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Abstract: Zinc (Zn) is one of the five most widely consumed metals in the world. Indeed, more than
50% of all the zinc produced is used in zinc-galvanizing processes to protect steel from corrosion.
Zn-based coatings have the potential for use as a corrosion-resistant barrier, but their wider use is
restricted due to the poor mechanical properties of Zn that are needed to protect steel and other metals
from rusting. The addition of other alloying elements such as Ni (Nickle) and WC (Tungsten Carbide)
to Zn coating can improve its performance. This study investigates, the corrosion performance of
Zn–Ni coating and Zn–Ni–WC composite nanocoatings fabricated on mild steel substrate in an
environmentally friendly bath solution. The influence of WC nanoparticles on Zn–Ni deposition was
also investigated. The surface morphologies, texture coefficients via XRD (X-ray diffraction), SEM
(Scanning Electron Microscopy), and EDS (Energy-dispersive X-ray spectroscopy) were analyzed. The
electrochemical test such as polarization curves (PC) and electrochemical impedance spectroscopy
(EIS) resulted in a corrosion rate of 0.6948 Å/min for Zn–Ni–WC composite nanocoating, and
1.192 Å/min for Zn–Ni coating. The results showed that the Zn–Ni–WC composite nanocoating
reduced the corrosion rate by 41.71% and showed an 8.56% increase in microhardness compared to
the hardness of the Zn–Ni coating. These results are augmented to better wettable characteristics of
zinc, which developed good interfacial metallurgical adhesion amongst the Ni and WC elements. The
results of the novel Zn–Ni–WC nanocomposite coatings achieved a great improvement of mechanical
property and corrosion protection to the steel substrate surface.
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The processing of different grades of steel alloys has a noticeable, commercial application due to their low cost and excellent mechanical and tribological properties [1]. Each
steel grade often has its characteristics (phases, precipitates, properties) that are useful for
certain applications [2]. The poor corrosion resistance of steel alloys limits their use in the
construction industry [3], orthopedic implants [4], boat structures [5], manufacturing [6],
and nuclear power plant [7] parts. According to the World Corrosion Organization, the
annual cost of corrosion worldwide is estimated to exceed $1.8 trillion (in 2009) and $2.25
trillion (in 2019), which accounts for 3–4% of the annual world GDP of industrialized
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countries [8,9]. The functional steel parts failure due to corrosion results in increased
annual world steel production for compensation [10]. Therefore, immediate attention is
required to study the appropriate methods that can enhance the corrosion resistance of
steel alloys and improve their service life.
The galvanizing method is a widely accepted industry practice to protect steel substrate from corrosion [11]. The addition of alloying elements tends to increase the corrosion
resistance of copper and nickel-based superalloys [12,13]. For high-temperature-sensitive
engineering applications, there exists a lack of stability in the base or parent material,
which inhibits their use as alloy processing route for corrosion-resistant methods [8,14].
The use of advanced coating techniques ensures the deposition of a wide range of metallic
and non-metallic materials for different applications [15]. Coating techniques alter the
surface properties (i.e., improve anti-corrosive and anti-wear resistance) of substrate material and ensure satisfactory function for prolonged service life subjected to a specific
working environment [16,17]. The adhesion between coating-substrate is treated as the
major contributing factor to obtaining reliable performance in engineered parts [18]. The
deposited coating must be strong enough to sustain and transfer the applied loads to the
coating–substrate interface, thereby proper functioning of the coating–substrate adhesion
must ensure strong interfacial bonding requirements [19]. Coating–substrate adhesion
quality is primarily dependent on the selection of appropriate coating methods. Numerous
coating techniques are developed for surface protection of substrate or matrix material such
as physical (sol-gel, cold spray, warm spray, physical vapor deposition), chemical (chemical
vapor deposition), electrochemical (micro-arc oxidation, electrodeposition), laser cladding,
and thermal (arc-wire spray, high-velocity oxy-fuel coating, plasma spray) methods [20,21].
Each coating method possesses their advantages and inherent limitations, and the selection
of appropriate coating methods are of economic and industrial relevance [17,20]. Electrochemical deposition methods (electrochemical deposition, anodic oxidation, galvanic
cell reactions, and polymerization reactions) are simpler, quicker, and highly repeatable;
control the growth of kinetics of coating deposits; and offer larger coating surface areas
with desired morphologies [22]. The electrodeposition technique is a single-step process
which does not require expensive materials, equipment, and processing methods (i.e.,
tedious chemical treatment) for coating deposits on substrate material [22–24]. Therefore,
significant attention must be paid to the application of different coating materials. The
electrodeposition technique protects metallic surfaces from electrochemical deterioration,
which is of industrial and economic relevance.
In recent years, the application of electrodeposition process-based metals/alloys and
composite coatings on substrate materials resulted in excellent properties [25]. The choice
of coating materials from a wide range of potential materials (e.g., organic: monomeric
and polymeric; inorganic: metals, dielectric, metal oxides, and halides) to protect the
substrate surface from corrosion and wear resistance is often treated as a tedious task for
manufacturers [26–28]. Organic coatings are cost-effective but are often limited in their
extensive use due to their poor wear resistance and hardness [29]. The excellent properties
(i.e., hardness, strength, corrosion, and wear resistance) of metallic coatings are due to
excellent adhesive characteristics among the coating substrate [30]. The wide classification of coating materials and techniques led to difficulties in selecting metallic materials
(aluminum, titanium, chromium, molybdenum, cobalt, platinum, yttrium, zirconium) for
enhanced corrosion and wear resistance without hindering the mechanical, thermal, and
