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PLASTICS AND RUBBERS IN MACHINE DESIGN 

By G. Salomon* 

The principal marerials used are briefiy discussed. A gene.ral approach becomes possible through a description 
of their 'mechanical spcctrun1'. Friction of polymers depends mainly on their viscoelastic response. Wear of 
plastics is al~o closely related to their ultimate properties, but that of conventional rubbers is complicated by 
the superp<>sition of chemical changes. Polymers and compounded materials can corrode and abrad~ even 
hard metals. The designer of bearings has still to rely on qualitative information; recent work on matenals for 

gears, however, has yielded useful design data. 
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INTRODUCTION 

'IN THE STRICT SENSE of the term there are very few 
"novel" bearing materials' (1)t. This statement, taken 
from the 1957 Conference, must be repeated and even 
extended t~ organic materials for gears, seals, belts and 
wheels. There is, however, a need for better communica­
:ion on two levels: first, between the suppliers of raw 

recognized as limitations in design. Sorption of lubricants 
excludes the use of several of the newer plastics and rubbers. 

Plastics 

· materials and the manufacturers of machine parts; 
secondly between the latter and the designer. Most raw 
materials are not specifically made for the manufacture of 
bearings and gears. Some of the major suppliers have 
recently commenced large-scale research to assist both 
the designer and the manufacturer of machine parts with 
more than superficial data sheets. 

The classical thermosetting bearing materials are phenol­
formaldehyde and melamine-formaldehyde, fibre and 
fabric reinforced, resins. Newer products with polyester 
resins as a binder are on the market and the potentialities 
of the higher priced epoxy-resins are being studied in 
many laboratories. Three types of nylons (the chemical 
name polyamides is preferred on the. Continent) are 
available: nylon 6.6, nylon 6 and nylon 6.10; they differ 
in modulus, melting point and processing characteristics. 
Nylon 6.10 is used only to a limited extent. Competitive 
materials of the same prototype contain different additives, 
which influence crystallization, light aging and thermal 
stability; they can also contain mould release agents and 
other processing aids. 

Ti.JO 
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Raw materials are compounded and cured to proprietary 
compositions and mostly tested on proprietary. ~achines 
with fancy names. Only a small number of fncuon and 
wear studies on well-defined materials and tested under 
sound physical conditions have been published. This 
literature (Appendix 24. l) combined with suppliers' 
information (Appendix 24.2) forms the basis of this 
paper. 

MATERIALS 

Volume cost of most organic engineering materials is 
lower than that of non-ferrous metals or of stainless steel., 
Mass production is also frequently cheaper with polymers. 
Their low thermal conductivity, high coefficient of expan­
sion and their moderate thermal stability are easily 

The MS. of this paper was received at the lnstitutio11 on 6th March 
1967. 

* Central Laboratory TNO, Delft, 1'1ze Netherlands. 
t References are gkim in Appendix 24.J. 

Polyacetal (or polyoxymethylene, also quoted as acctal 
resins) has been on the market since 1960. Reference is 
made to the trade product Delrin (Sl) where comparison 
with competitive products of similar quality is not yet 
possible. Polyacetal, a crystallizing polymer, is similar to 
the nylons in low friction and (noise) damping properties, 
but superior in dimensional stability and chemical 
resistance. Polyethylene (p.e.) and several other common 
plastics and the new, high-temperature-resistant polymers 
will be referred to later; they arc all used occasionally but 
cannot serve as a general purpose raw material. 

Although the position ofpolytetrafl.uorethylene (p.t.f.c.) 
has not considerably altered since the 1957 Conf erencc, 
some new uses will be discussed below. The clear p.t.f.e. 
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resin is mechanically weak, expensive and therefore almost 
useless as an engineering material. Polytetraftuorethylene 
has the function of a solid lubricant when combined with 
_load-carrying fillers, fibres or with a porous metal. 

