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Generation of wear debris is the principal obstacle limiting the durability of ultra-high molecular weight
polyethylene (UHMWPE) in biomedical applications. Aiming to enhance UHMWPE wear resistance, surface
modificationwith swift heavy ion irradiation (SHI) appears as a potential and attractivemethodology. Contrary to
ion implantation techniques, the swift heavy ions range can reach tens to hundreds microns and its extremely
high linear energy is able to induce effective chemical modifications using low fluence values. Nano-wear
performance and surface mechanical properties of samples of pristine and SHI irradiated (using N2

+ ions at
33 MeV and a fluence of 1×1012 ions/cm2) were characterized by depth sensing indentation (DSI) and scanning
probe microscopy (SPM). It turned out that modifications induced by irradiation at the surface layers were
successful to reduce nano-wear volume and creep deformation. These improvements were related to beneficial
changes in hardness, elastic modulus, hardness to elastic modulus ratio and friction coefficient.
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1. Introduction

Ultra-high molecular weight polyethylene (UHMWPE) is the
principal polymeric biomaterial used to replace damaged cartilage
in joint implants due to its relatively high abrasion resistance [1].
However, articulation between metallic and UHMWPE components
remains the standard of care in biomedical implant applications even
today. Wear at the articulating surfaces occurs under normal usage
conditions and it is a consequence of sliding movements between the
metallic part and the polymeric counterpart. The generation of sub
micron UHMWPEwear debris is recognized as one of themajor causes
of premature failure of the total joint replacement [2,3]. UHMWPE
wear mechanism in joint implants is predominantly abrasive, but also
other wear modes such as adhesive and delamination fatigue are
present [4,5].

Themostwidespreadwayof improvingUHMWPEwear resistance is
by crosslinking of adjacent molecular chains using gamma (γ) or
electron (e) beam irradiations [6]. It is believed that crosslinking
prevents alignment of crystalline regions of UHMWPE (lamellae)
parallel to the sliding direction, enhances the surface resistance to
plastic shearing, thereby reducing wear debris formation [7,8]. In γ or e
beam irradiation techniques, the energy deposition occurs homoge-
nously over thewhole volume of the sample [9]. Themain disadvantage
of these techniques is that wear improvement is accompanied by a
decrease in bulk mechanical properties such as ultimate tensile
strength, ductility, toughness and fatigue resistance [10]. Detriment in
UHMWPE mechanical properties may have serious implications for
devices exposed at high stress concentrations or large cyclic contact
stresses, as in the case of total knee joint replacements.

The ideal solution to improve UHMWPE wear resistance without
detriment of its bulk properties is to limit themodification to the surface
layer of thematerial. Recent literature reportsmanydata about thewear
improvement of UHMWPE by using ion bombardment treatments such
as ion implantation [11–16] and plasma immersion ion implantation
[17–20]. Themodified layer, which depends on the ion type and fluence
(ions/cm2), reaches depth values ranging from a few nanometers to one
micrometer [12,16,21,22]. Swift heavy ion beams (SHI) irradiation is an
alternatively good candidate for surface modification of UHMWPE
[23–25]. Contrary to ion implantation techniques, the swift heavy ions
range can reach tens to hundreds microns in UHMWPE and its
extremely high linear energy is able to induce effective chemical
modifications using lower fluence values. On their way throughmatter,
SHI lose their energy to the electrons of the target leading to a
continuous trail of excited and ionized target atoms along the ion path.
The ejected electrons have a broad spectrum of kinetic energies and
trigger a considerable number of further ionizations. Most of the
primary processes occur close to the ion-trajectory in a cylindrical zone
with a radius of a few nanometers, called “track core”. The energy
deposited into such a small volume is extremely high and can reach
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several keV/nm3. Processes induced by the cascade of the secondary
electrons are spread over a much larger radial distance from the track
core. The maximum range depends on the projectile velocity and may
reach up to a micrometer perpendicular to the ion trajectory. Target
ionization causes chemical transformations in thepolymer suchas chain
scission, intermolecular crosslinking, double and triple bonds formation,
creation of carbonaceous clusters and eventually ejection of hydrogen
atoms [26–30].

