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Abstract: The effect of current density and bath temperature in the electroplating process on resistance
to corrosion of Zn-Ni alloys was evaluated in this work. The electrolytic bath consisted of nickel
sulfate, zinc sulfate, sodium sulfate, boric acid, and sodium citrate at pH 7.0. The current density
was varied in the range 20-80 mA /cm? and the bath temperature in the range 30-60 °C. Increasing,
independently, the current density or the bath temperature increased the nickel content in the
obtained alloy, which affected the alloy microstructure, with a predominant y phase and cauliflower-
like morphology. The nickel content in the alloys was in the range 20—42%wt. A synergistic effect
between the current density and bath temperature was observed from a design of experiments and
response surface models. The maximum resistance to corrosion occurred for the alloy containing
42%wt. nickel. This alloy was obtained at upper levels of current density and bath temperature,
presenting a corrosion potential of —0.789 V and polarization resistance of 4136 Q.cm?.

Keywords: electrodeposition; Zn-Ni alloy; corrosion resistance; design of experiments

1. Introduction

Electroplating is a metal alloy manufacturing process widely used due to its simplicity
and low cost compared with other techniques, as well as being applied to objects with
different geometries [1,2]. Cadmium coatings obtained by electrodeposition are used to
increase the corrosion resistance of different materials in a wide range of components and
parts in many industrial applications [3]. However, cadmium has major drawbacks due to
its high toxicity [4,5]. An alternative for replacing cadmium coatings is zinc coatings ob-
tained by the electroplating process [3,6-13]. Zinc coatings are widely used in the industry,
mainly applied as a corrosion-resistant coating [10,14]. Zinc alloys have substituted pure
zinc due to their properties being superior to those of pure metal [8,15,16].

Zinc-forming alloys with elements of the iron group (iron, cobalt, and nickel) have
been investigated due to their high resistance to corrosion and low toxicity [17-22]. The
least noble element, in this case, zinc, deposits more preferentially than the noblest element,

Metals 2023, 13, 1808. https:/ /doi.org/10.3390/met13111808

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met13111808
https://doi.org/10.3390/met13111808
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0001-9835-8016
https://orcid.org/0000-0002-9641-5037
https://orcid.org/0000-0002-7075-7709
https://orcid.org/0000-0001-9029-6922
https://orcid.org/0000-0003-0473-8443
https://orcid.org/0000-0002-3299-405X
https://orcid.org/0000-0003-2273-0760
https://orcid.org/0000-0002-0138-3643
https://orcid.org/0000-0002-1026-4523
https://orcid.org/0000-0003-1691-1872
https://doi.org/10.3390/met13111808
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13111808?type=check_update&version=2

Metals 2023, 13, 1808

20f15

in this case, the elements of the iron group [23], in the so-named anomalous co-deposition
process [6,9,24-26]. It has been observed that normal co-deposition can occur in addition
to anomalous co-deposition depending on the electrodeposition’s operational condition,
especially the pH [13,26,27]. The mechanism that occurs in the deposition of the Zn-Ni
alloy has not yet been fully clarified, with the hydroxide suppression mechanism (HSM)
being the most accepted. Several mechanisms have been proposed and described in the
literature, thus showing the current interest in obtaining Zn-Ni alloys [9,13,23,24,28].

The addition of metals such as iron, nickel, or cobalt to a zinc alloy causes a modifica-
tion of the corrosion potential of the deposit, compared with that of pure zinc. The alloy
becomes slightly nobler than pure zinc, and therefore, the corrosion rate of the deposit
is slower. As the deposit has the function of being sacrificed to protect the substrate, it
means that for the same deposit thickness, the zinc alloy has the advantage of protecting
the substrate for a longer period than the conventional zinc [29,30].

