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Ni-Co alloy is widely used in industry due to its excellent properties. In this paper, based on the sulfamate 

system, dual anodes are used to get Ni-Co alloy by electroforming. The effects of current density and 

pulse parameters on the microhardness, composition and surface microstructure of electroformed Ni-Co 

alloy are investigated and analysed by hardness tester, energy spectrometer (EDS) and scanning electron 

microscopy (SEM). The experimental results show that the current density and pulse parameters have 

significant impact on the performance of the electroformed layer, and it is determined that the current 

density of 2A/dm2, the frequency of 5kHz, and the duty cycle of 30% are the best parameters 

electroforming Ni-Co alloy with dual anodes.  
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1. INTRODUCTION 

 

In recent years, alloys have excellent properties such as high temperature resistance and corrosion 

resistance, which can play an important role in infrastructure and surface decoration. Therefore, Ni-Co 

alloy have been extensively studied by experts and scholars [1-3]. Ni-Co alloy also has obvious 

advantages in terms of wear resistance, magnetic properties and high hardness, which has been widely 

used in industry as a crucial material [4-6].   

Nano Ni-Co alloy also has been widely studied in recent years due to its excellent properties 

which has been applied in many fields [7,8]. Hang [9] successfully synthesized Ni-Co alloy nanocones 

arrays by a one-step electrodeposition method. Wu [10] applied nanoscale Ni-Co alloy to sensitive 

nonenzymatic glucose sensors because they can provide excellent electrical conductivity and high active 

surface area. Li [11] prepared Ni-Co phosphate bimetallic nanostructures on nickel foam surface for 

composite supercapacitors.  
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There were many methods for preparing Ni-Co alloy, such as chemical vapor deposition, physical 

vapor deposition [12,13]. Many new techniques have also been used to synthesize Ni-Co alloy substrates, 

including electrodeposition, microemulsions, sol-gel methods, and magnetically induced carbonylation 

[14,15]. Compared with the traditional metal processing technology, electroforming Ni-Co alloy have 

the advantages of economy and simple setup under the same working environment, reducing the number 

of machining times from blanks to parts, and improving the machining accuracy of parts [16-18]. Ni-Co 

alloy can be prepared with a variety of electroforming solutions, such as sulfate systems, sulfamate 

systems, etc. The sulfamate system can obtain coatings with lower stress than other systems [19,20]. 

Whereas, problems such as cathodic polarization and hydrogen evolution also occur in the process of 

electroforming Ni-Co alloy. Cathodic polarization affects the adhesion of metal ions and also affects the 

uniform distribution of metal on the cathode surface. The main problem in the Ni-Co alloy 

electrodeposition process was the hydrogen evolution reaction, which reduces the current density and 

leads to the deposition of metal ions on the anode [21-23]. Based on the problems existing in the 

preparation of Ni-Co alloy by electroforming technology, many scholars have made some attempts to 

improve the surface quality of the electroforming layer.  

To improve the effect of cathodic polarization and hydrogen evolution reaction on electroformed 

layers, Lupi [24] added sodium lauryl sulfate and saccharin to the bath to improve the hydrogen evolution 

reaction. Karpuz [25] used electroforming solutions containing different cobalt content to electroform 

Ni-Co alloy. The experimental results showed that the cobalt content has a significant effect on the alloys 

structure, magnetic properties and magnetorheological properties. The properties of electroformed layers 

can be improved by the study of assisted electroforming. Su [26] experimentally verified that the 

electroformed layer obtained by using supercritical carbon dioxide assisted electroforming of Ni-Co 

alloy has higher hardness and dense microstructure. Akshatha R [27] used ultrasonic induced 

electroforming of Ni-Co alloy in order to improve the corrosion resistance of Ni-Co alloy. The 

experimental results proved that ultrasonic induction can significantly improve the corrosion resistance 

of the coating. Zhang [28] investigated titanium nitride nanoparticles to enhance the wear resistance of 

electroformed layers, the dense structure of the Ni-Co alloy layer prepared with the aid of titanium nitride 

nanoparticles was demonstrated.  