M. del Grosso et al. showed that SHI irradiation can enhance the
wear resistance of UHMWPE and that the wear improvement level
depends on the ion type and fluence [23,24]. In a particular study, they
irradiated a commercial grade UHMWPE at 33 MeV using N2

+ ions and
fluence values ranging from 5×1010 to 5×1014 ions/cm2 and
performed ball-on-disk wear tests [24]. The sample irradiated with
a fluence of 1×1012 ions/cm2 exhibited the better wear performance,
showing a reduction in volume loss of about 40%. Encouraged by these
results, nano-tribological behavior as well as surface mechanical
properties of commercial UHMWPE and SHI irradiated UHMWPE
were characterized in the present work.

Nano-tribological characterization is crucial to analyze the effect of
SHI on UHMWPE because local wear and surface damage play a
dominant role in the failure process of joint implants [31]. Wear
damage at the nano-level (where the applied loads are very low) may
be different to the forms of wear damage at large scale. This is because
different primary deformation processes, lowwear rates and presence
of inertial forces are expected in low load wear conditions. Scanning
Probe Microscopy (SPM) techniques such as nano-wear are sensitive
enough to perform such characterization [32]. It is also of great
concern to understand the effect of SHI on the surface mechanical
properties that govern the main aspects of material's contact
performance as well as to assess themechanical behavior of UHMWPE
on the scale at which wear particles generate during normal wear.
Depth Sensing Indentation (DSI) techniques provide a wealth of
valuable quantitative information regarding the surface mechanical
behavior. They have been widely applied to characterize metals,
ceramics, thin films and more recently polymeric materials including
UHMWPE [12,13,15,33–38].

The aim of this investigation was to analyze the effect of a specific
type of SHI irradiation that uses N2

+ ions, energy of 33 MeV and
fluence of 1×1012 ions/cm2 on relevant UHMWPE properties. SPM
and DSI techniques including nano-wear, nano-scratching, and nano
and micro-indentations were applied to determine accurate values of
nano-wear volume loss, elastic modulus, hardness, friction coefficient
and creep parameters of both pristine and SHI irradiated UHMWPE.

2. Experimental

2.1. Materials

The pristine material used in this investigation was a medical
grade UHMWPE (GUR 1050, Poly Hi Solidur). Cubic samples whose
edgemeasured 1 cmweremachined from the received block. For each
sample, one of the six faces was polished using silicon carbide papers
of progressively fine grade with water lubrication and finally with 1,
0.3 and 0.05 μm alumina particle size aqueous suspensions.

The polished face of the samples were irradiated with nitrogen
(33 MeV) provided by the Buenos Aires Tandem Accelerator Tandar
(20 MV) with a fluence of 1×1012 ions/cm2 (hereafter N2

+ UHMWPE
sample). The samples were placed in a mechanical device that rotates
in front of the beam. The actual ion fluence was determined by
collecting ion current with a Faraday Cup during short times when the
samples are out of the beam. According to calculationsmade bymeans
of the Stopping and Range of Ions in Matter software (SRIM©-2006),
the projected ion range for N2

+ (33 MeV) reaches 40 μm [39].
Both type of samples (polished UHMWPE and N2

+ irradiated
UHMWPE) were kept in vacuum and darkness after being prepared.
Nano-tribological as well as nano-mechanical tests were carried out
under nitrogen atmosphere.

2.2. FTIR-ATR experiments

Studies regarding chemical changes induced by SHI irradiation on
UHMWPE have been previously published [23–25]. In this work,
complementary FTIR spectra were obtained using the attenuated total
reflectance technique (ATR) in order to obtain information about
chemistry and microstructure at the surface layers of the samples
under research. Samples were kept in vacuum and darkness previous
to FTIR testing. Spectra were recorded in a Nicolet 6700 (Thermo
Scientific) FTIR spectrometer equippedwith the Smart Orbit accessory
with 64 scans using 4 cm−1 resolution.

