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Abstract This paper presents an experimental study on

the influence of anionic surfactant sodium dodecyl sulfate

(SDS), pH, substrate finishing and annealing temperature

on the corrosion resistance of electroless nickel phosphorus

(Ni–P) coatings using electrochemical techniques and

optimization of process parameters based on the Taguchi

method. Parameters were selected in three levels and L9

from orthogonal robust array design was used. Corrosion

performance of the electroless Ni–P coatings was evaluated

by polarization and electrochemical impedance spectros-

copy (EIS). Scanning electron microscope (SEM), Energy

dispersive X-ray spectroscopy (EDS) and X-ray diffraction

(XRD) analysis were used for studying surface morphology

and chemical composition of the electroless Ni–P coatings.

The results showed that SDS surfactant causes increasing

of corrosion resistance and improves surface morphology.

Finally, optimum conditions were achieved as, surfactant

concentration: 1.5 g L-1, pH: 5.5, substrate finishing pro-

vided with emery paper no, 2000, and annealing tempera-

ture of 200 �C.

Keywords Electroless Ni–P coating � Surfactant �
Taguchi method � EIS

1 Introduction

Electroless deposition of the nickel phosphorus alloy coat-

ings (electroless Ni–P) have been widely used in many

industrial applications for their unique properties such as

corrosion resistance, wear resistance, non-magnetism,

improved micro-hardness and coating thickness uniformity

[1, 2]. Electroless Ni–P is a barrier coating that protects the

substrate by sealing it from the environment. Because of its

amorphous nature and passivity, the corrosion resistances of

the coatings are excellent and in many environments are

superior to that of pure nickel or chromium alloys [3, 4]. It is

obvious that increasing of coating porosity decreases the

corrosion resistance of the coating. The important factor that

affects the coating porosity and ultimate resistance to cor-

rosion attack is surface roughness which is influenced by

mechanical preparation of the surface and electroless nickel

process procedure [5]. Corrosion resistance of an electroless

Ni–P coating is a function of its chemical composition and

in particular the phosphorous content. When electroless

Ni–P deposits are heated to temperatures upper than 220 �C,

nickel phosphide particles begin to form and lead to

reduction in the P content of the remaining material. So, the

corrosion resistance of these coatings is decreased by such

heat treatment [6–8]. Consequently, applications and

requirements investigations have been carried out with the

aim of improving specific aspects of the product or the

process. Recently, some researchers showed that adding

surfactant in the bath improves the coating morphology and

other properties of the coating [9–11]. Surfactants are sur-

face active agents that lower the surface tension of a liquid,

This paper is dedicated to the memory of the founder of Kerman

University, Mr. Alireza Afzalipour, on the occasion of the centenary

of his birth and to the memory of his cultured wife, Mrs. Fakhereh

Saba.

A. Farzaneh � M. Ehteshamzadeh (&)

Department of Materials Science and Engineering,

Faculty of Engineering, Shahid Bahonar University of Kerman,

Kerman, Iran

e-mail: ehtesham@mail.uk.ac.ir

A. Farzaneh � M. Ehteshamzadeh � M. Mohammadi

Department of Materials, International Center for Science,

High Technology and Environmental Sciences, Kerman, Iran

123

J Appl Electrochem (2011) 41:19–27

DOI 10.1007/s10800-010-0203-x



allowing easier spreading and lower the interfacial tension

between two liquids. Surfactants can be classified according

to the presence of formally charged groups in their heads. A

nonionic surfactant has no charge group in its head and

anionic surfactant carries a net charge. If the charge is

negative, the surfactant is called anionic; if the charge is

positive, it is called cationic [12, 13]. Many attempts have

been made to find out the effect of surfactants on the

roughness of electroless and electrodeposited Ni–P coat-

ings. However, no report is available on optimization of the

process parameters of electroless Ni–P coating to achieve

maximum corrosion resistance using anionic surfactant

(SDS).

This study deals with the application of the Taguchi

method to determine the optimum coating process param-

eters in order to obtain maximum corrosion resistance.

