Available online at www.sciencedirect.com

sc.“cs@p.“w

polymer

ELSEVIER Polymer 45 (2004) 1707-1715

www.elsevier.com/locate/polymer

Characterization of ultra-high-molecular-weight polyethylene
(UHMWPE) modified by ion implantation

A. Valenza®*, A.M. Visco?, L. Torrisi®, N. Campo®

4Dipartimento di Chimica Industriale ed Ingegneria dei Materiali, Universita di Messina, Salita Sperone 31, 98166 S.Agata di Messina, Italy
bDipartimento di Fisica, Universita di Messina, Salita Sperone 31, 98166 S.Agata di Messina, Italy

Received 3 August 2003; received in revised form 6 October 2003; accepted 8 December 2003

Abstract

Surface modification of ultra high molecular weight polyethylene (UHMWPE) is induced by ion implantation of different ions at 300 keV
energy. The aim of this work was the chemical, physical and mechanical characterization of the modified material in order to know deep
inside about the effect of the ion beam upon the polymer.

The irradiated surfaces are investigated by Raman spectroscopy, infrared absorption and micro-hardness analysis, scanning electron
microscopy. Pin on disc measurements valuated the wear of the UHMWPE against a stainless steel probe; wear resistance increases of about
76% after the ion implantation. This result can be attributed to the ion bombardment inducing a micro-hardness increasing in the irradiated
layers due to the high carbon surface concentration and cross-linking effects in the polymeric chains. The irradiated UHMWPE surfaces may

find special applications to the field of the mobile prosthesis.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

UHMWPE (-CH,-I|,, monomer) is an interesting poly-
mer useful in different fields such as medicine, engineering,
microelectronics and biology. A special application of this
polymer in medicine concerns the interface of mobile joints,
such as hip and knee prostheses, where the friction can be
significantly reduced using intermeddled sheets of poly-
ethylene [1]. The metal acetabular cup, for example, is
generally covered by a UHMWPE sheet, in order to reduce
the friction with the artificial femoral head. However, the
wear of UHMWPE and the resultant wear debris inducing
osteolysis is now recognized as one of the major causes of
premature failure of the total joint replacement [2,3].

The hip and knee prosthesis must bear stress values that
range from the body weight, under condition of slight
movement, up to four or five times higher, under condition
of quick movement. Thus the articulated joint implies that
the surfaces in contact and in motion between each other are
subject to remarkable sliding friction. A person weighing
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60 Kg can transmit to the femoral head a maximum force of
2600 N. The time length of a walk cycle is assumed to be of
about 1 s for a normal step. Each femoral head receives
from 1 to 2.5 million impacts in one year. The velocity of
slipping of surfaces on one another is about 0.05 m/s. The
rotation range for a normal step is 45° due to flexion—
extension, 12° due to abduction—adduction, and 14° due to
internal —external rotation [4].

Recent literature reports many data about the wear
improvement by using surface treatments of the polyethy-
lene, which modify only the surface properties reinforcing
its structure without change the bulk properties. The ion
implantation, for example, can be applied with success to
improve the surface hardness, to reduce the wear and the
corrosion [5,6].

Generally, the irradiation of polyethylene with ionizing
radiations induces de-hydrogenation and carbon enrich-
ment. The ion bombardment, for example, modifies strongly
the polymer chains especially along the ion track. The
resulting irradiated polymer shows a surface layer rich of
cross-linked ‘graphite-like’ structure with special tri-
bological properties [7].

In this work authors discuss a possible surface modification
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Table 1
Physic properties of the investigated materials

Material Young modulus [9] Compression strength Friction coeff. Weight loss Hardness
(GPa) (MPa) metal-polymer [11] after 16 h (ng) (Shore)
C hard graphite 4.8 360 0.1 0.233 100
UHMWPE 1.0 250 0.15 0.974 70
Irradiated UHMWPE (Xe™, 3 X 10"%/cm?) 1.0-4.8 250-360 0.1-0.15 0.232 90

method, the ion implantation, performed by using ions of
different type and energy, at high doses, to induce graphite-
like surface structures in UHMWPE. Results of wear tests,
before and after the treatment, are presented and discussed.
They show that the ion implantation method improves the
mechanical resistance of the polymeric surface.

