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ABSTRACT 

A study has been made of the tribological behaviour of ultra high molecular 
weight polyethylene (UHMWPE) and ion implanted UHMWPE during water 
lubricated reciprocating sliding against differing stainless steel and Yttria Partially 
Stabilised Zirconia (YPSZ) counterfaces. A new laboratory test apparatus was 
designed, built and commissioned to facilitate this research. The new apparatus is 
capable of simulating the reciprocating wear of a sliding couple under diverse 
conditions of pressure, sliding speed and lubricant environment, as well as 
allowing the measurement of frictional forces 'encountered between the two 
surfaces in sliding contact. 

Variation in stainless steel counterface surface roughness resulted in three 
different types of wear behaviour. Very high wear was recorded when wearing 
UHMWPE against stainless steel counterfaces of surface roughness greater than 
0.45 J.UD Ra_. For wear against "moderate" surface roughnesses of between 0.05 J.UD 
and 0.45 J.UD Ra, an initial high "bedding-in" wear followed by much reduced 
"steady-state " wear was encountered, where the reduction in wear was attributed 
to the formation .of a stable polymer transfer layer on the metal counterface. When 
sliding UHMWPE against polished stainless steel counterfaces (Ra = 0.02 J.UD), 
very low wear rates were recorded for the initial 50 km of sliding. After this initial 
period of very low wear, the wear rates were however found to increase 
dramatically. The increased wear against such polished stainless steel counterfaces 
was attributed to a subsurface fatigue mechanism known as "macroscopic asperity 
wear". 

The different stainless steel counterface topographies achieved by the different 
surface preparation techniques of "random" grinding or "parallel" grinding had no 
significant effect on the "steady-state" wear performance of UHMWPE. 
However, the "bedding-in" wear rates encountered against the "random" ground 
counterfaces was generally lower. 

Tests performed against polished (Ra = 0.02 J.llll) YPSZ cotmterfaces resulted in no 
measurable UHMWPE wear, even after 200 km of sliding. Furthermore, the 
friction coefficients measured for the UHMWPE/YPSZ couple were less than half 
of those measured against a stainless steel counterface of similar surface 
roughness. 



The ion implantation surface treatment of the UHMWPE wear pins resulted in a 
32.6% decrease in UHMWPE wear against polished (Ra = 0.02 J.Ull) stainless steel 
counterfaces over sliding distances of 20 km. It is however predicted that the 
surface hardened layer would be quickly worn away by the higher initial wear 
encountered against rougher_counterfaces (Ra ~ 0.02 J.Ull). Furthermore, non of the 
hardened layer will remain after 20 km, even when sliding against polished (Ra = 
0.02 J.Ull) stainless steel counterfaces. Under conditions of water lubricated 
reciprocating sliding, the current ion implantation treatment can thus be expected 
to yield only limited benefits over moderate sliding distances against optimal 
counterfaces. 

ii 



ACKNOWLEDGEMENTS 

I would like to thank the following people who assisted me during this research 
project: 

Prof. Colin Allen, my supervisor, for his advice and encouragement. 

Dr. KashifMarcus for his additional advice and constructive discussion. 

Prof. Anthony Ball and Associate Prof. Robert Knutsen for their continued 
support. 

Mr. Glen Newins, Mr. Mike Dietz, Mr. Nicholas Dreze and Mr. Reginald 
Hendricks for their expert workmanship in machining the test apparatus, preparing 
the test specimens and general workshop assistance. 

Mr. Dave Dean for his support in all things electrical. 

Ms. Mira Topic for her technical assistance. 

Mr. Adriaan LoedoJ.ft: Mr. James Petersen and Mr. Bernard Greeves for their 
photographic assistance. 

Ms. Julie-Ann Henry for her tireless secretarial support. 

My colleagues at the Department of Materials Engineering, University of Cape 
Town, for their assistance during the duration of this project. 

I would also like to express my sincere appreciation to the Foundation for 
Research and Development (FRD) and Eskom for their financial support. 

iii 



CONTENTS 

Abstract i 

Ackliowledgements iii 

Contents iv 

1. Introduction 1 

2. Literature Review: 2 
UHMWPE Structure and Properties 

2.1 Introduction 2 
2.2 Polyethylene Crystal Morphology 2 
2.3 Polymer Properties 9 
2.4 Polymer Ion Implantation 13 
2.5 Summary 16 

3. Literature Review: 17 
The Friction and Wear of Polymeric Materials 

3.1 Introduction 17 
3.2 Friction 17 
3.3 Wear 23 
3.4 The Transfer Layer 27 
3.5 Lubrication 30 
3.6 The Friction and Wear Behaviour ofUHMWPE 34 
3.7 Summary 40 

4. The New Reciprocating Wear Testing.Apparatus 41 

4.1 The Design of a New Reciprocating Wear Testing 41 
Apparatus:. Problem Definition 

· 4.2 Concept Formation of the New Reciprocating Wear 43 
Testing Apparatus 

4.3 Solution Specification for the New Reciprocating 49 
Wear Testing Apparatus 

iv 



4.4 Discussion of the New Reciprocating Wear Testing 
Apparatus 

4.5 Evaluation of the New Reciprocating Wear Testing 
Apparatus 

5. Experimental Methods 

5.1 Test Materials 
5.2 Test Parameters 
5.3 Experimental Measurements 
5.4 Polymer Characterisation 
5.5 Counterface Characterisation 

6. Results: 
UHMWPE Friction and Wear Against Stainless 
Steel and Ceramic Counterfaces 

6.1 Introduction 
6.2 The Friction and Wear Behaviour of UHMWPE 

Sliding Against Stainless Steel Counterfaces 
6.3 The Friction and Wear Behaviour ofUHMWPE 

Sliding Against Polished Yttria Partially Stabilised 
Zirconia Counterfaces 

7. Results: 
A Comparative Evaluation of the Friction and Wear 
Performance of Ion Implanted UHMWPE 

7.1 Introduction 
7.2 Ion Implanted UHMWPE Wear Evaluation 
7.3 Ion Implanted UHMWPE Friction Evaluation 

8. Discussion 

8.1 Introduction 
8.2 The Effect of Counterface Surface Roughness, 

Topography and Material Type on the Friction 
and Wear ofUHMWPE 

8.3 A Comparative Evaluation of the Friction and 
Wear Performance of Ion Implanted UHMWPE 

v 

51 

60 

66 

66 
69 
71 
72 
72 

74 

74 
74 

100 

103 

103 
103 
106 

107 

107 
107 

116 



9. Conclusions 118 

References 120 

Appendix A 126 

Appendix B 128 

Appendix C 129 

Publications 130 

vi 



CHAPTER! 

INTRODUCTION 

Ultra high molecular weight polyethylene (UHMWPE) is one of the most 
frequently used polymers for sliding wear applications due to its excellent and 
well proven tribological and mechanical properties. Uses range from control and 
foil bearings in the aerospace industry and bearings, liners and seals in mechanical 
engineering applications, to the replacement of degenerate human couples such as 
hip, knee and shoulder joints in orthopaedics. 

Failure of these types ofbearings often occurs due to wear of the polymer surfaces 
so that an improvement in the wear behaviour of UHMWPE is desirable. 
Furthermore, the production of even small amounts of ·wear debris may lead to 
secondary detrimental effects such as the loo~ening of implants and consequent 
need for revision joint surgery in orthopaedics [1]. 

Modifying the polymer surface by ion implantation offers the possibility of an 
improvement in the wear per(ormance of UHMWPE. The implantation process 
'alters the near surface microstructure of polymers, leading to increased mechanical 
properties, which has been shown to be beneficial to the wear performance of a 
number of polymers including UHMWPE [2]. However, such reported work has 
been limited in extent and application and much remains to be evaluated. 

Counterface topography and material type have also been shown to play a critical 
role in determining the wear performance of UHMWPE [3]. The majority of this 
work has been conducted against metallic counterfaces and wear of UHMWPE 
has generally been found to increase exponentially with counterface surface 
roughness (Ra) [ 4,5]. Unfortunately, much of the reported literature is concerned 
with either simulated practice for particular components such as in orthopaedics, 
or with testing using a pilron~disc apparatus, which do not simulate the 
reciprocating type motion of conventional bearing devices: 

Consequently, this present work seeks to evaluate the e:ffe(it of surface roughness 
and topography on the wear behaviour of UHMWPE using a newly designed and 
built reciprocatirig wear apparatUs and ~ennore to examine the effects of both 
ceramic and metallic counterfaces on the wear of both conventional and ion 
implanted UHMWPE. 
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CHAPTER2 

LITERATURE REVIEW: 
UHMWPE STRUCTURE AND PROPERTIES 

2.1 Introduction 

UHMWPE molecules consist of multiple repeating units of ethylene monomers 
i.e. it has a structure of the type -CH2-CH2-CH2- (see figure 2.1). In the solid state 
it may be described as semicrystalline; the bUlk material thus consists of both 
crystalline as well as amorphous regions. Many properties of polyethylene are 
critically dependant upon the amount of crystalline material present in the 
structure of the material [ 6, 7]. Hence the molecular morphology is also expected 
to have a direct impact on the wear performance of the polymer. 

H H H 

H 

Figure 2.1 Schematic representation of polyethylene molecule [after ref 7). 

2.2 Polyethylene Crystal Morphology · 

Semicrystalline polymers consist of both regions of three dimensional order, or 
crystallites, as well as random arrangements i.e. amorphous material. 

2.2.1 Crystallite Formation and Molecular Arrangement 

Crystallite sizes are usually of the order of 10 nm, being much smaller than the 
length of a fully extended polymer chain, and are independent of molar mass [8, 
9]. The essential requirement for crystallinity in polymers is stereoregularity, i.e. 
regions along the backbone of a significant number of macromolecules must have 
a regular repeating structure (isotactic or syndiotactic) [9]. Crystalline regions are 
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then formed from the stereoregular components of the macromolecules, 
representing only a portion of the overall material. 

There are at present two theories describing the process of crystallisation. The 
older of the two, the fringed micelle theory, views the crystallite sections as 
bundles of regular segments from different molecules coming together to form a 
close packed crystalline array at localised points within the polymer (see figure 
2.2a). More recently, polymer single crystal research has led to the new, and now 
generally more accepted theory of polymer crystallisation occurring by single 
molecules folding themselves at intervals of about 10 nm to form lamellae (figure 
2.2b). 

(a) (b) 

Figure 2.2 Crystalline polymer molecular arrangements 
according to (a) fringed micelle and (b) lamellae theories 
[after ref9]. 

Both the· above theories are consistent with the observed effects encountered with 
increased crystallinity i.e. of increased density, increased stiffness and increased 
softening temperature. 

2.2.2 The Unit Cell 

The polyethylene unit cell is orthorhombic, with the atomic arrangement within 
the unit cell having been researched extensively. The planar zig-zag arrangement 
shown in figure 2.3 results in the lowest free energy for an isolated chain [10]. The 
packing efficiency is quite high (73% of available space is occupied by atoms). 

From figure 2.3, cis the repeat distance along the molecular chains and represents 
2.53 A; a and b equal 7.40 A and 4.93 A respectively, where all the unit cell 
dimensions are representative of cold drawn threads and rolled sheets. 
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Figure 2.3 Packing arrangement of molecules in 
polyethylene crystallite [after ref 10]. . 

2.2.3 Polymer Single Crystals 

Polyethylene is one of the few polymers known to exist as single crystals, which 
thus allows a detailed analysis of the polymer crystal structure. 

The crystals, obtained by crystallising the polymer from an inert solvent at very 
high dilutions, are only visible under a microscope. They have a flat, lozenge 
shape [ 11, 12]. Figure 2.4 shows the fold packing in a single crystal of 
polyethylene. 

Electron diffraction patterns of such crystals have shown the polymer chains to be 
oriented perpendicular to the flat faces of the crystal. Since the average length of 
the polyethylene molecules is several thousand Angstroms, the chains must fold 
back several times within the crystal to be accommodated [ 13]. 

The unit cells of the crystallites and the relative atomic positions therein are thus 
well known; however, the crystallite sizes and relative distribution within the bulk 
material is not as clearly understood. Similar structures are however present in the 
bulk polymer, as evidenced by electron microscopy and x-ray diffraction studies. 

4 
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Figure 2.4a Polyethylene single crystal fold packing 
arrangement. The single crystal may contain many 
individual molecules [after ref 1 3} 

Figure 2.4b Schematic of part of a lamellar polyethylene 
crystal showing the regular folded chain structure. The 
vertical line represents the axes of the individual molecular 
chains [after ref 12]. 

2.2.4 Melt Crystallized Polymer Morphology 

Polyethylene, as well as many other crystalline polymers, is characterised by a 
spherulitic morphology. Spherulites are polyhedral entities of helically twisted 
lamellae radiating from a common center of nucleation, leaving amorphous 
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material trapped between their fold surfaces and between the spherulites 
themselves (see figure 2.5). 

Figure 2. 5 Structural organisation within the spherulite 
showing orientation of crystallographic axis [after ref 12]. 

Spherulitic growth is limited by interference from neighbouring growing 
spherulites. Higher melt temperatures result in fewer initiating nuclei, and hence 
the spherulites produced are larger. Crystallisation at lower temperatures results in 
more spherulites of smaller size. 

Figure 2.6 diagrammatically summarises the above description of the polymer 
morphology. 

a=0.736nm 
b=0.492nm 
c=0254nm 

Lamella 
201060 nm 

Crystal I ameBa 

Spherulhe 
50105001Jm 

Polymer component 

Figure 2.6 Schematic representation of the crystalline 
structure and arrangement of polyethylene [after ref 7]. 
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2.2.5 Molecular Orientation 

The normal (i.e. no externally applied forces) crystallisation of a bulk polymer 
results in a random distribution of crystallite and molecular direction. However, 
upon subjecting the polymer to linear mechanical deformation such as drawing, 
the individual chains are pulled into a roughly parallel orientation, resulting in an 
increase in crystallinity (see figures 2. 7 and 2.8) and consequently an increase in 
mechanical properties such as strength. 

-Partly crystaliine 
or amorphous, 
unoriented film 

t 
t 

I Microcrystalline, 
oriented section 

Figure 2. 7 The stretching of a polymer (as indicated by the 
arrows) results in an oriented section of increased 
crystallinity [after ref 11}. 

Tension 

t 
Random coil Oriented 

Tension 

Figure 2. 8 On a molecular level, the linear mechanical 
deformation of a polymer results in the roughly parallel 
alignment of macromolecular chains, facilitating 
crystallisation [after ref 11}. 
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Electron microscopy of bulk crystallised polymers with· spherulitic structures such 
as polyethylene and of single crystals shows that the basic mechanism of plastic 
deformation contains, as the most important step, a discontinuous transformation 
from the unoriented material into a highly oriented fibre structure (14,15]. This 
structure is composed of a sequential arrangement of crystallites which are 
interconnected by tie molecules. Any mechanically unfolded chains will be buried 
by the folded crystallites. Peterlin has proposed that during deformation, 
multilayer lamellar crystals are destroyed, with chain tilting, slipping and breaking 
off of blocks of folded chains, and subsequent reformation of folded chains in the 
fibre (16] (figure 2.9). Figure 2.10 shows the deformation of the chain-folded 
domains in surface layers above the glass transition temperature {Tg) during 
adhesive wear. The molecules in the structure of the bulk polymer stretch and 
align themselves in the direction of motion [ 17]. 

Uadefonmd I Pha:t 
Cf)SIIIIs changes, 

Twlnnlq 

I B . 

Tilt, Slip& 
Twist 

Increasing deformation of single crystals 

Figure 2.9 Fibre formation by means of chain tilting, slip 
and breaking off of blocks of lamellae [after ref 16). 
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Figure 2.10 Stretching and reorientation of polymer 
molecules in semicrystalline polymers above their T8 during 
adhesive wear [after ref 17}. 

2.3 Polymer Properties 

The mechanical and thermal properties of all polymers are dependant on three 
factors that will determine whether they are essentially glassy, rubbery or fibre 
forming in nature [9]. These are: 

• the flexibility of the macromolecule 
• the magnitude of the forces between the molecules 
• the stereoregularity of the macromolecules 

The ability of the polymer to crystallise, the melting point of the resulting 
crystalline regions and the glass transition temperature are all consequences of 
these three factors. 

2.3.1 The Glass Transition Temperature 

Glass transition is a phenomenon observed in linear amorphous polymers, or in the 
amorphous regions of semi-crystalline polymers. Polymer properties change 
profoundly at the glass transition temperature (T g), including the coefficient of 
thermal expansion, heat capacity, refractive index, mechanical damping and 
electrical properties [9]. The glass transition may be explained by the molecular 
rotation around single bonds becoming suddenly significantly easier at that 
temperature. 
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For semicrystalline polymers, the glass transition always occurs at temperatures 
below the crystalline melting point (T m). Thus upon heating a crystalline polymer, 
it will first pass through its glass transition and then undergo a true phase change 
on melting at Tm. It has been found that features of chemical structure affecting the 
degree of molecular freedom influence both the crystalline melting point and the 
glass transition temperature, so both have similar effects on either properties. An 
empirical rule relating T8 to T m has thus been formulated: 

where T8 and Tm are given in Kelvin [7]. This general rule does, however, not 
apply to all polymers and should only be used with caution. 

1.3.2 Mechanical Properties 

In addition to the superior tribological properties of UHMWPE, its mechanical 
properties also determine its widespread use as a bearing material. Typical 
mechanical requirements of a bearing material include: 

1. Adequate strength to withstand service loads. 
2. Low dimensional change with load (i.e. high Young's modulus). 
3. Low creep. 

For biomedical applications, additional requirements have to be met: 

1. The material should be biocompatible. 
2. There should be minimal stress corrosion. 
3. The material should be fatigue resistant in the physiological environment. 
4. The material must maintain all the above properties in the physiological 

environment i.e. it should be stable at 37°C and should not react to the presence 
of synovial fluid or blood plasma. 

2.3.2.1 Polymerisation Effects 

The characteristic properties of polymers, especially linear polymers such as 
polyethylene, are largely determined by their density and molecular weight. 
Mechanical properties such as yield stress and stiffness are particularly dependant 
on the density value, while toughness and wear resistance are largely dependant on 
molecular length [18] (see figure 2.11). 
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LLDPE HDPE UHMWPE 

Density (g/ ems ) < 0.94 > 0.94 0.94 

Melting point tc) 123 135 137 

Tensile strength (MPa) 4.1-15.9 . 21.4-37.9 44 

Tensile modulus (MPa) 96.5.,-262 414-1250 232 

Elongation to break (%) 90-800 20-1300 >·350 

Hardness (Shore D) 41-50 60-70 66 

No. of branches 15-25 0.5 0 
per 1000 C atoms 

Molecular structure / J ~ 

Figure 2.11 Property and rtwlecular structure variations of 
. / ' 

polyethylenes [adapted from ref 19]. 

Polymer properties associated with intermolecular forces of attraction can be 
expected to increase as the homologous series in the paraffinic structure is 
ascended. The increase in general mechanical properties with increasing molecular 
weight is schematically shown in figure 2.12. It must be noted· that these do reach 
an asymptotic maximum where no further gain is possible. Figure 2.13 shows that 
the flow temperature also rises with molecular weight. However, the degradation 
temperature is seen to drop with increasing molecular weight, hence complicating 
the choice of an ideal molecular weight for UHMWPE [7]. 

Molecular weight, M ~ 
Figure 2.12lnfluence of the degree ofpolymerisation on the 
mechanical properties of typical .polymers [after rrl!f 7}. 

, I 
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Glass. transition 
temperature region 

Molecular weight, M __..... 

Figure 2.13 Diagrammatic representation of the relation 
between molecular weight, temperature and properties of a 
typical thermoplastic [after ref 7]. 

2.3.2.2 Molecular Weight Distribution 

Virtually all industrial polymers have the typical molecular weight distribution 
shown in figure 2.14. The number average is defined by 

where n; is the number of molecules with molecular weight M1 [7]. The weight 
average can be calculated using 

and viscosity average is calculated with 

where a is a material dependant parameter relating to the intrinsic viscosity of the 
polymer. 

As the name states, UHMWPE has the highest molecular weight and consequently 
the best mechanical properties, resulting from a smooth, unbranched chain 
structure allowing a high degree of crystallisation. A comprehensive table of 
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properties of the grade of UHMWPE used for this research is given in Appendix 
A. 

Number average 

Chain length 
Molecular weight ~ 

Fig 2.14 Typical distribution of synthetic polymer molar 
masses [after ref 7]. 

2.3.3 Electrical Properties 

A consideration of the electrical properties of UHMWPE is particularly relevant to 
its biomedical application, where the bearing material will be subject to an ionic 
environment. Like most polymers, polyethylene has excellent electrical insulating 
properties, determined largely by its primary chemical structure: The valency 
electrons in polymer molecules are localised in covalent bonds between pairs of 
atoms [12] and are thus not free to carry a conducting current. 

2.4 Polymer Ion Implantation 

The principles of a typical ion implanter are demonstrated in figure 2.15. Ions are 
generated at a source and then extracted, mass separated and subsequently 
accelerated towards the target, typically with an energy of 50 to 200 keV [20]. 
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I.~· \ 
mass-analysed 
ion implanter 

Fig 2.15 Schematic of a typical ion implantation device. 

2.4.1 Structural Modifications 

On striking the. target polymer, the impinging, highly energetic ions lose ~eir 
energy to substrate atoms mainly through ionization (by electronic excitation) and 
atomic collisions (by nuclear recoils) [21]. The structural modifications produced 
have so far proven difficult to study since they occur within a very thin (1 J.LID) 
surface layer of the bulk polymer, and clystallinity and molecular weight 
measurements have not yielded any accurate· results [20]. The increase in 
mechanical properties is however attributed to the formation of a three 
dimensionally crosslinked structure, mainly in the amorphous region (which is 
where most mechanical polyethylene failure starts) [2]. 

Crosslinking is dominant when the polymer is ion implanted in the absence of 
oxygen, where oxidative degradation will be overwhelming if oxygen is present. 
Additional ~ffects include scission of molecular chains, gas evolution, double· 
bond formation and recombination of free radicals [22,23]. The free radicals 
generated (mainly alkyl radicals} are highly reactive and chain scission will result 
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from the shearing of the ruptured ends by the introduction of oxygen. Conversely, 
a deficiency in oxygen Will cause the active ends to crosslink with other ends in 
the vicinity. The three-dimensionally crosslinked structures with N and 
functionable 0 elements are then consequently formed in the high dose range. 
However, too much energy deposition may result in a brittle, carbonized and 
plastically-hardened polymer structure which could lead to a lowering in wear 
performance. 

2.4.2 Mechanical Property Changes 

Ion implanted polymers have registered significant increases in near surface 
mechanical properties. Rao et al. registered surface hardness increases (to 100 nm) 
of nearly 50 times for implanted poly (ether ether ketone) (PEEK) and polystyrene 
(PS) at Ar+ doses of 5 x 1019 ions.m·2

• Rao's results also indicated that the 
hardness initially increases as a function of fluence but seem to level out at higher 
doses [21]. 

Liao et al. have studied the effect of ion implantation to various doses on the 
hardness and elasticity in the near surface regions of UHMWPE. At the highest 
dose tested (1.4 x 1017 ions.cm-2

), the nanohardness increased from 0.079 GPa to 
1.236 GPa at a depth of 30 nm, representing a factor of increase of 15.6 times. 
Similarly, modulus of elasticity increases of 7.4 times were measured. A 
transformation from plastic to elastic behaviour was also found [2]. 

The mechanical property changes caused by .ion implantation decrease 
dramatically with surface depth and are also very dependant on the implantation 
dose used. Tables 2.1 and 2.2 illustrate the hardness and modulus of elasticity 
changes registered at different depths for varying implantation doses. 

aose a1sp1acement-aeptn nanonaraness 
(ions/cm"2) (GPa) 

30nm 50nm 100 nm 200nm 500nm 

0 0.079 0.068 0.05 0.036 0.03 

5.00E+13 0.09 0.08 0.06 0.04 0.03 

2.00E+14 0.11 0.1 0.09 0.04 0.03 

1.00E+15 0.14 0.13 0.08 0.05 0.03 

1.00E+16 0.692 0.572 0.34 0.174 0.072 

1.40E+17 1.236 0.894 0.49 0.19 0.09 

Table 2.1 Nanohardness measurements for ion implanted 
UHMWPE at various doses and depths [after ref 2}. 
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dose displacement..c:fepth modulus of elasticity 
ions/cm112 (GPa) 

30nm 60nm 85nm 110nm remark 

0 1.95 1.62 1.43 1.16 plastic 

5.00E+13 2 1.67 1.52 1.21 plastic 

2.00E+14 2.09 1.71 1.57 1.24 plastic 

1.00E+15 6.9 4.44 3.17 2.43 elastic 

1.00E+16 8.96 5.82 4.23 3.33 elastic 

1.40E+17 14.5 10.1 7.42 5.81 elastic 

Table 2.2 Modulus of elasticity changes for ion implanted 
UHMWPE [after ref 2]. 

