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ABSTRACT

Magnesium (Mg) alloys have emerged as promising candidates for resorbable implant
applications due to their favorable mechanical compatibility with natural bone and
inherent biodegradability. However, their rapid corrosion in physiological
environments restricts their clinical translation. This thesis presents a comprehensive
and eco-friendly surface engineering strategy integrating experimental development,
computational modeling, and data-driven multi-objective optimization to enhance the
corrosion resistance and biofunctional performance of Mg alloys for biomedical
applications. The study initially focuses on the development of environmentally
benign hydrophobic coatings based on stearic acid to mitigate early-stage corrosion.
Systematic variation of the coating temperature enabled the formation of metal—
stearate protective layers exhibiting improved surface hydrophobicity and reduced
corrosion Kinetics in simulated body fluid. Building upon this foundation, a hybrid
multi-objective optimization framework was implemented to convert hydrophobic
surfaces into superhydrophobic coatings using stearic acid and ZnCl.. Response
Surface Methodology (RSM-CCD), Artificial Neural Networks (ANN), and
evolutionary optimization algorithms (NSGA-II, TLBO, and MOPSO) were
integrated to simultaneously optimize the surface roughness, surface free energy, and
corrosion resistance. The optimized coating achieved a water contact angle of 152° +
1°, a corrosion inhibition efficiency exceeding 92%, and a significant reduction in
degradation rate, demonstrating the effectiveness of data-driven material design.
Subsequently, bioactive ceramic coatings consisting of hydroxyapatite (HA) and Zn-
doped HA were developed via dip coating to further regulate the degradation behavior
and enhance the biological response. Multiphysics simulations were employed to
model flow-induced shear stress under dynamic simulated physiological conditions
and correlate mechanical stimuli with corrosion behavior. Experimental
electrochemical analysis confirmed substantial reductions in the corrosion rate, while
comprehensive surface characterization and in vitro biological evaluations validated
improved cytocompatibility and cellular adhesion. The influence of post-deposition

heat treatment on chitosan/Zn-doped HA composite coatings was systematically
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investigated in this study. Controlled thermal processing optimized microstructural
consolidation, phase purity, and interfacial integrity, leading to enhanced corrosion
resistance and superior cellular response. Finally, finite element simulations further
elucidated the relationship between surface stiffness, morphology, and
mechanobiological interactions. Overall, this thesis establishes a scalable, eco-
friendly, and data-integrated surface-engineering framework for Mg-based resorbable

implants.
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Chapter 1

Introduction

1.1 Magnesium alloys: An overview

Magnesium (Mg) is the lightest structural metal, with a density of
approximately 1.74 g cm™, making it highly attractive for modern engineering
applications where weight reduction is critical. Its unique combination of low density,
high specific strength, excellent vibration damping capacity, and good thermal
conductivity has positioned magnesium alloys as promising materials across
automotive, aerospace, electronics, and biomedical sectors. The development of
magnesium alloys reflects a continuous interaction between scientific advancements,
industrial demands, and strategic requirements, highlighting both their potential and

inherent limitations [1].

Elemental magnesium was first isolated by Sir Humphry Davy in 1808, with large-
scale industrial production emerging in the late 19th and early 20th centuries. Its
strategic importance became evident during World Wars | and 1l, particularly in
lightweight aircraft and military applications. Early milestones include its use in racing
engine pistons by Dow Chemical in 1921, engine blocks in the Volkswagen Beetle in
the 1930s, and structural components in aircraft such as the Focke-Wulf 200C-3
Condor. By the mid-20th century, magnesium was extensively utilized in military

aircraft, including the B-36 bomber, underscoring its engineering significance [2].

In modern engineering practice, magnesium alloys have found wide industrial
applications in the automotive, aerospace, and electronics sectors. The automotive
industry accounts for approximately 70% of the global magnesium consumption, with
applications encompassing body systems, chassis systems, powertrain components,
and interior and exterior trim structures [3]. In electronics and consumer products,
magnesium alloys are increasingly replacing polymers due to superior electromagnetic
shielding, heat dissipation, dimensional stability, recyclability, and vibration damping.
Compared with aluminum and steel, they offer a higher strength-to-weight ratio,

excellent castability, and outstanding damping capacity. However, industrial adoption
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remains limited, with magnesium accounting for only ~0.4 wt. % of an average vehicle
in 2022. Its high cost, supply constraints, poor room-temperature formability, low
corrosion resistance, sustainability concerns, and limited manufacturing familiarity
continue to hinder its widespread implementation. Beyond structural applications,
magnesium alloys have emerged as promising materials for biodegradable biomedical

implants because of their bone-like elastic modulus and resorbability [4,5].
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Figure 1.1 Various applications of Mg alloy

1.2 Emergence of Magnesium Alloys in Biomedical Implants

The development of advanced biomaterials is critical for improving implant
performance and patient outcomes, particularly in orthopedic and cardiovascular
applications. Conventional metallic implants, such as stainless steel and titanium
alloys, provide high strength and biocompatibility but suffer from permanent
implantation—related limitations, including stress shielding, chronic inflammation, and
the need for secondary removal surgeries. These drawbacks have driven interest in
biodegradable materials that offer temporary mechanical support while actively
participating in tissue healing processes. Magnesium and its alloys have emerged as
leading candidates for resorbable implants due to their favorable mechanical
compatibility and biodegradability, with an elastic modulus (40-45 GPa) closer to that
of cortical bone than titanium or stainless steel, thereby reducing stress shielding.
Magnesium is also an essential biological element that is predominantly stored in the
bone and involved in cellular metabolism [6]. Although early clinical use was hindered

by excessively rapid corrosion and hydrogen evolution, advances in alloy design,
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processing, and additive manufacturing have reduced degradation rates to 0.02—0.36
mm-year~' while achieving tensile strengths of up to 365 MPa, enabling the successful
clinical translation of devices such as MAGNEZIX and Magmaris [7]. In addition to
providing mechanical support, magnesium implants exhibit bioactive degradation,
releasing Mg?** ions that promote osteogenesis, and their complete resorption
eliminates the need for implant removal [8]. Nevertheless, challenges related to rapid
and non-uniform corrosion, hydrogen evolution, and discrepancies between in vitro
and in vivo degradation rates persist, highlighting the need for advanced surface

engineering and precise control of the degradation kinetics.
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Figure 1.2 Schematic representation of the applications of magnesium (Mg)-based bioimplants in the
human body [9]

1.3 Challenges Associated with Magnesium-Based Implants

The principal barrier to the clinical translation of magnesium-based implants
is their uncontrolled and excessively rapid degradation in physiological environments.
Owing to the highly negative standard electrode potential of magnesium (~—2.37 V),
it is extremely susceptible to corrosion in aqueous media [10]. While bone remodeling
typically requires 24-32 weeks, most magnesium implants degrade within 6-12

weeks, leading to premature loss of mechanical integrity and compromised load-
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bearing capability well before the completion of tissue regeneration. This mismatch
between the degradation rate and healing time remains a critical limitation of

magnesium-based biomedical devices [11].

1.3.1 Accelerated Corrosion in Physiological Environments

The rapid deterioration of mechanical integrity arises from the complex
interactions between magnesium and the physiological environment. Bodily fluids
contain a high concentration of chloride ions (approximately 96-106 mEg/L) and
maintain a near-neutral pH of 7.4-7.6, conditions that significantly accelerate
magnesium corrosion compared with conventional aqueous solutions [12]. Although
a magnesium hydroxide layer initially forms on the implant surface, in the absence of
any protective layer, this film becomes unstable in the presence of chloride ion
concentrations exceeding ~30 mM and is converted into highly soluble magnesium
chloride, thereby accelerating corrosion. Given that physiological fluids typically
contain ~150 mM chloride ions, far exceeding this threshold, the rapid degradation of
magnesium implants becomes inevitable. Consequently, the ideal degradation rate of
approximately 0.17 mm-year! required for bone-supporting implants is rarely

achieved in practice [13].

1.3.2 Hydrogen Gas Evolution and Local Alkalization

A particularly problematic consequence of magnesium degradation is
hydrogen gas evolution, governed by the overall reaction in Equation 1.1 below [14]:

The rapid generation of hydrogen gas negatively impacts the surrounding tissues
because gas bubbles can accumulate at the implant—tissue interface and form cavities
that separate tissue layers, leading to subcutaneous swelling and delayed healing.
Hydrogen evolution rates as high as 0.01 mL-cm2-day ! have been reported for
magnesium alloys containing zinc, aluminum, and manganese. Simultaneously,

magnesium corrosion produces hydroxide ions that locally increase pH levels [15].
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Surface alkalization can adversely affect cellular activities and induce cytotoxic
responses or cell death. Unlike transition metal implants, such as titanium or stainless
steel, which often produce acidic corrosion environments, magnesium degradation
shifts the local environment toward alkalinity, creating an unfavorable

microenvironment for tissue integration and regeneration.

1.3.3 Biocompatibility and Cytotoxicity Concerns

Although magnesium is an essential element in human physiology and is
inherently biocompatible, excessive corrosion can generate high concentrations of
degradation products that compromise its biological compatibility. Rapid degradation
releases large amounts of Mg**, OH™, and alloying element ions, which may negatively
affect cell viability. According to the ISO 10993-5:2009 standards, cytotoxicity is
defined as a reduction in cell viability exceeding 30%, and numerous magnesium
alloys have been reported to exhibit cell viability below 75% in in vitro studies [16].
Biocompatibility concerns are further exacerbated by the alloy composition.
Aluminum, when present in large quantities, may cause adverse effects, including
neurotoxicity and impaired osteoblast function, and has been linked to neurological
disorders such as dementia and Alzheimer’s disease (AD). Similarly, certain rare-earth
elements, such as cerium, holmium, and praseodymium, have demonstrated
hepatotoxic effects. In addition, impurity elements, including iron, nickel, and copper,
act as strong cathodic sites, accelerating galvanic corrosion and further degrading
implant performance [17].

1.3.4 Localized Corrosion and Micro-galvanic Effects

Magnesium implants experience multiple corrosion modes simultaneously,
with surface and pitting corrosion being the most prevalent. Pitting corrosion is
particularly destructive because it initiates the localized breakdown of the surface film
and rapidly propagates into the magnesium matrix. The corrosion resistance of
magnesium alloys strongly depends on the uniformity and compactness of the surface
film; defects in this layer promote localized attacks and accelerated dissolution [18].

The presence of second phases, precipitates, and impurity particles introduces
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electrochemical heterogeneity, influence the grain size leading to the formation of
micro-galvanic cells. These cells accelerate localized corrosion by creating potential
differences between the magnesium matrix and secondary phases, ultimately causing

a rapid loss of load-bearing capability [19].

1.3.5 Stress Corrosion Cracking and Mechanical Instability

Under physiological loading conditions, such as walking and running,
magnesium-based implants are susceptible to stress corrosion cracking (SCC), a
particularly dangerous failure mechanism resulting from the combined action of
mechanical stress and corrosive environments [20]. SCC is characterized by the
initiation and propagation of fine cracks that may not be readily visible on the surface
but can lead to catastrophic, brittle failure. In vivo studies have shown that corrosion-
assisted cracking significantly reduces the lifetime and reliability of implants, making
mechanical performance prediction extremely challenging [21].
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Figure 1.3 Challenges Associated with Magnesium-Based Implants

1.4 Strategies to overcome the limitations of Magnesium Alloys
1.4.1 Bulk Engineering

Bulk engineering enhances the intrinsic properties of magnesium alloys via
compositional modification and thermomechanical processing. By refining the grain

structure, optimizing the phase distribution, and strengthening the matrix, the
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mechanical integrity is improved, and the corrosion behavior is moderated without

relying on the surface layers.
1.4.1.1 Bulk Alloying

Bulk alloying is an effective strategy for improving the mechanical properties
and corrosion resistance of Mg alloys without complex surface treatments. The
addition of selected alloying elements, particularly rare earth elements such as Ce, Y,
Gd, and Nd, promotes grain refinement and the formation of stable oxide layers,
resulting in enhanced strength and passivation. Grain refinement is the dominant
strengthening mechanism in magnesium alloys, which exhibit a high Hall-Petch
coefficient (200-300 MPa-um™'/?), indicating a strong sensitivity to grain size
reduction [22]. Multicomponent alloying enables synergistic strengthening through
solid solution and precipitation mechanisms, whereas elements such as Zn, Ca, Sr, and
Mn offer cost-effective and biocompatible alternatives to rare-earth additions. When
combined with thermomechanical processing, bulk alloying can produce magnesium
alloys with a superior strength—ductility balance, outperforming commercial alloys

such as WE43 in some cases [23].
1.4.1.2 Thermomechanical Processing

Thermomechanical processing is a powerful approach for enhancing the
mechanical and corrosion performance of magnesium alloys by exploiting their
improved deformability at high temperatures. Controlled deformation refines the
grains, homogenizes the microstructure, fragments the secondary phases, and
increases the dislocation density, thereby addressing the intrinsic limitations of as-cast
Mg alloys. Conventional processes such as hot extrusion, rolling, and forging-often
used sequentially-enable the simultaneous optimization of strength, corrosion
resistance, and biocompatibility, with hot extrusion being particularly effective for
biomedical Mg alloys. Severe plastic deformation techniques offer further refinement
but are limited by the component size. Consequently, the integration of optimized
alloy compositions with tailored thermomechanical processing is essential for

developing high-performance magnesium alloys for biomedical applications [24].
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1.4.2 Surface Engineering Approaches

Surface engineering plays a crucial role in enhancing magnesium alloys for
biodegradable implants by mitigating rapid corrosion and premature mechanical
failures. The objective is to control the degradation kinetics while maintaining the
mechanical integrity and biocompatibility during tissue healing. These strategies are
broadly categorized into surface modification, which alters the substrate without
forming a distinct layer, and surface coating, which deposits protective layers with
tailored properties. Both approaches are often integrated to create a controlled
interface between the magnesium substrate and the physiological environment,
ensuring regulated degradation and improved biological performance.

1.4.2.1 Surface Modification

Surface modification techniques are commonly employed as preliminary or
intermediate steps to tailor the surface chemistry, morphology, and reactivity without
significantly altering the bulk properties. These methods improve the initial corrosion
resistance, suppress early hydrogen evolution, and enhance the adhesion of subsequent

coatings, making them particularly relevant for biodegradable magnesium implants.
Anodization

Anodization is a cost-effective and environmentally compatible surface modification
technique for magnesium alloys that forms MgO/Mg(OH). layers in alkaline
electrolytes, reducing early hydrogen evolution and surface alkalization while
improving initial implant stability and cell attachment [25]. The coating morphology
and roughness can be tuned via anodization parameters, and the intrinsic porosity
supports controlled ion release for biodegradable applications. Fluoride-containing
electrolytes generate MgF.-rich layers with enhanced corrosion resistance, whereas
higher voltages induce plasma-assisted anodic oxidation, producing thicker, harder,
and more adherent ceramic-like coatings with improved bioactivity. However, the
inherent porosity and limited thickness of the anodic layers permit electrolyte ingress

over time. Consequently, anodization is often used as an interfacial or anchoring layer
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in hybrid coating systems to enable sealing treatments and achieve sustained corrosion
control and tailored degradation [26].

Chemical and physical treatments

Beyond electrochemical oxidation, chemical and physical treatments offer
complementary approaches to tailor magnesium alloy surfaces. These include
solution-based reactions and physical methods such as laser processing, thermal
treatment, and ion implantation [3]. Although they provide limited standalone
corrosion protection, they effectively modify the surface chemistry, morphology, and
surface energy, thereby enhancing the corrosion resistance and improving the

adhesion of subsequent coatings.
Chemical Treatments

Chemical treatments modify magnesium surfaces via spontaneous reactions in
alkaline or acidic solutions, forming thin protective layers without an external current.
NaOH produces Mg(OH): films with limited durability, while fluoride treatments
form MgF- layers that restrict chloride ingress but may reduce long-term bioactivity
of the coating. Phosphate coatings offer good insolubility and biocompatibility but are
brittle, whereas rare-earth (e.g., cerium) treatments generate thicker and more stable
corrosion-resistant layers through insoluble compound formation. Phytic acid
provides a biofriendly alternative, forming chelated surface networks that enhance the
adhesion of subsequent coatings. Although insufficient for long-term protection alone,
chemical treatments are effective as pretreatment layers in hybrid systems [27].

Physical and Laser-Based Treatments

Physical treatments alter the surface morphology and microstructure to influence the
degradation behavior. Laser surface modification refines grains, increases dislocation
density, and tailors electrochemical activity through rapid thermal cycling without
causing bulk distortion. Laser texturing improves coating adhesion by enhancing the
roughness, surface energy, and mechanical interlocking. When combined with micro-
arc oxidation or chemical functionalization, synergistic improvements in oxide

uniformity, superhydrophobicity, and corrosion resistance are achieved. However, an
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increased surface area may accelerate degradation, and long-term biocompatibility
data remain limited, underscoring the need for integrated surface engineering

approaches [28].

1.4.2.2 Surface Coating

While surface modification alters intrinsic surface properties, surface coatings
introduce distinct protective layers that act as physical and chemical barriers against
aggressive physiological environments. Coatings reduce corrosion Kkinetics by
hindering diffusion of corrosive species and can be engineered to promote bioactivity,
controlled degradation, and mechanical compatibility. For biodegradable magnesium
implants, coating strategies increasingly rely on multilayer and composite

architectures, often deposited by hydrothermal or dip-coating techniques.
Conversion coatings

Conversion coatings are chemically or electrochemically formed layers created by the
in-situ transformation of the magnesium substrate into adherent oxide or compound
phases, offering strong interfacial bonding and cost-effective corrosion protection for
industrial and biomedical applications. Phosphate-based coatings are environmentally
benign and widely applied. They are formed via magnesium dissolution in phosphoric
media and the precipitation of insoluble phosphates. They typically exhibit a duplex
structure with a dense inner layer and a porous outer barrier. Zinc phosphate systems
provide corrosion resistance comparable to chromates, while calcium phosphate
coatings yield biocompatible phases such as hydroxyapatite; however, high processing

temperatures, long treatment times, and brittleness may limit their durability [29,30].
Polymer, Ceramic and composite coating

Polymer, ceramic, and composite coatings represent advanced surface engineering
strategies for magnesium alloys, offering greater flexibility in tailoring corrosion
resistance, bioactivity, and degradation behavior compared to single-phase conversion
or oxide coatings. These coatings are typically deposited by dip coating, spin coating,
layer-by-layer assembly, or hydrothermal routes, enabling controlled thickness,

composition, and interfacial properties [10]. Their primary function is to form an
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effective physical and chemical barrier that limits corrosive ion transport while
supporting biological integration of the stent.

Polymer-Based Coating

Polymer coatings offer biocompatible and biodegradable barriers for magnesium
implants and can incorporate bioactive and therapeutic agents. Their effectiveness is
strongly governed by coating—substrate adhesion, which arises from hydrogen
bonding, chemical interactions, and, most critically, mechanical interlocking enabled
by surface roughness. Surface pretreatments, such as conversion coatings, enhance
polymer adhesion by increasing roughness and generating oxide species capable of
strong interfacial bonding [31]. For biodegradable implants, polymer degradation
must be synchronized with magnesium corrosion; however, the acidic degradation
products from common polyesters can locally alter the pH and accelerate corrosion.
Hybrid polymer—ceramic coatings address this limitation by combining corrosion
resistance with controlled degradation [32]. For example, dual-layer Poly-
trimethylene carbonate (PTMC-MAO) systems significantly reduce the corrosion
current density, maintain a near-neutral pH, and degrade uniformly while offering
additional functionalities such as drug delivery, highlighting the promise of polymer—

ceramic architectures for multifunctional biodegradable implants [33].
Ceramic-Based Coating

Ceramic coatings provide high hardness, chemical stability, and bioactivity, with
hydroxyapatite (HA) and calcium phosphate systems being particularly attractive for
orthopedic applications due to their similarity to bone mineral. HA coatings deposited
on magnesium by plasma spraying or hydrothermal methods enhance bioactivity but
suffer from an elastic modulus mismatch with magnesium, leading to interfacial stress,
coating fracture, and reduced corrosion protection [34]. To address this limitation,
intermediate organic or hybrid interlayers have been introduced into the device
structure. Multilayer architectures incorporating polymers or silica-based interlayers
improve stress redistribution, enhance interfacial bonding, and buffer hydrogen
evolution during magnesium degradation, thereby improving the durability of the

coating. Alternative ceramic systems, such as calcium silicate and bioactive glass,
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offer similar biocompatibility and enable therapeutic ion incorporation, supporting
multifunctional coating designs [35].

Hydrothermal Coating Deposition

Hydrothermal coating techniques offer distinct advantages for producing dense and
well-adhered ceramic and composite coatings on magnesium alloys. Conducted in
sealed autoclaves under elevated temperature and pressure, hydrothermal processing
promotes in situ crystal growth and strong interfacial bonding, resulting in coatings
with superior density and corrosion resistance compared to conventional chemical
deposition methods. Advanced hydrothermal strategies have enabled fabrication of
multilayer calcium phosphate-based coatings. For instance, zinc phosphate conversion
coatings followed by hydrothermal treatment produced dense phosphate/ZnO
multilayer systems with sealed microcracks and significantly enhanced corrosion
resistance on the AZ61 magnesium alloy. Such systems demonstrate the effectiveness
of hydrothermal processing as a post-treatment or secondary deposition route in

composite coating architectures [36]
Layer-by-Layer and Smart Coating Systems

Layer-by-layer (LBL) assembly enables precise control over coating thickness and
composition through sequential deposition, allowing tailored functionality on Mg
alloys. LBL architectures combining ceramic and polymer layers provide controlled
degradation, improved biocompatibility, antibacterial performance, and enhanced
mechanical stability by distributing stress across multiple interfaces. Advanced smart
coatings further incorporate self-healing functionality using inhibitor-loaded
microcapsules. For example, gelatin—chitosan microcapsules containing lanthanum
nitrate embedded in magnesium—cerium conversion coatings release inhibitors upon
crack formation, effectively suppressing localized corrosion and extending the coating

service life [37].
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Figure 1.4 Strategies to Overcome the Limitations of Magnesium Alloys

1.5 Optimization and Modeling in Surface coating of Mg Alloys

The performance of surface coatings on magnesium alloys is governed by a
complex interplay of multiple processing parameters, including precursor
concentration, pH, temperature, deposition time, surface pretreatment, and post-
deposition treatments. These parameters collectively influence the coating
morphology, thickness, adhesion strength, corrosion resistance, mechanical integrity,
and biocompatibility. Due to the strong interdependence and nonlinearity among these
variables, systematic optimization and predictive modeling have become essential
tools for designing high-performance coatings for biomedical and engineering
applications. Over the past few decades, optimization strategies have evolved from
empirical trial-and-error approaches to advanced data-driven and hybrid modeling

frameworks.

1.5.1 Traditional Optimization Techniques

Early efforts to optimize the surface coating processes on magnesium alloys
were predominantly empirical. Researchers typically employed a one-factor-at-a-time

(OFAT) strategy, wherein a single processing parameter was varied while all others
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were held constant to evaluate its influence on coating characteristics. Although
conceptually straightforward, this approach is inherently inefficient, time-consuming,
and resource-intensive. More importantly, it fails to capture interaction effects
between process variables, which are often significant in coating systems involving
coupled chemical reactions, diffusion processes, and interfacial phenomena. As a
result, OFAT-based optimization frequently leads to suboptimal parameter selection
and an incomplete mechanistic understanding. These limitations highlight the need for
more statistically rigorous and systematic methodologies capable of evaluating
multiple variables simultaneously, thereby motivating the adoption of formal design
of experiments (DoE) techniques [38].

1.5.2 Response Surface Methodology (RSM)

Response surface methodology (RSM) represents a major advancement in the
statistical modeling and optimization of coating processes characterized by multiple
interacting parameters. RSM integrates mathematical modeling with structured
experimental designs to establish quantitative relationships between independent
variables (process parameters) and dependent responses (such as corrosion rate,
hardness, coating thickness and surface roughness). Common experimental designs
employed in RSM include the central composite design (CCD) and Box—Behnken
design (BBD), which are selected for their efficiency in exploring multidimensional
parameter spaces while minimizing experimental runs. The resulting datasets are
typically fitted using second-order polynomial models, enabling the prediction of
response trends, identification of significant interaction effects, and determination of
optimal parameter combinations. RSM has been extensively applied in surface coating
studies to optimize electroless, sol-gel, hydrothermal, and polymer-based coatings on
magnesium alloys. Despite its effectiveness, RSM relies on predefined polynomial
assumptions and may struggle to accurately represent highly nonlinear systems or
complex physicochemical interactions beyond second-order behavior [39,40]. The

schematic of the RSM workflow has been shown in Figure 1.5.
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Figure 1.5 Schematic of the Response Surface Methodology (RSM) workflow showing the integration
of coating variables, experimental design, statistical optimization, and graphical analysis to determine
optimal coating parameters and performance outcomes

1.5.3 Artificial Neural Networks (ANNS)

Artificial neural networks (ANNSs) have emerged as powerful data-driven
modeling tools capable of capturing complex, nonlinear relationships between coating
parameters and performance outcomes. Unlike regression-based approaches, ANNs
do not require explicit functional assumptions and can learn directly from
experimental data through adaptive weight optimization. In the context of surface
coatings on magnesium alloys, ANNs have been successfully used to predict the
corrosion behavior, microhardness, surface roughness, and adhesion strength based on
multiple input variables. However, a key limitation of ANN-based models is their
dependence on sufficiently large and diverse datasets for stable training and reliable
generalization. Experimental coating studies often generate limited datasets due to
practical constraints. To address this challenge, data augmentation strategies, such as
interpolation between experimental points, stochastic perturbation within
experimental uncertainty, and synthetic sample generation, have been increasingly
explored. These techniques enhance dataset diversity, reduce overfitting, and improve
predictive robustness, thereby extending the applicability of ANN models for coating

optimization [39,40]. The schematic of an ANN has been shown in Figure 1.6.
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Figure 1.6 Architecture of the artificial neural network (ANN) model illustrating coating parameters
as inputs, nonlinear feature learning through hidden layers, and performance prediction at the output
layer

1.5.4 Metaheuristic Algorithms

Metaheuristic optimization algorithms have gained increasing attention for
solving complex multi-objective optimization problems associated with surface
coating design. Algorithms such as genetic algorithms (GA), particle swarm
optimization (PSO), grey wolf optimizer (GWO), and differential evolution (DE) are
particularly well suited for navigating high-dimensional, nonlinear, and multimodal
search spaces. In coating optimization, metaheuristic algorithms are often employed
to identify optimal process parameters that simultaneously satisfy competing
objectives, such as maximizing corrosion resistance while minimizing surface
roughness and degradation rate. These algorithms are population-based, do not require
gradient information, and are less prone to convergence at local optima compared to
traditional optimization techniques. Nevertheless, their performance depends strongly
on algorithm parameter tuning and the quality of the underlying predictive models.

Among the various metaheuristic approaches, the Teaching—Learning-Based
Optimization (TLBO) algorithm has gained attention due to its parameter-light
structure and fast convergence characteristics. TLBO mimics the pedagogical
interaction between a teacher and learners, where population improvement occurs

through teacher and learner phases without requiring algorithm-specific control
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parameters, making it computationally efficient and robust for coating parameter
optimization. For multi-objective problems, the Multi-Objective Particle Swarm
Optimization (MOPSO) algorithm extends the conventional PSO by incorporating
Pareto dominance and external archive mechanisms to obtain a diverse set of non-
dominated solutions. MOPSO is particularly effective in balancing conflicting
objectives, such as corrosion rate, surface roughness, and coating thickness, through
dynamic particle movement guided by personal and global best solutions. Similarly,
the Non-Dominated Sorting Genetic Algorithm 11 (NSGA-II) is a widely adopted
evolutionary algorithm for multi-objective optimization. It employs fast non-
dominated sorting, crowding distance mechanisms, and elitism to maintain the
solution diversity and convergence toward the true Pareto front. NSGA-I1 is especially
suitable for complex coating optimization problems involving nonlinear

interdependencies among process parameters and performance responses

1.5.5 Hybrid Approaches

Hybrid optimization frameworks represent the most advanced stage in the
evolution of coating process optimization. These approaches combine the strengths of
statistical methods, machine learning models, and metaheuristic algorithms to
overcome the limitations of individual techniques. Common hybrid strategies include
RSM-ANN, ANN-GA, and ANN-PSO models, where predictive models are
integrated with global optimization algorithms to efficiently identify optimal
parameter sets.

In surface coating applications for magnesium alloys, hybrid approaches have
demonstrated superior predictive accuracy, enhanced optimization efficiency, and
improved reliability in multi-objective decision-making. By coupling data-driven
learning with evolutionary optimization, these frameworks enable robust coating
designs tailored to specific functional requirements, making them particularly
attractive for biomedical implant applications, where performance constraints are

stringent.
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1.6 Cell-Surface interaction simulation

Cell-surface interactions critically regulate cellular adhesion, spreading,
migration, proliferation, and differentiation, thereby governing osseointegration and
long-term implant performance. Although experimental studies have confirmed that
surface chemistry, stiffness, and topography influence cell behavior, the direct
quantification of the mechanical stimuli experienced by cells at the cell-substrate
interface remains challenging. Mechanotransduction depends on local stress, strain,
and deformation transmitted through focal adhesions of the cytoskeleton. Variations
in substrate properties, such as elastic modulus, surface roughness, and post-
processing treatments, alter the mechanical microenvironment sensed by adhered
cells. Finite element (FE)-based computational modeling provides a powerful
complementary approach by enabling spatially resolved analysis of stress, strain, and
strain energy density (SED) within cellular components, parameters closely linked to
mechanosensitive cellular responses. Image-based FE models incorporating realistic
cell morphology, nucleus, and cytoskeletal structures further enhance predictive
capability, allowing systematic investigation of how surface modifications affect
intracellular mechanical stimulation. Coupling such cell models with substrates of
varying roughness or stiffness enables isolation of substrate-induced effects under
physiologically relevant loading conditions. In this work, FE-based cell-surface
interaction simulations are employed to elucidate how heat-treatment-induced surface
modifications influence the mechanical microenvironment of an adhered
mesenchymal stem cell. Analysis of strain and SED distributions provides mechanistic
insight into substrate-driven cellular stimulation, supporting the rational design of

surface-engineered bioactive and resorbable implant materials.

