not apply to unlubricated bearings. The 
removal of the lubrication variable greatly simplifies testing of bearings, 
and with reasonable precautions comparative figures of fairly general 
application can be obtained from rig tests. 
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3. Field Tests 

Field tests provide information on all important aspects of bearing 
performance and are superior to other forms of tests in all but three 
respects—cost, speed of obtaining results, and variability of conditions. 
The cost is not necessarily so much higher than for rig tests as might 
seem apparent, for mass-produced machines, such as automobiles or 
electric motors, are much cheaper than specially designed test rigs. 
As regards speed of testing, some degree of acceleration can be obtained 
by making conditions typical of severe, rather than average, operation, 
and this is legitimate if used with discretion. For example, in testing 
automobile engine bearings, the oil-change period can be lengthened to 
accelerate bearing wear. We are left with the criticism often levied 
against field tests, namely, that test conditions tend to vary in an 
uncontrollable manner. This problem can be dealt with if there is more 
than one bearing position in the machine, subjected to similar condi
tions. Interposition comparisons can then be made. One such case is 
represented by the big-ends of internal-combustion engines, the service 
conditions of which are not very dissimilar, and any interposition effects 
can be taken into account by replicating tests. Thus, if we wish to 
compare A and Β as big-end materials in a six-cylinder engine, we can 
carry out two tests; in one of these A is in positions 1, 4, and 6, and in 
the other test A is in positions 2, 3, and 5, with Β occupying the re
maining positions. The two tests, taken together, give a reliable com
parisons between A and B. Similarly the axle-box bearing materials of 
four-wheel railway trucks can be compared by running four trucks, with 
the positions of different materials interchanged. 

Extensive work on these lines has been carried out by the Glacier 
Metal Co. on the big-end bearings of a wide range of engines. The 
detailed techniques have been described by Forrester and Duckworth 
(36) and by Baker and Brailey (21), and results obtained will be dis
cussed later, when comparisons between materials are being made. 
Briefly, the technique is to assemble engines with two or more different 
materials in the big-ends, run for various mileages, sometimes under 
normal conditions, sometimes under special conditions, and to compare 
bearing and crankpin wear by meticulous measurement before and after 
the test run. 

The results of extensive field tests on automobile chassis bearings 
have been reported by Brunstrum and Hayne (37) and by Ruppe (38), 
but the emphasis of this work was on lubrication rather than on bearing 
materials. 

Apart from these instances there are regrettably few systematic field 
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performance data on bearings, a state of affairs which contrasts sharply 
with the masses of data (of dubious value) relating to laboratory tests. 

IV. Whitemetal Alloys 
Although whitemetal bearings have been in use for over a hundred 

years, they are still probably the most widely used class of material 
and so can hardly be neglected in a discussion of modern materials. 
Information on detailed compositions and physical properties is freely 
available elsewhere, and accordingly this section will be confined to a 
discussion of some salient points in their use. 

A. E F F E C T O F C O M P O S I T I O N O N P R O P E R T I E S 

The range of properties available in both tin- and lead-base alloys 
is relatively small. The softest tin-base alloy in common use contains 
about 7% of antimony and 3% of copper and has a hardness at 100°C of 
about 10 Brinell (39). The hardest contains 10% of antimony and 10% 
of copper and has a hardness at 100°C of about 16 Brinell. In lead-base 
alloys the American Society for Testing and Materials Specification B23 
alloys vary in hardness from about 6.5 (for grade 13) to 13.6 for grade 
16 (40), both at 100°C. 

Changes in fatigue strength are of a smaller order than this. Rotating 
cantilever fatigue tests at 100°C carried out by Forrester et al. (41) gave 
results from 1.1 to 1.4 tons/in.2 over a similar wide range of tin-base 
alloys. When the proportion of alloying constituents was increased 
beyond a certain level, little further increase in fatigue strength was 
obtained, and with several different types of alloy the figure of 1.3 
tons/in.2 at 100°C represented the maximum obtainable. Where maxi
mum fatigue life is essential, cadmium-containing tin-base alloys are 
sometimes used. Rotating cantilever fatigue tests at 150° C (39) on 
alloys containing 7% antimony and 3% copper with and without 3% of 
cadmium showed an increase of about 20% in fatigue strength, similar to 
that obtainable by increasing antimony and copper contents. 

The fatigue strengths of lead-base alloys are of a similar order, and 
again the range of results obtained with different compositions is quite 
small. The strongest lead-base alloys known are those containing arsenic 
—for example, Society of Automotive Engineers 15, which contains 15% 
antimony, 1% tin, and 1% arsenic. The fatigue strength at room temper
ature of this alloy is quoted as 1.93 tons/in.2 (40) (cf. 1.75 tons/in.2 for 
a tin-base alloy containing 7% antimony and 3% copper, which corre
sponds approximately to SAE 12). On the other hand, tests on the Viking 
machine by the Glacier Metal Co. indicated a marginal superiority of 
the tin-base alloys (42). It is probable that the true inherent difference 
between the tin- and lead-base alloys is small enough to be disguised 
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by small differences in lining thickness and may also arise from 
structural effects, dependent on rate of cooling. The test temperature 
is also a factor, since the strength of SAE 15 falls rather less with in
creasing temperature than is the case with SAE 12. 

There is substantial evidence from laboratory and rig tests that the 
inherent wear properties of lead-base alloys are inferior to those of tin-
base alloys (43-45). In applications where lubrication is marginal— 
for example, in grease-lubricated axle-box bearings, or in conventional 
roll-neck bearings—these findings seem to be borne out in practice. 

We have so far been concerned with the high-tin and high-lead 
alloys. Extensive use is still made of the so-called "intermediate" alloys, 
which may conveniently be defined as those alloys containing the lead-
tin eutectic. This means, in practice, alloys with more than about 2y2% 
of lead and more than about 20% of tin. Such alloys have a solidus of 
about 182°C, 50° to 60° lower than those of the lead-free tin alloys and 
the low-tin lead alloys. These alloys are naturally weaker at elevated 
temperatures than the high-tin and high-lead alloys; Kenyon's work in
dicated that this effect becomes significant at temperatures above about 
150°C (46). For use at moderate temperatures, however, these alloys 
enable the greater wear resistance of tin-base alloys to be obtained, 
while offering a considerable cost advantage over lead-free tin alloys. 
Lunns work indicates that the sliding properties of tin alloys are im
proved by quite small amounts of lead (18). 

To summarize, therefore, the differences between various whitemetal 
alloys are not very great, and it is only in marginal applications that 
differences become important. In the author s experience, troubles with 
whitemetal bearings are far more often solved by attention to design, 
clearance, lubrication, oil filtration, etc., than by change of specifica
tion. 

The choice of whitemetal is thus determined by custom and practice 
as much as by any rigid technical assessment. This is well illustrated by 
the differing practice in the United States and in the United Kingdom, 
particularly in whitemetal automotive engine bearings. In the United 
States, lead-base is almost invariably used, whereas in the United King
dom tin-base is preferred. The difference in intrinsic cost is of the order 
of 10 cents per engine. The technical advantages are a matter of con
troversy, but it is known that tin-base replacement bearings serve well 
in American engines, when reconditioned in the United Kingdom. 

In applications requiring relatively large quantities of whitemetal, 
the choice depends on the risk involved. Thus in turbine and generator 
bearings, where failure would be extremely costly, the additional cost of 
tin-base is considered well justified. On the other hand, railway axle-box 
bearings are almost invariably lead-base. 
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B . E F F E C T O F W H I T E M E T A L S T R U C T U R E 

Most whitemetals possess a structure consisting of hard intermetallic 
compounds in a softer tin-rich or lead-rich matrix, and their good bear
ing properties have frequently been attributed to this type of structure. 
A series of experiments by Tabor (43), however, gave little support to 
this view, and Love et al. (31) have shown that Lunn's results (18) can 
be interpreted to indicate that intermetallic compounds have an un
favorable effect on behavior under conditions of marginal lubrication. 
The fatigue results of Forrester et al. (41) show that eutectic-type alloys 
free from primary compounds have higher fatigue strength/hardness 
ratios than similar alloys containing compounds. From the practical 
standpoint, solid solutions of tin and indium in lead which are used as 
overlays, to be discussed later, form excellent bearing materials. There is 
thus both experimental and field experience against the old idea that 
hard components are essential to the performance of whitemetal alloys. 

C . E F F E C T O F W H I T E M E T A L T H I C K N E S S 

The range of effective use of whitemetals is greatly extended by the 
fact that their fatigue resistance increases sharply when lining thickness 
is reduced below about 0.012 inch. This fact, which has been known 
and utilized for many years, was demonstrated quantitatively by 
Schaefer (47) and later, in more detail, by Duckworth and Walter (42), 
whose results, obtained on the Viking fatigue rig, are reproduced in 
Fig. 2. This effect must be attributable to some property difference be-

Lining thickness in thousandths 

F I G . 2. Effect of lining thickness on fatigue strength of tin-base whitemetal-lined 
bearings (42). Courtesy Institution of Mechanical Engineers. 
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tween backing and lining. Love et al. (31) suggested that the relevant 
property difference was in the elastic modulus, but Duckworth and 
Walter found no support for this hypothesis and concluded from their 
experiments that hardness difference between lining and backing is the 
important consideration. A theoretical study by Roach and Johnson (48) 
led to the conclusion that the Poisson ratio for the lining material is an 
important factor. They concluded that in the case of a lining bonded 
to infinitely rigid backing, if the Poisson ratio of the lining was 0.5, then 
the effective strength increased continuously as the thickness decreased. 
For linings of Poisson ratio less than 0.5, maximum effective strength 
occurs at a finite value of thickness. 

D. M A N U F A C T U R E O F W H I T E M E T A L B E A R I N G S 

The use of unbacked whitemetal bearings is now largely abandoned, 
and by far the largest number of whitemetal bearings are steel-backed. 
Two general types of manufacturing method are used, both of which 
have been considered in detail elsewhere (49-53). The first method, 
generally used for bearings, bushes, and thrust washers with wall thick
nesses up to about 0.1 inch, consists in casting whitemetal continuously 
onto prepared cold-rolled steel strip, and then forming this bimetal into 
the required shape of the component by pressing techniques. This 
method has obvious economic advantages over individual lining methods 
and is also metallurgically effective. It enables the molten whitemetal 
to be cooled rapidly and evenly and hence provides a fine structure with 
the minimum of segregation, together with a continuously sound bond. 

For components with wall thickness greater than about 0.1 inch, 
which cannot conveniently be made from coiled bimetal, individual 
lining methods are employed. In some cases a steel or bronze shell is 
used; in other cases a structural component, such as a connecting rod, 
is lined directly. For lining half-shells or bushes, centrifugal lining is 
increasingly employed. The bush, or two half-shells held together, are 
pretinned and spun, usually with the axis horizontal, at a speed that 
gives an effective g at the bore surface of about 20. Whitemetal is 
poured in, its escape from the ends being prevented by face plates. 
The assembly is then cooled by water sprays applied to the back. Centri
fugal lining gives a dense lining and a sound bond but greatly increases 
the tendency of the metal to segregation. In tin-base metals, the primary 
Cu6Sn5 has a density considerably greater than that of the liquid metal 
from which it separates and accordingly tends to be thrown outward— 
that is, toward the shell. SbSn, if present, is less dense than the liquid 
and tends to go to the bore. Thus linings cast centrifugally tend to be 
high in copper near the shell and high in antimony near the bore. Since 
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the bore is normally machined out, the mean composition of the finished 
lining is higher in copper and lower in antimony than that of the metal 
poured. In practice the position is complicated by the turbulence of the 
metal during pouring and cooling, and a somewhat complex pattern of 
segregation results. It has already been noted that the properties of tin-
base whitemetal are insensitive to exact composition, so these segrega
tion effects are not functionally serious and are outweighed by the 
advantages of sound metal and good bond, conferred by centrifugal 
lining. 

With lead-base metals, primary Sb and SbSn are both much less 
dense than the lead-rich liquid and are thus thrown to the bore and 
(frequently) machined out. Thus the remaining metal is likely to corre
spond to one or other of the eutectic or pseudo-eutectic compositions of 
the alloy system. These eutectics and pseudo-eutectics have quite ade
quate bearing properties for many applications. Hence the centrifugal 
lining of lead-base bearings is quite practicable, provided that strict 
compositional control of the lining is not sought. It may be noted that 
one lead-base specification, SAE 13, corresponds closely to the lead-
antimony-tin eutectic and can thus be rotary-lined without significant 
segregation. 

The author does not propose to discuss in detail the various static-
lining techniques employed for bearings, which have evolved slowly 
over the last hundred years. The essentials of the process are to provide 
a clean surface of steel, bronze, or cast iron, to tin this effectively, to 
heat to bonding temperature, to pour in clean whitemetal (free from 
dross, etc.), and to cool from the backing so as to avoid contraction 
porosity at the bond. These conditions are not difficult to satisfy with 
small shells of regular section, but for massive components, especially of 
irregular section, only specialized equipment and extensive experience 
are likely to give consistently good results. 

One fairly recent development has been the use of special processes 
for lining cast iron. If cast iron is treated by normal machining and 
chemical etching techniques, a graphite film forms on the surface, pre
venting effective tinning and bonding. Former practice was to accept a 
poor or nonexistent bond and to hold whitemetal to cast iron by "dove
tails" or "keying grooves." Such grooves are undesirable, for they give 
rise to stress raisers and to regions of porosity in the whitemetal. The 
technique now used by specialist bearing manufacturers is to treat the 
cast iron by a process that either preferentially removes the graphite 
(54) or at least avoids spreading it over the surface (55). By these 
methods sound bonds can be obtained, eliminating the need for "dove
tails." 
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Ε . P R O P E R T I E S A N D A P P L I C A T I O N S O F W H I T E M E T A L B E A R I N G S 

Whitemetals possess many virtues as lubricated bearing materials. 
They are tolerant of misalignment, dirt, and temporary lubrication fail
ure. Being soft themselves, they run satisfactorily against a journal of 
relatively low hardness, and if failure does occur, and is detected before 
the whitemetal is melted away or worn through to the backing, the 
journal will remain undamaged. Whitemetals are also immune to normal 
types of corrosion. The sole restriction to their use is their limited 
strength, with which is associated their sharp loss in strength at ele
vated temperatures, even within the safe temperature range of normal 
lubricants. 

