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ABSTRACT

Electroless coating is a chemical deposition technique that allows for uniform application
of metal or alloy coatings onto a wide range of substrates, both metallic and non-metallic,
regardless of their shape or complexity. Unlike electroplating, it operates without the need
for an external electric current and relies on controlled redox reactions to reduce metal ions
from the solution onto the substrate. This thesis focuses on the development,
characterization, and optimization of electroless Ni-W-P-Ce coatings on low-carbon steel

(AISI 1010) for multifunctional applications.

For development of the coating, different coating conditions were explored, and a neutral
bath (pH 7.5) stabilized with thiourea was identified to exhibit superior performance in
terms of bath stability, deposition rate, coating microstructure, and microhardness. Next,
the bath composition was optimized to maximize the overall coating performance, and a
novel hybrid multi-objective optimization approach was adapted by combining an artificial
neural network (ANN) with a metaheuristic algorithm. Among the evaluated algorithms,
red fox optimization (RFO) proved most effective, yielding an optimized coating with a
surface roughness of 0.12 um, microhardness of 726 HV, 64% reduced fouling weight,

surface free energy of 15.97 J/m2, and 98.73% corrosion protection efficiency.

Next, a comprehensive suite of characterization techniques, including microhardness,
surface roughness, deposition rate, scratch and wear resistance, corrosion resistance,
biofilm formation, surface morphology, structural analysis, and compositional analysis,
were employed to thoroughly investigate the influence of cerium incorporation in Ni-W-P-
Ce coatings. An optimal Ce concentration of 8 mg/L was identified, which significantly
enhanced the functional performance of the coatings. Subsequent annealing at various
temperatures revealed a trade-off among the properties, indicating that careful thermal
treatment can balance the mechanical, chemical, and structural attributes. Further studies
explored the effects of substrate surface preparation methods, including activation with
different agents (HCl and PdCl2), polishing to various surface roughness levels, and
modifying bath loading conditions. Among these, HCI activation was more effective than
PdCI2 activation, enhancing adhesion through micro-roughening. Polishing with finer grit
(1500 grit) promoted controlled nucleation and uniform coating growth, resulting in
superior adhesion and enhanced mechanical properties. Additionally, an optimal bath
loading of 0.88 dm2-L-1 was identified, effectively balancing the deposition rate and bath
stability.
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Chapter 1 Introduction

This chapter provides an in-depth overview of electroless coatings and covers their
principles, types, industrial applications, and emerging research trends. This highlights the
increasing demand for multifunctional coatings and the development of electroless
polyalloy coatings on low-carbon steels and concludes with a summary of the thesis

structure and research objectives.
1.1 Background

Surface modification techniques play a crucial role in enhancing the properties of materials,
with applications spanning multiple industries. These techniques can be broadly classified
into two categories: coating and surface treatment. Coatings involve the application of thin
layers to improve corrosion resistance, wear resistance, and thermal stability. In contrast,
surface treatments, such as diffusion and plasma treatments, modify surfaces without
adding layers, thereby enhancing the mechanical and chemical properties of the material at

the surface level [1].

Coating techniques can be classified based on the state of the coating material during
the deposition (Figure 1.1). Gaseous functional coating methods such as chemical vapor
deposition (CVD) and physical vapor deposition (PVD) are vacuum-based processes that
form thin films with enhanced mechanical and optical properties. These methods modify

the near-surface structure and improve the performance in various applications.

Chemical vapor

Gaseous deposition
functional Shysical vapor
deposition
Laser

Surface coating | |, | Molten or semi-
methods molten

Thermal spray

Electroplating

> Solution state

Electroless
coating

Figure 1.1. Classification of coating techniques based on deposition state.
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Molten or semi-molten techniques, such as laser cladding and thermal spraying, involve
heating materials until they reach a molten state before deposition onto a substrate.
Although these processes offer excellent thermal and wear resistance, their effectiveness is
sometimes limited because of their poor adhesion properties. Solution-based coating
techniques, including electroplating and electroless coating, are cost-effective and versatile

[2]. In this study, electroless coatings are investigated.
1.2 Electroless coatings

Among the various coating methods, electroless coatings have garnered significant
attention because of their ability to uniformly deposit metal layers via autocatalytic
chemical reactions. Electroless coatings are chemical deposition processes that allow for
uniform application of metal or compound coatings onto various substrates without the use
of an external electric current. This method is valued for its versatility, as it can effectively
coat both conductive and non-conductive materials, making it ideal for diverse applications
including electronics, energy storage devices, and anti-corrosion solutions. The advantages
of electroless deposition include the ability to produce high-quality, consistent coatings
with exceptional anti-corrosion properties and excellent wear resistance, while avoiding
issues related to current density uniformity typical of electroplating. However, this method
also has some disadvantages, such as a limited bath life that requires regular monitoring
and replenishment, potential environmental concerns associated with the disposal of
alkaline and acidic baths, and the necessity for surface pre-treatments to ensure adhesion
on certain substrates [3]. The best part of electroless coating is that it can be performed
professionally in large batches, making the entire process more cost-effective and

generating significant long-term savings.

Electroless coating is an autocatalytic process, in which the deposited metal acts as a
catalyst for continuous deposition, creating a self-sustaining reaction. The process begins
with the reduction of metal ions in a solution containing a suitable reducing agent that
donates electrons to form a solid metallic layer on the substrate surface. In an
electrochemical process, an active catalytic surface is required to facilitate the oxidation
and reduction reactions that are essential for metal deposition. The effectiveness of
deposition depends on the compatibility between the metal and the reducing agent, as some
metals may not react efficiently, leading to incomplete deposition or side reactions. For

instance, Pd exhibits a high catalytic activity across various reducing agents, making it
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versatile under different deposition conditions. Similarly, copper effectively catalyzes
formaldehyde oxidation, whereas nickel and cobalt can oxidize a broader range of reducing

agents but are ineffective for formaldehyde oxidation [3-5].

Electroless deposition offers several advantages over traditional coating methods such
as electroplating, PVD, and CVD. Its cost-effectiveness stems from the use of simpler and
less expensive equipment and materials compared to electroplating, which requires precise
control of the electrical parameters [6,7]. This makes electroless deposition ideal for large-

scale applications, where the cost is a concern.

A key advantage is its ability to produce uniform coatings, even in complex geometries,
owing to its autocatalytic nature [8]. Unlike electroplating, which struggles with uniform
thickness on intricate parts, electroless deposition ensures consistent coverage without
requiring a conductive substrate [9]. In addition, it is highly versatile, allowing coatings to
be deposited on metals, polymers, and ceramics, unlike PVD and CVD, which have
substrate limitations [10,11]. This broad compatibility expands its industrial application

and requires less specialized equipment and expertise [12,13].

Electroless deposition also offers environmental benefits because certain formulations
use less hazardous reducing agents and produce less toxic waste than electroplating, which
often involves harmful chemicals, such as cyanides [14]. The development of sugar-based
coating solutions further highlights their potential for sustainable manufacturing [6]. As
industries prioritize cost, uniformity, and eco-friendliness, electroless deposition continues

to be a valuable surface engineering technology.

Electroless coatings primarily consist of Ni-based alloys, particularly Ni-P and Ni-B
coatings. Ni-P coatings are widely recognized for their exceptional corrosion resistance,
which varies depending on the phosphorus content. A higher phosphorus content enhanced
the corrosion resistance, whereas a lower phosphorus content increased the hardness.
Conversely, Ni-B coatings exhibit superior hardness and wear resistance, but lower
corrosion protection than Ni-P coatings. Furthermore, electroless composite coatings
incorporating micro- and nanoscale reinforcements, such as SiC and TiO», significantly

enhance the surface properties, including hardness, wear resistance, and lubricity [2].
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1.2.1 Application of electroless coatings

Electroless coatings are extensively used industrially because of their durability and
superior performance in harsh environments. As depicted in Figure 1.2, these coatings have
applications in the automotive and electronics sectors, accounting for approximately 20%
of the total usage. The oil and chemical (15%), machinery (11%), and aerospace (10%)
industries rely heavily on electroless coatings for their corrosion and wear resistance. Other
specialized industries, including food processing and printing, also benefit from electroless
coatings, owing to their hygienic and protective properties [2]. Recent advancements in
electroless coating technology include the development of a 24/7 helpline for
troubleshooting and technical support, thereby highlighting the growing significance of this

coating technique in industrial applications [15].

Printing Foeod 4 comotive
Aerospace 3¢, 3% 20%

10%

Machines ‘

11%

Computer
] ] 20%
Qil/Chemical _
15%
Electronic
18%

Figure 1.2. Industrial applications of electroless coatings across various sectors.

Electroless nickel coatings (ENC) have been proven to significantly extend the service
life of components for up to 30 years in some cases and are extensively used across multiple
industries. In power electronics, ENC is applied to protect cold copper plates and heat sinks,
whereas in aerospace, oil and gas processing, and hydraulic systems, it safeguards actuator
bodies and critical equipment subjected to extreme conditions. The automotive sector
benefits from ENC by improving the durability and corrosion resistance of brake pistons,
as well as preventing galvanic corrosion in electric vehicle busbars, thereby ensuring stable
performance in hybrid and electric vehicles. The most commonly coated industrial

components are illustrated in Figure 1.3 [16—22]. Notably, electroless coatings, such as Ni-
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B and Ni-P/B, play a vital role in enhancing the durability and performance of components
such as gears, bearings, valves, carburetors, and fuel injection systems, especially in
environments involving alternative fuels [23,24]. Their excellent friction-reducing and

wear-resistant properties extend the lifespan of various engine components [25,26].

Hydraulic valves and
cylinders

Electric vehicle . Steel tubes of
Brake pistons
busbars compressors

Figure 1.3. Common industrial components benefiting from ENC.

Aerospace applications also benefit significantly because electroless coatings provide
protective finishes for landing gear components, engine mounts, and hydraulic fittings,
ensuring reliability under harsh environmental conditions [24,27]. Additionally, these
coatings help to achieve lightweight and corrosion-resistant surfaces, which are essential

for improving aircraft performance and safety [25].

In the electronics industry, electroless nickel and palladium coatings are widely applied
to printed circuit boards (PCBs) to enhance their solderability and corrosion resistance
[25,28]. Electroless silver coatings are used to improve the conductivity of circuit
interconnects, whereas nickel coatings contribute to semiconductor manufacturing and

metallization of plastics, enabling miniaturization and intricate designs [27,29].

Biomedical applications of electroless coatings include their use in medical implants

and devices, where biocompatible surfaces facilitate better adhesion and functionality
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[27,30]. Furthermore, these coatings play a crucial role in manufacturing composites and

magnetic materials, offering superior mechanical strength and thermal conductivity [31].

Another significant advantage of electroless coatings is their ability to provide uniform
metal deposition on complex geometries and non-conductive substrates. This makes them
indispensable for a wide range of industrial applications, including solid free-form
fabricated components, such as prosthetic limbs, which require both performance and

aesthetic qualities [3,32].

One of the most significant recent applications of electroless coatings is their role as
electrocatalysts in hydrogen evolution reactions (HER). The unique microstructures of
these coatings, which often feature amorphous phases and high surface roughness, enhance
their catalytic activities. Their superior corrosion resistance, favorable hydrogen adsorption
energy, and optimized surface morphology contributed to their efficient and stable HER
performance. The introduction of dopants, multilayer coatings, and process optimization
further improve catalytic efficiency, making electroless nickel coatings a promising

alternative to platinum-based catalysts for hydrogen production [33].
1.2.2 Types of electroless nickel coatings

As shown in Figure 1.4, there are several distinct types of electroless coatings, each
designed to deliver specific performance benefits and characteristics that are suitable for a

wide range of applications [34,35].
Pure nickel coatings

Pure electroless nickel coatings consist primarily of nickel, without significant
additions of other elements such as phosphorus or boron. Hydrazine is commonly used as
the reducing agent during deposition. Although pure nickel coatings tend to be softer and
less corrosion-resistant than nickel-phosphorus alloys, they still provide excellent electrical
conductivity and ductility. These properties make them suitable for specific applications in

which conductivity and flexibility are essential [36].
Nickel alloy coatings

Nickel alloy coatings involve the addition of other metals (such as P, B, Zn, Ce, Cu, and
W) to nickel, thereby improving the mechanical properties of the coating. These coatings

typically exhibit enhanced hardness and wear resistance compared with those of pure
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nickel. For instance, nickel-phosphorus and nickel-boron alloys are common variations
with distinct attributes. The specific alloy composition can be tailored according to the
requirements of the application, providing flexibility in properties, such as thermal stability
and electrical conductivity. Variations in the levels of phosphorous and boron can lead to

different categorizations.

Electroless nickel coatings

v v v
Pure nickel coatings Nickel alloy coatings Nickel composite coatings
v v l v v
Binary alloy Ternary alloy Poly alloy e Ni-P-X
e Ni-P e Ni-P-X e Ni-P-X-Y e Ni-B-X
e Ni-B e Ni-B-X ¢ Ni-B-X-Y (X =AL0s3, eGO,
(X=2Zn, Ce, Cu, W, e Ni-P-X-Y-Z SiC, B4C, PTFE,
Mo, Co, etc.) e Ni-B-X-Y-Z 710, C, TiO»,
(X,Y, Z=Zn, Ce, Cu, SnOy, etc.)
W, Mo, Co, etc.)

Figure 1.4. Classification of electroless nickel coatings.

High-P coatings (10-13% P) offer superior corrosion resistance, making them ideal for
highly corrosive environments. Mid-phosphorus coatings (5-9% P) provide a balance
between corrosion and wear resistance while delivering a bright finish, which is commonly
used for moving parts, although they may induce tensile stress in certain metals, such as
steel. Low-phosphorus coatings (up to 5% P) excel in high-temperature environments and
offer enhanced wear resistance but provide lower corrosion protection, especially under

acidic conditions.

Boron-based electroless nickel baths are classified into low-boron (0.5-3% B) and high-
boron (3-5% B) variants, each offering distinct properties. Low-boron coatings enhance
their solderability and conductivity, making them well suited for electronic applications. In
contrast, high-boron coatings exhibit increased hardness and improved resilience after heat
treatment, making them a viable alternative to chrome coatings in various industries,

although they are less effective in corrosive environments. However, both types of coatings
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tend to be more porous than the other electroless coatings, which can limit their

performance in certain applications.

By adding various elements to electroless nickel coatings, new alloys (such as binary,
ternary, or polyalloys) can be formulated to achieve specific properties. This flexibility
allows the creation of coatings tailored to meet a wide range of industrial requirements,
such as improved corrosion resistance, wear resistance, lubricity, and electrical
conductivity. The ability to customize these coatings makes them highly versatile and

valuable for diverse industrial applications.
Nickel composite coatings

These coatings incorporate second-phase materials such as ceramic particles (e.g., TiO2,
AlO3, and SiC), minerals (diamond and columbite-tantalite), and polymers (polyvinyl
chloride, PTFE) within the nickel matrix, significantly enhancing characteristics such as
wear resistance and self-lubricating properties. Nickel composite coatings are gaining
traction for applications requiring strong mechanical performance, such as in the aerospace
and automotive industries, owing to their ability to withstand extreme conditions and

provide additional functionalities.
1.3 Principles of electroless coating deposition

Electroless coating is a non-galvanic metal deposition method that uses a chemical reducing
agent to convert metal ions to a solid metal state in an aqueous solution. The process is
highly autocatalytic, allowing uniform coating deposition across various substrate

geometries [37].
Key components of electroless coating:
1.  Metal ion source:

This process typically uses metal salts, with nickel (Ni) being one of the most common
salts, often in the form of nickel sulfate (NiSO4). Other metal ions, such as copper (Cu) and
silver (Ag), can also be plated.

1.  Reducing agent:

A chemical reducing agent is required to facilitate the transfer of the electrons necessary
for the reduction of metal ions. Common reducing agents include sodium hypophosphite

(NaH2POy), hydrazine, or glucose.
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iii.  Complexing agents:

Complexing agents, such as citrates or ammonium salts, are often used to stabilize metal
ions in solution and prevent premature precipitation, complexing agents (like citrates or
ammonium salts) are often used. These agents help to maintain the metal ion concentration

and pH within the desired range.
iv.  pH buffering agents:

The pH of the solution affects the deposition rate and quality of the coating. Adjusting

agents are used to maintain an optimal pH, usually between 4.5 and 5.5, for nickel coating.

The fundamental reactions in electroless coatings involve oxidation and reduction

reactions, which can be broken down as follows:

i.  Cathodic reaction (reduction): Ni ions are reduced to form a solid Ni.
Ni?* 4+ 2e”~ - Ni (s) (1.1)
Here, Ni** ions in the solution gain electrons supplied by the oxidizing agent, forming

metallic Ni on the substrate.

1.  Anodic reaction (oxidation): the reducing agent is oxidized to release electrons.
NaH,P0O, —» Na*t + H,0 + Products + 2e~ (1.2)

Here, sodium hypophosphite undergoes oxidation, contributing to the electrons needed

to reduce nickel ions.
1.3.1 Thermodynamics of electroless coating

Thermodynamics deals with the energy changes associated with chemical reactions and, in
the context of electroless coating, provides insights into the feasibility and driving forces
of the deposition process. The feasibility is governed by Gibbs free energy (AG), where a
negative AG indicates a spontaneous reaction. The process is also driven by the electrode
potentials of the half-cell reactions, that is, the cathodic reaction ( Ni>*— Ni) and the anodic
reaction (oxidation of reducing agents). A positive overall cell potential implies favorable

deposition.
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Mixed Potential Theory explains that the actual deposition potential (mixed potential)
results from simultaneous anodic and cathodic reactions. This steady-state potential is vital

for understanding and controlling the spontaneity and balance of a reaction.
1.3.2 Kinetics of electroless coating

Kinetics studies the rate of metal deposition influenced by temperature, reactant
concentration, nature of the reducing agent, and surface conditions. The rate law is often as

follows:
R = k[M?*][Red]" (1.3)
where R is the deposition rate, k is the rate constant, [M>"] is the concentration of metal

ions, and [Red] is the concentration of the reducing agent.

The temperature dependence of the deposition rate can be understood using the

Arrhenius equation:

Eq
k = Ae RT (1.4)

where k is the rate constant, A is the pre-exponential factor, E, is the activation energy,
R is the gas constant, and T is temperature (K). A lower activation energy indicates a higher

reaction rate.

Mass transport (diffusion) and reaction control play key roles in this process. In
diffusion-limited cases, agitation improves the rate. In kinetically controlled systems, the

surface reactions are dominant.

Hydrogen evolution can occur as a side reaction, particularly at a certain pH or with
specific reducing agents, affecting the coating quality. Managing this is essential for the

deposit efficiency and selectivity.
1.3.3 Role of catalysts and surface activation

The substrate surface must be sufficiently activated to facilitate an electroless coating.

Activation may involve:

e Surface preparation: Proper cleaning and conditioning of the surface ensure that

it is free from contaminants and can bond with the deposited metal.
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e (atalytic activation: Palladium and other noble metals are often used as
catalysts to provide the initial sites for nickel deposition. The process begins in
the activated regions, allowing Ni deposition to proceed in an autocatalytic

manner, where the deposit enhances further deposition.
1.3.4 Parameters influencing electroless coating

1. pH control:

The solution pH plays a significant role in controlling the deposition rate and
morphology of the deposited film. Lower or higher pH levels can lead to poor deposit

quality or the formation of unwanted by-products.
ii.  Temperature:

The reaction rate increases with temperature owing to the enhanced diffusion and
kinetic energy of the reactants. However, excessively high temperatures can lead to rapid

decomposition of the bath or uneven deposition.
iii.  Concentration of components:

The concentrations of metal ions, reducing agents, and stabilizers can significantly
affect the rate and uniformity of the deposition. Therefore, optimal concentrations are

necessary to obtain high-quality deposits with desirable properties.
iv.  Time of deposition:
The deposition time affects the thickness and quality of the coating. Controlling the
deposition time is necessary to prevent excessive build-up or weak adhesion.
1.4 Engineering multifunctional properties in electroless coatings

1.4.1 Hardness and wear resistance

Electroless coatings reinforced with particles, such as Al,Os3, SiC, and ZrO», exhibit
significantly improved hardness and tribological performance. AloOs is particularly
effective owing to its low friction, high wear resistance, and chemical stability when
incorporated into Ni-P matrices [38—40]. Refractory metals such as Mo and W further
enhance thermal stability and toughness [41], while MWCNTs contribute to self-lubricating

properties that reduce friction and wear [42].
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The hardness and wear resistance of the composite coatings were strongly influenced
by the dispersion and content of reinforcing particles. A higher nanoparticle content in Ni-
ZrO> and Ni- ALOs coatings increases the hardness and decreases the wear rates [40].
Similarly, Cu-coated B4C particles enhance the mechanical strength and wettability of
Al2025 alloys [43], and Ni-P-Cu coatings benefit from phase formation (NizP, NiCu),
which improves tribo-mechanical behavior through grain refinement and dislocation

inhibition [44].

Post-deposition heat treatment at 400 °C promoted the crystallization of Ni-P to Ni and
NisP phases, increasing the hardness and wear resistance [45]. However, temperatures
above 450 °C can degrade performance owing to oxidation, grain coarsening, and Fe

diffusion, leading to reduced adhesion and increased porosity [44].
1.4.2 Corrosion resistance

Electroless composite coatings are known to enhance corrosion resistance. Ni-P/PTFE
coatings reduce the corrosion current and increase the corrosion potential, although they
may compromise hardness and stiffness [46]. Carbon nanoparticles, such as those from
candle soot, improve corrosion resistance cost-effectively in Ni-P coatings [47]. Bi-layer

coatings, such as Co/Sn, offer multilayer protection by reducing the corrosion rates [48].

Alloying Ni-P/Ni-B with elements such as W and La** enhances the corrosion behavior
through oxide film formation and grain refinement, although optimal concentrations are
critical to avoid performance decline [49,50]. Ni-P-Cu coatings benefit from optimized
copper levels and heat treatment, which improve the morphology and protective properties

[45].

Ni-Mo-P coatings provide high electrochemical stability in aggressive environments,
making them suitable for energy and marine applications [51]. Coatings produced using
wastewater also show good corrosion resistance at moderate temperatures, although their

performance drops beyond 400 °C owing to oxide-related degradation [52].
1.4.3 Thermal stability

Electroless coatings play a significant role in enhancing the thermal stabilities of various
composite materials. The deposition of Ag and Ni onto h-BN and CNTs improves the

interfacial bonding and dispersion within the aluminum matrix composites, reducing
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agglomeration and oxidation, and improving the high-temperature performance [53].
Similarly, cerium-containing coatings increase the oxidation resistance by forming dense

oxide scales and acting as cation diffusion barriers [54].

Ag-coated glass flakes improve the thermal and mechanical performance of PAE
composites by increasing their degradation and softening temperatures [55]. In
thermoelectric materials, electroless Ag/SnTe coatings enhance the Seebeck coefficient,
reduce the thermal conductivity, and improve the overall thermoelectric efficiency (zT =

0.67 at 823 K) [56].

Thermal stability is also improved in Ag nanowire-based electrodes through AgNP
deposition, significantly lowering the sheet resistance and preserving the conductivity
under heat exposure [57]. Ni-Fe-P coatings on bamboo fibers increase the degradation
temperature and reduce pyrolysis, thereby acting as a protective thermal barrier [58].
Additionally, ScF3 electroless coatings enable near-zero thermal expansion in Cu
composites, providing thermal shock resistance ideal for electronic packaging applications

[59].
1.4.4 Antimicrobial properties for biomedical and marine applications

Electroless nanocomposite coatings have shown promising antimicrobial performances,
making them suitable for applications in biomedical and marine environments. NiP-TiNi
coatings reduced E. coli viability by over 80% and inhibited biofilm formation, achieving
up to 93% corrosion inhibition in sulfate-reducing bacterial media [60]. Similarly, Ni-P
coatings enhanced with ZnO-doped Cs;Ns nanocapsules effectively reduced S. aureus
growth, particularly at low ZnO concentrations, with heat treatment further improving

bactericidal activity [61].

Silver-based coatings also demonstrate strong antimicrobial effects. Ag-loaded ceramic
papers and Ag-coated PA6 fibers showed over 99% bacterial inhibition against S. aureus
and E. coli, with durability retained after washing, indicating potential in food preservation
and textile applications [62,63]. Electroless Ni-P coatings with ZnO nanoparticles on ABS
substrates further reduce bacterial colonization, reinforcing their relevance for medical

devices and hygiene-critical surfaces [64].

Cerium- and neodymium-containing coatings also contribute to antimicrobial activity.

Cerium compounds disrupt bacterial structures and generate reactive oxygen species,
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thereby offering dual corrosion and microbial resistance [65]. Nd2O3-Ag nanohybrids
exhibit over 98% bactericidal efficiency, combining ion release and membrane disruption

mechanisms [66].
1.5 Optimization of electroless coating process parameters
1.5.1 Traditional optimization techniques

Early attempts to optimize the electroless coating processes have been largely empirical.
Researchers have systematically varied individual parameters while observing their effects
on the resulting coating properties. This "one-factor-at-a-time" approach, while
conceptually simple, proved to be highly inefficient and time-consuming. Furthermore, it
fails to account for the potential interactions between multiple parameters, leading to
suboptimal results. The inherent limitations of this method necessitate a shift towards more

statistically rigorous approaches [67,68].

The development of the statistical design of experiments (DoE) has marked a crucial
turning point. Techniques, such as orthogonal arrays [69] and the Taguchi method [70],
provide frameworks for systematically varying multiple parameters simultaneously,
enabling a more efficient exploration of the parameter space. In particular, the Taguchi
method has gained significant traction owing to its ability to minimize the number of
experiments required, while still providing statistically robust results. By employing
orthogonal arrays, researchers can identify significant factors and their optimal levels with
fewer experimental runs than traditional full-factorial designs. Studies using the Taguchi
method have successfully optimized various aspects of electroless coatings, including the
microhardness and deposition rate [71,72]. However, even these advanced DoE methods
often struggle to adequately capture the complex interactions between multiple parameters,
potentially leading to incomplete or misleading conclusions [73]. This limitation has

spurred the development of more sophisticated modelling techniques.
1.5.2 Response surface methodology (RSM)

Response surface methodology (RSM) has emerged as a powerful statistical tool for
modelling and optimizing complex processes characterized by multiple interacting
variables. RSM utilizes mathematical and statistical techniques to construct response

surfaces, which graphically represent the relationship between the process parameters
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(independent variables) and the desired coating properties (dependent variables, such as
corrosion rate, hardness, or deposition rate) [74,75]. RSM employs various experimental
designs, including Box-Behnken [76] and central composite designs [75], to gather data for
model construction. These designs were chosen for their efficiency in exploring the
parameter space, while minimizing the number of required experiments. The resulting
empirical models, often second-order polynomial equations, allow for the prediction of

optimal parameter combinations that yield the desired coating characteristics [77].

The CCD structure for the three-factor design is shown in Figure 1.5. It comprises three
components: (1) a factorial or fractional factorial design with combinations of factors at
two levels (high and low), represented by corner points; (2) center points to estimate
experimental error and curvature; and (3) axial (star) points placed at a distance (a) from

the center to ensure rotatability, providing uniform precision in all directions.

*

0 Center point (0,0)

* 0 Corner point (-1,+1)

Y Axial point (-a,+a)

»

Figure 1.5. Structure of CCD for the three-factor experimental design.
1.5.3 Artificial neural networks (ANNS)

Artificial neural networks (ANNs), inspired by biological neural networks of the brain,
provide a powerful machine-learning approach for modelling complex nonlinear systems.
Unlike the RSM, which relies on explicitly defined mathematical functions, ANNs can
learn complex relationships from data without requiring a priori assumptions regarding the
underlying functional form. This makes them well suited for modelling electroless coating
processes, where the interplay between parameters can be highly intricate and nonlinear

[78].
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1.5.4 Metaheuristic algorithms

Metaheuristic algorithms offer a powerful class of optimization methods inspired by natural
processes, such as swarm intelligence, biological evolution, and physical phenomena.
These algorithms are particularly well-suited for tackling complex multimodal
optimization problems, where traditional gradient-based methods may fail to find the global
optimum [79]. Their robustness and ability to handle noisy or incomplete data make them
attractive for optimizing the electroless coating processes. Several metaheuristic algorithms

have been applied to this field, including

Genetic algorithm (GA): Inspired by the principles of natural selection and genetic
evolution, GAs have been widely employed for optimization problems across various
engineering disciplines [70,77,80]. Their ability to handle complex, multi-objective
optimization problems and their robustness to noise make them particularly well-suited for
optimizing the electroless coating process. GAs operate by evolving a population of
potential solutions and selecting the fittest individuals based on a fitness function that
evaluates the quality of the solutions. Through genetic operators such as crossover and
mutation, new solutions are generated, and the population evolves towards better solutions

over generations [81].

Several other swarm intelligence-based metaheuristic algorithms have also been
applied to optimize electroless coating parameters, including the Artificial bee colony
(ABC) algorithm, Firefly algorithm (FA), and Teaching-learning-based optimization
(TLBO). The ABC algorithm models the foraging behavior of honey bees by utilizing
employed bees, onlookers, and scout bees to efficiently explore and exploit the search space
for optimal solutions. The Firefly Algorithm is inspired by the mutual attraction among
fireflies, where individuals are drawn toward brighter, more attractive solutions, directing
the search for optimal outcomes. Meanwhile, TLBO replicates a classroom learning process
in which learners enhance their knowledge through interaction with a 'teacher,’ representing
the best solution and their peers, and progressively improving solution quality through

iterative learning phases [76].
1.5.5 Hybrid approaches

The inherent strengths of different optimization techniques have motivated the

development of hybrid approaches that combine the capabilities of multiple methods. These
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hybrid models aim to leverage the advantages of each component technique, while
mitigating their individual limitations. For example, integrating ANNs with metaheuristic
algorithms combines the powerful predictive capabilities of ANNs with the global search
capabilities of metaheuristics [81,82]. This synergistic approach can lead to a more accurate

and efficient optimization of the electroless coating parameters.

Similarly, combining RSM with metaheuristic algorithms can enhance the exploration
of the parameter space and improve the robustness of the optimization process [83]. RSM
provides a statistical framework for modelling the relationships between process
parameters and coating properties, whereas metaheuristics offer a powerful mechanism for
searching for optimal solutions in the parameter space defined by the RSM model. The
combination of these two approaches can lead to more reliable and accurate predictions of
the optimal parameter combinations. Other hybrid methods include gray-fuzzy-based
approaches [69] that combine statistical modelling with fuzzy logic to handle uncertainty

and vagueness in the optimization process.
1.6 Research motivation and scope
1.6.1 Development of electroless polyalloy coatings on low-carbon steel

Electroless polyalloy coatings, particularly Ni-P-based alloys, offer a promising solution
for enhancing the properties of low-carbon steel by incorporating elements such as Mo, W,
and Co. These coatings improve hardness, corrosion and wear resistance, thermal stability,
frictional properties, and antimicrobial effectiveness, making them suitable for
multifunctional applications. Given the widespread industrial use of low-carbon steel and
its inherent limitations in corrosion resistance and wear durability, advanced coatings are
essential for extending the component lifespan and improving performance in demanding
environments. This study aims to develop a novel Ni-P alloy coating tailored for
multifunctional applications in marine, biomedical, antifouling, and other industrial

sectors.
1.7 Thesis outline and contributions

The thesis entitled “Development, characterization and optimization of electroless Ni-W-
P-Ce coatings for multifunctional applications” has been divided into seven chapters,

excluding the appendix. An overview of the remainder of this thesis is summarized below.
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Chapter 2 presents a literature review focusing on the development of multifunctional
electroless polyalloy coatings. It summarizes previous research on polyalloy coatings for
various applications and highlights the key findings and advancements. Through this
review, existing research gaps were identified, which formed the basis for defining the

objectives of this study.

Following that, Chapter 3 describes the synthesis and characterization of rare earth
metal cerium-added electroless Ni-W-P coatings on low-carbon steel. This study examines
the effects of varying the chemical concentrations and coating parameters to achieve a

stable coating bath and high-quality Ni-W-P-Ce coated samples.

Afterward, in Chapter 4, 30 experiments were designed using the central composite
design within the response surface methodology, with the lower and upper factor levels
derived from the findings of the previous chapter. Subsequently, multi-objective
optimization of the electroless Ni-W-P-Ce coating parameters was conducted using a
hybrid ANN-metaheuristic optimization technique to simultaneously enhance five key
coating properties: roughness, hardness, antifouling ability, surface free energy, and

corrosion protection efficiency.

Subsequently, Chapter 5 explores the microstructural evolution and performance
characteristics of cerium-modified electroless Ni-W-P coatings, both before and after heat
treatment. The coatings were deposited using optimized parameters, and only the Ce
content was varied. This study systematically examined the effect of the cerium
concentration on the deposition rate, microstructure, composition, and functional

properties.

In continuation, Chapter 6 examines the influence of key process parameters- activator
solution, bath loading, and substrate roughness- on the initiation, growth, and properties of

electroless Ni-W-P-Ce coatings deposited on low-carbon steel substrates.

Finally, Chapter 7 presents a summary of the research work, along with
recommendations for future research directions. The references used in this study are listed

at the end of this thesis.
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Chapter 2 Literature review

This chapter reviews electroless coatings with a focus on their composition, multifunctional
properties, and enhancement strategies, including the use of rare earth elements. It also
examines optimization techniques, such as statistical methods, machine learning, and
metaheuristic algorithms, and concludes with identified research gaps and objectives that

frame the study.
2.1 Role of alloying elements in electroless coatings

The incorporation of secondary elements into electroless Ni-P coatings is a proven strategy
for enhancing their properties and expanding their applications. Elements such as tungsten
(W), zinc (Zn), copper (Cu), chromium (Cr), molybdenum (Mo), and rare earth elements
significantly improve mechanical and physical characteristics, including hardness, wear
resistance, corrosion resistance, thermal stability, and magnetic properties, depending on
their concentration, bath composition, and deposition parameters. Multi-element alloying
further enhances the coating performance, enabling customized functionalities for specific
applications. For instance, hard particles or lubricating agents improve wear resistance and
reduce friction, whereas noble metals enhance corrosion protection in aggressive

environments [84,85].

The specific effects of individual elements on the microstructure and performance of

Ni-P based polyalloy coatings are discussed in the following subsections.
2.1.1 Role of cobalt

The incorporation of cobalt into electroless Ni-P coatings resulted in 12.67 wt.% cobalt and
14.63 wt.% phosphorus. Co significantly contributed to the magnetic properties of the Ni-
Co-P coatings. In a quaternary system, where both cobalt and cerium were introduced into
the Ni-P bath, the annealed Ni-Co-P-Ce coating (at 400 °C) exhibited a composition of 21.5
wt.% cobalt, 7.1 wt.% phosphorus, and 1.3 wt.% cerium. The presence of cobalt enhanced
nickel ion deposition, facilitated the formation of the ferromagnetic Ni(Co) phase, and
suppressed the development of paramagnetic phases, such as Ni3P and Co,P. Consequently,

the coating demonstrated improved saturation magnetization and coercivity [84,86].
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2.1.2 Role of iron

Iron (Fe) plays a pivotal role in shaping the structural and functional characteristics of
electroless Ni-Fe-P coatings. The Fe and phosphorus (P) contents of these coatings can vary
significantly, with Fe ranging from 3 wt.% to 24 wt.% and P from 4 wt.% to 14 wt.%. The
amount of iron directly influences the microstructure; coatings with less than 9 wt.% Fe are
typically amorphous; those with Fe content between 9 wt.% and ~12 wt.% exhibit a mixed
amorphous-crystalline structure; and above 12 wt.%, the coatings become fully crystalline.
This structural evolution contributes to enhanced thermal stability and improved
wettability, making Ni-Fe-P coatings suitable candidates for applications such as under-

bump metallization (UBM) in high-temperature electronic packaging [87].

In more complex systems, such as quaternary Ni-Co-Fe-P coatings, the introduction of
iron exerts a synergistic effect with nickel and cobalt, significantly enhancing the
electrocatalytic performance. Iron promotes the formation of a mixed amorphous and
nanocrystalline structure, which increases the density of electrochemically active sites and
is especially relevant for the hydrogen evolution reaction (HER). Moreover, an optimized
atomic ratio of Ni, Co, Fe, and P has been found to correlate with improved HER activity,
highlighting the critical role of Fe in tuning the catalyst composition for maximum

performance [88].
2.1.3 Role of copper

Copper (Cu) incorporation into electroless Ni-P coatings has been shown to markedly
enhance their functional properties, particularly in Ni-P-Cu composite systems. The
addition of copper improves corrosion resistance and heat transfer performance owing to
its high thermal conductivity. It also refines the microstructure, resulting in a denser coating
with an increased mechanical strength. Studies have demonstrated that coatings with an
optimal Cu concentration (1 g/L) significantly outperform uncoated mild steel, with cooling
rates improved by approximately 25.2%, and notable increases in corrosion resistance were
observed within the 100-400 °C range. These enhancements make Ni-P-Cu coatings highly

suitable for thermal management applications, such as heat exchangers [45].

In quaternary systems such as Ni-P-Cu-W coatings, copper contributes to modifying
the surface texture and grain structure, leading to larger grain sizes and improved

mechanical characteristics. After annealing at 500 °C, the coatings exhibited an elastic
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modulus of approximately 10.48 GPa. Despite earlier reports suggesting the limited
influence of copper on tribological properties compared to tungsten, the presence of copper
in these polyalloy coatings resulted in a significant reduction in the wear rate and coefficient
of friction. This indicates a synergistic effect, where copper aids in enhancing the
tribological performance when combined with tungsten, thus broadening the functional

applications of these coatings [89].
2.1.4 Role of zinc

Zinc (Zn) plays a vital role in enhancing the performance of electroless Ni-P-based
coatings. In the Ni-Zn-P system, elemental analysis revealed weight percentages of 7.24%
Zn, 9.4% P, and 83.36% Ni. The incorporation of Zn significantly improves the mechanical
strength and corrosion resistance of the coatings. Notably, Zn doping has been shown to
enhance hardness, fatigue life, and electrochemical behavior, making Ni-Zn-P coatings

suitable for applications requiring durable and protective surfaces [90].

Zn offers substantial benefits to quaternary Ni-Zn-Cu-P coatings. The elemental
composition of the duplex coating was Ni (79.71 wt.%), P (10.25 wt.%), Zn (7.55 wt.%),
and Cu (2.5 wt.%). The introduction of Zn in this system contributed to the development
of a more compact, uniform granular microstructure, which significantly improved the
corrosion resistance compared to conventional Ni-P coatings, particularly under 3.5 wt.%
NaCl solution testing. Moreover, while Zn*" ions are known to inhibit plating rates, the
addition of Cu?" ions effectively balances this effect, resulting in coating thicknesses
comparable to those of binary systems. This synergy highlights the multifaceted role of Zn
in improving both the structural integrity and corrosion performance of electroless alloy

coatings [91].
2.1.5 Role of molybdenum

Molybdenum (Mo) has a significant influence on the corrosion resistance and mechanical
performance of electroless Ni-P coatings. Its incorporation notably improved the resistance
to pitting corrosion, particularly in chloride-rich environments, by promoting the formation
of a stable passive film on the coating surface. Furthermore, Mo enhances the adhesion of
the coating to the magnesium alloy substrates. Optimal results were observed at a Na2MoO4
concentration of 0.4 g/L, which provided a balanced Mo and phosphorus (P) content,

resulting in improved microstructure and mechanical strength [92].
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The presence of Mo further enhanced the thermal stability and structural integrity of
Ni-Mo-W-P quaternary coatings. Specifically, Mo helps stabilize the amorphous phase up
to 450 °C, effectively delaying the phase transformations that typically result in brittleness.
This stabilization preserves the fracture toughness and allows the alloy to achieve higher
hardness levels without compromising the ductility. These characteristics make Ni-Mo-W-
P coatings especially advantageous for high-temperature applications, including solderable
surfaces in integrated circuits, where both durability and thermal resilience are essential

[41].
2.1.6 Role of tungsten

Tungsten (W) is a critical alloying element in electroless Ni-P coatings and contributes
significantly to corrosion resistance and structural enhancement. Its inclusion in Ni-W-P
coatings promotes the formation of a robust passive film that effectively inhibits the ingress
of water and oxygen, thereby providing excellent protection to the underlying magnesium
alloy substrates. Additionally, tungsten plays a role in refining the grain structure of the
coating and increasing the nucleation rate during deposition, which helps to maintain an
amorphous structure. These effects result in a more uniform, dense, and protective coating

surface with improved durability [93].

Tungsten has been shown to considerably improve the electrocatalytic performance in
Ni-W-Mo-Co-P polyalloy coatings. The uniform distribution of W ions throughout the
coating enhances its intrinsic electrochemical characteristics and alters its electronic
structure, leading to an increased active surface area. This contributes to the superior HER
activity, with reported overpotentials of 41 mV at 10 mA/cm? 46 mV at 20 mA/cm?, and
67 mV at 100 mA/cm?, along with a favorable Tafel slope of 38 mV-dec™!. The electroless
deposition technique further ensures the chemical stability and durability of the Ni-W-Mo-
Co-P coatings, making them excellent candidates for energy-related applications that

require robust and efficient HER catalysts [94].
2.1.7 Role of rare earth elements

The incorporation of rare earth elements (REEs) such as lanthanum (La), yttrium (Y),
cerium (Ce), and neodymium (Nd) significantly enhances the microstructure, deposition
rate, and overall performance of the electroless coatings. REEs improve bath stability,

facilitate catalytic reduction, and refine grain structures, leading to denser coatings with
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superior corrosion resistance and mechanical properties [50,95]. Optimized concentrations
of REEs accelerate deposition rates by increasing the number of nucleation sites, whereas
excessive amounts can hinder the process by shielding the catalytically active sites [95]. In
Ni-P-B coatings, REEs, such as La*" and Ce*", promote finer grain structures and self-
cleaning superhydrophobic surfaces, enhancing their protective capabilities [50]. Similarly,
the addition of Ce and Nd in Ni-W-P and Ni-Mo-P coatings results in improved adhesion,
reduced surface defects, and lower corrosion rates, making them ideal for applications in
aerospace, automotive, and other industries exposed to harsh environments [96,97]. REEs
also contribute to the amorphization of coatings, enhancing their durability and
electrochemical stability [96]. In addition to corrosion resistance, REEs improve catalytic
activity in the hydrogen evolution reaction (HER), as seen in the Ni-Co-B-RE coatings.
Elements such as gadolinium (Gd) optimize the electronic structure and enhance electron
transfer, leading to a lower overpotential and improved hydrogen adsorption/desorption
kinetics [98]. Furthermore, the incorporation of Ce in Ni-Cu coatings modifies the
reduction potential of copper, forming a denser passive film that reduces pitting corrosion
and extends the service life of coatings in corrosive environments [99]. Overall, the
strategic incorporation of REEs into electroless coatings significantly enhances their
structural integrity, tribological properties, and corrosion resistance, rendering them

valuable for advanced engineering applications [100].
Role of cerium and its potential benefits in electroless coatings

Cerium (Ce) has been used for the development of advanced functional coatings owing
to its exceptional physicochemical properties, including corrosion resistance, self-healing
capabilities, superhydrophobicity, and UV shielding. The most common applications of Ce
are shown in Figure 2.1. As one of the most abundant rare-earth elements, the dual-valence
transformation of cerium (Ce** and Ce*") enhances its effectiveness as a corrosion inhibitor,
forming protective passive layers on metal surfaces that significantly reduce corrosion
rates. The integration of cerium compounds into various coating matrices not only improves
their durability and performance but also opens avenues for innovative applications in
diverse fields such as aerospace, automotive, and electronics. By fully utilizing the unique
characteristics of Ce, researchers aim to address the challenges of resource waste and
expand the functional applications of rare-earth elements in coatings, ultimately
contributing to more sustainable manufacturing practices and increasing economic value

[65].
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Figure 2.1. Applications of rare earth metal cerium (adapted from [65]).

