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TiAlSiN hard coatings were synthesized on high-speed steel using an arc ion enhanced magnetic sputtering hybrid system. The 
microstructure and hardness of the coatings at different annealing temperatures were explored by means of XRD, TEM, EDAX 
and Vickers indentation. The as-deposited TiAlSiN coatings were confirmed to be amorphous due to high depositing rate and low 
deposition temperature during the film growth. The transformation from amorphous to nanocomposites of nano-crystallites and 
amorphousness were observed after the annealing treatment, the microstructure of TiAlSiN coatings annealed at 800°C and 
1000°C were consisted of crystalline hcp-AlN, fcc-TiN and amorphous phase, however, the coatings were only consisted of 
fcc-TiN and amorphous phase when annealing at 1100°C and 1200°C. Meanwhile, the formation of Al2O3 was detected on the 
coating surface after annealing at 1200°C and it indicated the excellent oxidation resistance of the TiAlSiN coatings under the 
present experimental conditions. Furthermore, the average grain size of the TiAlSiN coatings after high temperature annealing 
even at 1200°C was less than 30 nm and the size increased with the increasing temperature. However, the hardness of the 
so-deposited coatings with HV0.2N=3300 dramatically decreased with the increase of temperature and reached nearly to the hard-
ness of TiN coatings with HV0.2N=2300. 
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Ti–X–N (X=V, Al, W, Si, C, B, etc.) ceramic hard coatings 
had been investigated and proved to be with excellent proper-
ties by adding different metal or nonmetal elements in TiN 
matrix [1–6]. For example, TiAlN coatings improved film 
hardness and improved the oxidation temperature of TiN 
coatings from 550°C to 800°C, which resulted from the for-
mation of dense Al2O3 microfilm on top of the TiAlN coating. 
The dense Al2O3 layer effectively inhibited further diffusions 
of O atoms from top to inside of the coatings [7,8]. Adding Si 
into TiN lattice could inhibit grains growth in columnar man-
ners and contributed to the formation of nanocomposite mi-
crostructure composed of TiN crystallites in nanometer em-
bedded in amorphous Si3N4 matrix under thermodynamic 
driven conditions. The properties of TiSiN coatings were con-
siderably improved due to nanocomposite structure such 
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as superhardness (40–105 GPa) and high thermal stability (up 
to 1000°C) [9–11].  

Recently multi-components TiAlSiN coatings had been 
synthesized to achieve better performance than both TiAlN 
and TiSiN coatings by different approaches such as magne-
tron sputtering, arc ion plating and other composite tech-
nologies [12–16]. The investigations on TiAlSiN hard coat-
ings were focused on the optimization of deposition process 
and relationships among composition, microstructure and 
performance of the coatings, but less systematic investiga-
tions were carried on structural transformation and perform-
ance changes of TiAlSiN coatings during heat treatment from 
room temperature to high temperature (beyond 1000°C). As 
is well known, the processing temperatures had significant 
effects on the performance of cutting and forming tools with 
hard coatings, thus thermal stability and properties of TiAl-
SiN coatings at high temperature were of special importance 
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in experimental researches and industrial applications. 
TiAlSiN coatings were deposited by arc ion enhanced 

magnetron sputtering in a hybrid system. The microstruc-
tural transformation and hardness change of the TiAlSiN 
coatings at different annealing temperature were studied and 
the mechanisms and influence factors were discussed. 

1  Experiments  

High-speed steel W18Cr4V was used as substrates and the 
size was Φ24.5 mm×8 mm, the hardness of substrates was 
HRC62. The substrates were polished and cleaned by ace-
tone and alcohol respectively in ultrasound equipments be-
fore the coating deposition. TiAlSiN coatings were depos-
ited in a SP-800 arc ion enhanced magnetron sputtering 
hybrid system. The targets used in the deposition included 2 
Ti targets, 2 Si targets, 2 Al targets for magnetic sputtering 
and 1 columnar Ti target for arc evaporation, and the purity 
of all the targets was 99.99%. The coating process parame-
ters were shown as follows: ultimate vacuity was 5×10–4 Pa, 
work vacuity was 0.3 Pa with Ar and N2. Bias voltage on 
the substrates during the coating deposition was –50 V and 
the sputtering power on different targets were shown as 
follows: Ti–3.6–3.8 kW, Al–10 kW, Si–2.3–2.5 kW, arc 
current applied on the columnar Ti target was 60 A. The 
temperature in the chamber during deposition was kept in 
constancy as 250°C and a Ti interlayer was deposited for 5 
min followed by TiAlSiN deposition for 2 h. The annealing 
treatment of TiAlSiN coatings was carried on in a pipe fur-
nace at different temperatures as 800, 1000, 1100, 1200°C 
in N2 atmosphere and the holding time was 1 h. 

