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Diamond-like carbon coatings for orthopaedic
applications: an evaluation of tribological
performance

T. XU, L. PRUITT
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A detailed investigation of the tribological behaviour of vacuum arc diamond-like carbon
coated Ti–6Al–4V against a medical grade ultra-high molecular weight polyethylene is
conducted in this work in order to investigate the potential use of diamond-like carbon
coatings for orthopaedic appplications. Lubricated and non-lubricated wear experiments are
performed using a standard pin-on-disc wear tester. The coefficient of friction is monitored
continuously during testing and wear rate calculations are performed using surface
profilometry measurements of worn disc surfaces. Sliding wear tests show the existence of
two distinct friction and wear regimes distinguished by physically different mechanisms. In
the first stages of wear, adhesion and abrasion are the dominant mechanisms of wear while
fatigue processes are activated later in the tests. The effects of diamond-like carbon coating
structure, surface roughness and lubrication on tribological behaviour are presented.
Optimal process–structure–property design for vacuum arc plasma deposition is utilized in
order to obtain strong adhesion to the titanium alloy substrate. Diamond-like carbon
coatings significantly improve the friction and wear performance of the orthopaedic bearing
pair and show exceptional promise for biomedical applications.  1999 Kluwer Academic
Publishers
1. Introduction
In arthroplasty, the function of the artificial joint is to
restore smooth articulation between the bones of the
joint. In total joint replacements, the orthopaedic
bearing components are typically manufactured from
highly polished alloys that articulate against a medical
grade ultra-high molecular weight polyethylene
(UHMWPE) insert. The choice of UHMWPE poly-
mer to replace damaged cartilage in the articulating
joint stems from its high toughness, its low friction
coefficient and superior creep resistance. The choice of
titanium is derived from its low modulus for better
load transfer to surrounding healthy bone [1], high
specific strength and superior fatigue resistance. As an
orthopaedic alloy, however, the titanium alloys are
limited by their sensitivity to contact wear and fretting
corrosion [2]. Orthopaedic surfaces are susceptible to
oxidative wear caused by repetitive disruption of pass-
ive oxide films and the subsequent reoxidation of the
exposed metal surface. As a consequence, hard metal
oxides accelerate the abrasive wear of the bearing
surface roughening and result in metal ion release into
the local joint environment that can illicit further
biological reactions. While ion implantation has been
utilized to improve the wear behaviour and fretting
resistance of titanium alloy components, a coating
appears necessary for eliminating the potential prob-
lem of metal ion release. In this regard, diamond-like
0957—4530 ( 1999 Kluwer Academic Publishers
carbon (DLC) coatings are not only chemically inert
and biocompatible in these applications but can serve
as useful wear coatings [3—5].

Recent studies [4, 5] demonstrate that DLC coat-
ings can provide viable solutions to the problems of
wear and degradation in total joint replacements.
DLC coating technology enables the conformal coat-
ing of complex shapes. In this respect, DLC coatings
are superior to ceramic components [6] that are lim-
ited by their inherent brittleness and manufacturabil-
ity. Additionally, DLC coatings can be processed with
precise dimensional tolerances and surface finishes
necessary for orthopaedic applications.

DLC coatings are not without limitations and
structural properties can vary widely depending on
the deposition techniques employed. One of the
greatest challenges of DLC technology is adhesion
and internal stresses. Vacuum arc plasma deposition
can eliminate this problem through deep intermixing
of the substrate and film via pulsed high voltage sub-
strate bias [7—9]. The pulsed bias technique provides
flexibility in controlling the incident ion energy so that
film properties can be tailored. Further, multilayer
coating structures of discretely deposited ‘‘soft’’ layer (at
high negative bias voltages) and ‘‘hard’’ layer (at low
negative bias voltages) are a promising approach to
adjust the internal residual stresses and to improve the
coating adhesion strength to the underlying substrate.
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DLC produced by the vacuum arc plasma tech-
nique is also known as amorphous diamond. These
non-crystalline coatings are hydrogen free, highly sp3-
bonded (up to 85%, [9]) and closely mimic the charac-
teristics of natural diamond. These amorphous coatings
have a very high hardness (60GPa), high mass density
(3.0 g cm~3, [8, 9]), low surface roughness and good
film adhesion necessary for orthopaedic applications.

