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Abstract 
The aim of this study is to investigate the structural evolution and mechanical properties of TiAlSiN coatings when processed 
by the arc ion plating method. To form a hard coating, Ti, Al, and Si powders were mechanically alloyed by planetary ball 
milling; the powders were then densely compacted during a rapid sintering process into a ternary system coating, i.e. TiAlSi. 
The evolution of the structural phase from a powder to a compact material is dominated considerably by phase states such 
as a supersaturated solid solution or intermetallic compounds. In the case of coating layers, the factors that determine the 
structural evolution are associated with the phase stability of the nano-crystalline structure that in turn is associated with 
the Ti/Al composition ratio. Motivated by this, we performed experiments to investigate the distribution of microstructures; 
the material’s binding energy, quantitative properties, transformation of crystal structure, and distribution of amorphous/
crystalline were all recorded. In particular, the relationship between the physical and chemical properties during the coating 
process is considered to be the dominant factor controlling the orientation and morphology of that zone (1, T, and 2). The 
TiAlSiN coating layer was found to have hardness above 45 GPa and an adhesion above 100 N. In other words, understanding 
the evolution and structure of TiAlSin helped us to produce a material with excellent properties that can be used as a hard 
coating. Specifically, these properties were induced by a grain refinement of the nano-crystalline structure that corresponds 
to an increase in the silicon nitride contents.
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1 Introduction

The trend in hard coating materials for cutting tools has been 
to develop stacking binary, ternary or quaternary nitrides, 
and to even use multiple-composite coatings starting with 
the nitrides of single metals based mainly on transition 
metal nitrides [1–4]. Recently, high-performance (i.e. a high 
strength, heat resistance, and adhesion, oxidation and wear 
resistance with a low friction coefficient) coating layers fab-
ricated using the nanonization of nitrides have been reported 
in several papers [5–10]. In particular, TiN-based coating 
materials have been receiving attention due to their excellent 

wear and corrosion resistance, they are also thought of as a 
representative transition metal nitride (MX(N), M: transition 
metal, X: additional elements, N: nitride). Unfortunately, 
their tool life is limited due to severe oxidation and wears at 
temperatures over 500 °C [11, 12].

In order to improve their hardness and oxidation resist-
ance researchers have been looking at ternary coating lay-
ers by adding Al or Si to produce coatings resistant to high 
temperatures and speeds [2, 13, 14]. Notably, when Al is 
substituted in the lattice of TiN [15, 16], a solid solution 
of TiAlN forms stress fields within a bct (body centered 
tetragonal) structure, contributing to a strengthening of the 
solid solution [17]. In addition, as the temperature is raised 
Al atoms have a tendency to oxidize to form an  Al2O3 layer, 
however, with TiAlN this can be withstood up to 1100 °C 
[18, 19]. TiSiN, with Si added to TiN, has been reported 
[20–22] to increase hardness and high temperature stability, 
these improvements are induced by controlling grain growth 
and cohesive energy [20, 21] at the interface of the crystal-
line/amorphous structures, such as when  Si3N4 is formed 
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in the coating microstructure [23], this gives a hardness of 
more than 40 GPa and an oxidation resistance of more than 
950 °C. On the other hand, when the Si content exceeds 
a certain amount (> 20 at%) a non-nitride rich Si phase is 
precipitated in the coating texture, causing a decrease in the 
hardness and homogeneity of the columnar structures with 
poor density [24, 25]. With these efforts, TiAlSiN coatings 
have reached a level that ensures desirable physical prop-
erties when used with cutting tools. Several studies have 
reported [26–28] that controlling parameters (e.g. bias, arc 
powder, temperature, and flow rate of  N2 gas, etc.) in the 
coating process the microstructural evolution and driving 
force (e.g. ion bombardment and kinetic energy) in the coat-
ing layer also ensures a long tool life. In addition, there have 
been investigations [29–31] into the structural behavior dur-
ing the phase transformation the from the target materials 
into the TiAlSiN coatings, in particular, researchers have 
looked at the composition ratio of Ti/Al and the quantitative 
distribution between  Si3N4 amorphous and nitride crystal-
line structures. Furthermore, these approaches have provided 
lattice parameters for TiAlSiN as a function of the Al and Si 
contents; as such these dependencies can be used for esti-
mating the amount of alloying elements in the respective 
phases.

