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Abstract
Ni-Co
Co alloys were synthesized on carbon steel by electrodeposition method using electrolytes with different
Ni2+ concentrations. The co-deposition
deposition phenomenon of Ni-Co
Ni Co alloys was described as anomalous behavior.
Morphology and microstructure were investigated by scanning
canning electron microscope and XRD analysis and
correlated with Ni/Co ratio in plating bath. Both granular crystals and smooth surface morphology were
illustrated with SEM micrographs,
micrographs and a combination of fcc and hcp structure were characterized
chara
by XRD
patterns which depended strongly on cobalt content in the deposit. The electrochemical properties of Ni-Co
alloy coatings were evaluated in 3% NaCl solution by means of potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS).A better corrosion resistance was obtained with rich nickel
deposit.
Keywords: Ni-Co alloys, electrodeposition,
lectrodeposition, anomalous behavior, electrochemical properties, corrosion
resistance.

1. Introduction
The study of metallic coatings and their functional properties have been an important
impo
subject for scientists
during the last two decades. This has been attributed to novel mechanical, magnetic and catalytic properties and
corrosion resistance for these materials [1-2].
[1
These alloys are important and have been produced by various
techniques including physical vapor deposition, chemical or electroless plating and electrodepostion [3]. The
alloys produced by electrodepostion include Ni-Co alloy. The electrodeposition of Ni-Co is shown by many
researchers as anomalous codeposition [4]; this phenomenon means that the less noble metal (Co)
(C is
preferentially deposited. Fan and Piron [5] studied the electrochemical deposition of Ni-Co alloys in various
baths and according
ccording to Renata Orinakova et.al. [6], the anomalous behavior only occurred at current densities
lower than 100 mA cm-2in the chloride bath.The
bath.
properties of Ni-Co alloys depend strongly on cobalt content.
The amount of cobalt in the Ni-Co
Co deposit can be controlled by experimental parameters, such as electrolyte
deposition, pH, stirring, temperature, deposition potential or current, etc [7-8]..The changing of deposition
conditions can modify the metal content in the deposit, morphology and microstructure of
o Ni-Co alloy.
The purpose of this work is to study the influence of electrolyte composition
on on the surface morphology, the
chemical content of binary alloys and the corrosion resistance as well as some other properties.
properties

2. Experimental
2.1. Electrodeposition process

The composition of basic plating bath of Ni-Co
Co alloys deposition was shown in Table1 [9].In order to
investigate the effect of electrolyte composition in electrodeposits Ni-Co,
Ni Co, the electrodeposition was carried out
in solutions containing different ratio R=
in the bath. All experiments were repeated, and no significant
difference was found in results obtained under identical conditions.
conditions
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Table 1Electrolyte composition and deposition conditions for Ni-Co binary coatings.
Bath composition

Concentration(g L−1)

Plating parameters

NiSO4.6H2O
CoSO4.7H2O
H3BO3
Saccharin

[6, 60, 180, 300]
6
40
3

pH=2±0.2
Temperature (°C):
25±2

R=

in bath

[1, 10, 30, 50]

Low carbon steel panels with plated area of 0.2 cm2was used to perform galvanostatic measurements. The
chemical composition of the steel cathode (STUB 100CR6) was 0.45% C, 1.5% Mn, 0.45% Si and 0.06% S
(wt.%). The steel substrates were polished with SiC grinding paper (SiC #500, #800, #1200, #2400), cleaned
with acetone using ultrasonics-cleaning equipement for 2 min, and then rinsed with distilled water and the pH
value of plating bath was adjusted with H2SO4to 2±0.2. In addition, the depositions were carried out in fresh
solutions at 25 ± 2°Cwithout using agitation and at current density of 25 mA cm-2.
2.2. Electrochemical measurements

A 3-electrode cell was used to conduct the electrochemical experiments. The counter electrode was platinum
with an area of 1cm2 and the reference electrode was a saturated calomel SCE (Hg/Hg2Cl2/KCl) and the working
electrode was a coated sample used for potentiodynamic measurements. The coated sample was exposed to 3 %
NaCl solution and potentiodynamic polarization studies and electrochemical impedance spectroscopy (EIS)
were used to study the corrosion behavior of Co-Ni alloy coatings. These measurements were performed
respectively with potentiostat PGP 401 and interface solartron SI 1287/SI 1250.The measurements were
performed at room temperature and free air conditions. Prior to the studies the sample was immersed in the
corrosive medium for 1 hour to attain open circuit potential (Eocp) or the steady state potential. After the
stabilization of the open circuit potential, the upper and the lower potential limits were fixed to ±250 mV with
respect to Eocp and the scan rate used was 0.5 mV/s for carrying out the potentiodynamic polarization studies.
Impedance measurement was conducted in the frequency range of 100 kHz to 10 mHz and an amplitude of 10
mV was applied on the open circuit potential.
2.3. Characterization studies

