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Abstract: Plasma thermal spraying of Si coating layer on titanium−zirconium−molybdenum (Ti−Zr−Mo), TZM alloy, was conducted 

for the surface protection of the Mo substrate that is unstable in air at high temperatures. Although the plasma thermal spraying alone 

could protect the Mo alloy from oxidation at a high temperature for a short time, the post laser surface melting process further 

improved the oxidation resistance of Si-coated alloy. In the case of the post laser treated specimen, MoSi compounds, mainly MoSi2 

phases, were formed during the additional annealing process, and the oxidation resistance could be even further enhanced. The 

corrosion behaviors of Si-coated specimens in 3.5% NaCl solution were also investigated; however, no significant variations with 

respect to the post treatment procedure were found. 
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1 Introduction 
 

Mo alloys such as TZM (Ti−Zr−Mo) have gained 

much attention for high temperature applications in the 

areas of aerospace and nuclear industries because of  

their excellent mechanical properties at elevated 

temperatures [1]. However, the Mo alloys usually exhibit 

poor oxidation resistance since a volatile MoO3 forms 

almost instantly when the alloys are exposed to oxidizing 

environment at a high temperature like 873 °C [2]. 

Therefore, in order to utilize the Mo alloys in practical 

applications, various protective coating processes such as 

pack cementation and plasma thermal spray are applied 

to the surface of the alloys [3−9]. Silicon has been 

widely used as the coating material since resultant SiO2 

layer provides an excellent oxidation resistance [3,8]. 

The plasma thermal spray coated alloys generally show 

improved oxidation resistance as compared to the 

substrate alloy [8,9], but some pores are inherent to the 

thermal spray coating and undoubtedly harmful to the 

oxidation resistance. 

Post thermal spray treatments like laser surface 

melting can be desirable to obtain higher oxidation 

resistance. Some research results showed that post laser 

treatments contributed to the removal of porosity and the 

strengthened coating adhesion in various coating/ 

substrate systems [10−13]. However, there has been no 

literature on the clarified effects of the post laser surface 

melting on the oxidation behaviors of Si-coated Mo 

alloys. Furthermore, the mixing of the Si coating layer 

and the substrate may occur during the laser surface 

treatment. And this mixing can cause not only the 

increased interface stability between the coating and the 

substrate but also the formation of MoSi compounds. 

Microstructural changes in the Si/TZM system owing to 

the laser surface melting have not been fully elucidated. 

Additional annealing treatment of Si-coated Mo alloys at 

high temperatures should cause the interface reactions, 

resulting in better interfacial bonding and intermetallic 

compounds formation. Because the general corrosion of 

the Si-coated Mo alloys can be also industrially 

important, the influence of post treatments on the 

corrosion resistance of the alloys also needs to be 

investigated. 

 

2 Experimental 
 

TZM Mo alloy (Mo−0.5Ti−0.1Zr−0.02C) sheet was 

used as the substrate in this research. Silicon was 

deposited on the sand blasted and ultrasonic cleaned 

TZM substrate via air plasma thermal spray process. 
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A mixture of Ar and H2 was used as the plasma gas and 

Ar was used as the powder carrier gas. The plasma 

spraying process parameters employed in this research 

are as follows: 400 A, Ar gas pressure of 100 MPa, H2 

gas pressure of 6 MPa, and spray distance of 100 mm. 

The as-sprayed Si coatings on the specimens were 

then surface-treated by using a continuous wave (CW) 

diode laser with a maximum power of 300 W (PF−1500F 

model; HBL Co.,) and a power supplier (Pwp14Y04K 

model; Yesystem Co.,). The laser process parameters 

such as laser power, specimen velocity, powder injection, 

and gas flow were set-up based on a preliminary study. 

The applied power for the laser treatment ranged up to 

300 W, and the scanning speed was 14 mm/s. To prevent 

any oxidation during the process, an inert gas (Ar) was 

continuously blowed into the melting zone. An 

isothermal heating of the Si-coated specimens under Ar 

atmosphere at 1100 °C was carried out to observe the 

interface reactions between the Si coating layer and the 

Mo substrate. 

