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Zn-Al coatings have attention to corrosion resistance in marine environments. In this study, Zn and Al
single coatings, and Zn-Al mixed coating were obtained by an arc spray technique on carbon steel sub-
strates. Zn and Al coatings comprised single Zn and Al phases, and some oxides. Zn-Al coating was
composed of 46 at.% Al, 53 at.% Zn, and a few of oxygen. Zn-Al coating was a pseudo-alloy coating
mechanically mixed with Zn, Al, and alloy phases. The cross-sectional microhardness values of Zn, Al, and
Zn-Al coatings were 173.8 HV0.5, 181.69 HV0.5, and 259.88 HV0.5, respectively. The friction coefficients of
Al, Zn, and Zn-Al coatings were 0.7, 0.55, and 0.5, respectively. The wear and corrosion resistances of Zn-Al
coating were better compared with single metallic coatings. The corrosion mechanisms of single Zn, Al
coatings, and Zn-Al coatings were addressed and studied. Zn-Al coating could offer better wear resistance
and anticorrosion performance for marine engineering steel, compared with Zn and Al coatings.
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1. Introduction

Corrosion is one of the key concerns in modern industries,
especially marine, petrochemicals, and city building, which
further influences the service reliability and health of compo-
nents. Cost-effective steel metals are widely used for con-
structing marine structures (Ref 1). Steel constructions and
components encounter severe corrosion damage in the corro-
sion environments (Ref 2-5). The coating could be the most
effective approach for relieving and inhibiting corrosion, to
prolong the service life of the steel components. The thermal
spray technique is an efficient surface protection approach,
which could fabricate protective coatings (Ref 6-9). Thermally
sprayed Al-Cu and Zn-Al coatings have been used for offshore
steel structures (Ref 10). Arc spraying is a thermal spray
process in which an electric arc is struck between two
consumable electrodes, and the compressed gas is used to
atomize and propel the melted electrode materials to the
substrate. Wire-arc spraying technique is widely used, due to
some advantages, including economical energy saving and high
efficiency (Ref 11-14), which is a cost-effective way to produce
a protective layer on the surface of steel components.

Al and Zn coatings have good anti-corrosion and low cost,
which have been extensively used in industrial applications to
protect steel components against corrosion. The arc-sprayed Al
and Zn single coatings and Zn-Al coatings have positive
performance in the protection of the components in the
corrosion environments (Ref 15, 16), or the marine environ-
ment containing chloride ions (Ref 17-20). Santos et al. (Ref
21) studied the corrosion resistance of Zn-based coatings on
interstitial free steels and found Zn55Al coating had homoge-
nous corrosion and an effective barrier effect. The corrosion
resistance of arc-sprayed Zn–Al coating was better than that of
Zn and Al coatings, because the corrosion products (Ref 22),
and the formation of alloying Al with Zn coating could enhance
the anti-corrosion performance of Zn–Al coating (Ref 22-26).

To date, researchers focus on the fabrication and anti-
corrosion performance of Zn-Al coatings in the marine
environment containing Cl� ion (Ref 27-33). Zn-Al coating
shows higher corrosion resistance to the seawater than Zn and
Al coatings. Kim and Lee (Ref 32) studied the corrosion
resistance of arc-sprayed Zn-Al coatings in the marine envi-
ronment and showed ZnO and Zn5(OH)8Cl2ÆH2O corrosion
products were formed, which could improve the corrosion
resistance of the base material. Zhu et al. (Ref 34) studied the
influence of Al-content on the corrosion behavior of arc-
sprayed Zn-Al coatings and found that as the immersion time
increased, the corrosion potential and current values of Zn-
15.9Al and Zn-21.1Al coatings fluctuated to some degree,
while for Zn-30.1Al coating, the corrosion potential increased
and the corrosion current decreased, exhibiting high corrosion
resistance. Lin and Li (Ref 35) reported the corrosion behavior
of arc-sprayed Zn and Zn15Al coatings on the steel in the
corrosive solution and concluded that the anti-corrosion
performance of the steel was significantly improved by the
coatings.

