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Different techniques were used to illustrate the effect of manganese concentration on the composition
and microstructure of Zn-Ni-Mn films. Zn-Ni-Mn alloys electrodeposited from aqueous sulfate media,
under acidic conditions was investigated. According to the obtained results the Zn-Ni-Mn showed
greater corrosion resistance than Zn-Ni alloy under similar conditions. Galvanostatic measurements
for electrodeposition, cyclic voltammetry (CV) were used to the anodic and cathodic behavior of alloy
to study the potential ranges. Anodic linear sweep voltammetry (ALSV) technique was used for the
phase structure determination. It is obvious that increasing the manganese concentration results in
decreasing the grain size and the coating is uniform and homogenous. The corrosion test was
performed by the potentiodynamic anodic polarization method. The corrosion resistance of the coating
films was increased with increasing Mn ions in the electrolyte. Under these experimental conditions
the electrodeposition of the alloys is of anomalous type.
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1. INTRODUCTION

One of the most effective techniques used to protect iron and its alloys from corrosion is the
electrodeposition of zinc to produce protective anticorrosive coatings on iron and its alloys. The
formation of a passivation layer over the zinc surface causes a protective effect, in other words the
galvanic sacrificial effect that zinc shows towards iron and its alloys [1]. In industry, zinc alloys used
instead of zinc metal due to the improvement of anticorrosive properties of galvanic zinc layers on iron
and its alloys [2-6]. Further laboratory studies indicated the superior anticorrosion behavior of Zn-Mn
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alloys over zinc metal [7, 8], which may be attributed to the formation of a passivating layer and of
Mn203, which avoids oxygen reduction at the metallic surface. The effectiveness of the anticorrosive
behavior increases with the main content of the Zn-Mn superficial alloys, although alloys with 10%
Mn are already effective [7].

Manganese is much less noble than iron and is one of the few common metals with the
exception of zinc and cadmium that is sufficiently active to provide sacrificial corrosion protection
towards steel [9]. However, due to the high chemical reactivity and consequently the limited service
life of manganese when immersed in an electrolyte or exposed outdoors [10, 11] the application of
pure manganese electrodeposits as sacrificial coatings for steel has been discouraged. For corrosion
resistant finishes, manganese has been mainly proposed as an alloying element, such as zinc-
manganese alloys [12] which have been reported to possess the highest corrosion resistances known
among zinc alloys. However, the deposition process for zinc-manganese alloys have important
drawbacks, particularly with respect to the bath stability and the low cathode current efficiency CCE
[12]. Therefore, there is a need for the development of new sacrificial alloy coatings. Nickel-
manganese alloy electrodeposits attract interest as they potentially combine the barrier properties of Ni
with the sacrificial action of manganese. Since the standard electrode potential of Ni is far from that of
manganese, it is conceivable that the codeposition of manganese with nickel would be difficult. In fact,
there are very few investigations reported on the electrodeposition of manganese alloys and the
structure and properties of their deposits. This article will report the effect of adding manganese with
various concentrations to the electrolyte bath and its effect on composition, morphology and corrosion
resistance of Zn-Ni-Mn alloy films produced by electrodeposition

It is striking to mention that little work done on the electrodeposition of pure metallic
manganese. The study of manganese reduction is also complicated by the fact that Mn is easily
oxidized, and the manganese coatings obtained are oxidized forming a dark oxide film on the surface
when they exposed to air [13]. Sulfur containing additives are commonly added to solution from which
manganese is electrodeposited. It was reported [14] that the addition of such additives to the
electrolytic bath leads to deposition of manganese in the brittle a-phase [15]. It was clarified that sulfur
remains occluded in the coating as sulfide due to reduction of SCN" ions during the electrodeposition
process. Therefore, it is better to deposit Mn without the addition of such additives, may be with the
increase of Mn electrolyte concentration.