1.7 Motivation and Scope of the Present Research

Magnesium and its alloys have emerged as promising biodegradable materials
for temporary biomedical implants due to their favorable mechanical properties,
biocompatibility, and elastic modulus close to that of natural bone, enabling gradual
resorption and eliminating the need for secondary removal surgeries. However, their

high chemical reactivity in physiological environments necessitates effective surface
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modification to control degradation and preserve mechanical integrity during healing.
Bioactive ceramic, polymeric, and hybrid composite coatings offer versatile routes to
enhance corrosion resistance, surface stability, and biological compatibility, while
enabling tailored surface chemistry and morphology for improved cellular response.
Motivated by these challenges, the present research focuses on the development and
optimization of functional surface coatings on magnesium alloys through systematic
control of coating composition, processing parameters, and post-deposition treatments
to improve adhesion, corrosion resistance, and surface performance. The study
evaluates coating behavior under both static and dynamic conditions, investigates
cell-surface interactions, and integrates statistical optimization and multiphysics
simulations to elucidate degradation mechanisms under physiologically relevant
environments. Overall, this work aims to establish a comprehensive framework for
designing durable, biocompatible, and controllably degradable coatings for

magnesium-based implants.

1.8 Contribution and Outline of the Thesis

The thesis entitled “Eco-Friendly Surface Engineering of Magnesium
Alloys for Resorbable Implant Applications: Experimental, Computational and
Data-Driven Optimization Approaches” has been divided into seven chapters,
excluding the APPENDICES. An overview of the remainder of this thesis is

summarized below:

Chapter 2 presents a comprehensive literature review focusing on magnesium alloys
for biodegradable implant applications and the role of surface engineering in
controlling their degradation behavior. This chapter discusses various surface
modification techniques, including inorganic, organic, polymer-ceramic composite,
and superhydrophobic coatings, along with their influence on corrosion resistance,
surface properties, and biological response. The review also covers statistical
optimization approaches, machine learning models, and computational simulations

applied to coating design and performance evaluation.
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Chapter 3 presents the initial phase of this research, focusing on the development of
a hydrophobic coating on magnesium alloy via a hydrothermal process using zinc
chloride and stearic acid. This chapter establishes the fundamental coating formation
mechanism and evaluates its wettability, surface morphology, and corrosion behavior

in simulated physiological environments.

Chapter 4 builds upon this initial work by optimizing the developed coating system.
A structured design of experiments based on central composite design (CCD) within
response surface methodology (RSM) was implemented, followed by hybrid multi-
objective optimization using artificial neural networks combined with data
augmentation and metaheuristic algorithms. Through this optimization framework, the
coating performance was significantly enhanced, achieving a transition from
hydrophobic to superhydrophobic behavior while simultaneously improving surface

roughness, surface energy, and corrosion resistance.

Chapter 5 extends the study toward enhancing biofunctionality by introducing
bioactive composite coatings. Chitosan—hydroxyapatite (HAp) and chitosan-Zn-doped
HAp coatings were deposited on magnesium alloy using dip coating. Detailed
characterization (SEM, XRD, EDS, XPS) and dynamic degradation studies under
simulated physiological flow conditions were conducted, with results correlated to
fluid—implant-structure interaction simulations using COMSOL Multiphysics,
thereby integrating experimental and computational insights.

Chapter 6 further advances the coating system by investigating post-deposition heat
treatment as a strategy to enhance coating performance. The effects of heat treatment
on adhesion, surface characteristics, corrosion resistance, and biological response
were systematically analyzed. Additionally, finite element simulations were employed
to understand the influence of surface roughness on cell migration behavior, linking

surface engineering modifications with biological performance.

Finally, Chapter 7 presents a consolidated summary of the research work carried out
in this thesis and provides recommendations for future research directions. The

references cited in this study are listed at the end of the thesis.
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Literature review

2.1 Magnesium Alloys for Biomedical Applications

Magnesium and its alloys have emerged as transformative candidates for
biodegradable orthopedic implants due to their unique combination of mechanical
compatibility with bone and complete resorption capabilities, as demonstrated by
Aikin et al. [7]. These materials address persistent issues associated with permanent
metallic implants, including stress shielding and the necessity for secondary removal
surgeries. The utilization of Mg-based biomedical devices eliminates the need for
biomaterial removal surgery post-healing and mitigates adverse effects associated
with permanent biomaterial implantation, as noted by Amukarimi et al. [41]. As
promising biodegradable materials with nontoxic degradation products, magnesium
alloys have received increasing attention in the biomedical field due to their excellent

biocompatibility and unique mechanical properties.

2.1.1 Mechanical Compatibility with Bone Tissue

A distinguishing characteristic of magnesium alloys is their bone-mimetic
elastic modulus ranging from 10 to 30 GPa, which closely matches that of cortical
bone, as reviewed by Chaudhari et al. [42]. This similarity significantly reduces the
stress-shielding effect commonly observed with traditional metallic implants such as
titanium and stainless steel. Magnesium alloy AZ31 is highly valued for aerospace
components, medical implants, and prosthetics due to its exceptional mechanical
properties, with density and elastic modulus closely matching those of cortical bone,
according to Singh et al. [43]. The biodegradability further enhances its potential by
eliminating the need for secondary surgeries. The mechanical properties of natural
bone, Mg alloy and other candidate materials have been summarizing in the Table 2.1.
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Table 2.1 Comparison of properties of Mg alloy with other implant materials

: Density YS TS  Elongation Ref.
Materials / Alloys modulus o
(g/ce) (GPa) (MPa)  (MPa) (%)
Natural bone 1.7-2.0 320 60-90 80-150 1-6 [44]
SS-alloys 7.9-8.1 190-205 180-250 350-620 3040 [45]
Permanent
implant  Ti-alloys 4.4-4.5 110-117  270-400 460-900 8-15 [46]
materials
Co-Cr
8.3-9.2 210230 290410 530-950 30-40
alloys [47]
Me- 74
based 2'0 4145 120-180 140290 1-11 [44]
alloys '
Potential ~ Zn-based 7.14= o 106 115 205 160-390 3-15 48]
temporary alloys 7.3
implant
terial _
materials - Fe-based ;¢ ¢ 1 200205  140-260 210-360 30-45 [49]
alloys
PLA 1.9 ~ 2741 3-10 (501

2.1.2 Common Alloy Systems and Compositions

Several magnesium alloy systems have been extensively investigated for
biomedical applications. The AZ series (Mg-Al-Zn), particularly AZ31 and AZ91,
represents the most widely studied systems due to their favorable mechanical
properties. The WE series alloys, especially WE43 (Mg-4Y-3RE), are among the most
extensively studied and widely utilized magnesium alloys in clinical applications, as
reported by Dong et al [51]. Research outcomes have suggested that ZEK100, WE43,
and EW62 (Mg-6% Nd-2% Y-0.5% Zr) alloys are effectively used for biomedical
applications, having preferable biodegradable, biocompatible, bioactive implant

materials with a lower corrosion rate, according to Sharma et al. [52]. The ZK series
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(Mg-Zn-Zr), particularly ZK60, has also gained attention for cardiovascular and

orthopedic applications.

2.1.3 Essential Alloying Elements and Biocompatibility

The selection of alloying elements is critical for achieving the desired balance
between mechanical properties, corrosion resistance, and biocompatibility. Zinc is
considered the best candidate to improve the corrosion response and biocompatibility
of magnesium, as demonstrated in studies by Shuai et al. [53] Calcium additions have
been shown to improve mechanical properties and biocompatibility, with Mg-Zn-Ca
alloys being added to enhance these characteristics, according to Kim et al. [54]. The
hot-rolled Mg2.5Zn-0.3Ca alloy exhibits the lowest corrosion rate along with the
highest basal texture, where increasing the Zn/Ca atomic ratio intensifies the basal
texture and enhances corrosion resistance, as reported by Zhou et al. [55]. Rare earth
elements, while beneficial for corrosion resistance, require careful consideration

regarding their long-term safety and cost-effectiveness.

2.1.4 Current Biomedical Applications

Current biomedical applications of magnesium alloys encompass a broad
spectrum of clinical fields, reflecting their unique combination of biodegradability,
biocompatibility, and mechanical properties comparable to natural bone. In orthopedic
and trauma surgery, Mg-based fixation devices such as plates, screws, intramedullary
nails, spinal cages, and joint treatment rings have been extensively developed and
evaluated, with long-term clinical studies reporting excellent functional outcomes, low
complication rates, and the elimination of secondary implant removal procedures [56].
Systematic reviews and meta-analyses further confirm that absorbable magnesium
screws exhibit complication rates comparable to conventional titanium implants,
supporting their clinical feasibility in bone surgery [57]. In cardiovascular
applications, magnesium-based bioresorbable stents offer superior mechanical
performance over polymeric counterparts and address limitations associated with
permanent metallic stents, demonstrating controlled degradation, positive vascular

remodeling, and minimal long-term inflammatory response in preclinical studies [58—
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60]. In maxillofacial and dental surgery, Mg alloys-often combined with surface
treatments such as plasma electrolytic oxidation-are increasingly recognized as
promising alternatives to non-degradable metals for fixation structures, as reported by
Giavaresi et al. [61]. Recent Mg-based devices for biomedical applications have been
presented in the Table 2.2.

Table 2.2 Recent Mg-based biomedical devices

Device Name Application Ref

RemeOs™ screws Bone fracture fixation, deformity [62]
correction

MAGNEZIX® screws Hallux valgus surgery, orthopedic [63]
fixation

Magmaris (DREAMS 2@G), Coronary artery stent [64,65]

(DREAMS 3G)

JDBM-2 Cardiovascular stenting [66]

AMS-1 stents Peripheral arteries stent [67]

2.2 Corrosion Mechanisms of Magnesium in Physiological Media

2.2.1 General Corrosion Processes

Magnesium alloys undergo complex corrosion in physiological environments
due to their high chemical reactivity. Wei and Gao et al. [12] identified multiple
corrosion mechanisms in these media, including general corrosion, localized
corrosion, pitting corrosion, and degradation influenced by body fluid environments.
The electrochemical corrosion reactions of magnesium in physiological solutions are
fundamentally driven by the inherent electrochemical potential of the metal, which
undergoes anodic dissolution while simultaneously supporting cathodic hydrogen
evolution at the surface. The corrosion behavior exhibits crystallographic anisotropy-
a phenomenon investigated by Merson et al. [68] wherein different crystal planes
degrade at significantly different rates in physiological solutions. For instance, in a

0.9% NaCl physiological solution, corrosion rates vary substantially from 0.51
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mm/year on the basal (0001) plane to 0.98 mm/year on pyramidal planes,
demonstrating the critical influence of material microstructure on degradation kinetics.
The electrochemical corrosion process is significantly accelerated by the presence of
chloride ions in physiological media. Yang et al. [69] demonstrated that chloride ions
fundamentally alter the corrosion mechanism of magnesium alloys, shifting from
hydrogen embrittlement dominance in deionized water to anodic dissolution
dominance in chloride-containing solutions. Chloride ions penetrate and destabilize
the protective oxide/hydroxide layer on the magnesium surface, facilitating localized
corrosion initiation and accelerating overall degradation rates. Building on this
mechanism, Xu et al. [70] demonstrated, as illustrated in Figure 2.1, that Mg corrosion
in physiological media involves the formation of intermediate hydroxide and
phosphate-based layers, where Mg?* reacts with OH~ and HPO+> to form Mg(OH):
and MgHPO. deposits. However, chloride ion ingress disrupts these protective layers,
converting them into soluble MgCl. and sustaining continuous anodic dissolution.
This interplay between deposition and Cl-induced breakdown further reinforces the

dominant role of chloride ions in accelerating Mg degradation.

HPO,%> solution

~
insoluble
Mg>* OH H O mgloH), hydrophosphate
2
Dissolved Mg?*
Mg—>Mg2*+2e Mg?*+ HPO,>—>MgHPO,
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OH cl mg? SBF ions )
Cl- penetrate ® Clion

Mg substrate
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Figure 2.1 Schematic representation of corrosion mechanisms in Mg-based alloys under simulated
body fluid (SBF) conditions [70]
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2.2.2 Role of Serum Proteins, pH, and Surface Interactions in Corrosion

One critical factor affecting magnesium corrosion is the presence of serum
proteins and the pH of the physiological environment. Zhang et al. [71] demonstrated
that albumin, an abundant macromolecule in blood, significantly influences both
corrosion rates and the solubility of corrosion products in physiological systems. The
key mechanism involves albumin’s interference with the calcium-phosphate
passivation layer that forms on the magnesium surface. This passivation layer is
crucial for slowing degradation; its disruption leads to accelerated corrosion. pH plays
a fundamental role in controlling the stability of the protective oxide/hydroxide films
on magnesium surfaces. Kuznetsov and Frumkin (2021) et al. [72] showed that at
higher pH values (pH 10), protective hydroxide films such as Mg(OH). form more
readily and remain stable, significantly reducing corrosion rates. Conversely, lower
pH values in physiological environments can dissolve these protective layers,
promoting hydrogen evolution and accelerating the electrochemical dissolution
process. Gnedenkov et al. [73] observed that magnesium-calcium alloys exhibit lower
corrosivity in mammalian cell culture media compared to simple saline solutions,
suggesting that microstructural elements and corrosion products formed during
degradation collectively influence the overall corrosion trend. The surface condition
and composition of corrosion products directly affect the hydrogen evolution Kinetics
during the cathodic reaction, influencing the overall degradation rate and the risk of
hydrogen-induced embrittlement. Zhang et al. [71] reported that albumin significantly
modifies Mg corrosion behavior by increasing the solubility of corrosion products
through metal-protein complexation, thereby enhancing bioresorbability. As
schematically illustrated in Figure 2.2, albumin adsorption in saline media can initially
suppress corrosion via barrier formation, whereas in Ca/P-containing environments it
destabilizes protective passivation layers through Ca?* chelation, resulting in

accelerated degradation.
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Figure 2.2 (a) Albumin increases solubility via metal-ion chelation. (b) In normal saline, albumin both
inhibits corrosion through surface adsorption and promotes it via ion chelation. (¢) In Hank’s solution,
albumin accelerates corrosion by disrupting the Ca/P passivation layer and reducing free Ca*" [71]

2.2.3 Localized and Stress Corrosion Cracking: Microstructural Influence

The microstructure of magnesium alloys significantly affects their corrosion
susceptibility, a critical aspect of the surface condition and its electrochemical
response. Li et al. [74] investigated the coupling effect of grain size and residual stress
on intergranular corrosion behavior, demonstrating that these factors work
synergistically to determine corrosion susceptibility. In areas with residual tensile
stress (characterized by larger grains), the electrochemical corrosion reaction rate
accelerates, and corrosion cavities preferentially expand along grain boundaries,
allowing corrosive media and hydrogen ions to penetrate deeper into the material.
Conversely, regions with residual compressive stress and fine grains show reduced

electrochemical corrosion reaction rates at grain boundaries, resulting in a more
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uniform corrosion surface. This microstructural variation directly influences the
hydrogen evolution Kinetics, as areas of high electrochemical activity experience
enhanced hydrogen generation and absorption. Yang et al. [69] further elucidated that
magnesium alloys face challenges from stress corrosion cracking in physiological
environments through two distinct electrochemical mechanisms: hydrogen
embrittlement and anodic dissolution. The influence of surface condition and
microstructure on these mechanisms is profound in pure water, hydrogen
embrittlement dominates as the primary failure mode due to enhanced hydrogen
evolution at cathodic sites. Jiang et al. [75] demonstrated that SCC propagation in Mg—
Zn—Zr alloys is strongly governed by grain structure, with fine grains promoting
predominantly intergranular cracking, as also can be shown in Figure 2.3. In contrast,
bimodal structures exhibit mixed intergranular and transgranular modes, while coarse-
grained microstructures favor transgranular crack propagation. These observations

highlight the critical role of grain size distribution in controlling crack path evolution.

Figure 2.3 SCC behaviour of Mg—Zn—Zr alloy: (a) fine grains—intergranular cracking; (b—c) bimodal
grains—mixed intergranular and transgranular cracking; (d) coarse grains — transgranular cracking [75]
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2.3 Surface Engineering Strategies for Magnesium Alloys

Surface engineering represents a transformative approach to address the
fundamental limitations of magnesium alloys for resorbable orthopedic implants by
modifying surface chemistry, topography, and reactivity while preserving the bulk
mechanical properties essential for load-bearing applications. Two principal strategies
have emerged as particularly promising: superhydrophobic coatings that leverage
hierarchical surface architecture and low-energy materials for exceptional corrosion
suppression, and bioactive coatings incorporating hydroxyapatite, bioactive glass, and
biocompatible polymers to directly stimulate bone regeneration and biological
integration. This section critically evaluates these complementary approaches,
examining their mechanistic principles, fabrication methodologies, performance in
physiological environments, and remaining barriers to clinical translation for

biodegradable implant applications.

2.3.1 Superhydrophobic Coatings on Magnesium Alloys

Superhydrophobic coatings are an effective strategy to improve the corrosion
resistance of magnesium alloys by combining hierarchical surface roughness with low
surface energy. Such surfaces incorporate micro- and nano-scale features that entrap
air at the solid-liquid interface, thereby significantly reducing electrolyte contact with
the magnesium substrate. An et al. [76] reported that deep eutectic solvent
pretreatment followed by electrodeposition of cerium stearate on AZ31B magnesium
alloy produced a coral-like micro/nano architecture with a water contact angle of
154.7°, achieving a protection efficiency of 99.68% and decreasing the corrosion

current density from 1.79 x 10 to 5.57 x 1077 A-cm 2.

Recent advances have shifted toward environmentally benign surface modification
techniques that eliminate toxic fluorinated compounds without compromising
performance. Stearic acid and palmitic acid-based coatings represent a paradigmatic
eco-friendly approach, where Kalmoni et al. [77] successfully fabricated robust
fluorine-free superhydrophobic films using a mixture of two fatty acids, silica

nanoparticles, and polydimethylsiloxane via aerosol-assisted chemical vapor
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deposition. These coatings maintained superhydrophobicity following ultraviolet
exposure, heat treatment, 300 tape peel cycles, and organic solvent immersion,
demonstrating exceptional environmental stability without relying on per- and
polyfluoroalkyl substances. The scalability of such approaches was further validated
through inverse vulcanization polymer technology, where sulfur-based polymers
combined with carbon nanofibers and silica nanoparticles produced durable
superhydrophobic coatings that retained superhydrophobicity for 150 tape peeling

cycles, up to 250°C, and 6 hours of ultraviolet C exposure [78].

The corrosion protection afforded by superhydrophobic coatings on magnesium alloys
arises from multiple synergistic mechanisms. Hierarchical hybrid coatings composed
of polystyrene and zirconium dioxide have shown that air entrapment within micro-
nano surface features increase roughness by nearly four-fold, leading to a 90%
reduction in Mg** release and an 85% decrease in pitting corrosion depth compared to
uncoated substrates, as reported by Luis et al [79]. This enhanced performance is
attributed to the formation of a tortuous diffusion pathway for aggressive ions, reduced
wettability due to low surface energy, and the presence of entrapped air pockets that
interrupt continuous electrolyte contact with the magnesium surface. Although
extensive research has been conducted on magnesium alloy surfaces to develop
superhydrophobic coatings, many of the chemicals and methods employed are either

toxic in nature or comparatively expensive.

The toxicity levels and hazard statements of the chemical compounds were compiled
in Table 2.3 based on information provided in their respective Safety Data Sheets
(SDS), following the guidelines set by Regulation (EC) No 1272/2008. The SDS
documents were obtained from the websites of the respective chemical suppliers.
According to this regulation, chemicals are classified into four toxicity categories,
with Category 1 indicating the highest level of toxicity and irritation, and Category 4
representing substances that are considered practically non-toxic and non-irritant [80].

Page | 30



Chapter 2

Table 2.3. Chemical substances and their associated hazard statements in accordance with Regulation
(EC) No 1272/2008 [80]

Chemical Toxicity level

Hazard statement

HF

CI’O3

PdCl

HNO;

H>SOq4

NiCl;

NiSOq4

NH4HF>

KF

Category 1

Category 1

Category 1

Category 1,
Category 3

Category 1
Category 1,
Category 3

Category 1

Category 3

Category 3,
Category 2,
Category 4

H300, H310, H330, H314, H318, H319,
H300+H310+H330

H301, H312, H314, H271, H350, H318, H311,
H361F, H330, H317, H272, H334, H335, H372,
H400, H410, H340

H317, H410, H290, H400, H302, H318

H331, H290, H272, H314

H314, H290

H301, H317, H319, H331, H334, H341, H3501,
H372, H410

H334, H315, H302, H372, H319, H360D, H317,
H332, H341, H350i

H301, H314, H318, H331, H335

H301, H311, H315, H319, H373

2.3.2 Bioactive Coatings for Magnesium-Based Implants

2.3.2.1 Hydroxyapatite-Based Coating Systems

Hydroxyapatite (HAp) coatings are widely regarded as the gold-standard

bioactive surface modification for magnesium implants due to their compositional

similarity to bone mineral and strong osteoconductive behavior. Chaudhari et al. [42]

reported that HAp coatings reduce magnesium corrosion rates to ~0.25 mm-year™'
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compared to >2 mm-year' for bare Mg, while significantly enhancing osteoblast
adhesion and bone formation. These benefits arise from combined barrier protection,
controlled release of Ca** and PO.+* ions, and biomimetic surface chemistry that

promotes protein adsorption and integrin-mediated cell signaling.

2.3.2.2 Chitosan/Hydroxyapatite Composite Coatings

Polymer—ceramic composites have emerged as multifunctional coatings with
improved adhesion, mechanical compliance, and biological performance. Groza et al.
[81] investigated Mg-doped HAp/chitosan coatings fabricated by RF magnetron
sputtering and modified via electron beam irradiation. The coatings promoted
formation of carbonated, B-type substituted apatite layers, enhanced MG63 osteoblast
attachment, and increased proliferation, with nanoscale surface features (60-200 nm)
effectively tuning cell responses without compromising crystallinity. Iconaru et al.
[81] further demonstrated that Mg-doped HAp/chitosan composites exhibited dose-
dependent antifungal activity against Candida albicans while maintaining excellent
cytocompatibility with MG63 cells. Optimal Mg concentrations (0.08-0.3 mol
fraction) provided simultaneous antimicrobial efficacy and biocompatibility through
synergistic electrostatic interactions and controlled Mg** release. A more complex
multifunctional design was reported by He et al. [82], who developed a vancomycin-
loaded PLGA/HAp/chitosan coating system. This ternary composite achieved low
corrosion rates (0.27 £ 0.03 mg-cm'-day '), near-physiological pH (~7.2), sustained
antibacterial release against resistant strains, enhanced alkaline phosphatase activity,
and improved cell viability, simultaneously addressing corrosion, infection, and

osseointegration.

2.3.2.3 Zinc-Doped Hydroxyapatite Coatings and Dopant Effects

Zinc incorporation into hydroxyapatite significantly enhances osteogenic and
antimicrobial performance. Ullah et al. [83] synthesized Mg/Zn co-doped HAp
coatings and showed that 5 wt% Mg and 5 wt% Zn promoted osteoblast proliferation
while exhibiting strong antibacterial activity against S. aureus and E. coli . Structural

modifications induced by Ca-site substitution increased ion release kinetics and
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bioactivity, supported by first-principles calculations. Hou et al. [84] developed Zn-
SrMg multidoped HAp coatings using atmospheric plasma spraying, achieving
superior osteogenic gene expression and antibacterial activity against periodontal
pathogens. In vivo rat studies confirmed enhanced bone formation along implant
threads, demonstrating the synergistic benefits of combining osteogenic (Mg, Sr) and
antimicrobial (Zn) dopants. Mechanistic insights into Zn antimicrobial action were
provided by Hamza et al. [85] who showed that Zn-doped HAp nanoparticles disrupt
bacterial membranes and DNA in a dose-dependent manner. High Zn?' content
produced inhibition zones exceeding 25 mm against Klebsiella and S. aureus, while
careful compositional control-maintained osteoblast compatibility. A summary of
ceramic and ceramic-polymer composite coatings on magnesium-based alloys,

compiled from recent literature, is presented in Table 2.4.

Table 2.4 Summary of ceramic and ceramic-polymer composite coatings on magnesium-based alloys

Ref
Alloy Compounds Coating Application Key
Enhanced
. ) corrosion
Ceramic (MgO and Micro-arc ' _
ZK6 _ _ o Orthopedic  resistance
Mg2Si04) + Gallic oxidation ) [86]
0 _ implants and
acid (MAO)
osteoblast
activity
Corrosion
‘ Plasma current
Mg-  Mg:SiO4 + ) ) ]
electrolytic biomedical reduced by
Mn-  Polytetrafluoroethylen [87]
oxidation applications >3 orders;
Ce e (PTFE)
(PEO) 27x% less
wear;
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Improved

Hydroxyapatite (HA) ~ corrosion
AZ3 . ~ Hydrothermal  Orthopaedi '

+ Chitosan-metformin . resistance, [88]
1 treatment ¢ implants

(CS-MF) Osteogeni

c activity

Better

. Anodization + corrosion
ZK4  Hydroxyapatite (HA, _ Implant ‘
electrochemica ) resistance  [89]
1 CaP-based) . material
1 deposition than

uncoated
Reduced
corrosion
rate in
Hank’s
) ) solution,
Calcium phosphate ‘ _ Biodegrada _
Mg Spin-coating Formation
(CaP) + Chitosan -ble [90]
-Zn method of
Water glass implants _
protective
Magnesiu

m/Calciu

m silicate

2.4 Dynamic Corrosion and Flow-Induced Shear Stress (FISS)

Flow-induced shear stress (FISS), defined as the product of fluid viscosity and
velocity gradient at the solid—liquid interface, significantly influences magnesium
degradation behavior. Ferroni et al. quantified physiologically relevant ocular shear
stresses (0.01 and 0.032 Pa) using CFD-coupled bioreactor systems and demonstrated

a pronounced acceleration of magnesium corrosion under dynamic conditions
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compared to static immersion [91]. Zhang et al. [92] reported that vascular
environments experience substantially higher and spatially heterogeneous shear
stresses, typically 1-6 Pa under normal arterial flow and up to 10-20 Pa in pathological
conditions, resulting in enhanced mass transport and diffusion boundary layer
disruption at implant surfaces. Ren et al. [93] identified flow erosion, corrosion
fatigue, and stress—corrosion coupling as dominant degradation mechanisms
governing magnesium alloy performance under physiological conditions. Similarly,
Shang et al. [94] observed significantly accelerated corrosion of pure Mg, AZ31, and
WE43 alloys under dynamic flow, with implications for both endothelial response and

premature implant failure in vascular applications.

Juan Wang et al. [95] employed computational fluid dynamics (CFD) simulations to
predict the distribution of flow-induced shear stress (FISS) on MgZnCa alloy surfaces
in a vascular bioreactor. Using COMSOL Multiphysics, DMEM at 37 °C was modeled
as an incompressible Newtonian fluid (viscosity = 0.78 mPa-s, density = 0.99 g cm™),
with laminar flow conditions applied over inlet flow rates of 0-40 mL min'. The
simulations showed that surface shear stress increased monotonically with flow rate,
ranging from 0 to 0.62 Pa, with higher flow producing more localized shear stress
distributions. By coupling shear stress to mass transfer using the Chilton—-Colburn
analogy, the authors demonstrated that increased FISS enhanced corrosion product
removal, promoting relatively uniform corrosion at low shear and localized corrosion
at higher shear stresses. The Table 2.5 presents the flow-induced shear stress (FISS)
values of magnesium and magnesium-based alloys across different flow rate or
velocity ranges, along with their respective application areas and the key findings
reported in each study. While previous studies have provided valuable insights into
flow-induced corrosion of Mg alloys, they are often limited to simplified flow
conditions and narrow FISS ranges, with insufficient consideration of coating stability
and long-term degradation behavior. Therefore, the integration of surface engineering
approaches with dynamic corrosion studies should be considered a significant focus

for future research.
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Table 2.5 Summary of Dynamic Corrosion behavior and FISS in Mg-Based Alloys

Flow
FISS
Alloy / Application Velocity / ‘
Range Key Observations Ref
Material Area Flow
(Pa)
Rate
Corrosion increases
with FISS; pitting
Cardiovascular 040 0-0.62  severity and depth
AZ31 _ ' . [96]
stents ml/min Pa increase; corrosion
products removed
under flow
Higher FISS leads to
MgZnCa  Invitro vascular 5-40 0.07- higher localized 7]
alloy simulation ml/min 0.62 Pa  corrosion coverage
(up to ~59%)
~107° Higher flow
Porous
Bone scaffold 0.025 - order accelerates
Mg (30 |
550, (cancellous 0.8 (very degradation and [98]
0
‘ bone) ml/min lowPa  reduces mechanical
porosity)
range) strength
Dynamic flow
significantl
Pure Mg, s Y
Cardiovascular 0.1 m/s— ~0.68 accelerates
AZ31, . [94]
stents 0.6 m/s Pa corrosion; AZ31
WE43 .
shows best corrosion
resistance
100 1.86
Coated ) ) .
Biodegradable =~ ml/min— x10°  Coatings reduce
Mg-based ) [99]
implant 2000 pato corrosion under flow
alloys

ml/min 2.71 pa
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2.5 Optimization Techniques in Surface Engineering

Design of Experiments (DoE) and Response Surface Methodology (RSM) are
widely employed in surface engineering to systematically model the relationships
between coating process parameters and performance responses while minimizing
experimental effort. Sathiyamoorthy et al. [100] utilized a Central Composite Design-
based RSM approach to optimize porosity and hardness of HVOF-sprayed TiO-
coatings on magnesium alloys, demonstrating strong agreement between predicted and
experimental results and confirming RSM’s effectiveness in identifying optimal spray
conditions. Similarly, Bukhari et al. [101] integrated RSM with finite element analysis
to optimize dental implant coatings, identifying coating thickness as the dominant
factor influencing mechanical stability. The strong agreement between RSM
predictions and simulations (R2 > 0.95) underscores its reliability as an efficient multi-

parameter optimization tool.

Complex coating design often requires balancing conflicting objectives, such as
minimizing porosity while maximizing hardness or corrosion resistance with
bioactivity. RSM addresses this using desirability functions, converting multiple
responses into a single objective to identify optimal compromise conditions.
Hernandez et al. [102] applied RSM with desirability function analysis to optimize
machining parameters, simultaneously minimizing surface roughness and maximizing
tool life. By incorporating weighted objectives, the approach enabled systematic trade-

off analysis and identification of balanced optimal conditions.

