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Abstract
We report the investigation of high energy ion beam irradiation on titanium (Ti) substrates at
room temperature using a low energy plasma focus (PF) device operating in methane gas. The
surface modifications induced by the ion beam using two different anode materials, graphite
and copper, are characterized using standard surface science diagnostic tools, such as x-ray
diffraction, scanning electron microscopy, energy-dispersive x-ray analysis, Raman
spectroscopy and Auger electron spectroscopy. It has been found that the interaction of the
pulsed PF ion beams, with characteristic energy in the 15–300 keV range, with the Ti surface,
results in the formation of nanocomposite carbon structures. It is observed that the resulting
ion irradiated surface morphologies are different, depending on the different anode materials,
under otherwise identical operational conditions. In the case of the graphite anode the
interaction of PF ion beams followed by the anode vapour with the Ti surface results in the
formation of gradient layers of TiC with embedded carbon nanostructures.

1. Introduction

Carbon-based nanocomposites, composed of crystalline/
amorphous nanophases mixture have recently attracted
increasing interest with respect to fundamental research and
engineering applications, owing to their excellent mechanical
and tribological properties, smooth surface, chemical inertness
and good biocompatibility [1–3]. Nevertheless, weak adhesion
of these nanocomposite coatings limits the expansion of their
application in diverse areas. In recent years, various interlayer
or gradient multilayers including Ti or TiC are commonly
used to improve the adhesion of coatings to substrates.
In this context, many combinations of carbides embedded
in amorphous hydrogenated (a-C : H) and un-hydrogenated
carbon (a-C) matrixes have been investigated, particularly
the Ti + C system due to the good mechanical properties
of the TiC phase [4–10]. Several methods have been
developed to synthesize TiC nanocomposites, including

chemical vapour deposition, magnetron sputtering, cathodic
arc plasma deposition, pulsed laser deposition and ion
implantation [7–13]. Recently, the process of carbon ion
implantation on substrate materials has been demonstrated
to be an effective method to improve the adhesion strength
[14, 15]. In this case the irradiated energetic ions sputter-

clean the substrate materials, get implanted onto the substrate
materials as a composition gradient layer and serve as
nucleation sites for successive depositions. Among the
various ion sources, plasma ion sources have recently assumed
importance because of their wide range of energy and
intensity spectra. The plasma focus (PF) is a rich source of
intense ion beams of characteristic energy up to hundreds
of kiloelectronvolts [16]. PF is basically a pulsed plasma
producing device that generates high temperature (∼1–2 keV)
and high density (∼1019–1020 cm−3) plasma for a short
duration (∼100–150 ns) by making use of self-generated
magnetic fields. This device is not only a source of high density
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and high temperature plasma but also a rich source of energetic
ion beams. A PF device is basically a modified form of Z-pinch
device having a different type of electrode configuration. It is
essentially a combination of shock tube and Z-pinch [17]. PF
devices operating in the few kilo joule range are characterized
by a modest operational cost and allow easy modification.
These particular features of PF devices, combined with the
wide energy range and high characteristic flux of the emitted
ions beams, together with the possibility of high frequency
operation, have attracted the interest of several researchers,
in view of its potential applications in different technological
fields, such as surface properties modification, thin film
deposition, semiconductor doping, ion-assisted coating and
production of nano-compounds [18–23].

It is known that in PF discharges, anode vapours are
generally emitted during the final phase of the focus formation
due to the acceleration of the current sheet and also the
bombardment of energetic ions and electrons on the electrode
surfaces [18, 24]. If the anode tip of a PF device is replaced
by any metallic insert, part of this anode material is evaporated
and combined with the working gas, giving rise to hot and
dense plasma jet or bubbles [25]. Hence, a combined
ion-implantation–thermal treatment–coating process will be
enacted on any substrate located upstream from the anode
tip. The idea here is to use two kinds of anode materials,
namely copper and graphite, and to investigate the effect of
high energy ion beam irradiation on titanium substrates in
a low energy PF device operating with methane gas. This
procedure would allow the implantation effects of the pure ion
beams and the combination of ion beams and anode plasma
jet, to be compared. It is found that the interaction of PF ion
beams with the Ti surface, using a graphite anode, results in
the formation of gradient layers of TiC with embedded carbon
nanostructures.