2. EXPERIMENTAL

The standard electrolyte is composed of: H,SO,4 [0.01 M], H3BO3 [0.20 M], Na,SO, [0.20 M],
MnSO, [0.10 M], NiSO4 [0.10 M] and ZnSQ,4 [0.10 M]. All electrolytes were freshly prepared using
double distilled water and the electrodeposition done without cathode movement or solution
stirring. All of the used reagent were of the best grade and were used without further purification. The
MnSQO, concentrations under investigation lies in 0.0 to 0.60 M range. All results were double
checked and almost gave nearly the same values. The relative standard deviation (RSD%) of the
standard bath deposited at different times was found to be 3.4, 2.3 and 3.2% for the Zn, Ni and Mn
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contents in the deposit, respectively. Two types of cathode were used, the first (Steel rod of area
0.196 cm?) is used for the electrochemical measurements while the second (Steel sheets of area 2 cm?)
is used for XRD analysis, chemical composition analysis and morphological properties (SEM).

Before each run, electrolytic cell [16] was cleaned with chromic/sulfuric acids mixture, then
filled with 50 ml of the electroplating solution (at 25.0 ‘C). EG&G Potentiostate/Galvanostat model
273A controlled by a PC using 352 corrosion software, used to perform the electrochemical
measurements. Polarization resistance (R;), corrosion potential (Ecor) and corrosion current density
(icorr) are the values of the electrochemical corrosion measurements of the coatings were achieved and
listed in Tablel.

Table 1. Values of Zn, Ni and Mn quantities in the deposit, total weight of the deposit, percentage of
Zn, Ni and Mn in the deposit, current efficiencies of Zn, Ni, Mn and Zn-Ni-Mn deposits,
thickness and electrochemical corrosion measurements of the deposits obtained
galvanostatically at 10 mA/cm? and 25.0 °C for 10 minutes at different concentrations of
MnSO, on steel substrate from a standard bath.

Mn concentration (M)

Parameter 0.05 0.1 0.2 0.6
Zn amount in the deposit x 10/ ¢ 30.9 29.8 29.4 28.3
Ni amount in the deposit x 10*/ g 2.7 2.3 2.1 1.7
Mn amount in the deposit x 107/ g 0.3 0.8 1.3 2.6
Total mass of the deposit x 10*/ g 33.9 32.9 32.8 32.6
Zn content / % 91.2 90.6 89.6 86.8
Ni content / % 8 7 6.4 5.2

Mn content / % 0.9 2.4 4 8
Zn current efficiency (ezn) / % 76 73.3 72.3 69.6
Ni current efficiency (eni) / % 7.4 6.3 5.8 47
Mn current efficiency (emn) / % 0.9 2.3 3.7 7.4
Zn-Ni-Mn alloy current 84.3 81.9 81.8 81.6

efficiency (ezn-ni-mn) / %
Thickness of the deposit / um 2.33 2.26 2.25 2.24
Corrosion potential (Ecorr) / mV -820 -788 =757 -701
Corrosion current density (icorr.) / LA 34.9 30.6 25.8 18.6
cm™

Polarization resistance (Rp) / kQ 3 4.2 59 8.7
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In cyclic voltammetry, the potential applied to the working electrode is scanned linearly back and
forth one from an initial value (0.0 mV) to a second value (-1300 mV) then back to the initial value. In
galvanostatic measurements, the cathodes current density is kept constant (10 mA cm™) for 10
minutes. In the potentiostatic measurements, the potential of cathodes were directed by
possession -1300 mV for 10 minutes.

The efficiency of the process was determined from the data obtained from atomic absorption
spectroscopy (Thermo scientific, model ICE 3000 series AA spectrometer) which is used to determine
the chemical composition of Zn-Ni-Mn deposits. A deposited layer solution (50.0 cm?® of 25% HCI and
double distilled water to a final suitable diluted) was then analyzed to find out the Zn, Ni and Mn
contents in the deposited alloy and the cathode current efficiencies of pure Zn, Ni and Mn were
determined [16]. The different deposited alloy phases were determined using X-ray diffraction
(Brucker Axs-D8 Advance X-ray diffractometer using Cu-Ka radiation). The surface morphology
of the deposits was examined by Scanning Electron Microscope (JSM-5500 LV, EEM, JEOL, Japan).

3. RESULTS AND DISCUSSION

3.1. Cyclic voltammograms
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Figure 1. i - E curves for steel at 5 mV/s and 25.0 °C in a standard Zn-Ni-Mn baths: (1a) 0.10 M
MnSO,4 and 0.00 M MnSOy, (1b) at different low concentrations of MnSO,4 and (1c) at different
high concentrations of MnSO..

