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Abstract: Nickel electrodeposition is a widely utilized method for creating thin films on various substrates
with various desirable attributes. Recently, there has been a growing interest in developing nickel composite
coatings that incorporate additional elements or particles into the nickel matrix to enhance their properties.
These composite coatings offer superior wear resistance, corrosion resistance, hardness, and other functional
benefits compared to pure nickel coatings. Some of the recent advancements in electrodeposited nickel
composite coatings include improved wear resistance, enhanced mechanical properties and better corrosion
resistance. Researchers have discovered that adding Al, Si, Zr, C, W, and Ti particles to nickel coatings can
significantly enhance wear resistance. The uniform distribution of these particles within the nickel matrix acts
as a barrier to wear and tear. Studies have also shown that nickel composite coatings with Al, Si, Zr, C, W, and
Ti particles exhibit superior mechanical properties, including increased hardness. These particles refine the
grain size of the nickel matrix and hinder defect movement, leading to greater mechanical strength. Moreover,
nickel composite coatings offer improved protection against corrosion compared to pure nickel coatings. This
review provides a detail discussion of nickel composite coatings with regard to their comparative advantaged
compared to pure nickel coatings on different substrates.

Keywords: Electrodeposition; Nickel composite coatings; corrosion resistance; hardness; wear
resistance

1. Introduction

Electrodeposited composite coatings offer a superior alternative to single metal coatings, as they
combine the beneficial properties of multiple materials. By incorporating dispersed phases like
ceramic nanoparticles, these coatings enhance mechanical strength, corrosion resistance, and tailored
functionalities [1, 2]. Ongoing advancements in material combinations and deposition techniques
position composite coatings to significantly influence a broad spectrum of industrial applications.
Electrodeposited nickel composite coatings are widely used in various industrial applications due to
their unique combination of properties. These coatings offer high corrosion resistance, wear
resistance, and improved mechanical properties compared to pure nickel coatings. Understanding
the characteristics and properties of these composite coatings is crucial for optimizing their
performance in specific applications. In this review, the aim is to explore the key characteristics of
electrodeposited nickel composite coatings, including their microstructure, hardness, and adhesion
properties. By gaining a deeper insight into these characteristics, we can enhance our knowledge of
how these coatings function and contribute to their improved design and performance. This review
will provide valuable insights into the development and application of electrodeposited nickel
composite coatings and their various properties.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The electrodeposition process of nickel composite coatings represents a significant advancement
in surface modification techniques, offering enhanced properties crucial for various applications.
Pulse electrodeposition and pulse reverse electrodeposition have emerged as transformative
methods, enabling improved surface characteristics such as reduced porosity, minimal inclusions,
and higher deposition rates compared to traditional direct current methods. These processes provide
flexibility in adjusting key parameters like pulse current density, on time, and off time to tailor the
composition and microstructure of the coatings. Incorporating nanoparticles, such as Al20s, SiC, and
Z1QO;, into the nickel matrix through electrodeposition yields composite coatings with superior
microhardness, wear resistance, and unique grain textures. A detailed investigation into the effects
of processing parameters on the microstructure and mechanical properties of these coatings reveals
promising results, with Ni-Al:Os composites exhibiting exceptional hardness and wear resistance.
Furthermore, tribo-corrosion studies on NiP and NiP-SiC coatings highlight the impact of SiC
particle dispersion on wear volume loss and current density during testing, emphasizing the intricate
interplay between composition and performance in electrodeposited nickel composite coatings.

2. Electrodeposition

Electrodeposition involves using an applied current or potential to deposit a film of metal or
alloy onto a conductive substrate by reducing metallic ions. When particulates are co-deposited with
the metal or alloy, a composite is formed. This process is used to apply a thin layer of metal to a
workpiece, enhancing properties such as corrosion resistance, wear characteristics, and aesthetics. By
coating inexpensive base materials with layers of metals that have superior properties,
electrodeposition extends their applications and makes them more cost-effective. This versatile
technology offers various methods to create thin films and coatings on target substrates [3, 4]. Below
is a breakdown of the different electrodeposition methods.