Fibres and fillers for plastics 

Thermohardeners are too brittle as clear resins, and are 
therefore always combined with paper, cotton or other 
cheap reinforcing fibres. The use of asbestos fibres for 
heat-resistant compoWlds is well-established; a variety of 
types (2) is on the market. Glass filaments, glass fibres 
(about 0·5 in long) and the new, short glass fibres (less 
than 0·05 in long) are extensively applied in reinforced 
plastic structures (3), including experimental bearings. 
The increase in modulus when glass fibres are combined 
with nylons and acetal resins also opens new approaches 
to stiffer gear materials. Ground glass and glass flakes have 
recently been added to protective coatings as they improve 
abrasion and erosion resistance (4). In processing glass­
filled polymers orientation of the fibre in the skin (S) can 
kad to widely differing mechanical properties of skin and 
core. A composite of high specific modulus is produced by 
combining carbon fibres or carbon woven structures with 
resins; they could find application as bearings. 

Powdered fillers are added mainly as cheap extenders to 
plastics; they weaken the mechanical properties in tensile 
loading and increase the apparent compression hardness. 
Solid lubricants, when added in large quantities, have 
a weakening effect on ultimate properties. A few per cent of 
graphite and molybdenum disulphide can have a useful 
function (see below); however, these additives do not 
primarily influence the coefficient of friction. 

Rubbers 
General and special purpose rubbers are extensively used 
in seals, brake linings, bea..rings, belts and tyres. Most of 
these materials reach the designer as compounded pro­
prietary products. Specifications are based mainly on 
conventional physical testing and on service trials, but the 
inferior quality of such machine parts experienced in 
service is attributable largely to chemical factors or to an 
unsuspectcd variability of rheological properties. 

Pure gum rubbers are rarely used in engineering. 
Rubbers are combined with 'reinforcing' black or white 
fillers to composites (6). Such filler particles are in the 
microinch range (200-700 A) and when properly cured 
they adhere to the rubber matrix, even under the most 
severe conditions of friction and wear, 

Many rubbers crystallize on stretching with a corre­
sponding reversible change of dynamical properties. 
Polyurethanes, chemically related to the polyamidcs or 
nylon, are a class of crystallizing elastomers. Until 
recently the high-priced pure gum rubbers, prepared by 
casting, were chiefly used; millable rubbers which can be 
compounded with fillers arc now on the mark.et (see below). 
Polyurethane polymers are also used as highly ftexible, 
positive seals in refrigerating machines. 

Thin film lubricants 

The efficient use of minute quantities of lubricants was 
clearly recognized at the 1957 Conference (7). The signi­
ficance of the 'dwell time' stated there is not always fully 
appreciated. A thin film (20-200 A, O·l-1 µ.in) of a low 
shear strength solid is mostly sufficient to prevent stick­
slip between polymer and a smooth (metal) surface. Many 
ingredients added to rubbers and plastics produce this 
effect. Typical mould release agents, such as silicones or 
polyfiuorocarbons (8), can be intentionally added to the 
friction couple: frequently a trace of grease, a drop of oil 
or of water are sufficient. Lubricants in combination with 
organic materials function primarily as parting agents or as 
~oolants, their load-carrying capacity being of minor 
importance only. 

