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a b s t r a c t

Nickel-based coatings are well known for their good corrosion resistance performance.

However, these materials suffer from inferior mechanical properties that limit their wider

application. This work investigates the synthesis, and performs an exhaustive character-

ization, of NiePeB4C nanocomposite coatings developed through conventional electrode-

position using a modified Watts bath. The study examines the effect of an increase in the

concentration of boron carbide nanoparticles (BCNPs) on the structural, morphological,

topographical, mechanical and electrochemical properties of the nanocomposite coating.

Vickers microhardness tester and nanoindentation technique were utilized to elucidate the

role of BCNPs in modifying the mechanical response of nanocomposite coatings.

Furthermore, corrosion resistance of the nanocomposite coatings was investigated

through d.c potentiodynamic polarization and electrochemical impedance spectroscopy

(EIS). Comparison of the properties of the developed coatings revealed the remarkable

improvement in the properties of NiePeB4C nanocomposite coatings when compared to

the bare mild steel substrate and the NieP coatings. The enhanced corrosion resistance

and superior mechanical properties of NiePeB4C nanocomposite coatings make them

attractive for many industries. Based upon the experimental findings, a possible mecha-

nism for the synthesis and improved corrosion resistance of NiePeB4C nanocomposite

coatings was also proposed.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Corrosion is one of the main causes of material failure in

various industries. Corrosion damage is typically accelerated
Shakoor).
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).
in the presence of other failure causes like wear, erosion, fa-

tigue and creep. These combined effects are directly or indi-

rectly linked to serious damages in various applications such

as automobile, water treatment, marine, aerospace, aero-

nautical, oil & gas, biomedical and powerplants, piping etc.
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Table 1 e Chemical bath constituents and operating
parameters for co-electrodeposition of NieP and
NiePeB4C nanocomposite coatings.

Chemicals Bath (NieP/B4C)

Nickel Sulfate hexahydrate 250 g L�1

Nickel Chloride hexahydrate 15 g L�1

Boric acid 30 g L�1

Sodium Chloride 15 g L�1

Phosphoric acid 6 g L�1

Sodium Hypophosphite 20 g L�1

Boron carbide nanoparticles

(B4C < 50 nm)

0, 0.5 and 1.0 g L�1

pH 2.0 ± 0.2

Temperature 65 ± 2 �C
Deposition time 30 min

Current density 48 mA cm�2

Bath agitation 300 rpm
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[1e3]. NACE reports estimate the global cost of corrosion to be

more than $2.5 (US) trillion annually burdening the economic

growth of nations around the world [4]. Corrosion also in-

creases the operational cost by unexpected maintenance

causing delay and inefficient process flow.

Nickel based metallic coatings are considered as a solution

to mitigate corrosion damage in many applications [5,6] and

various Nickel-based binary alloy coatings like NieB, NieW,

NieP, NieCr and NieCu have been studied. NieP coatings are

proven to be corrosion resistant; however, to further enhance

their mechanical strength they should be reinforced by

micron/nanosized hard particles. The resulting properties of

the modified composite coatings has attracted attention

leading to the production of different materials [5] like

NiePeTiN [7], NiePeY2O3 [8], NieBeAl2O3 [9], NiePeZrO2 [10],

NieWeSiC [11], NiePeSi3N4 [12], NieB-YSZ [13], NieCueTiN

[14]. The synthesis of composite coatings can be carried out

through different techniques such as electroless deposition,

laser cladding, conventional electrodeposition, pulse and

reverse pulse deposition methods. Conventional electrode-

position has advantages like bath stability, simple methodol-

ogy, time efficiency and industrial upgradability over its

counterparts making it an attractive process for extensive

investigations [5,15].

Boron carbide is a hard and chemically inert ceramic

material with a wide range of applications in various in-

dustries. Its effectiveness has been exhaustively investigated

recently for various applications [16e18]. Jiang et al. [19]

fabricated NieB4C composite coatings and remarked their

superior mechanical strength and corrosion resistance.

