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Abstract A study to optimize the process parameters

for electrodeposition of a Ni–Fe–Mo alloy is reported.

A 22full factorial design was successfully employed for

the experimental design analysis of the results. The

optimum experimental conditions for producing the

corrosion resistant alloy were 120 mA/cm2 current

density, 20 rpm cathode rotation, 9.0 pH at 30 �C. The

alloy was deposited at 61% current efficiency, with an

average composition of 62 wt% Ni, 17wt% Fe, 21wt%

Mo and traces of boron, and with Ecorr –0.506 V, Rp

8.883 · 103 Ohm cm2 and Icorr 6.468 · 10–7 A/cm2.

The deposit obtained under these conditions had an

amorphous character, good adherence, high corrosion

resistance and a nodular morphology. Electrochemical

corrosion tests verified that the electrodeposited Ni–

Fe–Mo alloy had better corrosion resistance than the

Fe–Mo alloy.

Introduction

Molybdenum alloys are of interest due to their

desirable properties, such as a high corrosion resis-

tance, high wear resistance [1] and low hydrogen

evolution overpotential [2, 3]. These alloys may also

act as catalysts for hydroprocessing of aromatic oils

and gas phase hydrogenation of benzene. Molybdenum

alloys can be produced by electrodeposition [4]. From

a theoretical point of view, electrodeposition of these

alloys is an example of the induced codeposition

mechanism [5]. In spite of numerous claims, the

electrodeposition of molybdenum in the pure state

from aqueous solutions has been unsuccessful. How-

ever, electrolytic induced codeposition of molybdenum

occurs with iron-group metals [6]. Several authors

have investigated the process of electrodeposition of

tungsten with iron group metals in aqueous solutions

[7–10].

Conventional and classical methods of studying a

process by maintaining other factors involved at an

unspecified constant level does not allow for assess-

ments of the combined effects of several or all of the

factors involved. This method is also time consuming

and requires large number of experiments to define

optimized levels, with respect to individual parame-

ters. However, these optimization procedures are

often unreliable for assessing the optimized combined

performance. These limitations of a conventional

method can be eliminated by optimizing all of the

control variables parameters collectively and simulta-

neously through the use of statistical experimental

design such as Response Surface Methodology (RSM)

[11]. Experimental factorial design investigations

present several advantages over univariant methods.

The control variables (factors) are varied simulta-

neously rather than one-at-a-time, so that it is

possible to observe the synergistic and antagonistic

interactions among the factors. Univariant methods

are incapable of measuring these interactions, and,

therefore, are not effective optimization techniques.

RSM is a collection of mathematical and statistical

techniques that are useful for developing, improving
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and optimizing processes; RMS can be used to

evaluate the relative significance of several affecting

factors even in the presence of complex interactions.

The main objective of RSM is to determine the

optimum operational conditions for the system or to

determine the regime of control variables that satisfies

the operating specifications [12].

The results of a study to optimize the operational

conditions (current density, bath temperature) for the

electrodeposition of an Ni–Fe–Mo alloy is reported

here. The interaction between the parameters was

evaluated and optimized using response surface

methodology.

Experimental

Bath composition and substrate

The electrochemical bath was prepared using analyt-

ical grade chemicals and double distilled, deionized

water. The bath used for electrodeposition of the Ni–

Fe–Mo alloy contained 0.03 M nickel sulfate, 0.010 M

iron sulfate, 0.028 M sodium molybdate, 0.0728 M

boron phosphate, 0.0323 M sodium citrate and

0.017 g/L 1-Na-dodecylsulfate. The bath pH was

adjusted initially and during the deposition process

using either ammonium hydroxide or sulfuric acid.

Ammonium hydroxide is preferred to NaOH for pH

adjustment since it stabilizes the bath by its complexing

action. The electrodeposition process was usually

performed for a period of 1 h.

Prior to the coating deposition, the substrate was

polished to 1200 grit surface finish. The electrodepos-

ition was performed under galvanostatic control on a

rotating rectangular copper foil cathode with a surface

area of approximately 8 cm2, which was placed inside a

cylindrical platinum gauze anode. All specimens were

subjected to a series of cleaning steps with a final rinse

in dilute 10% H2SO4 to remove any residual alkali

[13].