Consequently, in order to clarify the experimental evi-
dence mentioned above, in this study, we take several 
approaches: (1) we examine the structural evolution and 
how to maintain phase stability from alloyed powder and 
compacts (= target materials) to the coating layer, i.e. from 
supersaturated solid solution to an intermetallic composite, 
(2) we investigate the quantitative distribution according to 
chemical bond and binding energy in the TiAlSiN coating 
layer, (3) By varying the lattice parameters of the nitride 
crystalline we look at its microstructural evolution, and (4) 
We discover the effect of varying the amorphous phase con-
tents on the coating’s mechanical properties, i.e. the behav-
ior of  Si3N4. These tests were conducted by means of XRD, 
XPS, TEM, and 3D-implementation.

2  Experimental

The initial powders are of more than 99.95% purity Ti (Ave. 
28.5 μm), Al (Ave. 9.1 μm), and Si (Ave. 20.0 μm), these 
were mechanically alloyed by planetary ball milling after 
mixing in accordance with the designed compositions, i.e. 
 Ti50Al45Si5 (#1),  Ti45Al45Si10 (#2), and  Ti40Al45Si15 (#3). 
The milling process lasted for 24 h to ensure phase trans-
formations from intermetallic compounds to supersaturate 
even amorphous phases. In addition, at the milling speed 
300 RPM, PCA was added ethanol (4 wt%), the ratio of 
stainless steel ball to powders was set to 15:1 in the vial. 
In order to fabricate a dense, compact material, the coating 

target along with the TiAlSi ternary materials were consoli-
dated by a rapid sintering process with the temperature at 
1000 °C under 60 MPa pressure under 60 °C/min heating 
rate over 17 min.

The TiAlSiN coatings were deposited by an AIP system 
with densely consolidated TiAlSi compacts as the target 
material and cemented carbide (WC-3 wt%Co) as the sub-
strate. Deposition was carried out using a bias voltage of 
-60 V, an arc power 100 A, and substrate temperature of 
450 °C, coatings were synthesized with nitride by means of 
 N2 gas (flow rate of 20 sccm) with a pressure of 5 × 10−6 torr 
after glow discharge of Ar gas.

The chemical bonding states of the coating materials 
were investigated by XPS analysis with Al-Kα radiation 
(1486.6 eV). We used Thermofisher software for calibration 
and alignment of the XPS spectra, the quantitative distribu-
tion of the nitride composites (e.g. with crystalline or amor-
phous) can be fitted with a Gaussian function using Eq. (1).

In Eq. (1), A is the area under the Gaussian curve, xc is 
the coordinate at the center, w is the width of the peak cor-
responding to w = 2σ, and σ is the error parameter for the 
Gaussian area [13].

The grain size and micro-strain of the nitride crystal-
line structure in the TiAlSiN coatings was measured by 
a Williamson-Hall plot [32], following consideration of 
Debye–Scherrer’s formula [32] using the XRD (PIXCEL 
1D DETECTOR, Panalytical) patterns:

The average of nanocrystalline size and strain from crys-
tal distortion as well as imperfections were calculated using 
Eq. (2). Here, D is the crystalline size, the shape factor, k, 
is 0.9, and � is the wavelength of CuKα radiation. When the 
size and strain contributions to peak broadening are inde-
pendent of each other, the observed profile is simply the sum 
of Eqs. (3) and (4).

To explore our samples’ structural evolution based on 
their lattice information from alloyed powder to compacts 
to coatings, the materials were analyzed by XRD and their 
patterns were checked for any peak shifting or broaden-
ing, which was then compared to the corresponding phase 
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state’s indexing information. Furthermore, the results were 
processed by the High-Score Plus application in order to 
match the JCPDS card. A visual representation of the lattice 
structure’s evolution was created based on the refined XRD 
data using the VESTA software [33].

The microstructures of the TiAlSiN coating layers were 
observed using TEM analysis (JEM-2100F HR, JEOL Ltd.) 
after the samples had been milled with the FIB system 
(Helios NanoLab™, FEI). Looking at the HR images and 
their XRD patterns, we attempted to identify the samples 
using their inherent lattice parameters and the distribution 
of nitride crystalline structure.