2.3. Nano-wear experiments and depth sensing indentation tests

Surface roughness determinations, nano-wear experiments and
depth sensing indentation tests were carried out at room temperature
using a Triboindenter Hysitron equippedwith Multi Range nanoprobe
device (MRNP) and Scanning Probe Microscope module (SPM).

SPM images of the samples surfaces were obtained using a spherical
tip (60° cone angle, 1 μmradius of curvature), a scan rate of 0.5 Hz and a
set-point force of 2 μN. The arithmeticmean surface roughness (Ra) was
calculated as the average of the absolute values of the surface height
deviations measured from the mean plane within a box of 900 μm2 in
three different locations of each sample.

Nano-wear tests were carried out using a spherical tip of 60° cone
angle and 1 μm radius of curvature as the hard asperity sliding against
sample surface. Exploratory nano-wear experiments were performed
in order to establish unique experimental conditions that cause wear
damage in both types of samples. A normal force of 50 µNwas applied
while the tip moved 10 times at a frequency of 3 Hz over an area of
5×5 μm2 on the sample surface. After the nano-wear process,
topographic images of the worn area were obtained using a low
force of 2 μN and a scanning frequency of 1 Hz. The amount of material
removed from the surface, the so-called nano-wear volume, V, was
determined by the analysis of the surface profiles across theworn area
obtained from the SPM images [40]. V was defined as the difference
between the grooved volume, V−, and the pileups volume, V+

(Fig. 1-a). The reported nano-wear volumes are the average of 5
replicated tests performed in each sample.

Indentation tests were performed using a diamondmade Berkovich
tip under load control conditions. Trapezoidal loading functions with
maximum loads ranging from1mN to 1.3 Nwere applied. For each load
condition, at least 10 indentations in different locations of the samples
were made. The lowest load level was selected to keep surface
roughness values (Ra) values lower than 10% of indentation depths.
Thanks to the combinationofnano-indentation (loadsup to10 mN)and
micro-indentation devices (loads up to 2.2 N), depths from 1 up to
40 μmwere achieved during experiments, being the largest value equal
to the estimated length of the projected ion range. A holding period of
20 s was applied at maximum load between loading and unloading
stages. Tip displacement was corrected by thermal drift as follows:
Before the indentation test is started, the system leaves the tip on the
sample and monitors any displacement of it; then, a “drift rate” is
calculated as the slope of the displacement vs. time data, which is
assumed to remain constant throughout the indentation test. In order to
keep the total time of the loading/holding/unloading cycles lower than
oneminute, loading/unloading rates were set as 450 μN/s, 20 mN/s and
100 mN/s for indentations performedup to 10 mN, 200 mNand 1.3 N of
maximum applied load, respectively.

Creep experiments involved indentations under load controlled
conditions with application of a step load function: After a fast loading
stage at 500 μN/s to limit relaxation phenomena, the load was held
constant at 1000 μN during 56 s. During this period the tip



Fig. 1. Example of profile analysis used to determine: a) Nano-wear volume, V, from
SPM images and b) Scratch depth, hscr, in nano-scratch experiments.
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displacement into the samplewas recorded. For each sample, 16 creep
experiments were performed.

Nano-scratch experiments were performed using a spherical tip
with 20 μm radius of curvature. A single test involved three stages:
original profiling, actual scratchingwith a sliding speed of 1 μm/s under
a constant loadof 3000 μNandfinal profiling. For eachsample, tennano-
scratch experiments were carried out. The apparent friction coefficient
(μapp) was calculated according to the Amontons and Coulomb law, as
the ratio of the measured tangential (Fx) and normal (Fz) forces during
the nanoscratching stage. In addition, the scratch penetration depth
(hscr) was calculated using the original profile as reference (Fig. 1-b).

