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Abstract: TiN and TiC films were prepared on Ti6Al4V substrates by plasma based ion implantation. The effect of N+C and

Ti+N hybrid ion implantation at 50 kV, and Ti+C ion implantation at 20, 35 and 50 kV on mechanical properties was studied.

The implantation fluence was up to 2x10'” ions/cm”. XPS and XRD were used to characterize the modified surface of the
implanted samples. It was found that the modified layer of Ti+C implanted at 50 kV was TiC and Ti-O bond and the layer of
Ti+N implanted at 50 kV was TiN and Ti-O bond. The nano-hardness and the friction coefficient were measured by

nano-indentation measurements and pin-on-disc-test. Hardness tests have shown that the hardness increased with N+C, Ti+N

and Ti+C ion implantation. For Ti+C implanted samples, the hardness was increased with increasing negative voltage. The
sample implanted with Ti+C at 50 kV exhibited the highest hardness of 11.2 GPa. The results of wear tests showed that both

Ti+C and Ti+N ion implanted samples had much better wear resistance compared with the un-implanted sample. The wear rate

of the Ti+C implanted at 50 kV sample was 6.7x10 mm*/N-m, which was decreased over one order compared with that of

un-implanted sample.
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Titanium alloy is widely used in the aerospace, marine,
military, automotive, chemical and other fields due to its
superior corrosion resistance, high strength, low density,
good ductility and so on"*. In biomedical engineering, ti-
tanium alloy has enormous potential for prostheses and im-
plants due to its good biocompatibility””. However, a sig-
nificant disadvantage of titanium alloy is its poor wear
property that restricts the widespread application in the
biomedical field®. In the head prostheses, knee-joint and
some bearing capacity joint, especially, its surface has to be
treated or enhanced in order for better wear resistance,
which can delay cracks initiation and reduce wear particles
release /.

Therefore, it is very important to improve the wear re-
sistance of titanium alloys for their future use. Plasma
based ion implantation is an effective surface modification
technique that has several advantages: (1) good adhesion
between the film and substrate; (2) implantation dose, im-
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plantation energy and so on individually adjustable; (3) es-
pecially, high cleanness'™. There are some reports concern-
ing the effects of ion implantation on the tribological prop-
erties of Ti6Al4V alloy with diversified implantation ions,
such as nonmetal element N, O, C, He and metal element
Ag, V, Cal'®13, Among the various ions implantation, ni-
trogen ion is the most common for biomedical applications.
But it is found that the inflammatory cell may be formed
and the better biocompatibility of Ti6Al4V could be
changed after nitrogen ion implantation'*. For the carbon
implantation conditions, it has reported that more than 80%
of C-C chemical bonds can be formed at high does into
Ti6Al4V. It can influence surface properties, significantly
(51 Although helium-implanted
layer can improve the hardness and wear resistance, helium

reducing wear and friction

is the inert gas that is not combined with the element of
Ti6Al4V. J. L. Li et al'' plasma implanted O into Ti6AI4V
and the wear resistance only improved twice than
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un-implanted samples. Metal elements such as Ca and Ag
are bio-friendly material, but they are not ideal in the aspect
of improving surface hardness and it is not useful to restrain
the Al and V ions releasing from Ti6A14V!" Because the
Al and V ions release from Ti6Al4V surface can impair
normal bone healing process!'”". In our previous research!'®),
N+O ions implantation could effectively improve the wear
behavior of Ti6Al4V alloy as a result of the formation of
Ti-nitride and Ti-oxide in the implanted zone. However, the
hardness in our previous work increased a little. In order to
further improve the hardness and wear resistance based on
the following factors: On the one hand, it shows that the
research interests have been expanded to both metal and
nonmetal ion simultaneous on Ti6Al4V alloy. The main
driving force of co-implantation is to address the clinical
and  tribological  issues  concurrently. = Moreover,
co-implantation using metal and nonmetal ions has a possi-
bility of forming some compounds (such as oxide, nitride
and carbide) in their implanted layer, which may further
improve their properties for clinical needs. On the other
hand, Ti is non-toxic and safe element for excellent bio-
medical material and it is in the loose connection vascular-
ized group as tissue reaction''”. As we all know, TiN and
TiC have better biocompatibility, high hardness and wear
resistance’ **! while the effects of hybrid gas-metal Ti+N
and Ti+C co-implantation on the mechanical and tribologi-
cal properties of Ti6Al4V alloy received less attention in
the literatures. So in this research, the TiN and TiC films
are prepared on Ti6Al4V alloy substrate by hybrid plasma
based ion implantation.

In this work, the microstructure, hardness and tri-
bological properties of the TiN and TiC films prepared by
PBII at different implanted voltages are investigated using
X-ray photoelectron spectroscopy, X-ray diffractomer,
hardness test and wear test.

