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In this paper, Ni-Co coatings were electrodeposited onto carbon steel substrates with the aid of ultrasonic
agitation. The coatings were analyzed by energy dispersive X-ray analysis (EDX), X-ray diffraction analysis
(XRD) and scanning electron microscopy (SEM). The effects of the ultrasonic frequency on the roughness,
hardness and corrosion resistance of the Ni-Co coatings were also investigated. The results indicated that the
increase of the ultrasonic frequency from 20 to 120 kHz reduced the Ni content and the grain size of Ni-Co
coatings. Moreover, the phase structure of the electrodeposited coatings was influenced by the ultrasonic
frequency. Under 55 kHz ultrasonic agitation, the Ni-Co coating was single fcc phase and showed the finest
roughness and the strongest corrosion resistance in 5 wt.% NaCl solution at the ambient temperature. Under
ultrasonic agitation with frequency of 90 kHz, the coating was a mixture of fcc and hcp structure and showed
the maximal hardness of about 420 HV. Therefore, ultrasonic agitation helped decrease the roughness, and
enhance hardness and corrosion resistance of Ni-Co coatings.
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1. Introduction

Ni-Co alloy coatings have attracted widely atten-
tion due to its hardness and corrosion resistance as
a replacement for hard chromium coating[1−4]. As
the properties of Ni-Co coatings are seriously affected
by their composition and structure, a reliable con-
trol of the composition and structure was an im-
portant issue for their wide applications. Many re-
searchers investigated extensively the preparation of
Ni-Co coating by direct current electrodeposition[5],
pulse current electrodeposition[6] or pulse reverse cur-
rent electrodeposition[7]. The composition and struc-
ture of Ni-Co coatings could be controlled by chang-
ing the electrodeposition parameters, such as over-
voltage, current density, pulse parameters in pulsed
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electrodeposition[6−10]. Yet, more investigation was
needed to obtain Ni-Co coatings with higher hardness
and anti-corrosion.

In recent years, ultrasound-assisted electrodepo-
sition applied to deposit various metals (or alloys)
and composite coatings due to the advantages, such
as increasing the deposition rate, decreasing the
internal stress of the deposited coatings, and re-
ducing additives in the plating bath[11−15]. Al-
though there were many works on ultrasound-assisted
electrodeposition[11−20], there was no report about
the influence of ultrasonic frequency on the compo-
sition, structure and properties of Ni-Co coatings up
to now.

In this study, the ultrasound-assisted electrodepo-
sition was employed to deposit Ni-Co coatings. The
influences of ultrasonic frequency on the composi-
tion, structure, roughness, hardness and corrosion
resistance of the Ni-Co coatings were investigated.
The results showed that the ultrasonic frequency (0–
120 kHz) had significant impact on the characteristics
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and properties of the obtained Ni-Co coatings.

2. Experimental

Carbon steel plates were used as substrates. The
exposed area of these pretreated carbon steel sub-
strates was equal to 1 cm2 while the other surface ar-
eas were sealed with epoxy resin before the deposition.
The electrodeposition was carried out in a conven-
tional three-electrode cell connected with a Princeton
VersaSTAT4 electrochemistry workstation. A plat-
inum plate with an area of 2 cm2 was used as the
anode, and a saturated calomel electrode (SCE) was
used as the reference electrode. Ultrasonic agitation
was performed in an ultrasound-assisted electrodepo-
sition setup with the output power of 100 W. The
temperature of the water bath was controlled by a
temperature controller. The detailed bath composi-
tion and experimental parameters are listed in Table 1
and 2.

Table 1 Bath compositions for Ni-Co alloy
coatings deposition

Bath composition Concentration (g/L)

NiSO4·6H2O 110.0

NiCl2·6H2O 6.0

CoSO4·6H2O 55.0

H3BO3 12.5

C6H8O9 5.6

Table 2 Experimental parameters for Ni-Co
alloy coatings deposition

Parameter Value

pH value 4.0

Temperature, T 40 ◦C
Current density, j 80 mA·cm−2

Time, t 15 min

Ultrasonic frequency, f 0, 20, 55, 90 and 120 kHz

The phase structure, composition, and morphol-
ogy of as-deposited coatings were investigated by X-
ray diffraction spectrometer (D/max-2200V) with a
CuKα radiation, energy dispersive X-ray spectrome-
ter (Oxford Instruments) and scanning electron mi-
croscopy (JEOL JSM-6700F).