Based on the Taguchi orthogonal, experiments were

designed with four design parameters, namely, surfactant

concentration (g L-1), pH, emery paper number, annealing

temperature as independent variables. All of the parameters

were selected in three levels as maximum, minimum and

middle levels.

2 Experimental details

2.1 Coating deposition and heat treatment

Mild steel (AISI 1040) specimens of the size 10 9 10 9

6 mm3 were used as the substrate material for deposition of

electroless Ni–P coatings. The samples were then subjected

to the surface finishing process. The specimens were pol-

ished by successive emery papers (numbers: 120, 500 and

2000). The typical surface finish values (Ra) for each

sample, measured using a stylus instrument, are as follows:

0.4, 0.2 and 0.08 for emery papers number of 120, 500 and

2000, respectively. After thorough cleaning, the step-by-

step cleaning procedure was employed prior to plating

consists of cleaning the substrate with acetone, cleaning in

ethanol, acid pickling for 1 min [in H2SO4, 8 vol%], fol-

lowed by immersion in ethanol. Samples were rinsed by

double distillated water after each pretreatment stage

mentioned. Table 1 lists the electroless bath composition

and operating conditions. Electroless Ni–P deposition was

carried out using nickel sulfate as the source of nickel and

sodium hypophosphite as the reducing agent and SDS

surfactant was used in different concentrations of 0, 0.5 and

1.5 g L-1. Elansezhian et al. [14] showed that surfactant in

more than 1.5 g L-1 decreases the hardness of the coating.

So, the maximum concentration of the surfactant was

chosen 1.5 g L-1. Also, pH value of the bath was main-

tained at a nearly constant value by adding the required

quantity of dilute hydrochloric acid and ammonia while

being monitored using a pH-meter. The coating thicknesses

for all specimens were 18–20 lm. After applying the

coating in the bath, the samples were washed in distilled

water and ethanol. Finally, the samples were heat treated at

one of the three temperatures of 200, 400 and 600 �C under

argon atmosphere (annealed for 1 h) according to the

experiments design. All chemicals were of analytical

reagent grade (Merck).

2.2 Design of experiment

Taguchi design can determine the effect of factors on the

characteristic properties and the optimal conditions of the

factors. This is a simple and systematic approach to opti-

mize design for performance, quality and costs [15]. In

Taguchi method, orthogonal arrays and analysis of vari-

ance (ANOVA) are used as the tools of analysis. ANOVA

estimates the effect of a factor on the characteristic prop-

erties and experiment can be performed with the minimum

replication using the orthogonal arrays [16, 17]. Based on

the Taguchi method, an orthogonal array (OA) was

employed to reduce the number of experiments for deter-

mining the optimal coating process parameters. L9 OA

which has 9 rows corresponding to the number of tests with

4 columns at three levels was chosen. Table 2 lists

parameters and its levels used in this study. The response

Table 1 Electroless bath

compositions and operating

conditions

Bath compositions Operating conditions

Nickel sulphate (g L-1) 21 pH 4–5.5

Sodium hypophosphite (g L-1) 24 Deposition temp. (�C) 90 ± 2

Lactic acid (g L-1) 23 Bath vol. (mL) 250

Picric acid (g L-1) 2.2 Annealing temp. (�C) 200–600

SDS (g L-1) 0–1.5 Successive emery paper no. 120–2000

Table 2 Variables and their levels

Variable Level 1 Level 2 Level 3

A: pH 4 4.5 5.5

B: surfactant concentration (g L-1) 0 0.5 1.5

C: emery paper no. 120 500 2000

D: annealing temp. (�C) 200 400 600
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variable for accomplishing this study was corrosion current

density (icorr) as a criterion for corrosion rate. The param-

eters were optimized with the objective of the maximum

corrosion resistance.

2.3 Equipment

Surface morphology and composition of the electroless

Ni–P coatings was studied by scanning electron microscope

(SEM) CamScan MV2300 equipped with energy dispersive

X-ray spectroscopy (EDS). X-ray diffraction analysis

(Philips X’pert, XRD, Cu Ka radiation) was used for

detection of the phases formed in the electroless Ni–P

coatings after heat treatment. Surface roughness of the

electroless Ni–P deposits was measured using a stylus

instrument (MAHR POCKET SURF EMD-1500-311).