In electroless coatings, such as Ni-P, the incorporation of cerium oxide (CeO>) not only
promotes structural stability but also improves the electrochemical properties. The presence
of Ce enhances charge-transfer kinetics through the formation of oxygen vacancies, which
facilitates electron transfer. Furthermore, the defective CeO: species contributed to the
regulation of the adsorption-desorption processes, thereby improving the overall hydrogen

evolution efficiency [101].
Microstructural changes

The incorporation of Ce into the electroless coatings can induce significant
microstructural changes. Cerium ions can act as nucleation sites, influencing the growth of
the coating and leading to the refinement of the grain size. This grain refinement can
enhance the mechanical properties of the coating, such as hardness and wear resistance.
The presence of Ce can also affect phase formation in the coating, leading to the formation
of different intermetallic compounds or oxide phases [102]. These microstructural changes
can significantly affect the overall performance of the coating, thereby affecting its
corrosion resistance, thermal stability, and other properties [97]. The specific
microstructural changes observed depended on various factors, including the type of

coating, cerium concentration, and deposition conditions.
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Mechanical properties

The addition of cerium to electroless coatings often leads to improvements in
mechanical properties, particularly hardness and wear resistance. This enhancement can be
attributed to several factors, including grain refinement, dispersion strengthening [103],
and formation of hard intermetallic phases [102]. Studies have shown that optimal Ce
concentrations can significantly increase the microhardness of Ni-P [102], Ni-B, and other
coatings [104]. This improved hardness translates to enhanced wear resistance, as
demonstrated by various tribological tests. However, exceeding the optimum cerium
concentration can lead to a decrease in wear resistance, indicating the importance of precise
control over cerium content. The underlying mechanisms responsible for the improved
wear resistance include increased grain boundary strength and formation of protective

oxide layers [105].
Corrosion resistance

The incorporation of Ce into electroless coatings significantly enhanced their corrosion
resistance. This improvement could be attributed to several factors. First, cerium forms a
passive oxide layer on the coating surface, acting as a barrier against corrosive agents [106].
Second, Ce ions can block the diffusion paths of the corrosive species, preventing them
from reaching the substrate. Third, Ce can react with aggressive anions (e.g., chlorides) to
form insoluble compounds, further enhancing corrosion protection [54]. Studies have
shown that the corrosion resistance of various coatings, including Ni-Ce-P [54], Ni-Mo-P
[97], and Ni-B-CeO> [105], is significantly improved by the addition of Ce. The optimal
cerium concentration for achieving maximum corrosion resistance varies depending on the
specific coating system and the corrosive environment. The effectiveness of Ce in
enhancing corrosion protection is evident in various environments including saline
solutions [97], molten salts [106], and aggressive atmospheric conditions [107]. The
formation of protective cerium oxide layers [108] and blocking of diffusion paths
contributed to the enhanced corrosion resistance observed in these studies. The type of
phosphate post-treatment also plays a crucial role in determining the corrosion resistance
of cerium-containing coatings, with different phosphate treatments leading to significant

variations in stability against pitting corrosion [107].
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Thermal stability

The addition of Ce significantly improves the thermal stability of the electroless
coatings. This enhancement was attributed to the ability of Ce to inhibit the diffusion of
phosphorus [109] or boron [85] atoms within the coating matrix. These atoms are often
responsible for the degradation of the coating at elevated temperatures. The presence of Ce
hinders the mobility, thus increasing the temperature at which significant structural changes
occur. This improved thermal stability is crucial for applications involving high-
temperature exposure, such as thermal barrier coatings [85]. The specific mechanisms of
the thermal stability enhancement vary depending on the coating composition and cerium

concentration.
Other properties (e.g., magnetic, biofilm inhibition)

Cerium incorporation can also influence other properties of electroless coatings
depending on the specific composition and processing parameters. For instance, the
addition of Ce to Ni-Co-P coatings enhances their magnetic properties, leading to improved
saturation magnetization. The underlying mechanism involves the promotion of
ferromagnetic phase formation in the coating [110]. In other cases, Ce has been found to
improve the biofilm inhibition capabilities of coatings, making them suitable for
applications where microbiologically induced corrosion is a concern [102]. These findings
highlight the versatility of Ce as an additive in electroless coatings and its potential to tailor

the properties of the coatings to meet specific application requirements.
2.2 Electroless coating process parameter optimization
2.2.1 Process optimization via response surface methodology

Response surface methodology (RSM), often combined with design of experiments (DoE)
techniques such as central composite design (CCD) and Box-Behnken design, have been
extensively employed to optimize the deposition parameters and enhance the performance

of electroless coatings.

Zhang et al. [74] utilized RSM with CCD to optimize the parameters for Ni-Fe-P
electroless coatings. A full factorial design involving ten experimental runs was conducted,
followed by analysis of variance (ANOVA) to validate the predictive models. The optimal

coating performance was achieved at a bath temperature of 85.1 °C and a pH of 7.9, leading
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to a significant enhancement in corrosion resistance. The optimized coating exhibited a
polarization resistance of 22,180.8 Q-cm?, corrosion current density of 3.30 pA/cm?, and

corrosion potential of -0.4253 V.

Similarly, CCD within the RSM framework was applied to investigate the effects of
cobalt sulfate, sodium hypophosphite, and bath temperature on the corrosion behavior of
Ni-Co-P coatings. The optimal conditions; 15g/LL cobalt sulfate, 30 g/L sodium
hypophosphite, and 80 °C bath temperature, yielded a minimum corrosion rate of
0.535 pm/year, representing a 74.76% reduction from the original copper substrate rate of

2.12 um/year [75].

Further optimization of the Ni-Co-P coatings was explored using the Box-Behnken
design across three variables: nickel sulfate, cobalt sulfate, and bath temperature. Fifteen
experimental runs were conducted, and the data were analyzed using machine learning
algorithms, such as gradient descent with RMSprop, ABC, Firefly, and Teaching-learning-
based optimization. The study identified an optimal corrosion rate of 0.435 um/year, with
statistical analysis confirming the strong influence of the cobalt sulfate concentration and

its interaction with bath temperature on the coating performance [76].

In the case of electroless Ni-W-P coatings applied to AZ91D magnesium alloys, RSM
was employed to develop a quadratic regression model assessing multiple process
parameters. Optimal conditions included 20 g/L nickel sulfate, 15 g/l sodium tungstate,
30 g/L sodium hypophosphite, a bath temperature of 65 °C, and a pH of 9.3. Among these,
the sodium tungstate concentration was the most influential, with interactions among
variables that significantly affected the corrosion resistance of the coating. The optimized
coating demonstrated an impressive failure time of 10,200 min in immersion tests,

indicating strong protective capabilities [111].

Optimization of the Ni-B-nanodiamond composite coatings was carried out using RSM
with a CCD framework involving 15 experiments. The variables included the nanodiamond
concentration, reducing agent concentration, and stabilizer levels. The resulting quadratic
models accounted for 94.85% of the response variability in the microhardness and
thickness. Under optimal conditions, the coatings achieved a maximum microhardness of
871 HK50 and a thickness of up to 15.0 um, confirming the effectiveness of RSM in
tailoring the coating properties [112].
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2.2.2 Modeling process-property relationships using artificial neural networks

Vijayanand et al. [113] applied a back-propagation neural network (BPNN) to optimize the
hardness of citrate-stabilized electroless nickel-boron coatings by modeling the effects of
nickel concentration, reducing agent, and stabilizer. The model was trained using data from
11 experiments and validated using four additional runs. It achieved a high coefficient of
determination (R =0.9852), with a predicted maximum hardness of 592 HV, which closely
matched the experimental results. Although the ANN model was highly effective, the Box-
Behnken design (BBD) offered a slightly better fit, achieving R> = 0.9911.

Vijayanand et al. [114] in another study used BPNN to explore the relationship between
the concentration of an amphoteric surfactant and the average surface roughness (Ra) of
electroless Ni-B coatings. Using a multilayer perceptron structure with optimized
parameters, the network achieved R? = 0.988, outperforming traditional regression
approaches and effectively capturing the influence of the surfactant concentration on the

surface morphology.

In a different dipping and padding coating process, a cascade-forward neural network
was used to predict the concentration of silver nanoparticles (AgNPs) coated on dyed silk
fabric using bacterial inhibition zones as the input. The network architecture includes
multiple hidden layers with neurons connected from all the previous layers to enhance
learning. This approach significantly improved the accuracy of AgNP concentration
prediction compared with traditional spectrophotometric color matching, achieving a high
correlation of 0.994 between the actual and predicted values and a low mean absolute error

of 0.46 [115].

ANN modeling was also employed to predict the deposition rate of the Ni-W-P-
nanoTiO> composite coatings based on parameters optimized using the Taguchi method.
The most effective architecture was ANN 4-7-1, which comprised four input neurons, seven
hidden neurons, and one output neuron. This configuration achieved a correlation
coefficient of R? = 0.9820, demonstrating strong agreement between the predicted and
experimental values and reinforcing the ANN's potential for optimizing electroless

deposition parameters [71].

Similarly, a feed-forward BPNN was used to predict the microhardness of the Ni-Zn-
Cu-P coatings. After evaluating various neuron configurations, the ANN 3-7-1 model was

found to be the most accurate, yielding an RMSE of 8.8475 and R? of 0.982. The ANN
Page | 28



Chapter 2

model outperformed the predictions obtained using the Taguchi method, highlighting its

superior predictive capability for mechanical property optimization [78].

Additionally, an enhanced dendritic neural (DN) network optimized using the artificial
hummingbird algorithm (AHA) was developed to model the wear behavior of Cu-Al,03
nanocomposites reinforced with silver. This advanced model accurately predicted both the
wear rate and the coefficient of friction. The results revealed that increasing the Al,Os
content reduced wear and improved frictional properties, and the DN-AHA hybrid

outperformed conventional methods in terms of predictive accuracy [82].
2.2.3 Optimization through metaheuristic algorithms

Hassan et al. [76] utilized metaheuristic optimization algorithms, including ABC, Firefly
algorithm, and Teaching-learning-based optimization, to optimize the corrosion rate of
electroless Ni-Co-P alloy coatings on copper substrates. The algorithms targeted significant
factors, such as cobalt sulfate concentration and bath temperature, resulting in an optimized
corrosion rate of 0.435 um/Y, which is a 79.5% reduction from the corrosion rate of pure
copper (2.12 um/Y). The optimization results were consistent with the experimental data,
demonstrating the effectiveness of the algorithms in enhancing the corrosion resistance of

the coatings.

Mandal et al. [70] employed several metaheuristic optimization algorithms, including
GA, ABC, and ANN with Differential evolution, to optimize the microhardness of
electroless Ni-Sn-P coatings. The GA achieved an optimal microhardness of 387.4328 HV,
whereas the ANN predicted 376.57 HV. The experimental microhardness was confirmed at
387.43 HV, highlighting the effectiveness of the algorithms. The analysis showed that
nickel sulfate and sodium hypophosphite significantly influenced the microhardness, which

was supported by surface morphology evaluations using techniques such as SEM and EDX.

In one study, metaheuristic optimization algorithms, including the Plackett-Burman
design for screening, Box-Behnken design for local optimization, and GA and simulated
annealing (SA) for global optimization, were utilized to refine the process parameters for
electroless nickel-boron coatings. The combination of these techniques led to a significant

reduction in the average surface roughness, reaching a value of 0.252 = 0.004 pm [77].

De et al. [116] used the Non-dominated sorting genetic algorithm II (NSGA-II) for

multi-objective optimization to maximize the weight percentages of Nickel and Cobalt in
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electroless Ni-Co-P coatings while balancing their conflicting nature. By optimizing
process parameters, such as cobalt concentration, reducing agent concentration, and bath
temperature, NSGA-II produced a Pareto optimal front, presenting several optimal
parameter combinations. The results demonstrated a strong correlation between the NSGA-
[I-predicted values and actual experimental data, thus validating the approach and

enhancing the efficiency of the coating process.
2.2.4 Hybrid optimization strategies

Agrawal and Mukhopadhyay [81] integrated an ANN with a GA to identify the optimal
parameters for minimizing the wear rate and coefficient of friction. The ANN, trained using
the Levenberg-Marquardt algorithm, predicted performance outcomes that were then
refined by the GA, employing selection, crossover, and mutation processes over multiple
generations. This approach successfully yielded optimal operating conditions of 34.2099 N
load, 0.5006 m/s speed, and 726.7243 m distance, achieving a wear rate of 0.1003 x 10*
g N.m"! and a COF of 0.2099, as confirmed through validation tests.

2.3 Additional factors influencing electroless coating performance
2.3.1 Effect of bath loading on coating properties

Genova et al. [36] reported that in pure electroless nickel coatings, an increase in bath
loading (defined as the substrate surface area per volume of solution) leads to a higher
nickel deposition rate up to a threshold of approximately 1.5 mm?/ml. Beyond this point,
the deposition rate tends to plateau, which is attributed to the saturation of the catalytically
active sites on the substrate surface. Consequently, further increases in the bath loading did

not contribute to the additional growth in the coating thickness.

Similarly, Ergul et al. [117] demonstrated that bath loading has a significant impact on
the deposition rate of electroless Ni-P coatings on multiwalled carbon nanotubes
(MWCNT). They observed that lower bath loading enhanced the deposition rate, whereas
higher bath loading combined with the large surface area of MWCNTs reduced it,
emphasizing the need for optimized bath loading to achieve effective metal coatings on

MWCNTs.
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2.3.2 Antifouling behavior and microbiologically influenced corrosion resistance

Electroless Ni-Cu-P-PTFE coatings improved antifouling performance by incorporating
PTFE particles that lowered the surface free energy of the deposits, thereby reducing
fouling adhesion on heat exchanger surfaces. The key factor for fouling resistance was the
reduced surface free energy rather than the surface roughness, as smoother coatings did not

significantly enhance the antifouling properties [118].

The Electroless Ni-B/GO superhydrophobic coating provided antifouling performance
by creating a robust micro/nanostructured surface with ultralow water adhesion and a high
contact angle (162.8°), enabling water droplets to easily roll off and remove contaminants,
as explained by the Cassie-Baxter model. This coating maintained cleanliness even after
multiple immersions in muddy water owing to its strong adhesion, mechanical durability,
chemical stability in acidic and alkaline solutions, and excellent corrosion resistance,
collectively preventing pollutant adhesion and fouling buildup on the AZ91 magnesium

alloy surfaces [119].

The electroless NiP-TiNi nanocomposite coating improved the resistance to
microbiologically influenced corrosion by exhibiting lower porosity, which limits chloride
ion penetration, releases Ni** ions, and forms TiO», which possesses strong antimicrobial
properties against sulfate-reducing bacteria and significantly increases the charge transfer
resistance, as shown by electrochemical impedance spectroscopy. These factors together
reduce biofilm and corrosion product formation on the surface, leading to an approximately

93% corrosion inhibition efficiency after 28 d of incubation in SRB media [60].
2.4 Research gaps

Based on a literature survey of the different areas of electroless coatings described above,

the following research gaps were found that require further investigation.

One of the key areas requiring attention is the development of polyalloy Ni-P coatings
incorporating W and Ce. Tungsten has been shown to enhance the hardness, thermal
stability, corrosion resistance, and tribological properties of Ni-P coatings. Similarly, the
addition of small amounts of Ce to an electroless bath has been shown to improve oxidation
resistance, grain refinement, and catalytic properties. However, there is a lack of
comprehensive studies exploring the combined effects of tungsten and cerium addition in

polyalloy Ni-P coatings, particularly in the context of multifunctional applications.
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Current research on Ce-based compounds reveals several gaps, including the limited
compatibility of Ce within coating matrices for long-term corrosion protection and an

incomplete understanding of its interactions with both the coating and the substrate.

Most existing research has focused on optimizing individual properties in isolation,
such as hardness, wear resistance, and corrosion resistance. There is a significant gap in
studies that systematically investigate the simultaneous enhancement of the multiple
functional properties of electroless coatings. The interplay between various performance
factors, such as corrosion resistance, mechanical strength, and tribological behavior, has

not been adequately explored.

In addition, advanced optimization techniques, including artificial intelligence (AI) and
machine learning (ML), remain underutilized in electroless coating research. These
computational tools offer immense potential for improving the process parameters,

predicting the coating performance, and identifying optimal compositions more efficiently.

Another critical research gap lies in the elemental analysis of the electroless coating
baths. The chemical composition of the coating bath plays a crucial role in determining the
final coating properties; however, there is limited research on systematically analyzing and
optimizing the bath chemistry to develop high-performance coatings. More studies are
needed to understand how variations in bath composition affect the coating quality,

stability, and deposition rates.

Moreover, the effects of bath loading, substrate roughness, and activators on electroless
coatings have not been reported extensively. These factors significantly impact the coating
adhesion, uniformity, and overall performance; however, research addressing their precise
effects remains limited. The preparation and surface treatment of substrates before
electroless deposition are often overlooked despite being a crucial step in ensuring coating
reliability and durability. More systematic studies are needed to investigate the effects of

substrate characteristics on the coating microstructure and performance.
2.5 Research objectives

AISI 1010 steel is a low-carbon steel containing approximately 0.1 wt.% carbon, known
for its cost-effectiveness and balanced mechanical properties. It has a high Young’s
modulus of 200 GPa and maximum ultimate tensile strength (UTS) of approximately 650

MPa. Owing to its favorable characteristics, AISI 1010 steel is widely used in applications,
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such as automotive components, machinery, and structural elements, where a combination
of strength and ductility is essential [120]. The application of electroless coatings to AISI
1010 steel can enhance its corrosion resistance, hardness, wear resistance, and surface

uniformity, making it a cost-efficient solution for various industrial applications.
Based on the research gaps stated above, the following objectives were fixed:

1.  Development of multifunctional electroless Ni-W-P-Ce coatings on AISI 1010 steel
ii.  Multi-objective optimization of electroless Ni-W-P-Ce coating parameters
iii.  Investigation of cerium concentration on microstructural evolution and coating
performance

iv.  Effect of activator, substrate roughness and bath loading on coating quality
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Chapter 3 Development and evaluation of stable electroless Ni-
W-P-Ce coating baths

This chapter presents the synthesis and characterization of cerium-added electroless Ni-W-
P coatings on AISI 1010 low-carbon steel using four baths with varied compositions and
conditions. Mechanical and microstructural analyses were conducted to gain insight into

optimizing the coating performance for enhanced durability in demanding applications.
3.1 Experimental details
3.1.1 Substrate preparation

The substrate material used in this study was a 1 mm thick low-carbon steel AISI 1010
sheet procured from the Steel Mart Company, Mumbai, India. The chemical composition
of the substrates is listed in Table 3.1. The sheet was sectioned into smaller specimens
measuring 15 x 10 x 1 mm? using wire EDM and subsequently polished with progressively
finer grades of silicon carbide sandpaper (400, 800, 1200, 1500, and 2000) to achieve an
improved surface finish. To eliminate tightly adhered contaminants, such as dirt, oil, and
grease, the substrate surface was initially cleaned with distilled water, followed by acetone
in an ultrasonic cleaner (Make: Apex Instruments, Model: UltraS-L20) for 10 min. Next,
the substrate was degreased by immersion in a NaOH solution at 40 °C for 15 min. Finally,
the activation process was performed by stirring the substrate in 30% diluted HCI solution
for 30 s. To prevent contamination by the residual particles, the substrate was thoroughly

rinsed with distilled water before and after each step.

Table 3.1. Chemical composition of AISI 1010 steel.

Element Iron, Fe Manganese, Mn Sulphur, S Phosphorous, P Carbon, C
Content (%) 99.18-99.62 0.30-0.60 <0.050 <0.040 0.080-0.13

3.1.2 Coating bath preparation

Initially, various bath formulations were developed to deposit Ni-W-P-Ce coatings on low-
carbon steel by varying the concentrations of metal salts, complexing agents, and
stabilizers, as well as adjusting the bath pH and temperature. After optimization, the four
final bath compositions were identified, and the coated samples obtained from these baths
were subsequently characterized. The chemical compositions and operating conditions of

each bath are listed in Table 3.2.
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Table 3.2. Chemical composition and operating conditions.

Chemicals Unit Bath A Bath B Bath N1 Bath N2
Nickel sulfate (NiSO4.6H>O) gL 25 15 40 40
Ceric sulfate (Ce(SO4)2.4H>0) mg/L 10 50 6 6
Sodium hypophosphite (NaH,PO>.H,O) g/ 25 40 30 30
Sodium tungstate (NaxWOs) g/l 30 15 15 15
Sodium acetate (CH3COONa.3H,0) gL 20 - - -
Trisodium citrate (NazCe¢Hs07.2H20) gL - 45 20 20
Lactic acid (C3HsO3) ml/L 31 - - -

Citric acid (CsHgO7) gL 5 - - -

Lead II acetate (Pb(C2H302)2) mg/L 2 - - -
Thiourea (CH4N2S) gL - - 0.001 0.001
pH 5£02 9+02 7+02 7.5+02
Coating time h 1 0.5 1 2
Temperature °C 85+2 T5+£2 T5+£2 75+2

These formulations were selected based on prior research on electroless Ni-P coatings
incorporating tungsten and cerium [110,121]. In addition, chemical solutions including
acetone (CH3COCH;3) and sodium hydroxide (NaOH) at a concentration of 0.1 mol/L,
hydrochloric acid (HCI) at a concentration of approximately 35%, and an ammonia solution
(NHs) with a concentration of approximately 25% were utilized in this study. All chemicals
were sourced from Merck Life Science Pvt. Ltd., and thiourea was procured from Loba
Chemie Pvt. Ltd. Precise weighing of the substances was performed using a high-precision
weighing machine (Make: Sartorius, Model: BSA224S-CW) with an accuracy of 0.1 mg.
The coating process was conducted without mechanical agitation using a magnetic stirrer
with a hot plate (Make: REMI, Model: 5 MLH PLUS). An ammonia solution was added to
regulate the bath pH, which was monitored using a pH meter (Eutech, CyberScan). The
electroless coating setup primarily consisted of beakers, a magnetic stirrer with a hot plate,
a pH meter, a thermometer, a thread or wire, and a weighing scale. A schematic
representation of the setup is shown in Figure 3.1. Bath N1 and N2 shared nearly identical
chemical compositions, with their primary difference being their respective pH values. In
the case of Bath N2, sodium tungstate was first dissolved separately in distilled water before
being introduced into the final bath containing all the other chemicals once the temperature

reached approximately 60 °C. Subsequently, the pH was adjusted using ammonia solution.
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Figure 3.1. Schematic of the electroless coating setup.
3.2 Mechanical and microstructural characterization

After the coating, the rate of deposition was determined by the weight gain method [122]

using Equation 3.1.

w
= -2 p1 3.1
V= (mg.cm™*.h™%) (3.1

where v 1s the deposition rate, W is the increment in weight after coating (mg), A is the

total surface area of the substrate (cm?), and t is the coating time (h).

Vickers microhardness measurements were conducted for both the coated samples and
substrate using a microhardness tester (UHL VMHT). These measurements ensured that
the hardness of the coating layer, rather than the composite hardness, was obtained by
determining the indentation depth using the simple relationship given in Equation 3.2. In
this equation, ‘hi’ represents the indentation depth, while ‘d” denotes the average diagonal
length [123]. During the measurements, the indentation load, indentation speed, turret
position, and dwell time were maintained at 50 gf, 30 pm/s, 50x magnification, and 10 s,
respectively. The indentation load was applied at five different locations on each sample
surface, and the average of these five values was considered the final microhardness value
for the sample. Additionally, the variation in the diagonal length (AD), which represents the

tolerance during hardness measurement, was maintained below 5%.
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The surface morphology and coating composition were observed using field-emission
scanning electron microscopy (FESEM) Inspect F50 (FEI, Netherlands). During operation,
the high voltage (HV), magnification, working distance (WD), and horizontal field width
(HFW) were fixed at 20 kV, 5000x, 12.9 mm, and 59.7 um respectively. First, highly
magnified secondary electron images were captured, and elemental mapping was

performed using energy-dispersive X-ray spectroscopy (EDS) coupled with FESEM.

Structural and phase analyses of the coated samples were performed using an X-ray
diffractometer (Bruker, D8 Advance) with a scan range of 10-80°. The wavelength of X-
rays (A) in the copper tube was 0.15418 nm.

3.3 Results and discussion

3.3.1 Bath stability

The procedure for preparing the acidic coating bath (Bath A) is illustrated in Figure 3.2.
Initially, all metal salts (nickel sulfate and ceric sulfate), except sodium tungstate, were
dissolved in distilled water in a beaker, whereas sodium tungstate was separately dissolved
in another beaker. All other chemicals, including sodium hypophosphite, sodium acetate,
lactic acid, citric acid, and lead(II) acetate, were dissolved in a third beaker, as shown in
Figure 3.2(a). Sodium hypophosphite functions as a reducing agent and undergoes
oxidation to provide electrons for the reduction process, whereas sodium acetate and
lead(II) acetate act as stabilizers, mitigating the rapid pH fluctuations caused by hydrogen
ion release during nickel reduction [124]. Acetic acid serves as the primary complexing
agent, stabilizing nickel ions and regulating the deposition rate, whereas citric acid, acting
as an auxiliary complexant, enhances the bath stability but reduces the coating speed at
higher concentrations [125]. Separate dissolution of these components is crucial for
preventing premature reactions between the metal ions and reducing agents. In electroless
coatings, the reduction of metal ions by a reducing agent is the primary reaction requiring
strict control. If metal salts and reducing agents are directly mixed as dry components or in
concentrated solutions, immediate reactions can occur, leading to uncontrolled metal
reduction outside the coating process [126]. Once all chemicals were fully dissolved, they

were combined in a single beaker, as depicted in Figure 3.2(b).
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Figure 3.2. Sequential steps for preparation of Bath A.

At this stage, the bath appeared clear and transparent, with a light green color and pH
of approximately 5.2. The bath temperature was increased to 85 °C before immersing the
substrate, as shown in Figure 3.2(c). During this step, the bath remained transparent and

the pH stabilized at approximately 5.

The coating process was performed for approximately one hour. Subsequently,
spontaneous bath decomposition was observed, marked by rapid hydrogen bubble
generation and a color change from green to black, as illustrated in Figure 3.2(d). The acidic

nature of this bath and elevated coating temperature (85 °C) contributed to its

Page | 39



Chapter 3

decomposition. This instability can be attributed to the chemical degradation of reducing
agents, such as hypophosphite, under acidic conditions, where they tend to oxidize or
decompose prematurely. Acidic baths promote a higher rate of hydrogen evolution, which
adversely affects the coating reaction by locally depleting active species. Additionally,

elevated temperatures accelerate side reactions, further destabilizing the bath [127].

Another basic bath (Bath B) was prepared, which decomposed within just half an hour.
This was likely due to the absence of a stabilizer and high concentration of cerium. A high
Ce ion concentration promotes particle agglomeration, which blocks catalytically active
sites on the substrate surface and increases the surface energy of the coating, thereby
inhibiting nucleation and growth. Moreover, the excessive presence of Ce ions destabilizes

the coating bath, resulting in a reduced deposition efficiency [121].

A neutral electroless coating bath (Bath N1) was formulated using fewer chemicals than
Bath A, which contained two complexing agents. Bath N1 utilizes only one trisodium
citrate. Sodium citrate, known for its moderate complexing ability, helps stabilize the
coating solution by forming stable complexes with Ni?* ions [128]. This stabilization was
essential for maintaining the desired pH and chemical environment during the coating
process. Additionally, instead of using two stabilizers, as in Bath A only one stabilizer,
thiourea, was used in this formulation. In acidic electroless nickel baths, thiourea plays a
critical role in preventing the formation of nickel phosphite precipitates when sodium
hypophosphite is used as a reducing agent. Similarly, in alkaline baths, thiourea ensures the
solubility of nickel ions, preventing their precipitation as nickel hydroxide and thereby

enhancing the overall stability of the coating solution [129].

To prepare Bath N1, all metal salts were dissolved in a beaker with distilled water,
whereas the remaining chemicals were dissolved separately in another beaker, as illustrated
in Figures 3.3(a) and 3.3(b). After the chemicals were dissolved separately, they were
combined in a single beaker, as shown in Figure 3.3(c). Because all the metal salts were
dissolved together in a single beaker, the solution appeared nontransparent. At this stage,
the solution remained nontransparent with a light blue appearance, and the pH was
measured at approximately 7.2. Upon heating the bath to 75 °C, the color of the solution
changed from nontransparent light blue to slightly transparent green, as shown in Figure
3.3(d). During this process, pH decreased to 6.2. This decrease in pH with increasing

temperature is primarily attributed to the enhanced ionization of water, which increases the
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concentration of hydrogen ions (H*), thereby lowering the pH. Additionally, elevated
temperatures influence the solubility of gases and chemical species in the bath, promoting
reactions that generate acidic by-products or deplete hydroxide ions (OH ), further
reducing the solution pH [130]. It is important to note that the coating temperature was

maintained at 75 °C to avoid issues encountered at higher temperatures in Bath A.

Figure 3.3. Preparation and evolution of Bath N1.
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Subsequently, a small amount of ammonia solution was added to the bath, which
increased the pH to approximately 7 and further improved the transparency of the solution,
as shown in Figure 3.3(e). The addition of ammonia to electroless coating baths serves
multiple functions, including the formation of stable metal-ammonia complexes that
enhance the solubility of metal ions, facilitating their reduction, and regulating the bath pH,
which is crucial for optimizing the deposition conditions. Furthermore, ammonia stabilizes
the coating bath, prevents precipitation, and ensures uniform deposition [131]. However,

even after this adjustment, the transparency of the bath was not as high as that of Bath A.

The coating process was then performed for one hour, during which the deposition rate
was significantly higher than that in Bath A. This aspect is discussed in Section 4.4.2.
However, the bath eventually decomposes, as shown in Figure 3.3(f). It appears that
tungsten dissolution issues persisted, likely because of its direct mixing with other metal
salts under ambient conditions. A white precipitate, most likely tungsten, was observed at

the bottom of the beaker, contributing to the decomposition of the bath.

A second neutral bath (Bath N2) was prepared to address the bath decomposition
observed in Bath N1. The preparation procedure and chemical composition were identical
to those used for Bath N1, as shown in Figure 3.4. The only modification was the
dissolution of the sodium tungstate. Sodium tungstate was first dissolved in distilled water
in a separate beaker instead of mixing it directly with other metal salts under ambient
conditions. It was then introduced into a bath containing all other chemicals once the bath
temperature reached 55 °C, as illustrated in Figure 3.4(d). At this stage, pH was maintained
at 6.5. Subsequently, ammonia solution was added to the bath, the pH was increased to 7.5,
and the final bath temperature was raised to 75 °C. With this modified preparation method,
all the chemicals were completely dissolved, resulting in a highly transparent solution, as
shown in Figure 3.4(e). The deposition rate was satisfactory. The bath remained stable for
up to two hours; however, after this period, it became significantly more viscous, as shown
in Figure 3.4(f). The increase in viscosity over time in the electroless coating baths is
primarily attributed to the accumulation of salts and byproducts such as sulfates and
phosphites, which form during the coating process. This build-up disturbs the chemical
equilibrium of the solution, leading to an increased viscosity. These factors ultimately affect

the quality and performance of the coatings [132].
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Figure 3.4. Preparation and stability assessment of Bath N2.
3.3.2 Deposition rate

The deposition rates for all the four baths are shown in Figure 3.5. The 1% Bath A, which

contained numerous chemicals, exhibited the lowest deposition rate. When the pH is low
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(high concentration of H' ions), reactions producing nickel from nickel ions (Ni**) and the
reducing agent (H2POy) are less favorable. Excess H' ions drive the reaction backward,
resulting in fewer Ni atoms being deposited onto the substrate. Additionally, the slow
deposition rate in the acidic medium may be due to the reduced bath stability and formation
of insoluble species such as NiHPO3, which precipitates out of the solution and consumes
nickel ions, further hindering the deposition process [133]. This bath also had a relatively
high phosphorus content, as shown in Table 3.3. A higher phosphorus content typically
correlates with a slower deposition rate, regardless of the bath type (acidic or alkaline). This
is due to several interrelated factors: the formation of complex species that do not readily
participate in the deposition reaction, alteration of the reduction potential of nickel ions,

and impeded adsorption of nickel ions on a surface saturated with phosphorus [109,134].
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Figure 3.5. Deposition rate of the Ni-W-P-Ce coatings.

Bath B also showed a low deposition rate, primarily because of the absence of a
stabilizer and high concentration of cerium. A high Ce ion concentration leads to particle
agglomeration, blocking the catalytic active sites on the substrate surface and increasing
the surface energy of the coating, which hinders nucleation and growth. Additionally, the
presence of excess Ce ions destabilized the coating bath, leading to a decreased deposition

efficiency [121].

Bath N1 and N2, which included the stabilizer thiourea, exhibited higher deposition
rates, with Bath N1 exhibiting rate of 11.19 mg.cm™. h''. Thiourea prevents the complexing
agent sodium citrate by effectively controlling the release rate of free Ni ions during the

reduction reaction, which can increase the deposition rate [135]. In these baths, an optimal
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amount of cerium salt is effectively adsorbed onto the substrate surface, reducing the
surface energy and facilitating nickel ion reduction, thereby accelerating the coating
process [136]. Bath N1, which had a slightly lower pH, decomposed after 1 h of coating,
whereas Bath N2, which had a pH of approximately 7.5, remained stable and showed no

issues.
3.3.3 Microhardness

The average Vickers microhardness measured at 50 gf for both the substrate and the coated
samples is shown in Figure 3.6. The microhardness values of the samples obtained from
Bath A and Bath B were more than twice that of the substrate. In contrast, the samples from
Bath N1 and Bath N2 demonstrated microhardness values more than four times those of
the substrate. The lower microhardness observed in Bath A and Bath B was attributed to
the lower deposition rates, as discussed in the deposition rate subsection of the Results and
Discussion section. This is corroborated by the SEM images in Figure 3.7, where Bath A
shows nonuniform deposition with coating nodules visible only in certain areas of the
microstructure. Similarly, the SEM images of Bath B revealed incomplete coverage of the
substrate surface by the coating alloys, leading to significant variance and lower

microhardness values.
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Figure 3.6. Vickers microhardness of the substrate and Ni-W-P-Ce coatings.

However, the coatings produced from Bath N1 and Bath N2 exhibit more compact
microstructures. The substantial increase in the microhardness of these samples was

primarily due to the presence of small amounts of phosphorus, as indicated by the EDS
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results in Table 3.3. A low phosphorus content induces higher internal stresses in the
coating, thereby increasing microhardness. Additionally, the formation of a solid solution
of tungsten within the nickel matrix contributed to an increase in microhardness. The use
of Ce in these baths further refines the microstructure. The hardening effects of Ce as a
second phase, enhanced nucleation rates, and stability of the coating under alkaline

conditions also play a significant role in increasing microhardness [137,138].
3.3.4 Surface morphology and elemental composition

The surface morphologies of the samples coated with the four baths are shown in Figure
3.7, with each exhibiting distinct characteristics. The surface obtained from Bath A (Figure
3.7(a)) shows a very poor morphology owing to minimal deposition. Coating nodules are

sparsely distributed and only visible in a few areas, as indicated by the yellow arrows.

P
e N
!':@ &
)

Figure 3.7. Surface morphology of Ni-W-P-Ce coatings: (a) Bath A; (b) Bath B; (c) Bath
N1; (d) Bath N2.

In contrast, the surface (Figure 3.7(b)) obtained from Bath B displays visible globular
or spherical nodules, which are typical of electroless coatings. This nodule formation

results from a rapid nucleation process during electroless deposition, where small clusters
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of atoms form quickly, limiting surface diffusion and causing atoms to accumulate into
nodules rather than spread evenly. This type of morphology is also influenced by factors
such as the bath composition and the condition of the substrate surface [139]. The surfaces
obtained from Bath N1 and Bath N2 (Figure 3.7(c) and (d)) exhibited similar spherical or
cauliflower-like microstructures. The average nodule sizes for the samples from the Bath
B, Bath N1, and Bath N2 were 0.91 um, 2.05 um, and 2.07 um, respectively. The smaller
nodule size in Bath B can be attributed to two factors. First, the coating time was brief,
preventing the full growth of the nodules, as some regions remained nodule-free, as
highlighted by the yellow circle. Second, the high concentration of cerium sulfate in this
bath played a significant role. Cerium particles acted as nucleation sites during the coating
process, promoting the formation of new grains rather than the enlargement of existing
grains, leading to a finer microstructure with smaller nodules [106]. Notably, none of the
four coated samples exhibited any cracks, indicating good structural integrity across all

coatings.

The weight percentages of the elements present in all the four samples are listed in
Table 3.3. Bath A sample, with 8.5 wt.% phosphorus (P), represents a medium phosphorus
(6-9 wt.%) electroless coating, which is known for its high corrosion and abrasion
resistance. Bath B sample, containing 10.2 wt.% P, falls into the category of high
phosphorus (10-15 wt.%) electroless coatings, which are typically associated with good

ductility and enhanced corrosion resistance, particularly against chlorides.

Table 3.3. Elemental compositions (wt.%) of coatings deposited from different coatings

bath.

Element Bath A Bath B Bath N1 Bath N2
Nickel, Ni (wt.%) 76.2 73.1 78.9 78.8
Tungsten, W (wt.%) 14.5 15.9 16.0 17.6
Phosphorous, P (wt.%) 8.5 10.2 4.0 2.8
Cerium, Ce (wt.%) 0.8 0.9 1.1 0.8

In contrast, the Bath N1 and Bath N2 samples had lower phosphorus contents of 4 wt.%
and 2.8 wt.%, respectively. These values represent low phosphorus (3-5 wt.%) electroless
coatings, which are generally characterized by superior wear resistance [35,140]. Figures
3.8, 3.9, 3.10, and 3.11 show the elemental mapping for all elements in the four samples,

illustrating the uniform distribution of elements across the coated surfaces. The images
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clearly demonstrate the dense distribution of phosphorus in the medium- and high-
phosphorus coatings, whereas a noticeable decrease in the phosphorus content was
observed in the low-phosphorus coatings. Additionally, Ce was uniformly present in all the
samples, with the highest content of 1.1 wt.% observed in Bath N1 sample. This confirms
the successful integration of Ce into the electroless Ni-W-P coatings. Moreover, the
tungsten content was consistently high across all four samples, exceeding 10 wt.%. The
presence of tungsten contributes to solid-solution strengthening within the nickel matrix
and forms a passivation film of WOs3, which enhances both the hardness and corrosion

resistance of the coatings [128].

Figure 3.9. EDX mapping images of the top surfaces of the coatings in Bath B.

Page | 48



Chapter 3

Ni-W-P-Ce

Figure 3.10. EDX mapping images of the coating top surfaces of Bath N1.

Figure 3.11. EDX mapping images of the coating top surfaces in Bath N2.

3.3.5 Coating structure

Figure 3.12 shows the X-ray diffraction (XRD) patterns of all four samples, revealing
similar profiles with variations in peak intensity and broadness. The Ni peak at
approximately 44.2° shows a lower intensity and narrower width for the Bath A and Bath
B samples than for the Bath N1 and Bath N2 samples, which exhibit a higher peak intensity
and broader peaks. The peak intensity is influenced by the atomic positioning within the
unit cell, whereas the peak broadness is related to the crystallite size and lattice strain.
Crystallites are uniform regions within polycrystalline solids that maintain consistent
crystal structures [141]. The higher peak intensity and broader peaks in the Bath N1 and

Bath N2 samples suggest a greater degree of crystallinity or a larger amount of the nickel
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crystal phase compared to the Bath A and Bath B samples. Additionally, the broader peaks
in the Bath N1 and Bath N2 samples indicated smaller crystallite sizes.
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Figure 3.12. XRD patterns of all 4 samples.

