Bull. Mater. Sci.
(2020) 43:34
https://doi.org/10.1007/s12034-019-2010-2

© Indian Academy of Sciences

Microstructure and optical characterization of
mechanosynthesized nanostructured TiSi x N(1−x) cermets
UJJWAL KUMAR BHASKAR1 and S K PRADHAN2,∗
1 Department

of Physics, Sreegopal Banerjee College, Bagati, Magra, Hooghly 712148, India
of Physics, The University of Burdwan, Golapbag, Burdwan 713104, India
∗ Author for correspondence (skp_bu@yahoo.com)
2 Department

MS received 7 May 2019; accepted 30 August 2019
Abstract. Nanocrystalline cubic titanium silicon nitrides (TiSix N(1−x) ) with different Si concentrations have been synthesized at room temperature by mechanical alloying the stoichiometric compositions of ingredient powders in a nitrogen
atmosphere. Structure and microstructure characterizations of unmilled and all ball-milled powders are carried out by
analysing respective X-ray diffraction patterns employing the Rietveld structure and microstructure refinement method.
The presence of titanium, silicon and nitrogen in TiSix N(1−x) has been confirmed by energy-dispersive X-ray transmission
electron microscopy analysis. Transmission electron microscopy image reveals that the average size of the spherical particles
of 9-h-milled powder is ∼5 nm and size distribution is almost monodispersed, which corroborates well with the result of
the Rietveld analysis. Bandgap energies of these solid solutions are determined by analysing respective UV–Vis absorption
spectrum and it is found that the addition of silicon to insulating nanocrystalline TiN results in a reduction of bandgap energy
and all solid solutions become wide-bandgap semiconductors with the addition of Si in different proportions.
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1. Introduction

by Rietveld analysis and from HRTEM micrographs and
(iii) measurement of optical band gap of these cermet samples.

Modern civilization needs high-speed machine tools having
high-temperature stability against cracking. To meet this purpose, the machine parts should be coated with ultra-hard
coating materials like TiN, TiC, etc. TiN coatings are still
serving specific jobs in engineering applications due to their
relatively high hardness and wear resistance [1–3]. However,
TiN starts to oxidize into TiO2 above 500◦ C, resulting in crack
formation, which in turn degrades both mechanical and tribological properties of TiN [2,3]. To overcome this difficulty,
coatings of titanium base ternary metal nitrides like TiSiN and
TiAlN are the most focused materials for ultra-hard cutting
tools [4–9]. Besides these, TiSiN possesses diffusion barrier
property used in IC technology [10]. The concentration of Si
in TiN affects a number of physical properties of the thin
film, including electrical resistivity [10,11], oxidation stability [12–14] and diffusion barrier efficiency [15,16]. The
hardness of the coatings increases as Si is added to TiN up to
a critical point [17]. The TiSiN coating exhibits excellent tribological performance with a low friction coefficient of 0.42
and a high hardness of 58 GPa [18]. The Ti–Si–N films also
possess high adhesive strength [19].
The objective of the present study is to (i) synthesize single-phase nanocrystalline TiSix N(1−x) with varying
Si concentration (x = 0.1−0.5) by mechanical alloying,
(ii) characterize the microstructure of prepared materials
0123456789().: V,-vol

2. Experimental
To prepare the single-phase nanocrystalline materials with
desired composition, the Si powder (purity 99.5%, Alfa
Asear) and α-Ti powder (purity 99.5%, Alfa Asear) were taken
at per molar ratio in a nitrogen-filled chrome-steel vial and
was ball-milled in a planetary ball-mill (P-5, Fritsch, Germany) for 9-h duration. The milling process was paused for
30 min to cool down the vial and after every 30 min of milling
the vial was refilled with fresh nitrogen to restore the optimum pressure of nitrogen inside the vial. X-ray diffraction
(XRD) patterns of unmilled powder mixtures and all ballmilled powders of TiSix N(1−x) (x = 0.1−0.5) were recorded
using an XRD powder diffractometer (Bruker, D8 Advanced,
da Vinci) operated at 40 kV and 40 mA in step scan mode
(step size of 0.02◦ 2θ ; counting time of 2 s/step) using Nifiltered CuKα radiation. HRTEM micrographs of TiSi0.1 N0.9
samples were obtained using a HRTEM (FEI, TECNAI G2 20,
TWIN) operated at 200 kV. Optical band gaps of 9-h-milled
TiN, TiSi0.1 N0.9 and TiSi0.5 N0.5 powders were measured by
analysing respective UV–Vis absorption spectra (Shimadzu
UV–Vis 1800).
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3. Method of analysis
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To characterize the structure and microstructure of all
unmilled and ball-milled samples, a specially designed
Rietveld software MAUD [20] has been employed to analyse the respective XRD patterns. Structure and microstructure
parameters like lattice parameters, relative phase abundances
of phases, r.m.s. lattice strain and crystallite size of the
prepared materials are obtained from the refined Rietveld
analysis using a pseudo-Voigt profile fitting function and
Marquart least-square technique [20–27]. The observed XRD
pattern (Io ) is fitted with the calculated XRD patterns (Ic ),
which is simulated by considering the presence of α-Ti (hcp,
sp. gr. P63 /mmc, a = 0.2951 nm, c = 0.4685 nm), silicon
(fcc, sp. gr. Fd-3m, a = 5.4299 nm) and TiSi0.1 N0.9 (fcc,
sp. gr. Fm-3m, a = 0.4235 nm) as early phases including
diffraction optic effects, instrumental factors and other specimen characteristics.
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Figure 2. Variation of lattice parameter
(x = 0.1−0.5) with silicon concentration.
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4. Results
Figure 1 shows that the XRD patterns of unmilled powder
mixtures, which are composed of the reflections of α-Ti (hcp)
(ICSD# 52522) and silicon (fcc) (ICSD# 659044) phases and
the relative intensities of the reflections are almost proportional to their respective compositions in these mixtures. After
9 h of milling, XRD patterns of all ball-milled TiSix N(1−x)
(x = 0.1−0.5) powders are composed only of TiSix N(1−x)
(fcc) (similar to cubic TiN phase, ICSD# 152807) reflections.
However, it is clearly noticed that with increasing Si concentrations in the mixture, all reflections are gradually shifted
towards low scattering angles. It indicates that the fcc lattice of TiSix N(1−x) continuously expands with increasing Si
concentrations. A substantial peak broadening of all reflections is also observed in the XRD patterns and it implies that
the crystallite size of TiSix N(1−x) phase decreases gradually