2. Experimental details

A schematic diagram of the experimental arrangements for
ion irradiation along with the plasma producing system is
shown in figure 1. The plasma producing system consists
of a squirrel cage electrode assembly kept inside a vacuum
chamber made of brass, a capacitor bank with spark gap switch
and high voltage charger. The electrode assembly comprises
two coaxial cylindrical copper electrodes where the bottom
end of the electrode assembly is closed and separated by a
28 mm long glass insulator sleeve. On the other hand, the top
end of the electrode assembly is kept open and the annular
space in between the electrodes is 25 mm. The length and
the outer diameter of the central electrode, which acts as the
anode, are 98 mm and 24 mm, respectively. The outer electrode
(cathode) is made up of six cathode rods of length 96 mm and
diameter 0.8 cm uniformly spaced coaxially at a diameter of
63 mm. The PF device is powered by a capacitor bank of
9 µF, 30 kV. At 20 kV operating voltage the capacitor bank
delivers a maximum current of 157 kA with 1.8 µs quarter
period. The system inductance at the maximum current is
around 146 nH. A resistive divider (as voltage probe), a single
groove Rogowski coil (as current probe) and a BPX65 PIN

Figure 1. Experimental arrangements along with the discharge
circuit.

diode (as x-ray probe) are used to ascertain the focusing
action of the PF device. Further details of the PF device
were reported elsewhere [24]. A surface polisher (Buehler
Beta-1) is used to polish the titanium substrate before ion
irradiation. These one sided mirror like polish Ti substrates
were mounted at angular positions 0◦, 10◦, 15◦ and 20◦, with
respect to the anode axis (at a height of around 10 cm from
the anode tip) using a movable substrate holder. A strong
focusing action of the PF current sheets is required for the
generation of high fluence energetic ion beams. This strong
focusing condition is usually obtained only after a couple of
conditioning PF shots. To avoid the exposure of the substrate
to the weak ion beams emitted during conditioning shots, an
aluminium shutter was placed in between the substrate and the
ion source. The shutter was removed after the achievement
of optimum operational condition, without disturbing the in
vacuum conditions and thereby exposing the substrate to the
energetic ions in the subsequent PF shots. The PF discharge
was operated in methane gas at a pressure of around 0.3 Torr,
which was found to be the optimum pressure range for focus
formation at peak current, in this device [16]. Substrates
were exposed to 50 successive PF discharges. In order to
compare the carbon content and the resulting physio-chemical
changes on the substrate surfaces, a graphite tube of 40 mm
length, 24 mm outer diameter, is inserted into the open end
of the anode (keeping constant the length of the anode,
98 mm). Thus the substrates were exposed in two different
anode materials, namely graphite insert and copper anode with
identical operating conditions. Although the graphite is an
insert to the copper anode, we will refer to it as a graphite
anode. The purities of the copper, titanium and graphite
materials used in this experiment are 99.95%, 99.96% and
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Figure 2. XRD pattern of ion exposed Ti substrates at angular positions 0◦, 10◦, 15◦ and 20◦ in (a) graphite and (b) copper anodes. The
XRD pattern of untreated Ti substrate is shown on the top of part (a).

99.99%, respectively. The ion exposed substrates were later
investigated by x-ray diffraction (XRD), scanning electron
microscopy (SEM), energy-dispersive x-ray (EDX) analysis,
Raman spectroscopy (RS) and Auger electron spectroscopy
(AES). The XRD analysis was done in a D8 advance x-ray
diffractometer, Bruker AXS and the diffraction data were taken
from [26]. The SEM studies were performed on a LEO
1420-VP electron microscope operated at 20 kV. The EDX
was performed on an Oxford Instruments INCAx-sight-7424
attached to the SEM. Unpolarized visible Raman spectra were
obtained with a LabRam 010 instrument from ISA using a
He–Ne laser (632.8 nm). AES analyses were performed using
a DESA 100 from STAIB instruments, equipped with a double
pass-cylindrical mirror analyzer and a 3 keV coaxial electron
gun. The pressure in the spectrometer chamber was maintained
below 1 × 10−7 Torr. The electron beam energy was 3 keV
with a current of 0.4 µA and the probe area was 3 × 2.8 mm2.
A 5 keV Ar+ ion beam with an ion current of 33 µA was used
to obtain the depth profiles over the region 200–600 eV and are
produced in the form of the dependence of dN(E)/dE on E.