The purpose of this study is to investigate the
tribological behaviour of DLC (deposited by vacuum
arc plasma deposition) coated Ti—6Al—4V against
UHMWPE in order to evaluate the potential of such
coatings for total joint replacements. The details of the
structural characterization and mechanical properties
using transmission electron microscopy, Raman spec-
troscopy and nanoindentation are reported elsewhere
[9]. In this work, short-term and long-term pin-on-
disc sliding tests are conducted in order to assess the
tribological properties and to evaluate the structural
integrity of the coating. Two environments are con-
sidered in this study: a non-lubricated condition
representing the extreme case of adhesive wear and
a distilled water lubricated condition serving as a ref-
erence for future tests in biological fluids. For com-
parison, non-coated Ti—6Al—4V alloys sliding against
UHMWPE are evaluated. Coefficients of friction are
recorded in situ during the sliding tests and the wear
surface evolution is examined progressively using op-
tical microscopy and scanning electron microscopy
(SEM). Wear rate calculations are performed using
surface profilometry measurements of worn disc surfa-
ces and weight loss methods. The tribological behav-
iour of UHMWPE, Ti—6Al—4V and the DLC coatings
are studied using friction and wear data. Wear debris
formation and wear surface evolution are studied in
order to optimize the DLC coatings for orthopaedic
applications.

2. Experimental procedure
2.1. Materials
Medical grade UHMWPE was supplied by the De-
partment of Biomaterials and Biomechanics at the
Hospital for Special Surgery in New York. All poly-
meric material in this study was Hostalen GUR 4150
(Hoechst Celanese, Houston, TX), in extruded rod
form. The polymer was machined into hemispheri-
cally ended pins for conformal sliding contact. The
polymer pins had the following geometry: diameter,
/"6.35mm, radius of curvature, R"3.175mm, and
pin length, l"12.7mm. The polymer pins for short-
term tests were polished using an Al

2
O

3
water slurry

of 0.3lm and then 0.05lm powder-size in order to
remove machining marks. After polishing, the pins
were ultrasonically cleaned in order to remove any
attached Al

2
O

3
particulate or debris. This was fol-

lowed by a final wash with distilled water. After clean-
ing, the pins used for dry tests were naturally dried for
two weeks in the ambient laboratory atmosphere
while the pins for wet tests were soaked in distilled
water for two weeks prior to wear testing.

Commercially available Ti—6Al—4V (annealed) from
Robin Materials (Mountain View, CA) was used as the
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substrate for DLC coatings. The Ti—6Al—4V alloy was
machined into discs with a diameter, /"25.4mm
and thickness, t"6.35mm. The discs were ground
flat with SiC and alumina in order to obtain a
mirror finish surface roughness, (Ra approximately
0.05—0.06lm) comparable to orthopaedic surface
roughness. Substrates were ultrasonically cleaned in
acetone and methanol to remove debris or con-
taminants. DLC coatings were subsequently depos-
ited onto the titanium alloy discs using a vacuum arc
plasma technique developed at the Lawrence Berkeley
National Laboratory [9]. A 30min predeposition
sputtering in argon plasma was conducted to remove
the oxidative passivation layer on the Ti—6Al—4V disc
surface.

