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This study investigates the influence of substrate (AISI M42 tool steel) bias voltage (from —30 to
—80V), on the mechanical properties of magnetron sputtered TiSiN coating derived from Tiand Si
targets. Thermal stability, microstructure (crystallite size, microstrain, lattice constant),
morphology and mechanical (hardness, Young's modulus, residual stresses) properties, of the
deposited TiSiN coatings, were investigated with synchrotron powered X-ray diffraction (SR-
XRD), X-ray photoelectron spectroscopy, field emission scanning electron microscopy, and
nanoindentation techniques. Rietveld analysis, of the in-situ SR-XRD, in the temperature range of
25—-800 °C, demonstrated cubic TiN form in (Ti,Si)N solid solutions, with TiO, and Ti,O3 identified

at lower bias voltages. Density functional theory supplemented the experimental results.
Increase in the bias voltage resulted in: (i) a decrease in Si content, (ii) significant
smoothening of surface morphology, (iii) change in the phase composition and microstruc-
ture, (iv) improved oxidation resistance and thermal oxidation threshold, and (v) hardness
and Young's modulus of the coatings increased up to 50% to 33 GPa and 450 GPa, respectively.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Modern machining tools, such as: cutting tools, drills, hobs,
mills, and machining inserts; seek new coating materials that
resist wear, fatigue or crack propagations of those tools. Hard
coatings can be applied to improve the efficiency and me-
chanical properties of these engineering tools. Transition
metal nitride hard coatings have greatly improved machining
performance of high-speed cutting, stamping and moulding
tools. Among them, TiSiN coatings exhibited outstanding
properties, such as: high hardness, good wear resistance [1],
and good thermal and chemical stability [2]. These properties
are thanks to its nanocomposite microstructure, consisting of
TiN nanocrystals (nc-) embedded in an amorphous (a-) SisNg
matrix (nc-TiN/a-SizNg) [3]. The maximum improvement in
mechanical properties, of TiSiN systems, is expected when
the extremely fine nc-TiN crystals (~3 nm) are surrounded by
a-SizNy, at a Si content of ~7 at.% [4].

Sophisticated metal nitride coatings can only be achieved
by an appropriate choice and precise control over the pa-
rameters governing the sputter deposition process. Deposi-
tion parameters, such as: Si targets current, substrate negative
bias voltage, temperature, pressure and nitrogen flowrates
[5—7]; are the most important factors that determine the Si
content, microstructure, bonding and crystalline structure,
deposition rate, surface roughness, and mechanical proper-
ties of the sputtered coatings [8]. Substrate bias voltage has a
significant influence on the atom mobility, on the coating
surface, and ion bombardment during sputtering [9,10].

Benegra et al. [11] showed that TiN coating exhibited higher
compressive residual stress and lower average grain sizes,
when the negative bias voltage increases from 0 to —100 V.
Early studies of Vaz et al. [12] confirmed the formation of TiN
nanocrystals and substation, of Ti atoms, by smaller Si atoms
in TiSiN coating, during ion-bombardment. It was shown that
the mechanical properties of coating films could be optimised
by adjusting the negative bias voltage [13—15]. Applying a
proper bias voltage to the substrate can significantly improve
the ionisation and energy of the sputtered particles, and
enhance the films crystallisation [11,16]. The decrease in
deposition rate, with an increase of the substrate bias voltage,
would be related to the resputtering phenomena and densi-
fication of the coating; which is due to strong collision en-
ergies of the ions. Choi et al. [9] showed that in the Ti—Si—N
coating system the deposition rate and Si contents decrease as
the substrate bias voltage increases from 0 to —500 V and
significantly influenced the mechanical properties of the
coatings. Chang et al. [17] showed that in TiSiN coatings, the
combination of ion-bombardment, Si alloying and re-
sputtering, at higher bias voltages, formed nanocomposite
structure and increased the coating hardness and elastic
modulus up to 35 and 360 GPa, respectively. Cheng et al. [8]
showed that the increasing Si content of the TiSiN coating to
7 at.% progressively reduces the TiN crystallite size and at the
same time increases the coating internal stresses. Wo et al. [7]
studied the mechanical properties of multilayered TiN/TiSiN
coatings and concluded that the relative thickness of layers
determines the hardness and deformation mechanisms of the
coatings. Coatings with thicker TiSiN layers showed higher

