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Polymer-based dry bearings are widely used in the aircraft industry. In many 
applications, these materials may fail to achieve their required performances as a 
result of contamination by fluids, such as, water, fuel, oils and greases. The 
purpose of this project is to examine in detail some of the fundamental mechanisms 
underlying the effects produced by contaminants. 

Meaningful measurements of wear are only possible when elastohydrodynamic 
effects are negligible and the surfaces remain in solid contact within the boundary 
lubrication regime. A rotating pin-on-ring apparatus has been built to measure the 
friction and wear of polymers under these conditions. The polymer used was 
Polyphenylene Oxide (PPO) and the lubricants were polydimethy! siloxane silicone 
fluids of different viscosities. The worn surfaces of the polymer were examined 
for the presence of silicon by Electron Probe Microanalysis and Rutherford 
backscattering. A depth of silicon to approximately 8um was found in samples 
worn under boundary-lubricated sliding conditions. When the external lubricant was 
removed, one might expect the coefficient of friction to rise from its value under 
boundary-lubricated sliding to its value under dry sliding conditions after about 
8um of wear. In fact, the rise in friction did not occur until several hundred 
microns of wear of the polymer. Scanning electron microscopy was used to 
identify any change in the surface and an indentation experiment was devised to 
detect changes in mechanical properties of the surface layers. 

The general conclusion from the experimental results is that a plasticised layer is 
formed on the surface of the polymer, which migrates further into the polymer 
during wear under starved lubrication conditions, still maintaining a low coefficient 
of friction. 

Finally, an attempt is made to quantify the changes in some of the mechanical 
properties of the polymer which have occurred as a result of sliding under boundary- 
lubricated conditions, using a theory of boundary lubrication. 
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CHAPTER ONE 

INTRODUCTION 

The applications of unlubricated-'dry'-bearing materials has increased in recent 

years. The advantages of using this type of bearing occur when maintenance is 

difficult or costly, when contamination arises and where fluid lubrication is 

impossible (e.g. at high or low temperatures) (1,2). 

The requirements of a dry bearing material are that it must be able to support an 

applied load in a given environment without significant distortion, deformation or 

loss in strength and possess a low coefficient of friction and wear rate, which are 

preferably unaffected by small changes in the environment (1). Four groups of 

materials satisfy all, or most of these requirements. The main group is that of 

composites, i.e. synthetic polymers to which fillers or reinforcements are added to 

improve mechanical properties. The second group comprises, carbons and graphites 

(with additives) which are important for applications at higher temperatures than 

are normally possible with composites. The third group is solid film lubricants, 

based on Polytetrafluoroethylene (PTFE) or lamellar solids such as graphite or 

Molybdenum Disulphide (MoS.,). These materials are used in conjunction with 

suitable metallic or non-metallic substrates when a particularly low coefficient is 

required. The last group consists of hard metals, ceramics and cermets, either in 

bulk form or as coatings on a metallic substrate, and are used for high temperature 

applications - above about 400°C. 

This dissertation is relevant to the first group, i.e. the polymer-based dry bearing 

materials. Polymer-based dry bearings are used extensively in military and civil 

aircraft. Examples of the more crucial uses in the Tornado swing-wing aircraft and
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Lynx helicoptor, are shown in Fig, 1.1 and Fig. 1.2 respectively. Dry bearings do 

not always operate in dry conditions. They may be greased on assembly, either by 

accident or design, they may operate whilst 'lubricated' by process fluids, or they 

may be contaminated in service. Contamination by fluids may result in the failure 

of materials chosen for optimum friction and wear to reach the required 

performance. The wear of polymers during lubricated or contaminated conditions 

has not so far, been widely examined. The purpose of this research is to examine in 

detail, some of the fundamental mechanisms underlying these effects. 

Polymer Materials 

There are many polymers commercially available but only a small proportion of 

these are used in dry bearing applications. These are listed in Table 1.1 under the 

classification of thermoplastics and thermosets (1). Linear and branched polymers 

can be induced to flow with the application of heat and/or stress or can be 

dissolved in suitable solvents, (see Fig. 1.3(a) and Fig. 1.3(b)) (3). This property 

enables them to be moulded. Hence, these polymers are referred to as 

thermoplastics. Thermoplastics can possess varying degrees of crystallinity, but 

are seldom, if ever, completely crystalline or completely amorphous. Crystallinity 

in polymers develops through spherulitic growth, at various heterogeneous nuclei. 

The growth occurs in a radial fashion with ribbonlike lamellae which become more 

distorted with distance from the nucleus of growth. The lamellae are about 100A 

thick and consist of chains which are folded and packed close to one another. In 

crosslinked polymers, molecular flow and separation by solution are prevented by 

strong primary valence forces (3). A crosslinked polymer is depicted in Fig. 1.3(c). 

Crosslinked polymers cannot be moulded and are known as themosets. 

In comparison with the thermal and mechanical properties of mild steel, the tensile 

strengths of polymers are lower by a factor of about 10, their elastic moduli and 

thermal conductivities are lower by a factor of 100, and their thermal coefficients
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TABLE 1.1 

MAIN POLYMERS OF INTEREST FOR BEARINGS 

Thermoplastics Thermosetting Resins 

Polyethylene-high molecular wt. Phenolics 

Acetal-homo- and co-polymer Polyesters 

Polyamides (Nylon 6, 6.6, and 11) Epoxies 

PTFE. Silicones 

Polyphenylene Oxide Polyimides 

Polycarbonate 

TABLE 1.2 

MAIN FILLERS OF INTEREST FOR BEARINGS 

Improve Mechanical Properties Reduce Friction 

Asbestos Graphite 

Glass MoS, 

Carbon PTFE (particles or fibre) 

Textile Fibres 

Mica Improve Thermal Properties 

Metals and oxides Bronze 

Silver 

Carbon/Graphite
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of expansions are greater by a factor of about 10. These properties can be 

improved by using fillers or reinforcing fibres. A list of typical fillers is given in 

Table 1.2(3). The particular filler used in composites will depend on the exact use 

of the bearing. 

Before continuing with a review of composite materials, it is useful to describe the 

possible ways in which friction and wear may arise with polymers under dry sliding 

conditions. 

Friction of Polymers 

The two main components of friction are adhesion and deformation ('ploughing'), at 

localised areas of contact. As with metals, the adhesive component of friction is 

given by F =As, where A is the real area of contact and s is the shear strength of 

the junctions formed by contacting asperities. For polymers, these junctions are 

thought to arise mainly from Van der Waals forces (4,5), possibly supplemented by 

electrostatic forces (6). It is possible to make the assumption that localised plastic 

flow will occur, and then the load will be supported by the real area of contact, 

giving A =5 where L is the total load and P is the flow pressure of the polymer. 

Now ft = cL" eo Ff ee However, most polymers undergo mainly elastic 

and only a small amount of plastic deformation at the asperities (7). Mainly elastic 

deformation occurs because of the low moduli of elasticity of polymers. These can 

be of the order of Sa - ath those of metals where mainly plastic 

deformation occurs. If the strength of the interfacial junctions exceed that of the 

polymer itself, shear will occur within the polymer (i.e. cohesive failure), leading 

to transfer. There is evidence of polymer transfer on an atomic level (8) and on a 

more macroscopic level with transfer onto metal or glass surfaces (9,10,11,12). 

Transfer is most common for crystalline thermoplastics (13). For amorphous 

thermoplastics and thermosets, failure is more usually at the junction itself and 

transfer does not occur (14).
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The deformation component of friction is most easily described by considering the 

elastic deformation occurring during the rolling of a rigid sphere over a polymer. 

Adhesive effects are small, and the energy dissipated can be calculated in terms of 

the hysteresis losses occurring during each deformation cycle (15). When sliding 

occurs it is no longer possible to say which of the two components predominates in 

the measurement of friction. 

Wear of Polymers 

At the onset of sliding, wear rates tend to be high. However, the metal counterface 

can be modified by transfer of the polymer and this generally leads to a smoother 

counterface and the wear rate decreases to a steady value. In many wear 

situations, after an initial 'running-in' period, it is found that the volume of wear V, 

becomes proportional to time, or sliding distance S, directly proportional to the 

load L, and almost independent of the apparent area of contact. A wear rate may 

therefore be defined ast, the units of which are m?/m or a specific wear rate may 

be defined as > in m?/Nm. The type of wear occurring initially is often abrasive. 

Abrasive wear of rigid polymers occurs when harder surface asperities penetrate 

the polymer and remove material by shearing or cutting. This leads to the 

relationship ¢ = a eC nae ) where H is the indentation hardness and a is the 

base angle of the indenting asperity (16). K is a constant accounting for the fact 

that only a proportion of the polymer undergoing deformation appears as loose 

wear debris. For abrasive wear to occur, deformation of the asperities must be 

plastic rather than elastic, and two criteria are available to define this condition. 

Halliday (17) suggested that critical values of a are given by tana = c@a-»), 

where v is Poisson's ratio, E is Young's modulus and the constant C = 0.8 for the 

onset of plasticity and C = 2 for full plasticity. Greenwood and Williamson (18) 

have defined a 'plasticity index’ & oy, where o is the standard deviation of 

the asperity heights and fis their average radius of curvature; plasticity begins 

when the ratio is equal to unity. Inserting typical values of E and H into the first



criterion, plastic deformation and abrasive wear occurs with metals for a@1°, but 

for polymers, a is of the order of 5-10°. The higher angles are only likely to be 

encountered on very rough surfaces of the order of 1.25 wmRa or greater, or on 

abrasive papers (19). 

A simple theory for the wear of polymers against abrasive paper has been derived 

by Ratner et al. (20). In this theory, the volume of wear, V, per unit sliding distance, 

Vuk 
S Hse 

friction, s is the ultimate breaking strength and e is the elongation at break. The 

S, is related to polymer properties — » where is the coefficient of 

theory is based on the assumption that three stages are involved in the production 

of a wear particle: plastic deformation to give a real area of contact inversely 

proportional to the hardness H, relative motion opposed by a frictional force 

F =mL, and disruption of material involving work equivalent to the area under the 

stress-strain curve at fracture. This work can be approximated to the product of 

the breaking strength and the elongation at break, se. The elongation at break is 

given as a percentage increase in length. 

Localised elastic deformation of a polymer during sliding becomes significant with 

decreasing elastic modulus and/or counterface roughness, and under these 

conditions, fatigue is thought to become more important in the wear process. 

Adhesion between a polymer and metal can only result in transfer of the polymer if 

the shear strength of a junction exceeds that of the subsurface layer of the 

polymer. This situation can arise either because an adhesive junction becomes very 

strong, or because the subsurface layer becomes very weak. When a junction is 

formed, its strength will be influenced by the oxide or adsorbed films present on 

the two surfaces. It is difficult to imagine the strength of an adhesive junction 

ever exceeding the shear strength of the polymer. The process more likely to 

occur, is one whereby the surface layer becomes progressively weaker as a result 

of repeated contacts on a relatively smooth counterface, until, eventually even 

weak adhesion across a junction can become strong enough to detach a fragment



and transfer it to the opposite face (21). 

Transfer from polymers with high elongations, such as PTFE, acetals or nylons, 

leads to smoother counterfaces and hence lower wear rates. Transfer from the 

more brittle polymers, such as polyesters, some epoxies, or polystyrene is often in 

the form of irregular lumps, which has the effect of increasing the surface 

roughness and hence the wear rates. 

Friction and Wear of Bearing Materials. 

When fillers are incorporated in a polymer as a reinforcement, the strength, s, 

increases by a factor of, typically, 1.5-4, but the elongation at break may decrease 

by a factor up to 100. So the parameter se is reduced when fillers are used and 

this results in an increase in abrasive wear. However, abrasion may give rise to 

modification of the metal counterface. Other ways of modifying the metal 

surface include transfer from the polymer or filler, and abrasion by contaminants 

in the surrounding environment, In most cases, a smoother counterface is produced 

and the wear rate gradually decreases to a constant value. PTFE, graphite and 

MoS. are all fillers used to reduce friction and produce a transfer film (1). In some 

polymer composites filled with carbon/graphite particles or fibres for example, the 

transferred film can be destroyed by the addition of water. This results in a 

dramatic increase in the wear rate and could well account for the service failure of 

many dry bearing materials in contaminated environments. 

Reinforced thermosetting laminates are anisotropic in their mechanical properties. 

