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The effect of standoff distance on the electrochemical corrosion behavior of Zn-Al
pseudo alloy coating by arc spray on low carbon steel in a seawater environment
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An experimental study of Zn-Al pseudo alloy coatings prepared by twin dissimilar Zn and Al wires using the arc spray process at a different
standoff distance, in order to protect low carbon steel substrates from marine corrosion has been undertaken in the present paper. The
corrosion behavior of a Zn-Al pseudo alloy coating in a seawater solution collected from the Mediterranean Sea (Algerian coast) was
evaluated by open circuit potential (OCP), potentiodynamic polarization, and electrochemical impedance spectroscopy (EIS) tests. The
obtained results reveal that all prepared Zn-Al pseudo alloy coatings can protect the substrate, but the coating obtained at 100 mm standoff
distance with 55.73% Zn and 44.27 % Al presents a better performance in corrosion protection when exposed to seawater solution compared
to Zn-Al pseudo alloy coatings prepared at 120 and 140 mm standoff distances, respectively. A strong correlation is also observed between
corrosion data, porosity fraction, and hardness.
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1. Introduction

Low carbon steel is widely used in a large number of appli-
cations, including automobile frames, pipelines, ship plates,
bridge beams, etc. These applications are driven by man-
ufacturing requirements for their mechanical properties [1].
However, low carbon steel exhibits a low resistance to cor-
rosion, and progressive deterioration of its structure leads to
rust formation and consequent loss of some of its mechanical
properties. Protective coating is the best method of prevent-
ing low carbon steel corrosion [2]. The most widely used
metallic protective coatings are zinc, aluminum, and combi-
nations of Zn and Al [3–8]. Al coating can protect steel for a
long time because it functions as a barrier coating through the
formation of a thin oxide layer (passivating film) [9, 10], but
aluminum is subject to pitting corrosion [11]. Zinc coatings
are widely used in industry; they provide cathodic protection,
with Zn being the sacrificial anode and first corroded rather
than low carbon steel [12, 13]. Therefore, Zn-Al composite
coatings offer the advantage of double protection from cor-
rosion phenomena. At present, a 85% Zn-15% Al alloy has
been widely applied to the metal structure in order to enhance
its resistance to corrosion [14–17]. Several authors have stud-
ied Zn-Al coatings; as an example, H. Seung Leeet al. [18]
reported that the enhanced corrosion resistance properties of
the Zn-Al pseudo alloy coating in a 3.5 wt.% NaCl solution
were observed with prolonged exposure. In Ref. [19], the au-
thors have studied the corrosion behavior of the carbon steel
plates with Zn, Al and Zn-Al thermally sprayed coatings ex-
posed to the coastal area for about 33 years; the high cor-
rosion performance is attributed to the Zn-Al coatings. A
new coating named “Zincal”, produced by different combi-

nations of Zn and Al, is deposited on low carbon steel [20]
presents the best corrosion resistance in humid and salt con-
taining environments. Recently, Zn-Al coating has provided
effective corrosion protection for the S135 drill pipe steel
for different Zn-Al proportions [21]. Different thermal spray
processes, including high-velocity oxy-fuel, plasma, and arc
thermal spray, are widely used for metal, ceramic, and plas-
tic coating in order to improve the surface treated properties.
Thermal arc spray is largely used for Zn, Al, and their al-
loy coatings because it offers several advantages over other
coating processes, such as low cost, high spray rate, and the
ability to be used on-site [22, 23]. As a result, the utilization
of the process in different areas of the industry becomes ubiq-
uitous, such as aero-turbines, automotive engines, oil and gas
exploration, etc. [24, 25]. The principle of the process is to
burst a direct current (DC) arc between two consumable con-
ducting wires; the high temperature of the arc melts the wire
tips, a gas flow atomizes this molten or semi molten mate-
rial, and then propels the resulting droplets toward the sub-
strate to be coated. The properties of the obtained coating
depend strongly on the spray parameters [7,26,27]. The cor-
relation between these parameters and coating properties is
of crucial importance in order to improve the quality of the
obtained coating. In this study, the authors aimed to investi-
gate the effect of the spray parameters, namely the standoff
distance (SOD), on the protective coating formed by using
two dissimilar wires, Zn and Al, in order to obtain a Zn-
Al pseudo alloy coating with a different percentage of zinc
and aluminum deposited on a low carbon steel substrate. The
electrochemical corrosion behavior of the Zn-Al pseudo al-
loy coating exposed to the Mediterranean seawater solution
was estimated using open circuit potential (OCP), DC polar-
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ization, and electrochemical impedance spectroscopy (EIS)
measurements. The porosity fraction and hardness are also
measured in order to correlate with corrosion data.