Three mechanical properties were measured. First, the 
hardness of the coatings were measured by a micro Vickers 
hardness tester with a load of 20 g for 15 s; the length of the 
indentation that was made was converting to  Hv0.02 using 
Eq. (5) [34].

where P is the load (F) of applied force, d is the diagonal of 
the impression with indentation, and α is the face angle of 
the diamond at 136°.

Second, the adhesion of coatings were analyzed using a 
scratch tester instrument (REVETEST, CSM) with a load 
from 1 to 200 N while checking for fracture (critical load; 
 Lc1,  Lc2, and  Lc3) using Eq. (6) [35].

where  LCN is critical scratch load,  Lrate is load speed,  IN is 
the distance from the start point to the point where the Nth 
event occurred,  Xrate is scratch displacement rate, and  Lstrat 
is load at the start of the scratch.

(5)Hv = 2P sin
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Third, the roughness (RMS,  Rq) and micro morphology 
were calculated by film figure analyzer (Contour GTK-A, 
Bruker).

3  Results and Discussion

Figure 1 shows the structural evolution showed with XRD 
patterns from alloyed powder to compact to coating layer of 
each composition. In the initial alloy design, it has been con-
firmed that the different crystalline structures that can occur 
depend on the Ti/Al ratio. The crystallinity of the TiAlN or 
AlTiN intermetallic nitrides is related to their phase sta-
bility [36–38]. The phase stabilities of the supersaturated 
solids were determined not only by their stoichiometry but 
also by their Al phase distribution in the sublattice. In this 
case, molar ratio of AlN inside TiN lattice is 0.40–0.91 for 
crystallization of TiAlN [38]. The decrease in the number 
of Ti–Al bonds in the lattice may increase the metastable 
solubility limit of AlN in TiAlN, it can be explained that in 
terms of Ti–Al binding energy affected that the solubility 
limit depends largely on energy relation, i.e. formation of 
energy difference (∆Ef) and constituent entropy.

The energy difference (ΔEf) is a chemical driving force 
capable of decomposing TiN and AlN, a larger driving force 
must be generated in order to decompose TiAlN into TiN 
and AlN. In other words, the number of Ti–Al bonds could 
be increased. The TiAlN lattice has a high degree of super 
saturation (see the Fig. 1c, ◈: Ti(Al, Si) s.s.s), its crystal-
linity decreases due to an increase in the limit of metastable 
solubility in the lattice, which was behavior of crystallization 
due to the decrease of constituent entropy was suppressed, 
i.e. compare Fig. 1a, b, see the peaks of (002) plane index-
ing the  TiAlN2. Figure 1c of the Al-rich composition (45 
at%) of relatively, the peak intensity decreased locally. 
Because of expected to be due to the increased distribution 

Fig. 1  XRD patterns of the as-deposited TiAlSiN coating layers with various composition ratios: a  Ti50Al45Si5N, b  Ti45Al45Si10N, and c 
 Ti40Al45Si15
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of crystalline/amorphous mixed phases due to inducing with 
formation of  Si3N4 according to the high content of Si. The 
reduction of crystallinity of TiAlN or AlTiN were estimated 
near the (42–44)°, which was indicating a peak broadening.

Consequently, variation in the metastable solubility 
and the degree of bonds during the evolution of powder to 
compact affected the phase constituent of nitrides in coat-
ing layer. For instance, in the phase constituent of coating 
layer, it can be seen at Fig. 1a that the formation of c-(Al, 
Ti)N2 formed by supersaturation AlN into TiN lattice with 
a initially saturated from powder can be constructed. Con-
trary, in Fig. 1b hardly saturated as intermetallic compounds 
from powder to compacts, which were promoted to c-Ti3AlN 
nitride.

Figure 2 presents the XPS spectra that show the pres-
ence of Ti–N, Al–N, Ti–Al–N, and Si–N chemical bonds 
in deposited coatings. Deconvolution of the Al 2p (see the 
Fig. 2b) and N 1s (see the Fig. 2d) peaks show that the 

