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The Ni-B4C nanocomposite coatings were fabricated via pulse electrodeposition on a copper substrate, and 

the effects of pulse current density, duty cycle, and pulse frequency on the microstructure, morphology, 

and corrosion characteristics were assessed. Field emission scanning electron microscopy (FESEM), 
energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), potentiodynamic polarization, and 

electrochemical impedance spectroscopy (EIS) tests were employed. The baseline electrodeposition 

conditions were set at i = 1 A/dm², γ = 50%, and f = 10 Hz. Embedding B4C nanoparticles (NPs) into the 
nickel matrix significantly reduced the nickel crystallite size for the primary (111) and (200) crystal planes. 

Increasing the pulse current density from 1 to 4 A/dm² caused a substantial decrease in the incorporation 

rate of B4C NPs, from 5.5 to 2.9 vol.%. However, an increase in the duty cycle from 25 to 50% and the 
pulse frequency from 1 to 10 Hz raised the incorporation rate to 5.5 vol.% and 4.6 to 3.9 vol.%, respectively. 

Surprisingly, the incorporation of B4C led to an increase in the corrosion current density from 2.301 to 

4.541 µA/cm². Increasing the pulse current density from 1 to 4 A/dm² and the duty cycle from 25 to 50% 
notably decreased the corrosion current density from 4.541 to 1.375 µA/cm² and from 7.243 to 4.541 

µA/cm², respectively. Conversely, the minimum corrosion current density of 0.599 µA/cm², deposited at 1 

Hz, increased significantly to 4.541 µA/cm² at 10 Hz, while the B4C NPs content increased from 3.9 to 5.5 
vol.%, possibly due to a more uniform distribution of B4C NPs at 1 Hz. The Ni-B4C specimen deposited at 

1 Hz exhibited a higher Rct compared to the pure nickel sample under baseline conditions, indicating strong 

consistency between the EIS and potentiodynamic results. 
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1- INTRODUCTION 
In recent years, coatings have been extensively 

applied to various substrates to significantly enhance 

surface characteristics such as mechanical properties, 

wettability, adhesion, lubrication, as well as scratch, 

wear, and corrosion resistance [1-4]. Several coating 

fabrication techniques have been utilized, including 

plasma spray [5], sol-gel [6-8], high-velocity oxygen fuel 

(HVOF) [9], chemical vapor deposition (CVD) [10], 

physical vapor deposition (PVD) [11], electrophoretic 

deposition [12] and electrodeposition [12-17], to improve 

surface and tribology as well as corrosion properties.  

Electrodeposition is well known as a fundamental 

technique for fabricating metal matrix composite (MMC) 
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coatings [18]. It is also regarded as one of the most efficient 

approaches, offering advantages such as easy preparation, 

versatility, and low cost for producing composite coatings 

based on both metallic and non-metallic components [19, 20]. 

These coatings are reinforced with second-phase particles, 

including ceramic carbides, oxides, nitrides, silicates, and 

diamond particles. Examples of these reinforcements include 

SiC [21, 22], B4C [23-25], WC [26], TiO2 [27, 28], Al2O3 [19, 

29], ZnO [30, 31], Y2O3 [32], Ni3S4 [33], TiN [34, 35], 

graphene [36], CNT [32], and diamond [33], which help 

produce micro- and nanocomposite coatings with enhanced 

microhardness, texture, self-lubrication, wear resistance, 

tribological characteristics, and corrosion and oxidation 

resistance [1, 15, 16, 37]. 

Metal matrix composites (MMCs) are widely employed in 

material manufacturing. The metallic element forms the basis 

of the composite, while ceramic compounds act as second-

phase reinforcing particles, defining the mechanical and 

structural properties. As one of the leading types of composite 

coatings, MMCs have widespread applications in various 

industries [12]. They are particularly well-known for their 

excellent wear, abrasion, corrosion, and high-temperature 

resistance, as well as their remarkable hardness, rigidity, 

stiffness, and modulus of elasticity [18].  

Nickel and its alloys offer a wide range of applications in 

electrodeposited coatings due to their high strength-to-weight 

ratio, toughness, electrical and thermal conductivity, strong 

optical reflectivity, and, most notably, exceptional chemical 

stability and corrosion resistance. Nickel's tendency to form a 

protective passive layer contributes to the outstanding corrosion 

resistance of nickel matrix coatings in aqueous, saline, mineral 

acids, alkaline, and organic environments [15, 16, 38-41]. As a 

result, nickel matrix coatings are among the most extensively 

researched categories of MMC coatings, thanks to their 

protective nickel layer, excellent corrosion resistance, 

reproducibility, low cost, easy maintenance, and reduced 

energy requirements [42, 43]. Nickel matrix coatings reinforced 

with ceramic micro- and nanoparticles are widely used in 

various industries, including gears, bearings, blades, and the 

coal, petroleum, chemical, petrochemical (oil and natural gas), 

marine, automotive, medical, and aviation sectors (e.g., 

aircraft parts), offering superior microhardness, modulus of 

elasticity, wear, and corrosion resistance [12, 34, 44]. 

In recent years, nanoparticles have increasingly proven to 

be effective reinforcing agents in composite coatings, 

enhancing the mechanical, tribological, corrosion, and 

oxidation resistance properties compared to pure metal and 

micro-sized composite coatings [45]. The nanocomposite 

electrodeposition process occurs in at least three consecutive 

steps: i) transport of nanoparticles in the electrolyte toward the 

electrode, ii) absorption onto the surface of the electrode 

(cathode), and iii) embedment via the metallic particles of the 

electrodeposits [46]. 

