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Abstract: Ni–Co coatings with various cobalt contents were electrodeposited from modified Watts bath. The effect of cobalt content 
on electrodeposition mechanism of the coatings was studied by electro-chemical impedance spectroscopy method (EIS). Surface 
morphology and crystallographic structure of the coatings were investigated by means of SEM and XRD. Mechanical properties of 
the coatings were determined using Vickers microhardness and tensile tests. It was found that with increasing the Co2+ ions in 
electroplating bath, the charge transfer resistance (Rct) of Ni−Co film increased whereas the Warburg impedence decreased. This may 
be due to enhancement in coverage of cathode surface by Co(OH)2 and higher diffusion rate of metal ions towards cathode surface, 
respectively. Also, with increasing the cobalt content in the bath, cobalt content in the alloy coating increased anomalously and (111) 
texture consolidated gradually. With increasing the cobalt content up to 45% in alloy coating, the grain size decreased and 
consequently, hardness and strength of the alloy increased. Further enhancement of cobalt content up to 55% led to a little decrease in 
hardness and strength. The maximum ductility was observed for Ni−25%Co coating due to relatively small grain size and compact 
structure. 
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1 Introduction 
 

Ni coatings are frequently used as tough and strong 
material in microsystems, electroforming and anti-wear 
applications [1−5]. Ni−Co electrodeposits due to higher 
toughness, strength and wear resistance are good 
replacement for conventional Ni deposits [6,7]. These 
improved properties arise from the role of cobalt in 
refining the microstructure and decreasing the necessity 
of addition of organic grain refiners [7]. Studies show 
that precipitation of C and N at grain boundaries, 
prevents the grain boundary sliding deformation 
mechanism and so limits the ductility and ultimate 
tensile strength (UTS) [7,8]. Application of these 
coatings specially at high temperatures promotes the 
precipitation of C, S and N, which leads to considerable 
reduction in mechanical properties [8]. Refining of 
microstructure by solid solution of Co element omits the 
brittleness and lowering of UTS resulted from organic 

grain refiner especially at high temperatures [6,7,9]. In 
this case, improving mechanical behavior makes the 
Ni−Co coatings applicable in anti-wear coatings and 
microsystems [10]. 

Ni−Co alloy coatings are electrodeposited from a 
diversity of simple and complex baths. Watts bath with 
addition of cobalt sulfate is one of the most commonly 
used baths [2,11−14]. It is worth noting that 
electroplating Ni−Co alloys are recognized as an 
anomalous co-deposition, i.e., higher adsorption ability 
of Co mono-hydroxide (e.g. Co(OH)+) enriches the 
cobalt concentration in alloy coatings [1,15−19]. The 
amount of cobalt in Ni–Co coating can be controlled by 
process parameters, such as electrolyte composition, 
temperature, current density and pH [6,20,21]. 
Investigations show that the microstructure and 
properties of electrodeposited Ni−Co alloys forcefully 
depend on the cobalt content [2,6,20−25]. 

The knowledge of cobalt effect on deposition 
mechanism of these coatings will help us to better  
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control their microstructure and properties. Recently, 
electrochemical methods like cyclic voltammetry (CV) 
and electrochemical impedance spectroscopy (EIS) tests 
were successfully used as in-situ techniques to 
investigate the effect of additives on electrodeposition 
process [26−29]. The electrodeposition of Ni−Co film in 
various concentrations of cobalt was comprehensively 
studied by CV test [28]. However, the reports on EIS 
study of these coatings are rare. The EIS study of 
electrodeposition process of Ni−Co film can provide 
more information on electrodeposition mechanism with 
assistance of equivalent circuit which extends our 
knowledge about electrochemical deposition mechanism 
of these coatings. 

On the other hand, several studies have been 
conducted on electrodeposition of Ni−Co coatings as 
well as investigation of their wear, corrosion and 
magnetic properties [2,21,30−35]. The performance of 
Ni−Co electrodeposits in anti-wear and microsystems 
applications is effectively dependent on their mechanical 
behavior. So, the investigation of tensile properties of 
these coatings will be beneficial. 