3. Results and discussion

The XRD patterns, θ–2θ scan mode, of ion irradiated Ti
substrates at different angular positions using graphite and
copper anodes are shown in figures 2(a) and (b), respectively.
As shown in figure 2(a) the XRD pattern of ion exposed Ti
substrates using a graphite anode exhibit characteristic peaks
of TiC at 2θ = 35.98◦, 41.80◦, 60.60◦ and 72.44◦, which are
attributed to diffraction of cubic TiC (1 1 1), (2 0 0), (2 2 0)
and (3 1 1) planes, respectively. The respective positions and
relative intensities of all TiC diffraction peaks are in agreement
with the standard data [26]. These patterns show the successful
growth of nano- crystalline TiC on the ion exposed Ti substrate.
Clear TiC peaks are observed for the substrates exposed at
angles 0◦, 10◦ and 15◦. The intensities of the TiC peaks at
20◦ are very low in comparison with the other Ti peaks. For
example, the intensity of the first TiC peak (2θ = 35.98◦) at
20◦ is almost seven times less than that at 0◦. The sharpening

of the diffraction peaks is observed with decreasing angular
positions. The size of TiC crystallites was about 30–50 nm,
as calculated from the width of the XRD peaks at 0◦ using
the Scherrer equation. The XRD pattern of ion exposed
Ti substrates at different angular positions using the copper
anode (figure 2(b)) exhibits no characteristic peaks of TiC. In
this case we observed Cu peaks on the XRD pattern of ion
exposed Ti substrates at 0◦. The observation of the Cu peaks
at 2θ = 43.25◦ and 50.41◦, respectively, is due to the emission
and deposition of copper from the electrode material.

The changes in the surface morphology due to the ion
irradiation on Ti substrates at different angular positions using
graphite and copper anodes are shown in figures 3(a) and
(b), respectively. A surface growth of different structures of
sub-micrometre size is clearly seen in the SEM micrographs.
It is interesting to note that different surface morphologies
appear with the change in the angular positions in two different
anode materials. In the case of the graphite anode, at 0◦ the
surface appears almost smooth with few cracks on it, whereas
at 10◦, 15◦ and 20◦ worm-like structures are observed on
the substrates. A close observation of the SEM micrographs
reveals the growth of worm-like structures with decreasing
angular positions, from 20◦ to 10◦. At 15◦ we observed dense
arrays of these nanostructures coming out from the substrate
surface, whereas at 10◦ these structures are curved. The growth
of carbon nanostructures was reported by Gao et al [27], using
thermal chemical vapour deposition of ethylene on iron-coated
titanium substrates combined with a solid state reaction. They
have reported the formation of dense and uniform arrays of
well-aligned carbon nanotubes on titanium substrates filled
with single crystals of TiC. They observed that when the tube
diameter was smaller, the carbon nanotubes were curved and
only partially filled with TiC. Though the presence of TiC
is observed in the XRD spectra, in our case it is difficult to
identify from the SEM micrographs whether the nanostructures
are titanium carbide filled carbon nanotubes or simply carbon
nanostructures. But it is important to note here that the AES
results to be described below show that the top layer of the
ion exposed substrate is carbon rich. In the case of the copper
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Figure 3. SEM micrograph of ion exposed Ti substrates at angular positions 0◦, 10◦, 15◦ and 20◦ in (a) graphite and (b) copper anodes.

Figure 4. Atomic percentages of different elements on the ion exposed Ti substrates at different angular positions using (a) graphite and
(b) copper anodes, drawn from EDX spectra.

anode, the surface morphologies at different angular positions
are almost identical and the surfaces are covered by sub-
micrometre size granules (figure 3(b)). At 0◦ it can be noticed
that in some places many small sized grains have aggregated
to form bigger sized grains. The grain size as well as the
aggregation of smaller sized grains are found to decrease with
the increase in angular positions.

The EDX spectra of the ion exposed Ti substrate shows the
existence of carbon and oxygen along with copper, irrespective
of the anode material. These elements are observed in
all the substrates exposed at different angular positions.
Figures 4(a) and (b) show the variation in atomic percentage
of different constituents with the angular positions in the
graphite and copper anodes, respectively. Comparing the
atomic percentages of different constituents we observed that
in the case of the graphite anode the carbon percentage on the
substrate is almost twice that of the copper anode, whereas the
copper percentage on the substrate is less than half. In the
case of the copper anode, the peak of carbon arises only due