Their strengths and stiffnesses however, can still be much greater than filled or 

reinforced thermoplastics. Reinforced thermosets are most suitable for use in 

bearings where the frictional heating can be dissipated or minimised by reducing 

the coefficient of friction. One of the ideal applications of this type of bearing is 

in marine engineering; the temperature is reduced by the water acting as a 
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coolant, and which may also result in a lower coefficient of friction. There is an 

added problem here, and that is the corrosiveness of sea water towards 

metals (22,23). When operating in dry conditions, thermosets usually contain some 

form of solid lubricant such as PTFE, graphite or MoS,. The wear rates of these 2 

materials are still quite high in comparison with PTFE composites, but they can be 

used at higher temperatures even when thermal or oxidative degradation occurs of 

the resin or reinforcement. The rates of wear tend to increase with temperature 

but not as dramatically as do the wear rates for reinforced thermoplastics near 

their softening points. 

Lubrication of Polymers 

As mentioned earlier, it is possible for dry bearing materials to be contaminated 

during production or in use. Such contaminants could be water, or oils and grease 

present in the working environment. If this occurs, the conditions of operation can 

no longer be classed as dry, but now must be considered as operating under a 

particular regime of lubrication (24). 

The various lubrication regimes which exist for the lubrication of metals are shown 

in Fig.1.4. Fluid film conditions are generally produced when the sliding velocity is 

relatively high and the loads relatively light, and friction then arises from the 

shearing of the lubricant film. Elastohydrodynamic conditions occur when high 

pressures transferred through the lubricant result in deformation of the surfaces 

and an increase in viscosity of the lubricant itself. A fluid film is still maintained. 

Mixed lubrication involves a breakdown of the fluid film and the occasional 

asperity contacts result in wear of the surfaces. Boundary lubrication occurs under 

conditions of low speeds and high loads which lead to considerably more metal- 

metal contact. Good boundary lubrication of metals is obtained by the absorption 

of polar molecules where metal-metal contact is prevented (25,26). This is often 

achieved in practice by the addition to a lubricating fluid of polar molecules such 
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as long-chain organic acids or esters. The variation of the coefficient of friction 

with the dimensionless parameter, 1U/P is shown in Fig. 1.5 (27), where 1 is the 

viscosity of the lubricant, U, the sliding speed and P is the pressure. This plot is 

generally known as a Stribeck curve (28) which gives a convenient summary of the 

phenomena observed in lubrication. The lubrication regimes shown in Fig. 1.4 can 

be identified with different parts of this curve. When comparing the boundary 

lubrication of metals with the boundary lubrication of polymers, certain essential 

differences exist. The reductions in coefficients of friction for metals can be from 

unity down to about 0.05-0.1 (26,29,30). With polymers, however, the reductions in 

the coefficient of friction are much smaller because of the inability of long-chain 

organic molecules to form fully-condensed monolayers on the low energy polymer 

surfaces (31,32). Because of their lower moduli of elasticity, polymers may 

undergo fluid film lubrication in conditions which, with metals, would lead to 

metal-metal contact (33). Under these conditions, polymers will tend to suffer less 

wear than metals. With the elastohydrodynamic lubrication of metals, the 

lubricant viscosity increases considerably in the regions of high contact pressures, 

whereas with polymers, the localised stresses cannot become sufficiently high to 

cause an increase in the viscosity of the lubricant. The coefficients of friction are 

therefore lower (34). However, when polymers slide against metals in the presence 

of conventional boundary lubricants, the reductions in friction are generally 

greater than with polymer - polymer systems due to the interaction of the 

lubricant with the metal (35,36). It is also possible for a metal surface to suffer 

loss in strength due to the adsorption of surface actives species. This is known as 

the Rehbinder effect (37). 

Polymers are known to be influenced by the action of fluids in two ways - 

wettability (38,39,40) and plasticisation (38,41). The coefficient of friction is 

reduced appreciably when the surface tension of the fluid falls below the critical 

value for wetting of the polymer. Yet attempts to correlate this reduction in 

friction with the wettability, contact angle or the reduction of surface energies 
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have proved inconclusive for any one polymer in different fluids (40) or for 

different polymers in one fluid (42). Plasticisation is a term referring to the 

process of making a material more susceptible to plastic flow. The effect of this is 

to decrease hardness and increase flexibility. This can occur with some polymer- 

fluid sliding systems and results in the absorption of fluid into the surface layers of 

the polymer (41,43). Plasticisation only effects the amorphous regions in a 

polymer. Absorption of fluid can also lead to: 

(i) a reduction in strength and modulus of elasticity and an increase in the 

elongation to break. 

(ii) swelling of the surface layers, leading to differential expansion and 

possible stress concentrations. 

(iii) | cracking or crazing of amorphous polymers under stress. Cracks tend 

to form along the direction of sliding whereas crazes, which are 

erack-like features tend to form perpendicular to the direction of 

sliding and consist of porous polymer. (44) 

For composites sliding under boundary lubrication conditions, the wear rates tend to 

be higher than the dry wear rates, because the formation of transfer films on a 

counterface, or back-transferred films on the composite itself, are inhibited by the 

fluid. The lubricated wear rates of crystalline polymers, however, are often the 

same or lower than the dry value. Liquids are not readily absorbed by these 

polymers and so the effectiveness of the lubricant depends on its ability to act as a 

boundary lubricant. 

An interesting feature of some polymers not mentioned so far, is their ability to 

undergo lubrication with only small amounts of fluid. Booser, Scott and Wilcock (45) 

have shown that following pre-lubrication by a small amount of hydrocarbon oil, a 

15



1.6 

nylon-metal combination will exhibit low wear for at least 100 times as long as a 

metal-metal combination in the same conditions. Similar results have been 

reported by Pratt (46). This observation has been exploited practically by the 

incorporation of very small amounts of fluid into the bulk structure of polymers. 

The fluid reaches the sliding interface either by diffusion or as a result of wear. 

Various fluids have been examined including fatty acids and amides (47,43), low 

molecular weight fluorocarbons (49), mineral oils (50) and silicones (51,52,53). 

Reduction in wear rates by fluid incorporation has also been found by Pascoe and 

Dzhanokmedov (54) and Abouelwafa et al. (55). 

Research Program 

Improvements in dry bearing materials are needed to reduce production costs, to 

increase wear-life, and obtain greater reliability in performance. The overall aims 

of any research program into these aspects must be:- 

(i) to determine the main factors influencing life and reliability. 

(ii) to understand the fundamental ways in which these factors influence 

friction and wear. 

(iii) to develop improved products based on the information from (i) and 

(ii). 

The aims of this project are concerned with (i) and (ii) above. There is information 

already available on (i) (1,2), which shows fluid contamination to be a very 

significant parameter, usually leading to shorter bearing lives (i.e. higher wear 

rates). The intention of the research is to concentrate on (ii) using a polymer about 

which experimental information is available and is known to be sensitive to 

particular fluids (24). The polymer chosen for this work was Poly 2,6-dimethy! 1,4~- 
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phenylene oxide (PPO) and the fluid was polydimethy siloxane (silicone fliuds) of 

different viscosities. The possible mechanisms relevant to wear are examined by 

sliding experiments and the changes in the surface layers induced by sliding are 

characterised using various physical and surface analytical technique. 

As already discussed, the presence of a fluid in a dry bearing application can lead 

to boundary lubrication, full fluid film lubrication or a mixture of the two can 

result. A polymer-metal system can undergo the transition to elastohydrodynamic 

lubrication more easily than a metal-metal system. If partial elastohydrodynamic 

lubrication occurs, then the proportion of the load supported by the fluid is unknown 

and the effect of load, viscosity, temperature, sliding speed and surface roughness is 

unknown also. It is therefore impossible to compare and interpret friction 

coefficients and wear rates for different materials and fluids in terms of surface 

changes and mechanical properties in any lubrication conditions other than 

boundary. 

Experiments designed to assess the friction and wear of polymers in the boundary 

lubrication regime generally involve the use of 'pin-on-ring' or 'pin-on-disc' 

machines. Wear is measured by using, for example, a conically- or hemi- 

spherically-shaped wear specimen. By measuring the diameter of the specimen 

periodically it is possible to calculate a wear rate. However, it is possible for a 

hydrodynamic fluid film to be formed with these specimen geometries, which is 

produced by a combination of the wear and elastic deflection of the assembly 

supporting the specimen (24). For the present work, an apparatus was designed to 

reduce the effects of hydrodynamic or elastohydrodynamic film formation. To 

overcome these effects, nominal Hertzian line-contact conditions were maintained 

throughout the experiment, irrespective of wear. The plane surface of a rotating 

metal ring was mounted between centres on a commercially-available lathe. Line- 

contact conditions were maintained by slowly rotating the polymer wear specimen 

about its cylindrical axis. With suitable loads, sliding speeds and viscosities of 
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CHAPTER TWO 

EXPERIMENTAL EQUIPMENT AND PROCEDURE 

Boundary Lubrication Apparatus 

Introduction 

The basic design criteria of the boundary lubrication apparatus were that:- 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

it should provide rotation of a wear counterface at variable speeds 

the polymer wear specimen should rotate 

friction needs to be measured 

wear needs to be measured continuously (since a non-conforming 

geometry is used) 

a lubricant should be applied 

a range of loads should be available. 

How these criteria were achieved and combined together into one apparatus is 

described in the first part of this chapter. Once the experimental conditions of 

boundary lubrication had been derived from the apparatus, then various polymer 

wear specimens could be generated for analysis. These polymer wear specimens 

were examined for changes in mechanical or chemical properties which might have 

occurred in the uppermost surface layers, during boundary lubrication. The 

techniques used to determine these changes are described in the rest of the 

chapter. 

Design Principle 

A schematic view of the apparatus is shown in Fig. 2.1. It was designed so that the 
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whole assembly could rotate about an axis projecting out from the centre of the 

head bearing of a lathe. This rotation is required to measure the friction force 

generated between the polymer and its counterface. Rotation is restricted to a 

few minutes of arc by a tensile/compressive load transducer which functions 

both as a buffer and measures the friction force. The weight above the projected 

axis is counterbalanced exactly by the weight below. Fig. 2.2 shows the friction 

transducer and Fig. 2.3 indicates the axis of rotation of the apparatus. The friction 

transducer is described in more detail in a later section in this chapter. Inertial 

effects have been minimised by keeping the bulk of the apparatus as close to the 

axis of rotation as possible. There are bearings at both the front and rear of the 

apparatus, and the distance between them has been minimised to reduce the 

possibility of mis-alignment of the bearings, which could affect the friction 

measurements. 

The Wear Counterface 

The wear counterface used in all the experimental work was the outer race of a 

commercially-available bearing made from EN31 steel (~1%C,~1.5%Cr ) hardened 

to ~700 V.P.N. It was chosen originally because of its convenient size and its 

ability to fit onto an existing piece of apparatus used for polishing. The 

counterface surfaces were randomly abraded first on 180 grade silicon carbide 

paper (particle size 74um) to remove the previous wear track and then 240 grade 

silicon carbide paper (particle size 53um) to a C.L.A. (Centre-line-average) 

roughness of 0.lum. The rings were ultrasonically cleaned in acetone to remove 

any surface debris from the polishing process and washed in petroleum ether 

before use. The wear counterface is an interference fit onto a notched holder, 

which in turn is mounted onto a Morse taper using a washer and cap nut. The taper 

then fits into the headstock of the lathe. The other end of the taper fits into the 

front bearing in the main frame of the apparatus, see Fig. 2.2, Fig. 2.4 and Fig. 2.5. 
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2.1.4 

A splash washer also fits onto the cap nut to protect the front bearing from any 

lubricant. An extractor, to permit removal of the ring without contaminating the 

wear surface is shown in Fig. 2.6. 

Wear Pins and Holder 

The PPO was originally supplied in the form of granules which are difficult to 

mould under compression. To offset this, approximately 40g of PPO granules were 

dissolved in 1200 ml of toluene, using a magnetic stirrer and precipitated back out in 

about 10 litres of methanol, using only a few hundred ml of the toluene/PPO solution 

at a time. The excess toluene was removed and the precipitate washed using 

a Buchner funnel with methanol and finally water. This was dried in an oven to 

constant weight and the particle aggregates broken down using a rotary bladed 

cutting device. The moulding temperature was approximately 250°C. The polymer 

wear pins were turned on a lathe from these compression-moulded blocks. The 

shape of the wear pin is shown in Fig. 2.7, together with the wear pin holder. The 

structure of PPO is shown in Fig. 2.8(a). 

