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A sulfate bath was used to investigate the influence of current density on the electrodeposition
behavior of Zn-Ni-Mn on steel. The presence of Zn®* in the plating bath during Zn—Ni—Mn alloys
codeposition is the cause of significant inhibition of Ni and Mn deposition. A transition current
density was noticed above where in a transition from normal to anomalous deposition took place. At
a higher current density, a uniform surface deposit of Zn—Ni—Mn was obtained. At lowest current
densities, The deposits showed higher corrosion resistance because of normal deposition and for the
highest studied current densities attributed to the thickness and the surface morphology. Cyclic
voltammetry and galvanostatic techniques for electrodeposition were utilized in the investigation
while linear polarization resistance and anodic linear sweeping voltammetry techniques were used
for the corrosion study. The results revealed that the increase in current density favors the increase of
Ni and Mn contents in the deposits. Zn-Ni-Mn alloys with higher Ni content showed higher
resistance to corrosion and higher cathodic current efficiency.

Keywords: Electrodeposition; Anomalous codeposition; Surface morphology; Corrosion resistance;
Ternary Zn-Ni-Mn alloy

1. INTRODUCTION

The use of coating as anticorrosive for metal substrates depends mainly on the sacrificial and
barrier protection mechanisms. In industry the main demand is coating substances with the highest
corrosion resistance and smallest thickness, which Zn coatings cannot provide, hence scientists
replaced Zn coatings by Zn alloy coatings [1-5]. In electrodeposition the growth mechanism,
morphology and micro-structural properties of the film is based on electrodeposition conditions such
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as current density. The electrodeposition of Zn with Fe-group metals may be considered as anomalous
codeposition because the less noble Zn deposits preferentially in most plating conditions, this was
explained with different hypotheses [6, 7]. Zn-Ni alloys electrodeposited have greater corrosion
protection, improved mechanical properties and better thermal stability than the corresponding bare
zinc and other zinc alloy coatings [8]. Zn-Mn alloys electrodeposition are a growing interest because
of their superior protective properties [9, 10]. A better mechanical properties were attended by
decreasing the manganese content in coating for automotive applications as well as steel protection in
different aggressive environments. It sensed that it will be important to accumulate the properties of Zn-
Ni and Zn-Mn binary alloys in one alloy through the electrodeposition of Zn-Ni-Mn ternary alloy. The
influence of current density on the alloys electrodeposition was studied by different researchers [11-
14] but not with the present alloy. In this study, the composition, morphology and corrosion resistance
of electrodeposited Zn-Ni-Mn films were investigated as a function of the current density values in the
electrolyte. We have shown that the composition, grain size and morphology of the films were
significantly affected by the current density.

2. EXPERIMENTAL

2.1 Reagents

The basic electrolyte chemical composition of Zn-Ni-Mn bath is Na,SO, [0.20 M], H3BO;
[0.20M], H2SO4 [0.01 M], MnSQO, [0.10 M], NiSO,4 [0.10 M] and ZnSO, [0.10 M]. The electrolytes
and all used solutions were freshly prepared from Analar grade

2.2 Methods

All experiments were carried out in duplicated and the result reproducibility of these
measurements was found to be acceptable. For a standard bath deposition, a series of experiments at
different times were carried out and the relative standard deviation (RSD%) was found to be 4.3, 3.6
and 4.7% for the Zn, Ni and Mn contents in the deposit, respectively. Electrochemical measurements
were performed using EG&G Potentiostate/Galvanostat model 273A controlled by a PC using 352
corrosion software. The electrochemical corrosion measurements of the coatings; polarization
resistance (Ry), corrosion potential (Ecor) and corrosion current density (icor) achieved and denoted
(Table 1). The galvanostatic measurements were conducted by keeping the current density of cathodes
constant (0.5 - 40 mA cm, for 10 minutes). The chemical composition of Zn-Ni-Mn deposits were
determined using atomic absorption spectroscopy (Thermo scientific, model ICE 3000 series AA
spectrometer). These data were used to calculate the efficiency of the process. The deposited layer of
Zn-Ni-Mn alloy was dissolved in 50.0 cm?® of 20% HCI solution, and the suitable diluted solution was
then analyzed to find out the Zn, Ni and Mn contents in the deposited alloy.
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Table 1. Values of Zn, Ni and Mn mass, total mass, content% of Zn, Ni and Mn, current
efficiencies of Zn-Ni-Mn deposits, thickness and electrochemical corrosion measurements
of the deposits obtained galvanostatically at different cathodic current densities at 25.0 °C
on steel substrate from a standard bath.

