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This paper deals with the electrodeposition of Ni-Cu-Mo ternary alloy coatings on low-carbon steel sub-
strate from an aqueous citrate sulfate bath. The structures and microstructure of coatings were charac-
terized by scanning electron microscopy and x-ray diffractometry. The corrosion resistance of coatings was
investigated by potentiodynamic polarization (Tafel) and electrochemical impedance spectroscopy tech-
niques. The results show that the Ni-Cu-Mo coatings are mainly composed of fcc-Ni phase and a small
amount of NiCu phase. Ni-Cu-Mo coatings exhibit a nodular surface morphology, and the roughness of
electroplated coating increases with the increasing of Na2MoO4Æ2H2O in the bath. The corrosion perfor-
mance of the coatings is significantly affected by the Mo content of the alloy coating and their surface
morphology. The coating prepared in bath containing 40 g/L Na2MoO4Æ2H2O has the highest corrosion
resistance in 3.5 wt.% NaCl solution, while that prepared in bath containing 60 g/L (or more) Na2-
MoO4Æ2H2O shows a lower corrosion resistance due to the presence of microcracks on the coating surface.

Keywords coating, corrosion resistance, EIS, electrodeposition,
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1. Introduction

Electrodeposition technique is widely used in industrial
applications because many electroplating coatings can meet
high and specific excellent performance demands (Ref 1-3).
Related to their good corrosion resistances, mechanical prop-
erties and graceful appearance, Ni-Cu alloys have been widely
employed for protecting metal surfaces (Ref 4, 5). So far,
electrodeposition of Ni-Cu alloy coatings from aqueous plating
electrolytes has been extensively investigated (Ref 6, 7), and it
was found that the phase composition and morphology of Ni-
Cu alloy coatings can be controlled by changing different
parameters in electrodeposition process, which results in
different mechanical, physical and chemical properties.

The properties of alloys can be tailored using different
combinations of metals and compounds (Ref 8). For this
reason, another important method to improve the properties of
electrodeposits is co-deposit ternary and quaternary alloy
coatings. There is extensive literatures concerning the Ni-Cu
based alloy coatings, such as Ni-Cu-Fe (Ref 9), Ni-Cu-P (Ref
10, 11), Ni-Cu-Zn (Ref 12) and Ni-Cu-Mo (Ref 13-15). Among

these alloying elements in Ni-Cu-based alloy as mentioned
above, Mo (also a group VI metal) is expected to have similar
chemical and electrochemical properties as chromium (Ref 16-
18). In fact, Mo alloy is considered as a desirable new surface
coating to replace hard chromium coatings, because of the
environmental and toxicological restrictions on hard chromium
industrial electroplating.

There are limited prior works in the literature regarding
electrodeposition of Ni-Cu-Mo ternary alloy coatings except for
the results presented by Beltowska-Lehman et al. (Ref 13-
15).Their studies illustrate that Ni-Cu-Mo alloy could be
electrodeposited at room temperature from citrate ammonia
electrolytes, and its x-ray diffraction patterns exhibited a fcc
structure of Ni-Cu solid solutions (Ref 13). Nickel induces
molybdenum deposition but its discharge is markedly inhibited
by molybdenum, and the electrocrystallization process is
dominated by the Ni-Mo co-discharge kinetics (Ref 14).
Copper deposition has a depolarizing effect on Ni-Mo dis-
charge. Specially, the changes in the values of the limiting
currents of Cu occurring in the presence of nickel ions are
associated with the formation of a inert heteronuclear complex
[CuNi(cit)2]

4� when the pH values are in the range from 6 to 8
(Ref 15).

However, study of the corrosion resistance of electrode-
posited Ni-Cu-Mo alloy coating is rarely reported in the
literature. In this paper, Ni-Cu-Mo ternary alloy coatings were
prepared on mild steel substrate by the electrodeposition in
citrate sulfate solution, and their corrosion resistances were
investigated using the potentiodynamic polarization curves and
electrochemical impedance spectroscopy (EIS) techniques in
conjunction with impedance fitting.

