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Abstract
The present work concentrates on the nanocomposite coating on the mild steel substrate. The mild steel substrate 
demands good surface preparation in order to have better adhesive strength of coating. In the light of this, surface is 
grinded and cleaned later followed by rinsing. In this work, Ni–Al2O3 composite coating was successfully coated on mild 
steel (AISI 1018) substrate. The study on different wear parameters on the specific wear rate is carried on. The experimental 
design is carried out with 20 trails as per central composite design considering normal load, sliding speed and sliding 
distance on the samples. The morphology of surface after coating and wear analysis is studied. The results revealed higher 
wear resistance by the presence of nano-Al2O3 particles in the Ni matrix composite coating. The effect of normal load 
and its interaction with sliding distance are found to be more effective on specific wear rate. The abrasive nature of wear 
is observed due to the presence of hard  Al2O3 nanoparticles embedded in the Ni matrix. The chemical composition and 
distribution of particle analysis is carried out by SEM and EDS micrograph.
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1 Introduction

The main aim of the coating is to improve the surface 
properties of the substarte material. In any engineering 
component, the surface is one of the very important parts. 
The most of the machine components fails due to surface 
defects such as wear, corrosion and fatigue. The property 
of coating depends on the type of (micro/nano) particles 
embedded in the matrix. The significance of coating with 
reinforcement particles is to increase/enhance properties, 
viz. tribological, mechanical and corrosion resistance [1–3]. 
The substrate and the coating materials are connected 
to cathode and anode terminals respectively during the 
electrodeposition process. Insight the materials used as 
the coating and substarte materials needs to be electri-
cally conductive in nature [4]. This coating provides a wide 
range of choices using the variety of materials for different 

applications in automobile and industrial applications 
due to better tribological and corrosion properties [5]. 
With the addition of incorporated particles in the coat-
ing, the main coating metal plays a vital role in adhesive 
strength with base material [6]. The presence of micro/
nanohard particles in metal matrix is highlighted due to 
their excellent tribological property [7–9]. The Ni–Al2O3 
coatings are repeatedly proved to be an effective coating 
in enhancing the life of substrate material in the abrasive 
environment which are carried out by electro-co-deposi-
tion process [10–14]. It is evident from the literature that 
many researchers have concentrated on nano-Al2O3 coat-
ing matrix in different fields of applications on different 
materials. Though the presence of hard particles in the 
coating is proved to be better surface protection against 
wear, the study on intensity and role of wear parameters 
on composite coating is limited. In the present work, an 
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approach towards coating of Ni–nano-Al2O3 composite 
on AISI 1018 mild steel substrate which is widely used for 
fixtures, mounting plates and spacers is concentrated. The 
specific wear rate behaviour of corresponding composite 
coating is analysed. Further, influence of wear parameters, 
viz. normal load, sliding speed and sliding distance on the 
composite coating, is carried on.

2  Experimental procedure

2.1  Substrate preparation

The quality of the surface finish plays a foremost role in 
adhesive strength of coating on the substrate. The sub-
strate is taken as per American Society for Testing and 
Materials (ASTM) G99 standard for wear having 10 mm 
diameter and 30 mm length. In the light of achieving 
better adhesion of Ni–Al2O3 composite coating, the sub-
strate is well polished and rough grinded. For this purpose, 
different grit sizes of SiC emery papers are used for pol-
ishing with a speed of rotation 400 rpm. Then, the sub-
strate is cleaned in demineralized (DM) water, degreased 
and eroded in sodium hydroxide (NaOH) at atmospheric 
temperature.

The electrolyte bath for Ni coating is prepared as per 
Watts bath standard with the following composition: 
nickel sulphate  (NiSO4) 250 g/L; nickel chloride  (NiCl2) 
45 g/L; and boric acid  (H3BO3) 30 g/L [15–23]. The bath is 
prepared for 1 lit each for every sample in order to main-
tain the quality and homogeneity of the coating. The pure 
nickel (purity 99.98%) dimensions of 12 × 8 mm2 plate 
with 5 mm thickness is considered as anode, and sub-
strate with Ni–Al2O3 composite coating AISI 1018 is used 
as cathode. The distance between the anode and cathode 

is maintained by 9 cm. Further  Al2O3 nanoparticles (Rein-
ste, Pvt. Ltd., India) of size 40 nm are used. The operating 
conditions of electro-co-deposition are given in Table 1. 
The  Al2O3 nanoparticle distributions and morphology are 
carried out using scanning electron microscopy (SEM).

The response surface methodology (RSM) is a collec-
tion of statistical and mathematical techniques useful for 
developing, improving and optimizing processes. CCD 
method is very effective in designing the experiments 
effectively. The experimental design of the wear param-
eters, viz. normal load applied, sliding speed and sliding 
distance, is considered as the three variables in the five 
levels each which are shown in Table 2. The normal load on 
the pin is applied by the linear variable differential trans-
former (LVDT) at the end of the hanger to which the pin 
is fixed. According to CCD 20, number of trials are experi-
mented for which the electro-co-deposition is carried out 
at fixed operating conditions; the corresponding values 
are given in Table 1.

