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Abstract  

Due to high cost and toxicity of cadmium coating, it can be replaced by Ni-Zn coating for various technological applications. The effect 
of Ni-Zn alloy coatings on mild steel under varying applied magnetic field from sulphate baths were studied using electrodeposition method. 
During deposition, steel substrate was taken as cathode and graphite rod was used as anode. Coating was performed using optimum operating 
parameters. Structure determination, surface morphology, thickness and mechanical properties were studied during this work. XRD results 
reveal that all the samples are single phase and have face centered cubic structure (fcc). The peak intensity increases with increasing magnetic 
field while lattice constant and crystallite size decrease up to the optimum value of magnetic field. The grain size becomes finer and more 
homogenous at specific applied magnetic field. Microhardness and other mechanical properties are improved by increasing applied magnetic 
field. Increase in magnetic field of Ni-Zn alloy coating improves the properties of steel which makes it more applicable in automotive, house 
building, electrical and aerospace industries. Coating through electrodeposition requires low cost, high deposition rate and easy to handle. 
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Introduction

Cadmium has been utilized as a corrosion resistant coating in 
the aerospace, electrical, and fastener industries for many years 
due to its superior corrosion resistance and technical features 
[1]. However, Cd coatings in any form, are cancer-causing and 
pose a rising environmental and health risk; thus, Cd coating 
use is prohibited [2] in industrial applications. Zn coated steels 
have increased corrosion resistance in dangerous circumstances, 
but their service lifetimes are dramatically shortened due to 
the formation white rust [3,4]. When Zn is alloyed with Ni, the 
mechanical properties of the coating improve. Because of nickel’s 
superior corrosion resistance, Ni-Zn alloy coatings are often 
employed to protect steel substrates [5]. It was also found that 
microhardness increased with the higher content of % Ni.

Recently, interest in Ni-Zn alloy coating has grown due 
to its superior mechanical and corrosion properties when 
compared to pure zinc coatings [6]. Developing and researching 
electrolytes of Ni-Zn alloy deposits is a high priority subject in 
electroplating. Many efforts have been made to better understand  

 
the electrodeposition process and to improve its commercial uses 
under the influence of a superimposed magnetic field on deposit 
characteristics [7]. It was discovered that creating a magnetic field 
during the deposition process can modify the phase formation of 
the alloy coating [8,9]. Zinc is a diamagnetic metal, whereas nickel 
is a ferromagnetic metal. Magnetic force could effectively boost 
the deposition rate of nickel during the magnetic plating process, 
affecting the component of Ni-Zn alloy films [5].

For structural and morphological features for example, found 
that exerting an external magnetic field had a significant impact 
on the dendritic development of Zn and Ni. Smooth deposits have 
been described in some cases because of magnetic field [10]. 
However, as electromagnetic processing technology advances, 
researchers are increasingly focusing on obtaining alloy films in 
magnetic fields [11].

Mild steel has much application in construction, structural 
shapes for building and bridges, manufacture bolts, car bodies. 
Mild steel hardness is very tough in repairing and it rust easily. 
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This research aims to Ni-Zn alloy used for the replacement of high 
toxic cadmium in the application of the varied magnetic field. Mild 
steel has weak tensile strength, degradation with the passage of 
time and is not long-lasting. So, the coating of Ni-Zn alloy on mild 
steel enhances the mechanical property and to cost effect by the 
method of electrochemical deposition. The effect of Ni addition 
was studied and an improvement in hardness was observed. The 
hardening and stress properties of the inclusion of Ni alloy are 
improved.

In this present work we understand the effect of magnetic field 
on crystal orientation, hardening, stress properties and surface 
morphology. Zn-Ni alloy coatings have been studied using the 
same bath, focusing on magnetic field. In this work, Ni-Zn coatings 
have been deposited on mild steel, with a high content of Ni from 
sulphate bath by induced magnetic field B in the range of (0 to 
4.5mT) in perpendicular direction. The variation of crystallite size, 
lattice parameter and surface smoothness were explained based 

on magnetic field. An attempt was done to understand the effect 
of magnetic field on coatings properties like hardness, thickness, 
mechanical, morphological and crystallography structure.

