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In the present work, zinc (Zn) coating was developed on an interstitial-free (IF) steel from Zn sulfate bath
using direct current (DC) and pulse current (PC) electrodeposition techniques at different current densities
of 10, 30, and 60 mA/cm2. The x-ray diffraction (XRD) analysis of the coatings reveals that the higher
atomically dense (0002) crystal plane of the pure Zn in the PC deposits is pronounced as compared to the
DC deposits. The scanning electron microscopic (SEM) study displays finer and compact morphology of the
PC deposits as compared to the DC deposits. The electrodeposits change from coarser to finer morphology
with an increase in current density in both the electrodeposition techniques. All the PC deposits show a
higher water contact angle (WCA) as compared to the DC deposits at each applied current density. The
finer and compact coating morphology, higher WCA values with the dominance of a higher atomically
dense (0002) crystal plane as well as the higher fraction of simonkolleite phase lead to the higher corrosion
resistance of the PC deposits than the DC deposits.
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1. Introduction

Zinc is widely used as a sacrificial anodic coating on ferrous
components for corrosion protection. Moreover, Zn coating acts
as a sacrificial anode and provides cathodic protection to the
steel (Ref 1, 2). Zn-coated steel products are employed in a
wide range of applications, such as the automobile industry,
harbor facilities, outdoor exposition, transmission power lines,
and construction sectors (Ref 1). Most of the commercially
available Zn-coated steels are produced by traditional coating
technologies, such as hot-dip galvanization, spraying, and
thermal process (Ref 1, 2). However, they have their own
limitations. For example, the hot-dip galvanization process is
applicable for large-scale production. However, it is not
suitable for small-sized parts due to higher production costs
and limitations to obtain reduced coating thickness for rela-
tively non-corrosive applications. Moreover, the hot-dip galva-
nization process requires a high processing temperature and
expensive equipment to produce Zn coatings (Ref 3). In
addition, the commercially produced Zn coatings are smooth,
soft, and have a greater tendency to mechanical damage (Ref 1,
2). Therefore, easy-to-produce coatings with novel coating
structure and morphology are required to improve the physical,
chemical, mechanical, and electrochemical properties. Among

all the coating technologies, electrodeposition is one of the
most economic and environmentally friendly processes for
producing thinner metallic coatings for various applications
(Ref 3-5). Moreover, the electrodeposition process can easily
produce the desired coatings at room temperature (Ref 3-5).

Electrodeposited coatings are mostly used in small- and
medium-sized applications, such as nuts, bolts, bicycles, and
automobile body parts. In recent years, direct current (DC) and
pulse current (PC) electrodeposition techniques are widely
recognized for their effectivity in making better coating quality
and performance in various applications (Ref 3-5). In addition,
continuous electroplating process is also available for produc-
ing Zn-coated steel sheets with excellent surface finish, making
this product ideal for application in exterior body panels of
automobiles (Ref 1-5). In general, heavier electrodeposited Zn
coatings are predominantly used for automobile body parts,
whereas thinner electroplated coatings are preferred for indoor
applications, where corrosion atmosphere is not acute (Ref 1,
5).

Assaf et al. (Ref 6) have documented the effect of
electrodeposition parameters, such as current density, bath
composition, temperature, and pH, on the electrodeposition of
Zn on the steel substrate. They have suggested that the
electrodeposited Zn coatings prepared at lower current densities
(< 3 mA/cm2) and concentration of Zn ions (<5 g/dm3) affect
the coating morphologies and surface defects due to insufficient
cathodic current efficiency for Zn deposition. Similarly, Chen
et al. (Ref 7) have studied that the PC deposition process is
better for improving the properties of the electrodeposited
coating due to its higher instantaneous current density than the
DC deposition process. They have also suggested that the
practical current limit for the PC could be much higher than the
DC deposition. Some of the studies have also documented that
the PC deposition provides a smooth and compact coating with
less porosity and better mechanical properties, such as hardness
as well as ductility (Ref 8). Al-Dhire et al. (Ref 9) have also
reported that the PC deposition facilitates the fineness of the
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coating structure and results in better corrosion resistance as
compared to the coatings produced by the DC deposition. They
have also suggested that grain refinement occurs during the PC
due to the higher nucleation rate on the substrate surface.

Moreover, the corrosion properties of Zn coatings not only
depend on process parameters, but also on the texture
(crystallographic orientation) of the coating. Scully et al. (Ref
10) have demonstrated that the orientation of the Zn coating
related to the (0002) crystal plane shows higher corrosion
resistance than other crystallographic orientations. They have
also suggested that the (0002) crystal planes have a higher
binding energy of the surface atoms (closed packed plane),
resulting in higher resistance to dissolution. However, the
reported studies have not elaborated on the effect of applied
current densities on the texture and corrosion behavior of Zn
electrodeposits obtained from Zn sulfate bath by the PC and
DC deposition techniques.

Nowadays, hydrophobicity on the metal surface has
attracted a lot of attention due to its anti-corrosion, anti-fouling,
and self-cleaning applications (Ref 11-13). The hydrophobic
properties of the solid surfaces are influenced by surface
morphology and geometric structure of the surface. The water
contact angle (WCA) between the water droplet and surface
greater than 90o is commonly called hydrophobic surface (Ref
11-13). Creating the hydrophobic surface on the metal surfaces
can be done in two ways: creating a rough structure and another
modifying a rough surface by chemical compounds with low
surface energy (Ref 11-13). Several methods, such as lithog-
raphy, hydrothermal, chemical, and sol–gel, are used to create
an artificial hydrophobic surface on metallic substrates (Ref 11-
13). However, these methods are very expensive and at times,
complicated. Therefore, electrodeposition can be considered as
an effective process for the fabrication of hydrophobic surfaces
(Ref 11, 14). It would be interesting to check the hydropho-
bicity of the electrodeposited Zn coating. However, no
elaborate analysis has been carried out on the hydrophobic
properties of the DC and PC deposition of pure Zn coating
developed from the sulfate bath at various current densities.

The current work focuses on the effect of current densities
(10, 30, and 60 mA/cm2) on morphological characteristics and
corrosion properties of the electrodeposited Zn coatings
prepared using the DC and PC deposition techniques. In
addition, an elaborate discussion on the hydrophobic behavior
of the developed Zn coatings has been carried out. Moreover,
the comparative analysis of the electrodeposited Zn coatings
and hot-dip galvanized (GI) steel based on coating structure and
corrosion property has been successfully elaborated.

