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Carbon implantation increases the coefficient of friction and wear for titanium, as well as eliminates
oscillating changes in the coefficient of friction for titanium at a depth 25 times greater than the range of
the implanted ions. Carbon implantation changes the characteristics of wear, namely the steel counter
sample sticks to the surface layer of the titanium sample, and fragments of the sample are torn out
during friction. Although the adhesive wear mechanism is dominant, abrasive and oxidative wear can
also be observed. The application of additional xenon ion irradiation does not cause any significant
changes in the wear characteristics. Implantation of the Ti6Al4V alloy with carbon ions reduces its
coefficient of friction. This effect is opposite to that observed for technically pure titanium. Optimum
tribological properties are obtained for the Ti6Al4V alloy, implanted with carbon ions with a fluence of
1×1017 C+/cm2. The different effects of carbon ion implantation and xenon ion irradiation on titanium
and Ti6Al4V alloy result from differences between the energy distribution in the samples and the lack
of chemical interactions of xenon atoms. The high energy deposited on the sample surface during the
inelastic collision (Se) with the target electrons induces significant changes in the surface topography
of both metals. This also explains why the diamond-like carbon layer, which is formed as a result of
carbon ion implantation, is removed after being irradiated with xenon ions.
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1. Introduction

Titanium and its alloys are constructional materi-
als used for devices operating in space, aviation and
nuclear reactors, as well as for those operating in the
high-ionizing radiation field. Owing to the good me-
chanical properties and corrosion resistance of tita-
nium, it can be used in the design of new generation
heavy ion accelerators [1, 2]; however, it has poor
tribological properties. Various methods are used
to improve tribological properties of materials. One
method to improve the tribological properties of
metals is the implantation of nitrogen ions [3–9] and
carbon ions [10–12]. The implantation of carbon ion
usually leads to a reduction of the coefficient of fric-
tion and wear of the materials. The interaction ef-
fects between the ions and the target depend on the
energy of the ions. Ions with energies up to several
hundred keV undergo energy loss, primarily due to
elastic collision with the atomic nuclei of the target.
The bombardment of the target by these ions is usu-
ally called implantation. Ions with energies above
1 MeV undergo energy loss, primarily as a result of

inelastic collision with the electrons of the target.
This interaction is traditionally known as irradi-
ation. Primary point defects, which are produced
during implantation and irradiation, migrate, un-
dergo annealing (disappear) or form cascades of sec-
ondary defects. In multi-beam irradiation, the ac-
cumulation of radiation defects is described by the
MSDA model [13, 14]. The study [15] has showed
that partial annealing of defects by a higher energy
beam was possible. In [16], oscillating changes were
observed in crystal lattice parameters of titanium
and Ti6Al4V alloy after irradiation with increasing
fluence of swift xenon ions.

This study investigated the extent of changes
in tribological properties of titanium and Ti6Al4V
alloy induced by the 120 keV carbon ion implanta-
tion and the 160 MeV xenon ion irradiation. One
of the objectives of this study was to determine if
there is a synergistic effect of carbon ion implan-
tation and xenon ion irradiation. Changes in me-
chanical properties after the implantation of car-
bon ions with energies up to several keV may result
from radiation defects and chemical bonds formed
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between the carbon atoms and the target compo-
nents. Carbon implantation may cause the forma-
tion of diamond-like carbon (DLC) films, which are
known for their excellent mechanical and tribologi-
cal properties [17].

Changes induced by xenon ion irradiation can
only result from changes in surface topography and
radiation defects because xenon atoms are chemi-
cally inert and their concentration in the target is
low due to low fluence compared to the concentra-
tion of implanted atoms.

The range of ions implanted in metals is small,
usually below 1 µm. Changes in the tribological
properties can be induced in the metal layer at
a depth that is greater than the range of the im-
planted ions due to the long-range effect. The long-
range effect was observed after the implantation of
nitrogen ion in titanium and Ti6Al4V alloy [7] and
several other metals [5, 6, 9, 18]. However, the long-
range effect does not occur for every ion–target pair.
For the cobalt alloy Stellite 6, the long-range effect
occurs after implantation with nitrogen ions, but
not with manganese ions [9].