2. Experimental procedures

2.1. Spray equipment and parameters

This study makes use of a twin wire arc spray gun type ARC-
SPRAY 234 connected to a DC power supply (Metallization
Ltd.) and two sprayed materials: (a) 01E Zinc (99.99%)
1.6 mm in diameter, and (b) 02E Aluminum (99.5%) 1.6 mm
in diameter, both belonging to Metallization Ltd., in order
to produce Zn-Al pseudo alloy coatings on low carbon steel
XC38 disc substrates of 8 and 25 mm in thickness and di-
ameter, respectively. The resulting coating thickness varies
from 300 to 500µm according to the standoff distance. The
experimental setup was presented in our previous work [28].
The test solution used in this study was seawater collected
from the Mediterranean Sea (Algerian coast). Tables I and
II summarize the different spraying parameters used in this
study and the sample designations, respectively.

2.2. Surface morphology

The microstructure of the coatings were studied by scanning
electron microscopy (SEM) JEOL-3660LV model in order to
measure the porosity fraction of the different samples using
dot counting measuring in the cross sectional surface of the
coating. Meanwhile, energy dispersive spectroscopy (EDS)
is used in order to determine the percentage of elements in
the coating.

TABLE I. Twin wires arc spraying parameters [28].

Parameter Value

Arc voltage (V) 38

Arc current (A) 100

Atomizing gas air

Atomizing gas pressure (bar) 3.8

Substrate table rotation (tr/min) 5

Spray distance (mm) 100, 120, 140

Spray duration (s) 30

TABLE II. Sample designations.

Sample designations Standoff distance

E0 Low carbon steel substrate

E1 100 mm

E2 120 mm

E3 140 mm

2.3. Hardness measurement

Hardness measurements were obtained using Vickers micro-
hardness with a load of 200 g for 15 s.

2.4. Corrosion characterization materials

The Zn-Al pseudo alloy coatings (samples) were character-
ized by different techniques. The electrochemical data were
derived using the Volta Lab 40 model combined with the
Volta Master 4 software. The cell used is a conventional
three electrode with the sample as the working electrode with
1 cm2 of exposed area, a saturated calomel electrode (SCE)
as a reference electrode, and a platinum plate electrode as
a counter electrode. All electrochemical experiments were
performed in a seawater solution at room temperature un-
der static and aerated conditions. For open circuit poten-
tial measurements (OCP), the coatings were kept in the solu-
tion for 1 hour in order to establish the free corrosion poten-
tial (Ecorr). The potentiodynamic polarization measurements
were recorded by applying a potential from -1500 mV to
1000 mV with a scanning rate of 5 mV/s. The corresponding
corrosion potential (Ecorr), corrosion current density (Icorr),
and polarization resistance (Rp) were extracted from the plots
using the Tafel extrapolation method. The electrochemical
impedance spectroscopy measurements (EIS) were carried
out in the frequency range from 65 kHz to 10 MHz with re-
spect to the open circuit potential, at a rate of 10 points per
decade change in frequency. The results were fitted to get the
electrical equivalent circuit (EEC).

3. Results and discussions

Compared to the coating prepared by cored wire, the percent-
age of aluminum and zinc in the pseudo alloy coating ob-
tained by twin dissimilar Zn and Al wires using an arc spray
process is unknown. For this reason, and in order to compare
it to the coating prepared by conventional 85% Zn-15% Al,
scanning electron microscopy (SEM) combined with energy
dispersive spectrometry (EDS) analysis was performed on the
cross sectional surface of theE1, E2, andE3 samples to de-
termine the percentage of Zn and Al. Figure 1 summarizes
the obtained results as a histogram. For theE1 (55.73% Zn
and 44.27% Al) sample, the proportion of Zn is significant
compared to that of Al; two factors seemed to account for
this behavior: first, the aluminum low density (2.71 kg/m3),
which is approximately 2.64 times lower than the zinc den-
sity (7.135 kg/m3), and second, the aluminum higher melting
point (660.3 C◦) compared to zinc (419.5 C◦), which may
affect the viscosity of the molten metal droplets and conse-
quently the proportion of Zn and Al in the coatings. The situ-
ation is inverted when the standoff distance increases forE2