1 Experiment

The PBII treatment was carried out in a type
PSII-MF-800 installation of Lanzhou Institute of Physics.
The inner dimension of diameter and height of the vacuum
chamber were 800 and 1000 mm, respectively. Ti ions were
generated from Ti cathodic arc source and diffused into the
vacuum chamber by a magnetic filtration to reduce
macroparticles. The nitrogen and acetylene plasma were
generated by radio frequency glow discharge in the main
chamber.

Commercial Ti6Al4V alloy samples were cut into 15 mm
X 15 mm X3 mm and used as substrate in the experiment.
They were polished and cleaned with acetone and ethanol,
respectively, before implantation. The chamber was evacu-
ated to a base pressure of 1X 107 Pa. Before ion implanta-
tion, the surface was cleaned for 15 min by Ar’ to remove
surface contamination. During the ion implantation, the

sample holder was oil-cooled to achieve a low implantation
temperature. The Ti metal source parameters were: trigger
voltage 10 kV, trigger frequency 20 Hz, arc current 1.1 A,
arc voltage 70 V. Hybrid gas-gas N+C, metal-gas Ti+N and
Ti+C were implanted to the samples. Different conditions
and instrument parameters are listed in Table 1.

X-ray photoelectron spectroscopy (XPS) analysis was
performed using a PHI 5700 ESCA spectrometer employing
an Al Ko radiation source. The phase composition of the
ion implantation films was characterized using an X-ray
diffractometer (XRD, X-Pert PROX ) with Cu Ka radiation
and a glancing incident angle of 2°. Film hardness and
modulus were measured with CSM nano-hardness with
loads from 8 mN to 15 mN. Nine indentations were made
for each specimen and the average value was reported. The
tribological experiments were conducted on a ball-on-disk
tester of a CSM wear tester using the GCr15 ball. The tests
were performed using a normal load (P) of 2 N, and con-
stant sliding speed of 6.0 cm/s. The diameter of the circle
wear track (D) and the sliding distance (d) were set as
12 mm and 15 m, respectively. Each sample was tested
three times. Following the wear test, a surface profiler
(TALYSURF CCI) recorded the cross-sectional profile of
the wear track. The cross-sectional area of the wear track ()
was averaged from eight points on the wear track, and then
calculated the wear rate (Wy) using the following equation:

LS (1)
Pd

2 Results and Discussion

2.1 Analysis of surface structure

Glancing angle X-ray diffraction patterns from 26 vary-
ing from 30° to 80°0f the samples with N+C, Ti+N and
Ti+C at 50 kV are shown in Fig.1. For all the implanted
samples, the dominant peaks are the Ti of the substrates,
and a small TiN and TiC peaks can also be seen in the
spectrum of the implanted sample.

The chemical states of the samples with Ti+C and Ti+N
implanted at 50 kV have been studied by XPS. In order to
remove the surface contaminant, depth profiles are obtained
by sputtering with a 3 kV Ar’ ion beam for 6 min. The
high-resolution spectra of Ti 2p and C 1s are recorded for the
sample with Ti+C implanted at 50 kV, as shown in Fig.2.

Table 1  Process parameters of hybrid ions implanted
Ti6Al4V substrate
Hybrid ion ~ Working gas Pl;lgs: /]\g)/lt- dolslg/pia%a}?(;ﬁl.z
N+C Nz and C,H» 50 2
Ti+N Ar and N, 50 2
Ti+C Ar and C,H, 50 2
Ti+C Ar and C;H, 35 2
Ti+C Ar and C,H, 20 2
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Fig.1 XRD patterns of samples with different ions implantation
at 50 kV
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Fig.2 High-resolution XPS spectra of Ti+C ions implantation at
50 kV: (a) Ti2p and (b) C 1s

From Fig.2a, the Ti 2p peak is composed of spin doublets,
each separated by 5.9 eV. The Ti 2p signal is fitted with two
sets of peaks, which are assigned to TiC and Ti-O bond. For
the case of the TiC bond, bonding energies could be identi-
fied: Ti 2p;;, at 455.0 eV and Ti 2p;,, at 460.9 eV as for
Ti-O bond: Ti 2ps, at 457.5 eV and Ti 2p,, at 462.9 eV>!,
The C 1s spectrum is shown in Fig.2b. The dominant C 1s
is located at a binding energy of 282.0 eV, which is attrib-
uted to TiC?>?*. The secondary of the C 1s peak belongs to