2. Experimental Procedure

Interstitial-free (IF) steel with the dimensions of
259 259 2 mm3 was used as substrate material for the
electrodeposition process. The chemical composition of the

IF steel obtained by the optical emission spectrometry (Spectro
Maxx) is shown in Table 1. Prior to the electrodeposition
process, each steel sample was mechanically polished with
silicon carbide (SiC) emery papers up to 2000 grit size. The
samples were cleaned with methanol using an ultrasonic
cleaning process for 10 min. Finally, the steel samples were
rinsed in deionized water and dried by a hot-air blower. For
electrodeposition, one side of the steel sample was covered with
nail paint, while the other side of the sample was subjected to
deposition.

After completion of sample preparation, the steel samples
were immediately dipped into the prepared electrolyte solution
for the prevention of the oxide layer formed on the polished
surface. In the deposition process, the IF steel and 99% of pure
Zn were used as cathode and anode, respectively. The area of
the anode (Zn strip) was taken to be 2-3 times larger than the
cathode material (substrate) to avoid the problem of anodic
polarization of Zn, especially at high current densities (Ref 3-
5). DC and PC deposition were carried out using a DC machine
(Aplab-L6430) and potentiostat (PARASTAT 2273), respec-
tively. In this investigation, a sulfate bath was used for Zn
deposition due to its good solution stability, higher current
efficiency, and less energy consumption (Ref 14, 15). The
optimized chemical composition of the electrolyte bath and
operating parameters for the DC and PC deposition are depicted
in Table 2.

During the electrolyte bath preparation, the boric acid
(H3BO3) powder was poured into the deionized water followed
by stirring at a speed of 500 rpm for 20 min for complete
dispersion of the powder. Then, both Zn sulfate (ZnSO4.7H2O)
and potassium chloride (KCl) were added to the solution and
stirred again for 15 min at 500 rpm. After homogenization of
the bath, the pH of the solution was maintained at 9-10 with the
addition of the required ammonia hydroxide (NH3OH). For
each electrodeposition test, 300 ml of fresh electrolyte was
used. All the electrodeposition tests were carried out at bath
temperature of 30 �C at a stirring speed of 300 rpm. After
completion of the electrodeposition, the coated sample was
rinsed in deionized water and dried.

Moreover, to evaluate the developed electrodeposited coat-
ing properties with hot-dip galvanized (GI) coating, a GI-IF
steel sample was employed as the reference material. Galva-
nizing was done by utilizing a typical hot-dip galvanized Zn-Al
bath (99% Zn, 0.18% Al). A commercial hot-dip process
simulator (HDPS) (M/s. Iwatani Surtec, GmbH, Germany) was
used to perform the galvanizing operation. The process
parameters used for the hot-dip galvanizing experiment in the
current study were already reported in our earlier work (Ref
16).

The electrodeposited as well as the GI steel sheets were
mounted transversely using resin powder to characterize the
cross-sectional coating structure. The samples were then
polished by a silicon carbide paper with a grit size of 2000,
followed by cloth polishing with a 1-l-sized diamond paste. It
should be mentioned that methanol was used instead of water

Table 1 Chemical composition of IF steel (wt.%)

C Si Mn P S Cr Mo Al Fe

0.042 0.020 0.21 0.016 0.021 0.014 0.007 0.030 Balance
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for polishing Zn-coated samples because Zn is extremely
sensitive to water. The coating surface and cross-sectional
morphology of the electrodeposited Zn coatings on the steel
substrate and the GI steel sheet were characterized by a
scanning electron microscope (SEM Nova Nano-450). The
chemical composition of the electrodeposited coatings and the
GI steel sheet was analyzed by the energy-dispersive spec-
troscopy (EDS) technique attached to the SEM instrument. The
phase analysis of the developed coatings was performed using
x-ray diffraction (PANalytical XRD). XRD patterns were
obtained using CuKa radiation (wavelength = 0.154 nm) with
a scan rate of 0.01� s�1. In addition, the XRD operations were
conducted with an accelerating voltage and filament current of
40 kVand 40 mA, respectively. Moreover, in the present study,
the relative texture coefficient (RTC (hkil)) of all the electrode-
posits along with the GI coating was estimated for five crystal
planes of Zn by the following formula (Ref 11, 16).

RTC hkilð Þ %ð Þ ¼
I hkilð Þ=I0 hkilð Þ

P
I hkilð Þ=I0 hkilð Þ
� �� 100 ðEq 1Þ

where I(hkil) and I0(hkil) are peak intensities corresponding to the
diffracted planes of Zn coatings derived from the XRD results,
and the standard peak intensity of Zn derived from the JCPDS
data, respectively.

A Vickers hardness tester (Bareiss Prufgeratebau GmbH)
was used to measure the microhardness of all the samples, with
a load of 10 g and a dwell time of 10 s. The reported hardness
value is the average of ten measurements taken from each
sample in order to ensure the consistency of measured data.

Atomic force microscope (AFM-AC160TSAR3 model) was
used in contact mode with a silicon nitride (SiN) tip to reveal
the surface roughness and three-dimensional surface topogra-
phy images of all the coatings along with the steel substrate.
The reported roughness values were the average of ten
roughness data determined at different locations of the same
coated sample.

Static water contact angles (WCA) of coatings along with
steel substrate were measured by VCA Optima Inc., USA,
contact angle (CA) goniometer for estimation of the wettability
properties at room temperature. The average WCA values were
obtained by measuring eight different locations of the same
coating surface. The deionized water with a volume of 4 ll was
used for the WCA measurements with a dosing rate of 1 ll/s.

The electrochemical impedance spectroscopy (EIS) and
Tafel polarization tests were used to analyze the electrochem-
ical behavior of all the coated samples at room temperature in
freely aerated 3.5% NaCl solution using a potentiostat

(PARASTAT-3000A). A classical three-electrode cell setup
was used for electrochemical tests. In this study, the sample,
platinum electrode, and saturated calomel electrode served as
working electrode, counter electrode, and reference electrode,
respectively. Before each electrochemical measurement, the
working electrode was allowed to stabilize in the electrolyte for
one hour. This is called open-circuit potential (OCP). The EIS
measurements were taken in the frequency ranges of 105-
10�2 Hz with a signal perturbation amplitude of ± 10 mV.
Similarly, Tafel polarization was carried out at the potential
range of � 250 to + 250 mV with respect to OCP with a scan
rate of 0.166 mV/s. The corrosion rate was measured by using
Faraday�s law (ASTM G102) (Ref 17):

Corrosion rate mm=yð Þ ¼ icorr � 0:00327� EW

q
ðEq 2Þ

where icorr is the corrosion current density (lA/cm2), EW is the
equivalent weight and q is the density of the element (g/cm3).
The morphology of the corroded surface of all the coatings
along with the substrate was characterized by SEM. In addition,
after the Tafel polarization tests, the corroded bulk samples
were directly subjected to the Fourier transforms infrared
spectroscopy (FTIR, PerkinElmer Spectrum 2 IR spectrometer)
for phase analysis of the corrosion products.

