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Abstract 

Ti0.5Al0.5N coatings were deposited on TC11 (Ti-6.5Al-3.5Mo-1.5Zr-0.3Si) and silicon substrates using a cathode arc ion-plating system. The 
microstructure, composition, phase structure, and oxidation-resistance of the alloys and nitride coatings were investigated by scanning elec-
tron microscopy, X-ray diffraction, transmission electron microscopy, Auger electron spectroscopy, and thermal analyzer. The results show 
that the oxidation resistance of the titanium alloy is relatively limited; the compound structures of Ti mixed with Al oxides are formed during 
the heating process. The phases of the Ti0.5Al0.5N coatings are composed of a TiN solid solution phase. The oxidation kinetics obeys the 
parabolic law. During the oxidation process, the selective oxidation of Al occurs, thus protecting the underlying coating and substrate. 
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1. Introduction 

Titanium alloys with excellent mechanical properties and 
superior corrosion resistance have been widely used in many 
fields, such as in the aviation-aerospace industry, medi- 
cine-chemical engineering and bio-engineering. However, as 
the temperature in air increases, alloys are easily destroyed 
by oxygen reaction and the formation of the brittlement 
phase, which seriously weaken their anti-oxidation and me- 
chanical properties [1]. Thus, relatively poor oxidation re- 
sistance in the evaluated temperature is the critical factor 
that always directly limits practical application. Current 
studies show that the protective coating technique is a sim- 
ple and effective method to partly resolve these problems 

[2-3], but some disadvantages of the coating process are also 
revealed, for instance, hydrogen embrittlement produced by 
the wet method, micro-crack sensitivity generated by laser 
cladding, brittle phases and the Kirkendall effect caused by 
elements interdiffusion [4-5]. 

The vacuum arc ion plating technique has great advan- 
tages with respect to metal nitride hard coating, and various 
hard coating systems are also successfully developed and 
commercially employed with nitride systems [6]. Among 
these coatings, the Ti-Al-N system offers superior perform- 
ance for metal machining and fabrication applications, ex- 

hibiting improved tribological properties and elevated oxi- 
dation [7]. Current studies mostly focus on the protection of 
high-speed steel, die steel, and hard carbide tools [8-9], while 
the protection of high temperature titanium alloys is not fa- 
miliar to some researchers. The investigation in this paper 
aims to develop suitable protective coatings for the titanium 
alloy. The effect of aluminum added to the Ti-N matrix, the 
microstructure and the thermal stability characteristics of 
Ti0.5Al0.5N coatings are discussed. 

2. Experimental 

Titanium aluminum nitride coatings were prepared on  
TC11 (Ti-6.5Al-3.5Mo-1.5Zr-0.3Si) sheets and silicon slices 
by cathodic vacuum arc ion plating. The treated TC11 alloys 
were cut into sheets with dimensions of 20 mm × 15 mm × 
2.5 mm and polished to mirror [10]. The substrates were  
ultrasonically cleaned using a decontaminating agent, alco- 
hol, and acetone sequentially. The pure Ti target and 
Ti0.5Al0.5 (atomic ratio) alloy target were used. The vacuum 
degree was 0.6 Pa, the bias voltage was −200 V, and the 
cathode target current was 70 A. The nominal component of 
the obtained nitride coating was Ti0.5Al0.5N. The oxidation 
resistance was evaluated by cyclic oxidation test in air; the 
heating conditions were 650°C / 100 h, 700°C / 100 h,  
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800°C / 10 h, and 800°C / 30 h. The morphologies of the 
specimens were observed with an atomic force microscope 
(AFM, SPM-9500J3) and NoVaTM SEM 430 and a Philip 
XL30FEG field emission scanning electron microscope, 
while the phases’ structures were analyzed with Philips Xpert 
MPD Pro X-ray diffraction, the selected area diffraction was 
investigated with a JEM-2010 transmission electron micro-
scope, the depth contribution of elements was detected by 
PHI-610 auger electron spectroscopy, and the DSC-TG test 
was conducted with a STA409 simultaneous thermal analy-
sis to study the thermo-stability of the nitride coating. 