Pulse electrodeposition (PE) is the preferred method for 

creating nickel-based coatings on blades, cylinders, bearings, 

and valves. PE offers several advantages, including ease of 

operation, high efficiency, safety, reliability, and lower cost 

compared to direct current (DC) electrodeposition, reverse PE, 

and brushing electrodeposition [47, 48]. For example, the use 

of PE in fabricating Ni–W/SiC nanocoatings via a modified 

Watt's nickel solution demonstrates excellent anti-corrosion 

performance in a 3.5 wt% NaCl corrosive environment [49]. PE 

provides precise control over the microstructure, mechanical 

properties, and corrosion resistance of electrodeposited 

coatings. Additionally, PE allows for a higher average current 

density (ia) compared to the DC method, preventing the 

formation of dendrites in the coating morphology. The 

participation of reinforcing particles is also significantly higher 

in the pulse current (PC) method than in the DC approach [17, 

50]. The pulse electrodeposition parameters include current 

density (i), duty cycle (%), and pulse frequency ("γ"). These 

factors have a significant impact on the characteristics of PC 

electrodeposited coatings. The PC approach represents the duty 

cycle as the proportion of total on-time inside a pulse cycle, 

expressed as a percentage [51, 52]: 

Duty cycle (γ)= 
Ton

Ton+Toff

=Ton.f                                                              (1) 

where f is pulse frequency and is indicated as the cycle time (T) 

reciprocal [51, 52]: 

Frequency (f) = 
1

Ton+Toff

= 
1

T
                                                                     (2) 

The mean current density (IA) formulated in the PC 

technique is also described as [51]: 

IA = peak current (Ip) × duty cycle (γ)                                     (3) 

The electrolyte conditions in the PC approach include 

factors such as bath chemical composition, temperature, pH, 

plating time, and stirring rate. Additionally, the characteristics 

of the incorporated particles—such as particle size, shape, 

concentration, dispersion type, and other surface properties—

play an important role in determining the microstructure and 

morphology of the coatings [15, 16]. These factors, in turn, 

significantly influence the enhancement or reduction of the 

corrosion and wear resistance of the coatings [17, 23, 44].  

A review of the literature reveals that B4C in MMCs is 

regarded as an ideal reinforcing agent due to its outstanding 

mechanical properties and high chemical stability [53]. With a 

melting point of 2350°C and a Mohs hardness of 9.5, B4C is one 

of the most stable materials, resistant to corrosion by hot 

hydrogen fluoride (HF) and nitric acid (HNO3), and insoluble 

in both acids and water [54]. In a very recent study conducted 

by Ramadoss et al. [55], an aluminum hybrid metal matrix 

composite (AHMMC) reinforced with B4C and BN particles 

significantly improved corrosion resistance due to the 

formation of a protective layer. The incorporation of B4C 

nanoparticles into Ni-B matrix composite coatings, fabricated 

via the electroless method, led to a remarkable increase in the 

microhardness and wear resistance of the Ni-B-B4C composite 

coatings [56]. Pushpanathan et al. [57] studied the effect of 

varying pulse current density (up to 2 A/dm²) and duty cycle 

(up to 30%) for pulse-electrodeposited Ni-B4C-TiC 

nanocomposite coatings under a fixed pulse frequency and 

nanoparticle concentrations of 0.5 g/L B4C and 1 g/L TiC. The 

results showed improved hardness and wear resistance 

compared to the pure Ni-B coating. Similarly, the findings of  

[24] on Ni-B-based pulse electrodeposited composite coatings 

reinforced with B4C sub-micron particles on N80 steel 

indicated an average microhardness of 1030.61 Hv and 

enhanced wear resistance with a coefficient of friction (COF) 

of 0.22. Additionally, the coatings exhibited good corrosion 

resistance, with a corrosion voltage of -0.3 V and a corrosion 

current of -1.15 μA for Ni-B/ B4C coatings deposited at 2 g/L 
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in a 3.5 wt% NaCl solution. In another study, Dong et al. [58] 

fabricated superhydrophobic composite coatings on Q235 steel 

and found that the incorporation of B4C particles created a 

unique micro-nano structure, inducing rough morphology, 

improving corrosion resistance, and promoting coating growth, 

resulting in a strong barrier effect and enhanced stability. 

Increasing the pulse frequency from 1 to 10, 100, and 1000 Hz 

in Ni-W-based coatings reinforced with B4C nanoparticles 

revealed a significant reduction in grain size and roughness, a 

decrease in Ni content, and an increase in the participation of 

W and B4C in the coating. The composite coating deposited at 

100 Hz demonstrated the best corrosion resistance [59]. 

Optimizing electroplating parameters such as electrolyte bath 

temperature, deposition current intensity, and plating time, with 

the aid of Response Surface Methodology (RSM), can greatly 

enhance the hardness and corrosion resistance of electroplated 

Ni-B4C coatings on AZ31 Mg alloy, demonstrating the 

effectiveness of Ni-B4C composite coatings [60]. 

To the best of our knowledge, although other researchers 

have explored the effects of incorporating B4C micro- and 

nanoparticles into metal matrix composites—particularly 

nickel-based coatings produced using various methods and 

deposition conditions—there have been few comprehensive 

studies on how the operating parameters of pulse 

electrodeposition (PE) influence the microstructure, texture, 

morphology, particle incorporation rate, and corrosion 

properties of these composite coatings. This study aims to 

develop nickel-based composite coatings strengthened with 

B4C nanoparticles using the PE technique. The microstructure, 

morphology, and corrosion characteristics of the resulting Ni-

B4C coatings are evaluated through potentiodynamic 

polarization tests and electrochemical impedance spectroscopy. 

These coatings are deposited under varying pulse parameters, 

including pulse current density, duty cycle, and pulse 

frequency. The findings of this investigation are thoroughly 

analyzed and discussed. 

2- MATERIALS AND METHODS 
The nanocomposite coatings were electrodeposited 

onto a copper substrate in Watt’s bath electrolyte. This 

section outlines the essential equipment and conditions 

required for the electrodeposition process, examines the 

influencing parameters, details the surface preparation, 

and describes the various tests used to assess the 

microstructural, morphological, and corrosion 

characteristics. These assessments were conducted using 

FESEM, EDS, XRD, potentiodynamic polarization, and 

EIS techniques. 

