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Abstract: Al coating was fabricated on the surface of Mg−Zn−Al−Sn−Mn alloy by cold spraying process to enhance its 
corrosion resistance. The effects of temperature and pressure of working gas on the microstructure and corrosion 
behaviors of Al coating were investigated. The results show that as gas temperature and pressure increase, the 
densification and thickness of Al coating obviously increase. High gas temperature declines the critical velocity of 
powder deposition and increases the deposition efficiency. High gas pressure not only improves the quality of 
mechanical bonding, but also provides strong tamping effect on the deposited coating. Due to the reduction of porosity, 
the corrosion resistance of Al coating is improved with the increase of gas temperature and pressure. The corrosion 
products of Al(OH)3 and Al2O3 can block the pores in Al coating and act as physical barriers to corrosion, which 
effectively protects Mg alloy from being corroded. 
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1 Introduction 
 

In order to reduce the energy consumption, the 
lightweight structural materials have been widely 
applied in the fields of automobile, high speed train 
and aircraft [1−3]. As the lightest structural metallic 
materials, Mg alloys have the advantages of low 
density, high specific strength, and high specific 
stiffness [4,5], and exhibit great potential in 
replacing steels and Al alloys. 

Currently, there are still many problems 
hindering the engineering application of Mg alloys, 
among which the poor corrosion resistance is a 
primary one [6]. Lots of efforts have been devoted 
to overcoming the poor corrosion resistance of Mg 
alloys. LI et al [7] enhanced the corrosion resistance 
of Mg−0.6Al−0.5Mn−0.25Ca alloy by adding trace 
Ce. LONG et al [8] studied the effects of friction 

stir processing on the microstructure and corrosion 
resistance of as-cast Mg−5Zn−0.3Ca alloy, and 
found that the precipitate fragmentation weakened 
the galvanic corrosion. CHEN et al [9] reported that 
the annealing treatment effectively improved the 
corrosion resistance of hot-rolled AZ31 Mg by 
increasing the grain size and decreasing the 
numbers of dislocations and second phase particles, 
and high annealing temperature or long holding 
time could further reduce the corrosion rate. 

Although the aforementioned methods can 
enhance the corrosion resistance of Mg alloys to a 
certain extent, the corrosion resistance of the finally 
obtained Mg alloys is still at a relatively low level. 
First of all, Mg alloys are more prone to galvanic 
corrosion with intermetallic compounds or other 
metallic elements [10]. Secondly, there is no    
film to protect Mg matrix from being corroded 
during corrosion [11]. Cold spraying is a process of  
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accelerating the spraying powders to impact the 
substrate at a relatively low temperature [12]. The 
tamping effect of the high-speed powder collision 
makes the cold-sprayed coating have the 
characteristic of low porosity [13]. Al has excellent 
corrosion resistance, and the driving force of 
galvanic corrosion between Mg and Al is low [14]. 
TAO et al [15] prepared pure Al coating on AZ91D 
Mg alloy through cold spraying, and revealed   
that the cold-sprayed Al coating exhibited good 
pitting corrosion resistance. DEFORCE et al [16] 
fabricated Al−5Mg coating by cold spraying to 
address the poor corrosion resistance of ZE41A-T5 
Mg alloy. SIDDIQUE et al [17] prepared 6061 Al 
coating via cold spraying on AZ91D Mg substrate, 
and found that the coating with low porosity greatly 
improved the corrosion resistance of the substrate. 

The temperature and pressure of gas are the 
key parameters of cold spraying process, and they 
have significant influence on the quality of the 
sprayed coating and the corrosion resistance of Mg 
alloys. In this study, the Al coating was fabricated 
on the surface of Mg−Zn−Al−Sn−Mn (ZATM6530) 
alloy by cold spraying method. The microstructure 
and corrosion behaviors of Al coatings with 
different process parameters were investigated. The 
effects of process parameters on the microstructure 
and corrosion behavior of the cold-sprayed Al 
coating were clarified, and the cold spraying 
parameters were optimized to achieve a good 
corrosion resistance of ZATM6530 Mg alloy. 
 