2.1. Direct Current Electrodeposition

This is the simplest, most basic, and widely used method of electrodeposition. A constant direct
current is applied, causing positively charged ions (cations) in the electrolyte solution to migrate
towards the negatively charged electrode (cathode), where the coating is desired. At the cathode, the
cations are reduced to their elemental form, depositing as a thin film on the substrate. This technique
is further divided based on the orientation of the electrodes in the electrolyte bath during the
electrodeposition process: conventional electro co-deposition (CECD) and sediment co-deposition
(SCD). In conventional electrodeposition, the electrodes are placed vertically in the electrolyte bath,
while in SCD, they are placed horizontally. These orientations significantly influence the adsorption
of nanoparticles into the alloy matrix during electrodeposition.

In a study investigating the effect of particle size and co-deposition technique on the hardness
and corrosion properties of Ni-Co/SiC composite coatings, it was found that these factors greatly
impact the final properties of the coatings [5]. Here it was found out that the two main forces involved
during SCD electrodeposition (gravitational pull and the electrophoresis force) produced higher
corrosion resistance compared to conventional deposition (CECD) which exclusively relies on
gravitational pull. Direct current electrodeposition has comparative advantages over other coating
techniques due to its simplicity in terms of setup and operation as well as availability of well-
established vast technical and reliable process. Another study [6] demonstrated that DC setups are
easier to design, operate, and maintain compared to those requiring precise control of pulse
parameters in PC and PRC methods. The results indicated that PC electrodeposited films exhibit a
porous morphology with smaller crystallite sizes and higher donor density compared to DC
electrodeposited films, which feature equiaxed particles in their morphology. This simplicity of DC
setups translates to lower initial investment and operational costs. Additionally, all DC-deposited Ni
and Ni nanocomposite coatings displayed significantly stronger (more uniform) crystallographic
textures compared to those deposited using PC and PRC techniques [7].

Direct current electrodeposition is the traditional method where a constant current or potential
is continuously applied during the deposition process to coat the desired materials. Figure 1 below
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illustrates the schematic of the direct current application and the typical growth process associated
with it. The DC technique primarily involves two variables: the applied potential/current and the
deposition time, while precursor concentration and electrolyte pH are also important factors. By
adjusting these parameters, the morphology, composition, and thickness of the deposit can be
modified. In DC deposition, the continuous application of constant potential/current results in film
deposition without any relaxation, promoting the growth of existing nuclei rather than generating
new nucleation sites, which leads to a rough and porous deposit.
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Figure 1. Schematic of direct current electrodeposition and expected growth process of the deposit

[8].

2.2. Pulse Electrodeposition

Pulse Electrodeposition (PED) represents an advancement in the electrodeposition of metals,
alloys, and metal matrix composites (MMCs). Unlike traditional direct current (DC)
electrodeposition, PED provides enhanced flexibility in adjusting key deposition parameters such as
peak current density (Ip), pulse current on-time (ton), and pulse current off-time (toff). This flexibility
enables the creation of tailored compositions and microstructures in the deposited coatings.
Achieving the desired average current density (Ia) involves utilizing different combinations of peak
current densities, pulse current on-times, and pulse current off-times [9]. Additionally, pulse
electrodeposition current can be effectively alternated between two different values, creating a series
of pulses with equal amplitude, duration, and polarity, separated by zero current [10]. Figure 2 below
illustrates a typical pulse current waveform where the current alternates between a positive current
value (Ip) for the duration of ton and a zero-current value (0) for the duration of tot.
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Figure 2. Schematic of pulse electrodeposition and expected growth process of the deposit [8].
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Figure 3. Schematic of pulse reverse electrodeposition and expected growth process of the deposit

[8].

Concepts of pulse and pulse reverse techniques are demonstrated below:

e  During the toff period in pulse electrodeposition, the electric double layer around the cathode
discharges, allowing ions to pass through it and reach the cathode surface. In contrast, during
DC electrodeposition, this electric double layer hinders ions from reaching the cathode surface.

e During electrodeposition, regions with high current density in the electrolyte bath experience
greater ion depletion compared to areas with low current density. During the tott period, ions
migrate to these depleted regions, ensuring a more uniform ion distribution for deposition when
the ton pulse occurs.

