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ABSTRACT

TiN-containing amorphous Ti-Al-Si-N (nc-TiN/a-SisN4 or a-AIN) nanocomposite coatings were
deposited by using a modified closed field twin unbalanced magnetron sputtering system which is
arc assisted and consists of two circles of targets, at a substrate temperature of 300 °C. XRD, XPS and
High-resolution TEM experiments showed that the coatings contain TiN nanocrystals embedded in the
amorphous Si3N4 or AIN matrix. The coatings exhibit good mechanical properties that are greatly influ-
enced by the Si contents. The hardness of the Ti-Al-Si-N coatings deposited at Si targets currents of 5,
8, 10, and 12 A were 45, 47, 54 and 46 GPa, respectively. The high hardness of the deposited Ti-Al-Si-N
coatings may be own to the plastic distortion and dislocation blocking by the nanocrystalline structure.
On the other hand, the friction coefficient decreases monotonously with increasing Si contents. This result
would be caused by tribo-chemical reactions, which often take place in many ceramics, e.g. SizN4 reacts
with H,0 to produce SiO, or Si(OH), tribolay-layer.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The development and application of TiAIN coatings to cutting
tools has led to dramatically extended tool life and the realization
of high speed machining of hardened materials [1,2]. These coat-
ings showed superior stability even at much elevated temperatures
of approximately 800 °C[3,4]. The improved mechanical and oxida-
tion properties were derived from the microstructure characterized
by solid solution of Al into TiN [5,6]. However, Ti-Si-N coatings
also attract large concerns with respect to hardness because the
coating layers exhibit super hardness above 50 GPa [7,8]. The hard-
ness of the Ti-Si-N coatings is known to come from nanocomposite
characteristics of nc-TiN/a-Si3N4 [9,10]. Nanoscale crystallites TiN
are relatively free of dislocations and when high stress is applied
any dislocation movement that may be present is trapped at the
grain boundaries by the amorphous matrix SizN4 resulting in
an enhancement in the material strength [11]. It has been sug-
gested that the solid solution hardening may be the main reason
responsible for the hardening of Ti-Al-N, while the grain bound-
ary hardening may play a crucial in the hardening of Ti-Si-N [12].
Therefore, one could assume that if Ti-Al-N and Ti-Si-N were
mixed together, formed quaternary nitrides might simultaneously
have the unique properties of both two ternary composite coatings.
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Up-to-date, Ti-Al-Si-N coatings have been developed by variety
of deposition methods, such as plasma enhanced chemical vapor
deposition (PECVD) [13], arc ion plating and sputtering [2], RF and
DC reactive magnetron sputtering [12,14]. The vacuum arc process
is an attractive production deposition technology but the require-
ment of silicon in the deposited nanocomposite coatings and the
difficulty in arc-evaporating elemental Si has necessitated the use
of special Me-Si alloy cathodes [15]. Alternatively, the silicon may
be introduced into the coatings by concurrent operation of a tita-
nium arc source and magnetron source operating with a silicon
cathode. This approach has been successful both by simultaneous
deposition of the two fluxes and by alternating arc and magnetron
deposition [16,17].

To realize large-scale deposition with high uniformity of
Ti-Al-Si-N coatings on random-shape machining tools and
moulds, it is necessary to maintain a high plasma density in the
deposition chamber. In this article, we present a design of a mod-
ified MF sputtering system and properties of Ti-Al-Si—N coatings
deposited by using this system.

2. Experimental details
2.1. Deposition of coatings
The Ti-Al-Si-N nanocomposite coatings were deposited by

using a modified closed field twin unbalanced magnetron sput-
tering system which is arc assisted and consists of two circles of


dx.doi.org/10.1016/j.apsusc.2011.06.086
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:Changweizou@hotmail.com
dx.doi.org/10.1016/j.apsusc.2011.06.086