Rezagholizadeh et al. [20] also reported similar results for

NieBeB4C nanocomposite coating synthesized through

electroless deposition. Hosseinabadi et al. [21], Araghi and

Paydar [22], and Monir Vaghefi et al. [23] deposited micron-

sized B4C in NieP and showed an improvement in tribolog-

ical properties along with other similar finding in the litera-

ture. Teng and coworkers [24] developed NieWeB4C

nanocomposite coatings and claimed an improvement in

micro-hardness and anti-corrosive properties. Although,

Bozzini and team worked on the electrodeposition of

NiePeB4C [25] utilizing sub-micron particles and studied its

effect on crystallinity and corrosioneerosion properties of

composite coating, there are still important data required to

better validate these materials.

This work mainly focusses on the effect of the presence of

B4C nanoparticles in NieP binary alloy matrix produced from

a modified Watt's bath through conventional electrodeposi-

tion. Moreover, the effect on the concentration of B4C NP is

thoroughly investigated. X-ray diffraction and (XRD) Xray

photoelectron spectroscopy (XPS) were utilized to confirm

the successful deposition of B4C along with structural

properties of nanocomposite coating. Scanning electron Mi-

croscopy and Atomic force microscopy were used to study

the surface morphology and topography along with micro-

structural analysis of as prepared coatings. Vickers micro-

hardness and nano indentation were adopted to assess the

mechanical properties of nanocomposite coating. Electro-

chemical measurements were carried out to study the

corrosion resistance of coating.
2. Material & characterization

2.1. Materials

Conventional Watts bath was modified for electrodeposition

and it was composed of nickel chloride, nickel sulphate, boric

acid, sodium chloride, sodium hypophosphite and phos-

phoric acid in the distilled water as per the description in

Table 1. Boron carbide (B4C) nano powder with an average

size of 45e55 nm with the purity of 99.9% was purchased

from Sigma Aldrich.

2.2. Sample preparation

NieP-BCNPs nanocomposite coatings were deposited on pol-

ishedmild steel substrates. In the first step, the A36 steel sheet

was cut into a size of 32-mm coupons. Coupons were ground

to produce polished samples on silicon carbide abrasive pa-

pers grading from 120, 220, 320, 500, 800, 1000 and 1200. Before

getting to the next paper, the samples were washed with soap

and water. Sonication was carried after polishing for twenty-

five minutes to remove any particles from the polished mild

steel substrate. In order to prevent electrodeposition on both

sides of the substrates, a protective tape was used to cover the

unpolished sides. The steel substrate specimens were etched

in a 15% HCl solution for 40 s as a procedure of pre-treatment

for removing any of the oxide layer and contaminant over the

surface of substrate ensuring adherent and long lasting

coating. The substrates were then rinsed in warm distilled

water before placing them in the coating chemical bath. The

schematic diagram of the electrodeposition experimental

system is represented in Fig. 1.

During the electrodeposition process, the nickel sheet

served as anode and the polished steel substrate as cathode;

these were placed parallel to each other at a distance of ⁓
30mm in the chemical bath. The electrodeposition ofNieP and

NieP B4C (0.5 and 1.0 g/L) nanocomposite coating was carried

out at 65 �C ± 2. The deposition time was fixed to be 30 min

from the initiation of power supply. To avoid settling down of
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Fig. 1 e Schematic diagram of NieP and NiePeB4C electrodeposition process.

Fig. 2 e XRD spectra of NieP, NiePe0.5 g/L B4C and

NiePe1.0 g/L B4C.
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the BCNPs, the chemical bath was stirred at 300 ± 5 rpm an

hour before initiating electrodeposition. The optimized bath

conditions and working parameters are listed Table 1.

2.3. Sample characterization

Structural characterization of the sample was done utilizing

X-ray diffractometer (Rigaku.Miniflex2 Desktop, Tokyo, Japan)

fitted with Cu Ka radiations with the scanning step of 0.02� in
the range of 2q from 10� to 90�. Themorphology of the coatings

was studied using a field-emission scanning electron micro-

scope (FE-SEM-Nova Nano-450, Netherlands). Topographical

studies were carried out through atomic force microscopy

(AFM-USA) device MFP-3D Asylum research (USA) equipped

with silicon probe (Al reflex coated Veeco model-OLTESPA,

Olympus, spring constant: 2 Nm�1, and resonant frequency:

70 kHz). Measurements were performed under ambient con-

ditions using Standard Topography AC air (tapping mode in

the air). Mechanical properties of the samples were tested on

Vickers Microhardness tester (FM-ARS9000, USA) and MFP-3D

Nanoindenter connected to AFM. The measurement of the

microhardnesswas conducted at 25 gf with a dwell of 10 s. The

nanoindentation was evaluated using Berkovich diamond

indenter tip with maximum 1 mN indentation force (loading

and unloading rate: 200 mN/s and dwell time at maximum

load: 5 s). Oliver and Pharr's method was used to find the

contact penetration from the unloading curves.

