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Abstract  The corrosion resistance of electroless Ni-P deposits with phosphorous contents from 12% to 14% in sodium chloride 
solutions was studied. The deposits were immersed in 3.5% NaCl solutions for 29 d to obtain the electrochemical parameters and 
were examined in a standard salt spray test for 15 d respectively. The corrosion resistance of the deposits was studied by poten-
tio-dynamic scan, electrochemical impedance spectroscopy (EIS), X-ray diffraction (XRD) and cold-field emission scanning electron 
microscopy (FE-SEM) equipped with an energy dispersive X-ray detector (EDX). The patterns of XRD and the results of FE-SEM 
showed that the prepared deposits were amorphous. But after a 15 d standard salt spray test, a few pinholes appeared on the surface of 
the deposit and the weight content of phosphorus on the surface of the deposit was higher (which was beneficial to the formation of 
the passivation films) than that before the standard salt spray test when the nickel content was lower because the dissolved weight of 
nickel was greater than that of phosphorus. The results from potentio-dynamic scan and EIS showed that passivation films formed on 
the Ni-P deposit after immersion in the NaCl solutions, which decreased the corrosion rate of Ni-P samples. The results of this work 
show their potential applications in marine corrosion. 
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1 Introduction 
Owing to the characteristics of Ni-P deposits, e.g., 

anticorrosion, wear resistance, paramagnetism, high 
hardness and the electro-catalytic activity of hydrogen 
evolution (Hajdu, 1996; Han et al., 1996; Feldstein and 
Thomas, 1980; Donald et al., 1984; Mallory and Lioyd, 
1985; Taloat et al., 1993), Ni-P deposits are being widely 
used in various fields. 

Ni-P and Ni-M-P deposits were found to be good anti-
corrosive coatings in several media (Sun et al., 1992; 
Yang et al., 2000; Hou, 2000; David and Brown, 1997; 
Xu and Wei, 2000). The formation of a passive film on 
Ni-P coatings was also found to be easier than that on a 
pure nickel coating in acidic environments due to the 
presence of phosphorous alloyed with nickel (Lin and Lai, 
1989). In addition, an enrichment of phosphorus on the 
surface of Ni-P coatings has been observed in potential 
regions where hydrogen evolution and passivation occur. 
Recently, much attention has been devoted to the anti-
corrosive behavior of Ni-P coatings, including the content 
and distribution of phosphorous as well as its surface 
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morphology and structure in corrosive environments 
(Lin and Lai, 1989). All these studies show that the 
phosphorus content of a Ni-P coating is expected to 
play an important role in the passivity. 

In this work, in order to use electroless Ni-P deposits 
successfully in the marine environment, the corrosion 
resistance of Ni-P deposits with phosphorous contents 
from 12% to 14% was studied in 3.5% NaCl (the same 
infra) solutions by potentio-dynamic scan, electrochemi-
cal impedance spectroscopy (EIS), X-ray diffraction 
(XRD) and cold-field emission scanning electron mi-
croscopy (FE-SEM) equipped with an energy dispersive 
X-ray detector (EDX). 

2 Experiments 
The Ni-P deposits were plated onto 2 cm×2 cm Q235B 

carbon steel plates. The components of Q235B are listed 
in Table 1. These Q235B plates were first polished by 
using 800 grit sand papers, degreased with ethanol or lye, 
rinsed with pure water, and then derusted with 6 mol L-1 
HCl for 10 min and activated in mixed acids at 140℃ for 
10 s, and finally rinsed with pure water. After being 
cleaned, the plates were appended in the Ni-P baths with 
a loadage of 1 L dm-2 which was heated by a water bath. 

The Ni-P baths contained 18−19 g L-1 NiSO4·6H2O,  



                           Journal of Ocean University of China                 Vol.6, No.4, 2007 350

24 g L-1 NaH2PO2·H2O, 16−21 g L-1 malic acid, 18−23 g L-1 
butyric acid and 8−24 mg L-1 stabilizing agent with a pH 
value adjusted with 0.5 mol L-1 ammonia and 0.5 mol L-1 
H2SO4 to 4.8−5.0. Ni-P deposits of about 24 μm thickness 
were obtained after plating for 2 h at 85℃−90℃. For 
electrochemical studies, the electrodes were covered with 
epoxy resin leaving an exposed area of 1.0 cm2. 

