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Abstract: TiAlN coatings were deposited at various deposition temperatures using vacuum arc ion plating (AIP) for the high 
performance manufacture. The relationships between deposition temperatures and surface properties were investigated. Results show 
that surface macroparticles (MPs) decrease in number and size with increasing the deposition temperature because of ion 
bombardment. When deposition temperature increases, the grain size on the top coating first decreases sharply, and then increases 
gradually. Furthermore, deposition temperature has little influence on the phase constituents and chemical compositions of the 
resultant coatings. With raising the deposition temperature, the hardness and adhesion strength first increase rapidly, and then decrease 
gradually. The deposited TiAlN coating exhibits the highest hardness and the strongest adhesion strength when deposition temperature 
is set at around 450 °C. The mechanism of the above phenomena is attributed to the variations of microstructure and residual stress 
between the surface and interface during the deposition process. The resultant coatings have a good thermal stability in air at 
temperatures up to 900 °C.
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TiAlN coatings are widely used as protective coatings in 
high performance manufacture applications, because of their 
excellent properties, including high hardness, wear resistance, 
and superior oxidation resistance[1–3]. Various vacuum deposi-
tion processes and facilities have been used to synthesize 
TiAlN coatings, such as magnetron sputtering[4–5], high-power 
pulsed magnetron sputtering[6] and arc ion plating (AIP) [7–8]. 
Among them, AIP techniques are considered to be promising 
commercial techniques for TiAlN coating deposition, due to 
high ionization rate, high deposition rate and high kinetic 
energy[9–11].

Deposition parameters exert considerable influence on the 
microstructure, mechanical properties, and thermal stability of 
TiAlN coatings deposited by AIP techniques. Huang et al [12] 
deposited TiAlN coatings using Ti/Al targets with various con-
centration ratios by filtered cathodic arc ion plating (FCAIP) 
system and found that the crystal structure of the TiAlN layer 

with maximum hardness is a NaCl-B1 structure with the 
Ti0.5Al0.5 as target. Vereschaka et al[13] prepared a series of Ti-
TiN-TiAlN coatings under various nitrogen pressures and 
investigated the effects of nitrogen pressure on the microstruc-
ture and mechanical properties of the resultant coatings. Some 
researchers[14] studied the effects of bias voltage on the micro-
structure and properties of TiAlN coatings. However, the influ-
encing mechanism of deposition temperature on the micro-
structure and properties of TiAlN coatings are still not very 
clear for the application of high-performance manufacture.

In our previous work, arc cathode equipped with a scanning 
radial magnetic field was developed and the effect of 
magnetic field on the microstructure of resultant films was 
studied [15]. In the present study, an industrial scale setup 
equipped with an optimized temperature controller was used 
to prepare hard coatings in order to study the effects of 
deposition parameters on the surface properties and service 
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performance of the coated samples.

11  Experiment  Experiment

Mirror-polished M2 high-speed steel plate with the size of 
28 mm×18 mm×3 mm was used as the substrate. TiAlN 
coatings were grown in an industrial-scaled batch-type arc ion 
plating facility, using powder-metallurgical produced TiAl 
alloy (Al/Ti atomic ratio was 70:30, 99.9% purity) as targets 
(Φ160 mm), as shown in Fig.1. The surface morphology and 
cathode spot motion were monitored and then controlled 
through a steered magnetic field.

At the beginning of coating process, the chamber was 
evacuated up to a base pressure of less than 8.0×10−3 Pa. 
Meanwhile, the chamber and substrates were heated rapidly 
and maintained at 420 °C. In the target cleaning for 60 min, 
high purity Ar gas (99.999% in volume fraction) was intro-
duced into the chamber to a pressure of 4.0×10−1 Pa with a 
flow rate of 150 mL/min. Three Ti (99.9% purity) targets were 
evaporated by arc-discharge, and the bias voltage applied on 
the substrate holder was fixed at −150 V. The TiAlN coating 
was synthesized at 390, 420, 450, and 480 °C, while N2 partial 
pressure was kept constantly at 3.8 Pa throughout the coating 
process. In this experiment, coating deposition time was kept 
at 3 h. The detailed parameters are listed in Table 1.