The deposition of the DLC coatings includes a two-
step process that is described in detail elsewhere
[8—10]. The first step is to produce a highly adherent
but relatively ‘‘soft’’ (hardness of the order of
15—25GPa) thin layer (approximately 25—30 nm in
thickness) on the titanium alloy substrate using a high
pulsed bias of !2.0 kV. In the second step, a low
pulsed bias of !0.2 kV is used to produce the ‘‘hard’’
surface layer. The total coating thickness is of the
order of 100 nm. In addition, two multilayered (three
or five layers, 100—150nm thick) DLC coatings are
prepared with sequentially deposited ‘‘soft’’ and
‘‘hard’’ layers in order to study the effects of the DLC
structure on the tribological properties. Unless other-
wise specified, the DLC coating refers to the standard
two-layer process.

2.2. Methods
A standard unidirectional pin-on-disc test configura-
tion was used for the wear studies. The frequency was
fixed at 1 cycle s~1 corresponding to a sliding velocity
of 44mms~1. The short-term tests were sustained for
500m of sliding while long-term tests were sustained
for 44 km of sliding (1.0 million cycles) unless prema-
ture failure occurred. The long-term tests were inter-
rupted intermittently (at 100 000, 250 000, 500 000 and
750 000 cycles) for optical examination. A 9.79N dead
weight was applied to the system resulting in an initial
maximum contact stress of 30.0MPa (calculated from
Hertzian contact theory). The nominal contact stress
dropped quickly to 12.5—15.4MPa after short-term
sliding and slowly decreased as the pin deformed to
a steady state value of 6—7 MPa.

The dynamic friction forces were measured in situ
using strain gauges. The amplified strain gauge out-
puts were sampled at 40Hz. The coefficient of friction
(COF) was determined by averaging the 40 measure-
ments acquired during each cycle. The progressive
wear loss of UHMWPE pins was determined from
dimensional changes of the pin-end scar diameter.
This technique provided polymer wear volume and
eliminated the complexity of lubricant absorption and
wear debris attachment.

The wear rate, K, of the UHMWPE pins was cal-
culated as K"»/P¸, where » was the volume loss
calculated from pin-end geometry change, ¸ was the
sliding distance, and P was the applied dead weight.



For each short-term sliding test, three experiments
were conducted to obtain an average value of COF
and wear rate. In order to elucidate the friction and
wear surface evolution of the pins and discs, optical
microscopy of the surfaces was performed at the com-
pletion of the short-term tests or at each intermittent
stop during the long-term tests. A Jeol 35F SEM with
back-scattering detectors was used for detailed surface
fractography at the completion of each wear test. The
polymer pin surfaces were sputter-coated with a 20 nm
layer of Au—Pd for SEM characterization.

3. Results
3.1. Friction and wear studies
A significant reduction in the COF is observed when
DLC coatings are applied to the Ti—6Al—4V substra-
tes. Fig. 1 is a plot of the COF as a function of sliding
distance for the (a) uncoated titanium alloy and (b) the
standard two-layer DLC coating for unlubricated
short-term (500m) conditions. The COF for the un-
lubricated sliding of UHMWPE against Ti—6Al—4V
demonstrates a transient period in the initial 200 m
of sliding prior to reaching a steady state value of
COF on the order of 0.23. In comparison, the COF
for the dry sliding of UHMWPE against DLC coated
Ti—6Al—4V is initially lower (COF

*/*5
"0.1) and re-

mains lower in the quasi-steady state condition
(COF

44
"0.20). The improvement of frictional perfor-

mance by means of using DLC coatings is also preva-
lent for the distilled water lubricated conditions. For
the wet sliding conditions, a quasi-steady state COF
value of 0.18 and 0.08 is measured for the non-coated
and DLC coated conditions, respectively. These find-
ings are summarized in Table I.