(50.2% Zn and 49.8% Al) andE3 (41.115% Zn and 50.055%
Al). This may be explained by a more significant cooling
of molten and semimolten Zn droplets before reaching the
substrate; then they cannot contribute to coating formation.
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FIGURE 1. Zn and Al proportions in the cross sectional surface of
the Zn-Al pseudo alloy coatings.

However, in the case of theE3 sample, the presence of oxy-
gen is caused by the high percentage of aluminum and a
large standoff distance (140 mm), which gives the molten
aluminum droplet enough time to be oxidized.

The first electrochemical characterization of the obtained
Zn-Al pseudo alloy coatings was carried out by open circuit
potential. The OCP measurement is one of the electrochemi-
cal tests used to assess and predict the corrosion performance
of the coating layers. The OCP results indicate the thermo-
dynamic tendency of the coating to electrochemical oxida-
tion/passivation in a corrosive medium, and the objective of
its measurement is to obtain the potential of the coating with-
out influencing the electrochemical reactions on the coating
surface. Following an immersion time, OCP often reaches a
constant value ofEcorr. However, the OCP was employed in
the current investigation to estimate the corrosion potential.
An evolution of the OCP for the three prepared samples at
different standoff distances immersed in seawater solution is
depicted in Fig. 2. We observe a decrease in the OCP of the
three prepared samples, indicating that the corrosion thermo-

FIGURE 2. OCP Evolution of Zn-Al pseudo alloy coatings as func-
tion of immersion time in seawater solution.

dynamic tendency has increased. In regards to theE1 sam-
ple, the OCP curve presents an abrupt decrease and stabi-
lizes after 20 min of immersion time at andEcorr of −1.044
V/SCE. And the OCP of theE2 andE3 samples exhibits a
little decrease, and they stabilized after 20 min at−1.076
and−1.078 V/SCE values of the corrosion potential, respec-
tively. The evolution of OCP between 0 and 20 min can be
attributed to the destruction of a virgin aluminum oxide film
formed during the spray process [5]. It is clear from the
first electrochemical test (OCP) results, that theE1 sample
presents good corrosion protection compared to theE2 and
E2 samples, respectively.

In order to further analyze the corrosion data, the poten-
tiodynamic polarization measurements of low carbon steel
substrate and pseudo alloy coatings corresponding toE1, E2

andE3 samples in a seawater solution at room temperature
under static and naturally aerated conditions are made, and
the corresponding plots are shown in Fig. 3. The shape of the
curves shows that the cathodic branch of the three samples
and the substrate are identical, whereas their anodic branches
differ considerably. We observe the formation of pseudopas-
sive zones forE1, E2 andE3, characterized by a small in-
crease or constant value of current with an increase in poten-
tial (as shown in Fig. 3).

This phenomenon occurs when the protective layer does
not cover the entire surface of the coating or when the pas-
sivating layer is metastable and reacts with the environment.
This explanation confirms the presence of the protective layer
as seen in the OCP data. The values of electrochemical pa-
rameters such as corrosion potential (Ecorr), corrosion cur-
rent density (Icorr), and polarization resistance (Rp) were ex-
tracted from DC polarization curves using Tafel extrapolation
methods and listed in Table III.

The obtained results reveal that the substrate has a higher
positive corrosion potential (-0.930 V) than that of theE1,
E2 andE3 samples. We also observe that the corrosion po-
tential shifts toward more negative values forE1 (−1.058 V),

FIGURE 3. Potentiodynamic polarization curves of Zn-Al pseudo
alloy coatings and low carbon steel substrate as a function of im-
mersion time in a seawater solution.
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TABLE III. Electrochemical parameters obtained from potentiody-
namic polarization cureves: Corrosion potential (Ecorr), corrosion
current density (Icorr), polarization resistance (Rp).

