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ABSTRACT

Diamond-like Carbon (DLC) coatings have attracted significant attention due to their low friction coefficient, high de-
gree of hardness, chemical inertness, and high wear resistance as well as and their many possible uses in metallurgical,
aeronautical, and biomedical applications. However, DLC has low adhesion strength to metallic substrates. Carboni-
triding was performed before DLC deposition to improve this adherence. Different concentration of nitrogen in the gas
mixture was used during the carbonitriding of Ti6Al4V alloy. DLC films were subsequently grown from methane using
plasma enhanced chemical vapor deposition. The samples were characterized with Raman scattering spectroscopy,
nanoindentation, and tribological tests. Films from 80.0% N, had the best friction coefficient (0.07) and a critical load
of ~22 N. In the scratching test, these films had adhesive failure and they completely detached from the substrate only
in the end of the tests. SEM images show carbonitring promoted a significant increase in the surface defects (homoge-
neously distributed) but without the presence of microcracks. EDX analysis indicated that nitrogen element was dif-
fused throughout the thickness of the samples. Hydrogen and carbon atoms from carbonitriding formed a diffu-
sion-barrier layer that can be used as the first step for DLC deposition. This carbonitriding can also provide a carbide

layer, which serves as the precursor for the nucleation and growth of DLC films.
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1. Introduction

Many attempts have been made to achieve good adhe-
rence between diamond-like carbon (DLC) films and ti-
tanium alloys, because these films have a wide range of
applications. Characterized by low friction coefficient,
high wear resistance, and high hardness, the use of DLC
coatings in mechanical and electrical applications has
increased with recent uses in food, beverage, and medical
devices [1-3].

Novel developments have been mainly focused on in-
creasing the relatively low adhesion strength of DLC
films on metallic substrates [2,4,5]. For this, different
methods have been proposed by many research groups
[4,5]. These methods reduce the residual stress and in-
crease the adhesion of DLC coatings [2]. Some of them
are based on a chemically gradient interlayer or a multi-
layer coating between the substrate material and the DLC
film [2,6,7] and others on the direct chemical or physical
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modifications of the carbon coating or on the direct
treatments of the substrate surface [8,9].

Plasma nitriding has been performed to increase the
surface hardness and wear resistance of austenitic stainless
steel [10,11]. Analogously, plasma carburizing results in
carbon expanded austenite, although typically with signi-
ficantly lower content of interstitially dissolved carbon
compared to nitrogen [12,13]. The carbonitriding process,
a combination of carburizing and nitriding, is an efficient
plasma treatment used to improve the hardness of 316
stainless steel [10]. The carbonitriding of titanium at 700°C
- 900°C leads to a firmly adhered titanium carbide/nitride
layer [14]. This study investigated the influence of nitro-
gen concentration, in the gas mixture, during the carboni-
triding of Ti6Al4V alloy. DLC films were subsequently
deposited and their properties were characterized.

2. Experimental
Ti6Al4V alloy substrates (2.0 x 1.0 x 1.0 cm®) were me-
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chanically polished to a mirror-like finished surface. All
the substrates were cleaned ultrasonically in an acetone
bath for 15 min, and then dried in a nitrogen atmosphere.
The clean samples were mounted on a water-cooled 4.8
cm diameter cathode powered by a pulsed directly cur-
rent plasma enhanced chemical vapor deposition power
supply, with variable pulse voltage from 0 to —1000 V [2].

In the plasma chamber (vacuum base pressure of 1.3
mPa), the substrates were additionally cleaned by argon
discharge with 20 sccm gas flow at 10.7 Pa working
pressure and a discharge voltage of —500 V for 20 min
prior to deposition. The carbonitriding was performed in
two steps varying the nitrogen concentration in each step.
Table 1 lists the details concerning each gas concentra-
tion in the carbonitriding process. The DLC films were
deposited using methane as the feed gas to a thickness of
around 2.0 pm (20 sccm gas flow at 10.7 Pa for 2 h and a
discharge voltage of =700 V).

The atomic arrangement of the films was analyzed by
using Raman scattering spectroscopy (Renishaw 2000
system) with an Ar'-ion laser (I = 514 nm) in backscat-
tering geometry. The laser power on the sample was ~0.6
mW and the diameter of laser spot was 2.5 mm. The
Raman shift was calibrated in relation to the diamond
peak at 1332 cm™'. All measurements were carried out in
air at room temperature.