chemical properties [20]. Zinc served as a sacrificial protective coating material for steel
in many engineering applications [31]. Zinc-based coatings possess excellent chemical
stability, which protects pump compressor pipes, concrete sewer pipes, and wastewater
pipes from bio-corrosion [32,33]. Cadmium coatings can be highly toxic and carcinogenic
when deposited onto steel. Therefore, they were replaced by zinc-based coatings at a low
cost with enhanced corrosion resistance, weldability, and ductile characteristics [34–37].
Zinc offers better wettable characteristics that could help to enhance the interfacial
(coating–substrate material) bonding characteristics and thus resulting in higher mechanical
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strength, anti-corrosion, and tribological properties [38–40]. Zinc possesses better wettable
characteristics and therefore the use of hard materials (e.g., carbides: silicon carbide
and tungsten carbide; oxides: iron oxide, zirconium dioxide, aluminum oxide, titanium
dioxide, and silicon dioxide) as secondary phase materials in composite coatings results in
excellent hardness, corrosion resistance, wear resistance, and high-temperature oxidation
resistance for many industrial components [41–45]. Therefore, the study of zinc-based
electrodeposited multi-layer composite nanocoatings ensures better coating properties at
low costs, which are useful for industrial applications. Zn protects the steel substrate from
corrosion, but their high consumption rates limit their wider applications [46]. Therefore,
Zn coatings with major alloying elements such as nickel, cobalt, chromium, and iron could
enhance the corrosion resistance characteristics [47].
Zn–Ni alloy coatings are composed of zinc (85%) and nickel (15%) and are commonly electroplated on carbon steel as a protective coating [48]. Zn–Ni alloy coatings
are highly resistant to thermal loads and therefore are applied on bolts, threaded parts,
brake systems, and fuel system components [45]. The use of multi-layer and composite
coatings widens their applications (e.g., automotive, electrical transmission, fluid transfer,
aerospace, and defense) due to their enhanced properties [45]. Multi-layered zinc-based
alloy coatings (Zn–Co, Zn–Ni, Zn–Ni-Co, Zn–Al2 O3 –Cr2 O3 , Zn–TiO2 –WO3 , Zn–WO3 ,
Zn–Fe–Mo) are applied with the electrodeposition technique to evaluate the corrosion
resistance characteristics [41,42,47,49–51]. The presence of Fe2 O3 , Al2 O3 , TiO2 , ZrO2 , SiO2 ,
and Co particles in the Zn–Ni bath solution results in better corrosion resistance [44–46].
The hardness of the coatings is not investigated in their research efforts [44]. The composite coatings Zn–Ni–Co and Zn–Ni–Fe2 O3 resulted in enhanced corrosion resistance
than the Zn–Ni alloy coatings [44,46]. Zinc-based antifouling environmentally friendly
coatings are potential substitute material to copper, not only for creating better artificial
surfaces for corrosion inhibition on ship and submarine parts, but also for their low toxicity
to aquatic organisms [52]. Zinc-based silicon carbide nanocomposite coatings based on
the electrodeposition technique resulted in refined grain size compared to galvanostatic
coatings [53]. The addition of iron in zinc composite coatings enhances the mechanical
strength at the rate of compromised ductility, cost, and corrosion rate for load-bearing
applications [54]. Tungsten carbide (WC) material finds major applications in many engineering fields (e.g., the manufacture of cutting tools, machines, mining parts, catalysts,
and so on) [55]. Tungsten carbide (WC) nanoparticles improve the interfacial metallurgical
bonding that strengthens the Zn–Fe and nickel-based composite coatings with enhanced
corrosion and wear resistance, microstructure, and ductility [54,56–58]. Tungsten carbide
nanoparticles improve the thermal stability (phase and anti-oxidation) of copper composed
of a 40% zinc alloy [59]. Zinc is proven to be a bioabsorbable material and their compromising poor mechanical properties have limited their wide use in pediatric applications [60].
Tungsten carbide (WC) particles reinforced to zinc composite coatings improve their inherent mechanical bonding strengths [60]. Nickel and tungsten carbide particles were
previously used to prepare coatings used for biomedical applications [54,60–62]. It was
confirmed from the above literature review that, the novel biocompatible Zn–Ni alloy and
Zn–Ni–WC nanocomposites coatings are ideally best suited for a wide range of surface
engineering applications.
Significant research efforts are made to protect steel substrate with a wide range
of alloy/composite coatings. However, limited work is available in the open literature
on developing Zn–Ni–WC composite nanocoatings and their characterizations (e.g., microhardness and corrosion rate) to protect the steel substrate used in various industrial
applications. In addition, electrodeposition based on low-cost coating techniques possessing precise control over thickness and thus reduced material waste that can offer complex
profiled parts are not studied yet on zinc–nickel alloys and Zn–Ni–WC composites coating
samples. The Ni metallic particles [61,62] and the WC nanoparticles (known for their biocompatibility) [54,60] are incorporated into the Zn coatings in a bath solution (10% diluted
H2 SO4 + 90% diluted NaHCO3 ), which are potentially stable and are not yet discussed in
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the open literature. In the present work, electrodeposited coatings (Zn–Ni alloy and Zn–Ni–
WC: WC concentration of 1 g/L) were developed on the steel substrate and were examined
with electrochemical tests (PC and EIS), followed by validation with non-electrochemical
tests (XRD, SEM). The impact of Ni metallic particles and WC nanoparticles on the hardness and corrosion resistance of the Zinc composite coatings was discussed. The obtained
microhardness and corrosion rate results are compared with published literature and their
practical usefulness was validated.
2. Materials and Methods
2.1. Materials and Electrodeposition Method
The electrodeposition of the Zn–Ni alloy and the Zn–Ni–WC composites nanocoatings were
applied on the substrate, i.e., mild steel possessing a geometry of 50 mm × 40 mm × 1 mm,
from a sulphate bath. The details of the bath solution prepared with analytical-grade
chemicals and Millipore water are presented in Table 1.
Table 1. Electrolytic solution composition.
Constituents of Zn–Ni Bath Solution in
(g/L)

