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Argon/Oxygen Plasma Surface Modification of
Biopolymers for Improvement of Wettability and
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Abstract—Artificial joint replacements such as total knee and
total hip prosthesis have been applied to the patients who affected by
osteoarthritis. Although different material combinations are used for
these joints, biopolymers are most commonly preferred materials
especially for acetabular cup and tibial component of hip and knee
joints respectively. The main limitation that shortens the service life
of these prostheses is wear. Wear is complicated phenomena and it
must be considered with friction and lubrication. In this study, micro
wave (MW) induced argontoxygen plasma surface modification
were applied on ultra-high molecular weight polyethylene
(UHMWPE) and vitamin E blended UHMWPE (VE-UHMWPE)
biopolymer surfaces to improve surface wettability and wear
resistance of the surfaces. Contact angel measurement method was
used for determination of wettability. Ball-on-disc wear test was
applied under 25% bovine serum lubrication conditions. The results
show that surface wettability and wear resistance of both material
samples were increased by plasma surface modification.

Keywords—Artificial joints, plasma surface modification,
UHMWPE, vitamin E, wear.

I. INTRODUCTION

OLYMERS are widely used in biomedical applications

such as orthopedic prosthesis, micro-fluidics, drug
delivery systems, micro-reactors for biological reactions etc.
because of low cost, biocompatibility and reliability [1].
UHMWPE is the most preferred polymer in the orthopedic
prosthesis application area such as total knee and hip joints.
However, wear problem of this material has not been solved
yet. Structural and surface modifications such as radiation
cross-linking of UHMWPE and addition of a-tocopherol
(vitamin E) in to the UHMWPE structure as a natural
antioxidant have been applied. Although better wear resistance
was obtained from these applications, adequate material
properties for enhancing service life of the prosthesis cannot
be achieved yet. Therefore, studies have been going on for
improvement of tribological properties of the UHMWPE [2]-
[4].

Plasma surface treatment of the polymers is one of the most
effective and economical technique to modify the surface
properties of the polymeric materials without changing bulk
material [5]. It is possible to selectively modify the surfaces to
enhance wide variety of surface properties such as surface
wettability, functionality, hydrophilicity, hydrophobicity,
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surface roughness, scratch resistance, wear resistance,
physical, chemical and mechanical properties by applying
proper plasma method and gasses to the polymer surfaces [6}-
[8]. Therefore, plasma surface modification has become
increasingly popular method to improve the functionally
required properties of biomaterials instead of developing new
materials with expensive and time consuming processes [9].

Liu et al. studied on argon and oxygen plasma surface
modification of UHMWPE and they concluded that both
plasma surface treatment applications improved the
wettability, surface hardness, anti-scratch and wear resistance
of UHMWPE [10], [11].

In another study Noeske et al. searched effect of
atmospheric plasma jet on adhesion property of a series of
polymers included High-Density Polyethylene (HD-PE). They
reported that adhesion property of the plasma treated polymers
increased by oxygen functionality of the surfaces [12]. In
previous study [13], argon plasma surface modification was
applied to surface of UHMWPE textile. It was reported that
the peel strength of the UHMWPE increased and contact angle
decreased from 80° to 28° [13].

Plasma is the fourth state of matter and composed highly
excited, ionic, atomic, molecular and radical species. Plasma
gasses are excited in to these energetic levels by microwave,
radio frequency, corona and dielectric barrier [8]. Much
functionality will arise near the surface while the plasma
applied to the polymer with proper plasma density and
treatment time. In activation process, firstly hydrogen atoms
are abstracted from the polymer chains by breaking the bond
with the plasma energy. So radicals are created at the midpoint
of the polymer chains and these radicals then built up new
bonds with each other by crosslinking and with species that
are activated by plasma gas [5], [9]. Type of the applied
plasma gas is one of the most important parameter to obtain
required surface activation. Also if gas mixture is used, the
ratio of gasses in this mixture is important as well. Plasma
induced activation of polymer surface, without changing bulk
properties generally divided in two groups according to the
nature of plasma gas, as reactive or inert. Oxygen (O,) is most
common active gas for plasma treatment. Besides, carbon
dioxide (CO,) and ammonia (NH;) are generally used as
active plasma gasses. Argon (Ar) and Helium (He) are the
inert gasses that used for plasma treatment [14]-[18].

Application of different plasma gasses may result different
surface chemical structure so different surface mechanical
properties. Different functional groups such as C-O, C=O,
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O=C-O can be obtained on the polymer surface by oxygen
plasma [11]. Addition of inert gas to active gas based plasma
provides an increase in oxygen functionality by enhancing
radical formation so more effective surface activation may be
achieved [5], [9], [11].