The corrosion resistance of all the prepared coatings was

investigated using a Gamry 3000 potentiostat/galvanostat/

ZRA (Warminster, PA, USA). Saturated Ag/AgCl was used as

reference, whereas graphite was used as counter, and coated

samples were employed as working electrodes. After one

hour at open circuit potential for stabilization, EIS experi-

ments were carried out imposing an rms signal of 10 mV

within the 105e10�2 Hz frequency range. Furthermore, the

d.c. potentiodynamic polarization experiments were carried
out at room temperature at a scan rate of 0.167 mVs�1 for a

range of ±250 mV from open circuit potential prior to

applying Tafel fit to determine the corrosion current and the

corrosion potential [8,10,26].
3. Results and discussion

3.1. XRD measurements

X-ray diffraction spectra of NieP, NiePe0.5B4C and

NiePe1.0B4C nanocomposite coatings are presented in Fig. 2

to study their structural characteristics. The wider peaks in
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Fig. 3 e XPS survey spectra of the NiePe1.0 g/L B4C

nanocomposite coating.

Fig. 4 e XPS spectra of NiePe1.0 g/L B4C
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the spectra of all the coatings indicates the amorphous like

structure that has been reported for higher phosphorus con-

tent (more than 8%) in the literature. Electrolytic formation of

nickel and iron takes places in the FCC structure with phos-

phorus being codeposited at octahedral interstitial sites. The

higher P content promotes the formation of an amorphous

structure owing to the disturbance caused in the regular

arrangement of Fe and Ni atoms [27]. The hump around

2q ¼ 44� marks the formation of face-centered cubic lattice

structure of FeeNi (011) plane, which has been distorted by the

incorporation of phosphorus atoms resulting the formation of

amorphous like structure [28,29]. Moreover, introducing

BCNPs in the chemical bath led to a slight change and the

amorphous structure evolves to a less amorphous one; the

peak observed at 2q ¼ 44.7� indicates the formation of FeeNi

as per the file number 98-063-2932. Furthermore, increasing

the concentration of BCNPs has increased the intensity of

sharper peak s at 2q ¼ 44.7 suggesting further improvement in

the crystallinity. This crystalline structure could be attributed

to the heterogeneous nucleation caused by the BCNPs to the

progressive development of the crystallite and diffusion of
(a) Ni2p, (b) Fe2p, (c) P2p and (d) B1s.
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Fig. 5 e Schematic of the proposed deposition mechanism of NiePeB4C nanocomposite coating.
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nickel during deposition [8,30]. Peaks of BCNPs are not visible

in reinforced nanocomposite coatings which can be associ-

ated to the very low percentage of BNCPs in the deposit and/or

the shielding effect created by the broad peak of FeeNi as

suggested by similar previous studies [31,32].

3.2. XPS analysis

Fig. 3 represents the XPS survey spectra of NiePe1.0 g/L B4C

nanocomposite coating. The presence of main elemental

peaks corresponding to Ni2p, Fe2p, O1s, C1s, B1s, and P2p are

clearly visible. Peak representing oxygen could be due to the

formation of superficial oxides or impurities prior to the

installation of sample for analysis.

High magnification photoionizations of the respective el-

ements are presented in Fig. 4. The experimental data was

smoothened and Lorentzianegaussian fit was utilized with

background correction carried through Tougaard method for

deconvoluting the respective chemical states of the elements.

High energy resolution (HER) spectra in Fig. 4(a) lies within the

range of 850 eVe885 eV binding energy represents the Ni2p

photoionization. Deconvoluted peaks at 852.5 eV represents

Ni2p3/2 and 870.5 eV represents Ni2p1/2 can be assigned to

metallic Ni with their satellites peaks on 859.5 eV and 876.5 eV.

Moreover, the peak identified at whereas the rest of the peaks

located at 855.1 eV and 872.4 can be ascribed to the oxides and/

or hydroxides of nickel for the Ni2þ chemical state [8,10,32].