Oxidation test was conducted in air at 1100 °C to 

measure the mass change of Si-coated specimens of 

about 12 mm × 12 mm × 10 mm in size that were 

prepared by different procedures. The test was carried 

out only up to 120 min because severe spalling of the Si 

coating layer occurred and even some parts of surface of 

the substrate became detached after that. Electrochemical 

experiments to evaluate the corrosion behavior in an 

aqueous solution at room temperature were also carried 

out using a potentiostat (ZIVE SP1). The reference 

electrode used for the tests was a saturated calomel 

electrode (SCE) and platinum plate was used as a counter 

electrode. 3.5% NaCl solution was used as the electrolyte 

and potential scan rate for polarization tests was 1 mV/s. 

Microstructural analyses were performed using a SEM, 

equipped with energy dispersive X-ray spectrometer 

(EDS), and an X-ray diffractometer (XRD). 

 

3 Results and discussion 
 

Figure 1 shows a typical granular microstructure of 

TZM alloy, whose feature is similar with that of standard 

TZM alloy, used as the substrate [8]. The grain size 

varied between 10 and 50 m and some carbides were 

observed. SEM images with EDS profiles in Fig. 2 

represent the cross sectional images of the coating layers 

that were prepared through various processes. Formation 

of a thick and a little porous Si coating layer is observed 

in the as-plasma thermal sprayed specimen. The 

microhardness of the surface Si coating layer for the 

as-sprayed specimen was found to be significantly higher 

(HV ~474) than that of the substrate (HV ~334). The 

porous Si coating layer was remelted and then solidified 

rapidly  through  the  post  laser  surface  treatment, 

 

 

Fig. 1 Typical optical micrograph of TZM alloy used as 

substrate 
 

 

Fig. 2 SEM images with EDS profiles showing effect of 

processing on coating layer: (a) As-sprayed; (b) Post laser- 

treated; (c) Isothermally heated 
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therefore, the majority of porosity in the coating could be 

eliminated [10]. A more compact coating structure is 

shown in the post laser surface remelted specimen as 

compared to the as-plasma sprayed specimen (Fig. 2(b)). 

But no MoSi compounds were observed at the laser 

treated Si coating/substrate interface. 

As shown in Fig. 2(c), some interfacial reactions 

apparently occurred during the isothermal heating at 

1100 °C so that the original Si coating layer was 

converted into MoSi compounds. The main compound 

was indentified as MoSi2 phase by EDS analysis. XRD 

analyses in Fig. 3 revealed that two kinds of MoSi 

compounds, namely MoSi2 and Mo5Si3, were formed in 

the isothermally heated specimen [8]. It is postulated  

that the interface bonding between the plasma sparyed Si 

coating and the substrate became stronger by the post 

laser surface melting. As aforementioned, many previous 

research results showed that laser surface treatments 

reduced the porosity and strengthened coating adhesion 

in a variety of thermal spray coated specimens [10−13]. 

 

 

Fig. 3 XRD analyses of phases formed on surfaces of Si-coated 

specimens prepared through different processes 

 

Any interface reactions were not observed when the 

identical isothermal heating at 1100 °C was directly 

applied to the as-plasma thermal sprayed specimen 

without the laser surface melting process. As 

demonstrated in Fig. 4, no MoSi compounds were found 

at the interface and the orginal Si coating layer remained 

unchanged possibly due to the relatively loose 

mechanical bonding at the interface. 