2.5 Summary 

This chapter has shown that the mechanical properties of polyethylene are 
critically dependant. oti the crystalline structure of the polymer and, since the 
mechanical properties are expected to influence the wear performance of 
polymers,~ consideration oftheir structure is thus important when examining the 
wear behaviour of UHMWPE. 

However, polymer crystallinity is not otily governed by the structural arrangement 
of the molecules created <turing fabrication, but may also be influenced by bulk 
mechanical effects such as the stretching and wearing of the polymer. 
Additionally,·post-fabrication·techniques such as ion implantation may be used to 
alter the near surface structure of the polyethylene and thus further enhance its 
mechanical properties. 
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CHAPTER3 

LITERATURE REVIEW: 
THE FRICTION AND WEAR OF POLYMERIC 

MATERIALS 

3.1 Introduction 

Tribology is the science of contacting surfaces in relative motion. Tribological 
investigations are necessarily complex, involving examinations of the interactions 
of friction, wear and lubrication. Because of the complexity of the surface 
interactions, various simplifications and approximations must be made [24]. 
Hence different tribological modeis are used to describe the many forms of sliding 
contacts observed, such as abrasion and adhesion, but it must be remembered that 
these models are system dependant and will not actually operate in isolation. 

3.2 Friction 

3.2.1 Introduction 

The frictional force is the force resisting the relative motion of two solids in 
contact. The force required to initially move the two contacting bodies relative to 
each other is termed the static frictional force (Fs), while the dynamic frictional 
force is the force required to maintain this relative motion (F d)· The dynamic 
frictional force is normally lower than the static frictional force. Both depend on 
the real area of contact as well as various system factors such as sliding velocity, 
normal load (W), temperature and surface roughness [25]. 

3.2.2 The TrQ.e Area of Contact 

Real surfaces are microscopically rough and often have Gaussian asperity-height 
distributions [26]. Figure 3.1 shows a smooth surface in contact with a rough 
surface of varying asperity heights. It is clear that the real area of contact Ar is 
much less than the apparent projected area of contact A0 , or 

n 

Ar = LA/ < < A a- . 
i=l 
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W increased 

Figure 3.1 Rough and smooth surface interaction 
with increasing load W [after ref 26}. 

At low interface loads, contact will occur only at the highest asperity tips. As the 
load is increased, the discrete areas of these initial contacts are increased and new 
contacts are created with lower asperities (see figure 3.1). Asswning the Gaussian 
asperity-height distribution, the most important surface interaction observations 
[26] are thus: 

1. The mean area of a contact spot remains constant with increasing load (as the 
smooth area compresses the rough area); the total real area of contact Ar divided 
by the number of contacts remains constant, with both Ar and the number of 
contacts increasing. 

2. The relationship of applied load to total real area of contact (Ar) is linear for 
both elastically and plastically deforming surfaces. It must be noted that this 
result would be very different for an equal asperity height distribution. 

4. The maximum surface roughness compression usually encountered in 
engineering practice is less than 10%. At greater loads, the underlying material 
is stressed beyond its yield stress and hence plastically deforms. From (26], the 
applied load W produces a mean contact pressure of 3P at the asperity contacts 
when these are plastic, where P is the total applied pressure (=W/Aa). 
Consequently, 

Within the bulk material W produces a stress P as the material becomes plastic , 
so 
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Thus for the often occurring condition of 10% compression, 

3.2.3 Junction Growth 

The true area of contact is not only affected by the applied load W but also by the 
tangential forces. Figure 3.2 shows a block of material loaded against a rigid piane 
surface, thus representing a very idealised fonn of asperity contact. In figure 3 .2a, 
the block is subjected to uniaxial compression by a nonnal stress p 0 and is 
assumed to be on the point of yielding when nearly all the asperity contacts are 
plastic. When a tangential stress is applied to the block (figure 3 .2b ), the material 
will experience an additional shear stress t and thus for the material to remain at 
the point of yielding the nonnalload must be reduced to a· value of p1• If the 
nonnal load remains constant, the area of contact must grow; hence the 
phenomenon of junction growth [36]. 
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Figure 3.2 An idealised asperity being pressed against a rigid plane 
surface with (a) no tangential load and (b) tangential force applied 
[from ref. 36}. 

Polymers, however, defonn predominantly elastically and thus the nonnal stress is 
likely to reduce the value of t, causing yielding rather than junction growth. 

19 



3.2.4 Friction Models 

Amonton formulated the following basic laws governing friction: 

• the frictional force is independent of apparent contact area 
• the frictional force is directly proportional to applied load 

which Coulomb then described in mathematical terms as 

F friction = J.l W 

. where J.L is a constant known as the coefficient of friction. 

Polymers usually do not obey Amontons law very well, so that the frictional force 
is not linearly dependant upon the applied load and the following relation is thus 
used more frequently 

Ffriction = k W" 

or 

J.l = F Jrictto/W = kW'n-1) 

where n and k are constants. Generally, the friction coefficient will decrease with. 
increasing load, and for branched polyethylene, n is approximately 0. 74. 

The frictional force experienced by one solid sliding over another is usually 
considered to be a combination of various frictional modes, or 

Frotal = F adhesion + F defornwtion + Fcohesion + F viscous 

where Fadhesion and Fdefonnation have the greatest influence (figure 3.3); F viscous is the 
viscous drag under wetted conditions and Fcohesion is the contribution of wear to the 
bulk frictional losses [27]. The adhesion and deformation components will thus 
warrant further explanation. 
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Figure 3.3 The principle components of polymer friction [after ref 27]. 

3.2.4.1 Adhesion 

The adhesive component of friction arises from the molecular bonding of exposed 
surface atoms of the two interacting surfaces at their real areas of contact (Ar) 
[28]. With metals, adhesive frictional forces will thus be associated with metallic 
bonds, for ceramics there may be valency bonds, and with polymers these forces 
will be due to electrostatic forces, van der Waals forces and Hydrogen Bonds [29]. 

When polymers are worn against suitably smooth hard surfaces, the adhesive 
forces are often larger than those existing between the polymer molecules 
themselves thus resulting in shear within the bulk polymer and the deposition of 
polymer onto the counterface. After multiple traversals across the counterface, a 
stable, thin film of polymer, or transfer layer, may thus form on the counterface, 
resulting in the polymer eventually sliding against it's own deposit and not the 
original counterface [30]. Thus for the case of a polymer shearing a short distance 
from the wear surface, microscopic plastic flow is envisaged [25]. The shearing 
stresses are transmitted by adhesive forces operating at ranges below 0.1 nm, the 
interfacial adhesive zone being up to 100 run thick [25,31,32], as shown in figure 
3.4. For polymers such as PTFE and polyethylene, high interfacial pressures can 
distort their linear molecules and orient their chain structure in the direction of 
sliding, which has a profound effect on wear [33,34]. 
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Figure 3.4 The two adhesion affected zones for polymers 
sliding against a hard, rigid suiface [after ref 31}. 

3.2.4.2 Deformation 

The deformation component of friction is caused by the asperities of the harder 
material ploughing through the softer material [35]. A numerical estimation of this 
term supposes. a conical·· asperity of semi-angle a sliding over a plane surface 
(figure 3.5) .. The flow pressure needed to displac~ it is taken as ilie indentation 
hardness H of the surface material multiplied by· the cross sectional area of the 
groove [36]: 

Fdeformation = Hax = Hrtana. 

The normal load supported by the asperity is given by 

W= H1ui12 = 0.5Hrtr tan2a 

and thus the coefficient of friction due to ploughing is 

Jldeformation = Fdeformatio/W = (2/rt}cota. 

Similarly, using a plain strain model, where the asperity is taken to be a wedge of 
semi-angle a, will lead to [13]: 

Jldeformation = cota. 
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... 

Figure 3. 5 The deformation model of friction, where a 
conical asperity of semi-angle a ploughs through a softer 
material [after ref 36}. 

For elastomers, the indentation caused by an asperity will experience a delayed 
recovery, thus giving rise to what is generally known as . hysteresis friction, and 
thus· 

F defomwtion = F hysteresis • 

3.3 Wear 

3.3.1 Introduction 

Wear may be described as being the removal of material from one or both solid 
surfaces in moving contact with one another. In nearly all cases, the life of rubbing 
mechanical parts is determined by some sort of wear process [29]. The wear of 
polymers may be divided into four main groups [37]: 

• adhesion 
• abrasion 
• fatigue 
• chemical degradation 

These mechanisms will normally not operate in isolation so that failure will be 
caused by a considerable amount of interrelationship between the various 
processes [14]. 

Briscoe made the even more general wear classification, viz., cohesive wear and 
interfacial wear [31], where cohesive wear processes are governed by the cohesive 
strength of the polymer and interfacial wear involves the dissipation of frictional . 
work in a thinner region at the interface (see figure 3.4). For cohesive wear 
processes, the frictional work is dissipated in fairly large volwnes adjacent to the 
interface by the interaction of surface forces or the interlocking of asperity 
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contacts. An investigation of cohesive wear necessitates an understanding of the 
polymers' mechanical properties, where the wear rates may be correlated with 
strength, toughness or fatigue properties which are obtained from bulk 
deformation experiments (19). An examination of interfacial wear, on the other 
han~ will focus on the chemistry and surface forces of the interacting solids. 
Polymer transfer and chemical wear are examples of interfacial wear, whereas 
abrasion and fatigue may be categorised as cohesive processes. 

3.3.2 Adhesive Wear 

The adhesive wear mechanism results from the adhesive forces generated between 
the atoms of the surfaces in real contact (see 3.2:4.1) and is likely to be the 
predominant wear process if the harder of the two contacting surfaces is relatively 
smooth. The likelihood of strong interatomic bonding at the sliding couple 
interface increases with increasing applied load W; indee~ extremely strong 
bonding may result from high loads being applied to atomically clean surfaces in 
contact [38). Thus, for relative movement to occur, interfacial shear must occur in 
order to rupture these adhesive bonds. However, it is often not the interfacial 
bonds themselves that rupture, but rather the bonds of the cohesively weaker 
material. This fracture product then fonns a third body deposited onto the 
cohesively stronger material and may form a stable film, known as a transfer layer. 
The formation of transfer layers is extremely important in achieving low wear 
rates in many polymer sliding wear situations and will be dealt with in greater 
detail in Chapter 3 .4. 

Periodically, the softer of the two materials will find a "flaw" in the harder 
material and this will result in a portion of the harder material being removed. The 
debris may then be back transferred or be abraded by other features of the harder 
surface, or become further involved in the sliding process as a third body and lead 
to third body abrasion. 

3.3.3 Abrasive Wear 

Abrasive wear is caused by the asperities of the harder of the two materials in 
sliding contact displacing material of the softer, or by hard particles moving or 
imbedded between the two surfaces causing material displacement. Abrasive wear 
can thus be divided into two categories, namely two body abrasive wear and three 
body abrasive wear (see figure 3.6). 
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2--Body Abrasion 3-Body Abrasion 

Figure 3.6 Schematics oftwo- and three body abrasive wear [after refl7]. 

An idealised model of two body abrasive wear consists of a hard conical indenter 
of base angle e penetrating and ploughing a groove into the softer material. For 
the case of hard surface asperities penetrating the surface and removing material 
by the shearing or cutting of a rigid polymer, the following theoretical relationship 
has been derived [31,37]: 

z = k(WIH) tane 

where z is the volume of material removed per unit sliding distance 
W is the normal load 
k is the probability of formation of a wear particle (since only a portion of 

the material undergoing deformation appears as loose wear debris 
His the hardness and 
e is the base angle of the indenting asperity. 

For metals, plastic deformation occurs at all angles of e, but for polymers this is 
only true for angles greater than 30°, i.e. when the apex angle is small. 

The abrasive deformation of polymers is usually partly plastic and partly elastic, 
the roughness ofthe counterface de~ermining which of the two will dominate [39]. 
The product S e, which is essentially related to the area under the stress-strain 
curve, appears to be an important material parameter influencing wear. Lancaster 
and Ratner have shown the single traversal wear of various polymers over 
relatively rough steel counterfaces to be proportional to 11 S e where S is the 
rupture stress and e the elongation to break [40;41]. 

Giltrow has linked the cohesive energy density, which indicates the strength of 
secondary bonding in polymeric materials, to the abrasive wear behaviour of 
polymers. The abrasive wear of thermoplastics was shown to be inversely 
proportional to the square root of their cohesive energies as shown in figure 3. 7. 
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The relationship was however only observed when the predominant mode of 
deformation was plastic [42]. 
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Figure 3. 7 The Ratner-Lancaster correlation relating single
pass abrasive. wear rates of polymers and the reciprocal of the 
energy parameter s E. Tests were' peiformed over rough steel 
surfacesofRa == 1.2 J..l11l ffrom ref36). 

3.3.4 Fatigue Wear 

Fatigue wear results from strong adhesive forces between the \surface layers of the 
two solids in sliding contact. Damage is however cumulative, so that several 
contact cycles of compression and recovery across the same portion of material are 
required to fully detach a fragment piece. 

Wear due to fatigue results from the formation of cracks associated predominantly 
with ·elastic defotmation. The cracks grow and jntersect with repeating numbers of 
cycles and wear debris is consequently formed [36]. Thus, in a simple model of 
fatigue wear, the wear rate would be expected to correlate with the rate of fatigue 
crack growth and consequently be determined by the Paris equation 

da/dN = A{/)./(jn 

where a is the crack length, 
N the number of cycles, 
M the range of stress intensity to w::J:rich the growing crack is exposed 

during each cycle, 
A and N are empirical constants and 
daldN thus being the increase in crack length per stress- cycle. 
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Fatigue wear becomes increasingly more significant as the counterface becomes 
smoother and the polymer more elastic. Shallow pits and cracks perpendicular to 
the direction of sliding have been associated with fatigue wear in UHMWPE [19]. 

3.3.5 Chemical Wear 

Chemical wear is analogous to stress corrosion and hence occurs in a chemically 
active system subjected to an applied stress. Some form of chemical degradation 
will almost always be present in all wear processes, often causing mild chain 
scission in polymer wear situations [19]. Polymer cracking may thus occur below 
accepted critical value stresses. Although chemical wear is a very important 
tribological process, it's precise role and bearing on the overall wear behaviour of 
polymers is little understood. 

3.4 The Transfer Layer 

The transfer of one material onto the counterface of its sliding couple is a 
characteristic exhibition of the adhesive or adhesion induced fatigue mechanism of 
wear [43]. Many polymers sliding against hard counterfaces, for example metals, 
form detectable transfer of polymer on these counterfaces. Indeed, the wear 
behaviour of these polymers may be critically dependant on the formation of such 
a transfer layer. 

Most thermoplastics deposit a polymer film onto the counterface when wearing 
against a harder material. Under "normal" transfer conditions, repeated sliding 
over the counterface will lead to a progressive build up of the transferred layer 
which eventually becomes detached. For these conditions, polymer is deposited 
onto the counterface without significant chain scission or chemical degradation 
usually in lumps, typically 0.1 to 10 J.l.ID thick [36]. Transfer of the debris back 
onto the polymer also occurs frequently. Polymers do not readily transfer more 
polymer onto the transfer layer, so that in most cases the rate of wear is dictated 
by the rate of removal of the transfer layer. Thus, if the transferred material 
adheres strongly to the counterface, even after removal of the normal load W, low 
wear rates can be expected. 

Under certain conditions, some polymers such as PTFE, HDPE and UHMWPE 
form slightly different transfer layers associated with very low friction and wear 
rates. Very thin but stable transfer films of thicknesses between 5 to 10 nm may be 
formed [36]. The polymer chains in this layer are highly orientated. Sliding, 
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subsequent to the formation of such a stable transfer layer, will occur only 
between the similarly oriented polymer and its deposit, so that the polymer will 
not directly interact with the harder counterface. The variation of the friction 
coefficient of a HDPE/glass sliding couple with increasing sliding distance, as 
seen in figure 3.8, demonstrates the effect of such a stable transfer film. The initial 
transferred layer is quite thick, of the order of a few micrometer$, and the friction 
coefficient is high at around 0.2 to 0.3. With the formation of the stable, thin 
transfer film and the molecular orientation of the polymer and transfer layer, the 
friction coefficient is seen to drop to a much lower value. The conditions 
conducive to the formation of these very thin and "low wear'' transfer layers are 
very sensitive and the above mentioned "normal" transfer will again be 
predominant if for instance the surface roughness or sliding velocity is increased. 
Factors influencing the formation of stable, low wear transfer layers are discussed 
in the following sections. 
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Figure 3. 8 The variation of coefficient of friction with 
sliding distance for high density polyethylene (HDPE) 
sliding against glass [after ref36}. 

3.4.1 Counterface Topography 

The ability of transfer films to adhere tenaciously to the counterface strongly 
depends on the topography of the counterface [4,44,45,46]. Smooth counterfaces 
are more likely to support stable transfer ftlms due to the more intimate contact 
between polymer and counterface causing greater adhesion, and the surface 
energies of the couple will dominate the transfer process. Rough surfaces, on the 
other hand, will suppress the formation of stable transfer films [37,47]. Marcus 
reported the difficulty of UHMWPE to form a stable transfer layer when sliding in 
the direction of grinding, thus resulting in different wear behaviour to that 
observed when worn normal to the direction of grinding, where stable transfer 

28 



layer formation was easily achieved for the same value of surface roughness [19]. 
Very low UHMWPE/steel wear rates were reported by Clarke for counterfaces of 
roughnesses b~tween 0.25 and 0.6 J..llll Ra and were attributed to an "extensive 
valley transfer film" [ 46]. 

3.4.2 Lubrication 

Lubricants can often inhibit the formation of a stable transfer layer and thus lead 
to increased wear. Polymer-metal sliding wear in aqueous environments is 
unaffected if the couple does not produce a stab1e transfer layer during dry sliding, 
whereas wear rates increase for normally transfer layer forming couples in 
aqueous environments (37,48]. The wear rates of PTFE and UHMWPE have been 
shown to be significantly affected by the presence of water, espe.cially for rougher 
counterfaces [45,49]. 

3.4.3 Chemical Effects 

The formation of a stable transfer layer can be aided by improving its adhesion to 
the counterface. Suitable polymer :fillers have been shown to do this; the 
incorporation of lead and copper oxides into HDPE have lead to performance 
improvements when wearing against steel, although it is unclear exactly how the 
adhesion of the transfer layer is improved in this case [36]. Some fillers such as 
carbon particles are thought to improve the wear performance of polymers against 
rougher counterfaces by slightly abrading their surfaces, leading to a smoother and 
cleaner counterface and consequent better transfer layer adhesion. 

Some transition metal oxide :fillers are thought to induce mild degradation of the 
polymer and thus create strong valence bonds between the transferred layer and 
the counterface [31]. 

3.4.4 Further Influences 

Applied load (W), environment temperature, counterface temperature and type of 
motion have all been shown to have an effect on the formation and adherence of a 
stable transfer layer. Rhee et a/. and Tanaka found increases in the thickness of the 
transfer film with increases in load, which then suppressed the onset of severe 
wear to a higher temperature [50,51]. Tests using independent temperature 
controls for polymer and steel counterfaces established that the uniformity of the 
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transfer film was temperature dependant and that uniformity, in tum, had an effect 
on polymer wear [52]. Higher counterface temperatures were found to promote 
the formation of a stable transfer layer. 

The nature of the sliding motion also influences the attainment of stable transfer 
films, for example wear debris will not leave the contact zone as easily during 
oscillatory motion as it does when sliding in a uniform direction (as is the case for 
a pin on disc testing apparatus), and thus the transfer layer will form more readily 
during oscillatory wear [52]. 

3.5 Lubrication 

3.5.1 Introduction 

A lubricant is a substance introduced between surfaces in sliding contact and 
having a lower shear strength than the surfaces themselves, which reduces friction 
between the sliding couple. Ideally, the lubricant will prevent all direct contact 
between the two sliding contacts, but this is not necessarily the case; many 
lubricated systems may still experience asperity contact and hence junction 
formation. Both instances, however, are normally expected to lead to lower rates 
of wear. Liquids are most commonly used as lubricant due the their "low shear'' 
properties and the fact that they may be shorn an infinite number of times without 
failing from wear or fatigue [53]. Different types of liquid lubrication may be 
distinguished: 

3.5.2 Hydrodynamic Lubrication 

Under hydrodynamic lubrication, the mating surfaces are separated by a relatively 
thick fluid lubricant so that none of their asperities will be in contact. The pressure 
to support the normal applied load W is generated hydrodynamically which 
necessitates the surfaces being conformal i.e. the opposing surfaces are closely 
matched in dimensions and separated by a small gap over a relatively large area. 

The hydrodynamic pressures arise due to the viscosity of the fluid (due to the 
relative motion of the surfaces) and the convergence of the gap between the 
mating surfaces. The pressure distribution is described by the Reynolds equation 
for fluid flow, which assumes the flow to be laminar, the separating gap small 
compared with the other system dimensions and the prevailing forces being 
viscous. Despite these simplifications, the equation remains extremely complex. 
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For the case of unifonn tangential sliding of two planes, as shown in figure 3.9, 
and the flow being incompre~sible and the viscosity unifonn, the variation of 
pressure p with distance x is given by the simplified Reynolds equation as [36] c 

dpldX = -611 U(h-h*)/h3 

where 11 is the fluid dynamic viscosity, 
h* is the separation of the surfaces· at the point of maximum pressure 

(dpldx = 0), 
U is the sliding velocity, 

and the other quantities are as defmed in figure 3. 9. 
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Figure 3.9 Mating surface couple under conditions of 
hydrodynamic lubrication. The degree of convergence has 
been exaggerated for clarity [after ref 36). 

By setting the boundary conditions such that p = 0 at. x = 0 and x = L, further 
integration gives the nonnalload W supported be the bearing per unit width as: 

and 

K = [ln(J +n)ln2
)- 2/[n(2+n)] 

where n = h /ho - 1. The numerical value of K thus depends on the ratio of the inlet 
and outlet film thicknesses only and is actually quite insensitive to this ratio. The 
maximum load capacity will hence occur when K = 0.027. 
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3.5.3 Elastohydrodynamic Lubrication 

Under conditions where the mating surfaces are not conformal but rather 
counterformal, involving nominally line or point contacts, local pressures in the 
contact zone may become much higher than those encountered during 
hydrodynamic lubrication. Under these high pressure conditions, elastic 

· deformation of the bearing surfaces and variations of fluid viscosity with pressure 
become increasingly important and lubrication in these circumstances is 
considered elastohydrodynamic (EHL ). EHL explains why much higher loads can 
be supported by a bearing couple, without asperity contact occurring, than may be 
predicted by hydrodynamic theory: Very high pressures will increase the local 
viscosity of the lubricant and thus increase the film thickness and secondly, 
surface regions subjected to high pressures will deform elastically and asperity 
contact will thus be decreased. 

The latter effect is particularly important in "soft'' EHL, where one or both of the 
mating surfaces are softer and deformation occurs at relatively low pressures and 
viscosity increases do not play a significant role (36]. 

3.5.4 Thin Film or Mixed Lubrication 

For lower sliding velocities or lubricant viscosities, the hydrodynamic film 
thickness decreases. In thin film lubrication, surface asperities penetrate and 
disturb the laminar flow conditions so that only part of the applied load is carried 
by hydrodynamic action whilst the remainder is carried by the interacting surface 
asperities. The frictional force will thus be due to both the shearing of the lubricant 
film and asperity interaction [54]. 