A schematic diagram is shown in Fig. 2.9, giving details of the pin holder, gear and 

thrust washer assembly. The rear end of the pin holder is machined to a close fit 

onto the end of the shaft (shown by the diagonal shading). This is tapered on the 

outside to allow the gear and thrust washer housing to clamp the pin holder to the 

end of the shaft. The gear and thrust housing were machined from a solid piece of 

metal and the inside of this was tapered also to achieve the clamping action. This 

was considered to be the best way of attaching the pin holder to the shaft. 

Another method would have been to use a screw-clamp device, but this would then 

have resulted in an eccentric rotation of the pin. The thrust washer consisted of a 

cage of ball bearings between two washers and was a loose fit within the housing. 

As can be seen from Fig. 2.7 and Fig. 2.9, the pins have been machined into a 3-tier 
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Fig.2.6 Ring Extractor. 

27



“J9PIOH 
Uld 

JeaM 
pue 

Uld 
seam 

LZ 614 

 



CH 

CH, 

(a) Poly(2,6-Dimethyl 1,4-Phenylene Oxide) 

  

- } } 

CH—si— 0 oe) Si—CH 
al | | 
CH, cH, =, CH, 

(b) Polydimethylsiloxane 

Fig. 2.8(a)and(b) Structure of Polyphenylene 

Oxide and Silicone Fluid. 

29



    
Wear Transducer———=|: 

  

    

Shaft ——————_=> 

Idler Gear Motor Gear 

        Thrust Bearings ——=(isaE 

Wear Pin ————+ € 

Fig.2.9 Schematic Diagram of Wear Pin Holder. 

30



2.1.5 

2.1.6 

shape. The largest tier fitted into the wear pin holder and is used to attach 

the pin to the holder via a cap nut. The final tier is the wearing surface and the 

second tier is merely for strengthening purposes. The rotating shaft is hardened 

and ground, and fits into a combination bearing set (see later section). The thrust 

washer allows the load to be applied (via a pivot and fork mechanism) whilst the 

shaft and pin rotate. 

Measurement of Wear 

The wear of the polymer pins was monitorred continuously using a Linear 

Displacement Transducer, which was linear over 1mm movement. The error was 

rated at 0.3%. The stylus of this device was 'free-moving', within two plastic 

bushes, i.e. it can rotate and move linearly at the same time. The wear transducer 

is shown in Fig. 2.9. The transducer is mounted directly above the rotating shaft 

connected to the wear pin. On top of the shaft is a brass cap, held on by a 

horizontal nylon screw. The inside of the cap is threaded to the same pitch as the 

transducer stylus. Two small nuts above the brass cap keep the stylus in place. 

The transducer stylus can now rotate and descend as the pin wears. The 

attachment of the transducer to the apparatus is shown in Fig. 2.2 and Fig. 2.3. It 

is important to align the centres of the shaft, polymer pin and transducer to enable 

an accurate measurement of wear to be made. Note that the wire from the 

transducer was fixed as close as possible to the axis of the lathe, to reduce inertial 

effects and maintain balance. The transducer is connected to an oscillator 

demodulator unit with adjustable span and zero controls. The output signal was fed 

into one input of a double channel chart recorder. The chart recorder was usually 

used at its slowest speed of Imm/min. 

Measurement of Friction 

The friction force generated between the polymer and counterface is measured by 
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a commercially-available Tensile/Compressive Load Transducer. The type of 

transducer used is one designed to measure steady and rapidly fluctuating tensile or 

compressive forces. It consists of an unbonded strain-gauge element. The 

transducer is mounted in an horizontal position, using an upright support connected 

to the bed of the lathe, as is shown in Fig. 2.1 and Fig. 2.2. The output signal from 

the strain-gauge bridge is connected to an amplifier and then to the second input of 

the chart recorder previously mentioned. This gives a continuous friction trace. 

The range of the transducer is + 450g, and the maximum excursion of the sensing 

armature is 40m (at maximum load). The transducer just rests against the side of 

the apparatus when it is in a vertical position. The transducer is positioned a 

distance of three times the radius of the wear counterface above the axis of 

rotation. To calculate the friction force between the polymer and counterface, the 

measured friction from the chart recorder must thus be multiplied by a factor of 

three. There is a slight amount of friction produced in the front and rear bearings 

of the apparatus. This is measured by suspending the pin above the wear 

counterface (so no load is applied) and setting the lathe in motion. The friction 

value obtained in this way is taken as the 'zero' and over the whole range of speeds 

used amounts to 0.4 to 4% of the contact friction. 

2.1.7 Load Application 

Constant-force, commutator-brush springs were used for loading purposes. These 

springs are unlike ordinary ones in that, varying the extension does not produce any 

variation in the load output. Compression springs are unsuitable since as the pin 

wears, the extension will change and thus alter the load. Fig. 2.10 shows how they 

are applied on the apparatus. This set-up was arrived at after experimentation 

with various configurations. Various sizes and spring loads are available and it is 

possible to vary the load from 1N up to 31N in steps of 1N, if required. The springs 

are easily interchanged by passing the rod, (shown in Fig. 2.10) through the centre 

of the coiled part of the spring. A small brass ring is placed in the centre of the 
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coil of the spring to facilitate its recoil. The load is applied to the wear pin using a 

pivot and fork mechanism. With no springs in use, the load is made exactly 1N, by 

using a lead weight on top of the pin holder, gear and shaft assembly (shown in 

Fig. 2.1). The fork is balanced exactly about the pivot axis, so that it does not 

contribute to the loading. There are two small plain bearings mounted horizontally 

at the end of the fork, either side of a channel which allows the shaft to pass 

through. These two bearings press down on top of the thrust washer, allowing the 

pin to rotate. The shaft has been hardened and ground and passes through two 

combination bearings, so that the shaft can drop and rotate at the same time, with 

the minimum of friction on the shaft. The approximate positions of these 

combination bearings are shown in Fig. 2.1. 

Rotary Motion of the Pin and Wear Counterface 

The lathe was modified by the addition of a 0.25KW, 1400r.p.m., D.C. motor and 

thyristor speed controller to give a continuously variable range of speeds from 

1 to 10ms"!, using a pulley and gearing system already in the lathe. 0.001ms™ 

The wear pin is rotated using a 1:1 gear ratio with an idler gear in between and a 

5 r.p.m. synchronous motor. The gear arrangement is shown in Fig. 2.9. With the 

continued use of the apparatus, it was thought possible that the motor gear could 

wear a groove in the idler gear and so interfere with the descent of the shaft gear as 

the pin wears. This potential problem was overcome, however, by arranging that 

the lower horizontal face of the motor gear was always well above the upper 

horizontal face of the shaft gear. 

Lubricants and Application 

The lubricant in all experiments was applied by allowing the lower part of the 

rotating counterface to be immersed in a bath of fluid. The lubricant was » 
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commercially-available polydimethy! siloxane (silicone fluid) and the structure is 

shown in Fig. 2.8(b). This fluid was chosen because it is available in a range of 

different viscosities. They are chemically identical but vary only in molecular 

weight (i.e. number of repeat units). The range of viscosities used was 1-1000cs. 

Electron Probe Microanalysis (E.P.M.A.) 

One of the main reasons for choosing silicone fluids as lubricants is that the silicon 

atoms present in the main chain are readily detectable by several surface 

analytical techniques. 

PPO pins worn under boundary lubrication conditions with silicone fluid were 

examined in the electron probe microanalyser (E.P.M.A.) by mounting the wear 

specimens in transverse sections. If the silicone fluid has penetrated the worn PPO 

surfaces to any significant depth, then this could be detected from the presence of 

the characteristic X-Rays of silicon. Details of the principles involved in the 

E.P.M.A. can be found elsewhere (56). In the method of mounting the worn 

specimens, part of the second and third tiers were removed by a small sharp chisel, 

being careful to avoid contact with the first tier (i.e. the worn surface). In an initial 

set of experiments, it was found that the conductive mounting medium, a phenolic 

resin, also contained silicon atoms, making it difficult to detect the edge of the 

worn surface. This problem was overcome by coating the top of the specimen with 

silver conducting paint. By obtaining a silver X-Ray intensity picture, the edge of 

the specimen could then be seen with ease. Without moving the specimen, the 

Bragg angle was varied to obtain a silicon X-Ray intensity picture. If there is any 

silicon present below this edge, it must then be in the surface layers of the worn 

specimen. A further improvement on this method of mounting was to make two 

angled cuts in the mounting medium very close to the specimen and 'chip' this 

portion away, leaving the edge of the wear surface of the specimen exposed. This 

method of mounting is summarized in Fig. 2.11. All the mounted sections of the 
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polymer pins were polished in the same way using various grades of papers, 

finishing finally on 6um and lum diamond pastes. The specimens were then given 

a conductive coating of carbon to dissipate electrostatic charging effects under the 

electron beam. 

Rutherford Backscattering (R.B.S.) 

Rutherford backscattering is a comparitively new technique for surface 

examination which does not, so far, appear to have been used for the analysis of 

worn surfaces, It is therefore, pertinent to describe the principles involved in the 

technique. Three distinct physical properties of 'thin layer’ targets can be 

determined: the elemental masses within the target; the amounts of each element 

in the target; the concentration versus depth profiles of each element in the upper 

layers of the target. 

The basic experimental arrangement is shown in Fig. 2.12 (57). The sample was 

mounted in a vacuum chamber, connected to the beam tube of the Dynamitron 

accelerator. The Dynamitron is a high-current machine, which can operate at 

voltages up to three million volts and accelerate either electrons or positive ions, 

such as deuterons, protons and a-particles. The beam produced can be either 

continuous or pulsed and of energy in the range of 1-3MeV. In the present 

experiments, the Dynamitron was used to provide a continuous monoenergetic beam of 

a-particles Cre2*), of 2MeV energy which impinged on the sample. This beam 

energy was chosen such that it was well below the nuclear reaction threshold. 

Most of the beam penetrates deep into the sample (of the order of 10 um) with only 

a few ions undergoing large-angle collisions with target nuclei. These 

backscattered ions were detected by a silicon surface barrier detector in conjunction 

with a charge sensitive pre-amplifier and main amplifier, followed by a multi-channel 

analyser which is capable of determining the energy of the ions with a resolution of 

keV. 
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The incident ions undergo 'billiard ball' type collisions if they pass close enough to a 

target nucleus (within 10°? to 10°§nm). Elastic scattering occurs due to simple 

Coulombic electrostatic repulsion. When this occurs, both energy and momentum 

are conserved and the incident ion rebounds with an energy characteristic of the 

mass of the target atom. The physical principle of the technique is shown in Fig. 2.13. 

Tf the incident ion collides with a very heavy target nucleus, this nucleus will absorb 

very little energy and so the backscattered a-particle will retain most of its 

original energy. If, however, the ion is scattered from a light target nucleus, then most 

of the projectile's energy will be absorbed and the ion's final energy is substantially 

reduced. The energy of the backscattered ion, E, is always less than its original 

energy Ey and is given by the equation E = KE, where K is the Kinematic factor of 

the collision and can be obtained from the classical conservation laws of energy 

and momentum. K is given by: 

m2 i (cos 0, + M, ((M,” / M2) - sin? 02? 

2 
(M, + M,) 

where M, is the mass of the a-particle 

M. is the mass of the target atom 

and 9, is the scattered angle of the a-particle. 

Thus, by analysing the energies of the backscattered ion, it is possible to identify 

the different elements in the specimen. The dependence of percentage a-particle 

recoil energy with atomic mass is shown in Fig. 2.14(58). The energy separation of 

adjacent masses, is not linear, but decreases as the mass of the target elements 

increases. This means that the resolution of adjacent light elements e.g. oxygen 

and fluorine (energy difference of 131lkeV) is better than that of e.g. platinum and 

gold (energy difference of 1.4keV)(57). 

