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Abstract 

This paper reports a study of how the choice of plasma spray parameters, used 
during deposition of 32OAl  coatings on AZ31B magnesium alloy, influences the 

porosity level and corrosion rate of such coatings. The coating porosity was 
evaluated by using a digital image analysis method. Corrosion tests were 
performed for the sprayed alumina coatings in a 3.5% NaCl solution by using an 
immersion corrosion test. The microstructure and phase structure of the 
sprayed coatings were investigated by using a scanning electron microscope 
(SEM), X-ray diffraction (XRD), and an energy dispersive spectrometer (EDS). 
The results indicate that the input power has the greatest influence on porosity 
level and corrosion rate, followed by stand-off distance and powder feed rate. 
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1. Introduction 

In moving into the 21st century, a global warming becomes a major 
issue all over the world. To depress the global warming, technological 
developments for lowering fuel consumption and reducing 2CO  emission 

are essential. A reduction in weight of materials is a means to overcome 
these issues. Among practical metals, magnesium is one of the lightest 
metals. Magnesium and its alloys have superior physical and mechanical 
properties, such as low density, good electromagnetic shielding, and high 
strength/weight ratio [1, 2]. Thus, it is strongly desired that they are 
applied to various transportation industries, such as the aerospace, 
automobile, and railway industries [3]. Their poor corrosion resistance, 
however, limits their use on a larger scale. Therefore, it is necessary to 
develop protection film to improve the anticorrosion of the magnesium 
alloys. 

Alumina coatings are excellent candidates for providing protection 
against abrasive wear and resistance to galvanic and high temperature 
corrosion. Such coatings are desirable in electrical insulation and anti 
wear applications, where galvanic corrosion must be avoided, for 
example, in protective coatings for sleeve shafts, thermocouple jackets, 
electrical insulators, pump shafts, etc., and in any other application, 
where it is necessary to combine high resistance to wear, a low friction 
coefficient and high service temperatures. These coatings are usually 
applied using the plasma spray process, because the high temperature of 
the plasma flame is considered to be necessary to melt the ceramic 
powder particles, whereas a lower proportion of melt particles is often 
found when the high-velocity oxygen fuel (HVOF) technique is used [4]. 

Porosity is the basic and key quality characteristics to understand 
the microstructure and properties of thermal spray coatings. During 
plasma spraying, the pores and micro cracks can be generated from 
different sources, such as the entrapped gases, the incomplete filling in 
the rapidly solidifying splats, and the shrinking of the splats during 
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rapid solidification. If no distinction is made of the nature of pores and 
the micro cracks, the porosity in plasma sprayed coatings can vary from 
less than 2% to more than 20%, depending on the type of powders and the 
spray parameters used. Among these features, porosity level is a key 
parameter describing the anisotropy of sprayed coatings and controlling 
their properties. In aggressive environments, one of the major problems 
in using plasma sprayed coatings is the presence of the open pores, closed 
pores, and micro cracks in the coatings [5]. Moreover, the presence of 
even insignificant micro pores can substantially reduce the coating’s 
mechanical and protective properties, such as elastic modulus, micro 
hardness, and bonding strength, etc.. Therefore, reduction of porosity of 
the sprayed coatings plays a key role in improving the corrosion 
resistance of the coatings. 

The micro-structure and the mechanical properties of the coating are 
influenced by the spraying parameters, such as the spraying power, 
stand-off distance, and powder feed rate. These parameters influence the 
thermal energy and kinetic energy of particles. If particles are subjected 
to an excess of thermal energy, they can be vapourized in plasma jet 
rather than arriving at the substrate in the fully molten condition [6]. 
However, if the particles receive too little thermal energy, they arrive at 
the substrate in an unmelted condition. 

Zhang et al. [7] have reported the porosity of the coating generally 
increased with decreasing the hydrogen gas flow rate and spraying power 
or increasing the powder feed rate. Celik et al. [8] studied the effect of 
grit blasting of substrate on the corrosion behaviour of plasma sprayed 

32OAl  coatings and they identified that the corrosion resistance of the 

alumina coatings increased with decreasing porosity and coating 
thickness. Spencer et al. [9] have reported the corrosion resistance of the 