The anti-corrosion performance of Zn-Al coating has been
studied in the published literatures (Ref 36, 37). However, few
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reports have studied the mechanical properties and wear
resistance of Zn-Al coating. The arc-sprayed Zn-Al coating
can effectively enhance the anti-slip coefficient of the contact
surfaces and has good wear resistance. Chen et al. (Ref 38)
studied the wear behavior of thermally sprayed Al, Zn-15Al,
and Inconel 625 coatings and found Inconel 625 coating had
higher wear resistance compared with the other coatings.
Darabi and Azarmi (Ref 39) investigated the dependence of
hardness on the microstructure of arc-sprayed Zn-Al coatings
and found the splat boundaries resulted in the reduction in
hardness of the coatings, consequently, lower elastic modulus
of the wire-arc-sprayed Zn-15Al coating in the longitudinal
direction compared to the transversal one.

In this study, Zn-Al coating was sprayed by wire arc
spraying technique. The surface topography, microstructure,
phase identification, chemical composition, microhardness,
wear, and corrosion resistance of Zn-Al coating were studied
in detail, at the same time compared with single metallic
coatings of Zn and Al.

2. Experimental

2.1 Preparation

Q235 low-carbon steel plates (Size: 200 mm 9 100 mm 9
3 mm) were selected as the substrate. The chemical compo-
sition of the substrate is shown in Table 1. Before arc spraying,
the sandblasting process was adopted to remove impurities on
the substrate and to enhance the surface roughness. Using Zn
and Al wires, the coatings were sprayed on the steel base by an
industrial twin-wire arc spraying system device ((ARC 9000)
from TAFA (Concord city, USA)). Table 2 displays the
deposition parameters of the arc spraying process. The
deposition parameters of arc-sprayed coatings were the same,
the voltage of 30 V, the applied current of 200A, the distance
between the base and the spraying nozzle of 150 mm, and the
compressed air pressure of 0.8 MPa.

2.2 Characterizations

Some small-size specimens (Size: 15 9 15 9 3 mm) were
cut by an NC wire EDM machine. The cross section of the
specimen was ground and polished with metallographic
sandpaper (5–20 lm), and finally polished with a 1 lm
diamond solution. The microstructure and chemical composi-
tion of the coatings were observed by scanning electron
microscopy (Sigma 500, ZEISS, Oberkochen, DE) attached
energy-dispersive spectroscopy (EDS), and an optical micro-
scope equipped with an ultra-depth-of-field 3D microscope
system (VHX-700FC, KEYENCE, Osaka, JP). The phase and
crystal structure of the coatings were characterized by x-ray
diffractometers (XRD, D-MAX 2500, Rigaku, Tokyo, JP).

2.3 Microhardness

The microhardness of the coating was carried out by image
analysis microhardness tester (HMV-2000, SHIMADZU,
Kyoto-fu, JP) under the load of 5N, and a holding time of
15 s. The final value was averaged by five indentations. The
porosity of the coating was analyzed by Image J software.

2.4 Abrasion Resistance

The anti-wear performance of the coating was assessed by a
material surface property comprehensive tester (CFT-1,
Zhongke Kaihua, Lanzhou, CN), under the load of 2N,
grinding ball material of Si3N4, the reciprocating stroke of
10 mm, friction speed of 400 r min�1 for 15 min. The
morphology and depth of the wear scratches were imaged by
an optical microscope equipped with an ultra-depth-of-field 3D
microscope system (VHX-700FC).

2.5 Corrosion Resistance

The corrosion resistance of the coatings was studied by an
electrochemical workstation (CHI660E, Chenhua, Shanghai,
CN). The coating on the substrate as the working electrode
adhered to a copper conductive wire, and then manually coated
with epoxy resin, leaving a geometrical surface area of 1 cm2

exposed to 3.5 wt.% NaCl solution. There was a three-
compartment electrode, an Ag/AgCl 3 M KCl as the reference
electrode, and a Pt electrode (size: 15 9 15 9 0.5 mm) as the
counter electrode. Firstly, the steady-state open circuit potential
(OCP) was tested for 400 s. Subsequently, the electrochemical
impedance spectroscopic (EIS) was measured at the frequency
of 0.01 � 105 Hz. Lastly, the dynamic polarization was
measured at a sweep rate of 10 mV s�1.