The DLC morphology and roughness value were cha-
racterized by an atomic force microscopy (AFM), VE-
ECO Multimode V, operating in dynamic mode, with
0.01 - 0.025 O hm-cm Antimony (n) doped Si tip (model
TESPW).

Composition of the films along their thickness was
determined by energy-dispersive X-ray analysis (EDX,
Thermoelectrocorporation).

Hardness was measured by the instrumented hardness
test, which was carried out using UMT-CETR equipment
with a Vickers indenter. The values presented in this
study correspond to the average of 10 indentations done
at different spots for penetration depths that were shal-
lower than 10% of the thickness of the films [15].

The friction coefficients and critical loads were deter-
mined using a CETR UMT-2H pin-on-disk tribometer
under ambient conditions (20°C, 40% RH). The friction
coefficient measurements were carried out, using a slid-
ing speed of 1 mm/s while the applied load increased up
to 2 N. Titanium alloy ball and the substrates coated with
2.0 pm-thick DLC films were used to determinate fric-
tion coefficient. Scratching tests were conducted using a
UMT-CETR with 200 pm curvature diamond tip (Rock-

well C 120°). The normal force was increased up to 35 N.

The load at which the coating was stripped from the sub-
strate was deemed the critical load [16,17]. The coating
adhesive strength was determined as a critical load, when
intensive acoustic emission occurred, indicating crack
propagation [18]. The change of friction force at coating

Copyright © 2012 SciRes.

Table 1. Concentration of each gas during the carbonitri-
ding process.

Carbonitriding parameters

Gas flow (sccm)

N, Concentration Steps
N H, CH,

Ist 40 15 5
66.7%

2nd 40 15 20

Ist 60 15 5
75.0%

2nd 60 15 20

1st 80 15 5
80.0%

2nd 80 15 20

Ist 90 15 5
81.8%

2nd 90 15 20

Ist 100 15 5
83.3%

2nd 100 15 20

penetration was used as an indication of coating adhesive
strength [19].

3. Results and Discussion

Raman scattering spectroscopy was used to evaluate the
chemical structure of the DLC films (Figure 1). Typical
DLC spectra exhibit two distribution bands in the 1000 -
1800 cm™' range. These two bands are defined as the
graphite (G) and disorder (D) bands that originate from
sp sites, because the 514 nm (2.4 eV) excitation reso-
nates with m — 7 transitions at sp” sites, so that the dis-
order band will overshadow the contribution of sp’ sites
[1]. The D band, appearing approximately at 1345 cm ',
is derived from the relaxation of the D6h point group
symmetry of finite graphite crystallites, which allows
forbidden modes to show Raman activity. The G band
appears approximately at 1535 cm ' and is associated
with the optically allowed E2g mode zone center of cry-
stalline graphite [20].

Figure 1 shows a typical Raman scattering spectrum
from DLC film produced after the carbonitriding process.
All spectra are very similar and were deconvoluted into
D and G bands, respectively, using two Gaussian curves
[21]. The measured intensity ratio of D and G peak (Ip
/1) for these films ranged between 1.2 and 1.4 (see Ta-
ble 2) and these values do not change significantly ac-
cording to the concentration of nitrogen during the car-
bonitriding. They are common values for DLC films and
these parameters are empirically correlated to quantities
directly related to structural disorder, such as the Young’s
modulus, the hardness, hydrogen content, and atomic
density [21-24]. From these results, the variation of ni-
trogen content during the carbonitriding does not affect
the quality of DLC films.

Figure 2 shows AFM images of the films according to
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Figure 1. Typical raman scattering spectrum from DLC
film produced after the carbonitriding process.
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Figure 2. AFM images of the DLC films produced from (a)
66.7%; (b) 75.0%; (c) 80.0%; (d) 81.8%; and (e) 83.3% ni-
trogen during the carbonitriding process.

Table 2. Concentration of each gas during the carbonitri-
ding process.

