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Abstract 
The composite coating has gained wider attention due to its property to pro-
tect materials used in energy, bridges, offshore platforms, underground pipe-
lines, and the aviation industry from corrosion and deterioration. In this work, 
a literature review was conducted about the processes of nanocomposite coat-
ing, the mechanisms of electrolytic co-deposition, the texture of layers, and the 
residual stresses. An important aspect, residual stress, was emphasized, which 
represents the persistent stress after removing the external force affecting a 
metal in the plastic region. Because it cannot be measured directly and may be 
determined by measuring strain and indirect methods, the sources and me-
thods for measuring residual stresses (XRD, SEM, TEM, EDS) were described 
in the last section to provide a comprehensive overview. Based on the tho-
rough analysis of the published literature, it was concluded that nanoparticles 
could be electrodeposited with Ni on an Al substrate using a direct current 
and Ni sulfamate as an electrolytic solution, and Nickel will not reside on the 
oxide layer covering Al, so chemical changes are needed to prepare the Al 
surface. In addition, texture changes with the thickness of the coated layer 
must be investigated. 
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1. Introduction 

The material’s surface is the first to encounter harsh external conditions, and its 
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deterioration can end up in the catastrophic failure of the bulk material. There-
fore, the material used in the automotive and aviation industry must be pro-
tected by applying a coating to minimize surface deterioration, prevent wear, 
protect from corrosion, and improve mechanical properties. Thin sheets of alumi-
num alloys have been used extensively in the commercial aircraft industry for the 
past 50 years thanks to their availability, chemical stability, and physical properties 
like low density. Aluminum has a density of 2.77 g/cm3, juxtaposed to steel (7.86 
g/cm3). Hence, aluminum is lighter and has a higher strength-to-weight ratio than 
steel, even if it has lower wear resistance. Aluminum 2024-T3 alloy contains 4% - 
5% Cu [1] [2] [3] [4]. Corrosion of this alloy can be accelerated due to a galvanic 
pair created between Al and Cu. The T3 indicates that the alloy solution was 
treated, cold-worked, and naturally aged. Therefore, it is essential to protect the 
alloy from harsh conditions by coating it to decrease its corrosion and wear re-
sistance since they significantly impact economics and aircraft operations. Nick-
el coating protects the aluminum surface for non-chemical operating conditions. 
It has good adhesion properties to the coated surface and can plate uniformly 
over all surfaces in contact with the plating solution. The coating is preferred as 
a protection process for metal surfaces because it is easy to use at relatively low 
temperatures. As a result of the coating process, crystal-preferred orientation 
and residual stresses are developed on the formed layer, and both physical prop-
erties will affect the wear resistance of the coated material [5] [6] [7] [8]. 

In this work, we conducted a literature review of the processes of nanocompo-
site coating, the mechanisms of electrolytic co-deposition, the texture of layers, 
and the residual stresses. 

2. Nickel Coating Processes on Aluminum 

The Nickel coating process on the aluminum substrate has been shown to im-
prove its wear resistance by applying an inexpensive, highly adhesive thin layer 
of another material (i.e., Nickel) on the aluminum surface. Typically, aluminum 
plating is chosen due to its stable chemical nature, high wear resistance, availa-
bility, and shiny finish look. The coating process has two main phases: pre-coating 
and the actual coating. 

The aluminum substrate goes through a series of chemical treatment processes 
that aim to change its surface’s nature and enable adhesion of the coated Nickel on 
the substrate, as Nickel will not reside on oxides. The four substages of pre-coating 
are alkaline degreaser, alkaline etching, acidic etching, and zincating [1]. 

Following the pre-coating process, the substrate is moved to a Nickel-coating 
bath. Nickel plating is the deposition of a Nickel layer onto a substrate, either 
with an electrical current (electroplating) or without current (electroless plating). 
The electroplating process involves the dissolution of the anode, which is Nickel 
in this case, and the deposition of that metal onto the aluminum metal surface 
through an aqueous solution of the metal salt Nickel sulfamate. The solution 
provides the needed conductivity to transfer ions from the anode to the cathode. 
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Then, the coating reactions are done in that solution, and a direct current (DC) 
is applied through the anode and cathode. Theoretically, the coating process can 
continue until the anode is completely consumed, which is analogous to elec-
trocoagulation, where metal ions produced from a sacrificial anode perpetuate 
the coagulation process [9]. 