Pulse electrodeposition enables the synthesis of coatings with controlled thickness, composition,
and microstructure by adjusting pulse parameters. PC (Pulse Current) and PRC (Pulse Reverse
Current) electrodeposition techniques offer several advantages and disadvantages compared to the
DC electrodeposition technique.[4, 11]. The advantages are:

e Limiting current density significantly increases by replenishing metal ions in the diffusion layer
during the off time.

e  Flexibility in pulse parameters reduces process limitations.

e  Results in fine-grained deposits with lower porosity and reduced stress.

e Improves adhesion of the deposit and creates uniform thickness.

¢  Enhances the rate of deposition and improves physical and mechanical properties.
On the other hand, pulse electrodeposition method has downsides like:

e  Pulse generators are more expensive than DC units.

e  This technique requires careful advance planning and a series of procedures to achieve optimal
results.

2.3. Jet Electrodeposition

In this type of electrodeposition method, a stream of plating solution is aimed directly at the
cathode surface. An electrical field exists between the anode (situated in the nozzle) and the cathode
(substrate). Figure 3 below illustrates the setup configuration.
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Figure 4. Schematic diagram for typical jet electrodeposition process [12].

As the plating solution flows, electric current is conducted through the fluid stream to the
substrate surface. This facilitates deposition on the cathode surface where the jet flows over. Jet
electrodeposition is a rapid electroplating technique that offers numerous advantages over other
coating methods, such as high deposition rates and effective refinement of grain size [13, 14].

2.4. Ni-AO3 Composite Coatings

Electrodeposited Ni composite coatings containing ceramic particles have been widely
investigated due to their improved mechanical, wear and corrosion resistant properties over plain
nickel coatings [15-18]. Ni-Al:Os composite coatings, consisting of nickel (Ni) and alumina (ALOs),
have emerged as a powerful technology for enhancing the properties of underlying substrate
materials. These coatings offer a unique blend of properties derived from their individual
constituents. Nickel provides excellent ductility, strength, and electrical conductivity, while alumina
contributes superior wear resistance, high-temperature stability, and outstanding corrosion
resistance [19]. Consequently, this synergy makes Ni-Al2Os coatings ideal for various applications
demanding protection against harsh environments. It is observed in [20] the effect of current density
on electrodeposited Ni-Al:Os composite coatings. Wear resistance as well as microhardness of this
composite coatings showed a significant improvement at a current density of 0.01A/dm2. This
significant improvement in hardness was mainly due to the combined effects of dispersion
strengthening as well as refined grain sizes. The abrasive strength of this composite coatings was
found out to be 57 MPa. By varying alumina content in the electrolyte bath, improved wear and
corrosion resistance was achieved [3].

Here, the wear rate of the coatings has decreased from 5.96*10% to 3.16 * 10° mm? /Nm with the
increase of AlLOs particles in the composite coating which indicates approximately two times
improvement in the wear resistance. The corrosion resistance was also increased and an
improvement in corrosion rate was achieved from 392 value to 063 um/year value with increasing
particle concentration. It was found out in [21] that, with pulse electrodeposition method, roughness
properties of Ni-Al20s composite coatings were improved with varying duty cycles from 20% - 100%.
Results demonstrated that with decrease in duty cycle, there was an enhancement in surface
roughness properties from 0.779 to 0.245 um. The change in surface roughness was due to the
variation of grain size, resulting from the varying time intervals during pulse coatings.

Hardness and wear resistance of composite coatings as well as microstructure and surface
morphology are strongly influenced by current density as well [22]. The microhardness values of
deposits were found to increase with the increasing of current density. This observed higher
microhardness may be due to the larger amounts of incorporated alumina particles. When current
density is increased from 3 A/dm? to 5 A/dm? the polarization resistance value improved and
decreased the corrosion current density. Moreover, the corrosion potential of these samples has
shifted toward more positive side, indicating improved corrosion resistance. It was found out that
the coating deposited at 5 A/dm? was characterized by homogeneous distribution of the ceramic
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phase, relatively small values of the residual stresses as well as showed the smallest corrosion current
density and the highest polarization resistance.

In Ni-ALlOs composite coatings, the Al2Os content plays a decisive role in the corrosion
resistance, so that the corrosion rate of the coating decreases with increasing Al2Os content [23].
Increasing the current above 50 mA decreases the influence of the current on the corrosion rate and
the degradation potential becomes higher for the coating developed at a current of 60 mA than for
the other composite coatings. Increasing the bath temperature up to 40 °C the corrosion current
density has decreased. However, an increase in temperature above 40 °C caused an increase in the
corrosion current density and consequently a decrease in the corrosion resistance of the composite
coatings.