The electroplating process to produce Zn-Ni coatings has been used and improved
for decades due to both the low-cost manufacturing process and the corrosion resistance
of the alloy, adequate for various applications. Zn-Ni alloys with Ni content in the range
of 12-14%wt more resistance to corrosion than pure zinc have been reported in the liter-
ature [10,13,31]. On the other hand, some reports suggest that increasing the Ni content
in the alloys generates internal stresses and microcracks, and as a consequence, a higher
level of nickel may not improve the coating protection against corrosion [3,32,33]. In fact,
depending on the electrodeposition conditions as well as the bath composition, it is possible
to produce coatings with higher Ni content without microcracks, resulting a high resistance
to corrosion protection. Unfortunately, a few studies describe the electrodeposition pro-
cess of Zn-Ni alloys for producing high Ni content alloy, as stated by Roventi et al. [24].
The control of the bath pH, which can be acidic or basic, with and without cyanides, is
fundamental for the electrodeposition of the Zn-Ni alloy. Many works are carried out in
acid baths owing to a high cathodic efficiency. On the other hand, neutral or basic baths
reduce the risk of hydrogen embrittlement and generate coatings with better nickel distri-
bution [3,6,10,13-15,34-36]. In addition to pH, the complexing agents play an important
role to produce coatings of good quality. There is a wide variety of complexing agents,
among them tartrate, acetate, citrate, glycine, dimethyl hydantoin, triethanolamine, and
EDTA, which are the most used complexing agents [9,10,14,34,36,37].

The success of the electrodeposition process to produce Zn-Ni coatings depends on
many operational parameters such as the pH, current density, temperature, agitation, and
bath composition. Most studies investigate the effects of operational parameters on the elec-
trodeposition of Zn-Ni coatings following a traditional experimental methodology in which
one parameter is varied while the others are kept constant [3,9,24,31,38]. This approach is
time-consuming, unable to detect interactions between parameters leading to erroneous
conclusions, and inappropriate for optimization purposes [39]. The experimental study
may be simplified by using experiment optimization techniques such as factorial design.
The advantages of factorial design compared with univariate methods are the reduction
in the number of experimental runs, statistical reliability in the obtained results, and the
possibility of evaluating synergies between the variables, which results in improvement of
the yield and overall performance of the process [40]. Factorial design is often associated
with the response surface methodology (RSM) as an optimization tool [40-43].

This work aimed to evaluate the influence of current density and bath temperature
on the electrodeposition process for producing Zn-Ni coatings with high Ni content. The
novelty was the use of a neutral electrolytic bath and a different complexing agent com-
posed of sodium citrate and boric acid to favor the nickel deposition leading to a high
Ni content alloy. Zn-Ni alloys with 20-42%wt. Ni content, different morphologies, and
consequent different corrosion resistances resulted in different operational conditions in
the electrodeposition process.
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2. Materials and Methods

A design of experiments was performed to define the operational conditions of experi-
mental runs, while the electrolytic bath, substrate preparation, electrodeposition, corrosion
tests, and alloy characterization were performed as described as follows.

2.1. Design of Experiments

The design of experiments (DOE) associated with the response surface methodology
(RSM) is used to quantify the influence of the input variables on response variables per-
forming a minimum number of experiments while guaranteeing the accuracy of the results.
A complete 22 factorial design with two central points was used to set the experiments
and associated with the response surface methodology (RMS) to find the optimal current
density and bath temperature (input variables Xi’s) that maximizes the Ni content (response
variable Y) in the Zn-Ni alloy. The experiments were carried out in triplicate. Table 1 shows
the real and coded levels of the input variables in the design of experiments.

Table 1. Input variables and real and coded levels used in the response surface design.

Code
Factors
-1 0 +1
Current density (mA/ cm?) X1 20 50 80
Bath temperature (°C) X2 30 45 60

The second-order model considering the interaction term used in this work is given
by Equation (1). Statistical analyses were performed using Statistica® version 8.0 software.

Y =B + B1X1 + B2Xo + B12X1 Xy @M
where i and (jk are regression coefficients.