The adhesion of the Nickel layer and thickness are two essential properties to 
take care of, as their contribution is vital in determining the coated layer’s quali-
ty. In addition, the porosity and thickness distribution through the surface is al-
so necessary. 

The weight of coated Nickel and thickness of the coated layer can be calcu-
lated using Equations (1) and (2), respectively: 

wt 1.095Ni I t= × ×                        (1) 

( )wt coated NiThickness Ni A ρ= ×                   (2) 

where: Niwt: weight of coated Nickel (g), I: electric current (A), t: time of coating 
(s), ρNi: density of the coated Nickel (g/cm3), and Acoated: cross-sectional area of 
the coated layer (cm2). 

The critical factors that control the quality of the coating are current density 
(CD), duration of coating, pH of the coating bath, and mixing rate [8] [9] [10]. 

3. Nanocomposite Coating 

Nanoparticles are ceramic or metallic materials in powder form with a size of 
around 50 nm, and they have unique chemical, mechanical, electrical, and opti-
cal properties. They are used for many applications, such as coating materials to 
modify their surface properties, and are added to the coating bath at the time of 
coating. Therefore, these particles should have known specifications like specific 
surface area, volume, purity, and all physicochemical specifications that can af-
fect the coated layer [11] [12] [13]. 

Many methods are used to prepare nanoparticles. Some methodology involves 
breaking down the materials from bulk material to lower scale, while in other 
processes, the nanoparticles are used directly. This process requires laser abra-
sion, plasma synthesis, mechanical alloying or high-energy milling, sol-gel syn-
thesis, and chemical vapor deposition. Finally, the nanoparticles are prepared 
through physical vapor synthesis and discrete particle encapsulation. 

According to multiple published articles, most of the nanoparticles added to 
the coating bath are incorporated with the deposited metal matrix on the surface 
of the substrate. As a result, different properties of the deposited layer become 
noticeable because of the added nanoparticles’ physicochemical and mechanical 
properties [12] [13] [14]. 

4. Mechanisms of Electrolytic Co-Deposition 

Insoluble nanoparticles are co-deposited with the metal on the substrate surface. 
Two suggested models (the Gugliemi model [15] and the mathematical model 
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(MTM) for the electrolytic codeposition [16]) explain the electrolytic co-deposition 
of a particle with a metallic matrix. In the Gugliemi model, the adsorbed charge 
is crucial in deciding the co-deposition practicability. This model consists of two 
steps during which the effects of adsorption and electrophoretic attraction are 
responsible for the particulate incorporation in the deposited material. During 
the first step, a particle is adsorbed on the cathode. There is no actual contact 
between the particle and the cathode, as the cathode is surrounded by a layer of 
ions and solvent molecules. The last step occurs if the cathode’s electrical field 
can reveal the particle’s electric double layer. This model explains the CD effect 
on the noticed volume portion of the embedded particles. The MTM model was 
developed due to the need for more details. The primary assumption is that the 
particle will be embedded because a particular portion of the fixed ions on the 
particle’s surface is decreased. In this model, the co-deposition may be explained 
as a five-step process (as shown in Table 1 and Figure 1). 

Figure 1 shows the pathways of particle codeposition into a metal deposit 
[18]. The areas comprise the generation of ionic clouds around the particles (bulk  

 
Table 1. Five-step process of the mathematical model (MTM) for explaining co-deposition 
[17] [18]. 

Step Description 

Step #1 Adsorption of ionic species onto the particle surface. 

Step #2 Displacement of the particle by forced convection towards the cathode’s 
hydrodynamic boundary layer (δ0). Also, δ0 is the distance between an object 
and the fluid where the velocity is relatively constant. 

