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Influence of Si Content on Properties of Ti;_,,Si,N Coatings
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Abstract: To investigate the evolution of microstructure and wear behavior of TiSiN coatings with the
variation of Si in targets and lays the foundation for its controllable mass production, Ti;,_,Si,N composite
coatings were deposited onto Si (100) and cemented carbide substrates using TiSi targets with different Si
content by cathodic arc ion plating. The influences of Si on the microstructure and mechanical properties were
studied. Nano-amorphous composite structure appeared in the Ti,_,,Si N coatings when Si content in TiSi target
was higher than 5at%. However, further increase of Si content in TiSi target exhibited a negligible effect on the
microstructure of Ti;,_,SiN coatings. Hardness and deformation resistance were correlated to the content of
Si in TiSi targets. Maximum hardness was obtained as the Si content in target increased up to 20at%. Friction
coefficient and wear rate significantly decreased with addition of Si in TiN coating, and then dually increased
with the increase of Si content in targets.
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1 Introduction

Ti,_,Si,N, as a typical nano-composite coat-
ing, has been widely studied to explore applications
in solar selective absorbing, biomedical implant!' ™.
The most promising application of Ti,_,Si N coating
should be used as a good candidate for cutting tools
due to its enhanced hardness, outstanding oxidation
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resistance and lower friction coefficien
to the published references, it has been successfully
fabricated by using plasma-enhanced CVD'", ion beam
assisted deposition!”’, reactive magnetron sputtering"
and cathodic arc ion plating (CAIP)"”). Among these
technologies, CAIP is the suitable method for mass
production of Ti,_,Si,N coating due to its excellent
adhesive force, and high deposition rate!"”. Using CAIP
fabrication, Si could be introduced into TiN coating
from TiSi alloy target or Si-containing gas sources.
However, it has been reported that the Si-containing
gas sources would induced high internal stress in Ti,_,,
Si.N coatings". Therefore, TiSi alloy target is consid-
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ered as the most suitable silicon source for Ti,_,Si,N
coating for the batch production in industrial scale!".
As reported, the microstructure, mechanical properties,
and cutting performance can be significantly influenced
by deposition conditions such as target current, bias
voltage, especially the Si content in target!'”'*. The
bias voltage in industrial production is an important
deposition parameter, which exhibits great influence on
the crystallization orientation and the internal stress of
the coatings'"”’. Silicon content also plays a critical role
on the microstructure and properties of Ti,_,Si,N coat-
ing"’. According to the thermodynamic phase diagram,
Ti-Si-N coatings will form a solid solution structure
when the Si content is lower than 3at% and transform
into a nanocomposite structure when the Si content
falls in the range of 3at% to 12at%""). The effects of Si
on the microstructure, mechanical properties, and wear
resistance of Ti,_,,Si,N coating have been researched
intensively!'®"”. However, most of published works use
the mixed gases of Ar, and N, in the chamber as the
working ambient, which is different from the industrial
batch production where the pure nitrogen gas is used to
make sure the high batch repetition and stability. There-
fore, it is an interesting investigation on the effect of Si
content in TiSi target on the mirostructure and mechan-
ical properties of the coating with high bias voltage at
pure N, for the industrial production of Ti,_,Si N com-
posite coating.
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This paper mainly focuses on the effects of Si
content of TiSi target on the microstructure and com-
positions of Ti,_,SiN coating by cathodic ion plating.
Then, the nanohardness and tribological behavior are
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investigated systemically. The results are expected to
be helpful for the understanding of strengthen mecha-
nism of Ti,_,Si.N coating and exploring the industrials
batch production of Ti,_,Si,N coating.