TiAlSiN film is made of three components. The Ti 2p spec-
tra in Fig. 2a show there are two components in the nitride 
crystalline, with binding energies except for unfulfilled 
nitride of single phase in Ti 2p 1/2 (e.g. metallic phase-Ti at 
the 463.5 eV). The present Ti–N corresponds to the peaks at 
456.3, 457.6, and 461.3 eV. The presence of another nitride, 
Ti–Al–N, was indicated by the peak at 455.2 eV. Looking 
at the Al 2p spectra in Fig. 2b, the Ti–Al bonds in the com-
plex nitride are shown by peaks in the range of (73.5–75.0) 
eV. Al–N corresponds to 74.2 eV, the peak intensity here 
clearly points to an Al-rich composition. The presence of 
the Ti–Al–N complex nitride is indicated by peaks at two 
binding energies, 73.5 and 75.0 eV, these structures can 
be classified by their phase stability, which corresponds to 
the number of Ti–Al bonds present, the variation of peak 
intensity points to the phase stability of the sample. For the 
Si 2p spectra in Fig. 2c, the Si–N bonds thought to be in 
an amorphous phase were distributed at different binding 

Fig. 2  XPS spectra of TiAlSiN coating layers with various composition ratios: a Ti 2p, b Al 2p, c Si 2p, and d N 1s 
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energies so the peak appeared in the range of (101.5–102.4) 
eV [39–41], whereas the presence of free Si (indicated by a 
peak at 99.28 eV [42]) was hardly detected due to the high 
ionization rate under nitrogen flow during the AIP process, 
this is reasonable evidence for the formation of  Si3N4.

The binding energies of  Si3N4 vary according to the Ti/
Al composition ratio, the reason for a difference in bind-
ing energies in the case of the  Si3N4 in Fig. 2c could be 
estimated to the two major factors interact. The affect of 
bonding strength  (ETi–Si) during the ionization from com-
pacts by the phase stability of contained titanium-silicide 
components of nearest neighbor atoms in the perfect tetrahe-
dral (e.g. Si-SiSiN) [43] could be considered. Differences in 
phase stability are closely related to thermodynamic aspects 
of the Gibbs free energy [44] in  TixSiy intermetallic com-
pounds or Ti(Al, Si) solid solution (metastable), the forma-
tion energy of an intermetallic is lower than a supersaturated 
solid solution, this corresponds to higher phase stability, i.e. 
E
1

Ti−Si > E
2

Ti−Si > E
3

Ti−Si , where E: bonding strength 
(kJ/mol),  E1:  TixSiy binary intermetallic (see the Fig. 1b, ●: 
 Ti5Si3, ◎:  TiSi2),  E2:  TixAlySiz ternary intermetallic (see 
the Fig. 1c, ♧:  Ti1.0Al0.25Si1.75(τ1)),  E3: supersaturated solid 
solution (see the Fig. 1c, ◈: Ti(Al, Si) s.s.s). Thus, it is 
estimated that stoichiometrically stable intermetallic com-
pounds could suppress the formation of stable tetrahedral 
silicon nitride in the coating layer while maintaining a rela-
tively strong bonding energy (e.g.  Ti5Si3: 1095.0 kJ/mol, and 
 TiSi2: 116.7 kJ/mol) during the ionization process, which 
induces non-stoichmetrical silicon nitrides (e.g. Overlapping 
 Si3N4 detected as  Si3N4/Si [at 101.8 eV (see #2)] and  SiN0.91 
[at 101.5 eV (see #3)], respectively). The standard error for 
all spectra measurements is within ± 0.1 eV.

Figure 3 shows relative contribution of bonds within the 
nitrides through CPS.eV (counts per second per electron-
volt) area of the XPS spectra in Fig. 2. The nitride distribu-
tions (see the vol%), calculated using quantifying data, are 
exhibited (see Fig. 3a–c) according to the composition ratio. 
The distribution of nitrides is affected by the configuration 
of  TixAlySiz. In Fig. 3a, the Ti-rich corner could promote 
the formation of TiN instead of other compositions, the 