2.2. Preparation of the Electrolytic Bath

The electrolytic bath was prepared at a room temperature of 25 £ 2 °C. Distillated
water and reagents with analytical purity were used to preparate the electrolytic bath with
the following composition: boric acid (0.2 mol/L, Neon, Sao Paulo, Brazil), sodium citrate
(0.2 mol/L Neon, Sao Paulo, Brazil), sodium sulfate (0.2 mol/L, Neon, Sao Paulo, Brazil),
nickel sulfate (0.1 mol/L, Neon, Sao Paulo, Brazil), and zinc sulfate (0.1 mol/L Neon, Sao
Paulo, Brazil). The electrolytic bath pH was adjusted to 7.0 by adding concentrated sulfuric
acid (H2SOy, Vetec, Rio Janeiro, Brazil) or sodium hydroxide (NaOH, Vetec, Rio Janeiro,
Brazil).

2.3. Substrate Preparation

Copper plates (substrate) with a deposition surface area of 8 cm? were used as a
working electrode. The substrate was polished with sandpaper of different sizes in sequence
from the thickest to the thinnest: 400, 600, and 1200 mesh. A chemical treatment was carried
out by washing the electrode in a diluted solution of sodium hydroxide (NaOH, 10%) and
sulfuric acid (H,SO4, 1%) to remove contaminants remaining from the mechanical polishing
process. Finally, the substrate was washed with distilled water and dried in an oven.

2.4. Electrodeposition

The electrodeposition process was carried out under galvanostatic control in a conven-
tional two-electrode deposition system. In this system, the cathode (copper substrate) was
in the center of anode, a platinum cylindrical mesh, which was immersed in the electrolytic
bath. A potentiostat MQPG-01 was used to set up and control the current density. An MTA
Kutesz MD2 thermostat controlled the system temperature. After the electrodeposition
step, the coated substrate was rinsed, dried in an oven, and cooled in a desiccator.
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2.5. Material Characterization

The morphological characterization of the Zn-Ni alloys was performed by scanning
electron microscopy (SEM) using a TESCAN microscope VEGA 35BH (Kohoutovice, Czech
Republic). Surface images with 3000x and 6000 x magnification of the samples, without
suffering any previous treatment, such as polishing or superficial chemical attack, were
obtained.

The chemical composition was determined by the energy-dispersive X-ray (EDX) tech-
nique using an EDX-720 Shimadzu X-ray dispersive energy spectrometer. X-ray diffraction
(XRD) tests were used to evaluate the alloy’s microstructure using a Shimadzu diffractome-
ter XRD-6100, with Cu K« radiation (k = 1.54 A) at 30 kV and 30 mA, a step size of 0.02,
and a dwell time of 1 s. The scan range was from 20° to 90°.

2.6. Corrosion Tests

Potentiodynamic polarization (PP) and electrochemical impedance spectroscopy (EIS)
techniques were used to assess the corrosion resistance of the Zn-Ni alloy in a corrosive
medium containing chloride ions (NaCl, 3.5%). The tests started with stabilization of 60 min
at room temperature (25 £ 2 °C) in the open circuit potential (OCP). The corrosion tests
were carried out in an adapted conventional system composed of three electrodes, with the
copper substrate coated with the Zn-Ni alloy acting as the working electrode, a platinum
sheet as the counter electrode, and the saturated calomel electrode (SCE) used as a reference.
The working electrode area exposed to the corrosion tests was 1 cm?.

The polarization curves were obtained with a scan rate of 1 mVs~! over a scan range
of £0.3 V from the OCP, using an Autolab PG STATE 302N potentiostat/galvanostat
connected to a computer using NOVA 1.11 software.

The EIS tests were performed with a frequency range from 10 kHz to 0.004 Hz and
an amplitude of 0.01 V. All corrosion experiments were carried out in triplicate at room
temperature (25 £ 2 °C).

