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Abstract: Microstructure, mechanical property and oxidation resistance of MCrAlYX coatings prepared by detonation gun (D-gun) 
and HVOF spraying were investigated. Lamellar microstructure and uniform microstructure formed in D-gun sprayed MCrAlYX 
coating and HVOF sprayed coating, respectively. Element redistribution and formation of new phase took place during the detonation 
process. Besides, the porosity of D-gun sprayed coating was much lower than that of HVOF sprayed coating. On the mechanical 
property, the micro-hardnesses of the two coatings were in the same level (~HV 910). However, D-gun sprayed MCrAlYX coating 
exhibited larger standard deviation of microhardness due to its lamellar microstructure, and exhibited better bend bonding strength 
owing to the existence of residual compressive stress between the layers and particles. Meanwhile, due to the much more compact 
microstructure, D-gun sprayed MCrAlYX coating showed superior oxidation resistance to the HVOF sprayed coating. The 
continuous dense protective layer can form earlier in D-gun sprayed coating and thus suppress further oxidation and control the oxide 
thickness at a relatively low level. 
Key words: MCrAlYX coating; detonation gun (D-gun); high velocity oxygen fuel (HVOF); microstructure; mechanical property; 
oxidation resistance 
                                                                                                             
 
 
1 Introduction 
 

Single crystal nickel-based superalloys have been 
extensively used in aircraft and power station gas 
turbines due to their excellent high temperature strength 
and mechanical properties [1]. The working environment 
for gas turbines is extremely severe with operating 
temperatures ranging from 900 to 1150 °C. In order to 
further improve their high temperature oxidation and hot 
corrosion resistance, surface treatment is necessary for 
the superalloy components. Fabrication of protective 
coatings is an effective way for this purpose [2,3]. The 
MCrAlY overlay coatings (M= Fe, Ni and/or Co), which 
are so-called the third generation advanced coating 
materials for protecting nickel-based superalloy 
components, exhibit good oxidation and hot corrosion 
resistance over a wide temperature range in practical 
applications [4]. 

MCrAlYX coating, where X comprises at least one 
element of the group consisting of Pt, Hf, Si, Zr, Ta, Re, 
and Ru [5], is a developed MCrAlY coating. Compared 

with MCrAlY coating, MCrAlYX coating exhibits 
superior high temperature performance including 
oxidation and hot corrosion resistance owing to the 
addition of X element. As a result, MCrAlYX coatings 
have been widely investigated recently. Several 
techniques such as electro-spark deposition [6], plasma 
spraying [7,8], high velocity oxygen fuel (HVOF) 
spraying [9] and detonation gun spraying [10], have been 
used to prepare such coatings. Among these, detonation 
gun (D-gun) spraying is a promising process to prepare 
MCrAlYX coatings with extremely low porosity and 
excellent properties [11,12]. The purpose of this work is 
to investigate the deposition of CoCrAlYTa coatings by 
detonation gun spraying on singe crystal nickel-based 
superalloy and analyze their microstructure, mechanical 
and oxidation characteristics compared with that 
obtained by HVOF process. 
 
2 Experimental 
 
2.1 Preparation of MCrAlYX coating 

The MCrAlYX powder produced by Beijing 
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General Research Institute of Mining and Metallurgy 
was used for D-gun and HVOF spraying. The chemical 
composition and morphology of MCrAlYX powder are 
shown in Table 1 and Fig. 1, respectively. The particle 
size of MCrAlYX powder was in the range of 25−53 μm. 
The apparent density and flow rate of the powder were 
4.08 g/cm3 and 15.08 s/50 g, respectively. The 
MCrAlYX coatings were sprayed onto a single crystal 
nickel-based superalloy with dimensions of 20 mm × 10 
mm × 2 mm. Prior to the spraying process, the alloy 
substrates were ultrasonically cleaned with acetone and 
grit blasted using 325 μm Al2O3 grits. The MCrAlYX 
coatings were deposited by means of detonation gun 
spray system (Ob D-gun) and HVOF spray system (DJ 
2700, Sulzer Metco), respectively. The spraying 
parameters for each process are shown in Table 2 and the 
coating thickness is 100−150 μm. 
 
2.2 Characterization 

The morphology of MCrAlYX powder and cross- 
 
Table 1 Chemical composition of MCrAlYX powder (mass 
fraction, %) 

Cr Al Y Ta Si Co 

25.26 7.14 0.74 9.08 0.94 Bal. 