2 Experimental

2.1 Specimens preparation

Ti-Si-N coatings were deposited on mirror pol-
ished Si (100) substrates (for structural analysis) and
cemented carbide substrates (for mechanical measure-
ments) by cathodic arc ion plating system using Ti,
TiysSis, TigpSi,y, TigsSiys, and Tig,Siy, alloy targets. The
TiSi alloy targets were synthesized by hot press tech-
nology at 10~ Pa with well mixed 400 mush Ti and Si
powders. The size of the chamber was 540 mm x 295
mm X 395 mm, the minimum distance between sam-
ples and source was 225 mm. Prior to deposition, Ar’
ion bombardment was carried out to remove the con-
tamination on the substrate surface in Ar atmosphere at
2 x107* Pa, then a TiN interlayer and Ti,_,Si,N com-
posite coatings were deposited with a rotation speed
of 4rpm. TiN interlayer was employed to increase the
adhesion strength between the substrate and Ti,_,Si, N
coating. More details of deposition parameters were
listed in Table 1.

Table 1 Deposition conditions

Value

100
Ti, TigsSis, TiggSiyo TigsSiys, TigSi
Substrate bias voltage/V  Bombarding: —800; deposition: —150

Parameters

Target size
Target materials/at%

Working gas N,
Base pressure/Pa 7.0x107°
Working pressure, N/Pa 2.0
Arc current/A’ 60
Substrate temperature/‘C 280
Rotation speed/rpm 4
Deposition time/min 30

2.2 Coating characterization

Surface morphologies of the as-deposited Ti,_,
Si,N coatings were observed by an FEI Sirion IMP
SEM system. Semi-quantitative compositional analysis
of the coatings was carried out using energy dispersive
spectrometer analysis. X-ray diffraction (Bruker-axs D8
with a Cu K, radiation —\,=0.15418 nm) was used to
obtain the phase structure of the as-deposited samples.

rel

The grain size of TiN was calculated from XRD pattern
by Debye-Scherrer equation. After ultrasonic cleaning
in acetone and deionnized water, the binding energy of
Si was detected by X-ray photoelectron spectroscopy
(XPS Thermo Scientific Escalab 250 Xi spectrometer.).
Cross-sectional analysis verification was done by HR-
TEM (JEOL JEM 2010)

The tribological behaviors were evaluated on the
MS-T3000 ball-on-disk tester under the room tempera-
ture and atmospheric pressure. Zirconia balls with a
diameter of 3mm were chosen as mated materials. The
reciprocating sliding test was carried out with a load of
5N, the sliding speed was 200 rpm and the total testing
time was 30 min. After wear tests, the morphologies of
each wear scar were observed by laser confocal scan-
ning microscopy (LCSM OLS4100). Furthermore, the
chemical compositions of the micro-zone inside the
scars had been characterized by energy dispersive X-ray
spectroscopy with an abbreviation less than 10%. In
addition, the nanohardness of the coatings was mea-
sured by nano-indentation (G200, Agilent technologies,
USA).

3 Results and discussion

3.1 Microstructure of coatings

Fig.1 shows the surface morphologies and
cross-sections of Ti,_,Si N coatings deposited with
TiysSi5 and Tig,Si,, targets. Particles and pin holes have
been observed in the surface which is typical feature of
cathodic arc ion plating™”. These particles are resulted
from solidification of the droplets, while holes are re-
sulted from the peeling of particles. From the cross-sec-
tional images, the thickness of Ti,_,Si N coatings de-
posited by TiysSiy is thicker than the thickness of Ti,
Si,N coatings deposited by Tig,Si,, TiN interlayer is ob-

—Xx)

served which agrees well with the deposition process.
As shown in Table 2, the Si content in the coatings
increases from 2.9at% to 7.6at% when the Si in target
increases from 5at% to 20at%. The Si content in coat-
ings increased with the increase of Si in alloy targets. It
should be noted that the ration of Si/Ti in coatings were
all lower than that of the targets. The phenomenon
should be attributed to the composition demixing effect
which derives from the difference ionizing states of Ti
and Si. Ti ions with a higher mean valence state of 2.05
reveal a better converging to the substrate compared
with Si ions which present a mean valence state of 1.46
under high bias voltage. Thus, more Ti ions could be
obtained in the substrate. In addition, Si ions could be
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Fig.2 XRD study of coatings deposited with different silicon contents: (a) XRD patterns; (b) grain size evolution

easily bunched off from the substrate because of its
higher velocity which is obtained from the electrical
field between the target and substrate. As a result, the
further incorporation of Si into the Ti,_,Si N compos-
ite coating would be hindered"”".
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Table 2 Compositions of TiN and Ti-Si-N coatings