10374

targets, with a dimension of #1000 mm x 1000 mm, as shown in
Fig. 1. The four targets are placed vertically on the sidewalls of the
deposition chamber. The magnets of these four targets were placed
behind the targets and the magnet arrangement of the four targets
forms a closed magnetic field. In such magnetic field configuration
the plasma is tightly confined between the four targets, resulting in
ahigh plasma density in the chamber. A twin-purpose TizAl cathode
was designed, which either can be run in arc or magnetron sput-
tering mode. The substrates were placed vertically on a rotating
sample carrier which was in between the targets. The targets were
powered with bipolar 40 kHz power supplies. The samples spun in
addition to rotation, and the base pressure prior to coating depo-
sition was 5 x 103 Pa. During deposition, the substrates rotated in
the deposition chamber and faced two Ti3Al targets (99.99%) and
two Si targets (99.99%) sequentially. The pulsed substrate bias was
fixed at —75V to optimize the deposition condition and the out-
put current of the Ti3 Al targets was fixed at 100 A, while the output
power to the Si paired targets was varied from 1.5 to 10 kW in order
to prepare Ti-Al-Si-N coatings with different Si concentration. The
mirror-polished stainless steel and Si (11 1) wafers were used as
substrates and the coating process consisted of a 15 min deposi-
tion of a pure TiAl layer and a 60 min deposition of Ti-Al-Si-N layer.
Typical deposition conditions for Ti-Al-Si-N coatings are 1:1 N, /Ar
ratio, 0.4 Pa total gas pressure, and 300 °C substrates temperatures.
The Si targets current was varied at a time and then the changes in
the resulting coatings were investigated.

2.2. Coating characterization

The surface morphologies of the Ti—-Al-Si-N coatings were mea-
sured on a SHIMADZU SPM-9500]3 atomic force microscope (AFM).
The Ti, Si and Al atomic concentration was determined by using
an EDAX genesis 7000 EDS system operated at 25kV. The chem-
ical bonding was investigated by a Kratos 2AXIS2HS XPS system
using Mg K, (1253.6 eV) X-ray radiation. The microstructure mea-
surements of coatings were carried out on JEM-2010FEF (UHR)
transmission electron microscopes (TEM) operated at 200 kV. The
hardness of the coatings was measured with a fully calibrated MTS
Nano Indenter XP. The depth of indentation was set at 200 nm to
avoid surface and substrate effect. On each sample, ten indentations
were made at random locations and ten hardness values calculated
for an average. An MS-T 3000 ball-on-disc tester was used for the
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Fig. 1. Schematic diagram of the arc assisted middle-frequency magnetron sputter-
ing system.
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friction and wear measurements of the Ti-Al-Si—-N nanocomposite
coatings, which slide in ambient air at 23 °C and relative humidity
(RH) 60%; a WC-Co ball with 6 mm in diameter was used as the mat-
ing material. A5 N load was applied on the ball. The average sliding
speed was 0.02 m/s for a fixed sliding time of 100 min. The friction
coefficients of the coatings were continuously recorded during the
test

3. Results and discussions

Fig. 2 showed the XRD patterns of Ti-Al-Si—N coatings deposited
at Si targets currents of 5, 8, 10 and 12 A, respectively. It was found
that all the as-deposited Ti-Al-Si—N coatings had a polycrystalline
structure with multiple crystal planes orientations of (111),(200),
(220),(311)and (222), respectively. The preferential (11 1) peak
broadened with increasing Si targets currents. The peak broaden-
ing behavior was usually originated from the diminution of grain
size [18] and the existence of residual stress induced in the crys-
tal lattice [19]. No reflection peaks assigned to Si3sN,4 or AIN phases
was observed. It was suggested that silicon may exist as an amor-
phous silicon nitride. The TiN crystallite sizes were calculated from
(111) and (22 2) diffraction by using Scherrer formula by assum-
ing the shape factor of 1 [20] and found to be between 8 and 11 nm.
Also, Ti-Al-N solid solution in which Al atoms were substituted
for Ti sites in TiN crystal may be formed [21]. A clear shift in the
(111) peaks to lower angles was observed at higher concentra-
tions of Si, which indicates an increase in the lattice constant. Si
incorporation beyond 6 at.% into Ti-Al-N film would cause Si co-
precipitation with (Ti, Al, Si)N crystallites from the vapor phase and
the Si precipitates must be amorphous silicon nitride because they
were formed under nitrogen plasma in low temperature PVD pro-
cess as reported in the Ti-Si-N system [22]. Once the silicon nitride
phase was formed, it would draw Si atoms from surroundings such
as crystal surfaces of (Ti, Al, Si)N in order to grow itself.