32OAl-Al  composite coatings was similar to that of bulk Al alloys, and 

significantly better than the AZ91E Mg substrate. Toma et al. [10] 
studied the corrosion resistance of APS and HVOF sprayed coatings in 
the 232 TiO-OAl  system. They observed that the corrosion resistance of 
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32OAl  coatings prepared by using HVOF spraying was lower than that 

of the APS coatings. Dianran Yan et al. [11] investigated the corrosion 
behaviour of 32OAl  based ceramic composite coatings in dilute HCl 

solution and they found that the connected porosity in the 32OAl  based 

ceramic composite coatings rises with the open porosity and is independent 
of the density of the coating. Carboneras et al. [12] investigated the 
corrosion behaviour of thermally sprayed Al and Al/SiCp composite 
coatings on ZE41 magnesium alloy in chloride medium and they reported 
that the corrosion failure of these coatings is mainly related to the 
interconnected porosity, which is characteristic of thermally sprayed 
layers. The effect of APS process parameters on wear behaviour of 
alumina-titania coatings was investigated by Mokhtar Bounazef et al. 
[13]. 

From the literature review, it is understood that most of the 
published works [7-13] have focused on the corrosion and wear resistance 
of alumina and alumina-titania coatings. Moreover, there is no literature 
available related to the influences of plasma spray parameters on the 
porosity level and corrosion resistance of alumina coatings. Hence, in this 
investigation, an attempt was made to study the effect of atmospheric 
plasma spraying parameters on the porosity level and corrosion rate of 
alumina coatings on AZ31B magnesium alloy. The effect of power, stand-
off distance, and powder feed rate on porosity level and corrosion rate of 
alumina coatings is detailed in this article. 

2. Experimental 

The chemical composition and mechanical properties of the substrate 
material (AZ31B magnesium alloy) are presented in Tables 1(a) and (b), 
respectively. The dimensions of coated specimen are shown in Figure 1. 
The cut sectional surface of AZ31B magnesium alloy rod (16mm in 
diameter and 15mm in thickness) was grit blasted by using cabinet type 
grit blasting machine prior to plasma spraying. Grit blasting was carried 
out using corundum grits of size of m320500 µ+  and subsequently 
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cleaned using acetone in an ultrasonic bath and dried. Plasma spraying 
of the alumina powder was carried out using an APS system 40kW IGBT-
based Plasmatron (Make: Ion Arc Technologies; India; Model: APSS-II). 
The APS deposition parameters are presented in Table 2. All these 
parameters remained constant (Table 3), with the exception of the 
spraying power, stand-off distance, and powder feed rate. The feed stock 
was H. C. Stark, AMPERIT 740.1 powder ( )32OAl  with particle size of 

m.2045 µ+−  Coating thickness for all the deposits was maintained at 

m.15200 µ±  

Table 1. (a) Chemical composition (wt%) of AZ31B Mg alloy 

Al Mn Zn Mg 

3.0 0.20 1.0 Balance 

Table 1. (b) Mechanical properties of AZ31B Mg alloy 

Yield strength Ultimate tensile Elongation Hardness (Hv) 

(MPa) strength (MPa) (%) at 0.05kg load 

171 215 14.7 69.3 

 

Figure 1. Dimensions of coated specimen. 
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Table 2. Plasma spray parameters used to coat alumina 

Units Notations   Range   Process 
parameters        

Power kW P 18 20 22 24 26 

Stand-off distance cm S 10 11 12 13 14 

Powder feed rate gpm F 15 20 25 30 35 

Table 3. Other relevant parameters kept constant during plasma spraying 

Parameters Alumina coating 

Plasma current (A) 600 

Plasma voltage (V) 50 

Primary gas flow rate(Ar) 38 1pm 

Secondary gas flow rate ( )2N  4 1pm 

Porosity measurements were carried out on the polished cross-section 
of the coating as per ASTM B276 standard [14] by using optical 
microscope (Make: MEIJI, Japan; Model: MIL-7100) equipped with image 
analyzing system. The corrosion behaviour was evaluated by conducting 
immersion corrosion test in a 3.5% NaCl solution with a constant pH 
value of 7 and exposure time of 6hr. For each experimental condition, two 
coated specimens were prepared and tested. The edges of the coated 
specimens were protected by application of 45 “stopping-off ” lacquer 
(MacDermid plc). Photographs of coated specimens before and after 
corrosion test are displayed in Figure 2. Corrosion rate was calculated as 
per the ASTM standard G31-72 [15] and evaluating the corrosion tested 
specimen with the method as per ASTM G1-03 [16]. 
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(a) Before corrosion test (b) After corrosion test 

Figure 2. Photographs of alumina coated specimens. 