The long-range effect has not yet been observed
for the samples irradiated with swift xenon ions
having energies of several hundred MeV [19]. Few
studies to date have investigated changes in the tri-
bological properties of irradiated metals [16, 20].
Irradiation with swift xenon and krypton ions pro-
duces new phases and changes the texture of the
surface layer of titanium [21, 22], while irradia-
tion with swift xenon ions increases its microhard-
ness [22, 23].

Swift krypton ions cause also changes in the crys-
tal structure of the Ti6Al4V alloy, leading to the for-
mation of new phases [20]. On the other hand, irra-
diation with proton ions having an energy of 7 MeV
with a fluence as high as 5 × 1017 p/cm2 can lead
to alloy element segregation [23]. The Ti6Al4V al-
loy irradiated with low fluences is characterised by
increased microhardness [20], while the use of high
fluences has practically no effect on its microhard-
ness [23].

The main objective of this study was to observe
changes in the tribological properties of titanium
and its Ti6Al4V alloy implanted with nitrogen ions
after the additional irradiation with swift xenon
ions. The effect of irradiation on the friction pro-
cess during the tribological test was investigated.
We were also interested in whether the energy de-
posited in the electron system of samples during
inelastic (Se) collisions of xenon ions changes the
surface topography of the material.

2. Experimental details

Specimens of technically pure titanium
(Ti Grade 2) and Ti6Al4V alloy (Ti Grade 5)
with a diameter of Φ = 25 and a thickness of 3 mm
were polished to obtain a surface roughness below
4 µm. Following surface treatment, the specimens

Fig. 1. Distribution of ions and defects along the
titanium sample depth: (a) 160 MeV energy xenon
ions irradiated with a fluence of 5×1014 Xe24+/cm2,
(b) 120 keV energy carbon ions implanted with a flu-
ence of 1× 1017 C+/cm2.

were implanted with 120 keV carbon ions using
a standard ion accelerator available at the Institute
of Physics at Maria Curie-Skłodowska University
in Lublin. Irradiation with 160 MeV xenon ions was
performed on the IC-100 cyclotron (JINR Dubna).
To ensure uniform irradiation, the ion beam was
swept over the surface of the sample both vertically
and horizontally.

The aluminium sample holder protruded out-
wards from the vacuum chamber and was air-
cooled. The fluence of the ion beam did not exceed
2–8×1012 ions/m2s, which limited the power in-
troduced into the sample by the ion beam to
100–400 W/m2. As a result, the temperature of
the sample during irradiation did not exceed 60◦C.
The pressure in the chamber during irradiation was
1.1× 10−9 Pa.

Microphotographs of the surface of the sample
were taken with the AFM and Tescan Vega 3LMU
scanning electron microscope (SEM) equipped with
the X-ray microanalysis EDS and WDS systems. In
the tribological tests, the coefficients of friction and
wear were measured under technically dry friction
conditions on a self-made pin/ball-on disc stand [24]
and with the use of Nano Tribometer NTR2 from
Anton Paar (CFM Instrument). The counter sam-
ple was a 100Cr6 bearing steel ball with a diameter
of Φ = 2 mm, and the load was set to 300 mN. Wear
was measured as the cross-sectional area of the wear
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Fig. 2. Electron energy loss Se and nuclear energy
loss Sn of carbon and xenon ions for different pen-
etration depths in titanium target.

track made by the ball. Measurements of wear track
were made with the Intra Form Talysurf profilome-
ter and processed in Talymap Lite V7. Due to the
irregular shape of the track, the wear was calculated
based on 15 measurements (profilographs) made in
different spots on the wear track circumference per
every sample.

