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Abstract: Ni−Al composite coatings were electrodeposited from a modified Watts solution. The electrochemical behavior of the 
coatings was studied by means of zeta potential analysis, voltammetry and electrochemical impedance spectroscopy (EIS). It was 
found that the zeta potential of Al particles was −4 mV which is very close to that of Al2O3. Moreover, addition of conductive Al 
particles into the electrolyte shifted the polarization curve to more negative potentials and loop size of EIS curve increased. It was 
also demonstrated that the co-deposition behavior of Ni−Al composite coatings obeys the Guglielmi’s model. The results indicate 
that conductive Al particles behave as the inert particles and confirm the existence of a thin aluminum oxide layer on the surface of 
aluminum particles. 
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1 Introduction 
 

Composite coatings including a co-deposition of 
fine particles into a metal matrix are widely used in 
many applications such as aerospace and automative 
industry. Among different methods used for fabrication 
of these coatings, electrodeposition is known as a simple 
and economic technique [1−4]. In recent years, many 
researches were carried out on Ni matrix coatings 
reinforced by ceramic particles, such as Ni−Al2O3 [5−7], 
Ni−SiC [8,9], Ni−WC [10], Ni−ZrO2 [11], Ni−CeO2 

[12,13], Ni−TiO2 [14] to improve their wear and 
corrosion resistance. However, little effort has been made 
on incorporation of metal particles into Ni matrix among 
them, composite Ni−Cr [15] and Ni−Al [16,17] coatings 
can be noted. 

Study on polarization curves could give useful 
information about the mechanism of co-deposition of the 
particles into metal matrix, namely, addition of different 
particles, such as Al2O3 (non conductive particle), SiC 
(semi-conductive particle) and Cr (conductive particle) 
into the nickel electrolyte can affect the polarization 
curves and shift them to more negative or positive 
potentials. This displacement in reduction potential is 
attributed to an increase or decrease in the active surface 
area by the adsorbed particles on the cathode. In 

co-deposition of nonconductive particles (Al2O3) [18,19], 
potential curve shifts to more negative values; whereas 
polarization curve shifts to more positive potential by 
addition of conductive Cr [15] and semi-conductive  
SiC [20,21] particles to the electrolyte. However, CUI et 
al [22] and ZHOU et al [23] observed a negative shift in 
polarization curve with addition of conductive Al 
particles to a given electrolyte for producing Ni/Cu−Al 
and Ni−Al, respectively. They suggested that a thin oxide 
layer might be present on the surface of Al particles, 
which changes the characteristics of Al particles and 
causes them to act similarly to inert particles during 
co-deposition [23]. Due to this similarity, incorporation 
of Al particles into a metal matrix should obey the 
Gugleilmi’s model established for co-deposition of inert 
particles [16,23]. Gugleilmi’s model takes place in two 
successive steps. In the first step, named loose adsorption, 
with physical nature, the particles are weakly absorbed 
on the cathode surface. In the second step, called strong 
adsorption, with electrochemical nature, the strong 
adsorption of particles occurs by reduction of enough 
amount of absorbed metal ions on the particles [24]. 

SUSAN et al [16], DAEMI et al [25] and BOSTANI 
et al [17] have produced Ni−Al composite coatings via 
conventional electrodeposition (CED) technique, in 
which the anode and cathode were vertically inserted   
in the bath. They indicated that the maximum values of  
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7% [16], 17% [25] and 25% [17] Al were incorporated 
into the coating in the presence of 225, 300, and 40 g/L 
of Al powder in electroplating bath, respectively. LIU 
and CHEN [26] and GHANBARI and MAHBOUBI [27] 
used a novel coating technique, called sediment 
co-deposition (SCD), to develop Ni−Al composite 
coating with the maximum values of 14% [26] and  
22% [27] Al when adding 40 and 32 g/L Al particles to 
the electrolyte, respectively. 

Most studies have been focused on the effect of 
process parameters (current density, stirring rate, etc.) as 
well as co-deposition mechanism of Ni−Al composite 
coatings by means of voltammetry and Gugleilmi’s model. 
To our knowledge, this mechanism has not been studied 
by electrochemical impedance spectroscopy (EIS). 
Hence, the present work deals with a more complete 
electrochemical study on incorporation of Al particles in 
Ni−Al composite coating produced by electrodeposition. 
 
