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In the present investigation we have 
galvanostatically synthesized Co-Ni 
nanocrystalline alloys on copper sub-
strate. The effect of current density 
(c.d.) on composition, surface morphol-
ogy and phase structure were studied 
for explaining the magnetic and corro-
sion resistance of the alloy. The bath 
found to exhibit the preferential deposition of less noble Co than Ni, and at no conditions of c.d., 
the deposition has changed from anomalous to normal type. Surface morphology and structural 
characteristics of the deposits were examined using scanning electron microscopy (SEM) and X-ray 
diffraction (XRD) analysis. As composition of the alloy varied, consequent to the c.d. a change of 
hexagonal close packing structure (hcp) to face centered cubic structure (fcc) was observed. Finally, 
the conditions responsible for peak magnetic property and corrosion resistance were optimized. 
Factors responsible for improved functional properties were explained in terms of surface morphol-
ogy and crystalline grain size of the coatings.
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1. Introduction

Iron group alloys are used in a great diversity of 
applications such as aerospace, energy generation 
and corrosion protection and for an environment 
where materials have to withstand high tempera-
tures and oxidizing conditions [1]. Among these, 
Co-Ni alloy has been gaining popularity because 
of its improved functional properties, like mag-
netic, electro catalysis (in hydrometallurgy) and 
corrosion resistance [2, 3]. Co-Ni alloys can be 
fabricated in several methods such as physical 
vapor deposition (PVC) and chemical vapor depo-
sition (CVD), smelting and electrodeposition. 
Since electrodeposition is the simplest, reliable, 

reproducible and allows the production of thin 
layer of metallic alloys at less cost, they are the 
obvious alternative for expensive physical vapor 
deposition (PVC) and chemical vapor deposition 
(CVD) [4]. For protective coatings, the electro-
deposition approach has additional advantages 
involving enhanced control of alloy composition 
and coating thickness. The functional properties 
of electrodeposited Co-Ni alloys depend greatly 
on their composition, which should be strongly 
affected by deposition parameters. The investi-
gations on the electrodeposited Co-Ni alloys have 
shown that their microstructure and properties 
were found to depend strongly on the Co con-
tent, which can be controlled by the experimental 
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parameters [5]. The effects of plating parameters 
on the composition and morphology of Co-Ni 
deposits were compared in many literatures [6]. 
These alloys commonly consist of different phase 
structures including compounds of inter-metallic 
components and they exhibit unique properties. 
The electrodeposited fcc Co-Ni alloys were found 
to be used as recorder head materials in com-
puter hard drives and in surface finishing indus-
tries for items such as printed circuit boards, wear 
resistant coating, corrosion resistance layers, 
electroformed laser mirrors and decorative coat-
ing etc [7].

Thus substantial amount of work have already 
been carried out while studying the effect of plat-
ing parameters on the composition and morphol-
ogy of Co-Ni alloys [8, 9] as well as their catalytic 
behavior [10] and magnetic properties [11, 12]. 
The magnetic properties of the Co-Ni alloys have 
demonstrated to be sensitive to the composition 
and microstructure of the coatings. Therefore, 
control over the composition and structure of 
the coatings is the key factor in deciding their 
wide applications. Generally, c.d. greatly affects 
the properties of coatings in terms of their Co 
content. Further, the investigation on electrode-
posited Co-Ni alloys has proved that their micro-
structure and properties depend strongly on their 
Co content [13, 5]. Thus the composition of Co-Ni 
alloys, and hence its properties such as bright-
ness, magnetic property, corrosion resistance etc 
can be regulated appropriately by choosing the 
bath composition and parameters such as c.d., 
temperature, pH.

The present paper discusses the experimental 
study of electrodeposition of Co-Ni alloys from 
sulphate bath on copper. The objective of the 
work is to investigate how the composition and 
macroscopic properties of deposits are deter-
mined by the concentration of cobalt and nickel 

ions in the deposit, and c.d. Attempts have been 
made to relate the effect of deposition c.d. on 
composition, phase structure, corrosion and mag-
netic behavior of the coatings.