C-C at 283.4 eV . Spectra of Ti 2p and N 1s for the sam-
ple with Ti+N implanted at 50 kV are presented in Fig.3a
and 3b. The sample exhibits two distinct doublet peaks for
Ti 2ps, and Ti 2p;,, spectra: one at 456.2 ¢V and 462.3 eV,
and the other at 457.6 eV and 462.8 eV. The low-energy
side of Ti 2p double peaks (Ti 2p;,456.2 eV and Ti 2p;p,
462.3 eV) is considered to be associated with the TiN 2! 2%,
The high binding energy peaks (Ti 2p;, 457.2 eV and Ti
2p1» 462.8 eV) should be attributed to Ti-O""\. Fig.3b
shows binding energy of N 1s with peak at 397.1 eV corre-
sponding to TiNP",
2.2 Analysis of mechanical properties

The thickness of the implanted layers was calculated by
the TRIM code"®™, The depths of N+C and Ti+C implanted
at -50 kV and Ti+C implanted at -20, -35 and -50 kV were
~210, ~198, ~105, ~170 and ~210 nm, respectively. The
hardness and modulus of the samples implanted and
un-implanted at different indentation loads are shown in
Fig.4. The un-implanted sample presents values of hardness
and modulus varying from 4.6 GPa to 4.4 GPa and 116.8 GPa
to 113.2 GPa, respectively, and the load has little effect for its
hardness and modulus. It is clearly seen that the hardness of
implanted samples decreases with increasing the indentation
load. The smaller the indentation load is, the less influence
on substrate will be. All of the implanted samples have a
highest hardness and modulus at the load of 8 mN,
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Fig.3 High-resolution XPS spectra of Ti+N ions implantation at
50 kV: (a) Ti 2p and (b) N Is
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which approach to that of the substrate at the load of 15 mN.
It is remarkable that the PBII treatment of the Ti6Al4V al-
loy samples with N+C, Ti+N and Ti+C increased their
hardness significantly. This can be attributed to two en-
hancing factors: First, the formation of mixed layer of TiN,
TiC; Second, the implanted films may be strengthened by
the effect of lattice deformation and solution hardening in
the implantation layers, which can make the movement of the
dislocations more different™™. For the negative voltage at 50
kV, it can be seen that the hardness of the sample with Ti+C
has the highest hardness 11.2 GPa, followed by the ones of
implanted Ti+N and N+C samples which are 7.6 and 6.3
GPa, respectively. This fact can be explained by two rea-
sons. One is that TiC can enhance the hardness more effec-
tively than TiN. The other is incorporation of carbide
bonded carbon within the implanted zone after carbon im-
plantation®”. Tt also can be observed that the hardness of
the samples with Ti+C implanted increases with increasing
negative voltage. This can be attributed to the fact that high
implant voltage leads to a high implantation depth, which
promotes the increase of hardness. The best result of hard-
ness was obtained for Ti6Al4V alloy implanted with Ti+C
at 50 kV negative voltages.

The friction coefficients of the samples implanted at
50 kV with Ti+C, Ti+N, N+C and the substrate are 0.14, 0.28,
0.38 and 0.52, respectively, as shown in Fig.5. The friction co-
efficients of the samples implanted are found to become
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Fig.4 Hardness (a) and modulus (b) of samples at different loads

lower than that of the substrate Ti6Al4V alloy. This means
that the films implanted have good tribological properties.
Fig.6 shows the friction coefficient of the samples with
Ti+C implanted at different implanted voltages. It can be
seen that the friction coefficient of the samples implanted at
20, 35 and 50 kV is decreased in different levels compared
with about 0.52 of untreated sample, and decreased with
increasing the implanted voltages. The friction coefficient
of the samples implanted at 20, 35 and 50 kV is 0.42, 0.25
and 0.14, respectively. This may be attributed to the de-
crease in surface roughness caused by the increasing im-
planted voltage.

The wear track morphologies of implanted and substrate
are shown in Fig.7. The wear track areas are found to be
significantly decreased for the samples with Ti+C implanted
at 50 kV, Ti+N implanted at 50 kV and Ti+C implanted at
35 kV. For the samples with N+C implanted at 50 kV and
Ti+C implanted at 20 kV, the maximal depth of the wear
track is close to that of the un-implanted sample but the
width of the wear track is much smaller than that of the
un-implanted sample. It is also found that the depth of the
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Fig.5 Friction coefficient of Ti6AlI4V substrate and implanted
samples at 50 kV
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Fig.7 Wear track morphologies of implanted samples and substrate: (a) N+C implanted at 50 kV, (b) Ti+N implanted at 50 kV, (c) Ti+C
implanted at 50 kV, (d) Ti+C implanted at 35 kV, (e) Ti+C implanted at 20 kV, and (f) substrate sample