It is thus a golden rule of lubricated bearing design to explore fully 
the practicability of using whitemetal before considering the use of other 
materials. Rather than to consider when to use whitemetal, it is easier 
to consider when not to use it. The following circumstances justify use 
of other materials: 

1. Load/temperature conditions that are demonstrably too severe. 
No hard-and-fast load limit can be laid down, for much depends on 
design and lubrication factors which sharply influence the load condi
tions. For example, cavitation in the oil can result in the load's being 
carried momentarily by a relatively small proportion of the bearing 
surface. In internal-combustion engines, whitemetal bearings sometimes 
fatigue at 1600 psi, but on the other hand sustained satisfactory opera
tion at 3200 psi is known. The safest guide lies in experience of similar 
applications and, in doubtful cases, of prototype tests. 

2. Applications in which, for simplicity, it is desired to make a 
structural component and a bearing surface of the same material and 
where some sacrifice of bearing properties can be tolerated—for ex
ample, connecting rods of small compressors. 

3. Applications where the built-in oil supply of a porous bronze or 
iron bearing is an overriding consideration. 

This leaves a wide field in which whitemetal can be used with suc
cess. This includes the big-ends and mains of moderately loaded 
passenger car engines and of some large stationary and marine diesels, 
turbines, generators and electric motors, axle boxes, compressors, machine 
tool spindles, and a host of other applications. 

Although whitemetal bearings, moderately loaded and well lubri
cated, are normally remarkably trouble-free, mention should be made 
of a catastrophic form of failure which has been observed on a turbine 
and generator rotor bearings. The common feature of these cases is in the 
use of a 3% chromium-0.5% molybdenum steel shaft. Dawson and Fidler 
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(56) have investigated the mechanism of this phenomenon and have 
shown that it is initiated by a small metallic particle which finds its way 
into the clearance space and picks up a small amount of journal material. 
This is then rapidly hardened by carburization and quenching and 
scores the shaft, thereby producing more hard material. Chrome-
molybdenum steel is prone to this effect because it scuffs easily and 
is also readily carburized. 

V. Copper-Base Alloys 

A. G E N E R A L B A C K G R O U N D 

Copper-base alloys have been, until fairly recently, the almost in
evitable choice for applications where the strength properties of white
metal are inadequate, although aluminum alloys are now making in
roads into this field. Compared with tin- and lead-base alloys, copper 
alloys afford a much wider range of strength and hardness properties, 
ranging from those of high-lead copper-lead to those of high-strength 
aluminum-bronze. It is a sound general rule to select the softest alloy 
that will provide adequate strength, since this will, in general, provide 
the best sliding properties. There are, however, considerable differences 
between the sliding properties of different copper alloys of similar hard
ness, although there are few comparative data, and the reasons for such 
differences are imperfectly understood. Thus, for example, brass (copper-
zinc) is generally considered to be much inferior to tin-bronze as a 
bearing material, but neither Lunn (18) nor Booser (28) was able to 
confirm this by laboratory experiments. Lunn's experiment did, how
ever, indicate that phosphorus in tin-bronze has a favorable effect, a 
finding in line with the good bearing properties generally attributed 
to phosphor-bronze. 

An investigation described by De Gee and Zaat (57) throws some 
light on the effect of zinc on copper-base alloys. They examined the 
wear behavior against steel of alloys of copper with about 2% of lead 
and 0 to 20% of zinc. When alloys with more than 8% of zinc rubbed 
against steel, a thick layer of the alloy was readily transferred to the 
steel; with less than 8% of zinc, such transfer only occurred locally. The 
higher zinc alloys also gave rise to larger wear particles. These findings 
applied to results in oxygen. In argon no sharp difference was found 
between alloys above and below the 8% zinc level, although zinc still 
exercised a gradual effect on wear. The difference was attributed to the 
fact that the alloys with less than 8% zinc form copper oxides, whereas 
with more than 8% zinc, zinc oxides are formed. It was concluded that 
zinc oxide is essential to the formation of the continuous copper alloy 
layer on the steel. 
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There is no doubt that lead improves the bearing properties of 
copper-base alloys, but how much of this improvement is due to soften
ing and how much to other physical effects and to chemical effects is 
uncertain. Baker and Brailey (21) showed that an alloy of 55% copper-
45% lead gave considerably less journal wear than a 70%-30% alloy, but 
this could well be attributed entirely to the relative hardness of the two 
alloys (21 Brinell and 36 Brinell at room temperature, respectively). 
Bowden and Tabor (58) showed that the friction between a steel 
slider and copper plated with a thin film of lead was much lower than 
that of steel against either copper or lead. The explanation adduced is as 
follows: 

For a simple contact: 

F (frictional force) 
= A (true area of contact) X S (shear strength of junction) 

A = K/Y 

Κ being a constant for a particular geometry, and Y the yield strength 
of the soft matrix. Hence 

F = KS/Y 

For copper or lead separately, the ratio of S to Y is similar, so F is also 
similar. But for a thin film of lead on copper, Y is determined by the 
copper and is therefore high, whereas S is determined by the lead and 
is therefore low. Hence S/Y is lower than for either copper or lead 
separately. 

Bowden went on to show that the friction of steel on copper-lead 
alloy is likewise low, because the lead tends to extrude out to form a thin 
film over the surface. 

Under severe service conditions, copper-lead bearings do, in fact, 
develop a thin surface film of lead. It may well be, however, that the 
effect of this lead is not so much to reduce friction as to prevent local 
welding between steel and copper. 

B. B R O N Z E S A N D L E A D - B R O N Z E S 

Whatever the theoretical reasons may be, the fact is that by far 
the most important range of copper-base bearing alloys is that repre
sented by the copper-tin-lead system, within the area shown in Fig. 3. 
Some designations of the major alloys are listed in Table II. These alloys 
are widely used throughout Europe and the United States, although in 
some cases the only generally recognized specifications are American. 

Photomicrographs of certain of these alloys are shown in Figs. 4, 5, 
and 6. Figure 4 (alloy B) shows a chill-cast phosphor-bronze, with a 
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COPPER IO 20 30 4 0 5 0 % 
LEAD — 

F I G . 3. Compositions of some standard copper-lead-tin alloys. 

T A B L E I I 
S O M E S T A N D A R D C O P P E R - L E A D - T I N A L L O Y S 

Composition 
code 

(see Fig. 3) Designations" Notes 

A ASTM Β 22 A Casting alloy; contains 1% (minimum) phosphorus 
Β BS 1400 P B 4 C Sand-cast, chill-cast, or continuously cast; con

tains 0 . 5 % minimum phosphorus 
C SAE 791 Rolled or wrought 
D A S T M Β 22 C \ Casting alloy, including sand-cast, chill-cast and 

BS 1400, L B 2 I J continuously cast 
SAE 793 
SAE 797 

Cast onto steel 1 TT „ , , . 
c,. , , , , , > usually for split bushes 
Sintered onto steel J 

Ε BS 1400 L B 5 I Sand-cast, chill-cast, or continuously cast 
SAE 794 Cast onto steel \ F o r split bushes and half-
SAE 799 Sintered onto steel / bearings 

F SAE 48 Cast or sintered onto steel, for half-bearings 
G SAE 480 Cast or sintered onto steel, for half-bearings 

0
 ASTM refers to American Society for Testing and Materials; S A E refers to the 

Society of Automotive Engineers; BS refers to British Standards. 

cored and solid solution of tin in copper, and a complex of copper-tin 
and copper-phosphorus compounds. Figure 5 (alloy D) shows a chill-
cast 80% copper-10% lead-10% tin alloy, showing a similar structure to B, 
but with the addition of a separate lead phase, occurring as isolated 
spheres. Figure 6 (alloy F ) shows a sintered 70% copper-30% lead alloy, 
consisting of two continuous interlocking phases of substantially pure 
copper and lead. 

At one time it was almost a conditioned reflex for designers to 
specify phosphor-bronze for any general-purpose bearing application, 
and the term "bronze" is still occasionally used as synonymous with 
"bearing." In recent years, however, the tendency has been to specify 
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F I G . 4. Microstructure of chill-cast bronze containing 11% tin and 0.1% phos
phorus ( X 3 0 0 ) . 

F I G . 5. Microstructure of chill-cast bronze containing 10% tin and 10% lead 
( X 1 0 0 ) . 
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FIG. 6 . Microstructure of sintered copper-lead (30% lead, χ 1 0 0 ) . 

the phosphor-bronzes (for example, specifications A and Β in Fig. 3) 
only for applications demanding very high compressive strength, and 
for moderately stressed applications to use the lead-bronzes, especially 
D and E. The latter have considerably superior sliding properties, owing 
to their lower hardness and the presence of lead, which, under severe 
conditions, can squeeze out and act as an extreme-pressure lubricant. 

Apart from the broad recommendation to use the softer, lead-con
taining alloys in preference to phosphor-bronzes wherever load condi
tions permit, little practical design information concerning these alloys 
is available. Attempts appear in the literature to specify maximum PV 
conditions, but performance is so dependent on details of the application 
that, in the author's view at least, such information is of little value. 

In applications demanding very high mechanical strength, silicon-
bronze, manganese-bronze, or aluminum-bronze is used in place of 
tin-bronze. The bearing properties of these materials are probably in
ferior to those of tin-bronze, but no useful objective data are known to 
the author. The need for these alternative bronzes also arises in highly 
corrosive conditions, where selection must be made largely on grounds 
of corrosion resistance rather than bearing properties. 

Two major developments in manufacturing technology have made 
a considerable impact on the utilization of bronze bearings. These are 
continuous casting of solid bronzes, and continuous casting or sintering 
of steel-backed bronze bimetal. 
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A number of specifications, notably B, D, and E, are now available 
in a variety of continuously cast solid and cored sections. Smart and 
Smith (59) have outlined the large-scale methods used at the American 
Smelting and Refining Co., and smaller-scale methods have been de
scribed by Ellwood (60). These methods provide the advantages of 
consistent structure and soundness, together with that of lengths suit
able for automatic lathes. 

The methods for making steel-backed bronze bimetal are similar to 
those for bimetal half-bearings, to be discussed later. Specifications D 
and Ε are generally used, although others are available. The bushes 
formed from this bimetal are known in the United States as "sheet-
m e t a r bushes, and in the United Kingdom as "wrapped" bushes. They 
combine good bearing properties with strength and have the economic 
advantages of low initial cost and ease of replacement. 

C. C O P P E R - L E A D A L L O Y S 

Copper-lead bearing alloys have been in use since about 1924, but 
their development was greatly accelerated by World War II. Existing 
whitemetal bearings proved inadequate for the arduous service re
quired in aircraft, tank, and truck engines, and recourse was had to 
silver or, more generally, to copper-lead. This introduced problems of 
manufacture and of application of a totally different order from those 
experienced with whitemetal bearings, and both metallurgists and engine 
designers experienced many headaches in consequence. This, is past 
history however, and in both manufacturing technology and in utilization 
copper-lead has reached a high, and probably almost ultimate, state of 
development. 

I. Properties of Copper-Lead 

A typical copper-lead, such as SAE 48 (70% copper, 30% lead), has a 
hardness about twice that of whitemetal at operating temperature in an 
internal-combustion engine, and its fatigue strength, as a bearing lining, 
is correspondingly about twice that of thick (0.012-inch) whitemetal 
(42). In obtaining this increase in fatigue strength, embeddability is 
sacrificed, and accordingly the journal wear rate obtained with this 
alloy is of the order of twice that with whitemetal (36). Furthermore, 
under automotive engine conditions, copper-lead itself wears, whereas 
whitemetal tends to increase rather than decrease in thickness, owing to 
the absorption of hard particles introduced by the oil. Thus the rate of 
increase of clearance is three or four times as great with copper-lead. 

It is frequently stated that copper-lead "requires a hardened journal," 
but this is an oversimplification. A hardened journal will certainly wear 
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more slowly and will reduce the risk of scoring under marginal lubri
cation conditions, but there are a number of cases of successful use of 
copper-lead against journals of hardness 230 Brinell or even less, mainly 
on large diesel engines, where the cost of hardened journals would be 
high. 

Probably the most serious limitation of the copper-lead alloys is their 
liability to attack by corrosive oils. Lead is readily dissolved by certain 
organic acids which form when oil is oxidized. Although all standard-
quality lubricants now contain oxidation inhibitors, these are sometimes 
not completely effective, probably because of excessively high temper
atures being reached. Furthermore, an engine must normally be capable 
of use in any part of the world, and supplies of specification oil may be 
uncertain. It is thus a definite hazard to employ a bearing alloy liable to 
such corrosion. 

The wear properties of copper-lead may be slightly improved by 
using a high-lead content, but this reduces fatigue strength correspond
ingly and makes the material even more liable to corrosion. The fatigue 
strength of a 40% lead alloy is about 88% of that of a 30% lead alloy (42). 
On the other hand, fatigue resistance is increased by reducing lead and 
increasing tin content, but this worsens the wear properties. Tin and 
other metals present in copper-lead as deliberate additions (e.g., nickel 
and silver) or impurities (e.g., iron and antimony) form solid solutions 
or compounds with the copper phase, and the lead phase remains sub
stantially pure. Such additions do not, therefore, directly affect the cor
rosion resistance of the lead. Such third elements do, however, affect the 
surface tension between copper and lead, and hence affect the con
tinuity, whereas nickel and silver tend to increase it. Tin therefore 
marginally reduces liability to corrosion by making it more difficult for 
a corrosive oil to penetrate the structure, and nickel and silver margin
ally increase corrosion by facilitating penetration. These, however, are 
only second-order effects. 

The liability of copper-lead to corrosion and its rather unsatisfactory 
wear properties have led to the increasing abandonment of plain copper-
lead in favor of overlay or aluminum-base bearings. These will be 
considered in later sections. 