2. Experimental

Ni-Cu-Mo alloys were electrodeposited by a direct current
deposition electroplating method with the composition of the
bath as shown in Table 1. The pH was adjusted to 9 by adding
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sulphuric acid. Low-carbon steel, with a 1 cm2 area, served as
the working electrode; a platinum plate was used as the anode.
Both electrodes were kept in a vertical position and the solution
was not agitated. The low-carbon steel cathodes were mechan-
ically polished with different grade emery papers up to #2000
and then ultrasonically cleaned in acetone, rinsed in distilled
water and activated for 10 seconds in an HCl solution (1:1)
prior to electrodeposition. The deposition was carried out under
galvanostatic conditions at a current density of 20 mA/cm2.
After deposition, the coatings were washed in distilled water,
and then dehumidified.

After deposition, the structural characters of the coatings
were investigated by x-ray diffraction (XRD) with a Bruker�s
D8 Advance, equipped with a primary beam monochromator
for Cu-K radiation. The surface morphology of Ni-Cu-Mo
coating was evaluated by scanning electron microscope (SEM)
using CARL ZESS-CSM700 microscope, and the chemical
composition of the coatings was determined by an Oxford
Aztec HKL standard energy dispersive spectroscopy (EDX).

The corrosion behavior of electroplated Ni-Cu-Mo alloys
had been evaluated by means of non-destructive electrochem-
ical impedance spectroscopy (EIS) and destructive potentiody-
namic polarization test in 3.5% NaCl solution. The
measurements were made using an electrochemistry station
(CHI660C), which was connected to a conventional three-
electrode cell. A saturated calomel reference electrode (SCE)

and a platinum mesh as counter-electrode were used in the tests.
The impedance data were carried out potentiostatically at open-
circuit potential, with voltage perturbation amplitude of 5 mV
in the frequency range from 100 kHz to 10 mHz. Polarization
curves were recorded by sweeping the electrode potential from
�700 V to �300 mV at a scan rate of 1 mV/s.

3. Results and Discussion

3.1 EDX Analysis

The chemical compositions of electroplated Ni-Cu and Ni-
Cu-Mo alloys were analyzed using EDX analysis and the
results are shown in Fig. 1. EDX is not accurate enough in
detection of light elements such as C and O (Ref 8, 19). Thus, it
is assumed that the coatings are only composed of Ni, Cu and
Mo in this paper although the presence of C and O element in
the coating is quite probable. It reveals that the amount of Mo
content in the coating alloy is dependent on the relative
concentration of Na2MoO4Æ2H2O in the electroplating bath,
while Cu content decreases on the surface coating with
increasing amount of Na2MoO4Æ2H2O in the electroplating
bath. It was reported that the induced co-deposition of Mo with
Ni occurs with the help of a surface-adsorbed intermediate
[Ni(II)LMoO2]ads, where L is a ligand such as citrate (Ref 20,
21). In the current study, these surface-adsorbed intermediates
on the cathode surface may be the main reason for the limited
Cu deposition during the co-deposition of Mo with Ni.
Moreover, little Fe element is detected due to the uncovered
carbon steel on the margin or cracks.

3.2 Morphological Analysis

Figure 2 shows the morphology of Ni-Cu and Ni-Cu-Mo
alloys electroplated in the bath containing different amount of
Na2MoO4Æ2H2O. The morphology of the Ni-Cu coating shows
a relatively smooth surface with fine grain boundaries, while
the Ni-Cu-Mo coatings exhibit rough, regular, and nodular
morphology. The crevices between nodulations enlarge with
increasing the amount of Na2MoO4Æ2H2O in the electroplating
bath. When the amount of Na2MoO4Æ2H2O added was more
than 40 g/L, microcracks were found on the surface of Ni-Cu-
Mo coatings. Generally, cracks often result from high residual
stress or hydrogen embrittlement during electroplating, which
are undesirable for corrosion performance (Ref 18). The surface
roughness (Ra, arithmetical mean deviation of the assessed
profile) of coatings is also a very important parameter to reflect
surface morphology in macro-scale. As shown in Fig. 3, all Ni-
Cu-Mo coatings exhibit a much bigger roughness value than
that of Ni-Cu coating (only 0.099 lm), and the roughness of
Ni-Cu-Mo coatings increases from 0.35 to 0.73 lm as the
concentration of Na2MoO4Æ2H2O increases. Possible reasons
for this result are tendency of enlarged crevices between
nodulations and appearance of microcracks when the Na2-
MoO4Æ2H2O concentration increased (as shown in Fig. 2).