Experimental Parameters

NiSO4 —60
Na2 SO4 —40
H3 BO3 —24
ZnSO4 —240
SDS (Sodium Dodecyl Sulphate)—2
WC—1.0
-

pH—3.0
Anode—Zn metal
Cathode—Mild steel
Current density—4 A/dm2
Stirring rate—300 rpm
Cathode dimension—50 mm × 40 mm × 1 mm
Plating time—20 min

The equal surface area of pure zinc (nickel ions were present in bath solution) and
mild steel plates are used as anode and cathode, respectively. The mild steel plates were
mechanically polished with different grades of emery paper until they obtained a smooth
and uniform surface. The specimens were then degreased in vapors of trichloroethylene
and immersed in 10% HCl to remove dust and rust (if any was present). The plates were
then washed with water, followed by air-drying, and then immersed in a plating bath
solution. The bath solution was maintained at pH 3, using 10% H2 SO4 and NaHCO3 .
Before the electroplating, the composite coating bath solution was agitated for about
24 h using a magnetic stirrer at 600 rpm. Then, it was subjected to ultrasonification for
about 30 min. The temperature during agitation and vibration was maintained equal to
25 ± 5 ◦ C, and the potential of hydrogen (pH) is 3.0. The current density for plating was
kept fixed to 4 A/dm2 . The deposition was carried out using a regulated DC power source,
under the stagnant condition of the bath solution. Figure 1 describes the electrodeposition
technique employed to develop the nanocomposites discussed in detail in the authors’
earlier studies [44,63].
2.2. Microstructural Characterization
The morphologies of Zn–Ni alloy and Zn–Ni–WC composite coating were examined through SEM (JEOL-JEM-1200-EX II, Tokyo, Japan). Chemical elements and the
nanoparticles dispersed in the coated electrodeposits were analyzed via SEM with EDS.
The average crystallite size of coatings in electrodeposits (Zn–Ni, Zn–Ni–WC) was subjected to XRD analysis (Philips PW 3710 XRD, Amelo, The Netherland) with copper Kα
radiation (set at 30 mA and 40 kV)). Methods such as Williamson–Hall plot, Le Bail, Warren–
Averbach, and Scherrer’s models can be applied to determine the crystal size of the coating
deposits [64–66]. In the present work, the Scherrer equation (Equation (1)) was applied to
estimate the average crystallite size of electrodeposits based on the XRD data patterns (i.e.,
peak width at mean height) [51,63,64].
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The microhardness of electrodeposited composite coating specimens were examined
as
per
ASTM E92-82
test standards using Vickers’s microhardness tester (Clemex digital
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microhardness tester, Japan). The hardness measurements are carried out on the coating
The microhardness of electrodeposited composite coating specimens were examsamples (possessing a coating thickness of ≈20 µm) subjected to a load of 50 g for 10 s dwell
ined as per ASTM E92-82 test standards using Vickers’s microhardness tester (Clemex
time. Experiments are repeated thrice on each coating condition to reduce experimental
digital microhardness tester, Japan). The hardness measurements are carried out on the
variations and an average of 15 microhardness indentations (five measurements on each
coating samples (possessing a coating thickness of ≈ 20 µm) subjected to a load of 50 g
sample with three replicates) measured at many spatial locations on the coated samples
for 10 s dwell time. Experiments are repeated thrice on each coating condition to reduce
was considered.
experimental variations and an average of 15 microhardness indentations (five measurements
on each
with three replicates) measured at many spatial locations on
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Rate sample
Measurements
the coated samples was considered.
The coating (Zn–Ni alloy, Zn–Ni–WC composite) samples were examined to estimate corrosion rate, with the help of Potentiodynamic polarization and EIS via CHI660C
2.4. Corrosion Rate Measurements
electrochemical workstation comprising of a three-electrode system (mild steel samples
The coating
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The 3.5% NaCl solutions closely resembled seawater characteristics, wherein many produced steel parts (in particular, those used in marine applications) undergo corrosion and
therefore many studies use 3.5% NaCl solution as the corrosive medium for testing [68–70].
In 3.5% NaCl solution, by upholding pH neutral of corrosive medium, the coated samples
are dipped and the attainment of the steady-state potential of the solution medium is ensured before measurements. Potentiodynamic polarization plots are drawn by considering
the varied potentials ranges of ±200 mV and scanned rate of 0.01 V/s correspond to open
circuit potential. EIS data was acquired with the help of open circuit potential at wide