Fig. 4(b) displays the HER spectra of Fe2p3/2, the peak around

707 eV can be attributed to metallic iron and the peak at

716.7 eV can be ascribed to its satellite, whereas the peaks

located at 713.1 eV can be attributed to the formation iron

oxyhydroxide. These compositions might have arisen as a
result of the dissolution of iron into the chemical bath due to

high temperature and higher acidic conditions of the deposi-

tion before the power supply is connected to the anode and

cathode [33e36] or contact with air moisture during sample

handling. Fig. 4(c) shows the deconvoluted peaks of phos-

phorus (P2p), the peaks positioned at 129.8 eV and 130.7 eV can

be ascribed to phosphorus of P2p3/2, and P2p1/2. However, the

peak at 135.9 eV can be assigned to either intermediate

chemical states of phosphorus or hypophosphite that remains

as the solid solution in nanocomposite coatings. Moreover,

the broad peak at 135.9 eV can be assigned to the oxides or

hydroxides of phosphorus in their respective chemical state

[8,10,32,37]. Fig. 4(d) depicts deconvoluted peaks of B1s, con-

firming the presence of boron carbide phase with peaks at

187.9 eV and 189.5 eV for BeB and BeC bonds [38,39]. The

absence of any other oxidation state of B1s can be accepted as

the inactive and inert nature of reinforcement toward the

reactions occurring in the chemical bath during the entire

electrodeposition process.

Co-deposition mechanism have been explained by various

researchers for the formation of composite coatings, the

summarized version of which is available in our previous ar-

ticles [26]. In this study, we propose that initially iron disso-

lution from the substrate into the chemical bath takes place

due to high temperature and lower pH of the chemical bath

supporting the corrosion of the activated mild steel substrate.

When the power supply is switched on, the electron cloud at

the cathode surface initiates the reduction of ions from the

chemical bath. This leads to the convective movement of the

particles towards the cathode up to hydrodynamic layer of the

cathode surface from bulk electrolyte. Moreover, in the hy-

drodynamic layer, a combination of electrophoresis and van

https://doi.org/10.1016/j.jmrt.2022.07.184
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Fig. 6 e SEMmicrograph of NieP at (a) 2500£, (a') 5000£, (a") 10000£, NiePe0.5 g/L B4C (b) 2500£, (b') 5000£, (b") 10000£ and

NiePe1.0 g/L B4C (c) 2500£, (c') 5000£, (c") 10000£.
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der Waals effect seem to be more effective in forcing the

reinforcement onto the cathode surface where it gets

permanently entrapped owing to the reduction of ionic spe-

cies around the reinforcement leading to the formation of

nanocomposite structure [40e43]. This process is schemati-

cally shown in Fig. 5.

3.3. Surface morphology

AFM and FESEM were used to study the morphological and

topographical characteristics of the as-prepared nano-

composite coatings. FE-SEM micrographs of NieP and NieP-

BCNPs nanocomposite coatings are depicted in Fig. 6. As

observed in the micrograph, NieP coatings Fig. 6 (a, a’ and a”)

have sparsely irregular nodular structure without any regular

granular geometry supporting the amorphous nature of pure
NieP coating [44]. Introducing BCNPs in the chemical bath has

completely changed the morphology to irregular globular

structure suggesting the restriction of the formation of large

nodular structure of pure NieP as seen for the NiePe0.5 g/L

B4C in Fig. 6 (b, b’ and b”) [45,46].

Moreover, when the concentration of BCNPs increased in

the chemical bath for NiePe1.0 g/LB4C, further grain refine-

ment is observed as the size of irregular globular grains has

decreased, which is evident at various magnifications in Fig. 6

(c, c’ and c”) [47e49]. These results are coherent with the XRD

spectra as the structural properties of pure NieP coating

changed from amorphous to semi-amorphous or weak crys-

talline by increasing the concentration of BCNPs in the

chemical bath. Moreover, the surface of the coatings was

observed to be crack-free indicating good quality of the

developedNieP andNieP-BCNPs nanocomposite coatings. The

https://doi.org/10.1016/j.jmrt.2022.07.184
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Fig. 7 e AFM profile of (a) NieP, (b) NiePe0.5 g/L B4C and (c) NiePe1.0 g/L B4C.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 2 0 : 2 3 2 3e2 3 3 4 2329
average thicknesses of all the coatings were around⁓14.0 mm,

achieved under the optimized experimental conditions.

