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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. 
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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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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. 

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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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). 

0.06 

0.05 .. c 
.1! 0.04 I u 
E ~. 
§ 0.03 0 0 • • c 0 o• .2 0.02 
~ 

• lb • • 0 

.. .. 0.01 ~A6. A /:11;. 

0 
0 5 10 15 20 

sliding distance (km) 

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 

114 



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 
agamst suitably prtpaccd sllrfaces. Tndeed, ion 
i r1ll)lantcd poly {ethel' ethe.r ketone) qJid J)Olystyu<ne 
nave: <)irtady c!hOwn laf~. l!llprQ'IIelncnts \il their wear 
be.havi'l\11'. 

Tlte filllUlCial wpport of the F'RD and ESirom js 
gr~l¢1'u11yackoowledsecl. 
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l'i&· I. SEM image Qf •\'Om UHMwPE surlll~ 
§l\0\'ins pol\'T1\6r being sheared off lhe surface. The 
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Rig. 2 0(11ical im~gc !If tJHMWE'E· wom cagaill.ri 
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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. 
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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. 

0.6 

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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