Table 1 Components of Q235B carbon steel 

Component C Si Mn P S Fe 

Content (%) 0.22 0.05 0.48 0.012 0.022 remainder
 
The deposits were examined by standard salt spray test 

for 15 d, the solution being 5% NaCl and the pH being 
6.5−7.2. The samples with deposits were placed on a 
bracket in the middle of the experiment chest and the salt 
fog settled freely on the surface of the deposits. The tem-
perature in the chest was 35℃±1℃ and the sedimentation 
rate was 1−2 mL (80 cm2)-1

 h-1. 
The corrosion resistance of the Ni-P deposits was also 

measured by electrochemical methods such as EIS and 
potentio-dynamic polarization on the impedance spectrum 
analyzer (IM6e, ZAHNER, Germany) at Eocp with 5 mV 
AC amplitude in (3.5%) NaCl solutions, where Eocp was 
the open circuit potential of the deposits in NaCl solutions 
and it ranged from –0.4 V to –0.25V (vs. SCE, the same 
infra). The AC frequencies ranged from 100 kHz to  

10 mHz. The scan rate was 20 mV min-1 during the poten-
tio-dynamic polarization. In the electrochemical meas-
urements, a saturated calomel electrode (SCE) was used 
as the reference electrode and a piece of platinum gauze 
was employed as the counter electrode. A Luggin capil-
lary, whose tip was set at a distance of 1−2 mm from the 
surface of the working electrode, was used to minimize 
errors due to IR drop in the electrolytes. 

The surface configuration and the composition of the 
Ni-P deposits were examined by X-ray diffraction (XRD, 
Dmax/γβ, Rigaku, Japan) and cold-filed emission scanning 
electron microscope (FE-SEM, JSM-6700F, Japan) 
equipped with an energy dispersive X-ray detector (EDX, 
INCA Energy, England).  

3 Results and Discussion 
3.1 The Standard Salt Spray Test 

Six samples were prepared by the procedure described 
above for the standard salt spray test. After the Ni-P de-
posits were corroded in the standard salt spray test, the 
corrosion rates were obtained and are listed in Table 2. 
The average annual corrosion rates of all the samples 
were approximately 0.023 mm per year. An optical mi-
crograph of the corroded Ni-P deposit surface is pre-
sented in Fig.1. It can be seen that apart from a couple of 
pinholes the corrosion is generally uniform. 

Table 2 Corrosion rates of the deposits in standard salt spray test 
Number 1 2 3 4 5 6 

Corrosion rate (g m-2
 d-1 ) 0.3638 0.4228 0.3702 0.4156 0.4421 0.5395 

Average corrosion rate (g m-2
 d-1) 0.4257 

Average Annual corrosion rate (mm year-1) 0.0233 
 

 

Fig.1 An optical micrograph of Ni-P deposit surface 
after standard salt spray test. 

 

3.2 The Polarization Curves in NaCl Solutions 
The polarization curves of Ni-P deposits measured in 

3.5% NaCl solutions after 0.5 h, 2 d, 6 d, 13 d and 29 d are 
shown in Fig.2. 

There was a passive phenomenon, though not obvious, 
on the Ni-P deposits after they were immersed in the so-
lutions for 0.5 h. When the electrode potential increased 
from –400 mV to –200 mV, the current density ascended 
sharply, which was due to the slight anode dissolution in 
this period. When the potential increased from –200 mV 
to 300 mV, the current density increased slightly, implying 
the entering of the Ni-P deposits into the passive period.  

It can be seen that the passive phenomenon was in-
creasingly obvious with the increase of immersion time in 
NaCl solutions. After immersion periods of 2, 6, 13 and 
29 d, the open circuit potential of the tested samples 
drifted to –0.3 V from –0.4 V, indicating that the Ni-P 
deposits had positive effects on reducing the corrosion 
rate in the active corrosion region. The sequence of the 
deposits with respect to decrease in corrosion currents for 
the same potential from –0.05 V to 0.15 V was: 2 d < 6 d < 
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13 d < 29 d. And passive phenomena were found in these 
deposits. But with the prolonging of the time in the NaCl 
solutions, Eb decreased and the passivation period became 
increasingly narrow, indicating that the porosity resis-
tance of the deposits declined.  

 
Fig.2 Polarization data of the deposits in3.5% NaCl 
solutions. 