Step #3 Diffusion of the particle through the double diffusion layer (δ). 

Step #4 Adsorption of the particle, still with its ionic cloud, at the cathode surface. 

Step #5 Reduction of some adsorbed ionic species by which the particle becomes 
irreversibly incorporated in the metal matrix. 

 

 
Figure 1. A schematic describing the co-deposition process of particles in a five steps reac-
tion. 
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electrolyte, typical length in cm); convective movement toward the cathode 
(convection layer, typical length b1 mm); diffusion through a concentration 
boundary layer (diffusion layer, typical dimensions of hundreds of μm); electric-
al double layer (typical sizes of nm) followed by adsorption and entrapment of 
particles. 

The MTM model is valid when steady-state conditions are assumed, so no 
change in concentration, pressure, temperature, or over-voltage occurs during the 
process. In addition, the surface of the cathode must be reachable for the plating 
solution and the associated particles. Finally, a homogeneous suspension of par-
ticles in the plating solution is maintained [16] [18]. 

Besides, SiC nanoparticles do not co-deposit with Nickel directly. Therefore, an 
additive (e.g., Na3Co(NO2)6) is needed with Nickel to enhance the co-deposition of 
nano SiC co-deposition in Nickel. Na3Co(NO2)6 is an electrolytic material that 
will be dissolved in water giving an anion [Co(NO2)6]3-

 and a cation (Na+) ac-
cording to Eq. (3): 

( ) ( ) 3
3 2 26 6Na Co NO 3Na Co NO

−+  → +                 (3) 

The additive reduces the distances between SiC particles. Such a decrease is 
due to the lower surface potential of SiC particles, which makes Van der Waals’s 
attractive force the dominant force between molecules. Reducing the distance 
between SiC particles happens when the anion [Co(NO2)6]3− is adsorbed on the 
Ni+ ions inside the coating bath. This phenomenon will neutralize the charge on 
the particle [13] [18]. 

5. Texture of Coatings 

The crystals may line up along a preferred orientation in polycrystalline mate-
rials, forming a unique texture. This aggregation can be due to an external force 
resulting from mechanical or manufacturing processes on the material, such as 
rolling or drawing. It may also come from an atomic flux during film deposition 
or heat flow during solidification. Due to external forces, the crystalline lattice 
will change its orientation by slipping or twining in the crystal towards a stable 
direction. Further treatments on the oriented crystalline metal may change its 
texture or orient the initially random metal. 

The crystallographic texture is not related to the grain size or shape. Instead, it 
describes a preferential alignment of the crystalline lattice of the different grains. 
Texture may affect the physicochemical and mechanical characteristics of the 
material. As an illustration, anisotropy has been noticed in tensile strength for 
some materials [8] [9] [10]. 

Many techniques have been developed to measure the texture, including hard-
ware and computer software attached to different machines. One of the ways to 
express the data collected about a surface is to express them using pole figures. A 
pole figure can be defined as a stereographic projection with a particular orien-
tation corresponding to the specimen that depicts the change of pole density with 
pole orientation for a chosen group of crystal planes [19] [20] [21] [22]. Arbitra-
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rily oriented crystals will confer a pole figure with a uniform pole density; how-
ever, crystallites with a preferred orientation will make the pole density non- 
uniform and illustrate their projections in clusters. It is essential to know the 
texture of a material, as mentioned earlier, since it may affect the physicochemi-
cal properties of the material. Two types of textures may result from mechanical 
force applications on the fabric: fiber texture and sheet texture. In the fiber tex-
ture, the individual crystals are oriented so that a specific crystallographic orien-
tation is parallel to an external direction. The material has rotational symmetry 
around an axis: in such a manner, all crystals distributed about this axis are 
equally probable. In the sheet texture, for rolled products, the grain lattices are 
often aligned concerning two external directions simultaneously (e.g., to both 
rolling plane normal and rolling direction). The grain orientation is fixed to axes 
in the sheet; a combination of transmission and reflection geometry can make a 
pole figure for a sheet texture. Transmission is only possible with thin samples; 
the reflection can be used for much thicker pieces and can cover a much larger 
area of the pole figure. 

