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Abstract: Ni-Fe-Co alloy coatings were obtained on mild steel substrates by electrodeposition from stable acidic citrate solution. The 

effects of plating conditions and cobalt content on the coating performance were investigated‚ and the optimal electrodeposition pro-

cess parameters were obtained. The alloy coatings were investigated by scanning electron microscope, energy dispersive spectrometer, 

electrochemical impedance spectrum, polarization curve, and digital microhardness meter. Results show that the suitable processing 

parameters are 10 A/dm2, 45 ° C, and triammonium citrate of 10 g/L. The cobalt content of Ni-Fe-Co alloy coatings is increased 

linearly with increasing the cobalt ion content. The coatings have simple face-centered cubic solid solution structure. With increasing 

the cobalt content in the coating, the corrosion resistance and microhardness of coatings are increased firstly and then decreased. The 

Ni-Fe-13.51Co (wt% ) coating exhibits the remarkable corrosion resistance: the charge transfer resistance is 3031 Ω ·cm2, and the 

corrosion current density is 5.754×10−6 A/cm2.
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Surface modification, particularly coating, plays a crucial 
role in enhancement of mechanical properties, tribological 
performance, and corrosion behavior of engineering 
components[1–4]. Laser surface engineering, plasma spraying[5], 
physical and chemical vapor deposition, and electrochemical 
treatment[6–7] are commonly used surface modification 
techniques[8]. Electrodeposition is a widely used coating 
preparation method due to its advantages of simple process, 
small raw material loss, low energy consumption, scalability, 
and versatility[9].

Ni-Fe alloy coating has remarkable electrocatalytic pro-
perty[10], magnetic property[11], and mechanical property[12], 
thereby attracting much attention[13]. Ni-Fe alloy is usually 
used as catalysis for hydrogen evolution reaction[14], oxygen 
evolution reaction[15], and CO2 reduction reaction[16] due to its 
excellent electronic structure. Besides, Ni-Fe alloy can be 
applied in the fabrication of magnetic resonance imaging/
sensors[17] and semiconductors[18] owing to its outstanding soft 

magnetic properties. Ni-Fe alloy coating has been extensively 
used to protect steel in the replacement of pure Ni coat-
ing[19–20], because it can simultaneously reduce the production 
cost and maintain the good performance (high mechanical 
strength, good ductility, and excellent corrosion resistance). Li 
et al[21] prepared the Ni-Fe alloy coating on Fe plate via 
electrodeposition method, and found that due to the nanocry-
stalline and compact surface, the Ni-Fe alloy coating has good 
corrosion resistance. Cobalt can be added into Ni-Fe alloy to 
form the ternary Ni-Fe-Co alloy, which has higher magnetism 
and lower oxidation rate, compared with those of Ni-Fe or Ni-
Co alloys[22–23]. Liu et al[24] prepared soft Co52Fe26Ni22 alloy 
films with high moment by electrodeposition from a sulfate-
based electrolyte without additives, and found that the 
corrosion rate of the model alloy with high Co content is slow.

The codeposition of Ni-Fe alloy coating via electroplating 
is feasible, and the composition of deposited Ni-Fe alloy 
coatings can be easily controlled by adjusting the metal cation 
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(Ni2+ and Fe2+ ) contents in the electroplating solution. In this 
research, the Ni-Fe-Co alloy coatings were prepared by 
electrodeposition on mild steel substrates from acidic sulphate-
citrate baths. The suitable processing parameters of electro-
deposition of Ni-Fe-Co alloy coating were discussed. Differ-
ent bath components were used to prepare different alloy 
coatings. The coatings were characterized and the morphology 
and microhardness of Ni-Fe-Co alloy coatings were studied. 
Finally, the corrosion behavior of the coatings was inves-
tigated by electrochemical measurements[25–26], and the relation-
ship between corrosion resistance and the microstructure/
surface morphology of the coatings was studied.

