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Abstract

Quaternary super hard Ti–Si–C–N coatings with different carbon contents were deposited on high-speed steel substrates by pulsed
direct current plasma-enhanced chemical vapor deposition (PECVD) technology, using a gaseous mixture of TiCl4/SiCl4/N2/H2/CH4/
Ar. A variety of technologies have been employed to characterize the coatings, including X-ray diffraction, scanning and transmission
electron microcopies, X-ray photoelectron spectroscopy, energy dispersive X-ray analysis, automated load–depth sensing and pin-on-
disc. The super hard Ti–Si–C–N coatings were found to have unique nanocomposite structures composed of nanocrystallite and amor-
phous nc-Ti(C,N)/a-Si3N4/a-C and/or nc-Ti(C,N)/nc-TiSi2/nc-Si/a-Si3N4/a-C, depending on the carbon contents in the coatings. The
friction coefficient of the Ti–Si–C–N coatings with a higher carbon content (nc-Ti(C,N)/a-Si3N4/a-C nanocomposites) were found to
be much lower than those of the Ti–Si–N coatings both at room and elevated temperatures, suggesting the formation of a graphite-like
lubricious phase of amorphous carbon. However, they are still super hard (32–48 GPa) in spite of the carbon incorporation. This is due
to a strong, thermodynamically driven and diffusion-rate-controlled (spinodal) phase segregation that leads to the formation of a stable
nanostructure by self-organization. The energy difference between the grain boundary and the crystallite/amorphous phase interface hin-
ders grain boundary mobility, leading to a gradual decrease in the grain size of the nanocrystallites. As a result, nanocomposite Ti–Si–C–
N coatings with high hardness and a low friction coefficient can be produced. The coatings are foreseen to have high potential in dry and
high-speed cutting tool applications, thus providing for cleaner, healthier and more pleasant machining conditions.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Conventional hard coatings, such as TiN and TiC, are
commonly used to enhance the surface wear resistance of
cutting tools [1,2]. However, their limited hardness, poor
oxidation resistance and thermal instability at elevated
temperatures in dry and high-speed cutting processes have
spurred interests in ternary materials such as Ti–C–N, Ti–
Al–N, Ti–Si–N and Ti–B–N [3,4], and also quaternary
materials such as Ti–Al–Si–N [5]. Nanocomposite coatings
consisting of nanocrystalline metal nitrides and amorphous
1359-6454/$30.00 � 2007 Acta Materialia Inc. Published by Elsevier Ltd. All

doi:10.1016/j.actamat.2007.07.046

* Corresponding author. Tel.: +86 29 82668395; fax: +86 29 82663453.
E-mail address: slma@mail.xjtu.edu.cn (S.L. Ma).
phases, e.g. Si3N4 incorporated in Ti–Si–N(nc-TiN/a-
Si3N4), in particular exhibit super hardness (40–105 GPa),
high oxidation resistance (up to �800 �C) and better
thermal stability (up to �1000 �C) in comparison with con-
ventional hard coatings [6]. Unfortunately, the friction
coefficient of these nanocomposite Ti–Si–N coatings is gen-
erally high (0.5–0.8) at both room and elevated tempera-
tures [7], and so extra lubrication is needed in many
applications. Problems involving the use of lubricants have
become increasingly serious, especially when dry and high-
speed cutting are demanded by the automotive, aerospace,
domestic appliance and electronics industries. Indeed, there
is increasing concern in all industrial sectors of the serious
ecological and economical effects resulting from the use of
rights reserved.
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Fig. 1. X-ray diffraction patterns of Ti–Si–C–N coatings with silicon
contents of 2.1–3.4 at % and different carbon concentrations.
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cutting tool lubricants. This is because many lubricants
present health hazards or are toxic, and some are even
flammable. Hence, there is a need to develop new super
hard coatings with better friction properties on a global
basis.