3. Results and Discussion

3.1 Characterization

The optical micrographs of the top-surface morphology of
the coatings are shown in Fig. 1. In Fig. 1(a), Zn coating was
smooth and flat. In addition, the coating was uniform and
consistent, with no evidence of cracks and bulges. Because Zn
has a low melting point of 419.53 �C, Zn wire can be fully
melted during the spraying process, the atomization effect was
better than that of Al wire. In Fig. 1(b), Al coating was off-
white and bright color, the surface is rough, and there were no
obvious defects. Because Al has a relatively high melting point

Table 1 Chemical composition of the Q235 low-carbon
steel (mass fraction, wt.%)

C Mn Si S P Fe

0.20 1.4 0.35 0.045 0.045 97.96

Table 2 Arc spraying process parameters for the
coatings

Coatings Zn Al Zn-Al

Spray voltage, V 30 30 30
Spray current, A 200 200 200
Spray angle, o 90 90 90
Spray distance, mm 150 150 150
Atomized gas pressure, Mpa 0.8 0.8 0.8
Spray gun movement speed, mm/s 200 200 200
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of 660 �C, the particles melt and atomize unevenly during the
arc-spraying process. In Fig. 1(c), Zn-Al coating was sprayed
by two melted wires with different melting points and densities,
and the surface of the coating was obviously undulating up to
118.6 lm. The highest peak values of Zn, Al, and Zn-Al
coatings were around 67.4, 79.49, and 118.6 lm, respectively.

The surface of the coatings was relatively smooth (Fig. 1a1, b1,
and c1). The surface of Zn-Al coating was rougher than that of
single metallic coatings.

Figure 2 shows the SEM images and chemical composition
of Zn coating. The surface of the coating was rough, and some
pinholes and pores were present (Fig. 2a). In Fig. 2(a) inset of

Fig. 1 Optical micrographs of 2D and 3D morphology of the top-surface of the coatings. (a) and (a1) Zn, (b) and (b1) Al, and (c) and (c1) Zn-
Al coatings
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the EDS spectrum, the coating contained a certain amount of
oxygen, possibly because the atomized droplets during the
spraying process were oxidized by oxygen in air. There was no
evidence of cracks and gaps at the interface between the
substrate and the coating (Fig. 2b). The thickness of the coating
was about 450 lm. The coating was a typical lamellar
structure. The arc-sprayed wire was heated, accelerated, and
atomized, and then the melted or semi-molten particles
impacted the substrate at a high speed, cooled and solidified
rapidly after flattening, and was deposited on the substrate to
form the lamellar layer, and the latter sprayed material was
deposited on the previous layer, thereby forming a continuous
coating with a layered structure. In Fig. 2(c) and (d), the Zn
element was evenly distributed in the coating. The interface
between the coating and the substrate has no obvious cracks or
gaps.

Figure 3 displays the SEM images and chemical composi-
tion of Al coating. The surface was also rough, and the droplets
were present (Fig. 3a). A large micropore was observed on the
surface. EDS spectrum proved Al coating accounted for
98.67 wt.%, a few of O-content. Al coating was distributed
in the form of scales, the liquefied particles impacted the
substrate. The irregular distribution of Al coating was obtained
due to the effect of the substrate (Ref 40). The average
thickness was about 149 lm (Fig. 3b), and there was a certain

amount of porosity. There is a zigzag mechanical combination
between the coating and the substrate. The zigzag interface
improved the adhesion strength due to the effect of mechanical
locking. Al element was mainly distributed in the coating
(Fig. 3c and d).