Experimental procedure

Zn-Ni alloy prepared by electrodeposition method under the 
effect of varied magnetic field. Using laboratory-grade chemicals 
and double distilled water the solution bath was prepared. The 
coating solution for Ni-Zn alloys contained 30g/l H3BO3, 50g/l 
zinc sulfate heptahydrate (ZnSO4.7H2O) and 70g/l nickel sulfate 
heptahydrate (NiSO4.7H2O), saccharin 1g/l. The bath elements and 
operating parameters of binary Ni-Zn alloy bath is listed in table 
1. Graphite rod used as an anode and alloy coating was obtained 
on mild steel which is used as a cathode. Mild steel having area 
2cmx1cm and it polished mechanically by emery paper of various 
grit sizes and cleaned by electrochemical solution. 

Table 1: Concentration of used chemical with suitable operating parameters.

Chemicals Concentration (g\l) Operating parameters

ZnSO4.7H2O 50 Deposition time: 20 min 
Current density: 2.0 Adm-2 

Magnetic field intensity:  
0.0 to 4.5 mT 

pH: 3.0 
Temperature:  293K

NiSO4.7H2O 70

H3Bo3 30

Saccharin 1

The pH was adjusted by the addition of Boric acid solution 
to perform Zn-Ni deposits at pH=3 and tested by pH paper 
meter and all deposition was conceded at room temperature for 
20min. The deposit current density was kept constant (2.0 A/
cm2) for study the effect of external applied magnetic field. The 
magnetic field of known intensity was applied. The magnetic field 
parallel to the electrodes and a constant distance was maintained 
between cathode and anode. The electrolytic cell was kept in the 
gap of electromagnets perpendicular was introduced during the 
electroplating process to obtain Ni-Zn thin alloy films on a steel 
substrate. The magnetic field applied was found to be uniform and 
homogeneous in the region of electrolysis.

The phase structure, crystallite size and crystallographic 
orientation of Zn-Ni alloy was investigated using the method of 
X-ray diffraction using Cu-Kα (k = 1.5406 A˚). The microstructural 
characterization and surface morphology of the coating was 

studied using scanning electron microscope (Hitachi-S3400). 
Mechanical properties are testing by (Shimadzu-AGX-057B 
machine) and Vickers hardness tester by AKASHI (HM-102) 
analyzed the microhardness and average roughness of the coating. 

Results and Discussion 

Thickness of coating is calculated by the mass difference 
before and after the deposition on substrate. Data of the calculated 
thickness, deposited mass for Ni-Zn coatings is given in the 
table 2. The data in the table values gives information about the 
changes which produced in substrate after deposition by applying 
magnetic field. It is being noted in table 2 that the deposited mass 
increases with the applied magnetic field [12] the film thickness 
also increases as well, eventually reaching a maximal position 
value at 20mint deposition time. The greatest film thickness 
measured in this study was determined to be 73μm (figure 1).

Table 2: Influence of magnetic field on thickness and deposited mass for Ni-Zn alloy coatings.

Sample no Magnetic field (mT) Deposited mass (g) Thickness (µm)

1 0 0.03 36.8

2 1.5 0.04 49.1

3 3 0.05 61.4

4 4.5 0.06 73.7
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Figure 1: Variation in thickness and deposited mass with change in magnetic field.

A very slight difference is observed in the thickness of the 
coated steel substrate. The increase in thickness is due to more 
deposited mass by applying magnetic field [13]. By increasing 
the deposit mass, the thickness of the substrate is increased then 
the smoothness of the surface is decrease. So, when the thickness 
increases to 70% then the deposit Ni-Zn alloy show some cracks 
on the surface. As in SEM result at higher magnetic field (B= 
4.5mT) surface shows some cracks similar when the thickness 
beyond to 70% at higher magnetic field surface shows cracks. In 
XRD the peaks of the intensity also decrease at higher magnetic 
field compared to other lower magnetic field due to increasing 
thickness. The Ni-Zn alloy is noted for being brittle and hard. The 
rise in thickness with the magnetic field is the cause of the crack 

[14].

X-ray diffraction is studied to investigate the crystal structure 
of deposited Ni-Zn alloy. The XRD patterns obtained from the 
sulfate baths in which Ni-Zn alloy coatings are of a mild steel 
substrate. Graphs are created to show the relationship between 
intensity and 2θ range. The structural parameters such as 
crystallite size (D), lattice constant (a) and d-spacing (d) can also 
be discussed. With the help of X-ray diffraction patterns three 
peaks could be seen (111), (200) and (220) at 42°, 49° and 72° 
in the range of 2θ angles from 30° to 80°. Which demonstrate 
that Ni-Zn coating has face centered cubic crystal (fcc) which is 
determined using standard method.