2-1– THE PROCURATION OF 
ELECTRODEPOSITION BATH 

In this research, the conventional electrolyte solution 

for fabricating nickel-based coatings, known as Watt’s 

bath, was used. The main component of Watt’s bath is 

nickel sulfate (NiSO₄·6H₂O), which is employed to 

fabricate pure nickel and nickel nanocomposite coatings 

reinforced with B4C nanoparticles. Nickel chloride 

(NiCl₂·6H₂O) is then added to enhance the ionic 

conductivity of the solution. During electrodeposition 

(also known as electroplating), an external current is 

applied to the solution, promoting ion movement, 

improving electroplating efficiency, and reducing energy 

consumption.  

An anionic surfactant, sodium dodecyl sulfate (SDS) 

with the chemical formula CH₃(CH₂)₁₁SO₄Na, is used as 

a surface activation agent to prevent particle 

agglomeration by increasing electrostatic repulsion. SDS 

also alters wettability, facilitates the uniform distribution 

of nanoparticles in the bath, and minimizes the porosity 

of the coating. The surface activation mechanism charges 

neutral particles and, with the help of the applied current, 

creates optimal conditions for particle incorporation into 

the matrix [61]. Finally, the boric acid (H3BO3) is added 

to the solution to control the pH of the bath. All chemical 

compounds were utilized as-received and were procured 

from Merck company. The electrodeposition bath 

composition, production company, and coordinated 

concentration are characterized in Table 1. 

Table 1.  The electrodeposition bath’s chemical composition 

and concentration 

Chemical composition 
Concentration 

(g/L) 

NiSO4.6H2O 300 

Na3C6H5O7 40 

B4C 5 

CH3(CH2)11SO4Na 

(SDS) 
40 

NH3 0.3 

The TEM image and the corresponding specification 

of B4C nano-powders utilized in this research are 

illustrated in Figure 1 and tabulated in Table 2, 

respectively. 

 

Figure 1. TEM image of B4C nano-powders. 

 

Table 2. The specification of B4C nano-powders 



19 M. Sajjadnejad et al. / Advanced Ceramics Progress: Vol. 9, No. 3, (Summer 2023) 16-30  

Product Name 
Boron Carbide Nanopowder 

(g/L) 

Purity 99.0 %+ 

Dissociate Oxygen Content 0.8 

Crystaline Phase Monocrystalline 

Particle Size <50nm 

Specific Surface Area 75 m2/g 

Loose Loading Density 0.01 g/cm3 

Color Grey Black 

2-2 – PREPARATION OF THE SUBSTRATE 
To prepare the coating specimens, copper was 

selected as the substrate, and several samples were cut to 

achieve a uniform surface area. The copper substrates 

were ground using SiC abrasive paper from 150 to 2000 

grit, then polished with alumina slurry solution (mean 

particle size of 1 μm) to achieve a mirror-like finish. The 

samples were cleaned with acetone under ultrasonication, 

immersed in a 15% HCl dilute solution for surface 

activation, and slightly corroded at the grain boundaries 

to enhance coating adhesion. Finally, the samples were 

rinsed in distilled water and absolute alcohol, dried with 

hot air, and made ready for use in the three-electrode 

electrodeposition cell. 

 

2-3 – THE PROCESS OF ELECTRODEPOSITION 
The electrodeposition bath was prepared according to 

the instructions detailed in Section 2-1 and poured into a 

50 mL beaker. The solution was then stirred using a 

magnetic heater and preheated to ensure even 

distribution. Prior to preheating, the required amount of 

B4C nanoparticles was added to the Ni-B4C 

electrodeposition bath. To prevent nanoparticle 

agglomeration and ensure their suspension in the 

electrolyte, SDS was also added to the bath. The solution 

was stirred for 24 hours to hydrate the nanoparticles and 

improve their wettability. A temperature controller was 

used to maintain the bath temperature. The 

electrodeposition parameters are summarized in Table 3. 

Table 3.  The electrodeposition bath parameters 

Electrodeposition 

bath parameter 
Value /Degree 

pH 4 

Temperature (℃) 50 

Stirring rate (rpm) 250 

In this study, five separate specimens were prepared 

based ib variant electrodeposition parameters, as 

provided in Table 4. 
Table 4. Pulse electrodeposition parameters of pure nickel and nickel-B4C nanocomposite coating samples under variant 

electrodeposition conditions 

Sample 

B4C nanoparticle 

concentration 

(g/l) 

Maximum Current density 

(ip) 

(A/dm2) 

Duty 

cycle 

(%) 

Pulse 

frequency 

(Hz) 

*Ni- B4C (Baseline Ni -B4C) 5 1 50 1 

Ni- B4C 5 4 50 1 

Ni- B4C 5 1 25 1 

Ni- B4C 5 1 50 10 

Pure nickel (Baseline Ni) - 1 50 1 

* Baseline sample 

The substrate surface area must be precisely defined 

for electrodeposition. To achieve this, the area not 

intended for coating must be insulated from contact with 

the electrolyte using electrical (friction) tape or nail 

lacquer. Just before starting the electrodeposition 

process, the electrolyte bath (solution) was subjected to 

ultrasonication to disperse all particles evenly. The 

electrodeposition cell was then partially immersed in the 

electrolyte solution, and the sample was placed into the 

cavity of the cell. The electrolyte was stirred at a 

maximum velocity of 250 rpm.  

For electrodeposition, nickel served as the anode and 

copper as the cathode. The anode-to-cathode surface area 

ratio was maintained between 3 to 5 to prevent anodic 

polarization, and the distance between them was set to 2 

to 3 cm. Pulse frequency, duty cycle, total time (TON + 

TOFF), and On and Off times of the electrodeposition 

process were calculated separately to determine the 

required current based on the desired current density. 

Unlike direct current (DC) electrodeposition, pulse 

current (PC) electrodeposition used a conventional power 

supply with a current converter to produce a pulse 

current. The negative (-) and positive (+) poles of the 

power supply were connected to the cathode and anode, 

respectively, via electric wires to the pulse generator of 

the power supply.  