Figure 4 displays the morphology and chemical composi-
tion of Zn-Al coating. The surface was not smooth due to the
rough surface of the substrate (Fig. 4a). The content of Zn and
Al in the coating was composed of 54 at% and 46 at%,
respectively, represented as Zn54Al46 coating. Assuming the
volume of the two metal wires was the same as the sprayed Zn-
Al coating was obtained under the same deposition parameters.
Since the densities of Zn and Al were 7.14 and 2.7 g/cm3,
respectively. It can be calculated that the mass percentage of the
as-sprayed coating was Zn-73 and Al-27 wt.%, which is almost
close to the result of the EDS pattern. The arc-sprayed wires
become metal droplets and strike the substrate at high speed
because of the action of the arc and high-pressure gas. As a
result, the larger-diameter metal droplets were also liquefied
before impacting the substrate. These larger-diameter semi-
melted particles achieved sufficient deformation during the arc-
spraying process, and finally, the large-diameter particles with a
high degree of flattening were sprayed on the substrate. On the
other hand, the small-diameter metal droplets cool and
transform to a semi-solid state before impacting the substrate

Fig. 2 SEM images of surface (a) and cross section (b) of Zn coating, (c) Fe, and (d) Zn elements

Journal of Materials Engineering and Performance Volume 32(23) December 2023—10545



surface. The deformation ability of semi-solid particles was
worse than that of the liquid particles. Finally, semi-solid alloys
were attached to the surface to form protrusions (Ref 41).
Therefore, the coating thickness was uneven, and the average
thickness was about 180 lm, and the coating exhibits an
obvious lamellar structure with a few of microholes and gaps
(Fig. 4b). The distribution of Zn and Al elements in the coating
was relatively uniform (Fig. 4c and d), and Fe element was
mainly distributed in the substrate (Fig. 4e). The porosities of
Zn, Al, and Zn-Al coatings were 0.31%, 0.56%, and 0.59%,
respectively. The porosity of Zn coating was lower than that of
Al coating and Zn-Al coating due to the low melting point of
Zn.

Figure 5 shows the XRD patterns of the coatings. There are
some diffraction peaks at 36.289�, 38.99�, 43.22�, 54.32�,
70.07�, 70.63�, 77.05�, 82.08�, and 86.54�, which were
corresponded to the crystal planes (002), (100), (101), (102),
(103), (110), (004), (112) and (201) of Zn, indicating that the
coating was composed of hexagonal Zn phase (PDF card no. #
00-87-0713), with no other impurity due to low quantity. Al
coating had obvious diffraction peaks with high intensity at
38.47�, 44.72�, 65.10�, 78.23�, and 82.44�, corresponding to
the crystal planes (111), (200), (220), (311), and (222),
indicating that Al coating comprised a face center cubic (fcc)

structure, according to the standard Al PDF card no. #00-85-
1327. The signal of Al was only detected in the XRD pattern,
although Al oxide could be formed during the spraying process
in air at atmospheric pressure. The oxide content in the coating
might be too low to be detected. Zn-Al coating comprised Al
fcc-phase and Zn hexagonal-phase. The location of the
diffraction peak for Zn in the coating was the same as that of
arc-sprayed Zn coating, and there was no shift. The atomic
radius of Zn and Al was 1.34 Å and 1.43 Å, respectively. Al
enters the solid solution of Zn lattice during the preparation of
Zn-Al coating, and the entire unit cell of Zn becomes larger,
causing the Al diffraction peak to shift toward the low Bragg
angle. Therefore, some regions were just composed of Zn and
Al mixture phase, the Zn-Al alloy phase may exist in the
sprayed coating but was not detected by the XRD pattern.

3.2 Microhardness

From Table 2, the average microhardness values of Zn and
Al single coatings, and Zn-Al coatings were 173.8 ± 18,
181.69 ± 8.13, and 259.88 ± 42.19 HV0.5, respectively. The
microhardness values of cold-sprayed Zn and Al coatings were
about 35HV0.1 (Ref 42) and 178.3 HV0.1 (Ref 43), respectively.
Kaewpradit (Ref 44) studied Zn-15Al coating had the hardness
in the range of 34.86 ± 1.95 HV0.5 � 45.18 ± 1.95 HV0.03.