The influence of Mn?* ions concentration in the electrolyte on the behavior of Zn-Ni-Mn
alloys are studied firstly by cyclic voltammetry (Figures (1.a-c)). In the cyclic voltammogram of
Zn-Ni (0.0 M Mn) system (Fig. 1a) the deposition reaction, starts at about -1075 mV. Previous studies
have shown that zinc reduction process are controlled by mass transport [17] and sequential oxidation
of different phases led to the detection of multiple peaks during the electrochemical oxidation of alloys
[18]. Accordingly, the anodic sweep in Fig. 1a shows four dissolution current peaks at -822, -550, -
294, and -160 mV. The first dissolution peak related to dissolution of Zn from pure Zn phase, the
second peak related to dissolution of Zn from y-NisZny; and/or 8-NisZny, phases, the third peak
ascribed to the dissolution of Ni from y-NisZn,; and/or 3-NisZn,, phases while the fourth dissolution
peak may be attributed to the dissolution of porous Ni matrix left after the preferential dissolution of
Zn from the Zn-enrich phases.

In the cyclic voltammogram of Zn-Ni-Mn at different concentrations of Mn (Fig. 1a), the
deposition process starts at around -1115 mV (peak c¢;), which is similar to Zn while hydrogen
evolution indicated by cs;. Hence, it seems that the deposition potential dictated mainly by Zn. It is
clear from the three figures (la-c) that the cathodic peak related to the deposition of sulfur (c;)
[19] is not affected by increasing the Mn?* ions concentration. However, the intensity of the
cathodic peak related to the deposition of alloy components (c,) decreases with increasing the
Mn?* ions concentration. It is obvious from Figure (1.a-c) that the deposition of the alloy
components begins nearly at the same potential (about -1115 mV) at all concentrations except at
the concentration of 0.05 M and 0.40 M where it begins at more positive potentials (-1080 mV and
-1090 mV respectively).
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The anodic part of the cyclic voltammograms (Figure 1b and 1c) consists of four dissolution
current peaks (ai, az, as, a4). The first peak (a;) is attributed to the dissolution of manganese from
Mng 27ZNg 73 or €-ZNMn phases (Figure 2), the second peak (a,) is correlated to the dissolution of zinc
from pure Zn phase, the third peak (as) is ascribed to the dissolution of zinc from y-NisZn,; and/or 8-
NiszZn,, phases meanwhile the fourth peak (a4) is related to the dissolution of nickel from Ni phases.
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Figure 2. XRD peaks for Zn-Ni-Mn alloys electrodeposited on steel substrate of area 2 cm? at
10 mA cm™ and 25.0 °C from a standard bath containing 0.10 M ZnSO,, 0.10 M
NiSO4, 0.10 M MnSOy4, 0.01 M H,SO4, 0.20 M NapSO4 and 0.20 M H3BO3; for 10
minutes.

The height of the first peak (a;) increases slowly as the concentration is increased from 0.02 to
0.20 M (Figure 1.b) then it increases rapidly as the concentration is increased from 0.20 to 0.60 M
(Figure 1.c) where this peak becomes very obvious at the concentrations of 0.40 and 0.60 M. This gives
rise to that increasing the concentration of manganese ions in the electrolyte from which the coatings
are obtained is one of the methods used to obtain coatings of high manganese content. This is due to
that increasing the concentration of the ions of a certain metal shift the deposition potential of this
metal to more positive values. It is clear that the addition of Mn to Zn-Ni system results in the
disappearance of the last anodic peak that was observed in Zn-Ni system.

In our study, manganese is the most electronegative metal and there is a significant difference
between its deposition potential and the deposition potential of Zn and Ni therefore, we often obtain
Zn-Ni-Mn alloys of low manganese content except at high cathodic deposition potentials and high
cathodic current densities. It is clear that increasing the concentration of the ions of the less noble
metal, i.e., Mn gets its deposition potential closer to that of the more noble metals i.e., Zn and Ni are
resulting in obtaining alloys of higher manganese content.

As can be seen from the same three figures that the anodic current peaks (a, a; and a4) do not
significantly change as a result of changing the Mn?* ions concentration except that there are small
differences between the height of the peaks. This may be because these peaks are essentially
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correspond to the dissolution of Zn and Ni from their phases whose amounts do not significantly
change as a result of altering the Mn?" ions concentration, except at the concentration of 0.6 M as can
be shown from Table (1).