Ti/at% Si/at% N/at%

Ti 56.1 43.9
TisSis 47.1 2.9 50.0
TigeSi 46.0 52 48.8
TigsSi,s 45.8 6.6 47.6
TigySi,g 36.8 7.6 55.6

As shown in Fig.2(a), the diffraction patterns
consisted of cubic TiN, and hexagonal close-packed
(hep) Ti peaks as well as three substrate diffraction
peaks. Three Ti peaks are resulted from these particles
in the surface as shown in Fig.1. The preferred orien-

tation of TiN coating and the Ti;,_,,Si N coating depos-
ited with TiysSis target is TiN (111) at 36.7° and trans-
forms to TiN (200) as Si content in target increases up
to 10at%. The preferred orientation change is related
to the competition between surface energy and strain
energy””. It should be noted that Ti;,_,,Si,N coating de-
posited with pure Ti target in silane atmosphere reveals
TiN (111) preferred orientation, which is different from
the current (111) and (200) orientations of Ti,_,Si,N
coating in this work!>*",

Fig.2(b) shows the grain size of all coatings in
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function of the Si content in targets. The grain size is
calculated from the preferred orientation according
to the Debye-Scherrer formula. TiN coating reveals a
grain size of 18 nm while the grain sizes of Ti,_,Si,N
coatings are under 8 nm. In addition, the grain size of
Ti,_,,Si,N coatings slightly decrease to 6 nm as silicon
in targets increase to 20%. For all Ti,_,Si,N coatings,
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no evidence of crystalline SiN, is detected. To investi-
gate the state of Si, XPS spectra of Ti-Si-N coatings are
shown in Fig.3.The banding energy of Si 2p is 102.1
eV which is in agreement with Si;N,. XRD and XPS
results prove that Si exists in amorphous Si;N, form in
Ti,_,Si,N coatings regardless of the silicon content in
target.

6000 SiN,:102.1
7
5000F fj Py
2 4000F
5
£
3000}
2000 :

1 1
96 98 100 102 104 106 108
Banding energy/eV

Fig.3 XPS spectra of Si 2p in Ti-Si-N coatings

Fig.4 shows the cross-sectional bright field (BF)-
TEM images of TiN, Ti,_,Si,N deposited with Tig,Si,,
and TigSi;son Si substrate. With the increase of Si
content, the microstructure of coatings transforms from
columnar grain to nanocrystalline composite in the
coatings. The calculated lattice space for Ti;,_,,Si,N
coating deposited by Tiy,Si,, is 3.49 A, which is very
close to the standard value for Ti,N (110). The reason
that Ti,N phase has not been observed by XRD should
be attributed to the small amount in coatings. For Ti _,,
Si,N coating deposited with pure Ti and TigsSi, targets,
the lattice parameters a are 4.19 and 4.10 A which cor-
respond to that of TiN (a,=4.2417 A). The calculated
lattice parameter of TiN is smaller than the standard
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value. The reason should be related to the formation of
substituted solid solution (Ti, Si,))N in which smaller Si
atoms are introduced into TiN lattice to replace larger
Ti atoms. Similar phenomenon also has been observed
in other Me-Si-N coatings""*. A careful study of the
XRD patterns reveals a shift of TiN diffraction peaks
towards higher angels which also identifies the lattice
parameter change. The mean grain size of TiN coating
observed from TEM is 18.9 nm, while the grain size of
Ti,_,Si,N coating deposited with TigSi,, and TigsSi,s
targets were 7.9 nm and 5.6 nm. The results agree well
with the results calculated from XRD pattern. As Si in
target increased from 10at% to 20at%, the composi-
tions and grain size remain nearly stable.
3.2 Nano-indentation