RH;EOLOGICAL PROPERTIES 

The mechanical behaviour of polymers depends in a 
characteristic manner on temperature and frequency. 
!hese rheological properties should be grasped properly 
m order to make full use of polymers in mechanical 
engineering. At small strains, in the linear elastic region, 
the shear modulus G and the damping losses tan o can be 
related to polymer structure. The generalized relaxation 
spectrum is shown in Fig. 24.l. Schematically, ·a distinc­
tion between five different regions can be made. In the 
hard, glassy region a, G is high and similar to that of other 
rigid solids. Damping is low but mostly still higher than 
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that ~f hard rnetii.ls .. The narrow region b, on the tempera­
~ure satl_e, shoy;s a sudden steep drop in G by a factor of 
_aboiit.103 ., At the.same time damping increases cxponenti­
.ally ~<:\ ~~ar th~ temperature T,, the so~called glass 
transition .teinperatut~, molecular units become flexible. 
W:hetber a polyt11er is called a plastic or a rubber is 
d_~ermine~ by _the . p~sition of T.q on the temperature 
s_~e.. A(t~r a_ .further small increase in temperature, 
r.egion ci the poly~et becomes tough, rubbery and, on still 
further .~eating; ther~~plastic. It is here that the rubbery 
p:op~rtie~. of the ~lymer are fully devcloped. At a still 
higher tempera~~, region d, the polymer shows viscous 
flow, _and en,ergy dissipation is small again, althouoh still 
higher than in tjie glassy phase. Finally, in the last"phasc, 
x:egion e, the _ip~e.i:mc:ilecular forces become weak enough 
t(> _alfow rapicl flow; stresses are then relaxed so fast that 
the i:)ol~er ~~riot ~xhibit any elastic recovery. How­
ever,_ ~s liri;liting temperature is frequently so high that 
decomposition . c;omrnences at prolonged heating. By 
vulcanizing a rubber or, what is essentially the same, cross­
linltjng a r~iri., tliis flow phase can be almost suppressed, 
a~d die elastic prop_erties of the polymer are retained until 
deco~position occ-u~s. 

Extensive m!=asurements have yielded fairly complete 
'me<;)latrl.cal spe~tia' . of the polymers discussed in this 
survey; !'1-ey are interpreted in terms of molecular building 
stQn_es, _network structures and crystallinity (9). The large 
con~ibution ma~e . by the crystalline phase (nylons, 
po~yaccWs, pQlyur~thanes) to modulus and damping is 
_qu~te C~ll:lparable to the more familiar role of crystal 
ph~ses lI1 alloys;_ 

.Any. measured friction coefficient (j) depends on the 
ratio of ~VO different rate processes : 

The rate of ~ng an adhesional contact 
. The rate of breaking an adhesional contact 