2. Manufacture of Copper-Lead Bearings 
As with whitemetal bearings, there are two different approaches to 

manufacture—namely, the individual lining of steel shells, and the 
manufacture of bimetal strip which can subsequently be formed into 
bearings. The bimetal strip methods can be subdivided into casting and 
sintering techniques. 
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a. Individual Lining 

At first this type of technique was used exclusively and involved 
severe metallurgical problems. It has since been replaced largely by 
the bimetal strip methods. The metallurgical problems involved have 
generally been attributed to the limited liquid miscibility of copper and 
lead, and for this reason additions were commonly made of elements 
such as silver, nickel, and sulfur, which reduce the miscibility gap. In the 
author's experience, however, the miscibility gap is only a minor prob
lem. The major problems are: 

1. To obtain adequate strength, almost complete freedom from 
porosity is required; the metallurgical standard demanded is thus con
siderably higher than that generally looked for in copper-base alloy 
castings, in which a small amount of porosity is considered normal. 

2. It is essential to form a sound and continuous bond with the steel 
backing, which implies that the steel must be raised at least to the melt
ing point of copper-lead (about 950°C) while keeping its surface free 
from oxide or other contaminants. It also implies that cooling of the 
copper-lead from the molten state must be directional and from the 
steel side, to avoid contraction cavities at the bond. 

F I G . 7. Microstructure of copper-lead (30% lead) lined to steel by individual 
casting ( X l 5 0 ) . 
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One solution to these problems is to preheat a steel cylinder with its 
surface protected by a reducing atmosphere or a flux, spin it about its 
axis, pour in copper-lead, and cool by water sprays on the outside of the 
cylinder. This and similar methods give satisfactory results over a limited 
composition range, when subjected to rigid control. Probably the most 
widely practiced technique is now the displacement method ( 6 1 , 62), 
the principle of which is to use an excess of superheated copper-lead to 
raise the steel to bonding temperature. The steel part to be lined is 
molded into sand, leaving a cylindrical or semicylindrical cavity where 
lining is required. Copper-lead alloy, superheated to about 1200° to 
1300°C, is poured into this cavity, and the excess metal is displaced 
by entering a core. The hot metal heats the surface of the steel suffi
ciently, but the rest of the steel shell acts as a heat sink, promoting rapid 
directional cooling of the copper-lead after the core is entered. A micro-
section of a shell so produced is shown in Fig. 7. 

The principal application of this method is now for bearings with 
thick steel shells and deep flanges, which cannot be pressed from strip. 

b. Continuous-Strip Casting 

The process is basically simple but involves a number of practical 

F I G . 8. Microstructure of copper-lead (25% lead) lined to steel by strip-casting 
( X 1 0 0 ) . 
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problems. Steel strip is uncoiled, cleaned, and preheated in a reducing 
atmosphere. Copper-lead alloy is poured onto the surface, and the whole 
is cooled by spraying on the back. One of the difficulties of the process 
is the retention of a pool of copper-lead on the surface prior to cooling; 
this has been neatly solved (63) by turning up the edges of the steel 
strip prior to lining to form a continuous "tray." The edges are slit off 
after lining and cooling. This process gives good results for alloys up to 
about 25% of lead (Fig. 8 ) , but with higher lead content there is a 
tendency for a strongly directional structure to develop with very marked 
interdendritic lead columns which can lead to planes of weakness (Fig. 

F I G . 9 . Microstructure of copper-lead ( 3 0 $ lead) lined to steel by strip-casting 
( X 1 5 0 ) . 

c. Strip Sintering 

This process is probably unique in powder metallurgy, in that the 
powder is sintered without previous compaction, then compacted to 
full density and resintered. The powder is normally prealloyed and is 
made by atomizing molten metal of the required composition. A layer 
of this powder is spread onto steel strip (which may be previously 
copper-plated) and then sintered in a reducing atmosphere at about 
800°C to give a material with about 30% of porosity. This porosity is 
closed up by rolling, and the material is resintered to bring the material 
to its full strength. 
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References ( 6 4 - 6 6 ) describe the process and its quality-control meth
ods in more detail. Figure 6 shows a photomicrograph of a 70% copper-
30% lead alloy produced by this method. 

This process is extremely versatile and can be used for virtually any 
copper-lead-tin composition. Nickel and silver can also be incorporated, 
if desired. It can be applied both to continuous steel strip or to lengths 
of bar up to an inch or more in thickness. 

D . O V E R L A Y - P L A T E D C O P P E R - L E A D 

The inherent disadvantages of copper-lead alloys—namely, moderate 
wear and score resistance, and liability to corrosion—can be overcome, at 
least partially, by the use of electroplated soft-metal overlays. The rela
tive properties and merits of various potential overlay materials have 
been listed by Schaefer (47), whose tables are reproduced here in 
Tables III and IV. 

T A B L E I I I 
R E L A T I V E W E A R R E S I S T A N C E O F V A R I O U S O V E R L A Y S

0 

Relative 
wear factor 
expressed as 

Material, nominal composition Process weight loss 

Pure lead Plated 9 
Lead-indium ( 5 % indium) diffused 2 hours at 3 4 0 ° F Plated 1 
Lead-tin ( 1 0 % tin) Plated 0 . 4 - 0 . 6 
Lead-tin-copper ( 1 0 % tin, 1% copper) Plated 0 . 5 
Lead-tin-copper ( 1 0 % tin, 3 % copper) Plated 0 . 3 - 0 . 4 
Tin-copper ( 6 % copper) Plated 0 . 2 
Tin-copper ( 2 % copper) Plated 0 . 1 - 0 . 2 
Tin-base babbitt Cast 0 . 0 5 - 0 . 1 

a
 Reproduced by permission of the American Society for Metals (^7). 

It will be seen that the best inherent properties are to be found in 
tin and tin-copper, but the value of tin is limited by the low melting 
point of the tin-lead eutectic which forms by interdiffusion of a tin-base 
overlay and the lead phase of the copper-lead. Accordingly, lead-base 
alloys are almost universally used. The choice lies between lead-tin, 
lead-tin-copper, and lead-indium. On the basis of Schaefer's data the 
lead-tin-copper would appear to be the obvious choice, since it com
bines good fatigue strength with good wear resistance. Tests at the 
Glacier Metal Co. have, however, shown lead-tin-copper to have a 
score resistance inferior to that of lead-tin or lead-indium. All three 
types of overlay tend to lose their corrosion protection in service at 
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T A B L E I V 
F A T I G U E D A T A O F V A R I O U S B E A R I N G M A T E R I A L S ' 1 

Average 
Thickness time to 
of bearing fail in 

Material, nominal material, fatigue, 
composition Process inch Annealed Psi hours 

Silver Plated 0.022 400°F, 2 hours 7500 42 
Silver-lead (4% lead) Cast 0.022 None 7500 10 
Silver-lead (15% lead) Cast 0.022 None 7500 4 
Silver-lead (4% lead) Plated 0.022 500°F, 2 hours 7500 95 
Lead-tin (10% tin) Plated 0.004 None 3600 23 
Lead-tin-copper (10% tin, Plated 0.004 None 3600 77 

1% copper) 
Lead-tin-copper (10% tin, Plated 0.004 None 3600 113 

3% copper) 
Tin-copper (6% copper) Plated 0.004 None 3600 26 
Tin-base babbitt (3% Cast 0.004 None 3600 36 

copper, 7% antimony) 

a Reproduced by permission of the American Society for Metals (47). 

abnormally high temperatures, owing to diffusion of tin (or indium) to 
the copper-lead. This can be prevented by using a barrier layer or "dam" 
of nickel (67) or brass (68) between the overlay and the copper-lead. 

F I G . 10. Fatigue failure of lead-indium overlay ( χ 5 0 0 ) . 
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This, however, is not conducive to good bearing properties if the over
lay wears through. 

Thus, none of these three overlays combines all the properties re
quired. Their relative advantages are summarized in Table V. 

As with steel-backed whitemetal bearings, the fatigue resistance of 
overlays depends on their thickness. Duckworth and Walters (42) show 
that lead-tin reaches a fatigue strength equivalent to that of copper-lead 
when lining thickness is reduced to less than 0.002 inch. With overlays 
thicker than this, the potential fatigue strength of the copper-lead cannot 
be utilized because the overlay could fail first. Figure 10 shows a fatigue 
failure in a 0.002-inch-thick lead-indium overlay. In choosing overlay 
thickness it is thus necessary to steer between the Scylla of fatigue due 
to too thick an overlay, and the Charybdis of wear due to too thin an 
overlay; and as loading increases, this channel becomes increasingly 
narrow. 

A further cause of overlay breakdown is cavitation, which is becom
ing an increasing problem in highly rated engines. This is due to the 
development of negative pressures in the oil at certain positions in the 
loading cycle, leading to the formation of bubbles. These collapse when 
the pressure again becomes positive, giving rise to very high localized 
stresses. 

In spite of all these potential problems, overlay copper-lead bearings 
have given excellent service in a wide variety of severely loaded applica
tions. Without this type of bearing the development of the modern 
diesel engine would have been severely hampered. It is by no means 
unusual to find 0.001-inch overlays substantially unaffected after a service 
life of 10,000 hours or more. This type of bearing is also widely used in 
Europe in passenger automobiles, where greater demands are made on 
engines of a given cubic capacity than is usual in the United States. 

The methods used for overlay plating of bearings are well covered 
in the literature ( 6 9 - 7 1 ) . Electrochemically they are fairly conventional, 
and their unusual feature is in the accuracy of dimension which it is 
necessary to achieve. 

In order to obtain control of clearance, bearings are normally pro
duced to an accuracy of the order of ±0.0001 inch. In overlay bearings, 
two approaches are used. First, the bearing may be bored or broach-
bored before plating only. The variability of the boring and plating 
operations are then additive, and even with the ingenious plating meth
ods developed (72-75) it is difficult to hold the finished wall thickness 
to much better than ±0.0002 inch. Alternatively, the bearings may be 
bored both before and after plating. This gives a slightly more accurate 
wall but increases the variability of the overlay thickness and hence the 
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variability of wear and fatigue life. On balance it generally pays to 
accept the slight increase in wall thickness variability in order to gain 
greater consistency of overlay thickness. 

E . W H I T E M E T A L / C O P P E R - L E A D 

1. Three-Layer Bearings 

A type of bearing used to a limited extent in large engines consists 
of a steel backing, a cast or sintered copper-lead interlayer, and a cast 
lining of whitemetal, usually 0.005 to 0.015 inch thick. 

Such a bearing has one clear technical merit over a plain whitemetal 
bearing. If the whitemetal lining fails, owing, for example, to temporary 
lubrication failure, operation for a limited period will be permissible 
without leading to catastrophic damage to the journal, which would 
arise from running on a bare steel backing. This property is extremely 
useful in a marine engine. The fatigue strength of such a bearing is 
basically no higher than that of a whitemetal-on-steel bearing with the 
same whitemetal thickness. Blount (35) has shown that fatigue cracking 
of such a bearing occurs under similar load conditions as with white
metal on steel, but that, with the copper-lead interlayer, wholesale 
break-up of the surface is delayed. Accordingly, he considers that the 
copper-lead interlayer provides a higher fatigue rating. 

The bond between whitemetal and copper-lead is liable to be some
what weaker than that of whitemetal to steel. This is due to the forma
tion of copper-tin compounds at the interface, which form much more 
readily than iron-tin compounds and therefore tend to be thicker and 
more brittle. This tendency can be controlled to an acceptable level by 
control of preparation and lining techniques. 

2. Whitemetal-Impregnated Bearings 

A third type of three-layer bearing, in use in the United States, con
sists of a steel backing and a lining of porous copper-nickel alloy im
pregnated with a lead-base whitemetal, a thin layer of whitemetal being 
left on the surface. This type of automotive engine bearing has been 
described by Lignian (76). 

F . O I L - I M P R E G N A T E D B E A R I N G S 

The ability of powder metallurgy techniques to provide a controlled 
degree of porosity has been utilized to great effect in the manufacture 
of oil-impregnated bearings. These are manufactured in bronze, iron, 
and, more recently, aluminum; but since bronze represents the most im-
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portant of these materials, it is convenient to deal with them in this 
section. 

Porous bronze bearings are generally manufactured from electrolytic 
copper powder, mixed with tin powder, and sometimes graphite. Small 
additions of die lubricants are generally also made to the powder mix
ture. Green compacts are made by pressing these powders, which are 
then sintered in a reducing atmosphere, and coined to control dimen
sional accuracy. These are finally vacuum-impregnated with the required 
lubricant. 

The mechanism of operation of such bearings has been discussed in 
some detail by Morgan and Cameron (77). Oil is drawn from the pores 
by surface tension and forms a film between journal and bearing. When 
the journal rotates, hydrodynamic pressure is developed in the loaded 
region, forcing oil through the pores of the bearing and into the un
loaded region. This internal oil circulation distorts the normal perform
ance curve which would be obtained with a solid lubricated bearing. 
As a consequence, higher values of speed and viscosity are needed to 
support a given load than would be the case in a solid bearing. Such 
porous bearings are therefore particularly suitable for high speeds and 
low loads. In the loaded region there is a tendency for the pores to 
close, reducing pressure less in this region and favouring fluid lubrica
tion. This effect is, of course, favorable only in applications in which 
the load direction is constant. The satisfactory operation of such bearings 
is normally limited to a PV (load in pounds per square inch times speed 
in feet per minute) value of about 50,000. 

VI. Aluminum-Base Alloys 

A. G E N E R A L B A C K G R O U N D 

Aluminum has a number of prima facie advantages as a potential 
base for bearing alloys. The hardness and strength ranges of its alloys 
are of the right order for high-duty bearings (upward from about twice 
the strength of whitemetal); it is corrosion-resistant, readily worked, and 
relatively cheap and plentiful. Its one disadvantage, a very serious one, 
lies in its proneness to seizure against other surfaces (78), a property 
used in the manufacture of Alclad sheet and in other processes utilizing 
the cold-welding properties of aluminum. This property probably derives 
from the hard and brittle character of the oxide film, which is readily 
fractured by cold-working of the underlying material. This undesirable 
characteristic of pure aluminum is, however, fortunately mitigated by 
the fact that aluminum forms no compounds and only very limited solid 
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solutions with the soft metals—tin, lead, and cadmium. This enables 
alloys to be made which contain one of these soft metals as a separate 
phase, which can smear over the surface of the alloy and prevent cold-
welding. Tin is particularly suitable, having complete liquid miscibility 
with aluminum, but practically no solid solubility. Lead and cadmium 
have only limited liquid miscibility with aluminum, so only small 
amounts of lead and cadmium can be included in aluminum alloys by 
normal casting techniques. Lead and cadmium are also liable to cor
rosion. Thus, by far the most important aluminum-bearing alloys are 
those containing tin. 

