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ABSTRACT 

 

In the present work, Ni and Ni/Al2O3 metal matrix composite (MMC) coatings were prepared from a 

modified citrate type electrolyte containing Nano Al2O3 particles by direct current (DC) plating 

method. Characterization of Ni and Ni/Al2O3 coatings was performed by scanning electron microscopy 

(SEM) and X-ray diffraction (XRD).  The results indicate that, the morphological details of Ni matrix 

were changed  with incorporation of alumina and the  proportion of nickel was detected by energy d 

(EDX ) and the result showed that percentage nickel in coated substrate was 97.5-98% .In the case of 

Ni/Al2O3,Ni  was 97.5% and  Al2 O3  was 2.5% . Potentiodynamic polarization test showed that, nickel 

coating and nickel-alumina composite greatly decreased the corrosion of cupper substrate and 

enhanced surface properties. 

KEYWORDS: Electrodeposition of nickel, copper substrates, additives, Potentiodynamic polarization 

curve, cathodic current efficiency. 

 

1. INTRODUCTION 

 

Electrode position is a feasible and inexpensive method to fabricated strong and relatively ductile 

metallic nano-structures[1].many parameters are involved in the electrodeposition process ,including 

type of electrolyte ,concentration of ions ,pH, bath temperature ,degree of agitation ,substrate and 

counter electrode geometry and material, over potential and/or current density mode of deposition(d .c. 

versus pulse plating or galvanostatic versus potentiostatic )and presence of additives in the electrolyte . 

Conventionally, the electrodeposits’ have columnar grains, whose diameters increase with the deposit 

thickness [2]. A high current density is also anticipated to promote grain refinement .an increase in the 

current density is expected to result in higher over potential, which should increase the nucleation 

rate[3].Nano composite materials have been extensively investigated in bulk and thin film forms 

because of their wide range of applications, starting from traditional industries as general mechanics 

and automobiles, paper mills, textiles, food industries to high tech industries such as microelectronics 

and magneto electronics [4]. Nano composites acquire synergistic properties of its matrix and the guest 

material. According to the nature of matrices, Nano composite can be classified into three main 

categories i.e. metal-matrix, ceramic-matrix and polymer-matrix Nano composite [5]. An aluminum 

matrix composite with nickel aluminide particles is an example of a material in which reinforcement 

can be incorporated in the form of earlier formed powder with a defined chemical composition [6]or it 

may be formedin situ, as a result of the interaction between metallic nickel particles and the aluminum 

matrix [7,8]. In this review, different parameters affecting the process of Ni ceramic Nano composite 

will be discussed. The article will throw light on the effects of these parameters on the microstructure, 

many properties of the coatings and different techniques that can be used in characterization of the 

composite coatings. 

 

2. Experimental 

Pure copper sheet were used as substrates, the sample were cut to 1.5×1.5cm2 and were mechanically 

polished with different grade emery papers after that it were pickled in diluted nitric acid for a few 

seconds, then the sample rinsed with distilled water, dried on air oven and weighted to determine the 

weight before electroplating process, this treatment was performed for each sample. 

The electrode position cell was cleaned and filled with 250 ml of the plating solution; the cleaned 

electrodes were, then, inserted in their appropriate position in the cell. Copper cathodes were weighed 

before and after electrode position for a certain period of time and at fixed current density. From the 
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change in weights of the cathodes, the Thickness determination of the deposited sample could be 

calculated according to Faradays laws equations. 

 

2.1. Preparation of Nickel Deposits: 

The plating bath composition and operating condition of nickel electrodeposition are shown in table 

(1)below: 
Nickel sulfate 0.05 - 0.2 mol/L 

Ammonium chloride 0.4 mol/L 

Sodium citrate 0.006 - 0.018mol/L 

Temperature 40 -650 C° 

Current density  0.1 – 0.4 A/dm2 

pH 1 – 11 

Time 10 -60 min 

Stirring speed 150 rpm 

 

From the data in table (1) systematic studies were carried out to investigate the following 

parameters: 

1. The effect of nickel ions concentration on thickness of the formed deposits. 

2. The effect of citrate ions concentration on the thickness of the formed deposits. 

3. The effect of operating conditions: current density, temperature, pH, and deposition time on 

the deposits thickness. 