The yield of backscattered a-particles from a given element depends on the 
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probability of a scattering event occurring between the a-particle and that 

element. The differential scattering cross-section can be written: 

Z, 2,2" |? (cos 4, + (1-((M,/M,) sin 0,)°)8)? 
(9) -| 2+ 

8“) 26 sin? 9, (= (iM, / M4) sin 0,94 
  

where ae is the mass of the a-particle 

M, is the mass of the target atom 

Zz is the atomic number of the a-particle 

Zz is the atomic number of the target atom 

E is the energy of the a-particle immediately before scattering 

and tC) is the scattered angle of the a-particle. 

Because of the factor Zo, the yield of backscattered a-particles varies rapidly 

with the mass of the target elements. This effect is shown in Fig. 2.15 for the 

same number of atoms of each element. In other words, small amounts of heavy 

elements are easier to detect than the same quantity of light elements. The yield 

Y, of a@-particles scattered into a solid angle at a given energy and detection angle 

is related to the number of atoms per unit area N, of an element by 

Y =Qo( 6,)QN 

where Q_ is the number of a-particles 

and o( 9,) is the average differential scattering cross-section, taken over a 

finite solid angle ©, spanned by the detector. 

So this shows the second important feature of the technique; the ability to analyse 

quantitatively different elements on or near the surface of the specimen. 
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2.4 

2.4.1 

When the a-particles penetrate the target, they lose energy to the electrons of the 

reer atoms by ionization and excitation. Thus, the further the a-particle 

penetrates into the target, the more energy it will lose by these effects. If a 

Rutherford elastic collision occurs, the energy of the a-particle is reduced by an 

amount defined by the Kinematic factor and reduced even more during its return to 

the surface (again by ionization and excitation effects). By measuring this energy 

loss, it is possible to determine the depth of penetration of these a-particles into 

the sample, i.e. concentration gradients for elements within the target can be 

found. 

E.P.M.A. and R.B.S. can both be used to establish the presence, distribution and 

concentrations of any new elements which may have appeared in the surface layers 

of the polymer specimens as a consequence of wear under boundary lubrication 

conditions. They will both also detect any changes in the elements already present 

before wear. However, these two techniques do not yield any information on the 

changes, if any, in mechanical properties which may have occurred during wear. 

An experimental technique designed to investigate this last aspect of polymer 

friction and wear under boundary lubrication conditions, is described in the next 

section. 

Indentation Tests 

Introduction 

One of the properties of the amorphous regions of a polymer is that as its 

temperature is raised, there is a sharp transition from glass-like behaviour to a 

soft, rubbery behaviour. The particular temperature at which this effect occurs is 

known as the Glass Transition Temperature (Tg). At the Tg, there is a decrease in 

hardness of the polymer. An indentation experiment was devised to determine 

whether any change in Tg of the PPO had occurred in the upper few microns of the 
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2.4.2 

polymer as a consequence of wear under boundary lubrication conditions. This 

experiment assumes that the depth of indentation is inversely proportional to the 

hardness of the polymer. 

Experimental Details of Indentation Tests 

The Linear Displacement Transducer (described in Ch 2.1.5) and associated 

circuitry readily resolves displacements of the order of 0.1m. For the 

indentation experiments, the free-moving stylus of the transducer was connected 

to a flat-ended indenter. The load was applied using an ordinary flat disc 10g 

(0.1N) weight with a 'V-shape' cut from it to facilitate placement of the disc on top 

of the indenter, see Fig. 2.16 and Fig. 2.17. The total weight of stylus, indenter 

and load was 0.12N. This produced an indentation of two or three microns at room 

temperature on the surface of an unworn pin. The pin surface was heated and 

indentations made at various temperatures for both unworn and worn specimens. 

For every different temperature of indentation, a new specimen was used. The 

pins were set in a thermally-insulating block of asbestos fibre and cement 

compound, so that only the top surface was exposed. A hot filament coupled to an 

air compressor allowed just the surface of the pin to be heated. The pins were 

drilled from the back to within 50 um of the top surface. The diameter of this hole 

was 0.5mm, just wide enough to allow a 36 S.W.G. (0.19mm) copper-constantan 

thermocouple junction to be inserted, so that it was as close to the heated surface 

as possible. The last 2mm of outer covering was removed from the copper and 

constantan thermocouple wires, twisted together and coated with silver conducting 

paint, which also acted as an 'adhesive' to form the junction. To ensure that a good 

junction had been produced and unaffected by the silver conducting paint, the 

thermocouple was calibrated against a platinum resistance thermometer. The 

coated thermocouple was placed in an insulated, resistance-heated, copper block 

while the other end was maintained at 0°C. The e.m.f. of the thermocouple was 

compared to the standard copper-constantan values and it was found that the 
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2.5 

thermocouple junction was unimpaired by the silver conducting paint. The results 

obtained from the indentation experiments are purely a comparison of the Glass 

Transition Temperature of unworn and worn pins and not absolute measurements, 

since the thermocouple does not measure the actual surface temperature. 

The indenter was made from steel which is a good conductor of heat and expands 

when heated. This presented a problem; if the pin was heated and the indenter 

placed on top at a particular temperature, then not only was heat removed from 

the surface of the wear pin by the steel indenter (i.e. the measured temperature 

dropped), but the indenter also expanded due to the hot-air blower and the 

additional heat from the surface. This resulted in a 'negative' indentation being 

registered. This problem was overcome by raising the indenter a small distance 

above the surface of the pin as it was heated (2mm was sufficient). It was found, 

eventually, that the surface temperature stabilized and by this time the indenter's 

expansion had also reached an equilibrium. When the indenter was placed on top of 

the surface, there was no surface temperature measurement reduction and a positive 

indentation was obtained. Different surface pin temperatures were obtained by 

varying the distance of the hot-air blower from the surface of the pin. 

X-Ray and Electron Diffraction 

An X-Ray Diffraction pattern was obtained from a bulk sample of PPO. Glancing 

angle X-Ray diffraction was then attempted on worn surfaces of PPO to 

investigate any changes in crystallinity which may have occurred as a result of 

sliding. After varying the glancing angle, X-Ray voltages and currents, time of 

exposure, no acceptable diffraction pattern could be obtained. 

There was also very little success in obtaining a transmission electron diffraction 

pattern. The problem encountered in this technique was in obtaining a sample thin 

enough to enable the electron beam to pass through. The optimum thickness of the 
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specimen is of the order 2,000A. Although the polymer can be microtomed, 

uniform specimens of this thickness are difficult to produce. 

2.6 Differential Thermal Analysis 

An attempt was also made to measure the Tg of the surface layer by microtoming 

the polymer and using Differential Thermal Analysis. The mass of a 10 um disc of 

PPO microtomed from the surface is approximately 0.03mg. This is much smaller 

than the minimum sample size (10mg) of the D.T.A. used. The particular D.T.A. is 

thus far too insensitive for the microtomed sample. 
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3.1 

3.1.1 

3.1.2 

CHAPTER THREE 

EXPERIMENTAL RESULTS 

Friction and Wear 

Establishing Conditions for Boundary Lubrication 

The divisions between the lubrication regimes of boundary, elastohydrodynamic and 

'mixed' are ill-defined and somewhat controversial. The onset of hydrodynamic 

film formation will depend on the particular geometrical sliding configurations 

involved and the moduli of elasticity of the materials in contact. To identify the 

limits of the boundary lubrication regime for the present apparatus and materials, 

a series of experiments was made to determine the variation of friction with speed 

at different loads in silicone fluids of different viscosities. The results are shown 

in Fig. 3.1. In each experiment, the friction was allowed to stabilize; this usually 

occurred within a period of half an hour. A new pin and ring was used for each 

load/viscosity combination. The individual curves in Fig. 3.1, can be plotted on a 

single graph by using the dimensionless parameter ( 7N/P), as shown in Fig. 3.2, 

where 7 is the viscosity of the fluid in Nem“, N is the angular speed in rev.s, and 

P is the pressure in Nm, Boundary lubrication conditions are assumed to occur 

where the coefficient of friction “is more or less independent of the dimensionless 

parameter ( 7N/P). This occurs at values of the parameter less than 10; 

Measurements 

Fig. 3.3 shows a graph of coefficient of friction against speed for a load of 11N and 

a silicone fluid viscosity of 10cs. The coefficient obtained during dry sliding is 
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shown also, By consideration of Fig. 3.1, Fig. 3.2 and Fig. 3.3, it is evident that by 

using a load of 11N and a viscosity of 10cs, experiments can be carried out in the 

boundary, mixed, and elastohydrodynamic regimes, merely by increasing the speed 

of sliding. Fig. 3.4 shows the wear rate versus speed graph for a load of 11N, under 

dry sliding conditions and when lubricated by 10cs viscosity silicone fluid. Wear 

rates were calculated from the slope of the wear trace after 1,000 revolutions of 

the wear disc, when steady-state conditions had been reached. A typical trace, 

showing both wear and friction, is given in Fig. 3.5. The dry and lubricated wear 

rates are quite similar at speeds within the boundary regime; differences only 

begin to occur at about the same speed as the friction starts to decrease, i.e. at 

approximately 0.025ms"2 (see Fig. 3.3). 

There are two possible ways to detect any changes which may have occurred in the 

surface layers of the PPO during boundary lubrication; indirectly using the friction 

and wear apparatus, and directly, by using physical analytical techniques on the 

surface layers. The indirect approach was pursued first by wearing a pin under 

conditions of boundary lubrication for a certain number of revolutions of the disc. 

The polymer wear surface was then wiped with absorbent tissue to remove any 

excess fluid, the bath of lubricant was removed and the wear counterface replaced 

with a clean dry one having the same C.L.A. surface roughness value and same 

method of preparation. Sliding was then recommenced under the same load and 

speed as before, but now under nominally dry conditions. The result of this 

experiment was that the coefficient of friction still maintained a low value and 

under further examination, this value was found to be slightly lower than the 

coefficient of friction when the lubricant was present. (This observation is 

discussed in more detail in Ch. 4). However, after a certain depth of wear, the 

coefficient of friction rose quite sharply to the dry value. This type of experiment 

was performed at three different speeds; 0.0037ms"2 (well within the boundary 

regimes); 0.021ms72 (more or less at the transition) and 0.25ms"2 (in the mixed 

lubrication regime). Results are shown in Fig. 3.6. This shows two typical chart 
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recorder traces (for the speed of 0.021ms7) from which it can be seen that a finite 

time (or number of revolutions of the wear disc) is needed after the removal of the 

fluid - a 'dwell time’ - before the coefficient of fiction rises to its characteristic 

dry value. It may therefore be concluded that sliding in silicone fluid leads to the 

formation of a surface layer on the polymer which differs in some way to that 

obtained during dry sliding. The time required for the friction to rise to its dry 

value can then be interpretted as the time needed to wear away this modified 

surface layer. To examine this aspect in more detail, the depth of polymer worn 

away during the dwell-time was determined for different induction times (or 

number of revolutions of the wear disc) of lubricated sliding. The results are shown 

in Fig. 3.7 for the three different speeds mentioned previously. Fig. 3.7 clearly 

indicates that a critical period of lubricated sliding is required to establish a 

modified surface layer (the critical period is shown by the sudden increase in depth 

of wear beforewrises). The critical number of revolutions for the speed of 0.0037ms"! 

is approximately 2,500 and approximately 12,500 for the speed of 0.021ms™}, 

These can be converted into critical times (17 hrs and 18 hrs for the speeds of 

0.0037ms+ and 0.021ms2 respectively) and used to plot a graph of the time of 

critical period of lubricated sliding versus speed. Fig. 3.7 shows that for the speed 

of 0.25ms~2, after 230,000 revolutions of lubricated sliding, no penetration had 

occurred. This experiment was repeated for the same speed, for an even larger 

number of revolutions, 900,000 (equivalent to a time of 109 hrs) and still no 

penetration occurred. The critical periods of lubricated sliding required to produce 

a modified layer versus sliding speed are shown in Fig. 3.8. It can be seen that the 

duration of the critical period of lubricated sliding is constant within the boundary 

regime, but tends to infinity outside this regime. In other words, it is impossible 

for the silicone fluid to penetrate at a speed of 0.25ms"2, under conditions which 

are well outside the boundary regime. 