The incorporation of BCNPs has enhanced the grain growth

and increased the surface roughness of the coatings, which
Fig. 8 e (a) Nanoindentation Profile (b) Vickers Microhardness r

nanocomposite coating.
can be observed in the 3D AFM images, see Fig. 7 (a, b, c). The

corresponding profiles of roughness for NieP and NieP-BCNPs

nanocomposite coatings are also displayed for a clear com-

parison. The Ra (arithmetic mean roughness) of the NieP
esults of NieP, NiePe0.5 g/L B4C and NiePe1.0 g/L B4C

https://doi.org/10.1016/j.jmrt.2022.07.184
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Table 2 e Nanoindentation results of NieP and
NiePeBCNPs reinforced nanocomposite coatings.

Characteristic NieP NiePe0.5
g/LB4C

NiePe1.0
g/LB4C

Plasticity �2.08 �1.54 �0.83

Elastic Modulus-Ec
(GPa)

8.68 13.26 14.44

Maximum

Indentation-Depth

Hmax (nm)

253.53 199.78 193.72

Final Indentation

Depth Hc (nm)

90.43 82.07 72.86

Hardness (GPa) 5.00 6.07 7.65
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coating is ⁓ 7.7 nm, which rises to 20.1 nm on the addition of

0.5 g/L of BCNPs into thematrix; as the concentration of BCNPs

is increased to 1.0 g/L, Ra further increases to a value of

32.8 nm; this growth in the surface roughness can be associ-

ated to the successful incorporation of inert, insoluble and

extremely hard BCNPs in the matrix. Furthermore, Rq (root

mean square roughness) of NieP coatings increases from

10.4 nm to 27.1 nm and further to 40.8 nm for the increased

concentration of BCNPs showing the consistency in the

roughness trend.

Topographical comparison of surface roughness is dis-

played in Fig. 7 for NieP, NiePe0.5 g/L B4C and NiePe1.0 g/L

B4C nanocomposite coatings. Hard and inert BCNPs resulted

into the increased roughness of the pure NieP coating. Fig. 7

also provides the roughness profile revealing the consistency

of the results [50,51].

3.4. Mechanical properties

The mechanical properties of NieP coating and BCNPs rein-

forced nanocomposite coating were investigated through

Vickers microhardness and nanoindentation techniques.

Fig. 8(a) displays the microhardness results revealing an
Fig. 9 e (a) Bode plots of the mild steel substrate, NieP, NiePe0

containing frequency impedance magnitude curve and (b) frequ

3.5 wt.% NaCl solution.
incremental trend with the introduction and increasing of

BCNPs in the chemical bath. In case of pure NieP coatings, the

average microhardness is around 498 ± 12 HV25, which in-

creases to 623 ± 8 HV25 as a result of introducing 0.5 g/L of

BCNPs in the chemical bath that is 25.1% in comparison to

pure NieP coatings. Microhardness furthers increases to

742 ± 15 HV25 for the increased concentration of BCNPs to

1.0 g/L resulting in total increase of 48.9% from the pure NieP

coating. The incremental trend of hardness can be ascribed to

the successful formation of the composite structure where

BCNPs are behaving as reinforcement and FeeNieP solid so-

lution acts as matrix giving rise to the dispersion hardening

effect [10,52]. Moreover, nanoindentation technique was uti-

lized to further analyze the mechanical properties at nano

scale. Fig. 8 (b) shows the loading and unloading profile of

NieP and BCNPs reinforced nanocomposite coatings and

various properties were determined by Oliver and Pharr

method and listed in Table 2 to elucidate its properties.

The maximum indentation depth of pure NieP coating

decreased from 253.5 nm to 199.8 nm when 0.5 g/L of BCNPs

were introduced in the chemical bath. A further decrease to

193.7 nm was observed for 1.0 g/L BCNPs marking the

resistance offered by nanocomposite coating to the indenter

for 1.0 mN of force. Similarly, elastic modulus (Ec) also

increased from 8.68 GPa to a maximum value of 14.44 GPa

along with the hardness, which increased from 5.0 GPa to

7.6 GPa for the incorporation of 1.0 g/L of BCNPs. The in-

crease in elastic modulus and hardness can be attributed to

the combination of dispersion hardening, grain refinement

and formation of composite structure [30,53,54]. It can be

ascribed as the incorporated hard BCNPs restrict the slip

dislocation resulting in improved fracture mechanics.