A critical strength of RSM resides in its integrated statistical framework providing
quantitative assessment of model reliability through Analysis of Variance (ANOVA),
coefficient of determination (R?) values, and lack-of-fit tests. Aristizbal-Alzate et al.
[103] highlighted that integrating DOE, ANOVA, and RSM in catalysis effectively
quantifies relationships between variables and responses. Analysis of ANOVA and R?
values identifies significant factors and ensures statistically reliable optimization,

distinguishing true effects from random variation.
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Machine learning (ML), particularly deep neural networks and ensemble models, has
emerged as a powerful tool for materials and coating design by capturing complex
non-linear relationships beyond the capability of conventional statistical methods. Jain
et al. [104] reviewed ML pipelines for solid-state electrolyte discovery, demonstrating
that graph-based and transformer neural networks achieve high predictive accuracy
for ionic conductivity across large chemical spaces without manual feature
engineering. Sun et al. [105] developed an integrated ML framework combining
feature extraction, selection, and deep learning to predict thermoelectric performance,
achieving high predictive accuracy (R? = 0.90-0.95) and identifying candidate

materials later validated by density functional theory.

Recent advances also emphasize model interpretability through feature-importance
analysis. Wu et al. [106] applied SHAP analysis to ML-based phase stability
prediction, identifying key compositional and thermodynamic descriptors governing
phase formation. Fu et al. [107] and Nandurkar et al. [108] showed that explainable
ML models using SHAP and LIME achieve high accuracy (R? =~ 0.91-0.94) while
identifying key factors influencing performance. For Mg coatings, such approaches
can pinpoint critical variables governing corrosion, bioactivity, and mechanical

properties, enabling targeted optimization over exhaustive experimentation.

Chen et al. [109] used machine learning to predict density and volume of Mg-
containing phases, with Random Forest achieving the highest accuracy for volume (R2
> 0.96) and SVM for density (R2 = 0.885). Feature analysis showed volume depends
on atomic count, while density is governed by atomic mass and stoichiometry,
highlighting ML’s role in uncovering structure-property relationships. Similarly, Wu
et al. [106] combined deep neural networks with density functional theory validation
to predict the structural stability of layered oxide cathode materials, highlighting the
effectiveness of ML-driven screening supported by first-principles verification.

Metaheuristic algorithms, including genetic algorithms (GA) and particle swarm
optimization (PSO), are widely applied in surface engineering for multi-objective
optimization due to their ability to avoid local optima and efficiently search high-

dimensional parameter spaces. Mohankumar et al. [110] integrated RSM with PSO to
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optimize AA2024/A1.0; coatings, where PSO achieved lower wear loss than RSM,
demonstrating its advantage in parameter refinement. Advanced variants like MOPSO
and GA-PSO hybrids further enable simultaneous optimization of competing
objectives through Pareto-optimal solutions. Wu et al. [111] demonstrated that
GAPSO significantly outperformed conventional design strategies by achieving

substantial performance improvements unattainable through parameter sweeps.

Multi-objective formulations using Pareto fronts are particularly relevant for coating
systems requiring trade-offs between corrosion resistance, mechanical integrity, cost,
and bioactivity. Shao et al. [112] proposed an improved MOIPSO incorporating non-
dominated sorting, crowding distance, and adaptive mutation, which outperformed
existing algorithms on benchmark and real engineering problems. Recent studies
increasingly employ hybrid metaheuristic frameworks, leveraging GA’s global
exploration and PSO’s fast convergence; Hu et al. [113] showed that GA-PSO hybrids
consistently outperform standalone algorithms in multi-objective optimization tasks.
Beyond classical methods, emerging algorithms such as the Slime Mould Algorithm
and adaptive metaheuristics further enhance optimization performance by dynamically
balancing exploration and exploitation, achieving superior results in complex
engineering systems [114]. Some of the other studies of application of prediction and

optimization algorithms have been represented in the Table 2.6 below.

Table 2.6 Optimization approaches in Mg alloy surface engineering for resorbable implants:
algorithms, applications, outcomes, and key references

Algorithm/Method Application Key Outcomes Ref.
Design of Reduced corrosion rate; Ra
MAO coatings on
Experiments minimized to ~0.28 pm
Mg for corrosion
(DoE)/RSM ‘ under cryogenic conditions  [115]
control; turning of ) ]
(Response Surface with optimal V=150
AZ31 Mg alloy )
Methodology) m/min, {=0.10 mm/rev
o develop and Surface roughness (Ra) was
Statistical o
optimize a reduced from 450 nm to 70  [116]

Optimization (e.g., . ‘
magnetic field- nm (84.5% improvement),
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RSM-CCD in assisted finishing alongside a robust RSM
coatings) process (MFAFP)  model with only 1.92%
on for Co-Cr-Mo prediction error validated

biomaterial alloys  experimentally

‘ accurately predicted alloy
Design of

biodegradable Mg ' '
ANN/Fuzzy mechanical properties (UTS [117]

alloys for vascular
~ 346 MPa, YS =~ 231 MPa,
ductility = 15%)

compositions with excellent

stent systems

Significantly reduced

L surface roughness
Optimization of

Metaheuristic o (13.36%), cutting force
. end-milling
Algorithms (ABC, (15.35%), and temperature  [118]
parameters for
GBA, TLBO) (35.91%), with high

AZ31-Si:N4 alloy
prediction reliability

(~95%)

Collectively, these studies demonstrate the growing effectiveness of metaheuristic
and hybrid optimization strategies for addressing multi-objective challenges in
advanced coating and magnesium alloy design.

2.6 Post deposition treatment and cell-surface Interactions

Post-deposition treatments play a decisive role in tailoring the surface
properties of magnesium (Mg) alloys, directly influencing corrosion behavior,
bioactivity, and cell-material interactions in resorbable implant applications. Among
various strategies, plasma electrolytic oxidation (PEO) followed by polymeric or
composite top-coatings has emerged as an effective route to overcome the inherent
rapid degradation of Mg alloys while promoting cytocompatibility.

Usmaniya et al. [119] demonstrated that post-treatment of PEO-coated Mg alloys with
biodegradable polymers such as polycaprolactone (PCL) and polylactic acid (PLA)
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markedly enhances corrosion resistance and cellular response. A PLA top-coat on
PEO-treated AZ31 reduced corrosion current density by over two orders of magnitude
relative to PEO alone, demonstrating effective electrolyte sealing. Incorporation of
hydroxyapatite (HA) into polymer matrices further enhanced both corrosion resistance
and biocompatibility. Chitosan coatings are particularly promising due to their
biodegradability, antibacterial activity, and hydrogen-bonding interaction with
MgO/Mg(OH)2, which improves coating stability and supports apatite nucleation. The
addition of bioactive glass (BG) to chitosan increased coating thickness and adhesion
strength, achieving more than a 300-fold improvement in corrosion resistance. Si-O
groups in BG further promoted calcium adsorption and hydroxyapatite formation,
enhancing biomineralization and cell adhesion. Beyond surface chemistry, post-
deposition treatments also modify surface topography and wettability, both of which
are critical determinants of cellular behavior. Wang et al. [120] showed that micro-
and nano-scale surface geometries influence cell adhesion through mechanisms that
extend beyond conventional roughness parameters. The concept of “stereo coverage”
was introduced to describe the effective cell-surface contact on complex topographies,
highlighting the importance of geometric design in regulating adhesion density and
spreading. Cell-surface interactions are further governed by mechanotransduction
mechanisms, wherein cells sense substrate stiffness and topographical cues through
integrin-mediated focal adhesions. Ingber et al. [121] established those cellular
responses such as adhesion, proliferation, and differentiation are regulated by
cytoskeletal tension and mechanical coupling between the extracellular matrix and
intracellular structures. Substrate stiffness has been shown to direct lineage-specific
differentiation, with Chen [122] reporting stiffness-dependent regulation of focal
adhesion maturation and signaling pathways. At the nanoscale, surface modifications
such as nanorods and nanotubes have been shown to significantly enhance cell
migration and osteogenic potential. Gupta et al. [123] demonstrated that TiO2 nanorod-
modified surfaces induce higher local strain energy densities at the cell-substrate
interface, facilitating cell migration and improving osteogenic response compared to
flat surfaces. These findings underscore the importance of post-deposition nano-

engineering in optimizing cell-material interactions.
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Overall, post-deposition treatments combining polymer sealing, bioactive ceramic
incorporation, and controlled micro-/nano-topography effectively regulate corrosion
behavior, biomineralization, and mechanobiological responses. Such strategies are
essential for designing next-generation resorbable Mg implants with predictable
degradation and enhanced biological performance. Figure 2.4 illustrates the 150 most
significant keywords identified in recent research papers concerning magnesium and

its alloys, ranked by their thematic relevance.
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Figure 2.4 Network visualization among different keywords in Mg-related papers [124]

2.7 Summary of Literature Gaps

e Despite substantial progress in biodegradable magnesium (Mg) alloys for
resorbable implant applications, clinical translation remains limited by
uncontrolled surface-driven degradation and insufficient understanding of bio—
interface interactions, rather than bulk material constraints. Although alloy
design strategies such as grain refinement, alloying, and thermomechanical

processing improve intrinsic corrosion resistance and mechanical properties,
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they provide limited control over interfacial reactions governing in vivo
degradation kinetics, hydrogen evolution, and cellular response.

Surface engineering has therefore gained prominence; however, existing
coating approaches suffer from critical limitations, including reliance on toxic
or costly chemicals, environmentally unsustainable and energy-intensive
multi-step processes, and poor scalability for biomedical deployment. So,
investigation of on cost-effective, eco-friendly coating is indeed necessary.
Moreover, systematic investigations on composite coatings incorporating
natural biomaterials such as chitosan and hydroxyapatite (HAp) and the role
of HAp doping in enhancing surface protection remain limited, restricting the
development of stable, bioactive, and clinically viable Mg implant surfaces.
Another notable gap lies in the limited integration of data-driven approaches
in Mg surface engineering research. Although artificial intelligence (AI) and
machine learning (ML) techniques offer powerful tools for multi-parameter
optimization, their application in this field remains sparse. This limitation is
primarily attributed to the lack of structured, high-quality experimental
datasets, minimal use of data augmentation strategies, and insufficient
adoption of hybrid or multi-stage optimization frameworks that combine
statistical, metaheuristic, and physics-based models. Consequently, most
optimization efforts remain confined to conventional one-factor-at-a-time or
single-technique  approaches, restricting predictive capability and
generalizability.

Furthermore, the majority of corrosion and degradation studies are conducted
under static in vitro conditions, which do not accurately replicate the dynamic
physiological environment experienced by implants in vivo. Real-time
degradation behavior of Mg alloys under dynamic flow conditions, coupled
with experimental-computational validation, remains inadequately explored.
The absence of such integrated experimental-simulation frameworks limit the
ability to predict long-term implant performance and degradation kinetics

reliably.
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e Post-deposition treatments, particularly heat treatment of coated Mg alloys,
represent another underexplored area. While coating composition and
deposition parameters have been widely studied, the influence of post-
deposition thermal treatments on coating microstructure, phase stability,
adhesion, corrosion behavior, and subsequent cell-surface interactions has
received limited systematic attention. Given that post-deposition heat
treatment can significantly alter surface chemistry and topography, its role in
modulating both degradation behavior and cellular response warrants
comprehensive investigation.

e Finally, although numerous studies report corrosion resistance and basic
cytocompatibility, there remains a lack of holistic investigations linking
surface engineering parameters, degradation behavior, mechanobiological
response, and cell-material interactions in a unified framework. The absence
of such integrated studies hinders the rational design of eco-friendly,
multifunctional surface-modified Mg alloys with predictable degradation and

enhanced biological performance.

2.8 Research Objectives

The primary aim of this research is to develop eco-friendly surface engineering
strategies for magnesium alloys to enable their safe and reliable use as resorbable
implant materials. Emphasis is placed on tailoring surface wettability, chemistry, and
micro-/nano-scale morphology to achieve controlled degradation, enhanced corrosion
resistance, and improved biological performance. The study adopts a systematic and
sequential approach, integrating experimental surface modification, dynamic
degradation evaluation, post-deposition treatment, and multiscale computational
modeling to establish comprehensive structure—property—biological response

relationships.

I.  Development of Eco-Friendly Hydrophobic Coatings
To develop environmentally benign hydrophobic coatings on magnesium alloy
surfaces aimed at reducing corrosion rate and enhancing surface stability for

resorbable implant applications.
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I1.

I11.

IVv.

VI

Optimization Toward Superhydrophobic Surface States

To optimize hydrophobic coating parameters to achieve superhydrophobic
behavior by controlling surface wettability, surface roughness, and corrosion
resistance using systematic and data-driven optimization approaches.

Design of Bioactive Composite Coating Systems

To design and fabricate bioactive composite coating systems incorporating
natural biomaterials such as hydroxyapatite, Zn-doped hydroxyapatite, and
chitosan on optimized magnesium alloy surfaces to enhance cellular response
while maintaining controlled degradation behavior.

Evaluation of Dynamic Degradation Under Physiological Flow

To investigate the degradation behavior of surface-modified magnesium alloys
under physiologically relevant flow conditions, simulating in vivo
environments and assessing the influence of flow-induced shear stress on
corrosion kinetics.

Influence of Post-Deposition Heat Treatment

To study the effect of post-deposition heat treatment on coating microstructure,
surface chemistry, crystallinity, and wettability, and to evaluate its subsequent
influence on corrosion performance and cell growth.

Multiscale Simulation of Cell-Surface Interactions

To employ multiscale computational simulations to analyze cell-surface
interactions on modified magnesium alloy surfaces, enabling mechanistic

understanding of stress, strain, and strain energy density at the bio—interface.
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Development of Hydrophobic Coatings on Magnesium
Alloys

3.1 Experimental procedure
3.1.1 Materials and Pretreatment of Magnesium Alloys

In this study, the pristine samples are Mg alloy (Az31). The samples were
mechanically ground by sandpapers of different grit sizes (600, 800, 1000, and 1200)
and cloth polished with fine-grained abrasive powder. Then the samples were
subjected to an ultrasonic cleaning process in anhydrous ethanol and deionized water.
Finally, the samples were exposed to atmospheric conditions until dried properly and

were cut into plates with 10 mmx10 mmx2 mm.

3.1.2 Hydrophobic coating construction process

The experimental setup for the coating has been shown in the Figure 3.1
Initially, 1 gram of zinc chloride was dissolved in 30 milliliters of deionized water,
while 2 grams of stearic acid were dissolved in an equal volume of absolute ethanol.
Subsequently, the zinc chloride agueous solution was added drop by drop to the stearic
acid ethanol solution, with magnetic stirring, until the mixture achieved a pH of
approximately 7.2—7.3. Continuous stirring ensured uniformity in the mixture. The
resulting solution was used to immerse the mixture solution and the sample, which
were then placed in an incubator. The incubator was heated to different temperatures
ranging from 50°C to 70°C, and the samples were kept for 2 hours. Afterward, the

samples were thoroughly cleaned with ethanol and deionized water.
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N

Figure 3.1 Experimental set up for coating

3.1.3 Characterization methodology

Surface wettability was determined using a contact angle goniometer (OEG
GMBH, Germany). The coating structure was observed with a Field Emission
Scanning Electron Microscope (FESEM, Sigma model, Carl Zeiss Microscopy Ltd.),
and the elemental composition along with spatial distribution was identified using
Energy-Dispersive X-ray Spectroscopy (EDX) coupled with the FESEM system. The
phase compositions of both the coated and uncoated samples were identified through
X-ray Diffraction (XRD) using a Rigaku Miniflex-600 system with Cu-Ka radiation
(L =1.54 A), scanned over a 20 range from 10° to 90° at 0.5°/min.

3.1.4 Corrosion study (Potentiodynamic Polarization test)

To perform the Electrochemical Study, a three-electrode cell setup was used
with GAMRY 620 potentiostat. The experimental configuration consisted of the
coated Mg alloys as the working electrode (WE), a platinum gauze serving as the
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auxiliary/counter electrode (C.E.), and a saturated calomel electrode (SCE) of

Ag/AgCI functioning as the reference electrode (RE).

Before initiating each set of experiments, the working electrodes (individual samples)
were immersed in the test solution (SBF) for 1 hours to achieve a stable open circuit
potential (OCP). The OCP was continuously monitored for the next 30 minutes. A
steady-state condition was verified when no significant potential deviation was

observed during the OCP measurement.

The potential range employed for the Potentiodynamic polarization test was from -1.2
V to +0.4 V, with a scan rate of 1 mV/Sec. The Tafel Extrapolation method was
applied to determine the corrosion current density (lcorr) and the corrosion potential
(Ecorr). The Tafel equation is an electrochemical kinetics equation relating the
electrochemical reaction rate to the overpotential. All the experiments were carried
out at ambient temperature (27°C), and the open surface area to the electrolyte for each
specimen was 1cm?; beyond that, the sample was wrapped with Teflon to avoid
contact with the electrolyte. The preparation of SBF solution has been shown in
APENDICES section under subsection A.1 in table A.l.

3.2 Result and analysis

3.2.1 Surface morphology and EDS analysis

Figure 3.2 (a-d) show the surfaces of hydrophobic coatings formed at different
temperatures for 2 h. At 50 °C (Fig. b), the coating consists of loosely distributed and
partially developed microstructures, indicating incomplete growth due to limited
reaction kinetics. Increasing the temperature to 60 °C (Fig. c) results in more uniform
coverage with well-developed flake-like structures and increased surface roughness.
At 70 °C (Fig. d), a densely packed hierarchical micro/nanostructured morphology is
clearly observed, with finer nanofeatures decorating the microscale structures. This
multiscale roughness is favorable for air trapping and is characteristic of surfaces

exhibiting enhanced hydrophobicity.
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Figure 3.2 SEM images of (a) base and (b—d) coated samples at different temperatures

Figure 3.3 (a-d) shows the surface roughness profiles of the bare Mg alloy and coated
samples, while the quantitative roughness parameters (Ra and Rq) are summarized in
the bar chart in Figure 3.4. The bare Mg alloy exhibits a nearly flat profile with very
low roughness (Ra = 0.4 um, Rq = 0.5 um), reflecting its relatively smooth surface.
After coating, a significant increase in surface roughness is observed due to the
formation of micro/nanostructured features. The sample coated at 50 °C (S1) shows a
moderate rise in roughness (Ra= 1.7 um, Rq = 2.2 um), indicating partial development
of surface asperities. The roughness further increases for the 60 °C-coated sample
(S2), which exhibits the highest values (Ra = 3.6 um, Rq = 4.3 pm), corresponding to
pronounced height variations and deeper valleys in the roughness profile. In contrast,
the 70 °C-coated sample (S3) shows an optimized and favourable roughness with Ra
~ 2.6 um and Rq = 3.6 um. The roughness profile of S3 reveals uniformly distributed
peaks and valleys without excessive height fluctuations, indicating a well-organized
hierarchical micro/nanostructure. This intermediate roughness is advantageous, as it
provides sufficient multiscale texture for air entrapment while avoiding overly sharp
asperities that may compromise coating stability.
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Figure 3.4 Comparison of surface roughness value of base and coated samples

3.2.2 Elemental analysis

Figure 3.5 (a) presents the EDS spectrum of the bare AZ31 magnesium alloy.
The spectrum is dominated by a strong Mg peak with an atomic concentration of <95.2
%, confirming magnesium as the primary constituent of the alloy. Minor peaks
corresponding to Al (=2.7 %), Mn (=0.7 %), and Zn (=1.4 %) are also detected, which
are characteristic alloying elements of AZ31. Figure 3.5 (b) shows the EDS spectrum
of the hydrophobically coated AZ31 sample prepared at 70 °C. A substantial change
in surface composition is observed compared to the bare alloy. The coated surface is

dominated by carbon (=76.2 %) and oxygen (=14.4 %), confirming the formation of
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an organic-rich surface layer resulting from the reaction between stearic acid and zinc
species. The presence of Zn (=2.5 %) further supports the formation of a zinc-based
fatty acid compound (e.g., zinc stearate) within the coating. The significantly reduced
Mg signal (=3.7 %) indicates effective coverage of the AZ31 substrate by the coating
layer. Trace amounts of Cl (=2.6 %) are attributed to residual chloride species
originating from the ZnCl. precursor, while the Pt signal (=1.5 %) arises from the
platinum sputter coating applied to improve surface conductivity during SEM-EDS
analysis. Overall, the EDS results confirm the successful formation of a carbon-rich,
Zn-containing hydrophobic coating on AZ31 magnesium alloy at 70 °C, providing
effective surface coverage. These findings are consistent with the observed
hierarchical surface morphology, optimized roughness, and enhanced hydrophobic

performance demonstrated by contact angle and droplet stability measurements.
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Figure 3.5 EDS spectra and corresponding atomic compositions of (a) bare magnesium alloy and (b)
hydrophobically coated sample prepared at 70 °C for 2 h

3.2.3 Wettability

Figure 3.6 (a—d) shows the static water contact angle measurements of the bare
Mg alloy and hydrophobically coated samples prepared at different temperatures. The
bare Mg alloy (Figure 3.6 a) exhibits a low contact angle of ~82°, indicating an
intrinsically hydrophilic surface, which is consistent with its smooth morphology and
very low surface roughness. Upon coating, a progressive increase in contact angle is
observed with increasing coating temperature. The sample coated at 50 °C (Figure 3.6
b) shows a contact angle of ~105°, reflecting the onset of hydrophobicity due to partial

surface coverage and moderate roughness, as confirmed by SEM and profilometry
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results. Further increasing the temperature to 60 °C (Figure 3.6 c¢) increases the contact
angle to ~115° corresponding to the development of more pronounced
microstructures and higher surface roughness. The highest contact angle of ~139° is
obtained for the 70 °C-coated sample (Figure 3.6 d). This enhanced wettability
performance is attributed to the formation of well-defined hierarchical
micro/nanostructures, as observed in SEM, combined with an optimized surface
roughness (Ra = 2.6 um). Unlike the 60 °C sample, which exhibits higher roughness
but less uniform height distribution, the 70 °C sample provides a balanced multiscale
texture that effectively traps air pockets at the solid-liquid interface, promoting a
Cassie—Baxter wetting state. Overall, the wettability results strongly correlate with
surface morphology and roughness analyses, confirming that the hierarchical structure
and optimized roughness achieved at 70 °C are primarily responsible for the superior

hydrophobic behavior of the coating.

82° a 105° b

115° c 139° d

Figure 3.6 Contact angle measurements of the bare Mg alloy and coated samples

Figure 3.7 Contact angle testing with droplets of different liquid for time = 0 second and after 20 min
respectively
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To further validate the hydrophobic behavior, wettability tests were conducted using
three different liquid droplets—water, Trypan blue, and KMnOa solutions- as shown in
Figure 3.7 (a). In all cases, the droplets retained a nearly spherical shape on the coated
surface, whereas rapid spreading was observed on the bare Mg alloy, indicating strong
liquid—solid interactions. Figure 3.7 (b) shows the condition of the droplets after 20
minutes of exposure. The droplets on the bare Mg alloy dispersed completely due to
surface wetting and absorption, while those on the coated sample remained intact and
well-defined, confirming the temporal stability of the hydrophobic surface. The
consistent droplet repellency across different liquid chemistries highlights the

robustness of the coating and its effectiveness in minimizing liquid adhesion.

Overall, these results corroborate the contact angle measurements and demonstrate
that the coating synthesized at 70 °C exhibits stable and pronounced hydrophobic

behavior, attributable to its hierarchical surface morphology and optimized roughness
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Multi-Objective Optimization of Superhydrophobic
Coatings on Magnesium Alloys

4.1 Experimental procedure
4.1.1 Design of experiment, data processing and optimization flowchart

The process flow illustrated in Figure 4.1 presents a robust multi-objective
hybrid optimization framework that integrates experimental and computational
techniques to achieve optimal solutions validated through experiments. The process
begins with an experimental design utilizing Response Surface Methodology (RSM)
with a Central Composite Design (CCD), which systematically explores parameter
variations while minimizing the number of experiments. The coating process was
performed based on these designed input parameters. The resulting experimental data
are compiled into a datasheet containing response values, which serves as the

foundation for predictive model development.

A feed-forward Neural Network (FNN) is then trained to capture complex nonlinear
relationships within the data. Data augmentation methods were applied to improve the
regression coefficient, robustness, and generalization of the model. The best predictive
model was selected by comparing the R2 values across multiple models to ensure the

accuracy and reliability for the subsequent optimization phase.
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Figure 4.1. Schematic of the process flow chart from the design of the experiment to optimization and
experimental validation

The optimization process consisted of two stages. In the first stage, the NSGA-II
algorithm was integrated with the best predictive model, which served as the objective
function for optimization. This hybrid approach generates a Pareto front that
represents the trade-offs between conflicting objectives. In the second stage, the
solutions obtained are further refined using Teaching-Learning-Based Optimization
(TLBO) and Multiobjective Particle Swarm Optimization (MOPSO). These methods
help converge the diverse regions of the Pareto front, improve optimality, and plot the
convergence process for individual responses. Finally, the computationally optimized
solutions were validated experimentally to assess their real-world applicability and
conduct a comparative analysis of the algorithm performance. This workflow
effectively integrates experimental design, predictive modelling, and advanced
optimization algorithms, ensuring a thorough exploration of the design space, accurate

predictions, and practical validation.

4.1.2 Experimental design through RSM-CCD

To methodically examine how the process parameters influence the
functionality of hydrophobic coatings, a combination of RSM and CCD was

employed. This statistical approach is well suited for analyzing multivariable systems,
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allowing for predictive modeling while reducing the total number of required

experiments.

Table 4.1 The range of input process parameters, including the design summary of RSM-CCD, has
been represented below

Input process parameters Range

Stearic acid (M) 0.18 t0 0.26
Zinc Chloride (M) 0.16 to 0.24
Coating temperature (°C) 50 °C to 70°C
Coating Duration (hr.) 1 hour to 5 hours

Design Summary

Factors 4
Replicates 1
Total runs 30
Total blocks 3
A 1

Table 4.1 illustrates the examination of four independent continuous variables: stearic
acid concentration, zinc chloride concentration, coating temperature, and coating
duration. The concentrations of stearic acid and ZnCl. were varied between 0.18 M
and 0.26 M and 0.16 M to 0.24 M respectively, to evaluate the influence of

hydrophobic agents and surface modifications resulting from chemical reactions.

The coating temperature was adjusted between 50 °C and 70 °C to regulate the reaction
kinetics, coating formation, and deposition rate. The coating duration ranged from 1
to 5 hours to assess its effects on the coating quality. These parameter ranges were

selected to satisfy the functional and chemical requirements of the coating process.

The experimental design comprised 30 runs distributed across three base blocks with
one replicate per condition. A face-centered CCD was employed with an a value of 1.
To improve model accuracy and assess reproducibility, the design incorporated
multiple centre point replicates. These repeated runs, performed under identical input
conditions in runs 1, 5, 18, 19, and 26, which are shown in Table 4.2, are standard in

CCD for evaluating experimental variability and enhancing statistical robustness. The
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design included factorial points to capture linear and interaction effects, axial points
to detect curvature, and centre points to assess experimental stability and repeatability.
This well-structured approach enables a thorough exploration of the parameter space
while optimizing resource efficiency. The use of blocks helped account for variability,

ensuring consistency and reproducibility across the experiments.

4.1.3 Prediction and Optimization Framework

Following the development of the data sheet and application of the RSM-CCD
design, the objective was to enhance the regression coefficient value, R?, through the
use of an Artificial Neural Network (ANN). The ANN employed was a feedforward
network comprising one input layer, three hidden layers, and one output layer. The
first, second, and third hidden layers were composed of 50, 30, and 15 neurons,
respectively [125,126]. This architecture was chosen based on experimental
evaluations of multiple network configurations supported by insights drawn from prior
studies. The final structure, consisting of three hidden layers with 50, 30, and 15
neurons, was found to offer an optimal trade-off between model complexity and
performance. Specifically, this arrangement provides sufficient capacity to capture
complex relationships in the data, while mitigating the risk of overfitting [127,128].
Other architectures, including those with fewer neurons or additional layers, resulted

in poorer generalization performance and lower R? values.

The network was trained using the Levenberg-Marquardt algorithm (trainlm), which
is particularly effective for medium-sized networks due to its optimal balance between
computational efficiency and convergence speed [129]. For the activation functions,
the Hyperbolic Tangent Sigmoid (tansig) function was used in the hidden layers to
introduce nonlinearity and ensure that the model could handle complex relationships
between inputs and outputs. The output layer employs a linear activation function

(pureline) to predict continuous values [130].

Data division for training, validation, and testing was conducted using a random
partitioning method (dividerand) with 70% of the data allocated for training, 15% for

testing, and 15% for validation. This partitioning ensures a representative sample
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across all subsets, allowing the model to be trained effectively while being validated
and tested on separate data to evaluate the generalization. Network performance was
assessed using the Mean Squared Error (MSE) metric, a standard method for

evaluating regression errors in ANN-based models [131].

To enhance the predictive efficiency of machine learning models such as artificial
neural networks (ANN), a substantial volume of data is typically necessary. The data
augmentation process was implemented by introducing random noise from the
gaussian distribution into the normalized input and output data. The mathematical
model employed for augmentation is delineated in Equations 4.1 and 4.2

[132][133,134].
Xqugmented — X + €
4.1)

Yaugmented =Y T €
4.2)

where, Xqygmentea > ad Yaugmentea represent the augmented input data points and
output data points respectively and term € represents a perturbation or noise term.

The mathematical equation utilized for gaussian distribution is shown in the Equation

4.3 below [135]

-t ewy? (4.3)
€)= e 20
P V2moa?

In this study, the random variation magnitude is controlled by the standard deviation
(o) of Gaussian noise. The parameter ¢ governs the intensity of the noise added to the
input and output data. The mean (p) was set to zero to ensure that the noise was

unbiased.

To determine the optimal value of o, a sensitivity analysis was conducted, in which
different values of ¢ (0.1, 0.5, and 0.9) were tested. The results of this analysis showed
that 6 = 0.5 yielded the best performance in terms of prediction accuracy. Specifically,

o = 0.5 produced the highest correlation coefficient (R =0.9919) and the lowest Mean
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Squared Error (MSE =24.0896) compared to other tested values of 6. These sensitivity
analysis tests reports have been provided in APPENDICES section under subsection
A.2. These results indicate that ¢ = 0.5, which provides the best balance between the

noise intensity and model performance.

Gaussian noise was selected for data augmentation because of its well-established role
in the modeling of natural noise. The zero-mean property of the Gaussian distribution
ensures unbiased augmentation, whereas the chosen ¢ value controls variability,
promoting generalization and robustness during the training process [136]. The
Gaussian distribution's ability to introduce smooth, unbiased perturbations is also
well-suited for working with normalized data, making it a natural choice for improving

the ANN model's performance [137].

