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a b s t r a c t
Ti(C, N)/a-C composite ﬁlms with compositional gradient from Ti–TiN–Ti(C, N) to Ti-containing a-C layers
have been prepared by closed-ﬁeld unbalanced magnetron sputtering. Within the composite ﬁlms, the carbon
contents gradually increase and achieve maximum in the a-C layer by increasing the power applied to the
graphite targets, the nitrogen contents gradually decrease to zero from Ti(C, N) layer of the interface to a-C
layer of the ﬁlms. In order to achieve a good combination of the mechanical and tribological properties in the
composite ﬁlms, a designed experimental parameter basing on various substrate rotation speeds is also
selected. Results show that the compositional gradient result in the microstructure change of composite ﬁlms
where the Ti(C, N) layers consist of ﬁne nanocolumnar Ti(C, N) grains and the a-C layers consist of 2–7 nm TiC
nanocrystallites embedded in an amorphous C matrix. The Ti(C, N) layers also exhibit clear multilayer
structure where the period thickness gradually decreases as substrate rotation speed increases. Under higher
rotation speed, disappearance of the multilayer structure is accompanied with simultaneous increase in the
crystallinity of Ti(C, N) layer and also the Ti(C, N) grain size. In the a-C layer, the TiC nanocrystallites
embedded in the a-C matrix is produced by the high rotation speeds. The Ti(C, N)/a-C gradient composite
ﬁlms exhibit high microhardness values (~5000 HV) and low friction coefﬁcient (~0.15), which is related to
the hard Ti(C, N) layer and self-lubricate a-C layer, respectively. The combination of the Ti(C, N) layer with a-C
layer increases the load and the wear resistance capacity of the composite ﬁlms, which gives satisfactory
friction performance in the pin-on-disk tests with a wear rate of 3.7 × 10− 17 m3/mN.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Due to their high hardness and good thermal stability, Ti(C, N)
ﬁlms are well suitable for application in machining tools to increase
the performance. However, the friction coefﬁcient of the ﬁlms is
unfavorably high at room temperature [1]. Although the friction coefﬁcient of the Ti(C, N) ﬁlms can be somewhat decreased by adjusting
the composition, such as raising the carbon content, the decreasing
effect is limited because it is usually achieved at the expense of
decrease of hardness of ﬁlms [2–4]. On the other hand, it is known that
the amorphous carbon ﬁlms possess attractive tribological properties,
such as low friction coefﬁcient combined with high wear resistance [5].
But the magnetron sputtered carbon ﬁlms are characterized by high
intrinsic stresses, which make them easily delaminate even at very
thin thickness and therefore restrict their applications in cutting
industry. Alternately, Ti-containing amorphous carbon ﬁlms (TiC/a-C),