2. Experimental details
2.1. Materials

The UHMWPE sheet used in this work was Hoechst
supplied, as white powder with sub-micron size. The density
and the average molecular weight, quoted by the manu-
facture, are 0.930 g/cm® and about 10° g/mol, respectively.
UHMWPE sheet, of about 5 mm thickness, was prepared by
compression molding in a laboratory press. The polymer
was kept at 180 °C for about 8 min at 200 bar pressure. The
sheets were then pressed with a glass sheet at 180 °C for
about 4 min at 10 bar to reduce the surface roughness at
average values lower than 100 nm.

A graphite sample, employed as a standard, was Good-
fellow supplied. The standard has a purity of 99.9% and it
shape is 100 cm? surface and 10 mm thickness; its surface
roughness was lower than 1 pm.

The point probe used for wear test was commercial
stainless steel (AISI 316L); its point diameter was about
100 pm.

Table 1 shows some physical properties of some of the
investigated materials.

2.2. lon implantation

UHMWPE was implanted by using H, He*, Ar" and
Xe™ ion beams having 300 KeV energy. The irradiation was
performed using an ion flux ranging between 10'* and
10'7 ions/cm? at the ion implantation accelerator of the
Physic Department of Catania University. The current
density was about 1 pA/cm” and the spot 1 cm”. During the
implantation the pressure inside the chamber was of
10~ Torr and the temperature was 22 °C (room tempera-
ture).

The TRIM computation program of Ziegler and Biersack
(version 2000) [8] was employed to calculate the ion ranges
and the ion stopping powers in the UHMWPE targets. Table
2 reports these data for the different employed ion beams.

It can be observed that the range of penetration decreases
with increasing ion mass, while the total (nuclear and
electronic) stopping power increases with it. For this reason,
the xenon ion is the best for a strong surface modification at
relatively low doses, while hydrogen is the best for a deep
modification but high doses are required.

2.3. Mass quadrupole spectrometry

A mass quadrupole spectrometer (MQS—Balzers,
Prisma-200) was employed to detect, at high sensitivity,
the partial pressure in the irradiation chamber. The mass
range was 1-200 amu and the mass resolution better than
1 amu. The sensitivity, by using the SEM detector
configuration of the MQS, was 10~ '* Torr for argon mass.
The MQS was employed for in situ analysis to detect the
mass species emitted during the polyethylene ion irradiation

[9].

2.4. Wear testing

The wear testing of pure and ion irradiated UHMWPE
samples were performed on a ‘pin on disc’ test machine
schematized in Fig. 1a and reported in the photo of Fig. 1b.
A polymeric sample was placed on the rotating plate with a
stationary stainless steel pin placed in friction on its surface.
The wear tests were performed moving cyclically the
metallic pin, subject to a fixed load, on the polymeric disc.
The metallic probe point has a diameter of about 200 pm.
The rotating plate speed was 0.074 m/s and the maximum
contact pin pressure of about 25.5 MPa.

The maximum contact pressure (o;,,,) of a stainless steel
probe on an UHMWPE plan was calculated by following the

Table 2
Trim analysis and MQS data

Ion beam Ton dose Range Stopping power H,-MQS yield
(ions/em®)  (um)  (keV/wm)

300kevV, H" 5% 10'? 3.8 62 0.75

150keV, H" 5% 10" 1.8 90 1.05

300 keV, He™ 5x 10" 1.9 250 2.8

150keV, He™ 5% 10'? 1.25 193 22

300keV, Art 1x10'2 046 669 2.3

300keV Xe™ 6 x 10" 0.2 1743 28
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(a) J—

pin on disc apparatus
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Fig. 1. Schematic of the wear track and of the wear test (a) and experimental
pin on disc apparatus for wear resistance measurements (b).