Coatings 2021, 11, 712

32 C). The 3.5% NaCl solutions closely resembled seawater characteristics, wherein
many produced steel parts (in particular, those used in marine applications) undergo
corrosion and therefore many studies use 3.5% NaCl solution as the corrosive medium
for testing [68–70]. In 3.5% NaCl solution, by upholding pH neutral of corrosive medium, the coated samples are dipped and the attainment of the steady-state potential of
6 of 17
the solution medium is ensured before measurements. Potentiodynamic polarization
plots are drawn by considering the varied potentials ranges of ±200 mV and scanned
rate of 0.01 V/s correspond to open circuit potential. EIS data was acquired with the help
of
open circuit
potential
at wide
ranges
ofsoftware
10 mHzplatform
to 100 kHz.
frequency
distribution
ranges
of 10 frequency
mHz to 100distribution
kHz. ZSimpWin
3.21
was
ZSimpWin
3.21 software
platform
was utilized
to draw
the Nyquist
based
on colutilized to draw
the Nyquist
plots based
on collected
impedance
data.plots
Figure
2 describes
lected
impedance data.
2 describes
the characterization
and testing
electrodethe characterization
andFigure
testing
of electrodeposited
coatings discussed
in of
detail
in the
posited
discussed
in detail in the authors’ earlier studies. [44,63].
authors’coatings
earlier studies.
[44,63].

Figure 2. Flowchart of characterization and testing of electrodeposited coatings.