Furthermore, microstructure and wear resistance of nickel-alumina composite coatings are
influenced by pulse frequency. At lower frequencies, nickel-alumina composite coatings exhibited
better hardness and wear resistance compared to higher frequencies. Due to the presence of adhesive
wear, wear resistance of composite coatings is largely influenced by microstructure and less
influenced by reinforced alumina particles [24].

2.5. Ni-SiC Composite Coatings

Ni-SiC composite coatings have emerged as a promising material for surface engineering
applications due to their ability to combine the desirable properties of nickel (Ni) with the exceptional
hardness and wear resistance of silicon carbide (SiC) [25, 26].

Electrodeposition is a widely used technique for creating Ni-SiC coatings. Recent studies have
explored optimizing this process to achieve better control over SiC particle distribution and content
within the nickel matrix. For instance, research by [27] investigated the use of binary non-ionic
surfactants to improve the incorporation of SiC nanoparticles during electrodeposition. Their
findings demonstrated that surfactants improved the dispersion of SiC nanoparticles, leading to more
uniform and higher hardness coatings compared to pure nickel coatings.

The primary motivation for incorporating SiC nanoparticles into nickel is to improve its
mechanical properties. Studies have shown that Ni-SiC composites exhibit enhanced micro-hardness,
wear resistance, and corrosion resistance compared to pure nickel coatings [28]. This makes them
suitable for applications in various tribological environments, such as cutting tools, gears, and
bearings. For instance, a study by investigated the effect of SiC nanoparticle concentration on the
properties of Ni-SiC coatings fabricated via high-frequency inductive cladding [28]. They observed
that increasing the SiC content resulted in a significant improvement in wear and corrosion
resistance, making these coatings ideal for protecting carbon steel components. This method offers
rapid deposition rates but requires further investigation into optimizing parameters for achieving
uniform and well-distributed SiC particles.

The microstructure of Ni-SiC composites plays a crucial role in determining their performance.
The size, distribution, and interfacial bonding between Ni and SiC particles significantly impact the
mechanical properties. Studies by [28] employed electrodeposition to fabricate Ni-SiC coatings with
varying SiC particle concentrations. They observed that increasing the SiC content led to grain
refinement and enhanced corrosion resistance in the composite coating. The incorporation of SiC
nanoparticles into the nickel matrix generally improves the micro-hardness and wear resistance of
the coating. Research by [27] showed a significant increase in micro-hardness compared to pure
nickel coatings. This improvement can be attributed to the presence of hard SiC particles that act as
load-bearing reinforcements within the nickel matrix.

Recent research efforts in Ni-SiC composites focus on improving the control over deposition
processes and understanding the effect of SiC particle characteristics (size, morphology) on the final
properties of the coating. Additionally, researchers are exploring novel fabrication techniques like
laser cladding to achieve superior properties and address limitations associated with conventional
methods.
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2.6. Ni-ZrO: Composite Coatings

Nickel and zirconium dioxide (zirconia) have good compatibility due to their similar thermal
expansion coefficient and elastic modulus. Several techniques are employed to create Ni-ZrO:
composite coatings. Electrodeposition is a widely used method, allowing for the incorporation of
ZxrO: particles within a nickel matrix [29-31]. Studies have explored optimizing the ZrO: content in
the plating bath to achieve a balance between particle incorporation and distribution within the
coating [29]. Sol-enhanced electroplating has also been investigated, demonstrating improved
dispersion of ZrO: nanoparticles compared to traditional powder addition methods [32].

Recent research highlights the importance of achieving a uniform distribution of ZrO: particles
within the nickel matrix [29, 32]. This distribution is influenced by the ZrO: concentration in the
fabrication process and can significantly impact properties like hardness and wear resistance. The
incorporation of ZrO: into nickel coatings leads to substantial improvements in various properties.
A key area of focus is enhanced wear resistance, achieved through the dispersion of hard ZrO:
particles within the softer nickel matrix [32, 33]. Additionally, Ni-ZrO: composites demonstrate
improved corrosion resistance compared to pure nickel coatings [29]. This study explores the impact
of ZrO:z concentration in the electrolytic bath on the particle distribution and corrosion resistance of
the coatings. Their findings suggest an optimal ZrO: concentration for achieving the best combination
of these properties. This enhancement is attributed to the barrier effect of ZrO: particles, hindering
the diffusion of corrosive species towards the substrate. It was also found out that the
microhardness and tribo-corrosion properties of composite coatings were significantly improved due
to reinforcement of uniformly dispersed ZrO2 particles in the nickel matrix followed by combined
effect of dispersion strengthening and structural modification [34].