3. Oxidation behavior of the titanium alloy 

Fig. 1 shows the SEM image of TC11 specimens under 
different oxidation conditions in air. After oxidation at 
650°C for 100 h, loose and rough oxide scales are clearly 
observed, as shown in Fig. 1(a). With the temperature 
increasing, at 700°C for 100 h the oxidized surface is 
non-uniform, and some oxide particles penetrate the surface 
with obviously preferred growth, as shown in Fig. 1(b). In 
this case, Ti-rich oxides were measured. At 800°C, only for 
10 h, the flaking oxide skin was observed as shown in Fig.1 
(c) due to a severe oxidation reaction, and at this moment 
the oxide particles have rapid growth.  

Surface energy spectrum analysis (Fig. 2 and Table 1) for 
the oxidized titanium alloy shows that the content of the 
aluminum is poor, with the Al/Ti ratio < 1. As the 
temperature increases, the content of aluminum becomes 
gradually higher, but in the selected area, the enrichment of 
titanium is clearly detected. At the top surface, it seems that 
in the alloys the titanium element has high diffusion velocity. 
There is low aluminum content (only 6.5 wt.%) in the 
titanium alloy during the oxidation process, and the 
substrate cannot be completely overcovered with the 
uniform Al2O3 film. Meanwhile, the Ti ion in TiO2 has a 
higher self diffusion velocity, and interstitial Ti ions and 
oxygen vacancy are also common defects in titanium oxide, 
which would lead to the rapid growth of TiO2 crystals [11]. 

The element distributions of oxidized alloys in the depth 
direction are presented in Fig. 3. It is clearly shown that the 
contents of oxygen, titanium and molybdenum hold the line 
with slight changes; the aluminum contents vary from out-
side to inside, and only concentrate at the top of the film. 
However, the density of titanium is always higher than that 
of aluminum in the depth direction. So based on the results 
of EDS and AES, it is concluded that the compound struc-
tures of Ti-rich and Al-poor oxides are formed during the 
high temperature process. In this case, the loose oxide layer 
with a mixture structure cannot prevent inner diffusion of 
oxygen; and oxide thickness would continue to increase. 

 
Fig. 1.  High temperature surface oxidation morphologies of 
the oxidized titanium alloy: (a) 650°C / 100 h; (b) 700°C / 100 h; 
(c) 800°C / 10 h. 

4. Performance analysis of protective coatings 
4.1. Microstructure of Ti0.5Al0.5N coatings  

The typical AFM three-dimensional micrograph of a 
Ti0.5Al0.5N coating deposited by the arc ion plating technique 
is shown in Fig. 4(a). The coating has a relatively smooth 
surface with some droplets, and no obvious cracks are ob-
served, and the roughness of the Ti0.5Al0.5N coating is 17.4 
nm in an area of 1 μm × 1 μm. The cross-section view of the 
Ti0.5Al0.5N coating is shown in Fig. 4(b). The compact grain  
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Fig. 2.  EDS of oxidized TC11 alloy: (a) 650°C / 100 h; (b) 
700°C / 100 h; (c) 800°C / 10 h. 

Table 1.  Element contents from EDS analysis results of TC11 
alloy at different temperatures                        at.% 

Heating condition O Al Mo Ti 

650°C / 100 h 65.84  3.57 1.43 29.15

700°C / 100 h 66.92  4.56 — 28.52

800°C / 10 h 66.47 12.33 — 21.20

 
and homogeneous microstructure are obtained, there is good 
adhesion between the coating and substrate, and no peels are 
observed. 

 
Fig. 3.  AES profiles of oxidized TC11 alloy at 650°C. 