hardness and deformed by the crack prorogation mechanism.
Yazdi et al. [2] studied the TiSiN coatings, with various Si
concentrations, before and after annealing in air, and showed
that it is possible to reduce the nc-TiN crystal sizes to ~ 6 nm.
This was achieved by adjusting the Si content and enhanced
the hardness to 40 GPa. His results suggest that adding Si
improved the oxidation resistance at 700 °C, however, the
hardness of the coatings almost reduced by half 2 h after
annealing. Greczynski et al. [18] showed that the deposition
technique has direct influences on the nanostructure, nano-
chemistry and mechanical properties of TiSIiN coatings
deposited by hybrid high-power pulsed/dc magnetron
(HIPIMS/DCMS) co-sputtering system.

Although there are comprehensive studies on the nano-
structure and mechanical properties of TiSiN coatings, studies
on the thermal stability and oxidation resistance of these
coatings are rather limited. In this study, the influence of
substrate bias voltage, on the structure and mechanical
properties of TiSiN nanocomposites, was investigated using
high-resolution SR-XRD beamline, in the temperature range
25—800 °C. The results provide precise microstructural and
phase composition data, which enhances the fundamental
understanding of the effect of Si dopants, on the thermal
stability of TiSiN coatings. First principle density functional
theory (DFT) calculations were employed to study the effect of
bias voltage and Si content, on the thermal expansion of TiSiN
coatings. Combination of Rietveld refinement analysis,
nanoindentation data, x-ray photoelectron spectroscopy, and
field-emission electron microscopy imaging showed that
optimised bias voltage could enhance the mechanical prop-
erties of the TiSiN coatings significantly.

2. Experimental
2.1. Thin film coating preparation

The TiSiN hard coatings (9 samples) were deposited onto AISI
M42 tool steel substrates (hardened to HRC 62). A closed-field
unbalanced magnetron sputtering system, with a four-target
configuration, was used. The steel substrates were finely
polished (R, ~0.02 um), degreased, ultrasonically cleaned, and
subsequently blown dry in flowing nitrogen gas. The magne-
tron sputtering system comprised of three Ti targets (purity
>99.7 at %) and one Si target (purity >99.9 at %). The size of the
targets was 380 mm x 175 mm x 8 mm. The coating equip-
ment had a rotating substrate holder; a speed of 10 rpm was
used to permit a homogeneous composition of the coatings.
The target-to-substrate distance was 17 cm. The vacuum
chamber was pumped down to a background pressure less
than 2 x 107® Torr before deposition. After that, the Ar
working gas (purity 99.995 at %) pressure was set at
~1.3 x 1072 Torr by controlling the flow rate (50 sccm) of Ar via
an MKS mass flow controller. The DC current, applied to each
Ti target, was fixed at 8.0 A (~2.3 kW for each Ti target), while
the target current to the Si target was 2.5 A (sputtering power
~0.8 kW). The nitrogen content in the coatings was controlled
using a closed-loop optical emission monitor (OEM), with a
setting at 60%, which regulated dynamically the flow of N,
reactive gas (purity 99.995 at %) via a fast-responding
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piezoelectric valve. The sputter working pressure, with Ar/N,
mixed gases, was maintained at 2 x 1072 Torr. The deposition
process, of the hard coatings, comprised three major steps:
plasma ion cleaning, Ti adhesive layer (0.2 um), TiN buffer
layer (0.4 um), TiSixN compositional gradient layer (0.3 pm),
and TiSiN top layer (2 um). The Si content in the compositional
gradient layer was increased linearly, in the thickness direc-
tion, in order to accommodate the internal stress. The sub-
strate holder was heated by a radiation heater (5 kW), located
in the centre of the vacuum chamber, and the substrate
temperature was maintained at 550 °C during deposition. The
ion etching, of the steel substrates, at the first stage at —600 V,
was employed for 30 min to remove the oxide layers on the
substrate surface. For the sputter deposition of Ti (10 min), TiN
(30 min), and TiSixN (20 min) layers; the bias voltage was
reduced to —60 V. The top TiSiN layer was the deposited for
120 min. The substrate bias was operated in a pulsed mode, at
a frequency of 250 kHz. In this case, in order to study the effect
of bias voltage, different bias voltages (from —30 to —80 V)
were applied to the substrate holder, when the TiSiN top layer
(2 pm) was coated. The bias voltage mainly determined the
energy of ions, bombarding the growing surface. For com-
parison, a binary TiN coating of similar total thickness was
prepared, at a bias voltage of —50 V (Sample No. 532A).