2.4. Data reduction

The analysis for the tip area calibration and the calculation of reduced
elasticmodulus (Er) anduniversal hardness (H)were conductedusing the
approach outlined by Oliver and Pharr [41]. This method is based on the
assumption that thematerial behavior during unloading is purely elastic.
According to O&P proposal, the unloading part of the recorded load–
depth (P–h) curve was fitted through a power law function:

P = Aðh−hf Þm ð1Þ
and the contact stiffness (S) was calculated from slope of unloading
curve as:

S =
dP
dh
j
hmax

= mAðhmax−hf Þm−1 ð2Þ

where A andm are the power law function fitting parameters, hf is the
residual penetration depth and hmax was taken as the maximum
penetration depth achieved after the holding period.

The contact depth hc was calculated by:

hc = hmax−ε
Pmax

S
ð3Þ

being ε a tip geometry factor, usually taken as 0.75.
Reduced elastic modulus (Er) and hardness (H) were then

calculated as:

Er =
S

ffiffiffi
π

p

2
ffiffiffiffiffi
Ac

p ð4Þ

H = Pmax

Ac
ð5Þ

where Ac is the actual contact area which accounts for the non-ideal
shape of the tip. For indentation depths lower than 6 μm, Ac was fitted
to a polynomial function of hc using a series of indentations performed
on a polycarbonate standard. For indentation depths larger than 6 μm,
Ac was assumed to be the ideal Berkovich (Ac=24.5hc2).

Er is directly related to the Young modulus of the material by:

Er =
1−ν2

E
+ 1−νi

2

Ei

" #−1

ð6Þ

being Ei and νi are the Young modulus and the Poisson´s ratio of the
indenter (1140 GPa and 0.07)while E and ν are the sample properties.

The initial phase of creep was fitted to a simple phenomenological
approach, which has been shown to be suitable to describe the rate and
extent of the time-dependent deformation of UHMWPE among several
polymers [42]. In this approach, the recorded indentation depth during
dwell, h, is described by two parameters as follows:

h
hð0Þ =

A
hð0Þ lnðB⋅t + 1Þ ð7Þ

where h(0) is the maximum penetration depth reached under
loading, A/h(0) is a dimensionless term which accounts by the creep
extent and allows material comparison and B is a rate term.

2.5. SEM analysis

Scanning electron microscopy (SEM) micrographs were obtained
using a JEOL JSM-6460LV scanning electron microscope operating at
an accelerated voltage of 15 kV. After testing, UHMWPE and
N2
+UHMWPE sample surfaces were coated with a thin layer of gold.

3. Results and discussion

3.1. Nano-wear volume

SEM inspection and SPM analysis revealed that N2
+ irradiation did not

induce modifications of the surface roughness of UHMWPE. Polished
UHMWPEsample aswell aspolishedandN2

+ irradiatedUHMWPEsample
exhibited surface roughness values (Ra) ranging from 70 to 100 nm.

SPM images of UHMWPE and N2
+UHMWPE samples surfaces

containing one of the worn areas are shown in Fig. 2. It appears that
under the same load and sliding conditions, the damage displayed in
N2
+UHMWPE sample was considerably lower than the one developed



Fig. 2. Typical SPM images obtained after nano-wear experiments in a) UHMWPE and
b) N2

+UHMWPE surfaces. Images scan size is 25×25 μm.
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in UHMWPE. For both polymers, well-defined pileups on the edges of
the worn area appeared. These pileups resemble the ones observed in
UHMWPE nano-scratch experiments by Ping Wong et al. [32].
According to the height profile analysis, the material volume forming
the pileups was lesser than the material volume lacking from the
Fig. 3. SEM image showing one of the worn areas developed in N2
+UHMWPE sample

after nano-wear test.
worn area. SEM micrograph of Fig. 3 revealed that pileups were
formed as a consequence of material movement by plastic deforma-
tion and that polymer molecules were actually removed from the
surface by a cutting or delamination mechanism [43].

Average nano-wear volume values are reported in Table 1 for both
materials. It emerges that N2

+ irradiation promoted a striking
reduction in material loss of about 90%. Moreover, during exploratory
experiments, there were several conditions at which no material loss
was observed in N2

+UHMWPE while it was appreciable in UHMWPE.
It appeared that N2

+ irradiation retarded the cutting or delamina-
tion process that leads to the generation of wear particles in
UHMWPE. So that, nano-wear behavior of UHMWPE was significantly
improved by N2

+ irradiation.