The surface morphologies of the samples were observed by 
field emission scanning electron microscopy (INSPECT F50, 
Thermo Fisher Scientific, Eindhoven, The Netherlands) equi-

pped with energy dispersive spectroscopy for elemental analy-
sis. The density and diameter distribution of MPs and micro-
craters were quantitatively analyzed by image analysis soft-
ware (ImageJ 1.47). The crystallographic phases of the coat-
ings were examined by X-ray diffractometer (MPDDY2094, 
PANalytical B. V., Eindhoven, The Netherlands) using a Cu 
Kα (wavelength λ=0.154 06 nm) radiation source operated at 
40 kV and 40 mA. The scanning angle ranged from 30° to 
100°, and every sample was scanned for 10 min. The coatings 
were in situ heated in air from room temperature to 900 ° C. 
The temperature was stabilized every 100 °C for 10 min, and 
then the XRD data of the coatings was recorded at 700 and 
900 ° C. The compound structure and level structure were 
analyzed by X-ray photoelectron spectroscopy (XPS) using Al 
Kα (hv=1486.6 eV) radiation source (150 W), which was 
calibrated by carbon peak C 1s at 284.5 eV. Surface roughness 
was measured with a 3D profilometer.

The hardness of the TiAlN coatings was evaluated using a 
microhardness tester (AMH43, LECO, Laboratory Equipment 
Corporation, St. Joseph, The United States) with a Vickers 
indenter under a load of 10 g with a dwelling time of 10 s. All 
hardness values were measured at indentation depths of less 
than one-tenth of the film thickness to eliminate the effect of 
the substrate. The test results over five measurements were 
averaged to diminish non-uniformity effect of the surface.

Adhesion strength was measured with a scratch tester (MFT-
4000, Lanzhou Huahui Instrument Technology Co., Ltd, 
Lanzhou, China) at the loading speed of 100 N/min and 
maximum scratching length of 10 mm. The critical loads were 
determined by the acoustic signal. At least four scratch tests 
were performed on each sample, which was separated by a 
distance of about 1 mm.

22  Results and Discussion  Results and Discussion

2.1  Surface morphology

Fig. 2a ‒ 2d present the typical surface morphologies of 
TiAlN coatings deposited at 390, 420, 450 and 480 ° C, 
respectively. As shown in Fig.2, the number and size of MPs 
decrease and micro-craters gradually appear with increasing 
deposition temperature. Fig.3 present the density of MPs (d >1 
μm) and micro-craters (d >1 μm) on the coated surface synthe-
sized at various deposition temperatures. It can be seen that 
the density of MPs decreases sharply from 23.3×10-3/μm2 to   
0/μm2, whereas the density of micro-craters increases rapidly 
from 1.5×10-3/μm2 to 7.3×10-3/μm2 as the deposition 
temperature increases from 390 °C to 480 °C.

The ion bombardment plays an important role in the 
elimination of MPs during the AIP process. In our case, the 
kinetic energy and momentum of incident ions increase with 
deposition temperature[16]. The higher temperature implies 
greater local ion and electron pressure gradients, which are the 
main driving forces for ion acceleration. At the high 
deposition temperature, the particles have high kinetic energy, 
and the intense ion bombardment will promote the removal of 
MPs. At the same time, some micro-craters are left on the 

Fig.1　Schematic diagram of industrial-scaled batch-type arc ion 

plating facility

Table 1　Detailed parameters of AIP process

Parameter

Base pressure/×10−3 Pa

Working pressure/Pa

Deposition temperature/°C

Arc current/A

Negative bias voltage/V

N2 flow rate/mL·min‒1

Substrate rotation speed/Hz

Distance between the target and substrate/mm

Value

7.0

3.8

390, 420, 450 ,480

120

150

800‒900

8

100
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surface because of the bombardment of incident ions with 
high energy. The size and depth of micro-craters on the 
surface both increase with the deposition temperature.

The effects of MPs and micro-craters on the surface 
roughness were further analyzed. Fig.4 shows the variation of 
surface roughness Sa as a function of deposition temperature. 
With increasing the deposition temperature, the surface 
roughness first decreases sharply and then increases gradually. 
The minimum value of surface roughness (0.168 μm) was 
obtained at a deposition temperature of 450 ° C. The above 
variation is in accordance with the relationship between the 
surface morphology of the coatings and deposition 
temperature. The effects of deposition temperatures on the 
surface roughness may be related to the densification 
phenomena caused by the strong ion bombardment, which 
will result in reduced MPs and micro-craters.
2.2  Composition and XPS analysis 

Fig. 5 presents the chemical compositions of the TiAlN 
coatings deposited at various deposition temperatures. Accor-
dingly, when the deposition temperatures increase from    
390 ° C to 480 ° C, the Ti, Al, and N contents fluctuate in a 

small range. The elemental contents increase from 32.28% to 
33.7% for Al, and from 18.34% to 19.41% for Ti; the N 
content decreases from 48.53% to 48.31% correspondingly. 
These results can be explained by the change of ion energy. 
The decrease in N content is very complex as the temperature 
increases. First, nitrogen depletion in the Al-rich domain and a 
slight enrichment in the Ti-rich domains occur. Next, the Al-
rich domains become stoichiometric and the nitrogen defi-
ciency is accommodated in the coarsened Ti-rich domains[17].

