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A thick TiN/TiCN multilayer film was prepared on steel and silicon (Si) substrates using a DC magnetron
sputtering technique under a high deposition rate. Its thickness reached about 23.5 pm and it was composed
of 30 bilayer numbers. X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), cross-sectional high res-
olution transmission electron microscopy (HRTEM) and field emitted scanning electron microscopy (FESEM)
were employed to characterize the composition and structure of the film on the Si substrates. It was found
that the inner TiCN layers consisted of a mixture nanocrystalline TiCN phase and amorphous carbon, and the
TiN layers showed nano-columnar structure. The adhesion force and the hardness of the film deposited on
steel substrates were 29.0 N and 21.4 GPa, respectively. It was revealed that the thick film still maintained the
excellent mechanical properties. The film sliding against steel ball had good wear resistance and very long service

life (>11 h) in ambient air under high rotate speed and large load.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Currently, to prevent severe wear, a series of titanium carbonitride
(TiCN)-based films are deposited by applying different physical vapor
deposition (PVD) techniques. Recently, the new generation TiCN-based
films such as multicomponent (TiAICN, TiNOC) [1,2], multilayer (TiN/
TiCN/TiC) [3], graded (Ti/TiN/TiCN) [4] and composite [5,6] films have
drawn the attention of researchers. They think that the properties of
these new TiCN-based films are better than that of the traditional TiCN
films. The TiN/TiCN multilayer films have shown good chemical stability,
superior mechanical properties, and excellent wear and corrosion resis-
tance. In the work by Su and Kao [7], it was found that the 7 pm-thick
TiN/TiCN/TiN multilayer films containing a double-layer TiN (2 um)
and TiCN (2 pum) with a top layer of TiN (3 um) had a good wear resis-
tance, but around 9 um-thick films performed a bad wear resistance
due to the poor adhesion. In addition, Raveh et al. [8] have reported
that the 3 pm-thick TiN/TiCN films (0.8 um TiN + 2.2 ym TiCN) deposit-
ed on plasma nitrided PH15-5 steel enhanced the wear resistance. In fact,
it is well known that the increase of the film thickness cannot only help
to prolong the wear life but also seriously influence the adhesion be-
tween the film and the substrate. A possible solution to this problem is
forming the graded structure and composition of the multilayer film
due to their gradual properties in thermal expansion coefficient and lat-
tice parameter. Therefore, this paper presented a 23.5 um-thick TiN/TiCN
multilayer film grown in graded structure by direct current magnetron
sputtering (DCMS) technique, and the composition, microstructure, me-
chanical properties and wear resistance of the film were investigated.
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2. Experimental section

The n-type Si (100) and 2520-310S steel wafers with 0.02 pm
surface roughness were used as the substrates. TiN/TiCN multilayer
film was prepared using DCMS system (SKY Technology Develop-
ment Co., Ltd, ]S-650) to sputter a planar rectangular titanium target
(purity >99.5 wt.%, area 280x80 mm) in Ar (99.99%), N, (99.99%)
and CH4 (99.99%) mixed atmosphere. Before putting into the sputtering
chamber, all of the substrates were ultrasonically cleaned in acetone and
ethanol, respectively. Prior to deposition, the chamber was pumped
down to a base pressure below 7x 10~* Pa. Thereafter, the substrates
were cleaned by Ar™ bombardments for 10 min at a pressure of 1.7 Pa
with a pulsed substrate bias voltage of —1100 V, to remove thin oxide
layer and other adherent impurities on the substrates. Then deposition
was conducted at a bias voltage of —100 V (or a substrate ion current
density of 2 mA/cm?), a target current of 4 A and a distance from the
substrate to the target of 100 mm. During deposition the substrate
temperature increased from around 40 °C to 100 °C, and the total pres-
sure of sputtering gas was controlled in a range of 0.4-0.5 Pa by the
change of CH, flow rate. Before deposition of the TiN/TiCN multilayer
film, a Ti buffer layer, which could be beneficial to good adhesion force
[9], was deposited with about 1 um. In order to obtain the TiN/TiCN mul-
tilayer film, the CH,4 flow rates were varied with the different deposition
time as listed in Table 1.