3.2. Elastic modulus and hardness

Load–depth indentation curves of UHMWPE and N2
+UHMWPE

samples are shown in Fig. 4. Both materials displayed load hysteresis
indicative of irreversible deformation and showed creep during the
holding period. Accordingly, a permanent indent was left on the
samples surface after indentation (Fig. 5). The different shape of
indentation curves of both samples indicates that irradiation changed
the mechanical response of the surface layers of UHMWPE.

Indentation curves were first analyzed in terms of the Oliver and
Pharr approach (O&P) [41] as described in Section 2.4 because this is
the simplest and most widespread method in depth sensing
indentation to determine material's elastic modulus and hardness
[44,45]. But, Eq. (1) did not give a good fit to the onset portion of the
unload curves due to viscoelastic response of the polymers (inden-
tation creep effects). The hold times and unloading rates that could be
practically achieved were not high enough to minimize creep effects
in the studied polymers [36,46,47]. So, in order to obtain reliable
properties, a simple post-experiment data procedure proposed by
Ngan et al. [47–49] was applied. A corrected elastic stiffness, Se, was
determined from:

1
Se

=
1
Su

+ h
•
P

P
•
u

ð8Þ

where Su is the apparent contact stiffness at the onset of unloading, ḣ
is the tip displacement rate at the end of the load hold just prior to
unloading and Ṗu is the unloading rate. The calculated Se value
replaced S in Eqs. (3) and (4) for Er and H calculations.

Er and H values as a function of maximum penetration depth
(hmax) are plotted in Fig. 6. Several observations can be drawn:

– A gap in elastic modulus values determined from nano and micro-
indentations is observed for both samples due to the great difference
in deformation rate imposed in each type of test (Section 2.3). As
expected, increasing the deformation rate resulted in an increase in
the elastic modulus values.

– An increasing trend of hardnesswith increasing indentation depth is
observed at low penetration depths (in nano-indentations range)
(Fig. 6b). This trend has been already observed in UHMWPE
nanoindentation studies and attributed to the lesser constrained
molecular movement at the near surface than at the bulk state [31].

– A wide scattering in Er and H values is observed at indentation
depths lower than 5 μm. The scattering is notably reduced at larger
indentation depths. Scattering has been previously observed in
nano-mechanical properties of UHMWPE [15,38]. Scattering in
nano-indentations may arise from inadequate surface roughness
which influences the tip contact. However, surface roughness
effects were found to shift the average values of the evaluated
properties [50]. Other possible source of scattering is the local
variation of material behavior itself. At low depths, the dimensions
of the sharp Berkovich indenter is closed to the size of the
amorphous layers and crystalline lamellae domains of UHMWPE



Table 1
Summary of properties determined from SPM and DSI experiments.

Test Nano-wear Indentation Creep Scratch

V (μm3) H/Er A/h0 B μapp hscr (nm)

UHMWPE 2.70 0.038 0.052±0.002 1.64±0.08 0.232±0.006 943±47
N2
+UHMWPE 0.17 0.041 0.0025±0.002 7.27±1.24 0.161±0.011 737±9

Fig. 4. Typical load–penetration depth curves obtained in depth sensing indentation
experiments.
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(see for example TEM images of GUR1050 published elsewhere
[31]). As these two components exhibit different contact defor-
mation properties, it is expected that local mechanical response
from one point to another on the surface differs. At high loads, the
large volume involved under the indenter mediates the contribu-
tions of both phases, so that indentation response turns out to be
homogeneous.

– N2
+UHMWPE showed higher elastic modulus and hardness values

than UHMWPE in the whole penetration depth length achieved in
the experiments. Hardness was slightly more affected than stiffness
by N2

+ ion irradiation, so that theH/Er ratio of themodified layerwas
larger than the one of the pristine polymer. H/Er values at a depth of
5 μm are listed in Table 1 for comparison.