3.2. Galvanostatic measurements and the anodic linear sweep voltammograms (ALSVS)
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Figure 3. E - t curves for steel in a standard bath at 10 mA/cm? and 25.0 °C for 10 minutes at different
concentrations of MnSQ,.

Figure (3) shows the galvanostatic curves obtained for Zn-Ni-Mn alloys on steel rod at 10
mA/cm? for 10 minutes at different concentrations of Mn?* ions. It is clear that the deposition potential
shifts rapidly towards the negative direction during the first few seconds due to the nucleation process.
The galvanostatic curves shift towards the positive direction as the concentration is increased from 0.02
to 0.20 M then they shift towards the negative direction as the concentration is increased from 0.20 to
0.60 M due to the decreases in the Ni and Zn content in the coating. There are some fluctuations in the
galvanostatic curves which may be ascribed to the hydrogen evolution reaction. These fluctuations
increase with increasing the Mn®" ions concentration where they become maximum at the
concentration of 0.60 M. These fluctuations may result in changing the composition of the deposited
alloys during the growth process. At low concentrations of Mn?" ions, the curves approach a stationary
state after the initial times (nucleation state) resulting in the composition of the deposited coatings at
these concentrations remains unchanged during the growth process.
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Stripping methods are useful to determine the chemical and phase compositions of the alloys.
In the case of Zn-Ni-Mn alloys, in most conditions, various peaks are observed in the oxidation scan
that have been previously identified [20].
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Figure 4. ALSVs for Zn-Ni-Mn alloys obtained on steel rod at 10 mA/cm? and 25.0 °C for 10 minutes
at different concentrations of MnSO, from a standard bath, in 0.5 M Na,SO, + 0.05 M EDTA
at 5 mV/s and 25.0 °C.

The anodic linear sweep voltammograms (ALSVs) obtained during the dissolution of Zn-Ni-
Mn coatings (Figure 4) show the influence of Mn?* ions concentrations on the phase structures of these
deposited coatings. There are three anodic current peaks corresponding to the dissolution of several
phases in the coatings. The first peak is attributed to the dissolution of Zn from the pure Zn phase, which
Is accompanied by the second peak that is related to dissolution of Zn from y-NisZny; and/or 6-NisZny;
phases meanwhile the third peak is correlated to the dissolution of Ni from Ni phases. It is noteworthy that
Mn does not exhibit anodic peaks during the oxidation of Zn-Ni-Mn alloys, although it exists in the alloy as
clear from Table (1). Therefore, this is not due to the non codeposition of manganese but due to the
overlapping between the manganese dissolution peak from its phase and the zinc dissolution peak from
pure zinc phase resulting in one dissolution peak which is the first anodic current peak.

It is clear from Figure (4) that as the concentration of Mn®* is increased, the first anodic peak
decreases and shifted towards the positive direction due to the decreases in pure Zn amount in the
deposit, but the second and third anodic peaks increase, may be due to the increase in corrosion
resistance as peaks are shifted to more positive potentials. The third anodic peak start to be significantly
influenced at the concentration of 0.60 M where it becomes a more positive potential.
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3.3. Potentiostatic measurements and the anodic linear sweep voltammograms (ALSVS)
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Figure 5.(a) i - t curves for steel in a standard bath at -1300 mV and 25.0 °C for 10 minutes at different
concentrations of MnSQO,.
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Figure 5.(b) i - t curves for steel in a standard bath at -1300 mV and 25.0 °C for 120 seconds at
different concentrations of MnSQ,.



Int. J. Electrochem. Sci., Vol. 10, 2015 6282

1504 0.02 M

T - =005M LA
125 - N

100 +

75+

50 H

i (MA cm?)

25

-25

-50 4

T T T T T T T T T T T T T
-1200 -1000 -800 -600 -400 -200 0
E (mV vs. Ag/AgCl)

Figure 6. ALSVs for Zn-Ni-Mn alloys obtained on steel rod at -1300 mV and 25.0 °C for 10
minutes at different concentrations of MnSO,4 from a standard bath, in 0.5 M Na,SO, +
0.05 M EDTA at 5 mV/s and 25.0 °C.