NSGA-II, an advanced variant of the Genetic Algorithm (GA), incorporates significant
enhancements such as rapid nondominated sorting, crowding distance calculation, and
the principle of elitism [138]. The schematic of the flow chart of NSGA-II has been
shown in the Figure 4.2. In this study, the NSGA-II algorithm was employed to
optimize the process parameters and corresponding responses by utilizing an objective
function and database derived from the outputs of an Artificial Neural Network
(ANN). This integration constitutes a hybrid dynamic optimization approach. The
nondominated set is required to satisfy the following conditions, as represented in the

Equation 4.4 below [139]

Mye1,23.m)-Q@ =P (4.4)
VL;] € (1,2,3 ...n),i i]’xl N x] = @

X1 > Xy > X3 . Xp

where, P represents the nondominated set, M denotes the overall population, Q

indicates the spatial position of the offspring, and x refers to any decision variable
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Figure 4.2 Schematic of flow chart NSGA II algorithm [140]

The NSGA-II algorithm was implemented with a population size of 200, selected to
promote a diverse search across the solution space and ensure robust convergence
toward the Pareto front. Each individual encoded four decision variables bounded
within experimentally defined limits: 0.18-0.26, 0.16-0.24, 50-70, and 1-5 for the
respective parameters. The algorithm was executed over 50 generations, allowing
sufficient evolutionary progress without incurring excessive computational cost [141].
A crossover probability of 0.8 is widely accepted in multi-objective optimization
literature for its effective balance between exploration and convergence, was
employed to enhance genetic diversity by promoting extensive information exchange
between parent solutions. A mutation probability of 0.25 was used to preserve
population diversity and prevent premature convergence, particularly in complex
optimization landscapes [142]. These parameter settings were not only informed by
established practices, but were also validated through preliminary trial-and-error
testing to ensure stability and performance in the current application. The selection

process was driven by nondominated sorting and crowding distance computation to
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preserve population diversity, along with tournament selection based on Pareto

dominance and crowding distance values.

The Teaching-Learning-Based Optimization (TLBO) algorithm is a population-driven
metaheuristic that draws inspiration from the educational dynamics of classroom
environments. It comprises two principal phases: teaching and learning. During the
Teaching Phase, the most knowledgeable individual within the population was
designated as a teacher. The teacher's objective is to improve the average outcomes of
learners by imparting knowledge, which is represented by the mean position of other

learners [143]. Equation 4.5 outlines the mathematical structure of the teacher phase.
Xnew = Xi + 1. (Xeeacher = (Tr- Xmean) 4.5)

where X,,.,,, represents the updated position of learner i, while X; denotes the current
position of learner 1, and the parameter r is random within the interval [0,1]. X¢eqcher
indicates the position of the best learner (teacher) and X,,.4, represents the mean
position of all learners in the population. Ty is the teaching factor, which is randomly
assigned between 1 and 2. This random assignment enables the algorithm to adapt
directly to the population, based on the comparative efficacy of the teacher solutions.
This value is consistent with the typical approach used in TLBO to introduce

variability and improve the search dynamics [144].

In the Learner Phase, individuals improve their understanding by interacting with one
another. Each participant evaluated their fitness by comparing it to that of another
randomly selected participant. Based on the comparative fitness levels, the individuals
adjust their positions accordingly, moving towards the one with superior fitness.

Equations 4.6 and 4.7 below illustrate the mathematical representations,
Xnew = Xi +1.(X; — Xj) iff(X) <fX),i#j (4.6)

where X, 1s the updated position of learner 1 and r is a random number between
[0,1]. Now, if X; demonstrates superior performance compared to X; then X; moved

towards X; in accordance with Equation (4.6), otherwise X; is moved towards X; as
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per Equation (4.7). Notably, X; will be replaced by X,,.,, only if X,,.,, exhibits greater
knowledge than X;. The schematic of the flow chart of the TLBO algorithm gas been
displayed in the Figure 4.3.
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Figure 4.3 Schematic of flow chart TLBO algorithm [145]

The Multi-Objective Particle Swarm Optimization (MOPSO) algorithm adjusts the
particle positions and velocities at each iteration to solve optimization problems. It
uses guiding particles known as leaders and maintains a record of superior solutions
in an external archive. In addition, mutation operators can be applied when required.
Each particle updates its velocity and position by considering both the leader and best-

known global positions, helping the swarm move efficiently toward optimal solutions
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[146]. The formulas for updating particle velocities are as denoted in Equations 4.8,

4.9, and 4.10 below,

Vit = w Vi + 1 (Pl — X1 + (ngk - Xf (4.8)
Xk = xk 4yt (4.9)
Vid € [_Vmax» Vmax] (4-10)

where k indicates the iteration count, o refers to the inertia weight and X5, signifies
the position of the particle, V% represents the velocity of the particle, P, is the
individual best of the particle, P;k stands for the global best position of the particle at

the k™ iteration. The coefficients ci and cz serve as the learning parameters. Vimax
represents the maximum velocity of the particle. In the MOPSO implementation, an
inertia weight of 0.4 was adopted to facilitate a balanced trade-off between exploration
and exploitation throughout the optimization process. This value encourages particles
to gradually reduce their search radius, enabling a smoother convergence toward
optimal regions without overshooting or stagnating prematurely. Additionally, the
cognitive and social coefficients were both set to 1.2, representing moderate influence
levels from a particle's own historical best (cognitive) and swarm's global best (social).
These values were selected to ensure stable and effective search dynamics, allowing
particles to benefit from both individual learning and collaborative information
sharing, while avoiding overly aggressive convergence behaviors. In this study, for
both TLBO and MOPSO, the population number was set to 100 and the number of
generations was set to 50 [147,148]. The schematic of the flow chart of the MOPSO

algorithm gas been shown in the Figure 4.4.

Page | 64



Initialize population, velocity,
weight & iteration counter

¥

Objective function evaluation

Search for non-dominated solutions
Form non-dominated global best
Set the external set = Non-dominated global
set

For each particle:
Set local best = Particle current position
Form non-dominated local set

)

For cach particle:
Find the local best & global best

!
Update the particle position and velocity [
+
Objective function evaluation
!
Search for non-dominated solutions
¥
Expand and update non-dominated global set
i
Expand and update non-dominated local set
)
Update the extreme best
{
For each particle: Find the local best and
global best

Stopping

Chapter 4

E

Update

weight }

and velocity

criterion
meet?

Qutput
the pareto optimal
solution

Figure 4.4 Schematic of flow chart MOPSO algorithm [149]

Page | 65



Chapter 4

4.1.4 Preparation of the coated surface

In this study, cast magnesium alloy blocks were cut using wire electrical
discharge machining (EDM), followed by mechanical polishing to achieve the final
dimensions of 10 mmx10 mmx2 mm. The polished samples were ultrasonically
cleaned in acetone for 10 min and allowed to air-dry. A solution of stearic acid (0.18—
0.26 M) was prepared by dissolving the acid in 30 mL absolute ethanol (99.9%) using
ultrasonication to ensure complete dissolution. The samples were then immersed in an
ethanolic stearic acid solution. Separately, a ZnCl. aqueous solution (0.16—0.24 M)
was prepared and introduced dropwise into the stearic acid solution under continuous
magnetic stirring. The rate of ZnCl. addition was maintained at a moderate, controlled
rate to avoid rapid substrate corrosion or premature precipitation. Subsequently, the
reaction bath was gradually heated to 75 °C and maintained at this temperature for up
to 5 h to allow complete formation of the coating. After immersion, the samples were
removed, gently rinsed with ethanol, and air-dried. The schematic of the coating

procedure has been shown in Figure 4.5.
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Figure 4.5 Schematic of Coating Process
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4.1.5 Characterization methods

Surface wettability was determined using a contact angle goniometer (OEG
GMBH, Germany). The coating structure was observed with a Field Emission
Scanning Electron Microscope (FESEM, Sigma model, Carl Zeiss Microscopy Ltd.),
and the elemental composition along with spatial distribution was identified using

Energy-Dispersive X-ray Spectroscopy (EDX) coupled with the FESEM system.

The surface texture and roughness values were captured using an optical profilometer
(Zygo NewView9000). The phase compositions of both the coated and uncoated
samples were identified through X-ray Diffraction (XRD) using a Rigaku Miniflex-
600 system with Cu-Ka radiation (A = 1.54 A), scanned over a 20 range from 10° to
90° at 0.5°/min.

The presence of functional groups was tracked using Fourier Transform Infrared
Spectroscopy (FTIR) in ATR mode with a Jasco FTIR 4700 (Japan), spanning 4000 to
70 cm™. The structural and molecular features were further probed via Raman
spectroscopy using a Witec Alpha 400 R (Germany), featuring a 785 nm laser, 300
lines/mm grating, and a CCD detector (1024x127 pixels) cooled to 208 K.

4.1.6 Surface roughness and Surface-free energy measurement

The surface roughness of the samples was quantified by using an optical
profilometer (Zygo NewView 9000). The surface energy was calculated employing
the Owens and Wendt geometric mean method [150] as delineated in Equations (4.11)

and (4.12):

4.11
yA1+amm=ﬂ<J%Wﬁ+$%%v 1D

ys =y +y? (4.12)

Where y; and ys represent the surface tension of the test liquid and the surface free

energy of the solid, respectively while y%and yPare the dispersion and polar
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components respectively. The symbol 6 denotes the measured contact angle. Contact
angles were recorded for two test liquids distilled water (y,=72.8 mN/m, y%=21.8
mN/m, yP=51 mN/m) and ethylene glycol ( y,==48 mN/m, y%=29 mN/m, y?=19
mN/m) using a goniometer (KYOWA FAMAS). The surface free energy was
calculated based on the mean value obtained from three measurements taken for each

sample.

4.1.7 Potentiodynamic polarization test

Electrochemical assessments were conducted utilizing a GAMRY 620
potentiostat. The experimental configuration comprised both coated and uncoated
magnesium specimens as the working electrode (WE) with platinum gauze employed
as the counter (auxiliary) electrode (CE). A saturated calomel electrode (SCE),
specifically Ag/AgCl, was employed as the reference electrode (RE). Simulated body
fluid (SBF) was selected as the electrolyte medium for corrosion studies. To ensure
controlled exposure, only an § mmx*4 mm section of each 10 mmx>10 mm sample was
exposed to the electrolyte, whereas the remaining portion was insulated with Teflon to
prevent unintended electrochemical interactions. Electrochemical behavior was
studied through techniques such as open-circuit potential (OCP), potentiodynamic
polarization, and electrochemical impedance spectroscopy (EIS). For the polarization
study, the potential range was set between —4.5 V and +1.5 V, with a scanning rate of
1 mV/s. EIS data were collected at the OCP using a 5 mV AC signal across a frequency
spectrum ranging from 100 MHz to 100 kHz. Now, the corrosion resistance efficiency
(%), CRE (%), is a quantitative metric used to evaluate the improvement in corrosion
resistance provided by a protective coating relative to an uncoated (bare) substrate.
The corrosion resistance efficiency (CRE) was calculated from the current density of
the substrate (I5,,) and coated samples (IS,,), it has been shown in Equation 4.13

below [150],

Cc

I
CRE (%) =1 — 3~ (4.13)
cor
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4.1.8 In vitro biocompatibility test

The cytocompatibility and cell proliferation characteristics of the samples were
evaluated through extensive in vitro experiments conducted in accordance with the
established protocols of ISO 10993-5, which included MTT and Live/Dead assays
[151,152].

Cytotoxicity was assessed using the MTT assay. Scaffolds seeded with L929 adherent
mouse fibroblast cells were incubated for 1 and 2 days. At each specified time point,
10 puL of MTT solution (EZCount MTT Assay Kit, Abcam, USA) was added to each
sample, followed by a 4-hour incubation period. After incubation, the supernatant was
meticulously removed, and the resultant formazan crystals were dissolved by the
addition of 100 pL of isopropanol, followed by a 15-minute incubation. Cell viability
was quantified employing the standard calculation method delineated in Equation 4.14
[153], based on absorbance readings at 570 nm and 670 nm obtained using a Thermo

Scientific™ Multiskan™ GO Microplate Spectrophotometer (Finland).

celtviabitity %) =T "B/ py (4.14)

where T, B, and C signify the test, blank, and control results, respectively.

For the Live/Dead assay, an extract was first prepared by immersing the coated
scaffold in simulated body fluid (SBF). This extract was used to culture L.929 adherent
mouse fibroblast cells in DMEM medium for 48 hours. After incubation, the culture
medium was removed from the scaffolds, which were pre-seeded with the cells. The
scaffolds were then stained with fluorescein diacetate (FDA) dye at a concentration of
10 mg/mL in serum-free DMEM for approximately 5 min. The FDA selectively stains
viable cells with intact membranes. After staining, the scaffolds were gently rinsed to
remove excess dye and were visualized using an inverted fluorescence microscope.
Live cells appeared fluorescent under a microscope, indicating their viability and

metabolic activity.
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4.2 Results and dissuasion

4.2.1 Experimental data of Corrosion rate and Surface roughness according to
RSM-CCD design

Table 4.2 presents the experimental results of the input parameters and their
corresponding responses, specifically the surface roughness, surface free energy, and
corrosion resistance efficiency (%) across 30 experimental runs. The observed range
for surface roughness (um) is from 0.69 um to 4.12 pum, the surface free energy
(mN/m) is from 6.10 mN/m to 9.09 mN/m, and the corrosion resistance efficiency (%)

ranges from 39.46 % to 92.37 %.

Table 4.2 Experimental data sheet of input process parameters and corresponding responses

) . ) Surface  Corrosion
Stearic Coating Coating  Surface

S1 ZnCly free resistance
Acid temperature duration roughness
No. M) energy efficiency
M) (°C) (hour)  (um)
(mN/m) (%)
1 0.22 0.2 60 3 2.30 6.42 88.25
2 0.18 0.16 70 1 1.82 7.93 62.77
3 0.26 0.16 70 5 3.08 7.69 66.87
4 0.26 024 50 5 4.02 8.88 46.87
5 0.22 0.2 60 3 2.30 6.42 88.25
6 0.26 0.16 50 1 0.99 8.08 48.61
7 0.18 024 70 5 4.12 8.80 49.47
8 0.18 0.16 50 5 1.23 7.65 52.96
9 0.18 024 50 1 1.21 8.44 50.15
10  0.26 024 70 1 3.47 9.09 39.46
11 0.18 0.16 50 1 0.69 8.72 50.26
12 0.26 0.16 50 5 2.69 7.83 52.39
13 0.18 024 50 5 3.02 8.03 60.80
14 0.26 024 70 5 4.23 8.92 48.26
15 0.18 0.16 70 5 2.59 7.13 80.39
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16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

0.26
0.26
0.22
0.22
0.18
0.22
0.22
0.18
0.22
0.26
0.22
0.22
0.22
0.22
0.22

0.24
0.16
0.2
0.2
0.24
0.2
0.24
0.2
0.2
0.2
0.2
0.16
0.2
0.2
0.2

W W W = W W ==

—_—

W W W W W W

1.35
1.88
2.30
2.30
2.88
2.83
2.73
2.02
1.44
3.05
2.30
2.24
1.79
2.37
3.17

8.43
7.89
6.42
6.42
7.44
6.28
7.37
6.10
7.69
6.62
6.42
6.53
7.60
6.42
7.08

50.90
57.03
88.25
88.25
58.97
83.88
79.70
81.22
60.68
80.54
88.25
92.37
71.52
88.25
86.21

4.2.2 Analysis of RSM Results

4.2.2.1 Development of Regression Equations

Equations 4.15, 4.16, and 4.17 denote the relationship between the output

responses (Y1, y2, y3) and input process parameters (X1, X2, X3). The equations show

that complex polynomial relations exist between the input parameters and the output

responses.

y, = 7.54 — 165.5x; — 92.7x, + 0.564x5 + 0.849x, + 382x7 + 194x% — 0.00439x% —
0.0721x2 + 12.4x;x, — 0.101x,x3 + 1.38x;x4 + 0.397x,x3 — 0.10x,x, — 0.00665x3x,

(4.15)

y, = 61.69 — 60.6x; — 112.1x, — 1.160x3 — 1.914x, + 102x7 + 154x3 +
0.000739x% — 0.0158x2 + 15.1x;x, + 0.223x;x3 + 0.72x1%4 + 0.774x,x3 +

2.09x,x4 + 0.02329x3x,

(4.16)
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y3 = 55.05 — 60.6x; — 112.1x, — 1.160x3 — 1.914x, + 102x? + 154x3 + 0.00739x3 —
0.0158x2 + 15.1x;x, + 0.223x;x3 + 0.72x;x4 + 0.774x,%5 + 2.09x,x, + 0.02329x3x,
4.17)

where y is the surface roughness (um), y» is the surface free energy (mN/m), y3 is the
corrosion resistance efficiency (%), x; is stearic acid (M), x2 is ZnCl> (M), x3 is the

coating temperature (°C), and is the coating duration (h).

Optimal Stearic ZnCI2 Coating Coating
D: 0.9564 High 0.260 0.240 70.0 5.0
e Cur [0.1913] [0.1640] [63.1554] [3.7475)
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Composite
Desirability
D: 0.9564
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Figure 4.6 Response optimization plot obtained using Response Surface Methodology (RSM),
showing the optimization of Stearic acid, ZnCl., and Coating concentrations for maximizing
composite desirability (D), corrosion resistance, and surface characteristics

Table 4.3 Regression coefficient for different response

. Surface Surface free Corrosion resistance
Regression

Roughness (um) energy (mN/m) efficiency (%)
coefficient (R?) s " = Y

90.95 85.68 90.45

Figure 4.6 illustrates the optimal settings of the input variables, such as stearic acid
(M), ZnCl> (M), coating temperature (°C), and coating duration, which are necessary
to achieve the desired responses while maximizing the composite desirability. An

overall composite desirability (D) of 0.9564 indicates an effective optimization
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process, with model predictions closely aligned with the desired outcomes [154]. The
desirability functions in the plot visually demonstrate how the optimal parameter
settings achieve balance across multiple responses, with red vertical lines indicating
the optimal values and blue dashed lines representing the response targets. The
curvature of these functions reflects the sensitivity of the responses to parameter
variations, thereby underscoring the robustness and effectiveness of the experimental
design and response models. Additionally, Table 4.3 presents the regression
coefficients, where the regression coefficients (R?) for the responses Surface
Roughness, Surface Free Energy, and Corrosion Resistance Efficiency demonstrate
the robustness and predictive accuracy of the model developed from the experimental
data. The model demonstrated a strong predictive performance, with R? values of
90.95 % for surface roughness, 90.45 % for corrosion resistance efficiency, and 85.68
% for surface free energy. These values indicate that the model reliably explains most
of the variability in the experimental data, validating its effectiveness in optimizing

the input parameters and achieving targeted outcomes [155,156].

4.2.2.2 Statistical Significance and Model Evaluation Using Analysis of variance

The statistical significance of the developed regression models was
comprehensively evaluated using an analysis of variance (ANOVA). For all three
responses (surface roughness, surface free energy, and corrosion resistance efficiency),
the models exhibited highly significant F-values of 21.82, 13.39, and 20.63,
respectively, with corresponding p-values well below 0.05, confirming their
robustness and reliability. Furthermore, the coefficients of determination (R?), reported
in Table 4.4, exceeded 85 % for all responses, underscoring the models' strong
predictive accuracy. The statistical relevance of individual model terms including
linear, quadratic, and interaction effects has been discussed separately for each
response in Tables 4.4, 4.5, and 4.6, based on their respective F-values and P-values,

offering a detailed insight into the contribution of each parameter’.

! Note: In the ANOVA tables, DF = Degrees of Freedom, Adj SS = Adjusted Sum of Squares, Adj MS =
Adjusted Mean Square (Adj SS/DF), F-Value = Fisher’s test statistic, and P-Value = Statistical
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Table 4.4 Analysis of Variance (ANOVA) for surface roughness, showing the significance of different
factors on the surface texture

Source DF Adj SS Adj MS F-Value P-Value
Model 14 22.4298 1.60213 21.82  0.000
Linear 4 20.8244 5.20609 70.91  0.000
Stearic acid 1 1.4999 1.49991 20.43 0.000
ZnCl 1 53661 5.36609 73.09 0.000
Coating temperature 1 5.8607 5.86075 79.83  0.000
Coating duration 1 8.0976 8.09763 110.30 0.000
Square 4 0.2789 0.06973 0.95 0.463
Stearic acid x Stearic acid 1 0.0614 0.06138 0.84 0.375
ZnCly x ZnClp 1 0.0274 0.02744 0.37 0.550

Coating temperature x Coating
1 0.0277 0.02771 0.38 0.548

temperature
Coating duration x Coating duration 1 0.1563 0.15627 2.13 0.165
2-Way Interaction 6 1.3265 0.22109 3.01 0.039
Stearic acid x ZnCl» 1 0.0146 0.01458 0.20 0.662
Stearic acid x Coating temperature 1 0.1700 0.16995 2.31 0.149
Stearic acid x Coating duration 1 0.2428 0.24280 3.31 0.089
ZnClz x Coating temperature 1 0.1121 0.11206 1.53 0.236
ZnCly x Coating duration 1 0.3223 0.32234 4.39 0.054
Coating temperature x Coating duration 1 0.4648 0.46478 6.33 0.024
Error 15 1.1012 0.07341
Pure Error 5 0.0040 0.00079
Total 29 23.5310

significance level. Interaction terms represent combined effects of two variables. A P-value less than
0.05 indicates statistical significance
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Table 4.5 Analysis of Variance (ANOVA) for surface free energy, highlighting the contribution of
various factors to the surface energy characteristics

Source DF Adj SS Adj MS F-Value P-Value
Model 14 23.2502 1.66073 13.39  0.000
Linear 4 3.0532 0.76329 6.15 0.004
Stearic acid 1 0.5698 0.56981 4.59 0.049
ZnCl 1 19749 1974951592 0.001
Coating temperature 1 0.1597 0.15973 1.29 0.274
Coating duration 1 0.3487 0.34867 2.81 0.114
Square 4 18.30304.57576 36.90  0.000
Stearic acid x Stearic acid 1 0.0309 0.03087 0.25 0.625
ZnCly x ZnCl, 1 0.5787 0.57869 4.67 0.047

Coating temperature x Coating
1 19433 1.94330 15.67 0.001

temperature
Coating duration x Coating duration 1 0.6841 0.68411 5.52 0.033
2-Way Interaction 6 1.8940 0.31567 2.55 0.067
Stearic acid x ZnCl» 1 0.4055 0.40555 3.27 0.091
Stearic acid x Coating temperature 1 02276 0.22755 1.83 0.196
Stearic acid x Coating duration 1 0.0361 0.03615 0.29 0.597
ZnClz x Coating temperature 1 0.2800 0.28003 2.26 0.154
ZnCl; x Coating duration 1 0.8056 0.80564 6.50 0.022
Coating temperature < Coating duration 1 0.1391 0.13911 1.12 0.306
Error 15 1.8603 0.12402
Pure Error 5 0.0000 0.00000
Total 29 25.1105

ANOVA for Surface Roughness presented in Table 4.4 corroborates the presence of a
highly significant model, as evidenced by an F-value of 21.82 and a p-value of 0.000.
All linear terms demonstrated high significance (P<0.001), with coating duration
(P=0.000) exerting the most substantial influence, followed by the coating

temperature, ZnCl2 and Stearic acid. The quadratic terms, however, were collectively
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non-significant (P=0.463), suggesting a minimal contribution from the curvature of
the response surface. Among the two-way interactions, the interaction between coating
temperature and coating duration (P=0.024) was significant, underscoring its effect on

Surface Roughness.

ANOVA for Surface Free Energy shown in Table 4.5 indicates a statistically
significant overall model, with an F-value of 13.39 and a P-value of 0.000. Among the
linear terms, ZnCl, emerged as the most significant factor (P=0.001), whereas stearic
acid demonstrated marginal significance (P=0.049). The quadratic terms collectively
exhibited high significance (P=0.000), ZnCl, (P=0.047), and coating temperature
(P=0.001), underscoring their pronounced nonlinear effects. Regarding two-way
interactions, the interaction between ZnCl, and Coating duration was significant
(P=0.022), highlighting its impact on the response. Conversely, other interaction terms

had p-values exceeding 0.05, indicating weaker effects.

The ANOV A analysis for corrosion resistance efficiency, shown in Table 4.6, revealed
a highly significant model with an FFF-value of 20.63 and a PPP-value of 0.000,
indicating that the model effectively explains the variance in corrosion resistance. The
linear terms (stearic acid, ZnClz, Coating temperature, and coating duration) showed
varying levels of significance, all having PPP-values below 0.05. Notably, ZnCl>
(P=0.003) exhibited the most significant linear contribution. The quadratic terms were
highly significant, especially the coating duration (P=0.000), emphasizing the
importance of this parameter. Among the two-way interactions, only ZnCl, x coating

temperature (P=0.003) was significant, indicating a significant interaction effect.

Table 4.6 Analysis of Variance (ANOVA) for corrosion resistance efficiency, illustrating the impact of
different factors on the corrosion performance

Source DF Adj SS Adj MS F-Value P-Value
Model 14 7959.71 568.55 20.63  0.000
Linear 4 977.27 24432 8.86 0.001
Stearic acid 1 17458 174.58 6.33 0.024
ZnCl» 1 347.27 347.27 12.60 0.003
Coating temperature 1 234.45 23445 8.51 0.011

Page | 76



Chapter 4

Coating duration 1 22097 22097 8.02 0.013
Square 4 6518.441629.61 59.12  0.000
Stearic acid x Stearic acid 1 125.57 125.57 4.56 0.050
ZnCl, x ZnCl, 1 845 845 0.31 0.588

Coating temperature x Coating
1 208.71 208.71 7.57 0.015

temperature
Coating duration x Coating duration 1 627.79 627.79 22.77 0.000
2-Way Interaction 6 464.01 77.33 2.81 0.049
Stearic acid x ZnCl» 1 9.63 9.63 0.35 0.563
Stearic acid x Coating temperature 1 3777 3777 137 0.260
Stearic acid x Coating duration I 0.60 0.60 0.02 0.885
ZnCly x Coating temperature 1 35527 35527 12.89 0.003
ZnCl, x Coating duration 1 49.08 49.08 1.78 0.202
Coating temperature x Coating duration 1 11.66 11.66 0.42 0.525
Error 15 413.48 27.57
Pure Error 5 0.00 0.00
Total 29 8373.19

4.2.2.3 Analysis of surface plots

Figure 4.7 depicts three-dimensional surface plots that elucidate the
relationship between the response variable, Surface Roughness, and input parameters:
Stearic Acid concentration (M), ZnCl, concentration (M), Coating Temperature (°C),
and Coating Duration (hour). The plots indicate that an increase in both Stearic Acid
and ZnCl> concentrations leads to elevated Surface Roughness. Nevertheless, the
Surface Roughness value was attained within a moderate range of Stearic Acid
concentration (0.20-0.22 M) and a slightly lower range of ZnCl, concentration (0.16—
0.18 M). This observation suggests a synergistic interaction between Stearic Acid and

ZnCl to achieve the desired surface characteristics.
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For the Coating temperature and duration, the surface roughness also increased with
higher values of these parameters. A moderate value of surface roughness was attained
when the Coating Temperature was in the range of 60—65 °C and the coating duration
was approximately 3.5—4 hours. At lower temperatures, the chemical reaction rate is
likely to be insufficient, resulting in thin-layer formation. As the temperature
increased, the deposition on the substrate intensified, leading to a higher surface
roughness. Similarly, increasing the coating duration allows more time for layer

buildup, thereby increasing Surface Roughness [157].

Surface reughness (wm)

Surface roughnass (um)

Surface roughness (wm)

Figure 4.8 Surface plots of Surface free energy with different input parameters
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Figure 4.8 shows 3D surface plots illustrating the relationship between the Surface
Free Energy (mN/m) and input parameters, with the goal of minimizing the Surface
Free Energy. The minimum values are achieved at low Stearic Acid concentrations
(0.16-0.18 M), high ZnCl, concentrations (0.22-0.24 M), moderate Coating
temperatures (55—60 °C), and moderate Coating durations (3—4 hours). Higher Stearic
acid concentrations and lower ZnCl» concentrations led to increased surface free
energy, while excessively high coating temperatures and long coating durations also
caused deviations from the minimum. ZnCl, concentration and Coating Temperature
had the most significant effects, with interactive influences observed between
parameters such as ZnCl, and Coating temperature, Stearic Acid and Coating
Duration. These findings highlight the importance of precise parameter optimization

to achieve minimal surface free energy.
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Figure 4.9 surface plots of corrosion resistance efficiency with the different input parameters

Figure 4.9 presents three-dimensional surface plots illustrating the effects of stearic
acid concentration, ZnCl> concentration, coating temperature, and coating duration on
the corrosion resistance efficiency, with the objective of maximizing the response.
Optimal corrosion resistance is attained at Stearic acid concentrations of 0.22—0.24 M,
ZnCl: concentrations of 0.22—0.24 M, coating temperatures of 60—-65 °C, and coating
durations of 3.5-4 hours. Elevated concentrations of stearic acid and ZnCl;

significantly enhanced the corrosion resistance, whereas moderate coating
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temperatures and durations facilitated uniform and effective layer formation.
Deviations from these specified ranges, such as lower concentrations or extreme
temperatures, lead to a diminished efficiency. These findings highlight the complexity
of the system and emphasize the necessity for the precise control of multiple
parameters to achieve the desired coating properties. No single parameter
independently ensures the target value, underscoring the importance of collective

optimization.