The roughness of Ni-Co coatings was measured
for 10 spots on each sample by a roughness meter
(TR200). The Vickers hardness of Ni-Co coatings was
measured using a microhardness tester (HXD-1000B)
by loading a force of 0.245 N for 15 s, and the aver-
age of 10 hardness measurement results was taken as
the hardness value. In order to investigate the corro-
sion resistance of Ni-Co coatings, the electrochemical
behavior of the samples was analyzed by polarization
plots and electrochemical impedance spectroscopy, us-
ing a Princeton VersaSTAT4 electrochemistry work-
station. Polarization measurements were performed
in 5 wt.% NaCl solution at the ambient temperature
with a potential scan rate of 1 mV·s−1. Electrochemi-

cal impedance spectroscopy tests were carried out po-
tentiostatically at corrosion potential (Ecorr), with the
voltage perturbation amplitude of 10 mV in the fre-
quency range from 10 kHz to 0.01 Hz.

3. Results and Discussion

3.1 Composition of Ni-Co coatings

Fig. 1 shows the EDX measured Ni contents of the
Ni-Co coatings deposited under different frequencies
ultrasonic. It is clearly observed that the Ni content
in the coatings deposited under ultrasonic agitation is
higher than that under silent condition (0 kHz), and
the Ni content decreases with the ultrasonic frequen-
cies increase from 20 kHz to 120 kHz.

During Ni-Co co-deposition process, the pH value
at the cathode surface is found to rise due to H+

ions consumption near the electrode and resulting
in hydroxide ions increase[21−23]. The local increase
of pH results in the formation of hydroxide precip-
itate of the low electrode potential metal Co and
CoOH+, followed by its adsorption onto the cathode
surface[21−24]. This can be expressed as follows:

2H+ + 2e− → H2

2H2O + 2e− → H2 + 2OH−

Co2+ + OH− → CoOH+

CoOH+ → Co(OH)+ads

The adsorbed cobalt hydroxide (Co(OH)+ads) oc-
cupies the reaction sites, so that the deposition of
the Ni which has high electrode potential metal is
suppressed[21,24]. When applying ultrasonic agita-
tion, the asymmetrical collapse of cavitation bubbles
originated from the ultrasonic cavitation induces the
formation of high velocity jets of liquid toward the
cathode surface[18]. As a result, the desorption of
Co(OH)+ads on the cathode surface is enhanced by the
liquid jets, and consequently more reaction sites are
available for Ni deposition to enrich the Ni-Co coating
with Ni.

It should be pointed out that with the increase
in the ultrasonic frequency, the intensity of high ve-
locity jets decreases since the ultrasonic cavitation
decays[19]. Therefore, less Co(OH)+ads is desorbed and
there are fewer reaction sites for Ni deposition on
the cathode surface when the ultrasonic frequency is
high, leading to the low Ni content in Ni-Co coatings
(shown in Fig. 1). These analyses confirm that the
variation of the ultrasonic frequency can influence the
electrodeposition process of Ni-Co coating.
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Fig. 1 The Ni contents of the Ni-Co coatings deposited
under different frequencies ultrasonic

3.2 Phase structure and morphology of Ni-Co coat-
ings

Fig. 2 shows the XRD patterns of the as-deposited
coatings. The absence of Fe diffraction peak indicates
that the carbon steel substrates are completely cov-
ered by the coatings. In XRD patterns, the fcc (α-
Ni) contributes to (111), (200) and (220) planes while
the hcp (ε-Co) contributes to (100), (002), (101) and
(110) planes. Under 20 and 55 kHz ultrasonic agita-
tion, no other diffraction peak is found except those
peaks of fcc phase with a slight shift compared with
those of pure Ni (JCPDS file No.04-0850). It is mainly
because the Co atoms are incorporated into the crys-
talline lattice of Ni. Under other deposition condi-
tions, the diffraction peaks of hcp phase reveal the
formation of a mixed crystal structure. Tury et al.[25]

pointed out that in this mixed crystal structure either
a hexagonal Co cluster containing cubic structured Ni
or a hexagonal Co cluster was built in the cubic struc-
tured Ni.

The grain size of Ni-Co coatings is determined us-
ing the Scherrer expression from XRD line broaden-
ing, as listed in Table 3. It is clearly showed that
the introduction of ultrasonic agitation into the elec-
trodeposition can refine the grain size. This is caused
mainly by the following two reasons: (1) the high pres-
sure acoustic steaming can interrupt the growth of
grains; (2) the number of crystal nuclei on the cath-
ode surface is increased under ultrasonic irradiation,
because the instant local super cooling effect (caused
by ultrasonic cavitation) decreases the radius of nu-
cleation and leads to the increase of the nucleation
rate.