The surface morphology of TiAlSiN coatings was ex-
plored by JSM-5600 scanning electron microscope and the 
coating thickness tested by SEM in cross-section photo-
graph was 4.6–5 μm, the composition of the coatings was 
determined by EDAX attached to the SEM. The micro-
structure of the coatings was observed by JEM-3010 high 
resolution transmission electron microscope and RIGAKU- 
D/MAX-2400 X-ray diffractometer was used to determine 
the phase transformation of the coatings before and after 
annealing. The size of crystallites in TiAlSiN coatings was 
analyzed and calculated by Scherer Formula according to 
the results from XRD tests. The coating hardness was tested 
by MH-5 microhardness tester with Vickers indenter on 
condition that the load was 0.2 N and the load time was 5 s. 
Each sample was tested five times and the mean value of 
test data was calculated as coating hardness. 

2  Results  

2.1  Effects of the annealing treatment on microstruc-
ture of TiAlSiN coatings  

The composition of the TiAlSiN coatings studied here was 

determined by EDAX and the results were as follows: 
Ti-14.31 at%, Al-26.3 at%, Si-10.47 at%, N-48.92 at%, 
corresponding to chemical formula Ti0.28Al0.51Si0.21N.  

The effect of the annealing temperature on the micro-
structure of TiAlSiN coatings was shown in Figure 1. The 
as-deposited coatings exhibited an obvious feature of 
amorphous structure as shown in Figure 1(a). But in Figure 
1(b), it suggested that crystallization occurred in the coat-
ings during annealing at 800°C and the peaks on X-ray dif-
fraction spectra indicated the existence of hcp-AlN crystal-
line phase while the preferred orientations were (100) and 
(110). The (110) orientation was more preferential than 
(100) orientation. The preferential formation of AlN crys-
talline phase was due to prior nucleation and grain growth 
of AlN resulted from the high content of Al in the coatings. 
An obvious intensification of diffraction peak correspond-
ing to AlN (100) was confirmed while there was no signifi-
cant change on the diffraction peak of AlN (110) in Figure 
1(c). It suggested that the preferential orientation of AlN 
crystalline phase changed to decrease system energy when 
annealing at 1000°C. There were no peaks of AlN crystal-
line phase observed in Figure 1(d). Referring to the works 
of Karmi et al. [3], both hcp-AlN and fcc-AlN with high Al 
content were unstable at high temperature but the formation 
of hcp-AlN was more preferential. Therefore the disap-
pearance of AlN crystalline phase in TiAlSiN coatings at 
1100°C could be attributed to the decomposition of the un-
stable AlN and Al atoms probably dissolved in the TiN lat-
tice resulted in the formation of solid solution TiAlN. Ac-
cording to Figure 1e, partial oxidation occurred in the coat-
ings when annealing at 1200°C and oxidation product was 
α-Al2O3. It suggested that the oxidation resistance of TiAl-
SiN coatings was excellent under the present experimental 
conditions. There was no obvious evidence of crystalline 
phase of Si and its compound and it could be deduced that 
Si in TiAlSiN coatings was in the form of Si3N4 amorphous 
phase in consideration of the deposition conditions [12]. 

 

Figure 1  XRD spectra of the TiAlSiN coatings as-deposited (a), annealed 
for 1 h at 800°C (b), 1000°C (c), 1100°C (d), and 1200°C (e). 
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The grain size of TiN crystallites in TiAlSiN coatings 
was calculated from XRD spectra and it showed that the 
grain size was below 30 nm even at 1200°C and increased 
with the increase of the annealing temperature in Figure 2. 

