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Abstract 

Controlling the grain size in electrodeposited coatings for the prevention of corrosion is 

highly important. To understand the relationship with grain size and electrochemical 

performance many experiments need to be undertaken to vary the grain size of the deposit. In 

the present work the (crystallite) grain size of electrodeposited Ni coatings formed in the 

presence of metalloids such as boron (B), sulphur (S) and phosphorus (P) was estimated from 

analysing mass transfer at the cathode-electrolyte interface. A mathematical model has been 

proposed which indicates that the grain size of the deposit is directly proportional to current 

efficiency and the deposition rate while being inversely proportional to the current density 

and metalloid (B, S, P) content in the coatings. A simple relationship is developed which is 

agreement with experimental data and data that is reported in the literature. The development 

of such a model should significantly decrease the amount of experimentation required to 

achieve the desired grain size in such systems (Ni, Ni-P, Ni-B coatings) obtained by 

electrodeposition. 
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1. Introduction 

During the last two decades, electrodeposition has been proven to be an economical process 

to obtain virtually porosity free bulk nanocrystalline nickel (Ni) and Ni alloy coatings for 

corrosion and wear resistance [1-12]. These coatings are either nickel phosphorus (Ni-P) [13-

16], nickel boron (Ni-B) [17-20] or Ni containing sulphur (Ni-S) [4, 5, 21-26] where each 

composition has individual properties as well as different applications. Electrodeposition 

parameters such as current density, additive (metalloid) concentration and temperature have 

an influence on the nanocrystalline structure of these coatings. In the final stages of 

electrocrystallization, after reduction, the means by which an adatom is incorporated into the 

crystal lattice will determine the crystal size of the deposit. Many models have been proposed 

to correlate these parameters with the obtained grain size through electrocrystallization [27-

30]. Budevski et al [31] presented a review on electrocrystallization nucleation and growth 

phenomena in electrodeposited coatings. Wong et al [30] proposed a mathematical model for 

electrocrystallization in pulsed electrodeposition mode using different types of waveforms 

and found that ramp-down waveforms can be employed to obtain fine grained structures. In a 

similar way, Molina and Hoyos [32] estimated the hardness of pulse current deposited nickel 

through the indirect effect of grain size on hardness. Choo et al [28] qualitatively concluded 

that in order to have nanocrystalline grain sizes, during electrodeposition, a high negative 

over potential, high adion population and low adion surface mobility are required for a high 

nucleation rate and therefore reduced grain size. Rashidi and Amadeh [25] proposed a 

relationship between saccharin concentrations in the plating electrolyte with Ni grain size 

using a Langmuir type adsorption isotherm. However, this model does not give a relationship 

between grain size and the sulphur content in the coating. In another semi-quantitative study 

[8] these authors suggested that current density can lead to different grain sizes in Ni coatings 

depending upon the composition of the electrolyte. However, there was no direct 

quantification of the influence of current density on grain size. Indeed, many studies reveal 

conflicting data for the relationship between grain size and current density [33, 34], however, 

many of these proposed relationships are qualitative in nature via interpreting direct 

experimental observation rather than developing a physical model behind the 

electrodeposition process. 
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During electrodeposition, there are many parameters (current density, current efficiency, 

deposition rate, alloying/impurity content etc.) for a given pH and temperature which can be 

experimentally chosen. We believe for a given experiment; all these parameters have a 

collective effect on the grain size of a Ni coating. The main aim of the present work is 

therefore, to study the influence of the above mentioned parameters to quantify the grain size 

of electrodeposited Ni coatings containing metalloid atoms such as sulphur, phosphorus and 

boron and develop a phenomenological model to predict the final grain size under specific 

conditions.  This model can also be utilized to estimate the sulphur or phosphorus or boron 

content of electrodeposited Ni (Ni-S, Ni-P or Ni-B) coatings if current efficiency and grain 

size is known. The proposed model can also be used to predict hardness of the coatings 

through the estimated grain size utilizing the classical Hall-Petch relation. 

