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Abstract: The wear and friction behaviour ot ultra high molecular weight poly-
ethylene (UHMWPE) against high purity fine grained alumina. the ideal material
combination for total hip joint prosthesis. were studied under diflerent contict
pressures and sliding velocities using a pin-on-disc type wear and friction moni-
tor. The wear heights in wet conditions were found to be much lower than those
in dry conditions, which followed a power law relationship with load after 3

Skm of sliding. Efforts were also made to find out the sequence of dominating

wedr mechanisms, ¢

1 INTRODUCTION

Fully dense. high purity alumina is a well known
bio-inert material, which is currently being used as
the articulating component against ultra high
molecular weight polyethylenc (UHMWPE) in the
artificial total hip replacement. High compressive
strength, hardness and good bio-compatibility are
the main advantages of alumina when used as a
load-bearing component in bio-medical applica-
tions. The additional plus point for the alumina-
polvethylene material combination is low wear and
fricion. However. during long term clinical trials,
polvmer debris of unwanted shape and size are
accumulated at the artificial body joints. This
results in macrophage activity, granulomatous
tissue formation and necrosis of the bone sur-
rounding the prosthesis.! # leading to premature
prosthetic loosening and subsequent failure.>®
Theretfore, the need to develop better understand-
ing of the tribological behaviour of alumina -poly-
ethylenc couple in vivo, as well as the pertinent wear
mechanisms, assumes considerable technological
importance. as well as societal implications.” ?
The wear rate of UHMWPE against alumina is
reported to be much smaller compared to those
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against conventional articulating material of the
hip joint. viz. stainless steel (SS316L) or Co Cr
Mo alloy.® '* The reduced wear rate is thought to
be linked to higher scratch resistance and superior
wettability of alumina with liquids in comparison
to those of the metallic implants. The lubricating
effect of water and deposition of serum proteins to
act as boundary lubricants on hard surfaces are
two additional factors identificd in connection to
wear reduction.'!'" Investigations on wear mech-
anisms of UHMWPE against stainless steel and
alumina indicate the dominance of several processes
either singularly or in combination with others.'®!”
These include abrasion and adhesion. micro-abrasion
and surface fatigue. sub-surface slow crack growth,
transfer film formation and back transter phenom-
enon. !¢ 1?

The main objective of the present work was to
investigate the tribological behaviour of UHMWPE
against a commercial, bio-ceramic grade alumina
in pin-on-disc configuration under dry and water
lubricated conditions and to develop a qualitative
understanding of the wear mechanisms involved. It
is worth mentioning that this particular material
has been used to prepare artificial total hip joints in
our laboratory.
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Table 1. Chemical composition of disc material
%
99.33

Constituent

Al,O3

SiO, 0.09
Fe,03 0.06
TiO, Tr
Ca0 Tr
MgO Tr
K,0 Nil
NHQO 0.05
Zr0, Nil
LOI

0.35

Tr means trace.

Table 2. Mechanical and physical properties of the
disc material
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Density (g./cc)

UTS (MPa) 290
Young's modulus (GPa) 380
Vicker’'s hardness (GPa) 17.5

Elongation at fracture (%)

2 EXPERIMENTAL
2.1 Materials

The UHMWPE pins used in the present investiga-
tion were prepared from polyethylene (Hoechst
RCH 1000, surgical grade) produced by the Ziegler
low pressure polymerisation method and it was
supplied by Polypick India Ltd. The molecular
weight was in the range of 2.5-3 million as per the
manufacturer’s data. The apparent density was
measured to be 0.95-0.97 g/cc for the cylindrical

A. Chanda et al.

Table 3. Test conditions in unidirectional wear and
friction monitor

Test conditions

Pin-on-disc wear

Contact surface
area (mm?)
Contact stress (MPa)
Sliding speed (m/min)
Room temperature (°C)

28.26
0.35,0.70,1.05,1.42
62.5,95.0,125.0
25

pins of length 30mm and diameter 6 mm. The
opposite surfaces of the pins were ground parallel
to each other and finally lapped to a surface finish
(CLA) of 0.5um. The quality of the finish was
monitored by a profilometer (Surtronic 3P, Form
Talysurf Plus, Rank Taylor Hobson Ltd, UK). The
ceramic disc was prepared from calcined alumina
with the characteristics given in Table 1. The disc
surface was polished to a CLA value of 0.6 um.
Grain size measurement was carried out by the
line-intercept method applied to a scanning elec-
tron micrograph of a polished, etched section. The
average grain size was 4.0240.08 um with a range
of 3—5 um, which is in complete agreement with the
recommendation (ASTMF83 603) for biomedical
orthopaedic usage of alumina ceramic. The physi-
cal and mechanical properties of the disc are listed
in Table 2.