distribution of TiN is approximately 24.9 vol%. Its distri-
bution was boosted due to the formation of non-distorted 
cubic structured TiN nitrides that are relatively unaffected 
by being near the stress field upon configured of nitrides. 
The result of Fig. 1a shows that c-TiN in the (200) plane 
was detected without forming a (Al, Ti)N2 solid solution. 
Figure 3b, the increase in the distribution of intermetallic 
nitrides (e.g.  Ti3AlN) is noticeable. The Al/(Ti + Al) com-
position ratio (x = 0.50, #2) may indicate the preferential 
formation of MN(X)-based transition metal nitrides at maxi-
mum solid solubility without transformation of the crystal-
line structure. In other compositions, (x = 0.47, #1) could be 
caused to configure supersaturated solid solution, however 
(x = 0.53, #3) was considered that in excess of the critical 
composition of the crystal structure transition, which was 
indicated that in the metastable phases c-AlN substituted in 
TiN could be transformed into h-AlN of precipitated finely. 
Contrary to the behavior of these intermetallic compounds, 
amorphous nitrides like  Si3N4 could form locally to decrease 
phase stability at the interface with the nearby intermetal-
lic nitrides. The Si-rich composition in Fig. 3c has a large 
volumetric distribution (37.9 vol%) of  Si3N4. In addition, 
as shown in Fig. 4, there is a peak shifting and intensity 
decrease due to a transition in lattice structure (e.g. (Al, Ti)
N2 → Ti3AlN) that occurs at the same time as an increase 
of Si content.

Figure 5 shows the micrographs of the  Ti50Al45Si5 (#1) 
coating layer. Figure 5a, shows the thickness of the coat-
ing layer deposited is about 3.4 µm, it consists of several 
zones: 1, T, 2. In addition, Fig. 5b shows an enlarged BF 
image of the amorphous/columnar structures (in zone 2) 
with their diffraction patterns. In A region it was observed 
in the SAED patterns that the structure is preferentially 
oriented to the (111) and (012) planes, this indicates a 
dense nano crystalline area that seems to be consistent 
with typical overlapping patterns. Furthermore, in B 
region there is mixed phase at the  Si3N4/crystalline inter-
face, this is known as a diffused ring pattern [45]. Notably, 
Fig. 5c clearly shows the presence of two-sublattices (see 
FFT image in C region), evidence for the co-existent t-TiN 

Fig. 3  The relative contribution 
(vol%) of bonds in the TiAlSiN 
coatings with different Ti/Al 
ratios fitted using XPS spectra 
peaks: a  Ti50Al45Si5N (#1), 
b  Ti45Al45Si10N (#2), and c 
 Ti40Al45Si15 (#3)
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in matrix c-(Al, Ti)N2. Precipitated nitride (i.e. TiN) was 
embedded at the TiN/Si3N4/TiAlN interface, this can be 
clearly observed by the HR-TEM micrograph shown in 
Fig. 5d.

Figure 6 shows the  Ti45Al45Si10 (#2) coating layer micro-
graphs. In Fig. 6a, we can see the thickness of the coat-
ing layer deposited is about 2.3 µm. Compared to compo-
sition #1, we can see a constant growth direction for the 
fine nitrides in the T region was presented locally, however 
the emergence of a columnar crystals were hardly observed 
in shown Fig. 6b. The preferentially oriented direction of 
growth induces the formation of dense columnar crystalline 
structures in zone 2, as shown in Fig. 6c. Their enlarged 
images (see Fig.  6d) for A, B, and C regions coincide 

inter-planar spacing of inherent in nitrides by demonstrated 
experimentally.

Figure 7 shows the micrographs of the  Ti40Al45Si15 (#3) 
coating layer. Figure 7a, we can see the thickness of the 
coating layer deposited is about 3.0 µm, we can also see 
that  Si3N4 is concentrated in zones T and 2. That is, we can 
see the formation of amorphous phase in the Si-rich corner. 
Also, by referring to the BF image and the diffraction pattern 
in Fig. 7b, the grain refinement causes an obvious overlap-
ping pattern in the amorphous/crystalline groups, compared 
to the pattern shown in Fig. 7a. This behavior is consistent 
with that reported in several studies [20–25], the amorphous 
phase (i.e.  Si3N4) acts as an obstacle to growth of the nitride 
crystalline, which promotes grain refinement. From another 

Fig. 4  Representative enlarged (from Fig. 1) XRD spectra of the as-deposited TiAlSiN coating layers, corresponding to specific 2 theta range 
with variation of peak morphology: a (40~50)°, and b (60~74)°

Fig. 5  Microstructures of the  Ti50Al45Si5N coating layer: a as-FIBed image, b BF image of zone 2 (A, B: SAED patterns), c HR-TEM image of 
enlarged region from b with corresponding FFT pattern, and d HR-TEM image of zone T in TiN/α-Si3N4/TiAlN
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point of view, grain refinement could be microstructural evi-
dence for the precipitation of fine grains by phase transition 
in accordance with Al-rich corner. In fact, from FFT pattern 
of A region in Fig. 7b we can see the sub-lattices h-AlN (h: 
hexagonal) in matrix c-AlN (c: cubic). Thus, we can see this 
interaction between the amorphous phase and the fine grain 
further promotes grain refinement.

