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Abstract: Nickel/nano-Al2O3 composite coatings produced by the pulse electrodeposition method and the influence of

pulse parameters, i.e., pulse frequency, duty cycle, and current density on the microstructure, hardness, and corrosion

resistance, were critically investigated on an AISI 1018 mild steel specimen electroplated in a Watt’s type bath. The

experiments were carried out with different combinations of pulse parameters using Taguchi’s L27 orthogonal array, and

27 trials were conducted to study the effect of pulse parameters in view to maximize the hardness of the specimen. The

assessment results clearly reveal that the specimen exhibits the maximum hardness at the pulse frequency of 20 Hz, duty

cycle of 30%, and peak current density of 0.4 A/cm2, which are designated as the optimal parameters herein. Furthermore,

the influences of those optimized pulse parameters over the microstructure and corrosion resistance were investigated, and

some conclusions were drawn. Also, from the ANOVA examination, it is clear that duty cycle is predominant in affecting

the hardness, while current density has relatively low impact.
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1. Introduction
Development of materials for high performance and

unique characteristics has shown a drastic change after the

advent of nano-technology. Synthesis of nano-structured

materials has been advanced and a lot of research is being

done in developing various methods for producing nano-

crystalline materials for their potential properties espe-

cially strength, ductility, and corrosion resistance [1]. Ce-

ramic particles of Al2O3 coatings have various applica-

tions, such as gas bearings, electrical insulation, and thin

film structures of magnetic heads for tape and disc drives,

and they exhibit high hardness, melting point, and ex-

treme chemical stability [2]. Ni/Al2O3 coatings are highly

abrasive and heat resistant and have relatively good anti-

corrosion properties. They can be attractive alternatives,

particularly to chromium coatings [3]. Electro-deposition

of pulse plating is a very versatile method, which can yield

nano-crystalline coatings with improved surface appear-

ance and properties, such as smoothness, refined grains,

and enhanced corrosion resistance [4-5]. Electroplating is

simple in operation and can be controlled precisely near

room temperature. It has low-energy requirement and

the capability of coating components with complex geo-

metrics; the thickness of plating layer can be controlled

by adjusting current density and electroplating time [6-7].

Pulse plating can give a homogenous distribution of par-

ticles, reduce waste, serve to control the microstructure

composition of the coatings, and has the capability of con-

tinuous processing [8-9]. The structure and properties of

composite coatings depend not only on the concentration,

size, distribution, and nature of the reinforced particles

but also on the type of solution used and electroplating

parameters (frequency, duty cycle, current density, tem-

perature, and pH value) [10]. Pulse plating parameters,

such as low pulse frequency, duty cycle, and current den-

sities, give more hardness, less wear, and corrosion resis-

tance [11-13]. Baboian [14] stated that the Salt Spray test,

when used properly, is one of the most valuable corrosion

tests in the world. It has impacted industries in all sectors.

It has been very valuable in terms of quality control and

comparative behavior materials and that is in all walks of

life: in automotive, aircraft, and compliance industries and
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in transportation and infrastructure. Taguchi techniques

for quality engineering can give better optimum results

[15-16]. Moreover, Hou and Chen [9] used the Taguchi

technique for the optimization of pulse parameters. How-

ever, to the authors’ knowledge, only negligible quantum of

work has been carried out in optimizing pulse parameters

for maximizing the hardness. This research work mainly

focuses on the pulse parameter optimization of Ni/nano-

Al2O3 composites using a mild steel specimen by Taguchi’s

L27 orthogonal array concept, and thereby determining the

optimum values which will maximize the hardness value.

Furthermore, the corresponding microstructure and corro-

sion resistance of the specimen were also investigated.

