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A B S T R A C T

In this research, the AZ31 Mg alloy was coated with Ni5Al powder, using a plasma spray method. Effects of nuzzle
distance and number of passes on corrosion behavior, hydrophilic properties and phase structure of the coated
layer were studied. Samples in different distance of nozzle (150 and 300 mm) and different number of passes (2, 4
and 6) were examined. Corrosion behavior characterization was carried out using electrochemical impedance
spectroscopy and potentiodynamic polarization methods. Hydrophilic properties of the coated layer were also
investigated by the contact angle method. Results showed that by increasing the number of passes, the corrosion
resistance and the contact angle were increased. On the other side, by increasing the nuzzle distance, the
corrosion resistance and the contact angle were decreased. The Coated sample with 6 pass coating and nozzle
distance of 150 mm had the best corrosion behavior and hydrophilic properties.
1. Introduction

Due to low density and, high strength of magnesium alloys, they are
suitable materials for low-weight industrial applications such as auto-
motive and aerospace industries [1]. However, the low corrosion resis-
tance of magnesium and its alloys, especially in chlorinated
environments, is its major drawback. Creating protective metal or
ceramic coatings on the magnesium alloy surface using plasma spray
technique is one alternative to increase their corrosion resistance. Plasma
spray is a complex and basic method for hot spraying [2, 3, 4, 5]. In this
method, with the aid of a DC voltage, high temperature plasma gas is
produced which act as a heat source during the spraying of the powders.
The powder is injected into the nozzle and then melted and thrown onto
the sample surface with the aid of plasma gas. Various factors affect the
adhesion strength, mechanical properties and the corrosion resistance of
the coating layer produced by the plasma spray method [3, 4, 5, 6, 7].
Nuzzle distance from the substrate, coating pass number, applied spark
current, preheating temperature [8], substrate preparation [6, 7, 8, 9]
and percentage of aluminum and nickel in powdered alloys [10] are the
effective parameters on the metal spray coating process. Moridi et al. and
Sattari et al. [11, 12] have examined the effect of pass number on the
thickness and mechanical properties of aluminum coatings using spray
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coating method. They observed the hardness of the coating layer was not
affected by changing the number of passes, but the residual stresses were
increase by increasing the number of passes. Kubatick et al. [10, 15]
examined the effect of preheat temperature on the metallurgical bands of
nickel-aluminum coat on the magnesium substrate. They observed that
by increasing the pre-heat temperature, the metallurgical bands
improved and the adhesive strength increased. Li et al., Kozerski et al.
and Kubatík et al. [13, 14, 15] examine the effect of substrate preparation
on the adhesion properties of the aluminum-nickel alloy coating on the
magnesium-aluminum alloy substrate. They found that the sample
preparation, using different methods was effective in adhesion strength
of the coating layer. Ji�rí Mat�ejí�cek et al. [8] investigated the effect of
preheating temperature and distance from the nozzle on the properties of
the tungsten coating layer by plasma spray method. They observed that,
at lower distances and at higher preheating temperature, the grains grow
in columnar form. Also, by increasing the preheating temperature, the
hardness of the coating layer increased. Behnoosh Sattari et al [11]
examined the effect of pass number of the plasma spraying on the
corrosion properties of iron-aluminum alloy coating on steel substrate.
They observed that by increasing the number of passes, the polarization
resistance and the impedance of the formed layer increased and its
corrosion properties improved [15, 16, 17, 18, 19].
ne 2019
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Fig. 1. (a) Schematics of plasma spray process and (b) The employed plasma spray device.

Table 1
Plasma spray process condition for the prepared samples.