11  Experiment  Experiment

Five plating baths with different CoSO4 contents were 
prepared at 25 ° C. NiSO4 content was kept at 100 g/L and 
FeSO4 content was kept at 10 g/L in all the baths. The CoSO4 
content varied from 0 g/L to 12 g/L. Bath A, Bath B, Bath C, 
Bath D, and Bath E contained 3, 6, 9, 12, and 0 g/L CoSO4, 
respectively. The trisodium citrate (20 g/L) and sodium citrate 
(20 g/L) were added as the complexing agent. The pH value of 
the baths was adjusted to 4 by sulphuric acid solution. All the 
used chemicals were at laboratory grade.

The mild steel substrates (20 mm×10 mm×2 mm) were 
used as the cathode and the pure nickel strips were used as 
anode. The specimens were ground by 600# SiC paper. Before 
experiment, the specimens were soaked in the dilute hydro-
chloric acid solution for 30 s to remove the oxide film and to 
form a rough surface. This treatment could enhance the 
adhesion between the substrate and deposition layer. After 
that, the specimens were ultrasonically cleaned in alcohol and 
distilled water. The pre-treated specimens were electrodepos-
ited by a self-made electrodeposition setup, as shown in Fig.1. 
The electrodeposition setup consisted of a direct-current (DC) 
power supply, an electrodeposition tank, a nickel plate, some 
clamps, and a water bath. The distance between anode and 
cathode was 5 cm. The electrodeposition experiments were 
conducted in galvanostatic mode at current density of 4 – 12   
A/dm2 by DC power supply (DH1716-5D). The deposition du-
ration was 2 h, and the deposition temperature was 35–55 °C. 
Triammonium citrate content was 0 – 20 g/L. The electro-
deposition experiment was repeated at least three times.

The phase composition of Ni-Fe-Co alloy coatings was 
characterized by X-ray diffraction (XRD, Rigaku D/MAX) by 
Cu Kα radiation (0.154 18 nm) at 40 kV and 40 mA with 2θ=

20°–90° and scanning rate of 6°/min. The scanning electron 
microscope (SEM, SU-8020) was used to observe the coating 
surface morphology and microstructure. Energy dispersive 
spectrometer (EDS, X-MAX 80) was used to analyze the 
element composition of the coatings. The microhardness of 
alloy coatings was measured by a microhardness tester (HXS-
1000A) with load of 2 N and retention time of 5 s.

The corrosion resistance of Ni-Fe-Co alloy coatings was 
evaluated through electrochemical impedance spectroscopy 
(EIS) and potentiodynamic polarization scanning curves. EIS 
measurements were conducted by an electrochemical work-
station (CHI760E) in 3.5wt% NaCl solution. The saturated 
calomel electrode and platinum foil were used as the reference 
and counter electrodes, respectively. During EIS tests, the 
exposed area was 1 cm2, and the specimens were immersed in 
NaCl solution at room temperature. Electrochemical imped-
ance measurement was performed at open circuit potential 
(OCP). The wave amplitude was 5 mV and the frequency was 
104 – 10−1 Hz. EIS analysis was performed by the Zview 
software. The corrosion behavior of the specimens was 
evaluated by the potentiodynamic polarization scanning mea-
surements in 3.5wt% NaCl solution at scanning rate of 0.01  
V/s. The voltage was set as OCP=±1.5 V. Tafel extrapolation 
method was used to calculate the corrosion potential (Ecorr) and 
corrosion current density (Icorr) of the alloy coatings for the 
evaluation of corrosion resistance of the alloy coatings.