B . A L U M I N U M - T I N A L L O Y S 

1. Development 

The profound effect of tin additions in reducing the liability of alu
minum to seizure was first demonstrated by Hunsicker (79). His results 
showed a progressive improvement in scuffing resistance as tin content 
increased up to about 20%, little improvement being obtained beyond 
this figure. Hunsicker also showed, however, that the mechanical prop
erties, particularly the ductility, of cast aluminum-tin alloys are also 
sharply affected by tin content, above about 8%. This is because tin tends 
to form a grain-boundary phase which almost completely separates the 
aluminum grains when a percentage of about 8 is exceeded (see Fig. 11). 

Q . 

F I G . 11 . Effect of tin concentration on tensile properties of chill-cast aluminum 
alloys containing tin, copper, and nickel ( 7 9 ) . Courtesy American Society for 
Metals. 
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Probably because of this, the aluminum alloys first developed contained 
only about 6% of tin. About 1935, such alloys came into limited use for 
solid (unbacked) bearings, being pioneered by Alcoa in the United 
States (80) and by Rolls Royce in the United Kingdom (81). One prob
lem with solid aluminum bearings is the maintenance of interference 
fit, especially in ferrous housings. The higher thermal expansion of 
aluminum, relative to iron, causes an increase in hoop compressive stress 
in an aluminum liner when temperature is increased. If this exceeds 
the elastic limit of the material, the liner yields, so that on cooling again 
it may become loose. This problem may be mitigated by prior cold-
working of the aluminum liner alloy, hence increasing its elastic limit. 

Successful use of this type of solid aluminum bearing has been made 
by a large American engine builder (82), and there have been a number 
of other successful uses. General experience has been, however, that 
these solid bearings are neither soft enough to give acceptable wear 
levels with unhardened shafts, nor strong enough to maintain fit after 
subjection to severe service conditions. 

More extensive use of the 6% tin alloys was practicable when methods 
were found for bonding the alloy to steel strip and so manufacturing a 
steel-backed aluminum bearing. This eliminated the interference-fit 

F I G . 12. Microstructure of aluminum-20% tin alloy, as cast ( χ 1 5 0 ) . 



212 P. G. FORRESTER 

problem and gave a bearing of very high fatigue strength. It is curious, 
however, that in the United States the opportunity was not taken to 
improve the sliding properties of the alloy by increasing its tin content 
and reducing its hardness. The 6% tin alloy was a compromise material 
for an unbacked bearing, only moderate sliding properties being ac
cepted in order to gain a sufficiently high elastic limit. With a steel-
backed bearing the need for a high elastic limit disappeared, but never
theless the same composition of alloy was used (83). 

In the United Kingdom, however, the lesson of Hunsicker's original 
work was more fully appreciated, and alloys of higher tin content came 
to be used for steel-backing bearings. This development was facilitated 
by the discovery (84) that the intergranular tin phase, present in cast 
high-tin alloys, could be broken up by cold-working and annealing to 
give a "reticular" structure in which both tin and aluminum are present 
as continuous phase. Figures 12 and 13 show the microstructure of a 

FIG. 1 3 . Microstructure of aluminum-20% tin alloy, cold-worked and annealed 
( X 1 5 0 ) . 

20% tin-aluminum alloy before and after cold-working and annealing. 
This brings about a useful improvement in the fatigue strength and 
ductility of the high-tin alloys. 
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2. Performance 

The low-tin aluminum alloys have excellent fatigue strength (Under
wood finds figures up to four times that of whitemetal) and therefore 
give good performance with a hardened shaft, clean lubricant, and good 
conditions of alignment and lubricant supply. This high strength is 
obtained at the expense of liability to journal wear. With relatively soft 
shafts (for example, 240 Brinell) journal wear can be two to three times 
that obtained with whitemetal (36), and the material is also prone to 
seizure under adverse conditions. 

These limitations are to some extent overcome by the use of an over
lay, usually lead-tin. The application of this overlay, in common with 
all processes for electrodepositing on aluminum, involves a rather com
plex preparation process, including the provision of a layer of copper, 
silver, or nickel, between aluminum alloy and overlay. As with all overlay 
bearings, optimum performance is obtained only so long as the overlay 
remains intact. If it fails by wear, fatique, or cavitation, the presence 
of a nickel or copper or silver layer on the underlying aluminum alloy 
may be somewhat detrimental. 

The high-tin (for example, 20% tin) aluminum alloys have a fatigue 
strength of about two and one-half times that of whitemetal (42). This 
is ample for the great majority of automotive applications, for if higher 
loading than this is attempted, failure due to thermal destruction of the 
oil film is liable to be encountered. Associated with this fatique strength, 
wear properties are obtained of the same order as whitemetal. 

This high fatigue strength is obtained with little, if any, sacrifice of 
wear properties. The results of an extensive range of field tests in auto
motive engines (85) show that the clearance increase in big-ends of 20% 
tin-aluminum is of the same order as that with whitemetal and definitely 
less than with copper-lead. The alloy was also found to have a high 
resistance to cavitation. 

C . O T H E R A L U M I N U M A L L O Y S 

1. Automotive Alloys 

In addition to the aluminum-tin alloys, two other types of alloy have 
been extensively used in automotive practice. First, a solid aluminum 
bearing containing about 4% of zinc, and 1% of lead has been used in 
German vehicle engines. Second, a high-duty bearing was developed in 
the United States (86) consisting of a steel backing, a lining of alu-
minum-4% silicon-1% cadmium and a lead-tin overlay, with a bonding 
layer of nickel between lining and overlay. This interlayer material 
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provides a fatigue strength similar to reticular 20% tin-aluminum, and, 
since the overlay is relatively thin (about 0.00075 inch) the fatigue 
strength of this is also reasonably high. 

2. General-Purpose Alloys 

The 6% tin alloys are quite widely used in the United States, the 
United Kingdom, and France for general engineering purposes and have 
the advantages over lead-bronze of lower weight and price. In Germany 
a range of alloys has been used, generally containing little or no soft 
metal phase. Weber (87) discusses the composition and properties of the 
DIN1 specification alloys, and Buske and Rabenau (88) also give some 
comparisons. There is extensive earlier German literature on these rela
tively hard alloys, and in this there are frequent references to the need 
for accurate alignment, hard shafts, and good lubrication; the reader is 
left wondering whether these latter alloys can properly be called bear
ing materials at all, for it is the role of a bearing material to tolerate the 
deviations from ideal conditions which occur in practice. 

D. M A N U F A C T U R E O F S T E E L - B A C K E D A L U M I N U M B E A R I N G S 

Molten aluminum alloys react rapidly with a steel surface to form 
brittle aluminum-iron compounds. The strip-casting methods used for 
tin-, lead-, and copper-lined bimetals have therefore been found un
suitable for aluminum alloys. Proposals for preventing or slowing down 
this bond embrittlement have been made, but they do not appear to 
have resulted in a commercially practicable process. The methods in 
large-scale use are all rolling processes, which utilize solid-phase welding 
to form the bond. In one type of process the steel is first plated with 
silver (89) or nickel (90). Nickel is now generally used, since it was 
found that with silver-bonded material the bond tends to deteriorate in 
service (91). Prepared aluminum alloy strip is then rolled onto the steel, 
with an interlayer of aluminum foil, the rolling operation being carried 
out at an elevated temperature. This process has generally been used 
for low-tin alloys. High-tin alloys are bonded to steel by a process 
described by Ellwood (92), in which the steel is first aluminized by roll
ing with aluminum foil and subsequent heat-treatment. The high-tin 
aluminum alloy strip is then bonded to the aluminized steel by a second 
rolling operation, and the bond is finally consolidated by heat-treatment. 
During the rolling processes, the oxide films initially present on the 
aluminum surface are broken up by extension, and the remaining oxide 
is caused to ball-up by the subsequent heat-treatment. A microsection 

1
 Deutsches Institute für Normen. 
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of bimetal so made is shown in Fig. 14. Methods for bonding of alu
minum alloys to steel without the use of plating or of an intermediate 
aluminum layer have also been described (93, 94). 

F I G . 14. Microstructure of aluminum-20% tin alloy, bonded to steel ( X 1 0 0 ) . 

VII. Other Materials for Lubricated Bearings 

A . Z I N C - B A S E A L L O Y S 

From its relatively low melting point and moderate hardness, zinc 
would appear to have potentiality as a base for bearing materials, but, 
in general, experience with zinc-base alloys has not been favorable. The 
results obtained in laboratory tests have been conflicting, some investiga
tors finding seizure resistance to be low (95), others finding properties 
comparable to those of bronze (96, 97). Conventional zinc-base die 
casting alloys (for example, 4% aluminum alloys) are used successfully 
with light loads and moderate speeds. Zemsauer (98) describes an al
loy containing 30% aluminum and 5% copper, the remainder high-purity 
zinc, and claims that at light loads wear is less than with wrought 
bronze. Insufficient details of the test procedure are given for the result 
to be fully assessed. In the absence of objective field-test data, the status 
of this and other zinc-base alloys must remain uncertain. 
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B . S I L V E R 

The principal use of silver as a bearing was in aircraft piston engines, 
more particularly in the United States, and with the decline of this type 
of engine its use has diminished. Although it gave excellent fatigue 
resistance, pure silver was found to be prone to seizure (99, 100), and 
the expedient was generally adopted of plating with lead-indium (101). 

C. I R O N - B A S E A L L O Y S 

Cast iron, although too hard to form an ideal bearing material, never
theless has useful properties, in particular seizure resistance conferred 
by the graphite film which forms on its surface. It is particularly useful 
as a backing material for whitemetal. Laudig (102) describes the ad
vantages of a cast-iron backing for axle-box bearings. If a whitemetal 
bearing backed with bronze fails, the bronze tends to penetrate the 
journal, causing fracture, a phenomenon avoided by the use of cast iron. 

Porous sintered iron, impregnated with oil, performs a similar service 
to oil-impregnated bronze, but permits a somewhat higher load to be 
carried without distortion, at the sacrifice of some wear resistance. 
Sintered iron-lead manufactured in a similar way to copper-lead has 
also been used experimentally (103), although its use has not developed. 

D . S P R A Y E D P S E U D O - A L L O Y S 

A Russian publication (104) describes the properties of some sprayed 
"pseudo-alloys" and claims successful uses. Those particularized are alu
minum-steel, copper-steel, copper-tin, and copper-lead-tin. Copper-tin 
was found to have the lowest wear and highest seizure load, but the 
performance of aluminum-steel was found to be only marginally less. 
Since sprayed materials are generally weak, relative to solid alloys of 
similar composition, it would be surprising if such mixtures offered as 
good a combination of strength and hardness as corresponding alloys 
made by conventional methods. It is possible, of course, that oil retained 
in residual pores would assist lubrication under near-seizure conditions. 

E . N O N M E T A L L I C L U B R I C A T E D B E A R I N G S 

We have seen that optimum performance of lubricated bearings is to 
be sought by choosing a material that is as soft as possible consistent 
with adequate strength. As an alternative to soft metals, plastics can be 
used to provide this combination of properties. In addition to being soft 
—that is, having a low resistance to permanent deformation, plastics 
have the advantage of a low elastic modulus, which assists conformation 
to the contour of the shaft and hence encourages fluid lubrication. On the 
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other hand, plastics have two disadvantages—a low thermal conductivity, 
and a liability to dimensional change due to temperature or absorption 
of water or oil. 

From these considerations it is possible to deduce the proper field 
of application of plastic bearings—namely, where ample cooling is 
practicable, and where comparatively large clearances can be tolerated. 
These conditions are met with in roll-neck (rolling-mill) bearings, which 
constitute one of the most important bearing applications or plastics. For 
this purpose fabric-reinforced phenolic resins are used with success. The 
manufacture of this material is described briefly by Caldwell and Boyd 
(105). Their advantages, as pointed out by Jones (106), by Delmonte 
(107), and by Underwood (108), are low wear (assisting maintenance 
of gage), reduction in grease usage, and low power loss. Satisfactory 
operation depends on the use of large quantities of cooling water (for 
example, a figure of 200 gallons per minute for one application has been 
quoted). In the absence of adequate cooling, charring rapidly occurs. 
Although grease is commonly employed, water alone is an effective 
lubricant. Pinchbeck (109) has suggested that the surface of a fabric-
reinforced polymer has a strong attraction for water and consequently 
holds a stable film on the bearing surface. The use of water cooling and 
lubrication introduces liability to rusting of the roll-necks, necessitating 
greasing or the use of dewatering oils on shut-down. 

Stern tubes are another application in which circumstances are favor
able to the use of laminated synthetic resin bearings (110). Since the 
load on stern-tube bearings is usually relatively light, rubber (111) has 
also been used successfully, especially against bronze or Monel metal 
shafts. 

From time to time, proposals for the use of laminated resin for 
engine bearings have been made. Gilbert and Lurenbaum (112) de
scribed engine tests on bearings consisting of a resin/fabric-wrapped 
journal operating against a steel liner. No major developments of this 
type appear to have taken place. 

The above-mentioned laminated materials use thermosetting resins, 
usually phenolics or epoxies. Thermoplastic materials generally have 
too low a compressive creep strength for use in heavily loaded bearings, 
but for lightly loaded bearings certain thermoplastics, notably the poly-
amide and polyacetal materials, can be used successfully. Although 
lubricants affect the coefficient of friction of plastics less than that of 
metals (113), they bring about a major improvement in wear and 
seizure resistance. For example, as will be seen later, nylon is a relatively 
poor dry bearing material, but with initial lubrication its performance is 
greatly improved (114). This fact is utilized in porous sintered-nylon 
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bearings, which are oil-impregnated in a manner similar to that for 
porous bronze (115). These are said to be suitable for service up to 
1000 rpm and 200 psi, or to 1000 psi at very low speeds. 