To clarify the configuration of nitrides based on their lat-
tice parameter, in Fig. 8 we see the evolution process of 
the crystal structures drawn by the VESTA software. Addi-
tionally, the details of the lattice parameters (e.g. d-spacing, 
strain energy, and volume of nitrides) are included in the 
refined XRD data presented in Table 1.

Figure 8a shows the transition of a unit cell of AlN. We 
can see the distortion of the lattice by the stress field, i.e. it 
is under tensile σ (t) or compressive σ (c) loads. Decreases 
in the d-spacing distance due to the distortion in lattice is 
caused by the compressive stress, increases of this distance 
are due to tensile stress. Due to h-AlN precipitation in the 

c-AlN matrix in the Al-rich corner (#3), there is an abrupt 
decrease of strain energy (i.e. 0.265 → 0.191) in c-AlN 
and an accompanying increase in volume (i.e. 82.857 
 106 pm3 → 82.956  106 pm3), this is modeled by Eq. (2).

Figure 8b shows the transition of a unit cell of TiN. It is 
noteworthy that high strain energy (i.e. 0.509) for c-TiN is 
only detected in the Ti–rich corner (#1). It could be assumed 
that it has a relatively unstable structure compared to t-TiN 
(see the FFT image in Fig. 7c) and it was precipitated from 
the c-(Al, Ti)N2 solid solution.

Figure 8c shows the structural evolution of the titanium 
aluminide nitrides (i.e.  Ti1−xAlxN). Crystallographically, the 
 Ti1−xAlxN coatings have two structures: one is wurtzite (hcp) 
that has more Al content than Ti; the other is a NaCl-type 
(fcc) structure which is the opposite in terms of content (i.e. 
Al < Ti). We presume that precipitates (i.e. c-TiN and h-AlN) 
from crystal transitions increase the instability of the solid 
solutions; this could explain their highly deformable strain 
energies. In other words, it can be assumed that c-(Al, Ti)

Fig. 6  Microstructures of the  Ti45Al45Si10N coating layer: a as-FIBed image, b and c BF images of zone T and 2, and d HR-TEM image of 
enlarged region for c with corresponding interplanar spacing

Fig. 7  Microstructures of the  Ti40Al45Si15N coating layer: a as-FIBed image and corresponding DF image of columnar structure, b BF images 
and SAED patterns of zone 2, and c HR-TEM image and corresponding FFT patterns for crystalline(A)/amorphous(B) interface
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N2 solid solution has instability immediately before spinodal 
decomposition  (TiAlN2 → TiN + AlN) [46], which is similar 
behavior to the aging hardening phenomenon (i.e. a mis-
match in the quantum mechanical structure of TiN and AlN) 

for coating layers. Thus, this behavior could be accelerated 
by super saturation properties in the alloyed powder (#1) to 
the compacts (#3). On the other hand, for c-Ti3AlN the posi-
tions of the close-packed atoms correspond with the stacking 

Fig. 8  Constitutive representation of nitride nano-crystalline drawn by the VESTA software with refined XRD data: a AlN, b TiN, and c 
 Ti1−xAlxN

Table 1  Lattice parameters of nitride nano-crystalline structure in TiAlSiN coating layers extracted from Williamson–Hall plot and d-spacing 
data

Composition Ti50Al45Si5N (#1) Ti45Al45Si10N (#2) Ti40Al45Si15N (#3) Index

d (Å) Strain (%) V  (106 pm3) d (Å) Strain (%) V  (106 pm3) d (Å) Strain (%) V  (106 pm3)

c-AlN 2.517 0.265 82.857 2.514 0.268 82.561 (↓) 2.518 0.191 82.956 (↑) ↑: tensile 
stress

↓:com-
pressive 
stress

h-AlN 2.709 0.209 42.527
t-Ti2N 1.883 0.190 151.404 1.881 0.199 151.583 (↑) 1.883 0.190 151.404 (↓)
c-TiN 2.107 0.509 74.831
c-Ti3AlN 1.456 0.210 69.530 1.453 0.210 69.411(↓)
c-(Al, Ti)N2 2.075 0.504 71.470 2.097 0.678 73.770 (↑)
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sequence ABC–ABC (see #1 and #2). In particular, the  Ti+ 
atoms substituting for  Al+ atoms leads to stronger covalent 
Ti–Ti and N–Ti bonds [47], which to stable structure within 
formation energy  (Ti3AlN, − 1.020 eV) for additional ionic 
bonding contributions. Thus, their decomposition behavior 
(i.e.  Ti3AlN → Ti2AlN + Ti3Al + TiN) could be more stable 
than that of (Al, Ti)N2 during the aging hardening process.