After electrodeposition, the specimens were carefully 

removed from the electrolyte solution without direct 

hand contact and immediately immersed in distilled 

water, followed by ultrasonication for a brief period. This 

process helps to detach particles with weak bonds from 

the surface, improving the accuracy of subsequent 

analyses. After drying, the characteristics of the coated 

nanocomposite samples were examined using FESEM, 

XRD, and corrosion tests. 

 

2-4 – ELECTROCHEMICAL CORROSION TESTS 
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The pure nickel and nickel-B4C nanocomposite 

coating specimens were prepared for electrochemical 

corrosion tests. First, each coating sample was pierced 

with a tiny drill, connected to an electric wire, and the 

surrounding excess surfaces were insulated with lacquer. 

Following sample preparation, potentiodynamic 

polarization tests were conducted. The experiments were 

performed in a Pyrex glass three-electrode cell, with a 3.5 

wt.% NaCl solution as the corrosive electrolyte. All tests 

were carried out at room temperature. Prior to testing, 

each specimen was immersed in the corrosive solution 

for 45 minutes to allow the surface to reach equilibrium 

with the corrosive components in the electrolyte. The 

corrosion measurements were conducted using an 

AUTOLAB PGSTAT-302N instrument equipped with 

NOVA 2.1.4 software for potentiodynamic polarization 

tests. The various components of the AUTOLAB 

PGSTAT-302N instrument, the corrosion test cell setup, 

and the pure nickel and Ni-B4C coating specimens are 

clearly illustrated in Figures 2 and 3. 

 

Figure 2. The AUTOLAB PGSTAT-302N instrument and corrosion cell setup. 

  
Figure 3. The coating specimens. a) The copper substrate and b) The coated surface.

In the electrochemical corrosion test, specifically the 

potentiodynamic polarization test, the specimen is 

polarized relative to its equilibrium condition. In other 

words, the sample potential is varied positively or 

negatively from the equilibrium potential or Open Circuit 

Potential (OCP). The OCP is the potential difference 

between the working electrode and the reference 

electrode when the sample is exposed to the electrolyte 

in an equilibrium state, with no measurable corrosion 

current. The OCP should stabilize at a constant potential 

with minimal fluctuations. The surface area of the sample 

must be accurately determined for current density 

calculations. 

Each corrosion test involves three electrodes: a 

working electrode, a counter electrode, and a reference 

electrode, chosen according to the coating type and 

corrosion environment. In this research, a saturated 

Calomel reference electrode was used. To obtain the 

cathodic and anodic branch slopes, two appropriate 

points were selected on each branch, and the intersection 

of these slopes was calculated to determine the corrosion 

current density. The Tafel and potentiodynamic test 

parameters were extracted using Nova 2.1.4 software. 

The corrosion current density is calculated using the 
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following equation: 

𝑖𝑐𝑜𝑟𝑟 =
𝛽𝑎𝛽𝑐

2.303(𝛽𝑎+𝛽𝑐)𝑅𝑝
      (4) 

where βa describes the anodic branch slope, βc 

represents the cathodic branch slope, and Rp points out 

the polarization resistance, which is defined as the 

potential difference variations versus the current 

alterations [3]. Through the determination of corrosion 

current density, the corrosion rate can be obtained via the 

below relation: 

CR1 (
mm

y
) = 3.27 × icorr (

mA

cm2
) ×

Ew

D
                                   (5) 

where EW stands for equivalent weight and D 

indicates density, both of which are equal to 63.5 g/mol 

and 8.96 g/cm3 for nickel, respectively. 

Electrochemical impedance spectroscopy (EIS) was 

performed after the electrodeposition process using a 

three-electrode cell containing a 3.5 wt.% NaCl solution. 

A calomel electrode was used as the reference electrode, 

and a counter electrode was also included. Prior to each 

experiment, the specimens were immersed in the 

corrosion cell and exposed to the electrolyte to monitor 

the Open Circuit Potential (OCP) for a specific period 

(e.g., 15 minutes) until the potential stabilized. The EIS 

analysis was then conducted over a frequency range from 

100,000 Hz to 0.01 Hz, with a sinusoidal AC potential 

applied at an amplitude of ±10 mV versus OCP for all 

pure nickel and Ni-B4C nanocomposite coating samples. 

The extracted EIS parameters were subsequently fitted 

using ZViewTM software (Version 3.4, Scribner 

Associates Inc.). 

2-5 – MORPHOLOGICAL STUDIES VIA FESEM 
To identify the morphology of the pure nickel and 

nickel-B4C nanocomposite coating samples, FESEM 

analysis was performed using a MIRA3 TESCAN model 

instrument. Prior to the microstructural assessment and 

evaluation of electrical conductivity, the specimen 

surfaces were coated with a very thin layer of gold.  

2-6 – CHEMICAL CHARACTERIZATION VIA EDS 
EDS (or EDX) and MAP analysis were performed on 

the coating samples for chemical characterization. EDX 

analysis was used to determine the incorporation rate of 

B4C nanoparticles in the nanocomposite coating. The 

weight percentages (wt.%) of Ni, B, and C in the coating 

matrix were calculated using EDX analysis and 

subsequently converted to volume percentages (vol.%). 

The volume percentages (vol.%) were derived using the 

following equations: 

The wt.% of B4C =
Boron (B) % obtained from EDAX × 𝐵4𝐶 𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠

𝐵𝑜𝑟𝑜𝑛 𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠
        (6) 

The wt.% of Ni = 100 - The wt.% of B4C                                (7) 

where B4C molar mass is 55.255 g/mol, B molar mass 

is 10.811 g/mol, and C molar mass is 12.011 g/mol. The 

B4C incorporation rate (vol. %) is then calculated via 

Equation 8: 

B4C vol.% =
100×

 The wt.% of B4C 

B4C density
 The wt.% of Ni 

Nickel density
+

 The wt.% of B4C 

B4C density

                          (8) 

where B4C density is 2.52 g/cm3, Nickel density is 8.9 

g/cm3, and Carbon density is 2.2 g/cm3. 