Another lubricant-impregnated plastic bearing is described by Mel-
lor (116). The nature of the constituents of this material are not dis
closed, but test results are presented indicating superior life to porous 
bronze at 21,700 TV. 

VIII. Comparative Assessment of Lubricated Materials 
Comparisons between the available materials can be only qualitative 

in character, in view of the absence of standard tests, and a correspond
ing lack of comparative data. Furthermore, different applications call 
for different combinations of properties. Such a general comparison of 
the most important materials has been attempted in Table VI. 

Notes to Table VI 
Fatigue strength. This is the resistance to cyclic loading of the ma

terial in the form of a bearing, and, since the absolute value obtained 
is very sensitive to test conditions, it is given as a factor relative to 
whitemetal. 

Journal wear and bearing wear. This is classified as low, moderate, 
or high and refers to wear with normal quantities of abrasive detritus 
in the lubricant. 

Oil corrosion resistance. This relates to sensitivity to attack by oxi
dized lubricants. It is classified as good, moderate, or poor. 

Seizure resistance. This refers to the ability to continue to run with
out seizure under conditions of temporary breakdown of lubricant supply 
and is classified as good, fair, moderate, or poor. 

Qualitative comments are based on a concensus of the literature and 
personal experience and are not referenced. Most of the quantitative data 
on fatigue strength are taken from the work of Duckworth and Walter 
(42). A question mark indicates some doubt as to figure or ranking. 

IX. Dry Bearings 
The subjects of dry bearings and solid lubricants tend to overlap. 

Graphite, for example, is both a dry bearing and a solid lubricant ma
terial. This is based on the distinction that solid lubricants are solids 
interposed between bearing surface to reduce friction and wear, whereas 
bearing materials can be fabricated into structural components that 
carry stresses as well as provide satisfactory sliding properties. Some
times solid lubricants are included in bearing materials as composites 
which also give an area of overlapping. Benzing in his chapter on solid 
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lubricants covers some aspects of the use of plastics, graphite, and other 
materials in bearings from the standpoint of solid lubricants; Shobert 
covers graphite generally in his chapter on carbon and graphite. Addi
tional treatment of this important area is desirable, however, from the 
bearings standpoint. 

A. T H E C A S E F O R D R Y B E A R I N G S 

The need for lubrication of sliding surfaces is so much taken for 
granted that it is often not recognized how severe are the design re
strictions imposed by this requirement. 

1. Provision of Lubrication 

A mechanical lubrication system is generally costly and cumbersome. 
It is still a necessity for high-load, high-speed applications, in order that 
frictional heat may be removed by oil circulation, but it is an expensive 
luxury for a great variety of light-duty and moderate-duty bearings. On 
the other hand, regular lubrication by oilcan or grease-gun is costly and 
unreliable and also necessitates making the bearing accessible. 

2. Sealing 

The use of a lubricant frequently necessitates sealing to keep the oil 
in and other material out. This sealing must be particularly effective if 
material being processed will be damaged by oil, as, for instance, tex
tiles, paper, and foodstuffs. Where nonlubricating liquids, such as water, 
detergents, and petrol, are being processed, adequate sealing may be 
almost impossible to achieve. 

3. Temperature 

At low temperatures ordinary lubricants become too viscous, and at 
high temperatures they decompose. The practical range of operation of 
normally lubricated bearings is thus in the region of — 5 0 to + 1 5 0 ° C , 
and there are considerable problems at both ends of this range. 

Apart from the design limitations imposed by lubricated bearings, 
there are also circumstances in which lubrication is ineffective through 
lack of sufficient relative movement to build up an oil film. Where loads 
are high and speeds are low, fluid lubrication breaks down, and rapid 
"fretting" wear can ensue. 

The first-mentioned of the above design restrictions can often be suc
cessfully overcome by the use of a porous oil-retaining bearing or some 
other bearing with a built-in oil reservoir—hence the widespread use of 
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porous metal bearings. The other restrictions and the problem of high 
loads combined with low speeds remain. 

Dry bearings, which operate without oil or grease, provide freedom 
from all these limitations. They operate with no maintenance whatever 
over a wide range of temperatures and in the presence of all kinds of 
liquids. They are themselves limited in the range of load/speed condi
tions which they will sustain and yet give adequate life, but a huge 
variety of bearing applications fall within this range. 

B. T Y P E S O F D R Y B E A R I N G S 

We have seen that the basic cause of wear and friction is adhesion 
between areas of real contact and that the function of oil or grease is to 
separate these surfaces, preferably by a relatively thick "fluid" film or, 
failing that, by a thin "boundary" film. In a dry bearing, the adhesion 
must be minimized by other means, and there are, broadly speaking, 
two approaches to this problem. 

The first approach is to use a so-called solid lubricant. Certain solids 
are markedly anisotropic, having much greater resistance to shear on 
certain crystal planes than on others, and they have the capacity to 
orient themselves parallel to the direction of sliding. Such solids, when 
placed between sliding surfaces, can thus support a considerable normal 
load, while minimizing resistance to sliding. These materials, of which 
graphite and molybdenum disulfide (MoS2) are by far the most im
portant, are the subject of Benzing's chapter on solid lubricants. Con
sideration here will be limited to a brief mention of materials utilizing 
solid lubricants, in relation to other dry bearing materials. One point of 
difference between graphite and MoS2 may be noted. It has been shown 
by Savage (117), and confirmed by Bowden and Young (118), that the 
low friction and wear of graphite are dependent on the formation of 
adsorbed films of gases or moisture on the cleavage planes. In high 
vacuum, graphite shows high friction and rapid wear. The behavior of 
MoS2, on the other hand, is not dependent on adsorbed films, so that it 
is an effective lubricant in vacuum. 

There are two principal types of dry bearings utilizing graphite— 
solid graphite (or carbon-graphite mixtures) and metal-graphite mix
tures. These will be considered in Section IX.D. The main use of MoS2 

for dry bearings is in the form of thin layers bonded onto metal surfaces 
(Section IX.E). 

The second approach to the provision of a dry bearing is to make use 
of materials that have inherently low adhesion to steel. Certain plastics 
meet this requirement more adequately than any other known materials. 
It may be open to question to describe plastics as low-adhesive materials, 
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for, as Rabinowicz and Shooter (119) have shown by experiments with 
radioactive metals, plastics can pluck traces of metal from a surface 
against which they have rubbed, indicating that strong bonds have 
formed locally. Nevertheless, it is general experience that plastics will 
slide against metal with much less tendency to scuffing and seizure than 
occurs with metals against metals. When new plastics are marketed, it is 
customary to attribute to them dry bearing qualities, generally with some 
justification. 

With reference to unfilled plastics, the thermoplastics generally pro
vide lower friction and greater wear resistance than the thermosetting 
resins. This is hardly surprising when it is remembered that thermosets 
are used as adhesives. The thermosets, however, are susceptible to 
greater improvement by the use of solid lubricants as fillers, and certain 
commercial dry bearings are based on the combination of thermosetting 
resin and solid lubricant (Section IX.F). 

The three thermoplastics of greatest practical interest for bearings are 
polyamide (nylon), polyacetal (Delrin or Celcon), and polytetrafluoro-
ethylene (Teflon or Fluon), 

Polyamide and polyacetal (Section IX.G) are both strong materials 
with moderately good intrinsic wear resistance, and both are used as dry 
bearings under very light load/speed conditions. They are of greater 
value when lightly lubricated. The addition of solid lubricants or other 
fillers does somewhat improve their wear and friction properties. 

Polytetrafluoroethylene, frequently designated as P.T.F.E., is the 
basis for a number of different materials, some of which have by far the 
most outstanding dry bearing qualities. It has the lowest dry friction 
coefficient of any known solid material. Shooter and Thomas (120) 
found a value of 0.04, although this value rises with continued sliding 
(121). This low friction was attributed by Hanford and Joyce (122) to 
the screening of the positive change on the earlier atoms by the com
paratively large fluorine atoms. When the fluorine atoms are progres
sively replaced by chlorine or hydrogen atoms, the friction coefficient 
rises (113). The intrinsic wear properties of pure P.T.F.E. are poor, 
since the same factor that leads to low friction leads to low cohesion 
between the molecule chains, giving low resistance to wear by abrasion 
or plowing. Remarkable wear properties can, however, be obtained by 
using certain fillers or by incorporating P.T.F.E. into a porous metal. 
A fibrous form of P.T.F.E. having wear properties superior to those of 
unoriented plastic is also used These different kinds of P.T.F.E. bearings 
are considered in Sections IX.H, IX.J, and IX.K. 

A comparative assessment of these and other dry bearing materials 
is presented in Section IX.L. 
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C. M E T H O D S O F A S S E S S M E N T O F D R Y B E A R I N G S 

1. Coefficient of Friction and "Stick-Slip" 
Much of the exploratory work on dry bearings has been carried out 

by measurement of the coefficient of friction. This technique is of great 
value in examining the mechanism of friction and wear and in identify
ing materials of potential interest. The friction coefficient is, however, of 
limited practical interest. The range observed with dry bearing materials 
is about 0.1 to 0.3, and variations within this range are not generally of 
supreme importance in practice. Furthermore, there is no general rela
tionship between friction and wear properties. Materials of similar fric
tion coefficient may differ in wear rate by a factor of 5000 or more. 
Accordingly, only slight emphasis will be laid here on coefficient of 
friction. 

One important aspect of friction coefficient, however, is the form of 
the friction/velocity curve, which determines whether "stick-slip" or 
smooth sliding will be encountered. Consider a sliding couple, one com
ponent of which is moving at constant velocity, the other component 
being constrained by a member having some elasticity—that is, a spring. 
If the static coefficient of friction is greater than the dynamic, the re
strained member will move forward with the moving member until the 
restraint of the spring system is sufficient to overcome the static coeffi
cient of friction. The restrained component then breaks away and 
develops a velocity relative to the moving member, and thus a lower 
friction. Sliding will then take place until the restraining force and the 
frictional force are once again in balance. The cycle is then repeated. 
Hence arises the well-known "stick-slip" behavior of sliding solids, which 
gives rise to squeaking and to vibration. The effect of resin on a violin 
bow is to induce just this type of frictional behavior and hence enables 
the bow to excite vibration of the string. Apart from the nuisance of 
noise, stick-slip movement of sliding surfaces can interfere with the 
operation of control mechanisms and can also give rise to product faults 
—for example, in textile machinery. On the other hand, if friction rises 
with increasing velocity, the system becomes stable, the restrained 
component taking up a fixed position. Thus, materials giving a rising 
friction/velocity characteristic are much to be preferred for dry bear
ings. Polytetrafluoroethylene bearings and certain materials using graph
ite and MoS2 are in this category. 

2. Wear 

All known combinations of materials give rise to some degree of 
wear when sliding together, and this wear will proceed until the bearing 
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surface is worn through or until clearance becomes intolerably great, 
thereby ending the useful life of the component. Thus the life of a dry 
bearing component normally depends on its wear behavior. In consider
ing a dry bearing, a designer wants to know, above all, how long it will 
last under given load/speed conditions, or, conversely, the maximum 
load/speed conditions compatible with an acceptable life. Wear be
havior is thus the most important property of a dry bearing material. 
Unfortunately, this simple fact appears to have been forgotten or ig
nored in much of the literature on dry bearings. Maximum load/speed 
conditions are frequently quoted with no indication of the wear rate 
that will result, or of the corresponding life of the bearing. In the ab
sence of such information, no useful comparisons can be made between 
different materials. 

In this section such information as is available on wear performance 
will be expressed in terms of the k value. This is derived in the following 
way: 

Archard ( 1 2 3 ) has shown that, on the basis of a simple wear theory, 

W = k{mvt) 

where W = volume worn, m — load, ν = sliding speed, and t = time. 
The value of k is thus a measure of the wear performance of a 

material, a low k value indicating a low wear rate for a given load and 
speed. There are, however, considerable departures from this simple 
wear equation. One reason for this is the effect of temperature. As mv 
rises, the frictional heat and hence the temperature of the specimen 
rises, and this rise in temperature affects the wear properties of different 
materials in different ways. Thus the k value of a material may be very 
dependent on load and speed. Nevertheless the k value is a useful basis 
of comparison for different materials, provided that they are tested over 
the same range of m and ϋ, and provided that this range is of the same 
order as that of the application envisaged. Where k values are quoted 
in this section, the units used are W, wear in cubic inches; m, load in 
pounds; t, time in hours; ϋ, speed in feet per minute. 

In the discussion of various materials, which follows, considerable 
use will be made of the results of tests made in the laboratories of the 
Glacier Metal Company. This is not because these test results are 
necessarily more reliable than those from other sources, but simply 
because these tests have given comparative data on a wide range of 
materials, whereas most other published information is confined to a 
narrow range of materials and frequently gives insufficient test data for 
comparison with other results to be made. Three types of machine have 
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been used, all of which have previously been described {124, 125), and 
these will be referred to by their code names. 

Zircon: A simple wear test machine, in which a flat specimen is 
pressed by a known load against a rotating mild steel cylinder. This 
machine has been used to compare the wear properties of a wide range 
of materials. For this purpose, standard test conditions were a 16-pound 
load, rubbing speed 106 fpm, and shaft maintained at room temperature 
by internal water-cooling. Wear was normally measured after 4, 16, and 
64 hours. The k values quoted later in Table X are based to a consider
able extent on results so obtained. 

Libra: The specimen is in the form of a bush, dead-loaded and 
running against a shaft, normally of mild steel. 

Triad: The specimen is a thrust washer, rotating against a flat steel 
plate and hydraulically loaded. 

In these three tests, rates of wear and temperature are measured at 
intervals throughout the test, which is continued either for a fixed time 
or until a standard degree of wear (usually 0.01 inch) has taken place. 
It has been found that for certain materials the linear wear rate (or life 
for a given wear) is dependent on the product of load ( ? ) and sliding 
speed ( V ) , corresponding to the volume wear rate equation referred to 
above. The factor PV, in pounds per square inch times feet per minute, 
is therefore used as a measure of severity of bearing conditions in dry 
bearings and, as already noted, in porous oil-containing bearings. 