Current density (mA/cm?)

1 3 5 10 20 30 40
Parameter
Zn mass in the deposit x 10/ g 3.10 840 142 282 534 823 111
Ni mass in the deposit x 10/ ¢ 030 047 097 230 74 117 1838
Mn mass t in the deposit x 10/ g 0.07 020 035 0.72 186 314 492
The total mass of the deposit x 10/ g 347 9.07 155 312 627 971 1347
Zn content / % 89.3 926 915 903 852 847 824
Ni content / % 8.7 52 63 74 118 121 139
Mn content / % 2.0 22 225 23 30 32 3.7
Zn-Ni-Mn alloy current efficiency (ezn-ni-mn) / % 865 751 772 778 785 812 848
the deposit Thickness / pm 024 063 107 22 426 6.6 9.1
Corrosion potential (Ecorr) / mV -455  -993 -984 -924 -817 -731 -702
Corrosion current density (icorr.) / HA cm™ 8.4 520 476 399 317 26 21.6
Polarization resistance (Rp) / kQ 155 38 42 48 59 7.9 9.3

The cathode current efficiencies of pure Zn, Ni and Mn were determined according to
Faraday’s laws is as detailed in Ref [15]. The X-ray diffraction patterns of the obtained deposits
were recorded with a Brucker Axs-D8 Advance X-ray diffractometer using Cu-Ka radiation, to
find the different deposited alloy phases. The surface morphology of the deposit is evaluated by
using a scanning electron microscope, (JSM-5500 LV, SEM, JEOL, Japan). The Zn and Ni content
in the deposit have been confirmed by EDS (Energy Dispersive X-ray Spectrometer) system with
link Isis software and model 6587 An X-ray detector (OXFORD, UK). The thickness of the
deposited alloy layer has been approximately estimated from the amount of deposit and the
densities of Zn (dz,=7.14 g cm™), Ni (dni=8.90 g cm™) and Mn (dz:=7.21 g cm™) [16,17] and
confirmed by SEM (cross-section). The experiments have been done without cathode movement or
solution agitation.

3. RESULTS AND DISCUSSION

3.1. Galvanostatic measurements

Current density is directly related to the economic efficiency and alloy properties, hence it is
a very important variable in the electrodeposition process. Many factors affect the current density or
cathodic potential such as chemical composition, appearance, corrosion resistance and quality of the
alloys [16]. In order to monitor the potential with time, a galvanostatic curves are plotted in a static
electrolyte under constant current densities for 10 minutes.
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Figure 1. E - t curves for steel in a standard bath at 25.0 °C for 10 minutes at different low cathodic
current densities.

Figure (1) shows the potential-time dependence for the electrodeposition of Zn-Ni-Mn alloys
on steel rod at 0.5 to 5 mA cm™ range cathodic current densities. During the first few seconds and at
a current density of 0.5 mA cm™, the potential shifts rapidly to more negative values due to the
nucleation process. As the time increases, the potential reaches a constant small value (-578 mV) of
potential which indicates that only the nobler metal (Ni) is deposited at this current density. This
indicates that at very low deposition current density, the deposit consists of a very nickel-enrich
phase and the deposition takes place with very low overpotential. During the first 270 seconds and at
a current density of 0.75 mA cm™, the potential increases gradually to more electronegative values
till reaching a current density of -755 mV indicating obtaining nickel-enrich deposits (i.e., normal
codeposition) where Ni needs low nucleation overpotential. During the next 120 seconds, the
potential increases sharply till reaching the value of -1054 mV indicating the deposition of Zn and/or
Mn. During the remaining time, the alloy grows at a constant potential value which is approximately
-1054 mV. For the duration of the first 100 seconds at a current density of 1.0 mA cm, the potential
increases gradually to more electronegative values till reaching the value of -727 mV indicating
obtaining nickel-enrich deposits because of the small negative value of potential. During the next 70
seconds, the potential increases sharply till reaching the value of -1069 mV indicating the deposition
of Zn and/or Mn (i.e., anomalous codeposition). During the remaining time, the alloy grows at a
fixed potential value which is about -1058 mV. Throughout the first few seconds at current densities
of 2, 3 and 5 mA cm?, the potential shifts suddenly to more electronegative values indicating the
nucleation process. As the time increases, the potential slightly move to more positive values, then the
alloys grow at constant values of potentials. These constant values of potentials mean that the
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composition of the deposited alloys remains unchanged during the growth process. It is very clear from
the same figure that the nucleation time (ty) reduces as the constant current density is shifted to more
cathodic values meanwhile the nucleation potential (Ey) shifts to more electronegative values. This
refers to that more overpotential is needed to create the initial nucleus as the deposition current density
increases to more cathodic values.
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Figure 2. E - t curves for steel in a standard bath at 25.0 °C for 10 minutes at different high cathodic
current densities.