3.5.5 Boundary Lubrication 

Under very high loads (W') and very slow sliding speeds hydrodynamic effects are 
completely absent. Unless the bearing surfaces are protected by a suitable 
boundary lubricant, asperity contact and consequent very high wear will occur. 
Boundary lubricants prevent asperity contact and associated adhesion and junction 
growth by forming absorbed molecular films on the surfaces, the repulsive forces 
of which then carry the applied load. Figure 3.10 shows the typical operation of a 
boundary lubricant, for example a long chain carboxylic acid on a· metal surface. 
The lubricant molecules are absorbed with the polar end groups adhering strongly 
to the oxide layer present on the metal. The molecular chains align themselves 
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perpendicular to the surface due their mutual repulsion and dense layers of 
hydrophobic chains 2 to 3 nm long are thus formed. Most of the load is thus 
carried by the interactive forces of the hydrocarbon chains and only small areas of 
naked asperity contact occur [36]. 

Figure 3.10 An example of operation of a boundary lubricant [after ref 36]. 

Lubricating systems are highly complex and only the hydrodynamic and 
elastohydrodynamic regimes are satisfactorily understood [36], unlike mixed and 
boundary lubrication, where the lubricating environment can be influenced by all 
aspects of the materials involved, such as metallurgy, nature of oxide films and 
physicochemical properties of the lubricant etc. [55]. The variation of the 
coefficient of friction through the various lubricating regimes with the changing 
quantity 11 UIW is illustrated in figure 3.11; the relation is known as the Stribeck 
curve. 
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Elasto-hydrodynamic 
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Figure 3.11 The Stribeck curve relating frictional 
drag J.1 with the quantity 11 U/W [after ref 36}. 
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3.6 The Friction and Wear Behaviour of UHMWPE 

3.6.1 Introduction 

Thermoplastic polymers are often classified into three different groups 
distinguished by their friction and wear behaviour [56]. The "smooth molecular 
profile" polymers such as HDPE, UHMWPE ap.d PTFE exhibit excellent sliding 
properties, unlike the "normal" polymers such as LDPE and polypropylene (PP), 
and the amorphous polymers like polymethylmethacrylate (PMMA) and polyvinyl 
chloride (PVC) [57]. Furthermore, the frictional characteristics of the linear chain 
polymers are different to those of the branched chain polymers: While the 
coefficient of friction for linear structured polymers is sensitive to the relative 
motion of the polymer-counterface couple, branched chain polymers do not show 
this motion-direction dependency [30]. 

3.6.2 UHMWPE-Counterface Surface Interaction: Molecular Orientation 

The motion dependency of smooth molecular profile polymer friction and wear 
occurs because the linear polymer chains can orient themselves at the sliding 
interface (molecular orientation), whereas branched polymers cannot do so 
because of steric hindrance [58]. Recent studies on the wear of UHMWPE under 
water lubricated and in vivo simulated conditions have indicated its wear 
performance to be greatly influenced by the type of sliding contact. Linear motion, 
either unidirectional or reciprocating, results in very low rates of wear, whereas 
multi-directional motion under the same conditions will result in much higher 
wear [59,34,60]. 

Direct evidence of the molecular orientation phenomenon on worn surfaces of 
UHMWPE has been identified by Wang et al. [61] by means of plasma etching 
and scanning electron microscopy. By etching worn tibial and acetabular 
UHMWPE surfaces with ion plasma, they revealed a preferential orientation of 
crystallite lamellae in the direction normal to that of principal motion. A common 
observation on worn UHMWPE surfaces is the appearance of surface stretching in 
the form of fibril formation or fibrillation which Wang et al. has also ascribed to 
molecular orientation; the fibrillar structure is readily formed on worn surfaces by 
surface traction forces, where this oriented structure will be harder (not brittle) in 
the orientation direction and weaker or softer in the direction normal to sliding. 
Hence for unidirectional motion, UHMWPE becomes orientation hardened, 
whereas for multiaxial motion it becomes orientation softened. 
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3.6.3 System Parameters Affecting UHMWPE Wear 

3.6.3.1 Counterface Roughness and Topography 

Counterface roughness plays a critical role in determining UHMWPE wear. 
Generally, UHMWPE wear decreases with decreasing counterface roughness, 
although some workers have found a certain optimum counterface roughness, 
below which the UHMWPE wear rises sharply; Dowson et al. found this 
minimum to correspond to a counterface surface roughness of about 0. 03 J.Ull Ra 
for wear against stainless steel under dry sliding conditions [62] (figure 3.12). It 
would appear that this optimum exists only for those instances where transfer 
layers are formed to achieve low wear rates [37] i.e. for UHMWPE wearing 
against ceramics such as Yttria Partially Stabilised Zirconia (YPSZ) no such 
minima is expected. 
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Figure 3.12 The effect of counterface roughness on the 
wear rate of UHMWPE under dry reciprocating sliding 
against a stainless steel disc, showing a wear minima at 
a surface roughness of0.03 J.l11l Ra [after ref 62}. 

The increase in wear rate with increasing counterface roughnesses at higher Ra' s 
is not linear under water lubricated conditions. Lloyd et al. found the wear rate for 
UHMWPE sliding against stainless steel (ground in the direction perpendicular to 
the direction of sliding) under water lubricated reciprocating motion to Increase by 
approximately three orders of magnitude from 0.1 to 1.0 !-liJ;l Ra and proposed the 
following relation for surface roughnesses between 0.1 and 1.0 J..Un Ra [63]: 
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Specific Wear Rate (mm3/N.m) = 1.1 x 10-8 exp(7. 7Rc). 

The topography of the metal counterface also affects wear. Hollander and 
Lancaster showed the wear rate to decrease with increasing counterface asperity 
average radius [64]. Marcus eta/. found wear to be higher when sliding occurs in 
the grinding direction due to the inability of the polymer to form a stable transfer 
layer on this type of topography (for tests conducted under water lubricated 
reciprocating sliding conditions at an average sliding speed of 0.25 m.s-1

) [19]. 
Counterface roughness and topography· effects are thus very complex and are 
further interrelated with the other system parameters such as lubrication, pressure, 
temperature and sliding speed. 

3.6.3.2 Lubrication 

For crystalline polymers which rely on the formation of a stable transfer layer to 
reduce their rates of wear, the introduction of water as a lubricant often has a 
deleterious effect on wear performance. The fluid disrupts the transfer film and 
exposes the original surface topography, leading to higher wear [65]. 

However, successful water boundary lubrication may be achieved if the 
comtterface is hydrophilic. Steel counterfaces can allow the formation of weakly 
held water films and thus lead to friction decreases [66]. Tanaka found transfer 
occurring for both dry and water lubricated conditions although the characteristics 
of the worn surfaces were different. The increase in wear under water lubrication 
may result from a change in the surface structure of polymers by the water rather 
than the change in transfer layer behaviour [ 67]. 

3.6.3.3 Interface Pressure 

The steady state wear rate of unfilled polymers is generally little affected by 
pressure increases up to a critical interface pressure which is typically one third of 
the compressive strength of the polymer [68]. Dumbleton eta/. showed that while 
the initial wear rate of UHMWPE increases greatly with increasing pressure, the 
steady state wear remains fairly constant [69] even to pressures of 1635 lb.in-2 

(11.27 MPa) (figures 3.13 and 3.14). 
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Figure 3.13 The effect of pressure on the wear of UHMWPE 
sliding against stainless steel in water [after ref 69}. 
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Figure 3.14 The effect of pressure on the wear ofUHMWPE 
sliding against stainless steel in water [after ref 69]. 

3.6.3.4 Temperature 

The mechanical properties of all polymers are usually adversely affected by an 
increase in temperature because of the weakening of the intermolecular bonds 
between the molecular chains as the temperature rises, so that their wear 
performance can be expected to decline concurrently [19]. The wear behaviour of 
polymers is particularly influenced by temperature effects because of their low 
thermal conductivities (hindering frictional heat dissipation) and their low melting 
points. Conversely, an increase in counterface temperature may aid the formation 
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of a thicker transfer layer and thus lead to decreased wear. The results of Evans et 
al. indicated that the wear rate and friction increases with decreasing counterface 
temperature or increasing pin temperature in the 15-45° C temperature range [52]. 

Above a certain critical temperature, the wear rate has been found to rise rapidly 
because of thermal softening leading to extrusion and gross polymer flow [70,71]. 
Challen and Dowson have presented an analytical thermal analysis for the 
calculation of the maximum interfacial temperature in a pin-on-disc wear tester for 
UHMWPE and showed that severe wear occurred for temperatures exceeding 
125° C [70]. Rhee and Ludema, however, disagree with the general finding that 
the polymer melting point can be taken as the onset of severe wear, as their 
analysis of polyoxymethylene sliding wear showed that the polymer surface 
temperature can be appreciably higher than the melting point of the polymer and 
may reach the decomposition temperature of the polymer [72]. 

3.6.3.5 Sliding Speed 

The influence of velocity on wear can be attributed tnainly to surface temperature 
effects [73]. After a critical sliding velocity, corresponding to a critical interface 
temperature, is reached, wear can be expected to increase abruptly as the polymer 
starts to soften and melt. Below the critical sliding velocity, UHMWPE wear is 
little affected by variations in speed (figures 3.15 and 3.16}. 

~~----------------~ 

0·1 1 10 
Speed (mlsl 

Figure 3.15 The variation of polyethylene steady-state wear with 
sliding speed Tests were conducted using a pin-on-ring apparatus 
against mild steel of0.15 J..l11l Ra [adapted from ref 73]. 
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Figure 3.16 The variation of UHMWP E specific wear rates 
with speed (for wear against a steel disc). The temperatures 
given are a summation of the measured surface temperature 
and the calculated flash temperature at each velocity [after 
ref 68}. 

3.6.3.6 The "PV" Limit 

The product of interfacial pressure and sliding velocity, or PV, is frequently used 
in bearing design and specification to define the allowed conditions under which a 
polymer bearing may operate. The PV limit is the product of pressure and velocity 
below which reasonably low friction and wear occurs. Shen and Dumbleton [74] 
established a PV of 5400 lb.in·2.ft.min·1 (203.6 kPa.m.s-1

) for RCH 1000 of 
viscosity average molecular weight 1.25 x 106

• For lubricated sliding, the 
attainable PV may be much higher still, Dowson et a/. having carried out testing at 
PV values of 100 000 lb.in-2.ft.min·1 (3770 kPa.m.s-1

) without catastrophic wear 
occurring [75]. 

Dumbleton and Shen investigated the ,effect of PV on the wear factor K for 
UHMWPE sliding against stainless steel of 0.127 JJ.Ill Ra under distilled water 
lubrication. The K value is not constant but passes through a maximum in the 
region of500 lb.in-2 (3.45 MPa) (figure 3.17). 

39 



• • 

~~~-74--~~~,--~~~.~2~.4--~16~ 
PRESSURE- PS'~ ,o• 

Figure 3.17 Wear factor K vs. PV for UHMWPE tested 
against stainless steel of surface roughness 0.127 Jll1l Ra 
under water lubrication [after ref 69}. 

The current author, however, considers PV values and limits of limited use 
because of the multitude of influences having an effect on the wear performance 
ofUHMWPE. 

3.7 Summary 

The polymer wear process has been shown to be very sensitive to a multitude of 
system parameters such as temperature, pressure, sliding speed and lubrication 
type as well as the nature of the counterface. Indeed, by manipulating these 
parameters, the actual nature of material removal can be changed and associated 
differences in wear rate can thus be expected to be great. It is thus important in the 
design of experiments and interpretation of results that due cognisance is taken of 
these variables. 
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CHAPTER4 

THE NEW RECIPROCATING WEAR TESTING 
APPARATUS 

4.1 The Design of a New Reciprocating Wear Testing Apparatus: 
Problem Definition 

4.1.1 Design Statement 

A new wear testing apparatus capable of simulating the sliding wear performance 
of two materials wearing against each other under varying conditions of 
reciprocating sliding is to be designed. 

4.1.2 Design Requirements 

The design must: 

• provide for two independent tests to be performed simultaneously 
• permit the speed of reciprocation to be adjustable to a maximum average 

velocity of 0.2 m.s-1 

• provide for a maximum load of 1000 N to be applied onto the reciprocating 
plain of the test specimens 

• feature a loading system for which the load applied onto the test specimen will . 
not fluctuate with increasing wear of the specimen 

• provide for the applied load to be varied according to test demands 
• permit tests to be performed in liquid-lubricated or dry environments 
• prevent the liquid lubricant temperature from rising due to frictional heat 

generation 
• provide for the interface environment to be isolated so as to eliminate third 

body effects and allow accurate wear debris analysis to be performed 
• facilitate that both test specimens are readily accessible and that locating and 

securing the specimens in position is easily achieved 
• feature a specimen loading device which will allow no relative movement 

between the test specimens other than along the axis of the applied load 
(except for specimen location and retrieval) 

• guarantee the test specimens to be repositioned in their identical relative 
positions after retrieval to ensure the test specimens remain perfectly matched 
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• count and monitor the number of cycles completed so that test sliding distances 
can be calculated and set 

• enable the frictional force between the wearing interfaces to be measured 
• permit specimens of a simple, previous design to be used so that these can be 

manufactured along the simplest and most cost effective manufacturing route 
or used from stock. 

4.1.3 Design Constraints 

The design must: 

• incorporate materials which are readily available to the workshop of the 
Department of Materials Engineering, University of Cape Town 

• for the relevant areas, use materials that can withstand harsh operating 
environments, as well as the elevated temperatures which may be used in some 
tests 

• allow for all wearing components to be readily accessible for routine 
inspection or replacement 

• incorporate within itself the required precision for reproducible testing such 
that the machining tolerances on test specimens may be relaxed 

• not require any special workshop facilities 
• not involve any exceedingly difficult fabrication and hence excessive 

manufacturing time 
• use a simple and comparatively cheap drive mechanism. 

4.1.4 Design Criteria 

The design should: 

• be as simple to operate as possible 
• use standard material dimensions wherever possible 
• utilise as many standard components as possible, particularly for the wearing 

components 
• minimise noise generation 
• be of compact design so as to use only moderate laboratory space 
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4.2 Concept Formation of the New Reciprocating Wear Testing 
Apparatus 

There are two types of wear testing apparatus, which are generally used to test the 
overall wear performance of materials. 

4.2.1 Pin-On-Disc Tribometer 

The pin-on-disc is the simplest wear testing apparatus. Figure 4.1 shows a typical 
pin-on-disc apparatus layout. The counterface disc is mounted onto a shaft or disc 
driven by an electrical motor. The wear pin is forced against the counterface disc 
by means of a simple pivot/counterweight arm system. The interfacial pressure can 
thus be adjusted by simply altering the pivot load. The counterface/wear pin 
friction may be measured by a strain gauge device located on the pivot arm or, 
alternatively, by a push button type l6ad cell restraining the tangential movement 
of the specimen clamp (provided the pivot is otherwise free to rotate accordingly). 

LVDT 

disc 

load 

Figure 4.1 Schematic view of a basic pin-on-disc wear 
testing apparatus layout . . 

The benefits of the pin-on-disc type wear testing apparatus include: 

• simple mechanical design 
• easy friction measurement 
• uncomplicated loading technique 
• constant speed 
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There are however some major drawbacks to this system: 

• the topography of the counterface disc changes with the rotational angle of the 
disc (unless the surface finishing technique is completely directionally random 
or perfectly circular or radial) 

• wear debris is easily removed out of the interface path due to the outward flow 
of lubrican~ which might hinder the otherwise natural build up of transfer 
layers etc. 

• the counterface discs must be fairly large if linear motion is to be approached 
• the sliding velocity will vary across the wear pin surface due to the circular 

motion of the counterface disc. 

4.2.2 Reciprocating Wear Testers 

Reciprocating type wear testing apparatuses are also frequently used to test wear 
performance. The schematic of figure 4.2 shows the relative specimen motions 
typical of such a wear rig. The counterface specimen is mounted onto a shuttle 
base, which is forced to reciprocate along an axis normal to the wear pin applied 
load. The wear pin itself is clamped stationary and forced against the counterface. 

Reciprocating wear testers do not suffer from any of the drawbacks listed above 
for the pin-on-disc types. However, the design of reciprocating wear testers is 
more complex than that of pin-on-disc types. Furthermore, although the type of 
motion associated with reciprocating type apparatuses is linear, the sliding 
velocity is sinusoidal, which may be undesirable in certain wear simulations. 

applied load l 
wear specimen 

.. 
.shuttle 

sliding direction .. 
Figure 4.2 Schematic representation of the relative motions 
of a reciprocating wear tester. 
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4.2.3 Existing Wear Testing Apparatuses 

Two reciprocating wear rigs were already in operation at the Department of 
Materials Engineering, University of Cape Town [19,76]. 

The central component of the apparatus shown in figure 4.3 consists of an 
aluminium housing in which the wear pin is clamped in a holder so that it is able 
to reciprocate continuously against the desired counterface. The stainless steel 
housing is constrained to reciprocate along the desired axis by a bushing 
mechanism sliding on two hardened steel rods (two bushings on each rod). 

Figure 4.3 The reciprocating wear testing apparatus as used 
by Marcus et al. with (1) motor/gearbox, (2) wear specimen 
housing, (3) lubricant bath, ( 4) control equipment. 

Figure 4.4 is a schematic of the pin housing and its loading mechanism as well as 
the stationary counterface. The force is applied onto the wear specimen by a pre
calibrated steel spring and loading screw which may be adjusted to obtain the 
desired load. 

The reciprocating speed of the specimen housing mechanism can be controlled by 
a thyristor controller which regulates the speed of the electric motor. The desired 
sliding distances to be covered can be set on a preset counter which sends a signal 
to the control unit stopping the motor once the required distance has been 
traversed. The frictional forces can be measured by a friction transducer and the 
friction signal displayed and stored on an oscilloscope. A stainless steel bath 
allows tests to be performed under suitable lubricant conditions. 
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a - cownerface 
c b- pin 

c-apmg~em 
d -lolldlng screw 
e-ciM1p 

. . 
Figure 4.4 A schematic of the pin housing and counterface 
used on the test reciprocating test rig shown in figure 4.3. 

The main disadvantages associated with this wear tester are: 

• unreliable spring loading mechanism 
• highly cumbersome specimen location/retrieval 
• exposed lubricant environment leading to probable third body interference 
• design allowing only a single test to be performed at a time 
• open bushings located over lubricant bath resulting in probable 

contamination of the lubrication fluid by bushing oil 

The wear tester shown in figure 4.S is of generally more sophisticated design. 

Figure 4. 5 The reciprocating wear testing apparatus as 
designed by Kienle with (1) reciprocating shuttle, (2) force 
applying load cell, (3) motor. 
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However, this rig also relies on a crank slider mechanism to achieve the desired 
relative reciprocating motion of wear specimen to counterface. Figure 4.6 shows 
the essential mechanical constituents of this design. The wear counterface is 
clamped onto a shuttle which oscillates on two parallel shafts secured in the 
horizontal plane. To the other side of the vertical backing disc is a crank slider 
arrangement driven by an electric motor and supported at the same level as the 
reciprocating shuttle. The wear pin is clamped stationary and the force is applied 
onto it by a load cell mechanism. 

The original design included the use of a perspex chamber to allow the 
submergence of the entire shuttle, shuttle locating and wear pin clamping 
mechanisms in the desired lubricant. However, adequate sealing of this chamber 
proved difficult, and complete submergence of the entire reciprocating assembly 
and wear pin clamping mechanism is undesirable. The original chamber was thus 
replaced by a bath assembly surrounding the shuttle and subsequently the entire 
reciprocating assembly up to the level of the wear pinlcounterface interface is 
submerged with the desired lubricating medium. 

A beam type load cell transducer allows the friction between the wear pin and 
counterface to be measured. The friction signal can be displayed and stored on an 
oscilloscope. 

bath 

guide 
shafts ...... l --~· 

'C'I'..-
\ 
\ 
\ I / ' ,, 

'" ...... -.><:' 
chamber 

Figure 4. 6 Schematic sub-assembly of the reciprocating wear 
tester designed by Kienle. 
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The most significant disadvantages associated with the this test apparatus are: 

• low maximum applied load of 100 N, necessitating the use of small interface 
areas to obtain the desired high pressures which increases the inaccuracies 
associated with measuring low wear mass loss 

• complex loadcellload technique 
• low capacity lubricant bath possibly resulting in frictional heating of lubricant 
• the placement of the bearing/shaft assembly inside the lubricating bath 

environment leading to 
- rapid degradation of the bearings/shafts necessitating very frequent and 

lengthy service 
- possible ingestion of bearing debris as third body particles between the test 

interface 
- inaccurate wear debris analysis due to possible presence of bearing debris 
- interference of the bearing lubrication with the testing environment 

• design allowing only a single test to be performed at a time 

A new wear testing apparatus was thus built, the design of which was broadly 
based on the concept used by Kienle [76], involving a crankshaft driven 
reciprocating shuttle containing the desired lubricating environment sliding on a 
linear bearing/shaft mechanism. The same arrangement of mounting the 
reciprocating assembly and wear pin clamping and loading mechanism to one side 
of a vertical backing plate, with the crankshaft and associated assembly on the 
other (see figure 4.6) was used in the new design. The new design features the 
following innovations to overcome the disadvantages associated with the previous 
ngs: 

• duplication of all the relevant mechanisms to allow two tests to be performed 
simultaneously 

• lubricant environment isolated from all surroundings including linear bearing 
assembly 

• lubricant recirculation into a large reservoir to ensure a constant temperature 
• simple and reliable lever arm/dead weight load application up to 1000 N 
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4.3 Solution Specification for the New Reciprocating Wear Testing 
Apparatus 

Description: 

A laboratory test apparatus to be used for investigations of wear and friction of 
two material surfaces sliding against each other under reciprocating, single axis 
motion in differing environments. 

Figure 4. 7 The new reciprocating wear testing apparatus with (1) dead 
weights/lever arm, (2) wear pin holder (static) and reciprocating 
shunle, (3) motor, (4) pump control, speed control and cycle counter, 
(5) chart recorder and digital storage oscilloscope. 

Hardware: 

• overall dimensions: 
(including table) 

• primary drive: 

• primary transmission: 

• speed controller: 

length = 2005 nun 
width= 1000 mm 
height= 1260 nun 
Renold Crofts 1.5 kW 380/240 V 
3 Phase, 4 Pole Electric Motor c/w 
Renold Crofts Ritepower 2D Gearbox 
Ratio 7.52: 1 
Renold Crofts Renvert Junior RVJ 150-2 
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• reciprocating drive: 
• stroke length: 
• velocity profile: 

Test Specimens: 

~~~ 

AC Variable SpeedDrive 
220 V single phase in, 220 V three phase out 
c/w programming module 
belt driven crank slider 
50mm 
sinusoidal 

45 deg 
cho.Mfer (: n tni 

r ~ Jj:J 
V1 

a ~~~~-~70.0 ~.1 
reciprocating specimen 

(counterface) 
stationary specimen 

(polymer) 

Figure 4.8 Recommended Test Specimen Dimensions 

Operating Parameters: 

• reciprocating speed: 0-2 Hz (Liquid Lubrication) 
= 0.2 m.s-1 average sliding velocity 
(larger fan must be fitted for prolonged low speed 
operation) 

• loading of specimens: lever arm/dead weight adjustable 50- 1000 N 

Testing Environments: 
t 

•dry 
• bath filled with desired medium, recirculated or stagnant 
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Features: 

• friction force readout, to a maximum combined frictional and secondary force 
of 1000N, 

-- --------

• repositioning in an identical position is guaranteed for both test specimens after 
each and every test run; the reciprocating surfaces will therefore remain 
matched even during interrupted testing. 

Options: 

Provision has been made in the design to allow certain components to be changed 
or modified in order to expand on some of the existing specifications: 

• stroke length adjustable between 0 - 50 · mm if the crankpin holder ts 
remanufactured accordingly 

• applied loads of less than 50 N are possible if the lever arm is modified to 
allow counterweight balancing of the ann 

Materials Used: 

• internal workings of test cell: 
• test cell surrounds: 

• supporting mechanisms: 

• backing plate: 
• base plate: 
• table structure: 

grade AISI 316 stainless steel 
grade AISI 316 stainless steel, grade AISI 431 
stainless steel, Acetal, Perspex 
grade AISI 316 stainless steel, grade AISI 431 
stainless steel, brass, stainless steel square 
tubing 
grade AISI 316 stainless steel 
3CR12 steel 
BS 070M20 mild steel 

4.4 Discussion of the New Reciprocating Wear Testing Apparatus 

The design of the new reciprocating wear testing apparatus is capable of meeting 
all the requirements, constraints and criteria as discussed in Chapter 4. L Due to its 
complexity, the design will be discussed under several subheadings with reference 
being made to the sub-assembly drawing at the end of this section. For greater 
clarification, reference can be made to a series of photographs showing the wear 
rig at the end Chapter 4.5.2. 
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4.4.1 The Basic Layout 

Reference should be made to the subassembly drawing at the end of Chapter 4.4. 
The vertical backing plate (14) forms the central part of the test rig. All the test 
cell components holding the specimens and facilitating load application are on the 
same side of this plate. Most components used here are exposed to or in proximity 
to the test environment, and hence only materials with good resistance to corrosion 
were specified. The adjustable weights ( 1) are an exception, as they are well clear 
of the test environment due to the length of the weight/lever arm (2). 