 

2. Results and Discussion 

A model for predicting the grain size in electrodeposited coatings 

The source of metalloids such as Sulphur (S), phosphorus (P) and boron (B) used in Nickel 

plating baths are saccharin, phosphoric acid and borane dimethylamine respectively to 

generate Ni-S, Ni-P and Ni-B coatings. The S, P and B atoms or metalloids are deposited 

with Ni during the electrodeposition process. Since the room temperature solid solubility of 

these atoms is near to zero in Ni, the only space they can deposit is at the grain boundaries of 

Ni thereby contributing to controlling the grain size. We therefore assume that during the 

electrodeposition process, these atoms (metalloid) are segregated at the grain boundaries and 

the intercrystalline regions of the Ni grains as illustrated in Fig. 1. Since grain boundaries are 

defects and regarded as open space compared to a grain interior, the assumption is assumed to 

be valid. We also assume that these are the adsorption sites for the metalloid atoms and that 

the electrodeposition of Ni proceeds on the free surface i.e. at the grain interior. This is in 

agreement with Bockris and Reddy [35] who suggested that the single crystal electrogrowth 

mechanism is valid for polycrystalline growth by considering each grain as a single crystal 

micro substrate. 

During electrodeposition, ionic species which are consumed at the electrode must be 

transported towards the cathode solution interface. This transport happens though a diffusion 

layer formed because of a concentration difference (due to the formation of a depletion layer 

when current is applied) near the electrode surface. This is valid as the transport number of 
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Ni cations is 0.02 [28], indicating that only 2 out of 100 Ni atoms are deposited by electric 

migration towards the cathode surface and the rest must reach the cathode surface through 

diffusion.  

The rate of metal deposited on the electrode is equal to the rate of ions consumed at the 

cathode. Ibl [36] proposed a duplex diffusion layer model for pulsed electrodeposition. The 

schematic concentration profile near the cathode solution interface in pulsed 

electrodeposition is shown in reference [36].  

 

According to Fick’s law, 𝑁 = 𝐷 𝑑𝑐𝑑𝑥                               (1) 

where N is number of moles diffusing per unit time through a cross section of unit area i.e. 

flux density of mass transport (mol/cm
2
/sec), c is concentration of ionic species and x is 

distance from cathode surface. The flux density (Nc) (is rate of consumption in mole/cm
2
/sec) 

of cations during pulsed electrodeposition is given by,  𝑁𝑐 = 𝐷 (𝐶0−𝐶𝑠)𝛿𝑝                                                                                                                           (2) 

where, D is the diffusion coefficient (0.76 × 10
-5

 cm
2
/s) of Ni ions [28]. Cs, C0 is the ionic 

concentration at the interface and initial concentration of ions in solution respectively, δp is 

the thickness of the pulsating diffusion layer (cm) and Nc is the rate of consumption of 

cations (mole/cm
2
/sec). In equation (2), the concentration difference, (C0-Cs) is unknown 

which can be obtained from the Nernst diffusion model and assuming a linear concentration 

profile near the cathode surface. In order to have deposition of Ni ions due to an imposed 

current (ia - average current density, A/cm
2
) on the surface of the cathode per unit area, an 

equal number of moles of cations must be removed from the stationary diffusion layer in 

solution. Thus according to Ibl [36], 

𝐶𝑠𝐶0 = 1 −  𝑖𝑎(𝛿𝑁−𝛿𝑝)𝐶0𝑛𝐷𝐹            (3) 

In this equation, δN is the Nernst diffusion layer thickness (cm), n, F are the number of 

electrons (2 for Ni) and Faraday’s constant (96485.33 C mol
-1

) respectively. 
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From equations (2) and (3), the rate of consumption of metal ions from solution 

(mole/cm
2
/sec) can be given by, 𝑁𝑐 = 𝑖𝑎(𝛿𝑁−𝛿𝑝)𝑛.𝐹.𝛿𝑝              (4) 

The thickness of the pulsating diffusion layer [36] can be described by,  

                                          𝛿𝑝 = √(2𝐷𝑡𝑜𝑛 (1 − 𝑡𝑜𝑛𝑇 ))                             (5) 

where, ton and T are ‘on time’ and ‘repetition period’ (inverse of frequency) respectively in 

pulsed current electrodeposition. In general, δp is very small compared to δN. As per Ibl [36], 

under most hydrodynamic conditions, δN = 10 m to 500 m whereas δp = 1 m to 5 m for 

Ni (D = 0.76 × 10
-5

 cm
2
/s).  