Sample code Nuzzle distance (mm) Number of pass

2P-150 150 2
4P-150 150 4
6P-150 150 6
2P-300 300 2
4P-300 300 4
6P-300 300 6
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In this research, AZ31 magnesium alloy was used as substrate. Mag-
nesium and its alloys are the engineering materials which have the po-
tential ability to be used widely in the automotive, in the aerospace and
in the biomedical sectors [20, 21]. However, due to their poor wear
resistance and corrosion resistance, their usage is being restricted. This
situation prevents Mg alloys to be used without any surface protection
despite their good mechanical properties. In this study, plasma spraying
method is used to improve the corrosion resistance of AZ31Mg alloy [22,
23].

The NixAl generated coatings in high temperature have diffusion with
metal substrate [24]. In addition, during deposition process, some par-
ticipates in coating layer generate. Participates effect on structure,
corrosion and wear behavior. Actually, some results showed presence of
participates can improve corrosion and wear behavior [25, 26].

The effect of pass number and the distance from the nozzle on the
corrosion properties and hydrophobicity of the coating layer created by
the plasma spray method has been studied less. In this research, the
corrosion resistance, hydrophobicity and phase structure of the Ni5Al
coating layer on the AZ31 substrate were examined by changing the
number of passes from 2 to 6 passes and the nozzle distance from 150mm
to 300 mm.

2. Experimental

2.1. Specimen preparation

In this study, AZ31 magnesium alloy sheet (Al 3.0%, Zn 1.2%, Mn
0.2%, balance Mg) was cut into rectangular samples of 30 mm � 20 mm
� 5 mm dimensions as the substrates to be coated. Samples were coated
using a plasma spray method. The Ni5Al (wt %) powder (provided by the
Metco company), with particle size of 45–90 μm, was used as a feedstock
material [27]. Ni5Al coatings are dense and resistant to oxidation and
abrasion, recommended for use as oxidation-resistant bond coats which
can be used up to 800 �C (1470 F). Self-bonding and undergoes an
exothermic reaction during spraying, resulting in excellent bonding to
the substrate [28]. Before the coating process, samples cleaned by
sandblasting. The plasma spray process performed by a WSP-H500
plasma spray device. The employed devise and the schematics of
plasma spray process are presented in Fig. 1. The applied voltage was
2

500V and the established current was 400A. Different nuzzle distance
from 100 to 400 mm were considered for the primary examinations.
Small nuzzle distance led to substrate melting while the separation of the
coated layer from the substrate was observed at large nuzzle distance.
Consequently, the nuzzle distance of 150 and 300mmwere considered as
the appropriate distances in this study. Different spaying pass numbers
were usually employed for different application. In this study the effect of
pass number was also considered. So, in each nuzzle distance, samples
were sprayed at 2, 4 and 6 passes. The plasma spray process conditions of
the prepared samples are reported in Table 1.
2.2. Characterization of the coated layer

The corrosion behavior of the coated layer was analyzed with elec-
trochemical methods. For this purpose, electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization tests were con-
ducted according to ASTM G102-98-E1 and ASTMB457-67 standards,
respectively [29]. The EIS and potentiodynamic polarization tests were
carried out with EG&G-VersaSTAT4 potentiodynamic devise. These tests
were conducted on a circle area with 5 mm diameter on the surface of the
sample and in %3.5 NaCl solution at room temperature. For electro-
chemical analysis, three electrodes were used: saturated calomel elec-
trode (SCE), counter electrode and the samples [30]. The samples were
initially immersed for 5 minutes in the solution of %3.5NaCl to reach a
stable open circuit potential (OCP). Potentiodynamic test was carried out
in the potential range of -500 mV below OCP potential and þ800 mV
above OCP with a scan rate of 1 mV/s. Also, EIS test was carried out in a
frequency range of 0.01 to 105 HZ with aþ30mV amplitude voltage with
respect to OCP. The experimental data from EIS test was fitted using
ZSimpWin 3.21 software and the suitable equivalent EIS circuit param-
eters were extracted. In order to characterize the corrosion surface. After
potentiodynamic polarization test, the specimens were examined using
JSM-7610F scanning electron microscope. The properties of the coated
samples were also measured with x-ray diffraction (XRD) Panalytical,
with Cu Kα x-ray (λ¼ 1.5418�A) and with an incident angle of w¼ 1�. The
surface Hydrophobic properties of the coated samples were characterized
using contact angle method. These analyses were conducted at room
temperature and in distilled water and the needle diameter 0.793 mm.
The contact angle measurement was carried out on 5 different points. The
average result was reported in the following. The measurement had 2�0

tolerance.