Sample Ecorr Icorr Rp

(V) (mA.cm2) (ohm.cm)

E0 −0.930 6.89 1730

E1 −1.058 6.55 1240

E2 −1.155 10.79 865.42

E3 −1.265 38.15 301.56

E2 (−1.155 V) andE3 (−1.265 V) when the SOD increases.
It can be seen from these corrosion potentials that the pro-
tection of low steel substrates is made by a sacrificial anode,
because this protection is more favorable when the corrosion
potential is high (E1). On the other hand, the corrosion cur-
rent increases when the standoff distance increases; it ranges
from 6.55µA.cm−2 for theE1 sample to 10.79µA.cm−2 for
theE2 sample, and nearly six times higher for theE3 sam-
ple at 38.15µA.cm−2. Inversely to the corrosion current, the
polarization resistance decreases as follows: 1240 ohm.cm,
865.42 ohm.cm and 301.56 ohm.cm with standoff distances
of 100, 120, and 140 mm, respectively. Therefore, lower cor-
rosion current and higher polarization resistance values trans-
late into a lower corrosion rate. The sample prepared at 100
mm presents good cathodic protection through a sacrificial
anodic action and long term corrosion protection through a
barrier effect. The standoff distance and the percentage of
aluminum and zinc in the pseudo alloy coating have no sig-
nificant influence on the shape of the anodic and cathodic
branches of the potentiodynamic polarization curve, but the
difference is noticeable in the value of the corrosion potential.
Figure 4 presents a plot depicting the variation of the corro-
sion potential and hardness versus the porosity fraction for
three prepared samples at different standoff distances. Two

FIGURE 4. Corrosion potential and hardness variation versus
porosity fraction of Zn-Al pseudo alloy coatings.

distinct rates of decline are observed in Fig. 4. This evolution
can be attributed to two phenomena: the first is the solidifica-
tion of the molten particles before reaching the substrate, and
the second is the oxidation of the molten aluminum droplet;
consequently, the coating defects increase. For the first re-
sults, we observe that theE1 simple prepared at 100 mm
standoff distance by a proportion of 55.73% Zn-44.27% Al
presents low porosity. A strong correlation is observed be-
tween the three parameters hardness, corrosion potential, and
porosity fraction when the satndoff distance varies. In ac-
cordance with the results presented above, we observe that
the pseudo alloy coating obtained at 100 mm (E1) stand-
off distance with 55.73% Zn-44.27% Al presents a small
improvement in resistance to marine corrosion phenomenon
(−1.058 V) compared to coating deposited by the same
process with conventional 85% Zn-15% Al alloy (−1.267,
−1.235, and−1.112 V) [16,17,29].

In order to gain a better understanding of the corrosion
mechanism, we report in this paragraph the results obtained
from electrochemical impedance spectroscopy (EIS), which
allows us to represent the data in an electrical equivalent cir-
cuit and helps us to understand both the resistive and capaci-
tive behaviors of the electrode/electrolyte interface. The mea-
sured EIS plots of various samples are depicted as Nyquist
plots in Fig. 5 and as Bode plots in Fig. 6. From the first ob-
servation, it can be seen that the shapes of the EIS plots of
the three samples were different, which implies that the cor-
rosion process follows different mechanisms. The Nyquist
plots show that theE1 sample presents a single capacitive
semicircle with a large radius at high frequencies. The ra-
dius in EIS is an important indicator to evaluate the corrosion
resistance of the coating. The large radius of the semicir-
cle means a lower corrosion rate [30]. The single capacitive
semicircle indicates that the corrosion process is mainly con-
trolled by charge transfer.

This behavior has been observed in several coating sys-
tems in which the coating is very dense [31], which is the
case of theE1 sample, that present a dense structure, as pub-
lished in our previous research [28], and also exhibit a low

FIGURE 5. Nyquist plots for Zn-Al pseudo alloy coating.
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TABLE IV. Electrochemical parameters extracted from EIS spectra using the equivalent circuit in Fig. 7.

Sample Rs Rpore Rct Q−c in 10−3 nQ−c Q−dl in 10−2 nQ−dl W

(ohm) (ohm) (ohm) (F.sn−1) (F.sn−1) (ohm.s−0.5)

E1 6.874 384.5 ... 0.409 0.52 ... ... 15.01

E2 4.46 156 124 0.586 0.46 1.11 0.68 ...