Results
3. Results
describes the results of characterization (XRD and SEM) of Zn–Ni and
This section describes
impact
onon
thethe
electrodeposition
WC particles.
particles. Furthermore,
Furthermore,the
theNi
Niand
andWC
WCnanoparticles’
nanoparticles’
impact
electrodeposiof
Zn
was
analyzed
with
cathodic
polarization
curves,
cyclic
voltammogram
studies,studand
tion of Zn was analyzed with cathodic polarization curves, cyclic voltammogram
texture
coefficients.
Furthermore,
the
electrodeposited
Zn–Ni
alloy
and
the
Zn–Ni–WC
ies, and texture coefficients. Furthermore, the electrodeposited Zn–Ni alloy and the Zn–
composite
nanocoatings
are subjected
to microhardness
tests andtests
the and
characterization
of
Ni–WC
composite
nanocoatings
are subjected
to microhardness
the characterithe
corrosion
rates.
zation of the corrosion rates.
3.1. Tungsten Carbide (WC) Particle Characterization
3.1. Tungsten Carbide (WC) Particle Characterization.
XRD pattern and SEM morphologies of WC particles (supplied by Himedia LaboratoXRD pattern and SEM morphologies of WC particles (supplied by Himedia Laboraries Pvt. Ltd., Bangalore, India) are presented in Figure 3. XRD patterns of as-received WC
tories Pvt. Ltd., Bangalore, India) are presented in Figure 3. XRD patterns of as-received
powder show only the presence of single-phase peaks of WC particles (refer to Figure 3a).
WC powder show only the presence of single-phase peaks of WC particles (refer to FigThe peak intensity of the XRD patterns is matched with JCPDS file card number 59-0939.
ure 3a). The peak intensity of the XRD patterns is matched with JCPDS file card number
The WC particle morphologies were also examined via SEM. The average crystallite size of
59-0939. The WC particle morphologies were also examined via SEM. The average crysthe WC particles was measured after considering at least 50 powder particles for measuretallite size of the WC particles was measured after considering at least 50 powder partiment. The median crystallite size of the WC particles is computed according to Sherrer’s
cles for measurement. The median crystallite size of the WC particles is computed acmodel and is found to be equal to 97 nm. The SEM morphology displayed the presence of
cording to Sherrer’s model and is found to be equal to 97 nm. The SEM morphology disnano-sized particles agglomerated with fine and spherical-shaped WC particles (refer to
played
the presence of nano-sized particles agglomerated with fine and sphericalFigure 3b).
shaped WC particles (refer to Figure 3b).
3.2. Electrodeposition
The cathodic polarization and cyclic voltammetric experiments were used to analyze
the effect of WC particles on the electrodeposition of the Zn–Ni alloy. The bath solution
was polarized cathodically with and without the presence of WC particles (concentration
of 1.0 g/L). In Figure 4a, curve (a) represents the polarization of the Zn–Ni alloy deposition
from the bath solvent without WC particles. Curve (b) represents the polarization of the
Zn–Ni–WC composite deposition obtained from a bath solvent comprising of an evenly
distributed 1.0 g/L concentration of WC particles. For scanning, the range of potential was
kept fixed equal to 0 to −1.6 V (Figure 4a). The WC particle inclusion in the electrolyte
caused a reduction in Zn–Ni potential, which causes the curve (b) to shift slightly towards
the negative side [71]. This occurs due to a greater reduction in the active sites on the
cathode as a result of reduced current density. The inorganic nature of the WC particles
causes a reduction in ionic diffusion. It is important to note that the electrochemical
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reactants are unaffected by these processes. The WC particle incorporation on the cathode
site prevents Zn–Ni accumulation and reduces the grain size of composite coating (Zn–
Ni–WC). Similar observations are seen in the composite (Zn–Ni–Fe2 O3 and Zn–Ni–CO)
coatings [44,46]. This negative potential shift corresponds to a bath solution containing
a 1 g/L concentration of WC particles that are much more pronounced than the Zn–Ni
alloy. This shift is due to the presence of WC particles in bath solution which increases
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3.2. Electrodeposition
The cathodic polarization and cyclic voltammetric experiments were used to analyze the effect of WC particles on the electrodeposition of the Zn–Ni alloy. The bath solution was polarized cathodically with and without the presence of WC particles (concentration of 1.0 g/L). In Figure 4a, curve (a) represents the polarization of the Zn–Ni alloy
deposition from the bath solvent without WC particles. Curve (b) represents the polarization of the Zn–Ni–WC composite deposition obtained from a bath solvent comprising
of an evenly distributed 1.0 g/L concentration of WC particles. For scanning, the range of
potential was kept fixed equal to 0 to −1.6 V (Figure 4a). The WC particle inclusion in the
electrolyte caused a reduction in Zn–Ni potential, which causes the curve (b) to shift
slightly towards the negative side [71]. This occurs due to a greater reduction in the active sites on the cathode as a result of reduced current density. The inorganic nature of
the WC particles causes a reduction in ionic diffusion. It is important to note that the
electrochemical reactants are unaffected by these processes. The WC particle incorporation on the cathode site prevents Zn–Ni accumulation and reduces the grain size of
composite coating (Zn–Ni–WC). Similar observations are seen in the composite (Zn–Ni–
Fe2O3 and Zn–Ni–CO) coatings [44,46]. This negative potential shift corresponds to a
bath solution containing a 1 g/L concentration of WC particles that are much more proFigure
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bath solution, and curve (b) corresponds to the Zn–Ni composite bath solutions with 1 g/L of the
nano-sized WC particles. In the forward scan, there was a reduction of Zn–Ni and WC
was observed, which depicts the particle deposition on the cathode electrode surface. In
Figure 4b, it was observed that the potential from 0 to −1.1 V showed no changes in the
current which demonstrate no reactions seen on the cathode electrode surface. Towards
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curve (b) corresponds to the Zn–Ni composite bath solutions with 1 g/L of the nano-sized
WC particles. In the forward scan, there was a reduction of Zn–Ni and WC was observed,
which depicts the particle deposition on the cathode electrode surface. In Figure 4b, it
was observed that the potential from 0 to −1.1 V showed no changes in the current which
demonstrate no reactions seen on the cathode electrode surface. Towards more negative
potential from −1.1 to −1.6 V, the current tends to decrease rapidly with reduced Zn–Ni and
tungsten carbides on the cathode electrode surface. In the reverse scan, the crossover tends
to be seen at −1.1 V where there will be the initiation of oxidation in the Zn–Ni and Zn–Ni–
WC from the cathode electrode surface. The decrease in current density for the Zn–Ni–WC
indicates that there will be difficulty in the dissolution rate of the Zn–Ni–WC composite
compared to the Zn–Ni alloy. The curves also contribute to the following explanations.
In the anodic portion of the cyclic voltammograms, the anodic peak current was
decreased for the Zn–Ni–WC composites compared to the Zn–Ni alloy coating (i.e., curve a
< curve b). This indicates the effect of WC particles on the dissolution of the Zn–Ni coating.
This could be attributed to the enhanced resistance to corrosion with the composite coating
compared to the Zn–Ni alloy deposits. The addition of WC to the Zn–Ni alloy appreciably
improved the corrosion resistance. The metal surface possessing defects (such as flaws,
caverns, and grooves) higher than micrometers in size is filled effectively with the WC
nanoparticles. Note that during the corrosion phenomenon, the presence of micro-gaps
act as binding sites for metal solvation. Typically, such gaps are filled by WC particles that
ensure a pore-free composite film, which results in a lower corrosion rate [68,69]. In the
cathodic region, the Zn–Ni composite curve transferred towards higher negative potential
than the Zn–Ni alloy bath solution, which suggests a greater possible grain size reduction
in the Zn–Ni composites containing 1 g/L of WC particles. The findings are consistent
with previous research on Ni–SiC alloy coatings [70].
Coatings 2021, 11, x FOR PEER REVIEW
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Figure 5. XRD pattern: (a) Zn–Ni alloy and (b) Zn–Ni–WC composites nanocoating.