One uncertainty over these results still remains. Because of the sensitivity of the 

friction and wear behaviour of polymers to the presence of very small amounts of 
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3.2 

fluid, it is possible that the method of removal of the excess fluid at the end of the 

period of lubrication was insufficient to remove all traces of fluid. To examine 

this, a polymer pin was immersed in silicone fluid at room temperature for a few 

seconds and the excess fluid removed as previously. The pin was positioned on the 

apparatus and set in motion at a speed of 0.0037ms 2 with a clean dry wear 

counterface and no bath of lubricant. The coefficient of friction rose immediately 

to its dry value. It is evident, therefore, that the long dwell times obtained 

previously with the worn lubricated polymer could not have been attributable to 

residual traces of fluid. It seems reasonable to conclude, at this stage, that the 

long dwell times are a consequence of a modified surface layer produced under 

boundary lubrication conditions. The next section is concerned with the 

examination of the surface layers of the PPO using a more direct approach. 

Electron Probe Microanalysis (E.P.M.A.) 

Fig. 3.9 and Fig. 3.10 show X-Ray intensity pictures for the silver and silicon 

distributions and an electron micrograph of the transverse section of a pin of PPO 

worn under conditions of boundary lubrication - 0.0037ms74, 10cs viscosity silicone 

fluid and a load of 11N. Fig. 3.11 gives the same information except for a speed of 

0.021ms74, 10cs viscosity silicone fluid and a load of 11N. These samples had been 

worn for a number of revolutions of the counterface appreciably greater than the 

limiting values of 2,500 for the speed of 0.0037ms~! and 12,500 for the speed of 

0.021ms~ (see Fig. 3.7). The specimen edge is clearly defined by the silver X-Ray 

intensity picture, so that any Si present above this line must be in the polymer. As 

can be seen, the silver conducting paint also contains silicon, so to avoid any 

confusion, a portion of the mounting medium was removed from above the wear 

surface, as previously described. The results of this are shown in Fig. 3.12 and 

Fig. 3.13 for the same conditions as in Fig. 3.9, except that the pin was run for an 

even greater number of revolutions, 7,000. This larger period did not result in any 

further changes in the modified surface layer (i.e. no increase in the amount of Si 
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Fig. 3.9 (a)(b)and(c) X-Ray Distribution of Ag and Si 

and Electron Micrograph of the Transverse Section 

through a Polymer Pin Worn under Conditions of 

Boundary Lubrication (Speed 0.0037ms"'10cs Viscosity 
Silicone Fluid, 1IN Load), Magnification X1000.
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Fig.310 (a),(b)and(c) X-Ray Distributions of Ag and Si 

and Electron Micrograph of the Transverse Section 

through a Polymer Pin Worn under the same 

Conditions as in Fig.3.9, Magnification X1000
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Fig.3.11 (a),(b)and(c) X-Ray Distributions of Ag and Si 
and Electron Micrograph of the Transverse Section 
through a Polymer Pin Worn under Conditions of 
Boundary Lubrication (Speed 0.02Ims110cs Viscosity 
Silicone Fluid, 11IN Load), Magnification X1000.
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Fig.3.13(a) and(b) X-Ray Distribution of Si and 
Electron Micrograph of the Transverse Section 
through a Polymer Pin Worn under the same 
Conditions as in Fig.3.12, Magnification X1000.



present). Fig. 3.14 shows an area on the edge of the second tier of the wear pin 

used in Fig. 3.9, which had still been exposed to silicone fluid but not to sliding 

contact. This shows no concentration of silicon on the edge. Fig. 3.15 and 

Fig. 3.16 shows the top surface of an unworn pin, with the mounting medium 

removed. Again no silicon is present. The pictures in Fig. 3.14 were taken to show 

that Si was only present on the actual wear surface of the pin and had not been 

released to the other areas of the specimen during the mounting and polishing 

process. The results of Fig. 3.15 and Fig. 3.16 show that Si was not present in the 

polymer pin before wear. 

Several of the E.P.M.A. silicon distribution maps suggest that superimposed on to a 

general, mean level of Si pick-up, there are isolated regions of higher 

concentration. This observation is supported by the line-profiles of Si across the 

centre of a worn pin as shown in Fig. 3.17 and Fig. 3.18. This pin was worn under 

conditions of boundary lubrication at a speed of 0.021ms~, 10cs viscosity silicone 

fluid, 11N load and 17,000 revolutions of lubricated sliding. The penetration of the 

electron probe beam is of the order of one micron. Fig. 3.18 shows an area of the 

profile at higher magnification. Two photographs of the area over which the line- 

profile was taken are shown in Fig. 3.19(a) and (b). They are at slightly different 

exposures. The rings on the polymer, arising from the rotation of the pin, are quite 

clear in the darker photograph, but an additional feature is visible in the lighter 

photograph - the appearance of material which has been raised from the surface of 

the polymer. (This is discussed later in this Chapter in the section on Scanning 

Electron Microscopy). A faint white line is visible in Fig. 3.19(a) showing the exact 

Position of the line scan. The scanning is from top to bottom on the photograph 

and from right to left on the spectra. A general level of Si is shown on the surface 

of the pin, but with peaks on top, indicating regions of higher concentration. The 

total distance of scan in Fig. 3.17 is 0.8mm. The separation of the rings in 

Fig. 3.19(a) is therefore approximately 0.05mm (50 um), which agrees well with the 

separation of the two large peaks in the higher magnification line-scan shown in 
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Fig. 3.14 (a),(b) and(c) X-Ray Distributions of Ag and Si 
and Electron Micrograph from an Area on the 
edge of the Specimen used _ in Fig.3.9 ,which was 
not in Sliding Contact, Magnification.
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Fig.3.15(a) and(b) A Typical Example of the X-Ray 
Distribution of Si and Electron Micrograph for an 
Unworn Pin, Magnification X1000
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Fig.3.16(a) and(b) A Typical Example of the X-Ray 

Distribution of Si and Electron Micrograph for an 

Unworn Pin, Magnification X1000.
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a Polymer Pin worn under Boundary-lubricated 
Sliding Conditions (Speed 0.02Ims"10cs Viscosity Fluid, 
1IN Load) Magnification x 120, Total Distance of Scan 
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same Pin as used in Fig.317 Magnification x750 , 
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(a) 

(b) 

  
Fig.3.19(a)and(b) Two Electron Micrographs with 

Different Exposures of the Area over which the 

Line-profile was taken in Fig.317, Magnification X120.



Fig, 3.18. 

Since a Si atom is present in the main chain of the silicone fluid, it may now be 

concluded that the silicone fluid penetrates into the polymer and is responsible for 

the modified surface layer. 

As a consequence of this conclusion, it seems reasonable to postulate from the 

results shown in Fig. 3.7 and Fig. 3.8 that the silicone fluid only penetrates the 

PPO under conditions of boundary lubrication, To confirm that sliding contact is 

an essential element in the formation of the modified surface layer, some 

experiments were made to see if any penetration could be detected following static 

immersion of the polymer in silicone fluid. The effect of time on the penetration 

of silicone fluid into the polymer was investigated by immersion in 10cs viscosity 

fluid for periods of up to 4 weeks. When the excess fluid was removed and the pin 

set in motion on the apparatus, with a load of 11N and speed of 0.0037ms~, even 

after 4 weeks of immersion, the 'dwell-time' was very short and resulted in only 

6 um of wear before the rise in friction to the dry value (c.f. depths of over 100 um 

in Fig. 3.7). The effect of temperature was investigated by immersing PPO pins in 

10cs viscosity fluid at a temperature of 150°C (just below the volatilizing 

temperature of the fluid, 160°C) for approximately 36 hours. When the excess 

fluid was removed as before, and the pin placed on the apparatus, the friction rose 

immediately to its dry value. This is further evidence that the method of removal 

of excess silicone fluid by wiping with tissue, is quite adequate. These results 

therefore, show that static immersion and heated static immersion of PPO in 

silicone fluid are unable to produce any significant depth of modifed layer. 

So, the overall conclusion is that the modified layer produced during sliding in 

silicone fluid under boundary lubrication conditions, is the result of absorption of 

fluid into the polymer and that this absorption is primarily a consequence of the 

wear process itself. 
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Fo 

With this type of 'dwell-time' experiment, it is possible that the fluid was released 

to the wear interface from the modified surface layer, as the layer was gradually 

worn away. If this occurs, the experiment would last for a much longer period of 

time. To avoid this, the wear pin was wiped with absorbent tissue as before, and 

the counterface replaced with a clean dry one, every twenty microns of wear. 

The thickness of the layer of silicone fluid in the polymer, is approximately 7.5um 

+2.5um, estimated from the Si X-Ray intensity pictures. The thickness does not 

vary for the two speeds of 0.0037ms~2 and 0.021ms"!, so it may be concluded that 

the thickness of the layer is independent of speed, provided the sliding conditions 

are confined to the boundary lubrication regime. The results from the Rutherford 

backscattering experiments (next section) also show the presence of Si under 

boundary lubrication conditions and also gives some information on the variation of 

silicon concentration with depth within the layer. 

Rutherford Backscattering (R.B.S.) 

Results 

For a well-polished pure element (which is thicker than the range of the a-particles 

i.e. greater than 10um in the case of silicon), the spectrum from an R.B.S. 

experiment would appear as in Fig. 3.20(a) with a-particle yield versus energy of 

the backscattered a-particle. The ‘cut-off’ energy is characteristic of the 

particular element involved. Particles penetrating the sample do so with a reduced 

energy, (due to inelastic collisions) and this results in more particles being involved 

in backscattering collisions. This is because the scattering cross-section is 

proportional to ye’, (where E is the energy of the a-particle before scattering 

occurs) so this quantity will increase as E is reduced. This results in the parabolic 

shape of the spectrum shown in Fig. 3.20(a). For a homogenous target of two 
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Fig.3.20 Two Ideal Spectra for a Single Element(a) 

and for Two Elements(b) from a Rutherford 
Backscattering Experiment. 
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elements, the spectrum would appear as shown in Fig. 3.20(b). Similar effects can 

be seen in the experimental spectra reproduced in Fig. 3.21 and Fig. 3.22. These 

show an unworn pin and a microtomed granule which was used for moulding the 

PPO used in the wear experiments. The granule of PPO was mounted in a resin 

compound and microtomed to avoid any surface contamination which might have 

arisen from handling whilst mounting. It was also used to verify that the PPO did 

not contain a significant level of silicon impurities. The peaks are all labelled on 

the two spectra with the particular elements present, namely, carbon, oxygen and 

silicon. The effect of the increased scattering cross-section can be seen quite 

easily with the carbon peaks showing a parabolic shape in both spectra. The 

parabolic shape is only beginning to appear with the oxygen peaks. For the unworn 

pin (Fig. 3.21) some contamination by silicon can be seen on the spectrum. 

However, there is no parabolic shape associated with this peak, and the 

contamination is therefore confined largely to the surface only. This 

contamination could have arisen from unavoidable handling in the machining of the 

pins. Approximate calculations from the width of the peak, indicate that the 

thickness of the contaminated surface layer is less than 0.1 um. (The horizontal 

energy scale corresponds to distance within the target, but it is not a linear 

dependence). The spectrum for the microtomed granule of PPO, Fig. 3.22 shows no 

silicon presence at all. To confirm that this depth of surface contamination is 

correct, a further experiment was made with an unworn pin from which about 

0.1 um had been removed from the surface by microtoming. Fig. 3.23 show the 

spectrum from this experiment. It can be seen that the surface contamination has 

been largely removed, as shown by the decrease in size of the Si peak. A 

background level is present on all R.B.S. spectra and consists of small quanities of 

the heavier elements. This is present even in the microtomed granule of PPO. The 

origin of the background level is uncertain, but could be attributed to secondary 

electrons from the sample and impurities in the sample. It should be remembered 

that the background level will also follow a parabolic distribution (due to the 

proportionality of the scattering cross-section with ES), which is superimposed on 
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Fig.3.21 Rutherford Backscattering Spectrum for 

an Unworn Pin of PPO. 
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Fig.3.22 Rutherford Backscattering Spectrum from 

a Microtomed Granule of PPO.
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Fig.3.23 Rutherford Backscattering Spectrum 

from a Microtomed Unworn Pin of PPO. 
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the spectra. Recalling Fig. 2.15, these heavier masses can only be present in very 

small quantities. This is because only a small amount of these heavier elements 

result in a large yield of backscattered a-particles, 

Fig. 3.24 shows the spectrum obtained for a worn pin, in the boundary regime at a 

speed of 0.0037ms~4, 11N load, 10cs viscosity fluid and a number of revolutions 

of the counterface greater than 3,000 to ensure a reasonable depth of penetration 

of silicone fluid (see Fig. 3.7). Certain observations concerning the silicon response of 

the spectrum can be made. The large peak of Si indicates a high surface 

concentration on the target. After this peak, the response does not fall to the 

background level, indicating that Si continues to be present below the surface. The 

silicon response merges with the beginning of the oxygen response, before reaching 

the background level, so that the oxygen response is superimposed on that for the 

silicon. The silicon concentration is however, decreasing quite rapidly with 

decreasing energy (i.e. with decreasing distance into the polymer). This is 

concluded by the rapid departure from the parabolic distribution which would be 

obtained for a uniform concentration of a pure element. 