N, Concentration In/lg
66.7% 1.38£0.05
75.0% 1.27+0.11
80.0% 1.36 £0.08
81.8% 1.29£0.09
83.3% 1.37+0.04

the concentration of nitrogen during the carbonitriding.
The average surface roughness (Ra), measured over three
different areas of 30 um x 30 um each, can be seen on
Table 3. According to Fu et al. [25], plasma-treated sur-
face has some micro-level roughness caused by ion
bombardment, which may improve the adhesion of the
film to the substrate by an anchor effect between them.
However, hydrogen pre-etching causes significant coar-
sening of Ti6Al4V microstructure and severe losses in
mechanical properties, such as the impact strength [25,
26]. Figures 2(b) and (c) show the biggest holes at the
surface and these holes may help to increase the film
adhesion.

Copyright © 2012 SciRes.

Table 3. Average surface roughness (Ra) of the DLC films
according to the N, concentration during the carbonitrid-

ing.

N, Concentration Average roughness (Ra)

66.7% 435+55
75.0% 653+83
80.0% 322+5.6
81.8% 28.3+9.8
83.3% 36.4+6.7

Even though all the surfaces are considerably smooth,
the authors could not verify any correlation between the
average surface roughness and the concentration of ni-
trogen during the carbonitriding.

Table 4 shows the hardness values as a function of the
concentration of nitrogen during the carbonitriding. DLC
films over Ti6Al4V had hardness values similar to those
deposited over stainless steel substrates [2,22]. When the
results were compared, hardness values reached a maxi-
mum. Hardness is directly correlated with the increase of
the atomic density and the decrease of the hydrogen con-
tent in DLC films [22]. In addition, the nitriding process
provides a diffusion-barrier layer for hydrogen and car-
bon atoms, with the formation of carbide and saturation
of carbon at the substrate surface [25]. The increasing of
the sample hardness is due to the nitrided layer probably
composed of a mixture of TiN precipitates dispersed in
an o-Ti (N) matrix [26]. According to Fouquet et al. [27],
an increase in treatment temperature, voltage, implanted
dose or treatment duration leads to a better quality of the
nitride, i.e. a bigger grain size, a higher nitrogen stoichio-
metry, or a thicker layer.

Some samples started to delaminate from the edges
and in the middle, as it shown in Figure 3. In Figure
3(a), it is possible to see only the rest of the coating. Fri-
ction tests were only performed on the films that were
intact (those produced from 75.0% and 80.0% nitrogen
during the carbonitriding).

Figure 4 shows the friction coefficient according to
the number of cycles for DLC films produced from
75.0% and 80.0% nitrogen during the carbonitriding, in
ambient conditions (20°C, 40% RH) to loads of 10 N for
10.0 mm/s of sliding speed. Films from 75.0% N, had an
increase of friction coefficient along the time. This means
these films were detaching during the test. On the other
hand, films from 80.0% N, reached the steady-state fric-
tion at 0.07 after 300 cycles and remained approximately
constant for the next 900 cycles. Figure 5 shows the fric-
tion behavior of these films according to an increasing
load. As in Figure 4, both samples had different beha-
viors. Films from 75.0% N, (Figure 5(a)) had an in-
creasing friction coefficient with the increasing load. The
change in the friction coefficient of films from 80.0% N,
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Table 4. Hardness values of the DLC films according to the
N, concentration during the carbonitriding.

N, Concentration Hardness (GPa)
66.7% 21.0+2.0
75.0% 25.0+2.7
80.0% 33.5+25
81.8% 20.0+2.1
83.3% 200+ 1.7

Figure 3. Images of the DLC films produced from (a) 66.7%;
(b) 81.8% and (c) 83.3% nitrogen during the carbonitrid-
ing process.
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Figure 4. Friction coefficient according to the number of

cycles for DLC films produced from (a) 75.0% and (b)

80.0% nitrogen during the carbonitriding. These tests were

performed in ambient conditions (20°C, 40% RH) to loads

of 10 N for 10.0 mm/s of sliding speed.

(Figure 5(b)) indicates a critical load of 22 + 2 N. The
critical load of films from 75.0% N, was estimated at 12
+ 3 N from the acoustic emission signal (circle line in
Figure 6(a)). Films from 80.0% N, did not have any
abrupt change in the acoustic emission (as seen in Figure
6(b)). The images of the scratching tracks are shown in
Figure 7. In Figure 7(a), from the films deposited from
75.0% N, a spalling failure (total delamination) of the
DLC films was observed. In this case, peeling side edges
and continuous delamination occurred with complete
exposure of the substrate in the track area. The critical
load for cohesive failure was identified by an increase in
the acoustic emissions produced during the scratching
procedure, as illustrated in the circle line of Figure 6(a).
On the other hand, films from 80.0% N, had adhesive
failure. In Figure 7(b), sudden detachment of DLC film
and peeling side edges was observed in the scratching
track. However, an increase in the acoustic emissions
was not identified, therefore, the critical load for adhe-
sive failure was defined from optical observations and