2 Experimental 
 
2.1 Materials 

The ZATM6530 plate (Mg−6Zn−5Al−3Sn− 
0.3Mn, wt.%) with a thickness of 3 mm processed 
by hot extrusion, solution treatment, and peak aging 
was used as the substrate. The detailed procedures 
of hot extrusion can be found in recent study [18]. 
The solution treatment was carried out at 400 °C for 
2 h, and then the samples were aged at 180 °C for 
24 h to realize a peak-aging state. Afterwards, the 
substrate surface was ground using 2000# SiC paper 
to remove the impurities and oxide films. The 
powders used for cold spraying were commercially 
pure Al powders (Changsha TIJO Metal Material 
Co. Ltd., purity >99 wt.%). As seen from Fig. 1, the 
Al powders had a round shape with a size of 
30−50 μm. Prior to spraying, the Al powders were 

shaken in a three-dimensional powder mixer and 
then dried under vacuum at 60 °C for 12 h to 
improve the fluidity of the powders. 
 

 
Fig. 1 Micro-morphology of Al powders 
 
2.2 Cold spraying experiments 

The portable cold spraying equipment 
(P800Q2-II) was employed, and the principle is 
schematically shown in Fig. 2(a). The equipment is 
mainly composed of nozzle, powder feeding device, 
powder mixer, gas heating device, gas source, and 
other auxiliary devices. In order to ensure the 
precise and smooth operation of the nozzle, the cold 
spraying equipment was equipped with a KUKA 
six-axis industrial robot arm (KR 600 R2830). The 
trajectory of the nozzle during the cold spraying 
experiment is drawn in Fig. 2(b). 

The coating performance is mainly affected by 
the type of working gas, gas temperature, and gas 
 

 
Fig. 2 Schematic diagram of cold spraying system (a) 
and trajectory of nozzle (b) 
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pressure. In this study, the compressed nitrogen was 
used as working gas, and the feed rate, spray 
distance, and lateral moving speed of nozzle were 
kept constant at 1.5 g/min, 20 mm, and 0.05 m/s, 
respectively. Four groups of experiments were 
carried out to study the effects of gas temperature 
and pressure on the microstructure and corrosion 
resistance of Al coating. The processing parameters 
of cold spraying experiments are listed in Table 1. 
 
Table 1 Processing parameters of cold spraying 
experiments 

Sample Gas temperature/°C Gas pressure/MPa 

GT400-1.5 400 1.5 

GT450-1.5 450 1.5 

GT500-1.5 500 1.5 

GT450-1.7 450 1.7 

 
2.3 Microstructure characterization 

The optical microscope (OM, DM6 M, Leica), 
scanning electron-microscope (SEM, JSM-7800F, 
JEOL), and X-ray diffraction (XRD, D8 discover, 
Bruker) were used to observe the surface 
morphology and microstructure of Al coating. The 
samples for microstructure analysis were firstly wet 
ground by silicon carbide papers from 800 to 2500 
grit, and then polished by a mixture of 1.5 μm 
diamond suspension and oxide polishing suspension. 
The corrosion morphology and product were 
analyzed by SEM, electron probe micro-analyzer 
(EPMA, JXA−8530F PLUS, JEOL), and X-ray 
photoelectron spectroscopy (XPS, AXIS SUPRA, 
SHIMADZU). XPS was recorded with an X-ray 
beam spot of 650 μm (Al Kα source) and an energy 
resolution of 0.44 eV. The obtained XPS results 
were fitted using the software of CasaXPS. Each 
binding energy was corrected by the amount 
required to shift C 1s peak from the measured value 
to the standard value of 284.8 eV. The porosity of 
Al coatings was measured by Archimedes method. 
Each sample was tested 5 times, and the average 
value was taken as the final porosity. 
 
2.4 Corrosion tests 

The corrosion resistance of Al coating was 
tested by using potentio-dynamic polarization and 
electrochemical impedance spectroscopy (EIS)   
in 0.1 mol/L NaCl aqueous solution at room 
temperature. The tests were carried out on a 

PARSTAT electrochemical workstation with a 
typical three electrode cell. A saturated calomel 
electrode was used as the reference, and a platinum 
plate was used as the counter electrode. The sample 
with an exposed surface area of 1 cm2 served as 
working electrode. Each test was repeated 5 times 
to achieve a good reproducibility. Prior to potentio- 
dynamic measurement, the sample was immersed 
into NaCl solution for 30 min to stabilize at the 
open circuit potential (OCP). Afterwards, the 
potentio-dynamic polarization curves were recorded 
within the potential range of ±250 mV (vs OCP) 
with a scanning rate of 0.167 mV/s. The EIS was 
conducted over a frequency ranging from 100 kHZ 
to 0.1 Hz by using a 10 mV amplitude sinusoidal 
voltage after immersion in 0.1 mol/L NaCl solution 
for 0.5, 1, 2, 4, 8, 12, and 24 h. The experimental 
data were analyzed by using the commercial 
software of ZsimpWin. 
 