2. Materials and Methods

Plating solutions were prepared from reagent 
grade chemicals and distilled water. All depo-
sitions were carried out at 303K. Commercial 
copper sheets of 50 mm × 20 mm × 2 mm were 
used as substrates (cathode), and pure nickel 
plate of same dimension used as anode. Copper 
panels having an exposed area of 7.5 cm2 were 
used, with same exposed anodic area. The copper 
substrates were polished mechanically and then 
cleaned electrochemically. An acid sulfate solu-
tion was used as the electrolyte for deposition 
of Co-Ni films. Bath composition and operating 
parameters are shown in Table 1. While ascorbic 
acid (AA) was used as antioxidant, sulphanilic acid 
(SA) was used as additive for brightening purpose. 
The optimal bath composition and operating 
parameters have been arrived by standard Hull 
cell method, described elsewhere [14].

Copper specimens after pre-cleaning were 
washed with distilled water and then immersed 
in the bath solution for electrolysis. All deposi-
tions were carried out for 10 min for comparison 
purpose. Thin Co-Ni coatings were developed 
from the optimized bath, taken in 250 cm3 PVC 
cell keeping the anode and cathode parallel at 
5 cm distance. Electroplating was carried out at 
constant c.d.’s, viz. 1.0-8.0 Adm-2 using DC power 
source. (N 6705A, Agilent Technologies, USA). The 
pH of bath solution before and after every depo-
sition was measured, and the change of pH was 
recorded (µ pH System-362, Systronics). Solution 
pH was adjusted to 3.5, using H2SO4 or NaOH. The 
copper panel, after deposition was rinsed with 
distilled water, and then air dried. The thickness 
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of each coating was calculated from the weight of 
deposit, using Faraday’s law. The hardness of the 
deposit was measured by Vickers method using 
Micro-Hardness Meter (CLEMEX).

Magnetic properties of the Co-Ni films were mea-
sured by a vibrating sample magnetometer (VSM) 
(ADE-DMS, EV-7). The VSM was calibrated using the 
standard calibration sample of nickel with 99.99% 
purity. The calibration was done at an applied mag-
netic field of 15,000 Oe, and a temperature of 20oC. 
Hysteresis loops were generated using a sweep time 
of 20 minutes and a maximum field of 15000 Oe. 
The dimensions of the Co-Ni coating samples used 
in the VSM measurements were 5 mm × 5 mm. 
The corrosion behaviors of coatings were evalu-
ated in 1M HCl, by potentiodynamic polarization 
and Electrochemical Impedance Spectroscopy 
(EIS) techniques (Potentiostat/Galvanostat, Ver-
saSTAT3, Princeton Applied Research), keeping 
open to air and at room temperature. A three-elec-
trode set-up described elsewhere [15] was used 
for corrosion study. A saturated calomel electrode 
(SCE) was used as the reference electrode. Polar-
ization study was carried out in a potential ramp 
of ± 250 mV from open circuit potential (OCP) at 
scan rate of 1 mVs-1. EIS signals were recorded 
using AC signal of 10 mV amplitude, at a frequency 
range from 10 mHz - 100 kHz. Surface morpholo-
gies and compositions of the Co-Ni alloy coatings 
were examined by Scanning Electron Microscopy 
(SEM), with Energy Dispersive X-ray (EDX) Analyzer 
facility (JSM-6380 LA from JEOL, Japan). The phase 
structures of the coatings and their grain size were 
identified with X-ray Diffractometer (XRD) (JEOL 
JDX-8P), using Cu Kα (λ=1.5406 Å) radiation in con-
tinuous scan mode at scan rate of 2°min-1. The grain 
size was evaluated using Scherrer formula shown in 
equation 1.

Equation 1: 
cos
KD λ

β θ
=

where D is crystalline size, K is constant, λ is inci-
dent wavelength, β is full width at half maximum 
intensity and θ is Braggs angle.