In addition, changing the power source to improve the coating properties has been increasingly 

investigated by scholars. Many scholars have studied and compared the effects of DC current and pulsed 

current on electroformed layers, and experimentally verified that the pulse parameters affect the surface 

morphology and microstructure of electroformed layers. Vazquez-Arenas [29] prepared Ni-Co alloy 

under DC pulse and pulse reverse plating conditions, respectively. Studies have shown that the 

electroformed layer obtained by changing the pulse parameters was smoother. Chung [30] investigated 

the effects of pulse frequency and current density on the nanomechanical properties of electrodeposited 

Ni-Co alloy. It was shown that the coating surface was smoother with lower current densities and higher 

pulse frequencies. Vikash [31] verified the effect of pulse electroforming on the electroformed layer 

through experiments, and the experimental results also proved that pulse electroforming can obtain more 

uniforms and smooth electroformed layer.  

The reaction principle of electroforming with a single anode, as shown in Fig. 1(a) is difficult to 

control the content of cobalt in the solution during electroforming. As electroforming continues, cobalt 
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ions need to be added in the solution to keep the cobalt ion concentration constant. As shown in Fig. 

1(b), the method of electroforming Ni-Co alloy used dual anodes is proposed in this paper which can 

ensure the stability of cobalt ions. The effects of current density and pulse parameters on Ni-Co alloy 

are thoroughly studied. The optimal parameters of dual anodes electroforming Ni-Co alloy with better 

microstructure are determined.  

 
(a)                                                               (b)  

Figure 1. (a) Schematic diagram of single anode reaction (b) Dual anodes reaction principle diagram  

 

 

 

2. EXPERIMENTAL METHODS  

2.1 Preparation method  

Due to the excellent performance of the electroformed layer obtained by the sulfamate system, 

the sulfamate system is used in this experiment. The output signal of the pulse power used during the 

experiment is square wave which is shown in Fig. 2, the pulse frequency and duty cycle are calculated 

by the following equations:  
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Figure 2 Output waveform of the pulse power supply used in the experiment 

 

The composition and the electroforming process conditions of Ni-Co plating solution are shown 

in Table 1. The solution used in the experiment is compose of analytical grade chemicals and prepare 

of deionized water. The pH of the electroforming solution is measured by a pH meter and adjust to a 

suitable value using H3BO3. The prepared solution is precipitated for 24 hours and filtered prior to use.  

 

Table 1. Electrolyte composition and electrodeposition conditions  

 

Bath constituent or electrodeposition conditions  Amount or conditions  

Nickel sulfamate 400 g/L  

Cobalt sulfamate 40 g/L  

Boronic acid  30 g/L  

Nickel chloride   15 g/L  

Sodium dodecyl sulfate     1-2 g/L  

Average current density          1, 2, 3, 4 A/dm2    

Duty cycle  

Frequency  

Temperature 

pH  

20%, 30%, 40%, 50%  

2, 3, 4,5 kHz  

   45 °C  

4-5  

 

2.2 Electroforming experimental equipment  

The electroforming equipment is self-designed as shown in Fig. 3. In this set of equipment, the 

power supply, two anode plates, cathode plates, electroforming tank, electroforming liquid circulation 

system and temperature controller constitute the electroforming system. The temperature controller 

keeps the solution temperature constant during the experiment. The water circulation system consists of 

flowmeter, ball valve, filter, pump and overflow valve. The two anodes need to be kept at an appropriate 
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distance from the cathode. In this experiment, in order to deposit nickel and cobalt on the cathode better, 

the distance between cathode and anode is 60mm. 

 

 
 

Figure 3. Simple installation diagram of experimental equipment  

   

Many shapes of cathodes can be manufactured by 3D printing without touching tools, and 3D 

printed cathodes have the advantages of lower cost and easier demoulding compared to other material 

cathodes. Therefore, 3D printed cathodes are used in this paper [32]. The cathode substrate is divided 

into three parts, namely the clamping area, the insulating area and the electroforming area. The cathode 

material is photosensitive resin, which is made by stereolithography equipment. The surface of the 

cathode substrate is coated with commercial silver conductive paint (MECHANIC Supplies) for 

conducting electricity which is shown in Fig. 4.   

