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Abstract: A direct current magnetron sputtering (DCMS) system at room temperature was applied to
deposit the Ti/TiN/TiCN films. In order to research the effect of the microstructure of the TiN/TiCN
layer on the Ti/TiN/TiCN films, the deposition time ratio of the TiN/TiCN layer ranged from
28.57 to 200%, and the whole deposition time of the films and the deposition time of Ti layer were
constant. In this work, the relationship between structure and mechanical properties of films were
investigated. The research results showed that the composition and structure of the films only slightly
changed, while the crystalline orientation of the TiCN layer was of significant variation with the
deposition time of the TiN layer. It is shown that the adhesion strength and internal stresses were
18.6 ± 1.5 N and 140 MPa when the deposition time ratio was 50%. By adjusting the deposition
time ratio, the films displayed significant improvement in tribological behaviors. The coefficients
of friction (COF) for the films deposited under deposition time ratio of 50% were about only 0.139
when the value of COF was stabilized. This work can provide a good wear-resisting film prepared
approach at room temperature.

Keywords: Ti/TiN/TiCN films; DCMS; deposition time ratio; mechanical and tribological properties

1. Introduction

For about three decades, titanium carbonitride (TiCN)-based films have been receiving
great attention due to their combined performance, such as high hardness, high toughness,
low friction coefficient, excellent wear, and abrasion resistance [1–4]. Recently, methods,
such as laser technology [5–7], magnetron sputtering [8,9], plasma enhanced chemical
vapor deposition (PECVD) [10,11], and cathodic arc technique [12], have been developed
for producing TiCN-based hard films with an improved wear resistance. The composition,
structure, morphology, and properties of TiCN-based films are investigated in several
studies [1,13–16]. It has been shown that TiCN-based films are a solid solution of TiN
and TiC and can incorporate the advantages and characteristics of both. So, the hardness
and abrasion resistance of TiCN-based films are superior to TiN, and the toughness and
chemical stability of TiCN-based films are superior to TiC.

In the past 15 to 20 years, several researchers have been able to generate a single-
layer [13,17] or graded TiCN film [18] and multi-layered TiCN film [19,20]. In these multi-
layered TiCN films, the composition of films most frequently investigated are TiN/TiCN-
based films. Morant et al. [21] have studied CN/TiCN/TiN multi-layer films by dual ion
beam enhanced hardness. Yang et al. [7] have discussed the phase constituents, microstruc-
ture, microhardness, and wear resistance of TiCN/TiN films by laser in situ synthesized.
Su et al. [22] have researched the tribological behavior and wear mechanisms for TiN/TiCN
multi-layer films deposited by multi-arc PVD. Bemporad et al. [16] have investigated the
wear resistance of TiN/TiCN multi-layer films by alternate layers of TiN and TiCN. It is
reported that the Ti-based compound films show good tribological properties, which can
be used in the industrial area as promising materials [23–26]. However, few people show
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the effects of the deposition time ratio of the TiN layer/TiCN layer on the properties of the
Ti/TiN/TiCN films.

In this study, the Ti/TiN/TiCN films were deposited on n-type Si(100) by DCMS
technique from Ti targets under an atmosphere of a mixture of Ar, N2, and CH4 gases. The
deposition time of the Ti layer was 5 min and the whole deposition time of the films was set
at 50 min. We focused on investigating the effects of the microstructure of the TiN/TiCN
layer on the mechanical and tribological properties of the Ti-TiN-TiCN films.

2. Materials and Methods
2.1. Specimens Preparation

The Ti/TiN/TiCN films were deposited in a closed field unbalanced reactive DCMS
system. Argon (Ar) (99.99%) was used as work gas, and the gas mixture of nitrogen (N2)
(99.99%) and methane (CH4) (99.99%) was used as reaction gas.