In the present study, Ni–Co coatings were prepared 
from modified Watts bath. The electrodeposition 
mechanism, composition, morphology, crystallographic 
texture, hardness and tensile properties of the coatings 
were investigated as a function of cobalt concentration. 
 
2 Experimental 
 

A modified Watts bath consisting of 300 g/L 
NiSO4·6H2O, 45 g/L NiCl2·6H2O and 45 g/L H3BO3 was 
used as essential electroplating bath. Cobalt sulfate 
(CoSO4·7H2O) was also added to electroplating bath 
from 0 to 120 g/L to produce Ni−Co coatings. A pure 
nickel plate with dimensions of 50 mm × 20 mm × 3 mm 
was used as anode. The coatings were prepared using 
square pulsed current with 50% duty cycle, 10 Hz 
frequency and 10 A/dm2 peak current density. The 
electroplating pH and temperature were fixed at 4.5 and 
50 °C, respectively. The bath was stirred by a magnetic 
stirrer during plating time which endured about 3 h. 

To investigate the effect of cobalt on the 
electrochemical aspects of Ni−Co film, EIS tests were 
performed at CoSO4·7H2O concentrations of 0, 40 and 
80 g/L in bath at −1000 mV versus Ag/AgCl reference 
electrode. The results of EIS were used to simulate the 
equivalent electrical circuit of electrodeposition process 
using Z-view software. 

Vickers microhardness tests were carried out on the 
specimens using a load of 80 g, applied for 5 s. The 
tensile tests were conducted by a MTS machine with a 
low capacity load cell (200 kg maximum) at constant 
strain rate of 1×10−3 s−1. To have free-standing samples 

that could be machined into fitting specimens for 
uniaxial tension tests, an Al cathode with plating area 
dimensions of 50 mm × 20 mm was used. The final 
thickness of the coatings was about 100 µm. After 
deposition, the coatings were stripped away from the 
substrate and cut to the dog-bone shaped tensile test 
sample with 5 mm in gage length and 3 mm in width by 
electro-discharge machining and afterwards polished to a 
mirror-like finish surface. A typical tensile test specimen 
is shown in Fig. 1. The coating morphology and 
crystallographic structure were investigated by means of 
scanning electron microscopy (SEM, VegaTescan) and 
X-ray diffractometer (XRD, PhilipsX’pert pro), 
respectively. The mass fraction of cobalt in the alloy 
coating was measured by energy dispersive X-ray 
spectroscopy (EDS). 
 

 
Fig. 1 Typical schematic diagram of tensile test specimen 
 
3 Results and discussion 
 
3.1 EIS study of electroplating process 

The Nyquist plots of EIS tests at different 
concentrations of cobalt in bath are shown in Fig. 2. The 
diagrams are composed of a high-frequency capacitive 
loop followed by a low-frequency inductive loop. 
Similar behavior was observed in deposition mechanism 
of Ni film in sulphamate bath [26]. It is believed that 
high-frequency capacitive loop is attributed to double 
layer capacitance and charge transfer resistance. The low 
frequency inductive loop is referred to adsorbed 
intermediates ions involved in electrodeposition process. 
 

 
Fig. 2 Nyquist plot of EIS results in Ni−Co deposition system 
at various concentrations of cobalt in bath at cathodic potential 
of −1000 mV (vs Ag/AgCl) 
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From Fig. 2, it is clearly seen that the cobalt 
concentration significantly affects both the high and low 
frequency loops. This indicates that the nature of 
electrical double layer as well as the adsorbed 
intermediate ions involved in electrodeposition process is 
changed in different cobalt concentrations in bath. 

Some researchers [36,37] applied an inductive 
circuit (Fig. 3(a)) to describing the electrodeposition 
behavior, but some others [38] used a circuit that 
involves both a negative capacitor and a negative resistor 
(Fig. 3(b)). Due to the absence of appreciable magnetic 
field energy in front of the cathode, the second circuit 
provides more physical representation of the process 
leading to inductive features [38,39]. So, in present  
study, the equivalent circuit shown in Fig. 3(c) is used. 
 