equation of the Hertz theory [10]:

O = 1.5PITq” (1)
where ¢ is:
q = [3/8P(8, + 6,)/p]" (2)
in
JL p

plan  —p =100 pm

The stainless steel pin was assumed to have a spherical
shape (over outlined in the picture). 6, is a factor which
considers a Poisson index of 0.3 and a Young modulus of
210 GPa for the stainless steel pin and 6, is a factor which
considers a Poisson index of 0.4 and a Young modulus of
1200 MPa for the UHMWPE plan. P is the metallic pin
weight and p is the 2/r; ratio, being r; = 1.09 mm the
curving ray sphere-plan of the metallic pin.

The values of these factors are, respectively:
6, =1.73x 107> (mm?*/N), 6, =2.8%x 107> (mm?*N),
P=0.05Nand p=1.85mm "

The pin-on-disk test is used as wear machine in order to
evaluate the weight loss of friction material [11]. The weight
loss, Y, was calculated from the measure of the depth (/) and

width (b) of the wear track that have an approximate
triangular profile (scheme presented in the insert of Fig. 1a):

Y = bhpmr 3)

where p is the polymer density and r = 1.175 cm is the
radius of the circle pin track. Giving & and b in cm units, Eq.
(1) will give Y in grams.

The duration of the tests was varied between 1 and
4320 min.

Wear measurements were generally carried out at room
temperature (22 °C). To evaluate the materials behavior at
the body temperature (37 °C) and, generally, the tempera-
ture effect on the wear, the tests were repeated varying the
polymer temperature in a range between 10 and 70 °C. All
wear measurements were performed in dry conditions,
without lubrication liquids.

2.5. Characterization techniques

2.5.1. Wear track

The wear parameters were determined with a Profiler
Tencor-P10. The profiler moves a point along a single
direction and the scansion is assisted ‘on line’ by an optical
microscope.

Generally, the measurements were performed by using a
tip force of 1 mg, a scansion length of 1 mm, and a scan
speed of 100 wm/s. Measurements were performed at
different places of the same wear imprint and average
values were calculated.

2.5.2. Micro-hardness measurements

The micro-hardness measurements were carried out at
room temperature with the Profiler described above. This
instrument was employed with two different tip forces, one
higher (50 mg weight) to cause a stress pressure imprint on
the polymer surface and the other lighter (1 mg weight) to
analyze the imprint profile. The imprint was obtained both
statically and dynamically with a sweep of 10 um length
and a scan speed of 1 pm/s. The profile was recorded using
50 wm scansion length and 10 pwm/s scan speed.

Since is known that hardness value of a pure UHMWPE
sample is 70 Shore [12], it was possible to calculate the
relative shore hardness of all the irradiated samples by
comparing the difference in deepness observed with the
profilometer.

The Shore scale is relative to the polymer hardness. If the
probe tip full penetrates the polymer, the shore value will be
zero (minimum value), while if the probe tips don’t
penetrate the polymer the shore value will be 100
(maximum value), as suggested from the Shore Hardness
Testing (ASTM D 2240). Since the graphite isn’t a polymer,
its hardness scale should be measured in another scale (for
example Vickers scale); anyway in this work we attributed
to the graphite the maximum values of the Shore scale in
order to compare the hardness of high density graphite with
that of polyethylene.
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Table 3

Main ATR transmission peaks

Sample Wave number ~ Remarks
(em™

Pure UHMWPE 720, 730 C-H bending
1462, 1473 C—H bending
2847, 2915 C—H stretching

Irradiated UHMWPE (H', 10'7/cm?) 1647, 1669 C-C stretching

Pure graphite 1632, 1660 C—-C stretching

2.5.3. Infrared spectroscopy

The transmission infrared spectra were registered with a
Perkin Elmer Spectrum 2000 instrument equipped with a
MCT detector. Two hundred scans were accumulated in the
4000-400 cm™' wave-number region for each studied
sample. The major ATR bands of the pure and hydrogen
implanted samples are listed in Table 3 such Refs. [13,14].

