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SUMMARY

A study of the friction and wear characteristics of the
polymers Polyphenylene 0Oxide (P.P.0.),Polyetheretherketone
(P.E.E.K.) and Polytetrafluoroethylene (P.T.F.E.) has been
undertaken under both dry and lubricated conditions using
three wear machines with different sliding configurations.
The importance of constructing a Stribeck curve to indicate
the regime of lubrication has been illustrated, and the dry
and lubricated friction values have been shown to be
dependent upon the type of sliding geometry employed.

One of the most important observations of this work is
that when using unfilled polymers as a bearing material,
any trapped debris may form an agglomerate layer and
considerably reduce the dry wear rate. This reduction,
however, does not occur at high sliding speeds because
thermal softening and polymer extrusion overrides any
benefit obtained with the trapped debris.

Previous work indicated that polydimethyl-siloxXane

(silicone fluid) plasticised P.P.0. under sliding conditions
and provided long periods of lubrication after excess fluid
had been removed from the system. It was supposed, in that
study, that the fluid was retained by the bulk of the polymer.

This work has shown that although P.P.0O. is plasticised by
silicone fluid, no significant penetration of the fluid
occurs into the bulk of the polymer. It is the presence of
a debris layer on the surface which retains the fluid in a
physical mixture. Under lubricated conditions this debris
iayer only occurs with P.P.0. on one wear machine and is a
consequence of its unique design. No evidence of plasticis-
ation of P.E.E.K. or P.T.F.E. arose and debris layers were
never observed with these materials under lubricated
conditions.

Analysis of the wear pins and debris with a Scanning Electron
Microscope clearly showed the surface features produced and
the presence of the silicone fluid in the debris layer.

PolymerS/Lubrication/Friction/Wear/Plasticisation
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CHAPTER 1

INTRODUCTION




1. INTRODUCTION

1.1 BACKGROUND

In recent years the industrialised world has become 'energy-
conscious' and a great deal of effort has gone into improving
the efficiency of machinery, particularly in the automobile(1)
and aerospace(2) industries. This consciousness was height-
ened during the '0il Crisis' in the early 1970s, when it
was realised that more efficient use of material resources
was required. In conjunction with this a change was occurring
in consumer's expectations of the useful working life of
all types of machinery and equipment. This has manifested
itself in the automobile world, where:

"there has been a tendency for the life

expectancy of cars to grow longer, from

an average of 10 vears in 1970 to about

14 years in 1980." (3)
One small part of the drive to improve efficiency and
reliability has been directed at the materials used in
dry bearings (i.e. those which do not rely upon lubrication
for their operation). This has involved extending the range
of materials avallable and determining their individual
characteristics. Obviously the use of bearing materials
with a low coefficient of friction will increase energy
efficiency, but this low coefficient of friction may be
associated with a high wear rate. There 1s therefore an
incentive to find materials which give both low coeffic-

ients of friction and low wear rates.



The most common materials used in dry bearings fall into

four groups:-

I) Metals
I1) Ceramics
I1I) Carbon and graphites

IVv) Polymers and their composites.

Examples of the latter group are the subject of this study

and will be discussed in detail.

Polymers and their composites are becoming increasingly
important as dry bearing materials in a wide variety of
areas. They usually have lower coefficients of friction
than metals, for example it has been recognised for a
long time that Polytetrafluoroethylene (P.T.F.E) sliding
on litself or on a metal can give coefficients of friction
as low as 0.05(4,5). In contrast, steel sliding on steel
will give a coefficient of friction of about 0.5 or
higher(6). Polymers also have a lower specific gravity
than most metals and Table 1.1 shows that low alloy steel
(E.N.31) has a specific gravity which is 4 to 8 times
greater than most polymers. The weight savings possible
when using polymer bearings may thus be significant, and
this is particularly important in the aerospace industry.
One of the main reasons, however, for the prolific use of
polymers is the ease with which they can be produced into
final components. The majority of polymers can be injection
or compression moulded in one simple operation, and this
lends itself to automated manufacture. Moulding usually

leaves the components with a smooth surface so that the




need for finish machining is eliminated. If necessary
fillers may also be incorporated during moulding to

provide particular mechanical and thermal characteristics.

Polymers and their composites are used widely in the form
of bearing cages, low friction pads, thrust washers and
simple sleeves in many industrial machines and consumer-
durables. They are particularly important in providing
maintenance-free bearings where it may be impossible or
costly to provide routine servicing. Civil and military
aircraft use polymer-based bearings in vast numbers in
both critical and non-critical areas, ranging from flight

control mechanisms to simple door hinges.

Polymer bearings are used dry or with lubricants but
whereas the more traditional bearing materials, such as
metals and graphite, have been the subject of extensive
tribological studies, plastics have received less attention
and especially so under lubricated conditions. This has led
to uncertainty in the expected behaviour of polymer bearings
when 1n practical use. An example of this is the use of
polymer based bearings on the wing flaps of aircraft.
Although these bearings are designed to run under dry
conditions, they are likely to encounter contaminant fluids
such as water, aviation fuel, anti-icing fluids, hydraulic
fluids and oils. Rubenstein(7) has shown that fluids can
penetrate a polymer and alter its mechanical properties,
and this may lead to a change in its friction and wear
properties. Therefore, a knowledge of the friction and wear

behaviour of polymers and composites is necessary for both




dry and lubricated conditions. Evans and Lancaster(8)
examined the friction and wear properties of several
polymers sliding on stainless steel in the presence of a
wide range of fluids. They found that fluids generally
reduced the coefficient of friction but the wear rate
either increased or decreased depending on the polymer-
fluid combination. This work by Evans and Lancaster(8)

was followed by a previous project with the Aston Tribology
group, where Skelcher(9,10) studied one particular polymer
of possible commercial interest (Polyphenylene Oxide - P.P.O)
in the presence of a contaminant fluid.He found that when
the P.P.0 was sliding against hardened steel in the presence
of Polydimethyl Siloxane (silicone fluid), surface
modification took place. The result of this modification

was that when all excess fluid was removed from the sliding
system, the coefficient of friction still remained at the
lubricated value, instead of rising relatively rapidly to
the dry value. It was also noticed that the amount of wear
which took place before the friction finally rose to its

dry value, was much greater than the apparent depth of
surface modification observed by Electron probe microanaly-
sis and Rutherford backscattering of a -particles. It was
therefore proposed that the silicone fluid entered cracks

in the polymer caused by the wear process. The polymer

was then considered to be plasticised by the fluid to a
depth of approximately 10 ym. When the excess fluid was
removed and the sliding recommenced it was further suggested
that the retained fluid continued to penetrate the polymer
and hence the system was able to maintain a low coefficient

of friction for very long periods.




This work by Skelcher(9,10) was an interesting initial
study of one polymer system under lubricated conditions,
but resulted in many unanswered questions on the mechanism
responsible for friction, wear and fluid modification of

polymer surfaces.

The object of the present study (supported by R.A.E,
Farnborough, through a C.A.S.E. Studentship) was to look
in more detail at the surface modification of P.P.0. seen
by Skelcher, to see if similar behaviour was exhibited by
other polymers, and to investigate the fundamental
mechanisms of friction and wear under both dry and
lubricated conditions. More complete details can be found

in the Research Program - Section 1.9.




1.2 POLYMER MATERIALS

Polymers are comprised of very large molecules linked into
chain or network structures. The atoms in the chain form
into basic groups called mers, a simple example being the
carbon-fluorine combination shown in Figure l.la. A
chemical reaction is then used to join these basic groups
(repeat units) together. For example the mer in Figure 1.la
is joined to other mers of similar identity to give the
polymer-Polytetrafluoroethylene (P.T.F.E) shown in

Figure 1.1b. This 1s a linear polymer but it is also
possible to produce non-linear polymers by the use of
branching. Linear Polyethylene (P.E) in Figure 1.2a can

be compared to branched Polyethylene shown in Figure 1.2b.
The Polyvethylene molecules may have short side branches
about 4 repeat units long every 100 repeat units or so
along the main chain, and occasionally form long branches

in addition(1l1l).

Polymers fall into three main groups, thermoplastics,

thermosets and elastomers.