Diamond-like carbon (DLC) is one of the super hard
coatings with a low friction coefficient. However, the adhe-
sion between the DLC coating and the substrate is usually
poor. There is also inevitable adverse residual stresses in
the coatings, especially for thicker ones deposited under
energetic ion bombardment. Typically DLC also has crys-
talline lattice mismatch at the interface [8–10], therefore
hampering wider applications in cutting tools. By adding
various quantities of carbon to nanocomposite Ti–Si–N
coatings, quaternary Ti–Si–C–N coatings with a nanocom-
posite structure may possess more desirable properties.
However, research work on the design, synthesis, and char-
acterization of these types of materials that possess both
super hardness and low friction coefficients has been rela-
tively sparse. Here, we report the synthesis of quaternary
Ti–Si–C–N coatings with both super hardness and low fric-
tion coefficients (high wear resistance and self-lubrication).
The effects of the carbon concentrations are evaluated and
a mechanism is proposed to explain the relationship
between the nanostructure and high hardness and low fric-
tion coefficients.

2. Experimental details

Ti–Si–C–N and Ti–Si–N coatings 5–6 lm thick were
deposited on high-speed steel substrates by pulsed direct
current plasma-enhanced chemical vapor deposition (PEC-
VD) using a gaseous mixture of TiCl4 (flow rate of
40 ml min�1), SiCl4 (5–15 ml min�1), N2 (400 ml min�1),
H2 (800 ml min�1), CH4 (0–400 ml min�1) and Ar
(50 ml min�1). TiCl4 was bled into the vacuum chamber
together with a H2 carrier gas from the TiCl4 tank at a tem-
perature of 40 �C. SiCl4 was introduced into the chamber
from a SiCl4 tank at room temperature. The PECVD sys-
tem has been described elsewhere [11]. The substrate was
placed on the charging plate (cathode of the system) and
the substrate temperature, measured by a thermocouple,
was kept at 500 �C during deposition. The wall of the
chamber was the anode of the system and grounded. The
pulsed voltage was 800 V and the frequency was 17 KHz.

X-ray diffraction (XRD) was conducted on the as-
deposited surfaces using Cu Ka radiation to identify crys-
talline phases in the coatings, and the crystalline size was
determined from the broadening by the Scherrer formula
of the integral widths of the Ti(C,N) and TiN peaks.
The coating thickness and structure were determined from
cross sections using scanning electron microscopy (SEM).
X-ray photoelectron spectroscopy (XPS) was used to
determine the chemical states of silicon and carbon in the
Ti–Si–C–N coatings. The elementary composition of the
Ti–Si–C–N coatings was identified by energy dispersive
X-ray analysis (EDS). The nanostructures of Ti–Si–C–N
coatings were studied in details by plan-view transmission
electron microscopy (TEM). The hardness measurements
were performed using an automated load–depth sensing
technique employing a Fischerscope 100 indentometer with
a Vickers diamond indenter. A maximum load of 50 mN
was used in order to assure that the indentation depth
was within the 5–10% of the coating thickness. The hard-
ness values obtained from the Fischerscope were verified
by measuring the size of the remaining indentation utilizing
SEM and calculating the hardness from the equation H

= 0.927 L/AP, where L is the applied load and AP is the
projected area of indentation. Six repeated measurements
were made for each specimen to obtain the average
hardness.

The friction coefficients were evaluated using a pin-on-
disc tribometer under a load of 5 N at a sliding speed of
20 cm s�1. The tests were conducted using a 3 mm hard-
ened (HRC 60–62) GCr15 steel ball as the counterpart at
25 and 550 �C and at 45% relative humidity in air without
applying lubricants.

3. Results

Fig. 1 shows the X-ray diffraction patterns of the Ti–Si–
C–N coatings with different carbon contents and low sili-
con concentration. The Ti–Si–C–N coatings exist as a
Ti(C,N) solid solution when the carbon concentration is
high (>29.3 at.%) and the preferred Ti(C,N) (200) crystal
orientation appears. Other diffraction peaks from the crys-
talline phases such as TiSi2 and Si are detected when the
carbon content is lower than 29.3 at.%. A peak broadening
phenomenon is observed with increasing carbon concentra-
tions in the Ti–Si–C–N coatings. It is probably due to the
smaller crystalline size and enhanced hardness produced
via nanocrystalline hardening (to be discussed later). In
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comparison, the only crystalline phase found in the
Ti–Si–N coatings is TiN in the absence of carbon (Fig. 1).