The radius size of Al and Ti atoms are similar, at 0.143 
nm and 0.146 nm respectively, so the position of the Ti atom 
in the Ti-N matrix can be replaced by an Al atom forming the 
TiN-based solid solution phase. The XRD results show that 
the coating phases are composed of the (Ti,Al)N phase as a 
B1-NaCl structure, and the preferred (111), (200), (220), and 
(222) diffraction peaks are noticed, while no AlN wurtzite 
structure is observed, as shown in Fig. 4(c). The sharp peaks 
indicate a well-crystallized structure. The lattice constant of 
Ti0.5Al0.5N in this work is 0.419 nm, which is lower than that 
of pure TiN (0.424 nm). This phenomenon is commonly at-
tributed to distort deformation due to different atom substi-
tutions. While the decrease of lattice constant is also attrib-
uted to electron transport, when the replacement of Al oc-
curs in the TiN matrix, the trend of charge transfer from the 
Ti 3d orbit to nitrogen atoms is weakened, thus the effective 
radius of nitrogen atoms decrease and then the crystal vol-
ume reduce [12]. To investigate the phase composition ac-
curately, the selected area electron diffraction patterns are 
observed in Fig. 4(d), and the preferred (111), (200), (220), 
and (222) diffraction rings are also noticed. The (311) dif-
fraction ring is not marked due to it being very close to the 
(222) ring, which is well in accordance with the XRD results. 
Coatings are characterized with a polycrystalline composi-
tion; from inside to outside, the ratio of the square ring ra-
dius agrees with 3:4:8:11:12, which indicates that the crystal 
structures are in keeping with a face-centered cubic lattice. 

4.2. SEM and XRD of oxidized Ti0.5Al0.5N coatings  

Fig. 5 shows that at the range of 650°C to 800°C, the 
good oxidation stability is found, and the oxidized speci-
mens coated with Ti0.5Al0.5N in air exhibit smooth surface 
morphologies, very similar to the initial specimens, and the 
oxidizing cracks are scarcely observed. It is concluded that 
Ti0.5Al0.5N coatings preserve their nitride performance 
without severe oxidation failure at this temperature. The 
phase composition of oxide layers formed during the oxida-  
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Fig. 4.  Morphologies and microstructures of Ti0.5Al0.5N coating: (a) AFM morphology; (b) Cross-section SEM morphology; (c) 
XRD pattern; (d) TEM diffraction rings. 

 
Fig. 5.  Surface morphologies of oxidized Ti0.5Al0.5N coatings: (a) 650°C / 100 h; (b) 700°C / 100 h; (c) 800°C / 30 h. 

tion process is strongly dependent on oxidizing tempera- 
ture. 

Fig. 6 present the XRD patterns of as-deposited 
Ti0.5Al0.5N coatings obtained in the different oxidation con-
ditions in air. The coatings always keep the strong (111) 
preferred orientation even after oxidation at 650°C and 
700°C for 100 h, and only a little of oxide phases are exam-
ined. The coatings show an improved oxidation resistance at 
a large temperature range, which may indicate that the Al 
ion can stabilize the valence electron of Ti ions in the 
Ti-Al-N system, which could reduce the reaction activity 
and then improve the oxidation resistance of nitride coatings 

[13]. Along with rising temperature, the diffraction intensity 

of the (111) peak slightly decreases, meaning that the stabil-
ity of nitrides would be affected gradually with increasing 
oxidation rate. After oxidation at 800°C for 30 h, the coat-
ings are partly oxidized, and the phases of Al and Ti oxides 
can be detected existing as α-Al2O3 and rutile TiO2. Mean-
while, with the increasing oxidation temperature, the (111) 
diffraction peak in the Ti0.5Al0.5N coatings have a slight shift 
due to phase transformation from TiAlN nitrides to oxides 
accompanied by the volume change and internal stress 
variation [14]. 

4.3. AES profile analysis 

To explore the oxidation mechanism, especially in the 
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initial stage, whether the reaction rate is controlled by ele-
ment diffusion in the layers was determined. The AES tech-
nique was used to detect the distribution of chemical ele-
ments [14]. The depth composition profiles of Ti0.5Al0.5N 
coating oxidized at 800°C for 5 h are presented in Fig. 7, 
and it can be found that the selective oxidation of Al ele-
ment occurs; there are an enrichment of Al, O and a deple-
tion of Ti, N in the surface region. 