2.2. Nickel –Alumina composites:- 

 

Table (2): Shown the bath composition and operating conditions of nickel-alumina 

electrodeposition: 
Nickel sulfate 0.2 mol/L 

Ammonium chloride 0.4 mol/L 

Sodium citrate 0.2 mol/L 

Alumina 10-35 g/L 

Temperature Room temperature  

Current density  0.1-0.8 A/dm2 

pH 1-8 

Time 20 min 

 

2.3. Characterization of nickel and nickel -alumina deposits:             

2.3.1 .Coating investigation:- 

Metallographic examinations were carried out on the material under consideration, to correlate the 

parameters affecting mechanical properties, such as grain size and the distribution of the particles in the 

matrix, as well as the main phases and intermetallic phases present.           

Microstructures of different deposits were characterized by scanning electron microscopy (SEM), and 

Energy Dispersive X-ray Spectroscopy (EDXS) (JEOL-5410 attached to an EDX unit). The specimens 

were coated with golden solution and were taken at room temperature by inserting the samples through 

the sample holder into the inside of the instrument; Photomicrographs at different zones and 

magnifications were taken for each specimen at 30 kV, and was used to define the distribution of the 

particles in the matrix and on the grain boundaries. Photomicrographs of Energy dispersive X-ray 

spectroscopy (EDXS) at 10 kV was also used to determine the distribution of elements in the particles 

that are present in the matrix and on grain boundaries. 

 

2.3.1.2   X-Ray Diffraction (XRD):      XRD was performed in order to determine the constituent 

phases of surface and phase changes of different coated substrates. Using an X-Ray Diffracttometer 

(Broker AXS-D8 X-ray Diffracttometer, ADVANCE, Germany), with a copper target (Cu λ = 

1.54060A) and Nickel filter. Selected samples of each group were recorded; Data of XRD were based 

on Bragg's Equation   

 

2.4. Potentiodynamic Polarization Tests: 
The electrochemical experiments were performed using A VOLTA LAB 40 (Model PGZ301) with the 

aid of commercial software (Volta Master 4 version 7.08). A saturated calomel electrode (SCE) and a 

platinized platinum black were used as the reference and auxiliary electrodes, respectively with 

different deposited plates as the working electrode and the electrochemical cell was filled by 3.5% 

NaCl.  Volta Master 4 calculates and displays the corrosion rate, Corr. in µm/year: this rate is 

calculated from the icorr the corrosion current density found, the D density and the M atomic mass and 
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V valence entered in the Tafel dialogue box. The calculation is performed as follows: Corrosion 

µm/year =    (icorr. (A/cm²) x M (g)) / (D (g/cm³) x V) X 3270With: 3270 = 0.01 x [1 year (in seconds) / 

96497.8] and 96497.8 = 1faraday in coulomb. 

    

3. RESULT AND DISCUSSION 

 

3.1. Optimization of nickel Electrodeposition parameter:- 

From Fig.1.it’s clear that the deposited thickness of nickel increases as the concentration of nickel ions 

increased according to faraday law, Different result was obtained from different concentration .it was 

observed that at 20 minutes, the best thickness was obtained at a concentration  of 0.2M, pH (5), I, 

Adm2-( 0.05) ,concentration of sodium citrate( 0.024)M, t ( 20) min ,concentration of ammonium 

chloride (0.2)M. 

 
Fig {1}: Relationship between concentration of NiSO4.6H2O/M and thickness of nickel coatings. 