3. Results

Table 2 shows the matrix of the experimental design 22, the results of corrosion
(corrosion potential, Ecorr; corrosion current density, icorr; and polarization resistance, Rp),
and the chemical composition (Ni and Zn contents).

Table 2. Matrix of factorial design 22 for Zn-Ni alloy.

Run J (mA/cm?) T(°O) Ecorr (V) Leorr (LA/cm?) Rp (kQ.cm?) Ni %wt. Zn %wt.
1 —(20) —(30) —1.2340 84.584 0.4519 22 78
2 +(80) —(30) —0.990 59.966 1.2291 26 74
3 —(20) +(60) —0.929 77.127 0.5732 23 77
4 +(80) +(60) —0.789 6.848 4.1363 42 58
5 0 (50) 0 (45) —0.992 15.306 1.9390 27 73
6 0 (50) 0 (45) —0.983 14.020 2.1380 28 72

3.1. Chemical Composition

The effect of current density and bath temperature on the coatings’ chemical composi-
tion was evaluated and optimized using RSM, which provides information on the effects
of the variables separately as well as the synergistic effects between the variables in the
analyzed responses [39]. The RSM technique has been used as optimization tool in different
research areas and has grown in recent years [44-51].

The response surface of the influence of the current density and the bath temperature
on the nickel content in the obtained coating is shown in Figure 1. It is worth mentioning
that different from the reports in the literature, all coatings in this work were obtained at
a neutral pH using sodium citrate as a complexing agent. The complexing agent has the
function of stabilizing the bath in addition to promoting nickel deposition.
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As the current density was varied, the chemical composition of the coatings changed.
Increasing the current density increased the Ni content in the coating, as shown in Figure 1.
The experimental results are represented by the blue circles on the response surface. In-
creasing the current density increased the cathode polarization due to the nickel complex’s
formation with sodium citrate. It reduced the Zn(OH), barrier formed on the cathode
surface, favoring the reduction in nickel in the coatings. This layer/barrier was related to
the hydroxide suppression mechanism (HSM).

Ni wt.%

o[ AM N

Figure 1. Response surface for nickel content in Zn-Ni alloy as a function of the current density and
bath temperature.

The Ni content in all coatings was higher than 20%wt., reaching 42%wt. with a current
density of 80 mA/cm?. Dark and powdery coatings with little adherence were obtained
with a current density above 80 mA /cm?. Hegde et al. [29] reported the electrodeposition
of Zi-Ni alloy in an acid bath (pH = 3.5) using different current densities, with an average
Ni content of 22%wt., lower than that obtained in the present study. Zhongbao et al. [10]
obtained a Zn-Ni alloy in an alkaline bath using DMH as a complexing agent and observed
that increasing the current density increased the Ni content in the coating, similar to the
findings in the present work.

Figure 2 shows that increasing the bath temperature increased the Ni content in the
coating and, consequently, decreased the Zn content in the deposit. The temperature
increase affected the ion mobility and the characteristics of the double layer at the elec-
trode/electrolyte interface, by the exchange of zinc ions with nickel ions, which favored
the reduction in nickel in the coating. Pagotto et al. [7] reported that increasing the bath
temperature increased the nickel content in the coating. Qiao et al. [52] studied the influence
of temperature on the electrodeposition of Zn-Ni alloys and concluded that increasing the
bath temperature increased the cathodic potential. It was also reported that at low current
densities, the film formed was rich in zinc, while at high current densities, it was rich in
nickel. Zhongbao et al. [10] observed that high temperatures favored the co-deposition of
the Zn-Ni alloy, and in addition, the deposition kinetics became more efficient.



Metals 2023, 13, 1808

6 of 15

85
Zn wt.%

\\h'hN\\\'l
S = T
29252339

Figure 2. Response surface for zinc weight content as a function of current density and bath tempera-
ture of Zn-Ni alloy coatings.

