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Thin films of titanium carbide and amorphous hydrogenated carbon have been synthesized on titanium aluminium

alloy substrates by PSII assisted MW-ECRCVD with a mirror field. The microstructure, chemical composition and

mechanical property were investigated. Using XPS and TEM, the films were identified to be a-C:H film containing TiC

nanometre grains (namely, the so-called nanocomposite structure). The size of TiC grains of nanocomposite TiC/DLC

film is about 5 nm. The nanocomposite structure has obvious improvement in the mechanical properties of DLC film.
The hardness of a-C:H film with Ti is enhanced to 34 G Pa, while that of a-C:H film without Ti is about 12 G Pa, and
the coherent strength is also obviously enhanced at the critical load of about 35N.
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1. Introduction

Diamond-like carbon (DLC) film as an effective
protective coating that offers protection against wear,
friction and corrosion is used in many fields, ranging
from engineering tools to electronic devices, due to
its excellent properties, such as high hardness, high
elasticity, low wear and low friction in contact with
several materials and optical transparency in IR re-
gion. However, the high intrinsic compressive stress
between the film and substrate results in a serious
problem that limits the adhesion, and the sp® bond
of DLC film would be graphitized when the ambient
temperature increases to 350 °C,[!l in addition, the
hardness of the a-C:H film is lower than other hard
carbon films. A limited number of industrial applica-
tions of DLC coating are practiced due to the above
problems. In recent years, many methods have been
used to solve the problem, for example the incorpo-
ration of some elements (silicon, nitrogen and some
metals).[2~6]

In this study, the a-C:H films containing Ti were
formed by combined ECR-CVD and PSII. The PSII

technology was used to form a transitive layer for en-
hancing its coherent strength. The properties, such as
chemical structure and mechanical properties of the
DLC films with or without Ti were investigated.

2. Experimental details

The schematic drawing of the experimental equip-
ment is illustrated in Fig.1. Working gases were fed
into the discharge chambers through a concentric gas
ring. The basic pressure of 3 x 107 Pa in the re-
actor was attained using a turbo-molecular vacuum
pumping system. Microwave was introduced into the
discharge chambers through waveguide tubes. All the
experiments were carried out with 360 W microwave
power and 64 A current in the magnetic coil. Pol-
ished titanium aluminium alloy samples were used as
the substrates. Because there is normally some con-
tamination on the surface, the substrates were ultra-
sonically pre-cleaned and rinsed in an ethanol bath.
In this work, the DLC films were synthesized using
the processing parameters listed in Table 1.
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Table 1. Parameters for preparing the nanocomposite DLC film.

Cleaning TiC transitive layer TiC/DLC
(Implantation) (Deposition)
Gas flow rate/sccm Qar =5 Qar =4 Qcopgz =20 Qcopgz= 40
Working pressure/GPa 0.06 0.065 0.065
Substrate bias/V —600 —20k (pulse) —500
Target voltage/V 0 —550 —500
Preparation time/min 30 10 50
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Fig.1. Schematic view of ECR-MWPSII system.

3. Results and discussion

3.1. Chemical composition and bonding
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Fig.2. Raman spectra of the a-C:H films.

The Raman spectra of the films with or without
Ti are shown in Fig.2. The Raman spectrum is the
best way to obtain the detailed bonding structure of

DLC, and it proved the presence of the amorphous
phase in these coatings. More generally, the bonding
nature of carbon in the film can be clarified using the
Raman peaks. In room-temperature deposited hydro-
genated amorphous carbon (a-C:H), the sp? cluster
size and the sp® content are identified by the follow-
ing two parameters:(®7 1) the I /I area ratio of the
two peaks (the smaller the In/Ig value of the film,
the higher the sp® content in the film); 2) the cen-
tre position wg of the G peak (G peak will shift to
low wavenumber with the sp® content increasing). As
shown in Fig.2, the G peak position of the Ti doped a-
C:H film moved up to high wavenumber and the Ip /I
value of this film was estimated to be increasing using
the Gaussian-curve function, so it is believed that the
sp> content of Ti doped a-C:H film was decreased.
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Fig.3. XPS and its decomposition spectra. (a) a-C:H;
(b) a-C:H containing Ti.
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Figure 3 shows the Cls XPS peak of the a-C:H
films with or without Ti. Some researchers reported
that the Cls binding energies of graphite (sp?) and
the diamond (sp?) were 284.3eV and 285.2eV,[®9 re-
spectively. For discrimination between the Ti-free car-
bon film and the Ti-containing carbon film, the Cls
peaks in Fig.3 were fitted using Gaussian-curve func-
tion. The film without Ti was fitted to three peaks
including sp? bond (284.4eV), sp* bond (285.3eV) and
C-O bond (286.3e¢V). The film with Ti was fitted to
four peaks including sp? bond (284.6eV), sp® bond
(285.5e¢V), C-O bond (286.6eV) and Cls/TiC(282¢V).
Both Cls peak positions in Fig.3 lie between 284.3 eV
and 285.2 eV, which suggests that the film is a typi-
cal DLC film. In the light of the area ratio of sp3Cls
peak and whole Cls peak, the sp? fraction of the a-
C:H films without or with Ti is about 40.2% and 33%,
respectively.

3.2. Microstructure and grain size

The typical x-ray diffractogram of the a-C:H film
with Ti is given in Fig.4. For avoiding the influence
of Ti diffraction peaks of the TiAl alloy substrate on
TiC diffraction peaks of the DLC film doped with Ti,
silicon substrate is used in XRD analysis. Three broad
peaks are observed to exist in the XRD patterns of Ti-
containing a-C:H films, including TiC(111), TiC(200)
and TiC(220) reflections, which can also be observed
in the SAD pattern (Figh). The XRD information can
also be used for estimating the grain size in the film.
If grain size is assumed to be solely responsible for the
observed peak broadening, an upper limit of TiC grain
size can be estimated using the Scherrer equation!'%!
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Fig.4. The XRD spectrum of a-C:H containing Ti film.