In the current investigation, DC deposition at the current
densities of 10, 30, and 60 mA/cm2 are referred to as DC 10,
DC 30, and DC 60, respectively, as well as PC deposition at the
current densities of 10, 30, and 60 mA/cm2 are referred to as
PC 10, PC 30, and PC 60 mA/cm2, respectively.

3. Results and Discussion

3.1 Substrate Characterization

Figure 1(a) and (b) shows the SEM (SE) micrograph and
XRD pattern of the IF steel. The microstructure of steel
substrate is mainly comprised of ferrite grains (Fig. 1a) due to
very low carbon content (0.042 wt.%) (Table 1). Moreover, the
XRD pattern (Fig. 1b) of the steel substrate also confirms the
presence of crystalline BCC structure of a-ferrite phase with
predominant planes of (110), (200), and (211).

3.2 XRD Analysis of Coatings

XRD patterns of the GI steel, as well as the DC- and PC-
deposited coatings, are shown in Fig. 2(a). These XRD patterns
reveal the presence of crystalline hexagonal (hcp) structure of
pure Zn phase with crystal planes of (0002), (10 10), (10 11),
(10 12), and (11 2 0) at respective positions of 36.5, 39.1, 43.4,
54.5, and 70.5�, respectively. The XRD pattern of pure Zn has
been confirmed by the JCPDS card no.1930909. This corrob-
orates well with the earlier investigation (Ref 16). Figure 2(a)
also shows the difference in the relative peak intensities of the
XRD patterns of all the coatings. To further understand the
variations in the relative peak intensities of all the coatings, the
RTC values have been calculated and are reported in Table 3. It
can be shown from Table 3 that all of the DC deposits have the
highest RTC value for (10 11) crystal plane. This suggests that
the growth of the DC-deposited Zn coatings would be more
favorable on (10 11) crystal plane. However, the predominance
of mixed texture corresponding to (10 11/0002) planes could be

Table 2 Chemical composition of electrolyte bath and
deposition conditions

Zinc sulfate, ZnSO4.7H2O 150 g/l

Potassium chloride, KCl 50 g/l
Boric acid, H3BO3 25 g/l
Ammonia hydroxide, NH3OH 2 g /l
Temperature 30 �C
Current density, both DC and PC 10, 30 and 60 mA/cm2

Plating time 20 min (both DC and PC)
Pulse on-/off-time, ms 60/240 ms
pH 9-10
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seen in all the PC deposits (Table 3). This implies that the
crystal growth of the PC-deposited Zn coatings was predom-
inant in the (10 11) and (0002) planes. Different crystal planes
have different electrochemical activities, resulting in different
growth rates for each crystal plane. According to the literature

(Ref 16, 18), it has been shown that (0002) is the atomically
dense plane in Zn. It is interesting to note that in the PC
deposition process, 33-41% of the coating is oriented parallel to
the (0002) crystal plane as compared to 6-9% in the DC
deposition process (Table 3). This indicates that the PC-
deposited coatings are more atomically dense than the DC-
deposited coating since the growth of coated surface of the DC
deposits occurs on (10 11) crystal plane. As a result, the
dominance of the (0002) crystal plane in the PC deposits
indicates compact coating morphology and strong interfacial
bonding between the substrate and coating (Ref 16, 18).
Furthermore, when the deposition current density is increased
from 10 to 60 mA/cm2, the RTC values for the (0002) crystal
plane of the PC deposits increase significantly. However, this is
not the case with the DC deposits (Table 3). This indicates that
for higher pulse current, the most atomically dense (0002)
crystal plane is preferred. In the DC deposits, however, the RTC
value for the atomically dense (0002) crystal plane is very low
because of the predominance of the (10 11) crystal plane
(Table 3).

In the GI steel, the (0002) crystal plane has the highest RTC
value (64%) compared to all the other electrodeposited coatings
(Table 3). This suggests that the highest atomically dense
(0002) crystal plane of the GI coating has a higher surface atom
binding energy, as well as strong interfacial bonding.

Furthermore, the lattice strains (d%) for all the coatings have
been determined using the following formula (Ref 11, 16) with
respect to the (0002) crystal plane:

d% ¼
ðdn 0002ð Þ � d0 0002ð ÞÞ

dn 0002ð Þ

� �

� 100 ðEq 3Þ

Fig. 1 (a) SEM (SE) micrograph and (b) XRD pattern of the IF steel substrate

Fig. 2 (a) XRD patterns of all the developed coatings. (b) RTC and
lattice strain (%) of DC- and PC-deposited coatings with respect to
current densities (10, 30, and 60 mA/cm2) as well as GI coating

Table 3 The calculated relative texture coefficient (RTC)
values from the XRD results

Sample (0002) ð1010Þ ð1011Þ ð1012Þ ð1120Þ

GI 64 2 12 6 16
DC 10 6 6 63 15 10
DC 30 9 6 59 15 11
DC 60 9 9 65 10 7
PC 10 33 11 39 9 8
PC 30 35 10 36 9 10
PC 60 41 7 40 6 6

2996—Volume 32(7) April 2023 Journal of Materials Engineering and Performance



where d
n(0002)

and d
0(0002)

represent the lattice spacings of the
(0002) crystal plane of the Zn substrate (unstrained) and the
developed Zn coatings (strained), respectively. Figure 2(b)
shows the variation in RTC

(0002)
and lattice strains developed

on all coatings. Among all the coatings, a higher RTC
(0002)value for the GI coating corresponds to a lower strain value,

indicating that the atomically dense (0002) crystal orientation is
significantly favored over other crystal orientations. Moreover,
it has also been demonstrated that the (0002) crystal plane can
accommodate less strain than other Zn crystal planes (Ref 16,
18). This suggests that the GI coating is mechanically stronger
than other developed coatings. However, the PC deposits have
lower strains than the DC deposits due to the dominance of the
atomically dense (0002) crystal plane (Fig. 2b).