3. Results and discussion

3.1. Optimization of Co-Ni alloy bath

A wide variety of Co-Ni alloys having varying com-
position formed on Hull cell panel showed that 
c.d. plays an important role on properties of the 
electrodeposit. The practical difficulty of instabil-
ity of the bath was overcome by adding ascorbic 
acid (AA), an antioxidant. Optimal bath composi-
tion and operating parameters have been arrived 
by Hull cell method. The deposit was found to 
be very bright and adherent over wide range of 
1-8 A dm-2. The bath constituents and operating 
parameters proposed for deposition of Co-Ni 
alloy is given in Table 1. Following to this, Co-Ni 
alloys having different compositions were devel-
oped from the optimal bath at different c.d.’s, 
keeping anode and cathode parallel to each other 
(4 cm apart). The effect of c.d. on wt. % of Ni, 
surface morphology, phase structure, hardness, 
and crystallite grain size, corrosion and magnetic 
properties of the coatings are discussed in the fol-
lowing sections.

Tab. 1: Composition and operating parameter of the opti-
mized bath for electrodeposition of bright Co-Ni alloy on 
copper.

Bath 
constituents

Concentration

(g L-1)
Operating 

parameters

NiSO4. 6H2O 131.0 c. d., 1.0-8.0 A dm-2

CoSO4. 7H2O 14.0 pH: 3.5

Boric acid, 
H3BO3

30.0 Temperature: 303K

L-Ascorbic acid 8.0 Anode: Pure nickel

Sulphanilic acid 1.0 Cathode: copper
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Electroplating was carried out galvanostatically at 
different c.d.’s, viz. 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0 
and 8.0 A dm-2 using DC power source.

3.2. Effect of current density

3.2.1. Wt. % of Ni in the deposit

Electroplating of Co-Ni alloys has been recognized 
as an anomalous codeposition, i.e., nickel content 
(wt. %) in the deposited films was found to be less 
than that in its electrolyte. The dependency of Ni 
content in the codeposited Co-Ni alloy with c.d. is 
shown in Figure 1. It should be noted that wt. % of 
Ni and Co, corresponding to the proposed Co-Ni 
alloy bath given in Table 1 is 91 and 9, respectively. 
There are two schools of thoughts to explain the 
anomalous codeposition. One is called, two-step 
adsorption mechanism, and other one is hydrox-
ide suppression mechanism.

It was observed that at c.d. greater than 
2.0 A dm-2, the wt. % of Ni in the deposit was 
found to increase with c.d. At 4.0 A dm-2, the 
bath produced a sound and bright deposit having 
~76 wt. % of Ni. This increase of Ni content with 

Fig. 1: Variation of Ni content in the deposit with applied c.d. 
at pH= 3.5 and 303 K, for optimal Co-Ni bath

c.d. (Fig. 1) indicates that the deposition process 
is tending towards normal type. This is in com-
pliance with the anomalous deposition of Co-Ni 
alloy, envisaged by Brenner [16]. i.e., low wt. % of 
noble metal at low c.d. and elevated temperature 
are characteristic of mutual alloys of Fe-group 
metals linked with significant mass transport pro-
cess during deposition.

Further, an increase of noble metal (Ni) content 
with c.d. can also be explained through complex-
ation of metal ions associated with change of pH 
around cathode. Increase of Ni content with c.d. 
supports the fact that composition of deposit 
is primarily decided by the metallic complexes, 
depending on the pH of the bath, regardless of 
type of codeposition (whether it is normal or 
anomalous type), as envisaged by Brenner [16].

3.2.2. Partial current density and cathode 
current efficiency 

The partial current densities for deposition of 
individual metals, like Fe and Ni at various applied 

Fig. 2: The variation in partial current densities for deposition 
of Co, Ni and H2 at different applied c.d. at pH= 3.5 and 303 K, 
for optimal Co-Ni bath.
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c.d.’s are shown in Figure 2. The partial c.d. for 
deposition of cobalt is lesser than that for nickel 
and hydrogen discharge over the entire c.d. range 
employed for the production of alloy.