It is useful to remember that a k value of 2 Χ 10~10 implies that in a 
flat thrust bearing operating at 5000 PV a material will wear 0.001 inch 
in 1000 hours. In a journal bearing with load constant in direction rela
tive to bearing, linear wear (clearance increase) will be locally some
what greater, being concentrated in the area of contact. 

All dry bearing materials will sustain higher PV values if a liquid 
is present in sufficient quantity to form a fluid film, and geometry and 
speed of movement favor this. This applies even if the liquid is one not 
generally regarded as a lubricant, such as water or petrol. 

In the following sections, reference will be made to tests using one 
or another of these test machines. In general the results given will have 
comparative value, but it must be remembered that all dry bearing 
materials are sensitive to such factors as shaft material and surface finish. 
In many cases, also, wear rate is not linearly related to PV, so change in 
PV may change the relative value of different materials. The values 
given should therefore be used only as an indication of the materials 
worth testing for particular applications, and not as a basis for design. 
More specific design information is in some cases available from the 
manufacturers of commercial products. 
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D . G R A P H I T E B E A R I N G S 

1. Solid Carbon-Graphite Bearings 

The major use of solid carbon materials for sliding surfaces is for 
brushes and other sliding electrical contacts; their combination of elec
trical conductivity and score resistance is unique. Considerable use is 
also made of these materials for load-carrying bearings, especially for 
high temperatures. Schubert (126) states that they will withstand 
370°C in air, or higher temperatures in neutral or reducing atmospheres. 
Plain carbon, graphite, and carbon-graphite mixtures are all used, and 
additions of metal, such as lead, whitemetal, and copper-lead, are some
times made. Graphite impregnated with resin is also used. Estimates of 
permissible PV values vary. Schubert quotes 15,000 PV as a maximum 
for dry applications. Lyddon and Hurden (127) quote maximum values 
of 100 psi and 200 fpm for plain carbon and state that 400 psi is per
missible at low speeds for metallized carbon. Wear figures under these 
conditions are not quoted. The author's tests have given k values on 
Zircon and Triad ranging from 3.0 χ 1 0 1 0 to 20 χ 1 0 1 0. With a value 
of 10 Χ 1 0 1 0, at 15,000 PV this would imply wear of 0.015 inch in 1000 
hours. Lyddon and Hurden emphasize the importance of good shaft 
finish and the use of a noncorrosible surface to avoid the formation of 
abrasive rust. A practical difficulty with carbon-base bushes arises from 
their low coefficient of expansion which can lead to loss of interference 
fit at elevated temperatures. This can be overcome by fitting into a 
heated housing, the subsequent contraction of which gives a high level 
of "crush." 

2. Metal-Graphite Combinations 

A simple type of dry bearing consists of a wrapped bronze bush 
(with or without a steel backing), the bore surface of which is in
dented, and the indentations filled with a graphite-resin mixture. This 
type of bush is used for locational rather than for load-carrying applica
tions, such as steering column bushes. Since the resin bond must be 
strong enough to hold the graphite in the indentations during forming, 
it will not readily release it during service, so the effectiveness of the 
graphite as a lubricant is very limited. 

Another approach, which is rather more successful, is to form an 
intimate mixture of graphite and metal, by powder-metallurgy tech
niques. These materials are discussed by Shaw and Knopp (128), who 
mention graphite mixtures with bronze, lead-bronze, brass, iron, and 
nickel, and record the properties of iron and bronze-base materials with 
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8 to 15% graphite. Unfortunately, their wear rate figures are given as 
weight loss percentages and cannot be compared with published data 
for other materials. Triad tests on these materials have yielded relatively 
high k values, from 50 Χ 10 - 1 0 for iron mixtures with high graphite con
tent to 1000 X 10~10 for low-graphite bronze mixtures. The graphited 
metals do, however, perform well under conditions of marginal lubrica
tion. Their main application is therefore where lubrication is erratic 
or minimal, rather than nonexistent. 

E. S U R F A C E F I L M S C O N T A I N I N G M O L Y B D E N U M D I S U L F I D E 

The need to avoid lubrication, especially in aircraft control and 
space vehicle applications, has led to extensive interest in solid lubricant 
coatings that can be applied to component surfaces. These are dealt with 
much more fully in Benzing's chapter on solid lubricants. Here they will 
be briefly considered in relation to other bearing materials. 

Barwell and Milne (129) found that the performance of MoS2 coat
ings on steel could be improved by treating the steel with phosphate. 

Godfrey and Bisson (130) examined the bonding of MoS2 to steel 
by application of powder and by means of resinous binders and found 
that in either case sliding resulted in preferred orientation of the lamina. 
Hart and Rubin (131) found that baked resin-bonded coatings gave 
wear performance superior to that given by coatings applied by spray
ing or dipping and air drying. Bisson et al. (132) give extensive in
formation on the performance of such coatings. They found that, in air, 
MoS2 tends to oxidize to Mo0 3 at a rate that depends on temperature, 
becoming appreciable at temperatures above about 400°C. Mo0 3 has no 
particular solid lubricant properties and is very brittle. Nevertheless, 
MoS2 can provide useful lubrication at temperatures up to 540°C. 
Crump (133) describes the treatment cycle for applying resin-MoS2 

films to various materials and shows that the wear life/film thickness 
curve possesses a maximum at a film thickness that depends on the type 
of treatment. 

Mitchell and Fulford (124) compared the performance of molyb
denum disulfide coatings bonded to plain steel, and also to phosphated 
steel, with various organic binders. They found the three most promising 
binders to be syrup, resorcinol-base resin, and polytetrafluoroethylene. 
In the latter case, the P.T.F.E. itself is probably contributing greatly to 
the wear resistance. Phosphating the steel to form a key for the coating 
was found to confer a major advantage. 

The wear rate of the best of these surface treatments is considerably 
lower than that of the metal-graphite mixtures. The results of Mitchell 
and Fulford imply k values of the order of 10 - 9 for the best treatments, 
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Their load capacity is limited only by the yield strength of the under
lying material. Their life is limited, however, by the fact that the film 
is thin, and the bond of these films is also liable to fail by scraping if 
the opposing surface has a sharp edge. 

F. T H E R M O S E T T I N G P L A S T I C S 

The value of fiber-reinforced thermosetting materials for lubricated 
bearings has already been referred to. For dry bearings, additions of 
graphite and molybdenum disulfide are made. The effect of molybdenum 
disulfide on wear of phenolic resins is shown by the results of Mitchell 
and Fulford (124) (Table VII). 

T A B L E V I I 

/c V A L U E S F O R P H E N O L I C R E S I N , F I L L E D W I T H MoS2
tt 

(30 psi, 310 fpm) 

Per cent M0S2 k value 

0 1000 (specimen disintegrated) 
5 13 

11 9 
20 8.6 
32 10.8 

a Reproduced by permission of the Institution of Mechanical Engineers (124). 
These figures suggest an optimum MoS2 content of 10 to 20%. 
Zircon tests on a commercial graphite-filled epoxy resin have given 

k values of about 75 Χ 10~10, but this will doubtless be dependent on 
the graphite content, which was, in this case, not known. 

G. P O L Y A M I D E A N D P O L Y A C E T A L 

The maximum permissible PV figure for dry nylon is variously 
quoted as 500 to 1000 (114) and 200 (134) for continuous operation, 
and 3000 (114) and 8000 (134) for intermittent operation. Different 
grades of nylon have somewhat different properties, which probably 
explains the range. These sources do not, however, indicate the rate of 
wear to be expected under these conditions. The authors tests on nylon 
indicate a k value of about 50 χ 10"10, implying that, at 1000 PV, 0.005 
inch of wear would be expected in 1000 hours. With initial lubrication, 
higher PV values are permissible. This limits nylon bearings to very 
light service conditions. Mitchell and Fulford (124) report that the 
addition of molybdenum disulfide reduces the wear rate by a factor 
of about 6, although mechanical strength is also reduced. Powers (135) 
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confirms this improvement and also points out that MoS2 reduces shrink
age on molding, giving better size control. 

H . F I L L E D P O L Y T E T R A F L U O R O E T H Y L E N E 

Ricklin and Miller (136) and also Mitchell and Pratt (137) have 
demonstrated that certain fillers confer a remarkable increase in the 
wear resistance of P.T.F.E. Table V I I I , taken from the work of Mitchell 
and Pratt, demonstrates this. 

T A B L E V I I I 
k VALUES FOR THE W E A R OF FILLED P . T . F . E . " MATERIALS

6 

k k 
m, gm m, lb 
ν, cm/s v, fpm 

Filler t, sec t, hours 
volume, w, cm

3 
w, in.

8 

Type of filler % X 1 0 ~
14 

X 10"
10 

P . T . F . E . « 100 140 710 
M 0 S 2 30 112 560 
M 0 S 2 40 89 450 
Iron 40 58 290 
Iron 30 44 220 
Lead 30 43 220 
Tin 30 41 210 
Stainless-steel fiber 30 21 110 
Copper 40 19 96 
Kieselguhr 40 18 91 
Glass fiber 30 14 71 
Glass powder 30 13 66 
Kieselguhr 30 8 . 0 40 
Bentonite 30 7 . 8 39 
Material R

c 

— 5 . 8 229 
Graphite 30 4 . 6 23 
Coarse b r o n z e

d ,e 
30 0 . 3 7 1 .9 

Bronze
 d 

50 0 . 3 4 1 .7 
Bronze fiber"* 30 0 . 3 2 1 .6 
Material DQ<*' — 0 . 3 0 1 . 5 
Lead-bronze

 d 
30 0 . 2 8 1 .4 

Bronze
 d 

40 0 . 2 0 1 .0 
Bronze

 d 
30 0 . 1 5 0 . 8 1 

Nylon 100 1 4 . 5 73 

0
 Polytetrafluoroethylene. 
6
 Reproduced by permission of the Institution of Mechanical Engineers {141). 
c
 An American proprietary-filled P . T . F . E . material containing glass fiber. 

d
 1000 h values. 
• - 1 0 0 + 150 B.S. sieve. 
' A proprietary filled P . T . F . E . material containing bronze. 
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It will be seen that, in general, the effect of metals is small, and less 
than that of ceramics, but bronze powder or fiber reduces the wear rate 
of P.T.F.E. by a factor of up to 700. Mitchell and Pratt also quote the 
results of Libra (bush) tests, showing, for example, that the bronze-
containing DQ material wears about 0.002 inch after 500 hours at a 
PV of 5,000. 

Hargreaves and Tantam (138) show that the effect of fillers on the 
wear resistance of P.T.F.E. is much smaller at temperatures of liquid 
nitrogen and liquid oxygen. This is because the wear resistance of pure 
P.T.F.E. is greatly improved at such temperatures, whereas that of 
filled materials is less affected. 

The commercially available materials of this type use, as fillers, 
ceramics, graphite, and bronze, or combinations of these. The bronze 
mixtures have the best wear properties, but ceramic and graphite fillers 
are more inert chemically. Since P.T.F.E. has great chemical resistance, 
graphite- or ceramic-filled P.T.F.E. can be used in practically any en
vironment, including organic solvents, strong acids, and strong alkalis. 
Materials of this type can be molded to shape and are thus useful for 
applications where steel-backed materials cannot conveniently be used. 

I. P O R O U S M E T A L I M P R E G N A T E D W I T H P O L Y T E T R A F L U O R O E T H Y L E N E 

All materials with a continuous phase of P.T.F.E. suffer from its 
poor mechanical and physical properties—low creep strength, high ex
pansion coefficient, and low thermal conductivity. In 1949, Tait (139, 
140) put forward a method of overcoming these defects, namely to in
corporate P.T.F.E. into a continuous metal matrix, as, for example, a 
porous sintered metal. This idea became the basis for the outstanding 
porous bronze-P.T.F.E. bearings now in widespread use. For reasons 
that have never been satisfactorily explained, tin-bronze proved to be by 
far the most suitable of the metals tried, although silver, iron, nickel, and 
stainless-steel combinations with P.T.F.E. have useful properties. The 
most widely used form of this material has a steel backing, which allows 
bushes, half-bearings, thrust washers, hemispheres, etc., to be manu
factured by the same press techniques as are used for conventional steel-
backed bearing materials. This material is made by sintering spherical 
bronze powder onto steel (previously copper-plated), then impregnating 
the porous bronze layer with P.T.F.E., leaving a thin P.T.F.E. layer 
(0.0005 to 0.001 inch) on the surface. The percentage of P.T.F.E. with
in the bronze layer is of the order of 30%. The performance of this 
material is described in some detail by Mitchell (141). Mitchell shows 
that, in operation, some of the P.T.F.E. surface layer is transferred to the 
mating surface, so that sliding takes place between two thin layers of 
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P.T.F.E., which accounts for the very low wear rate of this material. 
It is probable that the same transfer mechanism occurs to some extent 
in all P.T.F.E.-base dry bearings. 

It was later demonstrated by Mitchell and Starkey (142) that the 
performance of this type of material can be greatly improved by the 
addition of fine lead powder to the P.T.F.E. used to impregnate and 
coat the porous bronze. It is believed that the function of the lead is to 
assist in some way the bonding of P.T.F.E. to the mating surface. The 
effect of lead is to improve the performance by a factor of at least 3. 
The resulting material is known commercially as DU. Extensive design 
information is available concerning this material, which is summarized in 
Table IX. 

TABLE I X 
M A X I M U M PV O F D U A B U S H E S F O R 1000 H O U R S O F L I F E — C O N T I N U O U S O P E R A T I O N 6 

(Based on Libra Tests) 

Conditions Maximum sustained PV 

Mild steel shaft, unidirectional load, ambient 20°C 16,000 
Mild steel shaft, rotating load, ambient 20°C 30,000 
Stainless-steel or chromium-plated shaft, unidirectional load, 30,000 

ambient 20°C 
30,000 

Hard-anodized aluminum—alloy shaft, unidirectional load, 30,000 
ambient 20 °C 

30,000 

A D U is a trade name for a porous bronze bearing structure, impregnated with poly-
tetrafluoroethylene (P.T.F.E.) to which fine lead powder has been added. 