– N2
+UHMWPE behaved as a stiffed surface graded material since it

displayed a decreasing trend in reduced elasticmodulus and hardness
with increasing penetration depth (refer only the micro-indentation
range data in Fig. 6). Fissher-Cripps demonstrated through finite
Fig. 5. SPM image of UHMWPE surface after indentation with a Berkovich tip at 1 mN of
maximum applied load.
element analysis that for the case of a stiff surface graded material,
O&P elastic modulus and hardness could underestimate the actual
properties of the material [51].

Summarizing, it can be assure that the used N2
+ irradiation led to a

near surface layer with enhanced hardness, elastic modulus and
hardness to elastic modulus ratio. Taking into account that hardness is
directly proportional to yield stress [52,53], N2

+ irradiation induced a
beneficial increase of UHMWPE resistance to plastic deformation at
the near surface layers. For polymers, the increase in hardness
contributes to the improvement of abrasive wear resistance [54,55].
On the other hand, the larger H/Er ratio limits the plastic deformation
while extends the elastic deformation of the surface layer. Thus, the
adhesive wear resistance of UHMWPE is improved [21].
Fig. 6. Comparison of surface mechanical properties vs. indentation depth obtained
from depth sensing indentation experiments in UHMWPE and N2

+UHMWPE samples:
a) Reduced elastic modulus and b) Hardness.



Fig. 7. Fractional increase in depth during creep experiments for UHMWPE and
N2
+UHMWPE samples. Filled curves were constructed considering the average fitted

parameters of Eq. (7).

Fig. 9. Load–penetration depth curves obtained in indentation experiments using a
20 μm-tip-radius spherical indenter under displacement controlled conditions.
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3.3. Creep

In order to evaluate the effect of N2
+ irradiation on the time

dependent properties of UHMWPE indentation creep experiments
were carried out. Fig. 7 shows the increase in depth of the Berkovich
indenter after the application of a step load as a function of dwell time.
The fitted A/h(0) and τ parameters are listed in Table 1.

N2
+ irradiation changed the pronounced time dependentmechanical

response of UHMWPE. The creep extent (A/h(0)) was reduced by ∼50%
and the creep rate (B) increased about 4.5 times. These results are
consistent with the increase in elastic modulus and yield stress of the
surface layers observed after N2

+ irradiation. According to Eyring theory,
for a creep event to occur thepolymer chainsmust overcomeapotential
barrier by thermal activation. Application of a stress has the effect of
reducing the potential barrier and increasing the rate at which jumps
occur. So that, the creep rate was faster in the N2

+ UHMWPE sample
because it has high values of elastic modulus and yield stress and hence
the stress field developed under the indenter was higher.

3.4. Friction coefficient

Fig. 8 shows the tangential to normal force ratio measured during
scratch experiments as a function of the sliding displacement for
Fig. 8. Apparent friction coefficient vs. scratch distance plots obtained in nano-scratch
experiments of UHMWPE and N2

+UHMWPE samples.
UHMWPE and N2
+UHMWPE samples. As expected, little effect of surface

roughness is observed in themeasurements because the tip radius of the
spherical indenter was large in comparison with surface roughness. The
measured force ratio stabilized at a scratch distance of about 0.5 μm
approaching a constant value, which was taken as the apparent friction
coefficient. The determination of this parameter was not influenced by
thepresenceof removedparticles sinceSEMexaminationperformedafter
testing revealed complete deformation recovery of the scratch grooves.