Electrodeposition

A potentiostat/galvanostat (Autolab PGSTATE 30)

was used to apply a known current density to the

cathode. An MTA KUTESZ MD2 thermostat con-

trolled the temperature of the bath and a rotating

electrode, EG&G PARC 616 (cathode rotation), was

used to control mechanical agitation. The Faradaic

efficiency was calculated from the charge passed and

the equivalent weight gained. The alloy composition

was taken into account when calculating the deposition

efficiency.

Response surface methodology

RSM was used to design this experiment. A complete

factorial design of two levels and two factors (22) was

used [14], with three replicates at the centre point.

Thus, a total 7 experiments were employed in this

study for a quantitative evaluation of the influence of

current density and bath temperature on the alloy

deposition efficiency and corrosion resistance (polari-

zation resistance). Table 1 lists the levels of the factors

used, as well as their experimental design codes. Each

independent factor was investigated at a high (+1) and

a low (–1) level. The centre point (0) replicates were

chosen to verify any change in the estimation proce-

dure, as a measure of precision property. For statistical

calculations, coding of the independent variables was

done according to the following Equation:

xi ¼
ðXi �XoÞ

DXi
ð1Þ

where xi and Xi are the dimensionless and the actual

values of the independent variable i, Xo the actual

value of the independent variable i at the central point,

and DXi the step change of Xi corresponding to a unit

variation of the dimensionless value.

The behaviour of the system was explained by the

following linear Equation

Y ¼ bo þ b1x1 þ b2x2 þ b12x1x2 ð2Þ

The coefficients of the polynomial were represented by

b0 (constant term), b1 and b2 (linear effects), and b12

(interaction effects). The analysis of variance (ANO-

VA) tables were generated, and the effect and regres-

sion coefficients of individual linear and interaction

terms were determined. The significances of all terms

in the linear relationship were judged statistically by

computing the F-value at a probability (P) of < 0.05.

The objective of using RSM is not only to investi-

gate the response over the entire factor space, but also

to locate the region of interest where the response

Table 1 Actual and coded levels of factors studied

Factors Code

–1 0 +1

Current Density/mA/cm2 60 90 120
Temperature/�C 30 50 70
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reaches its optimum or near optimal value. By

carefully studying the response surface model, the

combination of factors that gives the best response can

then be established [15].

The results of the experimental design were studied

and interpreted by MATLAB 6.5 software to estimate

the response of the dependent variable.

Corrosion resistance

The potentiodynamic linear polarization (PLP) and

electrochemical impedance spectroscopy (EIS) studies

were performed using a potentiostat (Autolab

PGSTATE 30) for corrosion analysis. A saturated

calomel electrode (Hg/Hg2Cl2) and Pt foil were used as

reference and auxiliary electrodes, respectively. The

PLP curves were obtained with a sweep rate of

0.001 V/s in a potential range –1.0 V to 2.0 V. The

impedance experiments were carried out at specific

potentials selected from the PLP curves with a

frequency interval of 100 kHz to 0.004 Hz and at

0.01 V amplitude. The specimens were stabilized for a

period of 1 hour prior to initiating the PLP and EIS

tests. All of the electrochemical corrosion tests were

conducted in aqueous 1 M NaCl at room temperature

and in ambient atmosphere.

Characterization of the deposit

Characterization of the structure of the alloy was

determined by X-ray diffraction (XRD), using a

Siemens D500 Diffractometer, with Cu Ka radiation,

a step size of 0.02� and a dwell time of 1s.

The surface morphology and the cross-section

microstructure of the electrodeposited layers were

characterized by scanning electron microscopy (SEM)

using a Philips XL-30 scanning electron microscope.

The approximate composition of the alloy was deter-

mined by energy dispersive X-ray analysis (EDX)

using a Link Analytical QX-2000 attached to the SEM

apparatus. Presence of boron in the alloy was deter-

mined by atomic absorption spectrometric analysis.

Results and discussion

All the seven electrodeposition experiments were

conducted in duplicate and the average values of

electrodeposition efficiency and corrosion resistance

(corrosion potential) along with design matrix are

tabulated in Table 2. As part of the data analysis, the

goodness of fit of the model is required. The evaluation

of the model adequacy includes a test for significance

of the regression model, a test for the significance of

the model coefficients, and a test for lack of fit. For

this purpose, analysis of variance (ANOVA) was

performed.