4.2.3 ANN results

Figure 4.10 shows the ANN results, which demonstrate strong performance
and reliability in modeling a dataset consisting of input parameters and responses. The
Mean Squared Error (MSE) plot shows that the training, validation, and test errors
decreased consistently, with the best validation performance (MSE = 0.1) achieved at
epoch 3, indicating proper convergence without overfitting. The gradient and Mu
values decreased steadily, with the gradient reaching a minimal value of 7.913x10712
and Mu stabilizing at 1x107'? by epoch 6, thereby confirming the stability and
effectiveness of the training process. The error histogram reveals a narrow distribution
centered around zero, suggesting accurate predictions with minimal deviations,
although a few outliers were observed. The regression plots showed high correlation
coefficients across the training (R = 0.953), validation (R = 0.936), test (R = 0.969),
and overall (R = 0.942) datasets, indicating good predictive accuracy and excellent

generalization to unseen data.
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Figure 4.10 ANN results with performance plot, training state plot, error histogram, and regression
plot

The results from the ANN after data augmentation demonstrated significant
improvements in the model training, validation, and testing performance, as shown in
Figure 4.11. The Mean Squared Error (MSE) plot shows consistent reductions across
the training, validation, and testing datasets, with the best validation performance
(MSE = 0.0168) achieved at epoch 23, highlighting the improved generalization of the
model. The gradient decreases to 13.8788, and the Mu stabilizes at 10~7, indicating
efficient convergence and stability during training. The error histogram reveals a
highly concentrated error distribution around zero with minimal outliers, reflecting
improved prediction accuracy. Regression analysis showed near-perfect correlations,
with R-values of 0.999 for training, 0.994 for validation, 0.990 for testing, and 0.997
overall, indicating the ANN's enhanced ability to accurately model data. The
regression lines aligned closely with the ideal line, further demonstrating the precision

of the predictions.
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The introduction of data augmentation provided a more diverse dataset, enabling the
ANN to better learn, generalize, and achieve superior performance metrics.
Consequently, the overall value of R increased from 0.942 to 0.997, indicating its high
accuracy in capturing the complex nonlinear relationships between the input process
parameters and output responses. This strong correlation between the predicted and
actual values underscores the excellent generalization ability of the model across
unseen datasets, reinforcing its reliability as a surrogate model for multi-objective
optimization. The error histograms presented for both the ANN and ANN with data
augmentation models in Figures 4.10 and 4.11, respectively, display distributions
tightly centered around zero, reflecting strong predictive accuracy across the training,
validation, and test datasets. Nevertheless, a small number of outliers were observed
in both the cases. These deviations are likely due to sparsity or noise within the
experimental dataset, particularly in regions of the input space that were
underrepresented during training [158,159]. In the baseline ANN model, although
most prediction errors were clustered near zero, several extreme values ranging from
—22.28 to +22.12 were recorded. In contrast, the ANN model enhanced with data
augmentation exhibited a significantly reduced error range from —0.8517 to +1.12,
with a denser concentration of instances near the zero-error line. This notable
reduction in outlier magnitude indicates that the augmented dataset improved the
model’s ability to learn from a broader range of input variations, enhancing
generalization and reducing sensitivity to rare or noisy cases. The presence of a few
outliers did not compromise the reliability of the ANN model, as most prediction errors
were tightly clustered around zero, demonstrating strong generalization across
datasets. Additionally, high R? values and low mean squared errors confirmed the
accuracy of the model, making the outliers negligible for practical engineering
applications. Collectively, the high R? value not only attests to the robustness, stability,
and accuracy of the ANN model, but also underscores its strong predictive capability
in capturing complex relationships and intricate output behaviors across diverse
experimental conditions. This ensures that the ANN model can reliably guide the
optimization process, offering precise predictions that are critical for enhancing the

performance of optimization algorithms (NSGA-II, TLBO, and MOPSO), as
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demonstrated later in the manuscript. The high R? value plays a pivotal role in ensuring
that these optimization algorithms converge towards optimal solutions, ultimately

leading to improved outcomes in advanced coating applications [160,161].
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Figure 4.11 ANN results after data augmentations with performance plots, training state plots, error
histograms, and regression plot

4.2.4 NSGA I results

After training, NSGA-II was applied to generate a Pareto-optimal front, as
shown in Figure 4.12, effectively capturing a diverse set of trade-offs between the
three response variables: corrosion resistance efficiency (%), surface free energy
(mN/m), and surface roughness (um). The non-dominated solutions from the final
generation were used to construct the diverse Pareto front, effectively capturing the
compromise between the three-performance metrics. From the plot, the observed
ranges are approximately 0.5 um to 4.5 pm for surface roughness, 6 mN/m to 9 mN/m
for surface free energy, and 20 % to 90 % for corrosion resistance efficiency. Owing
to the three-dimensional nature of the plot, it is difficult to accurately interpret the

relationships when viewed only in two dimensions. For instance, while the corrosion
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resistance efficiency may appear to peak near 70 % in the 2D view, the actual
maximum approaches 90 % when viewed in full 3D. Therefore, the resulting Pareto
front exhibits a broad solution space, meaning that multiple optimal configurations
exist where varying degrees of corrosion resistance efficiency can be achieved,
depending on the specific combination of surface free energy and surface roughness.
The shaded Pareto region in the figure illustrates the tradeoff space, showing a wide
range of feasible solutions from which, an optimal compromise can be selected based
on specific application requirements. The diverse Pareto front observed in this study
is also consistent with the findings reported by Siegmund and Deb [162], further

validating the robustness of the multi-objective optimization approach used in this

study.
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Figure 4.12 Diverse Pareto front achieved by NSGA-II, illustrating the trade-offs between multiple
objectives in the optimization process

4.2.5 Refine with TLBO, and MOPSO and compare with the experimental and
prediction results

In this study, TLBO and MOPSO were employed as second-stage refinement
algorithms within a two-step hybrid optimization framework. The first stage utilized
NSGA-II to explore the broader solution space and generate an initial diverse Pareto
front (as shown in Figure 4.12). Its underlying mechanisms such as non-dominated
sorting and crowding distance are designed to effectively explore trade-offs among
conflicting objectives, thereby ensuring comprehensive coverage of the Pareto front,

as described by Equation 4.4 [162]. The solutions produced by NSGA-II, along with
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their corresponding decision variables, were then passed as inputs to TLBO and
MOPSO. To enhance the local search capability during this stage, Gaussian data
augmentation was reintroduced, allowing the dataset to be densified while remaining
within established bounds. Now, TLBO operates through a deterministic teacher-
student learning mechanism, where the population is iteratively adjusted based on the
influence of the best-performing solution (the "teacher") and the mean performance of
the group. As described in Equation 4.5 this approach facilitates effective local
exploitation and precise fine-tuning of the candidate solutions. By contrast, MOPSO
employs a swarm intelligence-based strategy, where solutions are updated through
social learning and guided by both individual and global historical bests, as
represented in Equation 4.6. In terms of the objective distribution, the initial Pareto
front generated by the NSGA-II (Figure 4.9) spans a broad range of feasible solutions.
Specifically, surface roughness varies from approximately 1.0 to 4.5 um, surface free
energy ranges from 6.0 to 8.0 mN/m, and corrosion resistance efficiency extends from
30% to 95%. In contrast, the refined Pareto fronts obtained using the TLBO and
MOPSO algorithms (Figures 4.13 and 4.14) demonstrate more concentrated solution
clusters. These refined results typically fall within narrower ranges: 1.5 to 2.5 pm for
surface roughness, 6.0 to 7.5 mN/m for surface free energy, and 50% to 95% for
corrosion resistance efficiency. This outcome demonstrates the improved convergence
and local refinement achieved through second-stage optimization. The initial
diversification of the Pareto front by NSGA-II, followed by its refinement through
MOPSO, is consistent with the hybrid optimization strategy reported in earlier studies
by Hu et al. [163].
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Figure 4.13 Refined Pareto front: (a) TLBO optimization and (b) MOPSO optimization,
demonstrating improved convergence and solution refinement compared to the initial Pareto front

The convergence plots clearly illustrate the differing optimization behaviors of TLBO
and MOPSO. TLBO exhibits a smooth and stable convergence path, underscoring its
robustness and efficiency in driving solutions toward the optimal regions. However,
its deterministic nature can lead to premature convergence, particularly in complex or
multimodal search landscapes, as noted by Fatehi et al. and Dong et al. [143,164]. In
contrast, MOPSO demonstrates a more irregular and scattered convergence trend,
which is a characteristic of its stochastic search strategy. This randomness, while less
stable, enhances its ability to escape local optima, making it particularly effective in
tackling multi-objective problems with rugged or highly nonlinear fitness landscapes,
as discussed by Z et al. and Xu et al. [165,166]. Importantly, these convergence
characteristics align with the distribution patterns observed in their respective refined
Pareto fronts, thereby reinforcing the consistency and reliability of their optimization

behaviors.

Surfage roughness (umy Surface free encrgy (mN/m) T Surface roughness (un) Surface free energy (mN/m)

woow o m o ow s 30w ow a0
CGeneration . Genera tion
Corrosion resistance efficiency (%)

fecicncy (%)

0 0 30 40 s0
Generation

" 20 30 4 0
Generation

(a) (b)

Figure 4.14 Individual response convergence plot: (a) TLBO and (b) MOPSO, showing the
progression of convergence for each optimization method across the responses
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The best optimal solution after further refinement by TLBO and MOPSO was
achieved using a compromise-based decision-making method. The non-dominated
solutions of pareto front were then normalized on a scale of 0 to 1 utilizing the below

mathematical Equation 4.18 and 4.19 [167],

, _ X — Xmin
Normalized Value = ——
Xmax - Xmin (4.18)
Where higher values are better.
X - X
Normalized Value = —=2~—
Xmax - Xmin (4.19)

Where lower values are better.
The normalized values across all the objectives were summed. This summation
provided a composite score that represented the overall performance of a solution
relative to the ideal. The solution with the smallest total sum is selected as the final
optimal choice, because it reflects the closest proximity to the ideal point in the
normalized objective space. This approach implicitly assigns equal importance to all
objectives, ensuring a balanced trade-off without bias toward any single criterion. It
offers a straightforward yet effective means of identifying a well-compromised Pareto-

optimal solution [168,169].

The performances of the three optimization algorithms, TLBO, MOPSO, and CCD,
were evaluated by comparing the predicted and actual values of three response
variables: surface roughness, surface free energy, and corrosion resistance efficiency.
The comparison is illustrated in Figure 4.15, and the percentage deviations between
the actual and predicted values are summarized in Table 4.7. For the surface roughness,
TLBO demonstrated the highest prediction accuracy with a minimal deviation of 7.73
%, whereas CCD showed a significant overestimation, resulting in the highest
deviation of 22.09 % among the three. MOPSO also performed reasonably well in this
category but was slightly less accurate than TLBO. In contrast, the surface free energy
was most accurately predicted by MOPSO, showing the lowest deviation of 6.27 %,
followed by TLBO (6.96 %). The CCD showed a slightly higher deviation of 8.32 %,
indicating moderate prediction reliability. Regarding the corrosion resistance

efficiency, MOPSO again outperformed the other algorithms with the lowest deviation
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of 11.46 %, while TLBO and CCD exhibited larger discrepancies of 18.84 % and 21.53
%, respectively. Notably, the CCD tended to significantly overpredict the corrosion

resistance, whereas MOPSO was slightly underpredicted but remained closer to the

actual value.
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Figure 4.15 Comparison between actual and predicted values for TLBO, MOPSO, and CCD methods
across key performance indicators: (a) Surface roughness (um), (b) Surface free energy (mN/m), and
(c) Corrosion resistance efficiency (%)

When evaluating the overall predictive performance, the average deviation across all
three responses was the lowest for MOPSO (9.99 %), followed by TLBO (11.18 %),
and CCD (17.31 %). This indicates that the MOPSO offers the most balanced and

robust prediction capability across multiple performance metrics.

Table 4.7 Comparison of predicted responses from different algorithms, including TLBO, MOPSO, and
CCD, highlighting the accuracy of predictions for the responses

Deviation (%)
Response

TLBO MOPSO CCD
Surface Roughness 7.73 12.26 22.09
Surface Free Energy 6.96 6.27 8.32
Corrosion Resistance Eff. 18.84 11.46 21.53
Average Deviation 11.18 9.99 17.31

In summary, while each algorithm exhibits strengths in specific response predictions,
MOPSO provides the best overall prediction accuracy and consistency, making it the

most suitable optimization technique for this multi-objective coating performance

analysis.
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4.2.6 Sensitivity analysis

The sensitivity analysis results from TLBO, as depicted in Figure 4.16, and
MOPSO, as shown in Figure 4.17, revealed substantial differences in the influence of
the input parameters on the output responses. In the Local Sensitivity Analysis, TLBO
indicated that stearic acid significantly enhanced the corrosion resistance performance
(+124.3), but diminished the surface roughness and surface free energy. Conversely,
ZnCl: negatively impacted the corrosion resistance while exerting a moderate positive
effect on the surface roughness. The coating temperature and duration exhibited a
minimal local influence. In contrast, MOPSO demonstrates more pronounced local
sensitivities, particularly concerning corrosion resistance, where ZnClz exerts a highly
negative effect (-1540) and stearic acid has a strong positive effect (+810.6), indicating

a more volatile and steep input-output relationship.
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Figure 4.16 Sensitivity analysis of the optimization results using the TLBO algorithm, showing the
impact of various parameters on the objective functions

The Global Sensitivity Analysis utilizing Sobol indices further highlights these
distinctions. The Teaching-Learning-Based Optimization (TLBO) method identifies
coating temperature as the most significant factor influencing surface roughness, with
a Sobol index of 0.8434, and coating duration as the primary factor that adversely
affects corrosion resistance, with a Sobol index of -0.9427. These pronounced global
sensitivities suggest that TLBO reveals a more structured and interpretable

optimization landscape dominated by a few critical parameters. Conversely, the multi-
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objective particle swarm optimization (MOPSO) method exhibits global sensitivity
indices that are notably lower and more evenly distributed across inputs, with the
coating duration demonstrating the highest, albeit modest, influence on the surface
roughness at 0.1538. This pattern is consistent with MOPSQ's stochastic nature of
MOPSO, indicating a broader but less sharply defined exploration of the input space
[170]. Overall, TLBO appears to be more effective in isolating dominant factors for
targeted optimization, whereas MOPSO offers a more balanced sensitivity profile,
potentially mitigating overfitting and enhancing generalization in complex

multiobjective problems.
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Figure 4.17 Sensitivity analysis of the optimization results using the MOPSO algorithm, illustrating
the influence of different parameters on the objective functions

4.2.7 Analysis of Coating Characterizations

4.2.7.1 Wettability and Contact Angle

Figure 4.18 shows both the coated surface under the optimized parameters and
the uncoated surface of the bare Mg alloy. A uniform white layer is formed on the
substrate surface. Contact angle is a critical parameter for assessing the hydrophobicity
and wettability of a surface. A contact angle (CA) less than 90° indicates a hydrophilic
surface, whereas a CA greater than 90° indicates a hydrophobic surface [171].
However, a surface cannot be classified as superhydrophobic unless the contact angle
exceeds 150° [172]. As shown in Figure 4.19, a contact angle of 152 °£1° was

achieved. The contact angle of the base Mg alloy is 47°+3°. Consequently, the coating
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has transformed the Mg alloy surface into a superhydrophobic one. Goniometer report

of contact angle measurement has been provided in APPENDICES section under

subsection A.3.

Figure 4.18 Digital images of magnesium alloy samples: (a) after superhydrophobic coating,
displaying a uniformly white surface indicating the formation of Zn/Mg-stearate layer; (b) before
coating, showing the bare metallic surface

Figure 4.19 Water droplet on the coated Mg alloy surface showing super hydrophobicity. Inset:
Goniometer measurement confirms a contact angle of 152.2°

4.2.7.2 Surface morphology of base and coated samples

Figure 4.20 (a) and (b) depict the SEM images of the base and coated surfaces,
respectively. It is evident that the polished surface of the base Mg alloy developed a
uniform nanopetal-like structure. This structural formation leads to a significant
increase in the surface roughness [173]. A similar profile is observed in Figure 4.21,
which presents the 3D profilometer data illustrating the variation in surface roughness.

The surface roughness of the coated sample was markedly increased. The surface
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roughness parameters Sa, Sq, and Sz of the base sample are 0.19, 0.27, and 7.58,
respectively. In contrast, for the coated sample, the values of Sa, Sq, and Sz were 3.51
um, 4.23 um, and 36.78 um, respectively. These changes in surface morphology and

microstructure result in the surface acquiring hydrophobic properties [174].

Figure 4.20 Surface morphology of (a) Bare polished Mg alloy showing linear grinding marks; (b)
Coated surface at low magnification showing rough and hierarchical morphology; (c) High-
magnification SEM image revealing densely packed, micro/nano flake-like structures

Sa: 0.199 pm Sa: 2.211 pm

3.230 pm

(b)

Figure 4.21 3D surface profilometry images showing surface roughness topography of (a) uncoated
substrate Mg alloy and (b) coated Mg alloy. Clear contrast in surface morphology demonstrates the
formation of micro/nano hierarchical structures post-coating
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4.2.7.3 Analysis of Phase, Elemental Composition, and Functional Groups

Figure 4.22 illustrates the X-ray diffraction (XRD) phase angles of the Mg
phase in the Mg alloy substrate, observed at 32.61°, 34.85°, 36.66°, 48.15°, 57.59°,
63.46°, 69.32°, and 70.43°, respectively [175]. Notably, the intensities of these peaks
varied between those of the base and coated samples. Furthermore, the coated sample
exhibits additional peaks, including those of Mg(OH); at 27.88° and 40.02°. The peaks
at 13.23° and 30.127° indicated the presence of a complex compound phase,
Mg2CI(OH)s, formed by magnesium and zinc chloride. Additionally, the peaks at
43.863° and 52.86° indicated the presence of a Zn phase [176].
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Figure 4.22 X-ray Diffraction (XRD) patterns of (a) bare Mg alloy (base) and (b) Zn stearate-coated
Mg alloy, showing phase composition and crystallinity of the samples

Figure 4.23 presents the Energy Dispersive Spectroscopy (EDS) spectra for both the
(a) base Mg alloy and (b) coated samples. The EDS spectrum of the base alloy,
depicted in Figure 4.20 (a), confirms a predominant magnesium content (90.9 %),
accompanied by minor quantities of aluminum (3.7 %), zinc (2.9 %), and manganese

(0.7%). Conversely, the spectrum of the coated sample, shown in Figure 4.20 (b),
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exhibited pronounced additional peaks for carbon (81.2 %) and oxygen (11.4 %),
along with the presence of chlorine (1.6 %) and zinc (2.9 %), while the magnesium
signal was significantly reduced to 1.3 %. This marked increase in C, O, and Cl
contents, coupled with the diminished Mg signal, substantiates the successful
formation of an organic-inorganic coating layer on the Mg alloy surface, indicating

effective surface modification through the application of stearic acid and ZnCl:

treatment.
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Figure 4.23 Energy Dispersive X-ray Spectroscopy (EDS) spectra of (a) bare Mg alloy and (b) Zn
stearate-coated Mg alloy, illustrating the elemental composition and distribution of key elements

Figure 4.24 (a) shows the FTIR spectra of the base and coated samples, where, at 2355
cm’!, the CO; group is basically for atmospheric carbon. In the energy bands at 1395
cm’!, —CHjs, 1459 —CHa, 1535.80 —COO, 2841, and 2917 —-CH groups were present,
suggesting the formation of a compound from stearic acid (CisH3602), magnesium,
and zinc chloride [177]. A vibrational band ranging from 3545 cm™ to 3876 cm™ was
observed for both the base and coated samples. This indicated the presence of moisture

(—OH>) on the surface of the sample.
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Figure 4.24 (a) Fourier Transform Infrared (FTIR) spectra of bare and coated Mg alloy, highlighting
the functional groups and bonding characteristics. (b) Raman spectra of bare and coated Mg alloy,
revealing insights into the chemical bonding of the samples

Figure 4.24 (b) represents the Raman spectra of the base and coated samples. For the
base sample, two prominent peaks for MgO were observed at 95 cm™ and 219 cm’!,
whereas for the coated sample, one prominent peak at 85 cm™ for MgO was observed
[178]. The presence of ZnCl, was observed at approximately 118 and 349 cm™ [179].
The CH3 group can be found at two positions: one is at 901 cm™ and the other is in the
higher band zone at 2874 cm™'. The C—C bond was observed at 1076 cm™ and 1138
cm’!. The peak at 962 cm™ shows the presence of a C—H group. The two peaks near
1304 cm™ and 1449 cm™! indicate the presence of the —CH> group [180]. Thus, these
Raman peaks aligned with the FTIR results. All these bonds indicate the composition
of the base material and prove the formation of the expected complex compound

during the coating process.

4.2.7.4 Reaction mechanism

The development of superhydrophobic surfaces on Mg alloys involves a
sequence of surface reactions, as supported by both experimental results and the

existing literature [176,181].

Reactions corresponding to Equations 4.20 and 4.21 lead to the formation of Zn(OH):
and ZnO in the reactions with water, which precipitate and grow as nanostructured

crystallites on the alloy surface.
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ZnCly + 2H,0 & Zn(OH), + 2H* + 2Cl~ (4.20)
ZnCly + H,0 & Zn0 + 2H* + 2CI~ (4.21)

Simultaneously, the generation of HCI acidifies the local environment, accelerating
the corrosion of the magnesium substrate and promoting the formation of a
micro/nanostructured hierarchical surface, which is an essential condition for
achieving superhydrophobicity. Under these acidic conditions, Mg undergoes
spontaneous redox reactions: metallic Mg reacts with H" ions generated during ZnCl.
hydrolysis, releasing Mg?" and hydrogen gas. Additionally, Mg reacts directly with
water to form a porous Mg(OH). layer and further evolves into H:, as shown in

Equations 4.22 and 4.23.

Mg+ 2H* - Mg?** + H, (4.22)
Mg + 2H,0 - Mg(OH), (4.23)

In the same acidic environment, ZnO can also dissolve by reacting with H* to

regenerate Zn**, as shown in the Equation 25.

Zn0 + 2H* - Zn?* + H,0 (4.24)

Furthermore, interactions among Mg?**, Cl-, and OH™ ions can result in the formation
of complex salts such as Mg:CI(OH)s, as described in Equation 26 and confirmed by
XRD analysis.

3Mg(0OH), + Mg?*2Cl~ - 2Mg,CL(OH); (4.25)

The formation of the Zn/Mg-stearate-based coating was primarily governed by ionic
interactions between divalent metal cations (Zn** and Mg?") and the carboxylate
groups of stearic acid. Upon the dropwise addition of ZnCl: into the stearic acid—
ethanol solution, Zn?" ions promptly react with stearate anions (CHs(CH2)1sCOO") to
form zinc stearate, a low-solubility metal soap that precipitates out and deposits as a
uniform hydrophobic layer. This morphology is clearly observed in the SEM
microstructure in Figure 16. During the coating process, both the zinc and magnesium
stearates contributed to the formation of the final surface layer. Upon dropwise

addition of ZnCl: to the stearic acid—ethanol solution, Zn** ions readily react with
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stearate anions to form zinc stearate, which precipitates as a dense, hydrophobic layer.
Simultaneously, a limited amount of Mg?" ions are released from the substrate due to
the mildly acidic environment created by ZnCl. hydrolysis. These Mg?* ions can also
interact with stearate anions to form magnesium stearate. However, because Zn*" is
present at higher concentrations in the reaction medium and has a higher affinity for
stearate, the resulting coating consists predominantly of zinc stearate with only a minor
contribution from magnesium stearate. The two components are believed to either co-
deposit or sequentially form a composite metal-organic layer on the magnesium

surface, as illustrated in Equations 4.26 and 4.27.

Zn?* + 2CH3(CH,)16COO0H — Zn[CH3(CHy)16C00], + 2H* (4.26)
Mg?* + 2CHs(CH,)14COOH — Mg[CHs(CHy)14C00], + 2H* (4.27)

During the entire reaction process, ethanol serves dual and essential functions. First,
it acts as a solubilizing agent, effectively dissolving stearic acid, which is otherwise
poorly soluble in water. This is made possible due to ethanol’s low surface energy and
amphiphilic nature, allowing it to interact with both the hydrophilic carboxylic head
and hydrophobic hydrocarbon tail of the fatty acid, resulting in a stable and uniform
solution [182]. Second, ethanol functions as a homogeneous reaction medium,
ensuring uniform mixing and facilitating efficient ionic interactions between the Zn*",
Mg?**, and stearate anions. This promotes consistent nucleation and deposition of the
hydrophobic layer across the etched Mg surface, leading to the formation of a uniform

and effective superhydrophobic coating [181].

The remarkable chemical stability of this layer arises from two primary factors: (1)
robust ionic interactions between the metal cations and carboxylate groups, which
create a tightly bound network, and (2) the presence of long hydrophobic alkyl chains
(from stearate), which act as barriers that hinder the penetration of water molecules.
These combined effects minimize water ingress and protect the interface from
degradation [183,184]. Zinc stearate further contributes by offering superior chemical
and thermal inertness, reinforcing the integrity of the coating against aggressive
electrolytic environments. Moreover, Zn?" itself offers intrinsic corrosion-inhibiting

properties, enhancing the passive protection mechanism [185,186]. Together, the
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Zn/Mg-stearate composite forms a chemically robust and hydrophobic barrier that
reduces the surface energy and corrosion kinetics via both physical shielding and
sacrificial protection. The successful formation and chemical stability of these
compounds are corroborated by FTIR and Raman spectroscopy, which display

characteristic COO™ stretching and metal-oxygen bonding features [187].

Based on the observed reactions, it can be concluded that the significant by-products,
including zinc stearates, magnesium stearates, Mg(OH), and Mg,Cl(OH)5 are not
toxic to the environment or the human body. The biocompatibility of the sample,
which includes these by-products, has been analysed using the MTT and live-dead cell

assays, as discussed in subsequent sections.

4.2.8 Assessment of electrochemical properties

Figure 4.25 illustrates the electrochemical behavior of bare and coated
magnesium alloy samples in simulated body fluid (SBF), as assessed by
potentiodynamic polarization and electrochemical impedance spectroscopy (EIS). The
corrosion current density Icor was determined via Tafel extrapolation from the
polarization curves shown in Figure 4.25 (a). This method involves fitting the linear
portions of the anodic and cathodic branches and identifying the intersection point
from which the corrosion potential Ecorr and Ieorr values were obtained [155]. It can be
shown from the Table 4.8 the coated sample exhibited a significant enhancement in
corrosion protection, as evidenced by a positive shift in Ecorr (from —1.409 V to —0.833
V) and a tenfold reduction in Icor (from 83.49 pA/ecm? to 8.03 pA/cm?). This
corresponds to a reduction in corrosion rate from 2.874 mm/year to just 0.180

mm/year.

The Nyquist plots obtained from Electrochemical Impedance Spectroscopy (EIS), as
shown in Figure 4.25 (b), illustrate the electrochemical behavior of both the uncoated
substrate and the coated magnesium alloy. These plots were fitted using EIS analyzer
software based on the equivalent electrical circuit illustrated in Figure 4.25 (c). In this
circuit, R: denotes the solution resistance of the electrolyte, R> corresponds to the

resistance of the surface coating or passive film, and Rs represents the charge transfer
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resistance at the electrolyte—substrate interface [188]. The circuit also includes two
constant phase elements, CPE: and CPE:, which capture the non-ideal capacitive
behavior associated with interfacial effects. The n-values for these CPEs, ranging from
0 to 1, indicate the degree of deviation from ideal capacitive behavior, where values
approaching 1 suggest more ideal behavior and better electrochemical stability. The p-
value reflects the admittance of the non-ideal capacitive element [189]. The Nyquist
plot shows two distinct semicircular arcs: the high-frequency semicircle corresponds
to the double-layer capacitance and charge transfer resistance, while the low-
frequency semicircle is associated with the film properties of the coating. From Table
4.9 it is also notable that the coated sample exhibited significantly higher R» and Rs
values compared to the uncoated alloy, signifying an enhanced barrier effect and
reduced electrochemical reactivity. Additionally, the increase in n-values for the
coated sample suggests a more homogeneous and ideal capacitive interface.
Collectively, the elevated polarization resistance and reduced corrosion current density
underscore the effectiveness of the superhydrophobic Zn—stearate and Mg—stearate
composite layers, confirming their role as dual-barrier systems that provide both
physical obstruction to electrolyte ingress and chemical passivation for corrosion

inhibition.
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Figure 4.25 Electrochemical characterization of the coated and uncoated Mg alloys: (a)
Potentiodynamic polarization curves for substrate and coated samples. (b) Nyquist plot from EIS
showing impedance data with fitted curves. (¢) Equivalent circuit model with R1, R2, and R3
representing solution resistance, coating resistance, and charge transfer resistance, respectively

Table 4.8 Corrosion parameters for the coated and uncoated Mg alloy samples, including corrosion
current density (Icorr), corrosion potential (Ecorr), and corrosion rate

Sample  Ecorr (V) Leorr (UA/cm?) Corrosion rate (mm/year)
Substrate -1.409 83.49 2.874
Coated -0.833 8.027 0.180

Table 4.9 EIS parameters, including R1, R2, R3, and constant phase elements (CPE n, CPE p), for both
substrate and coated samples

CPE 1 CPE 2
Sample R1 R2 R3

p1 ni p2 n
Substrate 48 325 60 2.68 x107° 091 89x10°° 0.41

Coated sample 2622 27545 4900 2.83x10°® 096 5.73x10° 0.63

Page | 100



Chapter 4

4.2.9 Optical after and before corrosion of the coated surface

The optical images presented in Figure 4.26 depict the surface conditions of
the coated and uncoated magnesium alloy samples before and after exposure to the
SBF solution. The coated sample prior to corrosion (image a) exhibited a smooth and
uniform surface, indicative of the successful and continuous deposition of the stearic
acid and ZnCl.-based superhydrophobic layer. Post-corrosion (image b), the coated
surface largely maintains its integrity, with only a few localized dark spots, suggesting
minor electrolyte penetration or coating imperfections. Conversely, the uncoated
substrate before corrosion (image c) displays a clean surface with visible polishing
lines, characteristic of a mechanically prepared metal. However, following corrosion
(image d), the substrate revealed significant surface damage, including extensive
roughness and accumulation of corrosion products, indicative of active degradation in
the absence of a protective barrier. Overall, the comparison clearly demonstrates that
the superhydrophobic coating significantly enhances corrosion resistance by
preserving surface stability, whereas the bare alloy undergoes rapid deterioration under

the same conditions.

T © B @

Figure 4.26 Optical images before and after corrosion of coated (a&b) and substrate (c&d)
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4.2.10 Assessment of the MTT and live dead cell assay of the coated sample

The biocompatibility of the coated and uncoated magnesium (Mg) alloy
samples was assessed using the MTT and live dead cell assays. The MTT assay results
presented in Figure 4.27 show that after 24 h of incubation, the coated sample
exhibited a cell viability of approximately 97 %, which closely matched that of the
control (uncoated) group. This suggests excellent initial cytocompatibility of the ZnCl.
and stearic acid hydrothermally coated Mg surfaces. At 48 h, the coated sample
maintained a cell viability of nearly 86 %, whereas that of the control group remained
at approximately 96 %. Despite the slight decrease, the coated sample demonstrated
acceptable biocompatibility. These findings are consistent with those reported by
Doskocil et al. [176] and Vishnu et al. [190], supporting the cytocompatibility of Zn-
based surface-modified Mg alloys.