 
Fig. 3 Equivalent circuit describing inductive behavior by 
inductive element (a), negative resistor and negative capacitor 
elements (b) and equivalent circuit (same as Fig. 3(b)) with 
addition of Warburg element (c) 
 

In this circuit, Rs, Cdl, Rct, Cads and Rads are the 
solution resistance, the double layer capacitance, the 
charge transfer resistance, pseudo-capacitance and 
pseudo-resistance of intermediates, respectively. Wads is 
the Warburg element incorporated in the circuit to 
account the effect of diffusional processes which are 
usually present in Ni−Co electrodeposition [27,40]. Table 
1 summarizes the corresponding values of the elements 
used in equivalent circuit. It is clear that Rct values 
increase with increasing the Co concentration in bath, 

which indicates the increase in charge transfer formed on 
growing Ni−Co coatings. This may be related to the 
increase in adsorption of metal mono-hydroxides formed 
on cathode surface during electrodeposition. The 
mechanism proposed for electroplating of Ni−Co film is 
based on the formation and adsorption of metal hydroxyl 
ions on the deposits which can be expressed as follows 
[28]: 
 
M2++OH−=M(OH)+                                        (1) 
 
M(OH)+→M(OH)+

ads(electrostatic force of the cathode) 
(2) 

 
M(OH)+

ads+2e=M+OH−                                   (3) 
 
where M represents Co or Ni atom. It is possible that 
some of the adsorbed metal mono-hydroxide reacts with 
OH− ions and form metal hydroxides. Since the 
adsorption ability of cobalt mono-hydroxide ions is 
higher than that of nickel mono-hydroxide [28], 
increasing the Co ions can enhance the adsorption of Co 
ions. This can promote the formation of metal hydroxide 
on growing deposit and so increase the Rct, since the 
presence of nonconductive metal hydroxide particles on 
cathode surface decreases the active surface and so 
increases the charge transfer. 

In addition, it is clear that the increase in Co 
concentration in bath decreases the Warburg resistance. 
This shows that diffusion rate of the ions involved in 
electrodeposition process is enhanced by increasing the 
cobalt concentration. These ions are metal or metal 
mono-hydroxide ions which incorporate in the formation 
of metal deposit. Studies show that the deposition of Ni 
and Co ions in electrodeposition of Ni−Co coatings has 
activation and diffusional controlling rate, respectively 
[6]. An increase in Co concentration in bath, increases 
potential force for mass transport of Co2+ or Co(OH)+ 
ions towards the cathode. This can provide more number 
of metal or metal mono-hydroxide ions for 
electrodeposition process, which leads to a decrease in 
Warburg resistance. 

 
3.2 Morphology and texture 

The surface morphologies of the coatings are 
presented in Fig. 4. The cobalt contents of the deposits 
obtained from EDS analysis are also depicted in Fig. 5. 
The morphology of pure nickel deposit showing 
relatively large pyramidal grains is presented in Fig. 4(a). 

 
Table 1 Impedance parameters in Ni−Co deposition system at different concentrations of CoSO4·7H2O in bath 
ρ(CoSO4·7H2O)/ 

(g·L−1) 
Rs/ 

(Ω·cm−2) 
Cdl/ 

(F·cm−2) 
Rct/ 

(Ω·cm−2) 
Cads/ 

(F·cm−2) 
Rads/ 

(Ω·cm−2) 
Wads/ 

(Ω·cm−2) 
0 5.2 8×10−4 7.7 −5×10−4 −4×10−2 −9.5 

40 5.1 21×10−4 8.43 −8×10−4 −2×10−3 −3.7 

80 5.1 25×10−4 10.14 −13×10−4 −1×10−2 −1.7 
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Fig. 4 SEM images showing surface morphologies of Ni–Co deposits at various concentrations of cobalt sulfate: (a) 0 g/L; (b) 40 g/L; 
(c) 80 g/L; (d) 120 g/L 
 