1.2.1 Thermoplastic Polymers

In thermoplastics the atoms along a polymer chain are
joined by primary chemical bonds (covalent bonds) whereas
the forces between individual chains are collectively
known as van der Waal's forces. The energy of the primary
bonds in polymers is around 350kﬂmol—1(12) whereas the

energy between individual chains is much less and not




a) C

| | |
bp) -—- ¢ =— ¢ =—— ¢ — ¢ — ¢
] |

F F

Figure 1l.la Carbon-Fluorine group (mer).

Figure 1.1b The polymer Polytetrafluoroethylene

(P.T.F.E.)
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usually greater than 40 kJmol T (13).

Thermoplastics are characterised by their ability to be
repeatedly softened by heating and hardened by cooling.
Essentially, thermoplastics in the solid state are either
amorphous where the polymer chains have no recognisable
structural pattern, or crystalline where the polymer contains
regions of ordered material. A simple representation of the
amorphous and crystalline structures is shown in Figure 1.3.
The degree of crystallinity in a polymer depends upon the
polymer in question and its history of processing.

Branching reduces the crystallinity because the branch
impedes the formation of structured regions in the polymer
network (11). Polymers are rarely completely crystalline,

and the crystalline regions are usually surrounded by
amorphous material. It is,however, possible to obtain a
high degree of crystallinity with P.T.F.E. (up to 94%)(13)
and high density P.E. (80%)(12). Amorphous polymers tend

to be transparent whereas crystalline polymers range from
cloudy to opaque, depending upon the amount of crystallinity
(14). This is believed to be due to the crystal surfaces in
the material scattering the light. The two main single
crystal structures discussed in the literature are

spherulites and lamellae.

Spherulite crystals can be easily observed when molten P.E.
is compressed into a thin film between a microscope slide
and a coverslip, and rapidly cooled to solidification. When
viewed under a microscope with crossed polarisers, the

spherulites can be seen to be up to 1mm in diameter (11).




a) Amorphous

b) Crystalline

Figure 1.3 Representation of Thermoplastic Structures:

a) Amorphous b) Crystalline
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Rapid cooling from the melt to the solid reduces spherulite
growth and leaves the structure with many small spherulites,

whereas slow cooling leaves large spherulites (15).

Lamella crystals have been observed by electron microscopy
(11,15) and it has been discovered that the polymer chain
direction lies transverse to the plane of the lamella.
Figure 1.4 shows the proposed structure of the lamella
where the polymer chains fold at regular intervals along
the chain. It has also been suggested that this lamella

structure is the basic structure of spherulites (11).

Bunn et al (16) studied the structure of P.T.F.E. with an
electron microscope and found well-marked regions of
crystalline material. This work was followed by
Speerschneider and Li (17) who proposed that the structure
consisted of two phases; crystalline platelets, separated
by viscous amorphous material, and Figure 1.5 shows their
proposed model of the P.T.F.E. structure. Speerschneider
and Li also suggested that deformation of the material
resulted in severe distortion of the structure, and that
the crystalline platelets slipped past one another or
became kinked; The relevance of the structure of P.T.F.E.
to its friction and wear behaviour will be discussed more

fully in Section 1.7.

The transition from a solid to liquid for a thermoplastic
i1s difficult to define and may occur over a wide temper-

ature range.

11



Figure 1.4 Schematic diagram of lamella structure
(A crystal would have a thickness b very

much smaller than its distance a)
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Figure 1.5 Proposed model of P.T.F.E. structure

by Speerschneider and Li.
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For amorphous thermoplastics there is no sudden transition
from the solid to the liquid as the temperature is raised.

Instead two transitions may be observed:-

I) a rigid solid to rubber-like material

I1) an indefinite rubber-like material to liquid.

At temperatures below the first transition the material is
hard, rigid and sometimes transparent. Therefore, as the
material is glass-like this state is often referred to as
the glassy state and the first transition is referred to

as the glass-transition temperature (Tg).

At temperatures above Tg the polymer is less rigid and
very high deformations are possible. When the second
transition is reached the polymer is able to flow and

may be processed by injection moulding (this transition is

usually referred to as the melting point of the polymer-Tm).

For crystalline thermoplastics there is an extra transition,

the three transitions now include:-

I) a rigid to flexible polymer
I1) a flexible polymer to rubber-like material

III) a rubber-like material to liquid.

Below the first transition temperature the polymers are

again hard and brittle so this temperature is called the
glass transition temperature (Tg). Between the second and
third transition the polymer is less brittle but tougher,

and the third transition is known as the melting point (Tm).

14




The glass transition temperature (Tg) is generally consid-
ered to be the upper 1imit for the working temperature range
of the polymer, and the lower limit for processing (18).
Most polymers have additional transitions below their glass
transition temperature (Tg), for example; P.E. has two
additional transitions at -100°C and 0°C. The ma jor changes
in mechanical properties occur at Tg but properties such

as Young's Modulus, damping capacity and toughness can
change slightly at the secondary transitions. These changes,
however, may influence a polymer's friction and wear

behaviour and this will be discussed later.

1.2.2 Thermoset Polymers

Thermoset polymers are also made up of chains of atoms,
however, when a chemical reaction is initiated the chains
begin to form primary bonds between neighbouring chains.
Many thermoset polymers are cross-linked by these primary
bonds with the application of a catalystf(14), but the
application of heat and x-ray irradiation may also cause
cross-linking (11). This cross-linking between the polymer
chains forms a three dimensional structure, reducing the
plasticity of the material. The rigidity and hardness is
proportional to the amount of cross-linking between the
chains. Thermosets are usually brittle materials and cannot
be significantly softened by further heating. Indeed,

exposure to excess heating will cause degradation of the

polymer.

# chemical agent
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1.2.3 Elastomers

The elastomers (rubbers) like the thermosets are cross-

linked. The difference between thermosets and rubbers is

caused by the extent of cross-linking. Thermosets are
heavily cross-linked whereas rubbers have relatively few
cross~links. Thermosets also show little elongation under
stress, whereas rubbers are capable of elongations of the
_order of 1,000% at tensile failure (19). It is, however,
possible to obtain hard, rigid rubbers such as ebonite
which is a highly cross-linked material. This is produced
by cross-linking (vulcanising) natural rubber with sulphur
as a catalyst. Whereas ordinary vulcanised rubber as used
in tyres normally contains 2-3% sulphur, a typical sulphur

content for ebonite 1is 32% (13).

1.2.4 Mechanical Properties of Polymers

Polymers have lower specific gravities than metals and

this gives them a relatively high strength to weight ratio

(e.g. Polyvetheretherketone-P.E.E.K. has a strength to
welght ratio which is twice that of low alloy steel).

The thermoplastics and elastomers are generally more
ductile than metals, whereas the thermosets tend to be
less ductile. The tensile strengths of polymers are
generally lower than metals by a factor of 101, their
modulus of elasticity 1s lower by a factor between 101
and 102 and thelr thermal conductivities are lower by a
factor of 102. To improve these properties fillers may be

used which are mixed into the polymer. Examples of the

14




. . .
ommon polymers used in bearings and their physical
pbroperties compared to E.N.31 steel are shown in Table 1.l.

The main fillers used with the polymers are shown in Table
1.2.
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TABLE 1.2

MAIN FILLERS OF INTEREST FOR DRY BEARINGS

Asbestos
Carbon black

Carbon fibres

Ceramic used to improve

Glass fibres mechanical properties
Metals & oxides

Mica

Textile fibres

Asbestos

Bronze

used to improve
Copper

thermal properties
Graphite

Silver

Graphite

used to improve
Molybdenum disulphide(MoSz)

friction properties
P. T.F.E.

(Fillers listed 1n Reference 23)
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1.3 POLYMER BEARINGS

Thermosets were the first polymers to be used for

bearing applications in any quantity, where phenolic or

Cresylic resins were reinforced with fabrics or non-
oriented fibres (24). These materials were able to with-
stand high pressures and were not affected by water. They
were therefore used in water-cooled bearings in rolling

. _ w
mills 1n the early 1930s.

In the late 1940s and early 1950s the thermoplastics nylon

and P.T.F.E began to be used, followed by the polyacetalé

in the 1960s and then polypropylene and polyethylene (24).