3.3 Microstructural and Compositional Analysis

It can be observed that the coating surface of the GI coating
(Fig. 3a) has compact and uniform morphology. The EDS
elemental mapping corresponding to the GI steel as shown by
rectangle region in Fig. 3(a) reveals a Zn-rich phase throughout
the coated surface (Fig. 3b). Pure Zn nature has been also
confirmed by XRD results (Fig. 2). Similarly, the cross-
sectional micrograph of the GI coating is shown in Fig. 3(c),
and it can be observed that the coating has good adherent to the
substrate without the presence of pores. The coating thickness
is indicated by a double arrowhead (Fig. 3c). The average
thickness of Zn coating in GI is 21.70 lm. Similarly, the
elemental mapping corresponding to the cross-sectional GI
coating (as shown by rectangle region in Fig. 3c) reveals the
presence of Zn throughout the coating cross-section without the
presence of Fe (Fig. 3d). This is obvious in the GI coating.
Moreover, a very thin Al-rich layer as inhibition layer is present
at the substrate–coating interface. This prevents the diffusion of
Fe into Zn coating (Fig. 3d) (Ref 1, 2).

Figure 4(a) shows the top surface morphology of the PC-
deposited coating obtained at 60 mA/cm2. The uniform distri-
bution of finer Zn crystals throughout the coating surface can be

observed. The elemental mapping of the coated surface (as
shown by rectangle region in Fig. 4(a)) reveals the presence of
a Zn-rich phase throughout the surface (Fig. 4b). Similarly,
Fig. 4(c) displays the coating cross-section of Zn deposit
prepared at PC-60 mA/cm2. The coating cross-section mor-
phology shows good adherence to the substrate with an average
thickness of 21.55 lm. The coating thickness region is
indicated by a double arrowhead in Fig. 4(c). Furthermore,
the elemental mapping of Zn also reveals its uniform distribu-
tion in the coating with negligible Fe in the coating (Fig. 4d).

Figure 5 shows the top surface morphologies of the DC- and
PC-deposited coatings obtained at various current densities of
10, 30, and 60 mA/cm2. Uniform distribution of Zn crystals can
be observed throughout the coating surface. ImageJ analysis
software has been used to estimate the average grain size of the
deposited coatings at each current density. The average grain
sizes of the DC-deposited coatings at 10, 30, and 60 mA/cm2

are calculated to be 5.95 ± 0.65, 5.80 ± 0.44, and
5.73 ± 0.041 lm, respectively. Similarly, the average grain
sizes of the PC-deposited coatings at 10, 30, and 60 mA/cm2

are 4.20 ± 0.30, 4.01 ± 0.33, and 3.89 ± 0.45 lm, respec-
tively. Hence, it can be realized that the average grain size of
the coatings prepared using the PC deposition process is
slightly finer as compared to the DC-deposited coatings at each
current density. Higher electrode over-potential results in higher
pulse peak current and accompanying increase in nucleation
rate on the cathode electrode surface, leading to inhibition of
crystal growth (Ref 4, 19). Therefore, it can be concluded that
the presence of the preferred (0002) crystal plane in the PC
deposits has a significant influence on the grain size as well as
the compactness of the electrodeposited coating.

In addition, it can also be observed that the surface
morphologies of the DC and PC deposits have changed slightly
from coarser to finer with an increase in current density from 10
to 60 mA/cm2 (Fig. 5a-f). This attributes to the higher nucle-
ation rate with higher current density, leading to grain refining
(Fig. 5). A similar trend has also been reported by Tozar et al.
(Ref 20) and Ghaziof et al. (Ref 21) for the Zn-Ni coating.

Fig. 3 (a) SEM (SE) micrograph of the GI coating surface and (b) corresponding area elemental mapping of Zn. (c) Coating cross-section of
the GI steel and (d) corresponding elemental mapping of Zn, Fe, and Al
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Fig. 4 (a) SEM (SE) micrograph of the PC coating surface prepared at 60 mA/cm2 and (b) corresponding area elemental mapping of Zn. (c)
Cross-section of the PC coating prepared at 60 mA/cm2 and (d) corresponding elemental mapping of Zn and Fe

Fig. 5 SEM (SE) top surface micrographs of Zn coating prepared by DC deposition method at (a) 10, (b) 30 and (c) 60 mA/cm2 as well as PC
deposition method at (d) 10, (e) 30 and (f) 60 mA/cm.2
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It is also worth mentioning that the coating morphologies of
all the PC deposits show a finer and compact structure as
compared to the DC deposits. In the DC deposition method,
constant current density allows more time for the double layer
to get charged and stabilized. As a result, Zn ions could migrate
to the most stable position for favorable grain growth. In the PC
deposition method, the double layer does not have enough time
to get fully charged during the on-time (60 ms). It also
discharges during the off-time (240 ms). As soon as one pulse
cycle is completed, the next pulse arrives very quickly,
resulting in very thin pulse diffusion layers making transporta-
tion/diffusion of migrating ions from the solution to the steel
substrate difficult. Hence, insufficient time is available for the
electrical double layer at the substrate and coating interface for
charging and discharging during pulse on- and off-time,
respectively (Ref 4, 22, 23). This would control the coating
growth rate with enhanced nucleation rate, resulting in finer and
compact coating in the PC deposits.

Figure 6(a-f) shows the SEM (BSE) micrographs of the
cross-sectional coatings obtained from both the DC and PC
deposition techniques on the IF steel at various current densities
(10, 30, and 60 mA/cm2). On the SEM micrographs (Fig. 6a-f),
the coating thickness is indicated by a double arrowhead. The
average thickness of the DC deposited coatings is higher than
that of the PC-deposited coatings at each applied current
density despite the fact that the deposition time (20 min) is the
same for all DC- and PC-deposited coatings (Fig. 6a-f). The
DC deposition process is continuous since the applied current
density is constant leading to thicker coating, whereas the PC
deposition process is discontinuous because of the on- and off-
time pulse cycle producing thinner coating. In addition, the
thickness of the coating increases with an increase in current
density for both the DC and PC depositions (Fig. 6a-f). It has
been documented that the amount of substance that deposits on
the electrode surface during the electrolysis process is directly
related to the amount of charge that passes through the cell (Ref
4, 24). This suggests that a higher applied current density (from
10 to 60 mA/cm2) results in more deposition. Furthermore,
Fig. 6(a-f) shows that all of the coatings have pores (as shown
by arrow marks). When comparing DC and PC deposits,
thorough observation reveals that the DC deposits have a

significantly larger pores, and as the coating thickens, making it
porous and loosely bonded (Fig. 6a-c). However, while small
pores can be seen on the coating cross-sections in the PC
deposits (Fig. 6d-f), the coating is more compact, and the
visible pores are not deep.