TContinuous stiffness measurement (CSM) is
used to measure nanohardness and elastic modulus of
the coatings on tungsten carbide substrates. The mea-
sured hardness and elastic modulus against 800 nm in-
dentation depth with Poisson’s ratio 0.25 of multilayer
films on tungsten carbide substrates are presented in
Table 3. The data of hardness and elastic modulus pre-
sented are calculated using rule of thumb of 7%-15%
of film thickness to minimize the substrate artifact and
the effect of surface roughness. The measured nano-
hardness and elastic modulus of TiN coating are 27.4
GPa and 486 GPa, which are comparable with other
studies'"". Ti,_,Si,N coatings deposited with Ti,Si,,,
TigsSi;s, TigySi,, possess higher hardness and lower
elastic modulus compared with TiN coating. It suggests
that the incorporated Si greatly enhances mechanical
properties of TiN coating***. The nanohardness of
Ti,_,Si,N coatings increase with the increase of Si in
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Table 3 Mechanical properties of TiN and Ti-Si-N coatings

Target Ti TiysSis Tig,Siyg TigsSi, s TigSiy
Hardness/GPa 27.4+0.6 27.5+1.3 25.1=1.1 30.4+1.5 34.2+1.6
Young’s modulus, £¥/GPa 486.6+22 397+18 374+14 500£23 473421
H'/E**/GPa 0.09 0.13 0.113 0.11 0.18

b g

Fig.4 TEM micrographs of coatings deposited with different silicon content
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Fig.5 Friction coefficient and wear rate coatings deposited with different silicon contents
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Fig.6 SEM images of the wear scar and EDX line analysis

targets. The maximum hardness with a value of 34.2
GPa is obtained in coatings deposited by Tig,Si,, target.

In order to enhance the resistance to plastic defor-
mation, it is necessary to obtain materials that possess
high hardness but lower elastic modulus value®. This
behavior could be expressed by the H'/E*” ratio, where
H and E* are the hardness and effective modulus of the
coating, respectively. E* is expressed as E* =E/(1—),
where E is the Young’s modulus, and v is the Poisson
ratio (about 0.25)°°". The value of H'/E** against the
Si content in targets are shown in Table 3. According
to the results, the resistance of elastic deformation in-
crease with increase of Si content in TiSi targets. The
best resistance to plastic deformation is obtained in
Ti,_,,Si,N coating deposited with Tig,Si,, target.
3.3 Friction behaviors

As shown in Fig.5, TiN coating reveals the high-
est friction coefficient with a value of 0.53, while Ti,_,,
Si,N coatings have lower average friction coefficient
and present better anti-wear properties than TiN coat-

ing. The reported average friction coefficient of TiSiN
coating deposited with pure Ti target in silane range
from 0.6 to 0.7", which are much higher than that in
this work. To further investigate the wear resistance
of these coatings, the wear rate (m’/m-N) is calculated
from the profiles of wear scars of these coatings after
reciprocating sliding test by the formula in the Ref.[27].
The calculated results show that the wear rates of Ti,_,
Si,N coatings are much lower than TiN coating. It in-
dicate that Ti,_,Si N coatings presented better friction
resistance than TiN coating. As Si content increased,
wear rate of Ti,,_,Si N coatings increase significantly.
The similar change in the average friction coefficient
and wear rate confirms that the increase of Si in target
would greatly increase wear rate and friction coeffi-
cient.

