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Abstract: Properties of Si3N4/Ni electroplated nanocomposite such as corrosion current density after long time immersion, roughness 
of obtained layer and distribution of nanometric particulates were studied. Other effective factors for fabrication of nanocomposite 
coatings were fixed for better studying the effect of the average size of nanoparticulates. The effects of the different average size of 
nanometric particulates (ASNP) from submicron scale (less than 1 µm) to nanometric scale (less than 10 nm) were studied. The 
nanostructures of surfaces were examined by scanning electron microscopy (SEM), transmission electron microscopy (TEM) and 
atomic force microscopy (AFM). Corrosion rates of the coatings were determined using the Tafel polarization test. It is seen that 
decreasing the ASNP will lead to lower corrosion current densities; however, in some cases, pitting phenomena are observed. The 
roughness illustrates a minimum level while the distribution of nanometric particulates is more uniform by decreasing the ASNP. The 
effects of pulsed current on electrodeposition (frequency, duty cycle) and concentration of nanoparticulates in electrodeposition bath 
on trend of obtained curves have been discussed. Response surface methodology was applied for optimizing the effective operating 
conditions of coatings. The levels studied were frequency range between 1 000 and 9 000 Hz, duty cycle between 10% and 90% and 
concentration of nanoparticulates of 10−90 g/L. 
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1 Introduction 
 

Nanoscaled and nanocomposite materials are of 
great interest for their usual better properties than 
microscaled materials[1−3]. The rapid development of 
nanostructured materials in recent years have resulted in 
increased interest in the research about their different 
properties[4−5]. One of the globally accepted and very 
easy methods of formation of nanocomposite layers is 
electrodeposition. Various kinds of nanocomposites by 
different nanopowders and metal matrixes can be 
produce by electrodeposition[6−10]. 

The various effects of nanometric particulates in 
electrodeposited layers with different kinds of 
particulates and matrixes were also studied in recent 
years. However, some properties were not studied in 
details. Also, the effect of the average size of nanometric 
particulates (ASNP) seems not to be focused by 
researchers as well as other effective parameters. Some 
reports have been published about common properties of 

electrodeposited nanocomposite layers with respect to 
the average size of particulates. These reports mainly 
discuss about the changing of average size of particulates 
from several microns to several nanometers which is not 
expected to be affected among the specific properties of 
nanometric particulates. Usually, as it is well accepted by 
nanotechnologists, particulates with sizes less than 100 
nm will show their specific properties which can be 
discussed with respect to quantum physics. It is also well 
believed that by decreasing the size of nanometric 
particulates from 100 to 1 nm these effects will show 
themselves more and more. 

So, in this investigation, the effect of ASNP in the 
range of submicron scale (less than 1 µm) to nanometric 
scale (less than 10 nm) has been studied on the properties 
of nanocomposite electrodeposited layers which have not 
been studied well or rarely studied in open literature. 
These properties include corrosion current density after 
long time immersion, roughness of obtained layer and 
distribution of nanometric particulates. Other effective 
factors for fabrication of nanocomposite coatings have  
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been fixed for better studying the effect of the ASNP. 
 
2 Experimental 
 
2.1 Materials and methods 

Nickel sulphate bath for electrodeposition is 
composed of 150 g/L NiSO4·7H2O, 15 g/L NH4Cl, 15 g/L 
H3BO3, 0.1 g/L C12H25NaSO4, with 0.01 g/L saccharin 
(C7H5NO3S), 0.01 g/L SDS (C12H25NaO4S) and 10−90 
g/L Si3N4 nanometric particulates (relative to its studied 
level). Si3N4 nanometric particulates with different 
ASNPs were used through this investigation. ASNPs 
were calculated with high precision figure analysis and 
those nanometric particulates were used which had a 
narrow distribution around the magnitude of ASNP. Fig.1 
shows an example of used nanometric particulates with 
ASNP equal to 72 nm (SEM and TEM nanostructures). 
Pure copper 50 mm×50 mm×1 mm sheets were used as 
cathodic electrodes. The preparing process for all 
specimens was as follows. First they were mechanically 
polished with different grades of emery papers up to 
3000 grit and then degreased in sodium hydroxide 
solution; after that they were inserted in 10% HCl 
solution to be activated and finally rinsed with acetone. 
The operating conditions for electrodeposition were 
average current density of 10 A/dm2, stirring rate of 200 
r/min and bath temperature of 60 ℃  while the 
frequency and duty cycle of monopolar pulsed current 
were adjusted at 1 000 Hz and 50%, respectively. 
 