3  Results and discussion

3.1  Morphology study

Figure 1a, b shows the micrograph images taken in scan-
ning electron microscopy (SEM) of coating surfaces at dif-
ferent magnifications. It is evident that the presence and 
distribution of Ni and  Al2O3 is found to be uniform and 
homogeneous. The images at different magnifications are 
considered for the morphology study in order to confirm 
the uniform coating obtained for the specimen. It is also 
observed that there was no sign of agglomerated parti-
cle on the surface of coating. This encourages the better 
accuracy of specific wear rate values. Further energy-dis-
persive spectroscopy (EDS) is used to study the quantita-
tive analysis of composite coating. Figure 1c shows the 
EDS image which confirms the presence and distribution 
of Ni and  Al2O3 particles on the coating surface. The quan-
titative analysis of Ni–α-Al2O3 composite coating is shown 
in Fig. 3d and found to be 91.54% of Ni, 2.34% of Al and 
6.12% of O in weight basis. In order to study the particle 
distribution over the volume of the coating, the cross-sec-
tional image of the coating is considered. Figure 2 shows 

Table 1  Operating conditions

Sl. no. Operating parameters Quantity

1 Bath temperature (°C) 40
2 Current density (A/dm2) 1.5
3 Particle concentration  (Al2O3) (g/L) 4.5
4 pH 3–4
5 Stirring speed (rpm) 250

Table 2  Coded and uncoded 
values of experiment

Factors Symbols 
coded

Encoded values of coded levels

− 1.682 − 1 0 1 1.682

Normal load (N) X1 10 18 30 41 50
Sliding speed (rpm) X2 200 321 500 678 800
Sliding distance (m) X3 1000 1405 2000 2594 3000
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particle distribution along the depth of the coating and 
also witnesses the uniform thickness of the coating. 

3.2  Wear test

The dry sliding wear tests are conducted on pin-on-
disc test rig (Ducom, Pvt. Ltd., India). Initially, the test 
sample is weighed in weighing machine having 0.001 g 
least count before and after wear. The difference in the 
weight is used to calculate specific wear rate in terms 
of  mm3/N m. The wear tests are conducted for the sam-
ples without coating (bare sample) and without nano-
Al2O3 particles, i.e. sample with Ni coating. The spe-
cific wear of the corresponding samples is found to be 
0.018 mm3/N m and 0.0101 mm3/N m, respectively. The 
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Fig. 1  Scanning electron micrograph of the surface of a Ni–Al2O3 composite coating by electrodeposition a × 100, b × 3000, c EDS analysis, d 
chemical composition of the coating on wt%

Fig. 2  SEM micrograph image of Ni–Al2O3 composite coating cross 
section
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operating conditions of 20 N, 200 rpm and 1000 m of 
normal load, sliding speed and sliding distance, respec-
tively, are maintained during tests. Later the wear tests 
are conducted as per the CCD of the design plan as 
shown in Table 3. It is found that there is an increase of 
43.88% in the specific wear rate with Ni coating in com-
parison with bare sample.

3.3  Influence of operating parameters 
on the specific wear rate

The experiments are designed for 95% confidence level; 
it means that the obtained models are considered to be 
statistically significant. The term R-squared or coefficient 
of determination (R2) measures the degree of fitness of the 
experimental variations. The higher the value of R2 indi-
cates the better fits with the actual data [24]. From Fig. 3a, 
it is evident that the normal load applied is more influ-
encing on the specific wear rate followed by the sliding 
distance. The normal load applied is contributing 18.68% 
followed by sliding distance and speed contributing 17.29 
and 10.17%, respectively. The sliding speed has the least 
influence on the wear rate. The interaction effect (shown 
in Fig. 3b) of load with speed is more predominant on spe-
cific wear rate followed with interaction with the sliding 
distance, whereas the interaction effect of sliding speed 
and sliding distance is least. The highest contribution of 
25.03% is found for the interaction effect of load with the 
speed followed by 19.03% for the interaction effect of load 
with sliding distance. 

In general, the R2 measures the percentage of variation 
of data which is explained by the regression equation and 
it is useful while comparing models with different num-
bers of terms. For the specific wear rate the determina-
tion coefficient R2 is found to be 94.99% of the variability 
in the response. This symbolizes higher statistical signifi-
cance associated with prediction and achieved values by 
experiment. Also, the adjusted R2 (90.49%) is also close to 
expected value of R2.