3. Results and discussion

3.1. X-ray pattern study

Fig. 2 shows the X-Ray pattern of Ni5Al layer, deposited on the AZ31
alloy substrate. As it can be seen in X-Ray pattern, Ni5Al and probably
NiAl deposited layer were obtained. X-Ray pattern indicates that by
increasing the nuzzle distance from 150 to 300 mm in two passes



Fig. 2. The XRD pattern of the generated phases in Ni5Al layer: a) 2P-150, b)
2P-300 and c) 6P-150.

Fig. 3. Potentiondynamic polarization curves of the coated samples.

Table 2
Potentiodynamic polarization test results.

Sample Icorr (μA) Ecorr (mV) -ßa (mV) ßc (mV) Rp

2p-150 49.811 �943.2 166.208 178.035 749.329
4p-150 12.589 �687.3 68.36 61.99 1121.314
6p-150 6.309 �523.7 59.646 51.118 1894.532
2p-300 94.361 �1257.8 124.244 146.272 309.142
4p-300 50.11 �1073.9 116.665 108.48 487.091
6p-300 39.367 �861.3 204.244 146.272 940.105
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samples, the intensity of Ni5Al peaks was decreased. Actually, by
increasing the nuzzle distance, the thickness of the coating layer was
decreased. Fig. 2 (c) shows the X-Ray pattern of 6P-150 sample. By
increasing the number of passes of plasma spraying, the intensity of
Ni5Al and probably NiAl, on the deposited layer was increased. The
thickness of deposited layer in 6 passes sample was also higher than the 2
and 4 passes samples.
3.2. Potentiodynamic polarization analysis

Fig. 3 presents potentiodynamic polarization curves for the samples
3

prepared at different distances of nuzzle and number of passes. Ecorr and
Icorr values, the tangent line in the linear region on the anodic and
cathodic branches of the potentiodynamic polarization curves are re-
ported in Table 2. The value of potentiondynamic polarization resistance
was calculated with Versa-stat software with respect to the following
equation:

RP ¼ 1

2:303
�

1
βα
þ 1

βc

�
iCorr

(1)

In this equation, RP is the polarization resistance, βα, is the slope of
anodic branch and βC, is the slope of cathodic branch. As it could be seen
in Table 2, in 2- pass-coated sample, by increasing the nuzzle distance
from 150 mm to 300 mm, corrosion resistance RP was decreased from
749.329 to 309.142 Ω/cm2. Increased corrosion current and decreased
corrosion potential were due to decreasing the corrosion resistance. It
can be mentioned that by increasing the nuzzle distance, the porosity of
coating layer increased and its homogeneity decreased. The porosity in
the coating layer acted as preferred corrosion location. In other words, in
low distances of nuzzle, particles in coating layer were dense and created
a uniform surface. In this situation, the penetration of the corrosive so-
lution was decreased which resulted in better corrosion behavior. In the
same nuzzle distance, by increasing the number of passes, thickness of
Ni5Al layer and the uniformity of Ni5Al layer were increased. Therefore,
the 6-pass sample with a distance of 150 mm of nuzzle, had a lower
corrosion rate and its polarization resistance was 1894.532Ω/cm2 which
was higher than all the other samples.
3.3. Electrochemical impedance spectroscopy (EIS) analysis

Fig. 4 presents the experimental and fitted Nyquist, bode and bode
phase diagrams for 2P-150, 4P-150, 6P-150, 2P-300, 4P-300 and 6P-300
samples. Equivalent circuit proved for coated AZ31 substrate was LR (C
(R (QR))) (CR), consisting of capacitance loops and an inductive loop in
high frequencies.