Byk et al. [13] observed that increasing the current density favored the reduction in
nickel in the coatings due to the decrease in zinc ions and the increase in nickel ions in the
double layer. Thus, the deposition mechanism could change from anomalous to normal
co-deposition depending on the operating conditions of the electrodeposition process. A
synergy was observed between the effects of current density and bath temperature. As
they increased, the nickel content increased in the coatings. Anomalous-type deposition
occurred at low current density and low temperatures, while normal-type co-deposition
occurred with the increase in the current density and temperature as the quantity of the
noblest element was increased.

The synergy effect was proven with the use of the response surface methodology
associated with the experimental design. The nickel and zinc contents can be predicted
by using Equations (2) and (3), a first-order linear model, obtained from experimental
data and RSM with 95% confidence. The significant terms are highlighted in bold in
Equations (2) and (3).

Ni %wt. =28 4575 x X1 +4.25 x X2+ 3.75 x X1 * X2 2)

Zn Y%wt. = 100 — Ni %wt. 3)

where X1 is the current density, X2 is the temperature, and X1 * X2 is the interaction
between the current density and bath temperature.

Analysis of variance (ANOVA) was used to assess the synergy effect between the
variables, with a 95% confidence level (p < 0.05), using F and p tests. Table 3 shows p-values
lower than 0.05 for both variables, as well as for the interaction between the current density
and the temperature. The ANOVA results in Table 3 demonstrate that the statistical model
was significant and predictive for p < 0.05. The model fitting was also expressed by the
determination coefficient (R?), equal to 0.99 for nickel and zinc contents. A coefficient of de-
termination values above 95% indicates that the proposed models significantly represented
the experimental results. Thus, ANOVA and the determination coefficient demonstrated
the statistical significance of the model, justifying the use of a first-order model. The Pareto
graph shows the magnitude of the significance of each variable, confirming that the syn-
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ergy effect influenced the electrodeposition process and especially the nickel content in the
coating (Figure 3).

Table 3. Results of analysis of variance (ANOVA) for the Ni and Zn weight content of the Zn-Ni alloy.

Factors Quadratic Sum Degree of Freedom  Quadratic Average F p
Sodium tungstate (M) 132.2500 1 132.2500 211.6000 0.004693
Nickel sulfate (M) 72.2500 1 72.2500 115.6000 0.008540
Iteration 56.2500 1 56.2500 90.0000 0.010929
Error 1.2500 2 0.6250
Total quadratic sum 262.0000 5

(X1) Current density (mA/cm?)

(X2)Temperature (°C) 10.752

X1X2 9.487

p=0.05
Standardized Effect Estimate (Absolute Value)

Figure 3. Pareto graph for nickel content in Zn-Ni alloy.

3.2. Surface Morphology

The scanning electron microscopy in the gray color of the Zn-Ni coatings containing
the lowest and highest nickel content is shown in Figures 4 and 5, respectively. Both were
porous and not shiny; however, the surface morphology was modified, increasing the
current density and temperature. The increase in these variables caused a modification
in the microstructure through the refinement of the grains [20,53]. It can be observed that
the increase in the nickel content in the coating modified the morphology from nodular
to cauliflower, as can be seen by comparing Figure 4 with Figure 5. Hammami et al. [54]
associated the cauliflower structure to the rapid growth of some particles. Ruigian et al. [26]
obtained a morphology similar to bunches of flowers. With the modification in the mor-
phology, there was an increase in the surface area that was rich in nickel. The same
morphological structure was observed by Constantin [55] and Zheng et al. [56].

XRD analyses performed for the coatings with the lowest and highest Ni content are
shown in Figure 6. The most intense peaks corresponded to the y-Ni5Zny; phase, and the
less intense peaks corresponded to the pure zinc phase. The vy phase of the Zn-Ni alloy
exhibited a centered body cubic structure. The Ni content in every sample was higher than
20%wt., and only the y phase predominant was observed. Similar results were reported by
Mosavat et al. [34,57] and Abou-Krisha et al. [58]. A preferential orientation was observed
in plans (411), similar to the results reported in the literature [10,59]. It was also observed
that the alloy with the highest nickel content, the one from Exp. 4, presented peaks with
higher intensity than that from Exp. 1. The coatings obtained had an average thickness of
5.1 pm.
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(b)

Figure 4. Scanning electron microscopy for the Znyg-Niy, alloy (test 1) with amplification of (a) 3000 x
and (b) 6000 x.