The difference in the actual and expected values is 
shown by normal probability plot. Figure 4a shows the nor-
mal probability plot where the point of experimental val-
ues lies within the range. The residual fitness in the model 
is shown in Fig. 4b. The specific wear rate is considered as 

Table 3  Design plan for wear test as per CCD

Sl. no. Load (N) Hertzian pres-
sure (MPa)

Speed (rpm) Sliding 
distance 
(m)

1 18 1167.8 321 2594
2 10 960 500 2000
3 18 1167.8 321 1405
4 30 1209.6 500 2000
5 30 1209.6 500 1000
6 30 1209.6 500 2000
7 41 1536.5 678 2594
8 30 1209.6 500 2000
9 30 1209.6 200 2000
10 50 1641.6 500 2000
11 18 1167.8 678 2594
12 18 1167.8 678 1405
13 41 1536.5 678 1405
14 41 1536.5 321 1405
15 30 1209.6 500 2000
16 41 1536.5 321 2594
17 30 1209.6 500 3000
18 30 1209.6 500 2000
19 30 1209.6 500 2000
20 30 1209.6 800 2000

Fig. 3  a Main effect plot for wear rate and b interaction plot for wear rate
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the dependent variable, whereas the pin surface and wear 
parameters are considered as the independent. Figure 4c 
shows the histogram of the frequency against the residual 
errors. Symmetrical bell shape is observed which indicates 
good fit in the regression. This is also supported by Fig. 4d 
where the residual error falls within and around the mean 
range for all the 20 trails.

3.4  Wear mechanism

Figure 5 shows the 3-D surface plots of interaction effect 
of normal load, sliding speed and sliding distance on 

the wear rate of Ni–Al2O3 composite coating. It has 
been observed that the wear rate is minimum at lower 
load and increases with the increase in the load applied 
and similar trend is followed by the speed and the dis-
tance of sliding. The minimum wear rate observed is 
0.000244 mm3/N m at 41 N, 321 rpm and 1405 m and 
the maximum is 0.0012 mm3/N m at 18 N, 321 rpm and 
1405 m. The operating parameters in wear such as the 
Hertzian pressure given in Table 3 were chosen mild and 
close to the practical dry sliding conditions in the light 
of observing the nature of debris in the contact zone.

Fig. 4  a Normal probability 
plot, b residual versus fits, c 
histogram, d residual versus 
order of wear rate against wear 
parameters
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The applied load in the dry sliding wear is more pre-
dominant [25]. The  Al2O3 particles in deposit are influ-
encing on the wear resistance [26], and the abrasive 
nature of wear is highlighted due to the presence of 
hard particles. The increase in the load increases the load 
on the asperities which are actually in contact with the 
counter body (disc). This may lead to smear out asperi-
ties leading to more surface contact and higher wear 
rate. This is evident from Fig. 6a that, at lower load and 
sliding distance, the scratch marks are along the direc-
tion of rotation with less ploughing effect. It is natural 
to observe higher wear rate at higher sliding distance 
due to more debris getting entrapped between the pin 
and counter-surface (Fig. 6b and c) showing significant 
removal of material with higher depth and width of 
grooves which symbolizes the degree of size and quan-
tity of debris accumulated in the worn out surface. This 
is may be due to the higher resistance offered by the 
nano-Al2O3 particles in the Ni matrix, as these nanopar-
ticles are harder than the Ni particles, which can pluck 
out of coating at higher load and sliding distance. Fur-
thermore, increasing the load of the wear test for the 
composite coating, as shown in Fig. 6c, continuous abra-
sive grooves are significantly increased. The wear tracks 
shows surface with scratch marks under the applied load 
of 10 N. These are found rough in nature as compared to 
the wear track surface under the applied load of 50 N. 
This is due to the debris fragments formed at 50 N load 
which are conglomerated wear particles. This can be the 
results of plastic shearing and detachment mechanism 
which may occur during the course of sliding. Figure 6b 
shows the SEM image where the debris produced under 

an applied load of 30 N is highlighted. The further com-
pression of the pin has resulted in the flat and elongated 
debris leading to shearing due to the dry sliding. This is 
attributed by the presence of nano-Al2O3 particles in the 
composite coating. Figure 7 shows the drastic change 
in the specific wear rate in comparison with the sam-
ple without coating and without nanoparticles in the Ni 
coating. Even the maximum specific wear of Ni–Al2O3 
coating is much less than the Ni-coated samples. The 
presence of Ni–Al2O3 composite coating even after the 
sliding wear is witnessed by the EDS image shown in 
Fig. 8. This provides the evidence of resistance of the 
composite coating provided against the dry sliding wear. 
The wt% quantitative analysis revealed the presence of 
Ni by 87.43%, Al by 4.11% and O by 8.46%.  

Fig. 6  a 10 N, b 30 N and c 50 N wear tracks at different loads
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4  Conclusions

In summary, Ni–Al2O3 composite coating is prepared with 
good adhesive strength by electro-co-deposition method. 
The presence of  Al2O3 nanoparticles has increased wear 
resistance compared to Ni coating. The different wear 
parameters have significant influence on the specific 
wear rate at different levels. The outcomes of the work are 
listed below: (1) normal load applied on the pin has fore-
most influence on the specific wear rate which is followed 
by its interaction effect with sliding distance and sliding 
speed; (2) specific wear rate is less at lower load, speed 
and distance at 10 N, 200 rpm and 1000 m; and (3) at more 
load, severe wear is observed with wider and deeper wear 
tracks.
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