The details about the films deposited by the system can be found elsewhere [27]. The
n-type Si (100) wafers with surface roughness of 20 nm were used as the substrate material.
Before loading into the chamber, all of the substrates were ultrasonically cleaned in the
ethyl alcohol and acetone for 10 min, respectively. The base pressure of the chamber was
inferior to 6.5 × 10−4 Pa. The distance between substrate and target was 10 cm. The silicon
substrates were sputter-cleaned using argon plasma before depositing. During deposition,
the direct current and argon working flow rate were 4 A and 20 standard cubic centimeter
per minute (sccm), respectively. The deposition time of the TiN layer ranged from 10 to
30 min. Due to the fact that the whole deposition time was 50 min, the deposition time
ratio of TiN/TiCN was set at 28.57%, 50%, 80%, 125%, and 200%, hereinafter referred to
as a-28, b-50, c-80, d-125, and e-200, respectively. The Ti/TiN films were also prepared for
comparation, which is named f-TN for short. After deposition, the average roughness of
these films was about 27 nm measured by a 2206-type surface roughness tester.

2.2. Films Characterization

The composition of the films was analyzed with a PHI-5702 x-ray photoelectron
spectroscope (XPS) with monochromated Al Kα radiation at pass energy of 29.4 eV. X-ray
diffraction (XRD) analysis was used to study the crystalline structure of the films on Philips
X'perts diffractometer using Cu Kα radiation. Raman spectroscopy was obtained on a
HR800 Raman microscope instrument, with 532 nm Ar ion laser and a resolution of 1 cm−1.

2.3. Properties

For adhesion evaluation, a scratch tester (Kaihua MFT-4000) was used. During scratch
testing, the load was fixedly set at 30 N with a loading rate of 50 N/min. The critical load for
adhesion failure was identified when a sudden change of the first order derivative of friction
and audio frequency versus load curve was observed. The thin film stress distribution
tester (BIOET BGS-6341) was employed to survey the internal stresses of the films by the
radius of curvature technique. The internal stress was calculated by the Stoney equation:

σ = −1
6

Es

1 − vs

h2
s

hc

(
1

R1
− 1

R2

)
where Es is Young’s modulus, vs is Poisson’s ratio of the substrate, and hs and hc denote
the thicknesses of the substrate and films, respectively. Moreover, 1/R1 and 1/R2 are
the substrate curvature radii before and after film deposition. The thickness of films was
measured by field emission scanning electron microscopy (FESEM).

The tribological behavior of the samples was evaluated by using the reciprocating
ball-on-disc UMT-2MT tribometer with the counterparts of the AISI52100 steel ball at room
temperature and about a relative humidity of 25%. The diameter, surface roughness, and
hardness of the steel ball were 3 mm, 0.02 µm, and 850 HV, respectively. All the tests were
conducted at a revolving velocity of 600 rpm, a sliding stroke of 5 mm, and a load of 1 N.
The wear volume was measured using Micro XAM-3D Surface Profile. Then, the wear rate
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was acquired from the wear volume divided by the total sliding distance and applied load.
The wear scars of the films were observed by scanning electron microscope (SEM) in order
to observe the wear mechanism.

3. Results
3.1. Composition and Microstructure

Table 1 provides the relative contents of titanium, carbon, nitrogen, and oxygen of
the surface of the films deposited under different deposition time ratios ranging from
28.57 to 200% (a–e). One can find that the relative contents of titanium, nitrogen, carbon,
and oxygen are slightly fluctuating in all films. It should be noted that oxygen is not
deliberately introduced and its presence is attributed to the films that are exposed to the
air resulting from the spontaneous oxidation process of Ti on the surface [28]. In addition,
Sun C.Q et al. [29] have discussed that N reaction induced tensile stress on the surface
and the C reaction induced compressive stress. It is estimated that film b should possess
lowest tensile stress or highest compressive stress as shown in Table 1. Further study will
be carried out through the later section.

Table 1. Thickness and surface elemental composition of the films measured by FESEM and XPS.