This is in compliance with the observed anomalous 
codeposition, and less cathodic current efficiency 
(CCE) as reported in Table. 2. The increased partial 
current densities for deposition of Ni and hydrogen 
liberation at higher c.d. range once again attributes 
to suppression of cathode current efficiencies with 
an increase in applied c.d.

3.2.3. Thickness of the deposit

The applied c.d. is found to show direct dependency 
on thickness of deposit, evidenced by data given in 
Table 2. The observed increase of thickness of the 
coatings at high c.d. range is obvious due to two rea-
sons: a) increased amount of the coatings governed 
by Faradays law, and b) possibility of adsorbed metal 
hydroxide caused by local alkalinity due to increased 
evolution of hydrogen gas.

3.3. Surface morphology 

The effect of c.d. on surface morphology of the 
Co-Ni coatings was studied by SEM. The micro-
structure of the coatings at different c.d.’s is shown 
in Figure 3.

Tab. 2: Effect of c.d. on deposit characters of monolayer Co-Ni 
alloy deposited at 303K at pH=3.5

c. d.

(A dm-2)

CCE

(%)
Thickness (µm)

1.0 84 1.72
2.0 86 3.52
3.0 87 5.39
4.0 89 7.34
6.0 90 11.08
8.0 90 14.83

It should be noted that the surface morphology of 
electroplated Co-Ni coating is greatly influenced 
by c.d. employed. At low c.d., the coating with 
acicular structure was observed with high wt % 
of cobalt, shown in Figure 3(a). At very high c.d., 
the coating became rough and displayed a gran-
ular structure due to increased nickel content as 
shown in Figure 3(c) and Figure 3(d). This is due 
to significant effect of c.d. on surface morphol-
ogy of the coatings [17, 18]. A smooth, bright 
and uniform coating of Co-Ni alloy was found at 
4.0 A dm-2 as shown in Figure 3(b).

3.4. Phase structure

The crystal orientation of Co-Ni alloys electrode-
posited at different c.d.’s, having different com-
positions were characterized by XRD analysis. 
The identification of the phase structure of the 
deposits was obtained from the peak profiles of 
the X-ray reflection plotted as a function of 2θ is 
shown in Figure 4. The phase structure of binary 
Co-Ni indicated that the XRD patterns consist of 
a substitutional solid solution of Ni and Co alloy 
with a preferential fcc phase structure. The XRD 
signals of Co-Ni coating at 2.0 A dm-2 showed 
predominant hcp phase related to Co crystal 
structure. At this c.d., a pronounced hcp (002) 
texture, characteristic of nanocrystalline cobalt 
was observed. As the wt. % of Ni in the deposit 
increased with applied c.d. an increase in fcc 
phase structure corresponding to Ni was found as 
shown in Figure 4. Accordingly the cobalt content 
in the deposit decreased, indicated by increased 
intensity of (200) orientation. At optimal c.d. 
(4.0 A dm-2) the Co-Ni alloy with a mixed phase 
structure was found as shown in Figure 4.

Thus it may be concluded that at 4.0 A dm-2, the 
coatings composed of mixed structure with peri-
tectic phase has formed. The peritectic phase is a 
combination of fcc and hcp cellular system with 
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Fig. 3: SEM micrographs Co-Ni coatings deposited at (a) 2.0 A dm-2 (b) 4.0 A dm-2 (c) 6.0A dm-2 (d) 8.0 A dm-2, from optimal bath

(112) and (311) reflections. Further, increase 
in wt % of cobalt content at low c.d. is due to 

Fig. 4: XRD patterns of Co-Ni alloys electrodeposited at differ-
ent c.d.’s from optimized bath at 303K

the onset of formation of fibrous structure as 
observed in the surface morphology of the coat-
ings (Fig. 3(a)). This may be attributed to the pre-
dominance of the hcp phase compared to the 
Co-Ni alloy at higher c.d.