The existence of preferred orientation in electroplated metals and its depen-
dence on the bath composition was proven for the first time in 1924 by Glocker 
et al. [23]. Cho et al. [24] studied the effect of the substrate on the texture of the 
electrodeposited material by coating different substrates under different condi-
tions [25] [26]. They showed that the orientation of the co-deposited materials 
might depend on the texture of the substrate and the bath condition. They also 
reported that texture depends on the substrate for thin coatings, as the thickness 
of the layer increases the surface that will rely on coating conditions. 

Pogrebnjak et al. [27] explained what Cho et al. [24] found by following the 
effect of coating conditions like CD, coating solution’s composition, pH of the 
solution, temperature, and voltage on preferred orientation development with 
coatings thickness. He specified that in electrodeposition, the texture is a func-
tion of the crystal structure of the coated material and coatings besides coating 
conditions. The texture will depend only on coating conditions when the lattice 
parameter differs by more than 15% between the coated material and the coat-
ings. If the two lattice parameters are close, then the initial layers of the coating 
grow independently of the coating conditions. As the coating thickness increas-
es, the texture will depend only on the coating conditions. 

Alfantazi et al. [28] reported that changing from steel to copper substrate does 
not significantly influence the coating preferred orientation. Banerjee studied the 
effect of coating conditions on texture. Those conditions were: bath composi-
tion, CD, pH, and the presence of impurities or ions in the coating bath. Panga-
rov and Vitkova [29] [30] studied the electrodeposition conditions and the de-
veloped texture. He related the texture to the electroplating coating conditions. 
He reported that if the coatings were deposited at high temperatures and low CD, 
the developed texture in metals would be (111); but, when the coatings are done at 
low temperatures and high CD, the generated texture in the face-centered cubic 
unit cell will be (110). Many cases exist when other textures are developed, like 
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(100), (112), (113), and (210). 
Evans [31] found that the texture of electroplated Nickel is (110) when the 

coatings are done with higher values of internal stresses and hardness and a tex-
ture of (100) when the coatings have lower values. Those internal stresses were 
developed due to the electroplating process. They could be related to the binding 
momentum between the deposited atoms and the generated shear forces during 
the coating build-up. 

Vadim et al. [32] noticed that even if the texture in the first deposited layer is 
random, a texture of growth with a preferred orientation will be developed. For 
example, the texture of plated Nickel in a sulfamate bath was firm (100) with an 
observed (110) texture; those coatings were deposited at a temperature of 280˚C 
for five hours. 

El-Sherik et al. [33] found that a texture of (100) was developed as the CD in-
creased in the Watt coating bath. He reported that Nickel coating of 70 μm 
thickness deposited from a sulfamate bath has a texture of (110) for coatings 
done at a temperature of 50˚C. A coating was done at a temperature lower than 
40˚C, with a texture of (100). Cao stated that orientation densities of (110) and 
(100) depend on the cathode’s CD and coating thickness, which increases with 
the increasing time of coatings. 

Czerwinski [34] deposited Nickel from Watt’s and chloride electrolytes at a 
temperature of 60 K, a CD of 1 and 10 A/dm2, and pH values of 0.5 - 5. He ob-
tained a (110) texture from a chloride bath and CD below 2 A/dm2. The texture 
of (211) was obtained when a CD of 10 A/dm2 was used in the chloride bath. The 
texture of (100) was obtained over a wide range of CDs when Nickel was depo-
sited from Watt’s solution. He mentioned that the (111) is not preferential for 
Nickel and cannot readily be reached in the as-deposited state of Nickel. The 
texture of electrodeposited Nickel depends on coating conditions like electrolyte 
composition, temperature, pH, CD, stirring, and organic additions. However, no 
theory predicts the total collection of texture findings. Various textures can be 
obtained for electrodeposited Nickel by controlling coatings conditions. As an 
example, (111) texture can be obtained for Nickel via annealing a (100) initial 
texture [34] [35]. 