The range of materials has grown and there are now akout
a dozen ma jor polymérs used in bearings (25). As these
polymers have come into existance their friction and wear
properties have been examined, in an attempt to discover
a polymer with a low coefficient of friction and low dry

wear rate. Fillers have been used in varying proportions

in an attempt to achieve better friction, wear, mechanical
and thermal properties (these effects are discussed in

more detail 1in later sections).

P.T.F.E. is commonly used in dry bearings because of its

low coefficient of friction, but unfortunately it has a
: gy -3 __3.-1 -1

high specific wear rate at around 8x10 "mm™N "m .,

Fillers can reduce this wear rate by 2 or 3 orders of

magnitude depending on the combination used (26). Carbons

and graphites are useful fillers in P.T.F.E. because they

‘ r_,:w

a brief history of polvmer bearings is given in Ref. 24
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exhibit low friction and wear in their own right, reduce
expansion coefficients, and increase strength and thermal
conductivity. Other filled polymers include Nylon, Polyester,

Polyphenylene sulphide (P.P.S.), Polyacetal, Polyimide,

P.E.E.K., etc. (25).

Guides for the use of polymer bearings have been produced
and indicate the limiting conditions the bearing may
operate under. These guides may include a graph of the
relationship between the maximum pressure (P) and sliding
velocity (V) used for a specific wear rate or wear life.
These PV graphs are readily available (e.g.27) and show
that to obtain a specific bearing life any increase in
bearing pressure (P) will necessitate a reduction in
sliding velocity (V). Alternatively, a graph of the limiting
pressure P and temperature (T) may be used to indicate the
extent of the operating conditions for a particular
material (25). The limiting dry sliding speed for a polymer
is usually between 1 and 101ns_1(23) but this depends upon
the polymer in question and the thermal conductivity of
the wear counterface (reasons for this dependency are

discussed in Section 1.6).

Polymer bearings have been used very successfully under

dry conditions in the following areas (28).

I) where fluids are ineffective (e.g. at low temperatures
or in reactive environments).

II) where fluids cannot be tolerated because of the
possibility of contamination of the product or

the environment (29).
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III) where fluids are undesirable because of lack of

opportunity for, or the impossibility of maintenance.

Under dry conditions most polymers, apart from P.T.F.E.,
require solid lubricant additives, to reduce the friction
to an acceptable level so that heat generation is reduced.
P.T.F.E. itself is often used as a solid lubricant in

other polymers but there is a wide range of other materials
available such as graphite, MoSZ, Lead Oxide (Pb0O) and many

others (30).

Polymer bearings are often used with a lubricant to reduce
the coefficient of friction and the wear rate. As far as
lubrication is concerned polymer bearings fall into three

distinct categories:-

a) Dry operation where the bearing is designed to
operate without any form of lubricant. However, here
the bearing may be contaminated by stray fluids (31).

b) Lubricated operation where oils or greases may be
applied to the bearing continually during its service
life (32).

c) '*Lubricated for life'. This involves moulding fluids
or greases 1into the bulk of the polymer such as mineral
0oil (33) and silicone fluid (34-37). Small percentages
of silicone fluid have led to lower friction and wear
rates, the fluid being released from the bulk as the
surrounding polymer 1is worn away. Alternatively
lubricants may be used which diffuse through the bulk

of the polymer and collect at the surface to lubricate




the contacting asperities (38). This diffusion,
however, is temperature dependent and only suitable
for slow sliding speeds, intermittent motion or

where the operating temperature is high enough to

promote rapid diffusion.




1.4 FRICTION OF POLYMERS

When one material is loaded against another they will be

in contact over localised areas. The sum of these areas is
known as the real-area of contact and this is usually much
less than the apparent area of contact as shown in

Figure 1.6, depending upon the combination of materials

and the applied load. The applied load will be supported

by the real areas of contact, and as the applied load is
increased the materials will deform so that the real
contact area increases sufficiently to support the new load.
The contact area may increase by either an increase in

each individual contact area, or by new areas being formed
as the materials move close together. A large amount of
work has been undertaken to try and determine the real

areas of contact and these have included the use of
electrical resistance (4,39,40), optical and acoustic methods
(41). These methods, however, usually employ indirect
techniques and are limited to very simple contacts. It

still remains extremely difficult to determine the real

area of contact in practical engineering systems, especially
when relative motion occurs. Unfortunately, there does not
seem to be any imminent breakthrough in this area as yet.
Without a detailed knowledge of the real areas of contact
further work on the mechanisms of friction, wear and

lubrication will be hampered.

When two materials move relative to each other the movement
will be opposed by the forces existing over the real areas

of contact. The sum of these opposing forces is known as

25
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Figure 1.6 Areas of contact in a sliding situation

(cross-section and plan views).
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the frictional force and is dependent upon a host of

variables such as material characteristics, sliding speed,

temperature, load, atmospheric conditions, etc. which are

in turn dependent on each other.

There is a great deal of debate as to the origin of the
frictional force but it is generally accepted that it
arises from mechanisms involving adhesion and deformation

of the contacting surfaces. These two sources will be

discussed in turn and some of the debate surrounding each
one will be illustrated with reference to polymer/metal

friction.

1.4.1 Adhesion

According to Bowden and Tabor O4?Ladhesion is one of the
principal components contributing to the frictional force
arising at the real area of contact. They suggested that
the adhesive component of the frictional force is given
by~

Fa = Ar . s

where Ar 1s the real area of contact and s 1is the shear

strengths of the adhesive junctions.

It has been suggested that with polymers these junctions
are formed by van der Waal's forces and electrostatic

forces (42,43). Lee (44) however, has shown that the electro-

static forces in polymers contribute very little to the

adhesive force, 1f indeed, they exist at all. Lee has also

* gee also Ref. 120
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Suggested that the adhesive force is given by:-

Fa = Fa® + Fa® + pal +ral + Fa®

where superscripts d, o, i, h, e denote dispersion,
orientation, induction, hydrogen bonding and electrostatics.
Unfortunately deriving the values of each of the above
forces is difficult and therefore the above formula is of

little practical use.

Tabor (42) has proposed that the adhesion component is
responsible for the major part of the friction force with
polymers, and Brainard and Buckley (45) have shown a strong
adhesive force between P.T.F.E. and metals in a vacuum,
indeed so strong that the P.T.F.E. removed pieces of metal
from the bulk when soft metals such as aluminium were used.
It is possible to determine the adhesive component of the
friction force by observing the overall reduction in the
friction force due to surface lubrication. The work of
Bartenev and Lavrentev (46), however, 1s in direct contra-
diction to Tabor's proposal, because they have shown that
the ratio of the adhesion to deformation components in

the frictional force can be very low, e.g. P.T.F.E.-0.025;
Polyethylene-0.032; Nylon-0.06. This dispute on the
relevance of adhesive friction for polymers, is further
complicated by Bikerman's claim (47) that the adhesive
component does not even exist at all. He has stated that
in the first place there is no adhesive attraction between
two materials in normal friction experiments (i.e. not in
vacuum conditions). The reasoning for this is that when a

slider (A) is placed on a support (B) in air, a film of




adsorbed air (plus moisture and numerous impurities)
remains between the two solids, and no true contact
between atoms of A and atoms of B occurs anywhere along

the surface of the apparent contact area. His 'proof' for

this argument can be seen by 1lifting the slider, that is,
moving it in the direction normal to the geometrical
contact area. The force needed for this motion is equal
to the weight of the slider, and no force component
attributable to adhesion can be detected. It 1is, however,
possible that an adsorbed film could be disrupted during

the sliding process. This could occur because heat

generation at the real areas of contact would promote
desorption of the film and therefore permit adhesion

4
between the two surfaces.

Bikerman also suggests that the formula Fa = Ar . s' does

not hold for true adhesive junctions (i.e. the junction of
two materials A and B when an adhesive material C is used
to bond A and B together). By reducing the actual area of

contact between an adhesive junction he achieved virtually

the same adhesive force. In this case, however, the method
of loading the adhesive junction was probably responsible
for the unusual results found. It would be interesting to
observe the relation between Fa and Ar . s' in other loading

situations.