2.2. In situ SR-XRD characterisations

In situ SR-XRD experiments were performed on the Powder
Diffraction beamline, at the Australian Synchrotron, with
monochromatic X-rays, A = 0.827 A, and verified with the
standard reference material (LaB6 660b), as supplied by the
USA National Institute of Standards and Technology (NIST).
The incidence angles of the X-ray beam (w) were in the range
of 4.1°=5.9°. The diffraction data was collected by a Mythen
microstrip detector, over the range of 10° < 26 < 89°, in the flat-
plate asymmetric reflection geometry. The coated substrates
were mounted on a Pt heating stage, in an Anton Paar HTK-
2000 high temperature furnace, and aligned to the centre of
rotation on the diffractometer. The heating rate was 10 °C/
min, from ambient temperature up to 700 °C, in air atmo-
sphere. The temperature difference between the sample sur-
face and Anton Parr furnace was calibrated manually before
the in situ experiments were carried out. Diffraction patterns
of 6 samples (bias voltages of —30, —40, —50, —60, —70 and
—80 V) were obtained at three temperatures (25, 200 and
500 °C) below, and three temperatures (600, 700 and 800 °C)
above the deposition temperature of 550 °C; this was due to
time constraints, at the synchrotron facilities. Each data
acquisition time, at designated temperature, was 120 s.

The diffraction patterns were analysed with the TOPAS v5
academic software [19] with the Rietveld method [20]. The
atomic positions for the structural models, based on the
main identified phases of the coating, were extracted from
the Crystallography Open Database [21]. Modelled peak
shapes were used to determine the volume-weighted mean
crystallite sizes (Lyo) and microstrain (eg). An accurate
description of the peak shapes, in all of the diffraction pat-
terns, was obtained by applying correctional functions, for a
flat plate, in a fixed incident beam geometry [22—24]. The
initial parameters for the refinement, as well as phase
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Fig. 1 — Experimental SR-XRD and Rietveld refinement
profile of TiN coating at 800 °C. The hkl values for each
phase are indicated by the small vertical bars.

determination, were obtained from the JCPDS cards. All the
diffraction patterns shown in Fig. S1 to S7 of the supple-
mentary section were analysed by Rietveld refinement
method. Fig. 1 is representative of the diffraction patterns
from refinement results. It shows the pattern for TiN sample
at 800 °C, which contains peaks from the substrate (Fe and
FeW(C), and coating (TiN, TiO,) phases.

2.3. Surface analysis

Surface morphology of the thin film coatings was inspected with
a field emission scanning electron microscope (FESEM) (Zeiss
Neon 40EsB), coupled with Energy-dispersive X-ray spectros-
copy (EDS). FESEM images were obtained with InLens detectors,
at various magnifications, at 5 kV, and a working distance of
~2.4 mm. X-ray photoelectron spectroscopy (XPS) analysis pro-
vided comprehensive information on the chemical state,
bonding structure and elemental composition of the outermost
layers of surfaces. XPS data of all thin films was acquired with a
Kratos Axis Ultra XPS spectrometer (Kratos, Manchester, UK). An
Al-Kemonochromatic radiation (hr = 1486.6 eV) source and atan
operating current of ~10 mA and voltage of ~15kV, was used. The
XPS machine was also equipped with a cold stage and an Arion
gun, for etching and depth profiling. The samples were mounted
on a steel sample holder. The chamber pressure was reduced to
2.9 x 10~° Torr and maintained at that level for the analysis. XPS
survey spectra were acquired from both etched (6 min of ion
sputtering) and unetched samples. High resolution XPS spectra
were recorded immediately after 6 min, of the Ar * sputtering.
Etching was done to remove any surface oxide layers and to
reduce the Ti*" ions, in order to lower oxidation states. Pass
energy of 20 eV was used for high resolution Si2p and Nis
photoelectron lines measurement. CASA XPS (Version 2.3.18)
software was used for processing and fitting the peaks of the XPS
spectra.