Figure (2) shows the potential-time dependence for the electrodeposition of Zn-Ni-Mn alloys on
steel rod at different high cathodic current densities ranging from 5 to 40 mA cm™. It is noticeable that all
galvanostatic curves showed the same trend, the potential shifts rapidly to more cathodic values
during the first few seconds as a result of the nucleation process in then reaches constant values at
which the growth process of the deposits takes place. As the constant current density was shifted
from 5 to 40 mA cm™, the galvanostatic curves shifted towards the cathodic direction which may
be ascribed to the increase in the Zn and Mn amounts in the deposited alloy as a result of
increasing the current density to more cathodic values. After the current density of 5 mA cm™,
there are fluctuations of low frequency and magnitude in the galvanostatic curves which may be
due to the increase in the hydrogen evolution reaction, the increase in the deposition rate and the
increase in the nickel content in the deposited alloy which may lead to the formation of dendritic
deposits at high cathodic current densities.
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3.2. Galvanostatic cathodic polarization curve
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Figure 3. Galvanostatic cathodic polarization curve for Zn-Ni-Mn alloys obtained on steel rod from a
standard bath at different cathodic current densities for 10 minutes at 25.0 °C.

Figure (3) shows the galvanostatic cathodic polarization curve for Zn-Ni-Mn alloys obtained at
different deposition current densities ranging from 0.5 to 40 mA cm™. It is clear that the cathodic
current density shifts slightly to more negative values till the potential of -1063 mV where normal
deposition occurs, i.e., preferable deposition of Ni into the alloy (part A). After the potential of -1063
mV, the cathodic current density shifts rapidly to more negative values till the potential of -1392 mV
where anomalous deposition occurs, i.e., preferable deposition of Zn and Mn into the alloy (part B). It
Is noticed that the normal deposition occurs at potentials which are positive to Zn deposition potential
(E'z0= -1050 mV versus SCE) while anomalous deposition occurs at potentials which are negative to
Ezn.

Hindrance in the discharge of nickel ions due to adsorption of zinc hydroxides may be One of the
possible reasons for anomalous codeposition of zinc and nickel. The intense hydrogen production at near
the cathode surface may cause these hydroxides to be formed as a result of electrolyte alkalization.
However, it has been shown recently by measuring the pHs values in the vicinity of the cathode surface
in a plating solution of 0.5 M NiSO,4 + 0.5 M ZnSO,, that the inhibition in the reduction of nickel ions
does not result from the formation of zinc hydroxides because the pHs values do not reach the values
needed for hydroxide formation [17]. Accordingly, anomalous deposition of Zn and Ni in Zn-Ni-Mn
alloy may be attributed to the high overpotential of nickel deposition on zinc substrate and peculiarities
of the structure of the electric double layer containing the zinc ions together with the nickel ones. Due to
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the zinc ion’s higher surface activity, compared to nickel, the zinc ions replace the nickel ions in the
dense part of double layer leading to an alloy enrichment with zinc [17]. When the zinc ions reduction
rate decreases, a redistribution of ions concentration occurs in the dense part of the double layer leading
to an increase in the nickel content at high cathodic current densities. This agrees well with the results of
previous works [18]. Evidencing that the nickel content in the alloy grown in the acidic bath exhibits
variations with current density. Therefore, the mechanism of nickel and zinc codeposition can be
switched from anomalous to normal by changing the plating conditions (deposition potential or current
density).