2.2 Methods
The ceramic disc was fitted to the rotating disc in

the plexiglass chamber in a pin-on-disc type uni-
directional wear and friction monitor (Fig. 1). The
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Fig. 1. Outline diagram of unidirectional wear and friction testing machine.
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polvethylenc pin was fitted to the holder. Load was
provided by hanging weights at the end of the lever
arm. connected to the holder. A variable speed
electric motor was used to rotate the counterface
disc in a counter-clockwise direction. The different
test conditions are listed in Table 3.

Wear of the polyethylene pin was estimated by
the decrease in the pin height, recorded by an
LVDT with an accuracy of +1 um. Wear factors
were also calculated from the reduction in pin
height and gravimetric estimations using the fol-
lowing expression:

HW=1/(PxS) (1)

where W7 is the wear factor, V7 is the volumetric
wear, P is the load on the pin and S is the distance
slid. The frictional force was measured by a load
cell and the coefticient of friction was calculated
from the following equation:

fF/P (

[§%)

where /15 the coefficient of friction. F is the tan-
genuial force and P is the load on the pin. As it was
often reported that polyethylene undergoes a fair
amount of creep deformation under load.'"'¢ the
pins were subjected to constant axial loads for
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hours before the commencement of wear tests. This
helped to eliminate errors in the instantancous
measurement of wear height.

3 RESULTS
3.1 Creep of UHMWPE

Figures 2(a) and (b) show the creep data of the
polyethylene pins in air and in water. The polymer
deformed appreciably during the iniual 1 2h and
thercafter creep became almost constant. The
absolute values of creep under different loads were
found to be higher in water than in air. For both
type of tests. transition to an insignificant defor-
mation region occurred at around 3h for average
loads. while for high loads small variation still
occurred up to about 4-5h. In water lubricated
conditions, creep values were found by subtracting
the increase in linear dimension duc to absorption
of water [Fig. 2(c)]. From the figures it 1s clear that
to estimate wear the polymer specimens have to be
kept under loads for >35 6h before actual wear
tests. To be on the safe side. the polymer pins were
subjected to axial loads for 10-12h to remove
creep.
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Fig. 2. Creep of UHMWPE in (a) dry and (b) wet conditions. (¢) Variation in length of UHMWPE pin with time due to absorption
of water.
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Fig. 3. Variation of wear height with load in (a) dry and (b) wet conditions.

3.2 Wear characteristics

3.2.1 Effect of normal load

The data on variation of wear height as a function
of normal loads for different sliding speeds are shown
in Fig. 3(a) and (b) for dry and wet tests. The total
time of sliding was 2 h for each case. In dry sliding
the general trend was an empirical power law
dependence of wear height on load. The power law
variation was prominent from around a sliding
distance of 3-5km. In the wet tests, however, the
trend was exponential in nature with respect to load.

3.2.2 Effect of sliding distance

Figures 4(a)-(d) and 4(e)—(h) show the data on
variation of wear height as a function of sliding
distance under four different normal loads and at
three different sliding speeds for dry and wet tests,
respectively. At low loads (P<20N), the wear
height did not change significantly in dry tests after
a sliding distance of 4km at the lowest sliding
speed. For higher speeds, the knee of this trend
shifted to slightly higher sliding distances, e.g. 6—
8km [Fig. 4(a)~(d)]. For a given sliding distance
and load, higher speed caused higher wear. This
trend was more prominent in the case of high
loads, e.g. 40N [Fig. 4(d)]. In wet tests, a peak in
wear height was followed by a gradual reduction at
higher sliding distances. The extent of reduction
was to vary with the load on the pin [Fig. 4(e)—(h)}.
The peak position shifted to higher sliding distan-
ces for higher speeds for all normal loads. For a
combination of low load and low speed [Fig. 4(f)]
the amount of wear was almost insignificant.