In addition to the Ni peaks, the XRD patterns also show peaks corresponding to Ce>2O3
and Ce(OH)s. These peaks were identified using Match software with entry numbers 96-
210-0638 for nickel, 96-153-1456 for cerium oxide, and 96-210-7093 for cerium
hydroxide, in agreement with previous studies [54,105,142]. The formation of cerium
hydroxide and subsequent cerium oxide during the drying process was observed, with
cerium ions initially reacting with hydroxide ions to form cerium hydroxide, which was

later converted to cerium oxide [143].
3.4 Closure

This chapter describes the development and evaluation of stable electroless Ni-W-P-Ce
coating baths for depositing coatings on low-carbon steel AISI 1010. Four coating baths
with different chemical compositions and operating conditions are developed. Bath A and
Bath B exhibited low deposition rates and poor coating quality owing to their instability
and high Ce content. Bath N1 and Bath N2, which contained thiourea, showed higher
deposition rates and better coating quality. Bath N2 with a pH of 7.5 and bath temperature
of 75 °C yielded the best results. Microhardness testing revealed that the Bath N1 and Bath

N2 samples had hardness values more than four times higher than that of the substrate,
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which was attributed to the presence of phosphorus, tungsten, and cerium. The SEM
analysis showed distinct surface morphologies for each bath, with the Bath N1 and Bath
N2 samples exhibiting compact nodular microstructures. EDS confirmed the uniform
distribution of elements including Ce across the coated surfaces. The XRD analysis
revealed the presence of nickel, cerium oxide, and cerium hydroxide phases, with the Bath
N1 and Bath N2 samples displaying higher crystallinity. Based on mechanical and
microstructural characterization, the chemical composition of Bath N2 was found to be the

most advantageous for achieving superior coating performance.
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Chapter 4 Multi-objective optimization of electroless Ni-W-P-
Ce coating bath compositions

This chapter provides a detailed comparison of various optimization techniques for
electroless Ni-W-P-Ce coating bath composition, highlighting the integration of artificial
neural networks with metaheuristic algorithms to improve prediction accuracy and

optimization efficiency.
4.1 Experimental procedure and parameter selection

The chemicals and operating conditions used for the coatings are presented in Table 4.1.
The concentration range of the four primary coating element salts was selected based on

the data from Chapter 3, while all other operating conditions remained unchanged.

Table 4.1. Chemical composition and operating conditions.

Chemical Concentration Conditions
NiSO4.6H20 15-40 g/L Temp.: 75 +£2 °C
Na;WO4.2H,O 15-30 g/L pH: 7.5+0.2
Ce(S04)2.4H20 4-12 mg/L Time: 2 hours
NaH,PO>.H,O 25-40 g/L

Na3;CsHs07.2H20 20 g/L

CHaN2S 0.001 g/L

Electroless Ni-W-P-Ce coating was applied on plain carbon steel following the
design created through central composite design of response surface methodology. In this
design, the input variables or parameters were the amounts of the four main coating
elements: Ni, W, P, and Ce. The pilot experiments showed that the concentration ranges of
the chemicals listed in Table 4.2 had the most significant influence on the effectiveness of

the coatings. The +2 coded levels represent the axial (star) points.

After coating, the effects of these variables were measured for five responses: surface
roughness, microhardness, fouling weight, surface free energy, and corrosion protection
efficiency. A circumscribed central composite design of the response surface methodology
with these parameters was constructed using MINITAB 22 software, considering the
default distance a of the axial points from the center to be 2. Thirty experimental runs were

conducted.



Chapter 4

Table 4.2 Input parameters and their levels.

Levels
Factors Units Code

-2 -1 0 1 2
Nickel sulfate (NiSO4.6H>0) gL Ni 25 15 275 40 525

Sodium hypophosphite (NaH2PO,.H>O) g/L. 175 25 325 40 475
Sodium tungstate (NaxW0O4.2H>0) gl W 75 15 225 30 375
Cerium sulfate (Ce(S04)2.4H20) mg/L Ce O 4 8 12 16

-

4.2 Response measurement

The surface roughness of the coated samples was measured by using a Mitutoyo SJ-210
contact-type surface profilometer. The arithmetical mean roughness value (Ra) was
recorded with a cutoff length (Ac) of 0.8 mm and a measuring speed of 0.5 mm/s, as per
ISO 1997 standards. Five measurements were taken at different locations on each sample

and the average was calculated as the final Ra value.

The microhardness values of the coatings were measured using a Vickers
microhardness tester (UHL VMHT). A load of 50 gf was applied with a dwell time of 12 s
and speed of 25 um/s. Similar to the surface roughness measurements, five readings were

obtained for each specimen and the average was used as the final microhardness value.

To evaluate the antifouling performance, the coated samples and substrate were boiled
in normal tap water with a total dissolved solids (TDS) value of 2460 ppm for 20 h at the
Surface Engineering Laboratory at Jadavpur University, Kolkata, following procedures
adopted by previous researchers [118,144]. Samples were collected at 4-hour intervals,
dried, and weighed using a precision balance with a resolution of 0.1 mg. The fouling rate
was determined based on the weight gain due to the fouling deposits. The surface
morphology of the adhered fouling was examined using FESEM in the backscattered

imaging mode, and elemental mapping of the deposits was performed using EDS.

The surface free energy of the solid samples was calculated using the Owens and Wendt
geometric mean approach, which considers the dispersion and polar components of surface
energy. The dispersion energy is associated with Van der Waals forces, whereas the polar
energy corresponds to interactions, such as hydrogen bonding. Contact angles of two test
liquids, distilled water (y;=72.8 mN/m, y¢=21.8 mN/m, y?=51 mN/m) and ethylene glycol

(y,=48 mN/m, y*=29 mN/m, y?=19 mN/m), were measured on the coated and substrate
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samples using a KYOWA Interface Measurement and Analysis System (FAMAS). The
average of three contact angle measurements at room temperature (300 K) was used to

calculate the surface free energy using Equations 4.1 and 4.2 [145].

7.1+ cos 0) = 2( [y + o @)

ys =y& + y¥ (4.2)

Where y; and ys are the surface tension of the test liquid and surface free energy of the
solid surface, respectively. y%and yP are the dispersion and polar components,

respectively. 4 is the contact angle between the liquid and solid surfaces.

Electrochemical measurements were conducted using a Metrohm pStat 1400
potentiostat in a standard three-electrode setup comprising an Ag/AgCl reference electrode,
platinum counter electrode, and electroless Ni-W-P-Ce coated sample as the working
electrode. A circular area with a diameter of 10 mm was exposed to a 3.5% NaCl solution
as a corrosive medium. Open circuit potential (OCP) measurements were performed for 1
h followed by linear potentiodynamic polarization (LP) tests. LP tests were conducted by
polarizing the working electrode in the cathodic and anodic directions within £250 mV of
the OCP, at a scanning rate of 2.5 mV/s. The Dropview software (Metrohm, India) was used
for data acquisition and analysis. The protection efficiency (PE) of the deposited coatings
was calculated from the Tafel plots by finding the ratio of corrosion current density of the

s c

substrate (13,,) to that of the coated surface (I5,,) using the relationship (Equation 4.3)
[146]-

Cc
cor

PE=1-

(4.3)

I(:?OT
4.3 Optimization using RSM

Response surface methodology (RSM) employs desirability functions [147] to optimize
multiple responses by transforming each response into desirability scores ranging from 0
to 1, where 1 indicates an ideal outcome and 0 signifies an unacceptable result (Equation
4.4). These functions are tailored based on objective maximization, minimization, or

targeting a specific value. For maximization, the desirability (d;) increases linearly from a
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lower threshold (L) to the target (T) and remains at 1 beyond T, whereas for minimization,

the function is inverted.

yi—L .
d; = T‘_L if L<y; <T (4.4)

Where y; is the response variable of interest for the i-th response. The overall
desirability (D) for multiple responses is calculated using the geometric mean of the
individual desirability scores (Equation 4.5), ensuring that the overall desirability is zero if

any response is undesirable.
D =(dy.dy....dy)"™ 4.5)

Where ‘m’ is the number of responses. Optimization involves maximizing D by
adjusting the design variables using numerical methods such as gradient-based algorithms
or direct search techniques. This approach effectively balances conflicting objectives by
assigning weights to prioritize certain responses, enabling a trade-off between competing
goals such as maximizing yield while minimizing cost. Visualization tools, such as contour
and surface plots, aid in interpreting results, showing how desirability changes across the
design space, and highlighting optimal performance regions. This methodology facilitates

a systematic and flexible approach for multi-objective optimization.
4.4 Optimization using hybrid ANN-based metaheuristic algorithms

Multi-objective optimization was performed using three hybrid ANN-based metaheuristic
algorithms: teaching learning-based optimization (TLBO), whale optimization algorithm
(WOA), and red fox optimization (RFO), as illustrated in the flowchart (Figure 4.1). A
weighted sum method was used to convert multiple objectives into a single scalar objective,
using predetermined weights. This method simplifies the optimization process by
combining various objectives into a single-value function, allowing the use of standard
optimization techniques. In surface engineering, scalarization aids material selection by

balancing properties, such as thickness, adhesion, and cost [148].
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Figure 4.1. Flowchart of the optimization process for the Ni-W-P-Ce coatings.

The problem formulation is as follows:

Weights: w = (wy, wy, ....Wy),

i wi =1 (4.6)
i=1
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m
Minimize(or Maximize) Feignteqa(X) = Z w;f;(X) 4.7)
i=1
where w; is the weight assigned to the i-th objective function. The weights indicate the
relative importance of each objective, which is typically based on the preferences of the
decision-maker. These weights dictate the trade-offs between objectives, and varying them

can lead to different optimal solutions, thereby facilitating exploration of the Pareto front

[149,150].

The ANN trained on the RSM-designed experimental data was integrated into all the
three algorithms. Unlike conventional approaches that rely on second-order objective
functions to calculate the response values within optimization algorithms, this hybrid
implementation utilizes the ANN model to compute the response values. This innovation
enhances parameter optimization and response prediction in complex engineering problems
where traditional mathematical modeling poses challenges. The hybrid methodologies
ANN-TLBO, ANN-WOA, and ANN-RFO were implemented programmatically in
MATLAB R2023a. The complete MATLAB script used for conducting the multi-objective
optimization is provided in the Appendix. Population sizes of 100 and 50 iterations were

chosen to evaluate the consistency of the results across all the three hybrid algorithms.

The ANN employed in this study was a cascade-forward neural network [151],
characterized by its feedforward connections and additional direct links between the input
and subsequent layers. The architecture of the cascade-forward ANN is shown in Figure
4.2. The network architecture comprises five hidden layers with sizes of 15, 12, 10, 8, and
6 neurons, respectively. The input and output layer sizes were not explicitly specified in the
training script because they were determined using the dataset used. The training algorithm
utilized is the Levenberg-Marquardt (‘trainlm’) algorithm, which is well-suited for function
approximation and regression tasks due to its efficiency and robustness. The activation
functions used in the network include the hyperbolic tangent (tansig) function for the
hidden layers, which introduces nonlinearity and enables the network to model complex
relationships, and the linear (purelin) function for the output layer, which ensures
compatibility with regression outputs. Input and output data are preprocessed using the
‘removeconstantrows’ and ‘mapminmax’ functions to enhance training stability and

performance.
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Figure 4.2. Cascade-forward ANN model for response prediction.
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The training process was governed by several parameters: a maximum of 1000 epochs,
performance goal of 1x107, minimum gradient of 1x10”, and maximum of 40 validation
checks. The learning rate was initialized at 0.00005 and dynamically adjusted during
training, with a decrease factor of 0.15, increase factor of 1.2, and maximum allowable
learning rate of 1x10°. The regularization was incorporated using an L2 regularization
parameter of 0.0003 to prevent overfitting. The dataset was divided into training,
validation, and test subsets with ratios of 0.75, 0.15, and 0.10. The weights were initialized
using an improved weight initialization method to enhance convergence. Additionally,
parallel processing is enabled by leveraging the available computational resources to

expedite training.

To enhance the performance of the ANN and reduce the best validation performance
(mean squared error), all response values were normalized prior to training. This
normalization process ensures that each output lies on a consistent numerical scale, thereby
preventing any single response from disproportionately influencing the loss function owing
to the scale differences. It effectively reduces the high MSE values arising from magnitude
mismatches, facilitates faster convergence, and improves the generalization capability of
the network. Normalization was performed using the min—max scaling technique, defined
as

X = Xmin

Xy = — (4.8)

Xmax — Xmin

Where x is the original response value. X;,in, Xmay are the minimum and maximum
values for each response across the dataset, respectively. x;,,,-m 1 the normalized value in

the range [0,1].

Once the ANN model was trained, the predicted outputs (in normalized form) were
converted back to their original scale for proper interpretation. This conversion was

performed via a denormalization process using Equation 4.9.

X = Xnorm X(Xmax — xmin) + Xmin 4.9)

The objective function plays a critical role in evaluating ANN performance based on
the input and desired output values. It calculates a weighted sum of responses, prioritizing
specific objectives through the assigned weights. Positive weights (w = 0.2) were used for

responses to be minimized, whereas negative weights (w = —0.2) were assigned to
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responses to be maximized. The objective function normalizes the inputs as required and
provides a quantitative metric for the optimization performance, effectively guiding the

algorithms toward optimal solutions.

The final optimal solution is determined using the following structured selection

process:

Non-dominated solution identification: Non-dominated solutions were identified from
the final population using Pareto dominance criteria. A solution was considered non-

dominated if no other solution outperformed it across all objectives.

Normalization and scoring: The identified solutions were normalized on a scale of [0, 1]

using the following formula:

Value — Min
Normalized Value = ——— (4.10)
Max — Min

Compromise solution selection: For each normalized solution, the sum of all normalized
objectives was calculated. The solution with the minimum sum is selected as the final
optimal solution, ensuring a balanced trade-off across all objectives. This approach ensures
that the selected solution is Pareto optimal, unbiased by the original objective scales, and

represents the optimal compromise.

The Pareto front, representing non-dominated solutions, was visualized using a
modified RadVis technique [152]. The objectives were normalized and the solutions were
projected onto a 2D plane using the RadVis projection method. To enhance the
interpretability of the visualization, the solutions were color coded based on the first
objective value, effectively creating a pseudo-third dimension through color intensity. This
2D projection with color mapping provides an intuitive way to observe the trade-offs
among objectives, where the spatial distribution of points represents the relationships
between different solutions and the color gradient indicates performance in terms of the
first objective. Although this approach simplifies the traditional 3D-RadVis visualization,
it maintains essential information about the Pareto front structure and enables an effective

analysis of the multi-objective optimization results.

Sensitivity analyses were conducted to assess the influence of input variables on the
output responses. Local and global sensitivity analyses were performed using the results of

the metaheuristic algorithms.
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Local sensitivity analysis (one-at-a-time): This method evaluates the effect of small
perturbations in individual input variables on the outputs. For each input, perturbed input
vectors were generated with £1% change, and the local sensitivity index was calculated

using the following formula:

Outputp;,s — Outputyinus
Local SI = 4.11
ocal § 2 X & X Nominal Value ( )

Global sensitivity analysis (Sobol method): This variance-based approach [153]
quantifies the contribution of each input variable to output variability across the input
space. Using the sampled data, first-order Sobol indices were calculated for each input-
output pair as follows:

Variancepertyrped

Global SI =1 — - (4.12)
VarlanceUnperturbed

Heatmaps and bar charts were used to visualize the sensitivity indices, providing
insights into the relative significance of the input parameters. These visualizations

facilitated comparisons and informed parameter prioritization for optimization.
4.4.1 Teaching-learning-based optimization

The TLBO algorithm, as illustrated in Figure 4.3, was implemented in two main phases:
teacher and learner. Initially, a population of candidate solutions (students) was generated
and their objective function values were evaluated. In the Teacher Phase, the best-
performing individual was considered as the teacher, and the mean of the population was
adjusted based on the teacher’s influence to guide students toward better solutions. In the
subsequent Learner Phase, students interacted with one another to improve their knowledge
by comparing their performance and updating their solutions accordingly. This iterative
process continues until the convergence criteria are met, thereby optimizing the desired

coating parameters [154,155].
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Figure 4.3. Flowchart illustrating the working mechanism of the TLBO algorithm.
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4.4.2 Whale optimization

As illustrated in Figure 4.4, the WOA is implemented by initializing a population of whales
(candidate solutions) and evaluating their fitness. The best-performing agent is identified,
and the control parameters a, A, C, 1, and p are updated for each iteration. Depending on
the value of p, the whales either engaged in exploitation (using encircling or spiral
mechanisms) or exploration (searching for prey). The whale positions were then updated
accordingly and their fitness was recalculated. If a better solution is obtained, then the
current best solution is replaced. This process continues until the maximum number of

iterations is reached, at which point the best solution is returned [156].
4.4.3 Red fox optimization

As shown in Figure 4.5, the RFO algorithm is implemented by initializing a population of
red foxes and evaluating their fitness. The best-performing fox was identified, and the
positions of other foxes were updated based on natural behaviors such as hunting, hiding,
and escaping predators. These behaviors were mathematically modeled to balance
exploration and exploitation during the search process. The positions of the foxes were
iteratively refined and the fitness was recalculated in each iteration. The algorithm
continues until the maximum number of iterations is reached, ultimately yielding the best

solution [157].
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Figure 4.4. Flowchart of the whale optimization algorithm.
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Figure 4.5. Flowchart of the red fox algorithm.
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4.5 Results and discussion

The experimental results from all 30 trials, including the influencing factors and their
corresponding values for the five key responses (surface roughness, microhardness, fouling
weight, surface free energy, and corrosion protection efficiency), are summarized in Table
4.3. Analysis of the data revealed the performance range for each response across different

experimental runs.

Surface roughness varied between 0.23 um in the 22" run and 1.28 um in the 19% run,
with lower values being preferred for better coating quality. Although the 22" run achieved
the best surface roughness, its performance in other key responses was not as favorable,
indicating that an optimal balance was not achieved in that trial. Vickers microhardness
ranged from 329.08 HV 0.05 (7 run) to 689.76 HV 0.05 (13™ run), with higher values
being desirable for enhanced mechanical strength. While the 13" run demonstrated the
highest microhardness, it did not perform well in terms of surface roughness, fouling, or
corrosion resistance, suggesting that hardness alone does not guarantee the overall coating
performance. Fouling weight ranged from a minimum of 59.01 g/m? in the 6 run to a
maximum of 110.11 g/m? in the 19" run. Surface free energy values spanned from 15.02
J/m? (6™ run) to 34.15 J/m? (30" run). The 6™ run performed notably well in both fouling
resistance and surface free energy, two critical indicators for antifouling and wettability
characteristics, although its performance in other responses was moderate. The corrosion
protection efficiency ranged from 45.01% in the 7™ run to 94.21% in the 15" run, with
higher values indicating superior protection. The 15" run demonstrated excellent corrosion
resistance, yet its performance in other key parameters, such as surface roughness and

microhardness, was less impressive.

These observations indicate that no single run excelled in all five responses
simultaneously, underscoring the need for multi-objective optimization to identify process

conditions that yield balanced and high-performance coatings across all critical parameters.
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Table 4.3. Experimental results for surface roughness, microhardness, fouling weight, surface free energy, and protection efficiency.

Factors Responses
Run Nickel  Sodium Sodium Cerium Surface Microhardness F01'1ling Surface free Protection
no. sulfate  hypophosphite tungstate sulfate roughness (HV 0.05) weight Shersy efficiency (%)
(wm) @m) )

1 40.0 40.0 15.0 4 0.40 635.75 69.10 21.35 91.74

2 15.0 25.0 30.0 12 1.06 391.08 101.53 33.05 55.26

3 15.0 25.0 15.0 4 0.67 502.68 83.40 24.35 67.78

4 40.0 25.0 15.0 12 0.31 654.25 59.09 17.06 93.11

5 27.5 32.5 22.5 8 0.25 666.76 67.20 18.28 87.63

6 27.5 32.5 22.5 8 0.28 662.13 59.01 15.02 91.61

7 15.0 40.0 30.0 4 1.18 329.08 108.88 34.00 45.01

8 40.0 25.0 30.0 4 0.72 535.44 85.80 23.74 72.81

9 15.0 40.0 15.0 12 0.73 463.17 93.17 26.35 67.94

10 40.0 40.0 30.0 12 0.88 482.02 88.91 26.64 68.89

11 27.5 32.5 22.5 8 0.28 662.11 67.09 19.10 86.22

12 40.0 40.0 30.0 4 0.68 462.50 88.28 26.54 65.73

13 40.0 25.0 15.0 4 0.30 689.76 61.79 18.33 91.38

14 40.0 40.0 15.0 12 0.42 640.34 70.08 20.23 84.41

15 27.5 32.5 22.5 8 0.31 631.51 68.81 19.27 94.21
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16 15.0 25.0 30.0 4 1.11 388.68 107.98 32.06 54.68
17 15.0 40.0 15.0 4 0.89 457.19 91.48 25.02 63.31
18 40.0 25.0 30.0 12 0.66 544.68 81.11 26.69 75.54
19 15.0 40.0 30.0 12 1.28 347.99 110.11 33.90 52.69
20 15.0 25.0 15.0 12 0.64 511.51 86.89 26.44 75.85
21 27.5 325 22.5 8 0.37 676.09 66.02 19.26 85.40
22 52.5 32.5 22.5 8 0.23 664.73 65.44 17.73 88.12
23 27.5 325 22.5 16 0.78 519.92 89.29 26.01 73.21
24 27.5 325 22.5 8 0.34 665.40 66.08 19.85 87.54
25 27.5 47.5 22.5 8 0.83 446.81 93.50 29.21 64.55
26 27.5 17.5 22.5 8 0.67 538.51 83.22 22.99 78.43
27 27.5 325 7.5 8 0.31 607.91 65.53 19.51 86.97
28 27.5 32.5 37.5 8 1.08 332.89 105.70 33.15 50.22
29 27.5 325 22.5 0 0.83 501.44 83.91 26.04 61.37
30 2.5 325 22.5 8 1.14 356.81 106.35 34.15 47.69
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4.5.1 Response surface analysis
4.5.1.1 Effect of input parameters on responses

The main effects of the input parameters on the five responses were analyzed to optimize
the electroless coating process. Figure 4.6 illustrate these relationships, and the trends are

discussed below.

As shown in Figure 4.6(a), the main effects plot highlights the variation in surface
roughness with the input parameters. For nickel sulfate, the surface roughness decreased
significantly as the concentration increased from 15 to approximately 40 g/L, after which
it began to increase. This suggests that a moderate concentration of nickel sulfate achieves
the optimal deposition conditions, balancing the nucleation and growth rates to produce a
smoother surface. Higher concentrations likely disrupted this balance, resulting in rougher
texture. Sodium hypophosphite exhibited a similar trend, where the surface roughness
decreased to approximately 32.5 g/L but increased beyond this level. As a reducing agent,
sodium hypophosphite enabled uniform deposition at moderate levels. However, excessive
amounts may accelerate the nucleation rate, leading to uneven growth and a rougher texture
because the grains lack sufficient time to coalesce smoothly [158]. In contrast, sodium
tungstate exhibits a different trend. The surface roughness remained low at lower
concentrations, but rose sharply beyond approximately 22.5 g/L. This is likely due to the
formation of a coarse columnar growth pattern at higher concentrations, which alters the
deposition kinetics and introduces internal stresses, resulting in surface irregularities [159].
Cerium sulfate also exhibited a parabolic trend, with surface roughness reaching a
minimum of approximately 8 mg/L. Cerium acts as a grain refiner and promotes a uniform
coating. However, at higher concentrations, the agglomeration of small CeO> and Ce;O3

crystallites increases surface roughness [160,161].
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Figure 4.6. Main effect plots of Ni, P, W, and Ce on (a) surface roughness, (b)

microhardness, (c) fouling weight, (d) surface free energy, and (e) protection efficiency.
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Figure 4.6(b) reveals distinct trends for the input parameters that affect the
microhardness. For nickel sulfate, the microhardness increased with the concentration,
peaking at approximately 40 g/L before declining. This suggests an optimal Ni
concentration for the formation of a dense, hard Ni matrix. Excessive nickel sulfate may
lead to rapid deposition, reducing coating uniformity and creating a porous structure
associated with lower hardness [162]. Sodium hypophosphite also showed an increasing—
decreasing trend, with a peak within the tested range. As a reducing agent, it facilitates
nickel deposition and enhances hardness; however, higher concentrations may introduce
excessive phosphorus, affecting the structural integrity [158]. Sodium tungstate exhibited
a peak at approximately 22.5 g/L, likely owing to the formation of a tungsten-nickel alloy
phase. Beyond this concentration, the microhardness decreases as microcracks form, driven
by the internal stresses caused by excess tungsten [163]. Cerium sulfate exhibited a
moderate peak at approximately 8 mg/L, after which its hardness decreased. Optimal

cerium levels refine the microstructure, whereas excessive amounts lead to agglomeration,

reducing hardness [160,161].

Optimization of the coating parameters can minimize fouling, as illustrated in Figure
4.6(c). For nickel sulfate, fouling weight decreases steeply from 15.0 to around 27.5 g/L,
then stabilizes. A uniform, smooth surface with lower surface energy reduces fouling by
minimizing the adhesion of foulants [164]. Sodium hypophosphite followed a similar trend,
with a minimum fouling weight of approximately 32.5 g/L. Optimal concentrations
promote a compact structure, whereas higher concentrations may result in excessive
phosphorus, rougher surfaces, or structural defects, thereby increasing fouling [158].
Conversely, sodium tungstate exhibits an increase in fouling weight with increasing
concentration, which is attributed to its reduced thermal conductivity and higher surface
energy. These factors enhance adhesion and create an environment conducive to fouling
[165]. Cerium sulfate displayed a parabolic trend, with minimum fouling at approximately
8 mg/L. Excessive cerium leads to agglomeration, disruption of deposition, and increasing

fouling [121].

Figure 4.6(d) shows that the SFE declined steeply with increasing nickel sulfate
concentration, reaching a minimum at 27.5 g/L. This decrease is linked to smoother and
denser surfaces with fewer molecular interactions [166]. Sodium hypophosphite exhibited
a similar trend, with SFE stabilizing beyond 32.5 g/L. Excess phosphorus increases the SFE

owing to changes in surface composition and structure [167]. In contrast, sodium tungstate
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increased SFE with increasing concentration. Higher tungsten levels alter the surface
morphology and chemical composition by introducing polar functional groups that enhance
SFE [168]. Cerium sulfate followed a parabolic trend with a minimum SFE of 8 mg/L.

Beyond this level, cerium agglomeration leads to rougher surfaces and higher SFE.

Figure 4.6(e) shows that nickel sulfate increased the efficiency to 40 g/L, after which it
declined. Higher nickel sulfate levels enhance the deposition uniformity, but excessive
amounts cause spontaneous decomposition and nickel hydroxide formation, compromising
the coating quality [73]. Sodium hypophosphite exhibited a similar parabolic trend, with
the efficiency peaking at 32.5 g/L. Excessive phosphorus introduces microstructural defects
and reduces corrosion resistance [169]. Sodium tungstate exhibited maximum efficiency
near 15 g/L. Higher concentrations result in defective passive films, thereby decreasing
protection [170]. Cerium sulfate optimized the corrosion resistance to approximately 8
mg/L by enhancing the compactness and thickness of the coating. Excessive cerium

introduces structural irregularities and reduces efficiency [143,171].
4.5.1.2 ANOVA and regression analysis

The significance of the input parameters for each response was evaluated using ANOVA
considering their linear, quadratic (square terms), and interaction effects. The ANOVA
results for the surface roughness, microhardness, fouling weight, surface free energy, and
corrosion protection efficiency are listed in Tables 4.4, 4.5, 4.6, 4.7, and 4.8, respectively.
Significant factors were identified by p-values less than 0.05, which are marked with an
asterisk (*). The four input parameters, nickel sulfate, sodium hypophosphite, sodium
tungstate, and cerium sulfate, are denoted in their coded forms as Ni, P, W, and Ce,

respectively, in certain paragraphs of this chapter.

The ANOVA for surface roughness indicated that Ni and W were the most influential
factors, with their linear and quadratic terms exhibiting high statistical significance (p =
0.000). This demonstrates the critical role of these elements in determining the surface
roughness. Furthermore, the interaction between Ni and Ce was significant, suggesting a
synergistic effect between these factors on surface roughness. The model provided an
excellent fit, as evidenced by an R? value of 98.64%, indicating its ability to accurately
capture the variability in surface roughness. The non-significant lack of fit supports the

adequacy of the model in explaining the observed variation.
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Source DF  Adjusted SS Adjusted MS F-value  P-value
Model 14 3.017 0.215 77.48 0.000"
Linear 4 2.061 0.515 185.29 0.000°"
Ni 1 1.043 1.043 375.17 0.000°"
P 1 0.071 0.071 25.63 0.000"
Y 1 0.946 0.946 340.33 0.000"
Ce 1 0.000 0.000 0.03 0.086
Square 4 0.930 0.233 83.63 0.000°"
Ni? 1 0.262 0.262 94.20 0.000°
p? 1 0.349 0.349 125.34 0.000"
w2 1 0.269 0.269 96.63 0.000"
Ce? 1 0.440 0.440 158.09 0.000°"
2-Way Interaction 6 0.025 0.004 1.50 0.243
NixP 1 0.003 0.003 1.01 0.331
NixW 1 0.003 0.003 0.95 0.344
NixCe 1 0.006 0.006 2.13 0.165
PxW 1 0.000 0.000 0.03 0.859
PxCe 1 0.005 0.005 1.81 0.198
WxCe 1 0.009 0.009 3.08 0.100
Error 15 0.042 0.003

Lack-of-Fit 10 0.033 0.003 1.78 0.272
Pure Error 5 0.009 0.002

Total 29  3.058

R? =0.9864, Adjusted R? = 0.9736, and Predicted R? = 0.9344.

For microhardness, the ANOVA revealed that Ni and W were the most significant

factors, with both linear and quadratic terms showing extremely high F-values and p-values

0f 0.000. P also significantly influenced the microhardness, albeit to a lesser extent. Among

the interaction terms, the combination of Ni and W showed statistical significance (p =

0.024), indicating a notable interaction effect on the microhardness. The model

demonstrated a robust fit with R? = 99.48%, Adjusted R? = 99%, and Predicted R? =

98.26%, confirming its ability to capture the majority of the variance in microhardness. The
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non-significant lack of fit (p = 0.899) further validated the suitability of the model for the

data.

Table 4.5. ANOVA for microhardness.

Source DF  Adjusted SS Adjusted MS F-value P-value
Model 14 397391 28385 205.83 0.000"
Linear 4 269758 67439 489.03 0.000"
Ni 1 145580 145580 1055.65  0.000"
P 1 14183 14183 102.85 0.000"
W 1 109785 109785 796.09 0.000"
Ce 1 210 210 1.52 0.024"
Square 4 125776 31444 228.01 0.000"
Ni? 1 36447 36447 264.29 0.000"
P2 1 46062 46062 334.01 0.000"
w2 1 59422 59422 430.89 0.000"
Ce? 1 36492 36492 264.61 0.000"
2-Way Interaction 6 1857 310 2.24 0.096
NixP 1 3 3 0.02 0.884
NixW 1 866 866 6.28 0.024"
NixCe 1 92 92 0.66 0.428
PxW 1 366 366 2.66 0.124
PxCe 1 256 256 1.86 0.193
WxCe 1 274 274 1.98 0.179
Error 15 2069 138

Lack-of-Fit 10 917 92 0.40 0.899
Pure Error 5 1152 230

Total 29 399460

R? =0.9948, Adjusted R?> = 0.99, and Predicted R? = 0.9826.

The ANOVA results for fouling weight highlight that Ni and W are the most influential

factors, with their linear terms displaying high F-values and p-values of 0.000, thus

emphasizing their strong impact. P also exhibited a significant effect, although to a lesser

degree. Additionally, the quadratic terms for Ni, P, W, and Ce were statistically significant

(p = 0.000), underscoring the importance of the nonlinear effects. However, none of the
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interaction terms was significant, indicating minimal synergistic effects among the factors.

The model demonstrated excellent predictive capability, with R? = 98.71%, Adjusted R? =
97.5%, and Predicted R? = 95.87%.

Table 4.6. ANOVA for fouling weight.

Source DF  Adjusted SS Adjusted MS F-value  P-value
Model 14 7590.58 542.18 81.90 0.000"
Linear 4 5422.46 1355.62 204.78 0.000"
Ni 1 2840.55 2840.55 429.09 0.000°"
P 1 221.92 221.92 33.52 0.000°"
W 1 2358.98 2358.98 356.34 0.000°
Ce 1 1.02 1.02 0.15 0.070
Square 4 212341 530.85 80.19 0.000"
Ni? 1 704.01 704.01 106.35 0.000°"
p? 1 885.69 885.69 133.79 0.000"
W2 1 684.69 684.69 103.43 0.000°
Ce? 1 753.84 753.84 113.87 0.000°"
2-Way Interaction 6 44.71 7.45 1.13 0.394
NixP 1 1.40 1.40 0.21 0.652
NixW 1 6.86 6.86 1.04 0.325
NixCe 1 2.06 2.06 0.31 0.585
PxW 1 10.40 10.40 1.57 0.229
PxCe 1 13.84 13.84 2.09 0.169
WxCe 1 10.14 10.14 1.53 0.235
Error 15 99.30 6.62

Lack-of-Fit 10 40.44 4.04 0.34 0.929
Pure Error 5 58.86 11.77

Total 29  7689.88

R2=10.9871, Adjusted R? = 0.975, and Predicted R* = 0.9587.

Analysis of the surface free energy revealed that the main effects of Ni, P, W, and Ce,

along with their quadratic terms (Ni%, P>, W2, and Ce?), were highly significant, with low

p-values indicating a substantial influence on the surface free energy. However, most

interaction terms were not significant, suggesting that the combined effects of these factors
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did not contribute significantly to this response. The model achieved a high R? value of
96.93%, Adjusted R? of 94.06%, and Predicted R* of 89.33%, demonstrating its strong

ability to explain and predict variations in surface free energy.

Table 4.7. ANOVA for surface free energy.

Source DF  Adjusted SS Adjusted MS F-value  P-value
Model 14 924.69 66.05 33.82 0.000
Linear 4 644.44 161.11 82.49 0.000°
Ni 1 318.50 318.50 163.08 0.000°"
P 1 25.52 25.52 13.07 0.003"
W 1 299.42 299.42 153.31 0.000°
Ce 1 1.01 1.01 0.51 0.048"
Square 4 274.45 68.61 35.13 0.000°"
Ni? 1 93.89 93.89 48.07 0.000°"
p? 1 97.99 97.99 50.17 0.000°
w2 1 104.04 104.04 53.27 0.000°
Ce? 1 96.05 96.05 49.18 0.000°"
2-Way Interaction 6 5.80 0.97 0.49 0.803
NixP 1 1.94 1.94 0.99 0.335
NixW 1 1.11 1.11 0.57 0.463
NixCe 1 0.83 0.83 0.43 0.524
PxW 1 0.10 0.10 0.05 0.829
PxCe 1 1.29 1.29 0.66 0.428
WxCe 1 0.53 0.53 0.27 0.610
Error 15 29.30 1.95

Lack-of-Fit 10 13.79 1.38 0.44 0.871
Pure Error 5 15.50 3.10

Total 29  953.98

R? =0.9693, Adjusted R? = 0.9406, and Predicted R? = 0.8933.

The ANOVA for corrosion protection efficiency showed that the main effects and
quadratic terms (Ni%, P2, W2, and Ce?) were highly significant, with p-values below 0.05,
highlighting their strong impact on corrosion resistance. Similar to the surface free energy,

most two-way interaction terms were insignificant, indicating a limited synergistic effect.
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The model exhibited excellent performance, with R? = 97.90%, Adjusted R? = 95.95%, and
Predicted R? = 91.7%, confirming its robustness in explaining and predicting corrosion

protection efficiency.

Table 4.8. ANOVA for corrosion protection efficiency.

Source DF  Adjusted SS Adjusted MS F-value  P-value
Model 14  6518.58 465.61 50.01 0.000"
Linear 4 4741.84 1185.46 127.34 0.000"
Ni 1 2439.16 2439.16 262.00 0.000"
P 1 230.95 230.95 24.81 0.000"
W 1 1987.62 1987.62 213.50 0.000"
Ce 1 84.11 84.11 9.04 0.009"
Square 4 1736.46 434.11 46.63 0.000"
Ni? 1 67351 673.51 72.35 0.000"
p? 1 45191 45191 48.54 0.000"
W2 1 627.44 627.44 67.40 0.000"
Ce? 1 71595 715.95 76.90 0.000"
2-Way Interaction 6 40.28 6.71 0.72 0.639
NixP 1 0.41 0.41 0.04 0.837
NixW 1 6.80 6.80 0.73 0.406
NixCe 1 26.70 26.70 2.87 0.111
PxW 1 1.72 1.72 0.19 0.673
PxCe 1 1.54 1.54 0.17 0.690
WxCe 1 3.11 3.11 0.33 0.572
Error 15 139.64 9.31

Lack-of-Fit 10  81.31 8.13 0.70 0.707
Pure Error 5 58.33 11.67

Total 29  6658.23

R?=0.979, Adjusted R? = 0.9595, and Predicted R?> = 0.917.

The relationships between the input parameters and responses were evaluated using
regression equations developed based on quadratic models. These equations provide
mathematical representations of the system and facilitate the prediction of responses. The

adequacy of the regression models was assessed using statistical parameters such as the
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coefficient of determination (R?), adjusted R?, and predicted R?, along with the analysis of
residuals. A detailed discussion of each response is provided below. The coefficient of
determination (R?) represents the proportion of variance in the dependent variable
explained by the model, with values close to one indicating a strong fit. The adjusted R?
enhances the R? measure by accounting for the number of predictors in the model and
mitigates the risk of overfitting by decreasing when unnecessary predictors are included.
The predicted R2, typically calculated through cross-validation, evaluates the ability of the
model to generalize new data, making it an essential metric for assessing the performance

beyond the training dataset [147].

The regression equation for the surface roughness is given by Equation (4.13). The
model exhibited an R? value of 0.9864, indicating an excellent fit to the experimental data
points that closely aligned with the regression curve. The adjusted R? and predicted R?
values were 0.9736 and 0.9344, respectively, and the difference between these values was
less than 0.2, confirming the reliability and accuracy of the model. The normal probability
plot of the residuals for the surface roughness, shown in Figure 4.7(a), demonstrates that
the residuals follow a near-linear trend, suggesting that they are approximately normally
distributed. This observation further validates the adequacy of the model for predicting
surface roughness. A high R? value indicates that the model explains a significant
proportion of the variance in the surface roughness, whereas the adjusted R* ensures
minimal overfitting by accounting for the number of predictors. The predicted R? value

highlights the generalization capability of the model for new data.

The regression equation for the microhardness is given in Equation 4.14. The R? value
for microhardness was 0.9948, confirming the strong fit of the quadratic model to the
experimental data. The adjusted R? and predicted R? values were 0.9900 and 0.9826,
respectively, with a difference of less than 0.2, indicating a high model accuracy. The
normal probability plot of the microhardness residuals shown in Figure 4.7(b) reveals that
most of the residuals aligned closely along a straight line, suggesting a normal distribution.
These findings validate the ability of the model to reliably predict microhardness based on

the input parameters.

The regression equation for the fouling weight is shown in Equation 4.15. An R? value
of 0.9871 indicated a robust fit of the quadratic model to the experimental data. The
adjusted R? and predicted R? values were 0.9750 and 0.9587, respectively, with a difference
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of less than 0.2, supporting the accuracy and reliability of the model. The normal
probability plot of the residuals for the fouling weight, shown in Figure 4.7(c),
demonstrates that the residuals closely followed a straight line, indicating an approximately
normal distribution. These results confirm the adequacy of the model for predicting the

fouling weight.

The regression equation for the surface free energy is given by Equation 4.16. The R?
value of 0.9693 indicated a strong fit of the quadratic model to the experimental data. The
adjusted R? and predicted R? values were 0.9406 and 0.8933, respectively, with a difference
of less than 0.2, which validated the accuracy of the model. The normal probability plot of
the residuals for the surface free energy depicted in Figure 4.7(d) shows that the residuals
follow a near-linear trend, suggesting a normal distribution. These observations confirm
the robustness of the model in capturing the relationship between the input parameters and

surface free energy.

Surface roughness
= 4.058 — 0.04648Ni — 0.1229P — 0.0537W — 0.1742Ce
+ 0.000625Ni? + 0.002004P?% + 0.00176W?2
+ 0.007913Ce? — 0.000141NiP — 0.000137NiW
+ 0.000385NiCe — 0.000042PW + 0.000592PCe
+ 0.000771WCe

(4.13)

Microhardness
= —785 + 21.36Ni + 45.09P + 32.04W + 31.09Ce
—0.2333Ni% — 0.7285P? — 0.8275W?% — 2.28Ce? (4.14)
— 0.0047NiP — 0.0785NilW — 0.0479NiCe — 0.085PW
+ 0.1334PCe + 0.1379WCe
Fouling weight

= 241.8 — 2.856Ni — 6.173P — 2.189W — 5.4Ce

+ 0.03242Ni? + 0.10102P? + 0.08882W?2 + 0.3277Ce? (4.15)

+ 0.00316NiP + 0.00699NiW — 0.0072NiCe — 0.0143PW

+ 0.031PCe — 0.0265WCe
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Surface free energy
= 78.67 — 0.964Ni — 2.042P — 1.014W — 1.523Ce
+ 0.01184Ni? + 0.0336P? + 0.03462W? + 0.117Ce? (4.106)
+ 0.00371NiP — 0.00281NiW — 0.00456NiCe
—0.00137PW — 0.0095PCe + 0.0061WCe
Protection ef ficiency

= —72.9 + 2.859Ni + 4.444P + 2.876W + 6.29Ce

—0.03171Ni? — 0.0722P? — 0.085W?2 — 0.3193Ce? (4.17)

+ 0.0017NiP — 0.00695NiW — 0.0258NiCe — 0.0058PW

— 0.0104PCe + 0.0147WCe

(a) Normal Probability Plot (b) Normal Probability Plot
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Figure 4.7. Normal probability plots of residuals for (a) surface roughness, (b)

microhardness, (c) fouling weight, (d) surface free energy, and (e) protection efficiency.
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The regression equation for corrosion protection efficiency is presented in Equation
4.17. An R? value of 0.9790 confirmed the strong fit of the quadratic model to the
experimental data. The adjusted R? and predicted R? values were 0.9595 and 0.9170,
respectively, with a difference of less than 0.2, indicating high model accuracy and
reliability. The normal probability plot of the residuals for corrosion protection efficiency,
shown in Figure 4.7(e), reveals that the residuals align closely with the straight line,
indicating a normal distribution and further validating the adequacy of the model for

prediction.

Across all the responses, the regression equations demonstrated an excellent fit to the
experimental data, supported by the high R? adjusted R?, and predicted R? values. The
minimal differences between the adjusted and predicted R? values (less than 0.2) across all
models confirmed their reliability and generalization capability. The normal probability
plots of the residuals consistently exhibited near-linear trends, validating the assumption of
normality and supporting the accuracy of the regression models in capturing the underlying

relationships between the input parameters and responses.
4.5.1.3 Interaction effects on responses

In this study, surface plots were generated using Design-Expert 13 software to illustrate the
interaction of the two input parameters on the responses while keeping the other parameters
fixed at their central values. The response surface plots for surface roughness,
microhardness, fouling weight, surface free energy, and corrosion protection efficiency are
shown in Figures 4.8, 4.9, 4.10, 4.11, and 4.12, respectively. In these plots, the colored
regions represent the response values. In Figures 4.8(a-f), 4.10(a-f), and 4.11(a-f), the blue
region indicates the minimum values and the green region indicates the maximum values.
In Figures 4.9(a-f) and 4.12(a-f), the green region indicates the minimum values and the

red region indicates the maximum values.