Deposition
Time Ratio

Thickness
(µm) Ti (at. %) C (at. %) N (at. %) O (at. %)

28.57 2.1 24.21 41.85 13.95 19.99
50.00 2.2 25.55 45.32 11.78 17.35
80.00 2.4 22.79 44.44 11.28 21.49

125.00 3.1 24.39 44.77 12.68 18.16
200.00 3.3 25.59 38.93 15.54 19.94

XRD is used to investigate the crystalline structure of the Ti/TiN/TiCN films. Figure 1
depicts the XRD of the Ti/TiN/TiCN structure for films a-28, b-50, c-80, d-125, and e-200
and the Ti/TiNstructure for film f-TN. The whole deposition time and deposition time
of the Ti layer were 50 min and 5 min in the Ti/TiN film. Five peaks corresponding to
the (111), (200), (220), (311), and (222) plane of the cubic TiCN phase are observed in the
films. A slight variation of intensity of the TiCN (311) peak with increasing deposition time
ratio ranging from 28.57 to 200% is observed. After adding 21.43% of deposition time ratio
from a to b, a significant increase in the intensity of the TiCN (220) peak and a reduction in
the intensity of the TiCN (111) are seen, indicating a change in the preferred orientation
from (111) to (220). However, for the films deposited with 80% and 200% of deposition
time ratio, the relative intensity of the (111) and (220) peaks clearly drop, and the films
exhibit an evident (200) preferred orientation. In addition, film d-125 merely shows a slight
(220) preferred orientation. As seen in Figure 1, the XRD patterns of film f-TN display a
significant shift of the peak positions to higher angles in relation to dash lines, indicating
that the lattice spacing of the film was reduced. It is known that the lattice spacing of
TiN and TiC is 0.4241 nm and 0.4329 nm, respectively. Therefore, the lattice is shrunk due
to the formation of TiN phase instead of TiC phase [10]. In the films c-80 and e-125, the
texture of the TiCN layer presents the preferential orientation (200) corresponding with
the preferential orientation of the TiN layer. Moreover, the reflexes of films c-80 and e-200
belong to a face center cubic (FCC) lattice. This result suggests the possibility of a cube-on-
cube epitaxial growth [8]. However, having an obvious preferential orientation (220), the
TiCN layer of film b-50 restrains crystal growth of the TiN layer in the films. This result
could hint that the films possess high hardness due to crystal lattice mismatching [30,31].
In Figure 1, some peaks of the films from a to e experienced a tiny shift of lower angles
compared with the dash lines, due to the residual stress in the films [8].
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film c-80; (d) film d-125; (e) film e-200. 

Figure 1. X-ray diffraction patterns of the films with deposition time ratio. (a) film a-28; (b) film b-50;
(c) film c-80; (d) film d-125; (e) film e-200.

It is known that Raman spectroscopy can provide information about the bonding
configuration. Figure 2 shows the Raman spectra corresponding to different deposition
time ratios of the films. It is worth noting that the Raman spectra of film e-200 did not show
significant D (“disorder”, ~1360 cm−1) and G (“graphitic”, ~1560 cm−1) bands, indicating
the absence of an amorphous carbon phase. The reason could be that the deposition time
of the TiCN layer of film e-200 was too short and unable to obtain more C element. The
result is in agreement with the data of XPS. In Figure 2, all films possess acoustical and
optical modes [32]. Due to a slight change of element contents in all films, the shift of the
peaks scarcely ever varies. However, the intensity changes are observed. Obviously, films
b-50, c-80, and d-125 exhibit higher defect concentration in the films than the samples a
and e, due to higher total peak intensity produced [32]. It could be ascribed to the effect
of the deposition time ratio on the crystalline growth of the TiCN layer mentioned in the
previous paragraph.
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3.2. Stress and Scratch Test