2.4. Nanoindentation measurements

Nanoindentation data was collected, to study the mechanical
properties of the samples. An Ultra-Micro Indentation System


https://doi.org/10.1016/j.jmrt.2022.01.039
https://doi.org/10.1016/j.jmrt.2022.01.039

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022:;17:1122-1131

1125

2000 workstation (CSIRO, Sydney, Australia) was used,
together with a diamond Berkovich indenter. The calibration
of the area function, of the indenter tip, was carried out with a
standard fused silica specimen. Load control method was
employed, in which the loading was increased in 20 steps to
reach the pre-defined maximum loading, then it was
decreased in 15 steps to zero. For each of the steps, the
displacement was recorded. The maximum loading was
defined as 8 mN, which was based on the considerations that
the maximum displacement, during indentation, should be no
higher than 10% of the coating thickness, and that high
loading may result in micro-cracks, in the coating, which was
thought to be relatively brittle, compared with metal coatings.

2.5. DFT computational simulations

All structural optimisations and calculations were performed
with the generalised gradient approximations (GGA), with the
PWO91 functional [25], as implemented in the VASP package
[26]. Energy cut-off for plane waves included in the expansion
of wave functions was 500 eV. Pseudo-atomic calculations
were performed for Ti: 3d°4s’and N 2s?2p>. k-point sampling,
for reciprocal space integration, was optimised and a
21 x 21 x 21 Gamma scheme, for cubic structures, was
adopted. The thermodynamic properties of TiN phase were
explored with the quasi-harmonic Debye—Slater model, as
implemented in the Gibbs2 code [27]. In all temperature
dependent property calculations, the Vinet's equation of state
was adopted to fit the energy—volume curves [28]. To calculate
the elastic constants and determine the second derivatives,
we used a finite differences method as implemented in VASP
package (IBRION = 6).

3. Results and discussions
3.1.  Microstructure and chemistry

Surface quantitative elemental concentrations, in the TiSiN
coatings, from high resolution XPS, are listed as a function of
sputter substrate bias voltage in Table 1. As the bias voltage
changes from —30 to —80 V: (1) Ti changes from 31.4 to 41.8 at
%; (2) Si from 5.1 to 0 at%; (3) N from 23.5 to 39.5 at%. The
changes in the Si content can be attributed to the different
acceleration effects, of the bias voltage, on the Si ions, which
are lighter than Ti ions. Si ions accelerate faster than Ti ions,
when the bias voltage and energy level is relatively low. As the
bias voltage increases to —70 and —80 V, the Si content of the
coatings drops to zero, which could be caused by two main
reasons: (1) After the Ti ions reach a sufficiently high energy
level, whilst being accelerated toward the substrate, at higher
substrate voltages, the Ti concentration will suppress Si con-
tent within the coatings, (2) heavy Ti ions, with high kinetic
energies, may re-sputter the lighter Si adatoms near the sur-
face of the substrate, as reported in similar studies on TiSiN
and TiAIN systems.