3.2.3 Wear factors

The wear factor remained nearly constant for loads
<20 N prior to marginal reduction at still higher
loads in the dry tests [Fig. 5(a)]. In wet tests, the
wear factor initially declined with load [Fig. 5(b)]

prior to a sharp rise after a load of 30 N. The overall
average wear factors were 5.5x107"mm?/N.m for
dry tests and 3.1x10~7 mm?*/N.m for wet tests.

3.3 Friction characteristics

Figures 6(a)—(d) and 6(e)—(h) show the data on the
friction coefficient as a function of sliding distances
for different speeds and loads for both dry and wet
tests, respectively. In general, the values gradually
reduced with distance. The trend of dependence of
friction coefficient on either load or sliding speed
was much less prominent for the wet cases than in
dry ones. The range of variation of friction coefhi-
cient as a function of sliding distance, along with
parametric variation of load and speed, was also
much narrower for wet cases.

3.4 Deformation features

Pre- and post-wear features for the same portion of
the polymer pin surface in dry tests are shown in
Fig. 7(a) and (b), respectively. Here the load was
40N, the distance slid was 10 km and the speed was
125 m/min. A series of abrasive scratch marks were
observed along the direction of sliding [Fig. 7(b)].
An SEM study of the same polymer cross-section
clearly indicated the closely spaced scratch marks,
along with a polymer particle [Fig. 8(a)]. The
enlarged view of the particle [Fig. 8(b)] showed
even smaller particles on it, indicating the con-
tinuity of the accumulation process. The polymer
transfer and its adherence to the disc (as shown in
Fig. 9) was observed in all loads and speeds, in dry
as well as water lubricated conditions.

3.5 Surface topography

Figures 10(a) and (b) show the typical surface pro-
files prior to wear test for the alumina disc and
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polymer pin surface, respectively. Post-wear pro-
filometry reveals that the disc became smoothened
with time: from an initial CLA value of 0.93 um
for a particular small zone on the wear track. it
went down to 0.72 um for the same zone. For the
polymer pin, it decreased from an initial value of
0.5um (CLA) to a final value of 0.41 um (CLA).
But as the amplitude of the asperity heights on
both the surfaces and their distribution strongly
affect the magnitude of interfacial loads. their
orientations and, consequently, the tribological
behaviour of the couple. Kurtosis values were also
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calculated along with CLA values of the surfaces.
The Kurtosis values of the disc surtace (listed in
Table 4) indicate that a smooth and flat profile was
the result of wear.

The transferred polymer layer was also studied
by a profilometer and a typical profile 1s shown in
Fig. 11. The profile indicated that towards the
centre of the wear track accumulation increased.
though some sporadic presence of a deep valley
was also noticed midway along thc path. The
maximum height of the transferred laver was in the
range 1518 um.
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4 DISCUSSION
4.1 Wear and friction characteristics

There are two major aspects of the present results
which need to be discussed. One is the variation of
wear height with normal load, speed and sliding
distance, while the other is the wear mechanisms.
In the dry tests, it has been mentioned that wear
height increased with increase in load in a power
law fashion. High load increased abrasive action,
as well as the intimacy between the surfaces.
Naturally, the probability of junction formation
resulting in adhesive wear also increased with
increasing sliding distance. Increase in load raised
temperature at the interface, which might have an
effect on the properties and counterface. Conse-
quently, a number of events, like oxidation of
surfaces, third body wear by entrapped particles,
etc., might occur. Due to the presence of such

(a)

8 — Dry
O m]
7
E
zZ L—
o 6 A n a a
E 5| o
_ A
7
<
> i o (0]
3
3 3
=
S
-
5 oo
O 62 i
= 62.5 m/m!n
0 95.0 m/min
! A 125.0 m/min
| I | |
10 20 30 40
Load (N)
(b)
8 wet
7 | —
£
Z L
£
E s o
ITA
o
- 4l
o A o) O
s A
S A
& [’ o o} o
=
gk A
z O 62.5 m/min d
| O 95.0 m/min
A 125.0 m/min
| I | J
10 20 30 40

Load (N)

Fig. 5. Variation of wear factor with load in (a) dry and (b)
wet conditions.