Fig. 4. Nyquist, bode and bode-phase diagrams of the coated specimen in 3.5% wt NaCl solution, a)2P-150, b)4P-150, c)6P-150, d)2P-300, e)4P-300, f)6P-300.
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Table 3
Electrochemical parameters of EIS for the coated specimens.

Sample L1 R1 C2 R2 Q3-Y0 Q3-m R3 C4 R4 K square

2p-150 2.055E-13 34.76 0.00363 27.49 0.006393 0.6206 32.33 0.004478 64.21 2.489E-4
4p-150 1.89E-13 34.61 0.001387 91.91 0.0013 0.744 104.51 0.002785 149.7 5.56E-4
6p-150 1.37E-13 35.22 0.000781 112.48 0.0003317 0.8 137.4 0.0003274 412.6 1.373E-4
2p-300 2.83E-13 35.97 0.006791 10.27 0.008931 0.4778 13.61 0.009664 16.37 2.614E-4
4p-300 2.215E-13 34.7 0.00484 15.66 0.007706 0.5726 14.69 0.007108 19.41 3.84E-4
6p-300 1.98E-13 35.58 0.00203 47.77 0.002462 0.6991 54.93 0.005986 93.56 3.091E-4

Fig. 5. Images of corroded surface in a) 2P-150, b) 4P-150, c) 6P-150, d) 2P-300 and e) 4P-300 samples.
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In the equivalent circuit, Rsol is the resistive behavior of solution, Rs,
the electrical resistance of the surface coating, RdL, electrical resistance
behavior of the double electrical layer, L, pitting corrosion behavior of
open pores and eventually, Rp, the electrical resistance behavior of the
generated pits. In addition, three constant phase elements (CPE) exist
which are CPEs, CPEp and CPEdl. These stand for the dielectric charac-
teristics of surface coating, the generated pits and the double electrical
layer, respectively. In other words, this parameter shows the deviation
from ideal capacitive behavior and decreasing uniformity of the surface.
The value of CPE can be calculated from EIS spectra at lower frequencies
about 0.01–1 Hz. For this purpose, Eq. (2) can be used.

ZCPE ¼ ðQðjwÞαÞ�1 (2)
5

Where Q, j, w and α are all derived from the ZSimpWin 3.21 software.
Electrochemical EIS parameters values were obtained by ZSimpWin 3.21
software and are reported in Table 3. By increasing the number of passes
for the nozzle placed at a distance of 150 mm, the diameter of capaci-
tance loop in Nyquist diagram was increased. Consequently, it could be
noted that by increasing the number of passes in the same nuzzle dis-
tance, the corrosion resistance was increased. It can be explained as by
increasing the number of passes, thickness and uniformity of Ni5Al layer
were increased and the porosity generated in Ni5Al layer was decreased.
The bode impedance diagrams slope presents the surface homogeneity.
The slope close to 1, indicates the increase in corrosion resistance. The
lower slope, shows the decrease in corrosion resistance. By increasing the
pass number, the slope of the linear part of bode diagram for the samples



Fig. 6. The contact angle images of Ni5Al layer in a) 2P-150, b) 4P-150, c) 6P-150, d) 2P-300, e) 4P-300 and f) 6P-300 samples.
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with 150 mm nozzle distance was increased and approached to 1. The
bode diagrams presents that by increasing the number of passes, the
corrosion resistance increases. The 6P-150 sample has the highest slope
of linear part of bode diagram as its surface is homogenous with mini-
mum surface porosity. Fig. 4 shows experimental and fitted Nyquist, bode
and bode phase diagrams for 4P-300 sample. Comparison between 4P-
150 and 4P-300 samples shows that the diameter of Nyquist diagram
for 4P-300 sample was decreased; it shows that the corrosion resistance
was decreased by increasing the nuzzle distance. By increasing the nuzzle
distance, the thickness of Ni5Al layer and its surface homogeneity were
decreased and its surface porosity was increased. consequently, in 4P-
300 sample, the slope of the linear part of bode diagram was decreased
in comparison to 4P-150 sample.

