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Abstract  Ni-Co alloys with different compositions were 
electrodeposited from additive-free Watt’s type electrolytes 
utilizing mechanical-assisted electrodeposition. SEM, XRD, 
microhardness, and potentiodynamic polarization tests were 
used to investigate the effects of mechanical attrition speed 
and electrolyte composition on electrodeposits. Increased 
attrition speed resulted in reduced Co content in films with 
fcc crystal structure and raised Co content in hcp crystal 
structures. The microhardness values raised significantly, 
while the corrosion resistance was reduced by applying 
mechanical attrition. In order to choose the best electrode-
posit, the C factor—a ratio of hardness to corrosion current 
density—is introduced. Based on the C factor, the deposits 
with 4 at% (Co/Co + Ni) in electrolyte and attrition speed 
of 600 rpm were selected as the best condition, which 
resulted in an alloy with a smooth and reflective surface 
containing 32 at% (Co/Co + Ni) with a hardness of 480 HV 
and corrosion current density close to that of pure nickel 
electrodeposits.

Keywords  Mechanically assisted electrodeposition · 
Anomalous co-deposition · Ni-Co alloys · Corrosion 
resistance · Microstructure

1  Introduction

Electrodeposition is well-known as a viable and economi-
cal technique for producing dense alloys and coatings with 

excellent properties, e.g., high strength, hardness, magnetic 
properties, thermal stability, corrosion, and wear resistance 
[1–6]. Organic additives play an important role in tradi-
tional plating processes, such as improved properties due to 
reduced grain growth rate in nickel electrodeposited films 
by sodium lauryl sulfate, saccharin, and 2-butyne-1,4-diol as 
additives [7–11]. However, these additives adversely affect 
some of the properties, such as magnetic and anti-corrosion 
properties, due to the segregation of sulfur and carbon into 
grain boundaries [12–14]. Several mechanical and physi-
cal techniques, including rotating electrode technology, 
laser plating, jet plating, mechanical attrition or controlled 
abrasion, ultrasonic wave-assisted plating, and other ways, 
have been used to overcome the limits of organic additives. 
[15–21]. Mechanical attrition-assisted plating (MAP) has 
been widely investigated, which improves the deposition 
rate and the quality of electrodeposited films. Mechanical 
disturbance of electrolytes containing hard particles such as 
SiC, SiO2, Al2O3, glass balls, or soft nonconductive particles 
results in abraded cathode surfaces, which possess smooth 
surfaces, refined grains, increased hardness, and excellent 
corrosion resistance [16–18, 22–25].

In addition to the use of magnetic recording tapes, com-
posite coatings, photo-thermal conversion devices, rocket 
technology, and astronautics, Ni-Co films are extensively 
used in protective and decorative plating applications. The 
ability of nickel and cobalt to alloy in all ratios enables the 
potential uses of their properties to be explored in a wide 
range of conditions [26, 27]. Moreover, the surface treatment 
business and the microelectronics sector, which uses elec-
trodeposition for microfabrication, have shown significant 
interest in the electrodeposition of Ni-Co alloys [26, 28, 29].

Whether from simple or complex baths, Ni-Co alloys 
electrodeposit anomalously. For the iron group binary alloys, 
this phenomenon has received an extensive review, and 
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numerous models have been created to predict this behavior 
[30–34]. Anomalous co-deposition is characterized by pref-
erential deposition of the less noble metal from baths con-
taining different metallic Ions. The mechanism of anomalous 
co-deposition is not fully understood, despite the numerous 
models that have been proposed. The formation of the less 
noble metal’s hydroxide precipitate at the cathode due to 
a local pH increase is one of the theories for anomalous 
co-deposition [35–39]. However, anomalous co-deposition 
has not been studied sufficiently in physical or mechanically 
assisted electrodeposition techniques. Considering the dif-
ferent suggested mechanisms for anomalous co-deposition, 
it seems that the MAP method would enhance the anomalous 
co-deposition of Ni-Co alloys while attaining the mentioned 
benefits of utilizing MAP.