3.4 Surface Roughness and Microhardness Study

Figure 7 shows the 3D AFM topographic images of the GI
coating as well as the DC- and PC-deposited coatings along
with the steel substrate. The coatings obtained from the DC
deposits (Fig. 7c-e) look coarser as compared to the PC
deposits (Fig. 7f-h) at each current density of 10, 30, and
60 mA/cm2. The average roughness (Ra) values of the polished
steel substrate and GI coating have been measured to be 4 and
37 nm, respectively (Fig. 7a and b). However, the coatings
obtained from the DC process at 10, 30, and 60 mA/cm2 show
the average Ra values of 111, 110, and 112 nm, respectively
(Fig. 7c-e). Similarly, the average Ra values of the PC-
deposited coatings obtained at 10, 30, and 60 mA/cm2 are
112, 113, and 115 nm, respectively (Fig. 7f-h). By comparing
the Ra values of the coatings obtained from the DC and PC
deposits, the PC-deposited coatings show comparatively little
higher Ra values than that of the DC deposits. This can also be
verified from the morphologies of the coatings observed by
AFM topography images. Moreover, the values of the average
maximum height of roughness (Rz) of the PC deposits at 10, 30,
and 60 mA/cm�2 are 615, 656, and 698 nm, respectively.
Similarly, the average Rz values of the DC deposits at 10, 30,
and 60 mA/cm�2 are 610, 580, and 619 nm, respectively. The
higher roughness in the PC-deposited coatings as compared to
the DC deposits has been observed in spite of finer and compact
morphology in the formers. The higher roughness in the
electrodeposited coatings as compared to the GI coating is
obvious since the deposition is based on the bombardment of
Zn ions against the cathode at different deposition parameters,
like solution nature, deposition current density, nucleation rate,
etc. (Ref 3-5).

In order to observe the symmetry of the coating morphol-
ogy, the values of skew roughness (Rsk) of all the electrode-
posits along with the substrate and GI coating are presented in

Fig. 6 SEM (BSE) cross-sectional micrographs of Zn coating prepared by DC deposition method at (a) 10, (b) 30 and (c) 60 mA/cm2 as well
as PC deposition method at (d) 10, (e) 30, and (f) 60 mA/cm.2
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Fig. 7(i). The GI coating shows the Rsk value of 0.143, whereas
the substrate depicts the Rsk value of � 0.2. The obtained Rsk

values for the DC deposits at 10, 30, and 60 mA/cm2 are 0.157,
� 0.014, and � 0.179, respectively. Similarly, the Rsk values
are � 0.086, � 0.007, and � 0.119 for the PC deposits
prepared at 10, 30, and 60 mA/cm2, respectively. Generally, if
the skewness value of a specific coating is equal to zero (i.e.
Rsk � 0), the coating has perfect symmetry (uniform distribu-
tion of grains). This means that the PC-deposited samples have
more symmetrical coating morphologies as compared to the DC
deposits (Ref 13), as the Rsk values for the PC deposits are more
near to zero. Moreover, the most non-symmetry morphology of
the steel substrate (Fig. 1a) is obvious, as the Rsk is farthest to
zero value. However, the symmetry of the GI steel is equivalent
to some of the DC-deposited samples.

Figure 8 shows the average Vickers microhardness (Hv)
values of all the coatings as well as the steel substrate. When
compared to the deposited coatings (DC and PC), the GI
coating has the highest hardness due to the fact that the
dominance of the maximum atomically dense (0002) crystal
plane enhancing the coating’s compactness and atomic density
(Table 3). However, regardless of current density, the hardness

Fig. 7 3D AFM topographic images with surface roughness (Ra in nm) of (a) substrate, (b) GI coating and DC coatings prepared at (c) 10, (d)
30, and (e) 60 mA/cm2, as well as PC coatings prepared at (f) 10, (g) 30, and (h) 60 mA/cm2. (i) Variation of skewness with current density

Fig. 8 Average microhardness values of all the developed coatings
along with the substrate
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values of the PC deposits are higher than those of the DC
deposits due to the dominance of the atomically dense (0002)
plane in the formers (Table 3). In addition, when compared to
the DC deposits, PC deposits contain finer grains with a greater
number of grain boundaries, as discussed in Fig. 5, and this
impedes dislocation motion and enhances hardness.

3.5 Hydrophobicity

The water contact angle (WCA) values for the coatings and
steel substrate are reported in Fig. 9. The polished steel
substrate and the GI coating depict WCA of 82 and 100.7�,
respectively. According to wettability theory (Ref 11-13), the
steel substrate shows hydrophilic behavior, whereas the GI is
hydrophobic since the WCA is less than 90� for the substrate
and higher than 90� for the GI steel.

However, the deposited coatings obtained from the DC at
10, 30, and 60 mA/cm2 show the average WCA values of 99.3,
101.25, and 102.95�, respectively. Similarly, the average WCA
values of the PC-deposited coatings obtained at 10, 30, and
60 mA/cm2 are 103.50, 105.28, and 107.72�, respectively.
Generally, the hydrophobicity of the material can be explained
by two hypotheses: one is the Wenzel formulation and the other
is the Cassie–Baxter formulation. According to the Wenzel
hypothesis, the wettability of a material can be described by the
following equation (Ref 11, 25):

cosh ¼ r cosho ðEq 4Þ

where r, h, and ho are symbolizing the roughness factor, WCA
on the coating surfaces, and WCA on the smooth and polished
surfaces of the substrate, respectively. According to the Wenzel
hypothesis, the WCA should decrease as the roughness of the
coated surface increases. However, due to the possibility of air
entrapment in the developed coatings, the acquired results in
the current investigation contradict. In general, the Wenzel
hypothesis is satisfied when there is no air entrapment between
the coated surface and the water droplet. Therefore, the Wenzel
hypothesis is not valid in this investigation. Similarly, the
Cassie–Baxter hypothesis on wettability can be written as
follows (Ref 11, 25):

cosh ¼ fs cosho � fa ðEq 5Þ

where h and h
o
symbolize the WCA on a coating surface

composed of solid and air and the WCA on the polished flat
steel substrate, respectively. f

s
and f

a
= (1 � f

s
) represent the

area fractions of the coating surface in contact with the water
droplet and air trapped between the coating surface and water
droplet, respectively. The summation of both f

a
and f

s
is equal

to unity. This hypothesis tells that the roughness factor is
proportional to the hydrophobicity and independent of substrate
wettability. Hence, higher surface roughness results in higher
air entrapment (higher f

a
value) in between the coating surface

and the water droplet. In this investigation, the DC- and PC-
deposited samples have higher surface roughness as compared
to the steel substrates (Fig. 7). The higher surface roughness
results in higher entrapment in the DC-deposited coatings as
compared to the substrate impart higher WCA values. Similar
trend is also observed in the PC deposits with slightly higher
WCA values due to higher surface roughness (Fig. 7). More-
over, the increasing roughness factor with respect to applied
current density at both the DC and PC deposition facilitates the
WCA values. Therefore, it is concluded that the Cassie–Baxter
hypothesis validates the obtained wettability behavior of the
synthesized Zn deposits.