 
Fig.1 SEM (a) and TEM (b) images of used nanometric 
particulates with ASNP equal to 72 nm 
 

After coating process, samples were rinsed 
thoroughly with distilled water and then dried in flowing 
air. The nanostructures of surfaces were examined by a 

Philips XL-30 scanning electron microscopy (SEM). The 
corrosion rate of the coatings was determined using the 
Tafel polarization test in 3.5% (mass fraction) NaCl 
solution after 1, 6, 12, 24, 48, 96, 192, 384 and 768 h of 
immersion at room temperature. The polarization 
corrosion potential was swept from −200 mV below to 
200 mV above the open circuit potential at a scanning 
rate of 0.1 mV/s. Tafel polarization was performed using 
an EG&G A273 potentiostat and analyzed by SoftcorrIII 
Software. Surface roughness of treated samples was 
measured via a Taylor-Hobson Surtronic 25 roughness 
checker. The obtained data were analyzed by Talyprofile 
(Gold) software. For better study of nanostructures, some 
measurements have been done by atomic force 
microscope (AFM). The AFM part was a NanoScope II 
from Digital Instruments, USA. Non-scraping Si3N4-tips 
were used throughout. Nanostructures of nanopowder 
layers have been also analyzed by transmission electron 
microscopy (TEM) (CM200-FEG, Phillips). To measure 
average size of nanometric particulates (ASNP), 5 SEM 
nanostructures with same magnification were analyzed 
through commercial software for figure analysis called 
a4iDocu for each treated sample. Different 
measurements were interpolated to obtain average results. 
At least 40 measurements were done in each 
nanostructure for minimizing systematical errors. 
 
2.2 Experimental design and optimization 

One set of independent variables[11−13] are 
frequency, duty cycle and concentration of 
nanoparticulates in electrodeposition bath. For a 
statistical investigation concerned with coating process, 
Y, which depends on the factors X1, X2, X3, …, Xk, the 
relationship among response and effective variables can 
be expressed by  
Y=f(X1, X2, …, Xk)+ε                    ( 1 ) 
 
where ε is an error term which represents sources of 
variability not captured by f. It is assumed that ε is 
independent by different runs and has mean value of 
zero. 

The test variables were coded according to the 
following equation: 

 
cpi

i
i
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x

X
−
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                         ( 2 ) 
 
where xi is independent variable coded value; Xi is 
independent variable real value; Xcp is independent 
variable real value at the centre point; and ΔXi is the step 
change of the real value of the variable i corresponding 
to a variation of a unit for the dimensionless value of the 
variable i. 

The response variable (average size of nanoparticles 
in coating) was fitted by a second order model in order to 
correlate the response variables to the independent 
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variables. The general equation of the second degree 
polynomial equation is 
 

2
0i i i ij i j ii iY X X X Xβ β β β ε= + Σ + Σ + Σ +       ( 3 ) 

 
where Yi is the predicted response; Xi and Xj are input 
variables which influence the response variable Y; β0 is 
the ith linear coefficient; bii is the quadratic coefficient 
and bij is the linear-by-linear interaction between Xi and 
Xj, where i changes from 1 to 3. 

A 23 full factorial central composite design (CCD) 
for three independent variables at five levels with six star 
points and six replicates at the centre points was 
employed to fit a second-order polynomial model which 
indicated 20 experiments to be required for this 
procedure. The ‘Minitab 15’ software was used for 
regression and graphical analysis of the data obtained. 
The statistical analysis of the model was performed in 
the form of analysis of variance (ANOVA). This analysis 
includes the Fisher’s F-test (overall model significance), 
its associated probability P(F), correlation coefficient R, 
determination coefficient R2 which measures the 
goodness of fit of regression model. It also includes the 
t-value for the estimated coefficients and associated 
probabilities, P(t). For each variable, the quadratic 
models are represented as response surface plots. 
 
3 Results and discussion 
 
3.1 Corrosion current density 

Fig.2 illustrates the changing trend of corrosion 
current densities (CCD) after immersion in 3.5% NaCl 
solution at room temperature. As it can be seen from this 
figure, CCD will increase a little after long time 
immersion in corrosive solution but lowering the ASNP 
will lead to lower CCDs, which at first indicates that 
decreasing ASNP is useful for decreasing CCD. However, 
observations with naked eye did not indicate the 
presence of pitting phenomena but AFM studies show 
that nanocomposites with very low ASNP will show 
some nanometric pits. Fig.3 shows the observed pits for 
the nanocomposite layer with ASNP equal to 9 nm. 
 