Fig. 3 SEM images of the surface (a) and cross section (b) of Al coating, (c) Fe, and (d) Al elements
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The mechanical properties of arc-spray coatings are highly
dependent on their microstructural features. The low hardness
values for the coating could be attributed to the existence of
porosity, splat boundaries, and thermal stress, resulting in the
reduction of microhardness (Ref 45, 46), or the volume of
unwanted phases as well as the location and distribution of
coating over the microstructure (Ref 39). Figure 6 shows the
optical micrographs of the indentation of cross section of Zn,
Al, and Zn-Al coatings. The microhardness of arc-sprayed Zn

coating was like that of Al coating, but smaller than that of Zn-
Al coating. The indentation size of Zn-Al coating was smaller
than that of the other coatings, indicating that the microhard-
ness of Zn-Al coating was higher compared with arc-sprayed
Zn and Al single coatings.

3.3 Abrasion Resistance

Figure 7 shows the friction coefficient curves of the
coatings. The lower the coefficient of friction, the better the

Fig. 4 SEM images of the surface (a) and cross section (b) of Zn-Al coating, (c) Al, (d) Zn, and (e) Fe elements
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wear resistance. The coefficients of friction of Al, Zn, and Zn-
Al coatings were 0.7, 0.55, and 0.5, respectively. The
coefficient of friction of Zn-Al coating was smaller than those
of single metal coatings. Therefore, Zn-Al coating exhibited
better wear resistance compared with single metallic coatings.

Figure 8 shows the optical micrographs of the morphology
of the abrasion marks of the coatings. Under the same loading

and speed, there was no large amount of shedding on the
surface of the coating, and there were obvious abrasion marks.
The abrasion mark of Zn-Al coating (Fig. 8c) was shallower
than those of single metallic coatings (Fig. 8a and b).
Figure 8(a1), (b1), and (c1) shows the high-magnification
optical micrographs of the wear morphology. There was metal
accumulation at the edge of the wear trace, and the metal
accumulation height was higher than the surface of the coating.
The wear trace of Zn coating has a clear plow groove, and
obvious particles (see Fig. 8a1), because the part of the
abrasive chips generated by friction wear enters the friction
surface, resulting in abrasive wear during the friction process.
For Al coating, the wear trace has a deep groove and some
particles (Fig. 8b1). The coating was seriously worn in the
middle of the wear trace. For Zn-Al coating, the morphology of
the wear trace was composed of shallow depth, and some
adhesive wear pits (Fig. 8c1). Al with an fcc structure has good
toughness, and Al coating is prone to plastic deformation when
adhesion wear occurs. Therefore, the shear fracture of the
adhesion occurs, and then the wear debris is formed (Ref 20,
47). Zn with a close-packed hexagonal structure is not prone to
plastic deformation under external loading. The adhesive wear
of Zn-Al coating is slight, so the tendency of Zn-Al coating to
undergo adhesive wear is dependent on the content of the Al
phase in the coating.

Figure 9 shows the optical micrographs of the 3D morphol-
ogy of the scratches of the coatings after wear test. The width
and depth of scratches of Zn (Fig. 9a) and Al coatings (Fig. 9b)
were more obvious than those of Zn-Al coating (Fig. 9c).Fig. 5 XRD patterns of the coatings

Fig. 6 Optical micrographs of indentation of cross section of (a) Zn, (b) Al, and (c) Zn-Al coatings
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Figure 10 displays the contour plots of the middle portion of
the wear trace. The width and depth of Zn-Al coating were
241.9 lm and 24.41 lm, respectively, which were lower than
those of Zn and Al single metallic coatings. Zn-Al coating has
better wear resistance compared with single metallic coatings
because Zn-Al coating was mechanically mixed with Zn, Al,
and a small number of alloys.

3.4 Electrochemical Corrosion Resistance

Figure 11 shows the OCP curves against the testing time for
the coatings. The OCP values of Zn, Al, and Zn-Al coatings
were about � 1.01, � 1.00, � 1.06 V, respectively. The OCP
curve of Zn-Al coating was first stable, then changed to a much
more negative value, and kept stable. Just considering the OCP
value, the anticorrosion performance of the coating was sorted
in the order of Al > Zn > Zn-Al.