In addition, δN can also be obtained using the Levich equation, 

                                    𝛿𝑁 = 2.11𝐷1/3𝜐1/6𝜔−1/2                                                         (6) 

where, υ is the kinematic viscosity (cm
2
/s) and for a Ni plating solution, υ=1.49×10-2

 cm
2
/s 

[28] and ω is the rotation rate (rpm). Using the kinematic viscosity of a Ni solution and the 

diffusion coefficient of Ni ions, 50 rpm as the rotation speed of the electrode [5], 

δNm which is within the range proposed by Ibl [36]. 

The rate of incorporation (mole/cm
2
/sec) of Ni atoms in a coating can be obtained as follows. 

We assume that Ni deposition only happens inside grains surrounded by metalloid atoms and 

that the metal grain has a tetrakaidecahedron shape (actual shape of a grain/crystallite) which 

is a 14 sided figure having 8 regular hexagons and 6 squares. It can be created by truncating a 

regular octahedron. The volume of such a grain shape can be obtained as, 

V = 8√2 a3
     (7) 

The surface area therefore is, 

      S = (6+12√3) a2
      (8) 

The distance from centre of a grain to its hexagonal side is, 

r6 = √6/2 a     (9) 

And that from square side is, 

r4 = √2 a               (10) 
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Therefore, 

𝑉𝑆 =  8√2𝑎36(1+2√3)𝑎2 = 0.422 𝑎                        (11) 

From the hexagonal side (for grain size d),    

      
𝑉𝑆 = 0.422 (2𝑟6√6  ) = 0.344𝑟6 = 0.172𝑑6 =  15.8 𝑑6                                   (12) 

Therefore, a metalloid e.g. sulphur [𝑀𝑔𝑏] at a grain boundary can be given by [37], 

     [𝑀𝑔𝑏] =  [𝑀]5.8 𝛿 𝑑6               (13) 

Where, M is the metalloid content of the coating (atomic fraction) and δ is the grain boundary 

thickness (~0.8 - 1 nm). 

The rate of incorporation of Ni in moles/cm
2
/sec can be given by [38, 39], 

     𝑁𝑖𝑛𝑐 = (𝜌𝑀) 𝜂( 1[𝑀𝑔𝑏])𝑡               (14) 

where, ρ, M, η, t are density (8.9 g/cm
3
) and molecular weight (58.69 g/mol) of Ni, current 

efficiency and deposition rate (cm/s) respectively. 

Upon using equation (13) and (14), 

    𝑁𝑖𝑛𝑐 = (𝜌𝑀) 𝜂(5.8𝛿[M]d)𝑡                                                            (15) 

For simplicity d = d6 in equation (13) 

Now as per mass balance [22], 

Rate of incorporation (Ninc) = Rate of consumption (Nc) 

Therefore, from equations (4) and (15), 

    𝑑 =  𝜌𝑀 ∙ 𝜂 ∙ 𝑡 ∙ 5.8 𝛿[𝑀]𝑁𝑐                (16) 

Since, ρ/M = 0.152, and δ = 0.8×10
-7

 cm, the final expression for the grain size of 

electrodeposited Ni containing metalloids such as sulphur, boron and phosphorus is given by, 

    𝑑 (𝑛𝑚) =  0.705 ∙ 𝜂∙𝑡[𝑀]∙𝑁𝑐                          (17) 
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Equation 17 suggests that the grain size in the presence of an insoluble metalloid in Ni is 

directly proportional to current efficiency and deposition rate. However, it is inversely 

proportional to the metalloid content (at %) of the coating and the average current density 

(equation 4). 

The above equation gives quantitative estimation of the grain size in electrodeposited Ni 

coatings in the presence of metalloid such as B, S or P. Below we discuss some examples for 

validating this model. 

 

Effect of electrodeposition parameters on grain size: 

(a) Influence of current density: 

It is known that current density affects the nucleation and growth of deposits during the 

electrodeposition process through the applied over potential as per the Butler–Volmer 

equation [35]. The increase in current density increases the over potential thereby increasing 

the rate of nucleation. Mimani and Mayanna [40] observed that, in the presence of additives 

(metalloid) for a given current density the overpotential increases with an increase in 

concentration of metalloid. This is due to retardation of surface diffusion of the metal ions by 

the metalloid (e.g. Sulphur from saccharin) to the lattice at growth sites. The results presented 

in Fig. 2(a) predict the above phenomena. In this figure, the predicted grain size is plotted 

against current density at three different metalloid contents. For a given current density, an 

increase in the metalloid content of the coating can lead to more refined grains in 

electrodeposited Ni. Many other authors [21-25] presented similar results while studying the 

influence of current density on Ni electrodeposition.  