The Scherrer equation was applied to determine the average crystallite size of electrodeposits, i.e., Zn–Ni alloy and Zn–Ni–WC composite coatings were found equal to 91
nm and 83 nm, respectively. A greater reduction in the average crystallite size of the
composites coating was observed than Zn–Ni alloy coating. The WC nanoparticle inhibits the crystal growth of Zn–Ni alloy by offering a larger surface area for fresh nucleation. Furthermore, the WC nanoparticles’ inclusion in metal deposits may offer changes
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The Scherrer equation was applied to determine the average crystallite size of electrodeposits, i.e., Zn–Ni alloy and Zn–Ni–WC composite coatings were found equal to 91 nm
and 83 nm, respectively. A greater reduction in the average crystallite size of the composites
coating was observed than Zn–Ni alloy coating. The WC nanoparticle inhibits the crystal
growth of Zn–Ni alloy by offering a larger surface area for fresh nucleation. Furthermore,
the WC nanoparticles’ inclusion in metal deposits may offer changes in the metallic coating
crystal structure, which results in reduced crystallite size in composites coatings. During
the electrodeposition technique, the WC particles act as a protuberance in the metal electrode interface, which causes increased current density and nucleation rate, which results
in reduced grain size by impeding crystal growth in the electrodeposits [72,73].
The texture coefficient studies were conducted to determine the preferred orientation
of crystallite in the electrodeposit. The texture coefficient (Figure 6) was calculated for each
peak of diffraction patterns. The Texture coefficient calculations were made by applying
Be’rube’ and L’Esperance, which is explained in detail in previous work [44,74]. From the
TC calculation, the Zn–Ni alloy coatings exhibited a maximum orientation in the <330>
plane corresponding to minimum surface energy. The inclusion of the WC nanoparticles did
not change the preferred orientation of the zinc–nickel matrix. Both the chosen orientations
possess the highest Tc value, implying that the zinc–nickel deposition in that plane has
Coatings 2021, 11, x FOR PEER REVIEW
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the maximum proportion of crystallographic orientations. The above findings show
the inclusion of WC particles in the bath solution and matrix has a strong effect on the
morphology of the electrodepositing coating and preferred orientation. Shi et al.’s findings
with Ni–Co–CNTs coatings are in good agreement with the observed results [75].
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The surface morphologies of Zn–Ni alloy and Zn–Ni–WC composites coatings are
The surface morphologies of Zn–Ni alloy and Zn–Ni–WC composites coatings are
subjected to SEM are shown in Figure 7. Figure 7a shows the presence of excessive
subjected to SEM are shown in Figure 7. Figure 7a shows the presence of excessive acaccumulation of Zn–Ni platelets at random in the Zn–Ni alloy coatings. However, in the Zn–
cumulation of Zn–Ni platelets at random in the Zn–Ni alloy coatings. However, in the
Ni–WC composites, the Zn–Ni platelets are well stacked on the steel substrate. In addition,
Zn–Ni–WC composites, the Zn–Ni platelets are well stacked on the steel substrate. In
the deposition of the Zn–Ni coating was uneven and coarse, whereas the deposition of
addition, the deposition of the Zn–Ni coating was uneven and coarse, whereas the depothe Zn–Ni–WC composite nanocoating had a smooth and fine-grained structure as can
sition of the Zn–Ni–WC composite nanocoating had a smooth and fine-grained structure
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cations that limit crystal growth. Similar observations are found with the addition of
CNT particles in nanocomposite coatings [68,69,75]. Furthermore, it was found that the
WC particles refined the structure of the the Zn–Fe matrix in the Zn–2Fe–WC composite
[54].
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sition of the Zn–Ni–WC composite nanocoating had a smooth and fine-grained structure
as can be seen in the SEM images in Figure 7a,b. The WC nanoparticles embedded in the
Zn–Ni matrix provide more opportunity for the reduction of Zn–Ni ions and limit the
crystal growth of Zn–Ni ions over the WC particles. This led to the formation of reduced
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crystallite size in composites. Figure 7b shows the refined grain structure, which probably occurred because the WC nanoparticles initiated more nucleation sites at distinct locations that limit crystal growth. Similar observations are found with the addition of
CNT particles in nanocomposite coatings [68,69,75]. Furthermore, it was found that the
in nanocomposite coatings [68,69,75]. Furthermore, it was found that the WC particles
WC particles refined the structure of the the Zn–Fe matrix in the Zn–2Fe–WC composite
refined the structure of the the Zn–Fe matrix in the Zn–2Fe–WC composite [54].
[54].