T~e .~king .rrocess din range from very long periods in 
~tatic fri<;tion tp bri~f .~ontacts. The breaking corresponds 
e.ith:ei: with the ra~e of elastic recovery or with that of 
~~~ing l1 thin, frilly"strained layer. This rate is of the order 
~f 1_0 :- 3 fo . I o- $. sec, even if the macroscopic displacement 
is very sfow. AS a consequence the viscoelastic and ultimate 
properties _of_.~~ P.Olymer described by the low tempera­
~ure cir ~~gh.f~equ~cy part of the mechanical spectrum, 
~he left-~nd pari:_of Fig. 24.l, will always influence the 
friction process significantly. 

FRiCTION, LUBRICATION AND WEAR 
When ·s~e'° . iii . C<>n~~>ft (10) the contribution made by 
rh~fogi\:al pr:oj?Crties to the build-up of friction losses is 
fairly well .understood (u). Low heat conductivitv and the 
·ensuing changes . of material properties are nen to be 
considc;cd in ~esign. When low friction is desirable. 
forinatio.ri t>f . !Ow . sµear strength interlayers by com~ 
pounding or. bOtindacy lubrication should be attempted. 
F:irially the (mostly). adverse effect of a rough surface must 
b~ taken. i~to ac(;o~t. In the analysis of wear a knowledge 
of the ultimate properties of polymers, their resistance to 

oxidation and their reactlVlty with metals becomes 
essential. Emphasis on the combined effect of these factors 
is changed with the applied conditions from plastics to 
rubbers. 

Plastics 

The upper limit of friction at low rates of sliding was 
studied in a modified four-ball machine (12). The three 
types of nylon rubbed against the same materials or against 
steel all reached f = 0·6 after some time, and stick-slip 
was observed. The friction force was reduced by an order 
of magnitude on addition of a non-polar oil, but stick-slip 
vanished only on addition of a polar oil. For polyethylene 
(p.e.) rubbed against steel the friction remains low under 
any condition, while p .e. rubbed against the same material 
reaches f = 0·4 under heavy loads. Polyethylene systems 
ar.e readily lubricated even by non-wetting liquids. 
Finall~, ~.t.f.e. betw~ hard mating surfaces shows a very 
low fnruon at the h1gnest loads for slow speeds; addition 
of lubricants has no beneficial effect. 

Most suppliers of nylon point out that 'static' values of 
f = 0·6 can be reached and that f = 0·4 is sometimes 
observed under prolonged heavy loading. These limiting 
upper values of course depend entirely on the heat losses 
of the ~riction couple. In 'cool' running testing rigs 
I = 0·2 is a reasonable average value. Another important 
parameter is the equilibrium water content (2·0-2·5 per 
cent) .of the. nylon, which contributes to toughness 
(abrasion reststance!). Fluctuations in moisture of the 
atmosphere influence modulus and dimensional stability. 
The aceta1 resins, more particularly Delrin, arc in this 
respect superior-they absorb very little water. They arc 
also less prone to stick-slip friction and f = 0·6 is rarely 
observed. 

The resistance to abrasion of unfilled plastics increases 
with hardness and toughness. Unorientated nylon is very 
extensible and therefore tough-comparable to soft metals. 
Drawn nylon bristles are, however, brittle in one direction 
and they are readily abraded (14). Many plastics c.an 
accomm~date we:ar debris and abrasive particles by 
embedding them m the surface. As with other materials 
the rate of abrasion by hard grains depends on the particl~ 
size of the abrasive (15). 

While the ~~besive wear of metals is influenced by the 
mutual solubility and the presence of oxides in the mating 
surfaces, the wear of thermoplastic materials is determined 
mainly .by the ft~w properties of the polymer. Mostly 
mcchan1cal wear lS the combined result of abrasive and 
adhesive processes. In practice impact damage of the sur­
face can be an additional factor. The relative wear rate of 
polymers measured in a variety of tests is : 

Nylons: Dclrin:thcrmohardened resin11 :thermoplastics 
= 1:2-5:5-10:10-20 

The small difference between nylons and Dclrin is 
well-established. WC!Jr resistance of the other materials 
depends of course on filler and fibre content; the highest 
wear rates being comparable to those of the softer metals. 
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Application of plastics is based on design for no-wear 
rather than for 'mild' wear. Recent studies (16) (17) were 
undertaken to assist the designer who has to deal with 
metallic or organic surface coatings. It is indeed pos~ible 
to predict the conditions for 'zero-wear' of the order of 
the surface finish from a knowledge of slider geometry 
a..ttd the physical properties of materials. In the event of 