3.3 XRD Analysis

Figure 4 shows the XRD patterns of Ni-Cu and Ni-Cu-Mo
coatings. From the obtained patterns, the reflections from one
weak characteristic crystal plane of (200) for Fe are observed
for all coatings. This reflection is viewed for the uncovered

Table 1 Composition of the bath used for Ni-Cu-Mo
coatings

Deposition parameters Amount Purpose

NiSO4Æ6H2O 131.5 g/L Ni source
CuSO4Æ5H2O 1.25 g/L Cu source
Na2MoO4 Æ2H2O 0, 20, 40,

60, 80 g/L
Mo source

Na3C6H5O7Æ2H2O 36.75 g/L Complexer for Ni and Mo
NiCl2Æ6 H20 11.9 g/L Increase current efficiency
C6H15NO3 14.75 mL/L Additive-A
C2H5NO2 3.71 g/L Additive-B

Fig. 1 Variation of composition of the coatings electroplated in the
bath containing different Na2MoO4Æ2H2O
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low-carbon steel substrate, which is in the margins or
microcracks. Besides, Ni-Cu coating exhibits diffraction
peaks of NiCu phase, while Ni-Cu-Mo alloy shows diffraction
peaks of both NiCu phase and fcc-Ni phase. There is a sharp
decrease in the intensity of NiCu phases in the Ni-Cu-Mo
alloys in comparison with Ni-Cu coating, suggesting the Ni-
Cu-Mo alloys were mainly constituted by Ni-fcc structure
with Cu or Mo in solid solution in a Ni matrix. Taking into
account the fact that Mo cannot be deposited either separately
or with copper and only iron group metals can induce its
discharge, it can be concluded that the electrodeposition of Ni-
Cu-Mo alloy includes two different co-deposition processes:
the deposition of NiCu and the induced deposition of Mo (or

Cu) in a Ni matrix. Although there is a higher deposition rate
of the Cu2+ ions due to their kinetic driving force, NiCu
deposition is suppressed and fcc-Ni is deposited because the
cathode surface was adsorbed by intermediates ([Ni(II)L-
MoO2]) during the formation of Ni-Cu-Mo coating. As a
result, unlike the fine grain Ni-Cu coating, Ni-Cu-Mo coatings
exhibited a nodular surface morphology and the Cu content
decreased when the Na2MoO4Æ2H2O was added in the
electroplating bath. These results are fairly consistent with
the above results drawn out of the SEM micrographs and EDX
analysis. These results are fairly consistent with the above
results drawn out of the SEM micrographs and EDX analysis,
as shown in Fig. 1 and 2.

Fig. 2 Morphology of Ni-Cu and Ni-Cu-Mo alloys electroplated in the bath containing different Na2MoO4Æ2H2O: (a) 0 g/L, (b) 20 g/L, (c)
40 g/L, (d) 60 g/L, (e) 80 g/L
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3.4 Evaluation of Corrosion Performance

Figure 5 shows the Tafel plots (E versus log i) of Ni-Cu and
Ni-Cu-Mo alloys in 3.5 wt.% NaCl solution. The related
parameters extracted from the plots using Tafel extrapolation
method are listed in Table 2. As it is seen from Fig. 5 and
Table 2, all Ni-Cu-Mo coatings have more positive corrosion
potential than those of Ni-Cu coatings, for which a more
excellent corrosion resistance property is expected. Besides, a
highest corrosion resistance (lowest corrosion current density)
is obtained for the coatings deposited in the bath containing 40
g/L Na2MoO4Æ2H2O. As mentioned above, the Mo content in
the alloy coating has a beneficial effect on the corrosion
behavior. However, the corrosion current density of coatings
deposited in baths containing 60-80 g/L Na2MoO4Æ2H2O
increases though the corrosion potential of them remains
toward positive, as listed in Table 2. Morphological analysis
has revealed that microcrack appeared on the surface of these
two samples, which imply that the corrosive medium could

Fig. 3 The roughness of Ni-Cu and Ni-Cu-Mo alloys electroplated in the bath containing different Na2MoO4Æ2H2O: (a) 0 g/L, (b) 20 g/L, (c)
40 g/L, (d) 60 g/L, (e) 80 g/L

Fig. 4 X-ray diffraction patterns of Ni-Cu and Ni-Cu-Mo alloys
electroplated in the bath containing different Na2MoO4Æ2H2O: (a)
0 g/L, (b) 20 g/L, (c) 40 g/L, (d) 60 g/L, (e) 80 g/L
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penetrate into the cracks, transfer through the coatings and
reach the substrate. Finally, corrosive medium can react with
the low-carbon steel substrate, which results in increasing
corrosion current density.