 

Fig. 5 EDS spectrum of Ni−25%Co coating (a) and relationship between cobalt content and cobalt sulfate concentration in bath (b) 
 
By increasing the cobalt content up to 45% (Figs. 4(b) 
and (c)), not only the grain size decreases but also the 
grain shapes change from pyramidal to spherical. This 
matter could be related to the influence of cobalt and 
nickel hydroxides on nucleation and growth mechanism. 
In Ni–Co alloy deposition, the absorbed Ni(OH)+ and 
Co(OH)+ mono-hydroxides are thought to block the 
growth centers of Ni and Co species during the off-time 
period, which retains their diffusion and leads to a 

decrease in growth rate of grains [41]. Figure 4(d) 
demonstrates light increment in size of grains at 55% of 
cobalt. 

It is obvious from Fig. 5(b) that with increasing the 
cobalt ion concentration in electrolyte, cobalt content in 
coatings increases gradually. Furthermore, it can be seen 
that mass fraction of cobalt in coating is always more 
than the concentration of Co2+ ions in electrolyte. This 
indicates the anomalous behavior of Ni−Co alloy 
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coatings which is in agreement with previous  
researches [2,6]. There are various reasons describing 
this anomalous behavior such as the competition between 
adsorption of metal hydroxides or metal ions, the 
formation of metal hydroxyl and variation of pH near the 
deposit surface [42,43]. 

XRD patterns of the coatings are displayed in Fig. 6. 
It can be seen that pure Ni coating exhibits (200) 
preferential crystallographic orientation which can be 
associated with the large grain size of Ni deposit. By 
addition of cobalt sulfate into electroplating bath, the 
intensity of (111) texture increases substantially whereas 
the intensity of (200) texture dwindles, which is in 
accordance with other researches [6]. It has been shown 
that the texture of electrodeposits depends on surface 
energy of growing crystallographic planes [44], so the 
consolidation of (111) texture can be attributed to the 
effect of Co2+ ions on surface energy of growing 
crystallographic planes. 
 

 
Fig. 6 XRD patterns of Ni–Co deposits versus cobalt sulfate 
concentration 
 
3.3 Mechanical behavior 

True stress–true strain curves for pure Ni and 
Ni−Co alloy coatings with different contents of cobalt in 
coatings are illustrated in Fig. 7. To clarify the 
mechanical behavior of the coatings, their tensile 
strength and microhardness as a function of cobalt 
content are presented in Figs. 8(a) and (b). It is clear that 
up to 45% of cobalt, the hardness, yield strength (σY) and 
ultimate tensile strength (σUTS) of the coating increase. It 
can be due to the decrease in grain size and solid solution 
strengthening of cobalt in the alloy coating. Moreover, 
the consolidation of (111) strong texture may be another 
reason for this increment. Commonly, strengthening 
polycrystalline metals and alloys by reduction in grain 
size is technologically noteworthy since it does not 
adversely affect the ductility and toughness [45]. It is 
also evident that when the cobalt content reaches 55%, 
the hardness, yield stress (σY) and ultimate tensile 
strength (σUTS) decrease, compared with 45% of cobalt, 

which can be due to difference in the density of the 
coatings. It seems that Ni−45%Co coating is denser than 
Ni−55%Co one. In other words, the second coating 
contains more amounts of the defects such as voids and 
dislocations. The initial increment of ductility from 8.5% 
to 13.5% by increasing the cobalt content from 0 to 25% 
(Fig. 8(b)) in the coating can be attributed, on one hand, 
 

 
Fig. 7 True stress–true strain curves of pure Co, pure Ni and 
Ni−Co deposits with different contents of cobalt 
 

 
Fig. 8 Microhardness and yield strength (a), elongation and 
ultimate tensile strength (b) of deposit as function of cobalt 
content (The elongation of pure cobalt is 0.2% and cannot be 
shown) 
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to the decrease in grain size. On the other hand, it was 
reported that for Ni−Co coatings, increasing the cobalt 
content up to about 20% leads to increase in the density 
of Ni−Co electrodeposits [2], which can be responsible 
for improving the ductility of the coatings. Increase in 
density of electrodeposits hinders the nucleation of voids 
and microcracks and so increases the ductility. Further 
increase in cobalt content (>25%) results in significant 
reduction of ductility, such that at 55% (Fig. 8(b)), the 
ductility reaches the lowest value. 