3.3. Anodic linear sweep voltammograms (ALSVS)
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Figure 4. ALSVs for Zn-Ni-Mn alloys obtained on steel rod at 25.0 °C for 10 minutes at different low
cathodic current densities from a standard bath, in 0.5 M Na,SO, + 0.05 M EDTA at 5 mV/s
and 25.0 °C.

Figure (4) shows the anodic linear sweep voltammograms (ALSVs) obtained during the
dissolution of Zn-Ni-Mn alloys electrodeposited on steel rod at different low cathodic current densities
ranging from 0.5 to 5 mA cm™. On the basis of the ALSVs, an identification of the phase structures
present in the Zn-Ni-Mn alloys can be obtained. At a current density of 0.5 mA cm™, there are no
anodic peaks indicating that the amount of Ni deposited is too small and is not sufficient to give
apparently dissolution peak. At the current density of 0.75 mA cm™, there is only a very small anodic
peak at -275 mV which is attributed to the dissolution of Ni previously deposited on the electrode
surface. At a current density of 1.0 mA cm, the dissolution of Zn-Ni-Mn alloy occurs under three
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voltammetic peaks which are at potentials of -853, -558 and -253 mV. The first anodic peak is ascribed
to the dissolution of Zn from pure zinc phase, the second one is attributed to the dissolution of Zn from
v-NisZn,; and/or 8-NizZn,, phases, and the third one is attributed to the dissolution of Ni from nickel
phases. It is noticeable from the ALSV curve at 1.0 mA cm™ that the height of the first two current
peaks is low meanwhile the height of the third one is high indicating obtaining Ni-enrich deposits
having good adhesion giving rise to normal codeposition.

At the current densities of 2, 3 and 5 mA cm, the dissolution also occurs under three anodic
current peaks. It is clear from the same figure that the height of the anodic peaks increases as a result
of increasing the deposition current density to more cathodic values indicating the increase of the
amount of alloy components and obtaining a thicker layer of the deposit on the substrate surface. Also,
the dissolution peaks shift to more positive values giving rise to the improvement of the corrosion
resistance properties of the deposits. As can be seen from the figure, there is a small shoulder at a
current density of 3 mA cm™ at -611 mV which may be attributed to the dissolution of Zn from a new
zinc phase. This shoulder becomes at -595 at a current density of 5 mA cm™ (i.e., at more noble
potential).
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Figure 5. ALSVs for Zn-Ni-Mn alloys obtained on steel rod at 25.0 °C for 10 minutes at different high
cathodic current densities from a standard bath, in 0.5 M Na,SO, + 0.05 M EDTA at 5 mV/s
and 25.0 °C.

Figure (5) shows the ALSVs obtained during the dissolution of Zn-Ni-Mn alloys
electrodeposited on steel rod at different high cathodic current densities ranging from 5 to 30 mA cm?.,
It is obvious that when the deposition current density increases cathodically from 5 to 20 mA cm, the
height of the first anodic peak slightly increases meanwhile the height of the second and third anodic
peaks rapidly increases. This indicates that the amount of pure zinc phase increases slowly while the
amount of y-NisZny; and/or 8-NisZn,, phases increases rapidly as a result of the change in the current
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density from 5 to 20 mA cm™. This is the reason responsible for shifting the anodic peaks towards the
positive direction when the deposition current density is shifted towards the negative direction which
leads to obtaining Zn-Ni-Mn alloys of good corrosion resistance properties at high cathodic current
densities. The shoulder present at a current density of 3 and 5 mA cm™ overlaps with the second
anodic peak when the current density becomes more cathodic than 5 mA cm™.

