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Abstract—In this research, zinc coatings were fabricated by 

electroplating process in a sulfate solution under direct and pulse 
current conditions. In direct and pulse current conditions, effect of 
maximum current was investigated on the coating properties. Also a 
comparison was made between the obtained coatings under direct and 
pulse current. Morphology of the coatings was investigated by 
scanning electron microscopy (SEM). Corrosion behavior of the 
coatings was investigated by potentiodynamic polarization test. In 
pulse current conditions, the effect of pulse frequency and duty cycle 
was also studied. The effect of these conditions and parameters were 
also investigated on morphology and corrosion behavior. All of DC 
plated coatings are showing a distinct passivation area in -1 to -0.4 V 
range. Pulsed current coatings possessed a higher corrosion 
resistance. The results showed that current density is the most 
important factor regarding the fabrication process. Furthermore, a rise 
in duty cycle deteriorated corrosion resistance of coatings. Pulsed 
plated coatings performed almost 10 times better than DC plated 
coatings. 
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I. INTRODUCTION 

INC coatings created by electrodeposition method are 
generally used in order to protect steel and cast iron 

substrates. The coated zinc catholically protects the iron 
substrate by acting as a sacrificial cathode, thus preventing 
corrosion. Furthermore, the coating acts as a barrier from 
aggressive species in the environments, just as a normal paint 
would. Unfortunately, zinc electroplated coatings are 
susceptible to certain phenomenon, such as spotting and 
darkening. The general weak behavior in aggressive 
environments also adds to the further burden that these 
coatings are only practical in the limited pH range of 6 to 12 
[1], [2]. Although certain methods such as chromating have 
been undertaken to enhance the corrosion resistance in the 
past, they are generally avoided due to newer environmental 
concerns. On the other hand, abrasion damage limits the 
application of soft zinc coatings, thus enhancing the 
mechanical properties are unavoidable. One of the few 
parameters that can be altered in electrodeposition is the type 
of applied current. 

Three types of applied current have been extensively used 
in the literature to produce zinc electroplated coatings. Direct 
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current (DC), pulsed current (PC) and pulsed reversed current 
(PRC). In the DC technique, the only variable parameter is the 
current density. However, in PC three additional parameters 
are introduced that affects the procedure: ON-time (Ton), OFF-
time (Toff) and the peak current (IP). Duty cycle (γ) is the 
correlation of these parameters as in (1) and (2): 

 

𝛾  
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Also, pulse frequency can be defined as: 
 

ƒ  
 

                                  (2)  

 
The main advantage of using PC is a phenomenon called 

the relaxation time [3]-[6]. When the process is under way, a 
negative charged layer is formed around the cathode which 
prevents ions from reaching the electrode [7]-[9]. By using the 
PC techniques, the induced off time will let this layer to 
partially discharge, thus omitting the mentioned problem [10]-
[13]. 

The literature unanimously reports that by utilizing PC the 
behavior of the resulted coatings change [4], [5], [14]. The aim 
of this study is to compare the corrosion characteristics of two 
pure Zn coatings that have been created using DC and PC 
technique.   

II. MATERIAL AND METHODS 

A glass cell was chosen to for the electroplating process. A 
zinc specimen of 99.96% purity was used as anode and a St 37 
steel specimen was used as a cathode. The anode was chosen 
to be 4 times larger than the cathode to mitigate the anodic 
polarization of zing during the process, especially at higher 
current densities. Anode was distanced 3 cm from the cathode. 
Steel sheets were abraded up to #200 by SiC grit papers, they 
were cleaned using ethanol in an ultrasonic bath for five 
minutes and activated in a 15% HCl solution and then washed 
using distilled water. Composition of the deposition bath is 
presented in Table I. 

The surface morphology was photographed using SEM. The 
corrosion tests were performed in a 1M NaCl solution and the 
polarization tests were done with a potentiostat Autolab-
PGSTAT 10. 

III. RESULTS AND DISCUSSION 

A. DC Current Coatings 

Fig. 1 shows the coatings that were created using DC 
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currents of 0.08, 0.10 and 0.12 A.cm-2. The hexagonal shapes 
that are normally observed in zinc coatings are also observable 
[2], [7], [15]. The largest grains are seen in the sample that has 
been fabricated using the lowest current density of 0.08 A.cm-

2.  
 

TABLE I 
CHEMICAL COMPOSITION OF THE BATH AND THE PARAMETERS OF THE 

ELECTRODEPOSITION 

Variable Range 

ZnSO4 200 g/L 

H3BO3 50 g/L 

SDS 0.3 g/L 

Temperature 25 °C 

Peak current density 0.8, 0.10, 0.12 A/dm2 

Pulse frequency 0, 10, 50, 100 Hz 

Duty cycle 10, 25, 50, 75 % 

pH 4.5 

Stirring rate 250 rpm 

 

 

Fig. 1 Polarization behavior of DC plated coating under three current 
densities 

 
TABLE II 

CORROSION CHARACTERISTICS OF COATINGS OBTAINED USING DC CURRENT 
i (A.cm-2) Ecorr (mV vs. SCE) Icorr (μA.cm-2) Corrosion Rate (mm.year-1) 

0.08 -1.11 9.6 0.11 

0.10 -1.12 15.6 0.18 

0.12 -1.06 9.7 0.11 

 
The potentiodynamic polarization curves of the 

aforementioned samples are also presented in Fig. 2 and the 
corrosion characteristics in 1M NaCl solution are presented in 
Table II. It is widely accepted that the main cathodic reaction 
of the related environments is the oxygen reduction (O2 + 
2H2O + 4e ↔ 4OH-). After the layer is formed on the cathode, 
during the transportation process an air formed layer forms on 
the zinc. Then when the zinc is immersed into the NaCl 
solution these films dissolute and then the dissolution of zinc 
itself creates colloids on the surface. Given time, these 
colloids turn into zinc compounds [15]. The main compounds 
are as follows: ZnO, Zn5(OH)8Cl2.H2O and Zn(OH)2 [15]. 
Focusing on the polarization curves, it can be observed that all 
of them are showing a distinct passivation area in -1 to -0.4 V 

range. This is accepted to be the result of formation of 
protective passive layers.  
 