Figure 5. Scanning electron microscopy Znsg-Niy alloy (test 4) with amplification of (a) 3000 x and

(b) 6000 .
. — ZnNi Zn5gNig2(Exp.4)
2000 ' Zn7gNio2(Exp.1)
S 1500 - '»
s ,
|
= \
‘G 1000 l Zn _
S | ZnNi
= 500 | /- ZnNiZ o
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' .!1\ ro Il Zn
) po# ¥
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Figure 6. XRD patterns of the ZnsgNisy and ZnygNip; alloys.

3.3. Corrosion Measurements

To assess the corrosion resistance of the Zn-Ni alloys in a corrosive medium containing
chloride ions (NaCl, 3.5%), potentiodynamic polarization (PP) measurements were taken to
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obtain the electrochemical parameters, corrosion potential (Ecorr), current corrosion (icorr),
and resistance to polarization (Rp) using the Tafel straight-line extrapolation technique.
As can be seen from Table 2, the highest corrosion resistance was for the alloy from
experiment 4, which was the alloy with the highest nickel content. It has been reported in
the literature that the increase in the nickel content in the coating increases the corrosion
resistance of the alloy [10,26,28,29]. The response surface of the effect of current density and
temperature on corrosion potential is shown in Figure 7. As the nickel content increased,
the corrosion potential shifted to more positive values, from —1.23 V to —0.789 V, which
were more positive than the zinc potential (around —1.37 V). Zn-Ni alloys with corrosion
potential close to that of zinc have been reported in the literature [60-63], as well as results
similar to those of this study, as reported by Byk et al. [13] for alloys with a nickel content
above 50%wt. The corrosion potential shifting could be related to the formation of a nickel-
rich layer associated with the presence of the y phase, which caused the surface to be more
noble, favoring the increase in corrosion resistance.

\)\\ B(‘Dra

Figure 7. Response surface of the corrosion potential of a Zn-Ni alloy as a function of current density
and temperature in the electrodeposition.

Increasing the current density and bath temperature increased the polarization re-
sistance, as shown by the response surface of the polarization resistance in Figure 8, and
decreased the corrosion current, as shown by the polarization curves in Figure 9. The high-
est resistance to polarization was approximately 4136 ().cm?, which was higher than those
reported in the literature [28,29]. Tafreshi et al. [64] related the increase in the corrosion
resistance to the compact cauliflower morphology. Tozar et al. [65] evaluated the corrosion
resistance of Zn-Ni alloys obtained using sodium citrate and boric acid as a complexing
agent, varying the current density, at a constant temperature of 30 °C and pH 3. Zinc-rich
coatings and lower corrosion resistances than those obtained in this work were reported.

The different corrosion potential for different curves shown in Figure 9 is due to the
alloy composition. As the Ni content in the alloy increased, so did the corrosion potential,
as can be seen from the potentiodynamic polarization curves in Figure 9. The curves also
reveal that both coatings showed active dissolution characteristics without passivation
behavior, that is, they were sacrifice coatings for the protection of the substrate; similar
behavior was reported by Sriraman et al. [66]. The corrosion potential of coatings rich in
zinc was closer to that of pure zinc; thus, the alloy was less resistant to corrosion.
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Figure 8. Response surface of the polarization resistance of a Zn-Ni alloy as a function of current
density and temperature in the electrodeposition.

10°

Log | (Acm?)

10°
Zn5gNig2(Exp.4
Zn7gNi22(Exp.1

107

14 13 12 11 -10 -09 -08 -07 -06 -05 -04
E (V vs. SCE)

Figure 9. Polarization curves of ZnsgNiyy and ZnygNip, alloys.