Oxidation resistance of coated specimens evaluated 

as mass change is compared in Fig. 5. Although the mass 

of specimens should be increased due to formation of 

oxides such as SiO2, rather mass loss was observed in 

this study [4]. Unlike the case of compact coating 

process such as pack cementation, the as-sprayed or the 

post laser treated specimens are likely to have some 

porous areas in the coating layers. In the case of porous 

coating, oxygen reactions may diffuse through the 

coating layer and some oxidation reactions may take 

place at the coating/substrate interface. The mass of the 

as-plasma thermal sprayed specimen remained almost 

unchanged up to 30 min, but a significant mass loss 

owing to spalling occurred after that. The post laser 

surface treatment could apparently improve the oxidation 

resistance of the as-sprayed specimen. In the case of 

combined process of the plasma thermal spray and post 

laser surface treatment, the coated specimen could 

endure up to 60 min. This enhanced resistance should be 

related to the reduced porosity in the coating layer. 

Apparently, the oxygen diffusion through defected 

coating layer should be easier than it through the denser 

layer. Another reason might be related to the bonding 

characteristics of the interface. The interface between the 

as-sprayed coating and the substrate is mechanically 

bonded, while the interface bonding appears to become 

stronger (metallurgical bonding) after the laser  

treatment [10]. This factor can be important if there are 

some macro-defects in the coating layer. 

 

 

Fig. 4 SEM image with EDS profile of plasma sprayed Si 

coating layer after isothermal heating at 1100 °C 

 

 

Fig. 5 Oxidation behaviors of as-sprayed and post treated 

specimens at 1100 °C 

 

It is worthwhile to emphasize the fact that the 

oxidation resistance of TZM alloy could be effectively 

increased by the plasma thermal spraying of silicon on it, 
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even though the as-sprayed specimen endured under 

oxidation environment only up to 30 min. It is well 

known that the bare TZM alloy is easily oxidized within 

a short period time at high temperatures [2]. Considering 

that air plasma spraying is an economical and convenient 

process, this enhancement method can be utilized in 

various industries. 

The most oxidation resistant specimen is the one 

that was prepared via the combination of plasma 

spraying, post laser surface melting, and final isothermal 

heating under an inert atmosphere. The diffusion and 

reaction took place between the Si layer and the Mo 

substrate. So, the coating layer could be more compact 

and the interfacial bonding could be strengthened. 

Furthermore, MoSi2 is known to be an excellent material 

against oxidation at very high temperatures [4]. Figure 6 

shows surface morphologies of the specimens after the 

oxidation test. The as-sprayed specimen indicates a 

relatively rough suface, which is a typical feature of 

plasma sprayed coating. The post laser surface melting 

process appears to make the surface smooth; however, 

the laser treated specimen and the as-sprayed specimen 

apparently show some pits on the surface layers in   

Figs. 6(a) and (b). Meanwhile, comparatively perfect and 

smooth surface is found in the case of isothermally 

heated specimen. SEM-EDS analysis results reveal that 

the main phase formed on the suface is SiO2 and a little 

amount of molybdenum oxide, typically MO3 phase, is 

present. Similar EDS analysis results were obtained for 

the as-sprayed and the post laser surface treated 

specimens, but a little higher content of Mo (~2.67%, 

mole fraction) was detected. This is possibly attributed to 

partly exposed Mo substrate because of the surface pits.  

Thermodynamically possible reactions for the oxidation 

of MoSi2 have been reported as follows [3,8]. 
 
2MoSi2+7O2=2MoO3+4SiO2                          (1) 
 
5MoSi2+7O2=Mo5Si3+7SiO2                          (2) 
 

When MoSi2 phase is exposed to air at a low 

temperature (<800 °C), the oxidation is governed by  

Eq. (1). However, when the exposure temperatue is 

higher (>800 °C), there is enough time for Si to diffuse 

toward the surface so that SiO2 layer covers the surface 

with the formation of Mo5Si3 between inner layer of 

MoSi2 and outer layer of SiO2 (Reaction (2)). Although 

the specimens were oxidized at a high temperature of 

1100 °C in the present experiment, MoO3 phase was also 

found. It is postulated that the reason why MoO3 phase 

formed is not because Reaction (1) dominantly occurred 

but some parts of surface coating layers were detached 

during the oxidation test. The plasma spray coating layer 

often possesses some porous spots even after the post 

treatment such as laser surface melting and isothermal 

heating although it becomes more compact after the 

treatment. Therefore, oxygen may penetrate rapidly 

through the imperfect region, resulting in some pits in 

the coating and the formation of MoO3 phase. 