The ALSV curve, at a current density of 30 mA cm™, has an abnormal dissolution peak shape
where there is a very large decrease in the height of the first dissolution peak and a significant increase in
the height of the second and third dissolution peaks. This indicates that there is a decrease in the content
of the pure Zn phase and consequently an increase in the content of the y-NisZny; and/or 6-NizZny,
phases. In addition, increasing the content of the nobler phase of the alloy with increasing the current
density towards the cathodic direction shifts the anodic peaks towards the positive direction, giving rise
to the improvement of the corrosion resistance properties of the deposit. It is clear that the current density
does not reach zero at the end of the oxidation process indicating that the deposit is not completely
removed from the electrode surface as it has been recorded practically indicating obtaining an alloy of
good adhesion and good corrosion resistance properties. It is noteworthy that Mn does not exhibit anodic
peaks during the dissolution of the alloy. This may be ascribed to the low content of manganese in the
deposited alloys with respect to the content of zinc and nickel, therefore the manganese anodic peak may
overlap with the anodic peak of pure zinc phase. The low content of manganese is due to its high
electronegative deposition potential with respect to the deposition potential of zinc and nickel.

3.4. Potentiodynamic polarization curves
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Figure 6. log i - E curves for Zn-Ni-Mn alloys obtained on steel rod at 25.0 °C for 10 minutes at
different low cathodic current densities from a standard bath, in 0.05 M HCl at 5 mV/s and 25.0
0
C.

Figure (6) exhibits the potentiodynamic polarization curves obtained from steel coated
galvanostatically with Zn-Ni-Mn alloys electrodeposited at different low cathodic current densities
ranging from 0.5 to 5 mA cm™. It is clear that the deposited alloys have more noble corrosion
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potentials in the current density range from 0.5 to 1.0 mA cm™. This is because of obtaining Ni-enrich
deposits, giving rise to normal electrodeposition. As the current density is shifted to more cathodic value
from 1 to 2 mA cm, the corrosion potential sharply shifts to more cathodic value from 455 to 967 mV
then the it slightly increases to more cathodic values as the deposition current density is increased to more
cathodic values from 2 to 5 mA cm™. This is due to the decrease in the nickel content as indicated from
Table (1) where the nickel content decreases from 8.7% to 5.2% when the current density is shifted
from 1 to 3 mA cm™.

Figure (7) shows the potentiodynamic polarization curves obtained from steel coated
galvanostatically with Zn-Ni-Mn alloys electrodeposited at different high cathodic current densities
ranging from 5 to 40 mA cm™. It is noticeable that the corrosion potential shifts generally to more
positive values after the current density of 5 mA cm™. This may be attributed to the increase in the
amount of deposited Ni in the alloy as a result of increasing the deposition current density to more
negative values during the higher range. This interpretation agrees with the results obtained in Table
(1) where the deposited alloys have high Ni content at high cathodic current densities. For example,
the deposited alloy has 14.1% of Ni at a current density of 40 mA cm™. Similar results have been
obtained during the dissolution of Zn-Ni alloys [19].
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3.5. Surface morphology

10pm 5000

Figure 8. (a, b and ¢) SEM micrograph for Zn-Ni-Mn alloy electroplated on steel substrate of area
2 cm’ at different cathodic current densities (a)10 mA/cm?, ()20 mA/cm? and (c)30
mA/cm? and 25.0 °C for 10 minutes from a standard bath.

Figures (8 a, b and c¢) show the scanning electron microscopy (SEM) micrographs for Zn-Ni-
Mn alloys obtained on steel substrate at 25.0 °C at the current densities of 10, 20 and 30 mA/cm?. It is
clear that increasing the cathodic current density results in decreasing the grain size for the obtained
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coatings. Consequently, the compactness, adherence and hardness increase with increasing the
cathodic current density. The surface morphology of the coating at the current density of 30 mA/cm?
has less uniformity and homogeneity which may be due to the increase in the deposition rate at high
cathodic current densities. It is noticeable that the greatest homogeneity and uniformity, least grains
size and highest crystallinity are at the current density of 20 mA/cm?. Therefore, the most preferable
surface morphology, appearance, hardness, compactness and adherence is at this current density. As
can be seen from the figures, the three coatings completely cover the substrate and there are no cracks.
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Figure 9. XRD peaks for Zn-Ni-Mn alloys electrodeposited on steel substrate of area 2 cm? at
25.0 °C for 10 minutes from a standard bath at: (a) 30 mA cm™ and (b) -5 mA cm™.