2.5.4. Scanning electron microscopy

Scanning electron microscopy (SEM) was carried out
with a Jeol JSM 5600 LU microscope. The samples were
coated in vacuum with a very thin gold film to make them
electrically conductive. The analysis was performed with
employing a secondary electrons detector (SEI) to investi-
gate the surface morphology of the pure and of the ion
irradiated samples. Generally, the acceleration used voltage
was of 10 kV. Generally, the photo magnification was 350.

2.5.5. Raman spectroscopy

A Raman microprobe analysis was employed to
investigate the carbon content and the structure in the
pristine polymer and in the ion irradiated polymer. The used
spectroscope uses a Olympus B X 41 microscope having an
objective lens of magnification 100. The Raman spectra are
stimulated by a laser light at 632.8 nm and are detected
through a reticulate of 1800 lines (HR 460, ISA-JobinYvon-
595 X ) with a slit aperture of 0.1 mm.

For UHMWPE sample irradiated at high dose special
attention was devoted to the investigation of the G-line at
1595 cm ™' and D-line at 1350 cm ™' wave numbers, typical
for graphite-like structures. The G-line is attributed to the
graphite structure formation in the material and the D-line to
amorphous structure or ‘disorder’ in the material rich in
carbon content [15].

3. Results
3.1. Chemical and physical surface characterization

Ion implantation modifies significantly the polymer
surface. This phenomenon can be observed with several
surface characterization techniques, such as the MQA
spectrometry, the ATR and Raman spectroscopies and the
SEM microscopy.
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Fig. 2. MQS analysis: hydrogen production and CH, emission monitored
during an UHMWPE sample bombardment with H* ions at 300 KeV
energy versus the ion flux.

Mass spectrometry (MQA) measurements were performed
on-line, during the ion implantation process. It was evidenced
a high hydrogen and CH, production from the irradiated
polymer. This result is not new and it is due to the UHMWPE
C-H bond breaking and scission effects of the irradiated
polymeric chains, as reported in literature [12].

Fig. 2 summarizes the results obtained by monitoring the
mass 2 (upper curve) and mass 14 (bottom curve) emission
as a function of the proton flux. The polymer dehydrogena-
tion increases with the ion flux and saturates at a dose of
about 8 X 10" cm™2. At higher doses the hydrogen
emission decreases because the polymer becomes poor of
hydrogen. Many C,H, groups are emitted simultaneously to
the hydrogen but their yield is one order magnitude lower
with respect to the hydrogen emission. Fig. 2 reports the
monomer emission showing a decreasing yield with the ion
flux.

The MQS signal due to other ion irradiation shows a
higher yield in comparison to the proton irradiation and the
hydrogen saturation region can be reached at lower doses
with respect to the proton irradiation. Table 2 shows a lot of
experimental data of H,-MQS yield as a function of the ion
stopping power for different ion doses. These results
indicate that the polymer dehydrogenation is approximately
proportional to the ion stopping power, according to
literature [12].

The dehydrogenation process causes an increasing
carbon concentration in the implanted surface that looks
progressively dark. This is shown in the photo of Fig. 3,
where white surfaces of UHMWPE became yellow after a
low dose irradiation, then brown and finally black (similar to
carbon) if the adsorbed irradiation dose is very high
(~10"-10" ions/cm?).

The transmission ATR analysis of the pure and proton
implanted samples confirms the result observed with MQS
spectroscopy. It evidences, in fact, a C—H band breaking
since the C—H stretching (Fig. 4a and b) and bending peaks
(Fig. 4c) of the pure UHMWPE sample disappears after the
jonic implantation at high dose (107 H' ion/cm?).
Furthermore the —C=C- chemical bond with de-localized
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Tonic dose

4 cm
Fig. 3. Photos of the UHMWPE irradiated samples with: 1 X 10'* Xe*/cm?