2 Experimental  
 

Table 1 lists the composition of electrodeposition 
bath. The aluminum particles used were spherical and 
had a mean size of 3.5 µm, as shown in Fig. 1. To 
prevent the agglomeration of Al particles, the electrolytes 
containing different amounts of Al particles were 
premixed and stirred by a magnetic stirrer for 12 h and 
then by ultrasonic agitation for 30 min  just prior to 
electrodeposition. The pH and temperature of the bath 
were fixed at 4 and 50 °C, respectively. The Ni and 
Ni−Al coatings with 25 µm in thickness were prepared 
using square pulsed current with 50% duty cycle, 10 Hz 
frequency at various peak current densities. During 
electrodeposition, the bath was agitated by magnetic 
stirrer (250 r/min) to prevent the sedimentation of Al 
particles. Plates of 6061 aluminum alloys were used as 
cathode. The chemical composition of the alloy is given 
in Table 2. The plates with dimensions of 2 cm×3 cm× 
0.2 cm, were mechanically ground to 2000 grit SiC 
papers. The anode was a nickel plate with 99.9% purity. 
Prior to electroplating, aluminum substrates were first 
degreased in 50 g/L NaOH solution at 70 °C for 15 s. 
They were rinsed with distilled water and dipped in 65% 
(volume fraction) nitric acid solution for 5 s. They were 
then cleaned with distilled water and dipped in a zincate 
bath  (30 g/L Ni(SO4)2, 40 g/L ZnSO4, 106 g/L NaOH, 
10 g/L KCN, 40 g/L KHC4H4O6, 5 g/L CuSO4 and 2 g/L 

FeCl2). Finally, the specimens were dipped in the  
 
Table 1 Composition of electroplating bath (g/L) 

Nickel sulfate 
(NiSO4·6H2O) 

Nickel 
chloride 

(NiCl2·6H2O) 

Boric 
acid 

(H3BO3) 

Sodium 
dodecyle 
sulphate 

Aluminum
particles

300 45 45 0.25 up to 50 g/L

 

 
Fig. 1 SEM image of as-received Al particles 
 
Table 2 Composition of 6061 aluminum alloy used in this work 
(mass fraction, %) 

Si Fe Cu Mn Mg 

0.36 0.2 0.01 0.02 0.52 

Cr Zn Ti Al 

0.03 0.01 0.02 Bal. 

 
electrolyte for electrodeposition process. 

The surface morphology and elemental analysis of 
the samples were studied using a VegaTescan scanning 
electron microscope (SEM) equipped with energy 
dispersive X-ray spectrometer (EDS). Phase analysis of 
the coating was carried out by X-ray diffraction (XRD) 
using Philips Xpert pro type with Cu Kα radiation at a 
voltage of 20 kV. 

The zeta potential of Al particles was determined at 
pH of 4 by zeta potential analyzer instrument (zeta plus). 
All measurements were performed at least triple times, at 
room temperature. The voltammetry tests were carried 
out to understand the particles–cathode interactions by an 
EG&G potentiostat model 273A at a scan rate of 10 
mV/s. Electrochemical impedance spectra of the process 
were acquired in the frequency range from 100 kHz to 5 
mHz, with a signal amplitude of 10 mV. 
 
3 Results and discussion 
 
3.1 Morphological characteristics 

Backscattered and secondary electrons images of 
Ni–Al composite coating deposited from the bath 
containing 50 g/L Al particles at 2 A/dm2 are shown in 
Figs. 2(a) and (b), respectively. Dark spherical Al 
particles characterized by EDS analysis (Fig. 2(c)) are 
homogeneously distributed in white nickel matrix   
(Fig. 2(a)). Some holes, the trace of Al particles pulled 
out from Ni matrix, can also be observed in Fig. 2(b). 
EDS analysis (Fig. 2(d)) displays the presence of 15% Al 
in this composite coating, which is more than the value 
reported by LIU and CHEN [26] and GHANBARI and 
MAHBOUBI [27] at the same current density. This 
difference may be due to using of pulse current in our 
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Fig. 2 BSE (a) and SE (b) images of Ni−Al composite coating, EDS analysis (c) of dark points shown in (a), typical EDS analysis (d) 
of Ni−Al composite coating 
 
experiments, whereas they applied direct current. It was 
reported that incorporation of particles into the matrix in 
pulse electrodeposition is more than that in direct    
one [28]. 