2. Experimental procedures
A typical Watts-type bath was prepared for the elec-

trodeposition process. The composition and the experi-

mental parameters are shown in Table 1. The Al2O3 par-

ticles in sizes varying from 40 to 50 nm were used in the ex-

periment. Before the codeposition process, the suspended

solution was stirred for 6 h, and then, ultrasonic vibration

was executed for 30 min. The pH value of the bath was

adjusted with nickel carbonate (25wt%) and sulphuric acid

(25wt%) solution, and a distinctive value of 4 was main-

tained throughout the experiment. AISI 1018 mild steel

plates of 10 mm in diameter and 32 mm in length on both

sides were used as the cathode; the surface length of the

substrate was blocked with a polyvinyl chloride (PVC) ad-

hesive tape; and the anode was made of a pure Ni plate.

The samples were metallographically prepared, immersed

in acetone, and then kept in an ultrasonic stirrer for 5 min.

This was done to clean the sample for impurities. The sub-

strates were then immersed in the bath using holding de-

vices. They were activated in a mixed acidic bath at room

temperature before electroplating. Substrates were placed

parallel to a vertically oriented nickel plate at a distance of

5 cm in the above-mentioned bath. A Dynatronix (USA)

pulse rectifier was used to supply pulse current at vari-

ous frequencies, duty cycles, and current densities. Dur-

ing the codeposition process, the bath was stirred at a

rate of 550 r/min by a magnetic stirrer to keep the parti-

cles dispersed and prevent sedimentation in the electrolyte

suspension. After depositing the coating, the thickness

was found using a metallurgical microscope, Metscope-1.

The crystal structure of the composite coatings was stud-

ied by X-ray diffraction (SEIFERT), and the surface mor-

phology of the coatings was observed using a Quanta-200

scanning electron microscope (SEM). The percentage of

codeposited Al2O3 particles was evaluated by using en-

ergy dispersive X-ray spectroscopy (EDX). Hardness of the

coatings was determined using a Vickers micro hardness

Shimadzu tester (HMV 2T indenter) with a load of 0.49 N

for 15 s. The same trial was repeated for ten times, and the

average value was quoted as the final hardness. The corro-

sion salt spray test following ASTM B117-07 standards was

conducted over the optimized specimen in the following

conditions: NaCl concentration, 5wt%±0.1wt%; camper

temperature, 33.8-34.8◦C; pH 6.7; air pressure, 103421 Pa;

and the collection of solution, 1.3-1.4 mL/h. The specimen

was gently cleaned and dried immediately before and after

the test.

Table 1. Basic bath compositions and electrodeposi-

tion conditions

Concentration of NiSO4·6H2O / (g·L−1) 330

Concentration of NiCl2·6H2O / (g·L−1) 50

Concentration of Sodium dodecyl sulfate / (g·L−1) 0.1

Concentration of Al2O3 particle / (g·L−1) 40

Temperature / ◦C 60±2

pH value 4

Pulse frequency / Hz 10, 20, 30

Pulse duty cycle / % 10, 20, 30

Pulse current density / (A·cm−2) 0.2, 0.4, 0.6

2.1. Pulse computation
The following equations are used to compute the val-

ues of duty cycle, frequency, total time, average current,

and peak current.

Duty cycle = TON / (TON + TOFF) (1)

Frequency = 1/Total time (2)

Total time = TON + TOFF (3)

IA = Ip× Duty cycle (4)

IP = Peak pulse current / Surface area (5)

where TON is the on-time, TOFF the off-time, IA the aver-

age pulse current density, and IP the peak current density.

2.2. Plan of experiments (Taguchi’s techniques)
Experiments were conducted based on the Taguchi’s

method at three levels, each with three factors. The values

taken by a factor are termed to be levels. The factors to

be studied and their levels chosen are detailed in Table 2.

Table 2. Factors and levels

Factor
Level

1 2 3

Frequency / Hz 10 20 30

Duty cycle / % 10 20 30

Current density / (A·cm−2) 0.2 0.4 0.6

2.3. Signal-to-noise ratio (S/N ratio)
The S/N ratio for micro hardness is calculated us-

ing the-higher-the-better criterion, which was given by

Taguchi [17], as depicted in Eq. (6):

S/N = − 10 lg

(
1

n
· ∑ 1

y2

)
(6)

where y is the observed data and n is the number of ob-

servations. From the orthogonal array used, it is possible

to get the effects of each factor at different levels. For in-
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stance, the average S/N ratio for factor A at levels 1, 2,

and 3 can be obtained by calculating the mean of S/N ra-

tios for trials 1-9, 10-18, and 19-27, respectively. The mean

S/N ratio for each level of all other factors is computed in

similar fashion. Here, the L27 orthogonal array is used for

experimental investigations.