 

(b) Influence of current efficiency: 

As per Faradays laws, the efficiency with which the charge is transferred in an 

electrochemical reaction is referred to as current efficiency. Higher current efficiency implies 

greater conversion of ionic species into the metallic state. This means that more metallic ions 

are available at growth steps thereby favouring grain growth rather than further nucleation. 

This is evident from Fig. 2 (b) where for a given metalloid content, deposition rate and 

current density, a larger grain size can be obtained with an increase in current efficiency. 
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(c) Influence of deposition rate: 

Deposition rate (thickness/time) is related to current density and current efficiency as per 

Faraday’s law (i.e. quantity of electrochemical reaction on an electrode is proportional to 

electric charge passed), 

    𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝑡) =  𝑖𝑎𝑣𝑔∙𝜂∙𝐸𝜌               (18) 

Where, E is the electrochemical equivalent of Ni (1.095 g/A.h).  

As per equation (18), for a given current density, the deposition rate is proportional to the 

current efficiency suggesting an increased grain size with an increase in deposition rate for a 

given metalloid content through similar effects as mentioned above for current efficiency 

(Fig. 2(c)). 

In fact, using equations (4), (17) and (18), it can be seen that, 

     𝑑 =  𝜂2 ∙ 5.8 𝛿∙𝛿𝑝[𝑀]∙(𝛿𝑁−𝛿𝑝)                         (19) 

 

Since, 
𝐸𝑀 ∙ 𝑛𝐹3600 ≈ 1  

Where E = electrochemical equivalent of Ni (g/A.sec). 

Since, in equation (19), other parameters are constant, the grain size is a function of only 

current efficiency and metalloid content in the Ni coatings. Therefore, 

      𝑑 =  𝐾 ∙ 𝜂2[𝑀]                          (20) 

Where, 𝐾 = 5.8 𝛿∙𝛿𝑝(𝛿𝑁−𝛿𝑝) 
Equation (20) suggests that the grain size is a function of current efficiency and metalloid 

content in the Ni coatings. This is an important observation as reported in a recent study by 

Wasekar et al [5], where they found that the grain size of Ni coatings was independent of 
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current density in the presence of saccharin [5] which is a source of sulphur. If the changes in 

current density leads to changes in metalloid content e.g. using pulse reverse current, then it 

in turn leads to changes in the grain size. This suggests that it is the metalloid content (or 

insoluble impurities) (which might be affected by current density) that is the dominant factor 

for controlling the grain size at a given current efficiency. 

The constant K requires, p and N to be calculated. Unfortunately, many literature sources do 

not quote certain parameters (e.g. rpm) to exactly calculate the value of N. We assume it 

depends upon the electrolyte properties such as pH and composition (through kinematic 

viscosity). It suggests that the ratio p/(N-p) is a function of particular electrolyte 

composition and experimental conditions. Having explained the influence of individual 

parameters in equation (16), the data from literature will be compared with the estimated 

grain size. For that purpose, we have taken data for Ni-Sulphur, Ni-boron and Ni-P system 

from the literature. Since most of the data in the literature is devoid of either metalloid 

content, current efficiency or deposition rate, the grain size data for only a few of the Ni-

metalloid systems studied could be provided. 

 

Comparison with Literature 

Case I (Nickel-Sulphur system): 

Wasekar et al [5], presented the influence of pulsed current density on the grain size of 

electrodeposited Ni coatings in the presence of saccharin. In this work, the sulphur content, 

deposition rate and current efficiency is also provided. The pH of solution was 4.5 and the 

operating temperature was 50°C. The data for pulsed electrodeposited Ni coatings is 

presented in Table 1. In this work, ton= 20 ms and toff = 3 ms, as per equation 5 and equation 

6, δp =1.99 m and δN = 245 m for the given electrolyte [5]. Therefore, the ratio of (N-p)/p 

≈ 127. The calculated grain size using equation 16 and equation 19 is presented in Table 1. 

Excellent correlation (> 98 %) can be obtained with the experimental and measured values. 