2.1. Coating characterization 

The morphologies of the powder and coating were observed with a 
scanning electron microscopy (Make: Quanta; Switzerland; Model: 3D 
FEG-I). The coatings were also subjected to SEM and EDAX analysis. 
The powder is fused and then crushed, which gives its characteristic 
angular shape with a size distribution ranging between m8-2 µ  as shown in 

Figure 3. The back scattered scanning electron micrographs of the cross-
section of the alumina coating revealed the very rough surface, 
interconnected pores randomly distributed within the layer and poor 
bonding at the substrate/coating interface (Figure 4). The SEM surface 
morphologies of the alumina coatings on AZ31B magnesium alloy were 
shown in Figure 5. Spattering pattern appears on the surface, which 
indicates the occurrence of spraying molten drops during coating process. 
The alumina coatings consist of countless single spots from which a few 
circular pores are present on the coating surface, the non uniform 
growing pattern of the coating and trapping of oxygen bubbles in the 
coating growth process may be responsible for the extensive porosity of 
the ceramic coating. Further, the EDS elemental mapping results of the 
coating are presented in the Figure 6. From the figure, it was found that 
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there is no segregation of elements and the elements are uniformly 
distributed throughout the coating. The crystallinity of the powder and 
coating was measured by Philips 3121 X-ray diffractometer using αCuK  
radiation, which was set at 40kV and 20mA for the XRD analysis and the 
data were recorded in the θ2  range 10° to 80° in steps of 20°/min. The 
XRD pattern of the alumina powder exhibit 32OAl-α  phase only, 

whereas the XRD pattern of the sprayed coating shows both 32OAl-α  

and 32OAl-β  were detected as shown in Figures 7 and 8. 

 

Figure 3. SEM micrograph of the 32OAl  powder. 
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Figure 4. Back scattered scanning electron micrograph of the cross-section 
of alumina coating. 
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Figure 5. SEM and EDS of 32OAl  coating. 
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Figure 6. EDX mapping showing the phases elements in the coating 
morphology. 

 

Figure 7. XRD pattern of the alumina powder. 
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Figure 8. XRD pattern of the alumina coating produced by the source 
plasma spraying at 21.5Kw. 

3. Results and Discussion 

3.1. Influences of input power on porosity level and corrosion 
rate 

The effects of input power on the porosity level and corrosion rate of 
the coatings are displayed in the Figure 9. From the figure, it can be 
inferred that, the porosity and corrosion rate decreased significantly with 
the increase in plasma power. 32OAl  coatings usually exhibit porosity, 

unmelted particles, and inclusions. It can be also observed that the 
coating is not so dense because of the use of an atmospheric plasma spray 
system, based on the pore content. The spraying power is an important 
parameter that affects the quality of the coating, since it can influence 
the temperature and velocity of the powder particles at the moment of 
impinging the substrate. More complete particle melting usually results 
in lower porosity content. At low spraying powers, the powder particles 
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are poorly melted. When they impact on the substrate or the already 
formed coating, they are not able to spread out completely to form splats 
and therefore, could not conform to the surface [17, 18]. In such a case, 
the interlamellar pores and cracks will be formed due to the solidification 
of the splats. Moreover, when the spraying power is relatively low, 
numerous unmelted and partially melted particles are existed in the 
coating. During the cooling process after spraying, the micro cracks and 
pores are formed near the boundary of the unmelted particle, since the 
material mismatch between the unmelted particles and the around 
splats, as shown in Figure 12.1(a). The poor corrosion performance of 
these coatings is expected to be associated with the high level of porosity 
of these layers allowing ready access of the aggressive solution towards 
the magnesium substrates, which are prone to severe corrosion in 
chloride containing solutions. When the power is high, the fully melted 
alumina due to its low melting temperature is considered to be well 
distributed and infiltrated in the spat boundary. When the power is 
sufficiently high, most of the powder particles have been melted and the 
flow ability of splats is good shown in Figure 12.1(b). The improved 
corrosion performance of 32OAl  coatings is believed to be directly 

associated with the elimination of interconnected pores within the layers. 

Sprayed alumina coatings at high arc currents are dense with low 
porosity. The presence of pores inside the coatings is referred to the 
presence of unmelted alumina powders because the plasma power is 
insufficient to melt all the flight particles inside the plasma jet [19]. As 
the arc current increases, the plasma power increases and the heat 
transfer from the jet to the particles is sufficient to completely melt the 
powder and as a result dense coatings are formed. The corrosion rate 
decreases as the arc current increases because the plasma power 
increases and the majority of flight particles are semi or fully melted in 
the plasma jet before strike the substrate and forming dense structure 
coatings (Figure 13.1(a) and (b)). 
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Figure 9. Effect of power on porosity and corrosion rate (S = 12cm,             
F = 25gpm). 