22  Results and Discussion  Results and Discussion

2.1  Bath characterization
Fig. 2 shows the linear sweep voltammograms of cathodic 

potential-current behavior for Bath A, B, C, and D with 
scanning rate of 100 mV/s. Since the potential sweep is along 
the opposite direction of OCP direction, the mild steel 
electrode is cathodically polarized. It can be observed that the 
polarization curves shift towards the negative direction with 
increasing the CoSO4 content. The higher the cobalt content, 
the larger the cathodic current[25]. The voltammograms depict a 
slight increase in the cathodic current at about − 0.6 V 
followed by a rapid increase at −0.98 V. The cathodic current 
reaches a peak value at about − 1.37 V for Bath A, and it 

 

DC power supply 

Cathode Anode 

Water bath 

Electroplating tank 

Fig.1　Schematic diagram of electrodeposition setup

Fig.2　Influence of different content of cobalt sulfate on cathode 

polarization curves
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reaches the peak value at about −1.46 V for Bath B, Bath C, 
and Bath D. The current starts to decrease with decreasing the 
potential from − 1.46 V to − 1.57 V. At about − 1.57 V, the 
current starts to increase again. The two humps in the 
voltammograms are considered as the two-step discharge of 
complexed Co2+ ions. The discharge mechanism at the cathode 
is as follows:

[Co (II)Cit ]
0

+ e- = [Co (I)Cit ]
0

+ e- = Co + (Cit ) 0
(1)

2.2  Impact of main processing parameters on coating 

composition 

Fig. 3 shows the effect of current density on the surface 
morphology of Ni-Fe-Co alloy coatings. It can be seen that the 

Ni-Fe-Co alloy coatings are relatively flat at current density of 
4–10 A/dm2. When the current density reaches 12 A/dm2, the 
coating exhibits a cellular structure and the brightness 
decreases slightly.

The relationships between the component contents of the 
Ni-Fe-Co alloy coatings and current density are shown in 
Fig.4 (CoSO4 content is fixed as 12 g/L in the bath). When the 
current density is lower than 8 A/dm2, the content of iron, 
cobalt, and nickel barely changes, and the cobalt and iron 
contents are higher than the Co2+ and Fe2+ contents. With 
increasing the current density, the iron and cobalt contents of 
Ni-Fe-Co alloy coatings are gradually decreased from 
17.70wt% and 21.27wt% to 12.14wt% and 14.99wt% ,

respectively. Meanwhile, the nickel content is increased from 
61.03wt% to 72.87wt% . These results are consistent with 
those in Ref. [24], verifying the dependence of alloy 
composition on current density.

Fig.5 shows the effect of the electrodeposition temperature 
on the surface morphology of Ni-Fe-Co alloy coatings. The 
coating surface is smooth after electrodeposition at 35–55 °C. 
The relationships between the component contents of Ni-Fe-
Co alloy coatings and the electrodeposition temperature are 
shown in Fig.6 (CoSO4 content is fixed as 12 g/L in the bath). 
With increasing the electrodeposition temperature, the iron 
and cobalt contents in the alloy coatings are increased 
simultaneously and the nickel content is decreased. When the 
electrodeposition temperature is 45 ° C, the iron and cobalt 
contents in the alloy coating are the highest and the nickel 

    a b c 

100 μm 

d e 

Fig.3　Surface morphologies of Ni-Fe-Co alloy coatings after electrodeposition with different current densities: (a) 4 A/dm2, (b) 6 A/dm2,

(c) 8 A/dm2, (d) 10 A/dm2, and (e) 12 A/dm2

Fig.4　Relationships between component contents in alloy coatings 

and current density
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content is the lowest. With further increasing the 
electrodeposition temperature, the iron and cobalt contents in 
the alloy coatings are decreased, whereas the nickel content is 
increased.

Fig. 7 shows the surface morphologies of Ni-Fe-Co alloy 
coatings after electrodeposition with different triammonium 
citrate contents. The coating surfaces are relatively brighter 
when the triammonium citrate content is 5 and 10 g/L. With 
increasing the triammonium citrate content to 20 g/L, the 
adsorbent material can be observed. This is because when the 
triammonium citrate content is high, the iron and cobalt ions 
can easily form hydroxide on the cathode surface, which 
prevents the deposition of nickel ions and results in a large 
number of adsorbents on the surface. The relationships 
between the component contents of Ni-Fe-Co alloy coatings 