The XRD studies have demonstrated that the crys-
tal structure corresponding to optimal c.d. is a 
combination of fcc and hcp, showing (002), (110), 
(112), (200) and (220) reflections.

3.5. Micro hardness

The micro-hardness of Co-Ni alloy coatings was 
found to increase with the c.d. employed for its 
deposition. Micro hardness is the property asso-
ciated with the composition, crystallinity and 
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Fig. 5: Variation of micro-hardness of Co-Ni coatings with 
applied c.d., deposited from the optimal bath at 303K

surface morphology. Figure 5 shows how the 
Vickers micro hardness of the Co-Ni alloy varies 
as function of applied c.d. A gradual decrease in 
hardness of the deposit with increasing applied 
c.d. was found due to decreased Co content of 
the alloy. Further, increased deposition rate 
with increased c.d. resulted in larger grain 
size as seen in SEM image shown in Figure 3(c) 
and (d). These coatings with larger grain size 
are responsible for reduced micro-hardness 
of the coating, explained through Hall-Petch 
effect [19].

3.6. Magnetic property 

The magnetic properties of electrodeposited 
Co-Ni coatings, deposited at different cathode 
current densities were measured, and corre-
sponding hysteresis loops are shown in Figure 6. 
The behavior of hysteresis loops for Co-Ni coat-
ings, deposited at different c.d. are shown in 
Figure 6. The saturation magnetization, Ms and 
coercivity, Hc data corresponding to the coatings 
at different c.d.’s are given in Table 3. The varia-
tion of crystalline grain size and coercivity of elec-
trodeposited Co-Ni alloy over range of applied 
c.d. is shown in Figure 7.

The experimental observation may be explained 
as follows: It is well known that increased Co con-
tent of the deposit resulting in gradual increase of 
Ms value since Ms value of bulk Co (142.0 emu g-1) 
which is higher than that of bulk Ni (55 emu g-1) 
[20]. In other words, the increase of magnetic 
moment per volume depends on Co content. This 
is due to the fact that the dipole moment of Co is 
more than that of Ni. Therefore, it may be con-
cluded that the value of Ms depends more on Co: 
Ni ratio in the coatings. Similarly, the decrease of 
Ms on increase of c.d., due to increased Ni con-

Fig.: 6 (a) Magnetization curve of Co-Ni coatings deposited at 
different applied c.d.’s, and (b) enlarged view at close proxim-
ity of applied magnetic field
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tent is justified. Further, the coercivity value Hc is 
found to decrease constantly with applied c.d. as 
reported in Table 3.

Generally, the grain size and crystal structure has 
strong influence on the magnetic parameters. 
The variation of average grain size and coerciv-
ity of the coatings, with applied c.d., is shown in 
Figure 7. The smaller grain size at low c.d. led into 
the increased coercivity of the deposited Co-Ni 
coatings. This is due to the presence of preferen-
tial hcp phase having acicular surface structure.

3.7. Potentiodynamic polarization study

The corrosion behaviors of electrodeposited 
Co-Ni alloys have been evaluated by potentio-
dynamic polarization method, and correspond-
ing diagram is shown in Figure 8. The corrosion 

Tab. 3: Variation of saturation magnetization, Ms and coerciv-
ity, Hc of electrodeposited Co-Ni alloy with applied c.d.

c.d. (A dm-2) Ms (emu g-1) Hc, (Oe)

2.0 17.19 19.70
4.0 13.16 18.90
6.0 9.57 16.80
8.0 6.0 11.10

Fig. 7: Variation of crystalline grain size and coercivity of elec-
trodeposited Co-Ni alloy over range of applied c.d.

rates (CR) were calculated by Tafel’s extrapola-
tion method. The corrosion performance of the 
coatings deposited at different c.d., like 2.0, 3.0, 
4.0, 6.0 and 8.0 A dm-2 have been evaluated by 
Tafel’s extrapolation method and corresponding 
corrosion data are reported in Table 4. This is due 
to small increase in the Co content of alloy. How-
ever, Co-Ni coating at 4.0 A dm-2 exhibits least CR 
(17.64 mm y-1) due to its unique phase structure, 
having intermediate transitional phase of hcp and 
fcc, shown in Figure 4. The coexistence of hcp and 
fcc phases with smaller grain size is responsible 
for decreased CR.