mild wear, the wear rate can be estimated from additional 
data on the applied conditions (18). 

Plastic pipelines used for the transport of granular 
material are susceptible to erosive wear. Modulus, rebound 
elasticity and tear strength all contribute to the wear 
resistance, which in turn depends critk::dly on the angle of 
incidence between the solid surface and the stream of 
impacting abrasive particles (19). 

Erosion due to rain, encountered by aircraft, and damage 
.:a.used by shock waves, produced in the collapse of cavita­
tion bubbles, occur at still higher rates of impact. Again 
the ultjmate properties of organic materials are of primary 
importance (20). 

The friction of a polymer film is conveniently studied 
on a Capston friction machine for belts. Static friction 
depends essentially on the vis<::oelastic properties of the 
material and surface roughness. When a large number of 
asperities were produced on the polymer surface, static 
friction decreased considerably. The frictional behaviour 
could in fact be expressed by a single material constant, 
the defo1·mation index. Another method to reduce film 
friction is coating with low shear-strength solids. Here 
frictional properties are predictable from the critical sur­
face energy of the solids (21). More sophisticated equip­
ment was developed to measure dynamic film friction as a 
function of percentage slip. Results were at least qualita­
tively expressed in terms of the viscoelastic properties of 
these cellulose acetate films. Although of great practical 
importance, the origin of triboe!ectrical charges on such 
films is not yet properly understood. Therefore the same 
type of equipment was used to measure the build-up of 
electrostatic charges (22) (23). Other types of polymer 
films increase in density during aging, with a correspond­
ing decrease in friction force, presumably because the film 
is gradually stiffened by crystallization (24). A closely 
related field is the frictional behaviour of felts and textiles. 
Suffice .it to state that changes in friction are also ex­
plained in terms of contacting surface asperities and of 
viscoelastic properties of the fibre (25) (26). 

Rubbers 
Early Russian work (27) (28) was mainly concerned with 
the change of 'rubber' friction over a Wide range of tem­
peratures; it therefore included the behaviour of technical 
rubbers in the glass-like state. In recent years reasonable 
agreement between different viscoclastic friction- models 
has been reached (u) (29); cf. Fig. 24.1. Tyre friction can 
now be discussed in terms of rubber hysteresis, slip angle 
and surface roughness of dry and wet roads. The adhe­
sional friction of a conventional, high 1·esilience rubber 
tread at a certain slip angle can be expected to be the 

hlghest on a fiat (glass) plate, and to decrease with in­
creasing surface roughness of the 'road'; this was con.; 
firmed experimentally. Next it was shown that a high 
hysteresis tread compound could almost compensate the 
adverse effect of surface roughness (30 ). As high hysteresis 
means higher operating temperatures and higher fuel 
consumption a compromise has to be found by the tyre 
compounder. 

G-Qod tyre to ground adhesion, even under severe wet 
weather conditions, is all-important for a landing aircraft. 
Research on tyre hydroplaning, performed since 1960 at 
N.A.S.A.-Langley Research Center, has led to the separa­
tion of two types of traction loss. In dynamic hydro~ 
planing the runway must be flooded beyond a critical 
fluid depth, while in viscous hydroplaning a thin fluid film 
is present on the runway (31). An inclined slider bearing 
was used as a model to estimate the influence of surface 
roughness on the squeeze film in viscous hydroplaning 
(32). Next steel spheres were combined to a macroscopic 
model of surface asperities; the draping of a rubber pad 
around these spheres, on impact loading, was mca'>ured 
(33). A similar model, but now made of rubber spheres 
pressing against a steel plate, served in a recent study of 
the mechanical interaction between a rotary rubber seal 
and a steel shaft (34). Friction in different types of 
machinery can thus be derived from the measurable, 
viscoelastic properties of rubbers. 

About 60 per cent of all rubber is consumed annually 
in the form of tyres. A good deal of this rubber is worn 
away, but the loss is not always 'undesirable' as wear in 
starting and braking a vehicle contributes to stable driving 
conditions. The following classification of wear processes 
emerges from an extensive literature (35). 

Mechanical abrasion and cutting wear of rubbers is 