and triammonium citrate content are shown in Fig. 8 (CoSO4 
content is fixed as 12 g/L in the bath). With increasing the 
triammonium citrate content in the electroplating solution, the 
content of iron and cobalt is decreased slightly, and the nickel 
content is slightly increased. When the triammonium citrate 
content exceeds 10 g/L, the content of iron and cobalt 
increases significantly, and the nickel content decreases.
2.3  Microstructure and properties of Ni-Fe-Co alloy 

coatings 

Fig. 9 shows the appearances of Ni-Fe-Co alloy coatings 
with different Co contents, which are all bright and smooth. 
Fig. 10 shows the surface morphologies of Ni-Fe-Co alloy 
coatings. Combined with EDS analysis results, the average 
cobalt content of the alloy coatings prepared in Bath A, B, C, 
and D is 9.48wt% , 13.51wt% , 18.67wt% , and 23.38wt% , 
respectively. The effect of cobalt sulfate content in the 
electroplating solution on the cobalt content in the alloy 
coating is shown in Fig. 11. It can be seen that the cobalt 
content in alloy coating is increased linearly with increasing 
the cobalt sulfate content in the electroplating solution, 
indicating that the migration rate of Ni2+ , Fe2+ , and Co2+ to 
cathode and the discharge probability on cathode surface are 
basically the same in the electroplating solution. Therefore, 
the Ni-Fe-Co alloy coating can be obtained by controlling the 
ratio of Co2+/Fe2+/Ni2+ in the electroplating solution.

As shown in Fig.10, the strip tissues and impurity appear on 
the surface of Ni-Fe-Co alloy coatings. According to Fig. 12, 
the iron, cobalt, and nickel contents of the strip tissue (point A 
in Fig. 10b) are 15.58wt% , 6.55wt% , and 71.65wt% , 
respectively; the iron, cobalt, and nickel contents of the 

Fig.5　Surface morphologies of Ni-Fe-Co alloy coatings after electrodeposition at different temperatures: (a) 35 ° C, (b) 40 ° C, (c) 45 ° C,           

(d) 50 °C, and (e) 55 °C

Fig.6　Relationships between component contents in alloy coatings 

and electrodeposition temperature
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coating (point B in Fig. 10b) are 14.69wt% , 8.86wt% , and 
69.0wt% , respectively, suggesting the similar composition. 
The stripe tissue is caused by the lattice orientation generated 
by the deposition process. As shown in Fig. 13, the compact 
and homogenous alloy layer forms on the substrate. The 

average thickness of the coating is about 26 μm, the adhesion 
between coating and substrate is satisfactory, and the Ni, Fe, 
and Co are evenly distributed in the alloy coatings.

Fig. 14 shows XRD spectra of different Ni-Fe-Co alloy 
coatings. It can be seen that the diffraction peaks of different 
alloy coatings are similar to each other. Since nickel, iron, and 
cobalt all show the complete solid solubility at room 
temperature, the single nickel-iron-cobalt phase forms in all 
specimens, indicating the non-existence of phase separation, 
which improves the corrosion resistance of the coating. 
Therefore, the possibility of current coupling is reduced, 
which may prevent the selective leaching of the anode phase.

Table 1 shows the microhardness of Ni-Fe-Co alloy 
coatings with different cobalt contents. It can be seen that 
when the cobalt content is 9.48wt%–18.67wt% , the coating 
microhardness is gradually increased from 6106.4 MPa to 
6908.0 MPa (the maximum microhardness). With further 
increasing the cobalt content to 23.38wt% , the coating 
microhardness is decreased. The microhardness of Ni-Fe-Co 
coating is higher than that in Ref. [27], indicating that the Co 

 a b c 

100 μm 

d e 

Fig.7　Surface morphologies of Ni-Fe-Co alloy coatings after electrodeposition with different triammonium citrate contents: (a) 0 g/L, (b) 5 g/L, 