 

Figure {2} shows the influence of temperature on the thickness of nickel deposition. It is noticeable 

that the thickness reached the maximum when the bath temperature was 55 C°, from this result 

considered there is no certain relation between the temperature and the amount of metal deposition. 

Increased in temperature causes cathode polarization, therefore the thickness decreased beyond this 

temperature due to the formation of the gaseous hydrogen which blocks the active side on the cathode 

surface. 
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Fig {2}Relationship between Temperature, 0Cand thickness of nickel coatings 

 

The influence of time on the thickness of nickel deposition was shown in figure {3}.  One could say 

that, the amount of coated metal is directly proportional with the time and therefore increase on the 

thickness of the coated layer was observed. This means that at a certain time period, a certain amount 

of metal is produced at the cathode. Therefore it can be suggested that, in an electroplating cell, if the 

same metal is used in both cells, the rate of the electroplating process is constant. This is because in 

such cells reverse half-cell reactions occur at the same rate, thus the concentration of the electrolyte is 

not changing. If other conditions such as temperature, current applied and potential difference applied 

are controlled, the rate is not changing. 

 

 
Fig {3} :Relationship between Time/minutes and thickness of nickel coatings. 

 

One of the most important operating conditions in electroplating process is the current density. The 

relation between current density and thickness of the deposited nickel was  shown in Fig {4}, when the 

current increased the thickness of nickel deposition increases ,because current flowing through an 

object (cupper in this study) is directly equivalent to the number of electrons that flow through it. 

Nickel ions in a nickel-plating solution are neutralized to atoms of metal by a specific number of 
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electrons (in this case, probably two); thus the atoms of nickel produced are directly related to the 

current used. The voltage-sometimes related to the force of the electrons-is nearly immaterial, and 

primarily depends upon the conductivity of the bath. In fact, the manner in which the current distributes 

itself over an electrode surface in any practical case is quite complicated, usually far too much so to be 

simply calculated from geometry. Current will tend to concentrate at edges and points, and unless the 

resistance of the solution is extremely low (lower than in any practical case), it will flow more readily 

to parts near the opposite electrode than to more distant parts. Thus, except for the simplest parts 

subject to electroplating, the thickness of deposit, which depends on the current density, will not be 

uniform over the surface [9]. 

 

 
 

Fig {4} :Relationship between Current /A and thickness of  nickel coatings. 

 

The complexing agent in non–bended form is called free complexing agent. A complexing agent may 

affect on only one of the metals shifting its electrode potential to the negative side when the second 

metal stays in the form of simple ions. When a complexing agent form complexes with both metal ions 

potentials of both of them are shifted to the negative side but the difference between them decreases 

(they are getting closer. This is the continuing shortage in the thickness with greater concentration 

because the complexity agent has become a certain extent after inhibitor to interact. 

Figure {5} shown the change of thickness with the concentration of  sodium citrate as complexing 

agent. higher                                                thickness(72.76µm ) was obtained when the concentration 

of sodium citrate (0.008M) , thickness then  decreased  with increasing concentration because In the 

case of sodium citrate addition, citrate ions react with nickel ions to form nickel citrate complexes and 

gets adsorbed on the surface of a cathode. Citrate ions also get adsorbed on the surface of the cathode, 

resulting in the inhibition of the hydrogen evolution reaction. Ions of the complexing agent bind the 

simple metal ions forming complex ions. Complexing agent not only approximates the metals 

potentials but it also 10 retains the more noble ions in the solution preventing their immersion 

deposition. In order to achieve more stable effect complexing agent is commonly added to the 

electrolyte solution in an amount higher than it is required by the stoichiometric composition. 

In these citrate baths there is evidence for the following reaction mechanism:- 

Ni2+ + Cit 3−
⇔ NiCit-2 

H O ⇔OH − + H + 2 

HCit− + H +⇔ H Cit – 

Here Cit3- is C6H5O7
-3 

Ni+2 + 2e−⇔ Ni 

                                                                  . 
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Fig {5}: Relationship between Concentration of sodium citrate /M and thickness of  

nickel coatings. 