attributed to local stress concentration and the resulting 
large strains. Rubbers with reasonable ultimate properties 
at very high rates of deformation (IOt per cent/s) and 
elevated temperatures (100°C) are likely to have superior 
abrasion resistance (36). The wear resistance of flooring 
materials is also related to the ultimate properties at very 
high rates of deformation (37). The shear rate of the thin 
deformed layer at the interface can be very high, even at 
moderate speeds of sliding (II), and this, in turn, can lead 
to localized rupture of the strained polymer. 

Wear attributable to dynamic fatigue occurs on truck 
tyres even under moderate loads and speeds. The detach­
ment of rubber partic1cs, of random microscopical size, 
gives a smooth abraded surface. Mechanical fatigue is due 
to the gradual growth of microscopic cracks; it takes place 
only above a certain limiting strain (e.g. 80 per cent), 
whlch depends on the rheological properties of the rubber. 
Oxidative fatigue is induced by ozone and/or oxygen, 
even at quite small nominal strains; it is limited by the 
chemical nature of the rubber. Synthetic rubbers of the 
e.p.t.-type (ethylene-propylene ter-polymers) are suscept­
ible only to mechanical fatigue. E.p.t.-rubbers are, how­
ever, not yet ready for general purpose application in 
tyres. 
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Under severe conditions, such as during locked wheel 
sliding, thermal degradation of the rubber takes place. 
T read reversion, i.e. degradation of the vulcanized 
rubber ·to the tacky state of the green stock, can be the 
result of overheating or of the combined effect of heating 
and oxidation. The degraded surface layer is readily 
rubbed off. Curiously enough, an extreme form of this 
thermal wear is observed with hydroplaning aircraft 
tyres, when a rubbery layer is formed on the (wet) landing 
strip and leads to serious loss in traction. The well-known 
phenomenon (38) is probably caused by the generation of 
superheated steam in the skidding tyre footprint (31). 
This in fact is an ideal condition to produce 'reversion' of 
vulcanized rubber. 

Rubber tyres and belts have mostly a backing of fibre 
co1·d. The fatigue properties of the fibre are even more 
important than the wear resistance of the rubber. The 
origin of cord failure has been analysed (39). 

Polyurethanes constitute an entirely different class of 
elastomers. The toughness of these materials is reflected 
in their high tear strength and in tensile strength values 
superior to those of natural rubber. Their best perfor­
mance is shown at high hardness levels, suitable for such 
applications as small heel top-pieces and solid tyres on 
factory trucks. A similar balance of properties can be 
approached, but probably not quite equalled, with com­
positions based on the millable polyurethane rubbers. 
Tests performed at RAPRA indicate that the abrasion 
resistance measured in the laboratory reaches values two 
to ten times superior to that found for a corresponding 
general purpose rubber tyre tread. Indeed, performance jn 
service is superior t<> rubbers, but somewhat limited by 
high speeds and heavy loads. These compounds have a 
high hysteresis, leading to high heat generation under 
rapid deformation and a fairly rapid loss in strength with 
temperature. Therefore their superiority in abrasion 
resistance diminishes with severity of conditions (40). As 
stated above, these limitations probably depend on the 
crystallinity and the melting range of polyurethanes. 

CORROSIVE AND ABRASIVE PROPERTIES 
OF TECHNICAL POLYMERS 

T he proper functioning of p.t.f.e. in bearing applications 
is presumably due to the transfer of a thin polymer layer 
on to the mating metal surface. The phenomenon may be 
more general with thermoplastic materials, but proper 
experimental evidence is lacking. Under heavy friction 
duty polymers degrade locally; they become tacky and stick 
to the metal surface; such transferred layers can be self­
lubricating (41). A temporary co111pensation of any seizure 
tendency is a desirable property (If (overloaded) plastic 
l1earing couples, but it has catastr\)phic consequences with 
r rake linings (where oxidation is promoted by metallic 
l'i11'-'rs). The oxidation products o~ many polymers are 
· 1u1tc reactive with steel (and othef metals) and can 
l Ht:refore cause specific types of corrosion (42). 

T he surface of seals and '0'-rings can become mech­
anically weakened, when in contact with hydraulic or 

other functional fluids, even if the rubber compound is 
nominally non-swelling in the liquid. As a consequence, 
'particulates' in the micron size range are rubbed off and 
