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Abstract: Nickel phosphorus alloy coatings were prepared by electrodeposition route from sulfate electrolyte bath 
at various current densities. SEM studies revealed that spherical grains covered the entire surface with uniform 
distribution. EDX results showed a linear increase of P content in the developed deposits with current density, 
causing an increase in the grains size and a drop in hardness values. XRD studies revealed monocrystalline 
orthorhombic alloys at low phosphorus content (10.88 wt. %). Corrosion test results showed that 1 A.dm-2 is the 
best applied current density providing the nobler Ecorr (-171.4 mV) and the lower icorr (4.64 µA/cm2). 
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1. INTRODUCTION 

Numerous researchers are interested in the 
fabrication of Ni-P alloy coatings by 
electrochemical methods such as 
electrodeposition and electroless deposition, from 
baths containing phosphorous compound and the 
iron group as based metal matrix [1-4]. Yosuke 
Suzuki et al [5] reported the several disadvantages 
of electroless deposition technique, such as a 
chemically unstable plating bath and a relatively 
high temperature required to increase deposition 
speed. While alloy coatings require low cost and 
high productivity, electrodeposition is the most 
suitable technique. 
Due to their good properties such as corrosion 
resistance [6], and high hardness [7], Ni-P alloys 
are good candidates to replace chromium alloys. 
This latter, with wide applications in electronics, 
automotive, aircraft, and decorative sectors 
causes major problems, especially those related to 
health and environment, due to the presence of 
hexavalent chromium in the electrolyte [8].  
The role of phosphorous has been a subject of 
interest in view of phase transitions and the 
physical properties of Ni-P alloys. X-ray 
diffraction (XRD) is a conventional technique for 
investigating phases of Ni-P electrodeposits [9]. 
Several studies on Ni-P alloy coatings have 
shown that the nickel phase with fcc structure is 
forming first, then the formation of Ni3P phase. 
Also, the crystallization decreases with increased 

phosphorus amount [10-12]. Two different 
mechanisms have been proposed to describe this 
type of coating [13].The direct mechanism has 
been proposed by Brenner [14], and the indirect 
mechanism suggested by Zellar and Landau [15]. 
In the light of the first mechanism, Morikawa et 
al explicitly studied the Ni-P coating in a nickel-
citrate bath [16], which has also been extensively 
studied in terms of its preparation, properties, and 
structural transitions. Pillai et al, have shown that 
phosphorus cannot be deposited only with the 
presence of a metal iron group such as nickel by 
co-deposition technique [17]. Therefore, the 
amount of P in the alloy affects its 
crystallographic structure; increasing of the P 
content in the deposit changes the microstructure 
from a crystalline state to a nanocrystalline state 
and finally to an amorphous state. Moreover, 
Saitou et al investigated both the indirect and 
direct mechanisms and found that the 
electrodeposited Ni-P alloy is to have an 
amorphous structure similar to rapid-quenched 
Ni-P alloys, which describe the indirect 
incorporation of phosphorous [9]. 
Ni-P coating has been widely used in the 
electronics industry as a protective barrier 
between copper and gold against corrosion in 
microelectronics [18]. Yihui You et al reported 
that the Ecorr becomes nobler and the icorr gets 
lower as the amount of P in the Ni–P alloy 
coatings increases [19], which implies that the 
Ni–P alloys with a high content of phosphorus 
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have a positive effect on anti-corrosion property 
of coatings [20-22]. 
Based on the above, this study aims to explore the 
influence of applied current density on the 
morphological, chemical composition and 
structural properties of Ni-P alloy coatings 
fabricated on pre-treated steel substrates by 
electrodeposition route from an economical bath. 
To determine the anti-corrosion capability of Ni-
P alloys bombard corrosion attacks by Cl- ions, 
the samples were examined in aggressive 1 M 
HCl media using both lost weight and 
potentiodynamic polarization technique. 

2. EXPERIMENTAL PROCEDURES 

2.1. Electrodeposition of Ni-P alloy coatings 
The Ni-P coating was deposited on copper 
substrates from an economical bath containing 
NiSO4.7H2O, sodium hypophosphite 
(NaH2PO2.2H2O), (NaCl), boric acid (Table.1). 
Bi-distilled water was used for the preparation of 
the electrolyte. The coatings were obtained by 
varying the current densities from (1 to 3A.dm-2). 
To assure the enrichments of the electrolyte by 
Nickel ions, tow nickel sheets of commercial 
purity (99.99%) were used as an anode. Copper 
substrates (99.9 %) were used as cathode. 
Copper samples were processed in three steps, 
(1): mechanically polishing with SiC abrasive 
paper (120 – 4000) Track by rinsing with distilled 
water and kept in an acetone solution. (2): 
degreasing in a solution containing (50 g.l-1 
Na2CO3 and 15 g.l-1 NaOH) to remove greases. 
(3): pickling in 10% HCl solution to remove oxide 
traces, and finally washing with bi-distilled water. 
The pH of the bath was adjusted by adding HCl 
or NaOH solution. 