The 27 experimental microhardness results are tabu-

lated, and the corresponding mean S/N ratio results are

calculated by considering the method that choosing higher

is better. Table 3 clearly shows the optimum level of the ex-

periment, i.e., the maximum hardness at frequency 20 Hz,

duty cycle 30%, and peak current density 0.4 A/cm2. The

results of ANOVA for the Ni/nano-Al2O3 composite coat-

ings under different pulse parameters, such as frequency,

duty cycle, and current density, are shown in Table 4. From

the ANOVA results, duty cycle seems to be predominant

in affecting hardness (54.59%). The percentage of error

for this experiment is obtained within the optimum level.

The results of percentage contribution and the main effect

of Ni/nano-Al2O3 composite coatings are represented in

Figs. 1 and 2, respectively. The graph is drawn to levels

versus the mean S/N ratio for microhardness. Each level

Table 3. Experimental results for microhardness and S/N ratio

Exp. No.
Frequency/

Hz

Duty

cycle/ %

Current den-

sity / (A · cm−2)

Surface area

(SA) / cm2
Peak

current/ A

Average

current/ A
Ton /ms

Toff /

ms

Plating

time / min
Hv S/N ratio

1 10 10 0.2 1.57 0.314 0.031 10 90 11.506 154.8 53.80

2 10 10 0.4 1.57 0.628 0.062 10 90 11.506 141.1 52.99

3 10 10 0.6 1.57 0.942 0.094 10 90 11.506 142.0 53.05

4 10 20 0.2 1.57 0.314 0.062 5 45 11.506 166.5 54.43

5 10 20 0.4 1.57 0.628 0.125 5 45 11.506 201.4 56.08

6 10 20 0.6 1.57 0.942 0.188 5 45 11.506 158.6 54.01

7 10 30 0.2 1.57 0.314 0.094 3.33 30 11.506 190.2 55.58

8 10 30 0.4 1.57 0.628 0.188 3.33 30 11.506 200.6 56.05

9 10 30 0.6 1.57 0.942 0.282 3.33 30 11.506 203.0 56.15

10 20 10 0.2 1.57 0.314 0.031 20 80 11.506 159.2 54.04

11 20 10 0.4 1.57 0.628 0.062 20 80 11.506 182.1 55.21

12 20 10 0.6 1.57 0.942 0.094 20 80 11.506 170.6 54.64

13 20 20 0.2 1.57 0.314 0.062 10 40 11.506 185.0 55.34

14 20 20 0.4 1.57 0.628 0.125 10 40 11.506 205.0 56.24

15 20 20 0.6 1.57 0.942 0.188 10 40 11.506 201.6 56.09

16 20 30 0.2 1.57 0.314 0.094 6.66 26.66 11.506 215.5 56.67

17 20 30 0.4 1.57 0.628 0.188 6.66 26.66 11.506 262.9 58.40

18 20 30 0.6 1.57 0.942 0.282 6.66 26.66 11.506 236.3 57.47

19 30 10 0.2 1.57 0.314 0.031 30 70 11.506 160.3 54.10

20 30 10 0.4 1.57 0.628 0.062 30 70 11.506 162.0 54.19

21 30 10 0.6 1.57 0.942 0.094 30 70 11.506 151.8 53.63

22 30 20 0.2 1.57 0.314 0.062 15 35 11.506 167.8 54.50

23 30 20 0.4 1.57 0.628 0.125 15 35 11.506 207.6 56.34

24 30 20 0.6 1.57 0.942 0.188 15 35 11.506 180.0 55.11

25 30 30 0.2 1.57 0.314 0.094 10 23.33 11.506 179.5 55.08

26 30 30 0.4 1.57 0.628 0.188 10 23.33 11.506 220.4 56.86

27 30 30 0.6 1.57 0.942 0.282 10 23.33 11.506 171.5 54.69

Table 4. ANOVA results for the microhardness of Ni/nano-Al2O3 composite coatings

Source of variance Degree of freedom Sum of squares Mean sum of squares (variance) F ratio Contribution / %