3 Results and discussion 
 
3.1 Microstructure of Al coating 

Figure 3 plots the XRD patterns of Al powders 
and Al coatings prepared using different cold 
spraying parameters. It is seen that α(Al) is the 
primary phase in both Al powders and Al coatings. 
Besides, other diffraction peaks cannot be found  
in Fig. 3, indicating that the oxidation of Al powder 
and phase transition do not occur during the cold 
spraying process. Even if the oxidation occurs on 
the surface of deposited coating, the subsequent 
high-speed Al powders can immediately destroy the 
oxide film [19,20]. Therefore, it is concluded that 
 

 

Fig. 3 XRD patterns of Al powders and as-sprayed Al 
coatings 
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cold spraying is effective in avoiding the oxidation 
of Al coating. 

Figure 4 shows the three-dimensional surface 
morphologies of the Al coatings prepared using 
different processing parameters. It is clearly seen 
that all coatings have rough surfaces with large 
amount of island-like protrusions, and the 
undulation heights of the coatings are significantly 
different. By comparing Figs. 4(a−c), it is observed 
that the undulation heights of the coating surfaces 
are 242.19 μm at 400 °C and 170.34 μm at 500 °C, 
indicating a decreasing tendency with the increase 
of gas temperature. At 450 °C, as the gas pressure 
increases from 1.5 to 1.7 MPa, the undulation 
height of the coating surface decreases from 198.43 
to 154.65 μm, as shown in Figs. 4(b, d). The above 
facts demonstrate that high gas temperature and 
pressure can reduce the roughness and improve the 
uniformity of the coating surface. 

Figure 5 shows the optical morphologies of 
surfaces and cross-sections of Al coatings prepared 
using different process parameters. From the 
cross-sectional images of the coatings, it is seen that 
there is a clear interface between the coating and 
substrate, and all coatings exhibit obvious pores. 
Under the gas pressure of 1.5 MPa, a large number 
of pores exist in the coating when the gas 
temperature is 400 °C, and the cracks appear     
at the coating/substrate interface. When the gas 

temperature rises to 450 °C, the number of pores 
clearly decreases, but a certain number of small 
pores still exist at the coating/substrate interface. 
When the gas temperature further increases to 
500 °C, the size and number of pores are obviously 
reduced, and the bonding quality of the interface is 
greatly improved. If the gas temperature is kept 
constant at 450 °C, as the gas pressure increases 
from 1.5 to 1.7 MPa, the number and size of pores 
are all significantly reduced. These facts agree well 
with the three-dimensional surface morphologies 
shown in Fig. 4. 

Figure 6 presents the SEM images of Al 
coatings, and the calculated results of coating 
porosity and the measured results of coating 
thickness are listed in Table 2. Based on Fig. 6  
and Table 2, it is clearly seen that when the gas 
temperature increases from 400 to 500 °C, the 
porosity of Al coating gradually decreases. The 
reason is that high gas temperature reduces the 
critical velocity of powder deposition and increases 
the deposition efficiency of Al powder [21], causing 
an improvement of coating densification. When the 
gas pressure increases from 1.5 to 1.7 MPa, the 
coating porosity also significantly decreases. It is 
known that high gas pressure can increase the 
impact force of powder on the substrate or the 
deposited coating. The higher impact force is 
beneficial to achieving a better mechanical bonding  

 

 
Fig. 4 Three-dimensional morphologies of Al coatings: (a) GT400-1.5; (b) GT450-1.5; (c) GT500-1.5; (d) GT450-1.7 
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Fig. 5 Optical morphologies of cross-sections and surfaces of Al coatings 
 
between Al powder and the substrate or between Al 
powder and the deposited coating. On the other 
hand, higher impact force provides a tamping effect 
on the deposited coating [22,23]. As a result, the 
densification of Al coating increases with the 
increase of gas pressure. 