Tafel polarization curves of the coatings are shown in
Fig. 12. Table 2 lists the electrochemical corrosion data of the
coatings, including the corrosion potential (Ecorr) and corrosion
current density (Icorr). The corrosion potential values of Al, Zn,
and Zn-Al coatings were � 1.08, � 1.31, and � 2.98 V,
respectively. In general, the coatings have a high Ecorr and low
Icorr values, indicating the chemical stability was good, and the
corrosion rate was low (Ref 41). In Fig. 12(a), (b), and (c), the
corrosion potential of Zn-Al coating was always lower than
those of single metallic coatings. The corrosion potential of Zn-
Al coating was the lowest, about � 2.985 V, and its ability to
protect the cathode as a sacrificial anode was the strongest. The
corrosion current density of Zn-Al coating was almost close to
Al coating, but both are larger than Zn coating, because of the
passive film (Al(OH)3 or Al2O3) on the surface of Al coating
after polarization test. The passive film could limit the
penetration of the corrosive medium and be acted as an
excellent barrier layer. Zn54Al46 coating contains rich Zn,
which could influence the corrosion resistance of the coating.
Therefore, the corrosion current density of Zn54Al46 coating
was slightly less than that of Al coating. However, the
polarization resistance value of Zn54Al46 coating is the largest,
compared with a single metallic coating. The polarization
resistance value of the coating was high, and the anti-corrosion
performance is good. Therefore, taking all factors into consid-

eration, Zn54Al46 coating exhibited better corrosion resistance
than single metallic coatings of Zn and Al.

Figure 13 shows the electrochemical impedance spectra of
the coatings. In Fig. 13(a), the semicircle of Al coating was
larger than that of Zn coating. The impedance arc radius of Zn-
Al coating was significantly larger than those of the single
metallic coatings, indicating that Zn-Al coating has better
corrosion resistance compared with single metallic coatings
(Ref 48). The electrochemical impedance spectra of Zn and Al
coatings were composed of one large semicircle and one small
arc radius, however, Zn-Al coating has just one large semicir-
cle. Therefore, the electrochemical corrosion mechanisms of
single metal coating and Zn-Al coating were different, dis-
cussing this issue below.

The Bode plots are present in Fig. 13(b) and (c). The
impedance modulus values were almost stable at the low-
frequency range (Fig. 13b). However, the modulus of Zn-Al
coating was higher than that of single coatings at the low-
frequency stage, indicating the anti-corrosion performance of
the coatings was taken in the order of Zn-Al > Al > Zn.
Although the thickness of Zn coating was the largest, Zn
coating exhibited poor corrosion resistance. In Fig. 13(b), there
was a high broad peak for Zn and Al coatings at 41.4 and 49.5�
respectively. However, the phase plot of Zn-Al coating was not
stable, but the phase angle of the coating was relatively higher
than those of single metallic coatings, indicating better
corrosion resistance.

The equivalent circuit diagrams of the three coatings are
shown in Fig. 13(d). The equivalent circuit of Zn-Al coating is
R(QR) type, where Rs was the solution resistance, and Rt and
CPEb represented the charge transfer resistance and the
capacitance at the interface between the solution and the
substrate, respectively. However, the equivalent circuit of single
metallic coating is R(Q(R(QR))) type, where Rb and CPEb were
the resistance and capacitance of the passive layer respectively,
and Rt and CPEt were the charge transfer resistance and
capacitance respectively (Ref 40). Table 3 displays the
electrochemical impedance data of the simulated equivalent
circuit. According to the above data, Zn-Al coating has good
anticorrosion performance due to high corrosion potential and
high width of the capacitive loop (Ref 49).