From Table 3, it can also be observed that the

Table 3 The grain sizes of Ni-Co coatings deposited
under different frequencies ultrasonic

0 kHz 20 kHz 55 kHz 90 kHz 120 kHz

61.6 nm 39.3 nm 31.7 nm 25.2 nm 14.5 nm

Fig. 2 XRD patterns of the Ni-Co coatings deposited un-
der different frequencies ultrasonic

grain size of the coatings decreases with the ultra-
sonic frequency in the range of 20 kHz to 120 kHz.
The work of Coury et al.[26,27] and Compton et al.[28]

have shown that the decrease in the intensity of ultra-
sonic cavitation leads to the increase in the thickness
of diffusion layer, which finally gives an increasement
in overpotential. It has been proved that a higher
overpotential would boosts the nucleation rates and
results in smaller nucleus radius[29]. Moreover, the
intensity of ultrasonic cavitation decreases with the
ultrasonic frequency increases[19]. Accordingly, the
coatings deposited under higher frequency ultrasonic
agitation posses finer grains.

As shown in the SEM image (Fig. 3(a)), the as-
deposited coating under silent condition exhibits a
highly rough surface, which is quite different from
those under ultrasonic agitation. In the case of silent
electrodeposition, the coating surface is covered by
large spherical clusters composing of random distrib-
uted dissimilar grains.

When applying 20 kHz ultrasonic agitation, the
morphology of the Ni-Co coatings changes to reg-
ularly branched acicular structure as shown in Fig.
3(b). The acicular crystallites have an average length
of 3–4 μm. By increasing the ultrasonic frequency
to 55 kHz, the surface morphology as in Fig. 3(c)
consists of pyramidal-shaped compact crystallites sur-
rounded by tiny particles. The morphology of the Ni-
Co coatings is composed of smaller spherical clusters
when the ultrasonic frequency is increased further, as
shown in Fig. 3(d) and (e).
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Fig. 3 Surface morphologies of the Ni-Co coatings deposited under different frequencies ultrasonic: (a) 0 kHz;
(b) 20 kHz; (c) 55 kHz; (d) 90 kHz; (e) 120 kHz

Fig. 4 The roughness of Ni-Co coatings deposited under
different frequencies ultrasonic

3.3 Evaluation of surface roughness

The calculated surface roughness parameters (Ra,
arithmetical mean deviation of the assessed profile)
are shown in Fig. 4. The roughness of the Ni-Co coat-
ings deposited under ultrasonic agitation is finer than
that under silent condition. A possible reason is that
the amount of crystal nuclei on the carbon steel sur-
face increases under ultrasonic agitation. The grain
size becomes smaller when more nuclei are formed,
which makes more even coating surface, as shown in
Fig. 3 and Table 3.

3.4 Evaluation of hardness

The hardness results are shown in Fig. 5. All the
Ni-Co coatings are harder than the carbon steel sub-
strate. The hardness of the coatings increases with
the increase of the ultrasonic frequency up to 90 kHz,
and then decreases slightly as the ultrasonic frequency
larger than 90 kHz. Under 90 kHz ultrasonic agita-

Fig. 5 The Vickers hardness of carbon steel substrate
and Ni-Co coatings deposited under different fre-
quencies ultrasonic

tion, the hardness reached a maximum value of about
420 HV. The initial hardness increase (0–90 kHz)
could be attributed to the grain size refinement effect,
while the decrease of hardness at higher ultrasonic fre-
quency (120 kHz) could be explained with the inverse
Hall-Petch relation[30].

Fig. 6 shows the polarization plots of samples in
5 wt.% NaCl solution at ambient temperature. Table
4 lists the data for corrosion potential (Ecorr), current
density (icorr), anodic/cathodic Tafel slope (ba and bc)
and polarization resistance (Rp) obtained from the
polarization plots. It can be clearly observed from
Fig. 6 that the carbon steel substrate reacts dras-
tically with the NaCl solution, while all the Ni-Co
coatings have more positive corrosion potential, much
lower corrosion current density and higher polariza-
tion resistance. In contrast with the blank carbon
steel substrate and the coating deposited under silent
condition, all the coatings deposited under ultrasonic
agitation have more positive corrosion potential, lower
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Table 4 Corrosion potential, current density, anodic/cathodic Tafel slope and polarization
resistance obtained from the polarization plots as shown in Fig. 6

Sample Ecorr (V) icorr (µA·cm−2) ba (mV·dec−1) bc (mV·dec−1) Rp (Ω·cm−2)

Substrate −0.747 16.217 122.726 99.386 1.471×103

Ni-Co (0 kHz) −0.658 6.124 104.637 101.413 3.652×103

Ni-Co (20 kHz) −0.556 1.235 87.441 105.519 1.682×104

Ni-Co (55 kHz) −0.478 0.778 84.353 98.173 2.532×104

Ni-Co (90 kHz) −0.601 2.116 90.212 104.452 9.931×103

Ni-Co (120 kHz) −0.628 5.848 101.457 97.821 4.195×103

Fig. 6 Polarization plots of carbon steel substrate (a)
and Ni-Co coatings prepared under different ul-
trasonic frequency of 0 kHz (b), 20 kHz (c), 55
kHz (d), 90 kHz (e) and 120 kHz (f)

Fig. 7 Electrochemical impedance spectroscopy plots of
carbon steel substrate

corrosion current density and higher polariza-
tion resistance. Among these coatings, the
coating deposited under 55 kHz ultrasonic agi-
tation shows the highest polarization resistance
(Rp=2.532×104 Ω· cm−2) and the lowest corrosion
current density (icorr=0.778 μA·cm−2).