 
The effect of pH on cathodic current efficiency is illustrated in Fig {6} .a higher thickness (22.03µm) 

was obtained when the pH was 3 because electroplating can be done with an acidic solution. Acidic 

solutions form hydronium ions, H3O+, which transport protons to the anode and create free metal 

particles. These charged particles, such as Ni++ are deposited onto the target metal, the cathode. If the 

pH of the solution is too low, particles of H+, or protons, also will be deposited onto the metal [10]. 

Also in this figure we find another higher thickness (24.46mm), was obtained on basic pH 8 .In the 

basic solution the metal hydroxides such as Ni(OH)2 form and begin precipitating out of the solution, 

reducing the efficiency of the electroplating process[11].  

 

 
 

Fig{6}:  Relationship between PH and thickness of nickel coatings 

 

3.1.2. Electrodeposition of nickel -alumina Composites: 

Alumina (Al2O3) particle has many superior properties, such as low price, good chemical stability, high 

micro hardness, and wear resistance at high-temperature [12].  Alumina (Al2O3) is one of the important 
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dispersing ceramic particles which has been widely studied after SiC and Si3N4. Al2O3 is the most cost 

effective and widely used material in the family of engineering ceramics. Al2O3 has mechanical and 

physical properties particularly suitable for electrical and thermal insulation, for cutting tools and 

abrasives. It also has very good anti-corrosion properties. Al2O3 is known to undergo a series of crystal 

structural transformations starting from Ɣ -Al2O3 to the most stable form α -Al2O3 as follows: Ɣ→ ð → 

Ɵ→ α. α -Al2O3 is the strongest and stiffest of the oxide ceramics. Its high hardness, excellent 

dielectric properties, refractoriness and good thermal properties make it the material of choice for a 

wide range of applications. The two common crystal structures of alumina are the harder α -Al2O3 

(Mohs hardness 9) and the softer-Al2O3 crystal structure (Mohs  hardness 8).1  α -Al2O3 is composed of 

trigonal crystals with sp. gr. about 3.987 and  Ɣ -Al2O3 is composed of minute colorless cubic crystals 

with sp. gr. about 3.67 that are transformed to the alpha form at high temperatures[13]. 

 

3.1.2.1. Optimization of nickel-alumina electrodeposition parameters: 

the concentration of the dispersed particles in the electrolyte has an effect on the thickness, from Figure 

{7} Its clear that the highest thickness was obtained on the addition of 20 g of alumina ( Al2O3) to the 

solution ,the thickness of the  coated substrate  in  the presence of ( Al2O3) larger than in the case of 

pure nickel coating . This effect can be due to the surface area effect. In the case of higher particles 

concentrations, the layer thickness decreases. This fact can be explained by the growth of the 

agglomerating particles, in the layers that became bigger in the case of higher amounts of particles.  

                                                                               

 
 

Fig {7}: Relationship between Concentration of Al2O3/g and thickness of nickel/alumina coatings 

 

No doubt that from data on figure {8} that the higher thickness (21.31µm) was obtained in pH (6). This 

indicates that higher concentration of H+ ions result in a competitive reduction reaction to metal 

reduction. Also observed the lack of thickness at the back of higher pH other than those which gave the 

highest when the thickness of the paint solution was free of alumina. 
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Fig {8}: Relationship between PH and thickness of nickel/alumina coatings. 

 

It is found that the thickness of nickel - alumina plating increases with increasing plating current from 

0.1A to 0.7Adm2- ,that’s maximum thickness was obtained in 0.7 A, the rise in thickness which follows 

rise in current according to Kurozaki  mechanism  includes the transport of solid particles from the 

solution to the cathode surface by agitation. The model developed a three step process according to 

which, dispersed particles are transported to the Helmholtz's double layer by mechanical agitation in 

the first step, and in the second step, particles charged in the high potential gradient are transported to 

the cathode surface by electrophoresis. In the third step, particles are adsorbed at the cathode surface by 

the Coulomb force which exist between particles and adsorbed anions, and are incorporated by coating 

metals [14]. 