3.2 Roughness 

Fig.4 illustrates the effect of different ASNPs on the 
Ra of coatings. Interpolated equation shows that there is a 
quadratic relation between the roughness of obtained 
layer and ASNP. It can be concluded that the interaction 
among nanoparticulates with low ASNP (approximately 
less than 90 nm) will increase the roughness of obtained 
layer. The minimum roughness has been obtained for the 
nanocomposite layer with ASNP equal to 93 nm. 

 

 
Fig.2 Changing trend of corrosion current densities for 
different ASNPs after immersion in 3.5% NaCl solution at 
room temperature 
 

 

Fig.3 AFM nanostructure of nanometric pits of layer with 
ASNP equal to 9 nm 
 

 
Fig.4 Effect of different ASNPs on Ra of coatings 
 
3.3 Distribution of nanometric particulates 

The effect of ASNP on the distribution of 
nanometric particulates is illustrated in Fig.5. It can be 
easily concluded that the gaussian shape of distribution 
curves are narrower for lower amounts of ASNP. Also, it 
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Fig.5 Distribution of nanocomposite layer with different ASNPs: (a) 9 nm; (b) 72 nm; (c) 168 nm; (d) 499 nm 
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can be seen that the distribution curves of obtained layer 
for higher amount of ASNP are wider, which means that 
although the nanometric powders with narrow 
distribution of particulates around the specific ASNP 
have been used, the distribution of nanometric 
particulates in obtained nanocomposite layer is not as 
same as the distribution of used nanometric particulates 
for large amounts of ASNP. So, in this point of view, it is 
better to use the nanometric particulates for fabrication 
of nanocomposite layer with lower amounts of ASNP. 

 
3.4 Optimization 

The levels of the variables for the minimum average 
sizes of nanoparticles (ASN) were selected as the central 
points in the more elaborate second-order experiment. In 
the response surface methodology (RSM) study, the three 
variables studied were frequency (X1), duty cycle (X2) 
and concentration of nanoparticulates in 
electrodeposition bath (X3). The main goal of the second 
phase of the response surface was to obtain an accurate 
approximation to the response surface in a small region 
around the optimum and to identify the optimum process 
conditions. The range and the levels of the variables 
investigated in this study are listed in Table 1. The 
central values (zero level) chosen for experimental 
design were 5 000 Hz for frequency, 50% for duty cycle 
and 50 g/L for concentration of nanoparticulates in 
electrodeposition bath. In the quest for the optimum 
combination of the variables, experiments were 
performed according to the CCD experimental plan 
(Table 2). The experiment used a CCD which consists of 
three parts. The eight runs involving the ‘1’ and ‘−1’ 
coded values (Table 2) form a 23 design. Because they 
are on the corners of the 23 cube, they are called cube 
points or corner points. The six runs involving the ‘±1’ 
and ‘0’ coded values from three pairs of points along the 
three coordinate axes are therefore called the axial points 
or star points. The two runs involving the ‘0’ coded 
values are at the centre of the design region and are 
called the centre points. This design is a second-order 
design, and it allows all the linear and quadratic 
components of the main effects and the linear-by-linear 
interactions to be estimated. 
 
Table 1 Experimental range and levels of independent variables 

 
The results of the response surface model fitting in 

the form of analysis of variance (ANOVA) are shown in 

Table 3. The ANOVA of the quadratic regression model 
demonstrated the model to be significant with a low 
probability value (Pmodel＞F=0). The goodness of the fit 
of the model was checked by determination coefficient 
(R2). In this case, the value of the determination 
coefficient, R2, is 0.999 9. The value of the adjusted 
determination coefficient is 0.999 7. Table 4 compares 
the RSM predicted and experimental average sizes of 
nanoparticles. 
 
Table 2 CCD plan in coded values and observed response 
(average size of nanoparticles) 

 
Table 3 ANOVA for quadratic model 

Source Model Residual 
(error) Pure error Total 

SS 447.01 2 505.5 0.12 2 952.52
DF 9 6 1 15 
MS 49.668 417.584 0.125  

F-value 0.12    
P＞F 0.997    

SS—Sum of squares; DF—Degrees of freedom; MS—Mean square. 
 

The application of RSM yields the following 
regression equation which is the empirical relationship 
between average sizes of nanocrystallites (Yi) and the test 
variables in coded units:  
Yi=61.69+2.01X1−0.95X2−4.83X3−1.27(X1×X1)+ 

1.13(X2×X2)−4.47(X3×X3)−1.4(X1×X2)+ 
1.8(X1×X3)+2.22(X2×X3)                (4)  

where Yi is the predicted response and X1, X2 and X3 are 
the coded values of the test variables. 