3.3 Electrochemical Impedance Spectroscopy (EIS) 
Study of Ni-P Deposits in NaCl Solution 

The anticorrosive ability of Ni-P deposits during the 
experiment was investigated by using the EIS data in 
Fig.3. Two types of data distribution were found in using 
electrochemical impedance spectroscopy (EIS) tech-
niques. One was for the deposit immersed in NaCl solu-
tion for 0.5h; the other was for the deposits immersed for 
2, 6, 13 and 29 d. The equivalent circuit for the first type 
is shown in Fig.4 with the corresponding data presented  

 

Fig.3 EIS data of Ni–P deposits in 3.5% NaCl solutions. 

in Table 3. There was a high diffusion resistance when the 
deposit was immersed in NaCl solution for 0.5 h. This 
was because a passivation film had formed on the surface 
of the deposit and it was difficult for the solution to pene-
trate the passivation film, which was consistent with the 
behavior of data in Fig.2. 

 

Fig.4 Equivalent model of the deposits after immer-
sion in 3.5% NaCl solutions for 0.5 h. Cd: capacitance 
of the deposit/solution; Rs: solution resistance; W: 
Warburg resistance; Rt: charge transfer resistance. 

Table 3 Electrochemical parameters of the model in Fig.4 

Rt (kΩ cm2) Cd (μF cm-2) W (DW) Rs (Ω cm2) 

8.46 87.09 680.71 0.65 
 

Fig.5 is the equivalent circuit of Ni-P after being im-
mersed in NaCl solution for 2, 6, 13 and 29 d and the re-
lated data are shown in Table 4. After the deposits were 
immersed in NaCl solution for 2 d, two time constants 
appeared in the impedance spectra. The high-frequency 
time constant reflected the characteristics of the 
charge-transfer resistance Rt of the deposits and the 
low-frequency time constant reflected the characteristics 
of the resistance of the passivation films Rf on the depos-
its. Then for the polarization resistance Rp we have Rp =  

Rt + Rf. After the deposits were immersed in NaCl solution 
for 6, 13 and 29 d, the polarization resistance (Rp) fluctu-
ated in the range of 20 to 22 kΩ cm2. With the increase of  

 
Fig.5 Equivalent model of the deposits after being im-
mersed in 3.5% NaCl for over 2 d. Cf: capacitance of the 
passivation film/solution; Rs: solution resistance; Cd: 
capacitance of the deposit/solution; Rf: resistance of the 
film; Rt : charge transfer resistance. 

immersion time in NaCl solution, the charge transfer re-
sistance (Rt) decreased from 16.57 to 6.18 kΩ cm2 and Cf 

decreased from 36.01 to 0.14 μF cm-2, which indicated 
that the pinholes began to appear on the deposits when 
the immersion time reached 6 d. Correspondingly, the film 
resistance (Rf) on the Ni-P deposit increased from 0.03 to 
15.44 kΩ cm2 and Cd increased from 92.46 to 99.32 μF 

cm-2 when the immersion time reached 6 d, which indi-
cated the formation of the passivation film. But after 6 d, 
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changes of the film resistance and the charge transfer re-
sistance, which were about 16 and 6 kΩ cm2 respectively, 

were not obvious, implying that the passivation film was 
stable after 6 d.

Table 4 Electrochemical parameters of the model in Fig.5 

EIS Data 
Time (d)

Rf (kΩ·cm2) Rt (kΩ·cm2) Rs (Ω·cm2) Cf (μF·cm-2) Cd (μF·cm-2) 

2d 0.03 16.57 0.74 36.01 92.46 
6d 15.44 6.18 0.92 0.14 99.32 
13d 17.88 5.77 1.51 0.17 101.48 
29d 16.99 5.71 1.22 0.22 100.51 

 

3.4 Surfaces and Structures of the Ni-P Deposits 
Before and After the Standard Salt Spray Test 

The XRD patterns of the Ni-P deposits were shown in 
Fig.6, where (Fig.6a) only one broad peak with a weak 
intensity appeared at about 2θ = 45˚ implying that the de-
posits were amorphous. The intensity of the Ni-P deposits 
increased remarkably after the standard salt spray test, 
which may indicate slight crystallization of some parts of 
the Ni-P deposits. Two sharp diffraction peaks around 2θ 

= 45˚, possibly due to the oxide of the nickel or NiyPx, 
such as Ni2O5 (2θ = 43.8˚), Ni3P (2θ = 43.8˚) or Ni2O3 (2θ 

= 45.0˚), appeared in the XRD patterns after the standard 
salt spray test, as shown in Fig.6 (b). This deduction was 
proven by the result that there was about 5.33% oxygen 
on the Ni-P deposits after the salt spray test. The Ni-P 
deposits are composed of tiny crystals which possibly fill 
the interstices of the amorphous Ni-P deposits (Niu et al., 
2003).  