The micro hardness of as-deposited the TiAlSiN coat-
ings are shown in Fig. 9 according to the grain size of the 
nitrides, which were strengthened by increased Si con-
tents. In fact, hardness increased from 41.3 to 45.3 GPa 

with a decrease in grain size from 48 to 35 nm. The ori-
entation of the propagation of stress to vertical cracks 
suppressed by collapsing columnar growth (i.e. grain 
refinement) by forming the amorphous  (Si3N4) in inter-
face nitride crystalline, which accompanied into cohesive 
energy [20, 21]. Thus, the decrease of crack propagation 
due to indentation, causing in an strengthened hardness, 
which coatings of (#3) demonstrated to high hardness by 
the mutually behaviors with cohesive energy at interface 
and grain refinement.

The surface profiles and their root mean-square (RMS) 
values are presented in Fig. 10. With increasing Si con-
tents, the RMS value increase continuously with #1: 
0.078 μm, #2: 0.098 μm, and #3: 0.104 μm. Cheng et al. 
reported in [48] that during deposition of a target material 
with higher Si contents, arc plasma is less stable, which 
can induce condensate Si rich-phase, i.e. macro-particles. 
These condensate particles could contribute to a rougher 
surface that causes an increase in friction coefficient.

Fig. 9  Variation in hardness and grain size of TiAlSiN coating layers 
according to Si contents

Fig. 10  3D optical profile of TiAlSiN coating layers showing their thickness and morphologies: a  Ti50Al45Si5N, b  Ti45Al45Si10N, and c 
 Ti40Al45Si15N

Fig. 11  Micrograph of linear scratches in TiAlSiN coatings: a 
 Ti50Al45Si5N, b  Ti45Al45Si10N, and c  Ti40Al45Si15N
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However, the growth of columnar structures with low 
Si content (see Fig. 5b) induces the formation of micro-
voids leading to a heterogeneous roughness of the surface, 
as shown in Fig. 10a. Consequently, low contents of Si 
leads to a lower friction coefficient (#1, 0.36) in contrast 
to high Si contents (#3, 0.43), low Si contents also leads 
to excellent adhesion properties for these hard coatings. In 
fact, the adhesion properties for the TiAlSiN coatings are 
shown in Fig. 11, they were measured to be from 90.3 N 
(#3,  LC2) to 104.1 N (#1,  Lc2), which is superior to those 
seen in several pieces of literature [49–52] (see Table 2).

4  Conclusion

This works took an experimental approach to explore the 
crystal structure evolution and mechanical properties of 
TiAlSiN coatings processed by arc ion plasma and depos-
ited to a substrate.

Three compositions of TiAlSi powder were mechani-
cally alloyed and consolidated by planetary ball milling 
and rapid sintering; the structural evolution of these com-
positions depends on the phase states or stability, which is 
related to the formation energy. Their structural properties 
were affected by the deposited coating’s microstructures that 
contains nitride that may even be amorphous. The relation-
ship of their quantitative distribution was investigated in 
terms of chemical binding energy from XPS spectra; the 
phase transition of the nitrides was examined by looking at 
the XRD peak profiles. The behavior of between the inter-
metallic nitrides and others structures (e.g. mono-nitride 
and amorphous) were investigated by micrograph analysis 
and tracking their diffraction patterns by means of TEM. 
Constitutive or configurational representation was drawn 
with VESTA software. The micro hardness of the TiAlSiN 
coatings were investigated and it was found that they were 
strengthened after increasing Si contents due to the effect 
of grain refinement and the cohesive energy generated from 
the amorphous/crystalline interface. However, with increas-
ing Si content, the adhesion and roughness of the coatings/
substrate was decreased by condensate particles.
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