Moreover, continuous and smooth indentation profile also

indicates the minimized surface defect of the coatings. It is

worthy to note the decrease in the plasticity of nano-

composite coatings as a result of incorporating BCNPs,

attributed to restriction offered by hard nanoparticles to the

flow of solid solution matrix.
.5 g/L-B4C and NiePe1.0 g/L-B4C nanocomposite coatings

ency phase angle curve after one hour of immersion in

https://doi.org/10.1016/j.jmrt.2022.07.184
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Fig. 10 e a) Nyquist plot for mild steel substrate and the as-fabricated NieP, NiePe0.5 g/L B4C and NiePe1.0 g/L B4C

nanocomposite coatings in 3.5 wt% NaCl solution (b) difference of Rpr and Rct on the NieP, NiePe0.5 g/L B4C and NiePe1.0 g/

L B4C nanocomposite coatings.

Fig. 11 e Equivalent electric circuit applied to fit EIS data for (a) mild steel substrate, (b) NieP, NiePe0.5 g/L B4C and

NiePe0.5 g/L B4C nanocomposite coatings.

Fig. 12 e D.C. potentiodynamic plots of mild steel

substrate, NieP coating, NiePe0.5 g/L B4C and NiePe0.5 g/L

B4C nanocomposite coating.
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3.5. Corrosion studies

3.5.1. Electrochemical studies
EIS graphs of mild steel substrate, NieP, NiePe0.5 g/L B4C and

NiePe1.0 g/L B4C nanocomposite coatings are shown in Fig. 9.

Fitting of the mild steel substrate was carried out using the

equivalent circuit shown in Fig. 10 (a). The capacitive element

was replaced by a constant phase element to account for non-

homogeneity of the electrode. To further understand the

corrosion resistance mechanism of NieP and NiePeB4C

nanocomposite coating, a cascaded of two-time constants

was used to model the EIS data, as described in Fig. 10(b). El-

ements described are Rs accounting for the electrolyte resis-

tance (3.5wt% NaCl solution) used for the tests, Rpr and Rct

account for the resistive response of the pores and faradaic

resistance between the interface bare metal-coating, respec-

tively (see Fig. 11).

The constant phase element (CPE1 and CPE2) are given by

eq. (1) [10]:

1
ZCPE

¼QðjuÞn (1)

https://doi.org/10.1016/j.jmrt.2022.07.184
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Table 3 e Calculated Tafel parameters of mild steel substrate, NieP coating, NiePe0.5 g/L B4C and NiePe0.5 g/L B4C
nanocomposite coating.

Sample ba(V/decade) bc (V/decade) Ecorr (mV) Icorr (mA/cm
2) PE% (Steel) PE% (NieP)

Mild Steel 0.1734 0.9353 �591 400 e e

NieP 0.8132 0.4486 �402 47 88.25% e

NiePe0.5 g/L B4C 0.3638 0.2957 �357 10.30 97.5% 76.6%

NiePe1.0 g/L B4C 0.2748 0.2598 �326 9.31 97.7% 80.2%

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 2 ; 2 0 : 2 3 2 3e2 3 3 42332
in which Q stands for admittance, u is the angular frequency,

and n is the exponent for the constant phase element, which

is responsible for the nature of capacitance such that closer to

unity means pure capacitor.

The impedance results Fig. 9(a) reveal that the global

impedance increases when the NieP coatings is modified

with BCNPs in the NieP matrix.Impedance for mild steel

substrate is around 310 U cm2, which is half of the value

determined for the NieP coating, with 601 U cm2 total

impedance. Improved corrosion resistance of the NieP

coating can be described by the formation of corrosion

resistant hypophosphite layer due to the electrochemical

reaction of NieP coating as reported in the literature [55].