I Control
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-
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Figure 4.27 Cell viability percentage of control and coated sample after 24 hours and 48 hours

The results of the live-dead cell assay, as depicted in Figures 4.28 and 4.29 for the 24-
hour and 48-hour time points, revealed a distinct pattern of biocompatibility for the
hydrophobic-coated Mg alloy. Over a 48-hour period, there was a notable increase in
live cell density, as evidenced by green fluorescence, indicating robust cell
proliferation. Although there was a slight increase in the number of dead cells (red
fluorescence), it remained minimal compared to the overall cell population, thereby

reinforcing the biocompatibility of the material.
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The improvement in cell proliferation can be mechanistically accounted for by the
combined action of the surface chemistry and topography of the coating. Zinc stearate
is a metal-organic compound that contains zinc ions and stearate ligands. It provides
useful biochemical signals through the controlled release of zinc ions. Zn ions have
been reported to play an essential role in cellular growth, wound repair, and regulation
of enzymatic activity in mammalian systems, especially in dermal and connective
tissue repair mechanisms [191,192]. Their slow release from the coating can serve as
a localized proliferative signal, promoting fibroblast viability and metabolic activity

without causing cytotoxicity [193].

In addition to the chemical contributions, the structured morphology and the super-
hydrophobicity of the coating also enhance an ideal environment for cell growth [194].
The surface coating reduces direct fluid contact with the inner Mg substrate, which
effectively minimizes hydrogen evolution and sudden pH changes that are mostly
associated with Mg degradation [6]. This regulation of the corrosion environment
facilitates the stable adhesion and survival of cells. In addition, intrinsic surface
roughness, coupled with low surface energy, is likely to augment the formation of focal
adhesions and cytoskeletal organization, both of which are essential for cell spreading

and growth [195].

Electrochemically, the coating efficiently inhibits premature Mg corrosion, which
tends to contribute to the high local alkalinity and gas release factors that adversely
affect early tissue integration [196,197]. By stabilizing the implant—tissue interface,
the zinc stearate film enables cells to experience a biofunctional, non-toxic surface
during the critical initial stage of the host response. Such protective function is
especially timely for biodegradable implant use, where premature degradation can

degrade both structural and biological performance

Page | 103



Chapter 4

24hrs

Green Channel Red Channel

CONTROL

SAMPLE

Figure 4.28 Live dead cell assay of coated sample after 24 hours
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Figure 4.29 Live dead cell assay of coated sample after 48 hours

Compared with conventional coating methodologies for Mg alloys, the proposed
system has several interesting advantages. Conventional coatings, such as calcium
phosphate, hydroxyapatite (HA), poly(lactic-co-glycolic acid) (PLGA),
polydopamine, and silica-based sol-gels, have been extensively investigated for
corrosion resistance and bioactivity. However, many of these coatings have practical
drawbacks. For example, HA coatings, which are highly osteoconductive, tend to be
brittle and delaminate under physiological conditions [198]. Polymeric coatings such
as PLGA or PCL have tunable degradation rates, but require further functionalization

to achieve good corrosion resistance [199]. Inorganic coatings derived through sol-gel
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can impart strong barrier properties, but might cause high pH shifts during the initial
stages of degradation, which could impact cytocompatibility [200].
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Chapter 5

Bioactive HA and Zn-Doped HA Coatings on Magnesium
Alloys: Degradation Assessment in Simulated Physiological
Conditions

5.1 Materials and methodology
5.1.1 Preparation of coating materials and substrate

The wet chemical process, as described in earlier research, was carried out to
produce pure hydroxyapatite (HA) and zinc-doped hydroxyapatite (ZnHA) powders
[201,202]. Briefly, the reaction between calcium hydroxide and orthophosphoric acid
produced a Ca/P ratio of 1.67, which is the stoichiometric ratio of HA [203]. Zinc
oxide was used for zinc doping. The reaction took place at 80 °C with a pH of 11-12.
The calcium hydroxide solution was mixed with 5-wt% ZnO prior to the addition of
orthophosphoric acid. Powders were then made from this solution through
precipitation and filtering processes. Following an 800 °C calcination, these powders
were mechanically ball-milled in ethanol for four hours to produce finely ground
particles. The ethanol was then removed by drying the mixture for six hours at 50 °C
[201].

To prepare a dispersion of HA particles, a chitosan gel was first prepared. For the
chitosan gel, 0.5 grams of chitosan were mixed with 50 ml of distilled water and 0.5
ml of acetic acid was combined with the mixture. This dispersion was stirred with a
magnetic stirrer for 10 hours. After the gel was successfully prepared, the pure and the
zinc-doped HA particles were introduced into the gel. The mixture was then
magnetically stirred for 1 hour, followed by vortexing for 20 minutes to achieve a
uniform coating gel. Prior to coating, care was taken to ensure no bubbles were
present.

To prepare the substrate, the magnesium (Mg) alloy was first sliced into 10 mmx10
mmx2 mm dimensions using wire Electrical Discharge Machining (EDM). The

samples then underwent mechanical grinding with emery paper graded from 600 to
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2000 to attain a uniform surface. After grinding, acetone was used for ten minutes to
thoroughly clean the sample's surfaces. Following the acetone cleaning, the samples
were immersed in deionized (DI) water and then carefully desiccated to further ensure
the removal of any remaining impurities or particles. Once completely dry, the samples
were treated in a 1 mL 1 M HCI solution for 50 seconds to activate the surface and

produce a porous and rough texture.

5.1.2 Dip coating process

The diagram in Figure 5.1 illustrates the sequential process of substrate
pretreatment and the subsequent steps involved in dip coating. During this process, the
activated samples were immersed for a total of 20 cycles. The immersion speed of the
samples was maintained at 400 mm/sec, and a drying time of 5 seconds was allowed
between each immersion cycle. Following the coating procedure, the coated samples

were subjected to air-drying at room temperature for a day.

10

WT N Mechanical
. polishing

DI cleani i
ceamng ACctime DI cleaning

cleaning

s

Sample

Dip Coater

Figure 5.1 Schematic of flow process of dip coating
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5.1.3 Computational Framework

This work employs a three-dimensional approach, to analyze stress profiles on
the top surface of all the samples, under varying velocities and coating-based
mechanical properties. The simulation geometry is designed to mimic an experimental
immersion test setup in a physiological environment. Within the fluid-solid interaction
module, the Navier-Stokes equations describe the motion of the fluid, while the solid
mechanics equations account for any deformation or displacement of the solid. Inlet
and outlet functions define the direction and velocity of the fluid. The fixed constraint
function ensures that the bottom surface of the solid sample remains fixed, so
deformation and displacement are zero, with linear elasticity and inertia being

neglected.
Usoria = 0; where u is the velocity of the solid
V.o = 0; where o is the stress tensor in the solid

The fluid is presumed to be incompressible and isotropic Newtonian. The subject of
interest here is to study the shear stress profile on the upper surface of the specimens.

Hence, FISS on the surface can be estimated by Equation 5.1 [204],

Tij = r[((')vl/(')x] + avj/axi) (51)

Where the fluid's shear viscosity is represented by n, the spatial coordinate is by xi, the
fluid's velocity is by vi along axis 1, and the component of stress in the j direction acting
on the fluid's surface perpendicular to the axis 1 is by 1. The following characteristics
of SBF were utilized in the simulation: temperature of 37 °C, viscosity of 0.001 Pa-s,
and density of 1000 kg.m™. The flow rates of 2 ml/min, 5 ml/min, and 9 ml/min were
selected to align with previous studies and represent physiological conditions. For
instance, R. Putra et al. [205] examined the fatigue life of porous magnesium scaffolds
through dynamic immersion testing at a flow rate of 0.025 ml/min, Koo et al. [206]
studied dynamic loading in both in vitro and in vivo at 1.5 ml/min flow rate, Wang et
al. [97] developed a model to simulate flow-induced stress at 10 ml/min flow rate, A.

Putra et al. [98] studied dynamic degradation behavior under simulated environment
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at flow rate ranging from 0.025 ml/min to 0.8 ml/min, Wang et al. [96] has also
observed corrosion behavior of absorbable magnesium-based stents at 40 ml/min flow
rate. These flow rates aim to replicate the fluid dynamics around implants under
different conditions, like for bone tissue cells low flow rate is required as lower flow
rates can enhance cell attachment and proliferation on biomaterial surfaces,
particularly in bone and soft tissue environments, the medium flow rate is required for
normal blood flow in capillaries and microcirculatory systems where nutrient and
oxygen exchange occurs, the higher flow rate is taken to check the stress-bearing
capacity in higher flow stress like at larger vessels or arteries [207]. The properties of

the substrate Mg alloy and the coated samples are mentioned in Table 5.1 [208,209].

Table 5.1. The physical attributes of the Mg alloy base material and the coated specimens

Property Bare Mg Alloy MgHA? MgZnHA3
Youngs Modulus 45 GPa 106.554 GPa 107.249 GPa
Poisson’s Ratio 0.35 0.277 0.276
Density 1810 Kg/m? 3060 Kg/m? 3080 Kg/m®

5.1.4 Structural Characterization

An X-ray diffractometer (Rigaku Miniflex-600, Cu-K alpha radiation) was
employed to determine the phases in the coated and base samples. The wavelength of
the X-ray diffractometer was 1.54 A, operating at a scanning rate of 1° per minute,
and the scan covered a range of 10°-90° (20). The identification of phases was
facilitated by the Xpert High-Score Plus software. Fourier Transform Infrared
Spectroscopy (FTIR) combined with Attenuated Total Reflectance (ATR) was

conducted using a Jasco FTIR 4700 instrument from Japan, over a scanning range of

2 MgHA: Hydroxyapatite coated sample
3 MgZnHA: Zn doped Hydroxyapatite coated sample
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4000-70 cm™!, to detect functional groups within the samples. An Alpha 400 R
spectrometer from Witec (Germany) was utilized for the Raman spectroscopy
analysis. The apparatus featured a 300 lines/mm grating, a 785 nm excitation laser,
and a 1024 x127-pixel CCD camera that was chilled to 208 K. The study's spectral
range was 50-1800 cm™'. Data were obtained with a 10 x objective (NA 0.25, Nikon)
at 4 accumulations and 10 seconds of exposure time for each spectrum. The samples
were subjected to XPS analysis utilizing the Thermo Fisher Nexsa XPS apparatus,
which was equipped with a 100 um beam size and monochromatic Al Ka radiation as
the X-ray source. Surface roughness measurements of the samples were taken using
an optical profilometer (Zygo Newview9000). A Field Emission Scanning Electron
Microscope (FESEM, Sigma model from Carl Zeiss Microscopy Ltd) was used to
investigate the microstructural morphology of all the samples. Using the FESEM in

conjunction with EDX, elemental percentage analysis, and mapping were carried out.

5.1.5 Potentiodynamic Polarization

A GAMRY 620 potentiostat was used for the electrochemical analyses. In the
experimental arrangement, the working electrode (WE) comprised coated and
uncoated magnesium samples, while a platinum gauze was employed as the auxiliary
or counter electrode (C.E.). The reference electrode (RE) used was a saturated calomel
electrode (SCE) of Ag/AgCl [132]. The electrolyte in the corrosion test was Hank's
solution. For the electrochemical tests, a 7 mm x 3 mm area of the 10 mm X 10 mm
sample was in contact with the electrolyte, while the rest of the sample was protected
with Teflon to prevent any electrolytic reactions. Open circuit potential (OCP),
potentiodynamic polarization, and electrochemical impedance spectroscopy (EIS)
studies were utilized to evaluate the electrochemical behavior. In the potentiodynamic
polarization test, the potential range was scanned at a rate of 1 mV/sec, ranging from
-1.5V to +1.5V. Electrochemical impedance tests spanning a frequency of 100 MHz

and 100 kHz were conducted at open circuit voltage with an amplitude of 5 mV [210].
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5.1.6 Dynamic immersion test

The immersion test was conducted in a pH 7.4 SBF solution. Four different
flow conditions were applied during this immersion test, including static conditions (0
ml/min) and varying flow rates of 2 ml/min, 5 ml/min, and 9 ml/min. The pH was
consistently maintained at 7.0 throughout the test. After 24 hours, 48 hours, and 72
hours, the samples were weighed, and the corresponding loss in weight was recorded.
The corrosion rate was then calculated for each flow condition using Equation 5.2

[211].

CR = KW /AtD (5.2)

Here, CR represents the corrosion rate in mm/year, k is a unit constant valued at 8.76
x10% W denotes the weight loss, A represents the exposed surface area in cm?, t

indicates the immersion time, and D signifies the density in g/cm? [212].

5.1.7 Biological characterization

5.1.7.1 In vitro hemocompatibility test

The bare Mg, MgHA, and MgZnHA samples were first submerged in 10 mL
of saline water at 37 °C for 7 hours. After this duration, the samples were withdrawn
from the solution, and the liquid solution was centrifuged at 2000 rpm for 10 minutes.
Subsequently, the solution was sonicated for 10 minutes. Three sets of solutions for
each sample type (bare Mg, MgHA, and MgZnHA) were prepared using a 10 uL
sonicated solution. After diluting each produced solution with 1 mL of saline solution,
the mixture went through incubation at 37 °C for an hour. Following the mixing with
a 3.8% w/v sodium citrate solution at a ratio of 10:1, normal saline was added at a
ratio of 4:1 to dilute the blood. Now, 20 pL of the diluted blood was taken and mixed
with the previously prepared sample solution. This mixture was then incubated for
another hour at 37 °C. Following incubation, all of the samples were centrifuged at
2000 rpm for five minutes. The supernatant fluid was then meticulously collected and
subjected to an optical density (O.D.) analysis at a wavelength of 545 nm using a UV-

vis spectrophotometer. The positive control was diluted blood mixed with sodium
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bicarbonate, while the negative control was diluted blood mixed with saline, with no
specimens included. The subsequent Equation 5.3 was utilized to calculate the level
of hemolysis [213],

% hemolysis
= 0.D. (test) — 0.D (negative)/0.D. (positive) — 0.D. (negative) (5.3)
x 100

5.1.7.2 Antimicrobial test

The agar disk diffusion method was utilized to assess the in vitro antibacterial
activity of bare Mg, MgHA, and MgZnHA samples against the Gram-positive
bacterial strain S. aureus. Initially, each sample was degraded in 5 ml of saline solution
(0.9% NaCl) at 37 °C for 6 hours. After degradation, the resulting solution was
thoroughly mixed by sonication for 10 minutes. Luria Bertani agar plates were
prepared under sterile conditions for this experiment [214]. Small disks were then
immersed in the sonicated solution used for the antibacterial test. Meanwhile, after
being inoculated with Luria-Bertani agar, Staphylococcus aureus (S.A.) strains were
allowed to grow for 24 hours at 37 °C. Finally, Using ImageJ software, the breadth of
the inhibition zones surrounding the disks was measured to determine the antibacterial
activity of the samples after the incubation period. The size of these inhibition zones
provided a quantitative measure of the antibacterial efficacy of the Mg, MgHA, and

MgZnHA samples, with larger zones indicating stronger antibacterial activity.

5.1.7.3 Cell culture

Extract preparation

The sample extracts were prepared according to the protocols specified in the
International Standard Organization (ISO 10993-12) [215]. In short, the coated
samples MgHA and MgZnHA, as well as the substrate Mg, were submerged in a-
MEM at 37 °C for 6 hours, after which they were discarded. Following a centrifugation

of the mixture, the supernatant was collected. A 220 mm membrane filter was used to
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filter this supernatant in order to sterilize it. The resulting extracts were subsequently

used for cell culture.

Cell viability assay

An MTT (3-(4,5-dimethylthiazol-2-yl)-2-5-diphenyl tetrazolium bromide) experiment
was carried out to evaluate the viability of the cells. Initially, 1.0 x 10° cells/mL of
MC3T3 cells were plated into a 96-well plate and incubated for 12 hours at 37 °C.
Subsequently, the cells were subjected to the extracts at a concentration of 100 pg/mL
for five days. Now, 100 pL of serum-free medium and 10 uL. of MTT solution were
added to each well. The cells were then incubated for an additional 4 hours at 37 °C.
Following the incubation period, 100 pL of isopropanol was introduced to each well
after the extracts were removed. After that, the plates were incubated for a further
fifteen minutes. Finally, a Multi-Scan Go spectrophotometer manufactured by Thermo
Fisher, Finland, was utilized to determine the absorbance at 570 and 670 nm [216,217].

The cell viability percentage was determined by applying Equation 5.4 [218]

% cell viability = (T — B)/(C — B) x 100 (5.4)

Where T represents the test data, B is the blank data, and C is the control data.
DAPI staining of MC3T3 cells

DAPI staining of MC3T3 cells was done to confirm cell viability. For this
experiment, cells with a concentration of 2 x 10° cells/mL were mixed with extracts at
100 pg/L in a 24-well plate and then cultured for five days under standard conditions
(37 °C, 5% CO2). Following the 5-day culture period, the cells were treated with 4%
paraformaldehyde for twenty minutes at room temperature.

To observe cell morphology and viability, the fixed cells were stained with 50 pg/ml
TRITC-phalloidin (Invitrogen, CA, USA) for 90 minutes, which allowed for
visualization of actin filaments and cell structure [216]. After TRITC staining, the cells
were stained again with 1 pg/ml 2-(4-Amidinophenyl)-6-indolecarbamidine

dihydrochloride (DAPI, Invitrogen) for one minute to visualize the cell nuclei, with
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excitation occurring at 340-380 nm and emission at 435-485 nm. Images of the
stained cells were subsequently captured using a Nikon Eclipse TiU fluorescence
microscope (Japan). Finally, Image J software was used to quantify the number of cells
adhered to the cell culture well-plate surface. Analysis was conducted using three

representative images of the fluorescent cell structure for each sample group [216].

5.2 Results and discussion

5.2.1 Simulation of FISS distribution

Figure 5.2 illustrates the stress profiles of coated/uncoated samples along the
bisector in the flow direction with varying flow rates. The bisector was chosen to avoid
edge effects and accurately represent the stress distribution in the flow path. Shear
stress increased with flow rate, peaking around the x coordinate -0.3. The variation in
stress along the bisector might be a result of fluid velocity variation across the sample
surface and an increase in fluid-solid interaction area (impact area of fluid on solid).
The slope of the peak increased with the flow rate. The central region experienced the
lowest shear stress for all cases, followed by a proportional increase as a function of

flow rate.
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Figure 5.2. (a) Velocity profile of MgHA sample at 2 ml/min flow rate. (b), (c), (d) Shear Stress
profiles along the bisector of the top surface in the flow direction for bare Mg, MgHA, and MgZnHA
samples respectively
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Figure 5.3. (a) Body shear stress profile of the MgZnHA sample at 9 ml/min flow rate, (b) Top
surface shear stress profile of bare Mg sample at 5 ml/min, (c) Top surface shear stress average for the
three samples w.r.t. flow rate, (d) Range of shear stress on the top surface for the three samples as a
function of flow rate.

As the bottom of the sample is fixed, the bottom edge facing the flow experienced the
highest shear stress in all cases. The bare sample top surface initially endured higher
shear stress than the coated samples at a flow rate of 2 ml/min. As the flow rate
increased, MgHA and MgZnHA- experienced higher shear stress than the bare Mg
sample. At 5 ml/min MgZnHA experienced higher shear stress than MgHA, while at
9 ml/min MgHA showed higher shear stress. The similar shear stress values of the
coated samples can be attributed to the comparable mechanical properties of MgZnHA
and MgHA.

Figures 5.3 (a) and 5.3 (b) depict the body shear stress of the MgZnHA coating and
the top surface shear stress of the bare Mg substrate respectively. Figure 5.3 (c)
illustrates the increment in top surface average shear stress with flow rate for the bare
Mg and coated samples. Shear stress increased with flow rate (2-9 ml/min): from 212
pPa to 1277 pPa for bare Mg, 195 pPa to 1292.5 pPa for MgHA, and 194.7 pPa to
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1291.4 pPa for MgZnHA. From 5.3 (d), it is noticeable that the minimum value,
maximum value, and range of shear stress increased with the flow rate for the three
samples. These results indicate that the FISS values for all samples increased with the

rise in flow rate, which aligns with findings by Wang et al. and Putra et al. [96-98].

5.2.2 Dynamic Immersion test and assessment of degraded surface

The corrosion rates of the MgZnHA sample under four distinct flow
conditions: 0 ml/min, 2 ml/min, 5 ml/min, and 9 ml/min during the immersion test are
presented in Figure 5.4. The data reveals a clear trend of increasing corrosion rates
with flow rate, reaching a maximum of 9 ml/min. Specifically, after 72 hours of
immersion, the corrosion rate reaches 8.17 mm/year, representing a 177% increase
from the 0 ml/min to the 9 mi/min flow condition. While the corrosion rate continues
to rise over time, the rate of increase slows down. This deceleration is likely due to the
formation of a passivation layer and a layer of corrosion products on the sample
surface after about 48 hours, which acts to inhibit further corrosion. However, at the
highest flow rate of 9 ml/min, the slope of the curve does not decrease between 48 and
72 hours as it does for other flow rates. This is because the higher flow rate likely
removes the corrosion products, consequently exposing fresh surfaces to the solution,

and continuing the corrosion process.
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Figure 5.4. Corrosion rate of MgZnHA sample under varying flow rates
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MgZnHA
Before immersion

After immersion
Figure 5.5. Image of immersion test of the MgZnHA coated sample in two different flow conditions

Figure 5.5 shows the pre-immersion and post-immersion conditions of the MgZnHA
sample under static conditions (0 ml/min) and a flow rate of 9 ml/min. Figure 5.6
presents SEM images (a) to (d) depicting the surface conditions after immersion under
different flow rates: 0 ml/min, 2 ml/min, 5 ml/min, and 9 ml/min. In both figures 5.5
and 5.6, it is evident that corroded products adhere to the sample surface under static
conditions. These corroded products and pits are marked in both figures. Additionally,
as the flow rate increases, the corroded products are gradually detached from the
surface. This removal is due to the higher fluid-induced shear stress (FISS) on the
sample surfaces at higher flow rates, as observed in FISS simulations. Consequently,
as the corroded products are removed, new surfaces are exposed to the solution,
leading to localized corrosion and an increase in the corrosion rate. Under static
conditions, ion diffusion constraints cause a higher local pH microenvironment to
gradually rise, which inhibits the dissolution of Mg and decreases the corrosion rate.
However, at higher flow rates, the removal of degradation products accelerates ion
and mass transfer at the Mg surface-SBF solution interface, resulting in localized
corrosion, larger pits, and an increase in overall corrosion rate [96,97]. Figures 5.6 (e)
and (f) illustrate the surface morphology at higher magnification of the MgZnHA
sample subjected to a flow rate of 9 ml/min. In this image, the microstructure of the
corroded product is clearly visible, appearing as rod and needle-like shapes.
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Figure 5.6. Image of SEM micrograph of MgZnHA sample after immersion test in (a) static flow
condition, (b) 2 ml/min flow rate, (c) 5 ml/min flow rate, (d) 9 ml/min flow rate, and (e), (f) higher
magnification image at 9 ml/min flow rate

5.2.3 Assessment of Potentiodynamic Polarization

The potentiodynamic polarization curves for the substrate Mg sample, MgHA
sample, and MgZnHA sample are shown in Figure 5.7 Equilibrium corrosion current
density (lcorr) and equilibrium corrosion potential (Ecorr) were derived from the graphs
utilizing Tafel extrapolation. Subsequently, corrosion rates for the different samples
were calculated based on the corrosion current density. It has been noticed that the lcorr
value shifts towards the left for the coated samples. This leftward shift indicates a
reduction in corrosion current density and, consequently, a decrease in the corrosion
rate. Additionally, the Ecorr value shifts to a more positive value in the case of the
coated specimens, with the highest value recorded for the MgZnHA sample. It is
known that active dissolution and hydrogen evolution govern the cathodic and anodic
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reactions. Additionally, previous studies have shown that the mechanism of hydrogen
evolution is dependent on coating morphology and their net-like microstructures
[219]. Here in this study, the MgHA and the MgZnHA samples may have affected the
hydrogen evolution rate, leading to a higher cathodic current. Table 5.2 provides the
electrochemical parameters, Ecor (corrosion potential) and lcorr (cOrrosion current
density), together with the corrosion rate (mm/year). It is apparent that the corrosion
potential (Ecorr) increased to 117 mV for MgHA compared to the Mg alloy substrate
and further increased by 166 mV for MgZnHA. The corrosion current density (lcorr)
showed a significant decrease of 119.28 pA/cm? for MgHA compared to Mg and
134.15 pA/cm? for MgZnHA. Consequently, the corrosion rates for all the samples
indicate a reduction, with MgHA showing a decrease to 4.72 mm/year from 17.71

mm/year for Mg, and MgZnHA further reducing the rate to 3.10 mm/year.

2 Mg
MgHA
14 =+=MgZnHA

Potential (V)
1

1E-6 1E-5 1E-4 0.001 0.01 0.1
Current density (A/cm?)

Figure 5.7. Potentiodynamic polarization curve of Mg, MgHA, and MgZnHA samples

Table 5.2. Parameter’s summary computed from potentiodynamic polarization observations for
different samples

Sample name Ecor (V) Icor (LA/cm?) Corrosion rate (mm/Year)
Mg -1.351 162.70 17.71

MgHA -1.234 43.42 4.72

MgZnHA -1.185 28.55 3.10
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5.2.4 Evaluation of Electrochemical Impedance Spectroscopy

The EIS spectrum analyzer application was used to fit the impedance data
using an equivalent circuit, as shown in Figure 5.8. The electrolysis resistance
associated with the working electrode (WE) and the reference electrode is indicated
by Ru in this equivalent circuit. At the contact surface of the electrolysis and electrode,
R> denotes the polarization resistance or charge migration resistance. To accurately
model the electrode’s capacitive behavior under real-world conditions, two constant
phase elements (CPE) are utilized. CPEs are employed to account for non-ideal
capacitive responses resulting from a variety of causes, including non-uniform current
and potential distributions during mass-transport processes, and electrode porosity.
This can often be caused by structural flaws in the samples, such as surface
inhomogeneity, uneven surface reactivity, and roughness or fractal shapes [97]. The

CPE's impedance has been evaluated by Equation 5.5 [97],

Zepg = Q7 M(jw) ™ (5.5)

Where n is a constant without dimensions ranging from -1 to 1, Z is the CPE
impedance (Q2.cm?), Q is a constant with units s"QQ'cm2, j is the imaginary unit j = \-
1, and o stands for the angular frequency, defined as o = 2nf, where f denotes the
frequency in Hertz. For an ideal capacitor, n equals 1; for a resistor, n equals O; for an
inductor, n equals -1 and, it shows mass-transport behaviors when n equals 0.5 [189].

In Figure 5.9, the Nyquist plot along with a fitted solid line for the base and coated
substrate are presented. The two notable sections of this Nyquist spectrum are the low-
frequency R-C loop and the high-frequency R-C loop. The double-layer creation is
described by the high-frequency loop, while the film production process is represented
by the low-frequency loop [188]. It can be observed that the diameter of both
capacitive arcs increased when HA and ZnHA coatings were applied to the Mg
substrate surface. This is due to the creation of a resistive corrosion product film and

the stabilization of electrochemical reactions at the sample's surface.

Page | 121



Chapter 5

e
uird

CPE1 CPEZJ-
—R3

Figure 5.8. Equivalent circuit for EIS data fitting
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Figure 5.9. Nyquist plot of Mg, MgHA, and MgZnHA samples

Table 5.3. Impedance parameters for different samples

Ry R> R3 CPE-1 CPE-2
Sample (ohm- (ohm- (ohm-
5 5 5 P n P n
cm?) cm?) cm®)
Mg 25 280 40 2.55x10%  0.92 9x107 0.38
MgHA 8 472 101 6.47x10°%  0.81 2.59x10°%  0.60
MgZnHA 10 646 107 4.22x10°  0.78 2.01x10°  0.62

Table 5.3 presents the EIS parameters R1, Rz, Rs, CPE-p, and CPE-n. The p-value and
n-value indicate the non-ideal behavior of the capacitor and its deviation from ideal
behavior, respectively. Notably, the values of Ry and R2, Rs are higher for the coated

samples compared to the base samples. As a result, the coated samples demonstrate
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enhanced corrosion resistance [220,221]. The results of the potentiodynamic
polarization test and the EIS test indicate that the formation of a barrier composite film
consisting of HA, ZnHA, and chitosan restricts the solution's interaction with the bulk
substrate [219]. This prevents chloride ions from affecting the surface of the
magnesium substrate in the coated samples. In addition, chitosan's positively charged
amino groups facilitate the association with anions and prevent their invasive
corrosion [222]. Among the coated samples, MgZnHA demonstrates slightly superior
corrosion resistance due to the inclusion of Zn?** ions into the HA lattice. The pH
decreases partially following Zn?* doping in the HA group. In addition, Zn?* can
protect the sample surfaces from C1~ -induced galvanic corrosion. For these additional
reasons, the Zn-doped sample exhibits more significant corrosion resistance than the
HA-coated sample [223].

5.2.5 Surface morphology after Potentiodynamic Polarization

In Figure 5.10 (a) and (b), SEM images of MgHA and MgZnHA after
potentiodynamic testing are displayed. It is evident that larger pits have formed on the
surface of the MgHA sample in comparison to the MgZnHA sample. This difference
can be attributed to the doping of Zn?* ions in the HA lattice, as illustrated in the EDS
spectra in Figure 5.10 (c) and 5.10 (d).
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Figure 5.10. SEM and EDS image of (a), (c) MgHA and, (b), (d ) MgZnHA

5.2.6 Analysis of Structural Characterization

Figure 5.11 displays X-ray diffraction patterns for bare Mg, MgHA, and
MgZnHA samples. The bare Mg exhibits distinct peaks at 32.46°, 34.56°, 36.82°,
48.16°, 57.82°, 63.42°, 69.1°, and 70.52° [224]. In contrast, all three samples show
Mg-containing phase peaks at 32.46°, 48.16°, and 63.42°, albeit with reduced intensity
in the coated samples. This reduction is likely due to the absorption properties of a
thick coating layer covering the bare substrate. Additionally, the coated samples
exhibit prominent peaks corresponding to HA at 25.96°, 28.97°, 31.75°, 34.03°,
39.63°, 46.37°, 49.03°, and 52.79° as established by the previous literature [225]. No
additional peaks are observed in the MgZnHA samples as expected [226].

Page | 124



Chapter 5

MgZnHA .