The surface plots for the surface roughness (Figure 4.8(a-f)) highlight the conditions
required to achieve the minimum roughness. Figure 4.8(a) shows that a nickel sulfate
concentration of 40 g/L, combined with a sodium hypophosphite concentration of 30 g/L,
yielded the smoothest surface, reflecting an optimal balance between nickel deposition and
reducing activity. Similarly, as shown in Figure 4.8(b), the combination of 40 g/L nickel
sulfate and 15 g/L sodium tungstate promoted a uniform tungsten distribution and enhanced

smoothness. Figure 4.8(c) shows that 8 mg/L cerium sulfate paired with 40 g/L nickel
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sulfate contributes to grain refinement, leading to reduced surface roughness. As shown in
Figure 4.8(d), sodium hypophosphite (30 g/L) and sodium tungstate (15 g/L) optimized the

deposition process to obtain smoother surfaces.
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Figure 4.8. Surface plots of the surface roughness with the interaction of (a) nickel sulfate
and sodium hypophosphite, (b) nickel sulfate and sodium tungstate, (c) nickel sulfate and
cerium sulfate, (d) sodium hypophosphite and sodium tungstate, (¢) sodium

hypophosphite and cerium sulfate, and (f) sodium tungstate and cerium sulfate.
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The synergy between 30 g/L sodium hypophosphite and 8 mg/L cerium sulfate, as
shown in Figure 4.8(e), further reduced the roughness through enhanced reducing action.
Finally, Figure 4.8(f) shows that the interaction of 15 g/L sodium tungstate and 8 mg/L
cerium sulfate effectively minimized the surface roughness through a combined grain-

refining effect.

The surface plots for microhardness (Figure 4.9(a-f)) highlight the optimal conditions
for maximizing the hardness of the coatings. Figure 4.9(a) shows the highest microhardness
at 40 g/L nickel sulfate and 30 g/L sodium hypophosphite resulting from a dense, uniform
coating. As shown in Figure 4.9(b), the incorporation of 15 g/L of sodium tungstate and 40
g/L of nickel sulfate strengthened the alloy matrix and enhanced its hardness. The addition
of 8 mg/L cerium sulfate, as shown in Figure 4.9(c), further improved the hardness through
grain refinement. Figure 4.9(d) shows that the co-deposition of 30 g/L sodium
hypophosphite and 15 g/L sodium tungstate increased coating density and hardness. The
peak hardness is shown in Figure 4.9(e) for 30 g/L sodium hypophosphite and 8 mg/L
cerium sulfate, where cerium contributed to a finer grain structure. Finally, Figure 4.9(f)
shows that the interaction of 15 g/L sodium tungstate and 8 mg/L cerium sulfate produces

a dense, refined coating that maximizes the hardness.

The surface plots for fouling weight (Figure 4.10(a-f)) illustrate the conditions for
minimizing fouling on the coating surface. As shown in Figure 4.10(a), the combination of
40 g/L nickel sulfate and 30 g/L sodium hypophosphite results in a smooth and less porous
surface with reduced fouling. Figure 4.10(b) shows that the addition of 15 g/L of sodium
tungstate further enhanced the compactness of the coating, thereby lowering the fouling
weight. The inclusion of 8 mg/L cerium sulfate and 40 g/L nickel sulfate refined the grain
structure and minimized fouling potential, as shown in Figure 4.10(c). Figure 4.10(d)
indicates that 30 g/L sodium hypophosphite and 15 g/L sodium tungstate formed a dense,
fouling-resistant surface. The combination of 30 g/L sodium hypophosphite and 8 mg/L
cerium sulfate, as shown in Figure 4.10(e), further improves the resistance of the surface to
fouling. Finally, Figure 4.10(f) highlights the synergistic effect of 15 g/L sodium tungstate

and 8 mg/L cerium sulfate in reducing the fouling weight by enhancing surface smoothness.

The surface free energy plots (Figure 4.11(a-f)) depict the conditions required to
minimize the surface free energy, which is an essential factor for improving the coating

performance. As shown in Figure 4.11(a), the combination of 40 g/L nickel sulfate and 30
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g/L sodium hypophosphite produces a smooth, low-energy surface. The addition of 15 g/L
of sodium tungstate, as shown in Figure 4.11(b), further reduced the surface energy through
enhanced compactness. Figure 4.11(c) shows that the interaction between 40 g/L nickel
sulfate and 8 mg/L cerium sulfate refined the surface, thereby minimizing irregularities.
Figure 4.11(d) shows that 30 g/L of sodium hypophosphite and 15 g/L of sodium tungstate
yielded a dense coating with reduced surface energy. The combination of 30 g/L sodium
hypophosphite and 8 mg/L cerium sulfate achieved the lowest surface free energy through
the grain refining effect of cerium, as shown in Figure 4.11(e). Finally, Figure 4.11(f) shows
that 15 g/L sodium tungstate and 8 mg/L cerium sulfate produced a uniform low-energy

surface.

The surface plots for corrosion protection efficiency (Figure 4.12(a-f)) show the
conditions for achieving the maximum resistance to corrosion. As shown in Figure 4.12(a),
the combination of 40 g/L of nickel sulfate and 30 g/L of sodium hypophosphite formed a
dense protective layer. Figure 4.12(b) shows that 15 g/L sodium tungstate with 40 g/L nickel
sulfate enhanced corrosion resistance through tungsten incorporation. The addition of 8
mg/L cerium sulfate, as shown in Figure 4.12(c), improves the protection efficiency by
refining the microstructure. Figure 4.12(d) indicates that the co-deposition of 30 g/L sodium
hypophosphite and 15 g/L sodium tungstate enhances the robustness of the coating. The
interaction of 30 g/L sodium hypophosphite and 8 mg/L cerium sulfate, as shown in Figure
4.12(e), achieved the maximum protection efficiency through the grain refining effect of
cerium. Finally, Figure 4.12(f) demonstrates that 15 g/L sodium tungstate and 8 mg/L

cerium sulfate synergistically enhance surface stability and maximize corrosion protection.
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Figure 4.9. Surface plots of microhardness with the interactions of (a) nickel sulfate and
sodium hypophosphite, (b) nickel sulfate and sodium tungstate, (c) nickel sulfate and
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hypophosphite and cerium sulfate, and (f) sodium tungstate and cerium sulfate.
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4.5.1.4 Multi-objective optimization using RSM

Multi-objective optimization using the desirability function approach in RSM with
MINITAB 22 successfully determined an optimal combination of input parameters that
enhanced the coating performance across various metrics. The optimized values of the input
parameters and the corresponding predicted responses are listed in Table 4.9. These
parameters reflect a carefully calibrated combination, enabling the coating to achieve a
superior performance across multiple objectives. By addressing conflicting goals with
precision, the optimization process delivers a comprehensive solution that balances
performance requirements while maintaining essential trade-offs. Notably, the composite
desirability value for the optimization was 1, indicating that the process successfully
identified a solution that satisfied all objectives simultaneously. This outcome underscores

the robustness and efficacy of the proposed optimization methodology.

Table 4.9. Results of multi-objective optimization using RSM.

Optimal setting of input parameters Predicted responses

Ni=39.37 g/L Surface roughness = 0.11 um
P=29.62 g/L Microhardness = 733.21 HV 0.05
W=15.98 g/L Fouling weight = 53.86 g/m?

Ce =8.08 mg/L Surface free energy = 15.02 J/m?

Corrosion protection efficiency = 99.14%

The optimization ensured that surface roughness remained within acceptable limits,
achieving an average value of 0.11 pm with a 95% confidence interval of (0.0558, 0.1589).
Maintaining a smooth surface is critical because it prevents surface defects that

compromise the functional and aesthetic integrity of coatings.

Improved microhardness, reaching 733.21 HV 0.05 (95% confidence interval: 721.73,
744.68), was another notable achievement. This increase reflects the enhanced resistance
of the coating to wear and mechanical damage, which is essential for ensuring its long-term

durability in demanding operational environments.

The optimization also achieved a significant reduction in fouling weight, with a mean
value of 53.86 g/m? and a 95% confidence interval of (51.34, 56.37). A lower fouling
weight is crucial for sustaining the coating performance over time by minimizing the

accumulation of unwanted deposits, which can hinder its functionality.
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A reduction in the surface free energy to an average value of 15.02 J/m?, with a 95%
confidence interval of (13.655 and 16.386), further highlights the effectiveness of the
optimization. This decrease was expected to improve the adhesion properties of the coating,

contributing to its overall robustness and resistance to environmental factors.

Finally, the optimization process yielded an exceptional corrosion protection efficiency
01 99.14%, with a 95% confidence interval of (96.16, 102.12). This result underscores the
enhanced ability of the coating to withstand corrosive conditions, demonstrating the

success of the optimization in addressing this critical performance parameter.
4.5.2 ANN training performance

Figure 4.13(a) shows the ANN regression results for the training, validation, testing, and
combined datasets. The high R-values, close to 1 for all datasets, demonstrate an excellent
correlation between the predicted and actual values, confirming the accuracy of the ANN
in capturing complex nonlinear relationships in the data. The near-linear alignment of the
data points along the diagonal line indicates minimal prediction errors, validating the ANN
as a robust predictive model for multi-objective optimization. Figure 4.13(b) illustrates the
training performance in terms of mean squared error (MSE) across 16 epochs. The model
achieved its best validation performance with an MSE of 0.013233 at epoch 7,
demonstrating efficient learning. The subsequent plateauing of the validation and test errors
indicates that the model successfully generalized beyond the training data without
overfitting. Figure 4.13(c) presents a detailed view of the training dynamics. The gradient
steadily declined, reaching a low value of 0.0032 at epoch 16, suggesting a stable
convergence. The Mu parameter, indicative of the Levenberg-Marquardt adjustment,
remained nearly constant during most epochs but rose sharply toward the final epoch,
indicating final optimization refinements. The validation check count reached nine by
epoch 16, ensuring that the model performance was carefully monitored to avoid
overtraining. Figure 4.13(d) shows an error histogram with 20 bins for the training,
validation, and testing datasets. The distribution was sharply centered around zero error,
with the highest concentration in the near-zero bin, highlighting the minimal prediction
bias. The symmetric and narrow spread of residuals across all datasets further confirmed
the high accuracy and consistency of the model. The presence of a few outliers has a

negligible influence on the overall predictive capability of the ANN.
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The comparison of the R? values from ANOVA and regression analysis with those
obtained from the ANN provides insights into the accuracy and robustness of the ANN
model in predicting the responses. The R? values for the ANOVA and regression analysis
ranged between 0.9693 and 0.9948 for all responses, indicating a strong correlation
between the predicted and observed values when using a second-order polynomial model.
However, the ANN model exhibited even higher R? values (R > 0.999 for the training,
validation, testing, and combined datasets), demonstrating its superior ability to capture the
nonlinear and complex relationships between the input parameters and responses. This
highlights the effectiveness of ANN in handling intricate data patterns and its potential to
replace traditional regression models for optimization purposes. Additionally, the ANN's
capacity to generalize across unseen data, as evident from the high R values during
validation and testing, further supports its use in multi-objective optimization with

metaheuristic algorithms.
4.5.3 Multi-objective optimization using hybrid ANN-based metaheuristic algorithms
4.5.3.1 Convergence behavior analysis

The convergence behavior of the three metaheuristic algorithms (ANN-TLBO, ANN-
WOA, and ANN-RFO) was analyzed using convergence plots for all five responses. These
plots provide valuable insights into the performance, stability, and adaptability of each

algorithm during the optimization process.

The convergence plot of the TLBO algorithm, as shown in Figure 4.14(a), demonstrates
rapid convergence within the first 10 generations for all the objectives. The sharp
improvement during the early generations is driven by the efficient exploitation of the
search space through the teacher phase, whereas the smooth stabilization in later
generations reflects the robust fine-tuning capabilities of the learner phase. The minimal
oscillations observed after convergence indicate the ability of the TLBO to avoid
unnecessary exploration and ensure stable and efficient optimization across all objectives.
However, early stabilization suggests a potential risk of premature convergence, which

could limit the performance of highly complex or multimodal optimization problems.

The convergence plot of the WOA, as shown in Figure 4.14(b), reveals a dynamic
optimization process characterized by oscillations in the objective values during the early

and mid-iterations, followed by gradual stabilization in later iterations.
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Objectives, such as surface roughness, fouling weight, and surface free energy, showed
irregular but steady decreases, reflecting the exploratory nature of the WOA during its prey
encircling phase. Similarly, the microhardness and protection efficiency exhibited
incremental increases, with some fluctuations, before stabilizing near the optimal values
after the 40" iteration. These oscillations indicate that the WOA maintains a strong balance
between exploration and exploitation, leveraging its bubble-net feeding mechanism to
effectively navigate the search space. However, the delayed stabilization compared to
TLBO suggests that the WOA requires more iterations to refine the solutions, making it
suitable for complex optimization problems where the exploration of multimodal

landscapes is critical.

The convergence plot of the RFO algorithm, shown in Figure 4.14(c), demonstrates
rapid stabilization across all objectives within the first 5—10 iterations. This behavior
highlights the ability of RFO to quickly identify optimal solutions through adaptive
exploration and exploitation mechanisms. The objectives exhibited smooth and stable
trends after the early iterations, with minimal fluctuations, indicating strong convergence
stability. The sharp initial improvements suggest efficient exploration during the early
phase, whereas the consistent performance in subsequent iterations reflects robust
exploitation. The lack of significant oscillations further demonstrates that RFO effectively
balances the search process to avoid premature divergence, while ensuring efficient

optimization.

The convergence behaviors of the TLBO, WOA, and RFO algorithms revealed distinct
strengths and patterns in their optimization processes. TLBO demonstrates the fastest
convergence, with all objectives stabilizing within the first ten generations, reflecting its
strong exploitation capabilities through the teacher and learner phases. However, early
stabilization in TLBO poses the risk of premature convergence in complex or multimodal
landscapes. In contrast, the WOA shows a more dynamic convergence process,
characterized by oscillations in the early and mid-iterations, followed by gradual
stabilization after the 40th iteration. This behavior highlights the WOA's robust balance
between exploration and exploitation, making it suitable for highly complex problems,
although its slower convergence compared to TLBO may limit its efficiency in simpler
landscapes. RFO, on the other hand, combines rapid convergence and stability, with
objectives stabilizing within 5 to 10 iterations. Its smooth and consistent trends after the

initial phase reflect a well-balanced approach to exploration and exploitation, making it
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ideal for scenarios that require rapid and reliable optimization. Overall, while TLBO excels
in speed, WOA ofters a thorough exploration of complex problems and RFO provides a

balanced and stable solution for both efficiency and reliability.
4.5.3.2 Pareto front and trade-off visualization

The 3D-RadVis visualizations presented in Figures 4.15 (a), (b), (c), (d), and (e) illustrate
the evolution of non-dominated solutions at generations 5, 10, 20, 40, and 50, respectively,
during multi-objective optimization using the TLBO algorithm. Figure 4.15(f) consolidates
all non-dominated solutions across all generations, providing a comprehensive
representation of the optimization process. These visualizations highlight the progression,

diversity, and trade-offs between the five competing objectives.

In Generation 5, as shown in Figure 4.15(a), the solutions were tightly clustered,
indicating the early exploration phase of the algorithm. At this stage, the objective space is
not yet well covered, reflecting the limited diversification of non-dominated solutions. By
Generation 10, as shown in Figure 4.15(b), the solutions began to spread in different
directions toward the anchor points of the individual objectives, demonstrating the
algorithm's improved exploration capabilities and an initial representation of the trade-offs.
The trend continues until Generation 20, as shown in Figure 4.15(c), where the clustering
diminishes and the solutions are better distributed across the objective space. This reflects
the ability of the algorithm to simultaneously identify diverse trade-offs and optimize
multiple objectives. By generations 40 and 50, as shown in Figures 4.15(d) and (e), the
solutions stabilize and exhibit a well-distributed pattern, signifying the algorithm's
convergence to the Pareto-optimal region. The stabilization in these later generations
indicates that the TLBO algorithm has effectively transitioned from exploration to
exploitation, refining the solutions toward optimal trade-offs. The final consolidated
visualization, shown in Figure 4.15(f), encompasses all non-dominated solutions identified
throughout the optimization process. This comprehensive view highlights the diversity of
the Pareto front, with solutions spreading across the objective space and clustering near
specific objectives such as microhardness and protection efficiency. The spread of solutions
demonstrates the robustness of the TLBO algorithm in maintaining diversity, whereas
clustering suggests achievable trade-offs in these areas. In contrast, fewer solutions were
observed near the objectives, such as surface free energy, indicating the challenges

associated with optimizing these objectives simultaneously.
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Overall, these visualizations illustrate the capability of the TLBO algorithm to

effectively handle complex multi-objective optimization problems. The progression from

clustered solutions in early generations to a well-spread Pareto front in later generations

reflects the ability of the algorithm to balance exploration and exploitation. The final

consolidated figure underscores the diverse trade-offs available, enabling decision makers

to select optimal solutions based on specific application requirements, such as prioritizing

microhardness for wear resistance or protection efficiency for corrosion resistance. This

dynamic and comprehensive representation validates the robustness and efficiency of the

TLBO in generating well-converged Pareto-optimal solutions.
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Figure 4.15. 3D-RadVis visualization of non-dominated solutions from the ANN-TLBO
algorithm at iterations 5 (a), 10 (b), 20 (¢), 40 (d), 50 (e), and all iterations combined ().

The 3D-RadVis visualizations shown in Figures 4.16 (a), (b), (c), (d), and (e)

correspond to iterations 5, 10, 20, 40, and 50, respectively, during the multi-objective

optimization process with the WOA. Figure 4.16(f) consolidates all non-dominated

solutions across all iterations.
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At iteration five, as shown in Figure 4.16(a), the non-dominated solutions were tightly

clustered around the central region, indicating a limited exploration of the objective space.

This clustering is typical in the early stages of the algorithm, when the search is focused on

identifying promising regions.
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Figure 4.16. 3D-RadVis visualization of non-dominated solutions from the ANN-WOA
algorithm at iterations 5 (a), 10 (b), 20 (c), 40 (d), 50 (e), and all iterations combined (f).

By iteration 10, as shown in Figure 4.16(b), the solutions begin to diverge slightly,

forming a broader spread that reflects the exploratory capability of the WOA through its

encircling prey and spiral update mechanisms. By iteration 20, as shown in Figure 4.16(c),

the solutions exhibit further spread, with some moving closer to the individual objective

anchor points, indicating progress in achieving diverse trade-offs among objectives. At this

stage, the algorithm starts balancing exploration and exploitation more effectively, thereby

enabling a better coverage of the Pareto front. At iterations 40 and 50, as shown in Figures

4.16(d) and (e), the solutions stabilize, forming a well-distributed pattern that covers a

significant portion of the objective space. This stabilization reflects the convergence phase

of the algorithm, in which the search focuses on refining the solutions near the Pareto-
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optimal region. The proximity of the solutions to anchor points for specific objectives
highlights the trade-offs achieved, such as maximizing microhardness and protection
efficiency while minimizing fouling weight and surface roughness. The final consolidated
visualization, shown in Figure 4.16(f), provides a comprehensive view of all non-
dominated solutions generated during the optimization process. The diversity of the Pareto
front is evident, with solutions distributed across the objective space, forming clusters near
certain objectives such as microhardness and protection efficiency. This clustering indicates
achievable trade-offs, whereas the spread across other areas demonstrates the ability of the
algorithm to maintain diversity and explore complex trade-offs between conflicting

objectives.

The visualization of non-dominated solutions obtained using the RFO algorithm is
depicted in Figures 4.17 (a), (b), (¢), (d), and (e) for generations 5, 10, 20, 40, and 50,
respectively, and Figure 4.17(f) for all non-dominated solutions. At Generation 5, as shown
in Figure 4.17(a), the solutions are sparsely distributed, with some initial clustering toward
specific objectives such as surface free energy and protection efficiency. As the algorithm
progressed to Generation 10, as shown in Figure 4.17(b), the solutions became slightly
more compact, indicating early stage exploration with incremental refinement. By
Generation 20, as shown in Figure 4.17(c), clustering became more pronounced and the
solutions started to populate a defined region, suggesting a transition toward exploitation.
At generations 40 and 50, the solutions exhibited a significant reduction in spread and
tighter clustering around the Pareto front, as shown in Figures 4.17(d) and (e), respectively.
This behavior suggests a strong convergence and stability in the optimization process of
the RFO algorithm. The final visualization of all non-dominated solutions in Figure 4.17(f)
demonstrates a well-defined Pareto front with minimal outliers, confirming the ability of
the algorithm to effectively balance the trade-offs between competing objectives. The
solutions illustrate a good trade-off distribution, emphasizing the competing nature of the

objectives, such as the surface roughness and protection efficiency.

Compared with the results obtained using TLBO and WOA, RFO shows distinct
advantages. Although TLBO demonstrated rapid convergence within the first few
generations and stable clustering, it increased premature convergence with less diversity in
the later stages. In contrast, the WOA exhibited significant oscillations and maintained a
longer diversity but required more iterations to stabilize. RFO strikes a balance by

achieving both rapid convergence and maintaining diversity throughout the optimization
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process. The RFO solutions demonstrate tighter clustering and a more distinct Pareto front
compared to the WOA, and a more diverse final solution set compared to TLBO,
highlighting its superior performance in effectively addressing multi-objective

optimization challenges.
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Figure 4.17. 3D-RadVis visualization of non-dominated solutions from the ANN-RFO
algorithm at iterations 5 (a), 10 (b), 20 (c), 40 (d), 50 (e), and all iterations combined ().

4.5.3.3 Sensitivity analysis of parameters

The local sensitivity analysis results, shown in Figure 4.18, quantify the influence of each
input parameter (Ni, P, W, Ce) on the five output responses: surface roughness,
microhardness, fouling weight, surface free energy, and protection efficiency. The analysis
revealed that microhardness is highly sensitive to changes in Ni and W concentrations, as
indicated by the large positive and negative sensitivity indices (6.266 for Ni and -7.237 for
W, respectively). In contrast, the effects of Ce were generally minor across all the
responses. These results suggest that the control of Ni and W concentrations is critical for

optimizing surface properties. Notably, the local sensitivity analysis values were identical
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for all three optimization algorithms (TLBO, WOA, and RFO) because the local analysis

was conducted at a fixed nominal point in the design space, independent of the optimization

results.
Local Sensitivity Analysis
Ni -0.01833 6.266 -0.7633 -0.2629 0.809 5
P 0.01337 B26 0.6324 0.09236 -0.5249 0
W 0.03077 1.271 0.4227 -1.14
Ce 0.001894 0.8868 0.4156 -0.02676 0.5637 -5
Surface roughness Microhardness Fouling weight Surface free energy Protection efficiency

Figure 4.18. Local sensitivity analysis of input parameters on output responses, consistent

for all three algorithms.

The global sensitivity analysis of the input parameters of the five output responses for
the TLBO algorithm is shown in Figure 4.19(a). The Sobol indices indicate that Ni and W
have the strongest influence across most responses, particularly for the surface roughness
(0.6494 for Ni) and protection efficiency (0.6564 for Ni). The contribution of Ce is
relatively low across all outputs, suggesting that it has a minimal global influence on the
system performance when explored within the TLBO-derived solution space. These
findings highlight the dominant roles of Ni and W in determining the coating properties
when optimized using TLBO.

For the WOA algorithm, illustrated in Figure 4.19(b), the global sensitivity indices were
generally lower, with the highest contribution observed for Ce in surface roughness
(0.3258) and P for microhardness (0.2476). Unlike TLBO, the WOA search resulted in a
more balanced influence among all four input parameters, with no single variable
overwhelmingly dominating. This reflects the algorithm’s exploration of different regions
of the design space, resulting in more moderate and distributed sensitivities across the

parameters.

The RFO algorithm results, presented in Figure 4.19(c), show a pattern similar to that
of TLBO but with slightly lower peak sensitivities. Ni and W again emerged as the most
influential parameters, with Sobol indices of 0.5149 and 0.5233, respectively, for surface
roughness. The contribution of Ce remained low and consistent across all algorithms.

Overall, the variation in global sensitivity profiles between the algorithms confirms that
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each optimizer explores distinct regions of the parameter space, thereby affecting the

magnitude of the calculated Sobol indices.

(a) Global Sensitivity Analysis (Sobol Indices)
Ni 0.6494 0.6441 0.5487 0.5971 0.6564 0.6
0.5
04
0.3
0.2
Surface roughness Microhardness Fouling weight Surface free energy Protection efficiency
(b) Global Sensitivity Analysis (Sobol Indices)
Ni 0.1508 0.1035 0.1209 0.3
; : 0.25
P 0.2
W 0.02642 0.15
0.1
Ce 0.1112 0.08316 0.05303 0.05
Surface roughness Microhardness Fouling weight Surface free energy Protection efficiency
(¢) Global Sensitivity Analysis (Sobol Indices)
0.5
0.4
0.3
0.2

Surface roughness Microhardness Fouling weight Surface free energy Protection efficiency

Figure 4.19. Heatmaps of the global sensitivity of the input parameters on multi-objective

outputs for different algorithms: (a) ANN-TLBO, (b) ANN-WOA, and (c) ANN-RFO.
4.5.3.4 Parameter interaction and correlation mapping

The parameter interaction map shown in Figure 4.20 provides a visual representation of the
interactions among the input variables (Ni, P, W, and Ce) during the multi-objective
optimization process using all three algorithms. The values within the map range from -1
to 1, representing the strength and direction of the interactions. Each cell in the matrix
quantifies the pairwise correlation or interaction between two variables, highlighting the
extent to which they influence each other to obtain optimal solutions. Positive values
indicate synergistic relationships, whereas negative values indicate antagonistic

relationships.

Page | 102



Chapter 4

(a) Parameter Interaction Map

Ni

Ce

Ni P W Ce

(b) Parameter Interaction Map

Ni P w Ce

(© Parameter Interaction Map

-0.5

Figure 4.20. Parameter interaction maps using different algorithms: (a) ANN-TLBO, (b)
ANN-WOA, and (c) ANN-RFO.
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The interaction map for TLBO depicted in Figure 4.20(a) demonstrates a strong positive
correlation (0.6928) between W and Ce, indicating a synergistic effect when these
parameters were simultaneously varied to optimize the outputs. In contrast, P and Ce
exhibited a notable negative correlation (-0.6059), suggesting that increasing one parameter
may reduce the effectiveness of the other in achieving the desired optimization outcomes.
This antagonistic relationship may imply a trade-off, in which balancing these parameters
is critical for optimal performance. The negligible interaction between Ni and P (0.01496)
suggests that these variables operate independently, with minimal influence on each other.
Similarly, the negative interaction between Ni and Ce (-0.107) indicates a weak but

opposing relationship.

The parameter interaction map shown in Figure 4.20(b) illustrates the relationships
among the input parameters during the multi-objective optimization process using the
WOA. The results show that the interaction between Ni and W (-0.9341) is highly
antagonistic, implying that changes in these parameters significantly counteract each other.
Conversely, P and Ce exhibited a moderately positive correlation (0.5296), suggesting
cooperative behavior when these parameters were adjusted together. The interaction
between W and Ce (0.001581) was negligible, indicating that these two parameters were

nearly independent in this optimization process.

The parameter interaction map obtained during the optimization process using the RFO
algorithm is shown in Figure 4.20(c). The strongest positive interaction was observed
between Ni and W (0.6222), indicating that these parameters exhibited a high level of
cooperative behavior during the optimization process. Conversely, Ni and Ce demonstrate
a strongly negative interaction (-0.5231), indicating that changes in these parameters work
against each other. The interaction between P and Ce (-0.4578) also suggests moderate

antagonistic effects, whereas W and Ce have a negligible positive interaction (0.189).

In contrast to RFO, the TLBO algorithm displayed a slightly weaker positive interaction
between Ni and W (0.1645), and a strong positive correlation between W and Ce (0.6928),
which was absent in the RFO map. Additionally, TLBO showed nearly no relationship
between P and Ce (0.01496), whereas RFO demonstrated a moderately antagonistic
relationship (-0.4578). The TLBO algorithm focuses more on fostering cooperative
relationships between parameters, particularly involving Ce, than RFO. WOA showed a

strong negative interaction between Ni and W (-0.9341), highlighting the significant
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antagonism that is not seen in RFO, where the relationship is positive. Similarly, WOA
displays a negligible interaction between W and Ce (0.001581), whereas RFO exhibits a
slightly stronger positive interaction (0.189). WOA also revealed a stronger negative
interaction between Ni and P (-0.5411) compared to RFO (0.311), where it was weakly

positive.

The RFO algorithm appears to balance cooperative and antagonistic relationships more
evenly than the TLBO and WOA. The strong positive interaction between Ni and W in
RFO suggests that these parameters are critical for obtaining the optimal solutions.
Additionally, the moderate antagonistic interactions involving Ce indicate that careful
adjustment of this parameter is required to avoid conflict with other variables. Overall, RFO
demonstrates a unique pattern of parameter interactions, which sets it apart from the TLBO

and WOA algorithms in terms of how it handles multi-objective optimization.
4.5.3.5 Optimized input parameters and predicted responses

Multi-objective optimization was performed using three hybrid ANN-based metaheuristic
algorithms: ANN-TLBO, ANN-WOA, and ANN-RFO. The optimized input parameters
and corresponding predicted responses, surface roughness (Ra), microhardness (HV),
fouling weight (FW), surface free energy (SFE), and protection efficiency (PE) are

summarized in Table 4.10.

Table 4.10. Optimized input parameters and predicted responses.

Algorithm  Input parameters Responses

Ni P W Ce Ra HV FW SFE PE
(gL) (gL) (gL) (mgL) (um) (0.05) (gm’) (/m’) (%)

ANN-
TLBO
ANN-WOA 40 38.39 20.56 9.68 0.115 708.01 57.46 1545 94.09
ANN-RFO 40 2933 16.40 7.39 0.117 717.14 5457 1549 96.15

40 2932 16.61 7.47 0.120 718.71 5491 15.69 95.96

4.5.4 Experimental validation of predicted responses and deviation analysis

The predicted input parameters and their corresponding response values for all algorithms

are presented in Table 4.11. Coatings were applied using these input parameter settings, and

Page | 105



Chapter 4

the coated samples were subsequently characterized to obtain the experimental response

values, which are also included in the same table.

Table 4.11. Predicted and experimental values of process responses with corresponding

input parameters for different optimization algorithms.

ANN- ANN-  ANN-

Algorithm RSM
TLBO WOA  RFO
Ni 39.37 40 40 40
p 2062 2032 3839  29.33
Input parameters W 1598 1661 2056 164
Ce 808 747 968  7.39
Surface Predicted 007 012 0115  0.117

roughness (wm)  Experimental 0.128 0.123 0514  0.118

Microhardness Predicted 733.21 718.71 708.01 717.14

(HV 0.05) Experimental 718.37 729.14 571.35 725.95
Responses  Fouling weight Predicted 53.86 54.91 57.46 54.57
(g/m?) Experimental 56.45 53.18 66.79  52.07
Surface free Predicted 15.02 15.69 15.45 15.49
energy (J/m?) Experimental 19.43 16.31 21.82 15.97
Protection Predicted 99.14 95.96 94.09 96.15

efficiency (%) Experimental 95.81 97.86 78.12 98.73

To facilitate the error comparison across the four algorithms (RSM desirability
function, ANN-TLBO, ANN-WOA, and ANN-RFO), the percentage deviation for each
response was calculated by comparing the predicted and experimental values using the
Equation 4.18:

|Predicted Value — Experimental Value|

5 ati . _ X 100 4.18
eviation (%) Experimental Value ( :

Table 4.12 summarizes the percentage deviation results. To visually assess the accuracy
of each optimization algorithm in predicting the response values, scatter plots were created,
as shown in Figure 4.21. The proximity of the data points to the y = x line indicates the

accuracy of the predictions, with points closer to the line reflecting better agreement
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between the predicted and experimental values. The analysis combining the input
parameters and response values, percentage deviations, and scatter plots provides a

comprehensive comparison of the performances of the four optimization algorithms.

Table 4.12. Percentage deviation between predicted and experimental response values.

Response RSM TLBO WOA RFO
Surface roughness (um) 16.41 2.44 77.63 0.85
Microhardness (HV 0.05) 2.07 1.43 23.92 1.21
Fouling weight (g/m?) 4.59 3.25 13.97 4.8
Surface free energy (J/m?) 22.70 3.8 29.19 3.01
Protection efficiency (%) 3.48 1.94 20.44 2.61
Mean % Deviation 9.85 2.57 33.03 2.5

The percentage deviation of the surface roughness highlights the superiority of RFO,
which achieved the lowest deviation (0.85%) and was closely aligned with the experimental
values. The scatter plot further supports this, as the data point for RFO lies closest to the
y = x line. In contrast, the WOA demonstrated a significant deviation of 77.63%,
indicating notable overestimation. The RSM desirability function and TLBO perform
moderately, with deviations of 16.41% and 2.44%, respectively, but fall short of the
precision of RFO.

In terms of microhardness, RFO outperformed the other algorithms with a minimal
deviation of 1.21%, underscoring its accuracy in maximizing this response. TLBO also
shows strong performance, with a deviation of 1.43%, making it a close second. The RSM
desirability function achieved reasonable accuracy (2.07%), whereas the WOA prediction
was considerably off, with a deviation of 23.92%. This discrepancy is visually evident in

the scatter plot, where the WOA data point is far from the y = x line.

The RSM desirability function also performed well in terms of fouling weight, with a
deviation of 4.59%. However, the WOA again underperforms, with a deviation of 13.97%,

highlighting its limitation in accurately predicting this parameter.

To minimize the surface free energy, RFO achieved a deviation of 3.01%, followed by
TLBO at 3.80%. The RSM desirability function demonstrated a much larger deviation of
22.70%, indicating relatively poor prediction accuracy. The WOA, with the highest

deviation of 29.19%, further emphasized its lack of reliability in this response.
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Figure 4.21. Scatter plots comparing predicted and experimental response values.

To maximize the protection efficiency, TLBO achieved the best result, with a deviation

of 2.93%, followed closely by RFO at 3.59%. The RSM desirability function exhibits a

deviation of 3.48%, reflecting a competitive but slightly less accurate prediction. However,

the WOA again struggles with a significant deviation of 20.44%.

The overall performance of the algorithms was summarized by their mean percentage

deviations. RFO achieved the lowest mean deviation of 2.69%, followed closely by TLBO,

at 2.77%. The RSM desirability function, with a mean deviation of 9.85%, demonstrated a
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moderate performance, whereas the WOA exhibited the highest deviation of 33.03%,

underscoring its weaker predictive accuracy across all responses.

The combined analysis of the tables and scatter plots unequivocally established RFO
as the most effective optimization algorithm, delivering consistently accurate predictions
with the lowest percentage deviations across most responses. Its performance is particularly
suitable for surface roughness and microhardness, and its predictions closely align with
experimental values. TLBO has emerged as a strong competitor, particularly in terms of the
fouling weight and protection efficiency. Although the RSM desirability function provides
reasonable accuracy for certain responses, its overall performance is less consistent than
those of RFO and TLBO. By contrast, the WOA demonstrated significant predictive
inaccuracies across all responses, as evidenced by its high deviations and scatter plot
outliers. This comprehensive evaluation highlights RFO as the preferred algorithm for

multi-objective optimization, with TLBO being a reliable alternative for specific responses.
4.5.5 Analysis of optimized coating

This study compares the best coating surface obtained from CCD experiments with that
achieved through optimization. The optimal coating surface was identified using the ANN-
RFO algorithm, which is referred to as the optimized coating in this subsection. The surface
morphology of the coating from the CCD experiment with the lowest surface roughness
(22" run) and the optimized coating are shown in Figure 4.22(a) and (b), respectively. Both
surfaces are free of defects, such as pores, cracks, or pinholes, and exhibit a compact

structure with a distinct nodular microstructure.

S N R |
20 pm 20 pm

Figure 4.22. Surface morphologies of coatings from (a) CCD and (b) RFO optimizations.
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The experimental surface roughness values obtained from the CCD experiments ranged
from 0.23 um to 1.28 um. Subsequent optimization using the RSM reduced the surface
roughness to 0.13 pm. Further improvements were achieved with metaheuristic algorithms:
TLBO and RFO optimization both produced a minimum roughness of 0.12 um, while
WOA achieved a roughness of 0.51 um. Figure 4.23 illustrates the 3D surface profiles of
the coating before and after optimization. The surface obtained from the CCD experiment
at 0.23 um (Figure 4.23a) exhibits more pronounced surface irregularities compared to the

smoother surface of the best optimized coating (0.12 pm, Figure 4.23b).

Figure 4.23. 3D surface profiles of coating samples: (a) as-deposited coating from the

CCD experiment and (b) optimized coating after RFO optimization.

Figure 4.24 illustrates the difference in Vickers microhardness between the coating
obtained from the best CCD experimental run and the coating optimized using the ANN-
RFO algorithm. The CCD-based coating exhibited a microhardness of 689.8 HV 0.05,
whereas the optimized coating achieved a higher value of 726 HV 0.05. The improvement
in hardness suggests that the ANN-RFO approach successfully identified the process

parameters that enhanced the mechanical strength of the coating.
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Figure 4.24. Comparison of microhardness (HV 0.05) between the best CCD

experimental coating and optimized coating.
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The fouling weight from the CCD experiments varied between 59.01 and 110.11 g/m?.
Post-optimization, RFO achieved the lowest experimental fouling weight of 52.07 g/m?,
followed by TLBO with 53.18 g/m?, both outperforming the CCD minimum. The RSM
desirability function also reduced the fouling weight to 56.45 g/m? which was slightly
lower than the CCD minimum, indicating a moderate improvement. In contrast, the WOA
failed to achieve a significant reduction, with a fouling weight of 66.79 g/m?, which was
within the CCD range but higher than the CCD minimum. The fouling weight per unit area
for the uncoated low-carbon steel substrate was measured at 145.43 g/m?, whereas the
optimized coated sample exhibited a significantly lower fouling weight, highlighting the

enhanced antifouling performance of the coated surface.

The fouling behavior also showed distinct differences in surface morphology. As shown
in Figure 4.25, the surface morphology of fouling on both the uncoated substrate and the
optimized coated sample was examined after 20 h of fouling adhesion in boiling water. On
both surfaces, fouling was uniformly distributed, with microstructures primarily composed
of needle-shaped aragonite-phase calcium carbonate [172]. No other calcium carbonate
phases, such as calcite, were observed. However, the uncoated substrate exhibited
quadrangular and spherical ferric oxides, which are corrosion products clustered into
spherical shapes. These corrosion products exacerbate fouling deposition on the uncoated

substrate by creating a severely corroded surface, further promoting fouling accumulation

[173].

Figure 4.25. Surface morphology of the fouling surface: (a) substrate and (b) optimized
coated sample.

In contrast, the optimized Ni-W-P-Ce coating lacks these corrosion products, resulting
in improved antifouling performance. The looser structure of aragonite on the coated

surface facilitates easier removal compared with the denser fouling scales on the uncoated
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substrate [174]. This finding is consistent with prior studies, such as Ren et al. [165], who
observed that electroless Ni-W-P coatings reduce fouling adhesion in solar collectors (mild
steel, 1015) by lowering the surface free energy. Specifically, the presence of tungsten in
the coating significantly reduces the surface free energy, thereby inhibiting the adhesion of
fouling materials, such as calcium carbonate (CaCOs3). The surface free energy (SFE)
observations presented in Table 4.3 further corroborate these findings. The SFE of the
uncoated substrate was measured at 31.97 J/m?, indicating a higher tendency for fouling
adhesion. The lower SFE of the Ni-W-P-Ce coating contributes to its superior antifouling
properties by reducing the adhesive forces between the fouling materials and the surface.
Overall, the combination of reduced corrosion products, lower surface free energy, and
easier removal of aragonite scales underscores the effectiveness of the Ni-W-P-Ce coating

in mitigating fouling adhesion compared to uncoated low-carbon steel.

The elemental composition of the resulting fouling was analyzed using EDS. The
obtained results, summarized in Table 4.13, reveal distinct differences in the elemental
composition of fouling between the two samples, which is indicative of the impact of the
coating on fouling behavior. Fouling on an uncoated low-carbon steel substrate shows a
predominance of calcium and iron. This indicates significant scaling caused by calcium-
based compounds, such as calcium carbonate or calcium sulfate, which are commonly
found in tap water during boiling. The presence of oxygen further supports the formation
of oxides and hydroxides. Trace amounts of chlorine and sulfur suggest the potential

inclusion of chloride or sulfate salts in the fouling layer.

Table 4.13. Elemental composition of fouling (wt.%).
Elements O S Cl Ca Ni w P Ce Fe
Substrate 1634 1.85 2.05 4852 - - - - 31.24
Coating (RFO) 16.76 1.57 0.29 70.25 527 3.62 1.63 0.61 -

The fouling on the electroless Ni-W-P-Ce coated sample demonstrates a markedly
different composition. Ca remained the predominant element, indicating that scaling was a
significant phenomenon. However, the absence of iron (Fe) in the fouling layer highlights
the protective role of the coating, which effectively prevents substrate exposure and the
subsequent Fe oxidation or dissolution. Coating elements, such as nickel (5.27 wt.%),
tungsten (3.62 wt.%), phosphorus (1.63 wt.%), and cerium (0.61 wt.%), are also detected

in the fouling layer. This indicated that the coating remained intact and interacted with the
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fouling environment. The presence of Ni and W contributes to the anti-corrosive and
antifouling properties of the coating, whereas Ce, a rare earth element, enhances scaling
resistance through its catalytic effect on surface passivation [99]. Furthermore, the reduced
chlorine and sulfur contents in the fouling on the coated sample indicate a lower tendency
for chloride or sulfate salt deposition. The elemental mapping of the fouling layer on the
RFO-optimized electroless Ni-W-P-Ce coated sample is also shown in Figure 4.26, which
provides a spatial distribution of the elements deposited during fouling. The mapping
revealed the uniform dispersion of key coating elements, such as Ni, W, P, and Ce,

confirming the integrity and consistency of the coating, even in a fouling environment.