Current research efforts in Ni-ZrO: composites are directed towards optimizing fabrication
techniques for superior control over microstructure and achieving the desired balance between
different properties. Sol-enhanced electroplating is a promising approach for achieving better
dispersion of ZrO: nanoparticles [32]. It has investigated a sol-enhanced electroplating method,
demonstrating superior improvements in mechanical properties compared to traditional ZrO:
powder incorporation. Furthermore, studies are exploring the influence of ZrO: particle size and
morphology on the overall performance of the composite coatings.

Ni-ZrO:z composite coatings hold immense potential for various industrial applications due to
their combined advantages of good mechanical properties, corrosion resistance, and compatibility
with different substrates. Further research focused on optimizing fabrication techniques, exploring
alternative ZrO: dopants, and investigating the tribological behavior of these coatings will pave the
way for their wider adoption in fields like automotive, aerospace, and machine tools.

The microstructure of Ni-ZrO: composite coatings plays a crucial role in determining their
performance. Studies [32, 33] utilize Scanning Electron Microscopy (SEM) and X-ray Diffraction
(XRD) to analyze the distribution and crystallographic phases within the coatings These studies
emphasize the importance of achieving a uniform dispersion of ZrO: nanoparticles within the Ni
matrix for optimal properties.

The primary advantage of Ni-ZrO: composite coatings lies in their enhanced functionalities
compared to individual materials. A study by [35] demonstrates a significant improvement in wear
resistance with increasing ZrO: content in the coatings. Similarly, other researches highlight the
enhanced corrosion resistance achieved through Ni-ZrO: composite coatings.

2.7. Ni-TiO2 Composite Coatings

Ni-TiO2 composite coatings have gained significant attention in recent years due to their
potential applications in various industrial sectors. These coatings consist of a mixture of nickel (Ni)
and titanium dioxide (TiO2) nanoparticles, which are deposited onto a substrate surface using
techniques such as electrodeposition or chemical vapor deposition. The unique combination of
properties offered by both Ni and TiO2, such as corrosion resistance, mechanical strength, and
photocatalytic activity, makes these composite coatings highly versatile and suitable for a wide range
of applications.
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One of the key advantages of Ni-TiO2 composite coatings is their enhanced corrosion resistance
compared to traditional coatings. The addition of TiO2 nanoparticles improves the overall chemical
stability of the coating, making it more resistant to harsh environments and corrosive substances [36].
This property is particularly beneficial in industries such as aerospace, automotive, and marine,
where components are constantly exposed to corrosive elements. Additionally, the photocatalytic
activity of TiO2 nanoparticles can also provide self-cleaning properties to the coating, making it easier
to maintain and prolonging its lifespan.

In a study carried out to investigate the effects of pulse electrodeposition parameters on the
properties of nickel-titania composite coatings electrodeposited from watts bath [37], it was found
out microhardness of composite coatings increased with increasing current density from 2 to 5 A/dm?
and after that it decreased as current density increases. Microhardness and particle reinforcement in
composite coatings found maximum value for coatings deposited at 10 Hz frequency and 10% duty
cycle.

Furthermore, the mechanical strength of Ni-TiO2 composite coatings makes them suitable for
applications where wear and abrasion resistance are crucial. The Ni component provides excellent
adhesion to the substrate surface, while the TiO2 nanoparticles act as reinforcements, improving the
overall hardness and durability of the coating [38]. This makes them ideal for use in components
subjected to high levels of mechanical stress, such as cutting tools, bearings, and medical implants.
Overall, the unique combination of properties offered by Ni-TiO2 composite coatings makes them a
promising material for various industrial applications.