Bowden and Tabor's theory (Fa = Ar . s ) has been developed

to give the coefficient of friction as

poo= EE where pm is the flow pressure of the material.
p

* gee also Ref. 121 and 122
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This formula is derived by assuming that localised plastic

deformation occurs and therefore

Ar = W _ where W 1is the applied load
pm
thenifp:_F__?;’ u___Ar.'S:W.s'____s__
W W pm . W pm

The above derivation has two main assumptions, the first
one being that deformation is entirely plastic and not
elastic or a combination of both. Lancaster (26) suggests

that deformation of asperity contacts involving polymers

is much more likely to be elastic than in the case of metals,
because Young's Modulus for polymers is much lower than

for metals (See Section 1.5.1). The second and most
debatable assumption is that the friction force is entirely
adhesive. As shown before this is in direct contradiction

to the work of Bartenev and Lavrentev (46).

For polymers with the same modulus it has been shown (44)

that ¥ increases with increasing surface energy and West
™

and Senior (48) have suggested an empirical relation to

account for the effect of surface energy on the friction

force.

? o) —
Ar . s (9———1—5-

]

Fa

where § ¢ is the critical surface tension of the polymer.
They have claimed that with the above correction they were

able to obtain a better correlation between

S
U and om

* gee also Ref. 123




It has been shown (49,50) that the shear strength s' of the

Interface 1is approximately equal to the bulk shear strength
. L")
0f the polymer. Briscoe (51), however, has shown a linear

relationship between the interface shear strength s and

, _
the contact pressure P, with s increasing with P.

This well known relationship has led to the formula
S = s+ aoP

where So and o are constants which have been tabulated

for various polymers (e.g. 51).

1.4.2 Deformation

Deformation loss is a collective term which includes
hysteresis losses, grooving losses and viscous losses.
These three losses will be discussed in turn and some of
their theories will be illustrated:-

. bl . . .
a) Hysteresis losses - occur, for example, 1n viscoelastic

materials, where deformation is not plastic and part of the
deformation energy is recovered. This model assumes that
energy is introduced into the polymer ahead of the asperity
(See Figure 1.7), some of this is restored at the rear of
the asperity and urges it forward. The net loss of energy
ig related to the input energy and the loss properties of
the polymer at the particular temperature, contact pressure,
and rate of deformation of the process. Originally, Bowden
and Tabor (49) derived a formula to calculate the deform-
ation component of the friction force when a hard sphere

*% cce Ref. 125

* gee also Ref. 124
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Figure 1.7 The Deformation model of friction




rolls over a perfectly elastic material -

b
Fq = 3.0.27(W2/3> (L= )
D3 E
where W= applied load
v = poilsson's ratio
D = diameter of sphere
E = modulus of elasticity
8 = fraction of energy lost in rolling

They found that g = 0.7 for the first pass and g = 0.55

for second and subsequent passes on balsam wood.

More recently, Lee (44) has suggested that the deformation

component of the friction force is given by -

Fd = KA(W )" tans
113
_ E
where tan § = =
E
"
E = loss modulus
E' = gstorage modulus
Kd = deformation constant
W' = load
n = constant

Briscoe (51) has suggested a simpler equation in which

the fraction of deformation energy lost in the hysteresis
process is approximately 2.5qtan § where tan ¢ is the loss
tangent of the polymer at the deformation frequency. It is

possible to find tan 6§ for polymers using standard Dynamic




Mechanical Thermal Analysis (D.M.T.A.) equipment (52),
therefore this relationship should be much easier to use
in practice. Some work has been undertaken to compare the
friction of polymers with their hysteresis properties,

for example McLaren and Tabor (53) have shown a similarity
between the graphs of friction versus speed for P.T.F.E.
on P.T.F.E., and damping losses of P.T.F.E. with frequency.
Tabor (42) then went on to compare the friction of a
rolling sphere over P.T.F.E. with the hysteresis loss
property of P.T.F.E. There was a great similarity between
the graphs of rolling friction and loss property against
temperature. (See Ref. 53 for polymer frequency, equipment
rance :— 0.033 to 90Hz)

wb) Grooving losses - these may be of two types(5l);*
"Nascent viscoelastic grooving" where no permanent
deformation 1s produced, or "plastic grooving" which is
observed with plastic and elastic materials stressed
beyond their yield point (this implies permanent deform-

ation).

In the case of grooving with no permanent deformation
Briscoe (54) has proposed that the force required to

continue sliding while deformation takes place is -
Fd = a ¢

where ¢ is the elastic work done in deforming the polymer
by a slider per unit distance of sliding, and « ¢ 1is the
energy loss in the ploughing process. For a sphere of
radius r traversing a surface under a load W', Briscoe

derived a value for ¢ given by:-




5 2
6 = 0.17wW ¢ 3

1
3

L
(1-v)72 (E)

where E 1is the real part of Young's Modulus

V' 1s poisson's ratio

For a conical indentor of semi-opical angle ¥ :-

¢ = (W—ﬂ) Cot

c) Viscous losses - these do not usually occur in the
polymer surface but within the fluid separating the
polymer from its opposing surface. Viscous losses, however,

may also occur in the polymer surface if local melting

occurs.

Although it is difficult to allocate accurate proportions
to the adhesion and deformation components of friction it
seems reasonable to assume that both mechanisms play a
significant role. The proportions will depend upon the
sliding geometry, the materials used and the presence of
any lubricant. For simple sliding contacts the adhesive
component is likely to be larger than the deformation

component, whereas in rolling contacts and single point

contacts deformation 1s likely to be much greater. The
use of a lubricant should reduce the interfacial shear
strength and leave deformation as the main friction

component. Where both sliding materials are very hard
then less deformation 1is likely to occur than when one

or both materials are soft.




1.5 WEAR OF POLYMERS

There are many different mechanisms which may be involved

in the process of wear, but five main ones are thought to

be associated with polymer-metal wear.

1.5.1 Abrasive Wear

Two-body abrasive wear occurs when a hard sharp particle
cuts material from the polymer. Rabinowicz (55) proposed
that the wear rate is proportional to tan6 , where 6 is
the base angle of the indenting asperity. This leads to

the relationship -

Wr = k(%?) X tan 6
where Wr = wear rate in m°m~
]
W = applied load
H = 1indentation hardness of the polymer

(which corresponds to flow pressure pm)
and K expresses the fact that only a proportion
of the material undergoing deformation

appears as loose wear debris.

This type of wear requires plastic rather than elastic
deformation and two criteria have been developed to define

this condition -

a) Halliday (56) proposed that if 6 satisfies the following

condition then plastic flow will occur:

o = c(f) (1-v7)




where E = Young's Modulus

vV = ©polisson's ratio

C = constant where c 0.8 for the onset of

plasticity and c 2 for full plasticity.
For metals, plastic deformation and abrasive/cutting type
wear occurs when 6 = lo or more. However, for this type

of wear to occur with polymer 6 = 5-10°, this is because
Young's Modulus for polymers are considerably lower than
those of metals and therefore the load can be supported
elastically more easily. Therefore plastic deformation of
polymers only becomes the predominant mode when the indentor
is very sharp (57). These larger angles are only likely to

be found on very rough surfaces, of the order of 12umRa (58)

or greater. Abrasive papers are typical of such surfaces.

b) Greenwood and Williamson (59) proposed that when
1
2
(%) (;IS) is used as a 'plasticity index'
av

where os 1s the standard deviation of the asperity heights

and oy is their average radius of curvature.

Plasticity and abrasive wear occurs only when the above

ratio is greater than or equal to unity.

It has been generally observed that the wear rate for
polymers on metals increases with increasing surface
roughness (e.g. 23, 25, 57, 58, 60, 61). For very rough
surfaces it is believed that abrasive wear predominates
and the large asperities on the counterface then plough

through the polymer removing material by a cutting process.