to the dissociation of the methane plasma and the copper is
eroded from the electrodes, whereas in the case of the graphite
anode, carbon appears not only due to the dissociation of the
methane plasma but also from the anode material. The small
amount of copper seen in the latter case is eroded from the
electrode materials, where a part of the anode was copper.
The presence of oxygen can be ascribed to the absorption of
oxygen by the unexposed Ti substrate before ion irradiation
and also to the high Ti reactivity with residual water in the
vacuum chamber. During the deposition process some of
the oxygen content on/near the surface layer is removed due
either to ion sputtering or to surface hydrogenation. In the
case of the graphite anode, the relative intensity ratio of
the carbon-to-titanium peak in the EDX spectrum increases
with the increase in the angular positions. This indicates
the increase in the thickness of the deposited layer with the
increase in the angular positions. It is also observed that with
the increasing angular positions the carbon content increases
while the oxygen content decreases. But these tendencies are
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Figure 5. Raman spectra of ion exposed Ti substrate at angular positions 0◦, 10◦, 15◦ and 20◦ in (a) graphite and (b) copper anodes.

not seen in the case of the copper anode. In this case, the
carbon content decreases and oxygen content increases with
increasing angular positions. The thickness of the deposited
layer decreases with the increase in the angular positions.
The decrease or increase in atomic percentage of oxygen
with increasing angular positions observed in the EDS spectra
is probably due to the resulting variations in the thickness
of the deposited layer on the substrate surface, keeping in
mind that most of the oxygen is absorbed by the substrate
before ion irradiation and resides near the interface. The EDX
technique uses an electron beam to excite the elements present
in a substrate, where the EDX detector collects and analyses
the resultant x-rays from the substrate to give the atomic
percentages of the elements. In addition to the incoming beam
energy, the penetration of the electron beam depends on the
nature and thickness of the deposited layer to be analysed.
When the thickness of the deposited layer increases, the
electron beam barely reaches the substrate surface or interface
area to give the exact atomic percentages of the elements
present.

The Raman spectra of ion exposed Ti substrate at different
angular positions with graphite and copper anodes are shown
in figures 5(a) and (b), respectively. Distinct Raman peaks
are observed at around 1350 cm−1 and 1585 cm−1, which
correspond to the first order D and G bands, respectively.
These D and G bands, with varying intensity, position and
width, dominate the Raman spectra of nanocrystalline and
amorphous carbons [28–31]. The G band or the graphite
band appears due to the lattice vibration of sp2 bonded carbon
atoms. If the size of the graphite domains decreases, a low
frequency modulation corresponding to the disordered zone
of graphite gives rise to the D band or disorder-induced band.
The broadening of the D and G bands relates to disorder within
the carbon structures [28, 29]. The results presented are the
average over three spectra recorded at different positions on
the substrates. In the case of the graphite anode, it is observed

that with increasing angular positions the full width at half
maximum (FWHM) of the D and G peaks decreases almost
linearly. D decreases from 340 cm−1 at 0◦ to 150 at 20◦ whereas
G decreases from 130 cm−1 at 0◦ to 100 at 20◦. The intensities
of the Raman peaks increase with increasing angular positions,
which, in turn, indicates the increase in the thickness of the
carbon layer [28] and it is in good agreement with our AES
results to be described below. The sharper G and D peaks
with increasing angular positions also indicate the growth of
nanocrystalline graphite. The ratio I (D)/I (G) is lower at 10◦

and 15◦ and is higher at 0◦. Lower I (D)/I (G) ratios and
sharper D and G peaks are known to be an indication of highly
aligned and spatially ordered carbon nanostructures [30]. In
addition, the higher I (D)/I (G) ratio can be associated with
a decline in structural order [31]. In the case of the copper
anode we observed an increasing FWHM of the D peak with
increasing angular positions. The ratio I (D)/I (G) is minimum
at 10◦ and 15◦. The intensities of the Raman peaks decrease
with increasing angular positions indicating the decrease in
the thickness of the carbon layer. In one of our previous
studies on ion beam anisotropy in PF, we have characterized
the emission of high Z ions from the PF plasma [24]. These
high Z ions have larger Larmor radius and thus they are
deviated from the axial direction. These off axis copper ions
cause substantial radiation damage and sputtering of the film
that has already been deposited up to the previous focus shot
(PF discharge). This is probably the reason for the decreasing
thickness observed with increasing angular positions.