Fig. 8: Potentiodynamic polarization behavior of Co-Ni coat-
ings deposited from the optimal bath at different c.d.’s

Tab. 4: Corrosion parameters of Co-Ni alloy coatings at differ-
ent c.d.’s, from optimized bath at 303 K 

c.d.

(A dm-2)

-Ecorr

vs SCE (V)

icorr

(µA cm-2)

CR

(mm y-1)

1. 0 0.675 2297.8 25.56
2. 0 0.644 1974.9 21.97
3. 0 0.625 1816.3 20.20
4.0 0.583 1586.1 17.64
5.0 0.513 1770.8 19.70
6.0 0.463 1843.5 20.50
7.0 0.443 1986.7 22.10
8.0 0.512 2178.9 24.23
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During this transition, the Co content tends 
to decrease and Ni tends to increase. Ni being 
nobler compared to Co, the decrease of CR was 
observed. But, further increase of c.d. resulted in 
decrease of CR, and is attributed to high porosity 
roughness, granular and changed phase structure 
of the coatings.

3.8. Electrochemical impedance spectroscopy

The study for electrodeposited Co-Ni alloy coat-
ings developed at different c.d.’s were subjected 
to EIS study, Instead of depressed semicircle 
impedance response characteristic of metal/coat-
ing interface, the Co-Ni alloy coatings showed 
pear shaped impedance response at all c.d.’s as 
shown in Figure 9. i.e., impedance responses 
were found to be dominated by inductance. The 
polarization resistance, Rp corresponding to the 
coating at optimal c.d. i.e. at 4.0 A dm-2 is maxi-
mum (obtained from intercept of the curve cor-
responding to the highest value on real axis) and 
found to be most corrosion resistant. However 
the solution resistance, Rs remained to be nearly 
identical in all cases as the same bath chemistry 
and cell configuration was used. The inductive 

Fig. 9: Nyquist response of monolayer Co-Ni coatings devel-
oped at different c.d.’s from optimized bath at 303 K

loop observed at lower frequency limit of the 
impedance spectra of all Co-Ni alloys indicates 
that electrofabricated films exhibit high electrical 
conductivity.

4. Conclusions

The electrodeposition of bright Co-Ni alloy on 
copper was accomplished using a new sulphate 
bath and following conclusions were drawn:

1. The bath exhibited anomalous type of depo-
sition at over entire c.d. range studied. 

2. The structure and magnetic property of 
Co-Ni alloy films could be tuned by adjusting 
the deposition c.d.

3. A small change in the Co content is sufficient 
enough to bring large change in magnetic 
and corrosion behavior of the coatings, due 
to change in phase structure of the coatings.

4. The SEM images of Co-Ni alloy deposited at 
different c.d. confirmed the structure-prop-
erty relations of the coatings.

5. The XRD study of electrodeposited binary 
Co-Ni phase diagram indicated the structure 
consists of a substitutional solid solution 
phase.

6. An increase of grain size of Co-Ni alloy was 
observed at high c.d. The micro-hardness of 
the deposits was found to increase with c.d. 
as function of phase structures.

7. Saturation magnetization Ms and coerciv-
ity, Hc of Co-Ni coatings decreased with c.d. 
studied, and these properties are linked with 
crystallite grain size and phase structure.

8. Corrosion study demonstrated that at 
4.0 Adm-2, the bath produces the most 
stable Co-Ni coating (CR = 17.64 mm y-1) with 
~76 % of Ni. 

9. The highest corrosion resistance of the coat-
ings attributed by the coexistence of hcp and 
fcc phases with smaller grain size.
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