Computer Simulation of Results 

Fig. 3.25(a) and Fig. 3.25(b) show the results of applying a computer curve-fitting 

program to the experimental results for the pure granule of PPO and the worn pin. 

The program is based on an analytical solution to backscattering spectra (59). It 

takes into account, the energy loss on entering the target, the elastic scattering of 

the a-particle, energy loss back out of the target, the effect of a@-particle straggle 

for thick targets, a method for deconvoluting merged peaks (using the additivity of 

stopping cross-sections), isotope effects, detector resolution, the energy loss of the 

a-particles in the detector surface metal layer, and the interdiffusion of two or 

more layers. Charged particles are subject to range straggling, so the a-particles 

will show a distribution of velocities about a mean value owing to the statistical 
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nature of the energy loss. Hence the ranges of the a-particles will be 

grouped about a mean value and since the number of collisions is large and they 

are independent processes, the range (or energy) distribution may be expected to be 

approximately Gaussian (60). The data needed to make backscattering calculations 

are described in Appendix 1. 

The specimen whose spectrum is to be calculated is divided into layers, then this 

information is used to input the target elements as a function of depth (59). 

The background level which appears in all these spectra must be taken into account 

in the computer simulation progam. To determine which elements were present at 

background levels, an Energy Dispersive Analyser was used. This analyses the X- 

rays emitted from any given element. From the associated Bragg angle, the 

wavelength of the emitted X-ray can be found and hence the element identified. 

The result for a worn pin is shown in Fig. 3.26 and reveals the presence of titanium 

on the surface. Titanium appears also at the point at which the background begins 

on the R.B.S. spectra. So, a small amount of titanium extending throughout the 

sample was incorporated into the data of the program. This amount of titanium 

was less than 0.1% of the total number of atoms in the specimen. The input data 

for Fig. 3.25(a) used the exact chemical formula of the PPO and was adjusted for 

the actual number of atoms of each element present, to obtain the best simulation. 

The background was also taken into account, using the Ti, and the computer 

simulation gives a very good fit to the experimental results. For Fig. 3.25(b), the 

same data was used except additional layers of differing numbers of Si atoms (i.e. 

different concentrations) were added. Again, the fit can be regarded as very 

satisfactory. A diagram of the pin showing an interpretation of the various 

concentrations and depths of the computed layers, is shown in Fig. 3.27. Again, the 

presence of Si atoms is directly related to the concentration of silicone fluid within 

the polymer. It can be seen that there is a high concentration of oil on or near the 

° 
surface, which decreases quite rapidly within the next 4,000A. The total depth of 
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Fig.3.27 Representation of the Variation of the 

Ratio of Silicone Fluid to Polymer Molecules 
with Depth, derived from Rutherford Backscattering 

Computer Simulation Results. 
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computed layers is 5 um. To show that the silicone fluid penetrates no further than 

about 8 um (as indicated by the E.P.M.A. results), a pin worn under conditions of 

boundary lubrication for a sufficient number of revolutions to ensure a modified 

surface layer, was microtomed to a depth of 8 um. The spectrum from this pin is 

shown in Fig. 3.28. 

It is possible to compare spectra quite easily by expanding (or decreasing) the yield 

of backscattered a-particles for one spectrum to fit the heights of the oxygen 

response above the response of the previous element for the other spectrum. The 

two spectra of Fig. 3.23 and Fig. 3.24 have been superimposed in this way in Fig. 3.29. 

For the microtomed unworn pin, the difference in height is between the background 

level and oxygen level, but for the worn pin, the difference is between the silicon 

and oxygen levels. The oxygen level is chosen since its concentration is more or less 

constant within the target even though there is oxygen in the silicone fluid. By 

superimposing the spectrum for the pure granule of PPO, Fig. 3.22 onto the 

spectrum shown in Fig. 3.28 (as shown in Fig. 3.30), it can be seen that the response 

for Si has reached the background level, and it can therefore be concluded that 

no fluid penetrates further than a depth of about 8 um. 

Any changes which the silicone fluid may have induced in the polymer surface need 

to be investigated. In order to do this, polymer pins worn under boundary 

lubrication conditions were examined in the Scanning Electron Microscope. 

Scanning Electron Microscopy (S.E.M.) 

The polymer pin is non-conductive, so a coating of gold-palladium was evaporated 

onto the wear pin to eliminate static charging. Fig. 3.31 shows an electron 

micrograph of the surface of a pin worn under conditions of boundary lubrication 

(0.0037ms"!, 10cs viscosity silicone fluid, 11N load and 4,000 revolutions of 

sliding). Transverse features are visible (perpendicular to the direction of sliding) 
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Fig.3.31 A Scanning Electron Micrograph of a Pin Worn 

under Boundary Lubrication Conditions, Magnification X1200. 
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on the surface, giving the impression that material has been raised. No cracks or 

features other than scratches are present along the direction of sliding. Very 

similar features have been observed by Evans (24), in experiments with PPO sliding 

under boundary lubrication conditions with silicone and other fluids. Fig. 3.19(b), 

the electron micrograph from the line-scan of Si, shows the presence of these 

transverse features with cracks also. The features are somewhat more severe than 

those in Fig. 3.31 and appear to follow the rings arising from the rotation of the 

pin. Fig. 3.32(a) shows an electron micrograph, from the surface of a pin worn 

under boundary lubrication conditions, of a large region, which appears to be 

completely raised from the surface of the polymer. An area within this raised 

region is shown in Fig. 3.32(b) at higher magnification. The direction of sliding is 

clearly visible and the surface has the appearance of being 'swelled' and softened. 

Although it has been shown that fluid has been absorbed into the polymer during 

boundary lubrication, and various features have been observed on the surface as a 

consequence of this absorption, it is not known how the fluid is incorporated or if 

this absorption has altered the mechanical properties of the surface layers of the 

polymer. There are two possible mechanisms of fluid incorporation:-(i) the fluid 

may penetrate surface cracks producing a composite layer which is essentially a 

dispersion of fluid 'pockets' within the polymer surface layers or (ii) the fluid may 

diffuse uniformily into the surface layers with a concentration gradient determined 

by time, temperature and stress and leading to plasticisation of the polymer. By 

this last interaction, it is understood that the fluid chains separate the polymer 

chains and weaken the intermolecular bonding forces. In addition to this physical 

action, the bonding of plasticiser molecules to the polymer weakens the inter- 

molecular bonding forces still further. The effect of plasticisation is to reduce the 

Glass Transition Temperature, Tg. The results of an indentation experiment are 

presented in the next section which was designed to find which mechanism of fluid 

incorporation occurs. The experiment investigates any change in Tg which may 

have occurred during boundary-lubricated sliding. 
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Fig. 3.32 (a) and(b) Two Scanning Electron 
Micrographs showing a Large Region of 

Plasticised Polymer, (a) Magnification X200 and 
(b)an Area within this Region, Magnification X4900. 
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3.5 Indentation Results 

Fig. 3.34 shows typical traces obtained for indentations into the polymer for 

various temperatures with unworn pins. For each experiment, the expansion of the 

indenter was allowed to equilibrate before the indenter was placed on the surface 

of the pin. The indenter was allowed to settle before the load was applied. The 

application of the load is accompanied by a rapid indentation, shown by the straight 

vertical line in the traces. This gradually levels out, and another vertical line 

indicates the removal of the load when immediate elastic recovery occurs. The 

indenter does not return to its original level immediately, however, but gradually 

'creeps' back showing a viscoelastic behaviour. Traces are shown for worn pins in 

Fig. 3.33 at more or less the same temperatures as in Fig. 3.34. All the worn pins 

used in this set of experiments were worn under boundary -lubricated conditions, at 

a speed of 0.0037ms~!, 11N load, 10cs viscosity silicone fluid for a number of 

revolutions greater than 2,500, to ensure a modified surface layer. Comparisons of 

the shapes of the traces can be made. It can be seen that even at room 

temperature, the indentation produced when the load is applied, is greater for the 

worn pins. For the temperature of 120°C, the indenter alone produces an 

indentation of 64m for the worn pin. The total indentation (i.e. depth of 

indentation produced for indenter alone added to the depth of indentation produced 

when load is applied) for the worn pin at this temperature is 17 um. Comparisons 

of the two sets of results indicate a much softer surface for the worn pin. For 

temperatures below 140°C, with the unworn sample, the indentations produced 

were comparatively small. However, at 155°C; with just the indenter alone, a 

large indentation was registered. With the application of the load, the depth of 

indentation was far greater than at any previous temperatures. This occurred at a 

much lower temperature of 120°C for the worn pin. Fig. 3.35, curves B and C, 

show graphs of indentation versus temperature, where the circles represent total 

indentation for the apparatus described above. An additional indentation 

experiment was also performed with a conventional Rockwell Hardness Tester, 
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using a 12.7mm diameter ball, and a load of 150N on bulk, unworn PPO, and 

heated in a bath of silicone fluid. A silicone fluid was used as the heating medium 

because of its convenience and from the earlier experiments involving heated 

static immersion, it is known that this fluid has no effect on PPO. The results 

from the Rockwell Hardness Tester are also shown in Fig. 3.35 - curve A; the open 

squares signify results taken with the temperature gradually increasing whilst the 

closed squares relate to temperature decreasing. The temperature at which the 

depths of micro-and-macro-indentations starts to increase rapidly, can be 

extracted from the graphs, as shown in the Figure. The three Tg's estimated from 

the graph in this way, are 150°C and 143°C for the unworn PPO, curves A and B 

and 114°C for the worn pin of PPO, curve C. The temperature at which 

considerable softening occurs from the macro-indentation experiment is very close 

to that at which softening occurs with the micro-indentation experiment, 

confirming that the temperatures measured by the embedded thermocouple in the 

pins of PPO are fairly close to the actual surface temperature. 

A Thermomechanical Analyser (Perkin-Elmer TMS-1) was also used to determine the 

softening point of a sample of PPO. The result from this is shown in Fig. 3.36 and 

the Tg by this method is Sieh Ss i9G; which agrees well with the two previous 

estimates above. 

It is apparent from these results that a reduction in Tg has occurred as a 

consequence of sliding under boundary-lubricated conditions. Since any reduction 

in Tg is indicative of plasticisation, it may therefore be concluded that the surface 

layers of PPO have been plasticised by silicone fluid during sliding conditions of 

boundary lubrication, 
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CHAPTER FOUR 

DISCUSSION 

One of the most important results from the friction and wear measurements, is 

that after removal of lubricant from the surface of a pin worn under boundary 

lubrication conditions and exchange of the counterface for a clean dry one of 

similar surface roughness and preparation, the coefficient of friction still 

maintained a low value (Fig. 3.6). Experiments showed that all traces of surface 

fluid were removed by wiping with absorbent tissue, hence one is forced to 

conclude that the surface layer of the polymer has been modified in some way. In 

order to obtain more information concerning this modification of the polymer and 

the conditions under which it will occur, the sliding speed and number of 

revolutions of lubrication were varied. The results of these experiments may be 

conveniently summarized in Fig. 3.7 and Fig. 3.8. Fig. 3.7, for example, indicates 

that for a speed of 0.0037ms~, after sliding under boundary-lubricated conditions 

for 1,000 revolutions and subsequent removal of the lubricant, the coefficient of 

friction rose to its dry value after only a few microns of wear. However, after 

sliding under the same conditions for a number of revolutions greater than 2,500, 

the depths of wear before the friction rose, increased to over a hundred microns. 