The chemical composition of the film was analyzed by XPS (PHI-5702)
with monochromated Al Ko radiation at a pass energy of 29.4 eV. The
film was pre-etched for 2 min with Ar in order to remove the contamina-
tions and oxidation layer on the film surface. Crystalline structure of the
film was investigated by XRD using the Philips X'perts diffractometer
(CuK,, line A=0.154 nm) at an incidence angle ranged from 1° to 90°.
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Table 1
The TiN/TiCN multilayer film obtained by variation of N, and CH,4 flow rates.
Ar flow N, flow CH,4 flow Work time  Phase Bilayer
rate (sccm)  rate (sccm)  rate (sccm)  (min) numbers
20 0—-6 0 6 Ti—TiN
20 6 0 2 TiN
20 6 0—10 1.5 TiN— TiCN
20 6 10 3 TiCN 1
20 6 10—-0 1.5 TiCN — TiN
20 6 0 2 TiN
20 6 0—-10 1.5 TiN — TiCN
20 6 10 3 TiCN 2
20 6 10—-0 1.5 TiCN — TiN
20 6 0 6 TiN
20 6 0—10 1.5 TiN — TiCN
20 6 10 185 TiCN 30

The fractured cross-section of the multilayer film was confirmed by
FESEM (JSM-6701F). Aiming to further determine the microstructure of
the film, cross-sectional HRTEM (Tecnai G2 F20 S-Twin) with an acceler-
ation voltage of 200 kV was applied.

The adhesion force of the total film was determined by scratch tester
(Kaihua MFT-4000) with a conical diamond tip of 0.2 mm radius and
120° taper angle. Stanishevsky and Lappalainen [5] considered at least
two staged in the film deformation and failure with the corresponding
critical loads L; and L,. L; was defined as the load at the first surface
crack, and L, was named as the load at the whole film delaminated off
the substrate. To investigate the morphology and depth of the scratch
track, three dimension (3D) surface profilometry (Micro-XAM) was
used. The hardness and elastic modulus were performed by using a
nanoindenter (Nanotest 600) with a Berkovich diamond tip. The
mean value of the hardness and elastic modulus of the film was
obtained from the loading—unloading curves up to 5 times.

Wear tests were performed with a ball-on-disk reciprocating in
UMT-2MT tribometer (Center for Tribology, Inc., CA, USA) at room tem-
perature of about 2045 °C and relative humidity of 404 5%. The
AISI52100 steel balls were used as the counterparts with a diameter of
3 mm, a surface roughness of 20 nm and a hardness value of 850 HV.
A sliding speed was 600 rpm, a load 4.0 N and a sliding stroke 5 mm.
The feature of wear track in the TiN/TiCN multilayer film was surveyed
by scanning electron microscope (SEM) (JSM-5600LV) with a resolu-
tion of 3.5 nm. 3D surface profilometry was employed to measure the
depth and width of the wear track and calculate the wear rate. The com-
position of the transfer layer was determined by energy dispersive
X-ray (EDX) spectroscopy.

3. Results and discussion
3.1. Composition and microstructure

XPS was used to determine the composition of the uppermost TiCN
layer for the thick TiN/TiCN multilayer film. It was found that the upper-
most layer contain carbon, titanium and nitrogen. In addition, Fig. 1 pre-
sents the XPS spectra of C 1s and N 1s of the uppermost layer. In the C 1s
spectrum (Fig. 1a), three peaks were found at 282.0, 284.5 and 285.3 eV
ascribed to C—Ti [10], C-sp? and C-sp> [11,12] bonds, respectively. This
result shows that there is amorphous carbon (a-C) phase in the film.
The N 1s spectrum (Fig. 1b) showed a characteristic band at 396.8 eV,
which corresponded to the N-Ti bonds.