Fig. 3a showed Si, Al and Ti contents in the Ti-Al-Si-N coat-
ings as a function of MF sputtering current at a fixed TizAl arc
current of 100 A. The Si contents in the Ti—Al-Si-N coatings linearly
increased from 2.2 to 8.4 at.% raising the sputter current from 5 to
12 A. This result reflected that our modified closed field twin unbal-
anced magnetron sputtering system enabled an easy control of Si
content for the syntheses of Ti-Al-Si-N coatings. Because of detect
limitation of EDS for light elements, more accurate experiments
such as RBS are under way. Fig. 3b and ¢ showed cross-sectional
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Fig. 2. XRD patterns of Ti-Al-Si-N coatings deposited at Si targets currents of 5, 8,
10 and 12 A, respectively.
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Fig. 3. Si, Al, and Ti contents in Ti-Al-Si-N coatings deposited at Si targets currents of 5, 8, 10 and 12 A, respectively (a). Cross-sectional SEM images of Ti-Al-Si-N coatings

deposited at Si targets currents of 10 and 12 A are shown in b and c, respectively.

micrographs for Ti-Al-Si-N coatings deposited at Si targets cur-
rents of 10 and 12 A, respectively. The thickness of the coatings was
about 2.5 pm. Columnar structure was clearly seen in the coatings
and the Ti-Al-Si-N coatings revealed a dense nanostructure. It was
found that the Si addition into TiN coatings affected its microstruc-
ture to become finer in grain size and more random oriented in
crystallographic direction [23,24].
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XPS was performed to investigate the bonding status in the
Ti-Al-Si-N coatings deposited at various Si targets currents and
illustrated in Fig. 4. Bonding status of Ti was investigated and shown
in Fig. 4a), peaks with binding energy of 455.5 and 458.4 eV were
assigned to Ti 2p3), stoichiometric TiN and TiOx, respectively [24].
So, the surface of the Ti-Al-Si-N coatings has been oxidized. Si 2p
peak with a binding energy of 102.2 eV was obtained and shown in

b
= Si2p 1
© 102.2 eV
- AN
> |
= 10A
c | i
2
£
L SA
80 100 120 140
Binding Energy (eV)
d
3
s
2
0
c
o
£

Binding energy (eV)

Fig. 4. XPS spectra of Ti-Al-Si-N coatings deposited at Si targets currents of 5 and 10 A, respectively. (a) Ti 2p, (b) Si 2p, (c) N 1s, (d) Al 2 p.



10376

TiN (002)

C.W. Zou et al. / Applied Surface Science 257 (2011) 10373-10378

(b) TiN (111)

TiN (311)

B TIN (220)

TiN (200)

Fig. 5. RMS roughness of Ti-Al-Si-N coatings deposited at Si targets currents of 5, 8, 10 and 12 A, respectively. Corresponding 2D and 3D AFM images of Ti-Al-Si-N coatings

deposited at Si targets of 12 A are shown in the inset.

Fig. 4b). Peak position of Si 2p located at binding energy of 101.8 eV
corresponding to N-Si bond of «-Si3N4 have been reported in pre-
vious literatures [25,26], which agreed well with the result of this
study. The Si 2p peak intensity gradually increased with an increase
of Si targets currents from 5 to 10 A. The N 1s spectrum (Fig. 4c) of
the deposited Ti—-Al-Si-N coating revealed typical features of TiN
and SizN4 with binding energies at 396.2 and 398.0 eV, respectively.
The Al 2p peaklocated at 73.8 eV, was consistent with AIN. From XPS
measurement and combined with our XRD results with no SizN4
or AIN diffraction peaks, we concluded that Si3N4 was amorphous
phase and Ti-Al-Si-N coatings existed as nc-TiN/a-Si3N4 or a-AlIN.