2-7 – MICROSTRUCTURAL ASSESSMENT BY XRD 
STUDIES 

To investigate the crystalline microstructure of the 

pure Ni and Ni-B4C coatings, X-ray diffraction (XRD) 

analysis was conducted using a Philips Bruker D8 

diffractometer with a copper Kα source. The reported 

findings were analyzed using Xpert High Score Plus 

software. 

3- RESULTS AND DISCUSSION 
3-1 – CHEMICAL COMPOSITION AND 
MORPHOLOGY OF Ni-B4C 
The microstructure and morphology of pure nickel and 

nickel nanocomposite coatings reinforced with B4C 

nanoparticles were evaluated using FESEM, EDS, and 

MAP analysis. These analyses investigated the 

incorporation of B4C nanoparticles and the effects of 

pulse electrodeposition (PE) parameters on the 

microstructure of the coatings. Table 5 categorizes the 

specimens based on their PE parameters. The baseline 

sample, E, represents pure nickel, while samples A to D 

denote Ni-B4C pulse electrodeposited nanocomposite 

coatings. 

Table 5. Vol. % of B4C nanoparticles regarding the pulse 

electrodeposition parameters 

Sample i (A/dm2) 
f 

(Hz) 

γ 

(%) 
Vol. % B4C 

A (Baseline Ni-B4C) 1 10 50 5.5 

B (Ni-B4C) 4 10 50 2.9 

C (Ni-B4C) 1 10 25 4.6 
D (Ni-B4C) 1 1 50 3.9 

E (Baseline Ni) 1 10 50 0 

Figure 4a and 4b show the BSE and EDS analyses of 

the baseline Ni-B4C nanocomposite coating deposited 

under conditions of icorr = 1 A/dm2, γ = 50 %, f = 10 Hz. 

The map analysis of Boron and Carbon distribution 

confirms the incorporation of these elements into the 

nickel coating matrix. 

 

 
1 Corrosion Rate (CR) 
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Figure 4. BSE and EDS analysis of the Ni-B4C baseline nanocomposite coating deposited under icorr = 1 A/dm2, f = 10 Hz, γ = 50 %. 

a) BSE micrograph at 50µm, b) EDS spectrum, c) Boron distribution map, and d) Carbon distribution map.

The FESEM micrographs of pure nickel and Ni-B4C 

nanocomposite coatings fabricated under the baseline 

electrodeposition conditions are shown in Figure 5a and 

5b. Figure 5a demonstrates the morphology of pure Ni, 

which consists of fine nickel pyramids. In contrast, the 

incorporation of 5.5 vol.% B4C nanoparticles into the 

nickel matrix transformed the coating morphology from 

nickel pyramids (see Figure 5a) to a spherical (nodular) 

microstructure (see Figure 5b). Similar microstructures 

have also been observed in other studies on composite 

coatings, such as Ni-Mo [62], Ni-Cr [63], Ni-WC [64], 

Ni-ZnO [31], and Ni- Si3N4 [33].

 
Figure 5. The FESEM micrographs of baseline pure nickel and Ni-B4C nanocomposite coatings

The FESEM micrographs of Ni-B4C nanocomposite 

coatings produced at 1 and 4 A/dm2, under baseline 

conditions (f = 10 Hz, γ = 50 %.) are demonstrated in 

Figure 6. a and b.
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Figure 6. The FESEM micrographs of Ni-B4C nanocomposite coatings deposited under f = 10 Hz, γ = 50 %. at: a) 1 A/dm2 and b) 4 

A/dm2

As depicted in Figure 6, increasing the current 

density from 1 to 4 A/dm² resulted in changes in the 

microstructure and a decrease in the incorporation 

rate of B4C nanoparticles, from 5.5 to 2.9 vol.%. 

This indicates that, despite the higher driving force, 

the reduction rate of deposited nanoparticles was 

diminished. The reduction rate of Ni²⁺ ions 

exceeded the adsorption rate of nanoparticles on the 

surface, leading to a decrease in B4C nanoparticle 

incorporation [65]. In other words, while increasing 

the pulse current density initially leads to more 

deposition of B4C nanoparticles in the coating, at 

higher current densities, the diffusion of Ni atoms 

into the matrix surpasses that of the B4C 

nanoparticles, resulting in a significant reduction in 

B4C incorporation. Dini et al. [66] noted that 

increasing the pulse current density to a certain limit 

raises the overpotential and increases the nucleation 

rate, ultimately resulting in a microstructure with 

finer grains. by Ebrahimi et al. [67] explained that 

the enhancement of electroplating current density 

leads to a reduction in nickel ion reduction in the 

microstructure and co-deposition of hydrogen at the 

cathode-electrolyte interface. Rashidi and Amadeh 

[68] also found that increasing the electroplating 

current density from 1 to 5 A/dm² reduced the grain 

size, although further increases in current density 

led to a nearly constant grain size. 

As observed in Figure 7, increasing the duty cycle 

from 25% to 50% led to a higher incorporation rate 

of B4C nanoparticles, from 4.6 to 5.5 vol.%. This 

increase can be attributed to the relationship im=ip ×ɣ 

(refer to relation 3 in the Introduction), where the 

average current density rises with the duty cycle, 

resulting in a greater amount of nanoparticles 

incorporated into the coating [16]. Specifically, at 

lower duty cycles (short TON or long TOFF), the 

coating tends to have high impact but may exhibit 

negligible porosity. In such cases, the nanoparticles 

embedded in the coating may have weak 

connections, making the coating prone to separation 

or peeling. Increasing the duty cycle enhances the 

incorporation rate of nanoparticles into the coating. 

However, when the duty cycle is further increased 

to 75%, the nanoparticle incorporation rate 

decreases. This is associated with a rise in current 

density and a significant increase in grain size [16, 

50]. 