Figure 2: XRD pattern with miller indices of Ni-Zn alloy coating (a) at 0.0mT (b) 1.5mT, (c) at 3.0mT, (d) at 4.5mT.
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Figure 2 shows a comparative relation of X-ray diffracted 
intensity peaks of Ni-Zn alloy. The peak intensity alters significantly 
with changes in applied magnetic field strength. As shown in figure 
2 that all the peaks shifted from lower to higher angles of 2θ range 
with different values of intensity which is due to residual stress 
that can shifted some peaks in different directions. Diffracted 
peak intensity increases with the increasing of applied magnetic 
field [15]. Magnetic field at 0 and 4.5mT, peaks of the plane (111) 
seem to be less broadening due to increasing crystallite size but 
at 1.5 and 3.0mT magnetic field the peaks are sharp and broaden 
due to decreasing crystallite size. 

As we move towards higher angle the intensity of the peaks 
going to decrease but sharply increase by increasing of magnetic 
field. Furthermore, Chiba et al. concluded from XRD study that 
magnetic field repair crystal growth, this effect is more dominant 
at low magnetic field and this effect is more dominant at optimum 
magnetic field. Peaks intensity along the planes (111), (200) and 
(220) increasing continuously up to 3mT magnetic field but this 
intensity decreases at 4.5mT, hence 3mT is the optimum value 
of magnetic field [16]. No new peaks have developed because of 

the applied magnetic field, except for the increase in diffracted 
intensity as the magnetic field strength increases, as illustrated 
in figure 2.

The phase structure, crystallite size and crystallographic 
orientation of Zn-Ni alloy was investigated using the method of 
X-ray diffraction using Cu-Kα (k = 1.5406 A˚) as cupper source. 
All the coated samples were scanned in 5° to 80° (2θ) diffraction 
angle range, with a step size of 0.05° and scanning rate of 0.01/°s. 
Crystallite size (D) which is a single smallest crystal in size was 
calculated using the Scherrer equation:

( )
()

0.9
( ( )( )fcos

D
λ

β θ
= ………… (1)

Where k=0.9 is the Scherrer constant, λ is the wavelength of 
copper source (λ= 1.5406) in Angstrom (Å), β is determined by 
XRD data the full width at half-maximum (FWHM) of the peak, 
and θ is the diffraction angle are also known as Bragg’s angle 
measured in radians, respectively. Data about crystallite size, 
lattice parameter and d-spacing for all samples under varying 
magnetic field is given table 3 (figure 3).

Figure 3: Variation of the Lattice constant and crystallite size of Ni-Zn alloy at different magnetic field.

Table 3: Structural parameters of Ni-Zn alloy coating at different magnetic field.

Sample no Magnetic field (mT) d-Spacing (Å) Crystallite size (nm) Lattice Constant. a(Å)

1 0 1.75 95.21 3.67

2 1.5 1.73 90.15 3.64

3 3 1.72 59.26 3.61

4 4.5 1.74 100.01 3.65

The crystallite size of the coatings is calculated using the 
Scherer formula used in chapter 3 and found to be decreasing 
from 95nm to 59nm [17] with increasing in magnetic field to 
the optimum value. With increasing magnetic field, it observes 
decreasing in lattice parameter from 3.67 to 3.61 Å and same 

behavior in d-Spacing from 1.75 to 1.72 Å. But at high magnetic 
field the crystallite size increased to 100.01 Å [15], d- spacing and 
lattice parameter increased 1.74 Å and 3.65 Å respectively at high 
magnetic field 4.5mT [16].
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Figure 4: Ni-Zn SEM micrographs deposited (a) at 0.0mT (b) 1.5mT, (c) at 3.0mT, (d) at 4.5mT magnetic field.

 Increase in nucleation rate cause the crystallite size to shrink 
[18]. This decreasing of crystallite size makes the surface smooth, 
compact and durable. Smaller crystallite size is responsible to 
higher mechanical properties. The change in magnetic field had 
a considerable impact on their crystallite size, which changed the 
surface morphology as a result [19]. 