Py t3

=

&

S’

>

ot

'z

=

<

b

=

o

o~

=

&

S’

£ #

(72]

S |

s o A 30031 32 33 34 35

E ¥ % ¥ 4 . a
PR U U IR I I S I I S —
Mg AMg alloy

—~

~ A #HA

a

e’

&

Bt

@

=

2 AL

= A A A ,

20 25 30 35 40 45 50 55 60 65 70 75
2-Theta (degrees)

Figure 5.11 XRD pattern of substrate Mg, MgHA, and MgZnHA samples

Figure 5.12 (a) shows the FTIR spectrum for all three samples. The functional group
presents in substrate Mg, MgHA, and MgZnHA samples is confirmed by FTIR. The
strong vibrational group ranging from 520 cm™ to 670 indicates a strong Mg-O bond
which is present in the substrate and in both coated samples. Similarly, for all three
samples, the stretching band of the O—H group, observed in the 3672 cm™* to 3842
cm! range, indicates atmospheric absorbance on the sample surface [227]. At 2364
cm™ a strong band has been found, it exhibits a C=0 bond present in the atmosphere
[228]. At 1580 cm™ and 1020 cm indicate the bending mode of -NHzand PO4* group
which is normally associated with Chitosan and HA [222]. The absorption band
around 1435 cm™ is assigned to COz> which implies that some portions of the PO*
group have been replaced by COs?, which normally comes from the reaction of HA

with atmospheric CO2[229].
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Figure 5.12. (a) FTIR and (b) Raman spectrum of substrate Mg, MgHA, and MgZnHA samples

In Figure 5.12 (b) the Raman spectra of the substrate Mg and the coated samples are
presented. It is observed that all samples exhibit a prominent peak between 110 cm™
and 125 cm™, characteristic of metallic magnesium [230]. In the case of the coated
samples, an additional peak at 936 cm™ is observed, attributed to the PO4>" group,
confirming the presence of Hydroxyapatite (HA) [231]. Furthermore, a notable peak
near 1110 cm™ indicates the presence of C—C groups originating from chitosan [232].
In the MgHA samples, a strong peak at 450 cm™ signifies the Mg-OH bond. However,
in the MgZnHA samples, the intensity of this peak is significantly reduced. This
reduction suggests enhanced corrosion resistance in the Zn-doped HA, as discussed in
the preceding sections. Therefore, the Raman spectrum reconfirms the formation of
HA, as revealed by XRD and FTIR techniques.
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Figure 5.13. XPS analysis of base Mg alloy showing (a) survey spectra, (b) Mg 1s, (c) Al 2p, (d) Mn
2p, (e) C 1s, and (f) O1s peaks

Figure 5.13 illustrates the XPS analysis of the substrate Mg, offering insights into its
elemental composition and chemical nature. In Figure 5.13 (a), a survey spectrum
reveals the presence of Mg, Al, Mn, Zn, C, and O in the bare alloy. Figure 5.13 (b)
displays an XPS peak at a binding energy of 1303.78 eV, corresponding to a typical
Mg1s peak indicative of Mg?*, suggesting the presence of MgO bonding. This finding
aligns with observations by Haider et al. [233] and Alam et al. [234] in their respective
studies. Furthermore, Figure 5.13 (c) exhibits the spectra of Al2p, which is
deconvoluted into Al2ps;2 and Al2p12 peaks at binding energies of 74.19 eV and 76.82
eV, respectively. This suggests the coexistence of both Aluminum Oxide and
Aluminum Hydroxide, with the intensity of AlxOy greater than that of Alx(OH)y,
Similar binding energies for Al have also been reported in the literature by Wang et
al. [235]. In Figure 5.13 (d), the deconvoluted peaks of Mn2p are presented, indicating
oxidation states of Mn, with peaks observed at binding energies of 644.9 eV (Mn2pzy2)
and 652.97 eV (Mn2p12) [236]. The presence of Al and Mn oxides can influence the
stability, corrosion resistance, and biocompatibility of bare Mg to some extent, as
confirmed by Ding et al. [237] and Agarwal et al. [238]. The Ols spectra,
deconvoluted into OI, Oll, and Olll components at 531.50 eV, 532.780 eV, and 533.56
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eV respectively, are presented in Figure 5.13 (e). Ol signifies O% ions forming MgO
bonds on the surface of the Mg, while Oll suggests oxygen defects within the metal
oxide matrix, possibly related to oxygen vacancies. Olll bonds are attributed to
hydroxyl groups (OH) that can form Mg(OH)2 [239,240]. Peng et al. observed that
Mg(OH)2 bonding forms a protective layer in the physiological environment, offering
protection to the Mg surface up to a certain extent; this is consistent with our detection
of MgO and Mg(OH). on the Mg surface before coating [241]. In Figure 5.13 (f), the
deconvoluted Cls XPS spectra are shown, with C-C and C-O bonds observed at
binding energies of 284.80 eV and 289.87 eV respectively [242] This presence of C1s
spectra is attributed to atmospheric carbon, further confirmed by FTIR spectra in
Figure 5.12 (a).

In Figure 5.14 (a), the survey spectra of the MgZnHA sample are presented,
confirming the presence of Mg Zn, O, N, C, Ca, and P. This outcome corroborates the
formation of the target materials. Figure 5.14 (b) exhibits the high-resolution spectra
of Cls. The peak at a binding energy of 284.6 eV indicates the presence of the C-C
group, affirming the aliphatic nature. Additionally, a prominent peak at 285.97 eV
suggests the presence of C—N and C—O bonds, indicating strong interactions between
carbon and nitrogen. Furthermore, a sub-peak recorded at 287.46 eV can be attributed
to the C=0 bond, which suggests the presence of an organic component such as
chitosan on the coating surface matching previous results by Wang et al. precisely
[243]. In the N1s XPS spectra, a strong peak is observed at 399.3 eV, indicative of the
—NH: group. The existence of C-C, C-N, and —NH. bonds confirms the presence of
chitosan on the surface of the MgZnHA sample, as described by Li et al. [244]. The
C-C and —NH: groups in chitosan can enhance hydrophilicity, absorptivity, and
adhesion strength in the coating, thereby improving corrosion resistance and
promoting cell proliferation, as documented by Hsu et al. [245] and Farrokhi-Rad et
al. [246]. The Ca2p spectrum displays peaks at 351.05 eV and 347.13 eV for Ca2pa
and Ca2pi2, respectively, suggesting that Ca?* ions are bound to PO4% groups. In the
deconvoluted spectrum of P2p, peaks are observed at 132.97 eV and 133.93 eV,
assigned as P2ps2 and P2p1p, respectively, with a AE of 0.9 eV, consistent with the

article as noted by Catalin Constantin Negrila et al. [242]. With the two components
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linked to phosphate groups and P-O—Ca bonds at the surface of the biomaterial, this
asymmetric peak is typical of phosphate compounds like HA. Figure 5.14 (f) displays
the high-resolution deconvoluted spectra of Zn2p. The Zn2ps.2 spectra, where a peak
at a binding energy of 1021.52 eV corresponds to Zn metal (Zn?*), while a lower
intensity peak at 1045.54 eV indicates the presence of Zn® [247]. The difference in
spin-orbit energy (AE) of 24.02 eV suggests that Zn?" is predominant in the MgZnHA
sample, confirming successful Zn?*/Ca?" substitution in the HA lattice. Sprio et al.
[248] elucidated that the substitution of Ca?" ions with Zn?* ions in the HA Ilattice
results in a reduction of lattice structure and grain sizes, consequently enhancing
mechanical properties such as flexural strength and elasticity. Furthermore, Zn?* ions
demonstrate minimal degradation in a physiochemical environment, indicating their
stability within the HA lattice, which may contribute to improved corrosion resistance
and bioactivity. These findings align with our observed results. In Figure 5.14 (g), the
O1s XPS spectra of the MgZnHA sample are presented. These spectra have been
deconvoluted into three distinct peaks. The first peak at 530.9 eV indicates the
presence of C=0 and O-H groups, while the other two peaks at 531.56 eV and 532.25
eV indicate P-O and P—O-P groups, aligning well with previous literature [249,250].
So, all the structural characterization i.e., XRD, FTIR, RAMAN, XPS confirms the
presence of corresponding phases, groups, and elements. Therefore, it confirms the

target coating material has been formed on the surface of the Mg substrate.
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Figure 5.14 XPS analysis of Zn-doped HA coated Mg alloy (MgZnHA) showing (2) survey peak, (b)
Cls, (c) N1s, (d) Ca2p, (e) P2p, (f) Zn2p, (g) O1s

5.2.7 Assessment of Surface roughness

The surface roughness characteristics of all the samples are depicted in Figure
5.15, where 5.15 (a) shows the polished bare Mg surface without any chemical etching,
and 5.15 (b) illustrates the surface after etching with HCI. Figures 5.15 (c) and 5.15
(d) present the surfaces of the MgHA and MgZnHA samples, respectively. It is clear
from the figure that the surface roughness of the initially polished sample has
significantly increased following the etching process, consistent with observations
from the SEM images [150]. The increased surface roughness observed aligns with
previous literature by Shi et al., which demonstrates that etching with HCI creates a
textured, rough surface on Mg that enhances adhesion. [251]. In our studies, this
increased rough surface also facilitated the binding of HA and ZnHA particles through

mechanical interlocking, which is essential for the long-term stability of the coating in
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the biological environment. For the MgHA sample, the average surface roughness (Sa)
is 3.158 um, with a root mean square height (Sq) of 4.242 um. Similarly, for the
MgZnHA sample, the average surface roughness (Sa) is 3.376 um, with a root mean
square height (Sq) of 4.599 um. Therefore, the surface roughness has significantly
increased for the coated samples especially for the MgZnHA sample, aligning with
the findings observed in the SEM images. This increase in surface roughness is
advantageous for bio-integration [252]. Previous studies by Begam et al. [253] and
Ding et al. [254] have shown that higher surface roughness in coated samples enhances
cell adhesion and proliferation by providing greater surface area and micro-
topographical features that facilitate cell attachment.

Sa=2.440 pm, Sq=3.092 pm

Sa=0.154 pm, Sq=0.213 pm

(@
Sa=3.158 pm, Sq=4.242 pm

(b)
Sa= 3.376 pm, Sq=4.599 pm

(c)

(d)

Figure 5.15. Surface morphology by 3d profilometer: (a) Bare Mg, (b) Mg after etching, (c) MgHA
sample, and (d) MgZnHA sample

5.2.8 Surface morphology and Elemental analysis of substrate and coated

samples

The SEM micrograph presented in Figure 5.16 depicts the microstructure
variations among the bare Mg sample, etched sample, MgHA sample, and MgZnHA
sample. The purpose of etching the bare sample is to induce porosity and roughness
on its surface, facilitating the deposition and strong binding of HA and Zn-doped HA

particles by chitosan. Figure 5.16 (b) clearly illustrates the transformation from a
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uniformly smooth surface of the unetched polished sample to a rough and porous
surface after etching. In the case of HA coating, a uniform and dense structure is
evident, with nano HA particles embedded within. Conversely, for Zn-doped HA
coating, a surface adorned with petal or needle-like structures with more porosity is
observed [219]. Upon closer examination, particularly at higher magnifications akin
to those depicted in Figure 5.16 (e), the microstructure of the HA-coated surface
reveals the presence of net and flower-like formations. This detailed observation
underscores the intricacies of the surface morphology, offering valuable insights into

the coating process and resulting structures.

Figure 5.16. SEM image of (a) base (b) etched (c) HA, (d) Zn HA, (e) HA in higher magnification

Figure 5.17 displays the EDS spectra along with the quantitative analysis of the
elements present on the surface of the samples. For the bare Mg sample, peaks
corresponding to Mg, Al, Mn, and Zn are identified. Additionally, a small amount of
Cl is detected on the etched surface, attributed to the treatment with HCI. Notably,
there is a reduction in the weight percentage and atomic percentage of magnesium,
accompanied by a significant rise in the presence of oxygen. In the MgHA sample, the
presence of calcium (Ca) and phosphorus (P) is discernible. The ratio of Ca to P is
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calculated as 1.75 (1.4/0.8), closely approximating the standard ratio of Cato P in HA,
which is 1.67 [203]. Similarly, for the Zn-doped HA sample, the Ca/P ratio is
determined as 1.625 (1.3/0.8), again closely aligning with the standard ratio of Ca to
P in HA. Notably, an increase in the quantity of zinc (Zn) is also evident from the EDS
analysis. These observations highlight the elemental composition variations across the
different samples, providing valuable insights into the surface characteristics and
elemental distribution, particularly regarding the incorporation of calcium phosphate

and zinc in the coatings [201]
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5.2.9 Cross-sectional view and Elemental Mapping of MgZnHA
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Figure 5.18. (a) Bare sample before coating and after coating, (b) optical cross-sectional view of the
coated sample

Figure 5.18 (a) presents images of the bare Mg sample and the MgZnHA
sample. Figure 5.18 (b) displays a cross-sectional image of the MgZnHA sample,
revealing an average coating thickness of nearly 190 um. Figure 5.19 illustrates the
cross-sectional elemental mapping of the MgZnHA sample. This mapping enables the
confirmation of the presence and spatial distribution of elements. Notably, the results
closely resemble the EDS findings of MgZnHA presented in Figure 5.17. These
figures collectively provide comprehensive visual and analytical insights into the
coating process, coating thickness, and elemental distribution, thereby contributing to

a deeper understanding of the material's characteristics and performance.
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Figure 5.19 Elemental mapping of MgZnHA
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5.2.10 Adhesion strength of coated sample

Figure 5.20 illustrates the results of the tape scratch test conducted to assess
the adhesion strength of the ZnHA coating on the surface of the Mg substrate. Figure
5.20 (a) depicts the sample before the scratch test, whereas Figures 20 (b) and 5.20 (¢)
present the sample after the pull-off test. This test adhered to the ASTM D3359-22
standards (Methods A and B), and the coating exhibited excellent adhesion, with only
minimal coating removal observed after tape pull-off. Based on these results, the
adhesion strength is classified as 4A and 4B, according to ASTM standards [255,256].
Critical steps such as etching and drying post-coating are essential for achieving a
strong bond between the coating and Mg substrate. Etching generated a rough, porous
surface that facilitated the adherence of the chitosan and ZnHA coating while drying
further increased the compactness and strength of the coating on the Mg surface
[257,258].

Figure 5.20 Tape scratch test to evaluate bonding strength between coating and substrate: (a) sample
before scratch test, (b) and (c) samples after scratch test
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5.2.11 Assessment of biological characteristics

5.2.12 Hemocompatibility

Figure 5.21 illustrates the hemolysis results for all samples. According to ISO
10993-5, a material with a hemolysis ratio < 5% is considered hemocompatible [259].
Based on the results, all samples meet this criterion, though the hemolysis percentage
varies among them. The substrate Mg exhibited the highest hemolysis percentage,
which is consistent with previous literature findings, including those reported by
Sandeep Singh et al. [260]. This increased hemolysis is primarily due to the
physiological behavior of Mg, which includes high local pH changes and hydrogen
evolution that can cause significant damage to red blood cells [261]. In contrast, the
MgHA sample showed a significantly reduced hemolysis percentage. The bioactive
layer of chitosan and hydroxyapatite inhibits direct contact between the Mg substrate
and blood cells, stabilizing the surface and reducing degradation and hemolysis. The
MgZnHA sample demonstrated the lowest hemolysis percentage. The addition of Zn?*
ions enhances the bioactive and antibacterial properties of the coating, maintaining a
more stable physiological environment by moderating pH levels and providing
additional protection against bacterial contamination, thus further decreasing
hemolysis [261,262]. In conclusion, while all tested samples are hemocompatible, the
substrate Mg alloy shows the highest hemolysis due to its inherent physiological
reactions. Coating the Mg alloy with chitosan and HA significantly improves
hemocompatibility, with the ZnHA providing the most effective reduction in

hemolysis due to its enhanced bioactive properties.
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Figure 5.21. Hemolysis analysis of Bare, MgHA, and MgZnHA samples
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5.2.13 Antimicrobial Activity

Figure 5.22 depicts the growth of Staphylococcus aureus (S.A.) bacteria over
48 hours. All three samples - bare Mg, MgHA, and MgZnHA - demonstrate inhibition
zones against S.A. growth. Magnesium alloys are known for their biocompatibility
and biodegradability. However, the lack of significant antibacterial properties in the
bare Mg can be attributed to the absence of active antimicrobial agents in its

composition. Magnesium alone does not possess strong antibacterial activity [263].
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Figure 5.22. Images of (a) Antimicrobial test results, and (b) corresponding inhibition zone

As a result, the Mg sample showed a very minimal inhibition zone. Now, the coating
of chitosan and hydroxyapatite (HA) on the magnesium alloy provides a slight
improvement in antibacterial properties. Chitosan, a natural polysaccharide, is known
for its antimicrobial properties. However, the antibacterial effect may not be strong
enough to create a significant inhibition zone. The inhibition zone has been increased
but not significantly [213,264]. Zinc is known for its strong antibacterial properties
[265]. The incorporation of Zinc into the Hydroxyapatite coating enhances the
antimicrobial activity of the Mg alloy. Zinc ions can disrupt bacterial cell membranes,
interfere with enzyme function, and induce oxidative stress within bacterial cells,
leading to effective inhibition of bacterial growth [266]. This results in a larger and
clearer inhibition zone around the MgZnHA sample, demonstrating its potent

antibacterial properties.
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5.2.14 MTT Assay and DAPI Imaging

The average percentage of cell viability for all three samples is presented in
Figure 5.23, along with their respective standard deviations. It is evident that all
samples are non-cytotoxic, with cell viability over 100%. However, the coated
samples showed higher cell viability compared to the base substrate. The percentage
of cell viability for the MgHA sample increased by 4.93% and 16.02% for the
MgZnHA sample. Figure 5.24 (a), (b), and (c) present DAPI staining illustrating cell
growth and proliferation across all samples. It is evident that MC3T3 cells successfully
adhered to all samples. Following a 5-day cell culture period, the highest cell count
was observed in the Zn-doped HA-coated samples. Approximately 210 £ 7 cells were
present on the bare Mg, which increased to 439 £ 9 in the MgHA and further rose to
602 * 14 in the MgZnHA samples. So clearly, the DAPI imaging results also support
the MTT assay trends.
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Figure 5.23. Comparison of cell viability percentages among control, base Mg, MgHA, and MgZnHA
samples

Hydroxyapatite (HA) is highly valued for its osteoconductive properties, meaning it
promotes the attachment and growth of bone cells [267]. When applied as a coating,
HA facilitates the Mg alloy surface to create a layer of apatite that resembles bone,
which enhances the interaction between the implant and surrounding tissue. [268].
Chitosan, known for its excellent biocompatibility and biodegradability, creates a non-
toxic interface that encourages cell adhesion and proliferation, facilitating a supportive
environment for cell growth on the bare Mg surface [269]. In the case of MgHA
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samples, the complex coating layer containing both chitosan and HA enhances cell
viability compared to the uncoated substrate. For MgZnHA samples, the addition of
Zn?* ions decreases the crystallinity of HA, making it slightly amorphous [270].
Moreover, the incorporation of Zn?* ions can alter the surface energy and binding
energy, which in turn increases the wettability of the sample. This improved
wettability stimulates cellular activities, promoting cell proliferation and
differentiation, ultimately leading to higher cell viability in the MgZnHA samples

[271,272].
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Figure 5.24. (a), (b), (c) Image of MC3T3 cell nucleus after 5 days of culture of Mg, MgHA,
MgZnHA, and, (d) Quantitative cell attachment results for different samples
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Post-Deposition Heat Treatment of Chitosan/Zn-HA
Coatings on Mg Alloys: Experimental and Modeling Study

6.1 Experimental procedure
6.1.1 Sample preparation

The preparation of coated sample was done similarly to our previous work
[153]. In brief, at first the Mg alloy, sample cut into 10 mmx10 mm dimension. Then
the sample was polished with emery paper upto grade 2000. Then the sample was
cleaned by acetone. Now the sample was etched by HCI for 50 seconds. This etched
sample was dipped for 20 cycles in the chitosan and HAp composite gel to get the
coated surface. Then the sample was gone for post heat treatment process for three
different temperature 120 °C, 240 °C, and 360 °C.

6.1.2 Coating Characterization

The thermal stability of the coatings was investigated by TGA that was carried
out using a PerkinElmer TGA 4000 system in nitrogen flow (atmosphere rate), to heat
up at 15 °C/min until it reaches 800 °C optical micrographs and coating thickness
measurements were acquired by an optical microscope (Olympus BX53M, Japan)
with Stream Basic software. The surface morphology and element composition of the
coatings were investigated by scanning electron microscope (SEM) equipped with
energy dispersive X-ray spectroscope (EDS) (Sigma Model, Carl Zeiss Microscopy
Ltd., Germany). Phase analysis was carried out by X-ray diffraction (XRD) on a
Rigaku, Miniflex-600 machine with Cu-Ko. radiation (A = 1.54 A) in the 20 range of
10°-90° at a step speed of 0.5°/min. The surface roughness of films was measured by
optical profilometer (Zygo NewView 9000). The functional groups in the coatings
were further characterized by Fourier Transform Infrared Spectroscopy (FTIR) and
Attenuated Total Reflectance (ATR), where the FTIR-4700 (Jasco, Japan).
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6.1.3 Electrochemical Corrosion Characterization

Electrochemical assessments were performed using a GAMRY Reference 620
potentiostat to evaluate the corrosion behavior of both coated and uncoated
magnesium alloy specimens. In the three-electrode cell configuration, the specimen
served as the working electrode (WE), platinum gauze was used as the counter
electrode (CE), and an Ag/AgCl (in saturated KCI) electrode functioned as the
reference electrode (RE). Simulated Body Fluid (SBF) was employed as the
electrolyte medium to replicate the physiological environment, and its composition
details are provided in the. To ensure controlled exposure, only a 6 mm x 3 mm area
of each 10 mm x 10 mm sample was exposed to the electrolyte, while the remaining
surface was insulated with Teflon tape to prevent undesired electrochemical
interactions. Prior to electrochemical testing, samples were stabilized under open
circuit potential (OCP) conditions for approximately 30 minutes to reach a steady-
state potential. Subsequently, Electrochemical Impedance Spectroscopy (EIS)
measurements were conducted at OCP using a 5 mV AC perturbation over a frequency
range of 100 kHz to 100 mHz. The resulting Nyquist and Bode plots were analyzed to
evaluate coating resistance and charge-transfer characteristics. Following EIS,
Potentiodynamic Polarization (PDP) tests were performed at a scan rate of 1 mV/s to
determine the corrosion potential (Ecorr), corrosion current density (icorr), and

corresponding corrosion rate through Tafel extrapolation.

6.1.4 Biological characterization

6.1.4.1 MTT (cell assay)

The cytocompatibility of both coated samples, prior to and following heat
treatment, was evaluated using an ISO 10993-12 MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide) assay [216]. Initially, extracts were prepared by
immersing the samples in a-MEM medium at 37 °C for 6 hours. Subsequently, the
samples were centrifuged, and the resulting supernatants were filter-sterilized using a
0.22 um membrane. MC3T3 pre-osteoblast cells (1 x 10° cells/mL) were plated in 96-

well plates and incubated for adhesion during at least 12 h and treated with extracts

Page | 142



Chapter 6

(100 pg/mL) for 4 days at 37 °C in a 5% CO2 atmosphere. After incubation, 10 pL
MTT reagent and 100 uL serum-free medium were added into each well followed by
additional incubation for 4 h; then the formazan crystals were dissolved in 100 pL
isopropanol and absorbance was measured at a wavelength of 570 nm (reference at
670 nm) with a Multi-Scan Go spectrophotometer (Thermo Fisher Scientific, Finland).
The cell viability (%) was determined as follows Equation (6.1) [153]

I _ (T'-B)
Cell viability (%) = ) x 100 (6.1)

Where T is the test data, B is the blank data and C is the control data.

6.1.4.2 DAPI test

Cell attachment and morphology were assessed using DAPI staining. MC3T3
cells (2 x 10° cells/mL) were cultured with the sample extracts (100 pg/mL) in 24-
well plates for 4 days under standard incubation conditions (37 °C, 5% CO:). The cells
were then fixed with 4% paraformaldehyde for 20 min at room temperature. To
visualize the cytoskeletal structure, cells were stained with 50 pg/mL TRITC-
phalloidin (Invitrogen, USA) for 90 min, followed by nuclear staining with 1 pg/mL
DAPI for 1 min (excitation: 340-380 nm; emission: 435-485 nm). Fluorescence
images were captured using a Nikon Eclipse TiU microscope (Japan), and the number
of adhered cells was quantified using ImageJ software from three representative fields

for each sample [216].

6.1.5 Finite element (FE) analysis

Finite element (FE) simulations were conducted to evaluate how heat treatment
of substrates influences the mechanical stimulation experienced by an adhered cell.
The cell geometry was constructed from a microscopic image, and the modelling
procedures for both the cell and substrates are explained in the subsequent sections.
Here, static cell culture conditions were analyzed by applying a static pressure on the
cell model in ANSYS.
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6.1.6 FE modelling of cell and substrate

A cell image of the dental pulp MSC, isolated from the extracted human teeth,
was chosen to mimic the cell model. The detailed incubation and image capturing
process of cell are described in the article written by Das et al. [273]. Using the
microscopic image of the stem cell, a 3D cell model was created in ANSYS APDL, as
shown in Figure 6.1 (a) and 6.1 (b). The geometric configuration used in the cell model
is presented in Figure 6.1 (d). To determine the cell height, the same height-to-
maximum-width ratio reported by Slomka and Gefen [274] was adopted. Based on the
observed morphology in the microscopic image (Figure 6.1 c), the nucleus was
represented as an ellipsoid with major and minor axes of 34 pum and 5 um, respectively.
It was positioned slightly above the substrate surface, with its centre set 1 um from the
cell base and 15 pm inward from the widest point of the cell boundary. Both the
cytoplasm and nucleus were modelled as isotropic, compressible hyperelastic
materials using a Neo-Hookean strain energy formulation [275]. Cytoskeletal
filaments were introduced as two-node beam elements oriented along the direction of
the applied loading, reflecting the organization typically seen in living cells during
mechanical activity [276]. Following the discretization of the cytoplasmic region with
10-node tetrahedral solid elements (Solid187), the nodal coordinates were extracted
via ANSYS APDL. Vertical nodes within 0.1 um tolerance were identified using a
Python® script and grouped to enable beam element creation in APDL. In accordance
with values reported by Katti and Katti [277] the total volume of cytoskeletal filaments

was set to 0.24% of the entire cell volume.
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Height (um) 220
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Cell surface area (um?) 201.16
Area of the cell at base (pm?) 93.06
Nucleus surface arca (pm*) 32.83
Diameter of eytoskelctons (nm) 7

Figure 6.1. (a) Microscopic image of transfected mesenchymal stem cell; (b) 3D FE model and
internal components of the cell model; (c) Top view of cell model; (d) Geometric properties used for
designing the cell model.

Table 6.1. Number of elements used for substrate models.

Substrate Model 7.67 pm 6.44 pm 8.96 pm 4.22 pm

Elements 45379 43973 47373 35830

The substrate geometry was defined as a 150 pm x 150 pm x 30 um rectangular block
[Figure 6. 2 (a)]. Surface roughness was incorporated in ANSYS APDL using the
ASPDENS command, following the procedure outlined in Gupta et al. [276].
Roughness values (Ra) of 7.67 um, 6.44 pm, 8.96 um and 4.22 pm were assigned to
represent the without heat treated and coated surfaces heat treated at temperatures 120
°C, 240 °C and 360 °C respectively [Fig. 2(a)]. Each substrate model was meshed with

Solid187 elements, with the corresponding element numbers provided in Table 6.1.
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Table 6.2 summarizes the material properties used for both the cell and substrate

components.

a
) Untreated surface 17 Heat l‘rcatlcd surface —l

Ra_7.67 pm Ra_6.44 pm (120 °C) Ra_8.96 pm (240 °C) Ra_4.22pm (360 °C)

(b) © | pre

3 mm height of 7
culture media I ,_/ j

Petri Dish

Figure 6.2. (a) Average roughness of untreated and heat-treated substrates; (b) Schematic of static cell
culture condition indicating cell position on petri dish; (¢) Boundary condition on cellular model by
applying hydrostatic pressure on cell face (red contour) and keeping bottom face of substrate fixed

Table 6.2. Material parameters of cellular components.

Cellular components Material parameters Value Reference

Cytoplasm Elastic modulus 4.47 KPa [275]
Poisson ratio 0.4

Nucleus Elastic modulus ~ 17.88 KPa
Poisson ratio 0.4

Cytoskeleton Elastic modulus 1 GPa [277]
Poisson ratio 0.3

Substrate (Zn doped HAP) Elastic modulus  105.786 GPa [278]
Poisson ratio 0.3
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6.1.7 Boundary condition and solution method

In this work, static cell culture conditions were modelled by assuming the cell
seeded substrate remained submerged in a 3 mm layer of culture medium (saline
water) inside a petri dish, as shown in Figure 6.2 (b). The hydrostatic pressure at the
base of the medium was computed and applied as a uniform static pressure load on the
cell surface [Figure 6.2 (c)]. All cell substrate interfaces were defined using a surface-
to-surface contact formulation with a no-separation condition. The bottom surfaces of
the substrates were fully constrained. FE simulations were performed using the
ANSYS Static Structural solver, where rotational degrees of freedom of the beam
element nodes were restricted. Large-deflection effects were enabled for all analyses.
Number of elements for the FE models were determined through a mesh convergence
study, refining the element size until the difference in results between successive

refinements was below 2%.

6.2 Result and discussion

6.2.1 TGA analysis

Thermogravimetric analysis of the coated samples shown in Figure 6.3 reveals
three main mass-loss stages. The initial mass loss of about ~ 5.92% occurring near 130
°C corresponds to the release of both adsorbed water molecules on the surface and
absorbed residual solvents trapped within the coating matrix [279]. The mass loss
observed between 150 °C and 300 °C (~4.91%) is attributed to the release of strongly
bound or chemically associated water still desorbing in this temperature range and the
initial decomposition of thermally labile organic components in the composite coating.
The major mass loss around ~ 24 % occurs between 300 °C and 520 °C and is assigned
to the bulk thermal decomposition of the chitosan backbone that is glycosidic bond
scission, dehydration and volatilization of carbonaceous fragments, as also previously
reported by amiz-gonzalez et al. [280]. So, the incorporation of HAp actually
increased the thermal stability of compared to only chitosan [281]. These observations
agree with prior reports on HAp-reinforced chitosan systems such as Al-Shanqiti et al.