The nanocomposite structure was obtained directly from TEM
technique. A typical TEM image and selected area electron diffrac-
tion (SAED) pattern of the Ti-Al-Si-N coatings deposited at Si
targets currents of 10 A were shown in Fig. 5. The mean crystallite
size was about 8-10 nm which in good agreement with our result
obtained by XRD using Scherrer’s formula[27]. TiN crystallites were
clearly distinguished from amorphous Si3sN4 matrix by the lattice
fringe contrast, and finely embedded in amorphous SizN4 matrix
and randomly distributed across the whole region. The diffraction
ring was originated from the crystallite TiN crystallites. The rea-
son for formation of such a nc-TiN/a-SizN4 nanocomposite has
been reported [28]. TiN phase can grow in high crystallinity at low
temperature with the help of plasma energy. Nevertheless, SizNy4
crystallization required much high temperature due to high viscos-
ity, so it was amorphous under the same experimental conditions
[28]. Therefore, the structure of TiN crystallites embedded in an
amorphous Si3N4 matrix can be easily obtained using solid state
target under mild synthesis conditions. In such nanocomposite
structure, TiN crystallites would be almost ideally interconnected
via the structurally flexible and strong SizN4 or AIN matrix which
can accommodate the coherency strain.

AFM was used to investigate the effect of Si contents on the
surface roughness of the Ti-Al-Si-N coatings and shown in Fig. 6.
The surface become smoother and the root-mean-square (RMS) are
gradually eliminated with increasing Si contents in the Ti-Al-Si-N
coatings. The RMS values of Ti-Al-Si-N coatings deposited at Si tar-
gets currents of 5, 8,10, and 12 A were 8.85, 7.95,6.73 and 5.57 nm,
respectively. No obvious microparticles are observed and the coat-
ings were grown with dense and fine microstructure when the Si
content in the coatings was increased.

The hardness of the Ti-Al-Si-N coatings was measured by nano-
indentation and shown in Fig. 7. It is evident that the hardness is as
a function of the Si contents and the maximum hardness was found
for Ti-Al-Si-N coatings deposited at Si targets currents of 10 A. The
hardness of the Ti-Al-Si-N coatings deposited at Si targets currents
of 5, 8, 10, and 12 A were 45, 47, 54 and 46 GPa, respectively. The
grain size (D) dependence of hardness or strength has been inter-
preted in terms of the Hall-Petch relationship [29]. According to

this relation, the strength or hardness of polycrystalline material
is often fit to a term proportional to D~1/2, This result is related
with the critical stress that is needed for the multiplication and
movement of dislocations. This critical stress is inversely propor-
tional to the distance between its pinning points [30], which will
be limited by the grain size according with t ~ Gb/D. G is the shear
modulus approximated by the function on the Young’s modulus
(E) and Poisson ratio (v), G=E(2+2v)~1, and b is the Burgers vec-
tor of the dislocation which defines the magnitude and direction
of the slip [31]. This suggests that dislocation multiplication in
nanophase materials will become increasingly difficult as the grain
size decreases, because the so called Frank-Read sources cannot
operate with in the small grains [32]. At sufficiently small grain
size, the critical stress will eventually become larger than the yield
stress in the conventional material. However, if the grain size is fur-
ther reduced down to the nanometer range, the Hall-Petch relation
loses validity and a softening is observed due to grain boundary slid-
ing that become the most effective mechanism of stress relaxation
[33].

Fig. 7b showed H3 /E*2 value of Ti-Al-Si-N coatings as a function
of Si targets currents. The effective Young’s modulus, E* =E/(1 — v2)
and H3/E*2 value were calculated with the assumption of Poisson
ratio, v=0.25. The H3/E*2 value is known to be proportional to the
resistance to plastic deformation of hard materials. The highest
H3/E*2 value was obtained from the Ti-Al-Si-N coating having Si
contents of 7 at.% and this coating would be most resistant to plas-
tic deformation. The highest resistance to plastic deformation of
that coatings would be related with hindering dislocation forma-
tion or movement due to nano-sized (Ti, Al, Si)N crystallites and
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Fig. 6. TEM (a) and SAED (b) images of Ti-Al-Si-N coatings deposited at Si targets
currents of 10A.



C.W. Zou et al. / Applied Surface Science 257 (2011) 10373-10378

a 60
-4 570
55+
- 540
E 500 / \
g o % 4510
@ 45 1 E
@ 4 480
c
g 40| %
4450
= ////////
a5l - \%}
o {420
30 1 1 1 1
4 6 8 10 12

Si targets currents (A)

(ed9)sninpow s,6unoz

10377
b 08
<07+ J .
o
e
N
w
06} 1 i
k= o)
i 1
05+ 1 4
4 6 8 10 12

Si targets currents (A)

Fig. 7. Hardness, Young’s modulus (a) and H3/E*2 values (b) of Ti-Al-Si-N coatings deposited at Si targets currents of 5, 8, 10 and 12 A, respectively.

the strong inhibiting of the crack propagation in amorphous SizNy4
or AIN. Similar results have been reported by Park [34].