The other side of the vertical backing plate is bolted to gusset stands ( 13) which 
secure it in position on the base plate (10). All the mechanical drive components 
are also found on this side of the backing plate: A 1.5 kW electric motor drives the 
crankshaft via a timing belt/pulley. The crankshaft is connected to two connecting 
rods on either side, which drive the reciprocating shafts {11) forcing the shuttles 
and all their associated attachments to reciprocate. A diaphragm type 
tension/compression load cell rated to 1000 N forms part of the reciprocating shaft 
( 11) and thus enables friction measurements to be performed. 

4.4.2 The Reciprocating Drive Mechanism 

As discussed in Chapter 4.3, much of the current design was based on that of an 
existing reciprocating wear rig designed by U. F. B. Kienle, in which a crank
slider type mechanism was chosen to produce the desired sinusoidal velocity 
profile. 

Figure 4.9 shows the main elements of the reciprocating drive mechanism. The 
crankshaft is driven by a timing belt, the timing pulley being keyed onto the shaft 
off center to accommodate a third bearing/plumber block. This additional plumber 
block was added to decrease the bending moment on the shaft caused by the 
tension exerted onto it by the timing belt. On each side of the timing belt/pulley 
are located the main bearings and their plumber blocks. The crankpin holding 
plates are bolted on each end of the shaft. The crankpins themselves are located 25 
mm off center so that the resultant stroke will be 50 mm. Furthermore, the two 
crankpins were mounted 180° out of phase with each other in order to balance 
primary forces. 

Connecting rods link the crankpins to the reciprocating shafts {11). Due to the 
severe fluctuating loads placed on the two components, a high strength martensitic 
stainless steel (AISI 431) was chosen for the conrod and crankpin. 
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Figure 4.9 A drawing of the main elements of the 
reciprocating drive mechanism. 

The reciprocating shafts linked to the conrods are fastened onto diaphragm type 
tension/compression load cells (12), which form part of the reciprocating shafts. 
These reciprocating shafts move through holes in the vertical backing plate (14) 
and onto the shuttle bases (9) and which in turn force the bases to reciprocate. The 
shuttle bases are each supported by four linear ball bearings rolling on 20 mm 
diameter guide shafts. The ball bearings were chosen over bushes as the formers' 
friction coefficient is much lower, thus reducing mechanical forces and allowing 
more accurate friction measurements to be performed. 

4.4.3 The Reciprocating Shuttles 

The reciprocating shuttles hold the counterface specimens in their positions and 
isolate the desired testing environments (7) (see figure 4.10). The bath bases, 
bolted onto the shuttle bases (9), are manufactured from acetal. These bases slope 
away from the vertical backing plate (14) to facilitate lubricant drainage and 
cleaning of the baths. Perspex was specified for both walls, permitting some side 
observation of the bath interior. 

The counterface specimens are placed into the recesses of elevated stainless steel 
blocks (protruding out of the acetal bath bases), each featuring two locating 
screws. The baths are covered by acetal lids, which have elongated center sections 
cut out to allow the free movement of the (static) specimen clamps (4). Attached 
to the sides of the lids, and perpendicular to the reciprocating direction, are small 
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platelets to reduce the oscillating flow of the lubricant and hence prevent spillage 
(not shown in drawing). 

o.pplied force 

shuttle bo.se 
containing linear 
bo.ll beo.rings 

~ 
clo.Mp holding 
polyMer speciMen 

/ (sto.tic) 

reciproco.ting 
direction 

Figure 4.10 A drawing of the reciprocating shuttle bath and 
base with counterface specimen mounted inside, as well as 
the wear pin and its clamping mechanism. 

4.4.4 The Wear Pin Clamping Mechanisms 

The stationary wear pins (5) are held in a vertical position by specimen chucks 
consisting of two jaws each, one being fixed and the other being adjustable. The 
jaws are located inside square recesses milled into the specimen holder. While the 
fixed jaws are screwed onto the inner faces, the opposing jaws can be adjusted by 
turning grub screws and the wear specimens can thus be clamped tight. 

The specimen holders are free to slide along the vertical axis inside the clamp 
housings ( 4). The clamp housings are hinged onto brackets bolted onto the vertical 
backing plate and thus the entire stationary wear specimen assembly's may be 
hinged through 90° to facilitate wear pin and counterface access. For operation, 
bolts connecting the bracket to the clamp housing plates keep the wear pin firmly 
in the vertical position. 

4.4.5 The Loading Mechanism 

A lever arm/dead weight loading technique was chosen for the new reciprocating 
wear apparatus because of its simplicity and consequent reliability. Whereas 
spring loading mechanisms usually do not cater for the reduction in applied force 
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as the spring becomes extended with the wearing down of the specimen, the lever 
·arm/dead weight applied load remains constant even for extensive wear of the 
specimen pin. 

The lever anns are hinged onto brackets bolted onto the crankshaft side of the 
vertical backing disc (14). The force transmission pins (3) exerting the force onto 
specimen holders are situated at a distance of 170 mm from the hinges, whereas 
the dead weights (1) are located 595 mm away from the hinges. The pin load is 
thus approximately 3.5 times higher than the applied mass. The exact load exerted 
onto the wear specimen was calculated by also taking into account the mass of the 
lever ann itself as well as the colinterweight suspension system, force transmission 
pin and wear specimen holder: 

Fwearpininteiface = 34.J6*Mdeadwefght + 64.26, 

where F is in Newtons and Min kilograms. The desired load can thus be achieved 
by selecting the appropriate weights. 

Push button type load cells (Biomer Systems cc.) were used to ensure that the load 
exerted onto the force transmission pins (3) was effectively transmitted to the wear 
specimen/counterface interface. 

4.4.6 The Lubricant/Coolant Recirculation System 

The lubricant reservoir is situated some distance beneath the base plate (10). 
Lubricant is pumped up to the level of the reeiprocating bath by a variable flow 
pump. A T -piece separates the flow into two flexible hoses which are coimected to 
the Perspex sides of the. bath. Lubricant drainage is achieved by single gravity 
drainage holes situated at the optimum lubricant level of the bath. The lubricant 
flows back to the reservoir in flexible hoses. 

4.4. 7 Friction Force Measurement 
·, 

Each of the two reciprocating shafts (11) are split into two in order to 
accommodate the tension/compression. diaphragm type load cells (12) used to 
measure friction. Both sides of the load cells (Biomer Systems cc.) feature tapped 
protrusions so that the shafts can simply be screwed onto the load cells. Lock nuts 
secure the load cells in position. 
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The signal from the load cells is amplified and led to an IW ATSU DS-8631 digital 
storage oscilloscope and chart recorder. During friction force measurements, the 
reciprocating speed is briefly lowered to 0.1 m.s·1 (average) so as to negate the 
secondary load effects generated by shuttle acceleration. A typical output curve is 
shown in figure 4.11. The load cells were calibrated before installation, so that the 
voltage readout could be translated into frictional force according to 

F /Hcllon = 14.442*0utput + 0.14083 -load cell no.l 

FfHctlon = 15.178*0utput + 0.08901 -load cell no.2 

where the force is given in Newtons and the output in Volts. 

Figure 4.11 A typical load cell output vs. time curve. 

4.4.8 The Electric Motor, Speed Controller and Cycle Counter 

A Renold Crofts 1.5 kW electric motor is used as the primary drive for the new 
reciprocating wear testing apparatus. An integral gearbox reduces the output speed 
by a ratio of 7.52:1. The speed controller allows the speed of the motor to be 
varied by selecting different input frequencies. This is however not the final 
crankshaft speed because of the gearbox and timing belt power transmission and 
slightly inaccurate motor output speed/input frequency correlation. The exact ratio 
of final reciprocating speed to input frequency was calculated by setting the input 
at various frequencies and measuring the final drive speed with a digital hand held 
revolution counter: 

final reciprocating speed (rev/min) = 4.81929*inputfrequency (Hz) - 0.89286. 
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The input select frequency must thus be set accordingly. Also note that the 
crankshaft velocity (rev/min) may be divided by 600 to obtain the shuttle average 
sliding speed (m.s-1

). 

A revolution counter sensing the revolutions of the crankshaft was linked to the 
speed controller so that the number of revolutions could be counted. The device 
also allows the operator to select the number of revolutions he/she wishes to 
complete, the counter signa11ing the speed controller to stop after the programmed 
number of revolutions is reached. 

4.4.9 Test Rig Operating Procedure 

This section presents a basic guide to beginning and ending a test. Starting from 
the assumption that the wear pin clamping mechanism is in the testing position (as 
shown on the drawing): 

1. Swing weight/lever arm (1) through 90° into the holding position. 
2. Loosen the retaining bolt on the clamping mechanism bracket. 
3. Swing the clamping mechanism through 90° to the holding position. 
4. Loosen locating crews of counterface locating block. 
S. Insert counterface (6) into the recess. 
6. Tighten locating screws. 
7. Slide the specimen holder out of the clamp housing (4). 
8. Insert the wear pin in between the two jaws and tighten the grub screw to 

secure the specimen in place. 
9. Insert the specimen holder back into the clamp housing. 
10. Swing the clamping mechanism through 90° to the testing position. 
11. Fasten retaining bolts. 
12. Lower lever arm. 
13. Level the lever arm by adjusting the force transmission pin (3) nuts. 
14. Suspend appropriate weights from the lever arm end. 
15. Switch on lubricant flow (if desired) and wait until stabilised. 
16. Select the number of cycles to be completed on revolution counter. 
17. Set desired speed on the speed controller. 
18. Start motor. 

To end a test: 

1. The revolution counter will have automatically stopped the motor after set 
cycles have elapsed. 
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2. Turn off the coolant. 
3. Swing weight/lever arm (1) through 90° into the holding position. 
4. Loosen the retaining bolt on the clamping mechanism bracket. 
5. Swing the clamping mechanism through 90° to the holding position. 
6. Loosen locating screws of counterface locating block. 
7. Remove counterface (6) from the recess. 
8. Slide the specimen holder out of the clamp housing (4). 
9. Loosen the adjusting jaw grub screw and remove wear pin. 
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4.5 Evaluation of the New Reciprocating Wear Testing Apparatus 

The results of three tests wearing UHMWPE pins against similarly prepare~ 
polished stainless steel counterfaces under identical test conditions were cairied 
out to assess the correct functioning of the new design and the reproducibility of 
the test results. The wear of UHMWPE against smooth polished stainless steel 
specimens of counterface roughness Ra = 0.02 J.UD under distilled water lubrication 
and 10 MPa applied load represents a particularly stringent condition as the mass 
loss recorded is extremely low. 

4.5.1 Test Results 

material couple used: 
reciprocating speed: 
counterface roughness: 
load: 
sliding distance covered: 
lubricant/coolant: 
specimen dimensions: 

UHMWPE/ AISI 431 stainless steel (hardened) 
0.2 m.s-1 average 
Ra = 0.02 J..L1D., polished 
1000N 
20km 
distilled water 
refer to Chapter 4.2 

Figure 4.12 shows the results obtained for the reproducibility tests. Deviation from 
· the average of 0.179 mm3 volume loss after 20 km of sliding is an average of± 14 

%, a very credible result. Additionally, the initial surface match between the wear 
pin and counterface will differ for each of the three tests and thus account for 
some of the discrepancy. 

Figure 4.12 Results of three reproducibility tests wearing 
UHMWPE against polished stainless steel counterfaces for 
20km. 
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For tests wearing UHMWPE against a parallel ground counterface of Ra = 0.3 J..l1Il 
under distilled water lubrication, the volume wear recorded after 40 km of sliding 
corresponded very well to that recorded by Marcus [19] under similar test 
conditions using a different rig as shown in figure 4.3, at 6.06 mm3 compared to 5.9 
mm3. 

Repeated tests wearing UHMWPE against polished stainless steel counterfaces 
showed the new apparatus's friction measurements to be very consistent, with 
virtually zero discrepancy between repeated readings. They thus offer an excellent 
basis for comparing the friction of UHMWPE against different counterfaces. 
Friction force readings taken for an UHMWPE wear pin sliding against a parallel 
ground counterface of Ra = 0.33 J..l1Il in distilled water under a load of 11 MPa 
interface environment produced friction coefficient measurements of f.1. = 0.052, 
taken after 10 km. This is slightly higher than the 0.047 measured by Marcus under 
similar water lubricated reciprocating sliding conditions [ 19]. However, for an 
equivalent test, Lloyd et a/. registered a friction coefficient of f.1. = 0.1 [63]. The 
comparison of friction coefficient values to other workers results is thus clearly 
problematic. 

4.5.2 Test Rig 

The design of the new reciprocating wear tester has proven to be highly successful. 
All of the requirements, constraints and criteria were met and in many instances 
exceeded. Specimen turnarounds require minimal time and noise levels generated 
are acceptable. The vibrations caused by the secondary imbalances are very low. 

The rig has completed over 4000 km of testing (equivalent to 40 million 
revolutions) without major incident. The only parts of the apparatus subjected to 
wear are the shuttle base linear bearings, which require replacement every 1500 
km. 

A series of photographs given on the following pages show various details of the 
test rig in operating and holding positions. 
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A view of most of the mechanical assembly showing the dead weights, 
lever arm, wear pin holding mechanism, reciprocating shuttle, as well 
as the backing plate and crankshaft, with direction of rotation as 
indicated Also notice the lubricant recirculation tubes leading from 
undemeath the table to the shuttle, as pointed out by the a"ow. 

Inverter/speed controller (1), cycle counter and set (2), chart 
recorder (3), digital storage oscilloscope (4). 
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A view of the crankshaft a"angement showing the timing belt/pulley 
drive (as indicated by the a"ow) and the three plumber blocks used to 
locate the shaft. The connecting pin holders, connecting pins and 
connecting rods can also be seen. Load cell No.1 forms part of the 
connecting shaft shown on the left hand side of the photograph, 
whereas load cell No.2 forms part of the connecting shaft to the right 
hand side of the photograph. 

One of the friction measurement load cells, mounted as an integral part 
of the connecting shaft. 
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The reciprocating shuttle filled with water, with the wear pin holder 
secured in the operational position. The force transmission pin is also 
visible. The arrows indicate the direction of shuttle reciprocation. 

The shuttle bath with the stainless steel counterface holding mechanism 
inside. Locating screws fasten the counterface specimen (in this case 
Yttria Partially Stabilised Zirconia) into place. Also note water entering 
the bath via one of the perspex sides and the small bulkheads (as 
indicated by the arrows) installed to prevent excessive oscillation and 
consequent overflowing of the lubricant. 
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A view of the wear pin clamping mechanism in the holding position. 
The arrows indicate the rotating action of lever arm and wear pin 
holding mechanism to the operational position. 

A different view of the wear pin clamping mechanism in the holding position. The 
protrusions from the side of the shuttle bath are the lubricant entry pipe (1) and 
lubricant drainage pipe (2). The usual lubricant drainage (2) is located at the 
water level required for sufficient wear specimen submergence. To enable 
complete drainage of the lubricant bath, an additional drainage pipe is located at 
the bottom level of the bath (3). The photograph on the right is a closer view of the 
wear pin clamping and holding mechanism with UHMWPE specimen mounted 
inside. The clamping mechanism (1) is free to slide inside the clamp holder (2). 
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CHAPTERS 

EXPERIMENTAL METHODS 

5.1 Test Materials 

5.1.1 The Polymer Wear Pins 

The polymer wear pins used in this study were cut from the bulk ultra high 
molecular weight polyethylene (UHMWPE) material in the square form as shown 
in figure 5 .1. The surface to be worn was machined to a surface roughness of 
0.3 J.1lD R.. A small 45° chamfer was introduced along the leading and trailing 
edges of the wear surface to minimise possible rocking of the polymer pins during 
reciprocating sliding (see Chapter 4.2). 

10mm 
10mm / 4 

approx. 24 mm 

v .._ _ _, 

Figure 5.1 The geometry of the UHMWPE wear pins. 

The UHMWPE used for this investigation is of medical grade ( Chirulen, supplied 
by Solidur Poly-Hi Meditek) and is thus purer than the conventional industrial 
product. Special processing and production precautions ensure that the ash content 
is very low and that the titanium and aluminium concentrations are below 20 and 
40 ppm respectively. Physical, thermal and electrical properties of the UHMWPE 
used, as supplied by the manufacturer, are listed in appendix A. 
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5.1.2 UHMWPE Ion Implantation 

The UHMWPE wear pins were ion implanted in a nitrogen atmosphere (N+ and 
N2+ species) under an accelerating voltage of80 keV to a dose of 1015 ions/cm2 by 
NITRUVID (Fraisses, France). Only the chamfered end was treated. 

Comparison of the ion implanted pins with the unimplanted pins under a light 
microscope revealed no changes in appearance of the implanted surfaces. The 
surface roughness values also remained the same. 

5.1.3 The Stainless Steel Counterfaces 

The stainless steel counterfaces were machined from grade AISI 431 material to 
rectangular bars 70 mm in length, 12 mm wide and approximately 10 mm deep 
(the counterface height not being critical, see figure 5.2). They were then 
subjected to a heat treatment schedule resulting in a hardness of 500HV30 as 
measured on an ESEW A Y hardness tester. 

70mm 
12 mm /--- -------....,.

0 approx. 10 mm .__! ________ __,. 

Figure 5.2 The geometry of the counterface wear pins. 

Three different techniques were used to achieve the fmal surface fmish of the steel 
counterfaces: 

5.1.3.1 Surface "Parallel" Grinding 

The stainless steel counterfaces were surface ground in a direction perpendicular 
to that of sliding motion. This resulted in a single scratch direction distribution 
(normal to the direction of sliding), as shown in figure 5.3. The surface roughness 
values achieved by this technique ranged from Ra = 0.15 to 0.66 ~· 
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Figure 5.3 Scanning Electron Microscope (SEM) image 
of unwom surface ground stainless steel surface 
showing single scratch direction. Surface Ra = 0.29 ~· 

5.1.3.2 Random Grinding 

After the specimen wear surfaces were surface ground to an R. of approximately 
0.4 J.UD, they were further ground in a Struers Roto Module automatic polisher, 
using a special adapter which allows simultaneous preparation of three stainless 
steel bars. Different surface roughnesses of 0.46 to 0.05 J.UD R. were achieved by 
wet grinding with different Struers silicon carbide grinding pads with grit sizes 
from 60-65 J.UD to 5-8 J.UD. This technique resulted in a random distribution of 
scratch directions (see figure 5.4). 

Figure 5.4 SEM image of unworn ground stainless steel 
surface showing the random scratch direction. Surface 
Ra=O.l7~. 
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5.1.3.3 Polishing 

Surfaces to be polished were first ground wet in the automatic polisher using 
Struers grinding pads with grit sizes ranging from 60-65 ~to 5-8~· Using the 
same Struers Roto Module Automatic Polisher and adapter, they were then 
polished using a 0.25 ~ diameter silicon oxide particle suspension. 

5.1.3.4 Polishing/Grinding 

Some of the polished counterfaces were only polished fairly briefly, resulting in 
some of the grinding scratches remaining. An intermediate polishing/grinding 
surface of surface roughness Ra = 0.04 ~ was thus obtained. 

5.1.4 The Yttria Partially Stabilised Zirconia Ceramic Counterfaces 

The YPSZ bars were supplied by Astro Met Inc. (Ohio, USA) in a polished 
condition to an Ra value of0.02 to 0.04 ~ (Ra measurements taken by the author 
using a Taylor-Hobson Surtronic 3P surface profilometer indicated an average Ra 
value of 0.02 J..UD). Some comparative mechanical properties of Zirconia ceramics 
are listed in Appendix B. 

5.2 Test Parameters 

5.2.1 Sliding Velocity 

The sliding velocity is sinusoidal with an average speed of 0.2 m.s-1
, the 

corresponding maximum speed thus being 0.32 m.s-1
. The speed was chosen as it 

allowed fairly rapid progression of the tests without significant frictional heating 
and also corresponded to the speed used by previous authors, thus allowing direct 
comparisons to their test results. As a precaution, the sliding speed was however 
lowered to 0.1 m.s-1 during friction force measurements to negate the possible 
effects of acceleration and deceleration of the shuttle assembly on the friction 
measurement (see Chapter 4.4.7). 
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5.2.2 Pressure 

The applied interface pressure used for all the tests was 11 MPa. This corresponds 
to a 1000 N force being exerted onto the wear pin contact area of 90 mm2

. This 
value lies within the physiological range of total hip replacements and similar 
values are thus used in many UHMWPE wear studies, allowing direct 
comparisons to previous studies to be made. 

5.2.3 Counterface Roughness 

Counterface roughnesses of both random ground and parallel surface ground 
metallic specimens were varied in order to allow the counterface surface 
roughness-wear behaviour of UHMWPE to be investigated. The counterface 
roughness value for both the polished stainless steel and YPSZ specimens was 
recorded as being 0.02 J.Ull Ra. 

5.2.4 Lubricant 

Distilled water was used as a lubricant. The water temperature was prevented from 
rising, due to frictional heating, by recirculation through a large storage tank. The 
temperature thus remained constant between 25 to 27 °C. Distilled water has been 
used in many previous tests thus allowing direct comparisons of wear performance 
to be made. 

5.2.5 Sliding Distance 

The total sliding distance covered was usually 100 km. This distance is sufficient 
to cover any bedding in effects and the formation of any stable transfer layer 
(usually after a maximum of 20 km). The stabilised wear after transfer layer 
formation can thus be well studied. Sufficient distance is also covered to reveal 
any effect of fatigue wear, should any occur. Tests against very rough 
counterfaces were at times prematurely halted due to exceedingly high wear. 
Conversely, tests against YPSZ counterfaces lasted up to 200 km due to the 
extremely small UHMWPE mass loss encountered for this couple. 

Tests were usually stopped at 20 km intervals to allow mass loss measurements to 
be made. However, at the beginning of each cycle of tests, mass loss 
measurements were at times made at shorter intervals. 
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5.3 Experimental Measurements 

Prior to testing, all the test materials were subjected to a similar cleaning 
procedure. They were rinsed in water and then ultrasonically cleaned in absolute 
alcohol. The UHMWPE pins were cleaned in the same way during each of the test 
intervals, prior to the mass loss measurements. The stainless steel counterfaces 
were also demagnetised and solvent cleaned prior to the above procedure. 

5.3.1 Measurement of Specific Wear Rate 

The UHMWPE mass-loss was measured using a Mettler HR 54 R research 
balance with an accuracy of 0.01 mg. A soak control UHMWPE piece was 
weighed along with the wear specimens to ensure that no significant amount of 
water or alcohol (from the ultrasonic cleaning procedure) was absorbed and to 
check that the balance readings remained consistent. 

Polymer mass-loss was converted to volume loss V which was plotted against the 
sliding distance S. This technique is preferred to measuring the dimensional 
change as the latter may also be influenced by creep. The specific wear rate K0 

was calculated for both the initial transfer layer forming period of wear (taken as 
the frrst 20 km of sliding) and the following more stable wear period (measured 
from 40 to 100 km) as these often differed greatly. K0 was obtained by dividing 
the slope of the graph by the normal load P i.e., 

K0 = VIPS (mm3/N.m) 

5.3.2 Measurement of Surface Roughness 

A description of the Ra surface roughness classification method ts gtven m 
Appendix C. 

Surface roughness tests were conducted using a Taylor-Hobson Surtronic 3P 
talysurf and taken in the direction of sliding. Measurements were taken at the start 
of each test and at regular intervals coinciding with the mass loss measurements. 
However, for smoothly polished coWtterfaces, light microscopy revealed that the 
needle introduced a significant scratch onto the surface. A third polished sample 
(see Chapter 5.1.2.3), which was not used for any wear testing but subjected to 
identical polishing, was used in these instances to measure the initial surface 
roughness. 
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5.3.3 Measurement of Frictional Forces 

A detailed account of the friction force measuring test apparatus subsystem is 
given in Chapter 4.4.7. 