Initial surface roughness plays a crucial role in the
frictional mechanisms of the bearing pair. Fig. 2 illus-
trates the effect of the polymer surface roughness effect
on the frictional behaviour when sliding against the
DLC coated disc in the lubricated condition. The
polished polymer pin (Ra"0.05lm) sliding against
the smooth coating results in a higher friction coeffic-
ient (COF

44
"0.07) than that for the as-machined

(Ra"0.10lm, COF
44
"0.04) polymer pin. This
Figure 1 Short-term dynamic coefficient of friction of UHMWPE
pins sliding against the non-coated (a) and DLC coated (b)
Ti—6Al—4V discs under unlubricated test conditions.

behaviour is attributed to the larger initial contact
area and concomitant adhesive transfer for the
smooth sliding pair surfaces. Further, the surface
roughness directly effects the build-up of any bound-
ary lubrication film between the sliding pair.

The structure of the DLC coating affects the sliding
friction coefficient significantly. Fig. 3 compares three
different DLC structures: (a) a two-layer structure
with ‘‘hard’’ outer layer, (b) a five-layer structure with
a ‘‘soft’’ outer layer, and (c) a three-layer structure with
a ‘‘soft’’ outer layer. The two-layer DLC coating with
the ‘‘hard’’ outer layer shows a very long stable
decrease to a low steady state level, COF

44
"0.04

(Table I). The three-layer DLC coatings with the
‘‘soft’’ outer layer result in an initial jump in COF
followed by quick decrease in friction levels. The drop-
off in dynamic friction coefficient indicates the point at
which the outer layer is worn off the underlying sub-
strate. A similar, but less dramatic effect, is seen in the
five-layer coating. Additionally, the nominal COF
level for the five-layer DLC coating decreases to ap-
proximately 40% of the friction value for the three-
layer coating. Although friction coefficients are greater
than the two-layer structure, the five-layer DLC struc-
ture results in the least amount of coating damage and
the lowest UHMWPE wear rate for long-term sliding
tests.

The wear rates of the polymer for the various bear-
ing systems are affected strongly by the DLC struc-
ture, surface roughness and test environment. Tables
I and II summarize the findings of this study for both
TABLE I UHMWPE polymer pins: Wear rates and coefficients of friction at 500m sliding distance!

Ti—6Al—4V disc Ra (lm) Lubricant Pin wear rate COF
(]10~6mm3 Nm~1)

Polished
No DLC coating 0.055 Dry 2.04 0.236$0.001

0.08 Dry 2.41 0.170$0.001
0.075 Distilled water Failure 0.165$0.005
0.09 Distilled water Failure 0.130$0.002

Two-layer DLC 0.06 Dry 1.02 0.162$0.001
Two-layer DLC 0.03 Distilled water 1.51 0.067$0.007

As machined
No DLC coating 0.10 Distilled water N/A 0.113$0.003
Two-layer DLC 0.07 Dry 1.76 0.198$0.001

0.09 Distilled water N/A 0.040$0.004
Three layer DLC ‘‘soft’’ outer layer 0.06 Distilled water N/A 0.245$0.005
Five-layer DLC thin ‘‘soft’’ outer layer 0.06 Distilled water N/A 0.112$0.003

! All the pins are hemispherically-ended (/"6.35mm) under a dead weight of 9.79 N. Unless specified otherwise, the two-layer DLC coating
has a thickness of 100nm with a hard outer layer.
85



Figure 2 The effect of surface roughness on the long-term dynamic
coefficient of friction of polished (a) and as-machined (b)
UHMWPE pins sliding against DLC coated Ti—6Al— 4V discs
under water lubricated test conditions.

Figure 3 The effect of coating structure on the long-term dynamic
coefficient of friction for a two-layer DLC with hard outer layer (a)
five-layer DLC with thin, soft outer layer (b) and three-layer DLC
with soft outer layer sliding (c) against UHMWPE pins in water
lubricated test conditions.

short-term (500m) and long-term (22km) sliding, re-
spectively. Fig. 4 shows the wear rates, K, of the
as-machined UHMWPE pin as a function of sliding
distance for both the non-coated and the DLC coated
titanium alloy disc counter bearing in water lubricated
conditions. It is clear that the use of DLC coatings
significantly reduces the polymer sliding wear rates
while protecting the underlying titanium alloy sub-
strates from failure. For the non-coated Ti—6Al—4V
discs, the surface oxidation mechanisms are exacer-
bated in the presence of the aqueous media and result
in increased levels of abrasion and severe scoring of
both bearing materials via oxide debris.