deposited by magnetron sputtering using a gradient ﬁlms such as Ti–
TiC and Ti–Ti(C, N), can improve adhesion and simultaneously decrease intrinsic stress [6]. However, this single layer TiC/a-C ﬁlm is not
enough to meet the ever-increasing demand in various tribological
situations, especially in high speed and dry cutting applications where
high strength and self-lubrication are needed [7]. More advanced
composite ﬁlms are thus urgently required.
In this paper, Ti(C, N)/a-C gradient ﬁlms are deposited by closedﬁeld unbalanced magnetron sputtering ion plating, which combines
superior friction properties of the Ti-containing a-C ﬁlms and the high
hardness of Ti(C, N) ﬁlms. The effects of the rotation speed (RS) of
substrate on the nanostructure and properties of gradient ﬁlms are
investigated. The comprehensive properties of this kind of ﬁlms can
be optionally adjusted to obtain an optimization in the friction and
mechanical properties, which can make the ﬁlms have more extensive
applications.
2. Experiments
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Ti(C, N)/a-C gradient composite ﬁlms were deposited respectively
on high-speed steel for measurements of mechanical and tribological
properties and on single crystal Si for microstructure analysis by closed-
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ﬁeld unbalanced magnetron sputtering ion plating system (CFUBMSIP
system). The deposition system (UDP450, Teer Coating Limited) is a
cylindrical PVD reactor with four unbalanced magnetrons where two
titanium targets and two graphite targets were settled opposite to each
other that vertically surround the rotating substrate holder. Adjacent
magnetrons have opposite magnetic polarities and the ﬁeld lines are a
closed ﬁeld conﬁguration. The CFUBMSIP system had been described
elsewhere [8,9]. The substrates of high-speed steel and single crystal Si
were placed on the substrate holder and rotated around the chamber
axis with different rotation speeds. The substrates were sputter-cleaned
in an Ar atmosphere. Subsequently, a Ti adhesion layer was deposited to
improve the interfacial adhesion, which was followed by a TiN layer.
During the deposition of Ti(C, N) layer, C targets and Ti targets were
alternately sputtered by using Ar+ and. At the same time, N2 was
continuously introduced into the chamber. The discharge gas Ar2 with a
constant ﬂow rate was settled at 15 Sccm and the reacting gas N2 was
controlled by a built-in closed-loop optical emission monitor (OEM)
through regulating the reactivity of Ti+ with the OEM settling point
at 60% for deposition of Ti(C, N) layer. Subsequently, the current of
graphite targets were increased and the current of titanium targets were
decreased to a ﬁxed value for the deposition of a-C composite layer. In
the stage of a-C composite layer, the Ar2 with a constant ﬂow rate was
settled at 8 Sccm. Before deposition, a base pressure of 4 × 10− 3 Pa was
reached, the substrates were then plasma etched in Argon for 10 min.
Subsequently, Ti(C, N)/a-C gradient ﬁlms were deposited using different
substrate rotation speeds of 3 rpm, 5 rpm and 8 rpm, respectively. The
temperature of substrates, detected by an infrared radiation thermometer, was lower than 600 K during all deposition. No intentional heating
was applied and all ﬁlms were deposited at a DC pulsed bias voltage
of −50 V and frequency of 50 kHz during the deposition stage of
composite ﬁlms. For each ﬁlm, the deposition time was ﬁxed as 120 min.
After deposition, crystalline phases of the thin ﬁlms on the single
crystal Si substrates were characterized by X-ray diffraction (XRD) using
a XRD-7000S Diffractometer in the θ–2θ conﬁguration which used Cu
Kα radiation and operated at 40 kV. The cross-sectional microstructure of
Ti(C, N) layer and a-C layer in the Ti–TiN–Ti(C, N)/a-C gradient composite
ﬁlms were analyzed by transmission electron microscopy (TEM, JEOL
JEM-3010) operated at 300 kV. High-resolution TEM (HRTEM) was also
used to study detailed microstructure of the a-C layer. Representative
parts of the ﬁlms on Si substrates for TEM analysis were cut for 2× 2 mm
size as a cross-section and two ﬁlm samples were bonded together,
carefully ground to proper thickness approximately hundreds of microns,
polished and adhered with copper ring in the smooth cross-section