2.1. Implantation and irradiation of titanium

The stopping and range of ions in matter (SRIM)
simulation [25] predicts the vacancies depth distri-
bution, as well as C and Xe ion concentration depth
profiles in titanium, shown in Fig. 1. Carbon ions
are deposited on the surface layer with a thick-
ness of 0.38 µm. Implantation-induced defects are
located in the surface layer below the ion range
(Fig. 1). Xenon ions are distributed in the layer to-
ward the end of the range at depths in the range of
10–12.6 µm. Their number is considerably smaller,
because the irradiation fluence was almost three
times smaller. Defects are predominantly formed to-
ward the end of the xenon ion range due to elastic
collision with target atoms.

Energy losses caused by inelastic collisions of ions
with target electrons (Se) and elastic collisions with
target atoms (Sn) are shown in Fig. 2.

Figure 3 shows the AFM images of the surface
of the titanium samples before and after the im-
plantation and irradiation. The polished surface of
titanium shows the presence of small hills formed by
oxides (Fig. 3a). After carbon implantation, the ti-
tanium surface unevenness increase due to the faster
oxidation of the surface layer of the sample. The
penetration of oxygen into the sample favors the
radiation defects (Fig. 3b). These surface irregular-
ities are visibly enhanced by additional irradiation
with xenon ions (Fig. 3c). On the sample surface,
one can see traces of local melting that occurred
when the maximum fluence ion beam was swept
over this surface. The melting of the sample sur-
face is related to the local temperature increase in
the site of the ion beam incidence. The temperature
of the entire sample did not exceed 60◦C.

Fig. 3. AFM images of titanium samples: before
implantation (a) and after implantation with car-
bon ions with a fluence of 5×1016 C+/cm2 (b), and
after additional irradiation with xenon ions with
a fluence of 5× 1014 Xe24+/cm2 (c).

Fig. 4. Coefficient of friction for titanium im-
planted with carbon ions.

Tribological tests were conducted on a pin-on-
disc stand. Variations in the coefficient of friction
(CoF) observed in the tests are shown in Fig. 4.
At the beginning of the test, a thin layer with the
face-centered cubic (fcc) structure is worn off, which
was formed on the surface of the unimplanted sam-
ple during the mechanical sample preparation [21].
This layer is more ductile than that of the hexagon
close-packed (hcp) structure materials [26], hence
the CoF fluctuations are minor, and the CoF value
first decreases and then increases. After this layer
is worn off, the coefficient of friction shows large-
amplitude oscillating fluctuations during the first
1200 tribological test cycles. In the range of about
1200–5000 test cycles, the coefficient of friction un-
dergoes quasi-periodic fluctuations. The CoF re-
sults obtained for the carbon implanted samples
(Fig. 4) should be analysed for the three areas:
(i) on the surface of the sample where the DLC layer
is formed; (ii) in the layer reached by the implanted
carbon ions; and (iii) inside the inner layer of the
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TABLE I

Wear of titanium and Ti6Al4V alloy after 5000 tribo-
logical test cycles.

Sample
Fluence
[C+/cm2]

Fluence
[Xe24+/cm2]

Wear
[µm2]

Ti Unimplanted 2839(20)
Ti 5× 1016 0 6127(20)
Ti 5× 1016 5× 1014 3540 (20)
Ti 1× 1017 0 3227 (20)
Ti 1× 1017 5× 1014 2883 (20)

Ti6Al4V Unimplanted 3748 (50)
Ti6Al4V 1× 1016 0 4858 (50)
Ti6Al4V 1× 1016 1× 1014 4031 (20)
Ti6Al4V 5× 1016 0 4302 (20)
Ti6Al4V 5× 1016 2.5× 1014 3538 (20)
Ti6Al4V 1× 1017 0 1260 (10)
Ti6Al4V 1× 1017 5× 1014 4202 (50)

Fig. 5. Coefficient of friction for titanium im-
planted with carbon ions and irradiated with xenon
ions.

sample. Carbon implantation leads to the formation
of a thin DLC layer with a low coefficient of friction.
The thickness of the layer increases with increasing
ion fluence. The layer is clearly visible only after im-
plantation with a fluence of 1× 1017 C+/cm2. Nev-
ertheless, this layer is not permanent and is worn
off after about 200 tribological test cycles. When
the layer is worn off, CoF of the carbon-implanted
samples is higher than that of the unimplanted sam-
ple up to about 1200 tribological test cycles. Above
1500 tribological test cycles, the average coefficient
of friction of the implanted samples is the same as
that of unimplanted samples.