The aim of this research is to utilize the MAP method for 
electroplating Ni-Co films from a sulfate bath containing 
Ni and Co ions without additives and study the effect of 
mechanical attrition on the corrosion and structural proper-
ties of anomalous co-deposited films.

2 � Experimental Details

As substrates, mild steel plates were placed within the 
electrodeposition chamber. Steel substrate and nickel plate 
anode dimensions were 100*10*2 mm3 and 10*10*2 mm3, 
respectively. The substrates were degreased in a one molar 
NaOH solution at 40 °C for 1 min and then rinsed with dis-
tilled water. Degreased substrates were activated in a 20 
wt% HCl solution at room temperature for 1 min, and then 
they were completely cleaned with distilled water right away 
before placing in the electrodeposition chamber. The Ni-Co 
alloy coatings were electrodeposited in a modified Watt’s 
bath that contained varying concentrations of cobalt. 250 
g/L of NiSO4.6H2O, 0–50 g/L of CoSO4.7H2O, 40 g/L of 
NiCl2.6H2O, and 40 g/L of H3BO3 were all present in the 
electroplating bath. Electrodeposition was carried out in a 
1000-mL glass beaker filled with 550 g of glass balls with a 
diameter of 1mm and 250 ml of electrolyte. Mechanical rota-
tion was applied with a blade of 50*100*2 mm3. For each 
sample, electrodeposition was carried out for 20 min at a 
current density of 0.02 A/cm2, while the bead rotation speed 
was set to 0, 300, or 600 rpm. Figure 1 shows the schemat-
ics of utilized equipment. The deposition bath’s temperature 
was held constant at 50 ± 1 °C, while H2SO4 and NaOH were 
used to adjust the pH to 4.3 ± 0.1.

The crystalline structures of electrodeposited alloys were 
examined by X-ray diffractometry (XRD, Simens D 5000) 
using Cu Kα radiation operated at 40 kV/30mA. A field 
emission scanning electron microscope (MIRA III TES-
CAN) with an energy-dispersive spectroscopy system was 

used to investigate the deposits’ surface appearance, chemi-
cal composition, and microstructure. Vickers microhardness 
tests were performed utilizing an MDPEL-M400 microhard-
ness tester under 50 g load force and 10 s indentation time. 
The average of seven measurements was used to get the 
microhardness values. Investigation on the corrosion resist-
ance of Ni-Co alloy coatings was conducted using the Ivium 
vertex instrument for potentiodynamic polarization meas-
urements. All electrochemical experiments were conducted 
in the 3.5 wt% NaCl solution at room temperature without 
stirring. The reference electrode was a saturated calomel 
electrode (SCE), and the counter electrode was a platinum 
electrode with an exposed surface approximately ten times 
larger than the working electrode. The samples were cleaned 
in ethanol and rinsed with distilled water before potentiody-
namic polarization tests were conducted. The open circuit 
potential (Eocp) was obtained by submerging the cleaned 
samples in the corrosive liquid for almost 60 min. Follow-
ing this, the potentiodynamic sweep was conducted with a 
rate of 1 mV/s across a potential range of −300 to + 300 mV 
concerning Eocp.

3 � Results and Discussion

The cobalt content of electrodeposited films was examined 
using energy-dispersive spectroscopy (EDS). Figure 2 illus-
trates the cobalt contents of the electrodeposited films as 
a function of the electrolytes Co concentration. Different 
rotation speeds of 300 and 600 rpm were used to electrode-
posit samples in every electrolyte composition through 
mechanical attrition. As a reference sample for comparison, 

Fig. 1   Schematics of utilized equipment for mechanical attrition-
assisted electrodeposition
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one sample was electrodeposited in each electrolyte without 
mechanical attrition.

As shown in Fig. 2, the cobalt content in the electrodepos-
ited films increases as the cobalt concentration of the electro-
lyte rises. Furthermore, cobalt contents in all electrodepos-
ited films are significantly higher than the corresponding 
cobalt amount in the electrolyte. The preferential electro-
deposition of cobalt indicates that co-deposition of Ni-Co 
alloys occurs in an anomalous manner. Several mechanisms 
for the anomalous co-deposition of Ni-Co alloys have been 
suggested. According to a report by Qiao et al., raising the 
Co concentration in the electrolyte causes an increase in 
the amount of Co in the electrodeposited layer because it 
increases the Co content of the diffusion layer in the electro-
lyte, which is consistent with the findings of this study [20]. 
However, according to this mechanism, electrolyte rotation 
results in decreased diffusion layer thickness; thus, more Co 
content in the electrodeposited layers should be achieved.