Ce

Figure 4.26. EDX mapping images of the fouling surface of the optimized coating

sample.
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The XRD patterns of the fouling scales deposited on the substrate and optimized Ni-
W-P-Ce coating are shown in Figure 4.27. The analysis revealed that the majority of peaks,
which are not explicitly marked in the graph, correspond to the aragonite phases of calcium
carbonate. In addition, a few peaks representing the calcite phase and one peak
corresponding to the nickel-iron phase were identified, which are denoted by specific

symbols. All peak positions are listed in Table 4.14.
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Figure 4.27. X-ray diffraction patterns of fouling.

Table 4.14. Analysis of the XRD spectra of fouling.
XRD peaks, 20 (°)
26.19,27.19, 32.73, 33.12, 36.14, 37.86, 38.39, 42.88, 45.82,

Substrate
48.29, 50.2, 52.44, 52.87, 61.96

Aragonite
26.19,27.19, 31.11, 32.73, 33.12, 36.16, 37.86, 38.39, 42.89,
Coating
45.84, 48.29, 50.21, 52.44, 63.5
Substrate 48.42
Calcite

Coating  29.62, 31.66, 48.42

The presence of both the aragonite and calcite phases in the fouling layer confirms that
calcium carbonate scaling occurred during the boiling process, a well-documented
phenomenon commonly observed in water heaters and boilers. These results are consistent

with previous literature [175—177]. A highly intense Ni peak was observed in the fouling
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layer of the Ni-W-P-Ce-coated sample, indicating that the fouling layer on the coated
surface was relatively thin. Conversely, a very low intensity Fe peak was detected on the
substrate, suggesting significant fouling deposition. The dominance of the aragonite
polymorph of calcium carbonate on the fouling scale was further corroborated by SEM
imaging, which provided a clear visual confirmation of its morphology. This comparative
analysis highlights the improved fouling resistance of the Ni-W-P-Ce coating owing to its

ability to minimize scale deposition.

The CCD experiments recorded surface free energy values ranging from a minimum of
15.02 J/m? to a maximum of 34.15 J/m?. Among the optimized results, RFO achieved a
surface free energy of 15.97 J/m?, which was closest to the CCD minimum, showing a
considerable reduction. TLBO, followed by a surface free energy of 16.31 J/m?, indicating
moderate improvement. The RSM desirability function resulted in a surface free energy of
19.43 J/m?, whereas WOA performed the worst at 21.82 J/m?, which was far from the
minimum within the CCD range. These results underline the effectiveness of RFO in

minimizing the surface free energy, with TLBO performing reasonably well.

The corrosion protection efficiency in the CCD experiments varied from 45.01% to
94.21%. After optimization, all algorithms, except the WOA, achieved significant
improvements. RFO recorded the highest experimental protection efficiency of 98.73%,
followed closely by TLBO with 97.86% and the RSM desirability function with 95.81%,
all exceeding the CCD maximum. However, the WOA managed only 78.12%, which was
within the CCD range but was substantially lower than the CCD maximum. The results
indicate that RFO and TLBO are exceptionally effective in enhancing corrosion protection

efficiency.

A comparison of the responses highlights the significant benefits of using ANN-trained
metaheuristic algorithms for optimization. Both RFO and TLBO consistently outperformed
the baseline CCD results for all the responses. RFO has emerged as the most effective
algorithm, achieving superior performance in minimizing fouling weight and surface free
energy, while maximizing microhardness and protection efficiency. TLBO followed
closely, excelling in microhardness and protection efficiency optimization. The RSM
desirability function provided balanced but slightly lower improvements compared to the

metaheuristic algorithms. WOA, on the other hand, showed limited success and failed to
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outperform the CCD baseline for certain responses, such as microhardness and protection

efficiency.
4.6 Closure

This study investigated the optimization of the electroless Ni-W-P-Ce coating parameters
using various multi-objective optimization techniques. The research employed the response
surface methodology with a central composite design along with three metaheuristic
algorithms: teaching-learning-based optimization, whale optimization algorithm, and red
fox optimization. Artificial neural networks were integrated with metaheuristic algorithms
to enhance the prediction accuracy and optimization efficiency of the coating process. This
combination leveraged the learning capabilities of ANNs to model the complex
relationships between the input parameters and coating properties, whereas metaheuristic

algorithms efficiently explored the solution space.

Among all the optimization methods employed, the hybrid ANN-RFO algorithm
delivered the most effective coating results, exhibiting a minimal deviation between the
predicted and experimental values. The RFO algorithm stood out for its superior
convergence speed, prediction accuracy, and capability to optimize multiple objectives. It
consistently outperformed both the TLBO and WOA across various performance metrics.
Additionally, RFO showed marked improvements over the baseline CCD results for all
measured responses, underscoring the advantages of integrating machine learning with
optimization techniques. Sensitivity analysis identified nickel sulfate and sodium tungstate
concentrations as the most influential parameters affecting the coating characteristics,
offering valuable insights for process control and optimization. Similarly, the RSM
approach confirmed that these two components are key factors impacting the coating
properties. Through the desirability function approach within RSM, optimal parameter
settings were determined, achieving a composite desirability score of 1, indicating
successful simultaneous optimization of all targeted responses. The optimized Ni-W-P-Ce
coating demonstrated significantly enhanced antifouling performance compared to the
uncoated substrate, with a 64% reduction in fouling weight and improved surface
morphology. Other key properties, including the surface roughness, microhardness, surface
free energy, and corrosion resistance, also showed notable improvements following

optimization.
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Chapter 5 Influence of cerium concentration and heat
treatment on functional properties of Ni-W-P-Ce coatings

This chapter provides a comprehensive analysis of how cerium incorporation and heat
treatment can be used to tailor the functional properties of Ni-W-P electroless coatings to
improve their performance in applications requiring wear, corrosion, and microbial

resistance.
5.1 Experimental details
5.1.1 Coating bath preparation

Six distinct coatings were prepared by varying the concentration of ceric sulfate, while
keeping all other chemical concentrations constant. The bath compositions and operating
conditions are listed in Table 5.1. The electroless Ni-W-P-Ce coatings derived from baths
containing 0, 2, 5, 8, 11, and 14 mg/L of cerium salt are referred to as Ce0, Ce2, Ce5, CeS8,
Cell, and Cel4, respectively.

Table 5.1. Chemical composition, functions, and operating conditions.

Chemical Function Concentration Conditions
NiSO4.6H>0O Metal salt 40 g/L Temp.: 75+ 2 °C
Na;WO04.2H>0 Metal salt 15 g/L pH: 7.5+ 0.2
Ce(S04)2.4H20 Metal salt 0,2,5,8,11,and 14 mg/L Time: 2 hours

NaH»P02.H,O Reducing agent 30 g/L
NazCsHs07.2H,0  Complexing agent 20 g/L
CHaN2S Stabilizer 0.001 g/L

5.1.2 Coating characterization

Deposition rates were calculated for all samples by measuring the weight difference before
and after coating, using Equation 3.1 provided on page 37, and the coating thickness was
estimated using the weight gain method given in Equation 5.1, as well as the metallographic

method according to the EN ISO 1463:2021 standard [178,179].

. 100.(G2 - G1)
B p.F

(5.1)
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In this equation, t is the coating thickness in um, G1 and G2 are the weights of the
sample before and after coating, respectively, in grams, p is the density of the deposited
coating in g/cm?, and F is the total surface area of the substrate in dm2. The deposition

density was calculated using the formula given in Equation 5.2.

nth element

Deposition density = Z (elemental density X weight percent)  (5.2)

1Stelement

The elemental densities (in g/cc at standard temperature and pressure) of Ni, P, W, Ce,
and O are 8.9, 1.823,19.3, 6.77, and 0.001308, respectively [180]. The weight percentages
were calculated by EDS, as reported later. An optical microscope (BX53M, Olympus) was

used to measure the thickness of the coating.

Field-emission scanning electron microscopy was used to analyze the microstructural

morphology. Elemental mapping was performed using EDX coupled with FESEM.

Structure and phase analyses of the samples were performed in the scan range of 10-
80° using an X-ray diffractometer (XRD, Bruker D8 Advance) equipped with a 0.15418
nm X-ray. Using the Debye-Scherrer equation (Equation 5.3), the crystallite size was

determined from the XRD data with the peaks assumed to be of Gaussian shape-

KA
B cos 6

Crystallite size,D = (5.3)
Where K is the Scherrer constant (0.98), A is the wavelength, and f is the full width at
half maximum (FWHM) of the detected peaks. The surface chemical compositions of the
samples were analyzed using PS (FEI PHI 5000 Versa Probe II). The acquisitions consisted
of wide scans in the binding energy range of 1200-0 eV. High-resolution core line spectra
were obtained by setting the analyzer pass energy at 23.5 eV and the energy step at 0.025
eV/0.05 eV, 50 ms time per step, and 10 cycles. The radiation source was Al Ka (1486 eV).
All binding energies were normalized to the reference Cls core level (binding energy of

284.79 eV).

The topographical characteristics of the coated surfaces were measured using an optical
profilometer (Zygo Newview9000), and the data were analyzed using Mx. For surface
energy estimation, the Owens and Wendt geometric mean approach [145] was adopted, in

which the surface free energy is given by (Equations. 5.4-5.5)-
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y(1+ cos0) = 2(\/3'5‘13121 + \/yf yP (5.4)

ys =y& +y¢ (5.5)

Where y;, ys, ¥%, yP,and 6 are the surface tension of the test liquid, surface free energy
of the solid surface, dispersion component, polar components, and surface contact angle,
respectively. Contact angles of the surfaces with two test liquids, namely, distilled water
(y,=0.0728 J/m?, y9=0.0218 J/m?, y?=0.051 J/m?) and ethylene glycol (y;=0.048 J/m?,
y9=0.029 J/m?, y?=0.019 J/m?) were measured with the help of a goniometer (KYOWA
FAMAS), and the average of three measurements on each sample was used to determine

the surface free energy.
5.1.3 Microhardness and scratch resistance

The Vickers microhardness of the coating at five different locations was measured with an

indentation load of 100 gf and dwell time of 10 s.

A scratch test was performed on a universal tribometer (MFT 5000, Rtec Instruments,
USA) using a diamond indenter with a tip radius (R) of 0.2 mm and apex angle (20) of 120°
as the counter body to determine the adhesion strength between the coating and substrate
layer. The indenter was made to slide on the coated surface under a constant load of 3 N,
scratch velocity of 0.2 mm/s, run time of 20 s, and a scratch length of 5 mm. The average
scratched areas were calculated using OmniSurf3D software by analyzing the 3D surface
texture collected with an optical profilometer, and the scratch volume loss was estimated
by multiplying the average scratched area by the total scratch length. The scratch hardness
(Hs), an indicator of the coating's capacity to withstand plastic deformation or scratching,
was determined from the scratch testing results using the following relationship (Equation

5.6)-

8F

He. =
ST w2

(5.6)

where F is the magnitude of the applied load and W is the width of the scratch [181].

Furthermore, the fracture toughness (K. ) of the coating was assessed by analyzing the

scratch data using Equation 5.7, derived from linear elastic fracture mechanics [182]. This
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equation was employed to estimate the fracture toughness when dealing with very small

penetration depths, as was the case in this study.

Fy .
KC= lfd<<R

,2
4d §R

Here, Fy represents the average tangential or lateral force recorded during scratching,

(5.7)

and d is the depth of penetration from the sample surface. Because the sphere-to-cone
transition depth (= R(1-Sinf) for the indenter tip radius R and apex angle 20) was
approximately 26.8 um, the penetration depths remained smaller than the sphere-to-cone
transition depth across all the samples in our study, indicating that only the spherical region
made contact with the sample in all scratch tests, and the cone region of the indenter did
not contribute to deformation, aligned with the conditions under which this fracture

toughness formula operates.
5.1.4 Wear resistance

A ball-on-flat linear reciprocating tribological test was performed using a universal
tribometer under unlubricated conditions using a 5 mm diameter 316 stainless steel ball as
the counter body. All wear experiments were performed at a normal load of 5 N, frequency
of 3 Hz, and stroke length of 5 mm under ambient conditions (300 K). The coefficient of
friction was recorded for a total time of 300 s (total sliding distance of 9 m). In addition,
the wear volume and morphology of the worn surfaces were investigated using a non-
contact 3D optical profilometer and scanning electron microscope, respectively. The
average of the three cross-sectional worn areas was multiplied by the stroke length to

calculate wear volume.
5.1.5 Corrosion resistance

The ability of the deposited coatings to resist electrochemical corrosion was evaluated
using an electrochemical workstation as discussed in last chapter. For electrochemical
impedance spectroscopy (EIS) analysis, a sinusoidal signal of 10 mV was applied in the

frequency range 102-10° Hz.
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5.1.6 Biofilm formation

The extent of biofilm formation on different coated surfaces provides an estimate of their
ability to protect components from microbial corrosion. The marine bacterial strain P,
aeruginosa PFL-P1 was used for this purpose following the protocol described in a previous
study [183]. The protocol involved growing Pseudomonas aeruginosa PFL-P1 biofilms on
various samples by incubating bacterial cultures with the surfaces under controlled
conditions. In brief, the surfaces were cleaned with 70% ethanol and inoculated in a six-
well plate with 4 ml of 1:100 diluted bacterial strain maintained in Luria Bertani (LB) broth
medium (Himedia, India). The samples were incubated at 37 °C for 48 h under static
conditions, washed with PBS, and stained with 5 pumol/L Syto9 (Invitrogen, USA). The
stained biofilms were imaged using a TCS SP8 confocal system (Leica Microsystems,
Germany). The integrated intensity of the images, calculated using the FIJI software tool,

was used as a semi-quantitative measure of biofilm growth.
5.1.7 Annealing of the depositions and subsequent property assessment

A tube furnace was used to heat treat the sample with 8 mg/L Ce content for an hour at
three different temperatures: 200, 400, and 600 °C. These samples are referred to as
Ce8/200, Ce8/400, and Ce8/600, respectively, in the remainder of the manuscript. In all
cases, the time from room temperature to the annealing temperature was set to one hour
using a proportional-integral-derivative (PID) controller attached to the furnace, and the
samples were kept at a constant temperature for the next hour. The samples were then

cooled to room temperature in the same furnace.

Microhardness, roughness, wettability, FESEM, XRD, corrosion, scratch, and wear
tests were performed on the heat-treated samples. A ferroxyl reagent test (ASTM B689-
97), which detects the presence of iron ions (Fe?" and Fe*), was conducted to determine
the porosity and pinholes in the heat-treated coatings [39][184]. Filter papers soaked in
ferroxyl indicator solution (25 g/L potassium ferrocyanide + 15 g/L sodium chloride) were
placed on the heat-treated samples, and any resulting color change was monitored. In the
presence of cracks or holes, the solution can penetrate the coating to reach the base material,

and a blue color emerges.
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5.2 Results and discussion
5.2.1 Appearance of the as deposited and annealed coatings

A digital image of the substrate, coated samples, and heat-treated samples is shown in
Figure 5.1, to visualize the surface appearance just before and after coating, as well as after
heat treatment. In contrast to the shiny reflective surface of the polished substrate, all the
as-coated samples exhibited a silver-grey appearance, typical of Ni. The appearance did not
vary with different cerium concentrations; however, annealing resulted in a noticeable
change. The color did not change noticeably after annealing at 200 °C (Ce8/200); however,
the Ce8/400 coating had yellow-blue tinges, whereas the Ce8/600 coating was dark green
and almost black. This change in color can be ascribed to the change in the thickness of the
nickel oxide film [185]. At lower annealing temperatures, the oxide film was relatively
thinner; however, higher temperatures led to thicker oxide films, thus affecting their
appearance. These findings are consistent with the EDX results (Table 5.12), which

revealed an increase in oxygen content with increasing heat-treatment temperature.

Figure 5.1. Digital images of the samples.

The driving force of the spontaneous electroless deposition process is the potential
difference between the anodic and cathodic reactions, which proceeds under mixed-
potential control. The possible cathodic half-cell reactions involved in the coating along
with their standard electrode potentials (E°, in volts at standard temperature and pressure)
are described below [180]. Accordingly, the dehydrogenation of hypophosphite ions
occurs, resulting in the formation of metaphosphate ions, and the adsorbed active hydrogen

reduces nickel on the steel surface. Simultaneously, some of the absorbed hydrogen atoms
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reduce a small amount of hypophosphite to water, hydroxyl ions, and phosphorus

(Equations 5.8-5.10) [186].

H,PO5 + 30H™ = HPO?™ + 2H,0 + 2e (E°=-1.65) (5.8)
Ni%* + 2e = Ni (E°=-0.257) (5.9)

H,PO; +2H* + e =P + 2H,0 (E°=-0.508) (5.10)
W02 + 6e + 4H,0 = W + 80H™ (E°=-1.06) (5.11)
4Ce* + 2H,0 = 4Ce3* + 4H* + 0, (E°=1.715)  (5.12)

The reduction of tungsten occurs via the nickel catalytic surface (Equation 5.11), with
sodium hypophosphite serving solely as the electron source, and the inclusion of tungsten
in the Ni-P electroless deposition system does not directly affect the redox reaction between
the nickel and hypophosphite ions [187]. The reduction of Ce*" ions to Ce*" ions by the
freely available hydrogen atoms following the reaction given in Equation 5.12 leads to the
accommodation of these ions in the coating [188]. Because the difference between the
electrode potentials of Ce(SO4)2 and the reducing agent is too large, it is difficult for a redox
reaction to occur between the ceric ions and the reducing agent; therefore, the addition of
Ce 1ons is not expected to influence the deposition characteristics of the Ni-W-P coating

[186].
5.2.2 Deposition rate

No discontinuities, cavities, porosity, or cracks were visible at the interface between the
coating and substrate, as shown in the optical micrographs (Figure 5.2(a-b)) and scanning
electron micrographs (Figure 5.2(c-d)) of the cross-sections of the coatings prepared with
or without Ce. The thickness values estimated from the weight difference and measured
from the optical images are shown in Figure 5.2(e). Figure 5.2(f) shows the calculated

deposition rates.

The agreement between the estimated and measured thickness values indicated the
uniformity of the deposited coatings. Both the coating thickness and the deposition rate
displayed a similar increasing-decreasing trend with increasing Ce concentration in the

bath, and both the thickness and deposition rate were the highest for Ce8.
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Figure 5.2. (a-b) Cross-sectional optical micrographs of Ce0 and Ce8 coatings,
respectively; (c-d) Cross-sectional SEM micrographs of Ce0 and Ce8 coatings,

respectively; (e-f) Effect of Ce concentration on the coating thickness and deposition rate.

The development of a dense coating, characterized by the absence of cracks, as
observed in the cross-sectional images, results from a progressive stepwise process, as
presented schematically in Figure 5.3. Initially, the Ni, W, P, and Ce ions must undergo
nucleation on the substrate surface via the redox reactions mentioned in Equations (5.8)—
(5.12). Ni** and WO4* form stable complexes ((Ni**),(WO0;7),.L,) with the
complexing agent in the coating solution. These complexes then diffuse from the solution
to the outer Helmholtz layer (OHL) as two different complexes, (Ni?*).L,, and
(WO0Z27). Ly,. Gradually, these complexes dissociate into free Ni** and WO4?~, which then
diffuse towards the inner Helmholtz layer (IHL). Free Ni*" ions reach the IHL first and
undergo reduction on the substrate surface, preceding the co-deposition of the Ni-W alloy
coatings. Simultaneously, HoPO, undergoes redox reactions for P deposition in the

coating, facilitated or catalyzed by the presence of the Ni catalyst. Ce*" ions are adsorbed
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onto the substrate surface in their native form or after being reduced by free electrons to

Ce*", which may act as active sites for further nucleation or deposition [105].

(a) (\i#),(Wo,M)).L, (NiZ) (WO, )L,

Substrate

Figure 5.3. Schematic representation of the coating growth.

This nucleation step initiated the formation of primary cores or clusters (represented by
hollow circles in Figure 5.3(a)) via electrochemical crystallization. Under the influence of
interatomic forces, these clusters may gradually accumulate, increase in size, and align with
the substrate surface. Subsequently, during the cluster growth and crystal regularity phases
(Figure 5.3(b)), these clusters expanded following the typical growth patterns observed in
metal crystals, resulting in the development of irregularly shaped nodules within the coating
morphology. These clusters exhibited non-uniform growth perpendicular to the surface,
displaying preferential growth patterns and aggregation. Finally, the process transitions into
a macroscopic coating formation, and multiple clusters converge to form a macroscopic

coating with a crystal lattice structure [128,189], as shown schematically in Figure 5.3(c).

As observed from the experimental results, the concentration of Ce ions can
significantly alter the rate of coating deposition, and the influence of Ce on the deposition

rate stems from multiple factors. It can be observed from the electrochemical reactions
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mentioned earlier (Equations 5.8-5.12) that hydrogen is a by-product of the deposition
process, and the adsorption of the gas onto the surface hinders the reduction reactions
induced by the steel substrate, as well as the autocatalytic activities of the deposited Ni. Ce
ions have high adsorption capabilities on metal surfaces [190—192] and, as surface-active
elements, they can lower the surface energy of the substrate. This helps the H» gas bubbles
escape from the surface [84] so that the reactant species present in the bath can come into
contact with the deposited metal, and the autocatalytic reaction can proceed forward. The
removal of hydrogen from the system also shifts the reaction kinetics towards the reduction
of metal ions, accelerating the deposition rate. The lower surface energy in the presence of
Ce ions can also facilitate the initial deposition of a thin Ni layer onto the substrate in the
primary stage of coating deposition [193], which accelerates the later stages of the
autocatalytic reaction. Furthermore, Ce ions adsorbed on the surface can act as nucleation
sites for deposition to take place. An increased number of nucleation sites reduced the mean
free path of the ions to collide with the formed nuclei, thereby increasing the probability of
the ions to coalesce. Some researchers have also suggested that the 4f configuration of Ce
promotes electron transfer between the metal ions and reducing agent, thereby promoting
the rate of reduction reactions. These mechanisms enhance process efficiency and fast-track
the deposition rate, as observed for Ce-containing coatings [96,194]. However, excessive
accumulation of Ce on the surface limits the active surface area for reduction reactions to
occur and can also consume more electrons for its own oxidation, resulting in a reduced
deposition rate. A very high amount of surface-adsorbed Ce can also significantly reduce
the surface energy and inhibit further nucleation on the surface. Additionally, at elevated
concentrations, Ce may combine with hypophosphite ions to form neutral molecules,
further impeding oxidation of the reducing agent and effectively poisoning the overall

reaction [195]. Therefore, excess Ce can limit the deposition rate.
5.2.3 Microstructure of the deposition

No discernible defects such as cracks, pores, or cavities were observed on any of the
surfaces, indicating the high integrity of the coatings. FESEM micrographs revealed the
morphology of the deposition (Figure 5.4(a-f)), characterized by its resemblance to that of
a cauliflower composed of a large central mass with many smaller floret-like nodules

attached to it.
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Figure 5.4. Microstructure of Ni-W-P-Ce coatings with different Ce contents: (a-f)
Surface morphology of Ce0, Ce2, Ce5, Ce8, Cell, and Cel4, respectively; (g) nodule

size distribution; (h) average nodule size; and (i) XRD patterns of as-coated surfaces (D =

Crystallite size).
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Analysis of nodule sizes from the SEM images revealed that the size distribution of the
nodules gradually shifted to lower values, and the peaks became sharper with increasing
Ce content in the coating bath, indicating greater uniformity of the nodule sizes and smaller
modal size. However, the trend was reversed as the Ce concentration increased beyond 8
mg/L (Figure 5.4(g)). This was also evident in the average nodule size (Figure 5.4(h)). A
similar trend was observed for the crystallite size (calculated from the XRD spectra) (Figure

5.4(1)).

Because both the Ce-free (Ce0) coating and the Ce-containing (Ce2-Ce14) coatings had
structurally similar morphologies, it can be assumed that the addition of Ce did not
fundamentally alter the growth mechanism of the Ni-W-P coating. As experimentally
observed by Vitry et al., the development of coatings is a sequential process [193,196]
initiated by the oxidation of the reducing agent (phosphate salt in this case) induced by the
steel substrate and the subsequent reduction of the Ni salt, creating a very thin continuous
layer on the substrate. This initial layer drives autocatalytic reactions forward, and as a
result, three-dimensional nucleation starts to occur in a cluster or island form (Volmer-
Weber mode of growth), as mentioned earlier, where surface scratches and defects act as
preferential sites for nucleation. Subsequently, the reduced metal ions from the bath
accumulate around these nuclei, forming balloon-like nodules. As the process continued,
the surface was packed with such nodules, and their lateral growth was restricted. This
results in the formation of a dense coating that grows vertically. Secondary germination is
also possible at this stage, causing branching and refinement of growing columns.
Therefore, the close packing of such balloon-like nodules results in a cauliflower-like

appearance on the top surface.

Therefore, a reduction in the average nodule size was directly correlated with an
increase in the number of active sites on the substrate surface. Because the nodule formation
process begins with surface roughness features, defects, or discontinuities, and all the
surfaces received similar pre-treatment, the variation in the quantity of Ce was the only
differentiator between them. Surface-adsorbed Ce can provide additional nucleation sites,
and the dense distribution of such sites shortens the period of lateral nodule growth, thereby
reducing the average nodule size [105,138]. The heterogeneity in nodule size indicates a
non-uniform distribution of active sites as well as non-simultaneous nodule formation,
where larger nodules are the result of sparsely spaced nucleation sites and early nucleation

[197]. Such spatial and temporal variations in nodule formation are reduced in the presence
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of surface-adsorbed Ce, which acts as an active site for deposition [96]. However, a very
high quantity of Ce impedes the nucleation process as discussed earlier, resulting in larger
and non-uniform nodules. Such a V-shaped trend in the influence of rare-earth element

content on nodule size has been observed by previous researchers [138,198,199].

In the XRD spectra for all the depositions, a solitary peak was positioned in the range
44.6-44.8°, representing the (111) plane of the face-centered cubic structure of Ni (Figure
5.4(1)). The peaks for the Ce-containing coatings were slightly broader and had diminished
intensity compared to the peak for the Ce0 coating, and this microstructural change serves
as evidence of the successful integration of Ce into the Ni-W-P coating. As the P and W
contents in the coating, as determined by EDX (Table 5.2), were within their solubility
limits in Ni, they were incorporated as a solid solution within the Ni lattice, preventing the
formation of distinct phases and the introduction of discernible diffraction peaks in the

XRD pattern [200].

Table 5.2. Elemental composition of the coatings (wt.%).

Ce(S04)2, mg/L Ce Ni P w @]

0 (Ce0) 0 91.3 5.6 2.5 0.6
2 (Ce2) 1.1 91.2 4.7 24 0.6
5 (Ceb) 1.3 90.6 48 2.6 0.7
8 (Ce8) 15 91 3.8 2.7 1.0
11 (Cell) 1.8 90.3 4.5 2.7 0.7
14 (Celd) 2.1 88.9 5.8 2.6 0.6

The calculated crystallite size (D) for all samples is presented in the same XRD Figure
5.4(1), with Ce8 exhibiting the smallest crystallite size of 5.64 nm. Here, crystallite size
refers to the size of the individual crystalline regions or coherent scattering domains.
Therefore, the presence of small diffraction coherent domains, that is, crystallites smaller
than 10 nm, suggests that the coatings fall into the ultrafine/nanocrystalline regime [89].
Detailed X-ray diffraction (XRD) results, including the FWHM and corresponding d-

spacing values for the peaks in all six samples, are provided in Table 5.3.

Considering the P content across all samples, it is apparent that the coatings were in the
low-P category, and the quantity of P alone was not sufficient to induce significant

distortion of the Ni lattice structure, resulting in a nanocrystalline structure. However, the
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roles of the W and Ce atoms are also crucial. It is known that W acts in tandem with P in
influencing the microstructural characteristics of electroless Ni-W-P coatings, and up to
approximately 2% W can be positioned inside the Ni lattice for this purpose [201]. The
incorporation of Ce, which has a significantly larger atomic radius of 0.1824 nm than those
of Ni, W, and P (0.1246, 0.139, and 0.106 nm, respectively), can also cause lattice
expansion, disturbing the long-range order and inducing some degree of amorphousness

[109,136,138,202].

Table 5.3. Analysis of the XRD spectra.
Coating Peak position, 20 (°)  FWHM, B (°) d-spacing (A) Crystallite size (nm)

Ce0 44.619 1.35075 2.0308 6.64
Ce2 44.748 1.36612 2.0252 6.57
Ce5 44.728 1.42661 2.0261 6.29
Ce8 44.75 1.59057 2.0251 5.64
Cell 44.735 1.39754 2.0258 6.42
Cel4 44.736 1.34166 2.0257 6.69

5.2.4 Chemical composition of the deposition

EDX analysis and elemental mapping of the coating top surface indicated the well-
distributed presence of Ni, W, P, and Ce in the coating (Figure 5.5), and elemental mapping

of the coating cross-section (Figure 5.6) indicated the same.

Quantitatively, the amount of Ce in the coating exhibited a monotonically increasing
relationship with Ce concentration in the bath (Table 5.2). The P content of all the coatings
ranged from 3.8 to 5.8 wt.%, categorizing them as low-to-medium phosphorus electroless
coatings. Interestingly, the quantity of P decreased with increasing Ce up to 8 mg/L, and
both trends reversed after that threshold. A minute quantity of oxygen was detected in the
samples, with Ce8 exhibiting the highest oxygen weight percentage of 1%. From the
relevant literature on the electroless preparation of quaternary alloys, where a fourth
element was introduced to the Ni-W-P system, it can be seen that such alloys typically have
low quantities of P and W as compared to the ternary Ni-W-P. For example, the Ni-W-P-
Cu coatings developed by Balaraju et al. [203] had 4.5-6.0% P, but the W content was
higher than that in this study at 3.5-6.0% W, and the proportion of the fourth element (Cu)
was also higher at 1.4-6.4%.
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Figure 5.5. EDX mapping images of the coating top surfaces with varying Ce salt
concentrations: (a) Ce5, (b) Ce8, and (c) Cell.
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Figure 5.6. EDX mapping analysis of the cross-section of CeS.

For the Ni-W-P-Co and Ni-W-P-Mo coatings, the P quantities were much lower (2.1-
2.2%), with a relatively higher W (3.9-7.1%) and a larger share of the fourth element (5.1-
5.9%) [94]. Similarly, the addition of Cr resulted in alloys with 5.6% P, 5.3% W, and 3.0%
Cr [204]. In contrast, in Ce-containing quaternary Ni-P coatings, the P content is similarly
low at 4.5-6.5% with Ce being undetectably low to a maximum of 1.3% [84,199]. In the
current study, the P range was similar, although higher quantities of Ce were present,
resulting in reduced W. It should be noted that because the solubility of W in the Ni matrix
is low at only approximately 2% and any added W is typically precipitated at the grain
boundaries, the changes in the lattice structure due to the presence of P and W in our study
are expected to be in line with previously reported results, and any changes can be attributed

to the higher share of Ce present in the coatings.

Because the reaction order of hydrogen atoms or electron adsorption in the Ni**

reduction reaction (Equation 5.9) is twice that of the H,PO>— reduction reaction (Equation
5.10), the reduction rate of Ni*" ions is significantly higher than that of H,PO,— ions.
Therefore, although the deposition rates of both Ni and P increased with the addition of Ce,

as mentioned earlier, the increase in the Ni deposition rate exceeded the increase in the P
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deposition rate, leading to a relatively lower P content in the coatings with increasing Ce
concentration in the coating baths [171]. Earlier studies have also reported prioritized Ni
deposition and reduced P content with the addition of Ce in the electroless Ni-P [109], Ni-
Co-P [84], and Ni-Cu-P [199] systems. Furthermore, when the addition of Ce started to
limit the coating deposition rate, it affected Ni deposition to a relatively higher extent, and

the proportion of P increased.

An XPS analysis was conducted to determine the chemical states of the coating
constituents. Representative XPS spectra for the Ni 2p, W 4f, Ce 3d, and P 2p orbitals are
shown in Figure 5.7, for three different coatings, namely CeS5, Ce8, and Cell, and the
detected peaks along with the areas under the curve are presented in Table 5.4. The analysis
for Ce is provided separately in Tables 5.5-5.6 because of the larger number of peaks
detected. The area under the peaks can provide insight into the relative proportions of the

constituents in their different chemical states.

The Ni 2p spectrum was composed of 2p3» and 2pi» doublets, as shown in Figure
5.7(a). In the Ce5 coating, the peak at 851.5 eV can be attributed to the elemental Ni
[100,138,205-207], whereas the peaks at 855.9 and 860.7 eV are assigned to 2p3» and the
peaks at 874.1 and 880.1 eV are assigned to 2p12, which are related to the chemical state
of either Ni*" or Ni*" and their respective shake-up satellite peaks [94,138,205-208]
originating from valence electron transitions toward discrete and/or non-discrete energy
levels in proximity to the Fermi edge [209]. The chemical compounds formed by Ni** and
Ni** ions are NiO, Ni(OH), and NiOs, respectively [138,206,207,210]. Nonetheless, the
presence of two satellite peaks and an energy separation value of 18.2 eV between the two
2p32 and 2p12 peaks indicate that Ni was primarily present in the hydroxide form [211]. In
chemical processes, the reduction of H" ions to H> occurs exclusively at the surface,
resulting in the oxidation of only the surface-bound P. This redox reaction induces an
increase in pH, which facilitates the formation of Ni(OH)> [212]. Similar peaks were
observed for the Ce8 and Cel 1 coatings, although elemental N1 was not detected in the Ce8
coating. An examination of the XPS spectra of the other constituent elements revealed that
the coating surfaces that did not contain elemental Ni were devoid of elemental P, as
discussed in the next few pages of this subsection. Therefore, the reasons for the absence
of elemental Ni and P were interdependent. It has been observed that if P in the coating is
readily oxidized, it will likely form PO4* ions, necessitating cations (such as Ni*") to

maintain electrical neutrality.
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Figure 5.7. High-resolution XPS spectra of (a) Ni 2p, (b) W 4f, (c) P 2p, and (d) Ce 3d.
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Table 5.4. Peaks for Ni, W, and P were detected from the XPS spectra, and the area under

these peaks.
Element Ce5 Ce8 Cell
. Ni 2pin 425.26 477.74 402.17
N Ni 2psp 670.84 958.13 583.71
W 4fsp 49.36 66.91 19.98
W W 4f7 77.92 85.19 28.64
P2pip 22.54 23.33 30.11
P P 2ps2 (BE 129) 19.26 - 42.46
P 2p3» (BE 133) 52.37 91.89 36.76

With abundant Ni*" ions, phosphate, hydroxide, or oxide may have formed as a
consequence of this interaction [213]. This conclusion is further supported by the presence

of a high-intensity Ni*" peak at approximately 855.9 eV.

The high-resolution XPS spectra of W 4f, consisting of W 4f7,2 and W 4f5/> core levels,
are shown in Figure 5.7(b). The two peaks for the Ce5 coating were at binding energies of
35.25 and 37.4 eV, indicating the presence of W in the chemical state of W®" [205,208],
corresponding to NiWO4 and WOs3, respectively [206,207]. The Ce8 and Cell depositions
exhibit similar spectra, indicating a similar chemical composition of W in all three coatings,

marked by the absence of elemental W.

The P 2p spectra were deconvoluted into three peaks consisting of two doublets: P 2ps/»
and P 2p1/2 (Figure 5.7(c)). In the Ce5 coating, the 129.25 eV peak corresponds to elemental
P [214], and the 132.8 and 133.64 eV peaks correspond to 2p3» and 2pi,» orbitals,
respectively, indicating presence of P°* ions in the form of NaH,PO; or CePO4 [138,206].
A similar peak distribution was observed for the Cell coating, and no elemental P could
be detected in the Ce8 coating. By observing the lowest P content in Ce8 through EDX
analysis coupled with the alkaline nature of the coating bath, it can be suggested that the
forward reaction converting HoPO:> ™ into P (Equation 5.10) is likely inhibited under these
conditions. This suppression of the forward reaction in Ce8 may account for the absence of
elemental P in the coating [138], which in turn results in the absence of elemental Ni, as

explained earlier.

For Ce, a total of 10 fitted peaks in the form of spin-orbit multiplets in the entire range

of 880-918 eV were observed (Figure 5.7(d)). The doublets Ce 3ds» and Ce 3d3» can
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correspond to Ce*" and Ce*" ions formed under different chemical reactions in the bath

(Equations 5.13-5.15).

Ce3* +30H™ = Ce(OH), (5.13)
Ce(OH); = CeO, + H;0" + e~ (5.14)
2Ce(OH)3 = Ce,05 + 3H,0 (5.15)

During the deposition process, the initial formation of Ce(OH); occurs, and
subsequently, during a process akin to drying (the elimination of water or moisture from
the system), this hydroxide undergoes transformation into multiple compounds including
Ce203, Ce0», and Ce072.xH>0, as observed by Wang et al. [143]. The possible Ce cations
present in the coating and their corresponding binding energies are listed in Table 5.5
[138,143,215-218], and the calculated areas under these peaks are listed in Table 5.6. In
the Ce 3ds» region, the peaks associated with Ce** are V, and V!, whereas the peaks
associated with Ce*" are V, V! and VI, Similarly, the peaks in the Ce 3d3/ region feature
the letter U and a similar indexing. Ce2O3, Ce(OH)3, and CeO» are the possible compounds
responsible for Ce*" and Ce*', respectively [109,218,219]. The inter-component energy
separation i.e., AE (V, U) 1s 16.5 eV, 16.47 eV, and 17.55 eV for the Ce5, C8, and Cell
coating, respectively. Ce*" ion having 3d'%4f° electronic state dominates Ce** with 3d'%4f!
electronic state, although Ce®* ion concentration was also significant in all the three
coatings, as evidenced by the high-intensity peaks of Vg, V!, Uy, and U'. Notably, as the Ce
concentration in the coating increased, the reduction of Ce*" to Ce** increased. Ce**, which
has a lower oxidation state than Ce*", can participate more effectively in redox reactions
with reactants [215]. Furthermore, Ce®" is thermodynamically more stable, due of the more
negative value of the standard molar Gibbs free energy of the formation of Ce>O3 than that
of CeO> [138]. There is a slight shift towards lower or higher binding energies for all peaks
with increasing concentrations of Ce in the bath. This may be due to the different surface
chemical compositions and altered electron density resulting from the interactions of Ce
with Ni, W, and P. Ce2O3 was dominant in the Ce8 sample, as indicated by the high-intensity
peak at 880.18 eV. The resolved peaks in our study did not match the binding energy of Ce

in the elemental state, implying that Ce is only available in the oxidized state [109].
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Table 5.5. Binding energies (eV) of Ce 3d XPS spectra for different Ni-W-P-Ce coatings.

~ Spin-orbit Ce cations
Coating
doublets Ce’* Ce** Ce** Ce** Ce**
880.87 eV, 882.62¢V, 886.37¢V, 888.32eV, 894.92¢V,
Ce 3dsp»
VO \Y% VI VII VIII
Ce5
898.40 eV, 899.12¢V, 902.07eV, 905.97eV, 917.92¢V,
Ce 3d3)»
UO U UI UII UIII
880.18 eV, 882.88¢eV, 886.65¢V, 889.41eV, 895.23¢V,
Ce 3dsp»
VO \Y% VI VII VIII
Ce8
898.13 eV, 899.35eV, 901.2 ¢V, 906.13 eV, 917.2¢V,
Ce 3dsp
UO U UI UII UIII
880.68 eV, 882.78 eV, 887.27 eV, 895.23 eV,
Ce 3dsp -
Vo \ V! Vi
Cell
898.51 eV, 900.33 eV, 902.46eV, 905.91¢eV, 917.05¢V,
Ce 3dsp
UO U UI UII UIII

Table 5.6. Area under different peaks for Ce as detected from the XPS spectra.

VO \Y VI VII VIII UO U UI UII UIII
Ce5 106.12 11.25 1991 19.31 9192 6.44 10.14 11.31 56.12 41.09
Ce8 171.76 51.39 10.07 28.51 15.89 12.02 4.24 9.25 18.08 33.63
Cell 4985 20.77 1831 - 40.66 2638 12.67 12.88 48.99 32.83

Thus, the XPS results show that as the Ce content increased, the proportions of Ni**
[NiO or Ni(OH),], W¢" [WOs3], P°*, and Ce** compounds initially increased until Ce8, after
which they were all reduced. Conversely, the opposite trend was observed for WO4 and
Ce*". Furthermore, in the Ce8 coating, all constituents, namely Ni, W, Ce, and P, were
completely in their oxidized states, whereas the other two coatings had Ni and P in their
elemental states. A summary of all the peaks found in the XPS data for the four elements
and their corresponding possible compounds is provided in Table 5.7. In standard low-P
electroless Ni-P coatings, elemental and oxide forms of Ni and P can be observed, with a
strong dominance of elemental forms [220]. For low-P Ni-W-P coatings, the surface

oxidation levels are highly dependent on the coating composition, as Ni-W-P with smaller
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quantities of W ions of W, having a crystalline microstructure, has been found to have

stronger oxide peaks than the higher W, amorphous Ni-W-P coatings.

Table 5.7. Possible existence of compounds, as detected in the XPS spectra.