and again ground in the opposite side to tens of microns, polished and
thinned by FISCHIONE 1010 ion mill using an ion beam to electron
transparency. Measurements on the microhardness of high-speed steelsupported ﬁlms were performed on a Tukon 2100 B microhardness tester
using a Vickers diamond indenter and applying a 100 gf load for the highspeed steel substrate and a 20 gf load for the ﬁlms with a force hold-time
of 10 s. At least 8 measurements were made for each sample and the
indent morphologies were observed by SEM to evaluate the composite
hardness values. To prevent the effects of substrate and ﬁlm thickness
on the ﬁlm hardness, the intrinsic hardness of the ﬁlm was calculated
based on the empirical model given by Jonsson and Hogmark [10].
Friction coefﬁcients of the ﬁlms on the high-speed steel substrates were
measured by a pin-on-disk tribometer using WC as sliding counterpart.
The sliding speed was selected as 200 mm/s and the load was ﬁxed as
6 N. The speciﬁc wear rate was also calculated and the features of the
wear traces were observed by an optical microscope.
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in Fig. 1. It is found that the composite ﬁlms mainly contain B1-NaCl
type TiC0.7N0.3 crystalline phase, a Ti(C, N) solid solution caused by the
entrance of C atoms into the TiN lattice during deposition. Besides the
TiC0.7N0.3 phase, a small quantity of TiC phase can be also observed,
which suggests that a few Ti atoms have entered into the a-C layer.
No observation of the carbon peaks indicates the amorphous state
for surface C layers. These results are in agreement with the previous
reports [5,11]. The rotation speed of the substrates has slight effect
on the type of formed phases but the peaks become broader and their
intensities become weaker with the decrease in the rotation speeds,
showing gradually reduced grain sizes.
Fig. 2 shows the cross-view TEM images of Ti(C, N) layer from the
Ti(C, N)/a-C ﬁlms and its corresponding selected area electron diffraction (SAED) patterns. The Ti(C, N) layers exhibit a dense columnar
structure with ﬁne nanograins. The average column diameter is below
15 nm, as shown in Fig. 2(b). From Fig. 2(a) and (b), a clear multilayer
structure can also be observed in the Ti(C, N) layers and measurements show the period thicknesses of the multilayer Ti(C, N) layers
are 2.0 nm and 1.8 nm, respectively, under RS of 3 rpm and 5 rpm.
Increasing the RS, the multilayer structures of the Ti(C, N) layers
are gradually reﬁned until they even disappeared while the crystallinity of the Ti(C, N) layers increases, which can be seen from the
corresponding SAED pattern of Fig. 2. Together with the appearance
of the multilayer structure and the increase of the period thicknesses,
an obvious evolution from nanocolumnar microstructure to dense
nanocrystallite have arisen, accompanying with the decrease in grain
size. The reﬁnement of microstructure of Ti(C, N) layers suggests
that the columnar growth of Ti(C, N) is suppressed by the multilayer
structure of layer. The effect is strongly sensitive to the period thicknesses of the ﬁlms as shown in Fig. 2. It is noted that the partial
discontinuous column boundaries is observed from the ﬁlms deposited by the low rotation speed in Fig. 2(a). In fact, the results also
appear in the corresponding a-C layer as illustrated by the TEM of a-C
layer below.
Fig. 3 shows the cross-view TEM images of a-C layer from the Ti(C, N)/
a-C gradient ﬁlms and its corresponding selected area electron diffraction
(SAED) patterns. The a-C ﬁlms show typical nanocomposite structure
according to the results of TEM observation and corresponding SAED
patterns. In Fig. 3(a), ﬁne nanograins are determined as TiC from the
XRD as well as SAED results, which are dispersed in the amorphous C
matrix. There are not visible grains found in the C matrix from Fig. 3(b)
and Fig. 3(c). It is suggested that the TiC nanograins with ﬁner size
distributed in the a-C matrix. Different from the Ti(C, N) layer, the surface
a-C layers have not appeared in the multilayer structure even though the
layers are deposited by the lower rotation speed such as 3 rpm. From
Fig. 3(a), partial columnar growth pattern with discontinuous and weak
column boundaries is also observed in the local region of a-C layers but