6 Based on Libra tests. Values given as pounds per square inch times feet per minute. 

The effect of some other factors is as follows: 
Surface finish of mating materials. Performance is impaired if the 

roughness of the steel shaft or other mating material is rougher than 16 
microinches (center-line average); with surfaces smoother than 16 
microinches, the effect is small. 

Ambient temperature. The material can be used at ambient temper
atures of —200° to +280°C. At temperatures above 120°C, performance 
is reduced to an extent depending on a number of design factors. 

Liquids. Liquids allow higher PV conditions, to the extent that they 
provide fluid lubrication and cooling. Small quantities of oil and grease 
have little effect, except that at high PV values, such as 40,000, they may 
carbonize and block the clearance space. 

Variations in PV. The above figures assume that the stated PV level 
is maintained throughout the life. If PV fluctuates below the maximum 
figure, life is correspondingly increased. 
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Load. Static loads up to 2 0 , 0 0 0 psi can be sustained if movement is 
slight, but with an alternating or fluctuating load fatigue failure may 
occur at loads above 4 0 0 0 psi, and even at loads above 2 0 0 0 psi, if the 
temperature approaches the limit of 2 8 0 ° C . 

Since DU is not a homogeneous material, its wear behavior differs 
from that of solid materials, such as filled P.T.F.E. There is an initial 
wear of about 0 . 0 0 0 5 inch, during which the layer is built up on the 
mating surface. After that, very slow wear occurs up to a total of about 
0 . 0 0 2 inch, when the useful life is ended. 

It is not strictly correct to quote a k value for DU, since life and PV 
are not linearly related. Life increases disproportionately as PV is 
reduced. For purpose of comparison with other materials, a k value 
between 0 . 2 5 and 1 .0 χ 1 0 ~ 1 0 gives a reasonable indication. 

The friction coefficient, in common with that of other P.T.F.E. 
bearings, varies from about 0 . 0 5 to about 0 .2 , falling with increasing 
load. 

J . O T H E R F O R M S O F P O L Y T E T R A F L U O R O E T H Y L E N E B E A R I N G S 

The strength and wear properties of pure P.T.F.E. can be improved 
by drawing it into a fiber, and a number of dry bearing materials use 
P.T.F.E. fiber, sometimes interwoven with metal or with synthetic or 
natural fibers. The interwoven fiber is sometimes impregnated with 
thermosetting resins, which may also be used to bond it to a steel back
ing. The performance of one such material, as bushes and as hemi
spherical seatings, is described by Craig (143). The k values for bushes, 
deduced from Craig's results, are rather surprisingly high (about 2 8 0 to 
9 2 0 0 X 1 0 '

1 0
) , but results on hemispherical seatings gave better figures. 

Zircon tests have given figures of the order of 1 5 χ 1 0 ~
1 0

. The low 
thermal conductivity of this material probably results in a dispropor
tionate increase of wear rate with increase of load and speed, and this 
may account for the disparity of results. Harmon (144) states that the 
P.T.F.E. fabric materials are limited to sliding velocities below 5 0 
fpm, owing to poor heat dissipation. 

Another way of using P.T.F.E. is to impregnate wire gauze with 
P.T.F.E., usually with other constituents. This provides mechanical 
strength and also enables the material to be bonded to a steel backing. 
The performance depends on the nature of the fillers. A Zircon k value 
of about 5 has been found for one such material. 

In addition to materials incorporating P.T.F.E., coatings of this 
plastic are effective in preventing sticking in valves, hinges, and similar 
applications. Methods of applying such coatings, and their behavior in 
naval applications, are reported by FitzSimmons and Zisman (145). 
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Such coatings normally require "curing" at a temperature above the 
transition temperature of P.T.F.E. (327°C), but if the underlying 
material will be damaged by this it is possible to bond the P.T.F.E. with 
a resin that cures at a lower temperature ( 1 4 6 ) . 

The author has attempted to cover all the principal commercial 
materials using P.T.F.E., but new ways of utilizing this remarkable 
material are regularly being reported. When more is known about its 
mode of operation, other major possibilities may emerge. 

K . CHOOSING AND USING DRY BEARINGS 

The use of dry bearings is increasing rapidly, as the much greater 
freedom of design which they confer is appreciated. A fund of oper
ating experience is thus being quickly built up. Current applications 
are much too numerous to list here; particularly extensive use is being 
made in the textile machinery, domestic machinery, and automotive 
industries. In the latter field, applications of interest are steering and 
suspension assemblies, pedal bushes, gear shift linkages, and transmis
sion applications; this development appears to be gaining ground more 
rapidly in Europe than in the United States. For example, the well-
known Volkswagen vehicle now makes extensive use of DU dry bearings. 

In considering a new application, first consideration should be given 
to load/speed/life relationships. An estimate should be made of the 
load and sliding speed involved, the degree of wear that can be 
tolerated, and the life required. From this, and from a knowledge of the 
wear properties of materials, it is possible to discover which, if any, of 
the available materials are likely to be successful. Unfortunately, as 
already noted, much of the published information gives no data on wear 
rates and is therefore inadequate for this preliminary assessment of 
material potentialities. In the author's laboratory, tests have been car
ried out on a wide range of materials; results are summarized in the 
form of k values in Table X. 

These values are based mainly on Zircon tests under standard con
ditions (see Section IX. C. 2) , but many of these have been checked 
by Libra bush and Triad thrust bearing tests, carried out at PV values 
ranging from 1000 to 50,000 psi X fpm. 

Results obtained by O'Rourke et al. (147) are also included in this 
table. Since there are frequently considerable departures from the simple 
wear equation 

S = k(mvt) 
k values should be used only for purposes of preliminary assessment, and 
more detailed information should be sought from the manufacturers of 
materials being considered. 
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T A B L E X 
S U M M A R Y O F k ( W E A R R A T E ) V A L U E S " F O R D R Y B E A R I N G M A T E R I A L S 

Material k, IO"
10 

Notes 

Carbon-graphite 3 - 2 0
b 

Can be used up to 370°C, or higher in 
(bearing grades) reducing or neutral atmospheres; good 

chemical resistance. 
Bronze-graphite 5 0 - 1 0 0 0

6 
Withstands elevated temperatures 

Bonded MoS 2 films 1 0 - 1 0 0 0 +
b 

At low speeds will carry loads up to yield 
point of backing; liable to failure by 
scraping 

MoS2-filled phenolic 10
b 

Graphite-filled epoxy 7 5
& 

Nylon 50*) Limited to low PV applications (1000 maxi
Glass-filled nylon 7 0 - 8 0

b
> mum) and moderate temperatures gen

Delrin 10 -80* ) erally below 50°C 
Pure P . T . F . E . 700

& 

10-20M> 
P . T . F . E . , bronze-filled 3 . 6

C 

1 . 7
b 

k rises rapidly with increasing temperature 
P . T . F . E . , bronze- and 1 . 5

& 
Increases to 10 with velocity about 100 fpm 

graphite-filled 
Increases to 10 with velocity about 100 fpm 

P . T . F . E . , graphite-filled 1 0 - 6 0
& 

1 0 - 2 0
c 

Chemically inert 

P . T . F . E . , glass fiber- 2 0 - 4 0
c 

filled 5 - 4 0 0
6 

Wear rises rapidly with loads above 100 psi 
P.T.F.E.-impregnated 3 - 6

c 
Wear rises rapidly with loads above 100 psi 

bronze fabric 
P.T.F.E.-impregnated 1 5 - 3 0

c 
Chemically inert 

graphic fabric 
P.T.F.E.-impregnated 2 0 - 4 0

c 

glass fabric 
P . T . F . E . fiber 1 5 - 2 5

c 
Withstands high unit loads, e.g., 50,000 

15
& 

psi; reported to be limited to velocities 
below 50 fpm, owing to low thermal 
conductivity 

P.T.F.E.-impregnated 3 
bronze 

P . T . F . E . plus lead- 0 . 7 PV for 1000 hours of life: 16,000 on mild 
impregnated bronze steel, 30,000 on stainless steel; withstands 
(steel-backed) (DU) loads up to 20,000 psi static, 4000 psi 

dynamic; temperatures —200 to + 2 8 0 ° C 
a
 k = wear rate in in.

3
/hour/lb of load/fpm of velocity. 

b
 Author's laboratory values. 

c
 O'Rourke et al. (147). 
Note: These are figures for unlubricated bearings. Practically all materials are mark

edly improved by initial lubrication. 
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As a cross-check on these figures, the information given by Simpson 
(148) is reproduced in Table XI. Simpson carried out bush tests in 
which the load was increased at 100-hour intervals, according to a geo
metric progression, until failure occurred. Simpsons material Η is the 
same as the material referred to as DU in Table X. 

Once it has been established that the load/speed/life conditions are 
within the range of one or more materials, consideration should next be 
given to the capacity of the material to carry the load without distortion 
or breakdown. The solid plastic materials generally have quite low load 
limits, especially when the temperature of operation, increased by fric-
tional heating is taken into account. Maximum load figures are generally 
available from manufacturers. For loads above about 2000 psi, the steel-
backed P.T.F.E. or P.T.F.E. fiber materials are much to be preferred. 

Consideration must also be given to means of holding bearings in 
position. Bushes are normally retained by "crush"—that is, by making 
the outside diameter of the bush, in the free state, larger than the inside 
diameter of the housing. It must be remembered, however, that plastics 
have a coefficient of expansion greater than that of metals, so "crush" 
increases as the temperature is raised. This may cause the bush to yield 
and hence to become loose when temperature falls again. The expansion 
of the plastic also reduces running clearance, which must be allowed 
for in determining initial clearance. Attention should therefore be given 
to manufacturers' recommendations on fits and clearances. Here, too, 
steel-backed materials have a major advantage, since their fit and clear
ance is not significantly affected by temperature. 

Environmental conditions must next be considered—the ability of 
the various materials to withstand operating temperatures, and chemical 
attack by any media present. Most of the dry bearing materials are 
resistant to chemical attack, but certain plastics are inclined to swell in 
the presence of organic liquids, including solvents and lubricants. 
P.T.F.E. is inert to almost all media likely to be encountered, and used 
in combination with other inert materials it provides a bearing that will 
resist almost any form of chemical attack. For ambient temperatures 
considerably above normal (about 70°C and upward), the carbon-graph
ite and P.T.F.E.-based materials are the most suitable. P.T.F.E. is chemi
cally stable at temperatures up to at least 350° C, but it becomes increas
ingly soft. The strength of steel-backed P.T.F.E.-bronze material is 
practically unaffected by temperature up to about 300°C. 

In addition to the bearing, the shaft or other mating surface must be 
resistant to the environment. In the absence of any oil or grease, mild 
steel may be insufficiently rust-resistant for outdoor applications. Stain
less steel is ideal, but expensive. Suitable treatments for mild steel in-
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elude chrome-plating and phosphating. Hard-anodized aluminum has 
been found to give excellent results against DU. Where there is no 
objection to grease being present, greasing a mild steel assembly may 
give sufficient protection for its normal life. 

In assessing the cost of assemblies using dry bearings, potential sav
ings through the elimination of grease nipples, oil grooves, seals, etc., 
must be taken into account. These may well outweigh any additional cost 
of the bearing itself. 

ν X. Conclusion 
It is regretted that much of the material in this chapter is qualitative 

and inadequate for design purposes. To some extent this vagueness 
springs from the complexity of the conditions surrounding the operation 
of a bearing. To some extent also it is due to unnecessary vagueness of 
some source material. Far too often, comparisons between materials 
have been based on unrealistic tests under conditions far removed from 
those of practice. Too often, also, original publications fail to give es
sential data, such as wear rates, that would enable comparison to be 
made with other published data. The author renews a plea already 
made (149) that bearing tests should be made under realistic conditions, 
and that adequate test information be reported. It is also strongly recom
mended that tests on new materials should be paralleled by tests on es
tablished materials, made under identical conditions, so that a fair as
sessment of the worth of the new material may be obtained. 

A C K N O W L E D G M E N T S 

Some of the information in this chapter is derived from hitherto unpublished 
work carried out in the laboratories of the Glacier Metal Company. I am indebted 
to the Directors of that Company for permission to publish these data, and also the 
photomicrographs contained in this chapter. I also wish to express thanks to my 
colleague, Mr. G. C. Pratt, from whose work much of the data on dry bearing 
materials is taken. 

R E F E R E N C E S 

1. L. Carroll (C. L. Dodgson), "The Hunting of the Snark." Macmillan, London, 
1876. 

2. R. Kühnel, "Werkstoffe für Gleitlager," 2nd ed. Springer, Berlin, Göttingen, 
Heidelberg, 1952. 

3. S. A. McKee and T. R. McKee, Trans. ASME 59, 721-724 (1937) . 
4. P. G. Forrester, Proc. Roy. Soc. A 1 8 7 , 439-463 (1946) . 
5. P. G. Forrester, / . Inst. Metals 7 2 , 573-589 (1946) . 
6. H. G. Rylander and Μ. M. Wright, ASME Paper 54-F-ll, (1955) . 
7. F. T. Barwell, "Friction and Its Measurement." Metallurgical Reviews, Institute 

of Metals, London, 1959. 
8. A. W. Crook, Wear 2 , 364-393 (1959) . 