Fig. 7 Friction coefficient plots of the coatings after the wear test
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The surface of Al coating was off-white, and corrosion
products were formed on the surface of the coating. In the
presence of Cl� in solution, the dense oxide film on the surface
of Al coating is destroyed, the coating was further eroded due
to the large porosity of Al coating, and the corrosion product
was flocculent Al(OH)3, which was not easy to dissolve in the
NaCl solution (Ref 40). The passive film had a good sealing
effect on the porosity, the corrosion product forms an effective
barrier on the coating, the corrosion resistance was greatly
improved, and the corrosion rate was significantly reduced. The
surface of Zn coating was blue-gray, and the surface was
covered with white corrosion products. At the beginning of the
corrosion, due to the rapid penetration of the corrosion medium
with micro defects in the coating, the coating was corroded and
oxidized to form an oxide layer, namely ZnO. The corrosion

products are not easy to diffuse, and the sealing effect is weak.
Zn has a cathodic protection effect on steel, Zn coating was
sacrificially corroded, while the base is not affected. The anti-
corrosion performance of Zn coating depends mainly on its
thickness and microstructure. During the corrosion process, the
spots with different sizes appear on the surface of Zn-Al
coating. There were many white corrosion products, and the
corrosion substances are delicate and loose, which were easy to
peel off. The corrosion products of the coating are mainly
granular, which was similar to the microscopic corrosion form
of Zn coating. When the corrosion occurred, the uneven
corrosive phenomena occurred in the coating due to the rich-Zn
in the Zn-Al coating. The Zn-rich phase was preferentially
dissolved, the corrosion products of Zn were attached to the
surface of Al coating. The phase distribution on the surface was

Fig. 8 Optical micrographs of wear trace of Zn (a) and (a1), Al (b) and (b1), Zn-Al (c) and (c1) coatings after wear test
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uneven, the gaps were formed due to the preferential dissolu-
tion of Zn-rich phase. The Zn-Al coating combined the passive
behavior of Al and the sacrifice of anodic protection of Zn (Ref
24). The thickness of Zn-rich and Al-rich phase layers was
limited, so as the Zn phase dissolved, Al and Zn-Al alloy
phases fell off. The white rust on the surface of Zn-Al coating is

Fig. 9 3D morphology photos of scratches of the coatings after wear test. Zn (a), Al (b), and Zn-Al (c) coatings

Fig. 10 The contour plots of the middle portion of the wear trace

Fig. 11 OCP curves vs. testing time for the coatings
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mainly composed of ZnO and Zn(OH)2, containing a small
amount of oxides Al2O3 and Al(OH)3. The chemical reaction
formula for the cathode is written as follows:

Zn ! Zn2þ + 2e� ðEq 1Þ

Zn2þ þ 2OH� ! ZnðOHÞ2 # ðEq 2Þ

Zn(OH)2 ! ZnO + H2O ðEq 3Þ

Al ! Al3þ + 3e� ðEq 4Þ

Al3þ + 3OH� ! Al(OH)3 # ðEq 5Þ

2Al(OH)3 ! Al2O3 + 3H2O ðEq 6Þ

4. Conclusions

Zn-Al, Zn, and Al coatings were sprayed on the carbon steel
by arc spraying technology. The microstructure, phase identi-
fication, chemical composition, hardness, wear, and corrosion

resistance of the coatings were studied in detail. There are some
main conclusions as follows:

(1) The average thickness of Zn-Al, Zn, and Al coatings
was about 183, 450, and 149 lm, respectively. The
coatings had a lamellar structure, with no evidence of
delamination and cracking. Zn coating was composed of
Zn and a few quantities of oxide. Al coating comprised
Al and Al2O3 phases. Zn-Al coating was composed of
Al and Zn phases, and a few of Zn-Al alloys.

(2) The average microhardness of Zn-Al, Zn, and Al coat-
ings was about 259.88HV, 173.8HV, and 181.69HV,
respectively. The hardness of Zn-Al coatings was higher
than that of single metallic coatings.

(3) The friction coefficients of Zn-Al, Zn, and Al coatings
were 0.5, 0.55, and 0.7, respectively. The wear resis-
tance of Zn-Al coating was better than that of Zn and
Al coatings.

(4) The anti-corrosion performance of Zn-Al coating was
better than that of the single metallic coatings. Zn-Al
coating had the smallest Ecorr value of about � 2.985 V,
indicating that the ability of Zn-Al coating to protect the
cathode as a sacrificial anode was good.

Fig. 12 Polarization curves of (a) Zn, (b) Al, and (c) Zn-Al coatings
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