(@), 2 X 10" Xe*/em? (b), 4 x 10" Xet/em? (c), 8 X 10" XeT/em? (d),
1 % 10" Xet/em? (e), 3 X 10" Xe/em? (f).

charge is formed in the high dose implanted sample. The
presence of this last peak suggests that after a high dose
implantation, the polymer surface becomes poor of hydro-
gen and rich of cross-linked carbon atoms. In the same
picture, the graphite ATR analysis was also reported for
comparison. The graphite signal is a large peak in the range
between 1400 and 1800 cm ™' due to the C—C stretching
(see Table 3). The graphite C—C peak is quite coincident
with that of the high dose implanted UHMWPE confirming
that a graphite-like layer is present on the polyethylene
sample.

Fig. 5 shows the intensity of a C—H stretching peak (at
2847 cm ™ ') decreasing with the implantation dose of Xe™
and Ar" ions. Furthermore this effect is more evidenced
with increasing the ion stopping power and the ion dose.

Morphological SEM analyses have been performed on
UHMWPE pristine and ion irradiated surfaces. Fig. 6a
presents a homogeneous surface of pure UHMWPE, while

14 C-H ATR peak (2847cm" )
3 131
i = 0 = Xet/cm2
g 12 —0— Ar+/cm2
E
~
= D
<11 - — — o
R - T — *%
10 ; ; ; ; |
0 2 4 6 8 10

Ton dose [x 10"/em’ |

Fig. 5. Intensity of the ATR analysis C—H stretching peak at 2847 cm ™'

versus the ion dose of Ar" and Xe™ ions.

Fig. 6b shows the lamellar structure of the graphite-like
material, produced by the high dose irradiation process
(10'%/cm? Ar* dose). This lamellar structure is similar to
that of pure graphite showed in Fig. 6¢c and referred to a
particular of its structure at 5000 X .

The results of the Raman spectroscopy give another
confirmation of the graphite-like structure produced by high
dose ion irradiation (10'7 H'/cm?). Fig. 7 shows the
formation of the two peaks at about 1360 and 1590 cm ™' so
called ‘D-line and G-line’ Raman peaks. They are typical,
respectively, of disordered and ordered graphitic structure
(middle spectrum), they are absent in the pure UHMWPE
(bottom spectrum) and they are present in the proton
irradiated UHMWPE (top spectrum).

The other narrow peaks present in the spectrum of the
pristine UHMWPE are due to the semi-crystalline structure
of the original polymer. The intensity of these peaks is
reduced after the implantation process indicating a strong
modification of the original structure.

The morphological measurements performed with the
profiler evince a progressive surface roughness reduction
with increasing the Xe" ions dose, (until) from 35 nm
(pristine) to about 10 nm (at 3 X 10" Xe™/cm?). This value

100 100
Wl e
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_ 04 _I»’” NE 90
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S
=
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10M7 H+lem2
----- graphite
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Fig. 4. ATR analysis of pure UHMWPE, high dose (1 x 10'” H/cm?) irradiated UHMWPE and graphite samples at different wave numbers range: 600—

800 cm ™! (a), 1400—1800 cm™ ' (b) 2700-3000 cm ™! (c).
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P

Fig. 6. SEM microscopy micrographs of pure (a) and 5 X 10" Ar*/cm? (b)
UHMWPE sample at 350 X and of a SEM particular of pure graphite
sample at 5000 X (c).

variation of about 86% suggests a strong smoothing effect of
the ionic bombardment on the UHMWPE surface. Fig. 8
shows the average roughness of the polymer before and after
the high dose implantation.

3.2. Mechanical characterization
Fig. 9a reports the weight loss values versus the sliding

time of UHMWPE pure and irradiated with Xe™ ions at a
dose of 3 x 10" /cm?. The sliding time is in the range

between 0 and 4320 min. The weight loss increases with the
sliding time. The experiments are in agreement with the
following empirical law:

Y = 0.0021 In() — 0.0017 “4)

where Y is the weight loss given in mg and 7 is the wear
time, in minutes.