Figure 7. SEM morphology of coatings: (a) Zn–Ni alloy and (b) Zn–Ni–WC composites.

The presence of WC nanoparticles was also observed on the surface of the deposit.
The WC nanoparticles function as a potential barrier that protects the electrodeposits from
corrosion by minimizing the local defects (flaws, gaps, grooves) on the coated surface.
The WC nanoparticles fill such gaps and ensure pore-free composite film, which often
enhances the corrosion resistance in Zn–Ni–WC composite coatings. Similar observations
are seen with the presence of Fe2 O3 , CNT, and Co nanoparticles in Zn–Ni-based composite
coatings [44,46,68]. EDAX pattern corresponds to Zn–Ni alloy and Zn–Ni–WC composites
nanocoating deposits are presented in Figure 8. The presence of Ni in the alloy (refer
to Figure 8a) and elements such as W and C in the composite electrodeposits (refer to
Figure 8b) indicate that WC particles were successfully incorporated into the Zn–Ni matrix.
The microhardness of nanocoating corresponds to Zn–Ni alloy and the Zn–Ni–WC
composite of electrodeposits is presented in Figure 9. The average values of microhardness of the Zn–Ni alloy and the Zn–Ni–WC composite coatings are found to be equal
to 97 ± 0.4 HV and 105.3 ± 0.5 HV, respectively. The Zn–Ni–WC composite nanocoating offered higher hardness than that of the Zn–Ni alloy coating (refer to Figure 9). The
higher microhardness of the Zn–Ni–WC composite nanocoating is attributed to the uniform
dispersal of WC particles, which might have strengthened or hardened the composites.
Similar observations were found in WC–Bronze–Ni–Mn diamond-based composites and
WC-reinforced Ni60 composite coatings [76,77]. During the hardness testing, scattered WC
particles in the fine-grained matrix may hinder dislocation movements and restrain the
plastic flow. The resulting composite coatings offered higher deformation. The microhardness corresponds to electrodeposited Zn [51], Zn–WO3 [51], Zn–Ni alloy, and Zn–Ni–WC
composite nanocoatings were found to be equal to 47.6 HV, 73.2 HV, 97 HV, and 105.3 HV,
respectively. Compared to WO3 nanoparticles metallic, Ni and WC particles improved the
microhardness to a greater extent on the coatings. Note that the addition of Ni metallic
particles to pure Zn, i.e., Zn–Ni alloy, enhanced microhardness by 103.78% compared
to pure Zn. The addition of WC particles to Zn–Ni alloy, i.e., Zn–Ni–WC composites,
resulted in an 8.56% increased microhardness in the Zn–Ni alloy. Higher hardness of the
Zn–Ni–WC composites are attributed to the following [78]: Zn possesses better wettable
characteristics, wherein the nanoparticles (WC and Ni) are electrodeposited with Zn matrix
on a steel substrate where nickel particles grow progressively on WC particles, which cover
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The presence of WC nanoparticles was also observed on the surface of the deposit.
The WC nanoparticles function as a potential barrier that protects the electrodeposits
from corrosion by minimizing the local defects (flaws, gaps, grooves) on the coated surface. The WC nanoparticles fill such gaps and ensure pore-free composite film, which of11 of 17
ten enhances the corrosion resistance in Zn–Ni–WC composite coatings. Similar observations are seen with the presence of Fe2O3, CNT, and Co nanoparticles in Zn–Ni-based
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3.4. Corrosion Behavior of the Electrodeposited Coatings
Figure 10a presents the potentiodynamic curves correspond to Zn–Ni alloy and Zn–
Ni–WC composites coating recorded after 5 min of dwell time of samples exposed to
3.5% NaCl corrosive media. Table 2 presents the details of corrosion kinetic parameters
and appropriate understanding could help to predict corrosion behavior. Note that the
potentiodynamic curve method is widely accepted in industrial and research laboratory
practices to estimate the corrosion rate. However, potentiodynamic curves give large
information on electrochemical kinetic parameters and could damage the specimen surfaces
while measuring the presence of large potential disturbances [79,80]. Figure 10b shows
the Zn–Ni–WC composites nanocoating resulted with lower negative potential and lesser
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The corrosion rate of Zn [51], Zn–WO3 [51], Zn–Ni alloy, and Zn–Ni–WC composites
are found equal to 32.69, 2.803, 1.192, and 0.6948 Å/min, respectively. Compared to WO3
nanoparticles, Ni metallic ions alloyed with the Zn matrix exhibited a 57.47% decreased
corrosion rate in coatings [51]. It is important to note that the addition of WC nanoparticles
to Zn–Ni alloy, i.e., Zn–Ni–WC composites, resulted in a 41.71% decreased corrosion
Coatings 2021, 11, x FOR PEER REVIEW
14 of 18
rate compared to the Zn–Ni alloy. This demonstrates that Zn–Ni–WC composites-based
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passive films protect the steel substrate effectively from electrochemical deterioration when
subjected to corrosive media.
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Table 3. Electrochemical kinetic parameters of the coatings extrapolated from EIS.
Table 3. Electrochemical kinetic parameters of the coatings extrapolated from EIS.