The significance of each coefficient determined by 
t-test and P-values are listed in Table 5. Larger 
magnitudes of the t-value and smaller amounts of the 

Range and level 
Variable 

−1 0 +1 

X1/Hz 1 000 5 000 9 000 

X2/% 10 50 90 

X3/(g·L−1) 10 50 90 

Experiment No. X1 X2 X3 Response/nm
1 −1 −1 −1 77.2 
2 1 −1 −1 68.4 
3 −1 1 −1 53.9 
4 1 1 −1 50.8 
5 −1 −1 1 53.4 
6 1 −1 1 63.1 
7 −1 1 1 50.3 
8 1 1 1 43.1 
9 0 0 0 65.0 
10 0 0 0 65.5 
11 −1 0 0 43.9 
12 1 0 0 73.4 
13 0 0 −1 59.4 
14 0 0 1 51.5 
15 0 −1 0 33.8 
16 0 1 0 88.3 
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Table 4 Measured and predicted response values together with 
values for residuals and standard errors 

Experiment 
No. 

Measured/ 
nm 

Predicted/ 
nm Residuals Standard 

error/nm

1 77.2 63.476 18.228 13.724

2 68.4 66.696 18.228 1.704 

3 53.9 59.926 18.228 −6.026

4 50.8 57.546 18.228 −6.746

5 53.4 45.766 18.228 7.634 

6 63.1 56.186 18.228 6.914 

7 50.3 51.116 18.228 −0.816

8 43.1 55.936 18.228 −12.836

9 65.0 61.698 9.675 3.302 

10 65.5 61.698 9.675 3.802 

11 43.9 58.416 14.891 −14.516

12 73.4 62.436 14.891 10.964

13 59.4 62.056 14.891 −2.656

14 51.5 52.396 14.891 -0.896 

15 33.8 63.776 14.891 −29.976

16 88.3 61.876 14.891 26.424

 
Table 5 Least-squares fit and coefficient estimates (significance 
of regression coefficients) 

Model term Coefficient 
Standard 

error 
t ratio P-value

Constant 61.698 3 9.675 6.377 0.001 

X1 2.010 0 6.462 0.311 0.766 

X2 −0.950 0 6.462 −0.147 0.888 

X3 −4.830 0 6.462 −0.747 0.483 

X1×X1 −1.272 4 12.585 −0.101 0.923 

X2×X2 1.127 6 12.585 0.09 0.932 

X3×X3 −4.472 4 12.585 −0.355 0.734 

X1×X2 −1.400 0 7.225 −0.194 0.853 

X1×X3 1.800 0 7.225 0.249 0.812 

X2×X3 2.225 0 7.225 0.308 0.769 

 
P-value will lead to the more significant of the 
corresponding coefficient. Values of P＜0.050 0 indicate 
model terms to be significant. The response surface plots 
are generally the graphical representations of the 
regression equation and are presented in Figs.6−8, from 
which the values of average sizes of nanoparticles for 
different levels of the variables can be predicted. Each 
response plot represents an infinite number of 
combinations of two test variables with the other 
maintained at its respective zero level. 

 

 

Fig.6 Contour plot between X1 and X2 with X3 kept at zero level 
 

 

Fig.7 Contour plot between X1 and X3 with X2 kept at zero level 
 

 

Fig.8 Contour plot between X2 and X3 with X1 kept at zero level 
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4 Conclusions 
 

Electrodeposited Ni/Si3N4 nanocomposite layers 
have been synthesized successfully through electrolytic 
deposition from a sulphate bath and the effect of average 
size of used nanometric particulates (ASNP) in the range 
of submicron scale (less than 1 µm) to nanometric scale 
(less than 10 nm) have been studied. The investigated 
properties were corrosion current density, roughness and 
distribution of nanometric particulates in obtained layer. 
It is seen that decreasing the ASNP will lead to lower 
corrosion current densities; however, in some cases 
pitting phenomena are observed. The roughness 
illustrates a minimum level while the distribution of 
nanometric particulates in obtained nanocomposite layer 
is more uniform by decreasing the ASNP. Response 
surface methodology is proved to be accurate in 
prediction and optimization of the average sizes of 
nanoparticles. The effects of frequency, duty cycle and 
concentration of nanoparticulates in electrodeposition 
bath have been discussed and the proposed equation has 
been obtained by relative software. 
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