Choo et al. [28] presented the influence of saccharin content on the grain size of 

electrodeposited Ni coatings using pulsed current deposition. In that study the experimental 

conditions (ton = 2.5 ms, toff = 45 ms at the peak current density 1.9 A/cm
2
) were presented 

which makes it possible to calculate the diffusion layer thickness (≈ 1.89 m). The pH of 

solution was maintained at 2 and the operating temperature was 65°C. The value of N was 
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estimated to be 485 m [41] since N varies with pH, pulse conditions and hydrodynamic 

conditions of the solution. Choo et al. [28] utilized an unstirred solution (stagnant) during 

deposition which makes N larger. This is due to largely varying pulses (short on time and 

long off time) near the cathode surface which results in a concentration change and different 

hydrodynamic movement due to buoyancy forces [41]. In addition, hydrogen evolution in the 

case of low pH solutions, changes the N to large values [41, 42]. Therefore, the ratio of 

stationary to a pulsating diffusion layer ≈ 254. In this work the deposition rate was assumed 

to be 2.58×10
-6

 cm/sec and according to equation 4, the consumption rate = 1.32×10
-4

 

moles/cm
2
/sec. Using these values, the estimated grain size obtained as per equations 16 and 

20 are presented in Table 2. The obtained grain size is within 10% of the reported value. 

The data from several sources in the literature was also compared with the present model as 

presented in Fig.3. For that purpose, the Ni grain size was calculated considering a sulphur 

content of 0.16 at%, deposition rate of 2.5×10
-6

 cm/sec at a current efficiency of 99 %. The 

calculated grain size data with current density is plotted along with the reported literature. 

The literature data was found to follow the predicted trend.  

It can be observed that in the presence of S containing additives, the grain size becomes 

independent of current density above 0.1 A/cm
2
. The grain size remains constant in the range 

of 18-21 nm. This is due to saturation of adsorption sites as observed by other investigators 

[4, 5, 24] through diffusional process which controls inhibition, consumption as well as 

incorporation of S in the coating. In fact, the S content of the coating follows a Langmuir 

adsorption isotherm (i.e. relation between saccharin content in the electrolyte and the S 

content of the coating) [22]. This implies that the S content reaches a saturation limit above a 

certain concentration which happens at a particular current density. In order to find out this 

critical current density, the following example was explored. 

Choo et al. [28] reported the influence of saccharin concentration on the S content of Ni 

coatings. It was observed that the saturation of S content in the coating happens at 5 g/l of 

saccharin in the electrolyte. The corresponding S content of the coating is 0.0864 at%. With 

this S content and constant grain size ≈20 nm, using equation 16, the critical current density 

for saturation of the grain size is 0.12 A/cm
2
 which is similar to the current density in Fig. 3. 

Thus for the Ni-S system, above this current density, there will not be any further changes in 

the grain size due to saturation of adsorption sites with sulphur [5]. 
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Case II (Nickel-Boron system): 

According to the Ni-B phase diagram, the solid solubility of B in Ni is nil at room 

temperature as well as at typical electrodeposition process temperatures and therefore it forms 

a super saturated solid solution similar to nickel-phosphorus. Hence in line with the Ni-S 

system as mentioned before, we have calculated the grain size as per equation 19 since the 

data for the deposition rate is not available. In this case we have assumed a current efficiency 

of 98 % and the ratio of (N-p)/p ≈ 127 similar to the Ni-S system. The calculated grain size 

as a function of B content was then plotted along with the grain size reported in the literature 

as shown in Fig. 4 where excellent correlation with the reported values is evident. This 

suggests that the model is also applicable to the electrodeposited Ni-B system. 

 

Case III (Nickel-Phosphorus system): 

In this system, the calculated grain size as per equation 19 is plotted against phosphorus 

content of Ni-P coatings obtained from literature data. The average current efficiency is 

assumed to be ~41% since it is very well known that the P content of solution affects the 

current efficiency [46]. The constant, (N-p)/p ≈ 1.27 was estimated from the pulse 

parameters of Chen et al. [48] with kinematic viscosity = 0.0123 cm
2
/sec [49], D = 0.65×10

-5
 

cm
2
/sec [49] for Ni-P solution resulting in N = 13.45 m and p = 5.92 m. The constant 

(N-p)/p ≈ 1.27 which is very small compared to the previous cases of 127 which may be 

due to the fact that the hydrodynamic conditions must be affected by the P bearing molecule 

by changing the viscosity and pH of the solution which is an aspect that needs further study. 

However, the estimated grain size from equation 19 was 15.4 nm which is close to the work 

of Chen [48] who reported a value of 14.8 nm. The plot in Fig. 5 suggests that the model fits 

well with experimentally reported values from the literature. 