X-ray diffraction (XRD) patterns of the samples 
electroplated for the electrolytes without Al and with  
50 g/L Al are shown in Fig. 3. The patterns show typical 
peaks corresponding to (111) and (200) crystallographic 
planes of nickel. For pure nickel, (200) is the preferred 
orientation of this coating. Apparently, [100] is the 
preferred grain growth direction for face centered cubic 
crystals [29]. As indicated in this figure, the intensity of 
(111) peak in the XRD pattern increases with addition of 
Al particles (Fig. 3(b)), namely, the incorporation of Al 
particles into the coating suppresses (200) preferred 
growth and consolidates the (111) orientation. 
 
3.2 Surface properties of Al particles 

Zeta potential of Al particles in electroplating bath 
at pH 4 is shown in Table 3. Zeta potential is defined as 
the electrical potential at the interface of solid particle 
and electrolyte. It is related to the surface charge of the 
particle, adsorbed interface layers, and the composition 
of the electrolyte. As shown in Table 3, zeta potential 
decreases in the presence of SDS surfactant. SDS is an  

 

Fig. 3 XRD pattern of pure Ni (a) and Ni−Al composite 
coatings (b) 
 
Table 3 Zeta potential of Al particles at pH 4 with or without 
SDS surfactant 

Type of particles in Watts bath Zeta potential/mV 

Al −4 

Al with 0.25 g/L SDS −47 

Al2O3 −4.5 [30] 
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anionic surfactant that one of its ends is hydrophobic and 
the other is hydrophilic. The SDS molecules are 
adsorbed on Al particles with their hydrophobic part and 
their negative part turning towards the electrolyte, so the 
negative surface charge of the particle increases. Besides, 
it was found that zeta potential of Al particles is very 
close to that of Al2O3 reported by CHEN et al [30]. It 
may be due to the coverage of Al particles with a very 
thin amorphous Al2O3 layer [31−33]. Hence, Al particles 
can act as inert particles during co-deposition. For better 
clarification of the effect of Al particles during 
co-deposition, more investigations were carried out and 
the results are presented in the following sections. 
 
3.3 Potentiodynamic polarization 

Figure 4 presents the potentiodynamic polarization 
curves at 10 mV/s potential sweep rate. The potential 
was swept in the cathodic direction from −0.2 to −1.2 V 
versus Ag/AgCl. It is seen that the addition of Al 
particles to the electrolyte shifts the reduction potential 
of nickel towards more negative. This shift to lower 
potentials is enhanced by increasing the amount of Al 
particles in the bath. Such behavior was also observed 
for Ni [23] and Ni/Cu [22] electrolytes after addition of 
Al particles. The negative shift is attributed to a decrease 
in the active surface area of the cathode due to the 
adsorption of Al particulates and this is characteristics of 
co-deposition of inert particles with nickel ions. In fact, it 
is believed that existence of a thin aluminum oxide in its 
amorphous form [31−33] on the surface of Al particles 
can change their surface properties during co-deposition. 
 

 
Fig. 4 Cathodic polarization curves of Ni deposition in bath 
containing different concentrations of Al particles 
 
3.4 EIS studies 

The Nyquist plots of electrochemical impedance 
spectroscopy for Ni and Ni−Al coatings are shown in  
Fig. 5. The impendence comprises a high frequency 
capacitive loop followed by a low frequency inductive 
loop. The loop size is found to increase with increasing 

the concentration of Al particles in the bath. For better 
understanding of the effect of Al incorporation on nickel 
electrodeposition, the mechanisms suggested for pure 
nickel should be considered. 
 

 
Fig. 5 EIS Nyquist plots of samples electrodeposited in 
electrolyte without Al (a) and with 10 g/L (b), 30 g/L (c) and 50 
g/L (d) at potential of −750 mV (vs Ag/AgCl) with 10 mV 
amplitude and frequency range between 5 mHz and 100 kHz 
 

The mechanism of Ni electrodeposition from acidic 
solutions (chloride, sulphate and Watts) has been 
extensively studied by EPELBOIN and WIART [34]. 
There are usually two semicircles in the Nyquist plots. 
The capacitive loop at high frequencies represents the 
double layer capacitance and inductive loop at low 
frequencies is related to interactions between nickel and 
hydrogen discharge. It was suggested that 

+
(ads)Ni behaves as an intermediate for nickel 

electrodeposition as well as a catalyst for forming *
(ads)H  

species. It was considered that the hydrogen evolution 
was inhibited by *

(ads)H . Consequently, the active area is 
closely connected to the extent of coverage by these 
species [35−37]. 