Figure 1. XRD patterns of unmilled and ball-milled α-Ti and
silicon mixture under N2 (TiSix N(1−x) ) for 9 h milling time.
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Figure 3. Variation of particle size
(x = 0.1−0.5) with silicon concentration.
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with increasing Si concentrations. All these XRD patterns are
analysed by Rietveld refinement and results are presented in
different figures as discussed.
The cubic lattice parameter of TiSix N(1−x) phases obtained
from Rietveld refinements found to increase linearly with
Si concentration as shown in figure 2. Its variation with Si
concentrations exactly follows Vegard’s law of solid solution
alloy and implies continuous diffusion of Si into the TiN lattice through partial substitution of N. The substitution of N3+
ion (ionic radius = 0.16 Å; CN = 6) by bigger Si4+ ions (ionic
radius = 0.40 Å; CN = 6) leads to continuous expansion of
fcc lattice. However, the substitution of larger Ti4+ ions (ionic
radius = 0.42 Å; CN = 6) by smaller Si4+ ions leads to lattice contraction. Therefore, the substitution of Ti atoms by Si
atoms can be ruled out in the present case.
The crystallite size of TiSix N(1−x) phase is found to be
isotropic in nature. The average size decreases rapidly with
Si concentrations up to x = 0.3 and thereafter it increases
slowly up to x = 0.5 (figure 3). This implies that addition
of Si plays a significant role in reducing the crystallite size
of TiSix N(1−x) phase up to x = 0.3 because the addition of
Si impurity to TiN lattice increases the lattice imperfection
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Figure 4. Variation of r.m.s. strain of TiSix N(1−x) (x = 0.1−0.5)
with silicon concentration.

Figure 6. HRTEM image of 9-h-milled TiSi0.1 N0.9 sample.

Figure 5. EDX spectrum reveals the presence of Ti, Si and N in
the 9-h-milled TiSi0.1 N0.9 sample.

gradually and thereby results in a decrease of crystallite size.
On the other hand, a gradual increase in crystallite size is
also usual in mechanical alloying because of agglomeration
of nano-sized particles.
The variation of r.m.s. lattice strain of TiSix N(1−x) phase
with Si concentration is shown in figure 4. The observed variation shows that the lattice strain increases nonlinearly at a
slower rate and there is a trend to attain a stable value between
x = 0.4 and x = 0.5. It implies that constant increase of Si
concentration inside TiSix N(1−x) lattice imparts a continuous
increase in lattice strain.
The composition analysis of the 9-h-milled sample has been
made by energy-dispersive X-ray (EDX) spectrum analysis
and is shown in figure 5. The EDX spectrum shows the relative

Figure 7. SAED pattern of 9-h-milled TiSi0.1 N0.9 sample.

intensities as well as relative abundance of elemental (Ti, Si
and N) compositions in 9-h-milled sample of TiSix N(1−x) . It
may be noted that the contents of both Si and N are quite
significant, which also confirms the presence of both silicon
and nitrogen in the prepared sample.
The HRTEM image of the 9-h-milled TiSi0.1 N0.9 sample
shows that nanocrystalline particles are formed (figure 6) and
agglomerations of these nanoparticles are also noticed in some
regions. It is evident from the indexed selected area electron
diffraction (SAED) pattern of 9-h-milled sample (figure 7)
that the TiSi0.1 N0.9 nanoparticles belong to the fcc structure.
The well-resolved SAED pattern also confirms that there is
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Figure 8. UV–Vis absorption spectra
TiSi0.1 N0.9 and TiSi0.5 N0.5 .

no trace of any contamination in the sample as observed in the
XRD pattern. These SAED rings are sufficiently broadened
due to very small particle size and appear with appropriate
relative intensity ratios as per the XRD pattern.
The UV–Vis absorption spectra of 9-h-milled TiN,
TiSi0.1 N0.9 and TiSi0.5 N0.5 nanoparticles are shown in figure 8.
The absorption wavelength of TiN, TiSi0.1 N0.9 and TiSi0.5 N0.5
samples are found to be 290, 314 and 365 nm, respectively.
It is observed that TiN nanoparticles are an insulator but
TiSix N(1−x) nanoparticles approach towards a wide-bandgap
semiconductor with the increase of semiconducting Si concentration.

5. Conclusions
In the present study, the single-phase nanocrystalline
TiSix N(1−x) powders with fcc structure are formed after
9 h of milling. The prepared nanomaterials possess the following key features:
(i) The single-phase nanocrystalline TiSix N(1−x) powders
are formed with ∼4 nm isotropic particle size within
9 h of mechanical alloying.
(ii) No stacking faults are found in the TiSix N(1−x) nanoparticles.
(iii) Rietveld analysis and HRTEM micrograph reveal that
TiSix N(1−x) nanoparticles are almost mono-dispersed.
(iv) Optical bandgap decreases with increasing Si concentrations and insulator TiN becomes wide-bandgap
semiconductors with the addition of Si.
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