5.4 Polymer Characterisation 

5.4.1 Optical Microscopy 

A Reichart projection microscope was used to study the worn UHMWPE surfaces 
during test intervals. 

5.4.2 Scanning Electron Microscopy 

After completion of each test, the UHMWPE wear pins were ultrasonically 
cleaned in absolute alcohol and mounted on aluminium stubs using carbon dag, 
after which they were gold-palladium coated in a Polaron E 5100 Series II "cool" 
sputter coater. Conductive paint was applied from the sides of the specimen to the 
stub to create a conductive path. The sputter coating and painting procedure are 
undertaken so as to render the UHMWPE surface electrically conductive and to 
prevent charging. The samples were then viewed in a Cambridge S200 Stereoscan 
scanning electron microscope (SEM). A fairly low accelerating voltage of 10 kV 
was used to minimise radiation damage. 

5.5 Counterface Characterisation 

5.5.1 Optical Microscopy 

Optical photographs of the counterface surfaces were taken at some stages of the 
wear process using a Reichart projection microscope. 

5.5.2 Scanning Electron Microscopy 

Scanning electron Microscopy was used to examine the counterfaces before and 
after the completion of a test. When examined before testing, no sputter coating 
was necessary except for the YPSZ specimens, in which case a single sample was 
sacrificed for this purpose (no testing can be done after the specimen is coated). 
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After the completion of a test, the bars were gold-palladiwn coated as described in 
Chapter 5.4.2. This was deemed necessary as the polymer transfer layer was 
sufficiently thick to hinder adequate electrical conductivity of the surface. An 
accelerating voltage of 10 kV was used. 

S.S.3 Three Dimensional Laser Surface Profilometry 

The unworn stainless steel counterfaces were further characterised by three 
dimensional laser surface profilometry (performed at the Atomic Energy 
Corporation, Pretoria, South Africa) so as to gain a better appreciation of the 
differences in surface topography achieved by the different surface preparation 
methods. Only one specimen of each different preparation method was chosen, the 
Ra values of the two differently ground counterfaces were similar which allowed a 
meaningful comparison to be made. 

5.5.4 Wear Debris Analysis 

The wear debris tended to collect at the sides of the polymer pin and bath and was 
easily recovered and deposited onto an aluminiwn stub. The debris was then Au
Pd coated using a Polaron E1500 Series II "cool" sputter coater, after which it was 
viewed in the Cambridge S200 Stereoscan SEM under an accelerating voltage of 
IOkV. 
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CHAPTER6 

RESULTS: 
UHMWPE FRICTION AND WEAR AGAINST STAINLESS 

STEEL AND CERAMIC COUNTERFACES 

6.1 Introduction 

This chapter presents an analysis of the wear behaviour of ultra high molecular 
weight polyethylene (UHMWPE) sliding against stainless steel counterfaces of 
different surface roughnesses and topographies, as well as polished Yttria Partially 
Stabilised Zirconia (YPSZ) counterfaces, under water lubricated reciprocating 
sliding. 

6.2 The Friction and Wear Behaviour of UHMWPE Sliding 
Against Stainless Steel Counterfaces 

The results of tests conducted against stainless steel counterfaces are presented in 
this section. The tests were conducted in a distilled water environment at an 
average sliding speed of 0.2 m.s-1 under an interface pressure of 11 MPa. The 
experimental results are divided into several parts as follows: 

(i) Initial Counterface Characterisation 

(ii) Wear Studies 

(iii) Friction Studies 

(iv) The Transfer Layer 

(v) Polymer Behaviour 

(vi) Wear Debris Analysis 

74 



6.2.1 Stainless Steel Counterface Characterisation 

The basic technique used to characterise the stainless steel counterfaces was that 
of simple surface roughness (R.) measurement, taken in the direction of sliding 
motion (as discussed in Chapter 5.3.2). However, the different preparation 
methods of either "random" grinding or surface "parallel" grinding in the direction 
perpendicular to that of sliding motion resulted in the topographies of two 
differently prepared counterfaces of equal surface roughness to be very different 
as well. 

In order to gain a better appreciation of the topographical difference achieved by 
the different surface preparation methods, one specimen of each different 
preparation method (two ground and one polished) was three dimensionally 
(3-D) laser profiled, the R. values of the two differently ground counterfaces being 
similar so as to allow a meaningful comparison. 

6.2.1.1 "Parallel Ground" Counterface Characterisation 

The results of the laser surface characterisation of the "parallel ground" stainless 
steel counterfaces are shown in figures 6.1 to 6.4. Figure 6.1 is an optical 
photograph of the area scanned. Figure 6.2 is a plan view of the scanning result, 
with colour coded center-line average displacements. Figure 6.3 and 6.4 are 
oblique and 3-D views. The parallel direction of the valleys and peaks is clearly 
evident. The asperity heights and valley depths are of similar magnitude 
throughout the area. The surface roughness of this counterface was confirmed to 
be0.16~R.. 
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Figure 6.2 Plan topography scan of fl ' 
stainless steel counterface. 

Figure 6.3 Oblique surface map of lhe 
stainless steel counterface. 
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Figure 6.4 Three dimensional profile view of the "parallel 
ground stainless steel counterface. 

6.2.1.2 Random Ground Counterface Characterisation 

The results of the laser surface characterisation of the "random grmmd" stainless 
steel counterfaces are shown in figures 6.5 to 6.8. Figure 6.5 is the optical 
photograph of the area scanned and figure 6.6 is a plan view of the scanning 
result, with colom coded center-line average displacements. Figure 6. 7 and 6.8 are 
oblique and 3-D views. The difference in surface topography to the "parallel 
grmmd" cmmterfaces is very clear. The "random grinding" preparation technique 
results in a random distribution of scratch direction and depth. The surface 
roughness of this counterface was confirmed to be 0.16 J.Lill, the same as that of the 
"parallel grmmd" counterface. 
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Figure 6.5 Optical photograph of the characterisation area. 

Figure 6. 6 Plan to graphy scan of the 
stainless steel counterface 
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Figure 6. 7 liqu uface map of the 
stainless steel counterface. 

Figure 6.8 Three dimemional profile view of the "random" 
ground stainless steel counterface, showing two deep 
scratches in an otherwise fairly smooth surrounding area. 

6.2.1.3 Polished Counterface Characterisation 

The polished counterfaces (R. = 0.02 J.Uil) proved fairly difficult to characterise 
due to the very smooth topography. A profile map was thus unattainable. The 
oblique view, figme 6.11, does however highlight the many imperfections present. 
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Figure 6.11 Oblique surface map of the polished stainless 
steel counterface. 
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6.2.2 UHMWPE-Stainless Steel Wear Behaviour 

Wear against the differently prepared stainless steel counterfaces resulted in three 
distinctly different types of displacement-wear behaviour. Figures 6.12 to 6.14 are 
examples of typical displacement-wear curves for each of the three different wear 
regunes. 

Figure 6.12 shows the curve normally obtained against counterface roughnesses 
ranging from 0.05 to 0.45 J.UD. R. (both "random" and "parallel" ground), where 
the wear rate falls with increasing sliding distance. Eventually, the wear rate 
becomes linear with distance. Two regions of differing wear can be clearly 
distinguished. 

The "bedding-in" wear rate, lasting over the initial 20 km, is usually about 10 
times greater than that of the more stable, "steady-state" wear rate for UHMWPE 
sliding against "random" ground counterfaces. Even greater differences between 
the "bedding-in" and "steady-state" wear rates were registered with wear against 
"parallel" ground counterfaces, where for instance the wear rate recorded against a 
"parallel" ground counterface of R. = 0.15 J.UD. was initially as high as K = 268.72 
x 1 0'9 mm3 IN .m but then fell to K = 11.17 x 1 o-9 mm3 IN .m after some 40 km of 
sliding. 
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Figure 6.12 High initial wear over the first 20 km of sliding, 
followed by much reduced, linear, stable wear was typical 
for UHMWPE worn against counterfaces of moderate 
surface roughness between 0. 05 and 0. 45 ~ Ra 

This well documented behaviour of high initial wear followed by much reduced, 
stable wear is ascribable to two effects: 
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1. General "bedding-in" effects arising from initial polymer surface/counterface 
mismatch. The two interacting surfaces may not be perfectly parallel initially, 
resulting in localised areas of very high pressure and consequently accelerated 
wear. 

2. Transfer Layer Formation 

Whereas general "bedding-in" effects are encountered in most contact machinery, 
the formation of a stable polymer film onto stainless steel counterfaces has proven 
to be vital for obtaining low wear rates in the polymer/steel sliding couple. The 
transfer layer is formed by the polymer debris adhering to the metal counterface 
and being worked into the valleys thereof. Eventually, the polymer deposit not 
only fills the valleys of the counterface, but covers the entire counterface surface, 
including the hard, abrasive asperities. The transfer layer thus offers better load 
support and effectively shields the polymer surface from the abrasive action of the 
counterface asperities, thus reducing wear. 

Figure 6.13 demonstrates the type of wear curve obtained for UHMWPE wearing 
against rougher counterfaces. The UHMWPE wear rate remained very high 
throughout the entire testing distance covered. The onset of this type of high wear 
rate behaviour corresponded with the counterfaces of such surface roughnesses 
allowing the easy removal of polymer wear debris and thus preventing the 
formation of a stable transfer layer. The polymer wear pin is thus not shielded 
from the hard asperities of the metal counterface and is consequently susceptible 
to much increased, abrasive wear. 

Sliding Distance(~ 

Figure 6.13 Very high, constant wear ofUHMWPE resulted 
when UHMWPE was worn against rough stainless steel 
counterfaces. 
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For UHMWPE wearing against very smooth, polished stainless steel counterfaces 
(Ra = 0.02 J.UD), no high, "bedding-in" wear was encountered. Instead, the initial 
wear was extremely low at an average of K = 8.92 x 10·9 mm3/N.m. A 5.7 times 
increase in wear rate to K = 51.02 x 10·9 mm3/N.m (average) was however 
registered after approximately 50 km of sliding. The onset of this period of higher 
wear was very marked, with the displacement-wear curve both before and after 
the transition being approximately linear (see figure 6.14). 

0~~~~-+--_,----~--~---+~ 
0 20 40 00 100 120 

Sliding Distance (km) 

Figure 6.14 The initial wear up to 50 km for UHMWPE 
sliding against smooth polished stainless steel counterfaces 
was extremely low, after which the wear rate increased. 

Table 6.1 shows the "initial" and "stable" wear coefficients calculated for 
UHMWPE sliding against the different stainless steel counterfaces. The "initial" 
wear was taken as being the wear over the frrst 20 km of sliding, whereas the wear 
from 40 to 100 km was used to calculate the "stable" wear coefficients. 
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Counterface R, Counterface Preparation Method K.nllloJ K.t..... 
(!.am) (rrnf/Nm x 10.., (rrnf/N.m x 10.., 

0.66 stainless steel parallel ground 27458.00 

0.64 stainless steel parallel ground 18590.00 
0.60 stainless steel parallel ground 8602.00 

0.54 stainless steel parallel ground 4n.OO 60.00 
0.52 stainless steel parallel ground 447.80 28.83 
0.51 stainless steel parallel ground 9461.00 

0.45 stainless steel parallel ground 1647.00 196.28 

0.44 stainless steel parallel ground 175.60 129.40 
0.30 stainless steel parallel ground 200.00 37.50 

0.29 stainless steel parallel ground 270.50 15.29 

0.27 stainless steel parallel ground 259.00 11.59 
0.15 stainless steel parallel ground 265.80 12.36 

0.15 stainless steel parallel ground 268.72 11.17 

0.53 stainless steel random ground 8726.00 

0.46 stainless steel random ground 1920.00 223.90 

0.45 stainless steel random ground 222.00 26.69 

0.36 stainless steel random ground 160.75 17.21 

0.27 stainless steel random ground 130.27 16.85 

0.17 stainless steel random ground 45.00 54.04 

0.13 stainless steel random ground 104.54 17.16 

0.05 stainless steel random ground 109.40 

0.05 stainless steel random ground 92.41 11.83 

0.04 stainless steel Polished/ground 12.00 42.86 

0.02 stainless steel polished 7.32 54.71 

0.02 stainless steel polished 9.94 47.33 

0.02 stainless steel polished 9.52 

Table 6.1 Results of wearing UHMWPE against stainless steels of various 
surface roughnesses and topographies. 

Figures 6.15 and 6.16 show the influence of counterface surface roughness on the 
initial and stable wear coefficients of UHMWPE. In figure 6.15, the initial wear 
rate is seen to increase dramatically at counterface values of above 0.45 ).1lJl R.. 
However, the initial wear rate did not increase substantially when sliding against 
counterfaces of surface roughness between 0.05 ).1lJl and 0.45 ).1lJl R.. The rate 
recorded against a "random" ground counterface ofR. = 0.05 ).1lJl being an average 
of Kmru.t = 100.91 x 10"9 mm3/N.m, whereas that recorded against a similarly 
prepared counterface of R. = 0.45 ).1lJl being Kmru.t = 222.00 x I0-9 mm3/N.m. 
These values represent only an approximate doubling of wear rate over this broad 
range of counterface surface roughnesses. 

It should also be noted that there was generally higher initial wear for equivalent 
surface roughnesses for UHMWPE wearing against the "parallel" ground as 
opposed to "random" ground counterfaces, for surface roughnesses between 0.15 
).1lJl and 0.45 ).1lJl R.. Because of this difference in wear against "random" and 
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"parallel'' ground counterfaces for "moderate" counterface roughnesses, two 
different line fits were adopted for the respective data. 

The initial wear rates obtained when sliding UHMWPE against polished stainless 
steel counterfaces (R. = 0.02) were substantially lower than those recorded against 
the rougher metal counterfaces. No effort was thus made to integrate these much 
reduced initial wear rates into the curves fitted to the other data in figure 6.15. 
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Figure 6.15 Initial wear coefficient vs. counterface surface roughness. 
There is a dramatic increase in wear at an Ra of 0. 45 J..lHl. 

Figme 6.16 shows the relationship of stable wear coefficient of the polymer with 
counterface swface roughness. It can be seen that the stable wear coefficient does 
not increase greatly for wear against "moderate" counterfaces between R.'s of 
0.05 J..L1D and 0.45 J..L1D, where 900/o of the wear coefficients recorded were below 
K.ta.. = 38 x 10'9 mm3/N.m .. Further, there was no significant difference in stable 
wear between UHMWPE sliding against "random" ground or "parallel" ground 
counterfaces of surface roughnesses between 0.05 J..L1D and 0.45 J..L1D R. (unlike the 
initial wear behaviour observed when sliding against "intermediate" surface 
roughnesses ). 

However, there is a marked transition to higher values of stable wear at R. values 
of approximately 0.45 J..L1D, which corresponds to the transition observed for the 
very high initial wear rates discussed previously. The wear tests performed against 
much rougher counterfaces, where the initial wear was greater than K.t..,~e = 
1920.00 x 10'9 mm3/N.m, were usually stopped before 100 km was covered to 
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prevent excessive amounts of wear debris clogging up the apparatus water 
recirculation system. Such very high wear rates are thus not plotted on the stable 
wear coefficient vs. R. plot of figure 6.16. 

As discussed earlier, the wear recorded for UHMWPE sliding against polished 
stainless steel counterfaces (R. = 0.02 fJlll) increased after 50 km of sliding (see 
figure 6.14). The stable wear coefficient for this wear condition is thus higher than 
the initial wear coefficient and also significantly higher than the stable wear 
coefficient encountered for sliding against slightly rougher counterfaces (R. ~ 0.05 
fJlll) . The lowest stable wear coefficient recorded against a counterface of 0.05 
J.1lll R. was K.tute = 11.83 x 10-9 mm3/N.m, whereas the average wear coefficient 
recorded against the polished counterfaces of R. = 0.02 J.1lll was 4.31 times higher 
at K.tute = 51.02 x 10-9 mm3/N.m. 
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Figure 6.16 Stable wear coefficient vs. counterface roughness. 

The variation of volume loss with counterface roughness and sliding distance is 
summarised in figures 6.17 (a) and 6.17 (b), where figure 6.17 (b) highlights the 
wear behaviour of UHMWPE against counterfaces of surface roughnesses 
between 0.02 J.1lll and 0.54 fJlll. The results of some tests are deleted for greater 
clarity. 

The three different types of wear behaviour can be clearly identified as: 

• Very high wear at constant wear rate for UHMWPE sliding against rough 
("random ground" and "parallel ground") stainless steel counterfaces of R. 
greater than about 0.45 fJlll. 
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• High initial wear (over the first 20 km) followed by much reduced, stable wear, 
for UHMWPE sliding against smoother counterfaces (0.05 :s; R. ~ 0.45 J.UD). 

• Very low wear over the first 50 km followed by an increase in wear rate, for 
UHMWPE sliding against smooth polished (R. = 0.02 J.UD) stainless steel 
counterfaces. 
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Figure 6.17 (a) The variation of UHMWPE volume loss with 
sliding distance and counterface roughness. The sudden onset 
of very high wear for UHMWP E sliding against rougher 
counterfaces is clearly shown. Results to 100 km of sliding 
were extrapolated for UHMWPE wearing against the roughest 
counterfaces. 
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Figure 6.17 (b) An enlarged view at the variation ofUHMWPE 
volume loss with sliding distance for UHMWPE sliding against 
smoother counterfaces. For wear against polished counterfaces 
(Ra = 0. 02fJ111), the initial wear was extremely low, but tended 
to increase after 40 km, whereas for all the other instances 
shown, the wear curve shows high initial wear followed by 
decreased, stable wear after 20 km. Note that some curves have 
not been shown so as to preserve clarity. 

6.2.3 UHMWPE-Stainless Steel Friction Behaviour 

Figure 6.18 shows the relationship between the kinetic coefficient of friction and 
sliding distance for UHMWPE wearing against stainless steel counterfaces of 
different surface roughnesses and topographies. The variation of friction 
coefficient with sliding distance for the UHMWPEIYPSZ couple is also included 
as a companson. 

The friction coefficients were often highly unstable over the first 1 km of sliding. 
This may be attributed to "bedding-in" effects such as initial wear pinlcounterface 
mismatch. Friction against "parallel" ground counterfaces usually decreased in a 
transitional period from 20 to 25 km. This "step" coincides with the transition 
from the initially "high" "bedding-in" wear to the reduced ,.steady-state" wear 
and may thus be ascribed to the completion of a stable transfer layer. 
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Figure 6.18 The variation of the kinetic coefficient of friction with 
sliding distance for UHMWP E sliding against stainless steel 
counterfaces of different surface roughnesses and topographies. The 
friction coefficient of the UHMWPE/polished YPSZ couple with 
sliding distance is included for comparison. 

The friction coefficient of UHMWPE wearing against a rough, "parallel ground" 
(R. = 0.65 J.UD) counterfaces was not significantly higher than that measured when 
wearing UHMWPE against a "moderate" "parallel" ground counterface of R. = 
0.33 J.UD, despite the wear being several orders of magnitude higher (the test was 
terminated after 9.9 km due to excessive wearing down of the polymer pin). 

Friction coefficients measured for UHMWPE sliding against "random ground" 
counterfaces were generally lower for equivalent counterface surface rougbnesses 
compared to the "parallel'' ground surfaces. Furthermore, the "reduction step" 
evident when sliding the polymer against "parallel'' ground counterfaces 
was not very apparent when wearing UHMWPE against the "random" 
ground stainless steel Friction coefficients measured against smooth, "random" 
ground counterfaces (R. = 0.05 J.UD) were lower than those measured when sliding 
the polymer against polished stainless steel counterfaces ( R. = 0.02 J.UD), at J.L = 
0.02. Tests conducted against counterface rougbnesses of J.L = 0.05 J.UD thus 
accounted for both friction and "steady-state" wear minima. The "start-up" 
friction when wearing against polished stainless steel counterfaces ( R. = 0.02 J.UD) 
was significantly higher when compared to the stable friction 
coefficient. This may be due to the much-increased real area of 
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contact A, between polymer and counterface and consequent greater interfacial 
adhesion, prior to effective water lubrication. Note that the friction coefficients 
recorded for UHMWPE sliding against polished (R. = 0.02 J.UD) YPSZ 
counterfaces are significandy lower than the friction coefficients measured against 
any of the stainless steel counterfaces. 

6.2.4 The Transfer Layer 

The formation of stable UHMWPE transfer layers or films is normally considered 
to be a prerequisite for achieving low wear rates against metal counterfaces. 
Marcus [19] provided a detailed investigation of transfer layer formation with 
sliding distance against parallel ground stainless steel counterfaces of R. = 0.3 J.UD: 
The initial transfer process occurs at isolated ridges on the counterface, resulting 
from both abrasive and adhesive wear mechanisms. This polymer is then forced 
into the valleys between the ridges of the asperities and mechanically interlocks 
with the counterface topography. More and more polymer is built up in this way 
until the film gradually covers the entire metal surface. 

However, the present author has shown that rough counterfaces are not able to 
support coherent transfer layers, which results in very high UHMWPE wear rates. 
Figure 6.19 shows a rough stainless steel counterface after prolonged reciprocating 
sliding against UHMWPE. No polymer transfer is evident. Figure 6.20 reveals 
some UHMWPE deposited onto the counterface and adhering to the asperity 
peaks. However, the counterface valleys are free of polymer. 

Figure 6.19 SEM micrograph of a 
rough stainless steel counterface 
after sliding against UHMWPE for 
100 /em. No transfer layer has been 
formed 

90 

Figure 6.20 Polymer adhering to 
surface asperities of rough stainless 
steel counterface after 40 /em of 
sliding. 



As the counterface becomes smoother, the smaller valleys are able to retain the 
polymer, thus resulting in the build-up of a transfer layer. This is shown in figpres 
6.21 and 6.22, where polymer is shown covering most of the counterface except in 
regions of larger scratches. 

Figure 6.23 shows the polymer layer in the region of a large scratch. The scratch 
"valley'' is however too large, and the polymer cannot settle adequately. Although 
the polymer does not cover the counterface entirely, none of the counterface 
asperities protrude above the polymer layer and polymer abrasion by the metal is 
thus prevented. The wear rate thus falls as the transfer layer is built up. Against 
these rougher transfer layer supporting counterfaces, the polymer film suffers from 
a fatigue spallation process similar to that found by Marcus [ 19] for UHMWPE 
wearing against parallel ground stainless steel of R. = 0.3 J..Llll, where the 
delamination of UHMWPE flakes results from sub surface crack growth within 
the transfer layer. 

Figure 6.21 A SEM image of a 
"random" ground (R.. = 0. 46 J.lln) 
stainless steel counterface after 100 
km of sliding, showing polymer 
transfor over most of the surface. The 
large scratches are however not able 
to adequately retain the UHMWPE 
and thus remain exposed 
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Figure 6.22 A higher resolution 
image of the previous micrograph. 
Note some of the polymer being 
removed off the surface, as indicated 
by the arrow. 



Figure 6.23 A surface scratch surrounded by 
polymer layers. Note that despite the polymer 
not covering some of the scratch valleys, no 
counterface asperities protrude. Abrasion, and 
consequent high wear, is thus reduced 

The smoother the initial cotDlterface, the more coherent the ~fer layer 
becomes. Figure 6.24 and 6.25 show transfer layers on "random" ground 
counterfaces (R. = 0.05 J.UD) after 100 km of sliding. The micrograph of figure 
6.26 shows some areas of transfer ruptme, although these were actually quite rare. 
The counterface itself was not exposed by these rupture patterns, as only a surface 
section of the transfer film was removed (figure 6.26). 

Figure 6.24 A SEM image of the 
polymer transfer onto a stainless steel 
counterface of Ra = 0. 05 J..11n initial 
surface roughness. 
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F"Jg~~re 6.25 A SEM image of an 
UHMWPE transfer layer on a 
stainless steel counterface. The 
micrograph shows some transfer 
layer rupture areas; most of the 
transfer layer was, however, uniform 
and featureless. 



Figure 6.26 A higher resolution view of the 
transfer layer rupture areas seen in figure 6.25. 
The counterface inside the transfer rupture 
areas remains covered by polymer. 

Figures 6.27 and 6.28 show the transfer layers formed on polished stainless steel 
counterfaces. Only very few rupture lines are evident, with most of the polymer 
transfer being exceptionally smooth. 

