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Abstract 
In order to improve the oxidation resistance of titanium alloy at high temperature, Ti-
Al-W composite coating was prepared on the surface of Ti6Al4V (TC4) titanium alloy by 
laser cladding technology. Optical microscope (OM) and scanning electron microscope 
(SEM) were used to observe the microstructure and morphology of the composite 
coatings, and X-ray diffraction (XRD) and energy dispersive spectroscopy (EDS) were 
used to analyze the phase and composition of the composite coatings. The high 
temperature oxidation resistance of Ti-Al-W composite coating was tested by SX2-8-
10NP controllable box resistance furnace. The results show that after cyclic oxidation at 
1000℃×5h×5, the weight gain of Ti-Al-2wt %W composite coating is 8mg, which is only 
5.52% of the matrix. The coating and the oxide film remain closely combined, and no 
shedding is observed. The main component of the oxide film is Al2O3. The high 
temperature oxidation resistance of Ti6Al4V titanium alloy can be significantly 
improved by laser cladding Ti-Al-W composite coating. 
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1. Introduction 

TC4 titanium alloy is widely used in aircraft engine parts. At higher operating temperatures, engines 
can achieve greater efficiency. Because titanium alloy has insufficient oxidation resistance at high 
temperatures, its operating temperature is usually limited to less than 500℃. In addition, oxygen 
saturation on the surface of titanium alloy leads to outer embrittlement, which affects the mechanical 
properties of the alloy. However, surface modification technology is one of the effective ways to 
solve the problem of high-temperature oxidation [1-3]. 

Laser cladding is an advanced technology which can effectively improve the oxidation resistance of 
titanium alloys. The method is widely used in the surface modification of metals and alloys due to its 
short processing time, flexible operation and high precision. The local heating effect of the laser beam 
can maintain the properties of the substrate itself [4-5]. 

TiAl alloy is a high temperature material and can be used as high temperature resistant coating. Due 
to their low density and high specific strength, these alloys have been widely considered in aerospace, 
but their room temperature brittleness and high temperature stability need to be further improved [6-
9]. In order to solve the above defects, a new type of high-temperature oxidation resistant coating has 
been developed in recent years, such as Ti-Al-X series high-temperature coating (X=Nb[10], Cr[11], 
Si[12], etc.). The addition of these few elements can significantly improve the environmental 
resistance and provide long-term oxidation protection up to 800℃-1000℃.Although it has been 
reported that THE high temperature oxidation resistance of TiAl alloy can be improved by using THE 
Ti-Al-W ternary materials, there are few researches on the high temperature oxidation resistance of 
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Ti-Al-W coatings prepared on the surface of titanium alloy by using the new laser cladding 
technology. Therefore, in this paper, Ti-Al-W composite coating was prepared on the surface of TC4 
titanium alloy by laser cladding technology, and the wear resistance and high temperature oxidation 
resistance of composite coating were analyzed, providing reference for the application of TC4 
titanium alloy in high temperature environment. 

2. Experiment 

TC4 titanium alloy with sample shape of 20mm×20mm×5mm was selected as the matrix of laser 
cladding, with chemical composition as shown in Table 1. The oxide layer was removed with 
sandpaper (180-800 mesh) on the surface, and dried after ultrasonic cleaning with alcohol. According 
to the principle of titanium alloy laser cladding material selection, the cladding powder was 
determined as Ti-Al-W, (particle size 100~200 mesh, purity 99wt%) Ti, (particle size 150~250 mesh, 
purity 99wt%) Al, (particle size 150~250 mesh, purity 99wt%) W through experiments. TC4 alloy 
samples were first coated with a layer of phenolic resin binder, and then laid with a layer of mixed 
powder with a thickness of 0.4mm, and then put into a drying oven at 120℃ for 2h heat preservation. 
In the experiment, BT-1000W fiber laser was used for laser cladding in the way of preset coating. 
Finally, the optimal process parameters were determined as follows: laser power 400W, scanning 
speed 350mm/min, laser beam spot diameter 1.6mm, protective gas Ar12L/min, lap rate 50%. 