Samples
Samples
Zn–Ni
Zn–Nicoating
Zn–Ni–WC

R1
R2
C1(F)
R1 2
R2 2
Ω·cm
Ω·cm
C
1(F)
2 −8 Ω·cm2
Ω·cm
3.88
× 10
128.1 2.08 × 10−7
3.88
× 10−8 128.1
× 10−7
23.994
3.759 2.08
−1.007

R3
R3 2
Ω·cm
Ω·cm
33322
3332
2.437
× 10−6

R4
C2
Q
R4 2
C
2
Ω·cm
(F)
Q
(F)× 10−6
2.163 × 10−5 Ω·cm
806.92 2.138
2.163
× 10−5 806.9
0.6948
47.45 2.138
9.546 ×× 10
10−6−7

−6

−7

Rp
Rp 2
Ω·cm
2
Ω·cm
4267.0
4267.0
5621.4
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Table 3. Electrochemical kinetic parameters of the coatings extrapolated from EIS.
Samples

R1
Ω·cm2

R2
Ω·cm2

C1
(F)

R3
Ω·cm2

Q

R4
Ω·cm2

C2
(F)

Rp
Ω·cm2

Zn–Ni
Zn–Ni–WC coating

3.88 × 10−8
23.994

128.1
3.759

2.08 × 10−7
−1.007

3332
2.437 × 10−6

2.163 × 10−5
0.6948

806.9
47.45

2.138 × 10−6
9.546 × 10−7

4267.0
5621.4

4. Conclusions
The electrochemical deterioration of steel parts due to corrosion can result in huge
production, economic, and environmental losses. In this work, electrodeposited coatings
(Zn–Ni and Zn–Ni–WC) were prepared in an environmentally friendly bath solution. These
coatings were then treated in a cost-effective method and applied on a steel substrate. The
potential benefits of Zn, Ni, and WC in terms of biocompatibility and properties were used
to prepare the Zn–Ni alloys and the Zn–Ni–WC composite nanocoatings. The impact of the
Ni metallic particles and the WC nanoparticles on electrodeposited Zn was evaluated for
microhardness and corrosion rate of electrodeposited coatings. The following conclusions
were drawn:
1.

2.
3.
4.
5.

6.

7.

On mild steel specimens, Zn–Ni alloy and Zn–Ni–WC coatings were successfully
developed, which can be used in industrial applications to protect parts from chemical/electrochemical deterioration.
The incorporation of WC particles into the Zn–Ni matrix was confirmed from the
SEM and EDAX spectroscopy.
The composite coating’s SEM images show a smoother grained deposit than the
Zn–Ni alloy coating.
The XRD results shows that the composite coating has smaller crystallites than the
Zn–Ni coating.
The hardness test revealed that the Zn–Ni–WC composite coating has a higher hardness compared to the Zn–Ni coating. The addition of Ni metallic particles to pure
Zn, i.e., Zn–Ni alloy, enhanced microhardness by 103.78% compared to pure Zn. The
addition of WC particles to the Zn–Ni alloy i.e., Zn–Ni–WC composites, resulted in
8.56% increased microhardness in the Zn–Ni alloy.
Polarization, potentiodynamic curves, and impedance spectra techniques were used
to investigate the improved corrosion rate of the Zn–Ni–WC composite coating. Ni
metallic ions alloyed with the Zn matrix exhibited a 57.47% decreased corrosion rate
in coatings compared to WO3 particles. The addition of WC nanoparticles to Zn–Ni
alloy, i.e., Zn–Ni–WC composites, resulted in a 41.71% decreased corrosion rate than
the Zn–Ni alloy.
Zn–Ni–WC composite nanocoatings could protect the steel surface effectively from
electrochemical deterioration subjected to corrosive media.
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