In the films, substrate curvature is typically used to provide a measure of the average
residual stress. Although the stress may not be uniform, the average value is a useful metric
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for comparing trends in processing parameters [33]. Average residual stress as a function
of deposition time ratio for the Ti/TiN/TiCN films is plotted in Figure 3. As we have seen,
the average stress with different deposition time ratio has a significant change. Above all,
the average stress of all films is the tensile stress. With increasing the deposition time ratio,
the average stress of the films firstly declines, then increases, and finally declines. However,
film b-50 deposited on deposition time ratio of 50% displays the lowest average stress on
account of the maximum contents of carbon and the minimum contents of nitrogen in the
film. On the other hand, film b-50 has an obvious preferential orientation (220) than other
films. This results in a vast alteration in the stress aspect [34]. Due to the thinner TiCN
layer, the loose surface of film e-200 has easy oxidation. As a result, the compression stress
for film e-200 increases when the film is exposed to air [35,36]. Therefore, the average stress
of film e-200 has a sudden decrease compared with that of film d-125. Further experimental
explorations will be carried out in the later research.
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Table 2 presents the results obtained from the scratch test performed on the films.
The COF and the width of the scratch track corresponding to the critical load Lc are also
included. However, it is worth to point out that the film thickness, friction coefficient at
Lc, and residual stress are the main factors that have a large effect on Lc [37]. Since there is
no appreciable difference for the COF of all the films in Table 2, the adhesion strength is
primarily dependent on the residual stress. For the films, the critical load firstly increases
and then decreases as the deposition time ratio increases. This result mainly agrees with
the conclusion of average stress. However, the result of the scratch test for film e-200 is
inconsistent with the previous conclusion. It can be attributed to the fact that the structure
of the film is loose, and a mass of oxidation products leads to bad scratch behaviors.

Table 2. Scratch test results from films a-28 to e-200.

Film Critical Load, Lc (N) Friction Coefficient
at Lc, µc

Scratch Track Width
at Lc, wc (mm)

a-28 17.9 ± 3.3 0.38 0.1795
b-50 18.6 ± 1.5 0.40 0.1632
c-80 17.0 ± 2.1 0.39 0.1702

d-125 15.8 ± 0.8 0.38 0.2123
e-200 12.0 ± 2.5 0.36 0.2145

Figure 4 reveals 2D micrograph mapping for the failures in each film. It is worth
noting that the failures of all films are brittle failures, which propagated along or near the
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interface, causing spalling of the films inside and at the edges of the scratch track. For
films c-80 and d-125, the main failure mode is recovery spallation [37], which gave rise to
chipping at the track edge. Nevertheless, the adhesion failure mode of films a-28, b-50, and
e-200 was buckling ahead of the stylus [37]. As seen in Figure 4a-e, the dark portion of the
picture was the adhesion failures inside the track. These results suggest that films a-28,
b-50, and e-200 present better homogeneous structure than other films.
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3.3. Tribological Properties

The COF of the film is continuously recorded during the wear tests and plots as a
function of sliding time for films prepared under different deposition time ratios as shown
in Figure 5. During the 30 min sliding test, three stages of the evolution processes of COF
can be observed. Firstly, the COF for each film is extremely high in the initial stage due
to forming the oxidation layer on the film surfaces [38]. However, the time of the initial
stage of film b-50 was 50 sec, which was shorter than that of other samples. This is because
film b-50 has a dense microstructure leading to it being difficult to be oxidated relative to
other samples. Then, the lubricant stage corresponding to the value of COF is stabilized at
a low value after the oxidation layer wears out. It should be noted that films a-28 and e-200
maintain extremely high COF in the whole sliding process unlike films b-50, c-80, and d-125
owning a lubricant stage. It can be attributed to the fact that the TiN layer for film a-28 is
thinner than other films leading to it being unable to support the TiCN layer when the film
is sliding against a steel ball. So, the lubrication for film a-28 becomes invalid fleetingly.
However, film e-200 possessed high COF due to the thinner TiCN layer than other samples.
Among films b-50, c-80, and d-125, the average COF of the lubricant stage is about 0.139.
However, the COF curve of film b-50 hardly fluctuated compared with films c-80 and d-125.
It is indicated that film b-50 has more stable tribological behavior. Finally, the invalid stage
corresponding to the COF moves from a low value to a relatively higher value and the
COF curve has significant fluctuation. As seen in Figure 5, the COF of films b-50 and d-125
begins to ascend slightly between 1600 and 1800 sec. During this period, the COF of film
c-80 varies little. These results present that film b-50 deposited under deposition time ratio
of 50% remains in the lubricant stage.
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Figure 5. The coefficient of friction curves of the films against steel balls.