Fig. 5 shows the effect of DLC structure on the wear
rates of the polymer pins under lubricated conditions
(summarized in Tables I and II). The different coating
structures result in substantially distinct wear rates
early in the tests. The three-layer DLC coating with
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Figure 4 Accumulated wear rates of UHMWPE pins sliding against
(j) non-coated and (m) DLC coated Ti—6Al—4V discs under lubri-
cated test conditions.

Figure 5 Accumulated wear rates of UHMWPE pins sliding against
(m) two-layer DLC coating, (d) three-layer DLC coating and (*)
five-layer DLC coated Ti—6Al—4V discs under lubricated test condi-
tions.

the ‘‘soft’’ outer layer demonstrates the highest wear
rate. As sliding continues to about 12km, the wear
rate decreases quickly and approaches that obtained
with the ‘‘hard’’ outer layer DLC coating. This change
in wear rate is linked to the wear-through or spalla-
tion of the soft outer layer. In contrast, the five-layer
DLC coating with the thin ‘‘soft’’ outer layer provides
the lowest wear rates for the first 22 km of sliding.
The improved wear performance for the five-layer
TABLE II UHMWPE as-machined: wear-rates and coefficients of friction at 0.5]106 cycles of sliding (22 km)!

Ti—6Al—4V disc Ra (lm) Lubricant Pin wear rate Coating COF
(]10~7mm3Nm~1) damage

As machined
No coating 0.10 Distilled water 2.20$0.22 Ti—6Al— 4V failure 0.072$0.002
Two-layer DLC 0.06 Dry 1.33$0.13 No 0.217$0.002

0.09 Distilled water 1.13$0.11 Severe 0.038$0.005
Three-layer DLC 0.06 Distilled water 1.30$0.13 Local 0.017$0.002
‘‘soft’’ outer layer
Five-layer DLC 0.06 Distilled water 0.62$0.06 Local/mild 0.017$0.005
‘‘soft’’ outer layer

! All the pins are hemispherically-ended (/"6.35mm) under a dead weight of 9.79N. Unless specified otherwise, the 2-layer DLC coating has
thickness of 100 nm with a hard outer layer.



Figure 6 Scanning electron micrographs showing (a) lumpy poly-
mer transfer to the uncoated Ti—6Al—4V disc after 500m of dry
sliding and (b) surface cracks in the UHMWPE which precede the
(c) delamination of polymer flakes in the extrusion direction.

structure is most likely the result of the lubrication
provided by ‘‘soft’’ carbon debris and reduced
internal stresses of the structure [9]. Once the tests
proceed for more than 20 km of sliding, and outer
layers are worn, the wear rates for the different DLC
structures gradually approach average values near
1] 10~7mm3Nm~1.

3.2. Surface evolution
Non-lubricated sliding of the titanium alloy disc and
UHMWPE pin results in serious levels of wear dam-
age. After only 500m of sliding, SEM (Fig. 6) reveals
that (a) the surface of the titanium disc is covered with
Figure 7 Scanning electron micrograph showing the undulated
polymer surface after sliding 500m of dry sliding against the DLC
coated Ti—6Al—4V disc.

transferred polymer debris and (b) the polymer surface
is covered with surface cracks near regions of substan-
tial plastic deformation. At severe levels of deforma-
tion, the polymer surface extrudes or delaminates into
thin sheets of polymer debris, as shown in Fig. 6c.
Continuous sliding eventually leads to catastrophic
failure when the titanium oxides debris initiates severe
surface scoring on both counterparts. When DLC
coatings are utilized in unlubricated environments, the
level of polymer deformation is significantly reduced
(Fig. 7).