 

 
Fig. 1 Morphology of MCrAlYX powder 
 
Table 2 Spraying parameters for D-gun and HVOF 

D-gun  HVOF 

Parameter Value  Parameter Value

Flow ratio of 
O2 to C2H2 

1.2:1  Oxygen flow rate/ 
(L·min−1) 38

Filling ratio of 
O2 to C2H2 

60  Propane (C3H8) flow 
rate/(L·min−1) 35

Firing frequency/ 
(shot·s−1) 4  Compressed air flow 

rate/(L·min−1) 48

Powder feed rate/ 
(g·s−1) 0.1  Powder feed 

rate/(g·s−1) 40

Spray distance/mm 90  Spray distance/mm 200

sectional microstructures of MCrAlYX coatings before 
and after oxidation were characterized by SEM (FEI 
QUANTA−600). The chemical analysis of the coatings 
was accomplished by EDS equipped with SEM. The 
porosity of the MCrAlYX coatings was calculated by 
statistical analysis software. The phase composition of 
the MCrAlYX coatings was investigated by a Bruker D8 
Advanced X-ray diffractometer using monochromatic  
Cu Kα radiation operated at 40 kV and 40 mA. The 
microhardness of the MCrAlYX coatings was tested by a 
microhardness tester (Struers Duramin) with the load of 
980 mN and loading time of 15 s. The bending property 
was tested by a 180° bending device. The specimens 
were bent for 180° around a cylinder with a diameter of 
12 mm. Cyclic oxidation test was conducted at 1000 °C 
in air. The specimens were placed in quartz crucibles, 
oxidized at desired temperatures, and then cooled to 
room temperature at a regular interval of 10 h for mass 
measurement by an electronic balance with a sensitivity 
of 0.1 mg. The mass gain of specimens was weighed at 
each interval. 
 
3 Results and discussion 
 
3.1 Microstructure of D-gun and HVOF sprayed 

MCrAlYX coatings 
The cross-sectional microstructures of MCrAlYX 

coatings prepared by D-gun and HVOF are shown in  
Fig. 2. It can be seen that the D-gun and HVOF sprayed 
MCrAlYX coatings exhibited different microstructures, 
which were lamellar structures for D-gun and uniform 
structures for HVOF. Both of the coatings had good 
adhesion with the alloy substrates. However, much more 
porosities can be found in the HVOF sprayed MCrAlYX 
coating than those in the D-gun sprayed coating. The 
element analysis of different zones in Fig. 2 is shown in 
Fig. 3. It can be found that for the D-gun sprayed  
coating, different layers formed after spraying. The dark 
layer (Zone A) was mainly composed of Co, Cr, Al and 
Si. And the light layer (Zone B) was mainly composed of 
Co, Cr, Al and Ta. This revealed that element 
redistribution occurred during D-gun spraying. In 
contrast, the HVOF sprayed MCrAlYX coating exhibited 
uniform structure with elements Co, Cr, Al, Ta and Si 
(Zone C). A certain amount of Ta precipitates (Zone D) 
were also found in the HVOF sprayed coating. The 
element Y was not identified from both of the MCrAlYX 
coatings probably owing to its extremely low content. 

Figure 4 shows the XRD spectra of MCrAlYX 
powder, D-gun and HVOF sprayed MCrAlYX coatings. 
It can be seen that the MCrAlYX powder was composed 
of CoAl, CoTa3 and AlCo2Ta phases. The HVOF sprayed 
coating showed the same phase composition with the 
MCrAlYX powder after spraying. Whereas in the D-gun  
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Fig. 2 Cross-sectional microstructures of MCrAlYX coatings prepared by D-gun (a) and HVOF (b) 
 

 

Fig. 3 Element analysis of different zones shown in Fig. 2: (a) Zone A; (b) Zone B; (c) Zone C; (d) Zone D 
 
sprayed coating, besides the above phases, a new 
Al3Co3Si4 phase was also identified. The existence of 
Al3Co3Si4 phase corresponded with the element 
redistribution. 

Table 3 exhibits the porosity of MCrAlYX coatings 
prepared by D-gun and HVOF. It can be seen that the 
average porosities of D-gun and HVOF sprayed coating 
are 0.10% and 1.73%, respectively. The difference in 
porosity level for the two coatings can also be observed 
from the coating microstructures as shown in Fig. 2. 

The microstructure difference of the D-gun and 
HVOF sprayed MCrAlYX coatings can be explained 
from the spraying characteristics of the two processes. 
On one hand, the flame temperatures of D-gun and 
HVOF are different. For HVOF process, the flame 
temperature originated from combustion of propane and 
oxygen is about 2727 °C [13]. In contrast, for D-gun 
process, the flame temperature originated from 
combustion and detonation of acetylene and oxygen can 
be up to 4200 °C [14], which is much higher than that  
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Fig. 4 XRD spectra of MCrAlYX powder (a), D-gun (b) and 
HVOF (c) sprayed MCrAlYX coatings 
 
Table 3 Porosity of D-gun and HVOF sprayed MCrAlYX 
coatings 

Spraying process Porosity/% Average/% 

D-gun 0.09, 0.15, 0.06 0.10 

HVOF 1.65, 1.76, 1.78 1.73 

 
HVOF. It is the high flame temperature that gives rise to 
the element redistribution and formation of new phase in 
the D-gun sprayed coating. On the other hand, the D-gun 
process also has higher particle velocity than the HVOF 
process. The particle velocity for HVOF is in the range 
of 610−1060 m/s [15]. In contrast, the particle velocity 
for D-gun spraying can be up to 1200 m/s [16]. The 
difference in particle velocity is probably because the 
D-gun sprayed MCrAlYX coating is much more compact 
than the HVOF sprayed. 
 