The analyses of the surface region of the samples reveal the 
presence of nitride species on both spectral regions of Ti 2p 
and Al 2p. After peak fitting for the Ti 2p, Al 2p and N 1s of 
the TiAlN coatings deposited at various deposition 
temperatures (Fig.6), the binding energy (BE) positions of the 
nitrides (on Ti 2p and Al 2p experimental peaks) shift towards 
low values relative to those predicted by the XPS NIST 
database and those collected from reported results [18–19].

The Ti 2p spectrum recorded from the coatings is presented 
in Fig.6a, which reflects two different components. The peaks 
of Ti 2p at 454.8 and 460.8 eV correspond to the 2p3/2 and 2p1/2 
levels, respectively. The binding energies of the 2p3/2 and 2p1/2 

Fig.2　Typical surface morphologies of TiAlN coatings deposited at different temperatures: (a) 390 °C, (b) 420 °C, (c) 450 °C, and (d) 480 °C

Fig.3　Density of macroparticles (a) and micro-craters (b) in the TiAlN coatings deposited at various temperatures
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levels of this doublet are recognized as TiN and TiAlN, 
respectively according to Ref. [18–19], thereby indicating the 
presence of TiN and TiAlN phases. It is found that the peak 
position of Ti 2p3/2 moves to a lower angle, which may corre-
late with the shift to lower angles of the c-TiAlN peaks toward 
c-TiN. This suggests a nucleation and growth phase 

transformation mechanism (c-TiAlN/c-TiN+w-AlN) through a 
continuous depletion of Al from c-TiAlN rather than a 
formation of c-TiN and c-AlN domains[17]. As shown in 
Fig. 6b, two different components are revealed after the peak 
fitting of the Al 2p line: the first one at 73.7 eV is ascribed to 
AlN, which shifts to 0.2 eV toward a low binding energy with 
respect to the Al 2p of the TiAlN coating [18–19]; the second one 
at 74.3 eV is attributed to the TiAlN compound[19]. The N 1s 
spectrum recorded from the samples is shown in Fig.6c. The 
N 1s peaks are decomposed to three peaks at 396.6, 397.2 and 
397.4 eV, which stand for AlN, TiAlN, and TiN, 
respectively[18–19]. According to the results of the XPS, no TiAl 
phase forms, similar to the other TiAlN reported data[18–19].
2.3  XRD analysis

Fig.7 shows the XRD patterns of TiAlN coatings deposited 
at various deposition temperatures. The diffraction peaks of 
various coatings exhibit similar patterns, which can be 
identified as the TiN and AlN phases with preferred 
orientation in the (200) directions at the 2θ values about 41.2°  
and 43.8°, respectively. (200) preferred orientation of coatings 
indicates that surface energy and interfacial energy control the 
preferred orientation, which causes low strain energy. In this 
case, the crystal structure of coatings is hexagonal wurtzite 
structure, which leads to grain refinement and thus prevents 
cracks propagation. The intensities of other diffraction peaks 
such as TiN (111), TiAlN (200), and TiAlN (311) are 
considerably low. No signals are related to metal phases in the 
coatings. The deposition temperatures exert a certain effect on 
the phase constituents of the coatings, as well as on the 
positions and intensities of the diffraction peaks. The intensity 
of diffraction peak of TiN (200) and AlN (200) increases with 
the deposition temperature, indicating a high degree of 
crystallinity. At the same time, the position of diffraction 
peaks of TiN (200) and AlN (200) moves toward a large angle 
as the deposition temperature increases. The reason is that the 
change in deposition temperature might have a certain effect 
on the residual stress of the coatings[20].

On the basis of the quantitative analysis, the average grain 
size of the AIP TiAlN coatings was calculated by the full-
width at half maximum (FWHM) of the strongest AlN (200) 
diffraction peak in the XRD spectra (Fig.7) using the Scherrer 
formula[21–22]:

Size =
0.9λ

B cos θ
                                                                    (1)

Fig.4　Surface roughness of TiAlN coatings as a function of deposi‐

tion temperature

Fig.5　Chemical composition of TiAlN coatings deposited at 390, 

420, 450 and 480 °C

Fig.6　Fitted XPS spectra of Ti 2p (a), Al 2p (b) and N 1s (c) of the coatings deposited at various temperatures
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where λ is the wavelength of Cu Kα radiation, B is the cali-
brated FWHM of a Bragg peak, and θ is the Bragg angle. The 
lattice constants of the coatings are also estimated from the 
interplanar spacing dhkl of the strongest peaks in the XRD spec-
tra using the equation of hexagonal close-packed structure[23]:

dhkl =
1

4
3

h2 + hk + k 2

a2
+

t2

c2

                                            (2)

where a and c are the lattice constants; h, k, and l are the 
crystal plane indices.