Further impedance studies showed that Ni 
electrodeposition occurs through different elementary 
steps depending on the pH. The following mechanism 
was suggested by EPELBOIN and WIART [34] for 
pH≤3: 
 
2H++2e→H2                                                 (1) 
 
Ni2++e→ +

(ads)Ni                              (2) 
 

+
(ads)Ni +e→Ni                              (3) 

 
+
(ads)Ni +Ni2++2e→Ni+ +

(ads)Ni                   (4) 
 

+
(ads)Ni +H++e→ +

(ads)Ni + *
(ads)H                 (5) 

 
2 *

(ads)H →H2                                                 (6) 
 

+
(ads)Ni + *

(ads)H +e→Ni+H(included)                         (7) 
 

In Epelboin mechanism (pH≤3), the +
(ads)Ni  

species predominates on the electrode surface whereas 
according to SANTANA et al [38], Ni electrodeposition 
at pH 4−6 involves two different values species: 
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+
ads[Ni(OH)]  and [Ni(OH)]ads. At these pH values, 

+
(ads)Ni  species should have OH− in its composition. The 

suggested mechanism is  
Ni2++H2O+e +

(ads)[Ni(OH)] +H                (8) 
 

+
(ads)[Ni(OH)] +Ni2++2e→ +

(ads)[Ni(OH)] +Ni        (9) 
 

+
(ads)[Ni(OH)] +e +

(ads)[Ni(OH)]                (10) 
 

(ads)[Ni(OH)] +Ni2++2e→ (ads)[Ni(OH)] +Ni       (11) 
 

As mentioned above, the inductive loop in Nyquist 
plot of pure nickel electrodeposition is related to the 
adsorption of intermediate species such as +

(ads)[Ni(OH)]  
and +

(ads)Ni . Addition of Al particles into the solution 
may affect the intermediate reactions. The same results 
were reported for co-deposition of Ni−SiC. It was 
proposed that the reduction paths of +

(ads)Ni  change 
when the electrolyte contains SiC particles [39,40]. 

The equivalent circuit used to explain the 
electrodeposition process of Ni and Ni−Al coatings is 
presented in Fig. 6. In this circuit, Rs represents the 
solution resistance between the reference and working 
electrodes; Rct is the charge transfer resistance; Cdl is the 
double layer capacitance and the parallel connection of a 
resistor (Rads) with an inductor (Lads) represents the 
existence of an adsorption process. These parameters 
calculated for Ni and Ni−Al (the concentration of Al 
particles in the bath was 50 g/L) coatings by means of  
fitting procedure are shown in Table 4. Addition of Al 
particles into the solution increases the charge transfer 
resistance which causes in-activing the nickel reduction; 
whereas BENEA et al [41] observed the opposite 
tendency with adding SiC particles. 
 

 

Fig. 6 Equivalent electrical circuit of Ni and Ni−Al deposition 
system 
 
Table 4 Impedance parameters in Ni and Ni−Al (Al particles 
concentration in bath was 50 g/L) deposition system 

Coating Rs/Ω Rct/Ω Rads/Ω Cdl/μF Lads/H

Pure Ni 3.9 5.5 2.2 1036 0.09 

Ni−Al 
composite 

4.5 6.5 3.5 750 0.1 

 
3.5 Co-deposition mechanism 

Among different models presented for co-deposition 
mechanism of solid particles into a metal matrix, 

Guglielmi’s model is the most accepted one. It has also 
been examined with different co-deposition systems such 
as Ni−SiC and Ni−TiO2 [24]. 

The mathematical equations deduced by Guglielmi 
model [24] are 
 

kC
kCBA

Wi
nFd

+
⋅−=

− 1
])(exp[

1 0

0 ηυ
α

α             (12) 

 
ηθ AJJ e)1( 0−=                             (13) 

 
where α is the volume fraction of particles in the coating; 
C is the volume fraction of particles in the plating bath; 
W is the relative atomic mass of deposited metal; n is the 
valence of deposited metal; F is the Faraday’s constant; d 
is the density of deposited metal; υ0 is constant for 
particle deposition; A and B are constant for metal 
deposition and particle deposition; k is adsorption 
coefficient; J0 is exchange current density of deposited 
metal; η and J are overpotential and current density, 
respectively; θ is surface coverage of embedded 
particles. 