Fig. 2 shows the SR-XRD patterns, as a function of the
substrate bias voltage, for as-deposited samples. The
diffraction patterns show that the TiN and TiSiN coatings
consist of TiN phase, in the B1 type (fcc crystal) structure,

TINCITTY
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TINGL11)
TiNE22)
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—— TiSiN-70 N
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| — S - . TiSiN-40_
SN0

A AV A TiN JINon AN
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Fig. 2 — SR-XRD patterns of the as-deposited TiSiN
coatings, at varying bias voltages, at room temperature.
The dashed vertical lines indicate substrate peaks.

with space group Fm-3m. List of detected diffraction peaks,
of TiN and diffraction angles, are shown in Table S1. SR-XRD
data, of the samples in the studied temperature range, are
shown in Fig. S2 to S7, of the supplementary information. All
of the coatings exhibited strong texture along TiN(111),
which is more pronounced in TiSiN—60V. TiN (200) is con-
voluted by the peak caused by the substrate. Rietveld
Refinement results suggest that TiSiN—30V and TiSiN—40V
coatings consist of two TiN phases: a nanocrystal TiN phase,
with a lattice constant of 4.24 A, and a TiN phase, with very
coarse grains, which has a slightly smaller lattice constant of
4.23 A. SR-XRD data shows no evidence of crystalline SizNy or
Ti-silicide phases.

Fig. 3 shows the XPS spectra, of Si 2p and N 1s for Ti—Si—N
coatings. The Si 2p showed two peaks, with binding energies
0f 99.0 and 101.4 eV, corresponding to the Si and silicon nitride
phases, respectively. N 1s spectrum can be fitted by two peaks,
located at 397.0 (main peak) and 399.5 eV (satellite peak),
corresponding to TiN and SizN4 phases. The absence of Si;N,
diffraction peaks, in SR-XRD results, suggests that this phase
exists in amorphous form. The combination of this evidence
supports the findings from the structural analysis; that the
TiSiN films consist of crystals TiN embedded in an amorphous
SisN, matrix, which was observed in TEM studies on Ti—Si—N
systems [17].

Fig. 4 shows the SR-XRD patterns, of TiSiN coatings, at 800 °C.
Crystalline tetragonal TiO,, in P42/mnm space group was
detected in TiN, TiSiN-30 and TiSiN-40 coatings. The lattice
constant of TiO, was measured as a = 4.623 + 5% A and
¢=2.983 + 5% A. Rhombohedra Ti,O5 (space group R-3c) was only
identified in TiSiN-40 above 700 °C, with lattice constants of
a=5.14+10% A and ¢ = 13.65 + 10% A. The evolution of TiO, and
Ti,05; phases, in different samples during the in-situ experi-
ments, are illustrated in Figs. S1 to S7 of the supplementary
section. TiO, peaks were observed in the SR-XRD pattern of TiN
sample at600°C, while the coatings with Si dopants only showed
TiO, at700°C. The observed formation of the TiO, layer, on top of
TiN coatings, could be resulted from outward diffusion and
oxidation of Ti due to poor oxidation resistance, of pure TiN
coatings, at high temperatures. It is interesting to note that the
quantitative SR-XRD study shows that the TiO, amount
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detected, in TiSiN coatings, is lower than that in the TiN sample.
These results suggest that Si dopants improved oxidation
resistance of TiSiN coatings and reduced the oxidation rate, with

.
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Fig. 4 — SR-XRD patterns of TiSiN coatings deposited at
various bias voltages, measured at 800 °C. The dashed
vertical lines indicate substrate peaks.

the threshold of the oxidation temperature increased by about
100°C. Coatings deposited, at bias voltages above 40 V, consist of
the TiN phase up to 800 °C. Between 700 and 800 °C, a major
phase transition in the steel substrate takes place, where Fe (Im-
3m) transforms to Fe (Fm-3m).

