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Introduction
Ferrous and its alloys possess prominent applications in all fields from the basic essential 

agricultural gadget to advanced types of materials production such as air crafts, automotive, 
railways, light, heavy machinery, shipping transportation, building, bridge construction, 
machines in daily life, architecture, structural applications, energy generation industry. It may 
not be possible to move ahead without ferrous metal and its alloys. As far as corrosion is 
the very important problem in the ferrous materials regarding the prolonged time of usage. 
Almost all metal and alloys are affected by corrosion due to nature and mode of preparation 
and its application environment [1-3]. Iron-based materials widely used in industries are 
severely affected by corrosion and cause several problems in the materials used in the 
industry. So, the protection of iron-based equipment is very crucial important [4]. Every year 
an enormous amount of money is spent in industry to replace damaged iron. Early the single 
metallic galvanized coating of zinc gives the corrosion resistance for iron-based materials, 
but the single metallic zinc coating exposed for a prolonged time at the severe environment 
hugely depleted from the coated surface of the ferrous substrate. So the protection of iron-
based materials from the corrosion are important and also to meet this encountered problem 
the alloy electroplating of zinc with iron group metal (Ni, Co, Fe), are concentrated mostly 
due to the alloying of zinc with noble metal have industrial significance and increase the 
service life of sacrificial action of zinc [5].The current density controls the properties and 
chemical composition of Zn-Fe alloy electrodeposit and the composition of iron with less than 
one percentage is enough to get the desired functional properties than the single galvanized 
protection of zinc [6,7]. Alloying of zinc with iron group metals follow the anomalous 
mechanism that is less noble metal preferentially deposited than a more noble one. In Zn-Fe 
alloy deposit zinc preferentially deposited than iron which is noble one compared with zinc 
The corrosion rate of the deposit not only depending upon the plating parameters, it also 
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The alloy electrodeposit of zinc with iron alloy on mild steel under various current density ranges 
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Fe alloy deposit was observed using potentiodynamic Tafel polarization, Electrochemical Impedance 
Spectroscopy (EIS) in 3.5% NaCl solution at room temperature. It confirms that the Zn-Fe alloy deposit 
obtained at optimized current density 4.0A/dm2 shown the lowest corrosion rate value 9.42mpy. The 
plate-like morphology of the deposit was observed at optimized current density by a Scanning Electron 
Microscope (SEM). X-ray Diffraction (XRD) analysis and EDAX confirm the presence of high intensity 
(103) plane and iron composition in the Zn-Fe alloy deposit at optimized current density is 4.0A/dm2.
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influenced by the percentage composition of the noble element, 
phase and morphology of the alloy deposit on the substrate. Among 
zinc-iron group alloy, the Zn-Fe alloy deposit provides three times 
higher corrosion resistance when compared to pure zinc deposits 
due to the nature of Zn-Fe phase structure of the alloy formed [8]. 
Zn-Fe alloy electrodeposited from various electrolytic baths such 
as sulfate, cyanide, alkaline, and chloride baths but the Zn-Fe alloy 
deposit obtained from acetate bath was very limited. Zn-Fe alloy 
with 10-15 percentage of iron was reported from acidic sulfate 
and chloride bath and no report was found in acetate bath with 
less than 10% of iron in the deposit [9,10]. In these studies, the 
focus was given to develop a new electrolytic acetate bath for the 
deposition of Zn-Fe alloy deposit on the surface of substrate and 
the zinc-iron alloy electrodeposit considered as a promising cost-
effective materials compare to Zn-Ni alloy electrodeposit. Here 
the mild steel surface was modified by electrochemical deposition 
by using acetate electrolytic bath and all the bath parameters 
were optimized using the Hull cell experiment to get uniform 
and bright deposition. The morphology, composition, phase and 
corrosion resistance was characterized by SEM, EDX, XRD, and 
Potentiodynamic Tafel polarization technique and EIS.

Experimental
An electrolytic bath for Zn-Fe alloy deposition was optimized 

by using a standard 267ml Hull cell for 10 min at applied current 
density 1.0-5.0A/dm2 shown in Table 1. Prior to the plating the 
substrate was pre-polished mechanically by using sandpaper 
of 800, 1000, 1200 successive grits as well as the samples were 
degreased in acetone with soaked cotton for 30 seconds and 
followed by electrochemical cleaning for 2 min to ensure the 
presence of bright finish then clean water rinse, and finally dipped 
in 30% HCl for 60s to activate the substrate surface and followed by 
rinsing with double distilled water and immediately the substrate 
was immersed in a plating bath for alloy deposition using the pre-
treated substrate as a cathode and zinc as an anode at various 
current density was applied by using a DC regulated power supply, 
at room temperature.