It was reported that increase in cobalt content from 
20% to 82% increases the porosity of Ni−Co deposits in 
Refs. [2,6]. The presence of porosity provides 
appropriate sites for nucleation of voids and microcracks 
and so decreases the ductility and promotes the fracture 
of electrodeposit. Moreover, it was shown that the 
increase in cobalt concentration promotes the deposition 
of metal hydroxides at grain boundaries [34], which can 
effectively decrease the ductility of electrodeposits. 

SEM images of fractured surfaces of pure nickel 
and Ni−Co coatings with 25% and 55% of cobalt are 
illustrated in Fig. 9. As can be seen, all the samples show 
dimple fracture. The size of dimples in Ni−25%Co 
sample is smaller than that of pure Ni deposit. The 
decrease in dimple size with increase of cobalt content 
can be due to increment of prone sites for dimple 
formation such as grain boundaries and triple junctions. 
Also, at high stress values achieved in plastic 
deformation of Ni−25%Co deposit, more number of 
void–former sites are activated resulting in more number 
of dimples with lower size in comparison with pure Ni 
deposit [46]. In Fig. 9(c), many large voids can also be 
observed on fracture surface of Ni−55%Co 
electrodeposit, which are not the case for other coatings. 
These voids are probably the porosities produced during 
electrodeposition process at high cobalt concentrations. 
The presence of these porosities is effectively 
responsible for low ductility of Ni−55%Co deposits. 
 
4 Conclusions 
 

1) Increasing Co2+ ions concentration in 
electroplating bath increased the charge transfer 
resistance and decreased Warburg impedance of growing 
Ni−Co layer, respectively. 

2) With increasing Co2+ ions in electroplating bath, 
cobalt content in the Ni−Co alloy coatings increased 
anomalously  and (111) strong texture was improved 
progressively. 

3) Addition of cobalt content up to 45% resulted in 
decreasing the grain size of deposit. 

4) With addition of cobalt content up to 45%, the 
hardness, yield strength and ultimate tensile strength 
increased, whereas at 55% of cobalt these parameters 

decreased. 
5) Maximum ductility was observed for Ni−25%Co 

coating. The micrographs of fracture surfaces indicated 
smaller dimples for this coating compared with other 
coatings. 
 

 
Fig. 9 SEM image showing fractured surface micrographs of 
Ni (a), Ni−25%Co (b) and Ni−55%Co (c) 
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钴含量对电沉积镍−钴合金电沉积 
机理和力学性能的影响 
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摘  要：在改进的 Watts 槽中电沉积不同钴含量镍−钴合金涂层，采用电化学阻抗谱方法研究钴含量对涂层电沉积

机理的影响。采用 SEM 和 XRD 表征涂层的表面形貌和晶体结构。采用维氏显微硬度和拉伸试验确定涂层的力学

性能。结果表明，随着电解槽中 Co2+离子的增加，镍−钴涂层电荷转移电阻增加，相反 Warburg 阻抗降低。这可

能是因为 Co(OH)2阴极表面覆盖范围增大和金属离子向阳极表明扩散速率较高。而且，随着槽中钴含量的增加，

合金涂层中的钴含量异常增加，(111)织构逐渐加强。当合金涂层的钴含量增加到 45%时，晶粒尺寸减小，随之合

金的硬度和强度增大。进一步增加钴含量达 55%，合金的硬度和强度稍微降低。在 Ni−25%Co 涂层中能观察到最

大的延展性，这是因为合金具有小晶粒尺寸和致密结构。 

关键词：镍−钴涂层；电沉积；显微组织；力学性能 

 (Edited by Xiang-qun LI) 
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