As the counterface surface becomes less rough, the smaller
asperities remove less of the polymer. For very smooth
counterfaces (e.g. up to 0.3 umRa) however, for which

the asperity radii are too large to induce plasticity and
cutting, wear is more likely to be caused by a fatigue
process (57, 58, 60, 61). With some polymers (23, 25, 61)
it has been found that there is an optimum surface
roughness at which the wear rate becomes a minimum. Dowson
et al (61) have determined the variation in wear rate for
polyethylene with surface roughness and found the minimum
to occur at 0.03 ymRa. They noticed that 'lumpy' transfer
of the polymer occurred at values less than 0.03 ¥mRa. and
suggested that this might cause an increase in abrasion;
however, it is more 1likely that an increase in fatigue

wear was occurring.

Ratner et al (62) have derived a simple formula for the
abrasive wear of polymers, which relates the volume of wear

per unit sliding distance, Wr to the polymer properties -

Wr = -ﬁ%gé

where u is the coefficient of friction
W is the applied load
H is the hardness
S is the ultimate breaking strength
e is the elongation to break.

The most important parameters appear to be S and e, and
both Ratner (62) and Lancaster (26) have shown that there

is a significant inverse correlation between the wear




rates of a wide range of polymers against rough steel and

their values of S.e.

So far only two-body abrasion has been discussed but three-
body abrasion may also occur. This can happen when abrasive
particles are introduced into a sliding system, either as
environmental contaminants or as the products of corrosion
or two-kody abrasion (57). For a polymer sliding against a
metal, abrasive particles may wear both components.

Alternatively the particles may be embedded in the polymer

and then cause wear of the metal, thus reverting the
system to two-body abrasion. Lancaster (26) has shown that
when abrasive gralins are embedded in a polymer, greater
wear on the opposing metal surface occurs with polymers
having the highest hardness (or elastic modulus). This is
because the softer polymers allow the grains to be almost
completely embedded, and therefore less of the abrasive

grains protrude from the polymer.

This type of abrasion is likely to be very common in many

practical situations where polymer bearings are unsealed.

1.5.2 Erosive Wear

Erosive wear can occur from particle impact at a normal
or oblique angle. Damage tends to be greater when erosion
occurs at an oblique angle because abrasive, cutting type
wear can then occur. The angle for most materials when
maximum wear occurs 1is about 20°. Pipes and conduilts are

particularly prone to erosive wear when slurries are being




pumped through them.

1.5.3 Fatigue Wear

Fatigue wear occurs as a consequence of repeated contact
over small, localised areas and, for polymers, becomes
increasingly important with materials of lower elastic
modulus and decreasing counterface roughness. Lancaster ( 26)
has proposed a theory of fatigue wear, assuming sliding of

a polymer of modulus E over a rigid surface, containing
hemlspherical asperities of radius r under an applied

load W .

The wear rate -

Wr 1is proportional to =2 (t-1) y (£+2) 2(t-1)
r 3 . W 3 . B 3

g t
(¢]
where t is the exponent in the fatigue relationship,

nf « ( 00 )t , nf being the number of cycles to

«

failure
s 1s the applied stress

s 1s the ultimate failure stress.
o}

Values of t, derived from conventional fatigue data, range
from 1.5 to 3.5 for elastomers and 3-10 for the more rigid

thermoplastics and thermosets (26).

Jain and Bahadur (63) have also developed an equation for

fatigue wear -

Ky W

Wr =

So




where K, is a wear coefficient

and So is the failure stress corresponding to the

application of a single stress cycle.

They claim that the variation of wear with the parameters
involved in the equation is in agreehent with experimental
studies already reported in the literature. The formula
used for deriving the value of k2, however, 1s quite
complicated and they do not give any proof of its usefulness

in practice. Fatigue is claimed to be one

mechanism in the wear of tyres (64).

A specific type of fatigue wear 1is delamination, in which
subsurface cracking leads to the removal of large 'sheets'
of wear debris. This has been observed by Suh (65) in
metals and by Clerico (66) and Clerico and Patierno (67)

in polymer composites.

1.5.4. Corrosive Wear

Corrosive wear occurs when stresses are applied in the
presence of a chemically active medium. This may occur,

for example, when a polymer is plasticised by a lubricant
and subsequent removal of the plasticised surface layer
occurs. Corrosive wear, however, is only usually found when
thermosetting resins slide in very severe conditions,

causing oxidation degredation.

1.5.5. Adhesive Wear

Bikerman's suggestion that adhesion does not occur (47)




also implies that adhesive wear cannot occur. Polymer

fragments however, are often observed to adhere to metals

and glass in the form of a transferred film (e.g. 43, 45,
51, 58, 68. See also Sectionl.7on Polymer Transfer). The
generally accepted view of transfer and adhesive wear is
that it occurs when the shear strength (s') of the adhesive

junctions becomes greater than the bulk shear strength (Ss)

of the polymer.




1.6 TEMPERATURE EFFECTS

With thermoplastics wear can increase dramatically when
the values of the applied load, speed and temperature
reach a certain point. This is associated with thermal
softening of the polymer caused by frictional heating over

the real areas of contact, leading to extrusion of the

polymer.

Unfortunately, there is no direct method for measuring

the localised temperatures involved (except in idealised
experiments - See later), which are generally referred to
as 'flash temperatures'. Theoretical estimates are there-

fore needed, and these necessarily involve many assumptions.

The total asperity contact temperature is given by:

T = Ta + Tf
where Ta is the mean temperature rise at the sliding
interface
and Tf is the flash temperature.

Ta can be calculated from the formula given in Reference 23.

Ta = To + Rt PV
where To is ambient temperature
R is a thermal resistance constant
t

is the coefficient of friction
P is the bearing pressure

and v is the sliding speed.




3 1

Values of R,are between 0.8 and 1.8x10° °c.m.s.N "~ for

typical thrust or journal bearing test rigs (23).

Alternatively, it is relatively easy to measure Ta by

embedding thermocouples into the bearing materials. Using
this method Spurr (69) found close agreement between

measured values of Ta and those calculated by Jaeger's

analysis (70).

To determine the value of Tf, a number of analyses have
been made. The simplest of these were derived by Archard (71)
who obtained four general expressions from Jaeger's (70)
original analyses to determine the flash temperatures in
sliding conditions. The four cases cover plastic and elastic

conditions at high or low sliding speeds -

LWL ,
a) Tf = %?-(%ﬁ?)z W 2V (for low speeds and plastic
deformation)
% L1
b) Tf = £g ]‘r ( pm) ) W%v? (for high speeds and
J 3.25 >
(RQC_ ) ‘
plastic deformation)
LooZ
= 29 _1 (E)3 WaWJ (for low speeds and
c) Tf = 5 §.8r ‘T
elastic deformation)
1
/2 1 1 N d
- uwg _1 E WE Ve (for high speeds an
) Tf T 3.8 ‘Rac ¢ v |
S elastic deformation)
where g = acceleration due to gravity
J = mechanical equivalent of heat
K = thermal conductivity
Q = density
CS = gpecific heat
r = radius of asperity

LL




Lancaster (27) has further simplified Jaeger's analysis

(70) for polymer/steel combinations with the additional

assumptions that

a) since the thermal conductivity of steel is very much
greater than that for polymers (See Table 1.1) all
the frictionally-generated heat is conducted away
through the steel. This then enables the thermal

conductivity of the polymer to be taken as zero.
b) the contact is a single circular area

c) the deformation is plastic.

The two derived formulas are -

- L
a) Tf lxlOlu.pmz.W vV (for low speeds)

N

1
2

- 3
5.7X105u.pm4.W (for high speeds)

b) Tf .V
It is also assumed in the above that the polymer hardness
remains independent of temperature but a correction factor
can be included to offset this. When the calculated values
were compared to experimental results, close agreement was
found between the conditions at which rapid wear occurred
(presumably due to surface flow and extrusion) and the
calculated flash temperatures (which corresponds to the

glass transition temperatures of the polymers).

The measurement of the actual flash temperatures is very
difficult, but various methods have been suggested such

as the use of infra-red cells (4,46); observing the change




in structure of the surface layers (46) and by analysis
0f the gases emitted from the sliding surfaces (72). Most
of these are indirect methods of measurement and are

therefore not very accurate and most unsuitable for

practical situations.