Fig. 8 presents the calculated results of the average grain 
size and lattice constant of the AlN phase in the AIP TiAlN 
coatings at different deposition temperatures. The grain sizes 
first decrease from 26.1 nm to about 18.4 nm and then 
increase to about 22.1 nm with deposition temperature. When 
the deposition temperatures decline to a certain threshold, the 
incident particles on the sample surface have higher kinetic 
energy with deposition temperature. Meanwhile, surface mobi-
lity increases with deposition temperature[24–25]. Therefore, 
both ion bombardment and surface mobility work together to 
make the grain size decrease. In this experiment, TiAlN 
coatings have a minimum average grain size of approximately 
18.4 nm when the deposition temperature is set at 450 ° C. 
However, when the deposition temperatures exceed a certain 
threshold, film growth mechanism is entirely different. 
Excessive bombardment of energetic ions at high deposition 
temperature results in another increase in defect density in the 

coatings. The variation of grain size with temperature is 
consistent with that of surface roughness (shown in Fig.4).

Furthermore, as shown in Fig. 8, the lattice constant in the 
coatings decreases and all lattice constants in the coatings 
exhibit a negative deviation relative to the standard lattice 
constant (c=4.978×10-1 nm) with increasing deposition tempe-
rature. This negative deviation indicates that the compressive 
residual stresses are introduced in all coatings during the 
coating deposition process[26–27], and the residual stress 
increases with deposition temperature. It is believed that the 
defect density plays an important role in the lattice constants 
of AlN phase; that is, the low defect density goes against the 
coating stress release[28].
2.4  Mechanical properties

The hardness values of the TiAlN coatings measured with  
a microhardness tester are presented in Fig. 9. One thing to    
be aware of is that the indentation depths need to be less    
than one tenth of the coating thickness, which are listed in 
Table 2. All coatings present a high hardness, and the highest 
coating hardness is obtained when the deposition temperature 
is 450 ° C. With increasing deposition temperature, the hard-
ness of the TiAlN coatings first increases gradually from 23.4 
GPa to the maximum value of about 35.6 GPa, and then 
decreases sharply to 27.6 GPa. The enhanced hardness of the 
coatings might originate from different hardening mecha-
nisms, which can be divided into two types, namely, intrinsic 
hardening and extrinsic hardening[29–31].

In the present work, intrinsic hardening exerts a significant 
effect on the hardness of TiAlN coatings. It is found that the 
compressive residual stress can significantly improve the 
coating hardness[26]. The defect density of the coatings also 
plays an important role in their hardness. Literature indicates 
that the existence of defects such as micro-craters, MPs in the 
coatings exert a detrimental effect on the hardness[32–33]. With 

2θ/(°)

Fig.7　XRD patterns of TiAlN coatings deposited at various 

deposition temperatures

Fig.8　Variations of grain sizes and lattice constants of AlN phase in 

the TiAlN coatings deposited at different temperatures

Table 2　Thickness and indentation depth of TiAlN coatings

Deposition temperature/°C

390

420

450

480

Thickness/μm

2.59

2.81

3.15

3.04

Indentation depth/μm

0.23

0.25

0.28

0.26

Fig.9　Vickers microhardness of TiAlN coatings deposited at various 

deposition temperatures
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increasing deposition temperature, the defect density in the 
coatings changes from more defects to fewer defects, and to 
more defects again. As a result, the densest microstructure 
with the least defects and the highest residual stress forms in 
the coatings at a deposition temperature of 450 ° C. Laws of 
residual stress development are not clear till now, while it is 
believed that compressive residual stress is dependent on the 
phase formation and transformation behavior, such as 
transformation of AlN from cubic to hexagonal.