wear track for the samples implanted with Ti+C becomes
shallower and the width becomes narrower with the in-
creasing of implanted voltage. Based on the calculated
worn volume of the samples following the wear test, the es-
timated wear rate is shown in Fig.8. It can be seen that the
wear rate is decreased compared with un-implanted sample.
The wear rate of the sample implanted with Ti+C at 50 kV,
Ti+N at 50 kV and Ti+C at 35 kV is 6.7X 107 mm*/N-m,
1.28X 10" mm’/N'm and 1.92X 10 mm®/N'm, respectively,
which is decreased over one order, six times and four times
than that of the un-implanted sample (8.17 X 10™* mm’/N-m),
respectively. This indicates that the implanted samples have
a good wear resistance. The reason for this can be attributed
to the following two facts: First, according to the composi-
tion analyses and the XRD peak shown in Fig.1, Fig.2 and
Fig.3, it is found that the hard TiC and TiN are formed,
which contribute to wear reduction. Second, it is found that
the sample has a lower friction coefficient with a lower
wear rate. This phenomenon suggests that there is a rela-
tionship between friction coefficient and wear resistance. R.
S. Mason""! had found that the value of H/E could reflect
the tribological behavior of the films; the higher the values
of the H/E, the better the tribological properties. According
to Fig.4, it can be calculated that the sample with Ti+C im-
planted at 50 kV has the highest H/E value. This means that
the sample with Ti+C implanted at 50 kV has superior wear

resistance than other samples. From the H/E calculation and
the wear resistance experimentation, it is identical. The
wear rate of the samples with Ti+C is decreased with in-
creasing of the implanted voltage. This can be attributed to
the fact that a thinner film can be formed with increasing
the implanted voltage. Optical images of wear track for the
samples with Ti+C implanted at 50 kV and un-implanted
sample are shown in Fig.9. It is obvious that the wear width
and depth of un-implanted sample is much larger than those
of the samples with Ti+C implanted at 50 kV. The wear
width of the samples with Ti+C implanted at 50 kV and
un-implanted sample is about 0.10 and 0.65 mm, respec-
tively, which is consistent with the wear trace profile (seen
in Fig.9). Comparing the adhesive wear characteristics on
the worn surface of un-implanted, it is demonstrated that
the wear mechanism of implanted sample is ploughing
wear.
2.3 Discussion

Nitrogen, oxygen and carbon ions have been implanted
into Ti6Al4V alloy to improve the mechanical properties,
corrosion and biocompatibility. In this study, N+C, Ti+N
and Ti+C ions are implanted in Ti6Al4V alloy, separately.
Compared to our previous research!'® it can be seen that
co-implantation Ti+C ions at 50 kV have better mechanical
properties than N+O ions implantation at 50 kV, which can
produce more than a two-fold hardening effect on Ti6Al4V
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Fig.9 Optical images of wear track of samples: (a) substrate and
(b) implanted with Ti+C at 50 kV

alloy. The friction coefficient and wear rate of Ti+C ions
implantation decrease one time and exceed 20% compared
N+O ions implantation, respectively. The improved hard-
ness and wear behavior of Ti+C ions implantation is con-
sidered to be due to some major factors. Firstly, from XPS
analyses, it is found that the Ti+C ions are bound both to
titanium to form titanium carbides and to carbon atoms to
form C-C bonds near the surface. This may result in im-
provement of the mechanical properties as well as biocom-
patibility of titanium alloys. Secondly, after ion implanta-
tion, the Ti and C have very different atomic radii, Consid-
erably larger lattice strain may be another reason for en-
hanced hardness. From this research and our previous re-

search!"®, it is also found that the N+C ions implantation at

50 kV has higher hardness, but lower wear resistance than
N+O ions implantation at 50 kV. This phenomenon can be
explained by the following reasons. The friction coefficient
of N+C ions implantation is much higher than that of the
N+O ions implantation. The friction coefficient is related to
not only the surface roughness but also its mechanical
properties. Low surface roughness can increase the wear
resistance and thus, it is possible that the sample with N+O
ions implantation has a lower roughness than that with N+C
ions implantation. On the other hand, the rutile titanium
ceramic TiO, is formed after N+O ions implantation, which
is very effective to improve the wear resistance.

3 Conclusion

1) XPS investigation indicate that the samples with im-
planted Ti+N and Ti+C form TiN and Ti-O bond, TiC and
Ti-O bond, respectively.

2) The hardness of all the implanted samples is improved,
and reaches maximum value of 11.2 GPa for Ti+C im-
planted at 50 kV sample.

3) The samples implanted with N+C, Ti+N and Ti+C at
50 kV have friction coefficients of 0.38, 0.28 and 0.14, re-
spectively. After implantation, the wear rate of all the im-
plantation samples is decreased. For Ti+C implanted sam-
ples, the friction coefficient and wear rate are decreased
with increasing the implanted voltage, and the sample at
50 kV implantation has the lowest wear rate of 6.7 X
10°mm’/N'm, which is decreased by over one order com-
pared with that un-implanted sample.
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