Figure (9) exhibits the diffractograms of Zn-Ni-Mn alloys obtained at current densities of -5
and 30 mA/cm?. It is clear that increasing the cathodic current density from 5 to 30 mA/cm? results in
increment the intensity of all XRD peaks referring to the increment in the content of all phases.
Moreover, some new peaks appear at the current density of 30 mA/cm? which are the peak at 260 of
37.55 that corresponds to Mng27Zng 73 phase, the peaks at 20 of 41.75 and 67.8 that correspond to -
Ni3Zny, phase and the peaks at 20 of 57.3 and 83.7 that correspond to pure Zn phase. The intensity of
the peaks that correlate to the substrate (at 20 of 44.65 and 65.1) for the alloy obtained at 5 mA/cm? is
higher than that for the alloy obtained at 30 mA/cm? indicating the higher thickness of the alloy
electrodeposited at 30 mA/cm?.
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3.6. Electrochemical measurements and deposit composition

Table 1 illustrates the dependence of Zn-Ni-Mn alloy composition on the deposition current
density. It is noticeable that the zinc content increases from 89.3% to 92.6% when the current density
is shifted from 1 to 3 mA/cm? then decreases till reaching the value of 82.4% with shifting the current
density to more negative values. The decrease in zinc content is replaced with an increase in nickel
content at high cathodic current densities. The nickel content decreases from 8.7% to 5.2% when the
current density is shifted from 1 to 3 mA/cm? then it increases till reaching the value of 13.9% with
shifting the current density to more cathodic values. This increment may be ascribed to the lower
overpotential of nickel deposition at higher cathodic current densities or to the decrease in zinc content
at higher cathodic current densities. It has been reported elsewhere too that the increase in the applied
current density results in an increase of the content of the nobler metal in the coating [20]. Similar
results have been obtained during the electrodeposition of Zn-Ni-Fe [21] and Zn-Ni-Co [22] where
increasing the current density to more cathodic values results in an increment of the nobler metals into
the deposited alloy. The manganese content increases slowly from 2.0% to 3.7% with shifting the
current density to more cathodic values. Similar results have been obtained during the
electrodeposition of Mn-Co alloy [23] where increasing the cathodic current density results in an
increment of manganese content into the deposited coating. It has been reported that the rate of Zn
deposition is heavily influenced by mass-transport limitation at high applied cathodic current densities
while the rate of Ni deposition is not [22].

The obtained results show that the dependence of the current efficiency of Zn, Ni and Mn
metals and Zn-Ni-Mn alloy on the deposition current density. Both Zn®* and Mn®* have deposition
potentials more negative than the potential for hydrogen evolution reaction, so H, evolution is always a
parallel reaction during the alloy deposition. Consequently, the current efficiency of the alloy
deposition will be always less than 100%. The thickness of the deposited alloy increases as the
deposition current density increases to more cathodic values due to the increase in the content of the
alloy components. Also, the electrochemical measurements all are in consitans with the thickness and
the Ni content.

4. CONCLUSION

In the present research, Zn—Ni-Fe alloy deposits have been obtained from a sulfate bath at
different current density values. The electrodeposition of Zn—Ni—Fe exhibited the phenomenon of
anomalous type codeposition at the studied current densities from 3 to 40 mA c¢m2, but good surface
appearance and acceptable corrosion resistance. According to current density the electrodeposition
behavior of Zn—-Ni-Fe alloy can be divided into two regions. In the first region and at low current
density (0.5-1 mA cm™) a high corrosion resistance and normal codeposition was attained with high
current efficiency, but in the second region and at high current density and at a low current
efficiency a preferential deposition of less noble Zn (anomalous codeposition) proceeded.
Accordingly, the best corrosion resistance to this type of alloy on steel substrate is obtained at
current density in the range of 0.5-1 mA cm™.
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The obtained results, indicated that Ni ions (or its monovalent intermediate) were adsorbed

first, followed by the adsorption of Zn?* and/or Mn®* (or its monovalent intermediate), which
inhibits the subsequent deposition of nickel ions (or its monovalent intermediate). This competition
on occupying the active sites leads to the preferential deposition of Zn although it does not block the
deposition of Ni and Mn completely.
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