Element Binding energy (eV) with its corresponding compound.
Ni 869.5 eV: NixP Ref. [210]
i
872.4 eV: NiO Ref. [210]
2p12 )
873.8 eV: Ni(OH), Ref. [221]
Ni 856.4 eV, 855.8 eV: Ni2O;3 Ref. [138], [207]
i
Ni 855.8 eV: Ni(OH). Ref. [206], [207]
i
852.3 eV: NioP Ref. [210]
2psp )
855.3 eV: NiO Ref. [210]
856.1 eV: Ni(OH)2 Ref. [221]
W 37.4 eV: WO3 Ref. [206]
W 4fsp  37.5eV: WO;3 Ref. [208]
W 35.5 eV: NiWOq4 Ref. [206]
4f7,  35.4 eV: WOs3 Ref. [208]
P 133.5 eV: NaH2PO; Ref. [138]
P 2p12 133.8 eV: CePO4 Ref. [214]
P 132.7 eV: NaH>PO» Ref. [138]
2p32 132.5 eV: NaH2PO; Ref. [206]
Ce** (Cex03) Ce*" (Ce0»)
(884.9 eV, Ref. [214]) (882, 888.1,
(884.9 eV, Ref. [214]) (880.6,
Ce 897.4, 882.1, 888, 897.7, 882.6, 888.9
885.3, 880.2, 879.7 and 886.1
3d5/2 and 895.9 eV, Ref. [218]) (890.02 eV,
eV, Ref. [218])
c Ref. [219])
e
(902.8 eV, Ref. [214]) (899, (902.8 eV, 917.5 eV, Ref. [214])
Ce 903.8, 898, 903.9, 898.2 and (900.7, 906.8, 916.1, 900.9, 916.2,
3d3/2  904.4 eV, Ref. [218]) (901.6 eV, 901.1,907.3 and 916.5 eV, Ref. [218])

Ce(OH); Ref. [219]) (907.36 eV, 907.93 eV, Ref. [219])

The easy diffusion path of oxygen via the grain boundaries in crystalline structures has

been proposed as a possible reason for these observations [201]. In this study, the

dominance of oxide or hydroxide peaks over the elemental peaks was observed, but this
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depended on the quantity of Ce, as elemental Ni and P were present in very low or very
high Ce coatings and not in the Ce8 coatings, as explained previously. The presence of
these oxides or hydroxides on the coating surface may act as a protective layer to improve
the anti-corrosion performance of coatings. Furthermore, because nickel oxides have
lubricant properties, a higher proportion of the oxides may also help to reduce friction and
augment wear resistance. Finally, surface oxides can effectively inhibit biofilm formation
in various working environments. As a result, the Ni-W-P coating with an optimized
quantity of Ce may be a better alternative to Ni-W-P coatings in expected applications such
as valves, impellers, pumps, mixer shafts, heat exchangers in marine water, cooling towers,

mines, oil and hydrocarbon wells, wastewater ponds, and oil tanks.
5.2.5 Coating roughness and surface energy

The 3D surface profiles and calculated roughness parameters for the substrate and coated
surfaces are shown in Figure 5.8. It should be noted that the profile shown in Figure 5.8(a)
is for a polished substrate without any chemical treatment, because chemical treatments are
necessary for coating only. Scratch marks resulting from polishing are observable for the
substrate as well as for Ce0 (Figure 5.8(a-b)), but are not noticeable for Ce-containing
coatings (Figure 5.8(c-d), presumably due to the higher coating thickness. The latter
coatings appear rougher with peaks compared to the former ones, which is also reflected in
the high average roughness, quadratic (root mean square, RMS) roughness, skewness, and

kurtosis (Sq, Sq, Ssk» and Sy,,) values of the Ce-containing coatings (Figure 5.8(e-f)).

Among the measured roughness parameters, S, is the measure of the average absolute
deviation of the peaks and valleys from the mean line, S, measures the RMS deviation, Sgy
represents asymmetry in height distribution with positive values associated with peak-
dominated surfaces, and Sy, can be described as the extent of sharpness of the peaks. The
formulas used for calculating these four surface roughness parameters according to the ISO
25178-2 standard are provided below- (Equations (5.16)-(5.19)). In these equations ‘A4’
represents the area over which integration is performed, Z(x, y) is the height of the surface

at coordinates (x,y), and dx dy represents the differential area element in the x-y plane.
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respectively; (e-f) surface roughness of the coatings; (g) measured contact angles with

water and ethylene glycol; (h) surface energy of the coatings.
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Sa =%£f|2(x,y)ldxdy (5.16)
50 j [[ ey 7
Ssk=$<%£f23(x.y)dxdy> (5.18)
Sk = é(%ﬂ Z*(x,y) dx dy) (5.19)

All the coated surfaces had higher roughness than the polished substrate, which can be
attributed to the combined effect of the chemical etching/activation-induced roughening of
the substrate underneath the coating, as well as the inherent roughness of the nodular
coating morphology because higher substrate roughness leads to increased nodule density

[196,222]. Increasing S, and S, indicates that the undulations on the coating topographies

became larger with increasing Ce, whereas the large values of S, and Sy, signify that the
coating topographies were dominated by sharper peaks. Such peaks can be attributed to the
uneven formation of nodules arising from the cluster-based growth mechanism of
electroless coatings. As Ce ions adsorbed onto the substrate surface facilitated nucleation
during the coating growth, they also introduced heterogeneity into the cluster formation
process, thereby inducing localized variations in nodule formation [223]. Such localized
variations in nodule morphologies are reflected in the form of randomly distributed sharp
peaks in the coating topographies. This effect becomes stronger for high-Ce coatings.
Furthermore, when excess Ce tends to obstruct the catalytic sites for reduction reactions,
the local variations in the coating growth become more pronounced, and the roughness

increases significantly.

The variations in the surface contact angles of the different coatings with two different
test liquids, namely, water and ethylene glycol (EG), are presented in Figure 5.8(g), and the
surface energies of the coatings are shown in Figure 5.8(h). All the coated surfaces were

hydrophobic in nature, with water contact angles greater than 90°, in contrast to the native

Page | 141



Chapter 5

substrate surface, which had contact angles of 76.45° and 74.65° with water and EG,
respectively. Interestingly, the contact angle with water was similar for all coatings, but that
with EG showed some variation, with the contact angle being the maximum for CeS8. The

corresponding surface energy also showed a dip in the case of the Ce8 coating.

The surface energy (SE) is intrinsically dependent on the surface composition, whereas
the contact angle is a function of a multitude of factors, including SE and surface roughness.
From the chemical analysis, we concluded that all coating surfaces were predominantly
composed of Ni and its compounds, with some P, W, and Ce compounds. Ni(OH)> has a
very low SE (0.07 J/m?), but the presence of other compounds increased the effective SE
of the coated surfaces, as shown in Figure 5.8(h). Presence of elemental Ni can significantly
impact the SE of the coating since the SE of Ni is very high at 2.34 J/m? [224-226)].
Furthermore, the higher Ce concentration in the bath resulted in coatings with relatively
higher amounts of Ce2O3 and lower quantities of CeOz, with this ratio being the highest for
Ce8. From the literature, the measured SE of CeOz is 1.2 £0.2 J/m? [227], and its stable
form has the Miller indices of (111), which, when converted to Ce>O3, has Miller indices
of (0001) with SE 0.7 J/m? [228]. As the Ce8 coating had no elemental Ni, and relatively
higher quantities of Ni(OH), and Ce2O3 compared to the other coatings containing Ni in
its elemental form and low quantities of hydroxide and Ce2Os, the distinctive chemical
composition of the Ce8 coating can be a potential reason for the low surface energy and

relatively high contact angle with EG.
5.2.6 Coating microhardness and scratch resistance

From the microhardness and scratch testing results, both of these characteristics had a very
clear dependence on the Ce content of the coating, with the Ce8 coating having the highest
microhardness (Figure 5.9(a)), resulting in the lowest scratch friction coefficient (SFC) and

scratch volume (SV) (Figure 5.9(b)).

Compared to the microhardness of the bare substrate (132 =4.7 HV.1), that of the Ce8
coating was almost 500% higher. Similarly, the coating reduced the average SFC and
scratch volume of the bare substrate by approximately 50 and 75%, respectively.
Furthermore, compared to the standard coating without Ce (Ce0), the Ce8 coating had
almost 18% higher microhardness, almost 50% lower SFC, and almost 75% lower scratch

volume.
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Figure 5.9. (a-b) Effect of different concentrations of Ce on microhardness, scratch
friction coefficient, and scratched volume, (c-d) SEM micrographs of scratch tracks on
Ce0 and Ce8, respectively, (e-f) Surface topography of scratch tracks on Ce0 and Ce8, (g-

h) Fracture toughness and scratch hardness of coatings.
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In the FESEM images (Figure 5.9(c-d)), it is evident that the scratched tracks show no
significant deformation or damage, such as spallation or peeling, indicating strong
adherence of the coatings to the substrate. However, cohesive failure, characterized by the
presence of cracks, was observed across all the coatings, and no fundamental difference in
the cracking behavior was observed based on the coating compositions. The optical
profilometer results depicted in Figure 5.9(e-f) reveal significant differences between the
coated surfaces with and without Ce. Specifically, the Ce0 coating exhibited deeper and
wider scratches, along with a more pronounced material pile-up along the sides of the
scratch tracks, suggesting increased material deformation and potential weaknesses in
scratch resistance. In contrast, all Ce-containing coatings displayed smaller scratch
dimensions than Ce0, indicating an enhanced resistance to plastic deformation and damage.
Both the fracture toughness and scratch hardness (Figure 5.9(g-h)) followed a trend similar

to that of microhardness, with the values gradually increasing up to Ce8 and then receding.

In these coatings, the enhancement in microhardness arises from the combined effects
of W and Ce incorporation into the Ni-P matrix. W atoms impede dislocation motion within
the Ni lattice, boosting both the hardness and strength of the coating, while the formation
of NiWOq4 and the conversion of metallic Ni to its oxide, as evidenced by XPS analysis,
also contribute to the increased microhardness [159,229]. In addition, W reinforces
hardness by forming a solid solution with Ni via solid-solution strengthening mechanisms
[122]. In addition, because their crystallite sizes are less than 10 nm, they can be dispersed
within an amorphous metal matrix, which acts as an obstacle to dislocation movement and
further increases the hardness of the material [195]. With the introduction of Ce into the
coating bath, the added Ce occupied the dislocations and empty the space in the coating to
refine the grains, and the higher density of grain boundaries further increased the resistance
to dislocations [108]. As a result, refined microstructures tend to have high microhardness
and typically follow the Hall-Petch relationship, according to which the microhardness is
inversely proportional to the square root of the average crystallite size of a material. Such
a correlation between the crystallite sizes (from XRD) and microhardness values was also
noticeable in our results. It should also be noted that the microhardness of the coatings was
inversely related to the amount of P, as the coatings with lower P content exhibited higher
hardness. Because the P content can affect the degree of crystallinity in electroless Ni
coatings and higher P compositions have a lower degree of crystallinity, it is possible that

in our study, the relatively higher crystallinity of lower P-containing coatings also
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contributed to the higher microhardness values [230-232]. While comparing the Ce5 and
Cell coatings, it can be observed that the Ce5 had a relatively greater quantity of P in it
(4.8% vs 4.5%) while having smaller crystallites (6.29 nm vs 6.42 nm), and the
microhardness is also higher. Therefore, the influence of crystallite size according to the
Hall-Petch relationship appears to be the driving reason for the trends observed in the
microhardness data. However, at high concentrations of rare earth metals, a decrease in the
redox reaction results in a decrease in the coating quality as well as a decrease in mechanical

properties [199].

The low scratch volume suggests that the coatings are relatively strong and resistant to
plastic deformation, have good adherence to the substrate material, and are wear-resistant.
The interaction between the three key elements—plowing, adhesion, and internal stress—
plays a crucial role in shaping the evolution of the scratch friction coefficient under various
scratch conditions. In the case of the Ce0 coating, which is characterized by lower hardness,
the indenter displaces more material and induces greater deformation while traversing the
surface. This heightened plowing, evident in the optical profilometer image (Figure 5.9(e-
f)), contributes to an increased frictional resistance, thus yielding higher scratch friction
coefficient values [233]. The SFC and SV decreased with increasing Ce content up to the
Ce8 coating, and any higher Ce deteriorated the scratch resistance. This improvement in
scratch resistance generally matches the trend in microhardness properties. Notably, the
Ce5 coating, with a higher microhardness and scratch hardness than Cel1, showed a higher
SFC with a lower SV than Cell. Usually, a higher microhardness is associated with a
reduction in surface friction, as the indenter cannot dig deeper into the material; however,
the reversal of the relationship may occur based on the deformation behavior of the coating.
A tougher coating with better surface adhesion may offer higher frictional resistance to the
indenter, even with a lower degree of indentation, whereas brittleness, lack of internal
cohesion, and poor adhesion may lead to the formation of microcracks on the coating,
leading to a lower frictional resistance. The presence of cracks on scratched surfaces
indicates a brittle nature supplemented by a lack of internal cohesiveness of the coatings,
which depends on internal stress, among other factors [234-236]. From the fracture
toughness and scratch hardness values (Figure 5.9(g-h)), Ce5 had better surface integrity
than Cell because resistance to plastic deformation under indentation or abrasion (as
measured from microhardness and scratch hardness), as well as the ability to absorb energy

before fracturing and resistance to crack propagation (indicated by fracture toughness), was

Page | 145



Chapter 5

higher for CeS5. The presence of Ce, which has a significantly larger atomic radius than the
other constituents, results in dissimilar coherence strains, lattice distortions, and dislocation
loops, which increase the internal stress and reduce the cohesive strength of the coating
[233-235]. Therefore, Ce5 may have a higher internal cohesion because of its relatively

lower Ce content compared to Cell, resulting in a higher SFC.
5.2.7 Tribological performance of the coating

The tribological performance of the coatings was evaluated based on the coefficient of
friction (CoF) and the specific wear rate (SWR). The CoF of the bare substrate increased
to a very high value at the initiation of tribo-testing, whereas that of the coated surfaces
increased with a relatively low slope (Figure 5.10(a)). However, after 175 s (5250 mm) of
sliding, the coatings with little or no Ce (Ce0 and Ce2) began to deteriorate, and the CoF
gradually increased to match that of the substrate after 200 s (6000 mm) of sliding. Ce5
also exhibits signs of deterioration, albeit to a lesser degree. In comparison, the Ce8 and
Cell coatings produced low and very stable CoFs throughout the tests. Apart from a sudden
spike, plausibly due to the detachment of the transfer layer followed by gradual regrowth
of the layer [237], Cel4 also caused a low CoF. The formation and detachment of the
transfer layer are typical characteristics associated with the ‘stick-slip’ mode of wear, which

has been observed for Ni-based coatings in earlier studies.

The SWR of the coatings exhibited a similar trend, with the lowest wear occurring for
the Ce8 and Cell coatings (Figure 5.10(b)). It should be noted that the SWR of the bare
substrate and the coating without Ce (Ce0) were approximately 1400% and 300% higher,
respectively, than those of the Ce8 and Cell coatings.

From the FESEM micrographs and 3D profilometry data (Figure 5.10(c-f)), the wear
track of the coating without Ce is wider and deeper than that of the Ce-containing coating.
Cracks developed on both types of coatings owing to the high loads applied during tribo-
testing, indicating the relatively brittle nature of the depositions. The scratches and grooves
formed after microcutting and microplowing in the middle of the wear track represent the
material loss from the coating surface and are indicative of an abrasive wear mechanism.
The presence of oxides and small pits, as observed on the wear track (Figure 5.10(d)), can
also promote adhesion, thereby promoting adhesive wear [207,238,239]. The decrease in
the CoF with increasing Ce can be attributed to the development of a hard surface facilitated

by the dispersion of Ce within the coating, along with the presence of elements in their
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oxidized state, as identified in the XPS results. However, Ce8 and Cell exhibited similar

wear performances in terms of both the CoF and SWR.
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Figure 5.10. Influence of Ce content on wear behavior: (a) Variation in CoF, (b) specific
wear rate, (c-d) SEM micrographs of wear tracks on Ce0 and Ce8, and (e-f) surface

topography of wear tracks on Ce0 and Ce8.

Interestingly, the Cel4 coating, apart from the sudden spike, also showed very similar
CoF values, indicating similar wear mechanisms. The spike in the CoF in Cel4 points to

the stick-slip phenomenon, and the wear track morphologies also indicate adhesive wear,
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which was not detected on the Ce0 or low-Ce surfaces. It is possible that the wear
mechanisms changed according to the nature of the coatings. The wear resistance of
protective coatings can originate from different factors, including microhardness,
toughness, and self-lubricating properties. In the abrasive mode of wear between the hard
counter-body and the coating, marked by the presence of micro-cutting and micro-plowing,
the ability of the coating to resist indentation and plastic deformation from scratch is the
most crucial aspect, and the wear performance of the coating depends on its microhardness
and scratch hardness. However, for hard and brittle coatings, some parts of the hard coating
may become dislodged, resulting in three-body wear that aggravates the wear rate.
Therefore, high fracture toughness of the coating is necessary to mitigate such situations.
Therefore, the increase in microhardness, scratch hardness, and fracture toughness
associated with increasing Ce content in the coating led to improved wear performance, as
evidenced by the lowering of CoF and SWR. However, the associated low internal cohesion
of the coating arising from the highly stressed lattice structures in the presence of a
relatively large quantity of Ce may also cause the detachment of some materials, and the
affinity and solubility of Ni and P in the coating on the steel ball may give rise to adhesive
wear [240-242], as observed in the wear tracks of Ce8. Notably, the no-or-low-Ce coatings
did not show any evidence of adhesive wear, which became prominent at higher Ce
contents. If the adhesion mode of wear dominates the wear mechanism, instead of a
deteriorating situation, the wear performance may improve in some cases if the coating
exhibits lubrication properties. Therefore, the self-lubricating properties of Ni and W
oxides, with W oxides particularly offering effective lubrication at elevated temperatures,
can contribute to lower the CoF and the wear rate [243—245]. The presence of such oxides

was confirmed by EDX analysis of the wear tracks and counter-body (Table 5.8).

Table 5.8. Elemental composition of the as-coated surface after the scratch and wear tests.

Elements (wt.%) Ni W Ce P O Fe
Scratch test

Ni-W-P 75.18 0.19 - 1.85 22.71 0.07
Ni-W-P-Ce8 75.38 0.33 — 1.55 22.59 0.14
Wear test

Ni-W-P 74.71 0.2 - 2.09 22.9 0.1
Ni-W-P-Ce8 74.94 0.54 0.13 1.63 22.6 0.15
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5.2.8 Corrosion resistance

All coated surfaces displayed a fairly stable OCP compared to that of the uncoated surface,

for which the OCP gradually shifted to a relatively cathodic value (Figure 5.11(a)). In

addition, the final OCP values of all coatings were higher than those of the bare substrate.
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Figure 5.11. Corrosion resistance of the surfaces: (a) OCP, (b) Tafel plot, (c) Nyquist plot,

(d) Bode impedance plot, () Bode phase plot, and (f) Proposed equivalent circuit.
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Among the coated surfaces, the OCP tended to increase with increasing Ce content,
because Ce8 exhibited the highest OCP values, and a decrease in the OCP value was
observed. A similar trend was further validated by the LP results (Figure 5.11(b)), as the
corrosion potential (E.,,), corrosion current density (I.,,), and calculated protection
efficiency (PE) were lowest for the uncoated substrate and highest for the Ce8 and Cell
surfaces (Table 5.9). The polarization resistance (Rp) was calculated from the corrosion
current (I,,,-) and the anodic and cathodic Tafel slopes (S84, ) using the Stern-Geary
equation (Equation 5.20) [246].

1

Re = 3 G BT 620
Table 5.9. Electrochemical corrosion resistance from Linear Polarization testing.
Sample Substrate Ce0 Ce2 CeS5 Ce8 Cell Cel4
OCP (mV) -564.26  -465.574 -460.13 -41596 -398.15 -403.77 -436.23
E.or (mV) -666.94  -514.85 -492.70 -447.87 -395.86 -414.56 -449.41
Lor (WA/cm?)  108.626  59.266 28245 20.962 6.346  8.679  35.961
Rp (kQ.cm?)  3.99 30.71 46.02 5744 6996  62.03 3239
PE (%) - 45.44 7399  80.70  94.16  92.01  66.89

The E_,values were relatively lower than the OCP values for all the surfaces because
during the potential sweep, the cathodic reactions damaged the protective oxide films

present on the surface.

The Ni present in the Ni-P coating may be preferentially dissolved in the solution,
resulting in P enrichment. P interacts with the electrolyte to form a hypophosphate layer,
which prevents further hydration of Ni [247]. The initial drop in the OCP before
stabilization, as can be observed in the CeO surface, can be correlated to the initial
dissolution followed by corrosion protection. Multiple plausible reasons for the corrosion
inhibition effect of RE elements or their oxides in coatings have been suggested by earlier
researchers. One model proposes that the nodule boundaries and defects in Ni-P coatings
act as the major paths for corrosion. In coatings where nucleation occurs on the substrate
surface during the initiation of the coating, the grain boundaries continue from the substrate
surface to the coating surface, providing a direct pathway for chemical attack on the

substrate surface via the continuous grain boundaries. However, rare-earth oxides or ions,

Page | 150



Chapter 5

when incorporated into the coating system, can act as additional nucleation sites. Therefore,
the occurrence of nucleation is not limited to the initiation phase of the coating but can
occur throughout the coating deposition duration. Therefore, new grains can start forming
at any level of the coating cross section, creating grain boundaries that do not extend to the
substrate surface. Hence, such discontinuities in the grain boundaries essentially prevent
corrosive agents from reaching the substrate surface [248]. This secondary germination and
the resulting refinement of the coating also make the coating denser, blocking voids,
porosities, and other defects. Second, the presence of Ce oxides on the coating surface with
resistivity (~10° Q.cm) as compared to that of Ni oxides (~10* Q.cm) can act as a passive
layer, limiting the active area for corrosion [249-251]. The formation of a Ce-hydroxide
layer at the coating-aqueous electrolyte interface is also possible, creating a barrier layer
[252]. However, the deterioration of the coating quality at high Ce concentrations started

to negate the beneficial effects, and the corrosion resistance degraded.

In the Nyquist plots (Figure 5.11(c)), the arc radius is indicative of the corrosion
resistance capability, and the Ce8 coating has the largest characteristic arc radius, followed
by the Cell, CeS5, and Cel4 coatings, all of which are larger than the arc radius of the Ce0
coating. The impedance magnitude at low frequencies was the highest for Ce8, and Cell
also exhibited an impedance higher than that of the Ce0 coating, as observed in the Bode
impedance plots (Figure 5.11(d)). From the Bode phase plots (Figure 5.11(e)), all the
coatings were found to have high phase angles for a wide range of frequencies, which is
indicative of the presence of multiple time constants. Because the capacitive reactance is
expected to be high at low frequencies, the current in the low-frequency signals is due to
the resistive part of the circuit. Therefore, the low phase angle at low frequencies is
indicative of ionic permeability or current leakage for all coatings. The peak shifted to
higher frequencies for very low or very high concentrations of Ce, and for the optimal
amount of Ce in the Ce8 and Cell coatings, the peaks shifted to lower frequencies

compared to the Ce0 coating.

The EIS results were modeled using an equivalent circuit Rg(Q (R(Qq1R¢t))) with two
time constants (Figure 5.11(f)). The circuit consists of two Randles cells in parallel,
representing the substrate-coating interface and the coating-electrolyte interface. The
substrate-coating interface has a characteristic charge transfer resistance (R.;) and constant
phase element (Qgq;) akin to double-layer capacitance, whereas the coating electrolyte

interface is represented by the coating resistance (R.) and constant phase element (Q.). The
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electrolyte resistance is denoted by Rg. The impedance of the coating interfaces was

modeled as a ‘constant phase element’ (CPE) whose impedance is (Equation 5.21).

Zcpg = Q_l(iw)_a (5:21)

Where the exponent a approaches the value of unity as the interface characteristics near
an ideal capacitive nature. Because the coating is not expected to act as a perfect capacitor
to block any kind of ion transfer through it, it is necessary to model its behavior with such
CPEs. In the equivalent circuit, Ry depends on the type of ions and their concentrations in
the electrolyte. The rationale behind such a circuit is that the ion-conduction behavior and
mechanism at the coating-electrolyte interface are different from those at the substrate-
coating interfaces, and both of these interfaces contribute to the final characteristic current
flow. Therefore, the equivalent circuit should have components representing both
interfaces, and the circuit considered here is commonly used to model the corrosion

properties of coatings on metals, including electroless Ni coatings [2,253].

Considering a non-ideal coating, there may be ion-conducting paths between the
electrolyte and the substrate via defects in the coating, and R. and Q. are associated with
this phenomenon. Therefore, they described the resistance and capacitive nature of the
coating, respectively. However, if an electrolyte finds its way into the cracks to reach the
substrate-coating interface, it will corrode ions from the substrate and coating in it, and its
behavior will be different from that of the bulk electrolyte in the bath. This situation is
modeled using Qg4 and R, where the double-layer capacitance represents the capacitive
characteristics arising out of the two layers, one of metal ions and the other of ions in the
electrolyte, separated by a layer of water (Helmholtz Plane), and the kinetically controlled
charge-transfer reactions are responsible for the R;. The polarization resistance (Rp) was
calculated as the sum of R. and R, because the value of Ry was very low compared to

them.

From the equivalent circuits (Table 5.10), it can be observed that the introduction of Ce
improved the capacitive nature of the coating, as reflected by the high a values. In addition,
both the coating resistance and the charge transfer resistance increased. It is noteworthy
that for Ce0, R, was almost four times R, but the ratio significantly changed for the Ce-
containing coatings, indicating a changed corrosion mechanism. For Ni-P coatings, the

coating-electrolyte interface is expected to have a thin porous layer of corrosion products
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and hypophosphate, as discussed earlier. The presence of Ce can affect the composition and
integrity of the layer, and factors like surface roughness, non-uniform current distribution,
“leaky” capacitor, the mixed occurrence of diffusion/kinetic-controlled adsorption of ions,
etc. can also induce changes in the corrosion kinetics [254]. The coating resistance (R.)
showed a trend similar to that of the coating thickness, and it can be expected that a thicker
coating provides more resistance to ion conduction, thereby increasing the R. value. The
Rp values calculated from the EIS analysis were in a similar range to those calculated from
the linear polarization sweep (Table 5.9) for most samples, and they followed similar trends,
that is, the polarization resistance increased with increasing Ce up to the Ce8 sample, after
which it deteriorated. Because it denotes the tendency of the coating to resist any deviation
from the OCP, a higher Rp essentially implies a higher ability of the coating to protect the

substrate underneath.

Table 5.10. Fitted circuit components from the Electrochemical Impedance testing results.
Substrate Ce0 Ce2 CeS5 Ce8 Cell Cel4

R (Q.cm?) 11.7 13.8 12.7 15.9 14.49 16.35 20.4

Q¢ (F.s®D.ecm™?) 1.82x107 3.60x107 3.06x107 3.78x107 4.00x107° 6.31 x107 4.54x107

a, 0.84 0.79 0.69 0.84 0.99 0.96 0.69

R, (kQ.cm?) 1.62 18.18 16.10 26.81 44.67 36.13 14.43

Qqp (F.s®P.cm™2) 0.65%107 2.15x107 3.49x107° 1.48x107 3.97x107° 4.60x10° 4.02x107

Qg 0.77 0.46 0.51 0.71 0.78 0.81 0.84

Rt (kQ.cm?) 1.09 491 10.10 17.26 29.84 24.28 13.35

Rp (kQ.cm?) 2.71 23.09 26.20 44.07 74.51 60.41 27.78

Although the grains were smaller for the high-Ce-content coatings, resulting in a higher
density of grain boundaries, the corrosion resistance was not adversely affected, as evident
from the EIS results. This observation also indicated the blocking of grain boundaries by
Ce-induced nucleation and grain formation, as mentioned earlier. For the coating
capacitance, the presence of highly inert Ce-oxides on the surface, acting as dielectric,
imparts a shielding effect on the exchange of ions and transfer of electrical charges, thus
limiting the diffusion kinetics of CI ions at the surface [251]. The roughness of the coating
is also important because the effective surface area of the coating increases with increasing
roughness; however, the leakage current also increases [255]. Therefore, the increase in the

coating roughness with increasing Ce initially induced a more capacitive characteristic of
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the coating; however, with highly rough surfaces at higher Ce concentrations (Cel4), the

capacitive behavior deteriorated.
5.3 Biofilm formation

Fluorescence microscopic images of the biofilms formed on the substrate and the coated
surfaces showed the presence of biofilms on all surfaces under observation (Figure 5.12(a-
e)). From the integrated intensity of the images, it was possible to estimate the total amount
of irradiance from the absorbed stain, which in turn was an indicator of the quantity of the
developed biofilm. Therefore, low intensity implies a low degree of biofilm formation. For
each sample type, an average of five images was considered. From this measurement
(Figure 5.12(f)), all the Ce-containing coatings fared better than the Ni-W-P coating in
resisting biofilm formation, and the biofilm was significantly reduced with increasing Ce
in the coating up to the concentration of Ce8, after which the biofilm inhibition ability of
Ce tapered down, although there was no statistical difference between the integrated

intensities of Cell and Cel4, pointing towards a plateau of the protection capabilities.

Integrated Intensity (106)

CeS Ce8 Cell Celd
(d) @ ()
Figure 5.12. (a-e) Fluorescence micrographs of biofilms formed on Ce0, Ce$5, Ce8, Cell,
and Cel4 surfaces, respectively (scale bar: 100 um), and (f) integrated intensities of the

images for semi-quantitative estimation of the degree of biofilm formation.
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CeO> nanocrystals have been shown to inhibit biofilm formation via a quorum
quenching mechanism, which essentially interferes with quorum sensing or intercellular
communication among bacteria [256]. The results of this study indicate that rare-earth
oxides can maintain these properties even when they are part of a polyalloy coating.
Increasing the amount of Ce in the coating helped to cover the surface with a higher amount
of CeO», leading to a reduction in biofilm formation. However, there was a limit to this
effect, as no performance improvement was observed with increasing Ce content when the
threshold was reached. It is possible that the clustering of CeO> at higher Ce concentrations
limits the area of influence of the oxide. In addition, the very low surface energy of the Ce8
coating can also contribute to this effect, as a low surface energy tends to limit the initial

bacterial adhesion [257].
5.4 Influence of annealing
5.4.1 Microstructural characteristics

Because the Ce8 coating was found to provide better functional performance in comparison
with the other coatings, it was selected for further evaluation, and post-coating annealing
treatment was carried out at three different temperatures to identify the best post-processing
conditions. The annealing temperature had a significant influence on the microstructural
characteristics of the deposition, as shown in Figure 5.13(a-1). No apparent changes in the
appearance of the coatings were observed up to an annealing temperature of 200 °C.
However, larger nodules were observed, accompanied by a nanoporous appearance of the
coating surface, for coatings treated at 400 °C or above. This nodule growth and nanopore
formation further intensified at 600 °C (Figure 5.13(d-1)). The nanoporous morphology of
the coatings suggests that NiO begins to form after annealing [68]. Defects such as holes
also emerged at an elevated temperature of 600 °C (Figure 5.13(g)). However, no cracks
were observed on any of the surfaces. To determine whether these pores or voids extend
through the coating thickness, a ferroxyl reagent test was conducted. The results, shown in
Figure 5.13(j), revealed Prussian blue coloration only at the lower-right edge where the
substrate was exposed prior to the test. This indicated that the ferroxyl reagent could not
penetrate any of the heat-treated coatings to reach the substrate and react with the Fe ions
present therein, signifying that there were no defects extending through the coating

thickness in any of the heat-treated samples.
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Figure 5.13. (a-c) FESEM images of the coating heat-treated at 200 °C, (d-f) FESEM
images of the coating heat-treated at 400 °C, (g-1) FESEM images of the coating heat-
treated at 600 °C, (j) outcome of the ferroxyl reagent test, (k) nodule size distribution of
the heat-treated coatings, and (1) X-ray diffraction patterns of the heat-treated coatings.
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The grain size distribution shifted to higher values as the temperature increased (Figure
5.13(k)), and both the modal grain size and the number of larger grains increased at high

annealing temperatures.

The XRD spectrum of Ce8/200 is similar to that of the as-deposited Ce8 coating, with
a singular peak of face-centered cubic Ni at 44.63° (Figure 5.13(1)), indicating the
nanocrystalline/amorphous nature of the coating. The calculated crystallite was 6.32 nm,
which was similar to that of the as-deposited Ce8 coating. The peak became sharper after
annealing at 400 °C, and characteristic peaks of Ni3P appeared. The crystallite size for the
Ni peak was found to be 25.94 nm. Upon further heating, the main Ni peak became taller
and sharper, and more Ni and Ni3P peaks became prominent. In addition, new NiO peaks
were observed. The calculated crystallite size was high at 42.61 nm. The results suggest
that a higher annealing temperature leads to higher crystallinity but also induces oxidation.
Details of the characteristic peaks identified in the XRD spectra of the annealed samples
are listed in Table 5.11.

Table 5.11. Analysis of the XRD spectra of annealed coatings.
Coating Peak position, 20 (°)  FWHM, B (°) d-spacing (A) Crystallite size (nm)

Ce8/200 44.630 1.41903 2.0303 6.32
Ce8/400 44.626 0.34596 2.0305 25.94
Ce8/600 44.603 0.21062 2.0315 42.61

Annealing results in the reorganization of atoms in the lattice, leading to a reduced
strain in the lattice and grain growth. However, heat induces oxidation and generates a
porous oxide layer. Increasing the annealing temperature increased the oxide content in the
deposition, as revealed by the elemental composition data provided in Table 5.12, from the

EDX analysis of the annealed samples.

Table 5.12. Elemental compositions of the annealed coatings (wt.%).

Elements Ce Ni P W O
Ce8/200 1.8 91 4.4 2.5 0.5
Ce8/400 1.7 82 4.4 2.6 9.3
Ce8/600 1.7 77.1 0.3 1.4 19.7
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5.4.2 Surface roughness and surface free energy

The coatings became smoother after annealing, as revealed by the measured surface
roughness parameters, S, and S, (Figure 5.14(a)). The Ce8/400 sample displayed slightly
higher roughness than that of the sample treated at 200 °C. Despite the inferior surface
morphology observed in the FESEM images of Ce8/600, it exhibited lower roughness than
Ce8/400. This reduction in roughness at 600 °C can be attributed to the extensive nodule
growth and crystallization within the material, resulting in a smoother surface. The other
two roughness metrics, skewness and kurtosis, showed an inverse relationship with the
annealing temperature in Ce8/200 and Ce8/400 (Figure 5.14(b)). However, Sg; and Sy,
were the lowest in Ce8/600 among all the annealed samples. Notably, the kurtosis values
in Ce8/200 and Ce8/400 exceeded three, indicating noticeable peaks and valleys on the

surfaces and suggesting a more repeated and textured surface profile.
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Figure 5.14. (a-b) 3D surface roughness parameters for heat-treated coatings and (c-d)

contact angles and surface free energies for heat-treated samples.
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At the highest annealing temperature of 600 °C, S, decreased to nearly zero, implying
that the surface exhibited a symmetrical distribution of heights or valleys across its profile,
without any prominent inclination towards higher or lower values. In summary, heat
treatment has emerged as an effective method to enhance the smoothness of electroless-

coated surfaces.

Figure 5.14(c) shows the recorded contact angles observed for water and ethylene
glycol in the heat-treated samples. The surface energy of the coating increased at an
annealing temperature of 200 °C, and further increased to a very high level when the
coating was annealed at 600 °C; however, the surface energy of Ce8/400 was lower than

that of the as-deposited coating (Figure 5.14(d)).

Recrystallization and grain growth during the heat treatment process, leading to the
elimination of small grains, may reduce surface irregularities, thus reducing the surface
roughness. The conversion of Ni(OH): (surface free energy of 0.070 J/m?) to NiO (surface
free energy of 0.015 J/m?) and formation of NisP (surface free energy of 1.63 J/m?) during
the heat treatment process combined with the change in surface roughness can be a potential
reason for the changes in surface energy. The reduced roughness can initially reduce the
surface energy and improve wettability, and the conversion of Ni(OH)> to NiO also helps
to reduce the surface energy; however, the formation of NizP has a significantly negative
influence on it. Because Ni3P formation occurs at temperatures above 400 °C, the surface

energy increases dramatically for the coatings annealed at that temperature.
5.4.3 Surface microhardness, scratch resistance, and wear resistance

In terms of microhardness, an initial improvement followed by degradation of the
properties was observed as the heat treatment temperature increased (Figure 5.15(a)). The
Ce8/400 coating had the highest microhardness of 1076 + 40.63 HVy.1, almost 40% higher
than that of the as-deposited Ce8 coating, whereas the Ce8/600 coating had a microhardness
of 611.4 = 107.57 HVo.1, which is less than that of the as-deposited Ce8 coating. The
microhardness of the high-temperature annealed coating was not uniform, as evidenced by
the high standard deviation. The presence of nickel phosphide combined with higher
crystallinity in the heat-treated coatings could be a factor behind the increased hardness,
but the formation of a nanoporous NiO layer at elevated temperatures could also deteriorate

the properties when the annealing temperature exceeds 600 °C [121,258,259].
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The scratch test results exhibited a pattern similar to that of the microhardness values,
with the Ce8/400 coating experiencing the least scratch volume loss. Although no
significant difference between the as-deposited Ce8 and Ce8/400 coatings could be
observed in terms of the scratch volume loss, the other two annealed coatings showed
degraded scratch resistance compared to the as-deposited coating (Figure 5.15(b)).
Variations in the thermal expansion between the substrate and coating material cause
mechanical stresses at the interface, resulting in a loss of adhesion or bonding between the

coating and substrate [260].

In terms of the frictional coefficients, the scratch friction coefficient (SFC) of the
coatings deteriorated after annealing; among the annealed surfaces, Ce8/400 had the
highest SFC. The Ce8/400 coating also exhibited the highest CoF during wear with transfer
layer build-up and detachment, as indicated by the gradual rise and fall in the coefficient
(Figure 5.15(e)). Although the specific wear rate (SWR) of the annealed coatings was
relatively smaller than that of the Ce8 as-deposited coating, annealing at higher
temperatures led to a higher SWR as the degree of mismatch in the thermal expansion of
the coating and the substrate increased with temperature (Figure 5.15(f)). Indentation and
sliding also led to the formation of cracks in the coating (Figure 5.15(c) and (g)) because
of the brittle nature of the deposit, as discussed earlier. The depths of the scratch track
(Figure 5.15(d)) and wear track (Figure 5.15(h)) were within 5 um, indicating that the

damage was limited to the coating itself, and the substrate surface was not exposed.
5.4.4 Surface corrosion resistance

The microstructural changes induced by heat treatment also affected the corrosion
resistance properties of the surfaces, as evident from the OCP, linear polarization, and EIS

results (Figure 5.16(a-d), Tables 5.13-5.14).

An improvement in the anti-corrosion properties was observed for the coating annealed
at lower temperatures; however, the performance deteriorated for the coatings annealed at
400 °C and 600 °C. The grain growth associated with annealing leads to a reduction in the
grain boundary density; thus, the number of attack sites decreases, making the coating more
resistant to corrosion. In addition, the electroless deposition of Ni involves the evolution of
hydrogen, and the occluded hydrogen atoms induce a tensile stress inside the coating. The
heat treatment cycle leads to the expulsion of hydrogen and stress relief, all of which

contribute to the augmentation of the corrosion resistance properties. However, when
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heated at 400 °C or above, the formation of NisP may introduce micro-galvanic cells
between the nanocrystalline Ni3P precipitate and the matrix, which could be the reason for

the increase in the corrosion current density. The cracks and defects that appeared in the

coating after annealing at 600 °C could also be detrimental to corrosion resistance.
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biofilm formation.
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Table 5.13. Electrochemical corrosion resistance from Linear Polarization testing of

annealed coatings.

Sample Ce8/200 Ce8/400 Ce8/600
OCP (mV) -293.69 -424.04 -544.39
Ecor (mV) -323.16 -420.49 -484.42
Loy (LA/cm?) 1.54 13.389 36.61
Rp (kQ.cm?) 98.77 75.97 32.42
PE (%) 98.56 87.67 66.29

The EIS spectra revealed that the Nyquist arc radius of Ce8/200 was the largest and the
impedance at low frequencies was the highest, indicating improved corrosion resistance.
As indicated by the fitted circuits, the coatings retained their capacitive nature after
annealing (Table 5.14) and the coating resistance deteriorated at higher annealing

temperatures.

Table 5.14. Fitted circuit components from Electrochemical Impedance testing results of
annealed coatings.

Rs Qc o Rc Qai . Ret Rp
(Q.cm?) (F.s@D.cm?) ¢ (kQ.cm?) (F.s@D.cm?) a (kQ.cm?) (kQ.cm?)
Ce8/200 15.77  3.17E-05 0.95 59.68 4.53E-05 0.76 26.13 85.81
Ce8/400 13.99  9.24E-05 0.98 40.32 4.77E-05 0.82 28.10 68.42
Ce8/600 16.35  1.74E-05 0.99 12.93 1.95E-05 0.85 4.35 17.28

Coating

From the results of the biofilm formation study (Figure 5.16(e)), it is interesting to note
that the extent of biofilm formation on the coating surfaces exhibited a gradually decreasing
trend, signifying a marked improvement in the ability of the coating to withstand microbial-
induced corrosion. The higher amount of oxides formed on the surfaces coupled with the
increased surface energy could be responsible for such interesting trends, and further in-

depth studies are required to properly analyze the driving factors.
5.5 Closure

This study highlights that controlled addition of the rare earth element Ce in the electroless
deposition of Ni-W-P coatings can result in a higher deposition rate with smaller grains,

and the Ce-containing coatings exhibited higher resistance to scratch, wear, and corrosion,
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as well as biofilm formation. The surfaces also became rougher with a lower surface free
energy. The changes in the properties were not monotonically related to the quantity of Ce
ions in the coating. The added Ce also helped augment the tendency for biofilm formation
on the surfaces, thus acting as a deterrent against microbiologically induced corrosion of
components exposed to marine environments. The results indicated that the addition of up
to 8 mg/L CeSO4 to the deposition bath improved the coating properties; however, higher
concentrations led to gradual deterioration. Therefore, the concentration of 8 mg/L CeSO4
in the bath was selected as the optimum concentration for the development of high-

performance coatings.

Furthermore, annealing the coating by heating it to a high temperature followed by
furnace cooling greatly augmented the coating properties. In addition, the performance of
the annealed coating depended on the annealing temperature, and the coating annealed at
400 °C had a lower surface roughness and surface free energy with lower resistance to
surface scratches and wear, albeit with a diminished resistance to surface corrosion. From
these observations, we can understand that a wide spectrum of combinations of different
properties can be obtained by controlling the deposition and post-processing parameters of
electroless deposited Ni-W-P-Ce coatings, making the process suitable for adaptation in

many industrial applications.
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Chapter 6 Effects of activator, bath loading and substrate
roughness on deposition and properties of Ni-W-P-Ce coatings

This chapter investigates the influence of key process variables, such as activator type, bath
loading, and substrate roughness, on the deposition, growth, and properties of electroless
Ni-W-P-Ce coatings. Through systematic experimentation and advanced characterization

techniques, suitable coating parameters were identified.
6.1 Experimental details

To investigate the effect of activators on coating quality, two types of coatings were
produced by activating a low-carbon steel substrate using palladium chloride (PdCly) or
hydrochloric acid (HCI) solutions. The substrate was activated in PdCl. solution (55 °C)
for 10 s and in 30% diluted HCI for 30 s. To prepare the PdCl, solution, 1 liter of distilled
water was mixed with 9.5 ml of concentrated HCI (specific gravity of 1.18) and stirred for
10 min, followed by addition of 450 mg of PdCl; and further stirring for 20 min. The

solution was prepared at ambient temperature in a clean dry beaker.