Table 1: Bath composition of Zn-Fe alloy deposit.

Composition gL-1 Conditions

Zinc(II) acetate (Zn(O2CCH3)2) 90 Current density  1.0-5.0A/dm2

Ferrous (II) Chloride (FeCl2) 40

Ammonium acetate 
(NH4CH3CO2) 60 pH                    4±0.5

Pottassium chloride (KCl) 65

N-acetylglycine (C4H7NO3) 6 Temperature         Room T 0C

Gelatin 10

Citric acid(C6H8O7) 8

Cathodic current efficiency (CCE) AND Throwing Power 
(TP)

 A Haring-Blum cell was used to find out the throwing power 
of the solution at various current densities from 1.0A/dm2 to 5.0A/
dm2. The deposition was carried out for 10 min and two mild 

steel cathodes positioned at a distance ratio of 1:5 from the zinc 
anode were maintained for all current densities applied for the 
deposit. From the weight of the deposits obtained at the near and 
far cathodes, the Throwing Power (TP) was calculated using the 
Field’s formula presented in Eq.1 [11] by measuring the ratio of 
the differences in the distance and weight of the alloy deposited at 
the near and far cathode and the cathode current efficiency of the 
electrolyte was determined from the initial and final weight of the 
deposits using the Eq.2 [12].

 100
2

L MThrowing power
L M

−
= ×

+ −  (1)

  
100MCCE

Eq wt alloy Q
∗

=
∗

 
(2)

Characterization techniques

The corrosion properties of the deposits were studied by means 
of Tafel extrapolation technique using potentiostat/galvanostat 
electrochemical analyzer and XRD measurement studies with a 
diffractometer BRUKER ECO D8 ADVANCE using monochromatized 
Cu Kα radiation. The surface texture of the deposited films was 
studied using a scanning electron microscope (Zeiss model) and 
the elemental composition was confirmed by EDX (OXFORD 
instrument).

Results and Discussion
Effect of current density and temperature

Figure 1(a) shows at high current density the percentage of iron 
in the deposit was increased compared to the deposit obtained at 
low current density. The deposit obtained at current density 4.0A/
dm2 have bright in nature and the deposit obtained with blistering 
in nature when increasing current density beyond 4.0A/dm2 due to 
increasing of iron percentage in the deposit which was resembled 
with the previous report of [13]. The electrolytic bath temperature 
also changes the quality of the deposit, from the Figure1(b) when 
the temperature have increased the percentage of iron content 
in deposit initially increased with bright nature up to 40 0C then 
decreased and the zinc content was increased it may be due to the 
rapid diffusion of zinc towards the cathode. The deposit was found 
to be dull at high temperature due to excess of Zn in the deposit.

Cathodic current efficiency and throwing power

From Figure 1(c) and Table 2 Cathodic Current Efficiency (CCE), 
throwing power and the percentage of iron in the deposit was 
increased with the current density up to 4.0A/dm2 and decrease 
with further increase of current densities due to the blistering and 
powdery deposits. The decrease in the current efficiency, throwing 
power and the percentage of iron content in the deposits at higher 
current density can be attributed to the hydrogen evolution 
reaction. Here, the ability of the solution for the uniform deposition 
is decreases and the brittleness of the deposit occurred at higher 
current density. The maximum throwing power and CCE were 
found to be 39.1% and 92.6% at the optimized current density of 
4.0A/dm2.
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Figure 1: Effect of (a) Current density on iron percentage (b)Temperature and (c) CCE and throwing power.

Table 2: Effect of Current density on Fe Percentage, CCE and TP of Zn-Fe deposit obtained at various current densities 
1.0-5.0A/dm2.

Current density (A/dm2) Fe in the deposit TP (%) CCE (%)

1.0 2.44 34.3 88.77

2.0 2.68 37.2 90.41

3.0 3.15 36.1 91.5

4.0 4.78 39.1 92.6

5.0 3.75 30.4 85.85

Hardness studies

Hardness properties of Zn-Fe alloy deposits were studied 
to evaluate hardness of the coatings. Figure 2 shows the effect of 

hardness on Zn-Fe alloy electrodeposited on different current 
densities. The hardness of deposit was increased with the current 
density and it decreases at high current density due to the 
brittleness of the deposit.