The irradiation process reduces significantly the
UHMWPE wear with respect to the pure sample and this
effect increases with the implantation dose. Particularly, a
wear reduction of about 76% is obtained in samples
implanted at the higher dose (3 X 10" Xe*/cm?).

In the same figure the weight loss values of graphite are
reported for comparison. Very similar results are obtained
for the standard carbon sample and the high dose irradiated
UHMWPE sample. This result suggests that the graphite-
like structure, produced only at the UHMWPE surface, has a
similar wear behavior as typical for graphite.

In order to evaluate the wear resistance of UHMWPE
surface at the body temperature, the polyethylene wear was
studied also at 37 °C. Fig. 9b presents the results of wear
tests performed in the temperature range 10-70°C. All
polyethylene samples, implanted at different doses, show a
weight loss increase with increasing the temperature. At
body temperature, the wear is about 18% higher with respect
to the value measured at the room temperature (22 °C).

Another mechanical characterization of the polymer was
obtained by measuring its micro-hardness at the surface in
the pristine and ion implanted polymers. The relative Shore
values are plotted in Fig. 10 as a function of the irradiation
dose for high stopping power ions (Xe™"). An increase of the
surface micro-hardness with respect to the pure UHMWPE
has been measured with the profiler. Particularly, in the
sample implanted at 3 X 10'> Xe*/cm?, the micro-hardness,
both statically and dynamically, is about 30% higher with
respect to that of the pristine sample, having a shore
hardness of 70 [16]. High implanted dose on UHMWPE
don’t reach the maximum value of 100 Shore, typical of
graphite due to the thin surface layer on treated polymer
under which pure UHMWPE is present.

4. Discussion and conclusions

Obtained results indicate that an UHMWPE polymer
suffers of strong modifications when submitted to high dose
ion implantation. Hydrogen and C,H, species are formed
during the irradiation. The strong de-hydrogenation pro-
duces layers rich in carbon content, as demonstrated by
different analytical analyses.

H* free radicals are formed and they diffuse in the
polymer and then recombine until H, molecules are formed
desorbing from the polymer surface. CH, and other CH
groups are generated by H*, C* and C—H* radicals and
scission processes of the polyethylene chains and they
desorbs through the polymer. The hydrogen desorption is
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Fig. 7. Comparison of Raman spectra of a pure UHMWPE sample, an high dose (1 X 10'7 H*/cm?) irradiated UHMWPE sample and a graphite sample.

more than one order of magnitude higher with respect to the
CH groups. Desorption process decreases with the ion dose.

The residual polymer has a carbon-dehydrogenated
structure that, at ion doses higher than 1015/cm2, resemble
more and more to a graphite-like structure.

At high doses, in fact, the polymer has a black color and a
high density. The mechanical wear resistance becomes high
and comparable to that of amorphous carbon.

High doses treatments of polymeric surface smoothes the
implanted area reducing the surface roughness and the
friction.

The causes of UHMWPE improvement due to high dose
ion implantation are different. As a first the energy release of
the ions to the matter produces collisions between the
projectile-ion and the target electrons and nucleus. The
transferred kinetic energy occurs mainly along the latent
tracks on the ions impinging on the polymer [17]. Into the
latent track scissions and cross-linking effects take place; for
example C—H bonds are broken and free hydrogen may
outgas from the polymer, while the produced free radicals
may induce new C—C bonds. At low ion dose, below about

40

30 A UHMWPE

Average surface roughness [nm]

0 1 2 3
Ton dose [x10 ' joni Xe */cm |

Fig. 8. UHMWPE surface roughness as a function of the Xe™ ions
irradiation dose.