The results were subjected to multiple non-linear

regression analysis to obtain coefficients for each of the

parameters. Estimates of the coefficients with levels

higher than 95% (P < 0.05) were included in the final

model. Deposition efficiency (Eff.) and polarization

resistance (Rp), can thus be expressed as functions of

the independent factors by the linear mathematical

model represented by Eqs. 3 and 4 respectively, where

(I) is current density, and (t) is temperature. Taking

into account only the significant effects, the following

equations correspond to the surface response shown in

Figs. 1 and 2.

Eff :ð%Þ ¼ 71:25� 2:95I þ 4:48t þ 0:93I � t ð3Þ

Rp ¼ 3638:37þ 1373:60I � 2832:60t � 729:40I � t ð4Þ

The value R2 obtained was equal to 99% and 97% for

Eff. and Rp, respectively. This means that the regression

model provides an excellent explanation of the rela-

tionship between the independent variables (factors)

and the response (Eff. and Rp). The associated P-value

for the model is lower than 0.05 (i.e. a = 0.05, or 95%

confidence), which indicates that the model is consid-

ered statistically significant. The variance and regres-

sion analyses demonstrated the statistical significance

of the models, justifying the use of a linear model for

the statistical analysis. The statistical significance of the

ratio of the mean square variation due to regression and

Table 2 Electrodeposition
efficiency, corrosion
resistance and deposit
composition as shown by the
factorial matrix

Runs Current density Temp. (�C) Rp/Ohm cm2 Icorr/A/cm2 Ecorr/V Deposition
efficiency/%

1 –1 –1 4677 6.07 · 10–6 –0.767 70.501
2 –1 +1 470.6 5.93 · 10–5 –0.851 77.598
3 +1 –1 8883 6.47 · 10–7 –0.506 62.727
4 +1 +1 1759 2.78 · 10–5 –0.800 73.543
5 0 0 2934 2.71 · 10–5 –0.792 72.123
6 0 0 3237 2.99 · 10–5 –0.791 73.813
7 0 0 3508 2.11 · 10–5 –0.775 73.451
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mean square residual error was tested using the analysis

of variance (ANOVA) [16]. ANOVA is a statistical

technique that subdivides the total variation in a set of

data into component parts associated with specific

sources of variation for the purpose of testing hypoth-

eses on the parameters of the model. According to the

ANOVA (Tables 3, 4), the F values for all regressions

were large. The large value of F indicates that most of

the variation in the response can be explained by the

regression equation. A P value lower than 0.05

indicates that the model is considered to be statistically

significant [17]. The P values for all of the regressions

were lower than 0.05. This means that at least one of the

terms in the regression equation has a significant

correlation with the response variable.

Effect of current density

The effect of current density on process efficiency was

studied in the range 60–120 mA/cm2. The highest

value for the deposition efficiency, approximately

77%, was obtained by using the lower current density

of 60 mA/cm2. From the experimental data (Table 2)

it was observed that a decrease in current density and

an increase in temperature (Equation 3) increased

deposition efficiency (Fig. 1). Similar behaviour was

observed by Weikang et al. [18]. This should be

associated with a higher deposition of nickel at lower

current density 60 mA/cm2 [18]. From Equation 4 it is

observed that the current density was one of the

factors that influenced corrosion resistance of the

deposit. It was observed that an increase in current

density and a decrease in temperature increased

corrosion resistance (Fig. 2). The best results for

corrosion resistance (i.e. polarization resistance) were

obtained with a current density 120 mA/cm2. Similar

results were demonstrated by corrosion current den-

sity measurements as showed in Table 2. High current

densities favour the deposition of Mo, as reported by

Brenner et al. [19] who observed a significant increase

in Mo content with increasing current density in

citrate bath.