The introduction of distilled water for the non-
coated titanium results in the occurrence of cata-
strophic failure due to severe oxidation and abrasion
of the bearing surfaces. Fig. 8 shows the surfaces of the
(a) polymer and (b) titanium alloy disc after only
500m of sliding. Fig. 8a illustrates the plastic tearing
along the deep abrasion grooves that eventually led to
debris in the form of elongated fibrils. The Ti—6Al—4V
disc surface is simultaneously scored by metal oxide
particles as shown in Fig. 8b. It is believed that the
distilled water increases the reactivity of the metal
surface with the environmental media resulting in
enhanced levels of metal surface oxidation and ab-
rasion mechanisms.

For the DLC coatings, the introduction of distilled
water provides a small level of boundary-lubrication
to the sliding counterfaces. After 500m of sliding, the
polymer surface shows undulated features that appear
slightly roughened but with very few identifiable slid-
ing scratches (Fig. 9a). No polymer tearing, delamina-
tion, or pitting sites are observed for the DLC coating
systems in short-term sliding tests. For the long-term
sliding tests, however, the polymer surfaces become
progressively burnished, but damage is minimal in
comparison with the non-coated cases. Fig. 9b shows
the polymer surface after 1.0 million cycles (44 km) of
sliding against a two-layer DLC coating. The micro-
graph depicts the onset of surface fibrillation of the
polymer.

Fig. 10a—d shows the worn surfaces of three-layer,
‘‘soft’’ outer layer DLC coating after 22 km of sliding.
In comparison with the standard two-layer coating
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Figure 8 Scanning electron micrographs showing scratches (a) and
torn fibrils in the UHMWPE, and the (b) corresponding scored
Ti—6Al—4V disc after 500m of water lubricated sliding.

that has a ‘‘hard’’ outer layer, the three-layer DLC
coating results in substantially more surface damage.
Severe fibrillation and plastic deformation is evident
in the polymer (Fig. 10a, b) while blistering and de-
lamination occur in the outermost layer of the DLC
coating (Fig. 10c, d). In comparison, the five-layer
DLC coating with the thin ‘‘soft’’ outer layer provides
the lowest polymer wear rate and the least amount of
surface damage amongst all the systems in this study.
This is associated with the lubrication provided by the
wear of the outermost layer. It is believed that the
‘‘soft’’, graphitic layer provides a lubricating effect on
the sliding pair and results in a decreased friction
force, lower wear rate and little surface damage.

4. Discussion
In the early stages of sliding, polymer transfer due to
adhesion results in high friction values and polymer
wear loss rates. The polymer transfer occurs in the
form of lumps and thin layers. The former mechanism
generally leads to larger polymer wear loss rates and
greater surface roughening while the latter transfer
process is more adherent and protects the coating
surface from further wear. The introduction of a DLC
coating elicits a thin polymer transfer layer that results
in lower dynamic friction coefficients and wear rates.
Further, the addition of a DLC coating significantly
alters the surface chemical and mechanical properties
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Figure 9 Scanning electron micrographs showing (a) slight undula-
tions in the polymer after 500m of sliding, and (b) fibrillation of the
UHMWPE after 11 km of sliding in lubricated conditions.

of the tribosystem. As a result, the severe oxidative
wear of the Ti—6Al—4V is eliminated, and thus the
tribological performance for both dry and lubricated
conditions is substantially improved.