Some amorphous phases of a-Si3N4 and a-C in the Ti–
Si–C–N coatings are revealed in the XPS spectra in
Fig. 2. The Si2p spectrum in Fig. 2a. shows Si–N
(102.6 eV), indicating the existence of Si3N4. However,
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Fig. 2. Si2p and C1s XPS spectra acquired from the Ti–Si–C–N coatings
with 25.3 at.% C and 2.3 at.% Si, indicating amorphous Si3N4 and carbon
structures.

Fig. 3. Plan-view TEM nanocomposite images and SAED patterns obtained fr
C, 2.8 at.% Si.
the XRD results do not show any crystalline Si3N4 phase,
implying that Si3N4 may be in the amorphous form (a-
Si3N4). The C1s spectrum in Fig. 2b shows C–C (284.1–
284.6 eV) and Ti–C (281.3–282.0 eV), demonstrating that
some carbon atoms exist as amorphous carbon (a-C)
because no carbon crystalline phase is indicated by XRD.
Some carbon atoms replace nitrogen atoms in TiN crystal-
line lattice as Ti(C,N) and it may play a role in the
increased hardness based on the rule-of-mixtures because
the TiC is harder than TiN. In summary, two amorphous
phases of a-Si3N4 and a-C exist in the Ti–Si–C–N coatings,
whereas only one amorphous phase of a-Si3N4 is observed
in the Ti–Si–N coatings [11].

In order to investigate the structures in more details,
TEM was conducted, and the plan view micrographs,
together with the selected area electron diffraction (SAED)
patterns of the Ti–Si–C–N coatings with low and high car-
bon contents and similar concentrations of silicon, are
depicted in Fig. 3. The SAED patterns in Fig. 3a indicate
the existence of crystalline phases of Ti(C,N), TiSi2 and
Si in the Ti–Si–C–N coating containing 17.1 at.% C,
whereas Fig. 3b discloses only the crystalline phase of
Ti(C,N) in the Ti–Si–C–N coating with 29.3 at.% C. The
TEM results are consistent with the XRD results. The
nanocomposite structure is shown in the high-resolution
(HR) plan view TEM in Fig. 4, which also displays the
SAED patterns. Nanocrystallites (black areas) with grain
sizes of about 10–20 nm are embedded in the amorphous
phases (white areas). The results suggest that the Ti–Si–
C–N coatings with lower carbon concentration are com-
posed of nc-Ti(C,N)/nc-TiSi2/nc-Si/a-Si3N4/a-C, and the
Ti–Si–C–N coatings with the higher carbon content are
composed of nc-Ti(C,N)/a-Si3N4/a-C.

Fig. 5 shows the surface morphology and cross-sectional
micrograph of the Ti–Si–C–N coatings. A typical non-
columnar growth mode is indicated. The dense and fine
microstructures which appear with the addition of carbon
are believed to be responsible for the superior mechanical
and chemical properties. As shown in Fig. 6, the crystalline
size of the Ti–Si–C–N coatings containing 2.1–3.4 at.% Si
decreases significantly from approximately 30 to 7 nm
when the carbon concentration increases from 10 to
om Ti–Si–C–N coatings with: (a) 17.1 at.% C, 3.1 at.% Si and (b) 29.3 at.%



Fig. 4. Plan-view HR-TEM images and SAED patterns of Ti–Si–C–N coatings with 29.3 at.% C and 2.8 at.% Si: (a) nanocrystallites (black areas) and (b)
amorphous phase (white areas).