Electrochemical studies were carried out using potentiostat/

Galvanostat model 263A EG&G Princeton Applied

Research (PAR) and a classical three electrodes cell with a

platinum electrode as counter electrode, saturated calomel

electrode (SCE) as reference electrode and the samples with

an exposed area of 1 cm2 as working electrode. The po-

tentiodynamic polarization curves were recorded using a

constant voltage scan rate of 1 mV s-1. Electrochemical

impedance spectroscopy (EIS) measurements were done in

the frequency range of 100 kHz–10 mHz and the pertur-

bation amplitude was 5 mV. Aqueous solution of 3.5%

NaCl was used as the corrosive media in the electrochemical

tests. The corrosion parameters values were calculated from

polarization and EIS plots [18]. In the polarization curves,

the results were analyzed using ‘‘Softcorr 352’’ software by

Tafel extrapolation (linear parts of anodic and cathodic

branches) of the curves about ±150 mV versus OCP. Also,

the spectra of EIS were analyzed in terms of an equivalent

circuit using ‘‘ZView2’’. It should be noted that the samples

were kept in the electrolyte before recording the polarization

curves and impedance spectra for stabilizing.

3 Results and discussion

3.1 Taguchi array design and analysis of variance

The Taguchi OA design was used to identify the optimal

conditions and to find the parameters having the most

principal influence on the corrosion rate of the electroless

Ni–P coatings. Table 3 shows the structure of the Tagu-

chi’s orthogonal array design and the results of the mea-

surements. Table 4 shows contribution of every factor in

the response (corrosion rate). According to this table, pH

doesn’t have any significant contribution effect on the

corrosion rate. PH, A, C and D factors were chosen as

models parameters which have main significant effect on

the response. The variance of the corrosion rate was cal-

culated (analysis of variance) and the results were listed in

Table 5. According to Table 5 (p value) selected model

and its parameters are significant in the 90% confidence

interval. In addition, it shows that on the basis of the

present analysis, D (annealing temperature), C (Emery

paper no.) and A (surfactant concentration) are the most

effective parameters on the corrosion rate (icorr) of elec-

troless Ni–P coatings. All the calculations were performed

using Design expert 7.0. Figure 1 shows correlation

between predicted and actual results of the corrosion rate

having R square equals to 99.17%. That confirms that the

fitted model to the results is acceptable.

3.2 Determination of the optimal conditions using

Taguchi method

In this research, Taguchi method was used to optimize the

parameters in order to achieve to the best corrosion resis-

tance. By optimizing of the model using Design expert 7.0

Table 3 L9 OA with design factors and their levels

Std A B C D icorr (lA cm-2)

1 1 1 1 1 0.640

2 1 2 2 2 1.60

3 1 3 3 3 3.90

4 2 1 2 3 2.50

5 2 2 3 1 0.77

6 2 3 1 2 3.70

7 3 1 3 2 0.87

8 3 2 1 3 4.56

9 3 3 2 1 0.54

Table 4 Contribution of every factor in the response

Term DOF Sum of squares Mean square Contribution (%)

A–A 2 0.17 0.09 0.83

B–B 2 3.67 1.83 17.90

C–C 2 3.71 1.85 18.10

D–D 2 12.95 6.47 63.18

Table 5 Analysis of variance (ANOVA)

Term Sum of

squares

DOF Mean

square

F value p Value

prob [ F

Source model 20.32 6 3.39 39.75 0.0247

B–B 3.67 2 1.83 21.52 0.0444

C–C 3.71 2 1.85 21.76 0.0439

D–D 12.95 2 6.47 75.97 0.0130

Residual 0.17 2 0.09
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software, optimum conditions were achieved as listed in

Table 6. According to the model prediction, minimum

corrosion current density was 0.29 lA cm-2 and belonged

to the coating precipitated in the condition and therefore

optimum condition as: surfactant concentration = 1.5 g L-1,

pH = 5.5, emery paper number = 2,000 and annealing

temperature = 200 �C.