 

Table 1. Chemical composition of TC4 titanium alloy(wt.%) 

elemental composition Al V Fe C N H O Ti 

content 6.73 4.3 0.10 0.06 0.03 0.015 0.20 margin. 

 

After the laser cladding experiment, samples of 10mm×10mm×5mm were cut along the vertical 
scanning direction by linear cutting to be tested. The phase of the coating was detected by XD-3 X-
ray diffractometer, the microstructure morphology and element distribution of the coating surface 
were observed by ZEISSEVO18 scanning electron microscope and EDS, and the high-temperature 
oxidation experiment was carried out by SX2-8-10NP controllable box resistance furnace. 

3. Results and Analysis 

3.1 XRD Pattern of Oxidation Coating 

Figure 1 shows the X-ray diffraction pattern of the oxide layer surface of TC4 matrix after cyclic 
oxidation at 1000℃. It can be seen from the figure that the XRD pattern of the oxide layer of the 
matrix mainly consists of TiO2 peak and Al2O3 peak, among which the intensity of TiO2 peak is the 
highest, while the intensity of Al2O3 peak is relatively low. This shows that the matrix oxide film is 
mainly composed of TiO2 (most) and Al2O3(very few). The TiO2 tissue is relatively loose, and the 
oxide film formed is also loose and porous. Oxygen can easily pass through this oxide film, so this 
film has no protective effect. 

Figure 2 shows the X-ray diffraction pattern of the oxide layer surface. As can be seen from the figure, 
the main components of the five groups of oxide layers are mainly TiO2 peak and Al2O3 peak. With 
the increase of W content, TiO2 peak decreased, while Al2O3 peak increased, indicating that the 
number of TiO2 oxides in the oxide layer gradually decreased. For example, the intensity of TiO2 
peak with diffraction Angle 2θ at about 28° was significantly reduced due to the addition of W. When 
W content was increased to 1.5wt.%, The TiO2 peak at diffraction Angle of 28° even disappeared, 
while the TiO2 peak at diffraction Angle 2θ of 55° also decreased. The Al2O3 peak with diffraction 
Angle 2θ around 36° increases with the increase of W content. In general, with the increase of W 
content, the intensity of TiO2 peak decreases, while the intensity of Al2O3 peak increases. It indicates 
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that W can inhibit the generation of TiO2 on the oxide layer surface and promote the generation of 
Al2O3 at the same time. 

 

 
Figure 1. XRD pattern of oxide layer of TC4 substrate 

 

 
Figure 2. XRD patterns of oxide layers of coatings with different W contents 

3.2 Surface Morphology and EDS Analysis of the Oxide Film of the Coating 

Figure 3 shows the SEM morphology of the oxidation layer surface of the coating with 0, 0.5, 1, 1.5 
and 2wt.%W content. Table 6 shows the energy spectrum of each point in the SEM figure. It can be 
seen from the figure that the oxide layer is mainly composed of large blocks and small strips. With 
the increase of W content, the large lumps gradually decreased, while the small strips increased 
obviously. According to the comprehensive analysis of EDS spectrum 2 and XRD patterns, it can be 
found that the bulk bulk in the oxidation layer of the coating is mainly TiO2, and the small strip is 
mainly Al2O3. With the increase of W content, the fine strip-like Al2O3 increases, while the block-
like TiO2 gradually decreases. The gap between the block-like TiO2 grains is large, while the gap 
between the fine Al2O3 grains is small, which makes the structure of the oxide layer more uniform 
and compact, thus restricting the further oxidation of oxygen. When W content increases to 2wt.%, 
the surface of the oxide layer is basically covered by fine strips, and the density of the oxide layer is 
the highest, so its high temperature oxidation resistance is the best. This further indicates that W 
inhibits the generation of TiO2 to a certain extent and promotes the generation of Al2O3. 
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Figure 3. Surface Morphology of Oxide Layer of Coatings with Different W Content 