In [19], the effects of argon plasma surface modification on
tribological properties of UHMWPE and VE-UHMWPE were
investigated. In this study, it is aimed to define effect of
argon+oxygen gas mixture plasma on surface properties of the
same materials. In literature, there is limited number of studies
about argon+oxygen plasma treatment on VE-UHMWPE, so it
is expected to contribute literature results by sharing present
study.

II. MATERIALS AND METHODS

UHMWPE and VE-UHMWPE were commercially obtained
from MediTECH Medical Polymers, Vreden, Germany as in
1000 mm length rods. Disc samples were machined from these
Chirulen 1020 and Chirulen 1020 E rods in 40 mm diameter
and 4 mm thickness in accordance with ASTM G99-05 [20].
Disc samples were polished by using 1000, 1200 and 2000
grid sand papers for reducing the surface roughness. The
average surface roughness of the samples was about 0.62 um.
The polished samples were cleaned 15 min. in ultrapure water,
30 min. in ethyl alcohol and at the end 15 min. ultrapure water
respectively in an ultrasonic bath, at 30 °C. The samples were
coded as UHMWPE-0 for untreated conventional UHMWPE,
UHMWPE-1 for argon+oxygen plasma treated conventional
UHMWPE, VE-UHMWPE-0 for untreated VE-UHMWPE
and VE-UHMWPE-1 for argont+oxygen plasma treated VE-
UHMWPE. Some properties of UHMWPE and VE-
UHMWPE can be seen in Table I.

TABLEI
MECHANICAL PROPERTIES OF UHMWPE AND VE-UHMWPE
. . UHMWPE VE-UHMWPE
Variable Unit

Average Average

Density Kg/m® 936 937

Young’s Modulus MPa 660 683

Poisson’s Ratio - 0.46 0.46
Molecular weight g/mol*10° 5.17-5.41 5.17-5.41

The argon+oxygen plasma surface modification process of
UHMWPE and VE-UHMWPE samples were carried out in
the Europlasma Surface Cleaner microwave plasma system at
35 °C with 300 W power 30 min processing time under 340
mTor working pressure and the ratio of plasma gas mixture
was 1:1.

Ball-on-disc wear tests were done by Tribo Technic Pin-on-
Disc and Oscilating Tribotester under 10 N load and 340 m
sliding distance. Al,O; standard balls in 6 mm diameter were
used as counter face. 25% Bovine calf serum (Sigma-Aldrich)
was used as lubricant. 0.3% sodium azide and 5 mM EDTA
were added into the lubricant for avoiding Dbacterial
contamination. The viscosity of the lubricant was measured
with an NDJ-1 Rotary Viscometer as 0.002 Pa s. Wear track

profile area was measured by Veeco Dektak XT Bruker Stylus
Profiler for determining wear amount of the disc surfaces.
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Fig. 1 (a) Tribo Technic Pin-on-Disc and Oscilating Tribotester, (b)
Wear track profile

By using cross-sectional area of wear track and its radius
the wear volume was calculated. Then by using (1), wear
factor (k) of each disc sample was determined.

k=~ (1)

k; wear factor (mm*/N.m), V; wear volume (mm"®), N; applied
load (N), S; friction distance (m) [21]-[23].

The morphology of wear tracks of both plasma treated and
untreated samples were analyzed by scanning electron
microscopy (SEM). Worn surface of the samples were
examined by Bruker Contour GT-K Optical Profiler. The
surface wettability of treated and untreated UHMWPE and
VE-UHMWPE samples were measured by a contact angle
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measurement system in air. The droplets of de-ionized water
were applied on the sample surface by hand with a syringe.
Contact angle measurements were taken from at least three
different regions of the surface and then the average value of
the results calculated.

III. RESULTS AND DISCUSSION

Wear test results such as average friction coefficient and
wear factor are listed in Table II. Average friction coefficient
of untreated UHMWPE-0 sample (written as PEO in Table IT)
recorded as 0.044 while this value becomes 0.064 after plasma
treatment of UHMWPE-1 (PE1). Friction coefficient of
untreated VEUHMWPE-0 (VEPEO) is 0.070 while for plasma
treated VEUHMWPE-1 (VEPEL1) is 0.075. Friction coefficient
of UHMWPE-1 increased after plasma treatment while
friction coefficient of VEUHMWPE-1 does not change.