(c) 10 g/L, (d) 15 g/L, and (e) 20 g/L

Fig.8　Relationships between component contents in alloy coatings 

and triammonium citrate content

 a b c d e 

Fig.9　Appearances of Ni-Fe-Co alloy coatings with different Co contents: (a) 0wt%, (b) 9.48wt%, (c) 13.51wt%, (d) 18.67wt%,

and (e) 23.38wt%
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addition can enhance the alloy microhardness.
Fig.15a shows EIS spectra of Ni-Fe-Co alloy coatings with 

different cobalt contents. According to the Nyquist diagrams 
which consist of capacitive and inductive arcs, the radius of 
capacitive and inductive arcs of Ni-Fe-Co alloy coatings with 
different cobalt contents can be arranged in the decreasing 
order, as follows: 13.51wt%>9.48wt%>18.67wt%>23.38wt%>
0wt%. The high frequency area of the Nyquist diagram mainly 
displays the interface information between the coating and the 
corrosive medium, and the low frequency area reflects the 
impedance information of the electrode surface. Fig. 16a 
shows the equivalent circuit of the Ni-Fe-Co alloy coatings 
with Co content of 0wt% – 18.67wt% . Fig. 16b shows the 
equivalent circuit of Ni-Fe-Co alloy coating with 23.38wt% 
Co. As shown in Fig.16, Rs is the solution resistance, Rct is the 
charge transfer resistance, and Rf is the resistance of the 
deposited coating. Due to the dispersion effect of the corroded 
surface, the constant phase element Cdl produced by the 

coating is used to replace the capacitive element (the 

dispersion index n is not equal to 1; the constant phase angle 

is equal to 1; the component Cdl is the equivalent capacitance 

C). Therefore, Cdl is the capacitance of plating/liquid double 

electric layer, and L is the inductance. The corresponding 

relationship[28] can be expressed by Eq.(2), as follows:

Z (ω) =
1

Y ( )jω
n

(2)

 b 

A B 

c a 

100 μm 

d e 

Fig.10　SEM surface morphologies of Ni-Fe-Co alloy coatings with different Co contents: (a) 0wt%, (b) 9.48wt%, (c) 13.51wt%, (d) 18.67wt%, 

and (e) 23.38wt%

Fig.11　Effect of cobalt sulfate content on cobalt/iron content in Ni-

Fe-Co alloy coatings

Element

Fe

Co

Ni

wt%

15.58

6.55

71.65

Element

Fe

Co

Ni

wt%

14.69

8.86

69.0

Fig.12　EDS spectra of point A (a) and point B (b) in Fig.10b
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where Z is the parameter, Y represents the admittance form of 
C, n is the dispersion index (0<n<1), j is the imaginary 

number (j = -1), and ω is the angular frequency.

The fitting electrochemical parameters are shown in Table 
2. With increasing the cobalt content, the deposited       

coating resistance Rf is increased firstly and then decreased. 

The maximum Rct of Ni-Fe-Co alloy coating is 3031 Ω ·cm2 

when the Co content is 13.51wt% , i. e., the Ni-Fe-Co         

alloy coating with 13.51wt% Co has the optimal corrosion 

resistance.

The potentiodynamic polarization curves of the Ni-Fe-Co 

alloy coatings with different cobalt contents are shown in 

Fig.17a. The Tafel fitting was also conducted, and the fitting 

results are shown in Fig.17b and Table 3. Ecorr and Icorr are the 

self-etching potential and self-etching current density, 
respectively. Rcorr is the corrosion rate. With increasing the 

cobalt content in the alloy coating, the corrosion potential 

firstly shifts positively and then shifts negatively; the 

corrosion current is decreased firstly and then increased; the 

corrosion resistance firstly becomes strong and then becomes 

weak. Among all the alloy coatings, the Ni-Fe-Co alloy 

coating with 13.51wt% Co has the optimal corrosion 

resistance. With further increasing the Co content, the 

corrosion resistance is degraded, which is consistent with EIS 

results.