6. Residual Stresses 

Residual stress is the persistent stress after removing the external force affecting 
a metal in the plastic region. It cannot be measured directly. Instead, it may be 
determined by measuring strain and indirect methods using the elastic constants 
of materials to calculate the stress. Residual stresses result from the unrestored 
deformation in crystals due to mechanical loads. Nonetheless, in a coating process, 
there is no mechanical load applied. In this case, the stresses resulted from the 
coating nature of the chemical media in which the coating was taking place. Such 
media will affect how particles and grains are stacked on the surface of the coated 
sample [36] [37] [38]. 
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6.1. Sources of Residual Stresses 

Lingois et al. [36] examined residual stresses in dental composites. He related the 
generation of residual stresses to the rapid vitrification of the composite, causing 
considerable residual stresses that may cause the material to fail. Xianbing et al. 
[37] measured residual stresses in nanostructured coatings applied by the ther-
mal spray technique. They reported that the thermal spraying process develops 
residual stresses that may result in the spallation and cracking of the coatings. 

Buchmann et al. [38] affirmed that residual stresses could cause coatings to 
fail due to delamination effects in the coatings and the interface. He also con-
firmed that cracks would appear on the surface of the coating if the stress level 
reaches the ultimate strength of the coatings or leads to plastic strain in the in-
terface. In addition, Xianbing found that grinding the sample’s surface can alter 
the strength of residual stresses and wear resistance [37]. 

Jian et al. [39] calculated residual stresses in various coatings on a substrate. 
They concluded that the stresses in a plane of the film are related not only to the 
grain orientations but also to the direction in the plane of the film, except in 
(100) and (111) oriented grains. Park et al. studied the effect of bath parameters 
on the developed residual stresses for electrodeposited Nickel-phosphorus alloys. 
They found that the pH has the most substantial impact on residual stress for-
mation, unlike the bath temperature and CD, which have only a slight impact. 
Increasing the pH reduced the tensile stresses of pure electrodeposited Nickel. 
Basrour et al. found that residual stresses depend on the electroplating condi-
tions, mainly CD, electrolyte composition of the substrate, and the thickness of 
the coated layer for coatings deposited from a Nickel sulfamate bath at pH = 4 
and temperature of 55˚C. They confirmed that there is no effect of CD or ther-
mal contribution and found that residual stresses decreased as the coated layer’s 
thickness increased [40] [41]. 

6.2. Methods for Measurement of the Residual Stress 

The methods used to measure residual stress can be divided into two main cate-
gories: destructive methods, in which the sample or specimen tested is destroyed 
and will not be used again, like the hole drilling method, and non-destructive 
methods, in which no physical or chemical changes occur to the sample. The 
most used techniques are briefly mentioned below [39] [40] [41] [42]: 
• X-ray diffraction (XRD) method 

The X-ray diffraction (XRD) method measures residual stresses in metals and 
alloys, and the spacing between lattice planes is used as a strain gauge. Before 
stress measurement using XRD, the sample’s surface must be clean and smooth. 
Any scale or dirt should be removed in a process that produces no residual stress 
or changes the stress state of the materials, so caution is needed in choosing this 
process. Most scholars suggest grinding and machining, but these processes pro-
duce high stresses to a depth of 0.127 mm. In the case of coating, grinding will 
remove the coated layer, so the sample should be clean. Another way of prepara-
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tion is acid etching. Researchers affirmed that etching might produce some stress. 
However, different scientists confirmed that the etching influence might be neg-
lected even if deep etching has a rough surface. The only reliable method of re-
moving materials without introducing stress is electrolytic polishing. The speci-
men is suggested as an anode in the electrolytic cell. The surface must not be 
touched before measuring the stress, and any roughness in the surface should be 
avoided since the high point in the surface has a different stress value than the 
bulk material. If it is needed to measure the surface residual stress or the effect of 
some material processing, the surface should not be treated; otherwise, the re-
sults will be meaningless. 
• Scanning electron microscope (SEM) 