Figure 6.27 The transfer layer 
formed on polished stainless steel 
counterfaces was very coherent and 
smooth 

Figure 6.28 A seldomly occuring 
transfer layer rupture in a transfer 
film formed on a polished stainless 
steel counterface after 100 km of 
sliding. 

6.2.5 UHMWPE Wear Surface Analysis 

It was shown in the previous section that no coherent UHMWPE transfer layers 
could be formed on rough stainless steel counterfaces. This resulted in the 
counterface asperities continually ploughing through the polymer resulting in 
abrasive wear and consequently high wear rates. Figure 6.29 shows an UHMWPE 
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pin after 10 km of sliding against a 0.65 J.Uil R. stainless steel counterface. 
Abrasive tracks appear throughout the wear area. Large plastically deformed 
wave-like patterns, perpendicular to the direction of sliding motion, are also 
visible. 

Figure 6.29 SEM micrograph of 
UHMWPE wear surface after 10 km 
of sliding against a rough (Ra = 0. 65 
~) counterface. 

Figure 6.30 A SEM image of an 
abraded UHMWPE surface after 40 
km of wear against a stainless steel 
counterface of R. = 0. 45 J.U7L Large 
cracks, normal to the direction of 
sliding, as well as some wear debris 
can be seen. 

Figures 6.30 and 6.31 show a polymer wear surface after 40 km of sliding against 
a stainless steel counterface of R. = 0.45 J.Uil. Surface cracking, normal to the 
direction of sliding, as well as polymer wear debris can be seen in figure 6.30. 
Figure 6.31 is a higher magnification image of the same wear pin surface showing 
the abrasive tracks caused by the metal asperities ploughing through the polymer 
surface. 

Figure 6.31 A higher magnification image of the 
previously shown micrograph showing the 
abrasive tracks caused by the metal counterface 
asperities ploughing through the polymer 
surface. 
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The wear mechanism changed from predominant abrasion to adhesion and/or 
fatigue when sliding against smoother counterfaces which supported the formation 
of stable polymer transfer films and thus prevented direct contact between the hard 
metal asperities and the softer polymer wear surface. 

Figures 6.32 to 6.39 show SEM images of the surfaces of worn polymer pins 
presented in order of decreasing counterface surface rougbnesses. During wear 
against rougher counterfaces supporting transfer films, large plastic deformation 
and surface cracks running in the direction of sliding motion was evident (figure 
6.32). The strong adhesive forces between polymer and counterface (or transfer 
layer) resulted in a thin surface layer of the UHMWPE a few microns in thickness 
becoming highly orientated. The resultant acute change in polymer properties 
between oriented and bulk properties allows the easy shear at the subsurface 
interface [19]. The resultant shearing off of a polymer layer is shown in figure 
6.33. 

Figure 6.32 SEM image of 
UHMWPE wear surface after sliding 
against a random ground counterface 
of 0.36 J.ll" Ra for 100 /em, showing 
plastic deformation and surface 
cracks in the direction of sliding. 

Figure 6.33 UHMWPE layer being 
sheared off the surface. 

Figure 6.34 shows the more regular features usually evident when wearing against 
smoother counterfaces (R. S 0.3 J.UD). The UHMWPE surfaces worn against fairly 
smooth, "random" ground counterfaces were mostly plastically deformed and 
similarly to those wearing against ''parallel" ground, transfer layer forming 
counterfaces. At times, however, the wear surface morphology was rather mixed, 
as can be seen in figure 6.35, with some areas showing typical plastic deformation 
morphology and others lines of ripples, the lines being parallel to and the ripples 
perpendicular to the direction of sliding. 
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Figure 6.34 Regular features of 
UHMWPE wearing against a parallel 
ground countetface of Ra = 0. 3 J.Un. 

Figure 6.35 Mued sutface 
morphology. The UHMWPE was 
sliding against a stainless steel 
countetface of Ra = 0.13 J.Un. 

Generally, the more regular or "patterned" the UHMWPE wear smfaces, the lower 
the corresponding wear rate would be. Figure 6.36 shows the "patterned" type of 
surface resulting from wear against a 0.05 JlDl R. counterface. Figure 6.37 is a 
higher magnification image of the same wear pin, showing the plastically 
deformed UHMWPE wear surface. 

Frg~~re 6.36 Regular wear patterns 
generally occurred with reduced 
UHMWPE wear (counte'!face Ra = 
0. 05 ).1171). 

Figure 6.37 UHMWPE wear sutface 
morphology after sliding against 
"random ground" stainless steel 
countetfaces of Ra = 0. 05 ).1171. 

UHMWPE sliding against polished stainless steel counterfaces resulted in 
extremely low wear over the first 50 km. The polymer wear surface in this case 
featmed large surface rippled areas. The ripples, nmning perpendicular to the 
direction of sliding, are sometimes referred to as Schallamach waves and result 
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from polymer/cmmterface stick-slip behaviour. The Schallamach waves were 
always associated with very low wear rates (figures 6.36 and 6.39). 

Figure 6.38 Schallamach waves on 
UHMWPE wear pins after sliding 
against polished counterfaces for 20 
km. 

6.2.6 Wear Debris Analysis 

F~gure 6.39 A higher magnification 
view of the Schallamach · wave 
patterns associated with very low 
UHMWPE wear. 

The appearance of the UHMWPE wear product differed markedly according to the 
different wear mechanisms encmmtered. Very high wear rates, due to the abrasive 
action resulting from sliding against rough cmmterfaces, produced fine, powdery 
debris. This is due to the counterface asperities acting as micro cutting tools and 
effectively ploughing out small amounts of polymer with every reciprocating pass. 
Figures 6.40 and 6.41 show typical examples of this fine type of wear debris. 
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Ftg~~re 6.40 SEM image of the fine, 
powdery type wear debris produced 
when sliding against rough stainless 
steel counterfaces. 
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Figure 6.41 A higher resolution 
image of the previous micrograph 
Counterface Ra = 0.51 J.Un, sliding 
distance covered = 40 km. 



Figures 6.42 and 6.43 show the debris resulting from sliding against counterfaces 
which produced lower wear (counterface R.'s between 0.05 J..UD. and 0.45 J..UD.) 
detailed in Chapter 6.2.4. The actual debris is larger than the polymer detachments 
produced on the transfer layer seen in figure 6.22. Transfer layer breakdown 
resulting from the fatigue spallation process also resulted in the needle like wear 
debris shown in figure 6.44. The needle like appearance is a result of the debris 
becoming trapped in-between the two wearing surfaces and consequently being 
repeatedly rolled across the counterfaces/transfer layer by the UHMWPE wear pin. 

Fq:ure 6.42 Micrograph of 
UHMWPE wear debris formed by 
fatigue spallation of transfer film. 
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Figure 6.43 A higher magnification 
image of the polymer debris produced 
by the above-described process. 
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Figure 6.44 Rolled, needle-shaped wear debris 
produced by UHMWPE wearing against a 
"random ground" stainless steel counterface of 
surfoce roughness Ra = 0.13 J.UII. 

Large wear sheets of polymer were produced after prolonged sliding against 
polished (R. = 0.02 J..UD.) stainless steel counterfaces (figures 6.45 to 6.48). In 
contrast to the debris produced against the smoother ground counterfaces (0.05 ~ 
R. ::s; 0.45), the debris produced against the polished counterfaces resulted not from 
the breakdown of the transfer film, but rather from the tearing off of a thin surface 
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layer of the polymer pin itself. The transfer layers formed against polished 
counterfaces usually remained mostly rupture free and very stable, certainly no 
rupture areas the size of the generated wear debris could be seen. Wear sheet 
thickness was estimated to be about 2 J.UD (see figures 6.47 and 6.48). Thus even at 
the higher rate of 1 mm? wear for every 20 km encountered after 40 km of sliding, 
only 4.5 wear sheets (covering the entire wear pin surface) could be produced 
every 20 km. Evidence of the tearing off of such a wear sheet from the polymer 
surface was never fmmd on examining the worn UHMWPE pin. This is however 
hardly smprising, since actual detachment of a wear sheet only occurs at long time 
intervals (if a sheet were the size of the actual wear pin area, one would be 
produced every 45000 reciprocating cycles or 2.25 km of sliding). 

F~pre 6.45 SEM image of the 
corrugated sheets produced when 
sliding UHMWPE against polished 
stainless steel surfaces. Counterface 
R. = 0. 02 fJIIJ, total sl~ding distance 
covered was 120 km. 

Figure 6.47 A surface tear in the 
UHMWPE wear sheet produced when 
wearing against a polished (R. = 
0. 02 fJIIJ) counterface, allowing an 
estimation of the thickness of the 
sheet. 
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Figure 6.46 Surface morphology of 
the UHMWPE wear sheets. 

Figure 6.48 A side view of an 
UHMWPE wear sheet. The sheet 
thickness was estimated to be 
approximately 2J.U11. 



6.3 The Friction and Wear Behaviour of UBMWPE Sliding 
Against Polished Yttria Partially Stabilised Zirconia 
Counterfaces 

The results of tests conducted against polished Yttria Partially Stabilised Zirconia 
(YPSZ) counterfaces are presented in this section. The ceramic specimens were 
supplied in the polished condition (R. = 0.02 J.UD) by Astro Met Inc., U.S.A. Tests 
were conducted in a distilled water environment at an average sliding speed of 0.2 
m.s-1 under an interface pressure of 11 MPa. 

6.3.1 UHMWPE-YPSZ Wear Behaviour 

UHMWPE wear against the polished YPSZ counterfaces proved to be so low as to 
make accurate measurement of the UHMWPE mass loss impossible, even after 
100 km of sliding. Two tests were performed to 200 km of sliding, without any 
appreciable wear occwring. Figures 6.49 and 6.50 are optical photographs of 
UHMWPE wear pin surfaces after 0 km and 10 km of sliding against a YPSZ 
counterface. Throughout most of the wear surface, machine tracks (original wear 
pin R. = 0.3 J.UD) can still be seen, thus giving an indication of how low the 
UHMWPE-YPSZ wear rate actually was. The SEM image of figure 6.51 shows 
the UHMWPE wear surface after 100 km of sliding. Most of the area is flat and 
featureless with only minimal plastic deformation occurring, in contrast to the 
plastic deformation and Schallamach patterns evident after wear against polished 
stainless steel counterfaces of similar surface roughnesses (refer to figures 6.38 
and 6.39). Some ripple lines Qines in the direction of sliding) perpendicular to the 
direction of sliding are visible. 

Figure 6.49 Optical photograph of 
the unworn UHMWPE wear pin 
surface showing the machine tracks 
resulting from the polymer pin 
manufacturing. The unworn wear pin 
surface roughness was 0. 3 J.l11l Rtl' 
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Figure 6. 50 Optical photograph of 
UHMWPE wear surface after 10 km 
of sliding against polished YPSZ. The 
wear pin machining tracks are still 
visible, thus giving an indication as 
to how low the wear was. 



Figure 6.51 SEM image of UHMWPE wear 
surface after 100 km of wear. Very little 
deformation is visible, apart from a few ripple 
lines traversing the surface in the direction of 
sliding. 

No transfer layers or polymer deposits were formed on the YPSZ counterfaces. 
Virtually no UHMWPE mass loss occurred, so hardly any UHMWPE could have 
been transferred. Figure 6.53 shows the nearly featureless YPSZ counterface after 
100 km of sliding against a UHMWPE pin. There is no apparent difference to the 
unworn YPSZ counterface shown in figure 6.52. 

Figure 6. 52 A unwom YPSZ 
counterface. Talysurf tests indicated 
the unwom ceramic counterface 
roughness to be 0. 02 J.11n R.. 
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Figure 6.53 SEM image of a YPSZ 
counterface after 100 km of 
UHMWPE wear. 



6.3.2 UHMWPE-YPSZ Friction Behaviour 

Figure 6.54 shows the friction coefficient of the UHMWPE-polished YPSZ couple 
plotted against reciprocating sliding distance covered; the friction behaviour of 
UHMWPE against polished stainless steel is included for comparison. Throughout 
the entire testing period, the coefficient remained stable at around 0.0103 to 
0.0105, which represents about a half to a third of the frictional force measured for 
UHMWPE wearing against a polished stainless steel cmmterface of similar surface 
roughness (R. = 0.02 J.UD) . Furthermore, the friction at start-up remained low, as 
opposed to the high start-up coefficients experienced when wearing UHMWPE 
against polished stainless steel. 
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FtgUre 6.54 Friction coefficient vs. sliding distance for 
UHMWPE wearing against YPSZ counterfaces and polished 
stainless steel counterfaces. The friction coefficients 
measured for the UHMWPEIYPSZ couple co"espond well to 
those found by Kemick [77]. 
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CHAPTER 7 

RESULTS: 
A COMP ARITIVE EVALUATION OF THE FRICTION 

AND WEAR PERFORMANCE OF ION IMLANTED 
UHMWPE 

7.1 Introduction 

This chapter presents the test results comparing the friction and wear behaviour of 
ion implanted ultra high molecular weight polyethylene (UHMWPE) to that of 
untreated UHMWPE. All the UHMWPE used, both ion implanted and normal, 
were from the same medical grade stock. Tests were performed against both 
polished stainless steel as well as Yttria Partially Stabilised Zirconia counterfaces. 
The tests were conducted in a distilled water environment at an average 
reciprocating speed of 0.2 m.s-1

• The experimental results are divided into two 
sections: 

(i) Comparative Wear Studies 

(ii) Comparative Friction Studies 

7.2 Ion Implanted UHMWPE Wear Evaluation 

7.2.1 Wear Against Stainless Steel Counterfaces 

The results of Chapter 6 show that the initial wear of UHMWPE against all but the 
polished stainless steel counterfaces (Ra = 0.02 Jllll) is high. Since the affected and 
hardened implanted layer is approximately 0.5 Jllll thick, it is considered that this 
would be worn off very rapidly in the initial stages of wear against all but the 
smoothest counterfaces. The average initial wear coefficient recorded against 
smooth, polished counterfaces of surface roughness 0.02 J..1.In Ra was Kmrua~ = 8.92 
x 10·9 mm3/N.m i.e. 0.1784 mm3 of polymer is worn off the wear pin after 20 km 
of sliding (under an applied load of IOOON). Assuming a wear pin surface area of 
90 mm2

, the depth of wear after 20 km will therefore be nearly 2 Jllll. The surface 
treated layer is thus expected to be worn off after 20 km, even for a quadrupling in 
the ion implanted UHMWPE wear performance. Tests comparing the wear 
performance of ion implanted UHMWPE to that of the untreated polymer when 
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sliding against metal co1mterfaces were thus limited to a sliding distance of 20 km 
against polished (R. = 0.02 J.llll) stainless steel co1mterfaces. 

7.2.1.1 Wear Rate Comparisons 

Figure 7.1 is a graphic depiction of the respective wear rates of UHMWPE and ion 
implanted UHMWPE taken over 20 km. of sliding against polished stainless steel 
co1mterfaces. The wear rates were calculated as an average of three tests. The 
average wear rate of the surface modified UHMWPE is 6.01 x 1o-9 mm3/N.m, a 
32.6% decrease compared to the 8.92 mm3/N.m x 10"9 average recorded for the 
as-received UHMWPE. 

Figure 7.1 Graphical illustration of the comparative wear 
rates of as-received and NITRUVID surface modified 
UHMWPE. 

7.2.1.2 Wear Surface Comparison 

Both 1mtreated and smface modified UHMWPE rely on the formation of stable 
transfer layers to achieve very low wear rates against polished stainless steel 
co1mterfaces (see Chapter 6.2.4). Although the transfer layers formed were of a 
very similar nature, some differences in the UHMWPE wear smface were evident. 
Whereas the 1mtreated UHMWPE wear smface was "patterned" and featured 
Schallamach waves (figure 7.2), the smface hardened UHMWPE pin showed 
abrasive tracks and some polymer cracking (figure 7.3). No wear debris analysis 
was performed due to the difficulty of collecting the extremely small amo1mt of 
debris produced 
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F"~pre 7.2 SEM image 
untreated UHMWPE wear pin 
morphology after 20 km of sliding 
against a polished (R. = 0. 02 J.ll") 
stainless steel counterface. 

F"~pre 7.3 The ion implanted wear 
surfaces showed less plastic 
deformation, and instead were 
covered by small tracks and cracks. 

7.2.2 Wear Against Polished YPSZ Counterfaces 

The wear of UHMWPE and ion implanted UHMWPE against YPSZ counterfaces 
{R. = 0.02 J.llll) was too low to measure with any degree of accuracy. Even after 
100 km of sliding, no mass loss for either untreated or surface hardened 
UHMWPE could be recorded. Optical examination of the two different wear 
surfaces showed them to be much the same, machine tracks from the original pin 
manufacturing process still being present after 10 km of sliding (figures 7.4 and 
7 .S). The wear rates are thus expected to be of similar magnitudes as well. 

Figure 7.4 Optical image of 
untreated polymer surface after 10 
km of sliding against a YPSZ 
counterface (R11 = 0.02 J.ll"). 
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F"~pre 7. 5 The rate of machine track 
removal is much the same for the ion 
implanted UHMWPE as it is for the 
untreated polymer. 



7.3 Ion Implanted UHMWPE Friction Evaluation 

The comparative friction behaviour of the ion implanted UHMWPE was evaluated 
over 20 km against both polished stainless steel and YPSZ counterfaces. The 
friction behaviour of the ion implanted UHMWPE was fotmd to be no different to 
that of the untreated polymer, both against polished stainless steel and YPSZ 
counterfaces (figure 7.6). 
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Figure 7.6 Comparative friction coefficients of untreated and ion 
implanted UHMWPE against polished stainless steel and YPSZ 
counterfaces. 
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CHAPTERS 

DISCUSSION 

8.1 Introduction 

The friction and wear behaviour of ultra high molecular weight polyethylene 
(UHMWPE) is, like any other tribological system, critically dependent on a 
multitude of parameters. An understanding of the relative effect of these can thus 
help in finding an optimal UHMWPE sliding couple/environment solution and 
hence reduce bearing wear and broaden the applicability of UHMWl>E as a 
bearing material. 

One of the parameters principally defining the wear of UHMWPE is that of 
counterface character and type: Counterface surface roughness, topography and 
material type can dictate the wear mechanism in operation and thus the wear 
performance itself. The following discussion describes how counterface surface 
roughness and topography influence the tribological behaviour of an 
UHMWPE/stainless steel sliding couple. A comparison. to an alternative material 
type, Yttria Partially Stabilised Zirconia, is also included. 

Clearly, however, it is the actual wear performance improvement of the polymer 
itself which would ultimately be of greatest benefit. The second part of this 
discussion evaluates an attempt to increase the wear resistance of UHMWPE by a 
surface hardening technique, namely ion implantation. 

8.2 The Effect of Counterface Surface Roughness, Topography 
and Material Type on the Friction and Wear of UHMWPE 

Although counterface surface roughness, topography and material type are 
certainly all interrelated parameters affecting the friction and wear behaviour of 
UHMWPE, they are discussed separately to preserve clarity. 
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8.2.1 The Effect of Counterface Surface Roughness on the Polymer 
Wear Mechanism 

Variation in the stainless steel counterface surface roughness from very smooth, 
polished surfaces (Ra = 0.02 J.llll) to rough random and parallel ground surfaces (Ra 
up to 0.66 J.Ull), resulted in three distinct wear patterns: 

1. Wear Against Rough Counterfaces 

The displacement-wear curves obtained when wearing UHMWPE against 
rough (Ra > 0.45 J.Ull) stainless steel counterfaces show this type of wear to be 
consistently very hi~ with no decrease in wear rate with sliding distance (see 
figure 6.14). Scanning electron microscopy (SEM) of the worn countetfaces 
revealed no evidence of transfer layer formation; all of the polymer wear 
debris was eventually ejected from the sliding interface (figures 6.19 to 6.20). 

Polymer abrasion by the hard counterface asperities was identified as the 
dominant wear mechanism for UHMWPE sliding against rougher 
cmmterfaces, as evidenced by abrasive tracks on the polymer and the 
powdery, forked fibrillar debris (figures 6.40 and 6.41) typical of abrasive 
wear£61]. Large striation marks (about 10 J.1lll in width) running perpendicular 
to the direction of sliding, as well as surface cracks (perpendicular to the 
direction of sliding) were also evident (figure 6.29). Tanaka et a/. have 
attributed such features to frictional traction large enough to rupture the 
polymer surface following multiple passes, and have consequently classified it 
as evidence of fatigue wear (67]. However, the current author believes this 
fatigue wear to be of lesser importance in this instance, as the high rate of 
polymer removal by abrasion is very much greater than the loss of material 
through fatigue cracking and spallation. 

2. Wear Against Counterfaces of Moderate Surface Roughnesses 

The displacement-wear curves obtained for UHMWPE sliding against 
stainless steel counterfaces of moderate surface roughnesses (0.05 J.Uil :$ Ra :$ 

0.45) showed an initial high "bedding-in" wear rate, lasting about 20 km. This 
was followed by much reduced, stable, "steady-state" wear, where the stable 
wear coefficient was about a tenth of that of the initial wear coefficient at 
~te = 15 x 10-9 mm3/N.m to 45 x 10-9 mm3/N.m for counterface Ra's ranging 
from 0.05 J.Uil to 0.45 J.Ull (see figure 6.12). This type of wear curve has been 
found by many previous workers against similar counterfaces [19,67,78], and 
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is attributable to general "bedding-in" effects such as initial wear 
pin/counterface mismatch (resulting in localised areas of very high pressure 
and consequently accelerated wear), and, more importantly, the formation of a 
polymer transfer layer. 

During the initial wear stage, Marcus identified both abrasion and adhesion as 
the operative wear mechanisms, where the dominant wear mode was 
postulated as being adhesive [19]. However, the current author believes the 
initial abrasive component of polymer wear to be very significant, as the hard, 
initially unshielded metal asperities cut and plough through the softer 
UHMWPE surface. As the UHMWPE wear debris is pressed into the 
counterface valleys, the abrasive metal asperities are covered by polymer and 
the effectively smoothed counterface offers greater load support, resulting in a 
consequent reduction in wear. Eventually, a polymer film over most of the 
stainless steel counterface is thus built up, covering all the hard asperities and 
hence completely negating abrasion, or microcutting, of the polymer. Some 
areas of the transfer layer may, however, rupture with time, and it is partly the 
constant renewal and repair of the transfer layer which causes continued 
polymer wear, even in the "steady-state" region. The transfer layer "rupture 
sites" nonetheless still showed underlying polymer, so the sliding UHMWPE 
pin was not exposed to hard metal asperities at any time after coherent transfer 
layer formation. 

SEM investigation of the worn (100 km) UHMWPE pins reveals some quite 
severe plastic deformation of these surfaces, which is evidence of the 
continuing presence of adhesive attraction between the polymer and 
counterface/transfer layer. Further evidence of the preservation of these 
adhesive forces is provided by measurement of continually high 
UHMWPEI countetface frictional forces. The shear stresses thus constantly 
induced along a single axis in the polymer surface will lead to the surface 
molecules becoming substantially oriented in the direction of sliding, resulting 
in a strain hardened surface layer approximately 5 to 10 JllD. thick [19,61]. The 
acute change in the polymer properties of thi& surface layer results in the easy 
shear at the interface with the undeformed bulk material, with the consequent. 
loss of thin sheets of polymer (as seen in figure 6.33), some of which is 
transferred back onto the counterface and thus repairs the transfer layer 
ruptures, and consequently accounts for the continu~d wear of the polymer pin 
during the "steady-state" wear regime. 
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3. Wear Against Smoo~ Polished Countetfaces 

Results from tests sliding UHMWPE against very smoo~ polished stainless 
steel countetfaces (Ra = 0.02 Jlm), showed no high, "bedding-in" wear. 
Instead, the initial wear rate was extremely low at Kmitiai = 8.92 x 10"9 

mm3/N.m average. However, an increase in wear rate was registered after 
about 50 km of sliding to K = 51.02 x 10"9 mm3/N.m (figure 6.14). 

Such a transition from very low wear to increased wear rates against smooth 
countetfaces after lengthy periods of sliding has been found by other authors. 
Dowson et a/. noted a sudden, threefold increase in UHMWPE wear after 25 
km of sliding against smooth stainless steel countetfaces [62] using a pin-on
disc testing apparatus. Anderson showed the sliding distance to wear transition 
to have a strong dependence on the applied load and thus postulated that the 
increased wear rate is a consequence of fatigue effects [ 4 7]. 