 

Figure 7. The FESEM micrographs of Ni-B4C nanocomposite coatings deposited under icorr = 1 A/dm2, f = 10 Hz, at duty cycle of a) 

γ = 25 % and b) γ = 50 %
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Figure 8 illustrates the changes in morphology as the 

pulse frequency increased from 1 to 10 Hz. Raising the 

pulse frequency from 1 to 10 Hz for the Ni-B4C samples 

resulted in an increase in B4C nanoparticle incorporation 

from 3.9 to 5.5 vol.%. This improvement is due to the 

reduction in total electrodeposition time (TON+ TOFF) and 

the increased number of electrodeposition cycles, which 

leads to a higher percentage of nanoparticles being 

incorporated into the coating [14]. Chen et al. [69] 

demonstrated that increasing the pulse frequency, which 

results in a higher number of deposition cycles and 

shorter TON and TOFF periods, enhances the incorporation 

of the secondary reinforcing phase into the matrix. 

 

Figure 8. The FESEM micrographs of Ni-B4C nanocomposite coatings deposited under icorr = 1 A/dm2, γ = 50 % at pulse frequencies 

of a) f = 1 Hz and b) f = 10 Hz 

Sajjadnejad et al. [3] found that increasing the pulse 

current density led to a significant increase in the number 

of nanoparticles deposited in Ni-nanodiamond composite 

coatings. Similar results were reported by Lajevardi and 

Sharabi [70] for Ni-TiO2 composite coatings. 

Additionally, our recent study on the wear and 

tribological properties of Ni-B4C nanocomposite 

coatings showed a substantial improvement in 

microhardness across all Ni-B4C specimens deposited 

under different electrodeposition parameters, compared 

to pure nickel coatings [71]. 

3-2– MICROSTRUCTURAL STUDIES VIA XRD 
ANALYSIS FINDINGS 
In this section, the XRD results of pure nickel and nickel-

B4C nanocomposite coatings were determined and the 

effect of B4C incorporation on the microstructure and the 

crystallite size of the coatings is thoroughly investigated. 

The embedment of B4C nanoparticles in the nickel 

matrix led to an increase in the peak broadening in XRD 

spectrum peaks so that the crystallite size experienced a 

huge reduction in the Ni- B4C coating compared to pure 

Ni coating. The crystallite size of the main peaks was 

obtained via Scherrer’s equation and the obtained results 

are given in Table 6. To assess the influence of B4C 

nanoparticles on the coating characteristics, the size of 

crystallites was determined by Xpert software using 

Scherrer’s equation as follows: 

𝑑 =
𝐾𝜆

𝛽𝐶𝑜𝑠𝜃
                                                                                        (9) 

where D indicates the size of crystallites, k denotes 

the shape factor constant approximately taken as 1 for 

particles or crystallites and 0.94 precisely for spherical 

crystallites, λ describes the X-ray wavelength in nm, β 

represents the peak width at the half intensity or FWHM 

(Full Width Half Maximum) shown in radians, and θ is 

the diffraction angle in radians [72]. The peak broadening 

is initiated by crystal defects, twin boundaries, strain, and 

crystallite size. 

Table 6- The XRD analysis results for pure Ni and Ni-B4C 

nanocomposite baseline samples obtained via the Scherrer 

technique. 

d (nm) FWHM (hkl) 2θ (°) Sample 

73.2 0.12 (111) 44.239 
Pure Ni 

44.7 0.192 (200) 50.431 

32 - (111) 44.898 
Ni-B4C 

23 - (200) 52.148 

Figure 9 and Table 6 show the XRD spectrum for 

both pure Ni and Ni-B4C coatings. The data reveal that 

incorporating B4C nanoparticles into the matrix 

significantly reduced the relative intensity of the (111) 

and (200) crystal planes. Additionally, the crystallite size 

of nickel decreased notably for these planes, from 73.2 

nm to 32 nm for (111) and from 44.7 nm to 23 nm for 

(200). The presence of B4C nanoparticles increases the 

number of nucleation sites, which contributes to the 

reduction in crystallite size [3].
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Figure 9. The XRD spectrum for pure nickel and Ni-B4C 

nanocomposite coatings 

Figure 10. The potentiodynamic polarization curves for pure Ni and 

Ni-B4C coatings under variant electrodeposition parameters 

 
Li et al. [73] observed that the primary structure of 

nickel-diamond coatings at 2θ = 43.2° is FCC, which 

aligns with our findings. As shown in Table 6, the 

inclusion of B4C nanoparticles in the nickel coating 

contributes to a significant reduction in the crystallite size 

of the main peaks. This effect is primarily due to the B4C 

nanoparticles acting as a reinforcing phase and creating 

additional nucleation sites within the nickel grain 

boundaries, resulting in a finer microstructure. Moreover, 

Tao et al. [74] proved nanoparticle incorporation as the 

main reason for peak broadening and decrease in the 

crystallite size of the Ni-B-Sc composite coating. 

3-3 – THE CORROSION CHARACTERISTICS 
The corrosion characteristics of pure nickel and 

nickel-B4C nanocomposite coatings were evaluated 

using potentiodynamic polarization and electrochemical 

impedance spectroscopy (EIS). 

Figure 10 shows the potentiodynamic polarization 

curves for both pure Ni and Ni-B4C nanocomposite 

coatings. The curves reveal two distinct anodic and 

cathodic branches in the active region, as well as the 

passive and trans-passive regions beyond them. 
Figure 10 illustrates the potentiodynamic polarization 

curve demonstrating the active-passive behavior typical 

of pure nickel coatings. This curve is divided into three 

critical regions: i. Active, ii. Passive, and iii. 

Transpassive. The pitting potential (Epit) is the boundary 

between the passive region and the beginning of the 

transpassive region. 

 

Figure 11. The typical potentiodynamic polarization curve for 

pure Ni coating with an active-passive corrosion behavior 

exhibiting active, passive, and trans-passive regions. 