According to the friction test results, Si reveals
great effect on the friction coefficient and wear rate. To
study detailed affect mechanism, morphologies of the
wear scar are observed by SEM and EDS. In literatures,
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the lower friction coefficient of Ti,_,Si,N coating is
attributed to the finer grain or the lubrication of Si
because of the formation of hydrate reactions SiO, or
Si(OH),"””. To check the tribology mechanisms, SEM
morphologies of wear scar and the EDS line scan anal-
ysis have been carried out (as shown in Fig.6). No vari-
ation of O is observed across the wear scars of Ti,_,
Si,N coatings deposited with Ti,sSi, s and Ti;¢Si,,
targets which means that the reported hydrate reaction
Si;N,+6H,0—3Si0,+4NH, does not reacted. Thus,
the reported hydrate reactions come from the coun-
terpart ball and water in air rather than the Ti,_,Si,N
coatings'™. Therefore, the lower friction coefficient of
Ti;,_,,Si,N coatings is derived from the fine grain.
3.4 Discussion

According to the literature, the cutting perfor-
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mance of tools is largely dependent on the hardness and
friction behavior of cutting tools”". This is the reason
why so many works have been achieved to develop
coatings with super hardness and low friction coeffi-
cient. In this paper, the average friction coefficient and
wear rate of Ti,_,Si,N coatings are lower than TiN
coating, which confirms that the Ti,_,Si N coatings
present better wear resistance. The excellent wear resis-
tance of Ti,_,Si,N is resulted from its higher hardness.
It is worth noting that the hardness and plastic defor-
mation resistance of Ti;,_,Si,N coatings increase with
Si content in target, though the friction coefficient and
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wear rate also increase. The results suggest that wear
resistance of coatings not only depend on hardness. As
shown in Fig.6, the wear scar of TiN coating is much
broader than that of Ti,_,Si N coatings which is con-
sistence well with results of wear rate. Coating depos-
ited with Ti,4sSi, s has the lowest friction coefficient
and wear rate. However, obvious exfoliation (sliding
ploughed grooves) and accumulation of debris can be
observed around wear scars. This indicates the wear
mechanism is a combination of adhesion and abrasion.
For Ti;,_,Si,N coatings deposited with TiSi, only de-
bris layer has been observed. The accumulated debris
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around the wear scar should be the only phenomena of
degradation for coating deposited with high Si content.
It can be concluded that Ti;,_,Si,N coatings deposited
with Tiy;Sis target reveals a combination of adhesion
and abrasion wear mechanism due to its low hardness,
while Ti,_,Si N coatings deposited with Si higher than
5at% only presents an abrasion wear mechanism. The
increase of friction coefficient and wear rate of Ti,_,
Si,N coatings should be related to the high roughness
of coatings. As the Si content increases, the melting
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point of target decreases and lead to the increase of par-
ticle density (as shown in Fig.1). The increase of parti-
cle density indicates a higher roughness which would
lead to an increase of friction coefficient and wear rate,
especially in abrasion wear mechanism. Similar phe-
nomenon also has been observed in the Refs.[31,32].
Thus, the work to reduce the particle density in TiSiN
coatings with high hardness should be further studied
to meet the industrial application in cutting tool.

4 Conclusions

Ti,_,Si,N composite coatings are deposited by
cathode arc ion plating system on polished Si(100) and
cemented carbide. Effects of Si content on the micro-
structure and friction behaviors are investigated. Fol-
lowing conclusions can be obtained:

a) Ti;,_,Si,N coatings deposited with more than
5at% Si in target consists of TiN nanocrystalline and
amorphous Si;N, phase. Si content in coatings firstly
increase as that in target increase, and reaches the max-
imum content 6.5at% at Tiy,Si,, target. The increase of
Si in target leads to a grain refinement from 18.9 nm to
5.6 nm.

b) The hardness and plastic deformation of Ti_,,
Si,N coatings increase with the increase of Si in TiSi
targets. The highest hardness and best plastic deforma-
tion resistance obtained in Ti,,_,,Si N coating deposited
with Tig,Si,, target are 34.2 and 0.18 GPa, respectively.

c) Ti,
efficient and wear rate in comparison with TiN coating.

_»S1,N coatings possesses lower friction co-
As the Si in target increase, the friction coefficients and
wear rates of Ti,;_,Si,N coatings increase and the wear
mechanism transforms from a combination of adhesion
and abrasion to only abrasion.
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