Fig. 5. Surface morphology and cross-sectional micrograph of the Ti–Si–C–N coatings with 29.3 at.% C and 2.8 at.% Si.
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38.6 at.%, while the oxygen and chlorine impurity contents
in the Ti–Si–C–N coatings determined by EDS are about
0.05 and 0.5 at.%, respectively. Consequently, the resulting
Ti–Si–C–N coatings shows a super hard value of 32–
48 GPa as measured by the nanoindentation techniques
introduced earlier on. The hardness varies almost linearly
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Fig. 6. Relationship between the crystalline size and hardness of the Ti–
Si–C–N coatings with low silicon contents (2.1–3.4 at.%) with carbon
concentrations.
with the carbon concentration due to a combination of
nanocrystalline-size hardening and hardening increasing
with carbon concentration according to the rule-of – mix-
tures in the f.c.c. Ti(C,N). In contrast, for the Ti–Si–N
coatings, the hardness reaches a maximum and the crystal-
line size reaches a minimum at a silicon content of 13 at.%,
as shown in Fig. 7. Afterwards, the hardness decreases
gradually with increasing silicon concentration probably
due to a diminished nanocrystalline-size hardening affect
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Fig. 7. Crystalline size and hardness of Ti–Si–N coatings with different
silicon concentrations.
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Fig. 9. Schematic of a nanocomposite coatings design for self-lubrication
and super hardness.

6354 S.L. Ma et al. / Acta Materialia 55 (2007) 6350–6355
as larger nanocrystallites emerge. Therefore, as shown in
Figs. 6 and 7, the dependence of the crystalline size and
hardness on carbon concentration is different. The friction
coefficients determined from the Ti–Si–C–N and Ti–Si–N
coatings are shown in Fig. 8. Increased stability and lower
friction coefficients are observed from the Ti–Si–C–N coat-
ings at both ambient and elevated temperatures. For exam-
ple, the friction coefficients decrease from approximately
0.75 for the Ti–Si–N coatings to 0.35 for the Ti–Si–C–N
coatings at ambient temperature (Fig. 8a). The phenome-
non appears to be related to self-lubrication arising from
the formation of amorphous carbon acting as a graphite-
like lubricating layer.

4. Discussion

The XRD and XPS as well as HR-TEM investigations
have disclosed that incorporation of carbon into the
Ti–Si–N coatings gives rise to unique nanocomposite struc-
tures composed of nanocrystallites embedded in an amor-
phous matrix. The formation is based on a strong,
thermodynamically driven and diffusion-rate-controlled
(spinodal) phase segregation that leads to the formation
of the stable nanostructures by self-organization [12,13].
The spinodal nature of the phase segregation and the
formation of the nanostructure are clearly supported by
TEM in Figs. 3 and 4. The TEM micrograph in Fig. 3.
shows a regular nanostructure that is typical of a spinodal-
ly segregated system. If the segregation and nanostructure
formation have occurred by nucleation and growth, one
would expect to see a much larger size distribution in the
compositional modulation. Fig. 4 shows a high-resolution
micrograph with a few nanocrystals, where the size of the
nanocrystals, about 10–20 nm, agrees well with that deter-
mined from XRD results at carbon and silicon contents of
29.3 and 2.8%, respectively.

Liu et al. [14] have suggested that the energy difference
between the grain boundary and crystallite/amorphous
phase interface can give rise to the amorphous phase
located at the boundary as seen in Figs. 3 and 4. Recently,
Veprek et al. gave direct evidence which shows that a
monolayer of Si3N4 interface is the most stable configura-
tion, and its de-cohesion energy is higher than that of bulk
Si3N4 [15]. It hinders the evolution of the grain boundary,
and this effect is sensitive to the volume fraction of the
amorphous phase that varies with the carbon concentra-
tion. This phenomenon is responsible for the grain growth
restriction of the nanocrystallites, as shown in Fig. 6. This
explanation is also valid for the relationship among the car-
bon content, grain size and hardness of the Ti–Si–C–N
coatings when the silicon concentration is the same.