10'? ions/cm?, single tracks of modified polymer occur. At
high dose on overlapping of tracks take place, inducing a
global change of implanted surface. Of course the thickness
of modified material will depend on the ion track length, i.e.
on the range of the incident ion which is correlated to the ion
stopping power. At high stopping power the ion track is
large in diameter and short in length (such as for Xe ions).

In regime of track overlapping the network produced by
C-C chemical bonds charge the density, the hardness, the
electrical conductivity and other properties of the original
polymer.

For ions having low stopping powers, such as H" and
He™, the track overlapping regime is obtained at higher
doses with respect ions having high stoppings (Ar", Xe™).

The UHMWPE is an insulating polymer and effects of
charge-up were observed during the first phases of ion
implantation. In order to avoid these effects, the ion currents
were maintained low (~ 1 pA/cm?) especially at low ion
doses. At high doses (~10'°/cm?) the electrical conduc-
tivity of polyethylene is strongly modified and no any effect
of charge-up can be observed. Literature reports that the
electrical resistivity of such polymers may be reduced by
about 4-5 order of magnitude due to the high dose ion
implantation [12].

Graphite is a material that not only shows mechanical
properties better than UHMWPE (hardness, mechanical
strength, wear, Young modulus, friction coefficient,...) but
also properties like high bio-compatibility and emo-
compatibility [4,18]. It is for this reason that a graphite-
like layer can be well used in friction surfaces such as the
mobile prostheses.

The adhesion of the graphite-like structure on the
polyethylene substrate is highest possible since chemical
bonds are employed between the two layers. This aspect
should be very important in biomedical applications like
UHMWPE graphitization of cardiovascular prosthesis. In
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Fig. 9. Wear behavior of pure and irradiated with Xe* ions UHMWPE during the sliding time (a) and at different temperatures (b) The graphite data are

reported for comparison.

this case, in facts, a graphite layer is necessary to increase
the material emo-compatibility but a possible detachment
could cause serious problems like thrombosis risk. In others
applications, like friction bearings for mobile prosthesis, the
high adhesion is an important aspect to guarantee the
function of wear resistance improvement.

The ions used are able to control the surface

110
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z
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o
% 801 ....w" A UHMWPE
] o
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0 ’ . )

Ton dose [x10'Xe *ions/cm?]

Fig. 10. Micro hardness of pure and implanted UHMWPE versus the
implantation dose.

modification deepness. For example, at 300 KeV of
energy, it is possible to produce a graphite-like film of
3.8 wm deep with H* ions while a film of 0.2 um deep
is obtained with Xe™ ions.

This work was a preliminary study of the ion-beam
modified UHMWPE surfaces. Presented data are referred to
very thin graphite-like films on the polyethylene sheet,
which maximum thickness is 3.8 pwm (for 300 keV proton
beams). Unfortunately in this experiment we have not used
high energetic ion accelerators giving higher ion ranges.
Obtained results represent only data that confirms the wear
reduction properties of implanted UHMWPE. Further
investigations should be performed using more energetic
ions (at MeV energy) having ranges higher than 100 pm,
more useful and efficacious from the point of view of the
application to the thick UHMWPE sheets of mobile
prostheses. Furthermore, a multidirectional wear simulator
and a protein containing lubricating will be necessary in
order to produce the real bio-mechanical stresses acting on
the UHMWPE devices used in the biomedical field.
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In conclusion, the new properties given to the UHMWPE
surface by ion implantation are very interesting to improve
the functionality of mobile prostheses. The implantation
reduces the wear and increases the surface hardness of the
polymer; moreover its use, at the used ion doses, sterilizes
the irradiated material. The surface wear resistance
increases with increasing irradiation dose: a reduction of
about 76% is noticeable after 72 h in a UHMWPE sample
irradiated with 3 x 10" Xe™/cm®.

The wear measurements presented in this paper differs
from that presented in the recent literature [5,6]. The
differences in the resulting weight loss can be due to the
different operating conditions; in fact, in our experiment, the
contact pressure, sliding distance and ion stopping powers
are higher with respect the values employed in literature
experiments.
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