Using the scanning electron microscope (SEM), we can obtain a magnified 
image utilizing a beam of electrons [43]. Samples used in the SEM should be 
prepared to withstand the vacuum inside the chamber, so no loose powders are 
allowed. The samples should be conductive and must be cleaned using an ultra-
sonic cleaner. After the sample is prepared, it is placed in the chamber, tightly 
closed. Then, all the air is pumped out from the chamber and the column; an 
electron gun, a tungsten filament placed at the top of the column, emits a beam 
of electrons at high energy. The emission of the electrons and their energy are 
controlled by the applied voltage and the supplied electric power to the filament. 
The electron beam moves down the column across a chain of magnets arranged 
to center the electrons at a highly valid point. Scanning coils are used near the 
column bottom to pass the electron beam on the sample back and forth, row by 
row. As the beam hits any spot on the sample, another electron from the sample 
surface will knock out. A detector connected to the chamber enumerates such 
electrons and transmits the signals to an amplifier. An ultimate three-dimension 
image is created from the electrons sent from each point of the sample. 
• Transmission electron microscope (TEM) 

In the transmission electron microscope (TEM), a beam of monochromatic 
electrons is emitted from an electron gun at the column top. Those electrons are 
transmitted through the sample. That beam is focused to a small spot through 
condenser lenses, and an aperture is used to eliminate any high-angle electron. 
As the electrons pass through, they are influenced by both the structures and 
objects on the sample. Such influences are only noticed for some portions of the 
electronic beam sent across fractions of the sample. The transmitted beam is 
projected onto the viewing phosphor screen, forming an enlarged sample image. 

The darker areas of the image represent those areas of the sample that fewer 
electrons were transmitted through, and the lighter areas of the image designate 
those areas of the sample that more electrons were sent through. 
• Energy dispersive x-ray spectroscopy (EDS) 

Energy dispersive X-ray spectroscopy (EDS) is a chemical microanalysis tech-
nique used with SEM and TEM. This method uses the X-ray transmitted from 
the sample throughout the bombardment using the electron beam to determine 
the elemental composition of the examined spot. When the sample is bombarded 
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by the SEM (or TEM) electron beam, electrons are ejected from the atoms at the 
sample’s surface. An electron from a higher shell fills the generated electron va-
cancy, and an X-ray is sent to equilibrate the energy gap between the two elec-
trons. The EDS X-ray detector determines the number of emitted x-rays and their 
energy. The energy of the X-ray is the feature of the element from which the 
X-ray was transmitted. A spectrum of the energy as a function of relative counts 
of the detected X-rays is acquired and examined to determine the elements in 
the sampled spot qualitatively and quantitatively. 

7. Conclusion and Recommendations 

Based on the collected data and interpretations through this literature review, 
the following conclusions and recommendations can be made: 
• Nanoparticles can be electrodeposited with Nickel on an aluminum substrate 

using a direct current (DC) and Nickel sulfamate as the electrolytic solution. 
• Nickel will not reside on the oxide layer covering aluminum, so chemical 

changes are necessary to prepare the aluminum surface for the coating. 
• A case worth further study is the texture changes with the thickness of the 

coated layer. For example, a different texture was noticed for thinner coatings 
for the same plating conditions. 

The necessity to apply new technology, such as electron energy loss spectros-
copy, to study the interface between the coating and the substrate and develop a 
theory explaining the nature of the chemical and physical bonding between them. 
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Nomenclature 

CD: current density; 
DC: direct current; 
EDS: energy dispersive X-ray spectroscopy; 
I: electric current; 
MTM: mathematical model for the electrolytic codeposition; 
SEM: scanning electron microscope; 
t: time of coating; 
TEM: transmission electron microscope; 
XRD: X-ray diffraction; 
Niwt: weight of coated Nickel; 
Acoated: cross-sectional area of the coated layer; 
δ: diffusion double layer; 
ρNi: density of the coated Nickel. 
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