Fig. 5 shows the TiN lattice constant, as a function of
temperature, from Rietveld refinement results. The lattice
constant of TiN at room temperature ranged from 4.25 to
4.27 A, which is slightly smaller than the reported value from
Tkadletz experiment [29] and present QHA modelling pre-
dictions. Comprehensive studies on the changes in the TiN
lattice constant, in Ti—Si—N coating systems, showed that
incorporation of smaller Si atoms, in the position of Ti, leads
to the formation of solid solutions in the form of (Ti,Si)N.
TiSIN—30V shows the smallest lattice constant amongst all
the samples, in this study, suggesting the highest Si incorpo-
ration into the TiN lattice, which is in agreement with the
higher Si content of this coating concluded from Table 1. The
TiN lattice constant increased consistently, as the Si content
of the coatings decreased, and the TiSiN—80V sample showed
the largest lattice constant. This evidence confirms the for-
mation of (Ti,Si)N solid solutions, with various Si contents, in
TiSiN coatings. The TiN lattice constant measurements, based

Table 1 — Elemental compositions of TiN and TiSiN

unbalanced magnetron sputtered coatings, deposited at
different bias voltages, acquired via XPS survey scans.

Sample's Atomic percentages

name of the elements (at %)
Bias Ti Si N C (0]

voltage

V)

TiN - 4173 - 37.67 112 19.48

TiSiN -30 3140 5.09 2347 467 3537
—40 3443 6.22 2880 281 27.75
-50 36.53 4.09 3431 119 2388
—60 3940 432 3694 — 19.33
-70 40.89 — 3886 — 20.25
—-80 4183 — 3945 — 18.71
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on SR-XRD data, showed a gradual expansion of the lattice
constants, with the increase of the negative bias voltage.
Thermal expansion, during annealing, also leads to expansion
of lattice constants, as confirmed by the experimental results,
on the TiN powders; as conducted by Tkadletz et al. [29] and
Bartosik et al. [30]. The accuracy of the QHA modelling, for
bulk TiN, could be estimated when it is compared to experi-
mental results of Bartosik et al. [30], on powdered TiN. There is
a small mismatch (<2%) between QHA predictions and results
from SR-XRD experiment, especially at higher temperatures.
This mismatch could be due to: (1) differences in thermal
expansion coefficient of M2 steel and thin film coatings, and
(2) Si dopants incorporated in TiN lattice. The TiN lattice
constant measured for samples deposited, with the bias
voltage of —80 V, is very close to the modelling results, which
could be due to the absence of Si (refer to Table 1).

Fig. 6 schematically summarises the phase evolution, in
TiSiN coatings, during the in-situ experiments, within the
temperature range 25—800 °C. Ti oxides, such as: TiO, and
Ti,03 — were observed only in coatings deposited, at low bias
voltages; while coatings deposited at higher bias voltages
(>40 V) consist of only cubic (c-) (Ti,Si)N solid solutions. TiO,
was observed in 3 of the coatings, at temperatures higher than
600 °C, and Ti,05 only detected in TiSIN—40V above 700 °C.

Fig. 7 shows the effect of measurement temperature, on
the crystallite size and microstrain of TiN crystals, in TiSiN
coatings. Results show that as-deposited TiSiN—30V coating
possesses the smallest crystallite size of 10 nm in co-existence
with the coarse TiN phase. The as-deposited TiN crystallite
size increased almost monotonously, from 10 to 35 nm, as the
bias voltage increased, from —30 to —80 V. TiSiN—50V is the
only exception — exhibiting 17 nm TiN nanocrystals, which is
slightly lower than 20 nm TiN crystals, in the TiSiN—40V
coating. These coatings showed excellent resistance to crys-
tallite growth during the in-situ experiments at lower tem-
peratures (<500 °C). TiN coating showed a sharp increase in
crystallite growth rate (=33%) between 600 °C and 800 °C.
TiSiN—30V showed the highest crystallite growth rate (=70%),
which started at 500 °C. The crystallite size increased from 10
to 17 nm. The co-existence of two TiN phases, featuring fine
and coarse grains, may lead to unsuccessful nanostructure
optimisation of the coating. TiSiN-40, -50 and —60V showed

800
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400

Temperature (°C)