3.4. SEM morphology of the corroded surface

Fig. 5 shows the image of the corroded surface of 2P-150, 4P-150, 6P-
150, 2P-300 and 4P-300 samples after potentiodynamic polarization test
in the solution of 3.5 % wt. NaCl at room temperature [31]. Fig. 4(a), (b)
and (c) show the corroded area of the coated samples in a same nuzzle
distance with different number of passes. It was observed that by
increasing the number of passes, the corroded area was decearsed. In the
deposited layer, the mechanism of corrosion is pitting. Density of created
pits and pit effective area were decreased by increasing the number of
passes. In this case, in 6P-150 sample, the coated layer was dense and the
bond between Ni5Al particles was stronger. It can be explained that by
increasing the number of passes, the porosity of Ni5Al layer was
decreased. Therefore, the number ready locations for corrosion were
decreased. Fig. 4 (d) and (e), shows that by increasing the nuzzle dis-
tance, density of pits and their effective area were increased. By
increasing the nuzzle distance, the thickness of Ni5Al was decreased, the
bond between the particles were weaker, then the porosity of surface was
increased. Porosities acted as the preferred corrosion locations and
decreased corrosion resistance. Actually, density of pores affected on
uniformity of surface and by increasing density of pores, uniformity of
surface decreased.
6

3.5. Contact angle of the coated surface

Fig. 6 shows the contact angle of water drop. Contact angle mea-
surement was performed to determine the water-repellency property of
the coated layer in various process condition [32]. In order to measure
the contact angle, distilled water with a needle of 0.793mm diameter at a
distance of 2.5 cm from the sample surface were used. As it can be seen,
the contact angle changed with changing the number of passes, and the
6-passed sample with a distance of 150 mm had the greatest contact
angle. Materials with a contact angle of 0–90� are considered as
water-loving material. In water-loving materials, the surface is more
water-friendly with increasing the surface roughness and decreasing the
contact angle. But at the hydrophobia surface, with increasing the surface
roughness, hydrophobicity and the contact angle of the surface will in-
crease. As a result, it can be said that the surface of the Ni5Al coating
layer has a hydrophilic property and with decreasing the surface
roughness from 2 to 6 passes, the amount of surface hydrophobicity and
the contact angle of the coating layer has been increased. As it is
mentioned, the coated layer in 6-passed sample had the best corrosion
behavior. Surface hydrophobicity was one of the effective factors in
corrosion behavior. It can be said that, in addition to lower porosity and
uniformity of the coated surface in 6-passed sample, the lower surface
roughness and consequently, its better hydrophobicity was also effective
in the better corrosion resistance of this specimen.

4. Conclusions

The Ni5Al coating layer was deposited on AZ31 substrate using
plasma spray. The corrosion behaviors of the Ni5Al coated layer were
investigated using potentiodynamic polarization method, EIS, SEM, CA
and XRD measurements. The obtained results could be summarized as
follows:

1. In the same nuzzle distance, by increasing the number of passes, the
corrosion resistance was increased as the 6P-150 sample has the best
corrosion behavior.
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2. By increasing the nuzzle distance, localized corrosion was increased
and the corrosion resistance was decreased.

3. The SEM observations manifested that by increasing the nuzzle dis-
tance and decreasing the number of passes in plasma spray method,
the density of pits and their size were increased.

4. The CA tests show that the coated layer in 6-passed sample had the
largest contact angle.

5. By increasing the number of passes in plasma spray and decreasing
the nuzzle distance, Ni5Al layer and the intensity of its peak in the
XRD pattern were both increased.
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