The wear volume of the films is measured with a 3D surface profiler. Table 3 sum-
marizes the wear rate of all the films, and Figure 6 displays wear scar of the films sliding
against steel balls. According to the figures in Table 3, the wear rate of film a-28 is high-
est, which is two hundred times higher than film b-50. However, it could be observed
that film b-50 has good tribological performance with values for the wear rate as low as
1.163 × 10−6 mm3·m−1·N−1 sliding in the 30 min. As seen in Table 3, the deposition time
ratio of film b-50 is 50% and represents 1.75 times that of film a-28. It is indicated that
the film deposited under the low deposition time of TiN layer has lack of supporting for
the TiCN layer. However, with increasing the deposition time ratio, the wear rate of the
films appears as a slowly rising trend. Due to possessing relatively low adhesion strength
and different crystalline orientation compared with film b-50, films c-80, d-125, and e-200
possess less resistant wear. It also could be explained that the deposition time of the TiCN
layer is too short to form efficient lubricate. Generally, the deposition time ratio of the film
is a determining factor in its resistant wear performance.

Table 3. Wear rate of films with deposition time ratio ranging from 28.57 to 200%.

Samples Deposition Time Ratio (%) Wear Rate against Steel Balls
(×10−6 mm3/N·m)

a-28 28.57 224.7
b-50 50.00 1.163
c-80 80.00 1.196

d-125 125.00 2.668
e-200 200.00 5.800

In Figure 6, it is worth noting that all films, with the exception of film a, have relatively
smooth and neat wear scar. As illustrated in Figure 6a, the wear debris and particles are
observed in the wear scar of the film and the edges of the wear scar have large flaking.
It is suggested that adhesive wear shows in the contact surface and adheres to the film,
which forms an overlapped transfer layer that induces severe wear [27]. Moreover, the
delamination also appears in film a-28. As a result, film a-28 has extremely bad tribological
behavior. In Figure 6, the width of the wear scar of film b-50 is shorter than the other
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samples. In addition, no concave-convex is surveyed on the edges of the wear trace of films
b-50, c-80, and d-125. A similar wear mechanism could occur in films b-50, c-80, and d-125
due to similar COF, wear rate, and wear scar. Film e-200 possesses obvious wear debris
and slight concave-convex.
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4. Conclusions

The Ti/TiN/TiCN triple-layer films were deposited under different deposition time
ratios by direct current reactive sputtering titanium target. With varying the deposition
time ratio, the composition, crystalline structure, and bonding structure of the films were
researched, and the properties of the Ti/TiN/TiCN films were investigated in detail. The
main results can be summarized as follows:

1. The composition and bonding structure of the films only slightly changed, while
crystalline structure was of significant variation with the deposition time ratio. The
film deposited under deposition time ratio of 50% had an obvious change in the
preferred orientation from (111) to (220).

2. The adhesion strength and internal stresses were closely related to the deposition time
ratio. The film deposited under deposition time ratio of 50% had an optimal value
of adhesion strength. However, the stress curve firstly declined, then increased, and
finally declined.

3. The COF of the films was divided into the three stages: initial stage, lubricant stage,
and invalid stage. The COF curve included the stages when the films were deposited
under deposition time ratios of 50% and 125%. Among the films, the COF was about
0.139 in the steady stage.

4. The films deposited under deposition time ratio of 50% was of lower wear rate than
the other samples, which was 1.163 × 10−6 mm3·m−1·N−1. Moreover, the width of
its wear scar was shorter.
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