However, pure NieP coatings may contain defects and pores

that still limit their corrosion resistance. However, the rein-

forcing particles may help to decrease these defects

contributing to increase the overall coating impedance for

the global impedance of the NiePe0.5 g/L B4C was approxi-

mately 3363 U cm2 that represents a 5 times increase of the

corrosion resistance compared to the unmodified coating, in

agreement with literature [8,30,52], along with the complex

solid solution deposition product of the Ni, Fe, P and B4C at

the initial stage of the deposition explained earlier. Further-

more, increasing the concentration of B4C still has a positive

impact on the anti-corrosive behavior of the coating, as the

corrosion resistance increased up to 6044 U cm2. Moreover,

BCNPs also resulted in broadening phase angle, including in

the high frequency region, evidencing the increased protec-

tiveness of nanocomposite coating as seen in Fig. 9(b).

The fitted Nyquist plots of mild steel substrate, NieP and

BCNPs reinforced nanocomposite coating are displayed in

Fig. 10(a). The inset in Fig. 10(a) is the enlarged to show the

semicircular plots of mild steel substrate and pure NieP

coating. The Higher corrosion resistance of nanocomposite

coatings is well evidenced by the increasing Faradaic resis-

tance in the presence of reinforcing particles. This result

agrees well with previous ones already reported in the litera-

ture [8,30,52].

3.5.2. Tafel study
Potentiodynamic polarization studies were further carried out

to assess the corrosion resistance of the BCNPs reinforced

nanocomposite coatings. Tafel fit of the experimental data

was carried out and the anodic slope (ba) and cathodic slope

(bc), corrosion potential (Ecorr), and corrosion current (Icorr)

were obtained from the fitted curves (Fig. 12) and presented in

Table 3. In addition, the efficiency of corrosion protection (PE

%)was estimatedwith respect tomild steel substrate and pure

NieP coating by using the formula stated in [8] as described in
Equation (2), where i1 and i2 are successive corrosion current

of respective samples.

PE%¼ 1� i2
i1

(2)

Mild steel substrate showed the more negative Ecorr �591

mV and icorr 400 mA/cm2 in comparison to pure NieP coating,

which had �402 mV and 47 mA/cm2 values suggesting one

order of magnitude increase in the corrosion resistance.

Introducing and increasing the amount of BCNPs further

increased the corrosion potential and decreased the corrosion

current that reached values of 9.31 mA/cm2 for NiePe1.0g/LB4C

nanocomposite coating. An overall improvement of 97.7%

with respect to mild steel substrate and 80.2% in comparison

to pure NieP coating was observed in the presence of 1.0 g/L of

BCNPs. This can be ascribed to the successful incorporation of

inert and hard boron carbide nano particles in the matrix of

complex solid solution such that it reduces the active region

and restricting the adsorption of chloride ions that initiate

corrosion [56,57].
4. Conclusions

NiePeB4C nanocomposite coatings were successfully pro-

duced in the presence of an increasing concentration of

BCNPs. XRD studies revealed the coatings evolve from amor-

phous to weakly crystalline when the content of BCNPs

increased. XPS results evidenced the chemical state of all the

elements present in the developed coatings and a new ex-

pected deposition mechanism for the development of coating

has been proposed. FE-SEM studies evidenced that the coating

morphology changed from the sparsely globular structure of

NieP to a more well-defined nodular structure demonstrating

the refinement in the grain size with increasing the amount of

BCNPs. Topographical images showed an increase in average

roughness with the increase of BCNPs in the chemical bath.

Vickers hardness was found to have improved from 500 to

around 750 that is an increment of 40% as a result of

reinforcing role of BCNPs in the NieP matrix. Nano-

indentations further validated the microhardness results and

computed elastic constant 14.44 GPa as a result of the incor-

poration of 1 g/L of BCNPs. Moreover, the electrochemical

study confirmed an important increase of the corrosion

resistance of NieP coatings after addition of BCNPs. The

impedance values increased up to 6 kU cm2 at 1.0 g/L, which

wasmore than 5 times compared to that of pure NieP coatings

and ~10 times in comparison to the bare mild steel substrate.

This increased protectionwas confirmed by the Tafel analysis.

https://doi.org/10.1016/j.jmrt.2022.07.184
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Overall, the results indicate that NiePeB4C nanocomposite

coatings have a high potential for replacement of counterparts

for enhancedmechanical strength and corrosion protection in

the presence of NaCl aggressive species.
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