 

3. Conclusions 

A phenomenological model which correlates experimentally obtained parameters such as 

current efficiency and metalloid content with the grain size of electrodeposited Ni coatings is 
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proposed provided that the metalloid has no solid solubility at room temperature with Ni. It 

was predicted that the grain size of electrodeposited Ni containing boron, sulphur, 

phosphorus is directly proportional to the current efficiency, deposition rate and is inversely 

proportional to metalloid content and current density. In essence, the model can also be used 

to estimate the sulphur, phosphorus and boron content of corrosion protection coatings if 

other parameters are known as per equation 17. In addition, the present study could in 

principle be extended to other systems such as Cu, Fe, Co, Au, Ag, Rh and other metals that 

can be electrodeposited in the presence of sulphur, phosphorus or boron containing 

additives/chemicals and where there is a limitation on room temperature solid solubility in an 

alloy leading to grain boundary segregation at room temperature.  
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Table 1. Calculated grain size for Nickel Sulphur system as per data presented in reference 

[5]. 

 

Average 

Current 

Density 

(A/cm
2
) 

Sulphur 

content 

(at %) 

Current 

efficiency 

η 

 

Deposition 

rate, t 

(cm/sec) 

Consumption 

rate, Nc 

(Equation 4) 

Grain size 

(nm) 

(Equation 16) 

Grain size 

(nm) 

(Equation 19) 

Experimental/ 

Reported grain 

size 

(nm) 

0.08696 0.11980 0.87 2.59E-06 5.68E-05 23.41511 23.17762 20 

0.08043 0.11541 0.94 2.58E-06 5.25E-05 28.15978 27.85689 22 

0.07391 0.08705 0.97 2.45E-06 4.83E-05 39.79690 39.37243 32 

0.06739 0.07753 0.96 2.21E-06 4.40E-05 44.02492 43.55237 43 

0.06087 0.07166 0.98 2.04E-06 3.97E-05 49.66185 49.13041 59 

0.05435 0.06325 0.97 1.80E-06 3.55E-05 54.92587 54.34439 67 

0.04783 0.03546 0.97 1.58E-06 3.12E-05 97.60653 96.57474 95 

0.04130 0.01829 0.98 1.40E-06 2.70E-05 197.4231 193.7097 195 

 

 

  

ACCEPTED MANUSCRIPT



A
C

C
E
P
T
E
D

 M
A
N

U
S
C

R
IP

T

18 

 

18 

 

Table 2. Calculated grain size for Nickel Sulphur system as per data presented in reference 

[28]. 

 

Average 

Current 

Density 

(A/cm
2
) 

Sulphur 

content 

(at %) 

Current 

efficiency* 

*[23] 

η 

Deposition 

rate, t 

(cm/sec) 

Consumption 

rate, Nc 

(Equation 4) 

Grain size 

(nm) 

(Equation 16) 

Grain size 

(nm) 

(Equation 19) 

Experimental/ 

Reported grain 

size 

(nm) 

0.1 0.0408 0.95 2.58E-06 1.32E-04 32 40 45±5 

0.1 0.0653 0.88 2.58E-06 1.32E-04 19 22 20±2 

0.1 0.0864 0.87 2.58E-06 1.32E-04 14 15 11±1 

0.1 0.0931 0.85 2.58E-06 1.32E-04 13 14 11±1 
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Figure 1. Distribution of metalloid atoms at Ni grain boundaries (Schematic). 
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Figure 2. Influence of current density, current efficient and deposition rate on grain size of Ni 

coatings as per equation 16. 
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Figure 3. The literature and predicted values of grain size of Ni coatings in presence of 

sulphur containing additives as a function of current density. 
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Figure 4. The literature and predicted values of grain size of Ni-B coatings as a function of 

current density. 

 

 

 

 

 

 

 

 

 

 

ACCEPTED MANUSCRIPT



A
C

C
E
P
T
E
D

 M
A
N

U
S
C

R
IP

T

23 

 

23 

 

 

 

Figure 5. The literature and predicted values of grain size of Ni-P coatings as a function of 

current density. 
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Highlights 

Model is developed for Ni-S, Ni-B and Ni-P protective coatings 

Understanding the influence of metalloid content in Ni coatings for corrosion protection 

Model correlating applied electrochemical deposition parameters to the grain size of the 

deposit 
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