contaminate the fluid. This type of 'corrosive' wear should 
be taken into account in the design of (missile) hydraulic 
guidance systems (4J). 

Hard polymers are quite abrasive as clear resins and 
scratch even tool steel; this is experienced in the wear of 
metallic moulds (44). Soft fillers used in the plastic 
industry can contain hard, abrasive particles. Glass fibres, 
used for reinforcement, are very abrasive when broken. 
Certain types of graphite are well-known to be abrasive. 
Surprisingly enough the lubricant type of graphite, MoS2 

and other solid lubricants scratch and abrade bronze and 
steel (45). Systematic work on the abrasiveness of plastics 
is in progress (46). 

DESIGN 

Detailed engineering data are available from the manu­
facturers of raw materials (Appendix 24.2). A supplier of 
machine parts reports on the design and use of thermo­
plastics in the machinery of locks, canals, tunnels, ship­
yards and other advanced marine applications in the Low 
Countries ( S2). A house journal follows the progress made 
in the use of p.t.f.e. ( S3). The technical literature is based 
mostly on such data, and cannot be properly separated 
from these primary sources of information (47). 

Design with p.t.f.e. 
While rolling friction losses are clearly linked to the 
mechanical spectrum of the polymer (n), sliding friction 
properties appear to depend also on microstructure and 
crystalJinity (48). P.t.f.e. is readily transferred to a mating 
surface; when rubbed slowly , orientation takes place and 
influences the / -value (49). The (high) rate of wear 
depends inrer alia Qn the type and shape of filler particles 
(51) (52). 

Filled p.t.f.e. bearings are most suitable to accommodate 
slow movements and heavy loads of bridges and tunnels. 
The rheological properties of such bearing discs have 
recently been described in a form useful to the designer 
(53) (54). Data for the design of various p.t.f.e. bearings 
are available (SS) (56). P.t.f.e. is outstanding under 
extreme conditions, e.g. corrosive seawater (57) and space 
engineering. Glass-fibre-reinforced p.t.f.e. has found 
application at low temperatl!res in refrigerating machines. 
Recently attempts have been made to apply p.t.f.e. piston 
rings in high temperature compressors, but flash tem­
peratures surpass the thermal stability of the polymer (SS). 

Design of plastics bearings ( S 1-S7) 
Recent review articles cover plain plastics bearings (59), 
nylons (6o) ('t) and plastics in general (62) (63). The 
principal thermoplastic resins used are nylons and poly­
acetals. One review mentions the limited application of 
chlorinated polyethers, polycarbonate and of a high density 
polyethylene (63). 
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Reinforced thermosetting materials arc capable of 
operating under heavy loads in dirty and corrosive condi­
tions and of adjustment to additional heavy shock loading. 
Their application in (steel) mills offers substantial econo­
mic advantages in power consumption and bearuig life 
(62). Whether more recent compositions will ultimately 
reach the quality of hard wood (lignum vizae), used in 
certain marine journal bearings, remains to be seen. 

Thermoplastics are thermal insulators, a shortcoming 
compensated by suitable design of the bearing (62). The 
conventional PV value should be replaced by a limiting 
load for each speed range. Above a certain speed level, 
which depends on the heat flux of the friction couple, even 
a very light load will disturb the thermal equilibrium. 
Creep in compression, which increases exponentially with 
temperature, limits the dimensional stability of such 
bearings. Corrosion resistance is of course excellent. 
Boundary lubricants function primarily as parting agents. 
Full lubrication with oil or water provides good cooling, 
but now a small degree of swelling (over periods of months) 
can force the designer to use a generous clearance. Graphite 
added to nylon can presumably serve as an anti-oxidant 
for oxygen dissolved in water (6o). There is no evidence 
that MoS2 added in small quantities functions as a lubri­
cant (64); it might, however, influence the crystallization 
(of nylon), but so do other powdered solids. Plastics do not 
inhibit corrosion of the mating metal surface. Any 
roughening and pitting of the metal will therefore increase 
the rate of cutting or abrasive wear of the bearing. In this 
situation the solid lubricant, even when present in the 
plastic in only small quantities, can transfer to the metal 
surface, and reduction of wear (64) rather than of friction 
becomes important. 