 

 

Fig. 6 SEM images of surface morphologies for different 

specimens: (a) As-sprayed; (b) Post laser-treated; (c) Iso- 

thermally heated 

 

The electrochemical test was also conducted to 

compare the general corrosion resistance of the coated 

specimens at room temperature. Figure 7 shows the 

polarization curves for the Si-coated specimens prepared 

through different processes in 3.5% NaCl solution. It is 

presented that the corrosion potential (φcorr) tends to 

become nobler when the post laser process is employed 

after the plasma spray. Additional isothermal heating 

process further moves upward the corrosion potential. 
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Meanwhile, as shown in Table 1, the corrosion current 

density (Jcorr) was rather slightly increased by conducting 

the post processes after the spray, but the degree of 

increase was not significant. The corrosion resistance of 

the Si-coated specimens in 3.5% NaCl solution appears 

to be generally high regardless of the coating preparation 

method. The post laser treated or isothermally heated 

coating is denser than the as-sprayed coating. Since the 

smoother and denser surface of the coating layer is more 

effective for preventing infiltration of solution through 

the coating, better corrosion resistance is expected to be 

obtained in the post processed specimens. However, it 

has been known that the substrate, Mo alloy, possesses 

higher corrosion resistance in aqueous solution [14], 

therefore, no significant variations of the corrosion 

resistance in terms of the coating procedure seem to be 

observed in this study. 

 

 

Fig. 7 Polarization curves for Si-coated specimens prepared by 

different processes in 3.5% NaCl solution 

 

Table 1 Electrochemical parameters of Si-coated specimens 

obtained from polarization test in 3.5%NaCl solution 

Specimen 

Corrosion 

potential, 

φcorr(vs SCE)/V 

Corrosion current 

density, 

Jcorr/(A·cm−2) 

As-sprayed −0.340 17.67 

Post laser-treated −0.266 28.39 

Isothermally heated −0.251 25.49 

 

4 Conclusions 
 

Some pores and cracks were found in the as-sprayed 

Si coating layer, while comparatively compact coating 

could be obtained after the laser surface melting. The 

oxidation tests conducted at 1100 °C under atmosphere 

indicated that the post laser process enhanced the 

oxidation resistance of TZM alloy. The additional 

isothermal heating process under Ar caused the 

formation of intermetallic compound between the silicon 

coating and the substrate, and resulted in the further 

enhancement of the oxidation resistance. It is suggested 

that the increased oxidation resistance is mainly due to 

the improved soundness of the coating layer and the 

strengthened bonding at the interface. Although the 

corrosion potential for the Si-coated specimens in 3.5% 

NaCl solution was slightly increased by the post laser 

treatment and the annealing process, the general 

corrosion resistance of specimens appears to be similar 

regardless of whether the post treatment was carried out 

or not. 
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等离子喷涂和激光表面熔化制备 Si 喷涂 
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摘  要：由于 Mo 基体在热空气中不稳定，采用等离子热喷涂工艺将 Si 涂覆于 Ti−Zr−Mo 合金表面以保护 Mo 基

体。虽然单独使用等离子热喷涂工艺能使 Mo 合金表面在高温下及较短时间内不被氧化，但是后续的激光表面熔

化工艺能提高 Si 喷涂合金的抗氧化性能。对于后续激光处理样品，在随后的退火工艺中形成了钼硅化合物(主要

成分为 MoSi2)，且其抗氧化性能得到进一步改善。另外，研究了 Si 喷涂样品在 3.5% NaCl 溶液中的腐蚀行为，

然而经激光表面熔化工艺处理样品的耐腐蚀性能与未经激光表面熔化处理样品的耐腐蚀性能无明显差异。 

关键词：Ti−Zr−Mo 合金；Si；氧化；等离子喷涂；激光熔化 
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