3.6 Electrochemical Behavior

Figure 10(a) shows the Tafel polarization curves of the GI
steel as well as the DC- and PC-deposited coatings along with
the steel substrate in freely aerated 3.5% NaCl solution.
Figure 10(b) shows the magnified image of the marked region
in Fig. 10(a). The corresponding corrosion potential (Ecorr),
corrosion current density (icorr), anodic and cathodic Tafel
slopes (VSCE/decade), and corrosion rates (mm/y) are shown in
Table 4. From the Tafel slopes, it is clear that the corrosion
process is guided by the mixed control for the coatings, and
oxygen reduction is plausibly the cathodic reaction since the
tests are carried out in freely aerated solution. However, the
steel substrate is predominantly diffusion-controlled. The Ecorr

and icorr values of the samples were measured from the
intercepts on the Tafel slopes by the Tafel extrapolation
method.

When compared to the steel substrate, all the Zn-coated
steels (GI and electrodeposited steels) exhibit more active (less
noble) Ecorr and are more corrosion-prone (Fig. 10a and
Table 4). This demonstrates that in the chloride environment,
Zn coatings would give sacrificial protection to the steel.
Moreover, all of the coatings’ Ecorr values are less than � 0.77
V (Ref 26), which is the protective potential of the steel in the
marine environment with respect to the SCE. In addition, it can
also be observed that the Ecorr of the PC-deposited coatings
shifts slightly higher potential than that of the DC-deposited
coatings at each applied current density (Table 4), suggesting
that the PC coatings have a greater nobility than DC coatings.
Furthermore, the Ecorr of the PC-deposited coating prepared at
60 mA/cm2 and the GI coating is comparable. Meanwhile, it
can also be observed that there is a significant difference in the
corrosion rate of the coated samples (Table 4). Among all the
coatings, the GI coating and the PC-deposited coating prepared
at 60 mA/cm2 have shown comparatively lower corrosion rate
values of 0.206 and 0.223 mm/y, respectively. The slightly
higher corrosion resistance of the GI steel as compared to the
PC-deposited coating obtained at 60 mA/cm2 can be attributed
to the uniform coating structure (Fig. 3) along with a pro-
nounced high atomically dense (0002) crystal plane in terms of

Fig. 9 Variation of water contact angle (WCA) with all the
electrodeposited coatings prepared by the DC and PC methods at
different current densities (10, 30, and 60 mA/cm2) along with the
substrate and GI coating
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maximum RTC value of (0002) crystal plane (Fig. 2 and
Table 3) in the former. In addition, it can also be observed that
all the PC-deposited coatings have shown higher corrosion
resistance than the DC-deposited coatings at each current
density (Table 4). This can be attributed to the compact coating
morphologies with less porous nature, and higher RTC values
of the (0002) crystal plane, as the higher atomically dense
preferred (0002) crystal plane inhibits the ingression of chloride
ions (Fig. 2 and 6, and Table 3) (Ref 16). Moreover, it can also
be strongly correlated to the comparatively higher contact angle
of the PC deposits than the DC-deposited coatings. Higher
contact angle results in higher repelling nature of the coating to
the electrolyte. Among all the DC- and PC-deposited coatings
at various current densities, the lower corrosion rate of the
deposited coating obtained at PC-60 mA/cm2 can be strongly
correlated to lower grain size and higher WCA.

The corrosion rate of the coatings obtained from the DC and
PC deposits decreases with an increase in current density
(Table 4). This can be attributed to the finer grain size of the
coatings since the grain size of coatings decreases with an
increase in current density (Fig. 5). The corrosion resistance of
deposited coatings as well as GI coating follows in the order of
GI > PC 60 > PC 30 > PC 10 > DC 60 > DC 30 > DC
10. The general observation is that the PC improves the corrosion
resistance of the electrodeposits as compared to the DC.

To better understand the corrosion behavior of all the
coatings along with the substrate at their OCP in a freely

aerated 3.5% NaCl solution, electrochemical impedance spec-
troscopy (EIS) has been performed. The Nyquist plots of all the
coatings and the substrate are shown in Fig. 11(a). The Nyquist
plots of all the coatings have two capacitive loops (inset image
of Fig. 11(a)): one at the high-frequency range related to the
contribution of film resistance and the other at the low-
frequency range corresponding to the charge transfer resistance
of the double layer (Ref 27, 28). However, a single capacitive
loop Nyquist plot could be seen for the substrate, which is
related to charge transfer during the corrosion process and
double-layer behavior at the electrolyte/metal interface
(Fig. 11a). Generally, all the EIS Nyquist plots show a typical
capacitive loop. The diameter of the capacitive loop is
associated with the resistance to the electrochemical reaction.
The larger the diameter of the capacitive loop means greater the
corrosion resistance (Ref 16, 28). The diameter of the Nyquist
plots of all the coatings in Fig. 11(a) is less than that of the steel
substrate, implying that they have inferior corrosion resistance.
This has already been demonstrated in the Tafel plots (Fig. 10).
In comparison with the PC- and DC-deposited coatings, the GI
coating has a larger Nyquist loop diameter at higher and lower
frequencies, as seen in the inset image of Fig. 11(a). This
implies that all the deposited coatings have a lower charge
transfer resistance than the GI coating. Furthermore, at each
applied current density, the coatings deposited using the PC
have a larger Nyquist loop diameter at higher and lower
frequencies than those deposited using DC, indicating that the

Fig. 10 (a) Tafel polarization plots of all the electrodeposited coatings prepared by DC and PC methods at different current densities (10, 30,
and 60 mA/cm2) along with the substrate and GI coating and (b) magnified image of marked region in 10(a)

Table 4 Tafel polarization parameters of all the coatings along with the steel substrate

Sample Ecorr, V icorr, lA/cm
2 Cathodic slope, VSCE/decade Anodic slope, VSCE/decade Corrosion rate, mm/y

Substrate � 0.571 7.80 � 1.125 0.030 0.090
GI � 1.057 13.80 � 0.569 0.017 0.206
DC 10 � 1.077 24.11 � 0.378 0.029 0.361
DC 30 � 1.072 21.18 � 0.389 0.019 0.317
DC 60 � 1.066 19.36 � 0.562 0.032 0.290
PC 10 � 1.065 18.95 � 0.652 0.036 0.283
PC 30 � 1.062 16.90 � 0.616 0.015 0.253
PC 60 � 1.058 14.93 � 0.440 0.022 0.223
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PC deposits have better corrosion resistance than the DC
deposits at each applied current density.