0.9 x A

b= w X cosf’ (1)

where D is the grain size, )\ is the wavelength, w is
the full width at half maximum of the peak, 6 is the
Bragg diffraction angle. The value of estimated TiC
grain size is about 5.7 nm, which is confirmed by Fig.6.
Figure 5 shows a selected area electron diffrac-
tion (SAD) pattern of the a-C: H film with Ti. Crys-
talline diffraction rings are clearly visible, which can
be indexed as TiC(111), TiC(200) and TiC(220) re-
flections. These crystalline diffraction rings are very
sharp. Various diffraction rings corresponding to
different crystallographic planes show that the crys-
talline precipitates exist randomly in the matrix with-

out any preferred crystallographic texture.

200 nm

Fig.5. A selected area electron diffraction pattern of a-
C:H containing Ti film.

Fig.6. TEM micrograph of Ti-containing DLC film.

Figure 6 shows TEM micrograph of the Ti-

containing DLC film. The crystalline precipitates
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are uniformly distributed in the amorphous matrix.
The size of crystalline precipitates is less than 5nm.
The XRD and TEM observations reveal that TiC
nanocrystalline clusters are embedded in the amor-
phous hydrocarbon matrix and the cubic crystallites
are surrounded by the amorphous phase.
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3.3. Mechanical properties

Nanohardness and elastic modulus versus dis-
placement of a-C:H film with or without Ti are plotted
in Fig.7 and Fig.8, respectively. The continuous stiff-
ness method is used in this study to determine the

coating hardness and the elastic modulus.!*]

Fig.7. Hardness and modulus versus displacement of Ti-containing a-C:H film.
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Fig.8. Hardness and modulus versus displacement of a-C:H film.

Nanoindentation tests with a maximum depth of
1000nm were performed on the Ti doped a-C:H film.
When the indentation depth is small, the hardness
value of the film increases with the indentation depth
increasing, and the highest hardness is 34 GPa. Then,
the hardness value gradually decreases to the hard-

ness value of the TiAl alloy substrate (about 5 GPa)
as indentation depth increases. The elastic modulus
curve behaves similarly as does the hardness curve.
The highest elastic modulus obtained was 250 GPa.
As shown in Fig.8, the highest value for a-C:H film
without Tiis 12 GPa, and the highest elastic modulus
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value is 98 GPa. Compared with a-C:H film without
Ti, the hardness and elastic modulus are distinctly
enhanced. The presence of TiC phase in amorphous
carbon film and complex grain boundaries must have
caused the hardness enhancement.!'?!

Figure 9 shows the coefficient of friction as a func-
tion of the scratch distance under various ramping
normal loads. The biggest ramping normal load is
300mN. When the scratch distance is between 100
and 250 pm, the friction coefficient curve is compar-
atively stable, which corresponds to the friction coef-
ficient of Ti-containing a-C:H film (about 0.09). The
friction coefficient begin to increase when the scratch
pin scratches into the interface between the film and
the substrate, then the friction coeflicient gradually
increases to the substrate coefficient as the scratch
distance increases.
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Fig.9. Friction coefficient versus scratch distance of Ti-
containing a-C:H film.

The microscratch curves of the a-C:H films with
or without Ti on TiAl alloy substrates are shown in
Fig.10. The maximal load is 50 N and the scratch
distance is bmm. Due to using friction force sensor in
the experiment, the ordinate is friction force intensity
of the samples. The curve shows strong fluctuation
when the load is greater than the critical load, which
indicates that the film on the substrate has suffered
fracture. As evidenced in Fig.10, the critical load of
the a-C:H with Ti, which is about 35 N, is higher than
that of the a-C:H without Ti (about 7.5 N). The im-
provement in adhesion strength is a result of the Ti
doping and the application of PSII technology.[®! De-

tailed reasons are as follows: firstly, the component
gradient variable interface is formed on the substrate
surface by Ti and C ions implantation; secondly, depo-
sition process during Ti and C ions implantation cre-
ates a transitive layer, which is in favour of releasing
internal residual stress; and thirdly, Ti doping miti-
gates the influence of mismatch of the coefficients of
thermal expansion of the DLC film and Ti alloy sub-
strate.
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Fig.10. Microscratch cure obtained from a-C:H film and
Ti-containing a-C:H.

4. Conclusion

The characterization by Raman spectroscopy con-
firmed the DLC characteristics of the films. XPS,
XRD and TEM analyses showed that TiC nanocrys-
talline cluster were embedded in an amorphous hydro-
carbon matrix, which indicated the film is nanocom-
posite TiC/a-C:H film.

PSII assisted MW-ECRCVD with a mirror field
could be used to prepare nanocomposite TiC/a-C:H
film on titanium alloy substrate.

The highest hardness of nanocomposite TiC/ a-
C:H film obtained by nanoindentation measurement is
34 GPa and the friction coefficient of nanocomposite
TiC/ a-C:H film obtained by nanoscratch measure-
ment is 0.09. The nanohardness of the metal free a-
C:H film is about 12 GPa, the critical load of the a-C:H
with Ti, which is about 35 N, is significantly higher
than that of the a-C:H without Ti (about 7.5 N), so
it could be concluded that the mechanical properties
of the a-C:H film are enhanced by Ti doping.
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