The microstructural characterization and surface morphology 

of the coating was studied using scanning electron microscope 
(SEM-Hitachi S3400). The grain size of the sample was also 
determined directly by help of SEM to verify the accuracy of the 
average grain size measurements. Without magnetic field as 
seen in figure 4(a) particle have high grain size and non-uniform 
surface morphology and high grain size but when a magnetic field 
is applied, the grain size becomes finer and more homogenous 
[16].

The average particle grain size was estimated from SEM 
micrograph and found to be 7.51, 7.45, 7.30 and 8.26 (μm) at 
magnetic field x = 0.0 and 1.5, 3.0 and 4.5mT respectively. At 
figure 4(a) Without magnetic field the surface morphology is non-
uniform. The average grain size is 7.51 (μm) at 0mT magnetic 
field. In figure 4(b) the average grain size is 7.45 (μm) at 1.5mT 
magnetic field. At low magnetic field (1.5mT), the Ni-Zn coating 
exhibits a cauliflower-like spherical shape as illustrated in figure 
4(b). This micron-sized cauliflower-like structure was dense, 
compact, and crack-free.

In figure 4(c) magnetic field at 3mT found to be coated 
with homogeneous void growths [8]. The average grain size is 
7.30 (μm) for this Ni-Zn alloy sample. The grain size continuous 
reduces up to B=3.0mT magnetic field. Although little voids are 
produced but overall coating is going to smooth [20] figure 4(d) 
the average grain size is 8.26 μm at high magnetic field 4.5mT. 
With increasing magnetic field, the grain size increased which 
lead to the formation of micro-cracks, as seen figure 4(d) [21]. 
The reason of the cracks was not clearly visible. Jessen proposed 
a sensible reason, stating that the cracks were produced because 
of stresses developed during Zn dissolution in the deposition [22].

Table 4 indicates that without magnetic field surface is non-
uniform and high grain size. But the applied magnetic field, surface 
become smooth, compact, hard and cauliflower spherical shape. 
By the presence of magnetic field resulting decrease in grain size 
which responsible to fine grain morphology. It could be owing to 
the grain refinement generated by the variation of magnetic field. 
Further, increase in magnetic field 4.5mT, grain size is increased 
due to cracks and void as shown in figure 4(d).

The particle grain size determined by SEM and they all are 
agreeing well with the crystallite size recorded by XRD [23]. 
Mechanical properties of material tell how long a material bear 
stress, how hard a material, and how elastic a material. Detail of 
mechanical properties like microhardness, yield stress, ultimate 
tensile strength, elastic modulus, and elongation are analyzed in 
the coming section.

Hardness is a material’s ability to resist against deformation. 
Vicker’s hardness is calculated by the help of diamond pyramid 
shaped indenter. The tensile strength of a metal determines its 
capacity to bear tensile loads without breaking. When a material 
is stretched or pushed, it can withstand the most stress before 
breaking (table 5). Data in the table shows that by increasing 
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applied magnetic field, the values of microhardness and ultimate 
tensile strength increases and it continuously show direct relation 
with magnetic field [24]. Variation in graph is reasonable to the 

variation of magnetic field which varies significantly during 
deposition (figure 5).

Figure 5: Variation in microhardness and ultimate tensile strength with change in magnetic field of Ni-Zn alloy coating.

Table 4: Variation of grain size under the effect of applied magnetic field.

Sample no Magnetic field (mT) Grain size (um)

1 0 7.51

2 1.5 7.45

3 3 7.3

4 4.5 8.26

Table 5: Influence of magnetic field on microhardness and ultimate tensile strength for Ni-Zn alloy coating.

Sample 
No.

Magnetic field 
(mT)

Microhardness before 
deposition (HVN)

Microhardness after deposition 
(HVN)

UTS before deposition 
(MPa)

UTS after deposition 
(MPa)

1 0 254.798 508.292 336.09 348.009

2 1.5 254.798 524.194 336.09 354.302

3 3 254.798 546.527 336.09 366.089

4 4.5 254.798 565.221 336.09 378.466

Any substrate with a high hardness has shown to be extremely 
resistant to corrosion and scratches [25]. The average increment 
of microhardness and ultimate tensile strength is 109 and 19 % 
respectively. The tensile strength of a material is proportional 
to its hardness. Any specimen with a high hardness seems to 
have a high tensile strength, which means that great stress is 
required to fracture it. As a result, increasing the hardness of the 
substrate improves the tensile strength. Resistance to permanent 
deformation is called yield stress. The ratio of the stress applied 
to the resulting stress is called the elasticity module. It is also 

defined as elastic deformation resistance (table 6).