2.2. Characterization of Ni-P alloy coatings 
In order to test the Ni-P alloy coatings adhesion 
on copper substrates, the samples were heated for 
30 minutes at 250°C and then submerged in water 
at room temperature [23]. The morphology of Ni-

P coatings was examined by FEI QUANTA 200 
scanning electron microscopy (SEM). The 
compositions of Ni–P alloy coatings were 
determined with energy dispersive x-ray 
spectroscopy (EDS) analysis tool attached to the 
SEM. To determine the structure and phases 
composition, the XRD analysis was performed by 
the Bruker x-ray diffractometer (D8 Advance 
model) with Cu Kα radiation (1.5406 A°). The 
mean grain size was determined from the width of 
the peak by the Scherrer equation modified by 
Warren and Biscoe (Eq.1) [24]. 
τ = 0.94λ/βcosθ                        (1) 
Where: θ is the position of the peak in the 
diffractogram, β is the integral peak broadening 
(in radians) which is approximately the full width 
at half maximum (FWHM) value, λ is the 
wavelength (in Å), and τ is the grain size. For 
estimating the crystal size, an average value is 
considered to be FWHM (or β). Hardness 
measurements were performed by Wilson 402UD 
Wolpert instrument, according to the Vickers 
method, with an applied load of 50 N for 10 
seconds. Mean value was taken for at least five 
measurements performed at different locations in 
each sample.  
Corrosion experiments of Ni-P coating in 1M HCl 
solution was determined by methods. The first 
corrosion test was performed using lost weight 
method of the samples immersed in 1M HCl 
during 30 days. The submerged surface is 
estimated at 1.16 cm2. The corrosion rate was 
calculated using (Eq. 2) [25]. 
Tcorr = 365Δm/St                       (2) 
Where: Tcorr is corrosion rate (g/cm2.y),  
Δm = m1-m2 (m1 is the weight before immersion 
(g), m2 is the weight after immersion (g)), S: 
surface of the immersed sample (cm2) and t is 
immersion period (year). 
 Potentiodynamic polarization measurements 
have been conducted by using a standard three-
electrode cell with the Ni-P electrodes (1.16 cm2) 
as a working electrode, Pt as auxiliary electrode  
 

Table 1. Chemical composition and Ni-P Coatings deposition parameters. 
Electrolytes Concentrations Deposition conditions 
NiSO4·7H2O 52 g/l température 75 0C 

NaH2PO2.2 H2O 26 g/l Current density 1-3 A.dm-2 

H3BO3 24 g/l Deposition Time 30 min 
NaCl 40 g/l pH 3 1ିା  

C7H5NO3S 0.1 g/l   
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and saturated calomel electrode as a reference 
electrode, all have immersed 1 M HCl corrosion 
media.This cell is connected to Voltalab 20 
(PGP201) device working at a scanning rate of 20 
mV/s. Corrosion rate (mm/y), corrosion potential 
Ecorr (mV) and Tafel slopes (mV/s) have been 
calculated by using Tafel fitting technique 
provided by Volta Master 4 software. 

3. RESULTS & DISCUSSION 

The adhesion tests for all the samples showed that 
Ni-P alloy coatings have a good adhesion to the 
substrates. SEM analysis results of Ni-P alloy 
coatings fabricated at different current densities 

have been shown in (Fig.1). It is clear that the 
surface of Ni-P coatings is uniform with the 
presence of some cracks and surface gaps, 
especially those prepared at low current densities. 
This is due to the low overvoltage of phosphorus. 
Also, the grains are spherical and their 
distribution and uniformity on the surface 
increase with the increase in the current density. 
(Fig.2) shows the EDX and graphical images 
results of various developed deposits. The nickel 
element appears in green which represents the 
majority on the surface of the deposits, while 
phosphorous element appears in red where it can 
be seen its distribution on the grains. 

 
 

 

 
Fig. 1. SEM images of Ni-P coatings electrodeposited at :(a) 1 A.dm-2; (b) 2 A.dm-2; (c) 3 A/dm-2. 

 
 

 

 
Fig. 2. Graphic images and EDX analysis of Ni–P alloy electrodeposited at various current densities:  

(a) 1 A.dm-2; (b) 2 A.dm-2; (c) 3 A.dm-2. 
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This explains the appearance of a nickel-
phosphorous mixture phase. (Fig.3) shows the 
chemical composition of the coating as a function 
of current density, the phosphorus content in the 
deposits increase with increasing applied current 
density and reaches the maximum value (18.37 
wt%) at 3 A/dm2 (Table 2). This evolution is due 
to the intensification of P ions reduction reaction. 

 

 
Fig. 3. Effect of applied current density on Ni and P 

content in the alloy coatings. 
 