The XRD patterns of TiN/TiCN multilayer film obtained by using
different incidence angles are shown in Fig. 2. All peaks corresponding
to the (111), (200), (220), (311) and (222) plane of the cubic TiCN
phase and TiN (111) phase were observed in the multilayer film.
When the incidence angle was 1°, XRD pattern only reflected the infor-
mation of the phase structure of the uppermost TiCN layer. However,
the phase constituents of the multilayer film varied with the increase
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Fig. 1. XPS spectra of C 1s and N 1s of the uppermost TiCN layer.

of incidence angles due to the increase of the penetration depth of
X-ray. As seen in Fig. 2, with the increase of incidence angle, the TiCN
layers exhibited a transformation of preferred orientation from (220)
to (111). It was explained that there was a different preferred orienta-
tion between the uppermost TiCN layer and the inner TiCN layers. The
inner TiCN layers owned the greater stress than the uppermost TiCN
layer, which resulted in the variation of preferred orientation [13]. Lim
et al. [14] have also pointed that a high stress was produced in TiN
film, where the (111) orientation was preferred. Moreover, with the
increase of incidence angle, the XRD pattern gradually showed a TiN
(111) peak, and that other TiN peaks were difficult to be observed due
to their weak signals. In other words, the TiN layers also had a (111)

TiCN (111)
TIiCN (311)

—>~TiCN (200)
TiCN (22()
~TiCN (222)

Intensity (a.u.)

Fig. 2. XRD patterns of the TiN/TiCN multilayer film by using different incidence angles.


image of Fig.�2
木子豆豆
Highlight


112 J. Zheng et al. / Surface & Coatings Technology 209 (2012) 110-116

preferred orientation. This is an important phenomenon, and it suggests
the distinct periodic structure in the TiN/TiCN multilayer film [15]. Mean-
while, it implies that the film structure is dense since the plane (111)
orientation is the densely packed plane [16]. Other researchers [17]
reported that the (111) preferred orientation and the shear stress of the
slip system of TiN could lead to the high hardness of the film. In addition,
it could be found that the peak intensity of the TiCN phase became weak
except (111) orientation when the incidence angle increased. Under 10°
and 90° of incidence angle, two similar XRD patterns meant that the
phase constituents hardly changed.

The grain size of TiCN and TiN layer was determined with preferred
orientation in Bragg plane by using the Sherrer equation [18] as given in
Fig. 3. Nevertheless, Strauss et al. [19] have not considered the effect of
the strain on the broadening of XRD peak when calculating the grain
size by the above method. Therefore, the grain size calculated herein
was approximate. The grain size of TiCN and TiN layer decreased firstly
and then stabilized with the increase of incidence angle. According to
the information in Fig. 2, it could be conjectured that the grain size of
the uppermost TiCN layer was about 16.3 nm in (220) plane with 1°
of incidence angle and the average gain size of the TiCN layers was
11.4 nmin (111) plane with 90° of incidence angle. This may be attrib-
uted to the transformation of preferred orientation from the uppermost
TiCN layer to the inner TiCN layer. Besides, the average grain size of the
TiN layers was about 9.0 nm measured in (111) plane with 90° of inci-
dence angle. It must be pointed out that when the incidence angle was
90°, the values of the full width at half maximum (FWHM) of (111)
peaks of TiCN layer and TiN layer were about 0.72 and 0.92, respectively,
obtained by using Cauchy-Gauss sum functions in the fitting procedure.
From above, it can be deduced that the thick TiN/TiCN multilayer film
contains nanometer-sized (10-20 nm) crystals of TiCN and TiN [20]
and a-C phase.