The cobalt and nickel content in the deposit was determined using X-ray spectrometer -FISCHERSCOPE X-ray
system XDAL series, model FISHER equipped with energy dispersive X-rays analysis (EDX), which was
working at 15 kV affiliated with the scanning electron microscope.The surface morphology of the deposits was
followed with A JEOL 5410 LV.The crystal orientation was determined using an X-ray diffractometer D8
(Advance Bruker) equipped with a copper anode generating Ni-filtered employing CuKα radiation of
wavelength 0.154 nm. The crystallite size of Co–Ni coating was determined, applying line broadening technique
using Scherrer equation[10], D=Kλ/βcosθ where, K is the Scherrer factor≈1, D is the crystallite size, λ is the
incident radiation wavelength, β is the integral breadth of the structurally broadened profile and θ is the angular
position.

3. Results and discussion
3.1. Electrodeposition process and FRX analysis
The electrodeposition was carried out at room temperature, oncarbon steel substrate and after immersion of 30
min, the concentrations of cobalt sulfate CoSO4.7H2O,boric acid H3BO3and saccharin C6H4SO3NHwere fixed
respectively at 6 g L-1, 40g L-1 and 3 g L-1, but nickel sulfate concentration was changed in order to obtain a ratio
R in the bath that varied from 1 to 50.The X-ray fluorescence results are presented in Table 2. As shown in the
table, the cobalt content in the deposit increased gradually from 9 wt.% to53 wt.% when the bath ratio R=
was decreased from 50 to 1. The Co content of the film depends on the percentage of cobalt in electrolyte.
Fig. 1 showed that the percentage of Co in the film was higher than the percentage in the electrolyte. Several
studies have been put in literature to understand the phenomenon. This refers to anomalous behavior of nickel
and cobalt ions that was studied by Brenner [11]. He has explained anomalous codeposition of binary alloys of
the iron group metals as the member that shows retardation of discharge in codeposition is the one that normally
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deposits with the higher over voltage. Some researchers have proposed electrodeposition mechanism which
characterized by the rise of pH at the cathode.
Table 2The data obtained from compositional measurements
Ni concentration (g
L-1)
300
180
60
6

FRX analysis
R ratio in bath
50
30
10
1

Co (wt.%)
9
12
27
53

Ni (wt.%)
91
88
73
47

Fig. 1. The variation of cobalt content in the deposit with different ratio in the electrolyte
This local increase in pH caused by the precipitation of metal hydroxides on the cathode, the deposition process
occurs in several steps based on adsorption of metal hydroxyl ions on the deposits Eq.(1,2):
2H2O +2e- H2 + 2OH(1)
2+
+
+
M + OH MOH M(OH) ads+2e M + OH
(2)
Where M represents Co or Ni atoms.
The OH- ion formed at the end of the reaction favors the formation of MOH+ and enhances the adsorption of
MOH+. The adsorption ability of Co(OH)+ was considered to be higher than Ni(OH)+ this can cause enriching of
binary alloy with less noble metal (Co).
3.2. Surface morphology of Ni-Co alloys
Fig. 2 showed the surface morphology of Ni-Co films deposited on carbon steel substrate with different Co
content in the coating. With a low percentage of Co in the deposit (up to 30 wt.%) asmooth surface can be
observed as seen in Fig. 2. But when the Co content was increased to 53 wt.%, the surface morphology became
granular related to nucleation and growth mechanism.
(a)
(b)
(c)

Fig. 2. SEM micrographs of the surfaces of Ni-Co coated steel in plating baths with different Co content in the
deposit, (a) 9 wt.% Co, (b) 27 wt.% Co, (c) 53 wt.% Co.
3.3. XRD analysis
Fig. 3 Presented the XRD patterns of Ni-Co coatings deposited on carbon steel substrate from the electrolyte
containing different concentrations of Ni2+.
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The binary Ni-Co phase diagram [13] indicates that the structure consists of α phase, which is a substitutional
solid solution of Ni and Co and the structure was face centered cubic (fcc).In this study, the fcc peaks were
observed in all XRD patterns. For plain nickel and up to Ni-30wt.% Co alloys (Fig. 3.a-b-c), the structure was
found to be fcc with the predominance of (111) orientation.
Refer to many studies [14, 15], when the Co content increase to Ni-50wt.% Co alloy, fcc phase turned to a
mixed crystalline structure of fcc and hcp.
This mixed cell structure is composed ofα phase along with the presence of a peritectic phase [14]. The
peritectic phase is a combination of fcc and hcp cellular system. The increase of cobalt amount to 100wt.% Co
in the alloy results the predominance of complete hcp crystal structure which is the similar structure of plain
cobalt deposit.