3.3 Surface morphology and corrosion performance

of the electroless Ni–P deposits

3.3.1 Surface morphology and composition

Diffraction patterns of the electroless Ni–P deposits pre-

pared in various concentrations of SDS was shown in

Fig. 2. It is obvious that adding the surfactant causes

broadening of the peaks. Adding surfactant to the bath

decreases crystal size of the electroless Ni–P coatings.

Some researchers showed that in the absence of surfactant,

the electroless Ni–P deposits are purely crystalline and in

the presence of SDS, the coating structure is changed to a

mixture of nano-crystalline and amorphous structure and

therefore microhardness of deposits increases [14, 19]. In

the present study, a similar trend was observed. The typical

surface finish values (Ra) for each sample were as follows:

0.4, 0.2 and 0.08 for emery papers number of 120, 500 and

2000, respectively. Variation of average roughness values

with the number of experimental run in various conditions

are presented in Fig. 3. In the recent research, authors

showed that in the coatings applied without surfactant,

dispersion of nickel particle is less homogeneous than

those of applied in the presence of surfactant which results

in a uniform surface finish [20]. In this case, surface

morphology, roughness and dispersion of nickel particles

are improved and are more homogeneous than those

obtained under the other conditions. This is due to the fact

that at higher concentration of SDS the contact angle is

reduced and this leads to the better wettability of electro-

less Ni–P deposits. It is apparent that SDS addition during

Fig. 1 Correlation between predicted and actual results of the

coatings corrosion current density according to the L9 OA designed

factors listed in Table 3

Table 6 Optimum conditions and performance

Factors Level desc. Level

Surfactant con. (g L-1) 1.5 3

pH 5.5 3

Emery paper no. 2000 3

Annealing temp. (�C) 200 1

Estimated result for corrosion current density 0.29 (lA cm-2)

Fig. 2 XRD patterns of the

electroless Ni–P coatings

deposited in the presence of

different concentrations of SDS

surfactant
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electroless Ni–P deposition can improve the coating

roughness.

3.3.2 Potentiodynamic polarization studies

Typical polarization curves of the electroless Ni–P coatings

precipitated in different conditions (listed in Table 3) are

shown in Fig. 4. Corrosion parameters obtained for each

sample are given in Table 7. Results for the mild steel

substrate are also included in Table 7. Although there are

peaks on the some anodic branches of these curves and a

decrease in the current density showing passivity to some

extent, this passivity is not persistent and is broken with a

little increasing in oxidizing power of the environment. So,

Tafel extrapolation (linear parts of anodic and cathodic

branches) of the curves about ±150 mV versus OCP was

used in ‘‘Softcorr 352’’ software for determination of cor-

rosion current density.

Polarization results indicate that addition of SDS sur-

factant to the coating bath leads to decrease in corrosion

rate of electroless Ni–P coatings. In the presence of the

surfactant, crystalline grain size of the coating micro-

structure was decreased [21]. This may be interpreted as Ni

particles produced inside the electrolyte deposit on the

substrate surface and surfactant addition does not allow the

Fig. 3 Average surface roughness of the electroless Ni–P deposits in

different conditions shown as the experiment number

Fig. 4 Polarization curves of mild steel and the electroless Ni–P coatings in 3.5% NaCl according to the L9 OA designed factors listed in

Table 3

Table 7 Polarization parameters of mild steel and the electroless

Ni–P coatings in 3.5% NaCl according to the L9 OA designed factors

listed in Table 3

Std Ecorr

(mV)

icorr

(lA cm-2)

Std Ecorr

(mV)

icorr

(lA cm-2)

1 -350 0.540 6 -505 3.70

2 -445 1.60 7 -446 0.87

3 -503 3.90 8 -274 4.50

4 -485 2.50 9 -479 0.64

5 -333 0.77 Mild steel -700 20
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Ni particles to escape to the top surface and get deposited

in the regions other than the substrate surface, therefore it

have been causes decreasing of porosity in final deposit and

increasing of its corrosion resistance as a final result.