 

  
 

Figure 4. physical view of cathode substrate  

 

2.3 Electroforming preparation  

In the experiment, two anodes, one is 99.99% pure nickel plate and the other is 99.99% pure 

cobalt plate. In order to ensure the quality of electroforming layer, the cathode surface is polished and 

pickled before the experiment. The two anodes in the electroforming tank are placed in parallel. Before 

the experiment, both anodes need to be polished, degreased, acid-washed and cleaned with deionized 

water. After the completion of electroforming, the obtained samples are placed in acetone solution then 
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ultrasonic waves are used to help dissolve the substrate in order to obtain the complete electroformed 

layer.   

 

 

 

3. RESULTS AND DISCUSSION  

This experiment investigated the surface morphology and microhardness of the Ni-Co casting 

layer under the conditions of the dual anodes electroforming process. The temperature and pH of the 

solution are kept constant at 45°C and 4.5 during the experiments.   

 

3.1. Influence of Pulse current density on electroformed layer  

 
(a)   (b)  

 

Figure 5. Effect of current density on the composition and microhardness of Ni-Co alloy cast layers (a) 

Trend of Ni and Co content (b) Microhardness 

 

To investigate the effect of current density on nickel and cobalt content under the dual anode 

system, their trends are presented in Fig. 5(a). The experiments are conducted with the pulse power 

output frequency of 5 kHz and the duty cycle of 50% constant, and the current density is increases from 

1A/dm2 to 4A/dm2. The on and off time of current is kept constant under a certain pulse frequency and 

duty cycle condition. With the increase of current density from 1A/dm2 to 4A/dm2, the cobalt content in 

the cast layer gradually increases, and it can be obtained that the increase of current density is beneficial 

to the deposition of cobalt. In contrast to the trend of cobalt content, nickel content gradually decreases. 

The microhardness of the electroformed layer gradually increases with the increase of current density as 

shown in Fig. 5(b). These results are in agreement with the reports by Hu [33] and Wu [34], which 

indicated that as the cobalt content in the cast layer of the nickel-cobalt alloy increases, the 

microhardness also increases. The microhardness of the electroformed layer is reached the highest value 

of 601.2 HV.  
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Figure 6. SEM micrographs showing the effect of pulsed current density on the surface morphology of 

Ni-Co alloy (a)1 A/dm2 (b)2 A/dm2 (c)3 A/dm2 (d)4 A/dm2 

 

Fig. 6 shows the SEM micrographs of the Ni-Co electroformed layer surface obtained at pulse 

current densities of 1, 2, 3, and 4A/dm2, respectively. The results shows that the surface of the 

electroformed layer become smoother and the grain size become finer when the pulse average current 

density increases from 1 A/dm2 to 2 A/dm2. When the pulse average current density rises to 4 A/dm2, 

the grains of the Ni-Co electroformed layer begin to grow and the surface of the electroformed layer 

become rough. Properly increasing the cathode current density could increase the overpotential, 

promoted the nucleation rate of the crystal grains and achieve the effect of grain refinement. The similar 

report made by Hu [33] as the pulse current density increases, the grains of Ni-Co alloy layer become 

rougher and coarser. 

 

3.2. The influence of pulse frequency on electroformed layer  

The surface morphology of copper electrodeposits obtained at 2, 3, 4, and 5kHz pulse frequencies 

which is demonstrates in Fig. 7. Other parameters are kept constant (the current density of 3A/dm2 and 

the duty cycle of 50%). When the frequency is improved to 5kHZ, the surface of the Ni-Co casting layer 

is smoothest and most uniform. The experiments results made by Gao [35] show with the increase of 

pulse frequency, the surface of the cast layer becomes smoother, the organization is denser, and the grain 

is refined. The analysis results shown that with the gradual increase of pulse frequency, the time of pulse 

period, energization and Ni-Co deposition within one pulse cycle are shortened. the growth of the 

original grains is interrupted and new grains are grown.  
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Figure 7. SEM micrographs showing the effect of pulse frequency on the surface morphology of Ni-Co 

alloy. (a) 2kHz. (b) 3kHz. (c) 4kHz. (d) 5kHz 

 

  
(a)                                                                  (b) 