In contrast, in this research, it is detected that increasing 
the rotation speed of the bead bed results in decreased Co 
content in the films except for the samples that were elec-
trodeposited in electrolytes with high Co ions concentration 
(14.45%). Other mechanisms include absorption of metal 
hydroxides at the cathode, which results in increased Co 
content of the film, and the suppression of nickel deposition 
by deposition of Co ions [38, 39]. These two mechanisms 
could explain why the Co content in the film decreases by 
increasing the rotation speed of the bead bed. Mechanical 
scratching of the cathode surface could result in less metal 
hydroxide adsorption and thus could result in less cobalt 
concentration in the films. Moreover, the mechanical force 

from the high-speed rotation of the bead bed could acti-
vate the electrodeposited Co on the cathode and reduce the 
Ni electrodeposition suppression mechanism. However, it 
seems that more investigation has to be done to clarify the 
more dominant mechanism.

The surface morphology of electrodeposited Ni-Co alloys 
was investigated using SEM, as shown in Fig. 3. It could be 
seen that increasing the Co content in the films has resulted 
in decreased colony size. The rising of the Co content from 
0 to 54 at% changes the polygonal crystallite morphology 
(Fig. 3a) to globular (Fig. 3c). Further rising of the Co con-
tent to 66 at% changes the crystallite morphology to acicular 
(Fig. 3d). The dominant morphology of the sample with 66 
at% Co is a regular branched structure that includes acicular 

Fig. 2   Co content of electrodeposited films by different mechanical 
attrition speeds of 0, 300, and 600 rpm against the Co concentration 
of the electrolyte

Fig. 3   SEM images of electrodeposited films with different Co con-
centrations in electrolyte and attrition speed of a pure nickel and 0 
rpm, b 4% Co concentration and 0 rpm, c 7.79% Co concentration 
and 0 rpm, d 14.45% Co concentration and 0 rpm, e 7.79% Co con-
centration and 300rpm, f 7.79% Co concentration and 600 rpm
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crystallites with a length of 2–6 µm. Electrodeposition in 
stirred ball bed results in a smooth surface that indicates the 
effect of the mechanical strike of the balls on the surface 
while electrodepositing the alloys. Figure 3e and f shows 
the surface of the samples electrodeposited from 40 g/l Co 
electrolyte with the rotation speed of 300 and 600 rpm, 
respectively. It could be seen that increasing the rotation 
speed results in a smoother and more reflective surface than 
samples deposited without balls in the electrolyte.

Figure 4 shows XRD patterns of electrodeposited samples 
with different Co contents and rotation speeds of the ball 
bed. Considering Fig. 4, it could be seen that increasing the 

Co content in the electrodeposited alloys results in changing 
the crystal structure from fcc to hcp. According to Fig. 2, 
it could be seen that in samples with a Co content of 70% 
at, the crystal structure is hcp, while at Co contents lower 
than 50% at, the dominant structure is fcc which has been 
reported in other research [40]. Moreover, it could be seen 
that mechanical attrition results in peak broadening and 
changing the ratio of peak intensity. Peak broadening indi-
cates the grain refinement and microstrains in the structure 
that could be due to mechanical attrition. However, mechani-
cal attrition results in the formation of (111) texture in the 
fcc structure and (002) texture in the hcp structure. Texture 

Fig. 4   XRD pattern of electrodeposited films in electrolytes with Co concentration of 0, 4, 7, 79, and 14.45% and attrition speed of 0, 300, and 
600 rpm
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formation and also grain refinement could affect the mechan-
ical and physical properties. The effects of compositional 
and microstructural changes on the mechanical and corro-
sion properties of the samples were examined using micro-
hardness and polarization tests.