The elemental depth concentration profiles and the
interface structure were investigated by the AES, only in the
case of the graphite anode, as the XRD results indicate the
formation of TiC. Figures 6(a)–(d) show the depth profile
spectra of the ion exposed Ti substrates at different angular
positions. It is observed that the substrate surfaces are
composed of Ti, C and O elements. Each spectrum was taken
three times under identical experimental conditions in order
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Figure 6. AES depth profile spectra of the ion exposed Ti substrates at different angular positions in graphite anode (a) 0◦ (b) 10◦ (c) 15◦

and (d) 20◦.

to calculate systematic errors. The raw data were five points-
smoothed and differentiated to measure Auger peak-to-peak
height (APPH) for carbon (C KLL), titanium (Ti LMM and
LMV) and oxygen (O KLL). Relative sensitivity factors were
used to calculate the concentration for each element [32]. In
the case of the substrate exposed at 0◦ we observed a gradual
change in C, O and Ti concentrations with sputtering time.
At a sputtering time of around 120 min the C concentration
starts to decrease whereas the O and Ti concentrations increase.
The increasing rate of O is similar to the decreasing rate
of C, but different from the increasing rate of Ti. On the
other hand, the C concentration of the substrates exposed at
10◦, 15◦ and 20◦ starts to decrease at sputtering times of
around 800 min, 1000 min and 1500 min, respectively. This
indicates the increase in the thickness of the deposited layer
with increasing angular positions. The results of the profiles
show that the top layer is C rich. In all the cases, we observed
the increase in O concentration near the interface, giving
evidence that the oxygen is mainly absorbed by the unexposed
Ti substrate before ion irradiation. The dissimilar rates of
increase of O and Ti are also observed in the latter cases,
which indicates that not only TiOx , but also TiC are present
at the interface; otherwise, the carbon layer would act as a
filter and the absolute value of the TiOx and C rates would
be equal. Figures 7(a) and (b) show C (KLL) spectra and
Ti (LMM and LMV) spectra, respectively, of the substrates

exposed at 0◦ for different sputtering times. In the case of
the C KLL Auger peak, a shift is observed (from 272 to
277 eV) after 120 min sputtering, indicating different chemical
states in that depth [33]. This kind of shift in the C Auger
peak towards higher energy is responsible for the compound
formation at the interface [34, 35]. The shift is also observed
for the substrates exposed at 10◦, 15◦ and 20◦. As shown in
figure 7(b), before sputtering no Ti peak was observed, but
after 80 min sputtering, two weak Ti peaks at 384 and 416 eV
were measured. These Ti peaks are shifted to 386 and 419 eV
after 420 min sputtering. The shift between the substrate
and the interface indicates the possibilities of formation of
different chemical states, such as TiOx and TiC. Although
the interpretation of this spectrum is very complex, a recent
work suggests that due to the surviving oxygen, titanium oxide
compound could be formed [36]. Considering the formation
of TiOx , TiC and C gradient layers on the substrate surface, we
have calculated the thicknesses of the exposed substrates using
Monte Carlo simulation of electron trajectory in solids [37].
Table 1 shows the thickness of the different layers formed on
the substrates placed at different angular positions. A thicker
TiC layer is observed on the substrate placed at 0◦ where the
C layer is thinner. On the other hand, a thinner TiC layer is
found on the substrate placed at off axis where the C layer is
thicker. The thickness of the TiOx layer is relatively thin at all
angular positions.
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Figure 7. Auger peak positions at different sputtering time for (a) C (KLL) and (b) Ti (LMM and LMV) spectra. Substrates exposed at 0◦

using graphite anode.

Table 1. Thickness of the layers formed on the substrates placed at
different angular positions in graphite anode.

C TiC TiOx Total
Substrates (nm) (nm) (nm) thickness (nm)

0◦ 139 500 29 668
10◦ 868 75 14.0 957.0
15◦ 950 55 16.0 1021.0
20◦ 1110 25 19.0 1154.0