To examine the impact of bath loading on coating quality and bath conditions, coatings
were applied to substrates of various sizes using uniform 200 ml baths. A total of six
coatings were produced, each in a separate 200 ml bath, as shown in Figure 6.1. Substrates

with different dimensions were coated individually.

Figure 6.1. Electroless coating at different bath loading levels.
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The bath loading [261] is defined as the ratio of the total surface area of the substrate

to the bath volume, as shown in Equation 6.1.

Total substrate surface area

Bath loading = (dm2.L™h) (6.1)

Total bath volume

The deposition rate was measured to assess the effect of bath loading, and the coated
samples were examined using FESEM and EDS to analyze surface morphology and
elemental composition. The influence of bath loading on the chemical composition of the
coating baths was evaluated using micro-energy dispersive X-ray fluorescence (micro-
EDXRF) with a HORIBA Scientific XGT-7200 instrument. The analysis was performed
using an X-ray tube voltage of 30 kV, a preset acquisition time of 900 s, automatic current
mode, a 1.2 mm XGT beam, and no X-ray filter. The bath composition was monitored at

four stages: before substrate immersion (initial) and after 40, 80, and 120 min of coating.

To investigate the effect of substrate roughness on coating initiation, growth, evolution,
and adhesion strength, coatings were applied to substrates with varying surface roughness
under optimal bath loading conditions for durations ranging from 10 s to 2 h (10, 20, 30,
60, 120, 240, 480, 960 s, and 2 h). Four distinct levels of substrate surface roughness were
achieved by polishing with sandpapers of different grit sizes: 400, 800, 1200, and 1500.
The polishing process for each sample began with coarse 400-grit sandpaper, followed by

finer grades as needed. The corresponding sample codes are listed in Table 6.1.

Table 6.1. Samples and their corresponding codes.

Activator study Bath loading study Surface roughness study
Substrate Bath Coating surfaces on

Activator Sample dimension loading polished substrates with ~ Code

code (mm?) (dm?L")  sandpapers up to

PdCl, PA S5x5x1 0.07 400 S400

HCI HA 10x10x 1 0.24 800 S800
1I5x15x%1 0.51 1200 S1200
20x 20 x 1 0.88 1500 S1500

25 x25 x 1 1.35
30x30x1 1.92
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The surface roughness was measured using an optical profilometer. The morphological
evolution of the coatings was examined using FESEM, and EDS was employed to identify
the deposited elements. To evaluate the influence of substrate roughness on the adhesion
strength, constant-load scratch tests were performed at 3 N and 6 N using a universal
tribometer. These tests were conducted on four coated samples and one uncoated substrate
polished with 400-grit sandpaper. The scratch hardness and fracture toughness were derived

from the scratch test data.

The sample exhibiting the highest adhesion strength was further characterized using
XRD, Fourier transform infrared spectroscopy (FTIR), and corrosion testing to assess its
performance. All the experiments described in this chapter were carried out under the same
chemical concentrations and coating conditions outlined in Chapter 5, including a cerium

sulfate concentration of 8 mg/L.
6.2 Results and discussion
6.2.1 Effect of activator solution on coating deposition

The adhesion and quality of the Ni-W-P-Ce coatings developed on low-carbon steel were
found to be significantly influenced by the choice of activator solution (PdCI> or HCI) used

during the substrate preparation. The obtained coatings are shown in Figure 6.2.

Activated by

HCI

Figure 6.2. Comparison of Ni-W-P-Ce coatings developed on low-carbon steel substrates

activated using PdCl, and HCI solutions.

The coating applied to the PdCl. activated substrate exhibited poor adhesion, as

indicated by the visible delamination and cracking. The coatings flaked off with a minimal
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applied force, suggesting brittleness and a weak bond between the substrate and coating.
Activation with PdCI likely results in the deposition of a thin palladium layer, which may
act as an intermediate layer between the substrate and coating. While this Pd layer offers
catalytic activity, provides nucleation sites, and aids in the reduction of metal ions from the
coating bath, it does not form strong mechanical bonds with the coating. The primary
adhesive forces at the interface van der Waals forces [262] were inadequate because of the
smoothness of the Pd layer, ultimately leading to weak adhesion. Another factor
contributing to the poor adhesion observed in the PA sample was the extended coating
duration (2 h) used in this study. Prolonged coating times typically lead to the growth of
larger crystallites. These structural changes can introduce internal stresses within the
coating, further compromising the adhesion and increasing the likelihood of delamination

[263,264].

In contrast, the sample activated by HCI solution exhibited defect-free coatings with no
observable cracks or pinholes. Adhesion was significantly improved, which can be
attributed to the etching effect of HCI. This etching creates micro-roughening on the steel
substrate, enhancing the mechanical interlocking between the coating and substrate. The
roughened surface not only increased the contact area, but also strengthened the van der
Waals forces, leading to better adhesive strength. Unlike PdCl, activation, HCI did not
deposit an intermediary layer on the substrate, allowing the reduced metal ions to bond

directly with the etched steel surface.

As a result, the subsequent two studies employed HCI as the activator because of its

effectiveness in promoting strong adhesion between the substrate and coating.
6.2.2 Effect of bath loadings
6.2.2.1 Influence of bath loading on deposition rate

The relationship between bath loading and deposition rate, as illustrated in Figure 6.3,
demonstrates the critical dependence of the electroless deposition process on the substrate-
to-bath volume ratio. At the lowest bath loading of 0.07 dm?.L"!, the deposition rate was
the highest, achieving 18.5 mg.cm™?.h!. However, as the bath loading increased, the
deposition rate progressively declined, reaching its lowest value of 5.37 mg.cm™.h™! at the

highest bath loading of 1.92 dm? L.
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Figure 6.3. Influence of bath loading on the deposition rate of Ni-W-P-Ce coatings.

The results showed that the deposition rate remained relatively high until a bath loading
of 0.88 dm?.L!. Beyond this threshold, the deposition rate begins to decrease significantly.
For example, at bath loadings of 1.35 dm?.L™! and 1.92 dm?.L"!, the rates dropped to 10.56
mg.cm™2.h! and 5.37 mg.cm™.h’!, respectively. This decrease coincided with an increase in

bath viscosity and reactant depletion, as discussed in Subsection 6.2.2.3.

The decrease in deposition rate with increasing bath loading can be attributed to several
interconnected factors. A higher bath loading corresponds to a larger substrate surface area
relative to the fixed bath volume, leading to a faster consumption of metal ions (e.g., Ni
and W) from the solution. This rapid reduction causes the dilution of the concentration of
available metal ions, which slows the reduction reactions essential for deposition.
Furthermore, at higher bath loadings, the increased generation of hydrogen gas during the
electroless coating process creates shear forces that can dislodge the loosely deposited
metal from the substrate. This phenomenon further reduces the efficiency of the deposition
process. Additionally, a higher bath loading limits the movement of ions within the bath,
reducing their accessibility to active sites on the substrate surface. This restriction in ion
mobility exacerbates the inefficiency of the deposition process as the autocatalytic nature
of the electroless coating becomes less effective. A significant proportion of metal ions may
fail to deposit on the substrate, forming byproducts that reduce the overall deposition rate.
These combined effects lead to a substantial reduction in deposition efficiency at higher

bath loadings [117,265].
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Chapter 6

The surface morphologies of the samples coated for a duration of 2 hours at different bath

loadings (0.07, 0.24, 0.51, 0.88, 1.35, and 1.92 dm2L"!) are shown in Figure 6.4(a-f),

corresponding to each loading, respectively. All the surfaces were free from defects and

showed no pores or cracks. Although the bath exhibited increased viscosity under higher

bath loading conditions, as discussed in Subsection 6.2.2.3, it had no adverse effect on the

surface morphology.

Figure 6.4. Surface morphology of the samples coated for 2 h at different bath loadings.

The elemental weight percentages of the coating samples with different bath loadings

are presented in Table 6.2.

Table 6.2. Elemental weight percentages of the coating samples at different bath loadings.

Bath loading (dm?.L™")

Elements (wt.%)

Ni P 4 Ce
0.07 91.66 5.43 2.27 0.64
0.24 88.73 7.09 34 0.79
0.51 89.52 6.64 3.09 0.75
0.88 86.58 7.41 5.16 0.86
1.35 87.01 7.25 4.65 1.09
1.92 92.11 2.95 4.17 0.77

Interestingly, the coatings produced at varying bath loadings resulted in two distinct

types of coatings: low-phosphorus (<5 wt.%) Ni-W-P-Ce coatings and medium phosphorus

Page | 170



Chapter 6

(6-9 wt.%) Ni-W-P-Ce coatings. Furthermore, as discussed in Subsection 6.3.2.1, a
significant increase in the tungsten percentage was observed after a bath loading of 0.88
dm?.L!. This observation is supported by the EDS results, which showed a decrease in the

tungsten percentage for the sample with bath loading exceeding 0.88 dm?.L™!.

To observe the trend in elemental composition variation, a graph was plotted, as shown
in Figure 6.5.
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Figure 6.5. Variation in elemental composition of the coating samples with respect to bath

loading.

Ni remained the predominant element across all the samples, consistently exceeding 85
wt.%. Its concentration exhibited minor fluctuations, with a slight dip at intermediate bath
loadings (0.51-0.88 dm?.L!), and a notable increase at 1.92 dm? L"!, suggesting enhanced
deposition efficiency at higher loadings. The P content shows a gradual increase and

stabilizes over the mid-range bath loadings (0.24-1.35 dm?. L), followed by a significant
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decline at 1.92 dm* L. The W content increased steadily increases from 0.51 to 1.92
dm?.L"!, indicating more favorable conditions for incorporation at higher loadings.
Although Ce was present at the lowest concentration, it remained relatively stable with

minor variations throughout.
6.2.2.3 Effect of bath loading on bath conditions

The study of bath loading on coating deposition revealed crucial insights into the impact of
substrate dimensions on the bath stability and coating quality. As the substrate area
increased, the reduction of metal ions from the coating bath accelerated, leading to the
faster depletion of metal salts and reducing agents. For bath loadings of 1.35 dm?.L"! and
1.92 dm?.L"!, the bath became significantly viscous after approximately 70 and 55 min,
respectively, indicating a sharp decline in bath stability as the substrate-to-bath volume ratio

increased. Figure 6.6 illustrates the bath conditions in these scenarios.

Figure 6.6. Coating bath conditions r 1.35 dm?.L"! bath loading: (a) unused bath, (b) (c)
bath after 70 min, and (d) coated sample at 1.35 dm?.L"! bath loading.
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The as-prepared coating bath, depicted in Figure 6.6(a), was characterized by its
transparent appearance and low viscosity. However, as the coating process progressed, the
bath became progressively viscous and less transparent, as shown in Figures 6.6(b) and
6.6(c), which represent the front and top views of the bath at 1.35 dm2.L"! bath loading. The
increased viscosity is primarily attributed to the accelerated reduction of metal ions and
subsequent accumulation of reaction byproducts, including hydrogen gas and precipitated
hydroxides, which are inherent to electroless coating reactions [266]. The high substrate
area associated with the increased bath loading amplified the formation of byproducts,
leading to particle agglomeration and further thickening of the bath. This accumulation of
byproducts disrupts the bath composition, reducing its stability and eventually causing

gelation or thickening of the solution [267].

Additionally, the depletion of critical reactants, such as nickel ions, creates an
imbalance in bath chemistry, which further destabilizes the coating environment. As shown
in Figure 6.6(d), the viscous bath chemicals adhered to the coated sample upon removal,
highlighting the severity of viscosity changes at higher bath loadings. The adherence of
these viscous byproducts not only interfered with the surface quality of the coating but also
indicated the diminished efficiency of the deposition process under such conditions. These
findings emphasize the importance of optimizing the bath loading to maintain bath stability
and ensure high-quality coatings. Larger substrate areas result in faster reactant depletion
and accelerated byproduct accumulation, necessitating careful control of the bath
composition and substrate dimensions to prevent imbalanced conditions and bath
thickening. Notably, the results from Section 6.2.2.4 support these observations, showing a
significant depletion of metal ions and an increase in byproduct formation at higher bath

loadings.

Based on the overall analysis, it is evident that bath loadings beyond 0.88 dm?2.L"!
resulted in compromised bath conditions, making this the optimal loading for stable bath
chemistry and uniform coating deposition. At this bath loading, the deposition rate
remained sufficiently high, and no significant issues related to the bath viscosity,
thickening, or instability were observed. This bath loading allowed for the adequate
availability of reactants and stable bath chemistry, ensuring efficient deposition and

uniform coating quality.
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6.2.2.4 Elemental analysis of coating bath composition at different bath loadings

Changes in the elemental composition of the coating bath during electroless deposition
were analyzed using EDXREF, as illustrated in Figure 6.7. This figure presents the variations
in elemental mass percentages over time for each bath loading, highlighting the trends in
metal ion consumption and deposition behavior. The corresponding numerical values are
summarized in Table 6.3. A bath loading of zero represented the initial condition, in which
no substrate was dipped inside the coating bath. As the coating duration and bath loading
increased, the Ni concentration in the bath decreased progressively. For example, at the
highest bath loading of 1.92 dm? L, the Ni concentration drastically decreased from
33.66% (initial) to 9.06% after 120 min. This depletion was expected because Ni ions were
consumed during the reduction process to form a coating. Conversely, the phosphorus

concentration exhibited the opposite trend, increasing with both coating duration and bath

loading.
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Figure 6.7. EDXRF analysis showing the variation in (a) Ni, (b) P, (c) W, and (d) Ce

concentration in the coating bath with time at different bath loadings.
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This is likely due to the accumulation of phosphorus byproducts such as hypophosphite-
derived compounds during the reduction process [213]. The variation in tungsten
concentration followed a different pattern. For bath loadings up to 0.88 dm2.L’!, the
tungsten concentration initially increased during the first 80 min of coating but began to
decrease thereafter. Beyond this bath loading, however, the tungsten concentration
continuously increased with the coating time, reaching 70.02% after 120 minutes at 1.92
dm?.L"!. This trend can be attributed to the tungsten ions not forming strong complexes
with the complexing agent (trisodium citrate) as nickel ions, resulting in a higher free ion

concentration of tungsten in the bath [268].

Table 6.3. Elemental composition analysis of the electroless coating bath using EDXRF.

Elements (Mass%)
Bath loading (dm?.L!)  Coating duration (minutes)
Ni P Y Ce
0 0 33.66 15.1 512  0.05
0.07 40 31.32  15.63 53.02 0.04
80 29.26 16.17 54.54 0.03
120 28.51 19.56 5191 0.02
0.24 40 30.03 16.01 53.93 0.03
80 284  16.58 55 0.02
120 28.08 20.79 51.13 0
0.51 40 28.68 16.47 54.83 0.02
80 272 17.18 55.6 0.02
120 26.61 21.15 52.23 0.01
0.88 40 27.86 16.82 5529 0.03
80 26.83 17.05 56.09 0.03
120 25.05 20.06 54.89 0
1.35 40 26.48 18.47 55.03 0.02
80 23.53 19.15 57.31 0.01
120 19.34 19.84 60.82 0
1.92 40 21.04 19.22 59.72 0.03
80 10.85 20.15 6898 0.02
120 9.06 2091 70.02 0.01
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The Ce concentration, on the other hand, consistently decreased with both the coating
time and increasing bath loading. For instance, at a bath loading of 1.92 dm?-L"! after 120
min, Ce ions were completely depleted, indicating their rapid consumption during the
deposition process. This observation aligns with the relatively low initial concentration of
cerium sulfate (8 mg/L) in the bath. Interestingly, despite the higher initial concentration of
nickel sulfate (40 g/L) compared to that of tungsten ions, the EDXRF analysis showed a
higher mass percentage of tungsten than nickel in the bath. This discrepancy can be
attributed to two factors. First, the higher atomic number of tungsten results in a stronger
X-ray fluorescence yield, exaggerating its apparent concentration in the analysis [269].
Second, tungsten ions remain more free in the bath, as they do not form stable complexes
and are deposited only after interaction with the nickel catalytic surface through induced
co-deposition, rather than direct autocatalytic deposition such as nickel ions, as detailed in
Chapter 5. The overall analysis indicates that the bath composition became increasingly
imbalanced at higher bath loadings, particularly above 0.88 dm?.L"!, where a drastic nickel
depletion and excessive tungsten accumulation were observed. These changes negatively
impact the bath stability and coating quality. Therefore, 0.88 dm? L' emerged as the
optimal bath loading condition, providing a balance between adequate metal ion

availability and stable bath chemistry, and ensuring high-quality and uniform coatings.
6.2.3 Impact of substrate roughness on electroless Ni-W-P-Ce coatings
6.2.3.1 Surface roughness analysis of substrates and coatings

The roughness parameters S,, Sy, Sk, and Sy for both the substrates and coatings (after 2
h) were analyzed to understand the relationship between the substrate surface features and
the final coating morphology. The results are summarized in Table 6.4. To visualize this
trend, bar plots were generated, as shown in Figure 6.8. The substrate roughness decreased
with finer sandpaper grades, as evidenced by the reductions in the S, and S, values. The
substrates polished with 400 grit sandpaper had S, = 0.19 um and Sy = 0.25 pm, whereas
those polished with 1500 grit sandpaper exhibited much smoother surfaces with S, = 0.03
um and Sq = 0.04 pm. The skewness (Sgx) values for all the substrates were negative,
indicating a negatively skewed surface. These surfaces are characterized by the presence of
concave valleys. They exhibit a downward distribution of surface heights relative to the

mean plane [270].
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Table 6.4. Surface roughness parameters of the substrates and coatings.

Roughness parameters

Sandpaper Sample
Sa (P—m) Sq (Mm) Sku Ssk
200 Substrate 0.19 0.25 8.25 -0.52
Coating 0.77 1.01 15.11 0.48
200 Substrate 0.17 0.24 11.91 -0.99
Coating 0.94 1.26 10.06 1.31
Substrate 0.03 0.05 24.37 -1.26
1200
Coating 1.20 1.76 11.66 2.23
Substrate 0.03 0.04 12.73 -0.71
1500
Coating 0.85 1.07 28.99 -1.70
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Figure 6.8. Roughness parameters of substrates and coatings for different sandpaper grits.
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Coarser sandpaper grades (400 and 800 grit) exhibited Sgy values of -0.524 and -0.988,
respectively, suggesting the presence of shallow valleys. Substrates prepared with finer
sandpapers (1200 and 1500 grit) displayed more negative Sg values (-1.259 and -1.698),
indicating deeper valleys. The kurtosis (Sy,) values increased with finer sandpaper,
indicating higher sharpness of the surface profile. When finer sandpapers were used, they
tended to create surfaces with more pronounced peaks and sharper edges, resulting in

increased kurtosis values [271].

After 2 h of coating, all the coated surfaces showed a significant increase in the
roughness parameters S, and Sg. All the coated surfaces had higher roughness than the
polished substrate, which can be attributed to the combined effect of chemical
etching/activation-induced roughening of the substrate underneath the coating as well as
the inherent roughness of the nodular coating morphology [139,222]. Coatings on
substrates prepared with 400 and 800 grit sandpaper exhibited moderate roughness values
(Sa = 0.77 pm, Sq = 1.01 um for 400 grit, and S; = 0.94 um, Sy = 1.26 pm for 800 grit).
The coatings on substrates polished with 1200 grit displayed the highest roughness values
(Sa=1.2 pm, Sg = 1.76 um, Sgy =2.23), suggesting enhanced nodule formation. In contrast,
coatings on 1500 grit substrates showed relatively smoother profiles (S, = 0.85 pm, S =

1.07 um) compared to 1200 grit coatings.

The Sgk values of the coatings transitioned from negative (valley-dominated substrate
surfaces) to positive (peak-dominated coating surfaces) for substrates polished to 1200 grit.
This indicates that the valleys of the substrates were initially filled with the coating
material, and the subsequent nodule formation, a characteristic feature of electroless
coatings [139], led to the development of peak-dominated surfaces. However, for the 1500
grit substrates, the Sy values for both the substrate and coating remained negative,
suggesting that chemical treatment (etching) after polishing further enhanced the
roughness, resulting in valley-dominated surfaces even after coating. This effect of the
chemical treatment on skewness was less evident in coarser substrates (400, 800, and 1200
grit) because of their higher initial roughness. The kurtosis (Sy,) values increased
significantly after coating all substrates, particularly for finer substrates. This increase
indicated the formation of sharp, well-defined peaks on the coating surfaces, with the
highest kurtosis observed for coatings on 1500 grit substrates (S, = 28.991). The

comparatively lower S, values observed for the 400 grit coating surface indicate minimal
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surface roughness; however, the implications of this characteristic can only be determined

through further studies, as discussed in the subsequent paragraphs.

Figure 6.9. 3D optical profilometer images of the substrates and coatings for different

sandpaper grits: (a, b) 400, (c, d) 800, (e, f) 1200, and (g, h) 1500 grit.
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The 3D optical profilometer images of the four substrates and their respective coatings
shown in Figure 6.9, provide a visual representation of the surface topography before and
after coating. Figures 6.9(a) and 6.9(b) highlight the relatively rough texture of the 400 grit
substrate and its coated surface, respectively, with noticeable valleys in the substrate being
partially filled and transformed into a nodule-like morphology after coating. Similarly,
Figures 6.9(c) and 6.9(d) for the 800 grit substrate and coating, respectively, reveal a
smoother initial texture compared to the 400 grit substrate, with the coated surface showing
well-distributed peaks indicative of uniform growth. For the 1200 grit substrate (Figure
6.9(e)), the 3D images revealed a smoother and more refined substrate surface, whereas the
coating (Figure 6.9(f)) exhibited the most prominent nodule formation, consistent with the
high roughness values observed. In contrast, the 1500 grit substrate (Figure 6.9(g)) and its
coating (Figure 6.9(h)) displayed a highly smooth initial surface that transitioned to a
moderately roughened coating surface, reflecting the interplay between the chemical
treatment and nodule growth. These images visually corroborate the roughness parameter
data and further illustrate the critical role of the substrate roughness in determining the

morphology and growth characteristics of the coatings.
6.2.3.2 Effect of substrate roughness on deposition rate

As shown in Figure 6.10, the deposition rates for substrates prepared with different
sandpaper grits show only minor variations, suggesting that the substrate surface roughness

has a limited effect on the deposition efficiency.
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Figure 6.10. Deposition rates of coatings on substrates prepared with various sandpaper

grit.
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While the 400 grit substrate exhibited the highest deposition rate (11.78 mg.cm™.h™),
and 1500 grit was the lowest (11.45 mg.cm™.h), the overall differences were small. This
indicates that although rougher surfaces may slightly enhance deposition owing to
increased nucleation sites and better mechanical interlocking [272], electroless deposition

remains largely consistent across the studied roughness range.
6.2.3.3 Coating characteristics on substrate polished with 400 grit sandpaper

The surface morphology of the Ni-W-P-Ce coatings deposited on substrates polished with
400 grit sandpaper was studied using FESEM at various coating durations, as shown in
Figure 6.11. At an early deposition time of 10 s (Figure 6.11(a)), a few randomly distributed
white dots, representing nickel deposits approximately 0.12 um in size, were observed
primarily along the corners of the surface scratches and defects. These locations served as
preferential sites for nucleation, providing a foundation for further deposition. As the
coating duration increased to 20 seconds (Figure 6.11(b)), the average nodule size grew to
0.19 pm, with deposition still occurring predominantly on the rough regions of the

substrate, while smoother areas remained largely uncoated.

A similar trend was observed after 30 s (Figure 6.11(c)), when the nodule size increased
to 0.25 pm. The rough texture of the substrate provided more irregularities, which
facilitated additional nucleation and growth, whereas smoother regions exhibited minimal
deposition. At 60 seconds (Figure 6.11(d)), larger nodules with an average size of 0.43 um
were observed, and coalescence of individual nodules into small columnar structures began.
However, some areas of the substrate surface were still devoid of coatings, indicating an
incomplete coverage. After 120 s of coating (Figure 6.11(e)), a complex structure of nodule
columns was evident because of the selective nucleation at different sites on the rough
substrate. Despite the increased coverage, some deep grooves or valleys remained
uncoated, with an average nodule size of 0.64 um. At 240 s (Figure 6.11(f)), the nodule size
further increased to 1.44 um, and the coating appeared to cover the entire substrate surface
with a plateau-like morphology. However, despite significant coverage, the coating was
neither compact nor homogeneous, and voids and interstices were still present. The
presence of these voids suggests that substrates with higher roughness experience slower

densification owing to the increased surface area that requires filling.
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Figure 6.11. SEM images of Ni-W-P-Ce coatings on 400 grit polished substrates for
different durations: (a) 10s, (b) 20s, (c) 30s, (d) 60s, () 120s, () 240s, (g) 480s, (h) 960s,
and (i) 2h.
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As the coating duration increased to 480 s (Figure 6.11(g)), the nodule size further
increased to an average diameter of 2.94 um, and the coating structure appeared more
compact with significantly fewer voids and a more uniform morphology. After 960 s
(Figure 6.11(h)), the coating exhibited a homogeneous structure, with a slightly larger
average nodule size of 3.73 um. The morphology transitioned into a well-defined
cauliflower-like structure, which is a characteristic of fully developed electroless coatings.
Finally, after 2 h of coating (Figure 6.11(i)), the surface was entirely free of defects, with a
fully developed structure and an average nodule size of 9.92 um. The absence of visible
defects and consistent growth observed over time indicate that prolonged deposition leads
to a dense, uniform coating with enhanced surface coverage. The observed trends suggest
that rougher surfaces, such as those polished with 400 grit sandpaper, promote nucleation
at higher rates because of the availability of numerous surface irregularities and defects,
which act as favorable sites for initial deposition. The increased roughness facilitates
mechanical interlocking between the coating and the substrate, enhancing adhesion.
However, as the coating growth progressed, the densification phase slowed because of the

need to fill the voids and interstices created during the early stages of deposition.

The elemental compositions of the coatings on the polished substrate with 400 grit
sandpaper at different deposition times, as obtained by energy dispersive spectroscopy

(EDS), are presented in Table 6.5.

Table 6.5. Elemental contents of coatings at different time durations on substrates polished

with 400 grit sandpaper.

Elements (wt.%)
Coating duration (sec)

Ni W P Ce Fe
10 8.8 1.4 0.5 1.9 86.5
20 32.6 1.9 1.3 1.9 61.8
30 533 2.1 2.3 1.8 40
60 75.9 2.1 3 1.7 17.3
120 82.8 2.2 3.1 1.6 10
240 87.8 23 33 1.6 6.3
480 87 24 4.3 1.5 4.7
960 89.7 3 4.5 1.4 2.4
7200 90 3.4 4.8 1.4 0.3
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The data show progressive changes in the weight percentages of Ni, W, P, Ce, and Fe
as the deposition time increases, which correlates well with the previously discussed

morphological evolution observed in the SEM analysis.

Figure 6.12 graphically illustrates the variation in Ni, W, P, Ce, and Fe content with

increasing deposition time on substrates polished with 400 grit sandpaper. In the initial

stages of deposition (10 s), the coating consisted primarily of 8.8 wt.% Ni, with a substantial

presence of Fe (86.5 wt.%), indicating incomplete coverage of the substrate surface.
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Figure 6.12. Elemental composition (wt.%) of coatings at different durations on 400 grit

polished substrates: (a) Ni, (b) W, (c) P, (d) Ce, (e) Fe.
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The presence of Fe suggests that at this stage, the coating only begins to nucleate,
primarily at high-energy sites, such as surface defects and rough regions, as observed in the
SEM images. A gradual increase in the Ni content to 32.6 wt.% at 20 seconds and 53.3
wt.% at 30 seconds signifies the expansion of nucleation sites and the initial coalescence
of nodules over the rough surface, while the Fe content decreases correspondingly,
confirming the progressive coverage of the substrate. By 60 seconds, the Ni content reaches
75.9 wt.%, marking a significant transition where the coating becomes more continuous,
covering a larger portion of the substrate. The reduction in the Fe content to 17.3 wt.% at
this stage aligns with SEM observations, where the formation of larger nodules and
coalescence into columns was seen. As the deposition continued beyond 120 s, the Ni
content further increased to 82.8 wt.%, while Fe content declines to 10 wt.%, indicating a
more uniform and extensive coating coverage with minimal substrate exposure. The W and
P content remained relatively stable at approximately 2.1-3.3 wt.%, suggesting consistent
incorporation of alloying elements during the growth process. At 240 seconds, the Ni
content reaches 87.8 wt.%, with Fe reducing to 6.3 wt.%, signifying near-complete surface
coverage. The phosphorus (P) and cerium (Ce) contents remained relatively steady,
contributing to the formation of the plateau-like structure observed in the SEM images.
This phase marks the densification period where voids and interstices begin to fill, although
some non-uniformity in the coating morphology remains. After 480 s, the Ni content
increased further to 87 wt.%, and Fe is reduced to 4.7 wt.%, indicating the formation of a
compact coating. The phosphorus content increases to 4.5 wt.%, which contributes to the
observed improved densification and reduced voids. During the final stages of deposition
(960 s to 2 h), the Ni content stabilized at approximately 89.7-90 wt.%, with Fe content
reaching a minimal 0.3 wt.%, confirming complete coverage of the substrate. The increase
in W and P content to 3.4 wt.% and 4.8 wt.%, respectively, indicates the formation of a
well-alloyed coating, improving properties such as hardness and corrosion resistance. At
7200 s (2 h), the coating achieved its final structure with a highly uniform composition,
characterized by a significant reduction of Fe to nearly negligible levels, confirming full
substrate coverage. The increase in W content suggests further densification and refinement
of the coating structure, as shown in the SEM images, where a cauliflower-like morphology

was observed.

The progressive increase in the Ni content and simultaneous reduction in the Fe content

with increasing deposition time confirmed the gradual and continuous growth of the
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coating. The early stages are characterized by nucleation and partial coverage, whereas the
intermediate stages focus on growth and densification. The final stage yielded a highly
uniform defect-free coating with an optimal Ni, W, P, and Ce composition. These findings
correlate well with the SEM observations and emphasize the crucial role of substrate

roughness in influencing deposition kinetics and coating quality.
6.2.3.4 Coating characteristics on substrate polished with 800 grit sandpaper

The SEM images of the evolution of the electroless Ni-W-P-Ce coatings on the 800 grit
polished substrate are presented in Figure 6.13. The coating behavior on this substrate
showed significant differences compared to the 400 grit polished substrate, highlighting the
impact of substrate roughness and surface preparation on the initiation and growth of
coatings. After 10 seconds of deposition (Figure 6.13(a)), the surface exhibited a greater
density of small white deposits compared to the 400 grit substrate, with an approximate
nodule size of 0.14 um, which is larger than the nodules density observed on the 400 grit
substrate. This increase in the deposition rate was further confirmed by EDS analysis (Table
6.6), which showed a 27.4 wt.% nickel content at this stage, more than three times higher
than that observed on the 400 grit polished substrate. The increased nucleation density can
be attributed to the combined effects of the surface roughness and etching process applied

before deposition.

Each substrate was etched in a 30% dilute HCIl solution prior to coating, which
influenced the surface chemistry and morphology differently depending on the polishing
grade. The 800 grit polished substrate may have experienced a more uniform and finer
etching effect, creating an ideal surface for electroless deposition by exposing a higher
density of active sites. In contrast, the 400 grit substrate, owing to its coarser texture, may
have developed larger voids and irregularities during etching, which hindered uniform
nucleation. The finer and more uniform surface features of the 800 grit substrate, enhanced
by etching, provided a better anchoring environment for nickel deposition, contributing to
the observed increase in early stage deposition. At 20 seconds (Figure 6.13(b)), the nodules
increased in size to 0.2 um, with uniform and widespread coverage across the surface. The
fine surface features created by polishing and etching continued to support the deposition

process, ensuring that the coating was spread more evenly than on the 400 grit substrate.
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Figure 6.13. SEM images of Ni-W-P-Ce coatings on 800 grit polished substrates for
different durations: (a) 10s, (b) 20s, (c) 30s, (d) 60s, (e) 120s, (f) 240s, (g) 480s, (h) 960s,
and (i) 2h.
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After 30 s (Figure 6.13(c)), the nodule size increased to 0.29 um, and the deposits began
to coalesce, forming columnar structures, an effect that was observed at a later stage (60 s)
for the 400 grit substrate. This accelerated growth confirms that the etching of the 800 grit
substrate created a more favorable condition for coating adhesion and growth by exposing
more uniform nucleation sites compared to the rougher 400 grit substrate. After 60 seconds
of coating (Figure 6.13(d)), a steady-state growth phase was observed, with an increased
nodule size of 0.46 pm and enhanced densification. At 120 s (Figure 6.13(e)), the nodules
grew to an average size of 0.83 pum, and the coating exhibited improved densification,
although some voids were still visible. By 240 s (Figure 6.13(f)), the coating surface was
almost fully covered with nodules averaging 1.28 um in size. Minimal voids were observed,
suggesting that the uniform etching pattern contributed to well-distributed coating growth.
The coating morphology continues to evolve with increasing deposition time. After 480 s
(Figure 6.13(g)), the nodules reached an average size of 2.2 um, and the coating became
denser, more compact, more uniform in size, and more tightly bonded. At 960 s (Figure
6.13(h)), the nodule size further increased to 3.3 pum, and the coating exhibited a highly
uniform and defect-free appearance. After 2 h of deposition (Figure 6.13(i)), the coating

achieved a final nodule size of 9.47 pm, forming a compact and homogeneous structure.

The 800 grit substrate facilitated larger nodule sizes during the early stages (up to 120
s) compared to the 400 grit substrate, indicating that the finer surface features and uniform
etching enhanced nucleation. However, beyond 120 s, the growth rate slowed, and the final
nodule size became smaller than that observed for the 400 grit substrate. This difference
was attributed to the presence of larger voids and irregularities in the 400 grit substrate,
which provided additional space for densification and resulted in larger nodules in the long

term.

The elemental compositions of the Ni-W-P-Ce coatings deposited on the 800 grit
polished substrate for various durations, as obtained from the EDS analysis, are presented
in Table 6.6. Figure 6.14 graphically illustrates the variation in Ni, W, P, Ce, and Fe content
with increasing deposition time on substrates polished with 800 grit sandpaper. In the early
stage of deposition, the Ni content increased rapidly, reaching 27.4 wt.% at 10 seconds,
significantly higher than that observed for the 400 grit substrate. This indicates that the
finer and more uniform surface of the 800 grit substrate provided more nucleation sites,
facilitating greater nickel uptake. The Fe content, initially at 65.7 wt.%, highlights

incomplete coverage, but the faster deposition rate compared to the 400 grit substrate
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suggests improved adhesion and surface compatibility. After 20 s, the Ni content increased
to 48.3 wt.%, with a further decline in Fe content, demonstrating progressive coverage.
After 30 s, the coating grew substantially with a Ni content of 53.8 wt.%, and Fe reduced
to 37.9 wt.%, reflecting rapid surface coverage and early-stage densification. After 60 s,
the Ni content reached 78.8 wt.%, with Fe content reducing to 13.5 wt.%, indicating
substantial substrate coverage and coalescence of nodules. After 120 s, the Ni content
further increased to 84 wt.%, with Fe at 8.3 wt.%, signifying near-complete coverage and
the onset of densification. Phosphorus and tungsten contents showed consistent

incorporation, contributing to the coating's stability.

Table 6.6. Elemental contents of coatings at different time durations on substrates polished

with 800 grit sandpaper.

Elements (wt.%)

Coating duration (sec)

Ni W P Ce Fe
10 27.4 2.1 1.3 2 65.7
20 48.3 2.2 23 1.9 45.5
30 53.8 2.3 3.1 1.8 37.9
60 78.8 2.8 3.4 1.7 13.5
120 84 2.8 3.8 1.7 8.3
240 85.4 3 4.1 1.7 7.2
480 85.6 34 4.5 1.6 4.7
960 87.8 3.5 4.8 1.6 24
7200 89.7 3.9 4.9 1.4 0.2

At 240 s, the Ni content stabilized at 85.4 wt.%, indicating uniform deposition with
minimal remaining substrate exposure. As deposition continued, the coating became more
compact and uniform. At 480 s, the Ni content reached 85.6 wt.%, while Fe decreased to
4.7 wt.%, showing further densification. After 960 s, the coating composition reached 87.8
wt.% Ni, confirming the near-complete coverage with minimal Fe at 2.4 wt.%. By the end
of 2 h, the coating was fully developed with 89.7 wt.% Ni, and Fe content was reduced to
a negligible 0.2 wt.%, reflecting a fully formed and compact coating. EDS analysis
confirmed that the finer surface of the 800 grit polished substrate resulted in faster nickel

deposition, higher early stage coverage, and a more uniform final coating. The gradual
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decline in Fe content and steady incorporation of W, P, and Ce indicate a well-structured

coating with enhanced adhesion and uniformity.
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Figure 6.14. Elemental composition (wt.%) of coatings at different durations on 800 grit

polished substrates: (a) Ni, (b) W, (¢) P, (d) Ce, (e) Fe.
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6.2.3.5 Coating characteristics on substrate polished with 1200 grit sandpaper

The coating evolution on the substrate polished with 1200 grit sandpaper was analyzed at
various deposition times, and the corresponding SEM images are presented in Figure 6.15.
The deposition behavior on this substrate exhibited distinct characteristics compared to the
400 and 800 grit polished substrates, emphasizing the critical role of finer surface

roughness in influencing the initiation and growth of electroless coatings.

After 10 s of coating (Figure 6.15(a)), the substrate surface appeared relatively rough
and was characterized by scratches, grooves, and valleys. Unlike the 400 and 800 grit
substrates, no visible coating deposits in the form of small white dots are observed at this
stage. However, the elemental analysis confirmed the presence of 19.3 wt.% nickel along
with other elements, indicating that deposition had indeed begun, albeit at a much slower
and more uniform rate. The absence of visible deposits at this stage suggests that the
smoother surface of the 1200 grit substrate delayed the appearance of nucleation sites,
likely because of the reduced surface defects and available anchoring points compared to
coarser substrates. By 20 seconds of coating duration (Figure 6.15(b)), the formation of
very small nodules with an average size of 0.15 um was observed, primarily concentrated
in surface scratches and defects. This indicates that the initial deposition was guided by the
surface imperfections of the substrate, where nucleation was more likely to occur because
of the localized surface energy variations. The slower initiation of visible deposition
compared to coarser substrates suggests that finer surface roughness results in a more
uniform nucleation process, with fewer preferential sites. At 30 seconds (Figure 6.15(c)),
nodules with an average size of 0.21 pm were seen spreading uniformly across the surface.
The improved dispersion of the coating material suggests that the finer surface roughness
facilitated better lateral growth and even coverage compared to the 400 and 800 grit
substrates, where deposition was more localized in the early stages. After 60 s (Figure
6.15(d)), uniformly sized nodules with average dimension of 0.35 um were observed. The
coating morphology revealed the growth of nodules into small columnar structures that
gradually covered more of the substrate surface. The uniformity of the nodules at this stage
highlights the effect of the finer roughness of the 1200 grit substrate, which promotes
consistent nucleation and growth across the entire surface. By 120 seconds (Figure 6.15(¢)),

the nodule size increased to 0.66 um, and the coating appeared dense, with minimal voids.
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Figure 6.15. SEM images f coatins on 1200 grit polished substrates for different
durations: (a) 10s, (b) 20s, (c) 30s, (d) 60s, (e) 120s, (f) 240s, (g) 480s, (h) 960s, and (i)
2h.
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This stage marked a critical transition, where the coating began to exhibit significant
densification, leading to improved structural integrity and uniformity. The finer texture of
the 1200 grit substrate provided a stable platform for controlled growth, resulting in a well-
defined coating layer. At 240 s (Figure 6.15(f)), the coating showed very dense deposition,
with uniformly sized nodules averaging 1.43 um, and the substrate was almost fully
covered. Only a few voids are present, indicating that the coating is fully developed.
Compared to coarser substrates, the 1200 grit substrate facilitated earlier coverage
completion, reducing the presence of voids and ensuring a more compact coating. After
further deposition, at 480 s (Figure 6.15(g)), the nodule size increased to 2.15 um, and the
coating was completely defect-free. The uniform distribution of the nodules suggests that
the coating process reached a stable growth phase, where deposition continued to occur
evenly across the substrate surface without significant structural irregularities. By 960 s
(Figure 6.15(h)), the nodule size further increased to 3.16 pm, and the coating morphology
remained consistent, showing continued growth with no observable defects. After 2 h of
deposition (Figure 6.15(i)), the final coating exhibited an average nodule size of 9.46 um,
with a completely defect-free and compact structure. The uniformity of the final coating
confirmed that the 1200 grit substrate provided an optimal balance between the surface
roughness and coating growth dynamics, leading to an even and well-structured coating

layer.

The evolution of coatings on the 1200 grit polished substrate demonstrated a more
controlled and uniform growth process compared to coarser substrates. The finer surface
roughness provided fewer but more evenly distributed nucleation sites, resulting in a delay
in visible deposition but a more consistent and uniform coating formation in the later stages.
Unlike the 400 and 800 grit substrates, where early stage deposition was concentrated on
surface defects, the 1200 grit substrate allowed for a gradual and controlled growth that

ultimately resulted in a denser and more uniform coating.

The elemental compositions of the Ni-W-P-Ce coatings deposited on the 1200 grit
polished substrate at different time intervals, as obtained from EDS analysis, are presented
in Table 6.7. Figure 6.16 graphically illustrates the variation in Ni, W, P, Ce, and Fe content

with increasing deposition time on substrates polished with 1200 grit sandpaper.

In the early stage of deposition, the Ni content was 19.3 wt. % after 10 seconds,

indicating the onset of the coating process. However, large amounts of Fe (75.6 wt.%)
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suggests that significant portions of the substrate were still exposed. Compared with coarser
substrates, the delayed visible coating formation aligns with earlier SEM observations,
where no apparent deposition was observed at this stage. The tungsten (W), phosphorus
(P), and cerium (Ce) contents were relatively low, indicating a slow and steady nucleation
process. After 20 s, the Ni content increased to 40.7 wt.%, with Fe decreasing to 54.1 wt.%,
confirming progressive coverage of the substrate. The phosphorus content also increased

to 1.8 wt.%, indicating enhanced coating integrity.