The FESEM micrograph and HRTEM image of the film are shown in
Fig. 4. As described in Fig. 4(a), the thickness of the whole film was
about equal to 23.5 um. Then the dark TiCN layer and light TiN layer
allowed a clear determination of the layered structure in Fig. 4(c). It
was found that the TiN layer shows the distinct columnar structure.
The thickness of the bilayer (namely, the modulation period) was
about 0.81 pm including around 0.57 pm TiCN layer and 0.24 ym
TiN layer, when the bilayer numbers ranged from 2 to 29. In view of
the layer thickness and the deposition time of each layer, the depo-
sition rates of TiN layer and TiCN layer are about 0.07 pm/min and
0.13 um/min. It is worth pointing out that the deposition rates are ap-
proximate value since the deposition time of TiN layer and TiCN layer
is 3.5 min and 4.5 min, respectively, through dividing the grading
time equally between them.

It could be observed from Fig. 4(a) and (b) that the uppermost TiCN
layer displayed a columnar structure, while the inner TiCN layers
presented a featureless structure. Thus, in order to further illustrate
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Fig. 3. Grain size of TiCN and TiN layer as a function of incidence angle.

(a)

T
|
t
|
l
|
|
I
|
i
|

23.469um 23 563m

JSM-6701F SEI 8.0kV WD 7.6mm 1um

(b)

X3,000

X10,000 WD 7.6mm 1um

JSM-6701F SEI 8.0kV

(c)

Fig. 4. Fractured cross-section of the TiN/TiCN multilayer film: (a) FESEM micrograph
of the whole film, (b) magnified FESEM image of the film top, and (c) HRTEM image
of the segment film.
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the difference of the microstructure between the uppermost TiCN layer
and the inner TiCN layer, their HRTEM enlargement images and corre-
sponding selected area electron diffraction (SAED) patterns are shown
in Figs. 5 and 6, respectively. It could be observed in Fig. 5(a) that
there were many columnar crystals in the uppermost TiCN layer.
When measuring the lattice constant of the periodic arrangement
(0.22 nm) was greater than half the value of the TiCN lattice constant
(0.215 nm), the supersaturated solid solution could be formed in the
uppermost TiCN layer. However, as seen in Fig. 5(b), the uppermost
TiCN layer only presented a small number of a-C. This result was some
deviation on the XPS data, which showed that the C relative contents
reached around 50 at% measured by XPS and a small fraction of C
atoms were bonded to Ti atoms in Fig. 1a. It can be conjectured that
the excess a-C dissolved in the TiCN lattice leads to forming the super-
saturated solid solution. The reason of the formation of the supersatu-
rated solid solution has been elaborated in detail by our previous
work [21]. Therefore, the uppermost TiCN layer showed a columnar
structure. The amorphous mixing region embedded with some
nanocrystallites, which agrees with the other researcher [22,23], was
found in Fig. 6. This result is in accordance with the FESEM image. In ad-
dition, the diffraction patterns revealed that the crystal structures of
two kinds of TiCN layers were different. The uppermost TiCN layer
showed a slight (220) preferred orientation, whereas in the inner

Fig. 5. The uppermost TiCN layer: (a) HRTEM image [The upper inset shows the corre-
sponding diffraction pattern.], (b) magnified section with selection rectangle from (a).

Fig. 6. The inner TiCN layer: (a) HRTEM image [The upper inset shows the correspond-
ing diffraction pattern.], (b) magnified section with selection rectangle from (a).

TiCN layer, there was preferred orientation of the (111) plane. This re-
sult is consistent with the XRD results.

As mentioned above, all the inner TiCN layers possess a nano-
composite structure including the TiCN nanocrystalline and the a-C,
and the TiN layers only reveal the TiN nanocrystalline. These multi-
and single-phase structure will certainly affect the mechanical and tri-
bological properties of the film.