The thickness of Al coating varies with the gas 
temperature and pressure, and the measured values 

are listed in Table 2. It is clear that the coating 
thickness increases significantly with the increase 
of gas temperature. The average thickness is only 
418.7 μm, when the gas temperature is 400 °C. As 
the gas temperature rises to 450 and 500 °C, the 
average thickness increases to 555.2 and 754.6 μm, 
and the corresponding amplifications are 32.6% and 
80.2%, respectively. The above facts indicate that  
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Fig. 6 SEM images of Al coatings: (a) GT400-1.5; (b) GT450-1.5; (c) GT500-1.5; (d) GT450-1.7 
 
Table 2 Porosity and thickness of Al coatings prepared 
with different processing parameters 

Sample Porosity/% Thickness/μm 

GT400-1.5 4.73±0.32 418.7±26.3 
GT450-1.5 1.67±0.26 555.2±34.5 
GT500-1.5 1.24±0.19 754.6±16.8 
GT450-1.7 0.97±0.15 788.3±28.9 

 
the deposition efficiency of Al powders is enhanced 
by increasing the gas temperature. By comparing 
GT450-1.5 with GT450-1.7, it is seen that when 
working gas temperature is constant at 450 °C, high 
gas pressure can improve the deposition efficiency 
of Al powders, which in turn increases the coating 
thickness. 

Figure 7 displays the SEM images of the 
cross-sections of Al coatings. It is observed from 
Figs. 7(a, c, e) that the coating near coating/ 
substrate interface is denser and less porous than 
the coating surface. This phenomenon should be 
related to the mechanical bonding mechanisms 
originating from the following aspects. First of all, 
Al has a face-centered cubic crystal structure with 
many slip systems, and it deforms easily under the 
action of external forces. When Al powders with a 

high speed impact the substrate surface or the 
previously deposited coating surface, high stress 
and strain can be generated [21,24]. As a result,  
the depressions or micropores on the previously 
deposited coating surface are filled with the 
severely deformed Al powders, which in turn 
improves the mechanical bonding of the 
coating/substrate interface. On the other hand, not 
all Al powders are deposited during cold spraying 
process, and some of them are bounced back by the 
coating. These powders also exert tamping effects 
on the deposited coating, resulting in a better 
mechanical bonding. Hence, the lower frequency  
of subsequent powder impacts and the smaller 
tamping effect cause a higher porosity in the   
area near the coating surface [25]. The similar 
phenomenon can be found in the cold spraying of 
nano-5083Al powders reported by AJDELSZTAJN 
et al [26]. There are almost no defects near the 
coating/substrate interface, while the cracks exist in 
the area near the coating surface. Moreover, it is 
observed from Figs. 7(b, d, f, h) that the coating/ 
substrate interface is clean with few holes and 
cracks. Hence, it is concluded that the Al coating 
has achieved good mechanical bonding with 
ZATM6530 Mg substrate. 
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Fig. 7 SEM images of cross-sections of Al coatings: (a, b) GT400-1.5; (c, d) GT450-1.5; (e, f) GT500-1.5;        
(g, h) GT450-1.7 
 
3.2 Corrosion behavior of Al coatings 

The potentio-dynamic polarization curves 
tested in 0.1 mol/L NaCl solution of the Al coatings 
are plotted in Fig. 8. The corresponding corrosion 
parameters obtained based on cathodic Tafel 
extrapolation are listed in Table 3. As seen from 

Fig. 8, except for Sample GT400-1.5, the potentio- 
dynamic polarization curves of the other samples all 
show an obvious passivation trend. It is proven that 
the oxidation of Al generates a relatively dense 
oxide or hydroxide film on the coating surface, 
which can prevent the corrosion from extending  



Liang CHEN, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2153−2166 2160 

 

 
Fig. 8 Potentio-dynamic polarization curves of Al 
coatings 
 
Table 3 Corrosion parameters of Al coatings derived 
from potentio-dynamic polarization curves 

Sample φcorr (vs SCE)/V Jcorr/(μA∙cm−2) 