The nanocomposite coatings with self-lubrication are
illustrated in Fig. 9, which presents a schematic of a nano-
composite coating design that exhibits self-lubrication and
also super hardness, where an amorphous matrix carbon
and a hard nanocrystalline phase were used to produce
optimum mechanical performance and load support.
Amorphous carbon was especially added to achieve struc-
tural adjustment of transfer films formed in friction con-
tacts during dry/high sliding wear.

The mechanism suggested for this reduction in friction is
the nanocomposite microstructure in which the small car-
bide grains present are thought to disrupt the atomic-bond
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continuity of the amorphous carbon, thus weakening its
structural integrity and facilitating the release of carbon
from the coating to the graphitization process. This conclu-
sion is also supported by the carbon transfer from the coat-
ing to the counter surface as a solid lubricant [16].
Therefore, the improved friction and tribological proper-
ties accomplished with the Ti–Si–C–N coatings is related
to the addition of carbon into the Ti–Si–N coatings, result-
ing in the formation of amorphous carbon, which acts as a
graphite-like lubricating layer in the wear track surface
structure. A graphite-like transfer film can be formed in
the sliding contact and acts as a solid lubricating graphite
structure; this self-lubrication mechanism leads to a large
decrease in the friction coefficient. The reason for this is
that the frictional force F is essentially a product of the
shear strength S of the lubricant layer multiplied by the real
contact area A, resulting from elastic and plastic deforma-
tion [17]: F = S · A. Owing to the super hardness and sig-
nificantly higher elastic module, the nanocrystallite
Ti(C,N) is expected to have a much smaller contact area
than metals under the same normal load. According to
the equation above, a smaller contact area translates into
a smaller frictional force when a lubricant layer of amor-
phous carbon is present. On the other hand, the friction
coefficients of the Ti–Si–C–N coatings diminish continu-
ously from about 0.35 at 25 �C to 0.30 at 550 �C
(Fig. 8b), and those of the Ti–Si–N coatings decrease from
about 0.75 at 25 �C to about 0.55 at 550 �C. This is prob-
ably due to the extensive graphitization, which is due to
the higher temperature rise and strain energy, thus promot-
ing graphitization [18]. On the other hand, the further
reduction in the friction coefficient can be correlated to
the formation of an amorphous oxidation resistant SiOx

layer on the surface of the Ti–Si–C–N coatings during
the friction test at 550 �C [19]. SiOx can also act as a lubri-
cant layer in the chosen temperature range, further reduc-
ing the friction coefficients. Of course, as the temperature
increases beyond a critical value, the viscosity of the SiOx

layer will reduce the lubricating efficacy and, consequently,
the friction coefficients will increase again. However, this
has not been confirmed since the highest temperature that
can be achieved is 550 �C in the friction tests in the present
study.

5. Conclusion

Superhard Ti–Si–C–N coatings consisting of nanocrys-
tallites and amorphous microstructures of nc-Ti(C,N)/a-
Si3N4/a-C and/or nc-Ti(C,N)/nc-TiSi2/nc-Si/a-Si3N4/a-C
have been fabricated by plasma-enhanced chemical vapor
deposition. The impact of the carbon concentration on
the microstructure and tribological properties of the mate-
rials have been investigated. The friction coefficients mea-
sured on the super hard Ti–Si–C–N coatings with high
carbon concentrations (nc-Ti(C,N)/a-Si3N4/a-C) are lower
at both room and elevated temperatures. This is because of
the formation of a graphite-like lubricious phase which is
composed of amorphous a-C. The coatings remain super
hard in spite of the high carbon contents due to the forma-
tion of nanocomposite structures created by the segrega-
tion of the amorphous phase to the grain boundaries via
a thermodynamically driven spinodal mechanism. This hin-
ders the evolution of the grain boundary and leads to a
gradual decrease in the grain size of the nanocrystallites.
As a result, quaternary Ti–Si–C–N coatings with super
high hardness and low friction coefficients can be pro-
duced, and these are thought to have great potential in
dry and high-speed cutting tools.
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