As already mentioned the wear of a polymer is heavily
dependent upon the wear counterface and its associated
thermal conductivity (26) because of the low thermal
conductivities of polymers. The wear rates for polymers
sliding on polymers at low speeds are not very much
different from those for polymers sliding on metals.
Lancaster (26), however, found the critical speeds at which
melting occurred to be greatly reduced (e.g. 0.051m51 for
acetal on acetal compared to 101m§1 for acetal on steel).
Therefore, polymer-polymer sliding combinations are much

more restricted in theilr maximum sliding speeds and loads

than polymer-metal sliding combinations.




1.7 POLYMER TRANSFER

If repeated sliding occurs over the same wear track, the
wear rate of polymers on metals generally decrease with

time until a limiting value is achieved (60). This reduction
in the wear rate is usually caused by modification of the
counterface topography, and with a small group of polymers,
this may occur by the development of a transferred polymer
film which adheres to the metal. The transferred film is
caused by adhesive wear when the shear strength of the
adhesive junctions becomes greater than the bulk shear
strength of the material, leading to cohesive failure

within the polymer. This transfer may occur on the wear
counterface as'a thin film a few molecules thick (43, 45,
73-77) or in the form of lumps up to a few microns thick
(43, 75-77). The transfer of ductile polymers such as P.T.F.E
and polyethylene, which give smooth films, tends to reduce
the wear rate. The transfer of more brittle polymers,
however, such as polyester or polystyrene, occurs in the
form of irregular lumps, and may increase the wear rate (60).
The transfer of P.T.F.E. has been studied with x-ray
Photoelectron Spectroscopy by Wheeler (73), whilst Pepper (74)
has studied P.T.F.E., Polychlorotrifluoroethylene (P.C.T.F.E.)
and Polyvinyl chloride (P.V.C.) using Auger electron
spectroscopy. The object of Wheeler's work was to determine
whether any chemical bonding took place between the polymer

and metal. So far no strong evidence has arisen to support

this.

It has been shown (43, 75-77) that the transferred layer




of P. T.F.E. becomes preferentially oriented after several

traversals and this reduces the coefficient of friction.

This behaviour does not seem to depend on the degree of

crystallinity or on the width of the crystalline platelets

(78) shown in Figure 1.5.
From the results of the work undertaken so far it seems
there are two modes of wear for P.T.F.E. -

1) 1Initial and high speed wear where it has been suggested

that wear occurs due to interlamellar shear (See

Section 1.2.1 on crystallinity of thermoplastic
polymers). This type of wear 1s associated with a
thick transferred film which is relatively loosely

attached.

2) Low speed wear where the polymer molecules are
oriented in the direction of sliding. Wear then

occurs by thin sheets of molecules being drawn out

from the bulk material and being transferred to the
counterface. This type of wear is associated with a
very thin transferred film which is strongly attached

to the counterface.

There is still some debate as to the mode of wear for
P.T.F.E. and Kar and Bahadur (79) have suggested that

interlamellar shear occurs at both low and high sliding

speeds.

Pooley and Tabor (43) have attributed the low friction of

P.T.F.E. to its smooth molecular profile. They observed




the static initial friction to be much higher than the
kinetic friction (0.2 instead of 0.06 at 1X10~3nm;1) and
attributed this to molecular orientation of the polymer
surface during sliding. During the very early stages of
wear the polymer is thought to be undergoing bulk shear,
which causes high friction, whereas when orientation of
the molecules has taken place, there is relatively easy
slip between the individual molecular chains. Briscoe (75)
found similar results with both P.T.F.E. and high density
polyethylene. When one of these polymers began to wear,
the friction was high until the polymer pin had progressed
approximately one contact diameter. For this initial wear
the transfer was relatively thick (about 1luym) and then
became much thinner as the friction decreased. Other semi-
crystalline polymers such as low-density polythene,
polypropylene and partially perfluoromethylated P.T.F.E.,
did not show a reduction to the lower friction accompanied
with a change in material transfer. In the latter cases
the friction remained high with thick transfer and no signs

of orientation of the polymer.

The effects of lubricants on polymer transfer are described

in Section 1.8.




1.8 LUBRICATION OF POLYMERS

Lubricants are usually used to achieve two main aims,
these being a reduction in the coefficient of friction
and the wear rate associated with a particular sliding

situation. There are four regimes of lubrication and these

will be discussed in turn -

1.8.1 Hydrodynamic

The credit for the early work in this field must go to
Osborne Reynolds (24) for his concept of the 'physical
wedge'. Reynolds proposed that if one plane surface was
inclined to another (as in Figure 1.8) and a relative
motion imparted between the two, then any fluid between

the surfaces would undergo a pressure increase as 1t moved
from the 'entry' to the 'exit'. The pressure between the
two surfaces depends upon the viscosity of the fluid, the
relative speed between the two surfaces, the distance
between the two surfaces and the applied load. This film
of fluid between the two surfaces is known as a hydro-
dynamic film and is essential for the efficient operation
of many journal bearings. In hydrodynamic lubrication there
is no contact between the two materials and all of the load
is supported by the lubricant. The hydrodynamic wedge may
occur in the clearance between a shaft and liner (See
Figure 1.9) or between surface asperities (80) as shown in
Figure 1.10. Along with the necessity of a geometric wedge,
hydrodynamic systems require high speeds, high viscosity

fluids and relatively light loads.
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Figure 1.11 Representation of Elastohydrodynamic
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The amount of fluid film support increases with increasing
sliding speed and fluid viscosity and as the opposing

surfaces are not in contact then the wear rates are

ideally zero (4). The coefficient of friction varies with
the sliding speed and the viscosity of the fluid. In
general, the higher the viscosity of the fluid then the
greater will be the coefficient of friction, as the friction
is entirely due to the viscous shearing of the fluid (81) .
Temperature has an indirect effect on the coefficient of
friction because an increase in temperature leads to a
decrease in viscosity of the fluid and hence to a decrease
in the coefficient of friction. The minimum film thickness
for full hydrodynamic lubrication normally exceeds 0.25um

(81).

1.8.2 Elastohydrodynamic

Dowson (81) has defined this regime as -

"s condition in which the elastic deformation

of the bounding solids play a significant

role in the hydrodynamic lubrication process."
This regime of lubrication is similar to hydrodynamic
lubrication with complete separation of the surfaces by a
fluid film. High pressures are transmitted through the
fluid film to cause deformation of the opposing surfaces

(See Figure 1.11). As the pressure is increased the fluid

viscosity increases and greater fluid film support is

possible. Elastohydrodynamic lubrication occurs most
readily in highly stressed point or line contacts between

machine elements such as gears, cams and rolling contact




bearings. For normal engineering contact the film thick-

ness is of the order 0.025um-2.5um (81).

1.8.3. Mixed

Mixed lubrication occurs when the support of the applied
load 1s shared between the fluid film and some contacting
asperities (See Figure 1.12). The surfaces are separated
by films of molecular proportions and the film thickness
ratio can be calculated to give an indication of the

lubrication conditions where -

equivalent film thickness (Ft)
surface roughness

film thickness ratio =

G0.54 50.70

where Ft = 2.65 (for a cylinder near
« 0.13

a plane surface)

and Ft = 1.40 -————ro (for a sphere near
(X)) 0.074
a plane)
where G 1s a materials parameter

U 1s a speed parameter

and X 1s a load parameter

The surface roughness is normally described by a C.L.A.

or r.m.s. value (81).

For mixed lubrication conditions the film thickness ratio
is normally between 1 and 5, whereas for elastohydrodynamic

lubrication this ratio normally exceeds 5(81).

As there is always some contact between the two surfaces
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wear can occur and the coefficient of friction will tend

to i1ncrease with the amount of such contact.

1.8.4 Boundary

In the boundary lubrication regime hydrodynamic support
from the interposing fluid is zero, and in true boundary
lubrication the load must be supported by either a
chemisorbed or physisorbed layer (See Figure 1.13) covering
the contacting asperities (82). Boundary lubrication
conditions occur with a combination of low sliding speeds,
high loads and low viscosity fluids, and the friction in
this regime is virtually independent with changes in these
variables (82). One important factor determining the friction
is the shear strength of the adhesive junctions. The
adsorbed films of organic molecules reduce adhesion and
hence friction because shear then occurs within these layers.
Polar molecules, such as long-chain fatty acids, are
particularly effective on metals because they exhibit both
strong adsorption and appreciable lateral cohesion between
the chains. In some conditions, there may also be a

chemical reaction between fatty acids and metals to form

metallic soaps.