300

200

100
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Fig. 6 — Schematic summary of the phase evolution for
TiSiN coatings obtained from the in situ experiment
analysis.
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excellent crystal size stability (17—24 nm), within the studied
temperature range. It could be due to the successful formation
of a nanocomposite structure, of nc-TiN/a-SizN4, which in-
hibits the diffusion processes and subsequently stopped the
grain growth in these coatings. Coatings deposited with the
highest bias voltages, TiSiN-70 and TiSiN-80, showed growth
rates of less than 10%, between 500 and 800 °C. Fig. 7(b) illus-
trates the microstrain evolution, of TiN crystals, as a function
of experimental temperature. The result shows that the
coatings deposited at lower bias voltages (TiSiN-40 and TiSiN-
30) exhibit higher microstrain. The internal stress in the
coatings decreases as the temperature increases, in all the
coatings with different rates, which is likely attributed to the
structural relaxations driven by the thermal energy involved.
TiSiN-30 and TiN coating show the highest and lowest
microstrain levels at 800 °C, respectively, while internal strain
in TiSiN-60 reduced with the lowest rate compared to the rest
of the coatings.

3.2 Surface morphology

The surface morphology of TiSiN coatings, deposited at
various bias voltages, is shown in Fig. 8. The coatings gradu-
ally became denser and smoother, at high bias voltages. This
could be due to the high energy impinging ions from the
higher plasma intensity of the two target energy sources;
increasing the number of nucleation sites, resulting from the
increasing defects. The (Ti,Si)N nanocrystalline were formed
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(b) TiSiN-30V

(c) TiSiN-40V

(d) TiSiN-50V

(g) TiSiN-80V

(e) TiSiN-60V

(f) TiSiN-70V

Fig. 8 — FESEM images of TiN and TiSiN coatings deposited at different bias voltages.

in island-shaped particles at lower bias voltages (e.g., —30 V
and —40 V) and TiN coatings. TiSiN—30V particularly showed a
porous microstructure, consisting of sharp edged micro crys-
tallites (50—100 nm) conglomerating into globular structures
of approximately 400—500 nm diameter. TiSiN—40V, on the
other hand, had smoother cauliflower styled micro crystallites
into the globular structures. These structures could be
responsible for the poor resistance, of these coatings, to
oxidation at higher temperatures. This is indicated by the SR-
XRD results. As the bias voltage increases, the (TiSi)N grains
gradually diffuse and linked together (Fig. 8d-e), and packed
densely in TiSiN-50 and TiSiN-60 coatings. It seems that
higher bias voltages assisted in producing smooth surfaces
and uniform microstructures; as observed in TiSiN-60. The
surface morphology of TiSiN-70 and TiSiN-80 again shows
some features, which could be due to two simultaneous

phenomena: (1) zero Si content and (2) very high energy ion
bombardment during deposition. SR-XRD results confirm that
all the coatings deposited at bias voltages >40 V are thermally
stable up to 800 °C, regardless of their Si content.

3.3.  Mechanical properties

Nanoindentation results, of TiSiN samples, deposited at the
various bias voltages, are shown in Fig. 9 (it should be noted
that 30 V also represents sample TiSiN—30V etc.). Coating
hardness continuously improved, from 23 to 33 GPa, as the
bias voltage increased from —30 to —80 V. The elastic modulus,
of the coatings, also increased from 310 to 450 GPa, as the bias
voltage increased from —30 to —80 V. Densification of the
coatings and the higher residual stress, induced by ion
bombardment, at higher bias voltages, which is due to the
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higher energy of the ions, can contribute to the higher hard-
ness and the observed Young's modulus. Rietveld refinement
and XPS results suggested that TiSiN-50 and TiSiN-60 coatings
contain nanostructure c-(Ti,Si)N crystals, surrounded by
amorphous SizN,. FESEM images also showed that these
samples, and TiSiN-70, TiSiN-80, exhibit low surface rough-
ness with high density coating, thanks to high energy ion
bombardment during deposition. Hardness results also sug-
gest that the maximum hardness belongs to TiSiN-60,
featuring a modified nanocomposite structure. At bias volt-
ages >60 V, Si content is relatively low, suggesting that
nanocomposite formation is less favourable. However, at high
bias voltages, the coatings contain a high level of internal
stress, and the coating density is significantly higher, which
can also contribute to high hardness. The crystallite size
study, based on the SR-XRD data, given in Fig. 7(a), shows that
the TiN crystallite size, in coatings deposited at high bias
voltages —70 to —80 V, is not stable. The relatively rapid
crystallite growth in these samples (compared to TiSiN-50 and
TiSiIN—60V) may result in coating softening due to the anni-
hilation of defects and stress-release at high temperatures. As
discussed before, TiO, and Ti,O; were observed only in coat-
ings deposited at low bias voltages, while coatings deposited
at higher bias voltages (>40V) consist of only cubic (c-) (Ti,Si)N
solid solutions. These, as well as the observed porous micro-
structure, observed in the TiSiN—30V sample, could also be
the factors contributing to the lower hardness and elastic
modulus for the coatings deposited at lower bias voltages.