(a) (c) (e) (g) (i) 300 times the oxide layers of 0 wt.% W, 0.5 wt.% W, 1 wt.%, 1.5 wt.% and 2 
wt.%, respectively; 

(b) (d) (f) (h) (j) 1000 times the oxide layers of 0 wt.% W, 0.5 wt.% W, 1 wt.%, 1.5 wt.% and 2 
wt.%, respectively; 
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Table 2. Element content at each energy spectrum point of oxide layer(at.%) 

Position Ti-K Al-K O-L 

1 19.25 13.87 66.88 

2 22.45 0.45 77.10 

3 27.47 0.68 71.85 

4 39.47 4.95 55.58 

5 35.80 21.46 42.74 

6 27.52 0.59 71.89 

7 13.09 11.52 75.38 

8 30.09 1.24 68.67 

9 12.01 16.97 71.02 

10 16.24 11.38 72.38 

3.3 Oxidation Resistance of Coating at High Temperature 

Figure 4 shows the dynamic curve of oxidation weight gain of TC4 titanium alloy matrix after cyclic 
oxidation at 1000℃×5h×5. According to the figure, the oxidation weight gain Δm/s of TC4 matrix 
per unit area is 145mg/cm2. 

Figure 5 shows the dynamic curves of oxidation weight gain of cladding layers with different W 
contents after cyclic oxidation at 1000℃×5h×5. As can be seen from the figure, the oxidation weight 
gain per unit area of cladding layers with 0wt.%W addition is 112mg/cm2, which is slightly improved 
compared with TC4 matrix. However, with the increase of W content, the oxidation weight gain of 
cladding layer decreases correspondingly. When the supplemental level of W was 0.5wt.%, the 
oxidative weight gain was 86mg/cm2, which was reduced compared with 0wt.%W. When W content 
reaches 1wt.% and 1.5wt.%, the oxidation gain is 43mg/cm2 and 35mg/cm2, respectively. Compared 
with 0wt.%W content cladding layer, the oxidation gain is significantly reduced. However, when the 
supplemental level of W reached 2wt.%, the oxidative weight gain decreased most obviously, only 
8mg/cm2 weight gain. 

 

 
Figure 4. Kinetics curve of oxidation weight gain of substrate TC4 at 1000℃ 
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Figure 5. Kinetics curve of oxidation weight gain of cladding layer with different W content at 

1000℃ 

 

The above results showed that the content of matrix and five different W cladding layer are oxidation 
to a certain extent, the matrix of high temperature oxidation is most serious, but Ti - Al - W cladding 
layer can obviously improve the high temperature oxidation resistance of titanium alloy, the oxidation 
weight gain power curve change rule and the titanium alloy substrate is obviously different, the high 
temperature oxidation resistance increased with the increase of W content gradually increased, 
Especially when W content reaches 2wt.%, the oxidation resistance at high temperature is improved 
most obviously. Compared with 0wt.%W content, the oxidation resistance at high temperature is 
improved 14 times, and about 18 times compared with the matrix. 

4. Conclusion 

(1) The macroscopic surface of the coating is dense and regular with metallic luster, and the cross 
section profile is complete and half crescent shape. The coating forms a good metallurgical 
combination with the matrix, and the surface of the coating has no pores and cracks. 

(2) After high temperature oxidation, the surface of TC4 titanium alloy is mainly composed of loose 
TiO2 oxide. With the extension of oxidation time, the oxide film is stratified and porous. The oxide 
film of Ti-Al-W cladding layer is composed of TiO2 and Al2O3 oxide, and the addition of W 
promotes the formation of Al2O3 oxide. 

(3) The high temperature oxidation resistance of 2wt.%W coating is the most obvious. Compared 
with 0wt.%W coating, the high temperature oxidation resistance of 2wt.%W coating is 14 times 
higher than that of 0wt.%W coating, and about 18 times higher than that of matrix. 
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