Effect of temperature

Temperature is another important factor in the oper-

ation of molybdenum alloy plating baths. An increase

Fig. 2 Fitted surface of influence of current density vs. temper-
ature in relation to polarization resistance of the alloy, using a
bath pH of 9.0 and rotation rate at 20 rpm

Fig. 1 Fitted surface of influence of current density vs. temper-
ature in relation to deposition efficiency of the alloy, using a bath
pH of 9.0 and rotation rate at 20 rpm

Table 3 Results of ANOVA
of deposit efficiency

Source Sum of squares Degrees of freedom Mean square F P

(1) Current density 34.981 1 34.981 221.852 0.000
(2) Temperature 80.218 1 80.218 508.751 0.000
Interaction 1 and 2 3.457 1 3.457 21.929 0.018
Residual error 0.473 3
Lack of fit 0.234 1
Pure error 0.238 2
Total 119.601 6
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in temperature usually decreases polarization, increases

the concentration of metal in the cathode diffusion

layer, and may affect the cathode current efficiency for

metal deposition, particularly those deposited from

complex ions. The effect of bath temperature on the

process efficiency was studied in the temperature range

30–70 �C. From Table 3, it can be confirmed that the

temperature change had the most statistically signifi-

cant effect on the process efficiency at the 95% level.

The statistical results obtained in this study suggest

that the increase in the bath temperature increases the

deposition efficiency. The best results (good quality

deposits) were obtained at 70 �C with a deposition

efficiency of 77%. Figure 1 shows the estimated

response surface for current efficiency in relation to

the current density and temperature.

The effect of current density and temperature on

corrosion resistance is shown in Fig. 2. Bath tempera-

ture showed a statistically significant effect on corrosion

resistance of the deposit (Eq. 4, Table 4). The statistical

results obtained in this study suggest that the decrease

in bath temperature increased corrosion resistance of

the deposit.

Appearance of the deposit

From the SEM analysis, it was observed that the Ni–

Fe–Mo alloy (Fig. 3) deposited on the copper substrate

did not exhibit any microcracks. The SEM micrograph

shown in Fig. 3 demonstrates that the surface of the

deposit had a coarse nodular structure.

The deposit also showed good adherence and lustre,

with an average thickness of 36 lm after 1 h of electro-

deposition. The approximate composition of the

electrodeposited alloy obtained via energy dispersive

x-ray spectroscopy was 62wt% Ni, 17wt% Fe, 21wt%

Mo. Atomic absorption spectrometric analysis showed

the presence of some (�1%) boron in all the deposits.

The amorphous character of the as-deposited alloy

was confirmed by XRD. Boron was added to the bath

in the form of boron phosphate, which was co-

deposited with the Ni–Fe–Mo alloy, producing an

amorphous structure. According to Einati et al. the

addition of boron favours the formation of amorphous

structure besides increase in resistance of thin films,

improving the stability of these films against the air

oxidation [20].

Corrosion resistance

The conditions for depositing a corrosion resistant Ni–

Fe–Mo alloy were: current density of 60 mA/cm2, bath

temperature of 30 �C, pH 9.0 and rotation rate at

20 rpm. This gave a deposition efficiency of about

61%. The average composition of the deposit was

62wt% Ni, 17wt% Fe, 21wt% Mo, giving a corrosion

potential of –0.506 V and a polarization resistance of

8.883 · 103 Ohm cm2.

An Fe–Mo alloy was also produced via electrode-

position, and used for comparison with the Ni–Fe–Mo

alloy. The Fe–Mo specimen was obtained using a

current density of 20 mA/cm2, at 70 �C, with a pH of

6.0 and rotation rate at 20 rpm which gave a deposition

efficiency of about 30%. The average composition of

the deposit was 70 wt% Fe, 30 wt% Mo with traces of

boron giving a corrosion potential of –0.948 V and a

polarization resistance of 1.260 · 103 Ohm cm2. These

results were obtained using the response surface

Fig. 3 SEM diagrams of the
Ni–Fe–Mo alloy surface with
1000 · and 3000 ·
amplification (current density
60 mA/cm2, temperature
30 �C, pH 9.0 and rotation
rate 20 rpm)

Table 4 Results of ANOVA
of corrosion resistance (Rp)

Source Sum of squares Degrees of freedom Mean square F P

(1) Current density 7547108 1 7547108 21,43599 0,018977
(2) Temperature 32094491 1 32094491 91.15772 0.002437
Interaction 1 and 2 2128097 1 2128097 6.04442 0.090986
Residual error 1056229 3 352076
Lack of fit 891321 1 891321
Pure error 164909 2 82454
Total 42825926 6
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methodology to optimize the effects of the operational

parameters in this system.