E3 5.563 120.4 112.5 1.112 0.45 2.8 0.68 ...

porosity fraction. ForE2 andE3 samples, we observe two
semicircles on the Nyquist plot. The first one corresponds
to the high frequency (HF) range, which is reflected in the
dielectric behavior of the coating, and the second semicircle
corresponds to the low frequency (LF) range, attributed to the
corrosion process [32]. The first semicircle corresponding to
theE2 sample is larger than that of theE3 sample, implying
that theE2 sample exhibits better resistance to the corrosion
process.

The Bode plot (Fig. 6) indicates the presence of one in-
flection point for theE1 sample. It means that the system
shows a one time constant. But forE2 andE3, the Bode plots
present two inflection points corresponding to two time con-
stants. An examination of the various electric equivalent cir-
cuits (EEC) indicates that the best-fit of these curves (Figs. 5,
6) is given in Fig. 7, and the electrochemical parameters of
the EEC are summarized in Table IV.

According to Fig. 7, we observed the presence of a ba-
sic circuit in the diagram of the EEC of the three samples.
This basic circuit consists of the following elements:Rs rep-
resents the solution resistance that appeared between the ref-
erence electrode and the surface of the coated sample, the
dielectric property of the coating is represented by a pair of
elements:Q−c constant phase element of the coating; and the
Rpore resistance to current flow through the pores of the coat-
ing. For theE1 sample [Fig. 7a)], we observe the presence of
Warburg impedanceW in addition to the basic circuit. Gen-
erally, Warburg impedanceW behavior appears when charge
transfer is influenced by a semi-infinite length diffusion pro-

FIGURE 6. Bode plots for Zn-Al pseudo alloy coating.

cess occurring through the coating defects [33]. WhenRpore

has an important value and the coating has a denser structure,
as in the case of theE1 sample [28], the ion mass transfer
between the active zone and aggressive solution via a coat-
ing defect (pores) is restricted, which leads to the Warburg
impedanceW behavior [34]. The electric equivalent circuit
of theE2 andE3 samples [Figs. 7b) and 7c)] shows the pres-
ence of a pair of elements in parallel, the charge transfer resis-
tanceRct andQ−dl, which is the constant-phase element of
the electric double layer, in addition to the basic circuit. This
EEC is proposed in Refs. [33,35] for two sub-electrochemical
interfaces.

As shown in Table IV, the values ofRpore for the three
samples are inversely proportional to the standoff distance
for this range of values. This result is related to the porosity
rate obtained in different samples that were published in our
work in Ref. [28].

When SOD decreases, the porosity rate of the same sam-
ple E1 decreases, and the transfer charge of electrolyte into
the coating through the pore becomes more difficult, conse-
quently increasing the pore resistance. In the case of theE2

andE3 samples, the obtained results indicated that theRct

increases while theQ−dl decreases when the standoff dis-
tance decreases (Table IV). Effective corrosion resistance is
associated with highRct and lowQ−dl values [36]. Accord-
ing to these results, we conclude that theE2 sample presents
good corrosion resistance compared to theE3 sample.

FIGURE 7. Electrical equivalent models representing the electro-
chemical behavior circuit of Zn-Al pseudo alloy coatings.
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4. Conclusion

In this study, low carbon steel substrates were coated with
a Zn-Al pseudo alloy using two dissimilar arc sprayed wires
(Zn and Al) at different standoff distances. The Zn-Al pseudo
alloy coating is used to protect low carbon steel substrates
from marine corrosion. From the present investigation, the
most relevant conclusions are summarized as follows:

• The percentage of zinc and aluminum in the obtained
pseudo aloy coating depends on the standoff distance.

• In accordance with the corrosion test results, open cir-
cuit potential, DC polarization, and electrochemical

impedance spectroscopy, the three Zn-Al pseudo alloy
coatings can protect the substrate.

• A strong correlation is observed between the three pa-
rameters corrosion potential, hardness, and porosity
fraction when the standoff distance is varied.

• A better performance for corrosion protection is at-
tributed to the coating obtained at 100 mm standoff
distance with 55.73% Zn-44.27% Al.

• The E1 sample presents a small improvement in cor-
rosion phenomena compared to the coating prepared
with the conventional 85% Zn-15% Al alloy.
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