238 P. G. FORRESTER 

9. F. P. Bowden and D. Tabor, "The Friction and Lubrication of Solids." Claren
don Press, Oxford, 1950. 

10. Proc. Conf. Lubrication Wear, London, 1957. 
11. A. E. Roach, C. L. Goodzeit, and R. P. Hunnicutt, Trans. ASME 78, 1659-1666 

(1956) . 
12. C. L. Goodzeit, R. P. Hunnicutt, and A. E. Roach, Trans. ASME 78, 1669-

1674 (1956) . 
13. G. I. Finch, Proc. Phys. Soc. (London) B63, 465-483 (1950) . 
14. E. D. Tingle, Trans. Faraday Soc. 46, 93-102 (1950) . 
15. M. Kerridge, Proc. Phys. Soc. (London) A68, 400-407 (1955) . 
16. J . F. Archard and W. Hirst, Proc. Roy. Soc. A236, 397-410 (1956) . 
17. W. Lewicki, Am. Soc. Lubrication Engrs. Preprint 57AM3C-3 (1957) . 
18. B. Lunn, Trans. Danish Acad. Tech. Set. No. 2, 1-144 (1952) . 
19. B. Lunn, Wear 1, 25-31 (1957) . 
20. A. E. Roach, Trans. ASME 73, 677-686 (1951) . 
21. D. W. C. Baker and E. D. Brailey, Proc. Conf. Lubrication Wear, London, 

1957 pp. 720-734 (1957) . 
22. D. J . Macnaughton, / . Inst. Metals 55, 33-47 (1934) . 
23. W. Boas and R. W. K. Honeycombe, / . Inst. Metals 73, 433-444 (1947) . 
24. Anon., Automobile Engr. (London) 50, 24-26 (1960) . 
25. G. W. Waters and H. D. Burnham, Ind. Eng. Chem. 36, 263-271 (1944) . 
26. Η. H. Zuidema, "Performance of Lubricating Oils." Reinhold, New York, 1959. 
27. W. B. Hardy and I. Doubleday, Proc. Roy. Soc. A100, 550 (1922); 101, 487 

(1923); 104, 25 (1926) . 
28. E. R. Booser, Ε. Η. Scott, and D. T. Wilcock, Proc. Conf. Lubrication Wear, 

London, 1957 pp. 366-370 (1957) . 
29. H. Ludicke, Inst. Automobile Eng. (London) Tech. Publ. 11 (1941) . 
30. Ε. T. Johnson, "Symposium on Testing of Bearings/' pp. 2-18. American 

Society for Testing and Materials, Philadelphia, 1947. 
31. P. P. Love, P. G. Forrester, and A. E. Burke, Proc. Inst. Mech. Engrs. (Lon

don), Automobile Div. % 29-35 (1953-1954) . 
32. Anon., Automobile Engr. (London) 45, 366-370 (1955) . 
33. E. D. Brailey and W. J. Donnelly, Communications Electronics 3, 16-21 

(1956) . 
34. O. Holfeder, Engineer (London) pp. 504-509, (Sept. 23, 1960). 
35. E. A. Blount, Proc. Inst. Mech. Engrs. (London) 175, 513-527 (1961) . 
36. P. G. Forrester and W. E. Duckworth, Lubrication Eng. 13, pp. 38-42 (1957) . 
37. L. C. Brunstrum and W. E. Hayne, NLGI Spokesman pp. 394-400 (January, 

1960). 
38. R. J. Ruppe, NLGI Spokesman pp. 424-437 (February, 1960). 
39. L, T. Greenfield and P. G. Forrester, "The Properties of Tin Alloys." Tin 

Research Institute, London, 1947. 
40. "Metals Handbook," p. 846. American Society for Metals, Novelty, Ohio, 1961. 
41. P. G. Forrester, L. T. Greenfield, and R. Duckett, Metallurgia 36, 113-117 

(1947) . 
42. W. E. Duckworth and G. H. Walter, Proc. Intern. Conf. Fatigue Metals pp. 

585-592 (1956) . 
43. D. Tabor, The Frictional Properties of Lead-Base and Tin-Base Bearing 

Alloys. Commonwealth of Australia, Commonwealth Scientific and Industrial 
Research Bulletin No. 212, Melbourne 1947. 



MATERIALS FOR PLAIN BEARINGS 239 

44. Η. Κ. Herschmann and J . C. Basil, / . Res. Natl. Bur. Stand. 10, 1-5 (1933) . 
45. R. Τ. Rolfe, Metal Ind. (London) 46, 691 (1935); 47, 33, 59, 85, 109, 135 

(1935) . 
46. J . N. Kenyon, ASTM Proc. 33, 430-444 (1933) . 
47. R. A. Schaefer, "Sleeve Bearing Materials," pp. 189-196. American Society for 

Metals, Cleveland, Ohio, 1949. 
48. A. E. Roach and L. G. Johnson, Am. Soc. Lubrication Engrs. Preprint (1952) . 
49. V. Fisher, Metal Progr. 33, 587-595 (1938) . 
50. M. Melhuish, Proc. Inst. Automobile Eng. (London) 35, 1-12 (1940 /41) . 
51. J . B. Möhler, Foundry pp. 102-105 (December, 1954). 
52. M. Melhuish, Proc. Inst. Automobile Eng. (London) 30, 431-443 (1936) . 
53. J . C. Prytherch, / . Inst. Metals 68, 230^-253 (1942) . 
54. R. A. Cresswell, / . Iron Steel Inst. (London) 152, 157-169 (1945) . 
55. C. J . Thwaites, Metallurgia 56, 263 (1949) . 
56. P. H. Dawson and F. Fidler, ΑΕΙ Eng. 2, 54-62 (1962) . 
57. A. W. J. De Gee and J. H. Zaat, Wear 5, 257-278 (1962) . 
58. F. P. Bowden and D. Tabor, / . Appl. Phys. 14, 141-153 (1943) . 
59. J . S. Smart and A. A. Smith, Iron Age 162, No. 9, 72-80 (1948) . 
60. E. C. Ellwood, Metal Bull. 4068, 15 (1956) . 
61. British Patent 428,586. 
62. P. D. Liddiard and P. G. Forrester, Foundry Trade J. 92, 509-516 (1952) . 
63. British Patent 543,383. 
64. W. E. Duckworth, "Symposium on Powder Metallurgy," pp. 213-218. Iron 

and Steel Institute, London, 1956. 
65. P. G. Forrester and W. E. Duckworth, "Symposium on Powder Metallurgy," 

pp. 219-221. Iron and Steel Institute, London, 1956. 
66. P. G. Forrester and J. K. Beddow, Powder Met. 5, 149-155 (1960) . 
67. U.S. Patent 2,459,172. 
68. U.S. Patent 2,635,020. 
69. R. A. Schaefer, Iron Age 159, No. 15, 60-63 (1947) . 
70. P. G. Forrester, Trans. Inst. Metal Finishing 38, 52-58 (1961) . 
71. A. H. Du Rose and D. M. Hutchinson, Phting p. 470 (May, 1953); p. 629 

(June, 1953). 
72. J . B. Möhler, Metal Ind. (London) 83, p. 219 (1953) . 
73. British Patent 627,294. 
74. U.S. Patent 2,761,831. 
75. U.S. Patent 2,739,117. 
76. J . A. Lignian, Prod. Eng. 17, 335-339 (1946) . 
77. V. T. Morgan and A. Cameron, Proc. Conf. Lubrication Wear, London, 1957 

pp. 151-157 (1957) . 
78. J . R. Whitehead, Proc. Roy. Soc. A201, 109-116 (1950) . 
79. Η. Y. Hunsicker, "Sleeve Bearing Materials,,, pp. 82-117. American Society 

for Metals, Cleveland, Ohio, 1949. 
80. L. W. Kempf and F. Jardine, Automotive Ind. 81, 427-440 (1937) . 
81. Ε. W. Hives and F. L. Smith, / . Soc. Automotive Engrs. 46, 106-117 (1940) . 
82. D. B. Wood, Automotive Aviation Ind. pp. 26-30, 74, 76, 78 (January, 1946). 
83. R. S. Frank and W. J. Lux, / . Soc. Automotive Engrs. 64, 655-664 (1956) . 
84. Η. K. Hardy, E. A. G. Liddiard, J. Y. Higgs, and J . W. Cuthbertson, Metal 

Progr. 60, No. 4, 97 (1951) . 
85. P. G. Forrester, M. J. Neale, and A. D. Newman, Proc. Inst. Mech. Engrs. 

(London) 175, 537-546 (1961) . 



240 P. G. FORRESTER 

86. U.S. Patent 2,586,100. 
87. R. Weber, Z. Metallk. 39, 240-247 (1948) . 
88. A. Buske and F. W. Rabenau, Aluminium 31, 493-498 (1955) . 
89. J . B. Möhler, Diesel Power Diesel Transportation 31, 38-41 (1953) . 
90. British Patent 708,107. 
91. J . B. Möhler, Iron Age 174, No. 10, 106-107 (1954) . 
92. E. C. Ellwood, Tin Its Uses 32, 8-19 (1955) . 
93. P. W. Goad, Tin Its Uses 36, 9-10 (1956) . 
94. British Patent 690,908. 
95. K. van Göler and G. Sachs, Metallges. Periodic Rev. 10-14 (May 3-10, 1935). 
96. R. Weber, Z. Metallk. 32, pp. 384-389 (1940) . 
97. S. Schmidt and R. Weber, Metal Ind. (London) 58, 362-365 (1941) (trans

lation). 
98. K. Zemsauer, Schmiertechnik 2, 11-16 (1955) . 
99. R. W. Dayton and H. W. Gillette, Metals Alloys 10, 306-310, 324 (1939) . 

100. R. A. Watson, / . Soc. Automotive Engrs. 54, 30 (1946) . 
101. V. A. Mullin, Metal Ind. (London) 65, 394-395 (1944) . 
102. J . J . Laudig, Railway Age pp. 65-69 (March, 1953). 
103. British Patent 711,373. 
104. Ya Alshits, Ε. V. Antoshin, L. N. Sushkina, and A. M. Edelson, Russ. Eng. J. 

3, (1960) (translation). 
105. L. E. Caldwell and J. Boyd, Mech. Eng. 70, 601 (1948) . 
106. F. W. Jones, / . Iron Steel Inst. (London) 155, 602-606 (1947) . 
107. J . Delmonte, "Plastics in Engineering." Penton Publishing Co. Cleveland, 

Ohio, 1949. 
108. L. R. Underwood, "Roll Neck Bearings." Iron and Steel Industrial Council, 

London, 1943. 
109. P. H. Pinchbeck, Wear 5 , 86-113 (1962) . 
110. Anon., Rubber Plastics Age p. 677 (October, 1956). 
111. A. Bednor, Mech. Eng. 70, 599 (1948) . 
112. E. Gilbert and K. Lurenbaum, VDI Z. 86, 139 (1942) (seen in translation). 
113. R. C. Bowers, V. C. Clinton, and W. A. Zisman, Modern Plastics 31, No. 6, 

131-144, 220 (1954) . 
114. A. J . Cheney, W. P. Heppoldt, and K. G. Swayne, Mater. Methods pp. 101-

103 (March, 1956). 
115. K. G. Harms, Prod. Eng. pp. 150-153 (November, 1954). 
116. H. C. Mellor, Prod. Eng. pp. 58-60 (May, 1959). 
117. R. H. Savage, / . Appl. Phys. 19, 1-9 (1948) . 
118. F. P. Bowden and J. E. Young, Proc. Roy. Soc. A208, 444-455 (1951) . 
129. E. Rabinowicz and Κ. V. Shooter, Proc. Phys. Soc. (London), 65, 671-673 

(1952) . 
120. Κ. V. Shooter and P. H. Thomas, Research 2, 533-535 (1949) . 
121. E. King and E. D. Tingle, Brit. J. Appl. Phys. 9, 17-25 (1958) . 
122. W. E. Hanford and R. M. Joyce, / . Am. Chem. Soc. 68, 2082 (1946) . 
123. J. F. Archard, / . Appl. Phys. 24, 981-992 (1953) , 
124. D. C, Mitchell and Β. B. Fulford, Proc. Conf. Lubrication Wear, London, 1957 

pp. 376-383 (1957) . 
125. D. C. Mitchell and A. E. Burke, Engrs. Digest (London) pp. 53-58 (Feb

ruary, 1955). 
126. J. C. Schubert, Machine Design pp. 130-135 (July, 1954). 



MATERIALS FOR PLAIN BEARINGS 241 

127. P. E. Lyddon and R. H. Hurden, Proc. Ind. Carbon Graphite Conf. London, 
1957. pp. 579-584. 

128. J . D. Shaw and W. V. Knopp, Prod. Eng. 2 8 , pp. 203-205 (1957) . 
129. F. T. Barwell and A. A. Milne, Sei. Lubrication (London) 3 , No. 9, 10-14 

(1951) . 
130. D. Godfrey and Ε. E. Bisson, National Advisory Committee on Aeronautics 

Technical Note 2628 (1952) . 
131. W . C. Hart and B. Rubin, Evaluation of Dry Film Lubricant Coatings. U.S. 

Department of Commerce, Office of Technical Services, 1954. 
132. Ε. E. Bisson, R. C. Johnson, M. A. Swikert, and D. Godfrey, National Ad

visory Committee on Aeronautics Technical Note 3444, (1955) . 
133. R. E. Crump, Prod. Eng. 2 7 , pp. 200-205 (1956) . 
134. D. L. Penney and F. J . Bockhoff, Prod. Eng. 2 9 , 52-54 (1958) . 
135. Τ. E. Powers, Modern Plastics pp. 148-154 (June, 1960). 
136. S. Ricklin and R. R. Miller, Mater. Methods 40, No. 4, 112-114 (1954) . 
137. D. C. Mitchell and G. Pratt, Proc. Conf. Lubrication Wear, London, 1957 

pp. 416-423 (1957) . 
138. R. Hargreaves and D. H. Tantam, Proc. Inst. Mech. Engrs. (London) 1 7 5 , 

941-954 (1961) . 
239. British Patent 657,080. 
140. British Patent 657,085. 
141. D. C. Mitchell, Prod. Conf. Lubrication Wear, London, 1957 pp. 396-404 

(1957) . 
142. D. C. Mitchell and D. A. Starkey, Engrs. Digest (London) 1 9 , No. 4, 3-7 

(1958) . 
143. W . D. Craig, Jr., Lubrication Eng. 1 8 , 174-182 (1962) . 
144. R. E. Harmon, Soc. Automotive Eng. J. 6 8 , 147-151 (1960) . 
145. V. G. FitzSimmons and W . A. Zisman, Naval Research Laboratory Report 

4753 (1956) . 
146. E. R. Braithwaite, Engineering p. 214 (February, 1960). 
147. J . T. O'Rourke, R. B. Lewiss, and W . D. Lewiss, ASME Paper 61-WA-334 

(1962) . 
148. F. F. Simpson, Proc. Inst. Mech. Engrs. (London) 1 7 5 , 528-536 (1961) . 
149. P. G. Forrester, Met. Rev. 5 , 507-549 (1960) . 