Electrochemical impedance spectroscopy (EIS) measurements were performed in open
circuit potential to obtain detailed information on the corrosion resistance of Zn-Ni alloys.
The Nyquist diagrams for the coatings richest in zinc (experiment 1) and richest in nickel
(experiment 4) are shown in Figure 10. Semicircles can be seen, which characterize the
phenomenon of charge transfer, thus confirming the polarization curve results, where
there is no formation of stable passivation. The semicircle for the coating richest in nickel
(experiment 4), the optimum experiment among the runs, has a diameter three times larger
than that for the coating richest in zinc (experiment 1).

Equivalent electrical circuit analysis is a well-established method for interpreting EIS
spectra and extracting more details from the solution/coating interaction. The equivalent
electrical circuit used in this work is shown in Figure 11. With this circuit, it is possible
to characterize the effect of corrosion at the metal interface, which can be obtained by
increasing the resistance to charge transfer. A similar circuit was used by Bahadormanesh
et al. [38] to adjust the spectra, similar to this work. A non-ideal capacitor QPE can replace
the CPE. To calculate the QPE value, Equation (4) was used:

Zagpe =1/Q (jw)* 4)
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where j is the square root of —1, w is the angular frequency, and Q and « are the parameters
to be adjusted.

1000
. —— @
4 ’/,,."""7/ ®
800 - e
] *»
‘\E 600 - ,)/
S 1 ’/
_9/ 400
N _ .p’ ® Zn.-Ni,, (Exp.4)
200 Fitting (Exp.4)
] . *  Zn,-N,, (Exp.1)
0+ —— Fitting (Exp.1)
1 b 1 i 1 B I N
0 500 1000 1500 2000
Z' (Q.cm?)

Figure 10. Nyquist diagram for the Znyg-Niy; and Znsg-Niy) alloys.

QPE

Figure 11. Equivalent electric circuit used for fitting the EIS experimental results.

It has been reported that these parameters are used to adjust the equivalent elec-
trical circuit using a non-ideal capacitor [67-70]. According to Mishra et al. [68], for a
perfect capacitor, the « value is equal to 1. However, this value is lower than 1 due to the
roughness of the coating or its inhomogeneity; thus, the behavior of a non-ideal capacitor
is observed [68-72]. The values of the parameters Rs, Rp, and QPE, obtained from the
equivalent electrical circuit, are shown in Table 4.

Table 4. Adjusted data extracted from the equivalent circuit of ZnygNjy» and ZnsgNiygp alloys in 3.5%
NacCl solution.

Coating Rs (Q cm?) Rp (2 cm?) Y (S s* cm—2) o
ZnzsNigy (Exp. 1) 37.62 564 0.00029 0.70
ZnsgNig (Exp. 4) 38.95 2924 0.00017 0.72

Table 4 shows that the resistance of the solution (Rs) was almost the same in both
cases since the same solution and cell configuration were used for every experiment. The
Rp values indicate that the increase in the Ni content in the alloy increased the corrosion
resistance and modified the morphology from nodular to cauliflower with a predominance
of the v phase, which also contributed to increase the corrosion resistant of the alloy.

4. Conclusions

Zn-Ni coatings were successfully obtained in a neutral bath and using sodium citrate
as a complexing agent. The increase in the current density and bath temperature increased
the nickel content in the coatings and modified the morphology of the alloy with a pre-
dominance of the y phase. The nickel content of every alloy was above 20%wt., reaching
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42%wt. The synergy effect between the variables was confirmed using the response surface
methodology. Increasing the current density and bath temperature increased the corrosion
resistance of the alloy. At the optimal experimental conditions, the corrosion potential
reached —0.789 V, and the polarization resistance was 4136 Q.cm?. The optimal operational
conditions were a current density of 80 mA /cm? and a bath temperature of 60 °C.
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