Cooper et al. have proposed a subsutface fatigue mechanism, or "macroscopic 
asperity wear", for this type ofUHMWPE wear behaviour against such very 
smooth stainless steel countetfaces [79]. A further prerequisite for this wear 
mechanism is a fairly rough polymer sutface: The relatively large polymer 
peaks are deformed under applied load, producing sutface and subsutface 
stress concentrations as shown schematically in figure 8.1. The deformation is 
then gradually built up until plastic. failure strain is reached and a polymer 
sheet is removed from the sutface. 

Loaded polymer Stress 
.·. ·- 7 ... 7 concentrations 

'"(\~i((\~ 
Figure 8.1 Schematic showing Coopers' "macroscopic 
asperity wear" mechanism [after ref 79}. 

Coopers' theory is well supported by the current evidence of large wear sheet 
debris production after extensive polymer sliding against a very smoo~ 
stainless steel countetface. Furthermore, prolonged sliding against the 
countetface/transfer layer resulted in macroscopic plastic deformations, caused 
by strong adhesive interracial forces, which could in turn result in the large 
subsutface stress concentrations shown in figure 8.1. Figure 8.2 shows these 
plastic deformations to be large enough in length and height to compare to the 
sjze of the wear debris. 
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Figure ~2 Ta{y's~r[trace across the palymer ~ear pin 
in the- .djre@oti of ~liding, The trace shQws the 
macroscopic defaniUitio.n· as beil!g approximate()! 2 mm 
in tc;:lgtli Wit:! 2 J.Aitl in eievatio'IJ, llttlS· cortesponcling
'<-'elilll the ..size tf[ihe wear debiis prodtJ{:ed. 

8.l.l The Relationship of t.JliMWPE ·wear Rate :to -~ovnterfaee Sudace 
Roughness 

The sfigllt increase: in '-''sreatij-~tate'1 wear rate witb -in~reasing uo:unterfap-e• surface 
rougimess, for ~ valu~s b.etw~en al,out ftO~ -!liD <Uld 0.45 p.m, f'oll<;wed by much 
higher wear rates at higlier surface :roughnesses, is .a well established trend for 
UHMWP-E $bliilig against st.ainles$ st!:~l ~ount~aces·. Lloyd ({t ttl. de~crlbed the 
rc:latiolt$1\ip of stable wear rate to coUnterfac~ s_wface tough11ess as being 
exponential [4J~ 

Ji'igure 8.3 sliQws. the expoUential "'!;est tit'' to 'tlie preset!t authors' data as 
·corresponding very well fo that· found by Lloyd et al. S\lch curves· are• however of 
funi~d var~. since the rapj!J tran~it)(ln fi'!Jln Qto4er!lte to v.ery high wear 
eNpetienced at au R~ -of armind 0.-4S p:m -i~ not a,dequately sli.0wn. ' The~ sudden 
~sition is c)ea.rfy due' til th~ ,)'olymer debris: a!li.lity w me.chanicaliy interlock 
with flu:: -smaller valleys and a~>perlttes of the tOIIlll:erlace'S wiftt Rt. vallles 'of 0. Q2' 
~ to P.4S ~and thus fotm ·a stable lr.UISfer·laya:, whereas the 1$tge valleys of 
tb.e rougper cQuntetfa~s- of :Rt above-0:45 )J.tllllft:-nut a.l'de to adequately restrain 
fue: polyroer wear debris, Therefore, as soQo as transfer la,yer fonnation becomes 
poss'lble. the, we~ r.-f!te decreases dramatlc.1lly. 
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Figure 8.3 A comparison of Lloyd's exponential fit wear 
curve to the curve obtained for the present authors data, for 
Ra 's between 0. 05 and 0. 60 J..Un. 

The "steady-state" wear rate of UHMWPE sliding against counterfaces of surface 
roughnesses in the range from 0.05 Jlin to 0.45 Jlin increases only slightly with 
increasing counterface surface roughnesses. SEM investigation of worn stainless 
steel counterfaces of different initial surface roughnesses show the smoother 
counterfaces supporting more coherent transfer layers, with less areas of rupture. 
Less polymer film renewal is thus required, leading to the slightly lower rates of 
wear. 

At surface roughnesses below Ra = 0. 05 Jlin, a sudden, dramatic, increase in 
"steady-state" wear rate together with a slight yet significant rise in friction 
coefficient was registered. The consequent minimum wear condition, at a 
counterface surface roughness of about 0.05 Jlin Ra, has also been found by 
previous workers wearing UHMWPE against stainless steel under conditions of 
reciprocating sliding, and is often associated with the onset of "lumpy'' transfer 
[62,47]. However, the present authors' examination showed exceptionally smooth, 
rupture-free transfer films on the polished stainless steel counterfaces, and the 
increase in wear can thus certainly not be ascribed to a lack of stable transfer layer 
formation. Rather, the onset of "macroscopic asperity wear", whereby large 
surface and subsurface stress concentrations induced in the polymer pin lead to 
subsurface fatigue and consequent polymer surface sheet removal, offers a more 
feasible explanation. The "microscopic" wear encountered across the entire 
polymer wear surface when sliding against rougher (Ra:?:: 0.05 Jlin) counterfaces 
(by surface layer shearing or other mechanisms) effectively prevents the formation 
of the large subsurface strains required for the development of the subsurface 

· fatigue stress and the mechanism does hence not operate when sliding against 
slightly rougher counterfaces. The onset of "macroscopic asperity wear" is aided 
by greater interfacial adhesion, as evidenced by the measurement of increased 
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frictional forces compared to those of UHMWPE sliding against stainless steel of 
Ra = 0.05 J..LID. However, since interfacial forces of adhesion are known to operate 
below 0.1 nm (see Chapter 3.2.4.1), it is not the increase in real area of contact Ar 
between the stainless steel counterface and polymer which causes the increased 
adhesion, since the actual counterface is well shielded by the polymer transfer 
layer. Instead, it is the exceptionally smooth transfer films which build up on the 
polished counterfaces which cause an increase in Ar and may thus eventually lead 
to increased wear rates. 

8.2.3 Topographical Effects 

The different counterface preparation techniques of "random" grinding and 
"parallel" surface grinding (perpendicular to the direction of sliding) had no 
significant effect on the UHMWPE/stainless steel "steady state" wear rate for 
equivalent surface roughnesses. The topography of randomly directed valleys and 
asperity ridges is thus able to support the formation of transfer layers just as well 
as that of the "parallel" ground counterfaces. This might seem somewhat 
surprising, since the polymer debris has been shown to experience difficulty in 
interlocking with corrugations running in the direction of sliding [19], and, since 
some of the randomly ground counterfaces' scratches are bound to run roughly in 
the direction of sliding, it could be expected to lead to slightly higher wear. There 
are, however, two likely reasons for this not being the case: 

1. Polymer debris can interlock with surface corrugations running at a slight 
angle to the sliding direction. Thus, there are too few scratches which do not 
support the formation of a transfer film to have any significant impact on the 
rate ofUHMWPE wear. 

2. There is adequate transfer layer build-up surrounding such non-supportive 
corrugations to adequately "shield" the polymer wear surface, as is evidenced 
in figure 6.23. 

Likewise, both the "random" ground and "parallel" ground counterfaces 
experienced the sudden onset of rapid wear at surface roughness values above 0.45 
J..liD Ra, caused by the polymers' inability to form transfer layers against these 
rougher counterfaces. 

Differences in topography did however result in differences in the coefficients of 
friction and the initial wear rate of UHMWPE against stainless steel for equivalent 
surface roughnesses. The "parallel" ground counterfaces usually lead to increased 
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friction and the initial wear of UHMWPE sliding against such counterfaces was 
approximately double that of the polymer wearing against "random" ground 
counterfaces. The greater initial wear against the "parallel ground" counterfaces is 
believed to be caused by the sharper asperity ridges associated with this surface 
preparation technique (see figures 6.3 and 6.4) resulting in high initial abrasion, or 
microcutting, of the polymer. The "random" ground counterface asperities, on the 
other hand, are less pronounced (see figures 6.7 and 6.8) and are consequently less 
abrasive. Furthermore, the "random" ground counterfaces are likely to offer 
greater load support and thus lead to decreased adhesive friction and initial wear. 

8.2.4 Counterface Material Effects 

The kinetic friction coefficient for UHMWPE wearing against a polished (Ra = 

0.02 J.l111) Yttria Partially Stabilised Zirconia counterface under conditions of water 
lubricated reciprocating sliding remained virtually unchanged throughout the 
entire test distance covered at Jl = 0.0103 to 0.0105, whereas high "start-up" 
friction (J.l = 0.036) followed by reduced, "stable" friction of about J.l = 0.025 was 
registered for the UHMWPE- polished stainless steel (Ra = 0.02 J.l111) couple. 

No measurable UHMWPE mass loss could be recorded when sliding against the 
ceramic material, even after 200 km of testing. Additional evidence of the very 
low wear encountered when sliding against this ceramic was provided by optical 
microscopy. The polymer pin manufacturing machine tracks (initial Ra = 0.3 J.l111) 
had not been worn away after some 10 km of reciprocation. Furthermore, SEM 
images of the "worn" polymer surfaces, taken after 100 km of sliding, showed 
hardly any surface deformation occurring. There were no signs of any abrasive 
wear mechanism taking place. 

Such low rates of wear against ceramic materials, especially Zirconia, have also 
been found by other authors, both in water lubricated reciprocating pin-on-flat and 
hip-joint simulator tests [80,81,82]. As was the case in the current study, no 
changes such as transfer layer formation or polymer deposit could be detected on 
the counterfaces themselves. The extremely low wear encountered when sliding 
UHMWPE against polished YPSZ compared to stainless steel counterfaces are 
thus ascribable to two factors: 

1. Reduced adhesive attraction between the polymer and YPSZ counterface i.e. 
the interfacial bonds formed between the stable ceramic counterface and the 
polymer pin are weaker than those formed between the metal/metal oxide and 
polymer pin (see Chapter 3.2.4.1). Surface activity (i.e. the abiliy to create 
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interfacial bonding) is inversely related to the degree of ionic character of the 
surface material, where high ionic character will indicate a passive surface. 
The ionic character, in tum, is directly related to the electronegativity between 
the elemental constituents of the counterface material type (passive oxide for 
metals) and it thus follows that, since the electronegativity of the ceramic 
counterface is much higher than that of the stainless steel oxide film, the 
interfacial adhesion of the UHMWPE - YPSZ couple will be far less [82]. 

Dry friction tests performed by the author showed the initial kinetic friction 
coefficient of a YPSZ- UHMWPE couple to be J.l = 0.023, whereas that of a 
polished stainless steel- UHMWPE couple was recorded as J.l = 0.036. Since 
the respective surface roughnesses of the counterfaces were the same and no 
lubricant was present, the real area of contact is presumed to be similar, and 
the difference in dry, initial friction between the two couples is thus taken as 
evidence of the stronger interfacial bonding of the metal- polymer couple. 

Less interfacial adhesion between polymer and wear pin will thus lead to a 
general decrease in adhesive wear phenomena. The UHMWPE wear surface 
will not be subjected to the high shear forces experienced against stainless 
steel counterfaces, and consequently the oriented surface layers leading to 
surface delamination, and macroscopic surface deformations leading to 
macroscopic asperity wear, are less likely to occur. 

2. Far greater wettability of the YPSZ counterfaces leading to better water 
lubrication and a consequent reduction in adhesive wear [82]. Comparative 
surface wettability studies are usually performed by measuring the contact 
angle between the lubricants and surfaces. High contact angles denote low 
surface wettability, whereas lower contact angles indicate greater wettability. 
Typical contact angles obtained for water on YPSZ surfaces are in the range of 
40° to 50°, while those obtained for water on stainless steel and Co-Cr-Mo 
surfaces are above 70° [ 11]. Furthermore, the wettability of the actual metals 
below their protective oxide layers is even less, and as these oxide layers may 
well be disturbed during reciprocating sliding, the surface wettability of these 
materials could effectively become even less compared to that of YPSZ. 

A comparison of the wet to the dry friction coefficients recorded with the 
UHMWPE - YPSZ and UHMWPE - stainless steel couples shows the vastly 
superior wettability and hence lubrication ability of the ceramic counterfaces. 
Whereas there is no significant difference between the wet and the dry initial 
coefficient of friction recorded for the UHMWPE - stainless steel couple, the 
dry friction coefficient of the UHMWPE - YPSZ couple is twice that of the 
water lubricated UHMWPE- YPSZ couple (J..ldry = 0.023, f.lwet = 0.011). 
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8.3 A Comparative Evaluation of the Friction and Wear 
Performance oflon Implanted UHMWPE 

In an attempt to increase the wear performance of the actual polymer material 
itself, UHMWPE wear pins were subjected to a surface hardening technique, 
namely ion implantation. The structural modifications induced by this method are 
however confined to within a thin, 0.5 J.Ull surface layer. This layer would be 
rapidly removed by the initial high wear regime encountered when sliding 
UHMWPE against all but smooth polished counterfaces, and thus quantitative 
analysis was only conducted against the smooth polished (Ra = 0.02 J.Ull) stainless 
steel counterfaces. Some tests were also performed against polished YPSZ 
counterfaces, but since the mass loss recorded by wearing even untreated 
UHMWPE against such counterfaces was not reliably measurable, these tests only 
yielded qualitative results in the form of optical comparisons of the rate of 
machine track removal on the wear pin surfaces. 

Wear tests performed against polished stainless steel counterfaces showed a 
32.6 % decrease in the wear of the surface modified UHMWPE. It was calculated 
that at the average wear coefficient of 6.01 x 10"9 mm3/N.m obtained for the ion 
implanted UHMWPE, all of the surface hardened polymer would have been 
removed after 20 km of sliding. This was confirmed by the wear rate of the 
modified polymer becoming similar to that of the "standard" UHMWPE after 
further sliding. Wear tests performed against polished YPSZ counterfaces resulted 
in similarly low (unmeasurable) wear rates for ion implanted as for untreated 
UHMWPE. Optical microscopy of the respective polymer wear surfaces showed 
no significant difference in the rate of machine track removal, and it is thus 
presumed that the wear rate, if measurable, would be similar for both wn 
implanted and untreated UHMWPE against such ceramic counterfaces. 

Throughout the test duration of 20 km, the kinetic friction coefficients recorded 
for the ion implanted UHMWPE sliding against polished stainless steel (Ra = 0.02 
J.Ull) and YPSZ counterfaces remained akin to those recorded for untreated 
UHMWPE sliding against similar counterfaces. This is somewhat surprising, since 
the harder, ion implanted surface was expected to result in higher friction. Tests 
wearing cross-linked phenol formaldehyde against polished stainless steel (Ra = 

0.02 J.Ull) counterfaces yielded much higher initial kinetic friction coefficients 
compared to those of UHMWPE sliding against similar counterfaces (J..l = 0.055 
compared to J.1 = 0.036 ). A similar trend was observed when these two polymers 
were slid against YPSZ counterfaces ofRa = 0.02 J.Ull (Jl = 0.055 compared to J.1 = 

0.036 ), thus supporting the premise that wearing a harder polymer against a metal 
or ceramic should result in increased friction. Other workers, however, have also 
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reported some difficulty in relating the effect of ion implantation to the friction 
behaviour of the surface treated polymers. Rao et a/. conducted both standard 
friction and friction microbe tests on standard and ion implanted poly (ether ether 
ketone) (PEEK) and polystyrene (PS) and found their friction behaviour to vary 
with the implantation fluence, with lower PEEK implantation fluence gradually 
leading to increased friction and higher PEEK implantation fluence gradually 
leading to decreased friction as compared to the untreated polymer. These fluency 
- friction coefficient trends were reversed for the PS tests [21]. The large 
fluctuations in friction coefficient with implantation fluency recorded by Rao et 
a/. are however in contrast with the results of the current author, where the ion 
implantation had no significant effect on the friction behaviour of UHMWPE, both 
against polished stainless steel (Ra = 0.02 J.liD) and YPSZ counterfaces. 

Despite the transfer layer formed on the stainless steel counterfaces by the ion 
implanted polymer being no different to that of the untreated UHMWPE, some 
difference in wear pin morphology were detected after 10 km of sliding, with the 
surface treated UHMWPE showing less signs of plastic deformation. Considering 

. the proven increases in nanohardness of the modified surface layer (table 2.1 and 
2.2), this was to be expected. However, small surface cracks and tracks were 
evident on the ion implanted polymer wear surface, probably due to the increased 
brittleness of the modified material. This nevertheless had no deleterious effect on 
the wear performance ef the implanted polymer, the possible consummation of 
surface cracking and consequen,t polymer surface delamination possibly being 
prevented by low, continued wear of the UHMWPE surface. However, no increase 
in wear rate of the ion implanted polymer sliding against Zirconia counterfaces 
was registered, even after prolonged sliding. It may thus be assumed that the 
observed features of polymer pin "cracking" will not lead to an increase in wear, 
even after prolonged sliding against "low wear'' counterfaces. 

Although significant when wearing against polished stainless steel counterfaces, 
the improvement in the wear performance of the ion implanted polymer is not as 
great as has been found by previous authors against surface treated titanium 
counterfaces [83] in pin-on-disc and stainless steel femural heads in hip-joint 
simulation tests [20]. The relatively greater effectiveness of the ion implantation 
treatment is to be expected during the multi-axial hip-joint simulation tests. This is 
because crosslinking the UHMWPE should prevent the orientation softening, and 
hence increased wear, of the linear polymer when subjected to multi-axial motion 
[34] (see Chapter 3.6.2). 

However, for the instance of single axis reciprocating motion, the present authors 
results show the current ion implantation treatment as yielding only limited 
benefits over moderate sliding distances against optimal counterfaces. 
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CHAPTER9 

CONCLUSIONS 

A new . reciprocating wear testing apparatus has been designed, built, · and 
commissioned. All of the requirements, constraints and criteria initially set for the 
design were fully met. A series of three tests wearing ultra high molecular weight 
polyethylene (UHMWPE) pins against similarly prepared, polished stainless steel 
counterfaces yielded an average ±14 % deviation from the mean recorded volume 
loss after 20 km of sliding. Furthermore, the friction and wear measurements 
recorded with the new apparatus generally coincided well with those reported by 
previous workers. 

The new wear testing apparatus was then used to study the water-lubricated sliding 
wear of UHMWPE and ion implanted UHMWPE. The work carried out during the 
course of this investigation has led to the following noteworthy conclusions about 
the water-lubricated reciprocating sliding wear of untreated and surface modified 
UHMWPE: 

1. The Effect of Counterface Roughness 

Variations in stainless steel counterface roughness resulted in three distinct wear 
regimes: 

(a) Very high wear for UHMWPE sliding against counterface surface roughnesses 
above Ra = 0.45 J.UD. This was caused by the inability of such surfaces to 
support stable transfer layers. 

(b) High initial "bedding-in" wear followed by much reduced "steady-state" wear 
for UHMWPE sliding against counterfaces of "moderate" surface roughnesses 
in the range 0.05 J..LtD::;; Ra::;; 0.45 J.UD. The reduction in wear was attributed to 
the formation of a stable transfer film during the initial "bedding-in" wear, 
thus effectively shielding the polymer pin from the harder counterface. 

(c) Very low initial wear followed by increased wear after 50 km of sliding for 
UHMWPE wearing against polished stainless steel counterfaces of Ra = 

0.02 J.UD. The increased wear was attributed to a subsurface fatigue mechanism 
known as "macroscopic asperity wear". 
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A miniml.JlD. in UHMWPE/stainless steel friction and wear was observed when 
sliding against counterfaces of Ra = 0.05 J..UD. • 

. 2. The Effect of Counterface Topography 

The different stainless steel counterface topographies achieved by either "random" 
grinding or "parallel" grinding did not have any significant effect on the "steady
state" wear performance of UHMWPE. However, the "bedding-in" wear 
encmmtered against the "random ground" counterfaces was generally lower. 

3. The Effect of Counterface Material Type 

Tests performed against polished (Ra = 0.02 J.Lm) Yttria Partially Stabilised 
Zirconia (YPSZ) counterfaces resulted in no measurable UHMWPE wear. 
Furthennore, the friction coefficients measured for the UHMWPE/ceramic couple 
were less than a half of those measured against similarly prepared stainless steel 
counterfaces. 

4. The Comparative Friction and Wear Performance of Ion Implanted 
UHMWPE 

The ion implantation surface treatment resulted in a 32.6% decrease in UHMWPE 
wear against polished stainless steel counterfaces over sliding distances of 20 km. 
It was however predicted that the surface hardened layer would be quickly worn 
away by the high initial wear regime ertcountered when sliding against "moderate" 
counterface surface roughnesses (0.05 J..llll s Ra s 0.45 Jlltt). Furthermore, the 
modified polymer layer will be worn off after 20 k:m even when sliding against 
polished stainless steel counterfaces. 

The current ion implantation treatment will thus. yield only limited benefits over 
moderate sliding distances against optimal counterfaces. 
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APPENDIX A 

Properties of UBMWPE 

()t~. MediTECH 

IA'ChiruJen 
Surgery ~·. . 
Under the trade name eChirulen. a specially pure form of ultrahigh-molecular-weight 
polyethylene (PE-UHMW) has been used as a. semi-finished product for joint replacement , 
surgery (see standards DIN 58834 and 58836). 
PhYsiCal properties 
The dab: quoted were determined on test specimens prepared from compression moulded 

· sheet.and film. Depending on the conditions of specimen preparation. individuaL measure- · 
ments may deviate from these average va1ues. 

· · ~ 1(9 Chiiulen 
}Toperty Unit ·. Test method .. test specimen ·"'' 

Density (of the DIN 53479 . sheet · 
homogeneously 

pressed material) g/cm3 method A . 0,93 
Viscosity number 

. 
DIN 53728 concentration in 

mVg sheet 4 clec~ydronapb- 2:300 
~lene 0,0003 •gicm3 

Intrinsic Viscosity mVg 

- - - 1920 
Average molecular wt. g/mol 6 

.. 

4,4 . 10 .'~l"' . . - -. .• -

Yield value (150/10) Nlmml DIN 53493 · dumbbell bar 0,25±0.05 
Mec.banic;d ~~~ ,;.,~"'. ~es (aicaurcd am~er otaadanl ~imalic c:onditioa4 2a•c .• 50% llH) 

Yield· stress N/mril~ DIN 53455 ~20 

ElOOgation % IS0527 
at yield testing rate: no. 3 :S 20 

Elongation at ·break % 50 [mrnlmin] >so 
Tensile moduh1s · N/mm2 DINS3451 720 

·• Te!lsile creep modulus est specimen no.~ 
1 hour value N/mm1 DIN 53444 of DlN 53455 460 

1000 hour value i N/mm::: ISO 899 23(} 
Ball indentation hardness. ·N/mm2 DIN.53436· sheet, 4mm 

(value test load 36SN) 3Q-s-Wert 38 
Shore hardness D. - DIN 53505 .6mm 

3 sec value 63 
Notched impact strength m1/mm1 DIN53453 small standard no 

• .• . test bar failure ,, 
Notc;:~ed impact strength 
(With 15a v-..notch on mJ/mm::: DLN 53453 120*15*10mm ~200 

both sides) 
A~rasion - Slurry met.iod sheet 100 
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APPENDIX A 

Properties of UHMWPE (continued) 

~.MediTECH 

Test method Test 

. ~ 110* l0*4mm 
42 

lO * lO *4mm 80 
powder 

-4 

expansion betWeen l!K DIN 53752 25 *4 * 4mm ca. 2 · 10 
23° and SO"C 

Thermal sheet, O,mm 
W/m*K 0 41 

powder 

l4 

> 10 
sheet, 1mm II 

>lO 
kV/mm sheet, lmm 

45 
Relative transmittivity 

at 50 Hz sheet, 1mm 2,1 
at 1 MHz OIN 53483 

VDE 0303 part 4 -4 

SO.Hz sheet. lmm .9. 10 
CTI 

CTIM 15 • 15 "'4mm 600 I 

Arc resistance 
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APPENDIXB 

Some Comparative Properties of Yttria Partially Stabilised Zirconia 

A comparison of several mechanical properties between surgical grade alumina 
(ISO requirements) and two commercially available · yttrium·oxide-partially
stabilised zirconia (Prozyr, Ceramiques Techniques Desmarquest, France; 
Metroxid AG, Switzerland} 

1-'ropeny 

Density (kg.m"-3) 
Average grain size (1-1m) 
Vickers hardness (HV) · 
Youngs modulus (GPa) 
Bending Strength (MPa) 
Toughness (m.Nm"-3/2) 

Atumma 
(ISO/DIS 130/D13 

requirements) 

3900 
<7 

2000-3000 
380 
400 

06-May 
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't-'rozyr 
YPSZ 

6100 
<0.5 

1000;. 1300 
200 
1200 

10-Sep 

'MetOXIl' 

YPSZ 

c.6050 
0.2 

c. 1200 
150 

c. BOO 
c. 7 



APPENDIXC 

The average roughness Ra is defined as the arithmetic mean deviation of the 
surface height from the mean line through the profile, or. 