By constructing a graph for a particular sliding system,
commonly known as a Stribeck curve after the German
engineer (83), it is possible to determine the lubrication
regime the system is operating in. The curve is a plot of
the coefficient of friction against the dimensionless

nN'
parameter —5—




2

where n is the viscosity of the fluid in Nsm™

N 1s the sliding speed in revs per second
and p is the applied pressure in Nm~ 2
NS X rev 2
- S X m . .
> ( nN" has no units by convention )

m S N D

A typical Stribeck curve is shown in Figure 1.14 and the

four lubrication regimes are illustrated.

The regime of lubrication in which a sliding system is
operating will also be affected by the mechanical
characteristics of the opposing surfaces. For example
the elastic distortion of the relatively soft articular
cartilage which covers the harder bone material has been

shown to permit hydrodynamic conditions at much lower

values of oN than for rigid surfaces (84). This
observation may also be significant in polymer-metal
sliding systems where the modulus of elasticity for
polymers are much less than for steels. Indeed, one
report has already shown that where a metal-metal sliding
system would operate in the mixed regime a polymer-metal
system operates in the elastohydrodynamic regime under
the same conditions (85). This is because the polymer
asperities are much more likely to be deformed by the
high pressure fluid, and are therefore less likely to
come into contact with the opposing metal asperities. The
coefficient of friction in the elastohydrodynamic region
for polymers will also be less than for metals (86). This

is because the limiting pressure will be the flow pressure

of the polymer; the fluid viscosity cannot, therefore,
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incre FE1 . .
ase sufficlently and so, in turn, the coefficient of

friction due to viscous shear remains low.

Although Koutkov (87) has proposed that under sliding
conditions, polar active molecules form boundary
lubricant films on both polar and non-polar polymer
surfaces, the use of a boundary lubricant in a polymer-
polymer sliding system does not appear to reduce friction
and wear appreciably. This is due to the difficulty in
forming a fully condensed adsorbed monolayer on polymers,
to prevent asperity contact (88,89). It is also difficult
to wet some polymers with lubricants due to their low
surface energies. Boundary lubricants, however, do appear
to be more useful in polymer-metal systems where the

lubricant can interact with the metal (90).

Polymers may contain residual stresses from thelr processing
or stresses may be applied during their service life. This
may lead to failure of the polymer by the formation of a
crack, this phenomena 1s known as 'stress-cracking'. In
this situation the crack may originate at the polymer
surface and migrate into the bulk of the polymer, or may
originate beneath (and form perpendicular to) the surface
without breaking through the surface. These are kKnown as
crazes and can be considered as introducing porosity into
the polymer. Some polymers exhibit an increase in stress
cracking and crazing in the presence of certain fluids
(58,91,92), and this in turn has been shown to give rise

to an increase in the wear rate. Other polymers may be

plasticised by fluids (93) and this will also affect the

60




wear rate.

In addition polymers which rely on the formation

of a transferred-film for low wear may exhibit an increase
in wear in the presence of fluids. This is because fluids,
and water in particular, impede or completely prevent the
formation of transfer films (58). Lubricants, however,
generally reduce the wear rates of crystalline polymers
(e.g. unfilled P.T.F.E. and polyacetal) and some amorphous

polymers (e.g. P.P.0. and Polymethylmethacrylate) (8).

Some polymers absorb fluids (7) (e.g. nylon absorbs water)
and this can lead to prolonged periods of lubrication even
though excess fluid has been removed. This is because the
absorbed fluid is released when necessary to provide the
required lubrication. This phenomena has been studied by
Booser et al (94) and they found that only very small
amounts of lubricant were required to give prolonged
periods of lubrication. It is observations such as this
that led to the incorporation of fluids into polymers by
deliberately mixing-in, discussed in the earlier section

(Section 1.3).




1.9 RESEARCH PROGRAM

One of the initial aims of the work described in this
dissertation was to examine in more detail the observation
of Skelcher (9,10), with respect to fluid retention when
P.P.0O. is worn against steel in the presence of silicone
fluid. Skelcher's work (9,10) has already been mentioned
briefly in Section 1.1. Using a wear apparatus specific-
ally designed to operate under conditions of boundary
lubrication, he demonstrated that during lubricated wear
silicone fluid was absorbed into the P.P.0. and thus was
able to provide prolonged periods of lubrication even

after all excess fluid had been removed.

With the aid of surface analytical techniques Skelcher
(9,10) concluded that the silicone fluid initially
penetrated the polymer to a depth of around 10 um, and
continued to penetrate even further during subsequent

wear after the excess fluid had been removed. Although,
two different mechanisms of fluid ﬁenetration were
proposed (i.e. direct plasticisation of the polymer
surface by the silicone fluid; and cracking of the polymer
surface followed by plasticisation). Skelcher considered

that the latter mechanism was the most probable.

This observation had possible importance in practical

situations where polymer bearings could be pretreated to

give low friction in starved lubrication conditions.

The first phase of the present work has used the same
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wear-testing machine as used by Skelcher, together with
samples of P.P.0. and silicone fluid derived from the

same source. This was to ensure consistency in the results.
Initial experiments were undertaken to confirm the shape
of the Stribeck curve and the relationship between wear
rate and sliding speed, and to confirm the existence of

penetration of the silicone fluid into the polymer.

As Skelcher (9,10) had proposed that plasticisation was
the cause of fluid retention in the polymer, and in the
light of experiences of other workers (7,8,93), the second
phase of the present work has been to examine other
polymers which were unlikely to be plasticised and to see
if fluid retention still occurred with these. The two
additional polymers chosen were P.T.F.E. and P.E.E.K.

both of which are highly resistant to most fluids and

unlikely to be plasticised in any conditions.

P.T.F.E. has been an important material in polymer bearings
for many years. It has been widely studied and it was
therefore possible to compare the results of the present
work with those by other workers. Filled P.T.F.E. has
indicated some fluid retention in the past (95) when worn
against steel in the presence of a petroleum oil. In this
case, however, the oil probably penetrated the interface

petween the filler and the P.T.F.E., rather than penetrating

the bulk polymer.

P.E.E.K. 1S a new engineering polymer and preliminary tests

have indicated that it could be used successfully in many




bearing applications because of its high temperature

stability and low wear rate,

The complex geometrical design employed by Skelcher (9,10)
to maintain conditions of boundary lubrication involved a
line contact with high Hertzian stresses. It was suspected
that this particular geometrical configuration might have
been responsible for the fluid retention observed. In
particular, line contact was achieved by rotation of the
polymer pin about an axis normal to that of the opposing
metal disc (known as the Rotating Line Contact machine)
and 1t has been shown elsewhere that a combination of
rotation with sliding can significantly influence wear
(75,96,97). The present work has therefore included
experiments on a conventional pin on disc machine (known
as a Uni-Directional pin on disc machine) with a distributed

contact area.

To check on the possible significance of a line contact,
as opposed to a distributed contact area, a further line
contact apparatus (known as a Reciprocating Line Contact
machine) was also used, based on the reciprocation of a

metal strip over a rotating ring.

It was decided to construct graphs of friction and wear
rate versus speed for both dry and lubricated conditions
for each polymer on the Rotating Line Contact and Uni-
Directional pin on disc machine. The amount of work
involved restricted the friction and wear rate graphs to

P.T.F.E. only on the Reciprocating Line Contact machine.
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Before Stribeck curves could be constructed for the two

line-contact machines it was necessary to know how contact
pressure varied with changes in the applied load for each

polymer. The contact band-width (2b) can be calculated

using a theory by Hertz (98) which can be simplified to:

b = /4p'4aRr

for the case of a hard cylinder loaded against a soft

flat surface (as with the two line contact machines).

where P' = 1oad per unit length (kg<3n_1)
a = L-v?
TE
v = Poissons ratio for the polymer
E = Young's Modulus for the polymer (kg(Hn_z)
R = radius of cylinder (cm)

Unfortunately, there are problems in using the Hertz

theory in calculating the contact conditions, these are:

i) There are large differences in the published values
for Young's Modulus in polymers. (e.g. P.T.F.E. is

4 2 4 2

quoted at 24.8x10° kKNm “ and 56x10° kNm ) (99).

ii) Young's Modulus of Elasticity for polymers varies

with temperature, crystallinity and rate of strain (19).

iii) The Hertz theory is suitable for rectangular contact
areas between two cylinders and is therefore only
suitable on the Rotating Line Contact machine when

small loads give a narrow contact band width. As the




load is increased to a maxXximum the contact area will

tend towards a circular cross-section and this will

introduce errors into the calculations.