XRD analysis has been performed to determine 
the phase composition present in the developed 
coatings (Fig.4). It can be seen that no diffraction 
peaks of Cu are found in all patterns which 
implies that copper substrates are completely 
covered by Ni-P coatings.  
At current density of 1 A/dm2, XRD patterns show 
a single peak of NiP at 2θ=29.33° with (121)  
 

 
Fig. 4. XRD patterns of Ni-P alloys deposits as a 

function of applied current density. 

orientation (orthorhombic structure, ASTM 
reference code: 00-018-0882), which is the 
common one for all the samples. This result is 
very consistent with the distribution of 
phosphorous color on all the spherical grains 
(Fig.2). The increase of current density led to the 
appearance of other peaks of NiP phase at 
2θ=35.70° and 47.89° corresponding to the 
following orientation (112) and (220), 

respectively. In addition, Ni phases appear at 
2θ=39.49° (100) (hexagonal structure, ASTM 
reference code: 01-089-7129), also revel at 
2θ=43.27°, 50.58° and 74.42° with the orientation 
(111), (200) and (220), respectively, (hexagonal 
structure, ASTM reference code: 00-001-1260). 
The grains size and microhardness of Ni-P alloy 
coatings as a function of P content in the deposits 
are shown in (Fig. 5). It is clear that the increase 
in P content due to the increase of current density 
led to an increase of grains size values and 
decrease in the hardness of the deposits, which 
leads us to conclude that the P content in the 
deposits has a proportional relation with the 
grains size, and inverse relation with the hardness 
(Table.2). These results are due to the increase of 
the main peak intensity (Fig.4). To evaluate the 
protection capability of the Cu-coated Ni-P alloy 
coatings against corrosion attacks; the corrosion 
test has been carried out using lost weight method. 

 

 
Fig. 5. Effect of P content in the deposits on the 

grains size and microhardness of Ni-P alloy coatings. 

 
(Fig.6) shows the variation of corrosion rate with 
current density in corrosive media (1M HCl) for 
30 days at room temperature. The corrosion rate 
increase with the increasing of applied current 
density and the P content. 
 

 
Fig. 6. Corrosion rate of Ni-P coatings as a function 

of applied current density. 
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Table 2. the influence of P content on the grains size and the hardness of Ni-P deposits 

Current density (A/dm2) 
P content 

(wt.%) 
Grains size (nm) 

Hrdness 
(Hv) 

1 10.88 36.31 735 
2 13.97 43.55 383.6 
3 18.37 51.06 332.2 

 
 
This is due to the increase in the grains size and 
its distribution on the entire surface which leads 
to the enhancement of surface contact between 
corrosion medium and Ni-P alloy coatings. 
Ralston and Birbilis [26] disclosed that grain 
refinement leads to improvements in strength and 
wear resistance.  
Inherent processing involved in grain refinement 
alters both the bulk and the surface of a material, 
leading to changes in grain boundary density, 
orientation, and residual stress. Hence, improves 
the electrochemical behaviour and, consequently, 
corrosion susceptibility. 
The polarization curves obtained for Ni-P 
coatings, in 1 M HCL solution, are shown in (Fig. 
7). The corrosion potential (Ecorr) and corrosion 
current density (icorr) calculated using Tafel 
extrapolation method is given in (Table.2).  
 

 

 
Fig. 7. Polarization curves of Ni-P alloy coatings 

electrodeposited at various current densities. 
 
The corrosion resistance of Ni- (18.37 wt %) P 
coating is higher than that of the other two types 
of coatings, the Ecorr becomes nobler (-271, 4 mV) 
and the icorr gets lower (4, 64 µA/cm2) as the 

amount of P in the Ni–P alloy coatings decreases 
(Table.3), supporting the results of earlier study 
[27]. according to several published researches 
[28-29], It is known that the corrosion resistance 
increases with increasing P content in the 
deposits. Raicheff and Zaprianova [30] have 
reported that homogeneous structure and the 
absence of grain boundaries are responsible on 
the higher corrosion resistance of amorphous Ni-
P coatings [28]. 

4. CONCLUSIONS 

Ni–P alloy coatings were electrodeposited from 
sulfate baths to study the dependence of the 
morphology, chemical composition, structure, 
and mechanical properties at various current 
densities. Ni–P alloy coatings were strongly 
influenced by the electroplating current density. 
SEM images revealed spherical grains distributed 
uniformly on the surface. EDX study showed 
linear increase of P content in the deposits with 
the current intensity.  
DRX patterns analysis showed that NiP phase 
with orthorhombic structure is the common peak 
in all samples. Moreover, its intensity enhanced 
with increasing current density. This led to an 
increase in the grains size and a decrease in the 
hardness values in the coatings. 
Lost weight and potentiodynamique polarization 
studies revealed that the best values of Ecorr (-271, 
4 mV) and the lowest icorr (4, 64 µA/cm2) was 
observed in the coating with low P content 
prepared at 1 A/dm2. 
 

 
Table 3. Results of polarization measurements for Ni-P alloy coatings deposited at various  

current density in 1 M HCl. 
Current density (A.dm2) Ecorr.(mV) icorr.(mA.cm-2) Rp(ohm.cm2) 

1 -271.4 4,64.10-3 2560 
2 -405.3 19,86.10-3 585,01 
3 -394 35,9.10-3 320,33 
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