Electrochemical impedance spectroscopy (EIS) is a non-
destructive electrochemical technique to affirm corrosion
behaviors at the electrode/electrolyte interface (Ref 22). Its
result is usually displayed either in the form of a Bode plot or a
Nyquist plot. The Nyquist plots of most coatings show a similar
circle arc, which relates to changes in the coating property, as
shown in Fig. 6. Specially, Nyquist plots of coatings deposited
in baths containing 60-80 g/L Na2MoO4Æ2H2O have an other
time constant in the low frequencies region, which associates
with the reactions for low-carbon steel corrosion caused by the
corrosive medium penetrating into the cracks. A suitable equiv-
alent circuit (shown in Fig. 7) was used to model the corrosion
behavior. This equivalent circuit has been used for similar
coating and Nyquist plots by other authors as well (Ref 23). In
this equivalent circuit, Rs is the solution resistance, Ccoat is the
capacitance of the Ni-based alloy coating, including the pores
in the outer layer of the coating, Rpore represents the resistance
resulting from the formation of ionic conduction paths across
the defect of coating, Cdl is the double-layer capacitance
between the electrolyte and coating/substrate within the pores,

and Rct is the charge transfer resistance of the coating/substrate
interface (Ref 23).

Fitted data using the equivalent electrical circuits are
presented in Table 2. It is shown that Rpore values decrease
with the increasing Na2MoO4Æ2H2O content in the electroplat-
ing bath. As the result of morphological analysis, more rugged
coatings were obtained and defects such as microcracks would
be induced when the Na2MoO4Æ2H2O content increases. These
defects would offer paths for corrosive medium conduction and

Fig. 5 Tafel polarization plots of Ni-Cu and Ni-Cu-Mo alloys elec-
troplated in the bath containing different Na2MoO4Æ2H2O: (a) 0 g/L,
(b) 20 g/L, (c) 40 g/L, (d) 60 g/L, (e) 80 g/L

Table 2 Corrosion data obtained from potentiodynamic polarization curves and EIS spectra using the equivalent circuit
shown in Fig. 7

Samples Na2MoO4Æ2H2O, g/L

Polarization EIS

Ecorr, V icorr , lA/cm
2 Rs, X cm2 Rpore, X cm2 Rct, X cm2

a 0 �6.22 4.21 7.4 329.4 422.2
b 20 �5.80 2.14 10.5 288.5 528.1
c 40 �5.48 1.91 17.5 258.0 1204.0
d 60 �5.32 4.90 23.7 154.8 541.0
e 80 �4.98 6.46 3.3 86.6 436.4

Fig. 6 Nyquist plots of Ni-Cu and Ni-Cu-Mo coatings electroplated
in the bath containing different Na2MoO4Æ2H2O: (a) 0 g/L, (b) 20 g/L,
(c) 40 g/L, (d) 60 g/L, (e) 80 g/L

Fig. 7 Equivalent circuit for impedance measurements
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be adverse to its anti-corrosion properties. What is more, the
Ni-Cu-Mo coating obtained in electroplating bath of 40 g/L
Na2MoO4Æ2H2O (shown in Table 2) has a highest Rct value,
confirming the most excellent corrosion resistance. There is a
significant coherence between results obtained from potentio-
dynamic polarization and impedance techniques, where these
two different techniques present the same trend of corrosion
resistance.

4. Conclusions

In the present work, Ni-Cu-Mo ternary alloy coatings were
electrodeposited on low-carbon steel substrates and their
corrosion resistance has been investigated. Conclusions drawn
from this work are listed as follows:

1. The surface of the electroplated Ni-Cu coating is homo-
geneous with fine grain, while Ni-Cu-Mo ternary alloy
coating exhibits a rough, nodular morphology. The
roughness of electroplated coating increases with the
increasing of Na2MoO4Æ2H2O in the bath.

2. The Ni-Cu-Mo coating is mainly composed of fcc-Ni
phase and a small amount of NiCu phase. Increasing of
Na2MoO4Æ2H2O in the bath would decrease Cu and in-
crease Mo contents of Ni-Cu-Mo coatings.

3. The coating prepared in bath containing 40 g/L Na2
MoO4Æ2H2O has the highest corrosion resistance in
3.5 wt.% NaCl solution, which as a result of Mo which
has a beneficial effect on the corrosion behavior and re-
duces microcracking appeared on the surface.
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