The structure of the DLC coating plays an impor-
tant role in the tribological properties of the system. If
internal stresses can be minimized and adhesion main-
tained, the films with thicker coatings can provide
improved long-term wear resistance. A promising ap-
proach to solving this problem is the utilization of
multilayer DLC coatings comprised of sequentially
deposited ‘‘soft’’ and ‘‘hard’’ layers in order to minim-
ize internal stresses and maximize substrate adhesion.
The two-layer coatings with a ‘‘hard’’ outer layer are
more effective in improving the sliding friction and
wear performance as long as the integrity of the coat-
ing is maintained. An unfortunate consequence of the
processing for the two-layer structure is high internal
stresses that limit the maximum thickness of the coat-
ing [9]. In the case of the three-layer DLC coating
with the soft outer layer, the strong surface interac-
tions and high friction coefficients result in the high
wear rates of the polymer. The five-layer DLC coating
with the thin, soft outer layer results in very low rates
of the UHMWPE. The primary structural success of
this multilayer coating is the result of the reduced
internal stress due to the layering [9—11] and the
lubrication provided by the wear of the outer graphitic
layer [12—13].



Figure 10 Scanning electron micrographs showing, (a) surface delamination of the polymer, (b) presence of fibril-form polymer debris, (c) the
presence of (1) carbon microparticles and (2) polymer particle debris on the DLC coated disc, the onset of (d) delamination in the coating after
1 000 000 cycles of loading in a lubricated environment.
Surface layer failure is a concern for the DLC
coated substrates. The initiation of the coating failure
is most likely to occur while contact pressures are still
high ('16.0MPa). Substrate surface roughness and
topology (such as peak—valley height) are important
factors in initiating coating failures. The underlying
substrates with higher peak—valley magnitudes result
in larger surface asperities and higher local stresses.
The arising asperities experience higher deformation
at contact points and result in earlier wear failures.
The DLC coatings with the best wear performance are
associated with substrates possessing small surface
peak—valley magnitudes or those with a thickness
great enough to suppress the underlying substrate
surface asperity effects.

Lubrication makes a substantial difference in
tribological performance. In dry sliding conditions,
the DLC coatings perform well due to the transferred
adhesive polymer films. On the other hand, the intro-
duction of distilled water suppresses the polymer ad-
hesive transfer due to the very low wettability of
distilled water on both the UHMWPE and the DLC
surfaces. Thus, the water environment does not pro-
vide sufficient lubrication to improve the wear perfor-
mance for DLC coatings effectively. As mentioned
previously, the use of an aqueous environment in the
absence of a DLC severely degrades the tribology of
the titanium alloy. Future improvements for the DLC
coatings may be achieved if wear tests are performed
with bio-fluids known to wet both surfaces [14].

Surface evolution characterized by microscopy re-
veals four basic types of wear debris generated by
pin-on-disc sliding: flakes, lumps, fibrils (filaments)
and round submicrometre particles. The flake-form
debris is the dominant debris type in the long-term
sliding conditions and is believed to be the result of
extrusion processes or fatigue damage in the polymer.
Polymer detachment is observed where frictional
heating and shear stresses are elevated [15]. More
evidence of this debris type is found in dry sliding
cases where the frictional heat softens the polymer and
facilitates the shear deformation and extrusion pro-
cesses. The larger polymer lumps are formed in con-
junction with adhesive polymer transfer. This type of
debris is evident after long-term sliding and is usually
present with polymer fibrils torn from the deep
grooves (oriented in the siding direction). This sug-
gests that lump and fibril debris types are linked with
abrasive mechanisms associated with the plowing and
tearing of the polymer. The last type of debris ob-
served in this study is the small round particulate and
is prominent in the non-coated systems suggesting that
it is linked to abrasive mechanisms. This submicro-
metre debris is of critical concern to the orthopaedic
89



community as its size-scale enables transfer through
the lymph system and is known to elicit biological cell
reactions in total joint replacements [16].

5. Conclusions
DLC coatings on titanium result in considerable re-
duction of wear rates and submicrometre debris
formation in orthopaedic grade UHMWPE. The
coatings provide lower friction and successfully pro-
tect the Ti—6Al—4V substrate from severe oxidation
and subsequent abrasive mechanisms. The use of
multilayer DLC coatings has great potential to pro-
vide tailored properties that improve the coating lon-
gevity and optimize wear performance. The improved
tribology in addition to biocompatibility and cost-
effectiveness make DLC coatings a very promising
technology for orthopaedic bearing surfaces.