GT400-1.5 −1.187 63.088 

GT450-1.5 −0.991 0.318 

GT500-1.5 −0.786 0.435 

GT450-1.7 −0.885 0.164 
 
into the coating interior. It is seen from Fig. 8   
and Table 3 that GT400-1.5 has high corrosion 
tendency and corrosion current density. When gas 
temperature rises to 450 °C, the corrosion potential 
of Al coating increases obviously, and the corrosion 
current density decreases by two orders of 
magnitude, indicating that the corrosion tendency 
and rate of Al coating decrease significantly. As  
gas temperature continues to rise to 500 °C, the 
corrosion tendency gradually decreases, while the 
corrosion rate increases slightly. This phenomenon 
may be attributed to the lower porosity and the 
larger effective contacting area with the corrosion 
solution of GT500-1.5, leading to a higher 
corrosion current density. However, the corrosion 
current density of GT500-1.5 has basically the same 
order of magnitude as that of GT450-1.5. These 
facts indicate that a high gas temperature causes a 
low corrosion tendency of Al coating and causes 
corrosion rate to decrease and gradually stabilize. 
As gas pressure rises from 1.5 to 1.7 MPa, the 
corrosion potential increases and the corrosion 
current density decreases, which demonstrates that 
the increase of gas pressure can reduce the tendency 
and rate of corrosion of Al coating. It has been 

mentioned that the densification of Al coating 
increases with the increase of gas temperature and 
pressure, which is consistent with the variation of 
corrosion tendency and rate. Hence, it is inferred 
that the densification of Al coating affects the 
corrosion resistance. 

In order to study the corrosion resistance and 
corrosion kinetic transformation of Al coating after 
long-term immersion in NaCl solution, EIS analysis 
was conducted and the results are plotted in Fig. 9. 
As seen, except for GT400-1.5, the Nyquist curves 
of other Al coatings show a similar tendency, viz., 
with the extension of immersion time, the radius 
values of capacitive loops at high frequency firstly 
increase, then decrease and finally increase again. 
At the initial stage of immersion, the Nyquist curve 
of each Al coatings is composed of a capacitive 
loop at medium and high frequencies and a straight 
line at low frequency. The reason is that the Al 
coating is polished before the electrochemical 
impedance test, and the coating surface is smooth 
with low roughness. When the coating surface is 
exposed to the corrosive fluid, a thin oxide film is 
generated rapidly, and the infiltration rate of the 
corrosive solution is slowed down. With the 
prolongation of immersion time, the oxide film is 
gradually destroyed. Since a certain number of 
pores exist in Al coating, Cl− gradually erodes the 
coating interior. As a result, the coating itself 
undergoes electrochemical corrosion dissolution, 
which in turn leads to a decrease of corrosion 
resistance. With the further extension of immersion 
time, except for GT400-1.5, the radii of capacitive 
loops of other Al coatings increase gradually, 
indicating that the corrosion products can block the 
pores in coating and act as physical barriers to 
prevent corrosion, thereby improving the corrosion 
resistance [27]. For GT400-1.5, it is seen from 
Fig. 9(a) that the radius of capacitive loop firstly 
increases and then decreases with the extension of 
immersion time, and the corrosion resistance is not 
enhanced at the later stage of immersion, which 
should be caused by its high porosity. Based on 
Figs. 6, 7, and Table 2, it is found that GT400-1.5 
has large pore size and high porosity. It is difficult 
for corrosion products to form dense films to  
block the large pores in Al coating. Therefore,    
the corrosion resistance of GT400-1.5 during the 
immersion process is hard to be improved. 
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Fig. 9 Nyquist plots of Al coatings after immersion in NaCl solution for 0.5−24 h: (a) GT400-1.5; (b) GT450-1.5;    
(c) GT500-1.5; (d) GT450-1.7 
 