3. Results
3.1. Microstructure analysis
At different substrate rotation speeds, the crystalline phases comprised in the composite ﬁlms have been evaluated by XRD, as shown

Fig. 1. XRD patterns of Ti(C, N)/a-C gradient ﬁlms deposited by different rotation speeds
of substrate.
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Fig. 2. Cross-view TEM images and SAED patterns obtained from Ti(C, N) layers in the
Ti(C, N)/a-C gradient ﬁlms with different rotation speeds, respectively for (a) 3 rpm
(b) 5 rpm and (c) 8 rpm.

Fig. 3. Cross-view TEM images and SAED patterns obtained from a-C composite layers
in the Ti(C, N)/a-C gradient ﬁlms with different rotation speeds, respectively for (a) 3 rpm
(b) 5 rpm and (c) 8 rpm.

the results are not discovered in the other a-C layers that are deposited
under 5 and 8 rpm. The appearance of columnar growth is probably due
to local ordering of TiC nanograins. In order to investigate the micro-

structure of surface layers in details, HR-TEM is also employed. The crossview HR-TEM images of a-C layers as shown in Fig. 4. It is quite evident
that the surface a-C layers exhibit typical nanocomposite structure where
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the ﬁne TiC nanograins are uniformly embedded in the a-C matrix. The
increase in rotation speed not only decreases the size of the nanograins
but also leads to the nanograins with more uniform dispersion in the
matrix. It is revealed from Fig. 4(a) that the TiC nanograins deposited
under the lower speed such as 3 rpm consist of two sizes of 2 nm and
7 nm. But under high rotation speed of 8 rpm, the nanograins have a
uniform size of only 2 nm and the dispersed density is also increased. The
grains with size below 2 nm are difﬁcult to form in the a-C layer because
of the dramatic decrease in the stability of nanograins themselves.

3.2. Mechanical and tribological properties
Fig. 5 shows the microhardness of Ti(C, N)/a-C gradient ﬁlms
varying with the rotation speed of the substrate. The gradient ﬁlm
deposited under the 5 rpm shows a maximum microhardness value of
5310 HV. The other ﬁlms show slight low but still high microhardness
values, respectively, 4808 HV of 3 rpm and 4727 HV of 8 rpm. Generally, the Ti(C, N)/a-C gradient ﬁlms with a multilayer structure
exhibit microhardness higher than the ﬁlms with no multilayer structure. The decreased period thicknesses in the multilayer structure
affect the further microhardness enhancement in the composite ﬁlms.
The composite ﬁlms showing high microhardness values are mostly

Fig. 4. Cross-view HR-TEM images obtained from a-C layers in the Ti(C, N)/a-C gradient
ﬁlms, respectively for (a) 3 rpm and (b) 8 rpm of rotation speeds.

Fig. 5. Microhardness of Ti(C, N)/a-C gradient ﬁlms.

driven from Ti(C, N) layers because of their multilayer structure and
ﬁne grain size as shown in Fig. 2.
The friction coefﬁcients of Ti(C, N)/a-C gradient composite ﬁlms and
their speciﬁc wear rate are shown in Figs. 6 and 7, respectively. All the
gradient ﬁlms exhibit a rapid decrease from the run-in state to the steady
wear state, due to the removal of surface impurities. Generally, the
gradient composite ﬁlms have a friction coefﬁcient below 0.15 and keep
the steady low value until the end of friction test. It is noted that the ﬁlm
deposited under 3 rpm shows an obvious ﬂuctuation in the friction
coefﬁcient about 0.2 in the steady state, and the ones of others are
respectively 0.12 of 5 rpm and 0.15 of 8 rpm show a low and extra steady
value. The variations of the friction coefﬁcients in the ﬁlms deposited
under 5 rpm and 8 rpm speeds during the 200 m sliding distance are
different. The ﬁlm under 8 rpm shows slight increased tendency in the
friction coefﬁcient but the ﬁlm under 5 rpm shows steady decrease after
sliding for distance of 200 m. This may suggest that the surface a-C layer
has been worn out and the substrate Ti(C, N) layer dominates the friction
performance of gradient ﬁlms. The lowest steady friction coefﬁcient is
obtained from the ﬁlm deposited under 5 rpm, which possesses both
highest microhardness value and lowest friction coefﬁcient of 0.12. The
speciﬁc wear rate shown in Fig. 7 also illustrates that the Ti(C, N)/a-C
gradient ﬁlms have excellent wear resistance with the speciﬁc wear rates
being only 3.7×10− 17 m3/mN and 9.7×10− 17 m3/mN for the ﬁlms under
5 rpm and 8 rpm speeds, respectively. Because of comparative thickness
values (1.35 μm–1.45 μm), the effect of ﬁlm thickness on their tribological
behavior can be neglected and the thicknesses were respectively
measured by SEM and calculated according to the features of the wear
traces. It is impossible to calculate the wear rate of ﬁlm under 3 rpm due
to the occurrence of spalling or delamination of the ﬁlm in friction test.