3.2. Mechanical properties

The critical loads of the film prepared on the steel substrate were
hardly determined by the acoustic emission (AE) signal and friction
force during scratch test due to a legible layered structure and the dif-
ferent friction coefficient values between the TiN layer and the TiCN
layer. The layered structure was easy to cause the noise when the failure
occurred in the interface of TiN and TiCN layer. Therefore, the critical
loads only were calculated by the distance from zero to failing point
multiplied by the total load (defined as a value of the load from initial
running to stop) and then divided by the total distance. Fig. 7 describes
the 2D micrograph of scratch track of the film. It could be found that the
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Fig. 7. The 2D micrograph of the scratch track of the TiN/TiCN multilayer film.

failures propagated along the vertical direction of scratching direction,
causing flaking of the film inside and at the edges of the scratch track.
From Figs. 4 and 5, it could be concluded that the film failed by flaking
rather than by cracking or delaminating due to the long needle-like
columnar crystals existing in the film [24]. Based on the above informa-
tion, the values of L; and L, were 23.5 and 29.0 N, respectively. In addi-
tion, the depths of L; and L, measured by 3D surface profilometry were
about 18.0 and 22.5 um, which mean that the film was incomplete fail-
ure in L;. Accordingly, the value of the L, (29.0 N) reflected the real
adhesion force between the film and the steel substrate. In comparison
with the results of other authors [5,25], the film presented a normal
adhesion force as the thickness of the film achieved 23.5 um. There are
some reasons to clarify this result. Firstly, the film provides a gradual
change of the composition either from the Ti buffer layer to TiN layer
or from the TiN layer to TiCN layer. This is helpful in reducing the inter-
facial stress as well as maintaining the adhesion force as increasing the
thickness [26]. Then, the appropriate thickness TiN layer in the multilay-
er film can improve the adhesion force [27]. In fact, the thickness ratio of
TiN layer and TiN/TiCN bilayer has been discussed in our previous exper-
iments. When the ratio is approximately 30%, the TiN/TiCN multilayer
films possess good mechanical and tribological properties, in agreement
with the result of other researchers [28]. Finally, the adhesion force can
also be ascribed to the ability of TiCN nanocrystalline and a-C in the
TiCN layer to distribute the applied stress over a broad area as proposed
by others [29,30].

Fig. 8 shows the load-unload curves of TiN/TiCN multilayer film with
maximum indentation depth being kept at around 1.39 pm. The mean
values of hardness and elastic modulus of the film deposited on steel
substrate were about 21.4 GPa and 297.9 GPa, respectively. It has been
reported that the hardness of TiN, TiCN and TiN/TiCN films (0.5-6 pum)
is in the range from 8.2 GPa to 17.0 GPa [9,31], 18.8 GPa to 22.2 GPa
[32,6] and 20.4 GPa to 27.3 GPa [33,34], respectively. In addition, the
hardness of thin TiCN and TiN/TiCN films (about 2.0 ym and 9.9 um),
which was 32.0 GPa and 27.2 GPa, was also obtained in our previous
work. However, it was well known that both the excessive thickness
(>10 pm) and high modulation period seriously influenced the mechan-
ical properties of the film [15,35,36]. Thus, the hardness value of the film
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Fig. 8. Nano-indentation load-displacement curves for the TiN/TiCN multilayer film.

was satisfactory with the film thickness of 23.5 pm. The fact that the hard-
ness is maintained in normal level even if in high film thickness can be
explained that dislocation movement is suppressed by the small grains
and the narrow space between the nanocrystalline particles, like the
space between TiCN particles less than 0.22 nm as shown in Figs. 5(a)
and 6(a) [37]. On the other hand, the mixed structure of nanocrystalline
and amorphous phase in the TiCN layer can increase the cohesive energy
of the interface boundaries, which effectively restrains the grain bound-
ary slip and enhances the film hardness [38]. Besides, the elastic recovery
parameter (R) of the film was calculated by using the following equa-
tion [39,40]:

8 max—0
R=""%""P . 100% (1)

61’1‘13}(

where 6.« and &, are the maximum and residual of plastic displacement,
respectively. According to the equation and the data listed in Fig. 8, the
mean value of the elastic recovery parameter was about 42.2%. Further-
more, it is generally known that the ability of a film to resist mechanical
degradation and failure is improved by a high H/E or H3/E? [22,41].
In view of the condition, the values of H/E and H3/E? for the film were
0.072 and 0.11 GPa, respectively. The low value of R and H/E can imply
a weak resistance to crack for the film, which has been shown in the
above section [42]. However, the TiN/TiCN multilayer film has a good
resistance to plastic deformation due to H3/E?> 0.1 [43]. For the tribolog-
ical films, the H3/E? ratio as a key parameter always predicts the tribolog-
ical behavior [25]. The details will be discussed below.