Changes in the critical load of the AIP TiAlN coatings with 
deposition temperature are shown in Fig.10. As the deposition 
temperature increases from 390 °C to 480 °C, the critical load 
first increases sharply before reaching the maximum value of 
about 29.7 N and then decreases rapidly. The coating/substrate 
system has the best adhesion when the deposition temperature 
is 450 ° C. The above trend is in accordance with the 
relationship between the microstructure of coatings and the 
deposition temperature, as shown in Fig. 4 and Fig. 8. These 
phenomena are attributed to the changes in the microstructure 
of the coatings as the deposition temperature increases, and a 
few defects in the coatings are helpful in inhibiting the spread 
and expansion of cracks, which in turn improves adhesion[28]. 
In addition, the particles have high kinetic energy as the 
deposition temperature increases. The diffusivity of particles 
also increases, which can further improve the adhesion of 
coatings. However, the high deposition temperature indicates 
higher thermal stress in the coating. A high thermal stress will 
cause a detrimental effect.
2.5  Thermal stability

The thermal stability of the TiAlN coatings at high 
temperatures was studied by XRD. Fig. 11 shows the XRD 
patterns of TiAlN coatings at recording temperatures of 700 
and 900 °C. The diffraction peaks of the coatings at 700 °C 
exhibit similar patterns as the XRD patterns of the coatings at 
room temperature; no significant phase change takes place. 
The intensity of the diffraction peak TiAlN (200) increases 
with the temperature. The coatings contact with the substrate, 
and no spallation is observed during or after heating. In 
addition, no signals related to oxide phases are observed in the 
coatings. Fig. 11b presents the XRD patterns of the TiAlN 
coatings at 900 ° C. With the increase in temperature, the 

phase structures changes from the TiN phase and AlN phase to 
the TiAlN phase. This phenomenon is delayed because of the 
change in solubility of Al atoms in the solid-solution. 
However, the intensity of the substrate diffraction peak 
experiences a certain increase, indicating that the thermal 
stability of the coatings decreases gradually. The coatings do 
not exhibit any significant oxidation behavior when the 
temperature reaches 900 ° C. These results indicate that the 
TiAlN coatings at 900 °C still have good thermal stability.

33  Conclusions  Conclusions

1) The number and size of surface macroparticles decrease, 
and micro-craters gradually appear with increasing deposition 
temperature in the TiAlN coatings deposited by vacuum arc 
ion plating technique. The ion bombardment plays an 
important role in the elimination of surface macroparticles and 
the appearance of micro-craters as the deposition temperature 
increases.

2) The AlN phase and TiN phase with preferred orientations 
in the (200) directions appear in the resultant coatings. With 
increasing deposition temperature, the grain size of the TiAlN 
coatings first decreases slightly, and then increases gradually. 
However, the lattice constant always decreases gradually with 
the deposition temperature, which is ascribed to the changes 
in the defect density of the coatings.

3) Deposition temperature causes the changes in 
mechanical properties of resultant TiAlN coatings by affecting 
the microstructure and defect density. With increasing 
deposition temperature, the hardness and critical load of the 
TiAlN coatings first increase gradually, then decrease slightly. 
In this experiment, when the deposition temperature is set at 

Fig.10　Changes of critical load for TiAlN coatings deposited at 

various deposition temperatures

2θ/(°)

Fig.11　XRD patterns of TiAlN coatings deposited at different 

temperatures recorded at 700 °C (a) and 900 °C (b)
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450 ° C, the coatings possess the highest hardness and the 
strongest adhesion strength.

4) When the service temperature reaches 900 ° C, the 
surface phase structures change from the previous TiN phase 
and AlN phase to the TiAlN phase. However, the coatings 
show no significant oxidation behavior, which indicates that 
the resultant TiAlN coatings possess good thermal stability.
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沉积温度对高性能TiAlN涂层微观结构和力学性能的影响

刘兴龙 1，2，徐乘远 1，陈 彬 1，乔 宏 1，蔺 增 1

(1. 东北大学  机械工程与自动化学院，辽宁  沈阳  110004)

(2. 泰安东大新材表面技术有限公司，山东  泰安  271024)

摘 要：采用真空电弧离子镀（AIP）技术在不同沉积温度下TiAlN涂层，用于高性能制造，并研究了沉积温度与表面性能的关系。结

果表明，由于离子轰击作用，表面大颗粒随沉积温度的升高而减少。随着沉积温度的升高，涂层表面的晶粒尺寸先急剧减小后逐渐增

大。此外，沉积温度对合成涂层的相组成和化学成分影响不大。随着沉积温度的升高，硬度和粘结强度先迅速增加，后逐渐降低。当沉

积温度在450 ℃左右时，沉积的TiAlN涂层硬度最高，粘结强度最大。上述现象的发生机理与沉积过程中表面与界面之间的微观组织和

残余应力的变化有关。合成的涂层在高达900 ℃的空气中具有良好的热稳定性。

关键词：TiAlN涂层；沉积温度；力学性能；热稳定性；高性能制造
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