The kinetics and mechanism of hydrogen evolution reaction 

(HER) on the electrodes were investigated through the Tafel 

Table 1　Microhardness of different Ni-Fe-Co alloy coatings

Co content/wt%

Microhardness, HV/MPa

0

5585.0

9.48

6106.4

13.51

6142.6

18.67

6908.0

23.38

6390.6

Fig.13　SEM cross-section morphology with EDS line scanning 

results of Ni-Fe-18.67Co coating on mild steel substrate

2θ/(°)

Fig.14　XRD spectra of Ni-Fe-Co alloy coatings with different Co 

contents

Fig.15　EIS spectra of Ni-Fe-Co alloy coatings with different cobalt 

contents (a); EIS spectra comparison between Ni-Fe-Co and 

Ni-Fe alloy coatings (b)

 

Rs Rf 

L 

Cdl 

Rct 

a 

Rs 

Rct 

b 
Cdl 

Fig.16　Equivalent circuits of Ni-Fe-Co alloy coatings with 0wt%–

18.67wt% Co (a) and 23.38wt% Co (b)
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plots and potentiodynamic polarization curves. It is generally 

accepted that HER in alkaline environment is firstly initiated 

by the electroabsorption proton discharge (Volmer step), then 

triggered by the electrodesorption step (Heyrovsky step) or 

the chemical-desorption step (Tafel step) [29]. The related 

mechanisms can be expressed by Eq.(3–5), as follows:

M + H2O + e- ↔ MHads + OH-     Volmer  step (3)

MHads + H2O + e- ↔ H2 + M + OH-     Heyrovsky  step (4)

MHads + MHads ↔ H2 + M     Tafel  step (5)

The Tafel slope is widely used to determine the main 

mechanism of HER, which is either in the form of Volmer-

Heyrovsky or Volmer-Tafel type in alkaline solution. 

According to the classical theory, if the Volmer step is the 

dominant reaction, the slope of the Tafel curve should be 120 

mV/dec; if the Heyrovsky and Tafel reactions are dominant 

reactions, the Tafel curve slope should be 40 and 30 mV/dec, 

respectively. In this research, the Tafel slope of the Ni-Fe-Co 

alloy coatings with 0wt% , 9.48wt% , 13.51wt% , 18.67wt% , 

and 23.38wt% Co is 198, 107, 142, 105, and 101 mV/dec, 

respectively[30]. This result indicates that the Volmer step 

controls the overall kinetics of the reaction. The deviation 

from the theoretical value can be ascribed to the generation of 

thin surface oxide layers on the electrode surface.

Fig.18 shows the corrosion morphologies of different Ni-Fe-

Co alloy coatings after electrochemical corrosion in 3.5wt% 

NaCl solution. The Ni-Fe-Co alloy coating with 13.51wt% Co 

is hardly subjected to corrosion, indicating the excellent 

corrosion resistance. A few black spots can be observed on the 

surface of the Ni-Fe-Co alloy coating with 9.48wt% Co. The 

surface of Ni-Fe alloy coating is severely corroded. Obvious 

corrosion pits appear on the surface of Ni-Fe-Co alloy coating 

with 18.67wt% Co. The surface of the Ni-Fe-Co alloy coating 

with 23.38wt% Co is loose and porous. These phenomena all 

indicate that the corrosive pitting occurs during the immersion 

in 3.5wt% NaCl solution.

Table 2　Fitting parameters of equivalent circuit of Ni-Fe-Co alloy coatings with different Co contents