 

Figure 8. Effect of frequency on the composition and microhardness of Ni-Co alloy cast layers (a) Trend 

of Ni and Co content (b) Microhardness  

 

The influence of pulse frequency on nickel and cobalt content in the cast layer is illustrated in 

Fig. 8(a). It can be seen that with the increase of pulse frequency, the cobalt content in the electroformed 

layer shown a trend of increase first and then decrease, reached the highest peak at the frequency of 

3kHz. On the contrary, the nickel content decreases first and then increases. The same trend as the change 

of cobalt content in the cast layer, the microhardness of the electroformed layer also shown a trend of 

increase first and then decrease which is shown in Fig. 8(b). In the frequency of 3 kHz, when the cobalt 

content reaches its maximum value, the microhardness value also reached its maximum which is 584.5 

HV.  
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3.3 The influence of duty cycle on electroforming layer  

The surface morphology of the electroformed layer achieved with different duty cycles which is 

depicts in Fig. 9. The Ni-Co electrodeposition is obtained from an average current density of 3 A/dm2 

and the frequency of 5kHz. When the duty cycle is 30%, the electroformed layer obtained is the most 

uniform and smoothest with fewer defects. The experimental results proved that when the duty cycle is 

increased to 30%, a more uniform Ni-Co electroforming layer with good surface quality can be obtained. 

When the duty cycle exceeds 30%, the deposition time of nickel and cobalt will increase. The continuous 

grain growth time within each pulse cycle will increase and the surface of the electroformed layer would 

become rough. This result is in agreement with the reports by Subramanian [36], which reports smooth 

Ni-Co alloy cast layer can be obtained at lower duty cycle. 

 

  
 

Figure 9. SEM micrographs showing the effect of the duty cycle on the surface morphology of Ni-Co 

alloy. (a) 20%. (b) 30%. (c) 40%. (d) 50%  

 

Fig. 10(a) shows the nickel and cobalt content in the electroformed layer. It can be learned that 

when the duty cycle increases from 20% to 50%, the content of cobalt in the electroformed layer 

gradually increases and reached the maximum value at the duty cycle of 50%, however, the nickel 

content shows an opposite trend. When the content of cobalt in the electroformed layer increases 

gradually with the duty cycle, the microhardness of the electroformed layer also gradually increases and 

reached the maximum value of 597 HV at the 50% duty cycle as shown in Fig. 10(b). These results are 

agreed with the reports by Subramanian [36] and Yu [37], which both indicated that the Co content in 

the casting layer increases as the growth of duty cycle in the pulse electrodeposition. Meanwhile, the 

microhardness of the cast layer increases with the increase of duty cycle. 
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(a)                                                                   (b)  

 

Figure 10. Effect of duty cycle on the composition and microhardness of Ni-Co alloy cast layers (a) 

Trend of Ni and Co content (b) Microhardness  

 

 

 

4. CONCLUSIONS  

In this experimental study, in order to obtain Ni-Co electroformed layers with high uniformity 

and quality, the dual anodes system was used for the electrodeposition experiments of Ni-Co alloy at 

different current densities and pulse parameters. The effects of current density, duty cycle and frequency 

on the microstructure, microhardness and cobalt content of the Ni-Co electroformed layers were 

investigated. The results are as follows:  

(1) By experimental analysis, the content of cobalt in the deposited layer gradually increases 

with the increase of the average current density, and the microhardness also gradually increases. 

Meanwhile, with the increase of current density, the grains of nickel-cobalt deposited layer are firstly 

refined and then become coarser.   

(2) With the increase of pulse frequency, the cobalt content and microhardness in the 

deposited layer increase first and then decrease. Meanwhile, in a certain range, deposited layer with good 

surface quality can be obtained with the increase of pulse frequency.  

(3) The experimental results prove that with the increase of duty cycle, the cobalt content in 

the deposited layer tends to rise and the microhardness increases gradually. In a certain range, the surface 

quality of the deposited layer is more excellent with the increase of duty cycle, however while the duty 

cycle is too high, the deposition time in a single pulse cycle increases and the interruption event is 

shortened, which will reduce the surface quality of the electroformed layer.  
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