2ϴ (degree)
Fig. 3. XRD patterns of Ni-Co binary coatings deposited from the electrolyte (25 mA cm-2, 30 min, pH=2) with
different Co content in the deposit, (a) 9 wt.% Co, (b) 12 wt.% Co, (c) 27 wt.% Co, (d) 53 wt.% Co, (e) 100
wt.% Co
3.4. Corrosion characterization of Ni-Co alloys
3.4.1. Potentiodynamic polarization studies
The corrosion parameters such as corrosion potential (Ecorr), corrosion current density (icorr), cathodic (bc) and
anodic (ba) Tafel slope are calculated by using Tafel fit. The Tafel plot, i.e. log i vs. E obtained from
polarization studies (Fig. 4).

Fig. 4. Polarization curves in 3% sodium chloride of Ni-Co alloy coatings electrodeposited on carbon steel
substrate with different ratio in the electrolyte
Ecorr shifted toward more positive values with high ratio in the electrolyte (R=50) which was related to the low
percentage of cobalt in the deposit (Ni-9wt.%Co)(Table 3).However, the icorr value was decreased. So, a better
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corrosion resistance was obtained with rich nickel deposit. This result was confirmed with polarization
resistance value (Rp) that was found to be the highest for (Ni-9wt.% Co) coating.
Table 3Potentiodynamic polarization data of Ni-Co alloys
Ratio in electrolyte
R=

Ecorr
(mV)

icorr
(mA cm-2)

ba
(mV dec−1)

1
10
30
50

-750
-555
-451
-399

0,31
0,25
0,08
0,04

84
77
80
88

-bc
(mV
dec−1)
880
430
250
185

Rp
(Ω cm2)
108
161
321
1940

3.4.2.Electrochemical impedance spectroscopy (EIS) studies
Electrochemical impedance spectroscopy (EIS) was exploited in order to evaluate the corrosion behavior of NiCo coatings after one hour of immersion in 3%NaCl solution (pH= 7.2) at 25°C. The Nyquist diagrams were
presented in Fig. 5for Ni-Co alloys prepared in baths with different ratio R=
. In this complex-plane
representation, three semicircles were generally observed.

Fig. 5. Nyquist plot of Ni-Co coatings electrodeposited on carbon steel substrate with different ratio R=

:

(a) R=1, (b) R=10, (c) R=30, (d) R=50
Table 4Data obtained by electrochemical impedance spectroscopy of coatings immersed in 3% NaCl solution
Ratio in
electrolyte
R=

Re
(Ω cm2)

Rpc
(Ω cm2)

Cc
(F cm-2)

Rt
(Ω cm2)

1
10
30
50

4,3
4,9
4,4
3,8

0,01
2,6
9,8
7,2

1,6.10-5
3,1.10-5
8,6.10-5
5,32.10-5

6
10
13
27

Cdl
(F cm-2)
1,5.10-4
0,6.10-4
0,08.10-4
0,3.10-4

RF
(Ω cm2)

CF
(F cm-2)

3
34
14
73

1,3
1,5
0,01
0,002

Fig. 6. Equivalent circuit used for Co-Ni-coated carbon steel to fit the impedance data
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Fig. 6 showed the equivalent circuit with three RC components was used to interpret the response of the Ni-Co
system. The first time constant (Rpc, Cc) was attributed to the protective coating properties, (Rt, Cdl) an
intermediate relaxation in which Rt was the charge transfer resistance of the corrosive process and Cdl was the
double layer capacitance at the interface.
This time constant was probably due to the heterogeneity of the film which can result from the existence of high
and low density zones inside the film [16]. The third time constant (RF, CF) in the low frequency part could be
attributed to the deposited corrosion products. In all cases, the proposed model was in total agreement with the
experimental data. Nyquist diagrams showed that the impedance modulus of the samples rose with increasing of
the ratio in the electrolyte.
The Rtand Rpc values found for Ni-Co system increased with the increasing of the ratio R from 1 to 50 which
related also to the decrease of the amount of cobalt. The corrosion resistance was high for an important value of
ratio R=
obviously, demonstratedwith nickel-rich deposits would be superior compared to the other
coatings and bad corrosion behavior is observed with the rising of cobalt content.

4. Conclusion
Ni-Co coatings were electrodeposited on carbon steel substrates from electrolyte with different ratio of Ni2+ and Co2+ that
varying from 1 to 50. The content of cobalt had a great effect on the microstructure, surface morphology, microhardness
and corrosion properties. The compositions studied showed anomalous codeposition which was characterized by a
percentage of cobalt in the deposit higher than Co in bath. Moreover, the morphology was modified from smooth surface to
granular structure.
The XRD data revealed the coexistence of two phases: fcc phase for rich nickel deposit (up to 50wt.% Co) and hexagonal
hcp for rich cobalt coatings. The corrosion behavior of Ni-Co alloy coatings was evaluated by means of potentiodynamic
polarization and electrochemical impedance spectroscopy (EIS) studies and a better corrosion resistance was obtained with
rich nickel deposit (Ni-9wt.% Co). This result can be deduced from corrosion parameters obtained from Tafel plot and the
Nyquist diagrams. As a conclusion, a coating with important amount of cobalt is less protective to carbon steel substrate
than another with more nickel content.
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