A. Chanda et al.

complicating load-dependent phenomena, the par-
ticular law (power) of variation of wear height with
load as observed here should be considered to be
applicable to this particular geometric arrangement
of sliding and over this definite range of load and
speed. In water lubricated cases, the wettability of
alumina with liquid created an interfacial fluid film
which separated the surfaces effectively to reduce
wear and no definite law of variation occurred.
With higher sliding speed, wear height increased in
almost all the cases in dry sliding. An increase in
interfacial temperature due to frictional heating
with increase in speed might have caused this. In
the liquid environment, a cooling action obviously
occurred and such dependence was not observed.
The nature of variation of wear height with sliding
distance, the various deformation features and
surface topographical study confirms that no single
wear mechanism acted throughout the whole slid-
ing path.

During the initial phase of dry sliding, the sur-
face of the polymer pin was likely to undergo a fair
amount of plastic deformation. This happened as
softer polymer asperities were pressed against the
hard, smooth ceramic counterface. A similar type
of macroscopic polymer asperity deformation
mode was also reported by others.?® From the
theory of Greenwood and Williamson?! for the
occurrence of this type of deformation, the plasti-
city index, w, was calculated by the following
equation:

w=(a/r)**(E/H) (3)

where o is the standard deviation of the distribu-
tion of asperity heights from the mean line, r is the
radius of the asperity peak, H is the hardness of the
softer material, and E is the equivalent elastic
modulus of the concerned material combination,
given by:

E=[(1 = v})/E + (1 —})/E]" (4)

Here v, and v, stand for the Poisson’s ratios of
the materials, and E; and E, for their respective
modulus of elasticity.

Table 4. Surface parameters of the ceramic disc

Centre line average Kurtosis

(CLA) (um) (um)
Dry:
Initial reading 0.6 7.230
Final reading 0.13 1.769
Wet:
Initial reading 0.6 8.420
Final reading 0.08 1.120
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The value of w as calculated from diﬁ”erenl
material proper‘[ics (Table 1) was found to be 2.45.
which denotes that plastic deformation was very
likely to occur.

In addition to this. abrasive ploughing action by
the hard ceramic asperities were also very likely to
occur as the surface topography clearly indicates
that the asperity height varied from 2 1o 10 um on
the counterface. From the theory of Hutchings™
for polymer ceramic combinations. the hard counter-
face must posses a CLA value greater than a few
microns (o cause abrasive scratching on the softer
thanoh the (T A

LY Llluuéll LIV N siy
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counierpart
value was small, the helghts of the asperities were
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sufficient to plough through the polymer. The
small area of contact at the tip of the ceramic

asperity at different loads created pressure. of the
order of 10-50 GPa. as the tip radius was found
to be in the range of 12-25 um from surface pro-
filometry. Initial deformation of polymer asperitics
enhanced this ploughing action by providing inti-
mate contact between the surfaces.

But this does not prevail throughout the whole
sliding path. The intimacy of contact between the
ceramic and polymer surfaces led to a possibly
parallel process of adhesive bonding. The oriszin of

this hondine might be the electrostatic interad
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the surfaces in close proximity.?> These adhesive
bonds promoted the formation of adhesive junc-
tions. Due to the relative motion, a high shearing
component of stress developed at the interfacial
region. As the strength at the bond was likely to be
higher than that in the bulk polymer, shear assisted
process of crack initiation and its subsequent pro-
pagation under sustained loading led to the
detachment of thin polymer fragments from the
polymer pin. These fragments adhered to the cera-
mic disc to form a transfer layer as observed
experimentally (Fig. 9). A similar type of transfer
phenomenon has also been reported by others.!””
Due to repetitive sliding contact under pressure, an
underlying process of fatigue might have acted as
well.

The development of the transfer layer had both
quantitative and qualitative implications on the
tribological performance and wear mechanisms.
With time the transfer layer progressively devel-
oped and coated the ceramic disc. Thus, the initial
ceramic-polymer contact was gradually replaced
by a polymer—polymer contact which reduced the
effective counterface hardness and the contribution
of abrasive component to overall wear. Moreover,
the uniformity in the distribution of polymer filled
up the depressions between the asperities and

100 um

100 um

Fig. 7. Optical microscopic view of polymer pin surface
before (a) and after (b) dry sliding wear.
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increased the area of contact, which reduced local
stress and consequently wear. Hence, with an
increase in sliding distance the wear rate reduced
and gradually became almost constant.