Acknowledgements
This work is partially supported by NSF grant
No. 442 444-22 178 to the University of California at
Berkeley and the Vice Chancellor’s Research Award
for Doctoral Students. The authors would like to
thank the Hospital for Special Surgery for providing
the medical grade UHMWPE for this study. The
authors are especially thankful to Dr Ian Brown for
providing access to the DLC coating deposition facil-
ity at the Lawrence Berkeley National Laboratory.

References
1. J. B. PARK, ‘‘Biomaterials: an introduction’’ (Plenum Press,

New York, 1979).
2. I. C. CLARK and H. A. MCKELLOP, in ‘‘Handbook of

biomaterials evaluation’’, edited by A. Von Recum (MacMil-
lian, New York, 1986) pp. 3—20.
90
3. J . L. HAILEY, P. FIRKINS, R. S. BUTTER, A. H. LET-

TINGTON and J. FISHER, in ‘‘Transactions of the Fifth
World Biomaterials Congress’’, (Society for Biomaterials,
Toronto, Canada, 1996) p. 785.

4. R. S . BUTTER and A. H. LETTINGTON, in ‘‘Applications of
diamond films and Related Materials: Third International
Conference’’, edited by A. Feldman, Y. Tzeng, W. A. Yar-
brough, M. Yoshikawa and M. Murakawa (Tokyo, 1995)
pp. 683—90.

5. T. L. JACOBS, J. H. SPENCE, S. S . WAGAL and H. J.

OIEN, ibid. pp. 753— 6.
6. V. A. RAVI, J. Metals 2 (1995) 49.
7. E. G. GERSTNER, D. R. MCKENZIE, M. K. PUCHERT,

P. Y. TIMBRELL and J. ZOU, J. »ac. Sci. ¹echnol. A 13
(1995) 406.

8. S. ANDERS, A. ANDERS, IAN G. BROWN, B. WEI, K.

KOMVOPOLOUS, J . W. AGER III and K. M. YU, Surf.
Coat. ¹echnol. 68/69 (1994) 388.

9. G. M. PHARR, D. L. CALLAHAN, S. D. MCADAMS, T. Y.

TSUI, S . ANDERS, A. ANDERS, J. W. AGER III , I . G.

BROWN and C. S. BHATIA, Appl. Phys. ¸ett. 68 (1996) 779.
10. A. ANDERS, S . ANDERS and I. G. BROWN, Plasma Sources

Sci. ¹echnol. 4 (1995) 1.
11. G. W. STACHOWIAK and A. W. BATCHELOR, ‘‘Engineer-

ing tribology’’ (Elsevier, New York, 1993).
12. G. W. BLUNN, A. B. JOSHI, P. A. LILLEY, E. ENGEL-

BRECHT, L. RYD, L. LIDGREN, K. HARDINGE, E.

NIEDER and P. S. WALKER, Acta Ortho. Scand. 63 (1992)
247.

13. J. C. BOKROS, Carbon 15 (1977) 355.
14. J . LANKFORD, C. R. BLANCHARD, C. M. AGRAWAL,

D. M. MICALLEF, G. DEARNALEY and A. R. MCCABE,

Nuclear Instrum. Methods: Phys. Res. B 80/81 (1993) 1441.
15. S. BARRETT, G. W. STACHOWIAK and A. W.

BATCHELOR, ¼ear 153 (1992) 331.
16. S. GOODMAN and T. WRIGHT, ‘‘Implant wear: the future of

total joint replacements’’ (American Academy of Orthopaedic
Surgeons, Rosemont, IL, 1996).

Received 18 August 1997
and accepted 26 January 1998


	1. Introduction
	2. Experimental procedure
	3. Results
	4. Discussion
	5. Conclusions
	Acknowledgements
	References