Frequency 2 8.91 4.46 12.30 19.09

Duty cycle 2 25.49 12.75 35.18 54.59

Current density 2 5.05 2.52 6.96 10.81

Error 20 7.25 0.36 — 15.52

Total 26 46.70 — — 100

Fig. 1. Percentage contribution of the pulse plating

parameters of Ni/nano-Al2O3 composite coatings.

Fig. 2. Mean S/N ratio for different microhardnesses

of Ni/nano-Al2O3 composite coatings.
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has three factors and the maximum values are selected for

each level. The optimum values are 2, 3, and 2, i.e., fre-

quency 20 Hz, duty cycle 30%, and peak current density

0.4 A/cm2.

3. Results and discussion

3.1. Surface morphology and microstructural
characterization

At the optimized surface parameters having a fre-

quency of 20 Hz, duty cycle of 30%, peak current density

of 0.4 A/cm2, the surface of a nickel/nano-Al2O3 compos-

ite coating was observed under a scanning electron micro-

scope. Fig. 3 shows that the Al2O3 particles are homo-

geneous and have ‘leaf shape’ distribution over the entire

coated surface of the nickel matrix. Whilst, most of the re-

ported works dealing with “Ni/nano-Al2O3 co-deposition

work” produces ‘pyramidal crystal’ microstructures [3-5,

8, 12, 18-19]. Moreover, the alumina particles (Figs. 3(c)

and 3(d)) appear as bright spots in the dark nickel matrix.

The EDX (Fig. 4) analyses were performed on the surface

Fig. 3. SEM images of Ni/nano-Al2O3 composite coatings prepared at the frequency of 20 Hz, duty cycle of 30%,

and peak current density of 0.4 A/cm2.

Fig. 4. EDX spectrum of the Ni/nano-Al2O3 composites of AISI 1018 mild steel.
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of the specified single leaf shape area (Fig. 3(d)). The ex-

aminations show that the aluminum (AlK) and oxide (OK)

contents are 5.29at% and 13.67at%, respectively. The

analysis reveals that oxides are the dominant elements in

the Ni matrix.

3.2. XRD analysis
XRD patterns of Ni/nano-Al2O3compositesprepared

by the optimum mild steel specimen at frequency 20 Hz,

duty cycle 30%, and peak current density 0.4 A/cm2 by

pulse electrodeposition methods are shown in Fig. 5. The

composite coatings exhibit face-centered cubic (fcc) lat-

tice with different orientations, which are influenced by the

pulse frequency, duty cycle, and current density. It can be

clearly observed that the composite coating exhibits obvi-

ous (111) preferred orientation at low pulse frequency and

higher duty cycle [5, 10]. Furthermore, Jung et al. [5] found

that the reflection intensities of (200) and (220) planes were

very low, and Chen et al. [10] reported that the texture co-

efficients of the composite coatings prepared under differ-

ent frequencies (10, 500, and 1000 Hz) were in the order of

(111) > (200) > (311) > (220). Compared with direct cur-

rent (DC) and pulse reverse current (PRC) coatings [18],

the width and orientation of diffraction peaks (111), (200),

and (220) of the present pulse current coatings are equal.

The present investigation result shows that by means of

the pulse current technique, fine-grained texture, smooth

surface, and compact microstructure of the coatings can

be achieved.

Fig. 5. XRD patterns of Ni/nanoAl2O3 composites

prepared at the frequency of 20 Hz, duty cycle of 30%,

and peak current density of 0.4 A/cm2.

3.3. Microhardness
Microhardness measurements were performed on the

surface of the pulse plated Ni/nano-Al2O3 coatings using

Taguchi’s techniques. The optimized values are found from

Table 3. The reported values are obtained at frequency 20

Hz, duty cycle 30%, and peak current density 0.4 A/cm2.