Carbon ion implantation slightly increases the
value of the friction coefficient up to about 1000
tribological test cycles, but significantly decreases
its fluctuations in the range of 1000–5000 cycles.
This means that the decrease in fluctuations occurs
at a depth greater than the initial range of the im-
planted carbon ions.

The use of high-energy irradiation with xenon ion
after carbon implantation leads to a decrease in the
value of the coefficient of friction at the beginning
of the tribological test (up to 800 cycles) and signif-
icantly increases local changes (fluctuations) of CoF
in the range of 1200–5000 cycles (Fig. 5), which is
characteristic of the unimplanted sample.

Implantation of carbon ion changes the chemi-
cal composition of the surface layer and thus re-
duces the sticking effect between the steel ball and
the target fragments. In the friction process, frag-
ments of the unimplanted sample are displaced by
the counter sample and deposited on the surface
of the track, which is clearly seen in Fig. 6a. Af-
ter implantation, the bottom of the track is smooth
(Fig. 6b).

Fig. 6. 3D profilographs of the wear track for
(a) Ti sample, (b) Ti sample after implantation with
fluence 5× 1016 C+/cm2, (c) Ti6Al4V alloy sample
after implantation with fluence 1 × 1017 C+/cm2.
All profilographs are made on the same scale.
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Fig. 7. Profilographs showing wear track on the
titanium surface after 5000 tribological test cycles:
(a) after implantation with carbon ions with fluence
1 × 1017 C+ cm−2, (b) after additional irradiation
with xenon ions with fluence 5× 1014 Xe24+/cm2.

Figure 7 shows typical profilographs of wear track
on the titanium surface after 5000 tribological test
cycles. After the carbon ion implantation, the track
is deep and has numerous additional cavities on the
walls (Fig. 7a). These cavities result from chipping
and scratching induced by formed hard titanium
carbides (TiC). After irradiation, a slight reduction
in wear can be observed during the tribological test
(see Fig. 7b).

The degree of wear in tribological tests was de-
termined on the basis of the obtained wear track
profilographs. Since the track has an irregular
shape, the average value of the track cross-section
measured in 20 spots along its entire length (on
the track circumference) was taken as the mea-
sure of wear. Carbon implantation with fluence
5× 1016 C+/cm2 increases the wear of titanium by
2.16 times, see Table I. After doubling the carbon
ion fluence, the wear of this sample only increases
by about 1.14 times compared to the unimplanted
sample. Irradiation of pre-implanted titanium re-
duces its wear in tribological tests. The wear of
a titanium sample pre-implanted with a fluence of

1×1017 C+/cm2 and subjected to additional xenon
irradiation is similar to that of the unimplanted
samples.

Figure 8 shows SEM photographs of wear tracks
on the surface of the samples and the contents of
carbon and oxygen along the marked scanning line
of the elements playing a key role in the friction
process. Carbon implantation causes an increase in
wear (track width), see Fig. 8b. A change in the to-
pography of the trace can be observed — on the
smoothed surface of the track there are cavities
formed by torn-out fragments of the sample. Car-
bon implantation changes wear characteristics. The
presence of the implanted carbon causes sticking
of the steel counter sample to the surface layer of
titanium and tearing out fragments of the sample
during friction. The mechanism of adhesive wear is
dominant with the noticeable presence of abrasive
and oxidative wear.