3.2 Mechanical properties of D-gun and HVOF 

sprayed MCrAlYX coatings 
Table 4 gives the microhardness of MCrAlYX 

coatings prepared by D-gun and HVOF spraying. It can 
be seen that the microhardness values of the D-gun and 
HVOF sprayed MCrAlYX coatings were at the same 
level, which were all around HV 910. However, in the 
aspect of the standard deviation, it can be found that the 
D-gun sprayed MCrAlYX coating exhibited a much 
higher microhardness deviation than the HVOF sprayed 
coating. The reason is related with the microstructure  
 
Table 4 Microhardness values of D-gun and HVOF sprayed 
MCrAlYX coatings 
Spraying 
process 

Microhardness 
(HV) 

Average 
(HV) 

Standard 
deviation (HV)

D-gun 852, 944, 828, 932, 981 907 57.9 

HVOF 927, 886, 931, 914, 898 911 17.1 

difference of the two coatings. The lamellar structure and 
new phase composition in the D-gun sprayed coating 
will bring about microhardness difference inevitably. 
And the uniform microstructure in the HVOF sprayed 
coating is prone to generating the consistent micro- 
hardness. 

Figure 5 shows the photographs of the D-gun and 
HVOF sprayed MCrAlYX coatings after bending test. It 
can be seen that after bending test, both of the coatings 
still adhered to the substrate with no spallation or peeling 
phenomena. The D-gun sprayed coating was much more 
completeness than the HVOF sprayed coating after 
bending. Small cracks can be observed on the HVOF 
sprayed coating. This revealed that the D-gun sprayed 
coating had a better bend bonding strength than the 
HVOF sprayed coating. The reason is probably related 
with the coating microstructure and residual compressive 
stress in the coating. It is found that the impact strength 
is proportional to the kinetic energy of the particles and 
the residual compressive stress in the coating has a linear 
relation with the impact strength [17]. In the D-gun 
spraying process, the particles have larger kinetic energy 
than that of HVOF process. As a result, the D-gun 
sprayed MCrAlYX coating will own much higher 
residual compressive stress between the layers or 
particles. The residual compressive stress in the coating 
will play a positive role in offsetting the tensile stress 
during the bending test, which can suppress crack 
initiation and extension effectively. 
 

 
Fig. 5 Photographs of D-gun (a) and HVOF (b) sprayed 
MCrAlYX coatings after bending test 

 
3.3 Oxidation resistance of D-gun and HVOF sprayed 

MCrAlYX coatings 
The oxidation kinetic curves of different coating 

specimens oxidized at 1000 °C for 120 h are shown in 
Fig. 6. It can be found that both of the oxidation curves 
obey the parabolic law approximately. The D-gun 
sprayed MCrAlYX coating exhibited a lower mass gain 
rate compared with the HVOF sprayed coating after 
oxidation. This reveals that the oxidation resistance of 
the D-gun sprayed MCrAlYX coating is superior to that 
of HVOF sprayed coating. 

Figure 7 shows the cross-sectional morphologies of 
the D-gun and HVOF sprayed MCrAlYX coatings after 
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Fig. 6 Oxidation kinetic curves of D-gun and HVOF sprayed 
MCrAlYX coatings oxidized at 1000 °C for 120 h 
 

 
Fig. 7 Cross-sectional morphologies of D-gun (a) and HVOF (b) 
sprayed MCrAlYX coatings after oxidation at 1000 °C for 12 h 

 
oxidation at 1000 °C for 120 h. It can be seen that both 
of the coatings retain their microstructure characteristic 
after oxidation. A diffusion layer formed near the 
interface in each coating. Both of the MCrAlYX coatings 
have good adhesion with the alloy substrates after 
oxidation. For the D-gun sprayed coating after oxidation, 
the element Ta has a better dispersion inside the coating. 
The surface layer of the coating was still dense and 

continuous, which indicated that a dense and continuous 
oxide layer formed on the surface of the coating during 
oxidation. However, for the HVOF sprayed coating, a 
certain amount of bulk Ta metal still existed in the 
coating. Cracks and loose areas appeared on the surface 
of the coating. This reveals that the oxide layer on the 
HVOF sprayed MCrAlYX coating is not dense and 
continuous enough. 