The electroless Ni–P coatings which heat treated at

200 �C showed amorphous microstructure. Amorphous

alloys exhibit better corrosion resistance than equivalent

polycrystalline materials, because of the absence of grain

or phase boundaries and because of the glassy films which

form on the surface to make it passive [21]. Furthermore, in

amorphous state, the surface passive film is covered by a

layer of adsorbed hypophosphite/phosphinate species

which act as a protective layer. The large variation in the

cathodic Tafel slope in these coatings can be attributed to

the surface inhibition by a passive film. By increasing

annealing temperature up to 400 �C, the microstructure of

the coating is converted from amorphous to crystalline

state. Heat treatment at the temperature 400 �C to achieve

maximum hardness lowers the corrosion resistance of the

electroless Ni–P coating, probably as a result of micro-

cracking and phase transformation. It has been reported

that semi-coherent Ni3P phases are created approximately

at 400 �C and consequently microhardness increases

whereas the size of Ni3P precipitates increases. By

increasing temperature to 600 �C these phases changed

from semi-coherent to non-coherent state [22]. When

temperature increases, intergranular corrosion in NaCl

solution will be more probable owing to the growth of the

microcrystallites. This fact is further supported by the

observed corrosion results (Table 7). EDS results indicate

that by adding surfactant, phosphorus content of the coat-

ings increases from 9% up to 12 wt%. Increasing phos-

phorus content of the electroless Ni–P coating results in

higher amount of Ni3P compound. It is may be the reason

for improving corrosion performance at the presence of

surfactant. When surfactant added, Ni3P sited in deposit by

nanostructure form and decreases the porosity of coating.

Roughness of the substrate clearly has a substantial and

systematic effect on the corrosion behavior of coatings.

Grinding produces a thin (about 1.0 lm), hard, white layer,

on the machined surface which is in residual compression

(about 600 MPa) and resists corrosion. Tomlinson et al.

[23] suggested that the white layer on the ground specimen

is the cause of decreasing in the corrosion current that

might have been expected on the basis of the roughness.

Increasing pH accelerates deposition rate and causes

improvement in the surfactant effect and microstructure

became finer, but in the presence of surfactant the effect of

pH on corrosion rate cannot be evaluated. Therefore, this

parameter is not effective in the Taguchi analyzing. The

differences in Ecorr of these coatings may be due to the

differences in porosity, surface roughnesses and composi-

tions of the coatings. The observed experimental results

such as dependence of structure and corrosion resistance on

the plating conditions, increase in crystalline nature of the

coating with heat treatment and dependence of chemical

reactivity of coatings with composition on the amorphous

state are in conformity with the other investigations

[24, 25].

3.3.3 Electrochemical impedance spectroscopy studies

Figure 5 shows the Nyquist and Bode plots of electroless

Ni–P coatings precipitated in various conditions. The

polarization resistance (RP) value is inversely proportional

to the corrosion rate of the system. This parameter provides

an estimation of the protective efficiency of the coating.

Also, Bode plots demonstrate that only one time constant is

observed for the electrochemical system under study. The

equivalent circuit shown in Fig. 6 was used for modeling of

the coating corrosion property parameters, where RS is

resistance of the solution, RC is the passive coating resis-

tance and CPE is the constant phase element which is

mainly used to explain the system heterogeneity and some

distribution of the value of physical properties of the

system [26, 27]. The impedance expression of CPE is

defined by:

ZCPE ¼
1

AðjxÞn ð1Þ

where A and n are frequency-independent fit parameters,

j = (-1)1/2 and x = (2pf) is the angular frequency. The

factor n, defined as CPE power, is an adjustable parameter

that lies between 0.5 and 1 and is defined as the roughness

factor in Eq. 2 [28–31]:

n ¼ A

A0

ð2Þ

where A and A0 are the apparent and real surface areas,

respectively. As n approaches unity, the corrosion current

density becomes smaller and capacitive essence of the CPE

goes toward ideality. It is notable that n is dimensionless.