The friction coefficient of the Ti—Al-Si-N coatings deposited at
various Si targets currents are shown in Fig. 8. The friction coef-
ficient of coatings deposited at 5, 8, 10 and 12 A were 0.85, 0.76,
0.75 and 0.69, respectively. This result would be caused by tribo-
chemical reactions, which often take place in many ceramics, e.g.
SisN4 reacts with H,O to produce SiO, or Si(OH), tribolay-layer
[35]. These products of SiO, and Si(OH), were known to play a
role as a self-lubricating layer and the formation of the tribo-layer
would be more activated with increasing the Si content. Similar
results have been reported by Park [23] and the friction coefficient
was in the range of 0.6-0.9.

The hardness value of Ti-Al-Si-N coatings significantly
increased up to 54 GPa for Ti-Al-Si-N coatings deposited at Si
targets currents of 10A compared with that of ~30GPa for TiN
coatings [37]. This surprising enhanced hardness is believed to
originate from the microstructure evolution Ti-Al-N coatings with
Si addition. Hardness enhancement upon energetic ion bombard-
ment is frequently attributed to the induced compressive stress.
However, when the compressive (or tensile) stress is induced in a
bulk specimen by bending it, such an enhancement (or decrease)
corresponds only to the amount of that stress because it is act-
ing against the shear stress induced under the indenter by the
applied load during the indentation hardness measurement. There-
fore, a compressive stress alone can never enhance the hardness to
50-60 GPa. The high hardness of the deposited Ti-Al-Si-N coat-
ings may be own to the plastic distortion [25] and dislocation
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Fig. 8. Friction coefficient of Ti-Al-Si-N coatings deposited at Si targets currents of
5, 8,10 and 12 A, respectively.

blocking by the nanocrystalline structure [36]. A nanocompos-
ite structure with very fine crystallites resulted in the enhanced
hardness of Ti-Al-Si-N coatings. In addition, grain boundary hard-
ening derived from the increased cohesive energy at inter phase
boundaries along with the percolation phenomenon of amorphous
phase is believed to play a role in enhancing the hardness. The
reasons for the large increases in hardness and Young's modulus
of Ti-Al-N with Si addition would be the grain boundary harden-
ing both by strong cohesive energy of interphase boundaries and
by Hall-Petch relation derived from crystal size refinement [29],
which were simultaneously caused by the percolation of amor-
phous SizN4 into the Ti-Al-N coatings. Other possible reasons
would be due to solid solution hardening of crystallites by Si dis-
solution into Ti-Al-N [30]. The maximum hardness value at the
silicon content of approximately 7 at.% would result from the nano-
sized crystallites and their uniform distribution embedded in an
amorphous Si3N4 matrix. Such a microstructure was in agreement
with the concept of a nanocomposite, suggested by Veprek et al.
[38,39]. However, the hardness reduction with further increases
of Si content after maximum hardness has been explained with
the thickening of amorphous SizN4 phase with an increase of Si
content. When amorphous SisN4 are thickened, the ideal inter-
action between nanocrystallites and the amorphous phase is lost
and the hardness of the nanocomposite becomes dependent on the
property of the amorphous phase [38].

4. Conclusions

Nc-TiN/a-SizNg or a-AIN nanocomposite coatings were
deposited by using a modified closed field twin unbalanced mag-
netron sputtering system which is arc assisted and consists of two
circles of targets. The coatings exhibit good mechanical proper-
ties that are greatly influenced by Si contents in the Ti-Al-Si-N
coatings. XPS, XRD and TEM showed that the coatings contain TiN
nanocrystals embedded in the amorphous SizN4 or AIN matrix.
Coatings deposited at Si targets currents of 10 A exhibits excel-
lent performance with a low friction coefficient of 0.72 and a high
hardness of 54 GPa. These properties make it possible for industrial
applications.
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