Values reported in Table 1 demonstrate that UHMWPE friction
coefficient decreased ∼30% after N2

+ irradiation. This reduction is
consistent with the increase in surface hardness and yield stress and
with a reduction in the adhesion forces between the spherical
indenter and the polymer due to the lower contact area during
scratching (see hscr values in Table 1). Additional indentation
experiments performed under displacement controlled conditions
(Fig. 9) showed that an inherent reduction in adhesion forces between
the material surface and the indenter also occurred. In the region of
negative force during unloading, the existence of adhesion forces
between tip and polymers is evidenced [45]. The magnitude of
adhesion forces was lower in N2

+UHMWPE than in UHMWPE sample.
This inherent reduction must be associated with changes in the
chemical nature of the polymeric surface [56].
3.5. FTIR-ATR analysis

FTIR-ATR spectra of UHMWPE and N2
+UHMWPE samples are

shown in Fig. 10. Several observations can be drawn:
Spectra displayed no detectable bands in the range of

1800–1600 cm−1 associated with carbonyl groups [57]. As expected,
post-irradiation oxidation of UHMWPE did not occur and hence the
observed changes in mechanical properties are due to the effect of N2

+

irradiation in the absence of oxygen.
N2
+ irradiation induces a slight increase in crystalline fraction as

reflected by enlargement of the intensities ratio of bands associated
with crystalline and amorphous domains (1473 and 1463 cm−1)
[57–59]. Growth of new crystal lamellae in UHMWPE has been
attributed to relaxation of local stresses as a consequence of scission of
tie molecules induced by high energy radiations [57,60,61]. It is well
known that UHMWPE elastic modulus scales with its crystalline
fraction [5,38], so the increase in surface elastic modulus after
irradiation can be related to the change in crystallinity.

UHMWPE has a simple molecular structure that contains C–H and
C–C bonds. The formation of chain unsaturations (C;C bonds)



Fig. 10. FTIR-ATR spectra of UHMWPE and N2
+UHMWPE samples. The whole range of

wavenumber measured is shown on the top while the two ranges used in the analysis
are amplified at bottom.
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represents one of the main effects of the radiation induced chemical
changes in polyethylene. Spectra of N2

+ UHMWPE sample display a
band at 965 cm−1 characteristic of trans-vinylene groups and a slight
band at 910 cm−1 typical of vinyl groups [57,62]. A relationship
between trans-vinylene yield and crosslinking has been established
[62–64]. Highly crosslinked UHMWPE produced by γ rays or e-beam
irradiations exhibits lower bulk and surface elastic modulus than
uncrosslinked UHMWPE [7,10,31,65–67]. This is because massive
crosslinking is accompanied by a reduction in crystallinity. Conse-
quently, the increase observed in elastic modulus indicates that
molecular chain crosslinking is not the main effect caused by the used
N2
+ irradiation.
N2
+ UHMWPE spectra display no bands in the range between 1800

and1400 cm−1 associatedwith the formationof agraphite-like structure
as the one induced by ion beam implantation [11]. Such structure
displays elastic modulus values closed to the ones of the pure graphite
(about 4 GPa). The absence of graphitization has been previously shown
[23]. It is due to the low fluence used (1×1012 ions/cm2) in N2

+

irradiation, which is three order of magnitude lesser than the fluence
values used in ion beam implantation.
4. Conclusions

Surface mechanical properties and nano-tribological behavior of
pristine and SHI irradiated (N2

+ ions, energy of 33 MeV and fluence
value of 1×1012 ions/cm2) UHMWPE were examined by depth
sensing indentation (DSI) and Scanning probe microscopy (SPM).
From this investigation, the following remarks emerged:

SHI irradiation was able to greatly improve nano-wear and creep
behaviour of UHMWPE.
After SHI irradiation, a modified layer of 40 µm in depth with
larger elastic modulus, larger hardness, higher hardness to elastic
modulus ratio and lower friction coefficient was generated.

The improvement in wear performance turned out to occur
without detriment of elastic modulus and yield stress, unlike
modifications induced by γ or e beam irradiation.

The improvement of abrasive wear resistance was related to
higher material hardness and lower friction coefficient while the
better adhesive wear performance was due to the lower friction
coefficient together with a beneficial H/E ratio.

SHI irradiation did not promote the formation of a dehydrogenated
graphite-like structure in the surface layer consistently with the low
ion fluence used.

Changes in surface mechanical properties arose from the forma-
tion of carbon–carbon double bonds and the increase of crystallinity.

Further investigations regarding the effect of the swift heavy ion
type and fluence on the surface mechanical response of UHMWPE are
currently in progress.
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