Constant phase element (CPE) is substituted for capac-

itances and reflects the deviation of the capacitance

behavior from ideality. In the modeling step, two fractions

was adjusted for a CPE that were CPE-T (which reflects

capacitive essence of it) and CPE-P (which reflects its

deviation from ideality) that is the same n.

The fitted results of electroless Ni–P coatings are listed

in Table 8. The EIS results also demonstrate that the cor-

rosion resistances of electroless Ni–P coated samples are

several times greater than that of the AISI 1040 steel

substrate. According to one of the most convincing models

proposed to explain the high corrosion resistance of elec-

troless Ni–P coatings, preferential dissolution of nickel

occurs even at the open circuit potential and leads to the

24 J Appl Electrochem (2011) 41:19–27
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phosphorus enrichment of the surface layer. The enriched

phosphorus surface reacts with water to form a layer of

adsorbed hypophosphite anions. This layer in turn will

block the supply of water to the electrode surface, thereby

prevents the hydration of nickel, which is considered to be

the first step to form either soluble Ni2? species or a pas-

sive nickel film [32, 33]. The coating corrosion resistances,

Fig. 5 The Nyquist and Bode plots of the electroless Ni–P coatings in 3.5% NaCl electrolyte; annealed at a 200 �C; b 400 �C; c 600 �C and

d mild steel

Fig. 6 Schematic of equivalent circuit for modeling the impedance

spectra of the electroless Ni–P coatings

J Appl Electrochem (2011) 41:19–27 25

123



RC, increased and the capacitive component of the constant

phase elements (CPE) decreased in different range,

meaning that the coating structures changed to a denser and

more homogenous film after heat-treatment at 200 �C and

in the presence of SDS. By comparing the corrosion

resistances of the electroless Ni–P coatings obtained in

various conditions listed in Table 3 it is seen that the latter

coating (condition in experiment 9) appeared to offer better

protection against corrosion in 3.5% NaCl media. This

effect can be ascribed to a reduction in the porosity and

grain boundary available for corrosion in electroless Ni–P

coating. In the optimal condition (Table 6) that was

obtained by Taguchi method, the ratio of apparent surface

area to real surface area (n) reaches approximately as high

as 0.93 (std = 9 in Table 8) which posses the maximum

coating resistance (Rc = 65552) and so, the minimum

corrosion current density in the minimum real surface area.

So, the results of Fig. 3 are in a very good agreement with

the results of Table 8. In Table 3 the condition of experi-

ment number 9 is the nearest condition to the optimal

condition (A3B3C3D1 in Table 3 or the surfactant con-

centration = 1.5 g L-1, pH = 5.5, emery paper num-

ber = 2,000 and annealing temperature = 200 �C) and in

Fig. 3 this experiment number has one of the lowest sur-

face roughness and in Table 8, the coating prepared in the

condition of experiment number 9 has the highest corrosion

resistance.

A clear distinction can be made between the samples

without SDS (3) and with SDS (9) coatings on the basis of

their respective CPE-T values. The coating number 9

shows consistently lower CPE-T value (\30 lF) than the

coating number 3 ([250 lF). So, it can be said that SDS

reduces porosity of the deposition.

4 Conclusion

Taguchi orthogonal array was employed to optimize sur-

factant concentration and other parameters to reach the

maximum corrosion resistance of the electroless Ni–P

coatings. Based on the experimental results and analysis,

the following conclusions can be drawn which clearly

indicate that there is possibility of a significant improve-

ment in the corrosion resistance of electroless Ni–P

deposited layers.

(1) Annealing temperature, surfactant concentration and

substrate finishing procedure have significant influ-

ences on the corrosion resistance of the electroless

Ni–P coatings.

(2) Heat-treatment at 400 and 600 �C crystalize the

amorphous structure of electroless Ni–P coatings

and decrease its corrosion resistance.

(3) Corrosion tests performed that electroless Ni–P

coatings deposited in all conditions significantly

improve the corrosion resistance of mild steel.

(4) The optimal condition of depositing the electroless

Ni–P coating to achieve the minimum corrosion rate

was obtained as: the surfactant concentration = 1.5

g L-1, pH = 5.5, emery paper number = 2,000 and

annealing temperature = 200 �C.
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