As a high filler concentration reduces the ultimate 
properties of resins, early attempts to develop solid 
lubricant-plastics composition achieved only limited 
·success. However, a the1mo-hardened MoS2-filled pro­
prietary product, capable of carrying high compressive 
loads, is now available. The combination oflow to moder­
ate friction (f = 0·07 at 20-50°C and 0·20 at 130°C) with 
resistance to seawater and oil has led to special applica­
tions, for example in hydraulic load transfer equipment 
and in frames for deck~hatches of ships (SB). 

With the advent of polyimides and related high-tem­
perature-resistant thermoplastics) new bearings have been 
investigated. Graphite (65) or copper (66) filled resins 
can be run against metal at moderate loads and high speeds 
over long periods at or even above 200°C, at least in the 
absence of oxygen. The low /-value (0·05-0· 1) seems to be 
the result of transfer of the p<)lymer to the metal surface 
and subsequent interpolymer friction (66). 

The course of thermal degradation reactions can limit 
or enhance the usefulness of bearing materials. In contrast 
to thermoplastics, conventional phenolic resins carbonize 
and therefore retain a large part of their compressive 
strength. Some of the new high melting polymers appear 
to have similar properties. The development of 'fail-safe• 
high temperature bearings thus becomes feasible. 

Design of plastics gears (SJ, S2, S4, S5) 
Four different types of gear failure have to be taken into 
account : tooth fracture, pitting, scuffing and mechanical 
wear. Superimposed are the wear of mating metal gears 
and the effects of moisture and of lubricants. The three 
principal materials are laminated thermo-hardened resins, 
the nylons and polyacetal. Polyethylene and perhaps other 
cheap thermoplastics are occasionally used in very light 
load applications, such as water meters, but the tooth 
surface of p.e. becomes gradually oxidized and this may 
cause stick-slip. Glass-reinforced nylon and polyacetal 
gears are being studied extensively; no published data is 
as yet available. 

German work on laminated resin gears dates back more 
than thirty years. A recent contribution describes the 
limiting tooth load for conditions of no-wear. At higher 
loads these laminates are superior to nylon gears in pre­
cision mechanics. Wear of mating brass gears is attributed 
to faulty design (overloading) (67). Calculations of nylon 
gears (loading, deformation, temperature, and tooth 
wear) are reported by one of the German manufacturers of 
polyamides (68). Similar instructions on the use of 
Delrin are available from the American supplier (SI). A 
third German group has carried out an extensive compari­
son of nylon and Delrin gears (69). Temperature, mois­
ture and lubrication were among the parameters studied. 
When mated with a steel gear Delrin was found superior 
in regard to dimensional stability and fatigue life. Wear 
was very sensitive to surface roughness (of the steel), but 
mostly equal to or even less than that of nylons. Wear 
of different types of nylons showed the expected correla­
tion with mechanical properties. The wear rate can go 
through a maximum, when measured against increasing 
temperatures. 

Scuffing between the flanks of engaging teeth due to 
overheating and localized melting of the nylon has been 
observed and also calculated. Measures by which the per­
missible scuffing load may be increased are given in a 
recent study (70). 

FUTURE DEVELOPMENTS 

Emphasis will be laid on improved means of precision 
mass production. The role of fibre reinforcement, and the 
type of fibres combined with injection moulding, will 
require further elucidation. 

Indications are that in situ polymerization, performed in 
inexpensive moulds, is sometimes economically attractive; 
it can be achieved already with nylon 6. By proper control 
of the process, a higher molecular weight, with a corre­
sponding increase in modulus . and decrease in friction, 
can be reached. Once the new high-temperature-resistant 
polymers become common engineering materials, produc­
tion of the shaped part in one step is necessary, because 
the softening range of the polymer exceeds the workin.g 
temperature of 1.-onventional processing equipment. 

Laininated bearings and gears arc among the oldest 
'composites' of modern time. The future will bring further 
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improvements by an intentional subdivision of the 
functional properties of metals, fibres, fillers and plastics, 
when combined with composites with optimum design 
properties. 
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