3.3. Tribological properties

The friction coefficient of the film deposited on steel substrate was
measured against steel balls. Fig. 9 shows the friction curve of TiN/TiCN
multilayer film. Accordingly, the wear track of the film is displayed in
Fig. 10. As seen in Fig. 9, it could be observed that the friction coefficient
of film presented remarkable stage characteristics. It started with around
0.46 and after 0.25 h reduced to around 0.16. When the sliding time
reached 2.5 h, the friction coefficient rose to about 0.26 and had certain
fluctuation. Later on, the friction coefficient was alternately high and
low. With respect of the change of the friction coefficient, the composi-
tion of transfer layer and friction interface should be taken into account
[44]. Firstly, the high friction coefficient occurs in running period due
to lack of transfer layer. Then, possibly forming the a-C transfer layer
reduces the friction coefficient. As XPS results and HRTEM images were
mentioned above, it showed that the a-C existed in the TiCN layers
deposited by DCMS. Due to the low shear strength, a-C is known to
exhibit low friction coefficient and can be used as a solid lubricant. In
addition, the common tenor in the literature concerning the tribology
of carbon-based coatings links the low-friction behavior to the formation
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Fig. 9. The friction curve of the TiN/TiCN multilayer film.

of 3rd bodies in the contact and the subsequent formation of lubricious
transfer layer [45]. Therefore, the low friction coefficient could be consid-
ered an action of a-C transfer layer. Following it, the increase and fluctu-
ation of the friction coefficient can be attributed to a combination of a-C
transfer layer and friction interface between TiN layer and steel balls
[46]. Finally, under high load, long sliding time and high friction coeffi-
cient, the tribochemical reactions occur in the friction interface. As seen
in Fig. 10(b), the composition of the transfer layer in Fig. 10(a) contained
the titanium (Ti), carbon (C), nitrogen (N), oxygen (O) and iron (Fe).
Among them, Fe atoms derived from the steel ball reacts with the oxygen
(0,) and produces the iron oxide, which results in the increase of friction
coefficient. In addition, when the friction is implemented in the interface
of TiN layer and steel ball, there is a high friction coefficient in the film. On
the contrary, the film has a good friction behavior. This is the main reason
for the steep climbs and descents of the friction coefficient.

As mentioned with H3/E2, it is predicted that the film has a good
wear resistance. In fact, the wear rate of the film was 1.59x 10~
5 mm?3/N m sliding over 11 h. Then the depth of the wear track was
about 12.0 um in Fig. 10(c), which implied that the service life of
the film could exceed 20 h at the same condition. In a word, com-
pared with the wear rate of the single layer films (TiCN, TiN) and
the thin hard films [19,47,48], the wear rate of the thick TiN/TiCN
multilayer film basically remains stable, however, its service life has
a prominent improvement.

4. Conclusions

The thick TiN/TiCN multilayer film, of which the thickness was
23.5 um, was deposited on steel and Si substrates by DCMS. The upper-
most TiCN layer and the inner TiCN layers of the film had the different
preferred orientation determined by XRD. Moreover, the inner TiCN
layers possessed nanocomposite structure consisting of the TiCN nano-
crystalline and the amorphous carbon, and the TiN layers showed
nano-columnar structure. By the scratch tests and nano-indentation,
the film showed an appreciable adhesion force and a satisfactory hard-
ness even if the thickness is 23.5 um. Tribological test results also indi-
cated that there was no significant change in the wear resistance of
the film in contrast with other thin hard films, but the service life of
the film was prolonged by the high thickness.
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