3.2. Influences of stand-off distance on porosity level and corrosion 
rate 

Figure 10 depicts the influence of the stand-off distance on the 
porosity and corrosion rate of the alumina coatings. It can be seen that 
the stand-off distance is the most important parameter affecting the 
porosity and corrosion rate of plasma sprayed alumina coatings. The 
degree of powder melting depends on the size and shape of the powder 
particle, and its uniform distribution. The particles pass through the 
plasma flame of the atmospheric plasma system and arrive in a molten 
form on the substrate surface. These particles solidify immediately 
without forming a melt pool. Therefore, the surface roughness of coatings 
which causes open pores usually increases corrosion rate. 
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Figure 10. Effect of stand-off distance on porosity and corrosion rate      
(P = 22cm, F = 25gpm). 

The crystalline of the alumina coatings increases as the spraying 
distance decreases mainly due to the increase of the droplet temperature 
at the moment of impingement. At short spraying distance, the droplets 
strike the substrate are semi or fully melted and as a result the alumina 
phase become more crystalline because the solidification rate gradually 
decreases as the coating thickness increases (Figure 12.2(a)). The stand-
off distance mainly controls the cohesion between splats because the 
temperature and velocity of particles in the plasma flame significantly 
change with stand-off distance. Therefore, better spreading and cohesion 
would be achieved with shorter spraying distances [20]. A longer stand-
off distance increases the probability of synthesized particle collisions, 
forming larger agglomerates. Since the temperature of the plasma at 
impact is lower at longer stand-off distance and the larger agglomerates 
have a higher heat capacity, the larger agglomerates would be relatively 
less molten, promoting the formation of coatings with higher porosity; 
therefore, the corrosion rate increases with the increase of stand-off 
distance. With a longer spray distance, the sprayed powder has more 
time to react with the air entrained in the flame, which would result in 
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an increase in oxide content with spray distance [21, 22]. It has been 
reported that the longer spray distance increases the dwell time in the 
plume and allows more thorough heating/melting of the particles. It is 
probable that the particle temperature will begin to decrease after a 
certain spray distance, as isotherms begin to decay more rapidly. This 
thermal processing condition results in the highest deposition efficiency 
and the highest hardness, while providing low levels of porosity. As can 
be seen from Figure 12.2(b), the corrosion resistance of plasma sprayed 
coating was decreased with increasing coating thickness owing to 
interconnected porosity, such as open pores, pinholes, and micro cracks in 
the film. These local defects are formed during or after spraying and act 
as channels providing a direct path between the corrosive environment 
and the substrate. In this study, NaCl solution penetrated through these 
channels and attacked the substrates in the form of pitting corrosion. The 
residual stresses increased due to increasing coating thickness. The 
corrosion rate of plasma sprayed 32OAl  coatings increased considerably 
with increasing porosity, surface roughness, and coating thickness. At 
shorter and longer spray distance, the particles remain unmelted or 
partially melted and surface roughness and corrosion rate increases 
(Figure 13.2(a) and (b)). 

3.3. Influences of powder feed rate on porosity level and corrosion 
rate 

The effect of powder feed rate on the porosity level and corrosion rate 
of the coatings are displayed in the Figure 11. During plasma spraying, 
the interaction between the gas flow and particles, the particles velocity 
and temperature are obviously influenced by the powder feed rate. When 
the powder feed rate value is low, the splats poorly flatten and spread 
out. There are numerous pores existing at the boundaries of overlapping 
splats as shown in Figure 12.3(a). Moreover, the cohesive strength 
between the adjacent splats is low since the micro cracks are visible at 
the interface. However, the greater the number of particles in the flame 
is, the greater the deviation from the spraying axis will be, due both to a 
change in the powder inlet conditions and to an increase in the 
opportunities for particle collisions that change the trajectories of the 
colliding particles [23-25]. A larger number of small and large particles 