Compared to DC plating, pulse plating produces harder

coatings. This indicates that bath chemistry has influ-

enced the hardness of the coating. Furthermore, the hard-

ness and wear resistance, as well as the macro residual

stress of coatings, change with the increasing content of

Al2O3 particles in the coatings [5]. Comparing with pulse

reverse coatings, the hardness (Hv 262.9) and the content

of Al2O3 (AlK, 3.24wt%; OK, 4.97wt%) of pulse current

coatings are found significantly identical. From the data,

it can be observed that the nano-Al2O3 content and the

high peak current density produced by pulse plating have

influenced the microstructure of the coating which in turn

influences the hardness.

3.4. Coating thickness
The coating thickness with optimized pulse parame-

ters was investigated using METSCOPE-1, a metallurgi-

cal microscope (Fig. 6), and it was identified by the cross-

section of the specimen following ASM standards. It is

observed that the addition of nano-Al2O3 particles in the

plating bath significantly decreases the coating deposit

thickness at the same plating time and increases the surface

roughness. It is seen obviously that the electro-deposited

growing layer is a competition between nucleation and

crystal growth steps. The addition of nano-Al2O3 particles

leads to a lower deposition rate of nickel coatings. It also

decreases the diffusion area of Ni2+ ions and provides more

nucleation sites to the detriment of crystal growth. There-

fore, the coating thickness (11.6 µm) decreases with the

increase in amount of nano-Al2O3 particles in the coatings

[6]. Moreover, the results produced the coating thickness

of 14 µm, which is significantly identical to the results of

Feng et al. [6].

Fig. 6. Coating thickness of Ni/nano-Al2O3 composite

coatings.
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3.5. Corrosion studies
The salt spray test practice provides a controlled cor-

rosive environment, which has been utilized to produce rel-

ative corrosion resistance information for the specimens of

metals and coated metals exposed in a given test chamber

[20]. The salt spray method was used to study the cor-

rosion effects. The experimentations were carried out by

satisfying ASTM B117-2007 standards. The sample was

checked periodically for the first 28-35 h, and no corrosion

was present in the sample. After 35 h, the sample started

corroding, until it stabilized at 48 h. After 48 h, red rust

appearance was found on the specimen (Fig. 7).

Fig. 7. Result of the corrosion salt spray test.

3.6. Confirmation test
The confirmation experiment is the final step in the

first iteration of the design of the experiment process. The

purpose of this experiment is to validate the conclusions

drawn during the analysis phase. It was performed by con-

ducting a test with a specific combination of the factors

and levels previously evaluated. In this study, after identi-

fying the optimum process parameters (frequency, 20 Hz;

duty cycle, 30%; and peak current density, 0.4 A/cm2),

the settings were used again to produce a new specimen

with coating, and its corresponding hardness value was

evaluated. The magnitude of hardness was Hv 263.7. It is

evident that the S/N ratio is improved by a value of 0.02

from the conformation test process parameter, which is an

agreeable degree of approximation. It is also evident that

duty cycle is predominant in deciding the hardness value.

4. Conclusions
(1) The optimum values of pulse parameters were es-

timated using Taguchi’s technique and the hardness value

was found to be maximum (Hv 262.9) under the following

conditions: frequency, 20 Hz; duty cycle, 30%; and peak

current density, 0.4 A/cm2.

(2) Duty cycle is predominant (54%) in deciding the

hardness of the specimen.

(3) The SEM investigation shows that the ‘leaf shape’

Al2O3 particles are compactly embedded into the Ni ma-

trix.

(4) The EDX analysis confirms that the coating is

mainly composed of Ni/Al2O3.

(5) A coating thickness of 14 µm was achieved and

better corrosion resistance characteristics were derived.

In general, this investigation shows that the hardness

of a composite coating containing ceramic particulates can

be varied by changing pulse parameters, such as frequency,

duty cycle, and current density without any alteration in

electrodeposition conditions or the bath composition.
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