The extracted data from potentiodynamic 

polarization tests such as corrosion current density (icorr), 

corrosion potential (Ecorr), and pitting potential (Epit) for 

all pure Ni and Ni-B4C coatings under various pulse 

electrodeposition parameters are shown in Table 7.  
 

Table 7- The extracted data from the potentiodynamic polarization test for all pure Ni and Ni-B4C coatings under variant pulse 

electrodeposition parameters 

Sample 

Chemical 

composition 

of coating 

B4C 

concentration 

(g/L) 

Current 

density 
(A/dm2) 

Duty 

cycle 
)%( 

Pulse 

frequency 
(Hz) 

B4C 

Incorporation 
rate 

(vol. %) 

Corrosion 
potential 

(V vs. 

SCE ) 

Corrosion 

current 
density  

(µA/cm2) 

Corrosion 

rate 

(mm/year) 

Pitting 
potential 
(Epit) – 

(V vs. 
SCE) 

A Ni-B4C 5 1 50 10 5.5 -0.446 4.541 0.048 0.105 
B Ni-B4C 5 4 50 10 2.9 -0.353 1.375 0.011 0.081 
C Ni-B4C 5 1 25 10 4.6 -0.439 7.243 0.077 0.086 
D Ni-B4C 5 1 50 1 3.9 -0.32 0.599 0.006 0.073 
E Ni 0 1 50 10 0 -0.249 2.301 0.024 0.055 
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Figure 10 and Table 7 show that the best corrosion 

resistance was observed in the D sample, a Ni-B4C 

coating deposited under i = 1 A/dm², γ = 50 %, and f = 1 

Hz, which had the lowest corrosion current density of 

0.559 µA/cm². Interestingly, despite an incorporation 

rate of 5.5%, B4C nanoparticles led to an increase in 

corrosion current density from 2.301 to 4.541 µA/cm² in 

the baseline condition (i = 1 A/dm², γ = 50 %, and f = 10 

Hz). This increase is likely due to uneven distribution and 

participation of B4C nanoparticles in the nickel matrix. 

Nonetheless, the Ni-B4C nanocomposite coatings, 

specifically samples B (deposited under i = 4 A/dm², γ = 

50 %, and f = 10 Hz) and D (deposited under i = 1 A/dm², 

γ = 50 %, and f = 1 Hz), demonstrated lower corrosion 

current densities and thus better corrosion resistance 

compared to pure nickel coatings. 

Increasing the pulse current density from 1 to 4 A/dm² 

led to a significant reduction in corrosion current density 

from 4.541 to 1.375 µA/cm², while the B4C incorporation 

rate decreased from 5.5 to 2.9 vol.%. This improvement 

is likely due to a more uniform distribution and greater 

compaction of the nanocomposite coating achieved at 4 

A/dm². Amadeh et al. [75] observed similar trends in 

their study on Ni-SiC coatings, where raising the pulse 

current density from 2 to 8 A/dm² reduced corrosion 

current density significantly, although the corrosion 

potential shifted to a more negative value and no major 

changes were noted in the passive region. Sajjadnejad et 

al. [16] found that for Ni-diamond coatings, increasing 

the pulse current density from 1 to 4 A/dm² resulted in a 

more positive corrosion potential and lower corrosion 

current density. However, further increasing the current 

density to 10 A/dm² reduced corrosion resistance, 

attributed to higher participation at 4 A/dm² and reduced 

B4C incorporation at higher current densities.  

Increasing the duty cycle from 25% to 50% in Ni-B4C 

coatings resulted in a reduction in corrosion current 

density from 7.243 to 4.541 µA/cm², which was 

associated with an increase in B4C nanoparticle 

incorporation from 4.6% to 5.5% vol.%. Sajjadnejad et 

al. [16] observed a similar trend, noting that while 

increasing the duty cycle improved B4C incorporation up 

to a certain point, further increases in the duty cycle led 

to a reduction in nanoparticle incorporation. 

On the other hand, increasing the pulse frequency 

from 1 to 10 Hz caused a notable rise in corrosion current 

density from 0.599 to 4.541 µA/cm². This decline in 

corrosion resistance was linked to a higher B4C 

incorporation rate, from 3.9% to 5.5% vol.%, which 

suggests that the more uniform distribution of B4C 

nanoparticles at lower frequencies contributed to this 

effect. Shahrabi et al. [70] found similar results with Ni-

TiO₂ coatings, where increasing pulse frequency 

improved corrosion resistance. In contrast, Sajjednejad et 

al. [3] observed that higher pulse frequencies led to 

increased overpotential and altered surface topography, 

which enhanced B4C nanoparticle incorporation and 

improved corrosion resistance. Amadeh et al. [75] 

reported that raising the pulse frequency from 10 to 1000 

Hz decreased corrosion current density due to increased 

B4C nanoparticle incorporation in Ni-SiC coatings. 

Medelien et al. [76] noted that B4C incorporation shifted 

the corrosion potential to more negative values and 

increased the electrochemical activity of the nickel 

coating, attributing reduced corrosion resistance to the 

semi-conductive behavior of B4C. Jiang et al. found that 

increasing B4C concentration from 2 to 8 g/L shifted the 

Tafel curves to positive potentials and enhanced 

corrosion resistance, which was ascribed to the uniform 

and compact structure of the Ni-B4C nanocomposite 

coatings [77]. 

As seen in Table 7 and Figure 10, the incorporation 

of B4C nanoparticles into the nickel matrix caused a 

significant positive shift in the pitting potential Epit for all 

Ni-B4C coatings compared to the pure nickel coating. 

This shift can be attributed to the inhibitory effect of B4C 

particles, which help to fill surface defects and porosities, 

thereby preventing the diffusion of highly corrosive ions, 

particularly chloride ions (Cl-), present in the NaCl 

corrosive environment studied in this research. 

Furthermore, the B4C incorporation extended the passive 

region for all Ni-B4C coatings relative to the pure nickel 

coating, indicating enhanced corrosion resistance. 
The EIS curves including the Nyquist, Bode-

magnitude, and Bode-phase plots for pure Ni and Ni-B4C 

nanocomposite coating deposited under i = 1 A/dm2, γ = 

50 %, f = 10 Hz and i = 1 A/dm2, γ = 50 %, and f = 1 Hz, 

respectively, are presented in Figure 12. 