It is known that the MCrAlY alloy is a aluminum 
oxide formed coating under high temperature oxidation 
[18]. An integrated Al2O3 layer formed on the surface of 
the coating can suppress the oxygen diffusion from the 
out environment effectively and thus plays an important 
role in the oxidation resistance of the coating [19,20]. 
The formation of Al2O3 layer can also suppress the 
formation of other oxides. Table 5 gives the EDS 
analysis of the surface of different MCrAlYX coatings 
after oxidation. It can be found that compared with the 
HVOF sprayed coating, higher content of Al element and 
lower contents of Co and Ta elements were identified on 
the surface of the D-gun sprayed coating. Combining 
with XRD spectra of the D-gun and HVOF sprayed 
MCrAlYX coatings after oxidation as shown in Fig. 8, it 
can be seen that the HVOF sprayed coating has stronger 
TaO2 peak at around 25° and weaker Co peak at around 
45° compared with the D-gun sprayed coating, which 
indicates that the oxide layer of the D-gun sprayed 
MCrAlYX coating has a large content of Al2O3. The 
existence of large amount of Al2O3 will suppress the 
 
Table 5 Surface EDS analysis of D-gun and HVOF sprayed 
MCrAlYX coatings 

Mole fraction/% Spraying 
process Co Cr Al Ta O 
D-gun 4.57 7.79 31.75 0.92 54.97
HVOF 7.56 7.40 27.60 1.31 56.13

 

 
Fig. 8 XRD spectra of D-gun (a) and HVOF (b) sprayed 
MCrAlYX coatings after oxidation at 1000 °C 
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further oxidation of the coating helpfully. Besides, the 
stronger Co peak which was originated from the D-gun 
sprayed MCrAlYX coating indicated that the thickness 
of oxide layer formed in the detonation sprayed coating 
is much smaller than that in the HVOF sprayed coating. 
 
4 Conclusions 
 

1) MCrAlYX coatings prepared by D-gun and 
HVOF spraying exhibited lamellar and uniform 
microstructures, respectively. Element redistribution 
took place and new phase formed in the D-gun sprayed 
coating due to its higher flame temperature. Besides, the 
D-gun sprayed coating exhibited much lower porosity 
than the HVOF sprayed coating owing to its higher 
particle velocity. 

2) The microhardness of the MCrAlYX coatings 
prepared by D-gun and HVOF spraying was all around 
HV 910, while the microhardness standard deviation of 
D-gun sprayed coating was much higher than that of 
HVOF sprayed coating due to its lamellar microstructure 
and new phase composition. The bend bonding strength 
of D-gun sprayed coating was better than that of HVOF 
sprayed coating attributed to larger residual compressive 
stress formed during the D-gun spraying. 

3) In the high temperature oxidation test, the D-gun 
sprayed MCrAlYX coating exhibited better oxidation 
resistance than the HVOF sprayed coating due to its 
more compact microstructure that induced continuous 
dense oxide layer formed earlier on the surface. The 
oxide layer formed on the D-gun coating also had a large 
amount of Al2O3 which played an important role in 
suppressing further oxidation and controlling the oxide 
thickness at a relatively low level. 
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爆炸和超音速火焰喷涂 MCrAlYX 涂层的 
显微结构、力学性能及抗氧化特性 

 
高俊国，汤智慧，王长亮，郭孟秋，崔永静 

 
北京航空材料研究院 金属腐蚀与表面防护实验室，北京 100095 

 
摘  要：对爆炸(D-gun)和超音速火焰喷涂(HVOF)MCrAlYX 涂层的显微结构、力学性能和抗氧化性能进行研究。

结果表明，D-gun 涂层呈现片层显微结构，而 HVOF 涂层呈现均匀结构。同时，在爆炸喷涂过程中发生了元素重

新分布以及新相的形成。此外，D-gun 涂层的孔隙率明显低于 HVOF 涂层的。在力学性能方面，2 种涂层的显微

硬度在同一水平(均在 HV 910 左右)，但由于 D-gun 涂层的片层显微结构及不同相组成，其纤维硬度的标准偏差

明显高于 HVOF 涂层的。由于涂层颗粒及片层之间存在大量的残余压应力，所以，D-gun 涂层的弯曲结合强度明

显高于 HVOF 涂层的。高温氧化实验结果表明，D-gun 制备的 MCrAlYX 涂层的抗氧化性能更优异，因为 D-gun

涂层更致密，使其表面能够尽早地形成连续致密的氧化保护层，从而进一步抑制氧化并控制氧化膜的厚度较小。 

关键词：MCrAlYX 涂层；爆炸喷涂；超音速火焰喷涂；显微结构；力学性能；抗氧化性能 
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