The carbon content on the surface of the sample
is ∼ 6 at.%. At the bottom of the track, at a depth
ranging from 0 to 10 µm (the track’s cross-section is
V- or U-shaped, as shown in Fig. 7), the carbon con-
tent is constant and equal to ∼ 1.7 at.% (Fig. 8b, c).
Such carbon content is sufficient to eliminate the
large CoF fluctuations that are characteristic of the
unimplanted sample. It is worth noting that the car-
bon content in the track remains constant regard-
less of the depth of the track. This may indicate
that some of the implanted carbon atoms formed
hard TiC compounds that sculptured the surface of
the track during friction, and then were removed
from the friction node, as can be seen in the pro-
filographs shown in Fig. 7. The remaining part of
the implanted carbon diffuses deep into the sample
and forms TiC at greater depths as the tribologi-
cal test progresses. It should be noted that the im-
planted carbon ions have a range of only 0.42 µm,
and their distribution in the implanted sample has
a shape resembling an inverted letter V. This means
the diffusion of carbon atoms deep into the friction
zone with the simultaneous equalization of the con-
centration of carbon atoms throughout the friction
zone. Hence, the final, post-tribological test distri-
bution of carbon atom concentration is almost per-
fectly rectangular over the entire wear track area.
The displacement of carbon atoms is made possible
by radiation-accelerated diffusion, also due to the
local increase in temperature during friction.

The diffusion of carbon atoms in the tribolog-
ical test was first observed in [27]. Displacement
of atoms and defects during the friction process,
beyond the initial range resulting from the im-
plantation process, can lead to a long-range ef-
fect [5–9, 18]. After carbon implantation, the CoF
variations characteristic of the unimplanted sam-
ple disappear throughout tribological test until the
track reaches a depth of 10 µm. This means that
the effect of carbon implantation ranges to a depth
that is 25 times greater than the initial range of the
implanted carbon ions.
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Fig. 8. SEM photographs of wear track on a Ti sample: (a) before implantation, (b) after implantation
with carbon ions with fluence 5 × 1017 C+/cm2, (c) after additional irradiation with xenon ions with fluence
5× 1014 Xe24+/cm2.

Following the additional irradiation with xenon
ions (Figs. 6b, 7c and 8c), the characteristics of
wear do not change significantly, despite the re-
duced sticking of the sample to fragments of the
counter sample material, as evidenced by smaller
cavities on the track surface (Fig. 8c). The aver-
age content of oxides in the sample implanted with
fluence 1 × 1017 C+/cm2 is similar to that in the
unimplanted sample and increases after xenon ion
irradiation, see Fig. 8c. The degree of oxidative wear
increases, which is facilitated by the penetration of
oxygen deep into the sample along radiation defects
and the formation of cavities on the sample surface
during irradiation (Fig. 3c).

2.2. Implantation and irradiation of Ti6Al4V alloy

The polished surface of the Ti6Al4V alloy shows
more irregularities (Fig. 9a) than that of pure ti-
tanium (Fig. 3a), due to the different abrasion re-
sistance of the alloy components. Following the im-
plantation (Fig. 9b), the surface of the Ti6Al4V al-
loy is also more irregular than that of technically
pure titanium shown in Fig. 3b. This is due to the
different sputtering ratios of the disc components.
Surface irregularities increase after additional irra-
diation with high-energy xenon ions, see Fig. 9c.

The CoF results obtained for the Ti6Al4V alloy
are presented in Fig. 10. The coefficient of friction
shows small variations both before and after im-
plantation, which has also been observed in other
studies [28, 29]. In these studies, the variations were
analysed by means of the Self-Organizing Neural
Network algorithm. Carbon implantation reduces
the coefficient of friction without changing the over-
all trend of CoF variations during the test. The de-
crease of CoF grows with the implanted ion fluence.
Implantation with a fluence of 1 × 1017 C+/cm2

Fig. 9. AFM images of Ti6Al4V alloy: before
implantation (a), after implantation with fluence
5 × 1016 C+/cm2 (b), after additional irradiation
with high-energy xenon ions with a fluence of
1× 1014 Xe24+/cm2 (c).

leads to the formation of a thin DLC layer, which is
immediately worn off. The differences between the
CoF values of implanted and unimplanted samples
disappear above 2000 tribological test cycles.