To achieve optimal EIS curve fitting for the pure Ni 

and Ni-B4C coatings, the recommended equivalent 

circuit is displayed in Figure 13. The fitting was 

performed using ZViewTM software based on the data 

extracted from EIS analysis. In this circuit, Rs represents 

the solution resistance, Rct denotes the charge transfer 

resistance, and CPEdl refers to the constant phase 

element of the double-layer. The presence of a single 

capacitance loop or semicircular arc in the Nyquist plot 

indicates a charge transfer corrosion mechanism, while 

the Bode plots for both pure Ni and Ni-B4C coatings 

show only one time constant. This equivalent circuit and 

its fitting curve were thus used for data analysis and 

discussion. Similar equivalent circuits were applied by Li 

et al. [59] and Omidvar et al. [78] for assessing the 

corrosion characteristics of the Ni-W-B4C coatings and 

NiBP-graphite coatings, respectively. 
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Figure 12. The Nyquist, Bode magnitude, and Bode phase 

plots extracted from the EIS obtained results for pure nickel 

deposited under i = 1 A/dm2, γ = 50 %, f = 10 Hz and nickel-

B4C nanocomposite coating fabricated at i = 1 A/dm2, γ = 50 

%, f = 1 Hz 

 
Figure 13.  The equivalent circuit for fitting the EIS curves of 

pure Ni and Ni-B4C coating 

 

The values obtained by fitting the EIS curves are 

reported in Table 8. The table compares the pure nickel 

coating with the Ni-B4C coating specimen, which 

exhibits the lowest corrosion current density (as 

presented in Table 7). The coatings were deposited under 

the conditions of i = 1 A/dm², γ = 50%, f = 10 Hz for the 

baseline, and i = 1 A/dm², γ = 50%, f = 1 Hz for the 

sample with minimum corrosion current density. This 

comparison highlights the enhanced corrosion resistance 

observed in the Ni-B4C nanocomposite coating due to the 

optimized electrodeposition parameters. 

 

 

Table 8. The electrochemical parameters obtained from the 

EIS analysis via the fitting curve. 

Sample 
Rs 

(Ω.cm2) 

Rct 

(Ω.cm2) 

CPEdl 

orY0 

(sn.cm-

2.Ω-1) 

n 

Pure Nickel 

(i = 1 A/dm2, γ 

= 50 %, f = 10 

Hz) 

5.752 5504 
3.18 × 

10-5 0.943 

Ni-B4C 

(i = 1 A/dm2, γ 

= 50 %, f = 1 

Hz) 

4.744 13517 
1.47 × 

10-5 
0.935 

According to Table 8, incorporating B4C into the 

nickel matrix, along with lowering the pulse frequency, 

led to a significant increase in the charge transfer 

resistance (Rct) from 5504 Ω.cm² for pure nickel to 

13515 Ω.cm² for the Ni-B4C coating. This rise in Rct 

indicates a notable improvement in corrosion resistance, 

aligning with the results of corrosion current density and 

corrosion rate (as seen in Table 7). The reduction in the 

double-layer constant phase element (CPEdl) further 

supports this enhancement in Rct and overall corrosion 

resistance. The n value, which remained close to 1, 

signifies near-ideal electrochemical behavior (refer to 

Figure 12 and Table 8). 

CONCLUSION 
In this study, pure nickel and Ni-B4C nanocomposite 

coatings were synthesized using the pulse 

electrodeposition (PE) technique. The effects of B4C 

nanoparticle incorporation and pulse parameters—such 

as pulse current density, duty cycle, and pulse 

frequency—on the coatings' microstructure, 

morphology, and nanoparticle distribution were analyzed 

through EDS, FESEM, and XRD methods. The corrosion 

behavior of the coatings was also assessed via 

potentiodynamic polarization and electrochemical 

impedance spectroscopy (EIS). Key findings include: 

1) Electrodeposition was conducted with a baseline of 

i = 1 A/dm², γ = 50%, f = 10 Hz. 

2) The addition of B4C nanoparticles changed the 

nickel coating’s morphology from a pyramid-like 

structure to a spherical (nodular) form. 

3) Increasing the pulse current density from 1 to 4 

A/dm² reduced the incorporation of B4C from 5.5 to 

2.9 vol.%, while increasing the duty cycle from 

25% to 50% and pulse frequency from 1 to 10 Hz 

boosted B4C incorporation from 4.6 vol.% and 3.9 

vol.% to 5.5 vol.%, respectively. 

4) The incorporation of B4C nanoparticles reduced the 

crystallite size of nickel for the (111) and (200) 

crystal planes from 73.2 to 32 nm and 44.7 to 23 

nm, respectively. 
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5) The incorporation of B4C nanoparticles increased 

the corrosion current density from 2.301 to 4.541 

µA/cm² under baseline conditions. 
6) The lowest corrosion current density of 0.559 µA/cm² 

(indicating the best corrosion resistance) was observed in 

the Ni-B4C coating deposited under i = 1 A/dm², γ = 50%, 

f = 1 Hz. Increasing the pulse current density from 1 to 4 

A/dm² and the duty cycle from 25% to 50% significantly 

reduced the corrosion current density from 4.541 to 1.375 

µA/cm² and from 7.243 to 4.541 µA/cm², respectively. 

Conversely, raising the pulse frequency from 1 to 10 Hz 

increased the corrosion current density from 0.599 to 

4.541 µA/cm², despite a rise in B4C incorporation from 3.9 

to 5.5 vol.% due to a more uniform nanoparticle 

distribution at 1 Hz.  

7) The Ni-B4C coating deposited at 1 Hz demonstrated 

a higher Rct compared to the pure nickel coating, 

aligning with both EIS and potentiodynamic 

polarization results. 
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