Microstructure explored by HRTEM images and SAED 
patterns for as-deposited and annealed TiAlSiN coatings 
was shown in Figure 3. There was no obvious crystalline 
structure in HRTEM images and a typical pattern of amor-
phous phase was observed in SAED as shown in Figure 
3(a). It suggested that the microstructure of the as-deposited 
TiAlSiN coatings was amorphous in accordance with the 
XRD results. The microstructure of the coatings trans-
formed from amorphous to composite structure of 
nanocrystalline and amorphous after being annealed at 
1000°C as shown in Figure 3(b). It showed a typical poly-
crystalline diffraction pattern in the SAED image and the  

 

Figure 2  Calculated grain size of TiN in the TiAlSiN coatings from 
different peaks in XRD as a function of the annealing temperature. 

 

Figure 3  HRTEM images and SAED patterns of TiAlSiN coatings 
as-deposited (a) and annealed at 1000°C in N2 for 1 h (b). 

crystallites were confirmed as fcc-TiN and hcp-AlN by 
XRD and the corresponding interplanar spacing was calcu-
lated as follows: dTiN(111)=0.2457 nm, dTiN(200)=0.2126 
nm, dTiN(220)=0.1503 nm, dAlN(100)=0.2703 nm. 

The hardness of the as-deposited TiAlSiN coatings was 
HV0.2N =3300 higher than TiN and coating hardness de-
creased with the increase of the annealing temperature as 
shown in Figure 4. After being annealed at 800°C, the coat-
ing hardness degraded to the level of TiN coatings and fur-
ther decreased below HV0.2N =2000 after being annealed at 
1000°C. The coating thickness was 4.6–5 μm and the in-
dentation depth estimated by the length of diagonal lines in 
indentation marks was less than 1/7 coating thickness. Thus 
the effect of the substrates on coating hardness was elimi-
nated by choosing a relatively low indentation depth and 
low load of 0.2 N. The decrease of coating hardness with 
increasing temperature could be attributed to the release of 
residual compressive stress induced in the coating deposi-
tion and the oxidants from partial oxidation when annealing 
at above 1100°C.  

2.2  Discussions 

In Rebouta’s works, the microstructure of TiAlSiN coatings 
deposited by RF and DC reactive magnetron sputtering was 
nano-crystallites/amorphous composite structure consisting 
of nc-TiAlN/a-Si3N4 or nc-TiAlSiN/a-Si3N4 and the coating 
hardness could reach the level of super hardness as 40–50 
GPa. Their results showed that the influence of the deposi-
tion rate, the ratio of ions/atoms, ions bombardment energy 
and substrate temperature on the formation of the nano-
composite microstructure was significant [14,17]. On the 
conditions of low deposition rate, high ratio of ions/atoms, 
high bombardment energy and high substrate temperature, 
the precipitation of Al and Si atoms from TiN lattice was 
easier due to relatively high mobility of surface atoms and it 
resulted in phase segregation of amorphous Si3N4 and crys-
talline AlN at grain boundary and the formation of 
nano-crystallites/amorphous composite structure. Coatings 
with nanocomposite structure exhibited a super hardness 
above 40 GPa and high elastic recovery above 80% according 
to the concept of superhard nanocomposite coatings pre-
sented by Veprek et al. [18–20]. On the contrary, the nano-
composite structure of nanocrystallites embedded in amor-
phous matrix could not form due to low mobility of atoms 
which resulted from high deposition rate, low bombardment 
energy and temperature. While a metastable solid solution of 
TiAlSiN would form in manner of pseudo crystal growth and 
the coating hardness could not be further improved.  

The deposition rate of AEMS studied here was about 
2.3–2.5 µm/h which was 10 times higher than the rate in 
Rebouta’s research and the coatings were bombarded in-
tensely by the ions during the deposition process due to en-
hancement effect induced by the arc ions which also resulted 
in improved ionization of reactant gas atoms. As a result, 
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Figure 4  Effect of the annealing temperature on the hardness of TiAlSiN 
coatings. 

the mobility of surface atoms decreased and there were no 
nanocrystallites/amorphous composite structure observed 
while a mono structure of amorphous had been confirmed in 
the as-deposited coatings. On the other hand, the diffusion 
of Al and Ti atoms and growth of crystallites could be in-
hibited thermodynamically by high Si content and low 
deposition temperature of 250°C [21,22]. The microstruc-
ture of TiAlSiN coatings with different Si content prepared 
by composite approaches of arc ion plating and magnetron 
sputtering had been investigated by Park et al and it showed 
that the coating structure was amorphous with the ratio of 
Si/(Ti+Al+Si) beyond 0.19 which was in accordance with 
the results presented here [23]. 