This graph indicates not only the formation of a modified layer but also that there 

is a critical period of lubricated sliding before the layer is formed. Furthermore, 

the formation of this layer is confined only to boundary-lubricated sliding 

1 under mixed lubrication conditions, even conditions, since at the speed of 0.25ms” 

after 900,000 revolutions of sliding and subsequent removal of lubricant, the 

friction rose immediately to its dry value. The two observations concerning the 

critical period of sliding to form a modified layer and that a modified layer is not 

formed outside boundary lubrication conditions are emphasised in Fig. 3.8. 

100



The depth of maximum shear stress, at which crack initiation might be expected, 

can be calculated from Hertzian elasticity theory (61). For two cylinders in 

contact, the contact band half-width is given by 

4p (kK, + Ky) RiRo 

Ry +Ro      

and K, = 

  

where ry and by are the Poisson's ratio for the two materials and E) and E are 

the Young's moduli. Ri and Ry are the radii of the two cylinders. If it is assumed 

that the Young's modulus for steel is far greater than that of the polymer (the ratio 

is of the order 100/1), then it can be omitted from the equation. From the 

manufacturer's data, Poisson's ratio for PPO is 0.4, so the equation for the contact 

band half-width reduces to 

  ye) Sc yy els and P°= 5 
E 

where L is the load = l1kg 

1 is the pin diameter = 0.20 cm 

and E is Young's modulus for PPO = 2.8x 104kg/em? 

This gives a value of b = 190 um. The depth of maximum shear stress occurs at 

0.78b which is about 150 um. This depth of maximum shear stress will decrease 

when tangential (frictional) forces are present (62), but even at a coefficient of 

friction of 0.25 it remains of the order of 0.5b, which is about 100 um. All the 

coefficients for lubricated sliding were below 0.25. One may envisage that the 

depth of maximum shear stress at which crack initiation might be expected lies 
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within the modified layer. However, this cannot be the case, since the R.B.S. and 

E.P.M.A. results indicate the depth of the modified layer to be about 8 um. Hence, 

the fluid does not penetrate to any depth approaching that of bulk deformation. 

The penetration of the fluid into the surface must therefore be controlled by 

asperity deformation. For two balls in contact, from Hertzian elasticity theory, 

the radius of the area of contact is given by 

       

    

3 aP(Ky + KyIR Ro 

4 R,+R) a Ry +R, 

where P is the load l.lkg 

Ky and Ky have the same meaning as previously, Ry and Ryare the radii of the 

two balls. Again, taking a value of v = 0.4 for PPO and assuming that Young's 

modulus of steel is far greater than that of the polymer, then this equation may be 

written 

  

For the case of a hard hemisphere on a flat polymer surface, then Ry must tend to 

infinity. Then the above equation reduces to 

where R is now the radius of an asperity contact. Assuming that the depth of 

modified layer is commensurate with the depth of maximum shear stress, which 

neglecting friction is 0.5a. 

For steel abraded to a surface roughness value of 0.1 um C.L.A., then the average 

radius of the asperities is 20 um (63). Inserting this value, gives a depth of 

maximum shear stress of approximately 8 um if it is postulated that the load is 
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supported equally over a distribution of, say, 25 hemispherical asperities. A 

number, which although not verified experimentally, is not unreasonable. 

All the E.P.M.A. results on the worn surface show quite an abrupt end to the 

modified layer, with the X-Ray intensity for silicon dropping to the background 

level. Most show a higher concentration on the uppermost part of the surface and 

this is emphasised more in the R.B.S. results of Fig. 3.27, where a definite 

concentration gradient exists. The minimum detectable level of silicon is not 

known, so to check that no Si is present at any significant level, a worn pin was 

microtomed to a depth of approximately 10 um. This spectrum is shown in 

Fig. 3.30, superimposed on the spectrum for the pure granule of PPO. No silicon 

peak is observed whatsoever, when the background levels are matched. 

The results from the micro-and macro indentation experiments show that the fluid 

has plasticised the polymer, so the surface features shown in the electron 

micrographs can be regarded as direct effects of plasticisation. For example, the 

electron micrographs in Fig. 3.19 show plate-like areas raised up from the surface 

of the polymer. A larger area of raised material is shown in Fig. 3.32(a), and the 

area of swelling within this raised region (Fig.3.32(b)) is caused by the diffusion of 

the fluid into the polymer. Platicisation is primarily a diffusion-controlled procers 

and depends upon time, temperature, stress and the molecular configuration of 

both the fluid and the polymer. All of these dependencies are present in a 

boundary - lubricated sliding system. It is known that some fluids are more 

‘compatible' than others in their ability to induce plasticisation of polymers. 

Compatability can be characterised by their respective solubility parameters. The 

solubility parameter, 5, is defined as the square root of the cohesive energy density 

(3), 

cae yb bm 3/2) 

Vv 
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where AE is the energy of vaporisation at zero pressure and V is the molar volume. 

The smaller the difference between the solubility parameters of the two 

substances, then the greater will be the possibility of plasticisation occurring. The 

solubility parameter for polydimethysiloxane silicone fluids is 11700 gem!2 and 

18400 gem 3/2 (64) for the PPO. These solubility parameters are not close enough 

to suppose that plasticisation would occur. Nevertheless, the experimental 

evidence presented here, suggests that plasticisation has occurred. Briscoe (65) has 

shown that for a polystyrene/silicone fluid system with monomer repeat units less 

than three, the fluid can plasticise the polymer. For the 10cs viscosity silicone 

fluid, the average number of repeat units is 8 (66). However, for silicone fluids, 

there is a broad distribution of molecular weights and hence number of repeat 

units. If this effect of plasticisation caused by the lower molecular weight fraction 

of the overall distribution is general, then one may suppose that plasticisation of 

the PPO is caused by the lower molecular weight component of the silicone fluid 

distribution. 

Hence, one may say that when PPO slides in the presence of polydimethylsiloxane 

silicone fluid under boundary - lubricated conditions, a critical period of sliding is 

required to form a plasticised layer. Further, the depth of this layer is about 8 um. 

When all excess lubricant is removed, this layer gives depths of wear far greater 

than the 8 um fluid penetration before the coefficient of friction rises to its dry 

value. 

The question which may now be asked is, why should there be a critical period of 

lubricated sliding before the formation of a plasticised layer? In general, 

plasticisation will involve a reduction in strength of the surface layers. Initially, 

transverse features such as those in Fig. 3.31 may be formed on the softened 

surface of the polymer, as a result of the combination of adhesion and tensile 

stresses occurring at localised contacts during sliding. The shorter chain-length 

molecules are always present in the distribution of chain-lengths, but chain-scission 
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of the longer chain-length molecules could occur. This would effectively increase 

the concentration of shorter chain-length molecules and lead to further 

plasticisation. The process of chain-scission will also be time-dependent. 

Eventually the surface will become weaker and weaker, then fatigue at localised 

contacts, although always present, will become a more important component of the 

wear process. This will lead to a more disrupted layer such as that shown in 

Fig. 3.19(b). Cracks appear to follow the edge of the rings arising from rotation of 

the pin. The rings themselves consist of plasticised material, raised from the 

polymer, possibly as a result of adhesion to the counterface. Once crack-formation 

begins, fluid may be forced into the fissures during sliding. The X-Ray distribution 

for silicon (Fig. 3.13) indicates discrete areas of silicone fluid penetration. 

Furthermore, the rings in Fig. 3.19(b) coincide with silicon peaks in the line-scan of 

Fig. 3.18. The peaks are superimposed on a general level of silicon. The general 

level of silicon indicates plasticised polymer, and the peaks indicate penetration of 

the fluid into fissures. The fluid forced into fissures will weaken the surface still 

further, resulting in the raising of large areas of plasticised material such as that 

shown in Fig. 3.32. Previous work by Evans (24) for PPO sliding under boundary - 

lubricated sliding conditions show similar surface features, supporting the above 

mechanism. For example, with methanol, Fig. 4.1(a) and Fig. 4.1(b) show 

transverse features. In Fig. 4.1(a), these transverse features have been joined to 

form quite large fissures in the surface and again shows plate-like areas of 

plasticised material. In Fig. 4.1(b), a larger area of plasticised material is shown. 

Thus, the incorporation of the silicone fluid into the PPO involves two mechanisms. 

Initially, plasticisation, a diffusion process involving the shorter chains of the 

lubricant, occurs, followed by penetration of the fluid into surface cracks (after a 

sufficient weakening of the surface) involving the whole distribution of chain- 

lengths. Once the fluid begins to penetrate the surface fissures, then larger depths 

of wear before the friction rises to its dry value, will be obtained. 

The next question which presents itself is 'why the depths of wear obtained in 
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(a) 

    

Fig.4.1(a) and(b) Two Scanning Electron Micrographs of 

PPO sliding against Stainless Steel in the presence of 

Methanol under Boundary Lubrication Conditions , (a) 

Magnification X1500 and(b) Magnification X2000. 
(Reproduced from Evans(24)). 
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Fig. 3.7 are of the order of hundreds of microns, when the plasticised layer is only 

8 um in thickness?! The only explanation compatible with both sets of results, is 

that the layer gradually moves further into the polymer as wear occurs during the 

‘starved! lubrication period. Fluid which has penetrated the polymer via cracks and 

fissures during the critical period of lubrication will be trapped below the surface 

after removal of the excess lubricant, and thus provide a reservoir for a limited 

amount of continuing boundary lubrication. Of more importance, however, is the 

possibility that the retained fluid may plasticise the polymer as the uppermost 

plasticised layer is subsequently removed as a result of wear during the starved 

lubrication. This reservoir of silicone fluid will contain the whole distribution of 

chain-lengths, so again chain-scission of the layer chains may occur, thus enabling 

further plasticisation of the polymer. Eventually, when all the fluid in the layer is 

‘used up', high friction ensues. 

An attempt is now made to quantify the changes in mechanical properties of the 

surface layer of the polymer which have occurred as a result of plasticisation 

during boundary-lubricated sliding. Bowden, Gregory and Tabor (25) have proposed 

an adhesive theoretical description for the boundary lubrication of metals and this 

was later modified by Rubenstein (41) to take into account changes occurring as a 

result of plasticisation of polymers during boundary-lubricated sliding. For metals 

under boundary-lubricated sliding conditions, the lubricant film is thought to break 

down at small localised regions, resulting in metallic contact. The force to shear 

these junctions constitutes part of the friction. The remainder of the frictional 

force is involved in shearing the lubricant film. Bowden et al. have used the 

following equation to describe the mechanism of the boundary lubrication of 

metals:- 

F = AC as, + (1 -a) Ss.) 

where F is the frictional force, A is the real area of contact, a is the fraction of 
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the real area of contact at which intermetallic contact occurs, Sy is the shear 

strength of the intermetallic contacts, S, is the shear strength of the lubricant 

film. The hardness is given by 

L P ES = K so C= eA 

i F AC aS, + (1 - a) 5, ) therefore 
ie HANES PA 

Oo 

3 aS, + (l-a) Sy 

Bos P Pp 
oO Oo 

Rubenstein applied this equation to the boundary lubrication of polymers, and 

similarly considered that (i) the frictional resistance arises from adhesion at 

polymer/metal contacts (ii) boundary lubrication is affected by an adsorbed layer 

of lubricant molecules. However, he introduced the additional assumption that the 

mechanical properties of the uppermost layer of the polymer could be changed, in 

contrast to the situation occurring with metal/metal contacts. He suggested that 

the mechanical properties of the polymer are affected by penetration of the 

lubricant molecules and so causes a reduction in hardness and shear strength of the 

polymer. This indeed is the case; the experimental results discussed earlier, show 

that the hardness of the polymer has decreased. 

Referring back to Fig. 3.3, conditions of boundary-lubricated sliding were achieved 

for a speed of 0.0037ms~4, a load of 11N and 10cs viscosity silicone fluid. At the 

onset of sliding, a coefficient of friction can be measured, My where 's' denotes 

the start of a lubricated experiment and 'L' denotes lubrication. At this point, 

plasticisation will not have occurred, since Fig. 3.7 and Fig. 3.8 indicate that a 

substantial amount of time is needed before a plasticised layer is formed. Hence, 

aS + (1- aS, 
s 

Mon P P 
oO oO 

eqn. 4.2 
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At the end of a lubricated experiment, after plasticisation has occurred, then So 

and Be will have been affected by the lubricant and changed to S and P, say. The 

coefficient of friction was measured again, Mr where 'e! denotes the end of a 

lubricated experiment. Therefore, 

e aS + (1-a) SL eqn. 4.3 
aa P ie 4 

When the external lubricant is removed and sliding recommenced against a clean 

dry counterface, a coefficient of friction can again be measured. In this case a 

= 1, (since no lubricant was present), the shear strength was still S and the 

hardness was still P. The coefficient of friction, Me where '-L' denotes removal 

of lubricant, can be written, 

eqn. 4.4 

U
M
 

= 

A coefficient of friction for dry sliding was measured at the same speed and load. 