 

Fig. 2 Morphology of coatings obtained using DC current: (a) 0.08 
A.cm-2 (b) 0.10 A.cm-2 and (c) 0.12 A.cm-2 

B. PC Plated Coatings 

1) Effect of Duty Cycle 

Fig. 3 depicts the polarization curves that have been 
obtained in order to find the effect of duty cycle on the 
corrosion behavior of the zinc coatings. It is apparent that the 
most positive potential is for the duty cycle of 10% and the 
most negative potential is the sample that has been produced 
in 25%. However, after tafel extrapolation it became obvious 
that the 25% sample possesses the highest icorr, as a result, this 
sample has the lowest corrosion rate of all. It is also noticeable 
that the passive area of this sample is somewhat more limited 
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than other samples. While other specimens are passive 
between -1.0 to -0.4, this sample is passive in -0.8 and -0.4 
range. Table III contains the corrosion characteristics of this 
part. It is also noteworthy to mention that the worst behavior is 
seen from the sample with the highest duty cycle. 

 
TABLE III 

CORROSION CHARACTERISTICS OF COATINGS OBTAINED USING PC CURRENT: 
EFFECT OF DUTY CYCLE 

Coating i (A.cm-2) γ (%) ƒ (Hz) Ecorr (mV) icorr Rcorr 

Zn-1 0.12 10 10 -1.10 3.81 .0443 

Zn-2 0.12 25 10 -1.13 1.99 0.023 

Zn-4 0.12 50 10 -1.12 3.57 0.041 

Zn-3 0.12 75 10 -1.09 68.8 0.799 

 

 

Fig. 3 Polarization behavior of PC plated coating under different duty 
cycles 

2) Effect of Pulse Frequency 

Fig. 4 and Table IV represent the corrosion characteristics 
of the coatings tested in order to find the effect of pulse 
frequency. It can be observed that by increasing the frequency, 
the graphs have shifted to more negative potentials. However, 
they have also shifted to more positive currents. Hence the 
pulse frequency has a negligible effect on corrosion rate.  

 
TABLE IV 

CORROSION CHARACTERISTICS OF COATINGS OBTAINED USING PC CURRENT: 
EFFECT OF PULSE FREQUENCY 

Coating i (A.cm-2) γ (%) ƒ (Hz) Ecorr (mV) icorr Rcorr 

Zn-4 0.12 50 10 -1.12 3.57 0.041 

Zn-5 0.12 50 50 -1.10 16.0 0.019 

Zn-6 0.12 50 100 -1.09 20.2 0.234 

3) Effect of Current Density 

It seems that among all parameters, the current density has 
the most applicable effect on the corrosion behavior of pure 
zinc coatings fabricated by pulse electrodeposition. It can be 
inferred from Fig. 5 and Table V that by increasing the 
maximum current density the graph has shifted downward and 
to left, indicating that the corrosion potential and current have 
become more negative, hence a notable rise in corrosion rate.  
 

 

Fig. 4 Polarization behavior of PC plated coating under different 
pulse frequency 

 
TABLE V 

CORROSION CHARACTERISTICS OF COATINGS OBTAINED USING PC CURRENT: 
EFFECT OF CURRENT DENSITY 

Coating i (A.cm-2) γ (%) ƒ (Hz) Ecorr (mV) icorr Rcorr 

Zn-4 0.12 50 10 -1.12 3.57 0.041 

Zn-7 0.10 50 10 -1.08 38.4 0.447 

Zn-8 0.08 50 10 -1.03 216 2.510 

 

 

Fig. 5 Polarization behavior of PC plated coating under different 
current densities 

4) Comparison of DC and PC coatings 

Fig. 6 and Table VI show the best behavior that has been 
obtained in this paper for both types of currents. It is easily 
observed in the graph that the difference is very apparent. The 
graph has shifted and the passive region in the PC plated 
coating is much more prominent. The numbers also indicate 
the same with the corrosion rate of the PC coating to be almost 
10 times better that the DC counterpart.  

 
TABLE VI 

COMPARISON OF CORROSION CHARACTERISTICS OF HIGHEST RESISTANCE 

SAMPLES CREATED BY DC AND PC METHOD 

Coating i (A.cm-2) γ (%) ƒ (Hz) Ecorr (mV) icorr Rcorr 

DC 0.12 --- --- -1.06 9.7 0.11 

PC; Zn-5 0.12 50 50 -1.10 16.0 0.019 
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Fig. 6 Comparison of polarization curves of highest resistance 
samples created by DC and PC method 

IV. CONCLUSION 

Pure Zn coatings have been fabricated by the use of two 
different current in the electrodeposition process. Polarization 
tests were done in order to find out the corrosion behavior of 
each coating. Furthermore, the effect of different parameters 
of pulse current technique has also been discussed. It was 
found out that the current density is the most effective 
parameters in controlling the corrosion behavior of the PC 
plated coating. In comparison, PC plating proved to produce a 
higher corrosion resistant coating.  
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