 

Fig.6 XRD of the Ni-P deposits before and after corrosion. 
a: prepared deposits. b: after the standard salt spray test. 

The surfaces and the structures of the Ni-P deposits 

before and after the standard salt spray test are presented 
in Figs.7 and 8 respectively.  

From Fig.7 and Table 5, we see that the prepared Ni-P 
film had only two elements, Ni (86.03%) and P (13.97%), 
and it belonged to deposits with high-content phosphorus 
and had no obvious pinholes. 

Fig.8 shows that there are a few pinholes, which 
mainly exist among the spherules, in the deposit after the 
standard salt spray test. From Table 5 we see that the 
weight content of Ni on the surface decreased from 
86.03% to 71.13% after the standard salt spray test, which 
indicated that the nickel on the surface dissolved in the 
NaCl solutions. However, the weight content of P in-
creased from 13.97% to 15.51%, while that of nickel de-
creased and the atomic contents of Ni and P were all less 
than those before the standard salt spray test. This indi-
cated that the P had only dissolved in part when the Ni 
had dissolved, for the structure of the deposit was not 
uniform. And the dissolved weight of nickel was greater 
than that of P. There were elements Na and Cl on the sur-
face because the sample was not sufficiently cleaned after 
the salt spray test. In addition, the element Fe was de-
tected and there was about 5.33% oxygen on the surface. 

Diegle et al. (1988) considered that the phosphorus in 
the Ni-P deposits could be oxygenated to form passiva-
tion films in corrosive media. The passivation films could 
reduce the corrosion rate of the deposits. From Fig.8, we 
see that oxygen was present in the deposit. It could be 
deduced that part of the nickel was dissolved and part of 
it was oxidized to form nickel oxides, and that the phos-
phorus were oxidized to form phosphides. So the weight 
content of P on the surface was higher than that in the 
prepared deposits while the content of nickel was lower, 
which was also consistent with the energy spectrum result 
in Table 5. 

In corrosive media, the corrosion rate of the deposits is 
determined by the dissolution of the phosphide films. 
When the deposits are amorphous, the chemical compo-
nents and the structure are homogeneous, and then the 
phosphide films are smooth, so the corrosion rate of the 
deposits is relatively low. After corrosion, the phosphorus 
content on the surface of the deposits increases, so the 
phosphide films are more compact and the dissolution 
rate becomes lower, decreasing the corrosion rate. These 
are the reasons why the Ni-P deposits have good anticor-
rosion property.  
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Fig.7 FE-SEM image (left) and energy spectrum (right) of the prepared Ni-P deposits. 

 

Fig.8 FE-SEM image (left) and energy spectrum (right) of the Ni-P deposits after the salt spray test. 

Table 5 Elements of the deposits detected by energy spectrum before and after the standard salt spray test 

Before After 

Element Weight (%) Atomic (%) Element Weight (%) Atomic (%) 

   O 5.33 14.26 
   Na 4.74 8.83 

P 13.97 23.54 P 15.51 21.43 
   Cl 2.49 3.01 
   Fe 0.80 0.61 

Ni 86.03 76.46 Ni 71.13 51.86 
Totals 100.0  Totals 100.00  

 

4 Conclusion 
Both the polarization and the EIS data could be divided 

into two kinds, one corresponding to immersion time 0.5 

h in NaCl solutions and the other corresponding to im-
mersion time 2, 6, 13 and 29 d. At the beginning of im-
mersion, a passivation film started to form on the deposit, 
but it was not integrated. The passivation phenomenon 
became increasingly obvious as the immersion time in-
creased. And two time constants were obtained from the 
EIS spectra, which also reflected the formation of the 
passivation film. 

The XRD patterns and FE-SEM results showed that the 
prepared deposits were amorphous. But after a 15 d stan-
dard salt spray test, a few pinholes appeared on the de-

posit and the weight content of phosphorus on the surface 
of the deposit was higher, which was beneficial to the 
formation of the passivation film, than it was before the 
standard salt spray test, while the nickel content was 
lower because the dissolved weight of nickel was greater 
than that of phosphorus. The results from poten-
tio-dynamic scan and EIS showed that passivation film 
formed on the Ni-P deposit after immersion in 3.5% NaCl 
solutions and decreased the corrosion rate of Ni-P sam-
ples. 
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