 
Fig. 6.  XRD patterns of oxidized Ti0.5Al0.5N coatings: (a) 
650°C / 100 h; (b) 700°C / 100 h; (c) 800°C / 30 h. 

 
Fig. 7.  Depth profiles of Ti, Al, N, and O elements in 
Ti0.5Al0.5N coatings (800°C / 5 h).  

The composition of the oxidized specimen is not uniform 
across the measured depth zone. Along the depth profile, the 
composition curves alter suddenly. Specifically, the ratio of 
aluminum and oxygen decreases, while the ratio variation 
trend of titanium and nitrogen is justly opposite. In brief, the 
concentration trend of Ti, Al, N, and O in the oxide layer is 
like a climbing or falling step shape. From outer to inner, the 
structure is as follows: Al-rich oxide scales, Ti-rich oxide 
scales mixed with a little Al oxides and residual nitride, ni-
tride layer and substrate. A more interesting phenomenon 
found was that nitrogen has a tendency to escape from the 
coating during oxidation, which is close to experimental re-
sults published previously [15]. Once protective Al oxides 
are formed, the diffusion of oxygen and titanium ions would  

be obstructed, and the phase stability of the B1-NaCl struc-
ture for TiAlN is kept in a limited situation. 

4.4. Oxidation kinetics 

The oxidation at high temperatures is the thermal activa-
tion process, and the growing oxide film is affected by the 
migration of ions and electrons. Experimental results show 
that the weight gain for the TiAlN coating is in accordance 
with a parabolic law, indicating that the oxidation kinetics is 
controlled by the diffusion of reaction products in the oxide 
film. The dynamic relationship of weight gain and oxidation 
time is deduced by multiple regression models and verified 
by a related coefficient method. The kinetic curves are fitted 
to an equation f(t) = kt0.5 + C, where f(t) is the weight gain 
per unit area, t is the oxidation time, and k is the parabolic 
rate constant shown in Fig. 8 and Table 2 specifically. 

It is visibly noticed that the titanium alloys have a rather 
high mass gain, while low mass gain is observed for the 
Ti0.5Al0.5N-coated specimens during cyclic oxidation. From 
the XRD results, it is proven that the nitride coating can re-
main steady at 650°C and 700°C, and slight oxidation and 
diffusion occurs at this moment, so the values of the oxida-
tion constant for Ti0.5Al0.5N coatings are relatively small, at 
only about 0.0067 and 0.0078, respectively. With increasing 
temperature up to 800°C, as mentioned in AES in Fig. 7 
above, the selective oxidation of Al elements occurs with 
preferred growth to form a compact Al2O3 film at the initial 
stage, which blocks the inward diffusion of oxygen and 
slows down the oxidation rate subsequently. At this time, 
oxide formation at the surface causes significant weight gain, 
the oxidation constant ascends to 0.0304, and the trend of 
weight gain is clearly lower than that of a single titanium 
alloy. Consequently, the coated specimens exhibit very low 
oxidation rates at the range of 650°C to 800°C. The protec-
tion is effective for the entire exposure period, which indi-
cates that the Ti0.5Al0.5N coatings improve the oxidation re-
sistance of the titanium alloy. 

4.5. Thermal analysis 

Former oxidation studies mostly focused on the coat-
ing-substrate system, but under actual conditions, the oxida-
tion resistance of coatings would also be affected according 
to the different substrate metals. These uncertain factors 
would make it difficult to research the intrinsic stability of 
nitride coatings used at high temperature. So special 
Ti0.5Al0.5N coatings without substrates are obtained and 
heated from room temperature to 1200°C by a thermo gra-
vimetric analysis system. Dry air is used to simulate the 
practical hot atmosphere environment and the heating rate is 
controlled to 20°C/min. 
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Fig. 8.  Oxidation weight gains of Ti0.5Al0.5N coatings at different temperatures: (a) 650°C / 100 h; (b) 700°C / 100 h; (c) 800°C /   
30 h. 