 
 

Fig {9} : Relationship between current /A and thickness of nickel/alumina coatings 

 

3.1.3. Characterization of Nickel and Nickel /Alumina Deposits: 

figure {10} show the XRD patterns of the nickel deposited on copper substrate from the modified 

citrate bath at pH 8, I=0.4Adm-2, t=20 min. and at lab temperature . In this case, Ni(111) is the 

preferred orientation of the nickel deposit. This indicates that the modified citrate  bath favors the 
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crystalline growth of a deposit with Ni(111) preferred orientation and observed Ni(200)this  crystal 

structure of the coating is pure fcc(face centered cubic) nickel and No peaks characteristic of nickel 

oxide were recorded, indicating that the nickel deposit is pure and does not contain oxide [15]. 

XRD pattern result of powder was shown in figure{12}, tow weak peak (104) and (116) in addition to 

the nickel peak .demonstrated that nano-Al2O3 content is increased when the alumina particle charge 

was increased in the electrolyte. For comparison, unreinforced Ni coating was also deposited and 

unreinforced Ni coating exhibited a preferential growth on the crystal face (200), nano-Al2O3 was co-

deposited, the growth orientation of the Ni/Al2O3 composite coating was changed from crystal face 

(200)to (111). The co-deposition of Al2O3 obviously affects the relative intensity corresponding to 

different crystal faces, with increase ofAl2O3 in the coatings, the relative intensity corresponding to 

crystal face (111) decreases, also the relative intensity of crystal face (200)decreases [16]. The 

relatively low intensities of Al2O3 peak is because the Al2O3 particulates are almost covered by the Ni 

particulates[17]. 

 
Fig.10. XRD of nickel deposition from citrate bath at optimum condition. 
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Fig(11):XRD of nickel - alumina deposition from citrate bath at optimum condition. 
 

3.1.4.Characterization of the coatings( Surface morphology):- 

The surface morphology of the as-deposited nickel on Cu-substrate was examined by scanning 

electron microscopy (SEM). Figure (12 a and b) shows the morphological details of some nickel 

deposits obtained from the optimum bath conditions for nickel citrate deposits. The deposits are, 

generally, adherent, bright and smooth and cover all substrate surfaces. The obtained deposits from the 

optimum free additives solutions, essentially, differ from those obtained in the presence of additives; as 

it is compact fine spherical grain shape which reflect in the presence of additives to compact fine 

columnar shape as in the presence of The transition from spherical to columnar shape reflects the 

presence of microcrack in the deposits as a result of high stress. The stress could be due to the blocking 

sites which found by the action of additives.the amorphous structure of the Ni (Fig.12-a) was changed 

to a uniform distribution of embedded particles on the coating surface. 

In the case of Ni- Al2O3 (Fig. 12-b) the surface in this figure more regularly than is the case in the 

absence of  Al2O3 and more smoothness. 

 It has been shown that the structure and morphology of the nickel matrix composites depend on 

the physicochemical properties, and the particle size and concentration in the bath.  

 

 

 

 

 

 

 

 

 

 
Fig(12-a) :SEM fracture morphologies of the Ni composite coating. 
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Fig(12-b) :SEM fracture morphologies of the Ni/alumina composite coatings. 

 

The EDX examination shown in Fig. (14-a) confirm that the grains are nanoparticles rich area and the 

base regions are almost nickel body the percentage of nickel is(97.5-98)%. The elements composing 

analysis of the nanoparticles cluster is shown in the Fig. (14-b) and the content of various elements Ni 

97% and Al2O32.5%. This means that the grains are mostly Ni may be the reason the inefficiency of 

stirring. 
 