Again @ = 1, and using 'D' to denote dry sliding conditions, 

- So eqn. 4.5 
fey ae Nea 

Multiplying eqn. 4.3 by P and rearranging gives 

e 
(1-a@)S, = Puy - as 

substituting into eqn. 4.2 

e na es, , P (itv ) 
Lee — ms ses 

P [2 Ee 
s o o é 

o but > = a) and p = My 

oO 
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e 
therefore Me = Mp + Poy - aft) eqn. 4.6 

p 
o 

If the ratio 5 can be estimated, then a can be found. From the graph Fig. 3.35 
oO 

showing Micro-Indentation Depth versus Temperature, assuming that the hardness 

is inversely proportional to the indentation depth, then, for an unworn pin, 

Pa 
oe 

where ne and hy are the hardness and indentation depth respectively. Therefore 

K 
A 6 eqn. 4.7 

where K is a constant of proportionality depending on the geometry of the 

indenter. For a worn pin, 

K ih eqn. 4.8 

where P and h are the hardness and indentation depth respectively. From eqn. 4.7 

and eqn. 4.8, 

ce oe Po eqn. 4.9 
P h 

0 

For the temperature range from 23°C to 110°C, the average value for 5 is 2 

This value is similar to that found by Cohen and Tabor (38) for nylon saturated with 

water, namely, 5 is between 5 and 3. As a result of plasticisation of the surface 

layer of the PPO, the hardness of the polymer has decreased. Only an estimate of 

ES could be made from Vickers Hardness measurements since the deformation was 

not completely plastic. P, was estimated to be 18Kg/mm2, and knowing the load 
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(1.1kg), the real area of contact was estimated to be 0.06mm2. Since the hardness 

of the polymer has decreased by a factor of z, then this implies an increase in the 

Z to 0.09mm?. The real area of contact by a factor of 3/2, i.e. from 0.06mm 

apparent area of contact can be calculated from Hertzian elasticity theory (61) 

using the following equation for a rigid cylinder pressing against a flat surface; the 

contact band half-width is given by:- 

1 

2 [wr (i- 25? 
V7 E 

where W__ is the load per unit length = 0.55kg/mm 

R is the radius of the cylinder = 17.5mm 

v is Poisson's ratio and E is Young's modulus for PPO. 

The calculated contact band width is equal to 0.4mm. If this is approximated to a 

rectangular contact area, then, multiplying by the diameter of the wear pin (2mm) 

gives an apparent area of contact of 0.8mm. The real area of contact is thus 

about one ninth of the apparent area of contact. 

Using the estimate of F. and knowing a, then S and SL can be found by substituting 

back into eqn. 4.3 and eqn. 4.4. By measuring the four coefficients of friction 

at different speeds within the boundary lubrication regime, the variation of a, S and 

S, can be found with sliding speed. Table 4.1 shows these values at a load of 11N 

and 10cs viscosity silicone fluid. Fig. 4.2, Fig. 4.3, Fig. 4.4 and Fig. 4.5 show the 

variation of a, S, S, and ine with sliding speed based on the values given in Table 

4.1. 

By choosing speeds at which no experimental data was acquired, values of a, S and 

SL can be found from the graphs and substituted into eqn. 4.3 to find values of My 

For a speed of 0.01ms"!, ° = 0.15, for 0.001ms"2, 2 = 0.021 and for 0.0001ms"", 

AE
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a = 0.25. These values are in good agreement with the experimental results 

shown in Fig. 4.5. Similar calculations can be made using eqn. 4.2 to predict Mrs 

These values can be compared with the coefficients of friction in Fig. 3.3, which is 

effectively a graph of me versus speed, since all these values were taken in the 

early stages of sliding after allowing enough time for running-in. For 0.01ms"*, up 

= 03135, for 0.001ms"!, uf = 0.2 and for 0.0001ms7!, aye = 0.24. Again, these 

values are in good agreement with those in Fig. 3.3. 

If ais extrapolated back to the speed at which it approaches unity, it is interesting 

to note that S approaches the value of the bulk shear strength of PPO, 

7.74kg/mm? (67). The bulk shear strength of the polymer is far greater than any of 

the shear strengths calculated here, verifying the suggestion by Rubenstein that a 

reduction in shear strength of the polymer occurs when a lubricant plasticises it. 

From Fig. 4.4, it can be seen that the shear strength of the lubricant reaches a 

constant value at slower speeds within the boundary lubrication regime. This might 

be expected since the shear strength of the lubricant cannot increase indefinitely. 

The shear strength St» can be seen to vary logarithmically at higher sliding speeds, 

whilst in Fig. 4.2 and Fig. 4.3, the shear strength of the polymer, S, and a, the 

ratio of polymer/metal contact to the real area of contact, vary logarithmically 

at all sliding speeds. As the sliding speed decreases, a is increasing, in other words, 

a greater proportion of the load is supported by the polymer/metal contacts. This 

could lead to higher temperatures at these contacts but reduce the temperature at 

polymer/lubricant/metal contacts. A reduced temperature at the latter contacts 

will result in an increase in viscosity of the fluid (66) and hence an increase in 

shear strength of the lubricant. 

The logarithmic decrease of shear strength of the polymer, S, with increasing 

sliding speed is difficult to explain. Briscoe (68) has predicted qualitatively either 

an increase or decrease in shear strength with sliding speed, depending on whether 
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the shear strength is dominated by the effects of strain rate or contact time. The 

effects of shear strain can be modelled by an Eyring activated rate process which 

yields a logarithmic relation between shear stress and strain. Because of the 

viscoelastic nature of polymers, the full effect of the pressure may not be realised 

when the contact time is decreased, i.e. velocity increased. The effective pressure 

is less than the applied pressure by a factor which is assumed to be an exponential 

function of velocity. The situation is made even more complex when the effect of 

temperature is considered also. 
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CHAPTER FIVE 

CONCLUSIONS AND FURTHER WORK 

An apparatus has been devised for measuring the friction and wear of polymer- 

metal combinations in conditions of boundary-lubricated sliding. Line-contact 

conditions are maintained continuously by slowly rotating a plane-ended, polymer 

cylinder against the curved surface of a rotating ring. 

When polyphenylene oxide slides against hardened steel in the presence of 

polydimethylsiloxane fluids, a modified layer develops on the polymer which 

enables low friction to continue even after the removal of all excess fluid from the 

system. This layer is formed only under conditions of boundary lubrication. A 

critical period of sliding is required to produce the modified layer. 

Surface examination by Rutherford backscattering of a-particles and electron 

probe microanalysis show that the depth of the modified layer is of the order of 

8 um. This depth does not vary with sliding speed within the boundary lubrication 

regime. 

Estimates of the Glass Transition Temperature of the surface layer indicate that 

wear -induced plasticisation occurs rather than simple physical mixing. 

The formation of the modified layer involves firstly plasticisation of the polymer by 

the fluid. Plasticisation will lead to a general weakening and reduction in strength 

of the surface layer. Scanning electron micrographs indicate a softer surface with 

the appearance of fissures. The fluid is then able to penetrate into the polymer via 

these surface cracks to a depth which is influenced by asperity rather than bulk 

deformation. It is thought likely that plasticisation of the polymer will involve the 
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lower molecular weight component of silicone fluid, initially present and/or formed 

by chain-scission. However, during penetration of the fluid into cracks, the whole 

distribution of molecular weights will be present. 

The effects of the plasticised surface layer of the polymer on friction and wear in 

the absence of excess lubricant persist for much longer periods than its thickness 

would suggest. The only explanation of this consistent with results is that the 

mechanism by which this occurs involves migration of the fluid within the 

plasticised layer. The fluid which has penetrated the polymer through surface 

cracks will be trapped and can act as a reserviour of fluid to provide further 

plasticisation of the polymer. 

Finally, applying a theory of boundary lubrication to polymers, the experimental 

results yield values of a, the fraction of polymer/metal contact to the real area of 

contact, S, the shear strength of the polymer and Si» the shear strength of the 

lubricant. When making assumptions based on the premise that the friction is of an 

adhesive nature and that plasticisation causes a reduction in the mechanical 

properties of the surface layer of the polymer, then these parameters are shown to 

vary logarithmically with speed. These parameters can be used to calculate values 

of fi the coefficient of friction at the start of a lubricated experiment and BD 

the coefficient of friction at the end of a lubricated experiment. These are found 

to be in good agreement with the experimental values. 

The mechanism of formation of the modified layer on the polymer requires further 

investigation. For a particular speed within the boundary lubrication regime 

polymer pins could be examined at regular intervals during the critical period using 

R.B.S., E.P.M.A., S.E.M. and Gel Permeation Chromatography (G.P.C.). R.B.S. and 

E.P.M.A. would show the build-up of the layer, whereas S.E.M. might show more 

extensive production of fissures towards the end of the critical period. G.P.C. 

could be used to find the molecular weight distributions of both the polymer and 
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fluid prior to sliding under boundary lubrication conditions. These could be 

compared with the molecular weight distributions of samples microtomed at 

regular intervals from different pins worn under boundary-lubricated sliding 

conditions during the critical period. If plasticisation does take place initially, by 

the lower molecular weights of the silicone fluid, then this should be reflected in 

the molecular weight distribution of the silicone fluid. Towards the end of the 

critical period, one might expect to find the higher molecular weights of the fluid 

present as well as the lower molecular weights. A suitable solvent is required for 

the use G.P.C., which will dissolve both the polymer and the fluid. Toluene would 

be a suitable solvent. 

The technique described above would yield information concerning the lower 

molecular weights of the silicone fluid. However, it would not give any 

information concerning chain-scission of the higher molecular weights. The silicone 

fluid used in all these experiments can be mixed to produce different viscosities 

which are dependent on the relative amounts of the two viscosities initially 

present. Although 10cs viscosity silicone fluid can be supplied directly by the 

manufacturer it could be produced from say, a combination of a lcs and a 100cs 

fluid or even, a 0.65cs and a 200cs fluid. This means that, although a 10cs 

fluid is produced, the distribution of molecular weight can be varied. Taking 

particular combinations of 2 fluids, their molecular weight distributions can be 

found initially using G.P.C. Then, a similar series of experiments could be carried 

out whereby the critical period of sliding is examined for each combination of 

fluid. If chain-scission does occur, then one may expect this to be a time- 

dependent process and therefore be reflected in the duration of the critical period. 

Polymer pins could be immersed in the various molecular weight distributions of 

the l0cs silicone fluid and the effects of time, temperature and pressure examined 

using an autoclave. The contact pressure can be estimated from the calculations in 

the latter part of Chapter 4. Upon removal from the autoclave, various 

12)



experiments can be carried out. The surface of the pins can be wiped and a dwell- 

time test carried out. The pins can be weighed before and after to determine if 

there has been any absorption of fluid. The pins could also be analysed using 

G.P.C. 

Having establised the ways in which silicone fluid can influence the friction and 

wear of polyphenylene oxide, polymer-fluid combinations of greater practical 

importance should be examined. These should include polymers such as polyacetal, 

polyphenylene sulphide and PTFE. Composites, such as a reinforced phenolic resin 

and filled PTFE should also be examined. The fluids should include a mineral oil, a 

synthetic hydraulic fluid and water. The objective of this work would be to 

establish material combinations and conditions of sliding for which fluid 

contamination is either detrimental or advantageous to performance in a dry 

bearing. 
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APPENDIX 1 

Target Information 

Projectile Information 

Detector Information 

[ Table of Chemical Symbols 

Table of Atomic Numbers 

Table of Atomic Masses 

Table of Isotope Masses 

Table of Isotope Relative Abundances 
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Table of Stopping Cross-sections 

Table of Energy Loss in Detector Dead Layer 

[Projectile Atomic Number, Mass and Energy 

Target Tilt to the Beam 

Experimental Information Detector Angle, Solid Angle and Resolution (F WHM) 

Total Projectile Coulombs   Multichannel Analyser (keV/Channel) 
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