2.8. Ni-WC Composite Coatings

Ni-WC composite coatings have gained significant attention in recent years due to their
exceptional mechanical and tribological properties. These coatings are formed by incorporating
tungsten carbide (WC) particles into a nickel (Ni) matrix, resulting in a material that combines the
hardness of WC with the ductility of Ni. The unique combination of properties exhibited by Ni-WC
composite coatings makes them ideal for a wide range of industrial applications, including cutting
tools, wear-resistant surfaces, and protective coatings.

One of the key advantages of Ni-WC composite coatings is their exceptional hardness and wear
resistance. Tungsten carbide is one of the hardest materials known, with a Mohs hardness of 9, while
nickel provides the necessary toughness and ductility to prevent cracking and delamination. This
combination of hardness and toughness makes Ni-WC composite coatings highly resistant to wear,
abrasion, and erosion, making them ideal for applications in which components are subjected to
severe mechanical stresses. In addition to their outstanding mechanical properties, Ni-WC composite
coatings also exhibit excellent corrosion resistance [39, 40]. The nickel matrix in these coatings acts as
a barrier to prevent corrosive elements from reaching the substrate material, while the tungsten
carbide particles provide additional protection against chemical attack. As a result, components
coated with Ni-WC composites are able to withstand harsh operating environments, such as those
found in the aerospace, automotive, and oil and gas industries.

Another key advantage of Ni-WC composite coatings is their versatility and ease of application.
These coatings can be deposited using a variety of techniques, including thermal spray,
electroplating, and chemical vapor deposition, allowing for customization based on the specific
requirements of the application [40]. Additionally, the composition and microstructure of Ni-WC
coatings can be tailored to optimize properties such as hardness, wear resistance, and corrosion
resistance, making them highly versatile and adaptable to a wide range of applications. Despite their
many advantages, Ni-WC composite coatings do have some limitations that must be considered. For
example, the high hardness of tungsten carbide particles can result in increased tool wear during
machining and grinding processes, which may require specialized equipment and techniques for
processing. Additionally, the high cost of tungsten carbide can make Ni-WC coatings more expensive
than alternative coating materials, which may limit their use in cost-sensitive applications [41].

Generally, Ni-WC composite coatings offer a unique combination of mechanical, tribological,
and corrosion-resistant properties that make them ideal for a wide range of industrial applications.
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Their exceptional hardness, wear resistance, and corrosion resistance, coupled with their versatility
and ease of application, make Ni-WC coatings a highly attractive option for components subjected to
severe mechanical and environmental stresses. While they do have some limitations, the many
advantages of Ni-WC composite coatings make them a valuable and promising material for future
research and development in the field of surface engineering.

2.9. Properties of Nickel Composite Coatings

Nickel composite coatings have gained significant attention in various industries due to their
unique properties and wide range of applications. As researchers continue to delve into this field,
numerous recent publications have shed light on the advancements and discoveries related to the
properties of nickel composite coatings. Nickel composite coatings are composed of a nickel matrix
with dispersed second-phase particles, including Al2Os, SisN4, SiC, Cr203, WC, TiOz, diamond, PTFE,
graphite, or even microcapsules containing liquid. Researches show these particles enhance the
mechanical, tribological, and corrosion resistance properties of the composite coatings. They act as
physical barriers to dislocation movement and grain boundary sliding, leading to a significant
improvement in the mechanical properties of the composite coatings.

By incorporating a second phase, typically non-metallic particles, into a nickel matrix, nickel
composite coatings offer improved properties compared to conventional nickel coatings. Here are
some key properties of nickel composite coatings:

2.9.1. Hardness

Hardness is a measure of a material's resistance to localized plastic deformation, such as
indentation or scratching, when subjected to mechanical forces like pressing or abrasion [42].
Hardness is an important property in engineering and materials science because it directly correlates
to a material's performance and suitability for various applications. Hardness is generally related to
tensile stress yield resulting from a known amount deformation. Nickel composite coatings
reinforced with Al203[43], SiC [44] and TiO: [45, 46] showed improved microhardness properties.