Results of the microhardness test are plotted in Fig. 5 
against Co content and mechanical attrition speed. Accord-
ing to Fig. 5, it could be seen that mechanical attrition with 
the rotation speed of 300 rpm resulted in an increase in the 
microhardness value from 270 to 420 HV in pure Ni films, 
while increasing the rotation speed to 600 rpm did not have a 
significant effect on hardness. The increased hardness could 
be due to grain refinement obtained because of decreased 
growth speed and increased appropriate nucleation sites 
while electroplating. Moreover, for samples electrodeposited 
from Ni-Co electrolyte with 4% Co content, it could be seen 
that a rotation speed of 300 rpm did not significantly affect 
the hardness while increasing the rotation speed resulted in 
increased hardness. This dissimilar behavior could be due to 
different microhardness values of electrodeposited samples 
without mechanical attrition but with varying amounts of Co 
content. Increased hardness due to Co addition could be the 
reason for the resistance of the electrodeposited films against 
refinement by low-speed mechanical attrition. Increasing the 
Co content of the electrolyte to 7.79% and up to 14.45% 
results in decreased microhardness value compared to 4% 
Co content. At the same time, mechanical attrition could 
continually affect the hardness by increasing the attrition 
speed so that both speeds of 300 and 600 rpm have improved 
the hardness significantly.

Figure 6 displays potentiodynamic polarization curves. 
By applying the Tafel method, the curves were used to 
extrapolate the corrosion potentials and current densities, 
which are tabulated in Table 1. Considering the corrosion 
current densities, it could be seen that the corrosion current 
density rises as the Co concentration in the bath increases 
up to 7.79%, whereas a Co content of 14.45 results in a 
drop, which may be caused by the crystal phase changing 
to hexagonal. Pure Ni has a nobler corrosion potential, but 
its corrosion current density is the lowest. The corrosion 
resistance of electrodeposited films in baths with different 
Co concentrations is not influenced similarly by electro-
deposition under agitated beads. Electrolyte with 0 and 4% 
(Co/Co + Ni) concentration results in electrodeposits which 
show the same trend in corrosion current density across ball 
bed stirring speed. The current density increases by apply-
ing 300 rpm, but increasing the speed to 600 rpm results 
in decreased current density. But when using an electrolyte 
with 7.79% Co concentration, the corrosion current den-
sity decreases to 19. 05 and 14.12 µA/cm2 when stirring 
with a ball bed at speeds of 300 and 600 rpm, respectively. 
Additionally, when an electrolyte with 14. 45% concentra-
tion of cobalt is used, the resulting electrodeposits have an 
hcp crystal structure. Changing the stirring bed speed to 
300 and 600 rpm leads to a decrease in corrosion current 
density to 10. 71 µA/cm2 and an increase to 20. 41 µA/
cm2, respectively. Such a behavior could be due to micro-
structural changes that has occurred by mechanical forces 
applied by ball bed stirring. Microstructural changes have 
been discussed in XRD and SEM results. The smooth sur-
face of samples discovered by SEM due to mechanical attri-
tion as well as the elimination of (200) and (220) crystal 
plane peaks as a texture change sign is the recorded evi-
dence for affected microstructures by mechanical attrition 
during electrodeposition. These effects are in addition to 
grain refinement and increased density of crystal defects that 
could be inferred from peak broadening in XRD test results. 
Moreover, mechanical attrition changes the composition of 
co-electrodeposited alloys.

However, in addition to microhardness and XRD 
tests, corrosion test findings indicate that the mechani-
cally enhanced electrodeposition procedure needs to be 
optimized for an improved outcome. In the case of pure 
Ni, the rotation speed of 300 and 600 rpm result in the 
same increased hardness value of 420 HV compared to 
conventional electrodeposited film with a hardness value 
of 280 HV. At the same time, the corrosion current density 
of samples deposited under the varied speed stirring ball 
bed has a meaningful difference from each other. Still, 
the film prepared under 600 rpm differs slightly from the 