Corrosion characterization of the alloy Ni–Fe–Mo

deposited on copper substrate with the optimized

operational parameters was evaluated by linear polar-

ization curves. Potentiodynamic curves obtained for

the alloys Fe–Mo and Ni–Fe–Mo deposited under

optimal conditions for corrosion resistance in 1 M

NaCl are shown in Fig. 4. These curves show that the

electrodeposits containing Ni–Fe–Mo had corrosion

potentials 442 mV more positive than that of the

electrodeposit containing Fe–Mo. The dissolution pro-

cess was observed for both the alloys, but the deposit

Ni–Fe–Mo showed higher resistance to the corrosion

process (Table 5).

Electrochemical impedance experiments were per-

formed to obtain detailed information about the

corrosion resistance behaviour and to confirm the

results obtained by the PLP study of Ni–Fe–Mo and

Fe–Mo alloys. The impedance measurements were

performed in the regions a-c marked on the polariza-

tion curves of Fig. 4.

Figure 5 shows the impedance diagram, which rep-

resents the corrosion potential correlated to point (a).

Figures 6 and 7 correspond to the potentials repre-

sented by (b) and (c), respectively.

The Ni–Fe–Mo alloys had higher impedance values

than the Fe–Mo alloy, thus confirming the higher

corrosion resistance (Rp) of the former. Additionally,

Fig. 6 shows typical diagrams for the process of passiv-

ation and dissolution that confirm the findings of the

-1,0 -0,5 0,0

1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

0,01

(c)
(c)

(b)

(b)

(a)

I /
 A

 c
m

-2

E / V vs SCE

 Ni-Fe-Mo
 Fe-Mo

(a)

Fig. 4 Anodic polarization curve of the Fe–Mo alloy (current
density 20 mA/cm2, temperature 30 �C, pH 6.0 and rotation rate
20 rpm); and anodic polarization curve of the Ni–Fe–Mo alloy
(current density 60 mA/cm2, temperature 70 �C, pH 9.0 and
rotation rate 20 rpm)

Table 5 Corrosion data obtained from potentiodynamic polari-
zation curves

Corrosion data Ni–Fe–Mo Fe–Mo

Ecorr/V –0.506 –0.948
Rp/Ohm cm2 8.883 · 103 1.260 · 103
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Fig. 6 Impedance diagrams
related to the point (b) of the
anodic polarization curves of
the Ni–Fe–Mo and Fe–Mo
alloys
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polarization curves, which suggested the presence of an

unstable passive film on the surface. The same type of

passivation and dissolution process was also observed

by Santana et al. [13] and Keddam et al. [21]. Figure 7

shows the impedance diagrams, which are associated

with transpassivation and could be attributed to the

dissolution process of the passive film as was also

observed by Keddam et al. [21–23] and Bojinov et al.

[24]. By the end of the impedance tests on the Fe–Mo

alloy, almost complete dissolution of the electro-

deposited film had occurred, exposing the surface of

the copper substrate after about 4 h of total impedance

scan time. In the case of the Ni–Fe–Mo alloy film of

about the same thickness, which was exposed to the

same corrosion medium and for the same period, the

copper substrate surface did not become visible.

Conclusions

For the optimized bath composition and within the

range of operating parameters evaluated in this study,

it has been shown that:

1. For electrodeposition of the Ni–Fe–Mo alloy at an

efficiency of 77%, the optimized values of opera-

tional parameters were: cathode current density

60 mA/cm2,bath temperature 70 �C, pH 9.0 and

rotation rate at 20 rpm.

2. Good deposits in terms of corrosion resistance

were obtained under the following operational

conditions: current density 120 mA/cm2, bath tem-

perature 30 �C, pH 9.0 and rotation rate at 20 rpm

giving a deposition efficiency of 61%.

3. The deposits obtained under optimum conditions

for both deposition efficiency and corrosion resis-

tance were of an amorphous nature, as evidenced

by XRD. These deposits exhibited a nodular

morphology, good adherence and lustre.
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