Irradiation of pre-implanted Ti6Al4V alloy sam-
ples with high-energy xenon ions destroys the
thin DLC layer and increases the CoF value by
about 0.5, see Fig. 1. Above 1000 test cycles there
are no CoF variations after additional irradiation
with xenon ions, which is in fact a phenomenon ob-
served for titanium samples that were prepared, im-
planted and irradiated in the same way (Fig. 5).
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Fig. 10. Coefficient of friction for Ti6Al4V alloy
before and after implantation with carbon ions.

Fig. 11. Coefficient of friction for Ti6Al4V alloy
after implantation with carbon ions and additional
irradiation with xenon ions.

Figure 12 shows typical profiles of wear track
on the surface of the Ti6Al4V alloy after im-
plantation with carbon ions and irradiation with
xenon ions. Carbon ion implantation with fluences
1× 1016 C+/cm2 and 5 × 1016 (C+/cm2) causes
a slight increase in the wear of the implanted sample
compared to the unimplanted sample, see Table I.
Implantation with fluence 1× 1017 C+/cm2 causes
a three-fold decrease in sample wear compared to
the unimplanted sample. This sample exhibits the
best tribological properties among all tested sam-
ples. At the beginning of the tribological test, the
coefficient of friction is relatively low, which is due
to the formation of a thin DLC layer on the sample
surface. Xenon ion irradiation increases the wear of
this sample in the tribological test, causes a slight
increase in the CoF value and destroys the DLC
layer, as can be seen in Fig. 11.

The use of additional irradiation with high-
energy xenon ions of the carbon pre-implanted
titanium and Ti6Al4V alloy samples leads to
their reduced wear. The exception is the Ti6Al4V
sample, which was first implanted with a fluence of
1× 1017 C+/cm2 and then irradiated with a fluence
of 5× 1014 Xe24+/cm2, see Table I.

Fig. 12. Profilographs showing the wear track on
the Ti6Al4V sample surface after 5000 tribologi-
cal test cycles: (a) after carbon ion implantation
with a fluence of 5 × 1016 C+/cm2, (b) after addi-
tional irradiation with xenon ions with a fluence of
2.5× 1014 Xe24+/cm2.

The distribution of carbon content after irradiat-
ing this sample with xenon has a rectangular-like
shape. Its wear in tribological tests increased by 3.5
times (Table I). Sample fragments are removed by
spalling and abrasive wear with the decreasing ox-
idative wear (Fig. 13c). After the irradiation facil-
itating penetration of oxygen into the sample, the
role of oxidative wear should be greater than that
observed.

The microphotograph of the wear track on the
surface of the Ti6Al4V sample before implanta-
tion shows the adhesive wear combined with ox-
idative wear manifested by the smearing of alloy
fragments on the track surface (Fig. 13a). Carbon
implantation clearly changes the wear characteris-
tics for the Ti6Al4V alloy, which is clearly visible in
the SEM photographs (Fig. 12b). A regular smooth
track with visible grooves (Fig. 13b) occurs after
implantation with a fluence of 1× 1017 C/cm2. The
distribution of carbon and oxygen content inside the
track is similar to the shape of the profilographs.
Mechanisms of abrasive and oxidative wear can be
observed.
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Fig. 13. SEM images of wear track on Ti6Al4V sample: (a) before implantation, (b) after implantation
with carbon ions with fluence 1 × 1017 C+/cm2, (c) after additional irradiation with xenon ions with
a fluence of 5 × 1014 Xe24+/cm2. The carbon and oxygen contents along the scanning line are given
below.

3. Discussion

Irradiation significantly changes the topography
of the titanium surface, causing local melting of the
material. Figure 3c shows grooves with a depth of
up to 80 nm, which were produced as a result of
the ion beam sweeping across the titanium surface.
The melting of the material results from the high
energy deposited by the xenon ion beam primarily
during the inelastic collision (Se) with the target
electrons.