Figure (5.a) shows the potentiostatic current density-time curves obtained for Zn-Ni-Mn alloy
on steel rod at -1300 mV for 10 minutes at different concentrations of Mn®" ions. Firstly, we will
illustrate these curves during the first 120 seconds (Figure (5b)) since the potentiostatic curves do not
intercept with each other during this time. It is noticeable from Figure (5.b) that the current density
shift rapidly to more positive values during the first few seconds due to the nucleation process. Also,
the potentiostatic curves shift towards the positive direction during the first 120 seconds as the
concentration of Mn?* jons is increased from 0.02 to 0.60 M which may be due to the increment in the
manganese content of the deposited alloy. As can be seen from Figure (5.a) at each concentration, the
current density shifts towards the cathodic direction as the deposition time increases due to covering
the steel substrate with Zn-Ni-Mn coating. It is clear that the potentiostatic curves intercept with each
other after the first 120 seconds. There are fluctuations of low frequency and magnitude in the
potentiostatic curves which may be attributed the hydrogen evolution reaction or the formation of
dendritic deposits [15].

Figure (6) shows the ALSVs obtained during the dissolution of Zn-Ni-Mn alloys electrodeposited
at -1300 mV for 10 minutes at different concentrations of Mn?* ions. At the concentrations ranging from
0.02 to 0.20 M, there are three anodic current peaks which are ascribed to the dissolution of the alloy
components from their different phases as previously discussed. It is obvious that the ALSVs at the
concentrations of 0.02, 0.05 and 0.20 M have similar trends, where all the anodic peaks are close to each
other with respect to their heights and their potentials. This refers to the similar composition of the



Int. J. Electrochem. Sci., Vol. 10, 2015 6283

coatings obtained at these concentrations. At the concentration of 0.10 M, there is a clear decrease in the
height of all peaks, moreover the peaks slightly shift towards the negative direction where they become
at less noble potentials.

It is striking that the coatings obtained at high manganese concentrations, i.e., 0.40 and 0.60 M
has abnormal dissolution behavior where there is a sharp decrease in the height of the first dissolution
peak resulting in overlapping with the second peak. This refers to the lower content of the pure Zn phase
obtained at these concentrations. Furthermore, 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. This
gives rise to the excellent corrosion resistance properties for the coatings obtained at high concentrations
of Mn?* ions.

On comparing the ALSVs obtained in Figure (4) and Figure (6), we can conclude the
following: firstly, the peaks produced from the oxidation of the coatings electrodeposited under
potentiostatic conditions at different concentrations of manganese ions are at more noble potentials
than those electrodeposited under galvanostatic conditions at the same concentration. Secondly, the
first anodic peak in the ALSVs produced from the oxidation of the coatings electrodeposited under
galvanostatic conditions is higher than the other two peaks. In the meantime, the first anodic peak in
the ALSVs produced from the oxidation of the coatings electrodeposited under potentiostatic
conditions is lower than the other two peaks. This refers that the coatings obtained under
galvanostatic conditions contain higher quantities of pure Zn phase and lower quantity of y-NisZny;
and/or 6-NisZny, phases than those obtained under potentiostatic conditions at the same
concentration. This indicates the better corrosion resistance properties of the coatings obtained
potentiostatically than those obtained galvanostatically at the same manganese ions concentration.
Finally, it is clear from the two figures that the influence of altering the manganese ions concentration
on the composition and properties of the coatings obtained under potentiostatic conditions is more than
the coatings obtained under galvanostatic conditions.

3.4. The potentiodynamic polarization measurements
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Figure 7. log i - E curves for Zn-Ni-Mn alloys obtained on steel rod at -1300 mV and 25.0 °C for 10
minutes, (7a) at 0.10 M MnSO,4 and 0.00 M MnSQ, and (7b) at different concentrations of
MnSO, from a standard bath, in 0.05 M HCI at 5 mV/s and 25.0 °C.

Figure (7 a and b) exhibits the potentiodynamic polarization curves for Zn-Ni-Mn alloys
obtained potentiostatically at -1300 mV for 10 minutes over a steel rod at different concentrations of
Mn®* ions [21]. It is noticeable that the deposits have more negative corrosion potentials at the
concentrations of 0.00, 0.02, 0.05 and 0.10 M than at the concentrations of 0.20 and 0.60 M. These
results are in agreement with the results obtained from ALSVs (Figure 6). It is clear that the coating
possesses the highest corrosion resistance properties at the concentration of 0.60 M which may be
correlated to the increase in the content of y-NisZny; and/or 6-NizZny, phases.