In order to make a further investigation, the 
equivalent circuit model shown in Fig. 10(a) is 
adopted to fit the Nyquist curves. In the equivalent 
circuit, Rs represents the solution resistance, Qc 
represents the capacitance of Al coating, Rpo      
is the resistance of the pores in Al coating, Qdl 
represents the double layer capacitance, and Rct 
represents the charge transfer resistance. It is noted 
that Q contains two parameters of Y0 and the 
dimensionless exponent n (0<n<1). This equivalent 
circuit is commonly used to fit the relatively dense 
Al coating [28], and its equivalent circuit model can 
be described as Rs(Qc(Rpo(QdlRct))). The polarization 
resistance Rp representing the corrosion resistance 
can be calculated based on the equation of Rp= 
Rpo+Rct. Accordingly, the results of Rp are shown  
in Fig. 10(b). Rp value is inversely proportional to 
the corrosion rate of the coating. A higher Rp value 
means a better corrosion resistance. It is seen   
that when the gas temperature increases from 400 to  

 
Fig. 10 Equivalent circuit for EIS data (a) and evolution 
of resistance Rp (b) 
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450 °C, Rp value greatly increases. Based on the 
microstructure differences of the coatings, it is 
known that the decrease of the porosity greatly 
improves the corrosion resistance. The Rp value of 
GT500-1.5 is lower than that of GT450-1.5 at the 
early stage of immersion, which may be related to 
the formation rate of corrosion products. However, 
after 24 h immersion, the corrosion resistance of 
GT500-1.5 is better than that of GT450-1.5. When 
the gas pressure increases from 1.5 to 1.7 MPa,  
the Rp value of the coating increases by an order  
of magnitude, and the corrosion resistance is 
remarkably improved. Moreover, from Fig. 10(b), it 
is also observed that the Rp value of GT400-1.5 is 
always the lowest, which further proves that the 
corrosion products of this coating cannot aggregate 
and block the pores to hinder the propagation of 
corrosion. The above results are consistent with 
those obtained from potentio-dynamic polarization. 

According to the results of potentio-dynamic 
polarization tests and EIS analysis, it is known that 
the process parameters of cold spraying have 
significant influence on the corrosion resistance of 
Al coating. In order to study the actual corrosion 
mechanism of Al coating, the morphologies and 
products after immersion in 0.1 mol/L NaCl for 
12 h were observed, as shown in Fig. 11. It is   

seen from Fig. 11(a) that the coating surface of 
GT400-1.5 has obvious corrosion cracks. Besides,  
a large number of corrosion products exist on the 
coating surface of GT400-1.5, while the corrosion 
products are not dense. Because of the high porosity 
and large pore size of the coating, the corrosion 
products cannot accumulate and block the pores, 
and it is difficult to prevent the propagation of 
corrosion. These facts are consistent with the EIS 
analysis of GT400-1.5. As shown in Fig. 11(b), 
when the gas temperature increases from 400 to 
450 °C, the corrosion products generate a dense 
film, which can block and fill most of the defects on 
the coating surface, resulting in a better corrosion 
resistance. However, the dense film of corrosion 
products is not formed on the coating surface of 
GT500-1.5, and the corrosion resistance is not 
greatly improved, which agrees well with the 
results presented in Figs. 10 and 11. From 
Fig. 11(d), it is found that only the corrosion cracks 
with small size and few corrosion products appear 
on the coating surface of GT450-1.7. Combined 
with the low porosity of the coating, the oxide film 
generated by the dense Al coating after contacting 
with the corrosion solution resists the erosion of  
Cl− during the long-time immersion, and thus the 
corrosion rate is slowed down. According to the EIS  

 

 
Fig. 11 Corrosion morphologies of Al coatings after immersion in 0.1 mol/L NaCl for 12 h: (a) GT400-1.5;          
(b) GT450-1.5; (c) GT500-1.5; (d) GT450-1.7  
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results, with the extension of immersion time, the 
corrosion resistance of the coating is further 
improved after the formation of dense corrosion 
product film. 

With the purpose of analyzing the types of 
corrosion products, XPS and EPMA were adopted 
to characterize the corroded surface of Al coating. 
Since the corrosion products of all coatings are 
similar, only the XPS and EPMA results of 
GT500-1.5 are given. Figure 12 shows the XPS 
results of the corrosion products on the corroded 
surface of GT500-1.5, and Fig. 13 displays the 
EPMA image and distributions of the main 
elements. As seen from Fig. 12(a), the corrosion 
products are mainly composed of O and Al 
elements. The EPMA results shown in Fig. 13 also 
reveal the presence of O and Al. For the XPS data 
shown in Fig. 12(c), two characteristic peaks at 
532.1 and 531.3 eV are obvious. These two peaks 
correspond to O2− and OH−, respectively, which can 
be used to determine the existence of oxides and 
hydroxides in the corrosion product layer. As shown 
in Fig. 12(d), by fitting the Al element spectra,    
it is indicated that the oxides and hydroxides in 
corrosion product layer are Al2O3 and Al(OH)3, 

respectively. Since the corrosion products are 
relatively dense and insoluble in corrosive solution, 
they play a protective role in corrosion process and 
improve the corrosion resistance of the coating. 