Table 2.  Oxidation kinetic equations of Ti0.5Al0.5N coatings 

Specimens Oxidation condition in air Weight gain 

650°C / 100 h f(t) = 0.0067 t0.5 + 0.0046 

700°C / 100 h f(t) = 0.0078 t0.5 − 0.0028 Ti0.5Al0.5N-coated 

800°C / 30 h f(t) = 0.0304 t0.5 − 0.0134 

 
DTG (derivative thermo gravimetric analysis) curves ex-

hibiting the chemical reaction rate are obtained. Thus, a 
comparison of the DSC (differential scanning calorimetry), 
TG (thermo gravimetric analysis) curves gives a possibility 
of determining phase transformation from chemical reac-
tions, such as rutile and alpha Al2O3. In Figs. 9(a-b), the 
thermo analysis shows that low weight changes and weak 
heating effects are noticed from room temperature to 700°C, 
corresponding to the slight oxidation action. At this moment, 
the coatings are mostly characterized with the nitride struc-
ture, and this conclusion has been confirmed by SEM and 
XRD results. It is supposed that an aluminum element can 
increase the thermal stability of a Ti-N system. It is also es-
timated that the first stage of oxidation would be oxygen 
adsorption from Ti1−xAlxN to Ti1−xAlxNOy only taking place 

on the topmost surface. As the temperature exceeds 800°C, 
the weight gain of the TG curve varies rapidly, this increase 
accounts for about 20%, and the maximum change of the 
DTG curve is at 887°C (Fig. 9(b)). Although the selective 
oxidation of Al element occurs at this stage, Al2O3 scales 
only partly protect the nitride in the dynamic heating condi-
tion. Outward diffusion of Al, inward diffusion of O and the 
escape of N synchronously take place. Accordingly, a strong 
exothermic peak is noticed, and the major exothermic spots 
are 877.0°C and 900.0°C, respectively, with −40.01 mW/mg 
and −42.12 mW/mg. While this thermal effect is closely re-
lated to the process of phase transformation, the nitrides are 
gradually destroyed by oxidation action, accompanied by 
mass Al2O3, TiO2 and heat release. 
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Fig. 9.  Thermal curves of Ti0.5Al0.5N coating: (a) DSC-TG; (b) DTG –DSC. 

4.6. Coating oxidation mechanism 

The oxidation mechanism is deduced based on the ex-
periments using SEM, XRD, AES and TG-DSC. In the be-
ginning, Al2O3 and TiO2 scales have a trend of competitive 
growth. According to thermodynamics, aluminum has a 
preferential reaction with oxygen, however in real high 
temperature conditions, these competitive growths would be 
affected due to the different contents of Al and Ti at the ini-
tial reaction stage. If the aluminum content is lower in the 
coating or substrate, the specimens cannot be totally covered 
by a compact Al2O3 scale, and the following TiO2 oxide 
would easily penetrate the Al2O3 layer with a mixture struc-
ture, which finally leads to protection failure, such as in tita-
nium alloys. In the present paper, there is sufficient alumi-
num content to form dense aluminum oxides in a nitride 
coating. It can also be implied that an oxide/nitride interface 
is formed for a coated substrate due to selective diffusion 
espoused to oxygen conditions in high temperatures. The 
selective oxidation of Al element would generate a protec-
tive α-Al2O3 layer, which could reduce the activity of oxy-
gen at the interface and change the distribution of oxides. 
Below the Al2O3 layer, Al contents are poor, while the 
mixed structure of the Ti-rich oxide zone is formed in the 
internal layer. 

5. Conclusions 

(1) Ti0.5Al0.5N coatings prepared by arc ion plating ex-
hibit a B1-NaCl structure, and Al replaces the position of the 
Ti atom in the Ti-N matrix to form the TiN-based solid solu-
tion phase. 

(2) Ti0.5Al0.5N coatings have a good resistance against 
oxidation. The selective oxidation of Al occurs, forming a 
stable α-Al2O3 layer upon exposure to high temperature 
conditions. The compact Al2O3 layers can block oxygen 
diffusion, thus protecting the subsequent nitride and sub-

strate. Titanium alloys can be effectively protected by the 
Ti-Al-N system. 
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