 
Fig (13-a): EDX of nickel coating on cupper substrate ,Ni-cit  ,Ni .97.5-98% . 

 
Fig (13-b):EDX of coating containing Ni – Al2O3 ,where Ni...97%, Al2O3….2.5%. 

(b) 
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3.1.5. Potentiodynamic Polarization Curves:- 

Linear polarization technique was carried out by subjecting the working electrode to a potential 

range of 205 mV below and above corrosion potential (Ecorr) at a scan rate of 5 mV/sec. Corrosion 

rates were evaluated from polarization curves by Tafel extrapolation with the aid of a commercial 

software (Volta Master 4 version 7.08). The results in Figure (14 a,b and c) and Table (13) Show the 

corrosion behavior of, deposited plates with nickel citrate layer From the data it can be concluded that 

nickel citrate layer decreases corrosion rate of cu-substrate . 

The potentiodynamic polarization curves of Ni and Ni–Al2O3 composite coatings are shown in 

Fig.(14.a, b ,c) The corrosion potential, the corrosion current, and the polarization resistance obtained 

from the Tafel plots are listed in Table {3}. When compared to the uncoated substrate, the corrosion 

potential of the coated samples shifted toward more positive side, indicating improved corrosion 

resistance of the coatings. Plain Ni citrate in fig  showed corrosion potentials of -228.4mV and the 

corrosion current density of0.5479µA cm-2. In the case of Ni–Al2O3, corrosion potentials ranging from 

-179.73mV. The corrosion current density is an important parameter used for evaluating the kinetics of 

the corrosion reaction. Corrosion protection is inversely proportional to the corrosion current density. 

The corrosion current density for the nanocompositecoatings0.4306µAcm-2.Generally, nickel 

electrochemical plating improved the corrosion resistance due to the formation of a protective layer of 

metallic nickel and nickel alumina that act as barrier to oxygen diffusion to the metal surface. 

 

Table (3):Corrosion potential, corrosion rates and Tafel slopes calculated from potentiodynamic 

diagrams for Ni–Al2O3 compared with Niand cuperr . 
sample  

           details   

E(i=0) corr. 

mV 

i corr. 

µA/cm² 

Rp 

kohm.cm² 

Beta a 

mV/decade 

Beta c 

mV/decade 

Corrosion 

µm/Y 

Cu Base -315.0 6.2359  1.93 73.4 -82.7 72.40 

Ni-Citrate -228.7 0.5479 17.83 64.3 -66.2 6.362 

Ni-Al2O3 -179.73  0.4306  14.017   50.53  -52.027  5.0365 

 

 
Fig( 14-a):  Corrosion behavior, of the Cu-base in 3.5% NaCl solutions. 
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Fig (14-b): Corrosion behavior, of the Ni-cit in 3.5% NaCl solutions 

 

 
Fig (14-c): Corrosion behavior, of the Ni- Al2O3 in 3.5% NaCl solutions 

 

4 Conclusion 

Ni and Ni/Al2O3 composite coatings were studied by electrolytic co-deposition of Ni and Al2O3 from a 

citrate  electrolyte containing Al2O3 particles at ambient temperature. From the study, Ni/Al2O3 was 

successfully co deposited on to cupper  substrate at mid stirring rates. MMC coatings with 0–100µm in 

thickness were successfully produced by DC electroplating A comprehensive investigation was aimed 

to accomplish to optimize the process. The characterization was done by means of electron 
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microscopy, addition of alumina to the solution lead to smooth and uniform surface. The morphology 

and microstructure of the nickel matrix was significantly altered due to the presence of alumina in the 

plating bath as well as to the Nano particle co deposition. The EDX test broad proportions of nickel and 

alumina in the coating Thus, it has been shown that the corrosion- and wear-resistant properties of 

nickel–alumina  matrix vary from nickel alone. 
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