Therefore, it was thought necessary to measure the contact

band widths directly.,

It was decided to undertake autoclave experiments to
determine any possibility of silicone fluid plasticising

or diffusing into the polymers.

It was hoped that the use of physical and chemical
analytical techniques would finally elucidate the mechanism
of friction and wear for each polymer, and the mechanism of
fluid retention; if any. Details of these techniques are

provided later.
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CHAPTER 2

EXPERIMENTAL DETAILS




2. EXPERIMENTAL DETAILS

2.1 GENERAL DETAILS

The three different wear machines used in the friction and
wear experiments are diagrammatically shown in Figure 2.1.
The stress situations on the Rotating Line Contact and
Reciprocating Line Contact machines are much more complex
than on the single pin on disc machine (Uni-Directional

pin on disc machine). It has been shown before (e.g.100)
that indentation by a hard sphere may produce a circular
crack in the surface of brittle materials. This is because
the stresses under the centre of the sphere are compressive,
whilst the stresses at the circumference of the contact are
tensile (See Figure 2.2a). This situation is similar to the
stress distribution on the two line contact machines,
however, a cylinder instead of a sphere is loaded against

a plane surface and the stress distribution is slightly

modified as in Figure 2.2Db.

As the stresses are higher on the two line contact machines
than on the Uni-Directional pin on disc machine for the
same load, cracks may occur more readily in the surface,
and this was one of the main reasons for using the Uni-
Directional pin on disc machine to compare results for the

two different types of configurations. It has been shown

that by applying a tangential force to a sphere the cracks

produced are hemispherical(91) and the critical load for

cracking is reduced as the coefficient of friction is

It was therefore hoped that studies of the

increased (101).
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polymer wear surface from the two line contact machines

would indicate whether surface Cracking was occurring

during sliding.

The analyses of worn specimens and wear debris were

undertaken on the Scanning Electron Microscope, described

in Section 2.9.1.
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2.2 ROTATING LINE CONTACT MACHINE

2.2.1 General Features

This machine is shown in Figure 2.3a and maintains nominal
Hertzian line-contact conditions throughout the experiment,
irrespective of wear. This feature minimises the possibility
of hydrodynamic lubrication and maximises the possibility

of boundary lubrication over a wide speed range.

Essentially a cylindrical polymer pin is loaded against a
rotating metal ring which is in turn mounted on a special

holder fitted to a commercially available lathe.
Continuous lubrication is possible except at speeds greater
than 1 msul, whereupon, the lubrication begins to break down

as fluid is flung off the disc.

Friction and wear may be continuously monitored and recorded

using a variable speed chart recorder.

2.2.2 Wear Counterface

The outer races of commercially available bearings made

from EN31 (containing = 1%C, =1,5%Cr) and hardened to

~ 700 V.P.N. were used for all friction and wear experiments.

A surface roughness of 0.lymC.L.A. (Centre Line Average)

was obtained on the counterface surfaces by randomly

abrading first with 180 grade silicon carbide paper (mean
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(a)

Counterface

(b) :

FIGURE 2.3a General view of the Rotating Line
Contact machine

FIGURE 2.3b Wear counterface and holder for
the Rotating Line Contact machine




particle size 74um) and then 240 grade silicon carbide

paper (particle size 53um). The bearing races were then

ultrasonically cleaned in a solvent to remove any surface

debris from the polishing process. Acetone was originally

L4

used for washing but asg impurities were occasionally left

behind the solvent was changed to Iso-propyl alcohol. The
wear counterface was an interference fit onto a notched
holder, which in turn was mounted onto a Morse taper using
a washer and cap nut (See Figure 2.3b). One end of the
taper was then located in the headstock, whilst the other
end was fitted into the front bearing in the main frame

of the pin loading assembly. A splash washer was used
between the bearing race holder and the front bearing of
the main frame, to prevent any contamination of the wear
counterface. An extractor was used to remove the bearing

race from the holder (See Figure 2.4a). ‘

2.2.3 Wear Pins and Holder

The pins were machined on a lathe into a 3-tier shape so
that the largest tier had a diameter of 6mm. This tier was
used to locate and fix the pin to the pin holder. The
smallest tier had a diameter of 2mm and its plane
surface was worn against the wear counterface. The middle

tier was simply for strengthening purposes.

The pin holder comprised two major parts:-

i) The final drive gear and pin clamp;
ii) The supporting shaft

$# impurities from the original acetone
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The final drive gear was made of brass and contained a

thrust bearing housing on one side and the pin clamp on

the other (See Figure 2.4b),

The supporting shaft was made from hardened and ground

silver steel which fitted into the final drive gear with

an interference fit.

2.2.4 Measurement of Wear

The supporting shaft on the pin holder was connected to a
liner voltage-displacement transducer, which continuously
monitored any vertical movement of the pin and hence any
wear. The transducer response was linear over 1 mm of
movement with a rated error of 0.3% and had a zero shift

1. The armature of the transducer

of less than 0.008%°C”
was 'free-moving' enabling it to rotate and move linearly
simultaneously. The transducer was connected to an oscill-
ator demodulator unit with adjustable span and zero

controls. The output signal from this unit was fed into

one input of a double channel chart recorder.

Since a nonconforming geometry was used the pin surface

remained flat, and it was a simple matter to calculate

volume removal from the linear displacement of the pin

during wear.

Wear rates were usually calculated after a number of

counterface revolutions ( = 1000) when steady state wear

was occurring.




2.2.5 Measurement of Friction

The complete pin-loading assembly was pivoted about the

axls of rotation of the counterface and finely balanced

in the vertical position. Therefore any movement of the

pin loading assembly was caused solely by the frictional
force between the wear pin and the counterface (See

Figure 2.5a). This frictional force was measured by a
commercially available Tensile/Compressive Load Transducer,
and was designed to measure steady and rapidly fluctuating

tenslle or compressive forces. The transducer was mounted

'in a horizontal position, using an upright support

|
§
i
connected to the lathe bed, and was positioned a distance j
of three times the radius of the wear counterface above %

the axis of rotation. Therefore, the recorded friction had
to be multiplied by a factor of three to obtain the actual

value.

The output signal from the transducer was fed into an

amplifier and then to the second input of the chart

recorder previously mentioned in 2.2.4. Therefore, like

the wear measurements a continuous record of the friction

values was obtained. The transducer range was t45Ograms

with a maximum excursion of the sensing armature at 40Um.

A slight amount of friction was produced 1in the front and

rear bearings of the pin-loading assembly (0.4 to 4% of

contact friction over the complete speed range). This

bearing

3

friction was measured by rotating the counterface ;
|

nd then used as a 'zero'. |

|

with the pin in the no-load position a

76




AX1s of
Rotation

Loading spyings

Pivot

FIGURE 2.5a Measurement of Friction

FIGURE 2.5b Pin loading assembly




2.2.6 Load Application

The load was applied by a bank of "constant force" springs

via a pivot and fork mechanism and remained constant
lrrespective of vertical pin movement due to wear (See
Figure 2.5b). Each pair of springs provided 5N load,
therefore, it was possible to use loads of 5N, 10N, 15N

and 20 N. An additional lead weight of 1N increased the load
range available. These springs were easily added by passing
a rod through the centre of the coiled part of the spring.
Two small plain bearings were mounted horizontally at the
end of the fork so that they pressed down on top of the
thrust washer. This enabled the load to be transmitted to

the pin holder whilst also allowing it to rotate.

2.2.7 Rotary Motion of Pin and Counterface

The supporting shaft of the pin holder was located in two
combination bearings, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>