The equivalent circuits of RS (CPEf (Rf (CPEdl Rct)) and RS

(CPEdl Rct) have been employed in this investigation to extract
the EIS data of the coatings and the substrate, respectively, as
shown in Fig. 11(b) and (c). In those models, Rs is the solution
resistance, CPEf and Rf represent the capacitance (coat-
ing/film/electrolyte interface) and film resistance of the coating,
respectively, CPEdl is the electrical double-layer capacitance at
the metal/coating/electrolyte interface, and Rct is the charge
transfer resistance. Moreover, the goodness of fitting has been
assessed with the Chi-square (v2) value, which is in the order of
10�3 for all the samples. The coating is considered to be porous
and reflects a non-ideal behavior in the proposed equivalent
circuits for coatings, as indicated by the constant phase element
(CPE). The impedance of ZCPEf and ZCPEdl is given as follows
(Ref 27, 28):

ZCPEf ¼ ½Y0f ðjxÞnf ��1 ðEq 6Þ

ZCPEdl ¼ ½Y0dlðjxÞndl��1 ðEq 7Þ

where Y0f and Y0dl are the proportionality constants having
dimensions of (X�1sncm�2), j is the imaginary unit (j2 = � 1),
x is the angular frequency ðx ¼ 2

Q
f ; f ¼ frequencyÞ and n is

the CPE exponent. As shown in Table 5, all of the samples have
�n� value less than one, indicating that inhomogeneity, defects,
and roughness in the sample surface cause deviations from
ideal capacitance behavior. In general, when n = 1, 0, and 0.5
represent the ideal capacitor, simple resistor, and Warburg
impedance, respectively. However, the Y0 parameters (Y0f and
Y0dl) are not the actual capacitance, and the effective capaci-
tance of film (CPEf) and double layer (CPEdl) could be
calculated using Brug’s equation using the CPE parameter Y0 as
follows (Ref 27, 28):

CPEdl ¼ Y0dlð Þ
1
n

1

RS
þ 1

Rc

� �n�1
n

ðEq 8Þ

CPEf ¼ Y0f
� �1

n Rf

� �1�n
n Þ ðEq 9Þ

Table 5 shows that Y0 values are typically inversely related
to total polarization resistance (RPR = Rf + Rct) values for all
coated samples with some deviations, which could be attributed
to the porous nature of the coating microstructure (Fig. 6).
However, the steel substrate has the lowest Y0 value due to its
more uniform surface and lack of microstructure complexity
since only ferrite grains are present. Moreover, the Y0 values of
all the coatings are higher than the steel substrate, implying that
the coatings have a lower corrosion resistance (Table 5).

The surface morphologies of all the coatings along with the
steel substrate after the Tafel polarization test in freely aerated
3.5% NaCl solution are shown in Fig. 12(a-h). The corroded
surface of the IF steel (Fig. 12a) shows uniform corrosion with
the formation of patchy oxides. This type of morphology is
commonly observed in IF steels, as previously reported by
Singh et al. (Ref 29). From Fig. 12(b-h), it can be observed that
the corroded surfaces of all the coatings show the distribution
of white corrosion products throughout the surface, possibly
zinc oxide (ZnO), zinc hydroxide (Zn(OH)2), and zinc hydrox-
ychloride (4Zn(OH)2.ZnCl2) (Ref 16, 30). The presence of
these phases could be confirmed using FTIR analysis (Fig. 13).

Among all the coatings, the GI coating surface shows less
corrosion damage with some localized cracks (as shown by
arrowhead in Fig. 12(b)) on the coating surface due to the
maximum RTC value of (0002) crystal plane (Table 3), which
inhibits the ingression of electrolyte ions into the coating and
hence reduces coating damage. In the corroded surfaces of the
DC deposits at 10 and 30 mA/cm2, the coating is removed or
peeled off at some areas (as shown by arrowheads in Fig. 12c
and d). Similarly, the corroded surface of the DC deposit
prepared at 60 mA/cm2 (Fig. 12e) displays uniform corrosion
with minimal coating damage as compared to the coatings
made at 10 and 30 mA/cm2 (Fig. 12c and d).

On the other hand, the corroded surfaces of the PC deposits
prepared at 30 and 60 mA/cm2, the corrosion attacks have
mainly happened on the grain boundaries rather than on the

Fig. 11 (a) EIS Nyquist plots of all the electrodeposited coatings prepared by DC and PC methods at different current densities (10, 30, and
60 mA/cm2) along with the substrate and GI coating. Electrochemical equivalent circuit of (b) coated steels and (c) steel substrate
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whole coating surface (Fig. 12g and h). Moreover, the corroded
surface of the PC deposit obtained at 10 mA/cm2 (Fig. 12f)
looks more damaged with deep pits (as shown by arrowhead) as
compared to the coatings made at 30 and 60 mA/cm2 (Fig. 12g
and h). Based on the analysis of the corroded surfaces, the
coatings obtained from the PC deposition show uniform
corrosion with less coating damage as compared to the DC
deposits at each current density (Fig. 12b-h). This attributes to
the dominance of the maximum atomically dense (0002) plane
in the PC deposits (Table 3), which restricts electrolyte ion
ingress into the coating.

All of the corroded samples have been subjected to FTIR
after the Tafel polarization tests to identify the corrosion
products formed (Fig. 13). Figure 13(a) shows the FTIR
spectra of the corroded surface of the steel substrate, demon-
strating that the corrosion products are a-FeOOH, c-FeOOH,

�-FeOOH, and a-Fe2O3 (Ref 29). The presence of zinc oxide
(ZnO), zinc hydroxide (Zn(OH)2), zinc hydroxychloride
(4Zn(OH)2.ZnCl2), and zinc carbonate (ZnCO3) is confirmed
by the FTIR spectra of all the coated samples (Fig. 13b). Zinc
hydroxychloride (4Zn(OH)2.ZnCl2) is commonly known as
simonkolleite (Ref 16, 30). Furthermore, the existence of water
molecules is indicated by the broad and intense peak between
3482 and 3451 cm�1. Generally, when the Zn coating is
exposed to a freely aerated 3.5% NaCl solution, various
reactions occur at the coating–electrolyte interface. Firstly, the
dissolution of Zn results in the generation of electrons (Eq 10),
which is followed by the generation of hydroxyl ions when the
released electrons react with the water molecules (Eq 11) (Ref
16, 30).