The CoF variations observed for titanium in the
tribological test (Fig. 3) indicate that the surface
layer formed during sample preparation (cutting
and polishing) plays an important role. The me-
chanically prepared sample was not annealed in or-
der to maintain conditions similar to those of man-
ufacturing processes. Mechanical processing causes
that part of the hcp phase on the titanium surface is
transformed into the fcc phase [21]. Defects formed
during the sample preparation and the presence of
the fcc phase affect the CoF value during the first
1200 test cycles. Chemical interactions and local
temperature increase lead to sticking of the sample
to the counter sample, as evidenced by large, near-
periodic fluctuations in the coefficient of friction ob-
served above 1000 tribological test cycles (Fig. 4).
This sticking leads to the smearing of the titanium
layers along the track (SEM photograph in Fig. 8a).
Although carbon ion implantation slightly increases
the coefficient of friction, it eliminates the CoF fluc-
tuations above 1200 tribological test cycles that are
characteristic of the unimplanted sample. The CoF
fluctuations do not disappear until the end of the

tribological test, when the depth of the track is
about 10 µm and exceeds the initial range of im-
planted ions by 25 times.

Carbon ion implantation leads to the formation
of hard titanium carbide, which increases CoF of
titanium samples and significantly their wear (Ta-
ble I). The presence of hard TiC causes spalling of
small fragments from the sample during tribological
tests. Part of the carbon is removed with the wear
products. The remaining carbon acts as a lubricant
and thus reduces local variations in CoF. Carbon
ion implantation also leads to increased wear of the
samples. Carbon implantation causes the formation
of a thin DLC layer with minimal values of CoF
and wear. The DLC layer is formed already during
implantation with a fluence of 5 × 1016 C+/cm2.
The thickness of this layer depends on the fluence
of carbon ions. Implantation with the maximum flu-
ence 1 × 1017 C+/cm2 leads to the formation of
a thin diamond-like carbon layer on the surface of
the sample with a minimal CoF value. The layer
is destroyed after irradiation with xenon ions. Fol-
lowing the implantation and irradiation, the tita-
nium samples show the same wear characteristics as
the samples that were not subjected to these pro-
cesses, see Table I. Carbon implantation changes
the mechanism of wear for titanium — from dom-
inant adhesive wear to adhesive-abrasive wear. Ir-
radiation, which facilitates the oxygen penetration
into the sample, promotes increased oxidative wear.

Carbon ion implantation causes a decrease in the
coefficient of friction for the Ti6Al4V alloy (Fig. 10).
The decrease of CoF grows with ion fluence. The
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fluence of 1× 1017 C+/cm2 causes a 3-fold decrease
in the wear of the implanted sample compared to
the unimplanted sample (Table I). The wear track
is narrow and smooth, see Fig. 13b. The oxida-
tive wear mechanism is dominant. Irradiation of the
Ti6Al4V alloy pre-implanted with carbon ions leads
to an increase in its coefficient of friction. Irradia-
tion destroys the DLC layer (Fig. 11), which was
formed as a result of implantation with a maximum
fluence of D = 1× 1017 C+/cm2.

4. Conclusions

The implantation of 120 keV carbon ion increases
the coefficients of friction and wear of technically
pure titanium. This results from increased adhe-
sive and abrasive wear. The 160 MeV xenon ion
irradiation of pre-implanted samples destroys their
DLC layer and causes considerable oscillating fluc-
tuations in their coefficients of friction, which is
characteristic of unimplanted samples subjected to
over 1200 tribological test cycles. The carbon ion
implantation of the Ti6Al4V alloy decreases its co-
efficient of friction. This is the opposite effect to
that observed for technically pure titanium. Irra-
diation of the carbon pre-implanted Ti6Al4V alloy
increases its coefficient of friction during the tri-
bological test. Irradiation destroys the DLC layer
in both metals. There is no synergistic effect of
changes in the tribological properties of titanium
and Ti6Al4V alloy resulting from the combined use
of the carbon ion implantation and the xenon ion
irradiation.
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