Co content/wt%

0

9.48

13.51

18.67

23.38

Inductance, L/H·cm2

2.2

7.3

1962.2

34.7

-

Solution resistance,

Rs/Ω·cm2

3.947

7.72

8.31

8.46

8.27

Capacitance, Cdl

Ydl/Ω·cm−2·s−n

1.35×10-2

8.11×10-6

7.23×10-5

6.73×10-5

9.59×10-5

ndl

0.91

0.92

0.85

0.87

0.91

Coating resistance, 

Rf/Ω·cm2

13

713

716

246

-

Charge transfer 

resistance, Rct/Ω·cm2

9

793

3031

227

18

Fig.17　Potentiodynamic polarization curves (a) and Tafel plots (b) 

of Ni-Fe-Co alloy coatings immersed in 3.5wt% NaCl 

solution

Table 3　Fitted results of Tafel plots of Ni-Fe-Co alloy coatings 

with different Co contents

Co content/

wt%

0

9.48

13.51

18.67

23.38

Corrosion

potential, Ecorr/V

−1.146

−1.085

−0.896

−0.948

−1.036

Corrosion current

density, Icorr/A‧cm−2

4.368×10−5

1.755×10−5

5.754×10−6

1.778×10−5

2.535×10−5

Corrosion rate,

Rcorr/mm‧a−1

0.5111

0.2054

0.0673

0.2081

0.2966
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33  Conclusions  Conclusions

1) The cobalt content of Ni-Fe-Co alloy coatings is 
increased and then decreased with increasing the current 
density. The cobalt content reaches a peak value at current 
density of 8 A/dm2. The cobalt content of Ni-Fe-Co alloy 
coatings is increased and then decreased with increasing the 
electrodeposition temperature. The cobalt content reaches a 
peak value when the electrodeposition temperature is 45 ° C. 
The cobalt content of Ni-Fe-Co alloy coatings is decreased 
and then increased with increasing the triammonium citrate 
content. The maximum cobalt content is obtained at 
triammonium citrate of 20 g/L.

2) By controlling the content of cobalt sulfate in the 
electroplating solution, Ni-Fe-Co alloy coatings with different 
cobalt contents can be obtained. The cobalt content in the 
coatings has a linear relationship with the cobalt sulfate 
content in the baths. The Ni-Fe-Co alloy coating has face-
centered cubic solid solution crystal structure, and the surface 
brightness of the Ni-Fe-Co alloy coating is better than that of 
the pure nickel coating.

3) Ni-Fe-Co alloy coatings have high microhardness with 
9.48wt% – 23.38wt% Co. The maximum microhardness is 
6908.0 MPa when the Co content is 18.67wt% . The optimal 
corrosion resistance of Ni-Fe-Co alloy coating is achieved 
when the cobalt content is 13.51wt%. When the cobalt content 
exceeds 13.51wt% , the corrosion resistance becomes worse, 
and the corrosion mechanism is pitting corrosion.
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电沉积Ni-Fe-Co合金镀层的微观结构及耐腐蚀性能

彭昭玮 1，2，3，李伟洲 1，3，彭成章 4

(1. 广西大学  资源环境与材料学院，广西  南宁  530004)

(2. 广西大学  化学化工学院，广西  南宁  530004)

(3. 广西大学  广西有色金属及特色材料加工重点实验室，广西  南宁  530004)

(4. 湖南科技大学  机电工程学院，湖南  湘潭  411201)

摘 要：在稳定的酸性柠檬酸盐溶液中，在低碳钢基体上电镀获得了Ni-Fe-Co合金镀层，并研究了电镀条件和钴含量对镀层性能的影

响，得到了最佳镀层工艺参数。利用扫描电子显微镜、能谱仪、电化学阻抗谱、极化曲线和数字显微硬度计对合金镀层进行了研究。结

果显示，合适的工艺参数是10 A/dm2、45 ℃和10 g/L柠檬酸三铵。Ni-Fe-Co合金镀层的钴含量随着钴离子浓度的增加而线性增加，镀层

均为简单的面心立方固溶体结构。随着镀层中钴含量的增加，镀层的耐腐蚀性能和硬度先升高后降低。Ni-Fe-13.51Co（质量分数）镀

层具有显著的防腐蚀性能，其电荷转移电阻为3031 Ω·cm2，腐蚀电流密度为5.754×10−6 A/cm2。

关键词：电沉积；Ni-Fe-Co合金镀层；显微硬度；腐蚀
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