INFLUENCES OF SPRAYING PARAMETERS ON … 43

will also float on top of the flame or penetrate it to reach the lower part. 
It means that the injected particles are not penetrating the jet totally but 
are partially put aside. This could lead to improper particle heating and 
melting, decreasing the deposition efficiency of the spraying process due 
to wastage of powder. At high powder feed rate, the heat content in the 
plasma gas becomes insufficient for the melting of the powder particles. 
At the boundary of the unmelted particle, the micro cracks and pores can 
be found. These micro cracks and pores may be generated due to the 
residual stress arisen from the material mismatch of unmelted particles 
and the splats in a molten state. The poorly melted (unmelted and 
partially melted) particles will be remained in the coating, resulting in a 
less dense coating with high corrosion rate (Figure 12.3(b)). This behaviour 
is produced because as the sprayed coating is highly porous, so that, 
there is a high number of pathways through this coating and the 
electrolyte rapidly reaches the magnesium alloy surface, giving rise to 
the substrate corrosion as can be seen in Figure 13.3(a) and (b). This 
result indicates that, when the powder feed rate is high, the particles 
which obtain low thermal energy and kinetic energy cannot be fully 
melted [26-28]. 

 

Figure 11. Effect of powder feed rate on porosity and corrosion rate        
(P = 22cm, S = 12cm). 
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Figure 12.1. Effect of input power on porosity. 

 

Figure 12.2. Effect of stand-off distance on porosity. 

 

Figure 12.3. Effect of powder feed rate on porosity. 

Figure 12. Effect of APS process parameters on porosity. 
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(a) 18kW (Lowest) 

 
(b) 26kW (Highest) 

Figure 13.1. Effect of input power on corrosion rate. 
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(a) 10cm (Lowest) 

 
(b) 14cm (Highest) 

Figure 13.2. Effect of stand-off distance on corrosion rate. 
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(a) 15gpm (Lowest) 

 
(b) 35gpm (Highest) 

Figure 13.3. Effect of powder feed rate on corrosion rate. 

Figure 13. Effect of APS process parameters on corrosion rate. 
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4. SEM and XRD Analysis 

Figure 14 shows the SEM-EDAX results for the substrate/coating 
interface of alumina coating after immersion in 3.5wt% NaCl solution. 
From the figure, it can be inferred that corrosion attack was observed at 
the substrate/coating interfaces in the outermost surface of the coatings. 
These interfaces are known to be preferential sites for corrosion attack 
due to several factors, such as accumulation of defects, porosity, and 
discontinuity of the passive layer. EDX analysis of the corrosion products 
located at this interface gave an average composition of 65.3% O and 
34.7% Mg (at.%), which suggested ( )2OHMg  as the main corrosion 

product. This confirmed the presence of through pores or micro channels 
in the as sprayed coatings that facilitated the penetration of the 
aggressive medium towards the magnesium substrates. The corrosion 
products observed by SEM at the coating/substrate interface were not 
detected by the low-angle X-ray study due to the inherent limitations of 
this technique, however, they were probably constituted of ( )2OHMg  and 

magnesium carbonates due to reaction of atmospheric 2CO  with 

( )2OHMg  [28]. The main corrosion products responsible for the 

detachment of the coatings in immersion environment were identified as 
( )2OHMg  (Figure 14). ( )2OHMg  (brucite) has a hexagonal crystal 

structure and undergoes easily basal cleavage causing cracking and 
curling in the film. 
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Figure 14. Back scattered scanning electron micrograph and EDAX of 
the substrate/coating interface of 32OAl  coating. 
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Figure 15. XRD study of the corrosion products formed at the 
substrate/coating interface of the AZ31B alloy with the 32OAl  coating 

after immersion corrosion test. 

5. Conclusion 

Based on the results obtained in the present study, the following 
main conclusions can be drawn: 

● The as-sprayed alumina coatings ( )APS-OAl 32  revealed a poor 

corrosion performance in the test solution due to their high degree of 
interconnected pores facilitating the penetration of aggressive species 
towards the bulk material. Corrosion failure of these coatings is mainly 
related to the interconnected porosity, which is characteristic of 
thermally sprayed layers. Increasing the coating thickness and the 
energetic spraying conditions favour the reduction of porosity and 
improve the corrosion resistance. 
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● The porosity level and corrosion rate of the coatings decreased with 
increasing the spraying power. However, when the spraying power was 
sufficiently low, numerous micro cracks, pores, and many unmelted 
particles were observed in the coating due to the weak bonding between 
lamellar structures and incomplete filling in of the rapidly solidifying, etc.. 

● The input power has the greatest influence on porosity level and 
corrosion rate of the alumina coatings, followed by stand-off distance and 
powder feed rate. 
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