Table 6.7. Elemental contents of coatings at different time durations on substrates polished

with 1200 grit sandpaper.

Elements (wt.%)

Coating duration (sec)

Ni w P Ce Fe
10 19.3 2 0.8 1.9 75.6
20 40.7 2.1 1.8 1.7 54.1
30 60.5 2.3 2.5 1.6 333
60 67.7 2.4 3.7 1.5 23.6
120 77.9 2.5 3.7 1.4 14.6
240 85.4 2.6 4.3 1.4 5.8
480 86.7 2.8 4.5 1.4 4.7
960 88.3 3.1 4.6 1.3 3.1
7200 91.4 3.2 4.9 1.1 0.2

At 30 s, the Ni content further increased to 60.5 wt.%, and Fe content reduced to 33.3
wt.%, demonstrating substantial coverage, correlating well with the appearance of small,
well-distributed nodules in the SEM analysis. The increase in the W and P contents suggests
improved alloying of the coating as the deposition continues. After 60 s, the Ni content
increased to 67.7 wt.%, while Fe content further decreased to 23.6 wt.%, signifying
significant surface coverage and nodule coalescence. Phosphorus content reached 3.7 wt.%,
enhancing the structural stability of the coating. An increase in the Ce content to 1.9 wt.%
indicates its incorporation into the coating, contributing to the refinement of grain structure
and overall coating properties. After 120 s, the Ni content increased to 77.9 wt.%, with Fe
content decreasing to 14.6 wt.%, suggesting near-complete surface coverage. The
uniformity and densification observed in the SEM images at this stage are consistent with

the EDS results, highlighting that the finer 1200 grit substrate allowed for a more controlled
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and homogeneous coating growth process. The increase in phosphorus and tungsten
contents indicates a well-alloyed coating. At 240 s, the Ni content rose to 85.4 wt.%, and
Fe content reduced to 5.8 wt.%, confirming almost complete coverage of the substrate.
Phosphorus content reached 4.3 wt.%, contributing to the densification and enhancement

of coating properties, such as improved hardness and wear resistance.
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Figure 6.16. Elemental composition (wt.%) of coatings at different durations on 1200 grit

polished substrates: (a) Ni, (b) W, (c) P, (d) Ce, (e) Fe.
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As the coating process advanced, at 480 seconds, the nickel content stabilized at 86.7
wt.%, with Fe content decreasing further to 4.7 wt.%, indicating the coating had reached
near full coverage with minimal substrate exposure. The phosphorus content increased to
4.9 wt.%, promoting a denser and defect-free coating structure, as seen in the SEM images.
After 960 s, the Ni content increased to 88.3 wt.%, and Fe content further decreased to 3.1
wt.%, signifying further densification and coating maturity. The slight increase in
phosphorus content suggests continued coating refinement. After 2 h (7200 s), the final
coating composition was 91.4 wt.% Ni, with Fe content reduced to a negligible 0.2 wt.%,
indicating complete substrate coverage. Phosphorus content remained stable at 4.5 wt.%,
while tungsten and cerium contents were maintained at 2.5 wt.% and 1.4 wt.%, respectively,

contributing to the improved mechanical and corrosion resistance of the coating.

The deposition behavior on the 1200 grit substrate revealed a slower initial coating
process compared to the 400 and 800 grit substrates. A smoother surface results in delayed
visible nucleation, which ultimately leads to a more uniform and well-distributed coating.
The final nickel content was the highest among all the substrates, indicating a superior
deposition efficiency over time. Controlled deposition led to a finer and more homogeneous

coating structure free from defects and voids, as observed in the SEM images.

The elemental mapping of the electroless Ni-W-P-Ce coating after 10 s of deposition
(Figure 6.17) confirms the early stage nucleation process, where Ni is sparsely distributed,

while Fe remains dominant, indicating significant substrate exposure.

 Ni-W-P-Ce-Fe

Figure 6.17. Elemental mapping of the electroless Ni-W-P-Ce coating after 10 s of
deposition on the 1200 grit polished substrate.
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The mappings of W, P, and Ce show their presence at lower concentrations, suggesting
gradual incorporation as the deposition progresses. The combined elemental map visually
illustrates patchy Ni-rich regions, confirming that the coating was still in its initial
formation stage. This aligns with the SEM and EDS findings, supporting the gradual growth
mechanism of the Ni-W-P-Ce coatings on the 1200 grit polished substrate toward a uniform

and dense structure.
6.2.3.6 Coating characteristics on substrate polished with 1500 grit sandpaper

The evolution of the Ni-W-P-Ce coatings on the substrate polished with 1500 grit sandpaper
was analyzed at various deposition durations, and the corresponding SEM images are
presented in Figure 6.18. The coating behavior on this highly polished substrate exhibited
significant differences compared to the substrates polished with coarser grits (400, 800, and
1200), highlighting the influence of finer surface roughness on coating nucleation and
growth. After 10 s of deposition (Figure 6.18(a)), the substrate surface appeared smooth,
resembling the surface characteristics observed for 400 and 800 grit substrates. Very few
white dots, representing the initial deposition sites, were visible with an average dimension
of 0.1 um, which was the smallest observed among all the tested substrates. The lower
density of deposition was further confirmed by EDS analysis, which showed only 7.9 wt.%
nickel deposition, indicating that the smoother surface provided fewer nucleation sites for
early-stage deposition. The lower deposition of other elements, such as tungsten and
phosphorus, also suggests that a finer surface offers less favorable conditions for rapid

nucleation.

After 20 s of deposition (Figure 6.18(b)), the number of deposited white dots slightly
increased, mainly in the rougher regions of the substrate, with an average nodule size of
0.14 pm. This pattern suggests that coating initiation predominantly occurred at localized
surface imperfections, where a higher surface energy facilitated the nucleation. After 30 s
(Figure 6.18(c)), uniform-sized nodules with an average dimension of 0.18 pum were
observed, covering a larger portion of the substrate surface. This stage marks the onset of
a uniform coating spread across the surface, indicating a gradual and controlled nucleation
process compared with the faster, more irregular growth observed on rougher substrates.
At 60 seconds (Figure 6.18(d)), nodule size increased to 0.35 pm, and the formation of
nodule columns was evident, signifying the transition from isolated nucleation sites to

interconnected growth.
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Figure 6.18. SEM images of coatings on 150 grit polised substrates for different
durations: (a) 10s, (b) 20s, (c) 30s, (d) 60s, (e) 120s, (f) 240s, (g) 480s, (h) 960s, and (i)
2h.
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The more uniform growth pattern on this finer surface suggests that smoother substrates
allow for a steady controlled deposition, resulting in a consistent nodule size. By 120
seconds (Figure 6.18(e)), the average nodule size further increased to 0.63 um, with a more
continuous and dense coverage. Despite the increase in coverage, the deposition pattern
remained uniform with fewer large voids compared to coarser substrates, highlighting the
benefits of finer substrate preparation for achieving a consistent coating structure. At 240 s
(Figure 6.18(f)), the coating exhibited a more compact morphology, with nodules reaching
an average size of 1.18 pm, covering the entire substrate surface with minimal voids. This
stage signifies the completion of the initial coating layer and beginning of the densification
process. With continued deposition, the coating morphology further evolved. At 480 s
(Figure 6.18(g)), the nodule size increased to 2.05 um, with a more refined and compact
structure. The uniformity of the coating surface compared with the rougher substrates
suggests that the smoother 1500 grit surface promoted a more controlled and even
deposition process. By 960 s (Figure 6.18(h)), the nodules had grown to an average size of
3.14 pm, maintained a highly uniform structure. The absence of defects at this stage
highlights the influence of the fine surface finish in ensuring defect-free deposition, unlike
coarser substrates that exhibit larger voids and uneven growth. After 2 h of deposition
(Figure 6.18(1)), the final coating exhibited an average nodule size of 9.35 pm, which is
slightly smaller than that of the coatings observed on coarser substrates. The uniform
nodule distribution and smooth coating morphology indicate that a finer surface roughness
provides ideal conditions for homogeneous growth, minimizing irregularities, and ensuring

a high-quality finish.

The coatings deposited on the 1500 grit polished substrate demonstrated the slowest
initial nucleation rate among all the substrates, owing to the lower availability of surface
imperfections. However, the growth was more uniform and controlled, leading to a coating
with smaller, well-distributed nodules. The finer substrate surface limits the number of
nucleation sites. However, once initiated, the deposition process results in a highly
consistent coating layer. This uniformity contributes to better surface coverage with
minimal defects, making the 1500 grit substrate an ideal choice for applications that require

smooth and homogeneous coatings.

The elemental compositions of the Ni-W-P-Ce coatings deposited on the 1500 grit
polished substrate at different time intervals, as obtained from EDS analysis, are presented

in Table 6.8. Figure 6.19 graphically illustrates the variation in Ni, W, P, Ce, and Fe content
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with increasing deposition time on substrates polished with 1500 grit sandpaper. In the early
stages of the deposition, the Ni content was 7.9 wt.% after 10 seconds, which is
significantly lower than that observed for substrates polished with coarser sandpaper. The
high Fe content of 89.8 wt.% indicates that the substrate surface was still largely exposed,
corroborating SEM observations where only a few deposits were visible. The tungsten (W)
and phosphorus (P) contents were minimal at 0.8 wt.% and 0.3 wt.%, respectively,
reflecting a slow initiation process due to the finer and smoother surface, which provided
fewer nucleation sites. After 20 s, the Ni content increased to 19.9 wt.%, with Fe reducing

to 76.6 wt.%, suggesting gradual substrate coverage.

Table 6.8. Elemental contents of coatings at different time durations on substrates polished

with 1500 grit sandpaper.

Elements (wt.%)

Coating duration (sec)

Ni W P Ce Fe
10 7.9 0.8 0.3 1.6 89.8
20 19.9 1.6 0.5 1.6 76.6
30 334 1.8 0.9 1.5 62.4
60 62.5 2 1.8 1.4 32.6
120 80.8 23 2.6 1.4 12.8
240 82.3 2.5 4.1 1.3 8.2
480 84.8 34 4.5 1.3 7.1
960 86.6 3.6 4.6 1.2 4.2
7200 89.8 3.7 4.6 1.0 0.2

The increase in tungsten to 1.6 wt.% and phosphorus to 0.5 wt.% indicates progressive
alloy incorporation, though the deposition remains slower compared to coarser substrates.
After 30 s, the Ni content reached 33.4 wt.%, and Fe content reduced to 62.4 wt.%,
confirming that the coating was spreading across the surface more uniformly. An increase
in phosphorus content to 0.9 wt.% suggests improved stability and adhesion of the coating.
The smoother surface delayed initial deposition. However, once nucleation occurs, the
growth process becomes more uniform. At 60 s, a significant increase in the Ni content to
62.5 wt.% was observed, while Fe content dropped to 32.6 wt.%, indicating substantial
coating formation. The phosphorus and tungsten content also increased to 1.8 wt.% and 1.8

wt.%, respectively, supporting densification and alloy uniformity. SEM observations at this
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stage showed the formation of well-defined nodules covering more of the surface. After
120 s, the Ni content increased further to 80.8 wt.%, with Fe content reducing to 12.8 wt.%,
signifying near-complete coverage of the substrate. The increase in phosphorus to 2.6 wt.%
and cerium to 1.4 wt.% indicates the continued formation of a dense and well-structured

coating. The smoother 1500 grit substrate facilitated the uniform distribution of the coating,

albeit at a slower pace than the coarser substrates.
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Figure 6.19. Elemental composition (wt.%) of coatings at different durations on 1500 grit

polished substrates: (a) Ni, (b) W, (c) P, (d) Ce, (e) Fe.
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At 240 s, the Ni content reached 82.3 wt.%, with Fe content reduced to 8.2 wt.%,
reflecting an advanced stage of coating densification. The phosphorus content increased to
4.5 wt.%, indicating improved coating integrity and adhesion, consistent with the SEM
images showing near-complete coverage with minimal voids. At 480 s, the Ni content
stabilized at 84.8 wt.%, with a further reduction in Fe content to 7.1 wt.%, confirming the
ongoing densification of the coating. The phosphorus and tungsten content increased
steadily to 4.1 wt.% and 2.5 wt.%, respectively, reflecting continued refinement of the
coating. After 960 s, the Ni content increased to 86.6 wt.%, with Fe content decreasing
further to 4.2 wt.%, indicating almost complete substrate coverage. A steady increase in
phosphorus to 4.6 wt.% and tungsten to 3.6 wt.% highlights the uniform incorporation of
alloying elements, leading to enhanced coating properties. By the end of 2 hours (7200
seconds), the final coating composition reached 89.8 wt.% nickel, with Fe content reduced
to a negligible 0.2 wt.%, confirming complete substrate coverage. The tungsten and
phosphorus contents stabilized at 3.7 wt.% and 4.6 wt.%, respectively, indicating the

formation of a dense, defect-free, and well-alloyed coating.
6.2.3.7 Adhesion performance of coatings on different substrates

The adhesion performance of the coatings deposited on substrates polished with different
grit sandpapers (400, 800, 1200, and 1500 grit, denoted as S400, S800, S1200, and S1500,
respectively) was evaluated using scratch testing at two different applied loads of 3 N and
6 N. These findings highlight the significant influence of substrate preparation on coating

adhesion, mechanical integrity, and failure modes.

Figure 6.20 presents the variation in the scratch friction coefficient (SFC) over time for
coating samples with different surface roughnesses tested under applied loads of 3 N
(Figure 6.20(a)) and 6 N (Figure 6.20(b)) along with the corresponding average SFC values
(Figure 6.20(c)). For comparison, the figure also shows the SFC trends for the uncoated
substrate, which possessed the highest surface roughness and was polished using 400-grade

sandpaper.

The coated samples demonstrated relatively stable SFC trends following an initial
increase, indicating their capacity to withstand applied loads without significant material
loss. The higher SFC values observed during the initial phase of scratching suggest
localized plastic deformation because the indenter created considerable resistance owing to

the rapid accumulation of plastic strain and the formation of shear bands within the coating.
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This localized deformation increases friction because the material strongly resists the
indenter, resulting in elevated SFC values. As scratching progressed, the deformation
mechanisms transitioned to a more uniform state, allowing the material to accommodate
the stress more effectively, leading to reduced frictional resistance and stabilization of the
SFC as the indenter moved across the surface [273]. The SFC values obtained under both
3 N and 6 N loads exhibited distinct trends that were influenced by the substrate roughness.
At a lower load of 3 N, the coated samples exhibited a significant reduction in SFC

compared to the uncoated substrate, reflecting enhanced surface hardness.

0.50 @B Substrate @D S400 @D S300 @S S1200 @S S1500 0.50 @D Substrate @D S400 @D S0 @S 512006 S1500
3 0,457 5 045
‘s 0.40 £ 0.40
2 2
5 S 0.35-
g
2 0.304
[P]
‘g 0.25 1
B 0.20]
-
L= "
=015
2
= 0.10 1
1
& 0.051
) 6N
0.00 T T T T T
0 5 10 15 20 25
(a) Time (seconds) (b) Time (seconds)
0.35
E I 3N
I 5N

O O e v v

I e

T R -
L L 1 L 'l L

Average scratch friction coefficie

=
=]
I

(c)  Substrate S400  S800  S1200  S1500

Figure 6.20. SFC variation over time for coatings under (a) 3 N and (b) 6 N loads and (¢)

the corresponding average SFC values.

S1500 had the lowest SFC value (0.103), indicating superior adhesion and resistance to
scratch-induced deformation. In contrast, S1200, which had the highest surface roughness
(S,), showed a relatively higher SFC value of 0.123, likely owing to the increased friction
caused by surface irregularities. The higher roughness enhances the actual contact area

between the coating and counterpart material, resulting in more interaction points that
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contribute to increased friction. Additionally, numerous surface asperities on the rougher
coatings engaged more effectively with the indenter, leading to greater mechanical
interlocking. This interaction may also induce cohesive cracking as the stress distributions
around the asperities become complex, contributing to energy dissipation and ultimately
increasing friction during scratching [274]. The average SFC values at 3 N for the uncoated
substrate, S400, and S800 are 0.249, 0.117, and 0.107, respectively. At the higher applied
load of 6 N, the SFC values followed a similar pattern. S1500 again demonstrated the
lowest SFC value of 0.107, whereas S1200 exhibited a slightly lower SFC compared to its
performance at 3 N. This reduction in SFC at higher loads can be attributed to increased
strain rates, which facilitate the formation of additional shear bands that allow the coating
to accommodate plastic deformation more effectively, reducing microfracture and
chipping. Additionally, the larger contact area at higher loads enables better stress
distribution, leading to a decrease in friction per unit area and contributing to an overall
reduction in the SFC. These factors collectively resulted in lower friction coefficients at
higher loads [275]. The average SFC values at 6 N for the uncoated substrate and the S400,
S800, and S1200 were 0.281, 0.123, 0.125, and 0.120, respectively.

The scratch hardness and fracture toughness values (Figure 6.21) were determined from
scratch tests conducted under a 6 N load, further emphasizing the influence of substrate
roughness on the coating strength. S1500 exhibited the highest scratch hardness (8.84 GPa),

indicating its superior ability to resist plastic deformation under the applied stress.
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Figure 6.21. Scratch hardness and fracture toughness tested under a 6 N load.
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The relatively smaller average nodule size of 9.35 um, the lowest among all samples,
suggests a more compact microstructure, which enhances the resistance to plowing by the
indenter, directly contributing to the higher scratch hardness [276]. Similarly, S1500
exhibited the highest fracture toughness of 7.49 MPa.m'"?, demonstrating its excellent
resistance to crack propagation. The combination of low scratch friction coefficient and
high fracture toughness in S1500 can be attributed to its smoother surface. Lower surface
roughness reduces the impact of surface asperities during contact, leading to decreased
friction and wear. This smoother interaction minimizes energy dissipation during loading,
which translates into improved toughness because the coating can better absorb mechanical
stress and resist crack propagation. Additionally, achieving a lower surface roughness often
coincides with an optimized microstructure, where finer grain structures enhance the
capacity of the coating to endure mechanical stress, further improving fracture toughness.
These factors collectively contribute to the durability, resilience, and favorable frictional
behavior of the coating [277]. On the other hand, S1200 exhibited lower values for both
scratch hardness (5.90 GPa) and fracture toughness (6.02 MPa.m'?), which can be
attributed to its relatively rougher surface. The increased surface roughness introduces
stress concentration points, which facilitate crack initiation and propagation under the
applied loads [278]. A higher substrate roughness often results in coating defects, such as
increased porosity and non-uniform particle distribution, which compromise mechanical
strength and adhesion. S400 and S800 exhibited intermediate scratch hardness and fracture
toughness values, suggesting a balanced combination of mechanical strength and adhesion

properties.

The scratch track analysis, based on the SEM images presented in Figure 6.22, revealed
notable differences in the damage mechanisms among the samples. The uncoated substrate
exhibited pronounced chevron-shaped tensile cracks, indicating brittle failure under the
scratch-induced stress. In contrast, the coated samples displayed minimal tensile cracking,
suggesting that the coatings effectively distributed the applied loads and enhanced crack
resistance. In addition, substantial material removal was observed around the crack zones
in the uncoated substrate, indicating adhesive failure, whereas the coated samples exhibited
superior adhesion. At higher applied loads, tensile cracks and minor material detachment
were observed in S800 and S1200, as shown in Figures 6.22(f) and 6.22(h), respectively.

This indicated the presence of compressive residual stress within the coatings.

Page | 205



Chapter 6

j ;;Det«ached
pa rticles

» . % hepn
e .

“IDeformed |
nodules | Detached
" particles

Detahed

{\Tenqle g /pamcles
~_cra¢k
\De formed*
R = T~ nodules
|

L Cavities Deformed
i nodules

Figure 6.22. Surface morphology of scratch tracks under two distinct loads: (a) substrate,
3 N; (b) substrate, 6 N; (c) S400, 3 N; (d) S400, 6 N; (e) S800, 3 N; (f) S800, 6 N; (g)
S1200, 3 N; (h) S1200, 6 N; (i) S1500, 3 N; and (j) S1500, 6 N.
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It is important to note that crack formation is predominantly associated with tensile
residual stresses [279]. Unlike the lower-load tests, the higher-load scratch tests resulted in
particle detachment or spallation. A decrease in the surface roughness of the electroless
coatings led to a reduction in the crack formation and particle detachment. Notably, in
S1500, which exhibited the lowest roughness (S,), no cracks or debris were observed.
Instead, microscopic cavities and deformed spherical nodules are observed. The formation
of these cavities is attributed to multiaxial stresses arising from tensile forces acting both
parallel and perpendicular to the scratch direction [280]. The absence of cracks in S1500
indicates a stronger adhesion, which can be attributed to the increased attractive forces
between the coating layers. S400 and S800 exhibited moderate damage, characterized by
plowing effects, but without significant coating delamination, indicating a moderate
adhesion strength. Across all coated samples, the scratch tracks showed pronounced
plowing, resulting in the formation of scratch grooves. However, within these grooves,
plastic deformation occurred without complete dislodgement of the coating material,

further confirming the strong adhesion between the coating and substrate in all samples.

The scratch groove profiles obtained through non-contact optical profilometry, as
shown in Figure 6.23, demonstrate the impact of the surface roughness on material removal.
The corresponding scratch volume calculations, presented in Figure 6.24, further validated
these findings. As expected, an increase in the applied load resulted in wider and deeper
scratched grooves. S1200 exhibited the highest scratch volume loss, with values of 71.75
x 10 mm? at 3 N and 96.58 x 10 mm? at 6 N. The higher roughness of S1200 contributed
to this increased material loss because surface irregularities created stress concentration
points at the peaks and valleys, leading to localized stress intensification under mechanical
loading. These localized stresses promote crack initiation and propagation, and accelerate
material removal. Furthermore, the increased surface area owing to roughness amplifies
frictional forces during scratching, generating more heat and wear, ultimately resulting in

greater material loss [281].

In contrast, S1500, which exhibited the lowest surface roughness, recorded the smallest
scratch volume loss, measuring 28.1 x 10 mm? at 3 N and 70.55 x 10°® mm?® at 6 N,
highlighting its superior scratch resistance. The smoother coating surface minimized the
stress concentration effects and reduced the frictional forces, leading to a lower material
removal. Similarly, S800 followed a comparable pattern, with a lower material loss than

S400 and S1200.
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Figure 6.23. Surface topography of scratch tracks under two distinct loads: (a) substrate: 3
N; (b) substrate: 6 N; (¢) S400: 3 N; (d) S400: 6 N; (e) S800: 3 N; (f) S800: 6 N; (g)
S1200: 3 N; (h) S1200: 6 N; (i) S1500: 3 N; and (j) S1500: 6 N.
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EDS analysis of the scratched regions, as presented in Table 6.9, revealed that the
elemental composition remained largely unchanged compared to the unscratched areas.
This consistency in the elemental distribution after the scratch test indicated the strong

adhesion and resilience of the electroless coating.

Table 6.9. Elemental compositions (wt.%) of the scratched area under a 6 N load.

Sample Nickel, Ni Tungsten, W Phosphorous, P Cerium, Ce
S400 92.1 2.6 4.1 1.2
S800 90.7 3.1 4.4 1.8
S1200 90.5 3.6 4.8 1.1
S1500 91.6 3.1 3.8 1.4
120

I 3N (substrate seratch velume = 388.82 + 6.57)
I 6N (substrate scratch volume = 1006.32 + 30.72)
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Figure 6.24. Comparison of the scratch volumes under two distinct loads.

The stable elemental composition suggests that the coating effectively withstands the
mechanical stress without significant material loss. Furthermore, the surface texture of the
substrate, which was enhanced by polishing with different grit sandpapers, likely
contributed to the mechanical integrity of the coating, ensuring minimal disruption of the
elemental distribution, even after exposure to mechanical forces. S1500 retained a Ni
content of 91.6 wt.%, highlighting its superior adhesion properties, while S1200 exhibited
slightly lower nickel retention, suggesting greater material loss due to mechanical stress.

Given that these results were obtained for regions subjected to a higher load of 6 N, it is
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reasonable to anticipate that the elemental composition of the regions tested under a lower

load of 3 N would exhibit a similar trend.

The results clearly demonstrate a strong correlation between adhesion performance and
substrate roughness. Coatings applied to smoother substrates, such as the 1500 grit polished
surface, exhibit superior adhesion strength owing to the formation of a uniform and dense
coating layer with minimal defects. In contrast, coatings on rougher substrates, like the 400
grit polished surface, experienced higher material loss and crack propagation, indicating
weaker adhesion and increased brittleness. Although the 1200 grit polished substrate had a
relatively lower surface roughness, the coating formed on it exhibited greater roughness
than the other coated surfaces, leading to weaker adhesion. These findings highlight the
necessity of optimizing substrate surface roughness to achieve coatings with superior
adhesion and mechanical durability. Finer-polished substrates provide an ideal balance
between the adhesion strength and surface integrity, making them more suitable for
applications that require high-performance coatings with enhanced wear resistance and

longevity.
6.2.4 Characterization of electroless Ni-W-P-Ce coatings

S1500, which exhibited the lowest surface roughness, lowest scratch friction coefficient,
and highest scratch hardness and fracture toughness, was further analyzed through

microstructural characterization.

The XRD pattern of the coating (Figure 6.25(a)) reveals a single peak corresponding to
the face-centered cubic (FCC) structure of nickel in the (111) plane, located at 44.74°.
Notably, no distinct diffraction peaks were observed for the other elements within the
coating. The absence of visible peaks suggests that the presence of tungsten and phosphorus
contributes to an amorphous structure, which lacks the long-range atomic order required to
produce detectable peaks in XRD analysis. Additionally, the relatively low concentrations
of tungsten and phosphorus compared to nickel may result in overshadowed signals.
Moreover, the preferred orientation of the nickel crystals during the deposition process can
enhance the intensity of the nickel peaks, further masking the presence of alloying elements
and indicating that they may not form distinct crystalline phases within the coating [282].
The microstructural analysis of S1500 revealed a calculated crystallite size of 6.4 nm, with
a full width at half maximum (FWHM) value of 1.34165° and a d-spacing of 2.03 A. The

crystallite size, which refers to the dimensions of coherent scattering domains within the
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material, suggests that the coating falls into the ultrafine or nanocrystalline regime, as
crystallites smaller than 10 nm are typically classified in this category [89]. Given a

phosphorus content of less than 5 wt.%, the coating is categorized as a low-phosphorus
type [283].
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Figure 6.25. (a) XRD pattern and (b) FTIR spectra of Ni-W-P-Ce coating for S1500.

The relatively low phosphorus concentration alone was insufficient to significantly
distort the nickel lattice structure, resulting in the observed nanocrystalline structure.
However, the influence of tungsten and cerium on the microstructure is also significant. It
is well established that tungsten, in conjunction with phosphorus, affects the
microstructural characteristics of electroless Ni-W-P coatings, with up to 2 wt.% tungsten
being incorporated into the nickel lattice to influence grain refinement [201]. Additionally,
the incorporation of cerium, which has a considerably larger atomic radius (0.1824 nm)
than Ni, W, and phosphorus (0.1246, 0.139, and 0.106 nm, respectively), can lead to lattice

expansion. This expansion disrupts long-range atomic order, contributing to the amorphous

nature of the coating [102].

The FTIR spectra of the electroless Ni-W-P-Ce coating of S1500, presented in Figure
6.25(b), provide valuable insights into the structural and bonding characteristics of Ce
within the coating. Although present in minimal quantities, Ce plays a significant role in
influencing the microstructure and properties of coatings. Spectral analysis revealed
distinct peaks corresponding to cerium-oxygen interactions. The peak observed at 636 cm”
!is attributed to the presence of Ce-O bonds, confirming the incorporation of cerium oxide
within the coating. Additionally, the peak located at 984 cm™' corresponds to the Ce-O-Ce

bond, further verifying the formation of cerium-based compounds in the coating matrix.
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The presence of oxide-forming elements in electroless coatings has been found to greatly
enhance fracture toughness and wear resistance [284]. Hydroxyl-related vibrations were
identified in the spectrum, with prominent peaks at 1523 cm™ and 1685 ¢cm™!, which
correspond to the O-H stretching vibrations associated with adsorbed moisture. The broad
absorption band between 2000 and 500 cm™ further confirms the presence of hydroxyl
stretching vibrations. The detection of a peak at 2356 cm™! indicates CO, adsorption from
the surrounding environment, suggesting surface interactions with atmospheric carbon
dioxide. Moreover, the FTIR spectra revealed the presence of surface hydroxyl groups
associated with cerium hydroxide (Ce-OH), as indicated by the peaks at 3611 cm™ and a
strong peak at 3743 cm™!, which are characteristic of Ce-OH stretching vibrations. These
findings, supported by previous studies [285-287], suggest that the coating microstructure
is primarily characterized by two key functional groups: cerium-oxygen bonds and
hydroxyl groups, which contribute to the unique chemical and physical properties of the

coating.

The electrochemical characteristics of the electroless coating surface were affected by
the presence of the four different elements. The reactivities of the substrate and coating
(S1500) were evaluated using OCV, and the results are shown in Figure 6.26(a). The surface
potential increased after coating. Both the substrate and coating displayed a decrease in
potential, which shifted from -440 mV to -560 mV and -330 mV to -380 mV, respectively.
The substrate potential initially decreased and stabilized in the final stage, whereas the
coating potential continuously decreased steadily. The observed potential difference allows
the determination of reaction rates, where more negative potentials suggest easier oxidation
reactions [288]. Consequently, the substrate was expected to have a higher corrosion rate

than that of the coating.
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Figure 6.26. (a) OCV variation over 3600 s and (b) polarization plots for the substrate and
coating (S1500).
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The minimal variation in the open-circuit potential of S1500 suggested the presence of
a uniform coating layer. To assess the corrosion behavior, a linear potentiodynamic
polarization (LP) test was conducted, and the resulting Tafel plot is shown in Figure
6.26(b). The corrosion potential (E,..), corrosion current density (I.o.+), and Tafel slope
(Ba, Bc) were determined using the Tafel slope extrapolation method [289], and are

presented in Table 6.10.

Table 6.10. Tafel fitting results for the substrate and coating (S1500).

Ecorr (mV) Ieorr (WA/cm?) B, (V/decade) B (V/decade)
Substrate -661.361 204.030 95.0 183.2
S1500 -394.862 1.622 134.5 143.1

The potentiodynamic polarization curves depicted in Figure 6.26(b) illustrate the
corrosion behavior of both the electroless Ni-W-P-Ce coated sample (black curve) and the
uncoated low-carbon steel substrate (red curve). The coated sample demonstrated a more
positive corrosion potential (E.,..), Whereas the uncoated substrate exhibited a more
negative E.,.., indicating that the coating substantially improved the electrochemical
stability of steel. The shift towards a nobler E.,.. value for the coated sample suggests
enhanced resistance to corrosion initiation and greater chemical inertness, making it less
prone to anodic dissolution compared to the bare substrate. Furthermore, the coated sample
exhibited a lower corrosion current density (I.o.) than the uncoated substrate did. The
reduced current density in the coated sample indicates a lower current flow in the circuit,
implying higher resistance and superior corrosion protection. Conversely, the uncoated
substrate exhibited a significantly higher current density, indicating accelerated corrosion
owing to the direct exposure of steel to the electrolyte. The polarization curves also reveal
distinct anodic and cathodic slopes for both samples. The coated sample displayed a lower
anodic slope, suggesting a slower dissolution rate of the coating material, whereas the
uncoated substrate exhibited a steeper slope, indicating a more aggressive corrosion process
and higher material degradation. In addition, the coated sample presented a broader passive
region than the uncoated substrate, indicating the formation of a stable and protective oxide
or hydroxide layer on the coating surface. This passive film acts as a barrier, effectively
preventing further metal dissolution and safeguarding the underlying steel. In contrast, the
uncoated substrate lacks a well-defined passive region, leading to continuous active

corrosion across a wider potential range. The remarkably high corrosion protection
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efficiency of 99.2% achieved by the electroless Ni-W-P-Ce coating confirms its excellent
protective capability in aggressive environments. This superior performance can be
attributed to the unique, compact, and defect-free microstructure of electroless coatings.
Overall, potentiodynamic polarization analysis confirmed that the electroless Ni-W-P-Ce
coating significantly enhanced the corrosion resistance of low-carbon steel, making it a

viable option for applications under harsh environmental conditions.
6.3 Closure

This chapter explores the influence of key process variables on the initiation, growth, and
properties of electroless Ni-W-P-Ce coatings applied to low-carbon steel substrates. The
choice of activator solution significantly affected the coating adhesion. Hydrochloric acid
(HCI) activation proved superior to palladium chloride (PdCl) activation, likely owing to
the micro-roughening effect of HCI etching, which enhanced the mechanical interlocking
between the coating and the substrate. Bath loading was another critical parameter, with an
optimal value of 0.88 dm?.L"! identified to balance the deposition rate and bath stability.
Exceeding this value leads to the rapid depletion of reactants and accumulation of
byproducts, adversely affecting the coating quality. Substrate roughness plays a vital role
in the coating performance. The substrates polished to a finer grit (1500 grit) exhibited
more uniform nucleation and growth, resulting in denser, more homogeneous coatings with
better adhesion and mechanical properties. In contrast, coarser substrates showed faster
initial deposition, but irregular growth. The coating process progressed through distinct
stages of nucleation, growth, and densification. Finer substrates delayed visible nucleation
but facilitated more controlled growth, yielding smoother coatings. Mechanical testing
indicated that coatings applied to smoother substrates demonstrated superior scratch
hardness, fracture toughness, and lower friction coefficients. Among the substrates, the
1500-grit polished surface produced coatings with the best overall mechanical
performance. Microstructural analyses using XRD and FTIR revealed a nanocrystalline
structure with amorphous characteristics, which were influenced by the incorporation of W,
P, and Ce. The presence of Ce-O bonds and hydroxyl groups contributes to the enhanced
coating properties. The optimized coatings also exhibited exceptional corrosion resistance,

achieving 99.2% protection efficiency compared to the bare substrate.
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Chapter 7 Conclusions, major contributions and future scope of
work

7.1 Conclusions

This research comprehensively explored the development, characterization, and
optimization of electroless Ni-W-P-Ce coatings on low-carbon steel (AISI 1010), offering
insights into both the fundamental understanding and practical application of this surface

engineering technique.

The initial part of the study showed that a neutral bath with a pH of 7 to 7.5, stabilized
by thiourea, can deliver superior deposition rates and more uniform, high-performance
coatings compared to both acidic and basic baths. SEM analyses showed that the neutral
baths produced compact, nodular microstructures, whereas EDS confirmed a uniform
elemental distribution. Microhardness measurements revealed values over four times
greater than those of the substrate, primarily owing to the synergistic incorporation of
tungsten, phosphorus, and cerium. XRD analysis identified the phases of nickel, cerium

oxide, and cerium hydroxide with higher crystallinity in the neutral bath samples.

For the optimization of the Ni-W-P-Ce coating process parameters, the hybrid ANN-
Red Fox algorithm yielded the most suitable results, as evident from the minimal deviation
between the predicted and experimentally observed values of surface roughness,
microhardness, fouling weight, surface energy, and corrosion resistance. Both RSM and
sensitivity analyses identified the concentrations of nickel sulfate and sodium tungstate as
the most critical factors influencing coating properties. The optimal coating achieved a
surface roughness of 0.12 um, a microhardness of 726 HV, a 64% reduction in fouling
weight compared to the uncoated substrate, a surface free energy of 15.97 J/m? and a

corrosion protection efficiency of 98.73%.

By exploring a range from 0 to 14 mg/L Ce, the study identified an optimal Ce
concentration (8 mg/L) that yielded the highest deposition rate with smaller grains and
significantly improved functional properties, such as scratch hardness, wear resistance,
corrosion protection efficiency, and biofilm inhibition ability. However, the improvement
in properties was not monotonic with increasing Ce; beyond 8 mg/L, a further increase in
Ce concentration led to deterioration or plateauing of the benefits. Annealing the coating

by heating it to a high temperature, followed by furnace cooling, helped augment the
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coating properties to a greater extent. The coatings exhibited a silver-gray appearance, with
color changes observed after annealing at different temperatures, indicating changes in the

oxide films.

The final section of the study investigated the influence of key process variables,
including activator type, bath loading, and substrate surface roughness. HCI activation was
more effective than PdCl, activation in improving adhesion through micro-roughening. An
optimal bath loading of 0.88 dm?-L! balanced the deposition efficiency and bath stability.
Substrate surface preparation significantly influenced the coating morphology and
performance. Finer grit polishing (1500 grit) led to more controlled nucleation, uniform
growth, and superior mechanical properties, including higher scratch hardness, fracture
toughness, and reduced friction. The coatings underwent distinct stages of nucleation,
growth, and densification, resulting in dense nanocrystalline structures with amorphous
features. XRD and FTIR confirmed the presence of Ce-O bonds and hydroxyl groups,
contributing to the enhanced corrosion resistance, with protection efficiencies of up to

99.2%.
7.2 Major contributions

e Development of stable coating baths: The formulation and evaluation of four
distinct Ni-W-P-Ce electroless coating baths identified a neutral pH bath stabilized
with thiourea as the most effective for high-performance coatings.

e Optimization via hybrid ANN-metaheuristic techniques: A novel integration of
ANN models with metaheuristic algorithms (RFO, TLBO, and WOA), enabling
precise multi-objective optimization of coating parameters, with RFO showing the
best results.

e Functional role of cerium: Demonstrated the beneficial effects of cerium addition
on mechanical, corrosion, and antifouling properties while determining an optimal
concentration threshold (8 mg/L CeSOs).

¢ Influence of substrate preparation: The effects of the surface roughness, activation
processes, and bath loading on the coating deposition, growth, and resulting
properties were evaluated.

e Influence of post-treatment: Following coating, the samples underwent high-
temperature heat treatment, followed by furnace cooling, after which various

properties were evaluated.
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e Comprehensive microstructural and mechanical characterization: SEM, EDS,
XRD, XPS, FTIR, electrochemical, antibacterial, and mechanical testing to validate

the coating performance and elucidate the structure-property relationships.

These findings provide a foundation for advancing electroless Ni-W-P-Ce coatings in
multifunctional applications, particularly where corrosion, wear resistance, and biofouling
are critical. The multifaceted optimization strategy and insights into material behavior open

new avenues for future research and practical deployment.
7.3 Future scope of work

Building on the promising outcomes of the present study, several future research directions
can be pursued to further advance the understanding and applicability of electroless Ni-W-
P-Ce coatings. These coatings have demonstrated excellent functional properties in
controlled environments. However, a more comprehensive evaluation is essential for

establishing their performance and reliability under realistic service conditions.

First, the wear behavior of Ni-W-P-Ce coatings should be studied under various
environmental conditions that mimic real-world applications. For instance, their resistance
to fretting wear, which results from small-amplitude oscillatory motion between the
contacting surfaces, has not yet been explored. Fretting wear is particularly relevant in
applications that involve vibrations or repeated mechanical contact, such as aerospace
joints, bolted assemblies, and automotive components. Understanding the ability of
coatings to resist localized damage will expand their usability in high-performance

mechanical systems.

The galvanic corrosion behavior of Ni-W-P-Ce coatings requires thorough
investigation, particularly when paired with dissimilar metals in harsh environments, such
as marine or industrial settings, where galvanic interactions can accelerate degradation. In
addition, studying their tribo-corrosion performance, where wear and corrosion occur

simultaneously, is vital for components such as valves, pumps, and rotating machinery.

Furthermore, the incorporation of advanced functional nanoparticles, such as carbon
quantum dots, graphene, or metal-organic frameworks (MOFs), can be explored to
introduce novel functionalities into the coating. These additives may offer properties such
as self-healing ability, enhanced barrier protection, photocatalytic activity, or even

antimicrobial resistance, thereby expanding the application spectrum of Ni-W-P-Ce
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coatings into areas such as biomedical devices, food processing equipment, and marine

coatings.

The substrate versatility of Ni-W-P-Ce coatings is another domain warranting further
exploration. Although this study focused on low-carbon steel substrates, extending the
coating process to a broader range of materials, including polymers such as ABS,
engineering plastics, and lightweight metals such as aluminum, will help validate the

adaptability of the coating system across various industrial domains.

Finally, the long-term performance evaluation of Ni-W-P-Ce coatings under industrial
operating conditions is essential. While the current study focused on relatively short-term
measurements of corrosion and wear, extended duration testing, including aging studies,
accelerated corrosion tests, and real-time field exposure, will be crucial for assessing the
practical viability of the coating. Investigating the coating behavior of functional
components under actual load conditions will bridge the gap between laboratory-scale

research and industrial implementation.
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APPENDIX

The MATLAB codes used for the multi-objective optimization work presented in Chapter

4 are available at the following Google Drive link:

https://drive.google.com/drive/folders/1 70xRFoW8Kcro3H R8AZt1pS4VbBSog2y?usp=

drive_link

All relevant files should be opened in the editor window. Before running the main.m file,
the input and target datasets must be loaded into the MATLAB workspace and saved as

variables named inputData and targetData, respectively.
The functionality of each code file is outlined below:
trainANN.m: Contains the code for training the ANN, as described in Section 4.4.

sTLBO.m, WOA.m, RFO.m: Implement the metaheuristic algorithms TLBO, WOA, and
RFO, corresponding to Sections 4.4.1, 4.4.2, and 4.4.3, respectively.

objectiveFunction.m: Defines the objective function, as utilized in the optimization

process described in Section 4.4.
findNonDominated.m: Identifies non-dominated solutions, as explained in Section 4.4.
performSensitivityAnalysis.m: Executes sensitivity analysis, as described in Section 4.4.

visualizeSensitivity.m: Visualizes sensitivity results, corresponding to Subsections 4.5.3.3

and 4.5.3.4.

plot3DRadVisEnhanced.m: Generates plots for Pareto front and trade-off visualizations,

as shown in Subsection 4.5.3.2.


https://drive.google.com/drive/folders/170xRFoW8Kcro3H_R8AZt1pS4VbBSoq2y?usp=drive_link
https://drive.google.com/drive/folders/170xRFoW8Kcro3H_R8AZt1pS4VbBSoq2y?usp=drive_link
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