Based on the present experimental results and
the aforesaid discussions, we would like to propose
the following sequence of the occurrence of wear
mechanisms, as shown in Fig. 12.

Firstly, the deformation of polymer asperities
occurred due to the pressure exerted by the hard

Fig. 8. Scanning electron microscopic view of (a) worn out
polymer pin surface and (b) loose polymer fragment.

100 um

Fig. 9. Optical microscopic view of transferred polymer layer.
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Fig. 11. View of surface profile of the transferred polymer
layer across the wear track.
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ceramic disc [Fig. 12(a)—(c)]. This was supplemen-
ted by the ploughing action by the ceramic asperi-
ties of heights greater than a few microns. With
time. the deformed and flattened polymer came
into better contact with the ceramic disc and, con-
sequently. more and more hard protuberances
ploughed through the polymer [Fig. 12(d)-(f)].
Some polymer particles might stick to the ceramic
asperities to reduce the effectivity of abrasion as
well. The abrasive action lasted for a definite time
span depending on the load on the pin and the
sliding speed. Afterwards, as the ceramic surface
came into even closer confirmity with the polymer,
an adhesive form of junction making and breaking
occurred [Fig. 12(g)-(1)]. This type of wear domi-
nated for the remaining portion of the expertment.
with its severity gradually decreasing with pro-
gressive development of the transfer tilm. Though
some definite mechanisms are being proposed, it is
to be noted that no clear-cut demarkation line
between the zones of their occurrence should be
drawn, rather the region of dominance of a par-
ticular mechanism supplemented by others can be
shown (Fig. 13).

In the water lubricated condition. the exact wear
mechanism seemed to be complex in nature and
not yet fully understood. The very low wear height
of the polymer might be due to the good wettabil-
ity of alumina with a polar liquid like water. The
occurrence of negative wear values was due 1o
greater uniformity in the transfer of polymer which
displaced the pin upwardly. showing negative wear
heights recorded by the LVDT. The transfer of
polymer indicates that some sort of adhesive
bonding might have occurred, cven in the water
flooded situation. Besides, with higher loads, the
uniformity of the transfer film was pronounced.
Probably with time and high loads the lubri-
cating film got impaired locally and the asperities
came into close contact with the polymer surface
to pick up fragments or to cause junction for-
mation.

It was felt, though, that further detailed study
would be needed before these conjectures regarding
wear mechanism can be amply confirmed.

5 CONCLUSION

With a view to understand the tribological
behaviour and wear mechanisms, unidirectional
pin-on-disc type wear tests were conducted with a
bio-ceramic grade alumina disc and UHMWPE
pins in both dry and water lubricated conditions.
The results enable us to draw the following major
conclusions:
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Fig. 12. Schematic representation of different wear events: {a) primary ceramic (C)-polymer (P} contact; (b).(c) deformation of
polymer asperity; (d) enhanced contact between polymer and ceramic. (e),(f) ploughing action by ceramic asperities; (g)—(i) adhe-
sive transfer: ““junction making and breaking™; (j).(k) formation of polymer coating on ceramic asperity.

Wear height

Zone
A

Zone

Zone €

Dominant wear mechanisms:
Zone A: polymer deformation
Zone B: abrasive ploughing
Zone C: adhesive transfer

Sliding distance

Fig. 13. Changes in wear mechanisms of UHMWPE-alumina
combination with sliding distance.

. Corresponding to present experimental con-

ditions, creep of the polymer pin becomes
negligible after 6 h in both dry and wet tests.

. In dry tests, wear heights showed a power law

dependence on load after a shiding distance
of 3-5km. Wear height also increased with
sliding speed.

. Wear heights in water lubricated conditions

were very low in comparison to those in dry
cases due to the good wettability of alumina
with polar liquids.

. Plastic deformation of polymer asperities and

ploughing action by the ceramic asperities
dominated the initial phase of sliding path.
However, at longer sliding distances, an
adhesive component of wear with transfer film
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phenomenon occurred. The gradual develop-
ment of a transfer film and its distribution
over the ceramic dise reduced wear and fric-
tion with time,

5. The average overall wear factor in water
lubricated condition was smaller by a factor

of 2 than that in dry cases. A similar type of

reduction 1n coefficient of friction occurred
with water fubrication.
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