Fig. 6. Friction coefﬁcients of Ti(C, N)/a-C gradient ﬁlms as a function of sliding distance.
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Fig. 7. Speciﬁc wear rate of Ti(C, N)/a-C gradient ﬁlms.

For visible purpose, Fig. 8 shows the morphology of the wear track of
Ti(C, N)/a-C gradient composite ﬁlms.
OM observations of wear tracks reveal that the microcracks initiate
and readily propagate to lead to the spalling and delamination of
ﬁlm from the substrate in the ﬁlm deposited under 3 rpm. From the
microstructural observation in Fig. 3(a) and 4(a), the a-C layers in the
gradient composite ﬁlms are found to have TiC nanograins of various
sizes (2 nm and 7 nm) distributed in the columnar grains with discontinuous and weak column boundaries. No obvious cracks are
observed in the wear tracks on the ﬁlms under the 5 rpm and the
8 rpm, where the TiC nanograins with uniform size are dispersedly
embedded in the a-C matrix in the a-C layer. The surface of the wear
tracks is also smooth grinding structure along the sliding direction.
The gradient composite ﬁlm deposited under 5 rpm shows not only
low and steady friction coefﬁcients but also low speciﬁc wear rates as
illustrated in Figs. 6 and 7, respectively.
4. Discussion
Ti(C, N)/a-C gradient composite ﬁlms exhibit different microstructures from the Ti(C, N) layer to the surface a-C layer, depending on the
constituent gradient of the carbon and nitrogen contents. The substrate
Ti(C, N) layers show not only a typical columnar growth but also
microstructure of a polycrystallite comprising well-crystallized Ti(C, N)
crystallites. Following by surface a-C layers which show typical
nanocomposite microstructure with TiC nanograins embedded in the
amorphous C matrix due to addition of a few titaniums. It is noted that
the Ti(C, N) layers also exhibit nano-size multilayer structure which
comprises repeated rich-C layer and rich-Ti layer determined by current
deposition condition since graphite target chose as the sputtering C
supplier. But the result is absent in the a-C layers. Consequently, the
rotation speeds affect obviously on the microstructure of composite
ﬁlms. It is clear that the formation and growth of Ti(C, N) columnar
grains are restrained by the multilayer structure since the C atoms may
decrease the atomic diffusivity on the growing ﬁlm surface [12], the
interrupted effect is obvious when the period thickness of ﬁlms as well
as the repeated rich-C layers are thicker in the deposition of low rotation
speed. This is similar to a previous report [13,14]. The grain sizes of the
Ti(C, N) layers also gradually decrease accompanied with the microstructure change from the columnar grains to the nanograins as the
rotation speed decreases. In the surface a-C layers, the rotation speeds
affect obviously on the size and the distribution of TiC nanograins which
are ﬁner and more uniformly embedded in the a-C matrix in the high
speeds. For magnetron sputtering, the ion bombardment promotes the
intermixing of the Ti and C materials to form the nanocomposite
structure. It suggests that the frequency of ion bombardment changed
by controlling the rotation speeds is also important for the intermixing

Fig. 8. The OM observations of the wear track obtained from Ti(C, N)/a-C gradient ﬁlms
with different rotation speeds, respectively for (a) 3 rpm (b) 5 rpm and (c) 8 rpm.