In summary, indentation results show an overall trend that
the mechanical properties of the coatings, in this study,
constantly improved as the bias voltage increases, which
could be attributed to: densification of coatings, higher resid-
ual stress, less Si content, smoother and more homogeneous
surface, and low porosity in the coatings deposited using
higher bias voltages. Interestingly, if it is possible to further
decrease the crystalline size then the hardness may be further
enhanced, but the elastic modulus may be reduced.

Fig. 10 shows the influence of bias voltage and silicon
content, on internal stress (o) embedded in dominant TiN(111)
orientation, in TiSiN coatings. These measurements are based
on Eq. (1), in which the changes in d-spacing, along TiN(111),
in TiSiN coatings (d), deposited at various bias voltages,
compared to d-spacing, in the TiN coating (do), at each
temperature.

E d—do

o=y x g )
where E (Elastic modulus) and » (Poison ratio) are assumed for
TiN as 300 GPa and 0.23, respectively. For as-deposited
coating, residual stress constantly changes with bias voltage
increments from the maximum tensile stress of ~6 GPa in
TiSiN—30V to minimum compressive stress of ~ -4 GPa in
TiSiN—80V. The compressive residual stresses in the coating
film were shown to promote the coating mechanical proper-
ties and resist crack propagation [31]. The gradual changes in
internal stress from tensile to compressive stresses could be
an effective parameter in constant hardness increases in
TiSiN coating as shown in Fig. 10.

It can be seen that the internal stress is strongly sensitive
to deposition parameters, such as: chamber pressure and
substrate bias voltages/temperature [8,32]. The residual in-
ternal stress, for the TiSIN—50V coating, is close to zero, in as-
deposited state, during in situ experiment and eventually
reaches zero at 800 °C.

Internal stresses are stable up to 600 °C, in TiSiN coatings, and
then significantly changes in some of the coatings at temperatures
up to 800 °C, which could be due to the microstructure instability at
high temperatures. Coatings deposited at bias voltages of —30, —40
and —80V showed various levels of stress-release during the in situ
experiments above 600 °C, which reveal degrees of ineffective
microstructural refinement and nanocomposite formation.
Although TiSIN—70V and —80 V coating exhibit a high level of
compressive stresses, the internal stresses are unstable above
600 °C and may lead to coating softening at high temperatures.
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TiSIN—60V is the only coating that shows significant hardness, in-
ternal compressive stress and stability during the in situ test.

4., Conclusions

In the present study, the influence of deposition bias voltage
(—30 to —80 V) on TiSiN coatings, deposited by magnetron
sputtering, was investigated using a number of experimental
techniques. Analysis shows that the coatings deposited at bias
voltage of —50 V and above produce stable phase composition
in the temperature range of 25-800 °C, which consists of nc-
(Ti,Si)N embedded in a- SizN,, with smooth surface typography
and enhanced hardness (33 GPa). Higher negative bias voltage
significantly changes the phase composition, stability, micro-
structure and surface morphology of the coatings, which, in
turn, resulted in desirable improvement in the oxidation
resistance, thermal stability, and mechanical properties. Both
the hardness and Young's modulus, of the coatings, constantly
improved, from 23 to 33 GPa and 310 to 450 GPa, respectively, as
the substrate bias voltage increases from —30 V to —80 V, rep-
resenting almost 50% increase.
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