2.9.2. Corrosion Resistance

Nickel composite coatings are known for their corrosion resistance properties. These coatings
are used to protect various components from corrosion in a wide range of environments, including
offshore and harsh chemical environments. Studies show Nickel composite coatings exhibit better
corrosion resistance than pure nickel coatings. It was found out increasing Al203 concentration
resulted in halving of corrosion rates demonstrating AlOs particle incorporation is effective to
enhance corrosion resistance [47]. By Varying the concentrations of Al2Os on steel substrates from the
electroplating bath, tests conducted under working conditions demonstrated that adding AL:Os
particles to the bath positively affects the electrochemical behavior of the steel, reducing its
susceptibility to corrosion and the optimal concentration was found out to be 20 g/L [48].
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Figure 5. Polarization curves for a steel plate coated in a bath without alumina (a), with 20 g/L (b) and
30 g/L (c) of Al:Os in 0.5M K250: and 0.5 NaCl.

Table 1. Values of electrochemical parameters in a bath of 0; 20 and 30 g/ Al203 in K2504 and
NaCl solutions [48].

Values

Concentration | Solutions | Ec.r fmV] icore [MA.cm™[ |[mm.an’]

of AlLO; [g/]

0 K:804 -687.87 0.244 2.86
NaCl -752.19 0.632 7.398

20 K:80, -864.86 0.024 0.277
NaCl -886.18 0.632 3.676

30 K80, -623.92 0.469 5.491
NaCl -704.09 1.062 12.433

Ni-SiC composite coatings with improved wear and corrosion resistance can be obtained by
electrodeposition method as well. Values of lcorr and Ecorr of Ni-SiC composite coatings deposited
were found 1.13 x 10-3 mA/cm? and -0.311 V, respectively, indicating levels of optimal corrosion
resistance [49]. Another study [50] revealed that Ni-S5iC composite coatings prepared on stainless
steel 410 by pulse electrodeposition method produced best corrosion resistance at a coating time of
60 minutes.

Studies show that Ni-ZrO, composite coatings are known for their excellent corrosion resistance,
making them suitable for various industrial applications. The incorporation of ZrO, (zirconia)
particles into a Ni (nickel) matrix enhances the coating's properties. Studies comparing Ni-ZrO,
composite coatings with pure Ni coatings or other composite coatings (such as Ni-AlOs) have shown
that Ni-ZrO, coatings generally exhibit superior corrosion resistance due to the combined effects of
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the nickel matrix and the zirconia particles. In a study conducted to assess the microstructural,
mechanical and corrosion characterization of electroless Ni-P composite coatings modified with ZrO2
reinforcing nanoparticles, it was found out that introduction of ZrO2 particles enhance corrosion
resistance of coatings [51]. Moreover, Ni composite reinforced with addition of TiO2 [52] and WC
[53] showed enhanced corrosion resistance when compared to pure Ni coatings on various substrates.

2.9.3. Wear Resistance

Nickel composite coatings reinforced with Al20s [17, 54], WC [40, 55, 56], TiO2 [38, 57, 58], ZrO2
[59, 60], SiC [25, 44, 61] showed enhanced wear resistance properties compared to pure Ni coatings
on substrates. The enhancement in microhardness and wear resistance of Ni composite coatings
primarily depends on the added reinforcing particles within the nickel matrix. These particles act as
a physical barrier, inhibiting nickel grain growth and reducing plastic deformation under various
loads. This apparently promotes grain refinement and a dispersive strengthening effect, thereby
improving the microhardness and wear resistance of the composite coatings [62].

2.10. Conclusion

Nickel electrodeposition is a widely used technique for producing thin films with a variety of
desirable properties. In recent years, there has been a growing interest in the development of nickel
composite coatings, which incorporate additional elements or particles into the nickel matrix to
achieve enhanced properties. These composite coatings can offer improved wear resistance, corrosion
resistance, hardness, and other functional properties compared to pure nickel coatings. Some of the
recent advancements in electrodeposited nickel composite coatings include:

¢ Improved wear resistance: researchers have found that incorporating Al, Si, Zr, C, W and Ti
particles into nickel coatings can significantly improve wear resistance. The uniform distribution
of the particles within the nickel matrix acts as a barrier to wear and tear.

e  Enhanced mechanical properties: studies have shown that electrodeposited nickel composite
coatings with Al, Si, Zr, C, W and Ti particles exhibit superior mechanical properties, including
increased hardness. The presence of these particles refines the grain size of the nickel matrix and
hinders the movement of defects, leading to enhanced mechanical strength.

e  Better corrosion resistance: Nickel composite coatings can offer improved protection against
corrosion compared to pure nickel coatings.
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