3.5. The scanning electron microscopy (SEM)
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Figure 8. (a and b) SEM micrograph gat magnification of 3000x) for Zn-Ni-Mn alloy electroplated
on steel substrate of area 2 cm? at 10 mA/cm? and 25.0 °C for 10 minutes from a standard
bath at different concentration of MnSOy4 (a) 0.01 M and (b) 0.60 M MnSO,.

Figures (8.a and b) show the scanning electron microscopy (SEM) micrographs for Zn-Ni-Mn
alloys obtained on steel substrate at 10 mA/cm? and 25.0 °C for 10 minutes at Mn concentrations of
0.10 and 0.60 M. It is obvious that increasing the manganese concentration results in decreasing the
grain size and the coating are uniform and homogenous. As can be shown from the figures, the
coatings completely cover the substrate and there are no cracks.

3.6. Electrochemical measurements and chemical analysis

Table (1) illustrates the dependence of Zn-Ni-Mn alloy composition on the manganese ions
concentration in the electrolyte from which the alloys are obtained. It is clear that the content of Zn
decreases from 91.2% to 86.8%, meanwhile the content of Mn increases from 0.9% to 8% as the
concentration is increased from 0.05 to 0.60 M. The content of Ni decreases from 8% to 5.2% as the
concentration is increased from 0.05 to 0.60 M. This indicates that the decrease in Zn and Ni contents
at high concentrations of manganese ions is replaced by an increment in the Mn content. Also, the
obtained results represented in Table (1) demonstrate the dependence of the current efficiency of Zn,
Ni and Mn metals and Zn-Ni-Mn alloy on the manganese ions concentration in the electrolyte from
which the alloys are obtained. As can be shown, the efficiency of Zn and Ni increases as the
concentration is decreasing as the concentration is increased from 0.05 to 0.60 M. The efficiency of
Mn increases from 0.9% to 7.4% as a result of increasing the concentration from 0.05 to 0.60 M. The
alloy efficiency decreases from 84.3% to 81.6% as a result of increasing the concentration from 0.05 to
0.60 M. The decrease in the alloy efficiency at high concentrations of Mn?* ions can be ascribed to the
increment in the hydrogen evolution reaction which completes the efficiency to 100%. The results
clarify that the thickness of the deposited coating decreases as the concentration is increased. The
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decrease in the coating thickness at high concentrations of Mn?* ions is perhaps related to the decrease
in the Zn content which represents the main alloy component of low density.

The obtained results (Table 1) indicated that the thickness of the layer decreases as Mn?*
concentration increases due to that the Zn content decreases and the maximum polarization resistance
and the lowest corrosion current and the more positive corrosion potential of the deposit was attained
at 0.60 M [22].

4. CONCLUSION

This division includes the influence of Mn?" ions concentration in the electrolyte on the
composition, structure, appearance, morphology and corrosion resistance properties of the deposit.
The cathodic peak related to sulfur deposition is not influenced by increasing the Mn?* ions
concentration. The excellent corrosion resistance properties of the obtained coatings are at high
concentrations of Mn®* ions (0.40 and 0.60 M). It has been concluded that the influence of altering the
manganese ions concentration on the composition and properties of the coatings obtained under
potentiostatic conditions is more than its influence on the composition and properties of the coatings
obtained under glvanostatic conditions. Furthermore, the corrosion resistance properties of the coatings
obtained potentiostatically are better than those obtained galvanostatically at same manganese ions
concentration.

Increasing the manganese concentration results in decreasing the grain size and the coating is
uniform and homogenous. Increment the Mn®* ions concentration from 0.1 to 0.6 M results in
increasing the Mn content meanwhile the Zn and Ni contents decrease. The decrease in the alloy
efficiency at high concentrations of Mn?" ions can be ascribed to the increment in the hydrogen
evolution reaction which completes the efficiency to 100%. The decrease in the coating thickness at
high concentrations of Mn?* ions is perhaps related to the decrease in the Zn content which represents
the main alloy component of low density.
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