 
3.3 Effects of microstructure on corrosion 

resistance 
The results of electrochemical tests and 

corrosion morphologies indicate that the corrosion 
resistance of Al coating with a fixed gas pressure  
is ranked as GT500-1.5 > GT450-1.5 > GT400-1.5. 
When gas temperature is constant, the corrosion 
resistance of GT450-1.7 is much better than that of 
GT450-1.5. Based on the previous studies [29−31], 
the long-term corrosion resistance of metal coating 
mainly depends on the porosity. As mentioned 
above, high gas temperature can reduce the critical 
velocity of powder deposition and increase the 
deposition efficiency, both of which are beneficial 
to improving the densification of coating. The high 
gas pressure can not only improve the mechanical 
bonding, but also exert strong tamping effects on 
the deposited coating. As a result, the densification 
of Al coating increases with the increase of gas 
pressure. When Al coating is exposed to corrosive 

 

 
Fig. 12 XPS results of corrosion products on corroded surface of GT500-1.5: (a) Wide scan spectra; (b) C 1s; (c) O 1s; 
(d) Al 2p 
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Fig. 13 EPMA images of GT500-1.5 and corresponding elemental distributions of Al, O, and Cl 
 
media, a dense oxide film is formed on the coating 
surface with high densification, which is beneficial 
to enhancing the resistance of coating to erosion. 
Even if the oxide film is destroyed by Cl−, the 
corrosion products can still accumulate in small 
pores or cracks in the dense coating and hinder the 
propagation of corrosion [32]. 
 
4 Conclusions 
 

(1) High gas temperature reduces the critical 
velocity of powder deposition and increases     
the deposition efficiency. High gas pressure not 
only enhances the quality of mechanical bonding, 
but also provides strong tamping effect on the 
deposited coating. The densification and thickness 
of Al coating increase greatly with the increase of 
gas temperature and gas pressure. 

(2) The corrosion resistance of Al coatings 
with a fixed gas pressure of 1.5 MPa is ranked as 
GT500-1.5 > GT450-1.5 > GT400-1.5. When the 
gas temperature is constant at 450 °C, the corrosion 
resistance of GT450-1.7 is much better than that of 
GT450-1.5. The corrosion resistance of Al coating 
is mainly affected by porosity, and the denser the 
coating, the better the corrosion resistance. The 
corrosion products of Al(OH)3 and Al2O3 can block 
the pores in the coating and act as physical barriers 
to prevent the corrosion. 
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基于冷喷涂工艺的Mg−Zn−Al−Sn−Mn合金防腐 Al 涂层制备 
 

陈 良，鲍意浩，李志刚，钱丽华，赵国群，张存生 

 
山东大学 材料液固结构演变与加工教育部重点实验室，济南 250061 

 
摘  要：采用冷喷涂技术在Mg−Zn−Al−Sn−Mn合金表面制备 Al 涂层，以提高其耐腐蚀性能。研究工作气体温度

和压力对 Al 涂层显微组织和腐蚀行为的影响。结果表明，随着气体温度和压力的升高，Al 涂层的致密度和厚     

度均明显增加。高的气体温度能降低颗粒沉积的临界速度，并提高沉积效率。高的气体压力不仅提升机械结合质

量，而且对沉积的涂层具有较强的夯实作用。由于孔隙的减少，Al 涂层的耐蚀性随着气体温度和压力的升高而提

高。Al(OH)3 和 Al2O3 等腐蚀产物可以堵塞涂层中的孔隙，并作为阻碍腐蚀的物理屏障，从而有效保护 Mg 合金免

受腐蚀。 

关键词：冷喷涂；镁合金；铝涂层；耐蚀性；显微组织 
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