Zn ! Zn2þþ2e� ðEq 10Þ

Table 5 Electrochemical parameters of all the coatings along with the steel substrate obtained from EIS analysis

Sample
Rs, X-
cm2

CPEf,
X21sncm22

Y0f,
X21sncm22 n1

Rf,, X-
cm2

CPEdl,
X21sncm22

Y0dl,
X21sncm22 n2

Rct, X-
cm2

RPR = Rf + Rct,
X-cm2

X2, Chi-
squared

Substrate 4.2 … … … 9.8 9 10�4 2.9 9 10�3 0.80 1252 1252 3.4 9 10�3

GI 4.1 1.6 9 10�4 5.3 9 10�4 0.64 400 6.1 9 10�3 6.5 9 10�3 0.98 158 558 7.8 9 10�3

DC 10 7.8 2.2 9 10�4 6.3 9 10�4 0.71 134 16 9 10�3 1.9 9 10�2 0.93 105 239 5.6 9 10�3

DC 30 7.4 4.1 9 10�4 7.0 9 10�4 0.81 144 16 9 10�3 2.2 9 10�2 0.84 141 285 1.0 9 10�3

DC 60 6.1 3.3 9 10�4 5.7 9 10�4 0.80 191 14 9 10�3 1.4 9 10�2 0.98 150 341 3.7 9 10�3

PC 10 8.6 3.6 9 10�5 1.9 9 10�4 0.65 224 10 9 10�3 1.1 9 10�3 0.98 145 369 1.2 9 10�3

PC 30 6.7 8.5 9 10�5 1.8 9 10�4 0.82 183 6.8 9 10�3 1.0 9 10�2 0.85 238 421 1.2 9 10�3

PC 60 7.5 6.9 9 10�5 2.0 9 10�4 0.74 256 8.5 9 10�3 9.0 9 10�3 0.98 217 473 6.1 9 10�3

Fig. 12 After corrosion SEM (SE) micrographs of (a) steel substrate, (b) GI coating and DC-deposited coatings at (c) 10, (d) 30, and (e)
60 mA/cm2 as well as PC-deposited coatings at (f) 10, (g) 30, and (h) 60 mA/cm.2
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2e�þ 1

2
O2þH2O ! 2OH� ðEq 11Þ

Hydroxyls react with Zn ions, and zinc hydroxides could
form (Eq 12). These zinc hydroxides disintegrate and form zinc
oxides (Eq 13).

Zn2þþ2OH� ! Zn OHð Þ2 ðEq 12Þ

Zn OHð Þ2 ! ZnO + H2O ðEq 13Þ

However, in the presence of a chloride environment, the
following reaction produces simonkolleite (zinc hydroxychlo-
ride) (Eq 14).

5Zn2þ þ 8H2Oþ 2Cl� ! 4Zn OHð Þ2�ZnCl2 þ 2Hþ ðEq 14Þ

Furthermore, the corrosion products formed on the coated
samples react with the atmospheric CO2 to form zinc carbonate
(ZnCO3). All of these reactions could be possible since the rust
layer on the coatings shows all the reaction products (Fig. 13).
Many literatures have reported the influence of phase fraction
of simonkolleite in corrosion products on corrosion rate

(Ref 31-33). The phase fraction of the simonkolleite has been
shown to rise as the corrosion rate decreases. Simonkolleite is
the most compact corrosion product phase as compared to other
Zn corrosion products. It can minimize the oxygen reduc-
tion rate on the coating surface and slow-down corrosion
(Ref 31-33).

The phase fraction of the simonkolleite has been determined
using the area of the FTIR peaks in this study. The FTIR spectra
of all the coated samples have been normalized, and baseline
adjustment has been performed using OriginPro-2015 software
before determining the phase fraction. The simonkolleite phase
fraction has been calculated by dividing the sum of the area of
FTIR peaks pertaining to the simonkolleite phase by the sum of
the area of all peaks in the spectra (Ref 16, 33). The phase
fraction of the simonkolleite produced on the PC deposits
(82.2% at PC 10, 83.3% at PC 30, and 83.10% at PC 60) has
been found to be higher than that of the DC deposits (72.5% at
DC 10, 75.8% at DC 30, and 77.3% at DC 60), indicating that
the PC deposits are more corrosion resistant than the DC
deposits (Fig. 10 and Table 4). Moreover, few studies have
reported that the fine-grained Zn coating structure is more
prone to corrosion due to the higher volume fraction of the
grain boundaries (Ref 34). In the present work, the Zn coatings
made by the PC show finer grains as compared to the DC
(Fig. 5). As a result, the corrosion rate of the PC-deposited
samples should have been higher. In contrary, the corrosion
resistance of the PC-deposited samples is better than those
made by the DC. Hence, the presence of a higher fraction of the
simonkolleite phase in the Zn coatings made by the PC serves
better corrosion resistance. Moreover, the surface of the Zn
coating made by PC generally shows higher surface coverage
by the oxide and lesser defects (Fig. 12f-h). Furthermore, the
GI coating’s simonkolleite phase fraction (84.1%) is identical to
that of the PC deposits. Therefore, the GI steel and the PC
coated steels show a similar corrosion rate (Fig. 10 and
Table 4).

Therefore, compact nature, a predominance of compact
(0002) texture, higher WCA, and a higher fraction of protective
simonkolleite in the Zn coatings made by the PC deposition
impart higher corrosion resistance as compared to the coatings
made by the DC method. Moreover, the PC-coated steel at
60 mA/cm2 shows corrosion resistance similar to the Zn
coatings made by hot-dip galvanization.

4. Conclusions

The Zn coating on IF steel has been successfully formed by
both the DC and PC electrodeposition techniques at various
current densities of 10, 30, and 60 mA/cm2. The coating
surface morphologies obtained from the PC deposits are finer
and more compact than DC deposits at each current density.
Moreover, the current study also reveals the presence of the
highest atomically dense (0002) crystal plane in the PC deposits
as compared to the DC deposits. In comparison with all the
coatings, the GI coating and PC-electrodeposited coating
prepared at 60 mA/cm2 have the lowest corrosion rate values
of 0.206 mm/y and 0.223 mm/y, respectively. Moreover, the
highest WCA value of 107.72� for the PC deposit obtained at
60 mA/cm2 can be observed. In addition, it has been also
observed that all the PC-deposited coatings have shown higher
corrosion resistance than the DC-deposited coatings at each

Fig. 13 The FTIR spectra after Tafel polarization in freely aerated
3.5% NaCl solution for (a) steel substrate and (b) developed coatings
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current density because the PC deposits have finer and compact
coating morphology along with higher atomically dense of
(0002) crystal plane, higher WCA values as well as the higher
fraction of simonkolleite phase as compared to the DC deposits.
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