TABLE II
BALL-ON-DISC WEAR TEST RESULTS
PEO PE1 VEPEO VEPEI
Av. Friction
Cocfficient 0.044 0.064 0.070 0.075
‘Wear Factor
(10° mm*/N.m) 4.77 4.16 3.93 1.96

Wear factor of UHMWPE-O0 is 4.77, after plasma treatment,
reduces to 4.16. For VEUHMWPE-0 wear factor is 3.93, after
plasma treatment this value decreases to 1.96. Comparison of
wear factors for all samples can be seen in Fig. 2.

Wear Factor

Fig. 2 Wear factor of untreated and plasma treated disc samples

Worn surface SEM and optical profiler images can be seen
in Figs. 3 and 4. Wear scars and wear is so clear on the images
of untreated VEUHMWPE-0 samples. The surface of plasma
treated VEUHMWPE-1 is very smooth in SEM image in Fig.
4, also the wear track is not so clear in the image that taken by
optical profiler.

X-ray photoelectron spectroscopy spectrums of untreated
and plasma treated UHMWPE and VEUHMWPE samples are
given in Figs. 5 and6 respectively. Oxygen containing groups
such as C-O, C=0, O-C=0 on the sample surfaces can be seen
in these curves. Binding energy about 284.8 ¢V indicates C-C
bonds while 286 eV means C-O-C and 288.5 eV shows O-
C=0 bonds [11]. With this reference information, there is no
any detectable change on the high resolution Cls peak of the

argon+oxygen plasma treated UHMWPE-1 sample in Fig. 5.
Liu et al. [11] applied oxygen plasma to the UHMWPE
surface and they reported that oxygen functional groups were
formed after plasma treatment.

EHT = 3.00 %V WD = 8.0 mm Mag= 100KX

(2)

(b)
Fig. 3 (a) SEM and (b) optical profiler images of untreated
VEUHMWPE-0 worn surfaces

EHT= 300kv WD=125mm SignalA=SE1 Mag= 100KX

(2)
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Fig. 4 (a) SEM and (b) optical profiler images of plasma treated
VEUHMWPE-1 worn surfaces
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Fig. 5 X-ray photoelectron spectroscopy spectrum of UHMWPE: (a)
High resolution XPS Cls peaks of UHMWPE-0 (untreated sample)
and (b) UHMWPE-1 (plasma treated sample)

In Fig. 6, it is possible to see a shoulder on the high
resolution Cls peak of the argontoxygen plasma treated
UHMWPE-1 sample which cannot be seen on untreated
sample. Binding energy about 288.5 eV indicates O-C=0
functional groups. Beside this C—O/C—OH group can be seen
at 286.5 eV. Therefore it can be concluded that some oxygen
based functional groups formed on VEUHMWPE-1 surface
after argon+oxygen plasma treatment.
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Fig. 6 X-ray photoelectron spectroscopy spectrum of VEUHMWPE:

(a) High resolution XPS Cls peaks of VEUHMWPE-0 (untreated
sample) and (b) VEUHMWPE-1 (plasma treated sample)

Polymers are generally hydrophobic and converting these
surfaces to hydrophilic is important for obtaining improved
adhesion strength, biocompatibility and wettability properties
[5]. For determining effect of argon+oxygen plasma treatment
on the surface wettability, the contact angel of plasma treated
and untreated samples were measured by a contact angle
measurement system in air. Image of dropped water on
UHMWPE can be seen in Fig. 7.
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(b)

Fig. 7 Image of dropped water on (a) untreated UHMWPE-0, (b)
argon+oxygen plasma treated UHMWPE-1

Average contact angel of untreated UHMWPE-O was
77.44°, this value became 47.87° while argontoxygen plasma
applied to the surface of conventional UHMWPE. In previous
study argon plasma treated UHMWPE sample's contact angle
was 23.97° [19]. Average contact angel of untreated VE-
UHMWPE-0 sample was 83.26° while this value became
62.84° for plasma treated VE-UHMWPE-1. Argon+toxygen
plasma treatment increased wettability of both material but not
as much as only argon plasma treatment.

IV. CONCLUSION

Argon+oxygen plasma surface treatment was applied to the
surface of UHMWPE and VE-UHMWPE samples. It is clear
from the results that mixed gas plasma treatment does not
affect the friction and wear properties of the conventional
UHMWPE. These results are in accordance with XPS analysis
results. In contrast, argontoxygen plasma treatment increased
wear resistance of VEUHMWPE-1 sample. This result can be
explained with the formation of cross links between polymer
chains and functional groups detected in XPS results.
Wettability of both material samples increased after plasma
treatment slightly. To make more definite conclusions and
determine the optimal treatment parameters, the experiments
and analysis are going on with different plasma treatment
duration and plasma gasses.
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