The dependence of angular positions, including charge
states, energy spectrum and flux of the ion beams emitted from
this PF device has been characterized earlier using the time
of flight (TOF) technique, with an array of miniature Faraday
caps [16, 24]. A detailed explanation on the analysis procedure
for the identification of different peaks in the ion signal has
been given in [16]. TOF measurements of the ion emission at
different angular positions operating in methane showed that
the main ion beam components correspond to H+, C+5 and
C+4 irrespective of the angular direction with respect to the PF
axis [24]. In addition to that, we have also observed emission
of metal vapours from the electrode material. The estimated
maximum ion energies for H+, C+4 and C+5 are in the range
150–300 keV, 300–500 keV and 700–1000 keV, respectively,
whereas their fluxes (∼1022 ions m−2 s−1) are maximum for
the energy ranges 15–40 keV, 50–100 keV and 100–300 keV,
respectively. The angular distribution of hydrogen and carbon
ions shows a highly anisotropic character. The fluxes of
carbon ions are found to be maximum off axis whereas their
energies are maximum on axis. The maximum ion emission
was observed at an angle of 15◦ with respect to the anode
axis. It is known that in PF, the ion beam interacts with the
substrate surface in two ways [38, 39]. On the one hand,
the ion dose is adequate to change the physical properties
of the substrate surface and on the other hand, the energy
delivered by the ion beam raises the surface temperature to a
high value, without noticeable changes in the bulk temperature,
which can promote the diffusion of the ions on the substrate
surface. In addition to that, plasma bubble or the electrode

vapour, generated by the disruption of the plasma column is
also responsible for the growth of structures [25]. Computer
simulations of the thermal evolution of solid targets under
PF ion beam irradiation have been performed using realistic
ion beam fluxes measured in a similar PF device [40]. The
results indicate that transient heating of the target takes place
at heating slopes and speeds as high as 3600 K µm−1 and
40 K ns−1, respectively, with the maximum temperature high
enough for melting and evaporation of the surface layers.
Although the underlying process and growth mechanisms in
our case are complex, it is anticipated that all the kinetic
energies of the penetrated ion species at the substrate surface
are converted into thermal energy. Just after the ion penetration
the vapours ejected from the anode material reach the substrate
surface. As a result, the surface is heated up to very high
temperatures in a short time, which is immediately followed
by rapid melting and re-solidification. This fast heating can
also play a thermal annealing role in subsequent shots. During
this process the collision cascades lead to intermixing of the
materials at the interface. The high thermal gradient, high
heating and cooling rates can result in the formation of the
observed growth structures on our substrates. The XRD and
AES results indicate the formation of a TiC layer, only in the
case of the graphite anode. We have irradiated the substrates
by 50 PF discharges. During the first few discharges the ion
beams followed by the anode vapour penetrate into the titanium
substrates and interact to form a TiC interface. After a few
discharges the substrate surface saturates and starts depositing
carbon over the TiC layer. Although the ion beam consists of
hydrogen and carbon ions, it is speculated that the formation
of a TiC layer is mainly responsible for the carbon vapours
ejected from the anode tip. This is the reason why we have
not observed the formation of TiC in the case of the copper
anode. The anode vapour mainly emitted towards the PF axis
thereby produces a thicker TiC layer at 0◦ compared with the
other angular positions. At the PF axis the highly energetic
ions from the following PF discharge, besides helping in the
growth process, can also cause substantial radiation damage
and sputtering of the film that has already been deposited up to

7



J. Phys. D: Appl. Phys. 42 (2009) 205207 H Bhuyan et al

the previous PF discharge. This is probably the reason why we
observed the minimum C layer on the substrate placed at 0◦,
where the ion energy is found to be maximum. On the other
hand, at off axis we observed thicker C layers, because of the
low energy-high flux ions.

4. Conclusions

We have investigated the effect of high energy ion beam
irradiation on Ti substrates at room temperature using a low
energy PF device operating in methane gas. A combination
of XRD, SEM, EDX, RS and AES techniques has provided a
reasonably comprehensive characterization of the physical and
chemical properties of the nanocomposite layers deposited in
the graphite and copper anodes. The ion irradiated surface
morphologies with two different anode materials, graphite
and copper, are different. In the case of the graphite anode,
we observed the growth of nanowires whereas in the case
of the copper anode the surfaces were covered by sub-
micrometre size granules. The composite layer deposited
using the graphite anode was composed of a nano-TiC phase
and an amorphous C phase whereas only an amorphous C
phase was observed in the case of the copper anode. The
thickness of the TiC layer was maximum at 0◦ whereas at
other angular positions we observed a thin layer of TiC near the
interface and an increasing amount of carbon as the surface was
approached. The formation of a TiC layer is the consequence
of ion and anode vapour implantation on a Ti substrate
at room temperature without external substrate heating and
post-annealing at high temperature. Nanocomposite layers
demonstrate superior mechanical properties, but optimization
and further progress are reliant upon adequate characterization
and a good understanding of the nanostructures formed.
Further work is required to improve the understanding of the
formation of carbon nanostructures in PF.
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