of the Ti and C atoms. The microstructure evolution of composite ﬁlms
will result in different performance in the microhardness and friction
coefﬁcient of ﬁlms. Generally, the composite ﬁlms comprising multilayer Ti(C, N) layers show microhardness higher than that of others. The
hardness enhancement by multilayer structure can be explained by
Hall–Petch hardening effect and Koehler hardening effect. The latter
effect is caused by the difference in the elastic modulus of different
layers that limits the propagation of dislocations across layer boundaries
[14–16]. The friction properties of ﬁlms are mainly controlled by the
surface a-C layer since the wear initially happened between the a-C layer
and the corresponding sliding counterpart. The friction coefﬁcients
show a rapid decrease and then keep at almost constant value due to
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self-lubrication because of the formation of C-based tribo-layer [17]. The
effect of self-lubrication strongly depends on the microstructure of a-C
layers. From Fig. 6, the steady and low friction coefﬁcients come from the
a-C layers that comprise ﬁner and uniform TiC nanograins. If the size of
TiC nanograins is larger and the dispersion of nanograins is inhomogeneously dispersed, the friction properties of the ﬁlms will be
deteriorated obviously because of the spalling or delamination. The
large TiC grains may also damage the contact surfaces between the a-C
layer and sliding counterpart or the C-based tribo-layer formed.
Consequently, the ﬁne and dispersed TiC nanograins can be obtained
by increasing the rotation speeds, which not only limit crack initiation
crack propagate in the amorphous C matrix but also steady the selflubrication effect of tribo-layer. Furthermore, the discontinuous and
weak columnar boundaries existed in the composite ﬁlms by low
rotation speed discovered from both the Ti(C, N) and the a-C layers may
be the origination of crack since the crack initiate and propagate easily
through the partial columnar boundaries. It seems that to eliminate the
undesired columnar structure by increasing the rotation speeds is
important for the composite ﬁlms.
In general, the gradient composite ﬁlms comprising hard and
lubricant layers by means of a composition gradient can improve the
combination properties. The substrate Ti(C, N) layers increase loadcarrying capacity of composite ﬁlms [18,19] and the surface a-C layers
provide self-lubrication. According to the results of the mechanical
properties and the friction properties, it is clear that the wear rates of the
gradient composite ﬁlms are signiﬁcantly reduced by the combination
of the high microhardness and the low friction coefﬁcient, which can be
achieved by controlling the composition gradient and the microstructure in the composite ﬁlms. The optimized result is obtained from the
ﬁlm deposited under 5 rpm as shown in Fig. 7.
5. Conclusions
Ti(C, N)/a-C gradient ﬁlms with compositional gradient of ﬁlms
from the substrate to the surface have been prepared by closed-ﬁeld
unbalanced magnetron sputtering ion plating system. The ratio of C
to N is controlled by respectively applying the changed power to the
graphite target and adjusting the OEM settling point. The prepared
Ti(C, N)/a-C composite ﬁlms have compositional gradient structure
which from Ti–TiN-Ti(C, N) to Ti-containing a-C. In the a-C layer,
ﬁne TiC nanograins are embedded in a-C matrix. By controlling the
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rotation speed of substrates, it is possible to prepare the gradient
composite ﬁlms with tailored mechanical properties and tribological
properties. The microstructure evolution of composite ﬁlms suggested
that the multilayer structure and good crystallinity of Ti(C, N) combined the surface a-C layer with the ﬁne and uniform dispersion of
TiC nanograins which both were important for combination property
of the ﬁlms. The comparing results show that the ﬁlms deposited by
5 rpm rotation speed have 5310 HV microhardness value and 0.12 friction coefﬁcient that are higher than 4808 HV and 4727 HV and lower than
0.2 and 0.15 of other deposited ﬁlms by 3 rpm and 8 rpm, respectively.
Consequently, the deposited ﬁlms by 5 rpm also shows excellent wear
resistance and have the only wear rate of 3.7 ×10− 17 m3/mN in all ﬁlms.
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