Ra = 1 IL S\y(x) ldx 
0 

where y is the height of the surface above the mean line at a distance x from the 
origin, and L is the overall length of the profile under examination (see figure A 
below). The mean line is defined so that equal areas of the profile lie above and 
below it. 

L 

Figure A A suiface profile is a graph of suiface 
height, y, relative to a mean line, plotted against 
distance. The overall length of the profile under 
examination is L. 
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tiL TRA 'HlGH MOLECULAR W£TGllT l>OL YETHVLEN'E 
SLIO~G WEAJtOl'Til\OSATION 

M W floiU &. C Allen 

U!Uablgb molcculat wcigl\l flo~tll.yfen~ llJHMWPE) 
may 1Je t.eganled as a JUgb pedilmll<llPC; esagi'*"ng 
thernopla>tio exhibiting el\CCIISL low su~ sliding 
wear cba~ristic:S. Iltet:umnt invesligatloo focusts 
on \I'W pe~funnancc improvement b)• :means o( 
optilll.islng thC' rounterfua: topogrnplly a,s well as 
Slllt.toe modification of tru: !JHMWJ>E by mcan:s of !.Qn 
implantation. 

A ~~~:tv n:ci'pi'OCII!ing wear .ttsting apparatus bas been 
desigoo! to illcllitatc (hlt> ~n:b. Tile <;()Wlred'oldl 
~mens a.t;jl fr,~rald. to m;;iproc:\le on: a sh1~le axi~ 
with a sinusoidal velocity profit~ Wbilt the wear 
specititens ~re clamped lt3ti!!IWY arul pte5scd tiOto the 
counterfact·. 

UHMWPE pi ns ~ wm under an applitd pmsu~e 
of IOMPa al. u 'average sl idln$ ""locity of 0.2m.s• io 
:t disdhcd water environme:ot. ~· rocat test c!lSiance 
covered was IOOkm. Tile apparatus was stopped at 
-variou$ intervals to allo.w tlH;' UHMWJ>E $p(ll)jmens to 
be weigh¢ and Ute wear suna<ics JQ be irrvestigawl 
ll$ing QPtlc;al microocropy·. AfteP Ole eotJre; test dl~1ance 
w~ covered. t)\~ spccimcnt• wert geld·palladium 
coated and vlewtd. in a scannin& el~mn mi~scope. 

Counl¢1'fli<'C couglrncss was shown to g~eatly influence 
polY!fler w~c. When sliding ~l:nst a fairly ro1J8It 
¢.8CC, the uaosfcr of polymer fills up tlte vai.Jeys ana 
tlius dCcl:easei Ule eOoollve ro_ugbJlessl. l t follows that 
for thi~ in~nce the inhiai w= i§ much higher !han 
thar CIICOUnterecl after coherent tra!~Sfe( layeT 
fomwtlo~ the authot has fouad this initial wear to be 
10 to U times higher than the stciidy slllte R1e when 
lJHMWP£ was worn against a $1ain1~ steel surface 
ground ~ndicuJar io ih~ direction o{ $Holing to an 
R, ~ 0. 3!'ru, Pig. 1 Is a SEM Image of the UHMWPB 
pin sho1•'ing J!O)ymerbeill8 sheared otf11\t ~ AI 
very rough sodltces ~"' 0.7)'m) tful.a6radeil PQiyJntr 
fail~ 1Q fonn u coherenljransler lay,er, possil:lly due io 
~ VJ!tleys being too la_rge to r~rain the; UHMWP£ 
a.deq~ely. OonsegOeotly. the tccordOO'~t rate was 
extremely lriglt. 

Verym'v -wear was recotded against slllOO(h z1teortra 
'CO\!nterfa£es of' R, • 6-<H to !!,021'm. No CQI\erent 
1.ransfec layer WliS formed. as m:n thb irutiai wear \\'liS 
tOll iow for signiliC8fll polyt~~Cr trai.!Sfcr Fig. 2 .sl1m>-s 
lJh.')dWPE 1>0m against zirconia for IOki)'L some. 
tnitta;4.'t11!Chiog is nident, but lh~ machining t racks 
(olitiai pro R, ~ O.ljlll\) ~re &1!11 very visible in the 
badcg~JJUI!d. 

sun."' hllrdenin_tf of U1iMWl'E by ion implantation 
is expected to lead t!) a tilrtl)er decrea!;e in wCllr 
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AN INVESTIGATION OF THE SLIDING WEAR BEHAVIOUR OF 
ULTRA HIGH MOLECULAR WEIGHT POLYETHYLENE 

Abstract 

M. W. Hoh.L C. Allen 

Department of Materials Engineering 
University of Cape Tmm 

South Africa 

A study has been made of the wear behaviour of ultra high molecular weight polyethylene (UHMWPE) 
and smface treated UH1v1WPE during water lubricated reciprocating sliding against differing stainless 
steel counterfaces. Counterface preparation method and surface roughness have been shown to determine 
the formation of a stable transfer layer, which in turn determines the wear performance ofUHMWPE. 
Ion implamed surface treated UH1v1WPE has demonstrated wear behaviour improvements when sliding 
against suitably smooth counterfaces. 

1. Introduction 
Ultrahigh molecular weight polyethylene (UHM.WPE) is one of the most frequently used polymers for 
sliding wear applications due to its excellent and well proven tribological and mechanical properties. Uses 
range from control and foil bearings in the aerospace industry to replacement of degenerative human 
bearings such as hip, knee and shoulder joints. 
Failure of these types of bearings does occur however due to the wear of the polymer surface. Further, even 
small amounts of wear debris formed by joint implants may lead to loosening of the implant, pain upon 
weight bearing and the need for revision joint surgery (last)·. 1993 ). 
Surface modifying the polymer by ion implantation otTers the possibilit)" of further improvement upon 
UHMWPE wear performance. The implantation process alters the near surface microstructure of the 
polymer by various means such as cross linking. resulting in large modulus of elasticit)• and hardness 
increases. Liao et a/. have demonstrated nanohardness increases of 10 to 15 times and modulus of 
elasticity increases of 5 to 7 times (from 30 to I 00 nm surface depth) using nitrogen ions to a dose of 1 A x 
1017 ions.cm·• (Liao et al. 1994 ). 
This work is an attempt to evaluate the wear performance of UHMWPE in the as recei\·ed and ion 
implanted condition during water lubricated reciprocating sliding against stainless steel counterfaces and 
the effect of counterface roughness and topography on the wear behaviour of the polymer. 

2. The wear testing apparatus 
A new reciprocating type wear testing apparatus was designed and built to facilitate this research. The 
main features of this design include 
• a lever ann/dead weight system to apply the load onto the test specimen (as opposed to a load cell or 
spring load system); the load is thus constant even if the specimen wears substantially 
• an isolating chamber/bath surrounding the UHMWPE/counterf?.ce interface, containing liquid which is 
recirculated so as to keep this environment at a constant temperature 
• duplication of the complete system so as to allow two tests to be performed simultaneously. 
Figure I is a schematic of the rig showing the reciprocating shuttle bath, with counterface mounted inside. 
and the UHMWPE specimen damped stationary and forced onto the counterface. The critical dimensional 
characteristics of the rig are: 

Counterface accommodation size: 70mm x 12mm x IOmm (length x width x height) 
Wear specimen accommodation size: lOmm x IOmm x approx. 25mm (length x width x height) 
Sliding stroke: 50mm 

The performance characteristics were chosen so as to cover the conditions which will be encountered in 
UHMWPE bearing applications. The applied force can thus be set up to I 000 N and the average sliding 
speed to a maximum of0.5 m/s. The ma.ximum frictional sliding couple catered for is SOON. 
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Fig. 1. A cross section of the reciprocating shuttle bath, with counterface mounted inside, and the UHMWPE 
specimen clamped stationary and forced onto the counterface. The shaft to the right is forced to reciprocate 

by means of a connecting rod/crank shaft arrangement (not shown). 

3. Experimental details 
3.1 Materials 
3.1.1 UHMWPE wear pins 
The UHMWPE used for testing was supplied by Solidur Poly-Hi Meditek under the commercial name 
Chirulen. This UHMWPE is processed to be purer than conventional grades. The ash content is very low and 
the titanium and aluminium contents are below 20 and 40 ppm respectively. The physical and mechanical 
properties are shown in table 1. 
The wear pins were cut from the bulk material to a size of 10 mm x 10 mm x 24 mm in length (the wear pin 
length is not critical and varied slightly). A 45° chamfer was cut along the leading and trailing edges of the 
wear surface giving an initial cross-sectional area of 90 mm2

• 

UHMWPE Properties 

Physical properties 
Density ol homogenous material 
Average molecular wei~:~ht 
Mechanical properties (at 23"C, 50% R.H) 
Tensile strength 
UTS 
Elon~:~ation to fracture 
Shore D hardness 
Impact strength (notched) 
Elastic modulus 
Thermal properties 
Melling point 
thennal cond uclivity 
Coefficient of friction 
Wet 
Dry 

Unit 

g.cm·J 
g.mor1 x 10-e 

MPa 
MPa 
% 

" 

Value 

0.93 
8 

20 
40 
,.350 
57 
"'100 
232 

136 
0.42 

0.05-0.08 
0.11-0.22 

Data was obtained from Solidur Plastics S.A. (Ply.) Lid and Chemplast Marc Etter (Ply.) Lid. 

Table 1. The physical and mechanical pmperties of UHMWPE. 

The surface hardened UHMWPE wear pins were ion implanted in a nitrogen atmosphere (N+ and N++ 
species) under an accelerating voltage of 80 keV to a dose of 1015

" ions.cm'2 by NITRUVID (Fraisses, France). 
On1y the chamfered end was treated. 
Comparison of the ion implanted pins with the unimplanted pins under a light microscope revealed no 
changes in appearance of the implanted surfaces. The surface roughness values also remained the same. 

3.1.2 The stainless steel counterfaces 
The stainless steel counterfaces were machined from grade AISI 431 material and subsequently hardened and 
tempered to give a final hardness of 460 HV30. Two different methods were used to finish grind the surfaces. 
The first was to grind the counterfaces in a direction perpendicular to the sliding motion using a mechanical 
surface grinder. This resulted in the scratch direction running purely perpendicular to that of the sliding 
motion. 



Fig). Scanning electron microscope (SEA1) image 
ofunwom ground stainless steel surface showing 
single scratch direction. 

Fig. 3. SEAl micrograph of unworn random ground 
stainless steel surface showing random distribution 
of scratch direction. 

The second method results in a random scratch direction distribution on the co\Ulterface. This was achieved by 
grinding/polishing the specimen wet using a Struers Roto Module automatic polisher ''ith a special adaptor 
allo\\ing simultaneous polishing of three stainless steel bars. The silicon carbide grinding pads used varied 
from 200 to .tOOO grade according to the surface roughness desired. Surfaces to be polished (R. = 0 .02~m) were 
funher prepared using a silicon carbide suspension. 
Follo\\ing preparation. the surfaces were demagnetized and ultrasonically cleaned. A Taylor Hobson surface 
profilometer ,..-as used to measure the center-line average (R.,) surface roughness of the counterfaces in the 
direction parallel to that of sliding. Parallel ground specimens were prepared to surface roughncsses ranging 
from 0.15 to 0.66 ~m R •. while random ground surfaces were prepared to surface roughness values from 0.05 

to 0A5 ~m. 

3.2 Test parameters 
The sliding , ·elocity is sinusoidal and reaches a maximum of 0.32 m.s·1 at the center of the stroke with an 

average ,·elocity of 0.2 rn.s·1
• All testing was carried out in a distilled '"ater environment at temperatures 

between 25 and 27 "C. The test parameters employed are gi,·en in Table 2. 

Operating Variables 

Stroke 
Velocity 

Pressure 
Sliding Distance 
Lubricant 

Unit 

mm 
· 1 m.s 

Table 2. Operanng Variables 

J.J Mass loss and counterface rougbness measurement 

Value 

50 
0.2 (ave.) 
0.:!2 (max.) 
11 
20·200km 
distilled water 

The UfTh.1WPE mass loss was measured using a Mettler H 5-t AR research balance \\ith an accuracy of 
0.0 lmg, taking the mean of three readings. A soak control UHivfW~E piece was weighed along with the wear 
specimens to ensure that no significant amount of water or alcohol (from the ultrasonic cleaning procedure) 
was absorbed and to check that the balance readings remained consistent 
Pol~mer mass loss was converted to volume loss (V) which was plotted against the sliding distance (S). This 
technique is preferred to measuring the dimensional change as the latter may also be influenced by creep. The 
specific wear rate ~) was calculated for both the initial transfer layer fanning period of wear (taken as the 
first 20 km) and the follo\\ing more stable period (often referred to as the steady state period), as these usually 
differed greatly. ~ was obtained by dhiding the slope of the graph by the normal load P i.e. Ko = VIPS 
(nun3/N.m). 
The counterface roughnesses \Vere measured at the start of the test and, for the rougher counterfaces, at regular 
intervals coinciding \\ith the mass loss measurements. The measurements taken during the sliding intervals 
were useful in revealing lhe formation of the transfer layer. Ho\Ye\'er, for smoother counterfaces the recorded 
wear was extremely low and the scratching effect of the needle deemed insignificant for funher surface 
roughness measurements. Indeed. for very smooth counterfaces the initial surface roughness was obtained by 



measuring a third specimen which had been prepared in an identical way but was not used in the wear tests. 

3.4 Characterization of the worn material 
The worn polymer specimens, counterfaces and wear debris were examined using both optical and scanning 
electron microscopy. These surfaces were sputtered with an Au/Pd coating to render them electrically 
conducting, prior to examination in the scanning electron microscope. An accelerating voltage of 10 kV was 
used. 

4. Results 
4.1 Wear rate comparisons 
4.1.1 Topographical comparisons 
Figure 4 represents a typical wear curve of UHMWPE against a hardened stainless steel counterface ground 
perpendicular to the direction of sliding. 

12 

10 0.12 
~; 

.§. 8 .. .. 
0 .... s .. 
E 
"' 0 4 > 

0.04 

2 

0 *-------~----~------~------~------~0 
0 20 40 so 80 100 

Sliding Distance (km) 

!-+-Volume Loss A Ra I 

Fig. 4. A typical wear curve for UHMWPE sliding against a stainless 
steel counterface ground in the direction perpendicular to sliding. 

The loss of material is seen to decrease with sliding distance particularly during the first 20 kilometers. 
Thereafter the volume loss with sliding distance, and hence the wear rate, remain approximately constant and 
much reduced. 
It is also apparent that the surface roughness of the counterface decreases with sliding distance from 
approximately 0.16 to 0.11 J.Lm, indicating the build up of a polymer transfer layer. 
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Fig 5. A typical wear curve for UHMWPE sliding against 
a random ground stainless steel counterface. 

Figure 5 shows a typical result for UHMWPE sliding against a randomly ground stainless steel counterface. 
Again, the initial wear differs markedly from that after about 20 km of sliding. For each test therefore, both 



against polished and ground surfaces, an initial wear coefficient K; and stable wear coefficient K. were 
calculated for the initial wear period (up to 20 km) and stable wear period (20 to 100 km) respectively. It is 
noticable that the counterface roughness value does not change significantly from the original value of 
0.35 J.Lm with sliding distance up to 100 km. 
Figure 6 shows the relationship between initial UHMWPE wear (ie that of the first 20 km of sliding) and 
counterface R.. for parallel ground counterfaces ofR.. ~ 0.66 J.Lill. Increasing the R.. values up to 0.54 J.Lm results 
in a slight increase in this initial wear rate. However, above an R.. value of about 0.54 J.Lffi the wear rate 
increases drastically. 
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Fig. 6. Initial wear rate as afunction of surface roug.~ness 
for parallel ground counterfaces. 

Figure 7 presents the dependency of the initial wear rate for UHMWPE wearing against random and parallel 
groung counterfaces (of R.. ~ 0.54 J.Lm). Significantly, the initial wear factor K; for wear against the randomly 
scratched counterface is much lower (about half) than tha·t for parallel ground counterfaces, for similar values 
of surface roughness. I 
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Fig. 7.lnitial wear rate as a function of surface roughness for 
parallel ground and random ground counter faces. 
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Figure 8 shows the stable UHMWPE wear dependancy on counterface roughness. The stable wear rate is 



similar for both the parallel ground and the random ground counterfaces (for equivalent surface roughness 
values). This indicates that the ratio of initial wear to stable wear is greater for the parallel ground instance 
because of the higher initial abrasive action (prior to transfer layer formation) of the parallel ground 
counterface. 
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Fig. 8. Stable wear as a function of surface roughness for parallel 
ground and random ground counterfaces. 

4.1.2 Comparative wear rate of ion implanted UHMWPE 
Only tests against polished stainless steel counterfaces have yielded any difference in wear behaviour. This is 
because the surface treated layer is very thin and is thus easily worn away against rougher counterfaces. Liao 
eta/. showed that for a dose of 1.0 x 1015 ions/cm2 the hardness increase is significant only to 0.5 llm depth. 
Thus even for the very low wear rates achieved with surface treated UHMWPE wearing against polished 
stainless steel counterfaces, most of the hardened layer will be removed after less than 10 krn of sliding and 
hence only initial wear rate improvements can be expected. 

2 

Tests 

Fig. 9. Chart representation of the comparitive wear performance 
of untreated and ion implanted UHMWPE after 20 km. 

Only two tests against polished counterfaces (R.. = 0.02 j.l.m) covering 20 krn have been conducted. The results, 
although varying substantially due to the difficulties encountered when measuring such low wear rates, favour 
the ion implanted UHMWPE. 

4.2 Transfer layer formation 
For UHMWPE worn against very rough counterfaces (R.. ~ 0.54 llm) the formation of a stable transfer layer 
was not found and very high wear rates result. Figure 10 is a SEM micrograph showing a rough (R.. = 0.651lffi) 
stainless steel counterface after 20 krn of sliding against UHMWPE. No transfer layer is visible. By contrast, 
figure 11 shows a stainless .steel counterface of low initial surface roughness (R.. = 0.05 j.l.m) after 100 krn of 



sliding against UHMWPE. The scratches seen on the same counterface in figure 3 are no longer visible due to 
the fonnation of the transferred pol} mer layer. 

Fig. 10. Rough stainless steel counterface (R. = 

0.65J.i111) after 20 km of sliding against UH.\IWPE 
No transfer layer has formed. 

4.3 The nature of the worn UHl\lWPE surface 

Fig. 11. Smoolh stainless steel counter face (R. = 
0. 05 J.i111) after 100 km of sliding against 'CH.\!WPE 
The transfer la,ver, with some areas of rupture, is 
visible. 

Examination of the worn surf01ces revealed. different surface characteristics encountered for specimens worn 
against different counterface topographies. 
Surface ripples are associated with surface fatigue wear (Wang eta/, 1997). This' wear mode usually results in 
very low rates of wear. Most lJ1-nvt:\VPE surfaces worn against very smooth counterfaces showed such rippled 
regions (figure 14- and 15). 
Sliding against very rough parallel ground counterfaces shows no transfer layer formation. The UHMWPE 
wear surface shows signs of large plastic deformation, cracking in addition to abrasive tracks (figure 12). 
When transfer layers are formed, the UHMWPE wear surface appeared much "cleaner" and ordered. Figure 13 
shows polymer being sheared off the surface and surface cracks, evidence of the adhesive wear mechanism 
(counterface Ra = 0.36, random ground) prevalent when wearing against smoother counterfaces. 
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Fig. 12. [_jH.\!WPEwear swface after 20 km of 
sliding against a rough stainless steel counterface 
(R. = 0.65J.i111). Abrasive tracks and pol}mer crack
ing are very visible, leading to very high wear rates. 

Fig. 13. Polymer shearing of! the wear suiface 
(counterface R. = 0.36 J.i11l, random ground, sliding 
distance covered = 100 Jan). 



.. 

Fig. 14 and 15. Surface ripples associated with surface fatigue wear and very low wear rates (counterface Ra 
= 0. 2 f.ITTI, parallel ground, sliding distance covered = 100 /an). The sliding direction is perpendicular to the 

ripple direction. 

5. Discussion 
It is generally believed that low wear rates are only obtained in a polymer on metal sliding couple when a stable 
polymer transfer layer is formed on the metal counterface. The absence of such a transfer layer "ill result in 
much increased wear rates. 
This transfer layer dependency of UHMWPE-~m-metal wear has been graphically sho\\n where for very rough 
counterfaces no stable transfer films are allowed to form and extremely high rates of wear result. The large 
increase in wear with increasing surface roughness .has been reponed elsewhere. Lloyd et a/. formulated the 
relationship of steady state wear to surface roughness as 

Specific wear rate (mrn3/N.m) = l.l x 10'8 exp(7. 7R.) 
and also noticed a change of wear mechanism at approx. R.. = OA J.Lm. The steady state wear rates shown by the 
author conformed to the trend of the Lloyd eta/. equation. although they were generally much lower because of 

·the finer grade of UlllviWPE used. Marcus (Marcus, 1992), using UHMWPE grade Bl5. achieved steady state 
wear rates very similar to those of the authors·. 
The lack of transfer layer formation for rough counterfaces (R. > 0.5-J J.Lm) may be explained by an inability of 
the larger surface con1.1gations to adequately restrain the polymer debris i.e. the wear product is easily remo,·ed 
from the ,·alleys in-between the asperities. which is not the case when stable transfer layer formation is 
allowed. 
The effect of surface roughness parameters such as shape. slopes, height distribution and radii of cur;ature of 
the metal asperities can be expected to play a critical role in mechanical interlocking in the early stages of 
wear. prior to transfer layer formation (Marcus eta/., 199-J). Hence there is a difference in initial wear rate 
between UH.\f\VPE against parallel ground and random ground counterfaces for equivalent R.. values, the wear 
against parallel ground counterafaces being higher due to the greater initial abrasive action of those 
counterfaces. Once a stable transfer film has formed. the comparative wear rates against the differently 
prepared counterfaces coincide well. in both cases being much lower than the initial wear. 
At low counterface roughnesses (R. < 0.3 J.Lm). the dependency of the stable wear on ·the surface roughness 
becomes much reduced and may even rise for wear against very smooth counterfaces, this feature having been 
ascribed to the increased difficulty of coherent transfer layer formation upon such very low surface roughness 
counterfaces (Dowson et a/., 1978). However, this rise in wear usually only occurs below counterface 
roughnesses of R.. = 0.025 J.Lm (Tanaka eta/., 1985). 
Surface hardening UHMWPE by implantation ,.,.;th nitrogen ions has shO\m an improvement in wear after 
20 km of sliding against suitably smooth stainless steel counterfaces. However, due to the small implantation 
depth achieved with the current test specimens, the hardened layer' is easily removed during the initial high 
wear period. E,·en when wearing against smooth, polished cotinterfaces the layer is estimated to be worn away 
·after 10 km. However. the reduction in this initial high period of wear can have a very significant influence on 
the overall pol~,ner loss. 
Higher accelerating voltages and greater implantation doses may lead to funher improvements. even against 
rougher counterfaces. Rieu eta/. have sho\\n that for doses of 1.4 x 1017 ions/cm2

, nanohardness increases 
from 0.030 GPa to 0.090 GPa are registered at depths of 0.5 J.LID, whereaS for the current implantation dose 
used by the author (1.0 x 1015 ions/em=) the surface hardened layer will not be deeper t}lan 0.5 J.Lm. For 



increased doses, the hardened layer is thus much thicker and should last beyond the initial higher period of 
wear, resulting in not just lower initial and hence total wear, but also reduced steady state wear. 
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