Fig. 5   Microhardness value of electrodeposited films against Co con-
centration of electrolyte for attrition speeds of 0, 300, and 600 rpm
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conventionally electrodeposited film in corrosion current 
density. Therefore, each alloy obtained from the electro-
deposition of a distinct electrolyte with different attrition 
speeds has different hardness or corrosion resistance. 
Because of the various effects of attrition speed on the 
mechanical and corrosion current density, a parameter is 
introduced as C that refers to the hardness of the sample 
divided by corrosion current density. The C factors are 
listed in Table 2 for the samples prepared from different 
electrolytes and various speeds of attrition. According to C 
factors tabulated in Table 2, it could be concluded that the 

best properties are obtained with a high-speed attrition of 
600 and the bath containing 4% of Co concentration, and 
the worst properties are obtained from the same bath but 
with an attrition speed of 300 rpm. This result indicates 
that mechanical attrition could change the alloy properties 
drastically, so it’s a priority to introduce a process that 
applies homogenous mechanical attrition on all fragments 
of the deposited films.

The above discussions indicate that the corrosion behav-
ior of electrodeposited Ni-Co alloy results from the simul-
taneous effect of different parameters. The higher hardness/

Fig. 6   Potentiodynamic polarization curves of the samples in 3.5% NaCl solution at room temperature
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Jcor ratio can be correlated to (i) moderate grain size or 
crystal defect density, (ii) obtained phase/crystal structure, 
(iii) relative majority of the preferred orientation (texture) of 
a distinct crystal plane, (IV) chemical composition, and (V) 
surface morphology. However, to determine the most crucial 
factor affecting the C factor of electrodeposited alloys under 
mechanical attrition, more detailed studies are necessary to 
determine the effect of each parameter on the hardness/cor-
rosion rate ratio.

4 � Conclusion

Chemical composition, surface morphology, crystal struc-
ture, hardness, and corrosion resistance of electrodepos-
ited Ni-Co alloys with different Co contents of electro-
lyte were examined under different mechanical attrition 
speeds. Results indicate that MAP could obviously 
enhance the hardness and corrosion resistance of differ-
ent alloy compositions. Hardness to corrosion current 
density has been introduced as a C factor to determine 

the optimum electrodeposition condition for obtaining an 
alloy with high hardness and corrosion resistance. The 
results show that the superposition of different structural 
parameters and compositions generates alloys with very 
different C factors of 4.4 to 49.3 HV/Jcor. The highest 
C factor is obtained from a bath containing 4% Co with 
an attrition speed of 600 rpm. The minor C factor is also 
obtained from the bath containing 4% of Co but at the 
rotation speed of 300 rpm. However, applying mechani-
cal attrition in all electrolytes has resulted in increased 
hardness value. Corrosion of samples obtained under 
mechanical attrition indicates that each electrolyte with 
a different amount of Co content has a different response 
to applying various speeds of mechanical attrition. These 
results suggest that mechanical attrition should be used 
under distinct conditions for the best C factor. The C 
factor changes drastically with changing the mechanical 
attrition speed because mechanical attrition impacts very 
different structural parameters that could affect the elec-
trochemical and mechanical properties.

Table 1   Corrosion 
potentials, current densities 
and polarization resistance 
of electrodeposited films 
extrapolated from curves in 
Fig. 6 by applying the Tafel 
method

Co (%) Stirring Speed (rpm) Rp (KΩ/cm2) Jcor. (µA/cm2) ECor. (mv)

0 0 3.9 8.7 −300
300 0.54 28.2 −369
600 3.35 9.33 −376

4 0 1.63 15.85 −387
300 0.256 89.12 −366
600 1.08 9.77 −431

7.79 0 1.132 32.35 −363
0 2.055 19.05 −392
0 0.937 14.12 −392

14.45 0 1.684 15.13 −418
300 2.420 10.71 −350
600 2.091 20.41 −386

Table 2   The C factor obtained from dividing hardness values of electrodeposited films by corrosion current densities in Table 1

Attrition speed 0 300 600 0 300 600 0 300 600 0 300 600

%Co 0 0 0 4 4 4 7.79 7.79 7.79 14.45 14.45 14.45
C factor (HV/JCor) 31.3 15 45.5 24.4 4.4 49.3 10.8 21.17 32.8 20.8 34.5 22.5
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