The high hardness of as-deposited TiAlSiN coatings 
could be mainly attributed to biaxial compressive stress 
generated by intense ions bombardment during the coating 
deposition. Effects of biaxial compressive stress on the 
hardness of superhard Me1N/Me2 (Me1=Cr, Zr, V, Ti; Me2= 
Ni, Cu)multilayer coatings synthesized by unbalanced 
magnetron sputtering had been investigated by Veprek et al. 
The hardness of the multilayer was beyond 40 GPa and the 
compressive stress in the coatings was up to 7 GPa. While 
the coating hardness decreased significantly to the value of 
the corresponding bulks after annealing at 450°C and the 
compressive stress was completely released [24–27]. It 
suggested that the coating hardness was remarkably im-
proved by the compressive stress induced by ions bom-
bardment in the deposition process. The similar decrease of 
coating hardness after the annealing treatment was observed 
for TiAlSiN coatings prepared by AEMS and it could be 
explained by the mechanisms of stress relief. 

The hardness of TiAlSiN coatings of which the micro-
structure was composite structure composed of nano crys-
tallites and amorphous phase after the annealing treatment 
did not reach the level of super hardness. According to the 
concept of nanocomposite structure presented by Veprek, 
the microstructure with super hardness, high elasticity and 
thermal stability should be formed by fine nanocrystallites 

(below 10 nm) embedded in very thin amorphous matrix 
(below 1 nm) and a strong interface between amorphous 
and crystalline phase should be formed which could inhibit 
grain boundary sliding, dislocation movement, formation 
and propagation of cracks. The thickness of the amorphous 
layer was determined by its wetting ability with nanocrys-
tallites and thick amorphous layer would degrade the me-
chanical properties of the coatings such as lower hardness 
and higher brittleness when the content of the amorphous 
phase was beyond the wetting limit [18–20,28]. For TiSiN 
coatings, the atomic fraction of Si corresponding to the wet-
ting limit of amorphous phase was 0.07–0.1 while the 
atomic fraction of Si in TiAlSiN coatings studied here was 
0.21 and far beyond the wetting limit of amorphous phase 
with nanocrystalline AlN or TiN(TiAlN/TiAlSiN). It sug-
gested that a thick amorphous layer was formed at the grain 
boundary after annealing, which significantly degraded the 
strength and hardness of TiAlSiN coatings. On the other 
hand, a dense amorphous layer could improve oxidation 
resistance and thermal stability of the coatings by inhibiting 
atoms diffusion at high temperature. As a conclusion, pre-
cise regulation and control of Al and Si contents and micro-
structure optimization of the coatings should be concerned 
simultaneously to prepare TiAlSiN coatings with out-
standing combination properties such as high hardness, 
elasticity, thermal stability and oxidation resistance.  

3  Conclusions 

The microstructure of TiAlSiN coatings with a relatively 
high Al and Si content deposited by AEMS was mainly 
amorphous due to high deposition rate and the hardness of 
as-deposited coatings was HV0.2N=3300 higher than TiN. A 
structural transformation from amorphous to composite 
structure of nanocrystallites/amorphous had been confirmed 
as the coatings were annealed at different temperature. The 
microstructure of TiAlSiN coatings annealed below 1000°C 
consisted of hcp-AlN, fcc-TiN and amorphous Si3N4 while 
AlN crystalline phase vanished after being annealed at 
above 1000°C and the microstructure transformed to 
nc-TiAlN (TiAlSiN)/a-Si3N4 composite structure. The grain 
size in the coatings increased with the increase of the an-
nealing temperature and the coating hardness decreased 
either resulted from the release of residual compressive 
stress. After annealing at 1200°C, partial oxidation had been 
observed and the oxidants were confirmed as Al2O3 which 
could further decrease the coating hardness. 
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