3.5 Evaluation of corrosion performance

Impedance plots (Bode plots) of the blank carbon
steel substrate and the Ni-Co coatings are shown in
Fig. 7 and Fig. 8, respectively. Bode plots of Fre-
quency vs. phase angle exhibit a narrow peak, which
indicates a single time constant for all the samples

Fig. 8 Electrochemical impedance spectroscopy plots of
Ni-Co coatings prepared under different ultrasonic
frequency: (a) |Z| vs. frequency; (b) phase angle
vs. frequency

studied (Fig. 7 and Fig. 8(b)). The single peaks ob-
served correspond to the metal/electrolyte interface.
This behavior can be modeled as a parallel combina-
tion of a double electric layer capacitance and a charge
transfer resistance.

An equivalent circuit is shown in Fig. 9. Here Rs

is the solution resistance and Qdl stands for the pos-
sibility of a non-ideal capacitance of a double elec-
tric layer (CPE, constant phase element) with vari-
ous ndl. The CPE represents a frequency dispersion
of time constants originated from the local inhomo-
geneity or roughness or porosity of the surface[5]. Rct

is the charge transfer resistance of electrode reaction.
The calculated parameters are presented in Ta-

ble 5. The Rct values increase in the order: carbon
steel substrate, Ni-Co (0 kHz), Ni-Co (120 kHz), Ni-
Co (90 kHz), Ni-Co (20 kHz) and Ni-Co (55 kHz).
The largest Rct value is at 55 kHz for Ni-Co coat-
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Table 5 Impedance parameters for carbon steel substrate and Ni-Co coatings

Sample Rs (Ω) Qdl (µF·cm−2) ndl Rct (Ω·cm−2)

Substrate 6.547 38.957 0.89 4.124×103

Ni-Co (0 kHz) 5.904 66.789 0.79 7.686×103

Ni-Co (20 kHz) 8.326 45.568 0.86 3.488×104

Ni-Co (55 kHz) 6.896 37.456 0.87 4.321×104

Ni-Co (90 kHz) 4.987 51.321 0.82 1.723×104

Ni-Co (120 kHz) 7.132 43.905 0.81 8.926×103

Fig. 9 Equivalent circuit for fitting the electrochemical
impedance spectroscopy

ing indicates that the active area available for corro-
sive attack is less or alternatively the corrosion resis-
tance is higher compared with others. The Rp values
obtained from polarization studies has also exhibited
similar pattern thereby affirming the above results.

From Table 5, it can be found that the Ni-Co
(55 kHz) sample has the smallest Qdl value, which
implies that applying 55 kHz ultrasonic agitation can
improve the surface morphology of the coating and
decrease the surface defects. Further, ndl values for
carbon steel substrate, Ni-Co (20 kHz) and Ni-Co
(55 kHz) lie in a narrow range of 0.86–0.89 demon-
strate the low capacitive behavior of these samples.
Whereas, the ndl values for Ni-Co (0 kHz), Ni-Co (90
kHz) and Ni-Co (120 kHz) are less than 0.82, which
suggests the much lower capacitive nature of these
coatings. Bode plots (Fig. 7 and Fig. 8(b)) show that
the phase angles of Ni-Co (0 kHz), Ni-Co (90 kHz)
and Ni-Co (120 kHz) are distributed between 50◦ and
65◦. As for carbon steel substrate, Ni-Co (20 kHz)
and Ni-Co (55 kHz), the phase angles are within the
range of 70◦–75◦, which also reveals better capacitive
behaviors.

4. Conclusions

The results of the current study can be summa-
rized as follows:

(1) The Ni-Co coatings produced by eletro-
deposition method under ultrasonic agitation were
uniform, compact and composed of fine grains.

(2)The ultrasonic frequency had a significant im-
pact on the composition and grain size of the Ni-Co
coatings. Both the Ni content and the grain size of Ni-
Co coatings decreased with the ultrasonic frequency
from 20 kHz to 120 kHz.

(3) When electrodeposition was conducted under
a proper ultrasonic frequency, all the properties of

Ni-Co coatings could be improved. The hardness
reached a maximum value of about 420 HV at 90 kHz.
Whereas, the coating produced at 55 kHz exhibited
the strongest corrosion resistance.
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