Copyright © 2012 SciRes.
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Figure 5. Friction behavior according to the increasing load
for DLC films produced from (a) 75.0% and (b) 80.0% ni-
trogen during the carbonitriding.
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Figure 6. Acoustic emission signal during the friction tests
according to the increasing load for DLC films produced
from (a) 75.0% and (b) 80.0% nitrogen during the carboni-
triding.
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Figure 7. Scratching track of DLC films produced from (a)
75.0% and (b) 80.0% nitrogen during the carbonitriding.

with increasing friction coefficient, as illustrated in Fig-
ure 5(b). The area inside the circle in Figure 7(b) shows
the exact moment when the film detached.

In attempt to investigate the mechanism that explains
the best adherence of the films from 80.0% N,, SEM
images were taken before and after the deposition of
these films. Figure 8(a) presents the surface of Ti6Al4V
alloy as-received after grinding and polishing and Figure
8(b) shows the alloy surface after carbonitriding with
80.0% N,. Carbonitring promoted a significant increase
in surface defects (homogeneously distributed) but with-
out the presence of microcracks. This new surface to-
pography formed after carbonitriding may be due to the
formation of compounds like titanium carbide and tita-
nium hydride.

Figure 9 shows the EDX analysis according to the
sample deepness. The nitrogen element is diffused in the
entire thickness of the sample. EDX analysis also indi-
cates that before the nucleation of the DLC film, carbon
atoms can quickly diffuse into the substrate. Titanium

and its alloys are active carbide/hydride-forming elements.

During the carbonitriding process, the estimated surface
temperature of the Ti6Al4V substrate using the optical
pyrometer is approximately 720°C. Carbon and hydrogen
atoms/ions will easily react with the atoms of the sub-
strate surface and form TiCN, TiC, and TiN before the
nucleation of DLC films.

The diffusion-barrier layer for hydrogen and carbon
atoms formed due to the carbonitriding process can be
used as the first step for DLC deposition. The second
step of carbonitriding can provide a carbide layer, which
serves as the precursor for the nucleation and growth of
DLC films.

The optimum composition of 80.0% nitrogen during
the carbonitriding possibly forms a compositionally-
graded interlayer that eliminated the interfacial cracking
by homogenizing the stress distribution to facilitate good
bonding, which improves the load bearing capacity. The
carbonitriding process can prevent the rapid diffusion of
carbon and hydrogen into the substrate, increasing the

Copyright © 2012 SciRes.

Figure 8. SEM images of Ti6AI4V surface (a) after grinding
and polishing and (b) after carbonitriding from 80.0% N,.

Microns
c |

N K Microns

Figure 9. EDX analysis of DLC film produced from 80.0%
N, during the carbonitriding, according to the sample deep-
ness.

hardening depth, imparting better chemical stability to
the titanium alloy substrate, and providing a support layer
for wear resistance.

4. Conclusion

This manuscript investigated the influence of nitrogen
concentration during the carbonitriding of Ti6Al4V alloy.
DLC films were deposited over the carbonitrided surface
and its properties were evaluated. Raman scattering
spectroscopy shows no significant difference between the
intensity ratio of D and G peaks (Ip /Ig) of these films.
Any dependency between the surface roughness and the
hardness values was verified according to the nitrogen
concentration during the carbonitriding. Tribological tests
show films from 80.0% N2 had the best friction coeffi-
cient (0.07) and a critical load of ~22 N. In the scratching
test, these films had adhesive failure and they were com-
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pletely detached from the substrate only in the end of the
tests. SEM images show carbonitring promoted a signi-
ficant increase on the surface defects (homogeneously
distributed) but without the presence of microcracks.
EDX analysis indicated that nitrogen element was dif-
fused in the entire thickness of the samples. Hydrogen
and carbon atoms from carbonitriding formed a diffusion-
barrier layer that can be used as the first step for DLC
deposition. This carbonitriding can also provide a carbide
layer, which serves as the precursor for the nucleation
and growth of DLC films.
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