Increase in yield stress also responsible to better corrosion 
protection. Tensile strength is directly proportional to yield stress 
[26] (figure 6). Elastic modulus and the yield stress improved by 
decreasing the crystallite size [27]. By increasing the hardness, 
the elastic modulus also increased because both are proportional 
[28] its means that if stress is applied to the material, it does not 
break or deform. High tensile stress means it resist the external 
applied force, without breaking. Elongation is the percentages 
changes in the length to the original length (table 7).
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Table 6: Influence of magnetic field on yield stress and elastic modulus for Ni-Zn alloy coating.

Sample 
No.

Magnetic field 
(mT)

Yield Stress before depo-
sition (MPa)

Yield Stress after 
deposition (MPa)

Elastic Modulus before 
deposition (Gpa)

Elastic Modulus after 
deposition (Gpa)

1 0 240.88 295.656 200.552 231.523

2 1.5 240.88 299.102 200.552 245.34

3 3 240.88 305.767 200.552 249.213

4 4.5 240.88 308.994 200.552 252.985

Table 7: Influence of magnetic field on elongation for Ni-Zn alloy coating.

Sample No. Magnetic field (mT) Elongation before deposition (%) Elongation after deposition (%)

1 0 18.309 35.908

2 1.5 18.309 37.123

3 3 18.309 38.325

4 4.5 18.309 39.98

Figure 6: Variation in yield stress and elastic modulus with change in magnetic field of Ni-Zn alloy coating.

The data in the table gives the information of the improvement 
in elongation of the substrate after the deposition. This value 
shows that by increasing magnetic field the elongation is increased. 
As the SEM micrograph showed the grain size decrease as the 
magnetic field increase due to which elongation also increase. 
Which means it increases ductility of the alloy [29] (figure 7). The 
graphical representation shows that magnetic field make good 
impact on steel substrate by the high value of elongation [2]. The 
bath prepared under magnetic field shows maximum elongation 
compared to another bath. Ductility increased under magnetic 
field with the maximum elongation at same temperature [30]. It 
can also be noticed that by decreasing grain size in SEM result the 

elongation of the substrate increases under the effect of magnetic 
field (figure 8).

Without magnetic field the microhardness of the sample is 
very low but when applying magnetic field, the microhardness 
of the Ni-Zn coated mild steel suddenly increases. Also, the value 
of ultimate tensile strength, yield stress and elastic modulus, 
elongation increases with the increasing magnetic field. 
When magnetic field is applied, these values increases and it 
continuously show direct relation with magnetic field. Variation 
in graph is reasonable to the variation of magnetic field in the bath 
which varies significantly during deposition. 
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Figure 7: Variation in Elongation with change in magnetic field of Ni-Zn alloy coatings.

Figure 8: Combined graph of Mechanical properties of Ni-Zn alloy coatings deposited at different magnetic field.

Conclusion

Ni-Zn alloy coatings deposited by electrodeposition on mild 
steel from a sulphate bath are studied. The effect of variation of 
magnetic field on crystal structure, surface morphology as well as 
mechanical properties like hardness and thickness is considered. 
When applied magnetic field is increased, the deposit mass of 
the coated substrate is continuously increased and hence, the 
thickness of coating is increased continuously. The peak intensity 
increases with the increasing of magnetic field up-to the optimum 
value and XRD diffracted line showed a single face cubic crystal 
structure (fcc). The plane intensity of (111) is dominant from all 

other planes peaks due to small, diffracted angle.

In XRD, crystallite size, lattice constant and d-spacing decrease 
with increasing magnetic field and further increasing magnetic 
field they all are increases. SEM results show that more compact 
morphology of the coating obtained at magnetic field of 3.0mT. The 
hardness of the coating increased with varying magnetic field and 
it improved the strength and ductility of the steel. The hardness 
and all other mechanical properties yield stress, elongation, 
ultimate tensile strength, and modulus of elasticity of Ni-Zn alloy 
coatings increased as the applied magnetic field is increased. All 
the coated property showed best behavior at optimum magnetic 
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field (B=3mT) at higher magnetic field they show inverse 
behavior as XRD and SEM results show but mechanical properties 
increasing continuously as the applied magnetic field increases.
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