Figure 2: Vickers hardness of the Zn-Fe alloy electrodeposit at Current density 3.0-5.0 A/dm2.
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Corrosion behavior of the deposits

Figure 3a(a-f) shows the Tafel extrapolation and electrochemical 
impedance studies of Zn-Fe alloy deposition carried out in a 3.5% 
NaCl solution. It is seen from the Figure 3a that the potential was 
shifted more negatively than that of the bare steel of -0.942V which 
confirms that the deposited Zn-Fe alloys offer sacrificial protection 
and save the parent metal from the corrosion. The obtained results 
were a close resemblance to the studies of Bajat et al. [14]. From 
Table 3, it can be seen that the corrosion rate of the deposited Zn-

Fe alloy was decreased with the increase of current density. Zn-Fe 
alloy deposited at 4.0A/dm2 offers good corrosion resistivity with 
the 4.78% of Fe in the deposit and it decreased with the increase 
of iron content in the deposit. High corrosion rate was observed 
at 5.0A/dm2 may be due to the hydrogen evolution with porosity 
nature of the deposit. The corrosion stability of the deposit not 
only depending on the plating parameters of the deposit is also 
influenced by the composition percentage of the noble element, 
phases and morphology formation of the alloy deposit on the 
substrate.

Figure 3: (a) Potentiodynamic Tafel polarization plot and (b) EIS of Zn-Fe alloy deposit.

Table 3:  Electrochemical corrosion data’s of Zn-Fe deposit obtained at different current densities.

C.D: A/dm2 % of Fe in the deposit -Ecorr(V) Vs SCE Corrosion rate(mpy)

Bare - 0.942 37.44

1.0 2.44 0.998 22.83

2.0 2.68 1.031 18.96

3.0 3.15 1.052 16.26

4.0 4.78 1.078 9.42

5.0 3.75 1.091 13.77

Corrosion potentials of all Zn-Fe alloys are very negative 
compared to the steel surface since there is only a little amount 
of Fe in an alloy. Zinc-iron alloy electrodeposits obtained at 4.0A/
dm2 shown better corrosion resistance with improved mechanical 
properties when compared to pure zinc coatings. EIS studies 
also confirmed that the Zn-Fe alloy deposited at 4.0A/dm2 shows 
better peak performances against corrosion which concluded as an 
optimized condition for the Zn-Fe alloy deposition 4.0A/dm2.

SEM, EDX and XRD Studies

The effect of different current densities on the morphology of 

the electrodeposited Zn-Fe alloys was studied and shown in Figure 
4(a-c). It can be seen that the agglomeration of Zn-Fe grains and 
some crystalline structure were observed. It could be attributed to 
the gradual increase of iron content in the deposits with the increase 
of current density. Furthermore, the feather and flake like structure 
represent the different stages of Zn-Fe alloy deposit process. It may 
be concluded that when the percentage of iron content in deposit 
varied, the shape and structure of alloy deposit were also changed. 
All the structures reflected the high compactness of the deposit. 
Elemental analysis of Zn-Fe alloy deposits was carried out by EDX 
analysis shown in Figure 4(d-f).
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Figure 4: SEM images (a-c) and EDX analysis (d-f) of the Zn-Fe alloy deposits.

The weight percentage of Fe in the deposit increases with 
the current density and it is high in the case of alloy deposited at 
5.0A/dm2. XRD pattern of Zn-Fe alloy deposits shown in Figure 5 
indicates that the peak intensity of the Zn-Fe deposit increases with 
the current density and the deposit obtained at current density 
4.0A/dm2 shows high-intensity peak corresponding to Zn with the 
preferred orientation of (103) which are matched with reference 
Pattern No. 00-045-1184. This is due to the unique phase structure 

of the alloy formed with lower iron content (<10% Fe). The entire 
XRD pattern shows the peak corresponding to the ‘η’ phase of 
Zn-Fe alloy deposition and results highly reflect the results of 
Kanagasabapathi et al. [15]. From measuring peak intensity and its 
corresponding full width half maximum (FWHM) value of XRD peak 
of Zn-Fe alloy deposit, the average crystallite size of Zn-Fe alloy is 
189nm was calculated using Scherrer formula.

Figure 5: XRD analyses of the Zn-Fe alloy deposits.
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Conclusion
 The Zn-Fe alloy deposition was carried out at various current 

density ranges and kept the temperature, pH and all other bath 
parameters as constant. The deposit obtained at 4.0A/dm2 
shows the bright deposition with 4.78% of iron in the deposit. 
The lowest corrosion rate of 9.42mpy with the highest corrosion 
resistance and a homogeneous, coherent with high intensity (103) 
orientation of single-phase Zn-Fe alloy deposit were obtained at 
optimized current density 4.0A/dm2 at room temperature. The 
average crystallite size of the deposit is 189nm was obtained. Zn-Fe 
alloys deposited at high current density appeared as non-uniform, 
brittle and powdered deposits around the edges of the samples. 
Furthermore, it is concluded that the Zn-Fe alloy deposited in 
acetate bath at 4.0A/dm2 is the best suitable alternative corrosion 
resistant alloy deposit for ferrous-based materials.
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