In the restricted case of low values of α, the terms 
(1−α) and (1−θ) can be omitted.  However, in the 
present Ni−Al system, α value is such high that factors of 
(1−α) and (1−θ) cannot be dropped. 

Substituting Eq. (13) into Eq. (12), it is obtained 
 

)1()1( )1(

0

0
)2(

C
k

J
nFd
WJC A

BA
B

A
B

+⋅⋅=
− −

−

υα
α          (14) 

 
Plotting the C(1−α)(2−B/A)/α against C for various 

current densities results in a sheaf of straight lines having 
the common intersection on the point −1/k with the C- 
axis. The slope of these lines is 
 

)1(

0

0tan A
BA

B

J
nFd
WJ −

⋅=
υ

ϕ                         (15) 

 
Taking logarithms, a linear relationship between 

lg(tan φ) and lg J will be obtained. 
 

J
A
B

nFd
WJ A

B

lg)1(lg)lg(tan
0

0 −+=
υ

ϕ                (16) 

 
The slope of this line is equal to (1−B/A). 
The B/A ratio should be pre-determined for fitting 

the experimental data in Eq. (14). This ratio is obtained 
in following way. 

For coatings produced with different current 
densities, the plot of C(1−α)(2−B/A)/α against C presents a 
series of straight lines. The selected B/A ratio must 
converge these lines towards the same point on the 
C-axis (i.e. C=−1/k). 

The logarithm of slopes of lines (lg(tan φ)) obtained 
from the graph of C(1−α)(2−B/A)/α vs C plotted against lg J, 
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(lg(tan φ) vs lg J)), lies on a straight line. According to 
Eq. (16), the slope of this line is equal to (1−B/A). The 
obtained B/A ratio should be equal to the selected one. 

In Fig. 7(a) the experimental results, considering the 
B/A ratio equal to 0.24, have been presented. It is clear 
that experimental data can be well fitted on a sheaf of 
straight lines converging at a negative point on the 
C-axis. From extrapolation of these lines, the −1/k point 
of intersection with C-axis is equal to −0.62. In Fig. 7(b), 
the logarithm of the slopes of the straight lines in     
Fig. 7(a) (lg(tan φ)) is plotted vs lg J. The slope of this 
line is 0.76 and so the B/A ratio is 0.24. This value is 
exactly equal to the B/A value considered previously for 
initial curve fitting. Hence, the co-deposition behavior of 
Ni−Al system is in good agreement with the Guglielmi’s  
model [24]. 
 

 
Fig. 7 Curves of C(1−α)1.76/α vs C for Ni−Al coatings in 
various current densities (a) and lg(tan φ) vs lg J for Ni−Al 
coatings (b) 
 
4 Conclusions 
 

1) Zeta potential of Al is similar to that of Al2O3 
particles. 

2) Addition of Al particles shifts the reduction 
potential of Ni to more negative values. The 
displacement in reduction potential is attributed to a 
decrease in the active surface area. 

3) The loop size of EIS curves increases with adding 
Al particles to Ni electrolyte. It can be due to an increase 
in charge transfer resistance. 

4) The co-deposition behavior of Ni−Al composite 
coatings obeys the Guglielmi’s model. 

5) The results are similar to the co-deposition of 
inert particles (e.g. Al2O3) in metal matrix and confirm 
the existence of a thin aluminum oxide layer on the 
surface of aluminum particles. 
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摘  要：在改进的 Watts 溶液中电沉积镍−铝复合涂层。采用 Z 电位分析、伏安法和电化学阻抗谱(EIS)，研究涂

层的电化学行为。结果发现，铝颗粒的 Z 电位是−4 mV，与氧化铝的非常接近。添加导电铝颗粒到电解液中，导

致极化曲线向负电位方向移动，且 EIS 曲线的环路尺寸增大。结果表明，镍−铝复合层的共沉积行为服从 Guglielmi

模型。加入的导电铝颗粒起惰性粒子的作用，证实在铝颗粒表面存在薄的氧化铝层。 
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