[282] reported that incorporation of hydroxyapatite increases the thermal stability of
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chitosan, results in lower weight loss and higher residual amounts. Dosi¢ et al. [283]
observed analogous TG/DTG features for HAP/CS and HAP/CS/Gr coatings initial
water loss below 170 °C, chitosan decomposition as a broad DTG peak around 270
°C, and additional high-temperature losses related to filler/nanosheet decomposition
and HAp dehydroxylation. Together, these data indicate that HAp addition stabilizes
the composite against thermal degradation by both physically restricting polymer

chain motion and increasing inorganic residue.
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Figure 6.3. Thermogravimetric analysis (TGA) curve of the Zn-doped hydroxyapatite (HAp) and
chitosan composite coated sample.

6.2.2 Optical microscopy and coating thickness

The optical microscopic image and cross-sectional images of the chitosan/Zn-
doped HAp composite coatings on Mg alloy before and after heat treatment are
presented in Figure 6.4 and Figure 6.5, respectively. Distinct changes in both surface
morphology and coating thickness are evident with increasing temperature. In the as-
coated condition Figure 6.4 (a), the coating shows a relatively smooth and uniform
surface. The coating thickness is approximately 190 um, representing the initial as-
deposited composite layer formed through dip coating, shown in Figure 6.5 (a). The
smooth surface morphology and substantial thickness again confirm effective

adherence and homogeneous deposition of the polymer—ceramic composite prior to
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any thermal modification. After heat treatment at 120 °C, as shown in Figure 6.4 (b),
the surface remains largely continuous but displays signs of partial dehydration. The
coating thickness, as shown in Figure 6.5 (b), decreases significantly to approximately
76 um, indicating initial compaction and partial removal of volatile components,
including absorbed moisture and loosely bound organic species, which is consistent
with the TGA results [284]. At 240 °C Figure 6.4 (c), the coating shows a more
heterogeneous morphology with increased darkness contrast. These features arise
from partial degradation of chitosan of the coating. The coating thickness decrease
slightly to 72 um as shown in Figure 6.5 (c). Upon heating to 360 °C Figure 6.4 (d),
the coating becomes distinctly darker in color, corresponding to the major
decomposition of the organic matrix and dominance of the ceramic phase. The coating
thickness further decreases to nearly 65 pm, reflecting pronounced shrinkage
associated with major polymer decomposition and removal of residual organics,
Figure 6.5 (d).

Figure 6.4. Optical micrographs of Zn-doped hydroxyapatite (HAp) and chitosan composite coatings
on Mg alloy: (a) as-coated (before heat treatment), and after heat treatment at (b) 120 °C, (c) 240 °C,
and (d) 360 °C.
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.
100 pm

Figure 6.5. Cross-sectional optical micrographs of Zn-doped hydroxyapatite (HAp) and chitosan
composite coatings on Mg alloy: (a) as-coated (before heat treatment), and after heat treatment at (b)
120 °C, (c) 240 °C, and (d) 360 °C

6.2.3 Surface morphology and roughness analysis

The surface morphologies of the chitosan/Zn-doped HAp coatings on Mg
alloy before and after heat treatment are presented in Figure 6.6 (a—d). Figure 6.6 (a)
shows the as-coated sample with a relatively compact and continuous surface, within
which agglomerated bright particles are dispersed. These features are most likely
hydroxyapatite (HAp) particle agglomerates embedded in the chitosan matrix. The
surface can be seen uniform, homogenous and dense. After heat treatment (120 °C) as
seen in Figure 6.6 (b), the surface images start to show micro-cracks and small surface
roughening, which is attributed to partial dehydration and contraction of the chitosan
matrix. At 240 °C [Figure 6.6 (c)], the coating is more granular and inhomogeneous,
showing a well-developed rough surface with clustered HAp particles and evident
porous areas. The increased granule size observed may coincide with partial
degradation of chitosan and enhanced crystallization of HAp particles, representing an
intermediate microstructural state characterized by maximum surface formation and
increased roughness, as also similar trends observed by A. Jankovi etal. [283]. With
further heating to 360 °C [Figure 6.6 (d)], the coating exhibits a highly porous and
fractured morphology, attributed to extensive chitosan decomposition and
carbonization. At this temperature, the polymer phase is majorly eliminated, leaving
behind a brittle, mineral-rich structure dominated by Zn-doped HAp. The surface
becomes noticeably coarser and less compact, consistent with the major
decomposition of the organic binder and the corresponding loss of cohesive strength
at elevated temperatures.
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Figure 6.6. SEM micrographs of Zn-doped hydroxyapatite (HAp) and chitosan composite coatings on
Mg alloy: (a) as-coated (before heat treatment), and after heat treatment at (b) 120 °C, (c) 240 °C, and
(d) 360 °C

g

Figure 6.7. 3D surface profilometry images of Zn-doped hydroxyapatite (HAp) and chitosan
composite coatings on Mg alloy: (a) as-coated (before heat treatment), and after heat treatment at (b)
120 °C, (c) 240 °C, and (d) 360 °C

The 3D surface roughness profiles of the coatings before and after heat treatment are
shown in Figure 6.7 (a—d). The as-coated surface [Figure 6.7 (a)] displays an average
roughness (Sa) of 7.2 um, reflecting a moderately rough and uniform morphology
typical of polymer—ceramic composite layers. After heating to 120 °C [Figure 6.7 (b)],
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the roughness slightly decreases to 6.8 um, likely due to densification associated with
dehydration, while the coating remains continuous and adherent. At 240 °C [Figure
6.7 (c)], the roughness increases significantly to 9.2 um. Partial degradation of
chitosan and increased exposure of HAp particles result in a more heterogeneous
surface with pronounced peak-to-valley features, as evident from the figure. This
increased roughness enhances surface area which may promote improved biological
interactions. Upon further heating to 360 °C [Figure 6.7 (d)], the roughness drops
significantly to 4.5 um, indicating structural collapse and densification resulting from
substantial decomposition of the organic phase. The diminished surface relief is
attributed to porous and compaction of the remaining ceramic component, producing
a flatter, mineral-dominated surface. Overall, the evolution of surface roughness is
consistent with the SEM findings: the initially polymer-rich and relatively smooth
surface becomes progressively rougher at 240 °C, and then undergoes partial
densification while becoming porous at 360 °C as the chitosan degrades and the

ceramic phase begins to consolidate.

6.2.4 Phase and elemental analysis by XRD, EDS and FTIR

Figure 6.8 presents the X-ray diffraction (XRD) patterns of the as-coated
sample and those heat-treated at 120 °C, 240 °C, and 360 °C. The XRD pattern of the
Zn-doped hydroxyapatite (HAp)/chitosan composite coating on the Mg alloy substrate
prior to heat treatment exhibits distinct HAp reflections at 20 values of 25.87°, 28.96°,
31.82°, 32.24°, and 39.90°, along with a minor chitosan peak at 19.89° [281,285].
Intense reflections corresponding to the Mg substrate appear at 32.85°, 34.3°, and
47.1°, owing to X-ray penetration through the coating layer [281]. The as-deposited
coating shows broad and weak HAp peaks, together with a low-intensity amorphous
hump at low angles attributed to the polymeric chitosan matrix. These characteristics
suggest low crystallinity, small apatite crystallite size, and a significant amorphous or

organic phase content.

Upon mild heat treatment at 120 °C (S]|120), the chitosan peak at 19.69° remains
visible, and low-intensity peaks corresponding to HAp and Mg appear around 32.30°

and 34.1°, indicating limited thermal ordering and partial removal of organics. A
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strong crystalline Mg peak also emerges at 36.6°. At 240 °C (S|240), the chitosan peak
disappears, while the HAp and Mg peaks become sharper and more intense, signifying
improved crystallinity and partial decomposition or densification of the polymer
phase, which enhances exposure and consolidation of the apatite domains. The most
significant structural evolution occurs at 360 °C (S3), where HAp peaks are sharpest
and most intense, reflecting substantial grain growth and the highest level of
crystallographic ordering among all samples. The absence of the amorphous/chitosan
feature beyond 240 °C further indicates that the organic binder undergoes major
decomposition or carbonization at higher temperatures, resulting in a predominantly

crystalline, mineral-rich coating.

g S|240 A
= A
>
£ * A
]
]
=
)
— PR T | 1 1 1 1 1 1 1
= [=S|240 A
g
.gi
w
A
£ *ox A
= 1 |
P I B B | 1 | 1 1 1 | |
G
~ A
z *
£ ’ A A
o P *
| S .
PR U T I I NI T PR T | 1 1l
~ [==ZnHA ¥ A Mg alloy
=
E: * HAp
= # Chitosan
)
‘@
]
g
E PR Y T (Y T N N N T . L M
15 20 25 30 35 40 45 50 55 60 65 70 75 80

2-Theta (degrees)
Figure 6.8. X-ray diffraction (XRD) patterns of Zn-doped hydroxyapatite (HAp) and chitosan

composite coatings on Mg alloy: as-coated (ZnHA) and heat-treated samples at 120 °C (S|120), 240
°C (S]240), and 360 °C (S|360)
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Figure 6.9 shows the FTIR spectra of the coated and heat-treated samples. In the as-
coated condition (black line), the ZnHA spectrum confirms the successful formation
of the composite, exhibiting the characteristic peaks of its main constituents. The
strong stretching vibration of the phosphate group (PO.*") in hydroxyapatite appears
at 1025 cm™!, while the chitosan component contributes distinct bands C—H stretching
from its polymer backbone at 2950 cm™, N—H bending from primary amine (NH2)
groups at 1550 cm™!, and C—C stretching in aromatic rings at 1410 cm™!, These features
are consistent with previous reports [286,287]. A broad absorption band centered near
3400 cm™ corresponds to O—H stretching vibrations arising from both the materials
and adsorbed moisture [288]. Upon mild heat treatment at 120°C (S|120, red line), the
overall spectral features remain largely unchanged, indicating that the composite
retains good thermal stability at this temperature. However, a slight decrease in the
intensity of the broad O—H band is observed, which is attributed to the evaporation of
physically adsorbed water from the coating surface. The fundamental structures of
both hydroxyapatite and chitosan remain unaffected. When the temperature is
increased to 240°C (S|240, blue line), a noticeable transformation occurs the band at
1590 cm™, corresponding to the amine (NH:) groups of chitosan, disappears
completely, signifying the onset of polymer decomposition as these groups are among
the first to degrade. After heating to 360°C (S|360, green line), significant degradation
is evident. The C—H stretching peaks around 2920 cm ™! vanish entirely, while only a
weak band near 1400 cm™, associated with C=C bonds, persists. This confirms the
complete burnout of the organic chitosan phase, leaving behind a predominantly
inorganic, thermally stable hydroxyapatite coating on the magnesium substrate, as

evidenced by the strong retained PO+*~ peak.
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Figure 6.9. FTIR spectra of Zn-doped hydroxyapatite (HAp) and chitosan composite coatings on Mg

alloy: as-coated (ZnHA) and heat-treated samples at 120 °C (S|120), 240 °C (S2|240), and 360 °C
(SI360)

The EDS analysis shown in Figure 6.10 clearly illustrates the thermal evolution of the
ZnHA-—chitosan coatings. In the as-deposited condition, the high contents of N (11.91
wt%) and C (33.14 wt%) indicate a substantial presence of chitosan, while the
detection of Ca and P confirms the presence of HAp. At 120 °C, partial degradation
of chitosan begins, reflected by a decrease in N to 7.25 wt%, whereas the HA phase
remains stable. At 240 °C, further reductions in N (5.1 wt%) and C (9.4 wt%) signify
progressive chitosan decomposition. By 360 °C, there is substantial decomposition of
chitosan, with N dropping to 1.8 wt% and C to 2.21 wt%. This thermal burnout
exposes more of the underlying surface, as indicated by a rise in O to 16.4 wt%. With
the gradual removal of the organic component, the relative concentrations of Ca and
P increase, confirming HA enrichment and its stability at elevated temperatures. These
EDS findings are consistent with the trends observed in other characterization results,
including TGA, SEM, and 3D profilometry.
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Figure 6.10. Elemental composition (EDS analysis) of Zn-doped hydroxyapatite (HAp) and chitosan
composite coatings on Mg alloy: as-coated (ZnHA) and heat-treated samples at 120 °C (S|120), 240
°C (S]240), and 360 °C (S|360)

6.2.5 Adhesion strength of coated sample (relation with degradation and surface

energy, interface energy)

As shown in Figure 6.11 (a—b), the tape scratch test was performed to evaluate
the adhesion strength of the coatings before and after heat treatment according to
ASTM D3359-22 (Method A). Figure 6.11 (c) presents the optical image of the as-
deposited coating corresponding to Figure 6.11 (b). The groove is observed to be
shallow with little edge lifting, suggesting moderate (as-formed) adhesion
characteristic of a porous composite coating. Heat-treated sample at 120 °C [Figure
6.11 (d)], the wear scar is progressively enlarged with increasing size, becoming
broader and more sectioned, showing alternate edge chipping and micro-debonding.
This reduction of adhesion is ascribed to dehydration induced residual stresses in the
coating. At 240 °C [Figure 6.11(e)] and the groove is clear, well-defined and no
spallation, or edge lift has been observed which shows it exhibits excellent adhesion
compared to all other samples. At moderate heat-treatment temperatures (~240 °C),
chitosan does not undergo significant backbone degradation as shown in the TGA
results and also evident in the study by Georgieva et al.[289]. In this temperature range

near 240 °C, physically adsorbed and weakly bound moisture is removed from the
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chitosan matrix. This dehydration facilitates closer packing and rearrangement of
chitosan chains and embedded HAp particles, thereby strengthening non-covalent
interactions—primarily hydrogen bonding between chitosan functional groups (—NHz/—
OH) and HAp surface groups (-PO+*/—~OH). These enhanced interfacial interactions
promote mechanical interlocking and densification of the composite coating matrix;
these similar observations also done the study by E.M. Al et al [282] and M. o et al.
[283]. By 360 °C [Figure 6.13 (f)], pronounced edge chipping and localized spallation
reappear, associated with significant chitosan degradation, resulting in reduced
adhesion relative to the 240 °C sample. Overall, the coating heat-treated at 240 °C
exhibits the highest adhesion, although all samples show generally good adhesion

performance.

Figure 6.11 Scratch test images of Zn-doped hydroxyapatite (HAp) and chitosan composite coatings
on Mg alloy for adhesion analysis: (a) as-coated (before heat treatment) sample and (b) heat-treated
samples at 120 °C, 240 °C, and 360 °C. Optical micrographs of the scratch regions are shown for (c)
the as-coated surface and (d—f) coatings after heat treatment at 120 °C, 240 °C, and 360 °C,
respectively
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6.2.6 Assessment of potentiodynamic test

Potentiodynamic polarization and EIS responses are presented in Figure 6.12.
From the Tafel plot [Figure 6.12 (a)], the corrosion parameters Ecorr and lcorr Were
extracted and are summarized in Table 6.3. For the as-coated ZnHA sample, Ecor is
—1.172 V, which shifts positively to —1.114 V after heat treatment at 120 °C (S1|120)
and further to —0.958 V at 240 °C (S2|240). However, a negative shift is observed at
360 °C (S3|360), where Ecorr decreases to —1.240 V. A similar trend is reflected in the
corrosion current density: lcorr decreases from 14.75 pA cm2 (ZnHA) to0 9.09 nA cm™2
(S1]120), reaching its minimum value of 2.82 nA cm™ at 240 °C, but sharply increases
to 28.58 pA cm™ for S3|360. In Fig. 12(b), Nyquist fitting further clarifies the
corrosion behavior. The as-deposited coating requires two-time constants, whereas the
heat-treated samples are adequately described by a single capacitive loop, and these
results have been quantified in the Table 6.4 and the circuit used to fit as deposited
coating and heat-treated samples have been shown in Figure 6.12 (c) and (d)
respectively. The largest semicircle diameter and highest charge-transfer resistance
observed for S2 corroborate its lowest lcorr. Improvements in the CPE exponent (n),
increasing from 0.74/0.64 (ZnHA) to 0.80-0.86 after thermal treatment, indicate
enhanced interfacial uniformity and reduced surface heterogeneity. When the coated
samples are heat-treated at a moderate temperature in the range of approximately 220
250 °C, bound water is removed, as evidenced by the TGA mass loss of less than 6%.
This dehydration leads to physical consolidation of the coating, resulting in a denser
and more compact matrix with improved incorporation of HAp particles, thereby
minimizing micro-pathways for the penetration of corrosive ions. Importantly, this
densification occurs without major degradation of the chitosan backbone, effectively
sealing the coating and contributing to a reduced corrosion current density, a behavior
typical of dense organic-inorganic hybrid coatings and consistent with the
observations reported by Li et al [290] and Wang et al. [291]. Simultaneously,
dehydration lowers the coating—substrate interfacial energy by strengthening hydrogen
bonding between chitosan and HAp and by improving wetting of the magnesium

surface. This promotes conformal adhesion and suppresses coating delamination under
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corrosive conditions. Similar effects have been reported by Gnedenkov et al. [292],
who demonstrated that boiling an initial plasma electrolytic oxidation (PEO) coating
in Na:Si10s-H20 solution increased the surface density of chemisorption-active —OH
groups, thereby enhancing chemical bonding capability and improving the adhesion
of subsequent coatings. These findings are also consistent with the adhesion
measurements, which show that the maximum adhesion strength is achieved at 240
°C. In contrast, excessive heating to 360 °C leads to partial degradation of the polymer
binder, promotes crack formation, and results in partial exposure of the substrate

surface, thereby significantly accelerating the corrosion process.
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Figure 6.12. Corrosion test results: (a) Tafel plot, (b) Nyquist plot, (¢) & (d) Equivalent circuits

Table 6.3 Corrosion parameters from Tafel plot

Sample E_corr (V) I_corr (LA)
Zn doped HAp -1.172 14.75
S1J120 -1.114 9.09
S2|240 -0.958 2.82
S3[360 -1.2402 28.58
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Table 6.4 EIS parameters from Nyquist plot

CPE1 CPE2
Sample R1 R2 R3

p n p n
MgZnHA 64 672 98 1.12x10° 0.74 1.76x10° 0.64
S1J120 176 1128  -- 1.42x107° 086 -- --
S2|240 58 2869  -- 7.77x10°® 080 -- --
S3|360 50 600 -- 4.98x10° 083 -- --

6.2.7 Invitro biocompatibility test

The MTT test in Figure 6.13 shows that all Zn-doped HAp/chitosan-coated
samples possess favorable biocompatibility and cytocompatible (cell viability above
90.0%), indicating that the coatings are non-cytotoxic. The as-coated sample (ZnHA)
exhibits a cell viability close to that of the control, showing that the as-deposited
chitosan and Zn-doped HAp matrix allows metabolic activity and proliferation of
cells. On mild heat treatment at 120 °C (S1), cell viability slightly goes up indicating
the better surface stability and lower residual solvents/un- reacted organics that might
hinder the cell growth in the initial stage. The highest cell viability is obtained with
the 240 °C treated sample (S2) cell viability up to 110%, implying that mild
temperature treatment could optimize on surface structure, including roughness,
hydrophilicity and crystallinity for improved cell metabolism and growth. This
increase is also consistent with the enhanced surface roughness and crystalline quality
demonstrated by SEM and XRD characterizations. Upon additional heat treatment at
360 °C (S3), detection of a minimal decrease in cell viability below ca. 90% was
observed, which can be attributed to an over decomposition of the chitosan matrix and
higher brittleness or surface densification that would cause a decrease in surface
functionality and bioactivity. However, all the samples remain above the cytotoxic
threshold, thus here we demonstrate these samples are applicable to biological

applications.
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Figure 6.13. Cell viability results by MTT test for (a) as-coated (before heat treatment), and after heat
treatment at (b) 120 °C, (c) 240 °C, and (d) 360 °C

These DAPI fluorescence images (Figure 6.14) and the corresponding quantitative
analysis demonstrate profound differences in cell attachment between all of the
samples. The as-coated ZnHA/chitosan [Figure 6.14 (a)] sample shows an
intermediate quantity of attached cells. After treatment at 120 °C[Figure 6.14 (b)], a
greater amount of cells, distributed in an ordered manner, is observed indicating that
gentle modification improves surface affinity. The greatest number of adhered cells
is observed for coating treated at 240 °C [Figure 6.14 (c)]. This observation can be
ascribed to the enhanced surface roughness and increased crystallinity of the coating
at this temperature, thus providing a beneficial form of micro/nano-topographical cues
for cells attachment [293]. Conversely, the 360 °C processed coating [Figure 6.14 (d)]
presents a decrease in cell number and attachment that can be attributed to the loss of
hydrophilic groups and lower polymeric content resulting from a considerable

chitosan decomposition.
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Figure 6.14. Cell attachment results by DAPI for (2) as-coated (before heat treatment), and after heat
treatment at (b) 120 °C, (c¢) 240 °C, and (d) 360 °C

Overall, both MTT and DAPI analyses consistently indicate that moderate heat
treatment at 240 °C provides the most favorable surface environment for cell adhesion
and proliferation. This enhancement can be attributed to a synergistic effect of
increased crystallinity, optimal surface roughness, and the balanced retention of
organic functional groups within the Zn-doped HAp/chitosan matrix. In contrast,
excessive heat treatment at 360 °C, though improving crystalline purity, reduces the

polymeric contribution necessary for optimal bioactivity.

6.2.8 Evaluation of Cellular responses through FE simulation

In this study, the FE analysis revealed variations in mechanical strain and strain
energy density (SED) on cell at the cell-substrate interface across different surface
conditions, including both untreated and heat-treated substrates at different
temperatures. The maximum principal strain contours [Figure 6.15] and quantitative
data (Table 6.5) show that both strain and SED increased with surface roughness,
reaching their highest values for the sample with an 8.96 pum roughness (average strain
= 0.140; SED = 2.98x10* mJ/mm?). These findings suggest that surface morphology
significantly influences local mechanical cues at the cell interface. Strain and SED, as
forms of mechano-stimulation, are known to regulate critical cellular functions such
as proliferation, differentiation, migration, and extracellular matrix (ECM) synthesis
[294,295]. Mechanical strain replicates the physiological forces experienced by cells
in vivo, activating mechanostimulation pathways involving integrins, focal adhesions,

and cytoskeletal remodeling [296]. According to previous studies, strain magnitudes
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exceeding 10,000 pe are necessary to effectively stimulate osteogenic responses in
bone cells [297,298]. Whereas, Kashani and Packirisamy [295] reported a positive
correlation between SED at the cell interface and the migration behavior of adherent
cells, demonstrating that increased substrate roughness enhances cell migration. The
present results indicate that substrates with higher surface roughness can enhance
strain concentration and SED near the cell interface, thereby promoting favourable

mechanical environments for bone cell activation and tissue regeneration.
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Figure 6.15. Maximum principle strain contours at cell interface for (a) untreated coated sample
surface and (b), (C), (d) coated sample surface heat treated at 120 °C, 240 °C and 360 °C respectively

Table 6.5. Average Strain and Strain energy density (SED) oberved at cell interace for different
substrate roughness

Substrate roughness 7.67 um 6.44 um 8.96 um 4.22 um

Avg strain 0.128 0.114 0.140 0.078

Avg SED (mJ/mm?3) 2.34x10°*  1.82x10%*  2.98x10%  1.22x10*
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Chapter 7

Conclusions and Future Perspectives

7.1 Conclusion

This thesis addresses the critical challenge of rapid degradation and limited
biological performance of magnesium (Mg)-based bioresorbable implants. A
multidisciplinary approach integrating surface engineering, bioactive coating
development, computational modeling, and data-driven optimization has been
employed to design and optimize multifunctional coatings capable of enhancing
corrosion resistance and biocompatibility under physiological conditions. The work
systematically progresses from fundamental surface modification to advanced hybrid
optimization and mechanistic understanding, establishing a coherent pathway for the

development of next-generation Mg-based implant systems.

7.1.1 Evolution of Surface Functionalization: From Hydrophobicity to
Bioactivity

The initial phase of the research demonstrated the successful fabrication of
hydrophobic coatings on Mg alloys via a facile hydrothermal method. The
development of hierarchical micro/nano-scale surface structures, combined with low
surface energy modification, resulted in significant water repellency, achieving
contact angles of ~130°. These surfaces exhibited markedly improved corrosion
resistance in simulated body fluid (SBF), primarily by limiting electrolyte penetration
and chloride ion ingress, as evidenced by reduced corrosion current density and a

positive shift in corrosion potential.

While this study established the effectiveness of wettability control in mitigating
corrosion, it also highlighted the need for further functionalization to meet biological
requirements. Building upon this foundation, the research progressed toward the
development of superhydrophobic and biofunctional coatings tailored specifically for
biomedical applications.
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7.1.2 Rational Design through Hybrid Data-Driven Optimization

To overcome the limitations of empirical coating design, a hybrid multi-
objective optimization framework was developed. Response Surface Methodology
using Central Composite Design (RSM-CCD) enabled systematic investigation of
process parameters, while Artificial Neural Networks (ANN), enhanced through data

augmentation, provided highly accurate predictive capability (R? = 0.99).

Coupling the ANN model with advanced optimization algorithms such as NSGA-II,
Teaching-Learning-Based Optimization (TLBO), and Multi-Objective Particle Swarm
Optimization (MOPSO) enabled simultaneous optimization of multiple performance
parameters, including corrosion resistance, surface free energy, and surface roughness.
The resulting Pareto fronts revealed a wide and tunable design space, achieving

corrosion resistance efficiencies up to ~90% with controlled surface characteristics.

Importantly, the optimized parameter combinations facilitated a transition from
hydrophobic to superhydrophobic behavior, yielding coatings with water contact
angles exceeding 150°, thereby significantly enhancing surface functionality and

corrosion protection.

This approach represents a significant advancement over conventional trial-and-error
methodologies, offering a scalable and intelligent framework for the design of
multifunctional coatings in biomedical and engineering applications.
7.1.3 Synergistic Role of Bioactive and Polymeric Components: HA, Zn, and
Chitosan

A key contribution of this thesis lies in the development of composite bioactive
coatings incorporating hydroxyapatite (HA), Zn-doped HA, and chitosan, thereby

integrating corrosion protection with biological functionality.

HA coatings, owing to their chemical similarity to bone mineral, significantly reduced
corrosion rates (~73.33%) by forming a protective and bioactive barrier. The

incorporation of Zn** ions further enhanced performance (~82.45% reduction in

Page | 166



Chapter 7

corrosion rate) by modifying crystallinity, surface energy, and providing antimicrobial
effects, while also promoting cellular activity.

The introduction of chitosan as a polymeric matrix played a crucial role in achieving

multifunctionality. Chitosan contributed to:

e Improved coating uniformity and adhesion by acting as an effective binder
between ceramic particles and the Mg substrate,

e Enhanced corrosion resistance through its barrier properties,

e Increased bioactivity and antibacterial behavior due to its intrinsic biological
functionality,

e Promotion of cell adhesion and proliferation via favorable surface chemistry
and biocompatibility.

e Importantly, chitosan also mitigates the inherent brittleness of ceramic coatings
such as HA, providing mechanical compliance and structural integrity to the
composite system. The synergistic combination of HA (bioactivity), Zn
(functional ion release), and chitosan (polymeric support) resulted in coatings

that effectively balance electrochemical stability and biological performance.

7.1.4 Performance under Dynamic Physiological Conditions

Moving beyond conventional static evaluations, this work incorporated flow-
induced shear stress (FISS) simulations and dynamic immersion experiments to better
replicate physiological conditions. The results demonstrated that while material
composition has a relatively minor influence on shear stress distribution, flow rate

plays a dominant role in governing corrosion behavior.

Higher flow rates resulted in increased degradation due to elevated shear stress and
enhanced mass transport of corrosive species. These findings highlight the limitations
of static corrosion testing and emphasize the importance of evaluating biomaterials

under realistic fluid flow environments.
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The strong agreement between simulation and experimental observations validates the
multiphysics approach adopted in this study and provides deeper insights into the

interaction between fluid dynamics and material degradation.

7.1.5 Tailoring Coating Performance through Post-Deposition Heat Treatment

The final phase of the research established post-deposition heat treatment as a
decisive parameter in controlling the microstructure and performance of chitosan/Zn-
doped HA composite coatings. Controlled thermal processing induced a transition
from a polymer-rich structure to a more crystalline ceramic-dominated architecture,
significantly influencing coating adhesion, phase composition, and interfacial
integrity.

An optimal heat treatment temperature of 240 °C was identified, achieving:

e Significant reduction in corrosion current density (~80.8%),
e Enhanced coating adhesion and phase purity,
e Improved structural stability and interfacial bonding,

e Superior biological performance, with cell viability exceeding 110%.

At this condition, an optimal balance was achieved between chitosan consolidation
and hydroxyapatite crystallization. While chitosan provided initial flexibility and
bioactivity, controlled heat treatment ensured structural refinement without complete

degradation of the polymeric phase.

Finite element analysis further corroborated these findings by demonstrating enhanced
strain and strain energy density at the cell-material interface, indicating improved
mechanobiological stimulation, which is critical for tissue regeneration and implant

integration.
7.1.6 Key Achievements of the Thesis
e Development of hydrophobic and superhydrophobic coatings with

significantly improved corrosion resistance.
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Establishment of a hybrid optimization framework integrating RSM, ANN,
and evolutionary algorithms (NSGA-II, TLBO, MOPSO).

Achievement of high predictive accuracy (R? = 0.99) for coating performance
modeling.

Demonstration of up to ~90% corrosion resistance efficiency through
optimized coatings.

Successful integration of HA, Zn, and chitosan for multifunctional bioactive
coatings.

Elucidation of flow-induced corrosion behavior under dynamic physiological
conditions.

Identification of optimal post-deposition heat treatment (240 °C) for enhanced

electrochemical and biological performance.

7.1.7 Limitations of the Present Study

Despite the significant advancements, certain limitations remain:

The study is primarily limited to in vitro investigations, and in vivo validation
is required to confirm long-term biological performance and degradation
behavior.

Long-term degradation kinetics and their interaction with tissue regeneration
were not fully explored.

Flow simulations and experiments were conducted under simplified conditions
and may not fully capture the complexity of physiological environments.

The predictive models, particularly ANN, are dependent on dataset size and

quality, which may limit generalization beyond the studied parameter space.

7.2 Future Perspectives

Building upon the findings of this thesis, several directions for future research are
identified:

In vivo validation: Long-term animal and clinical studies to assess

degradation behavior, tissue response, and implant safety.
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e Controlled ion release: Optimization of Mg?" and Zn?* ion release to balance
bioactivity and cytotoxicity.

e Advanced optimization strategies: Integration of multi-criteria decision-
making tools such as TOPSIS, fuzzy logic, and weighted optimization.

e Coupled multiphysics modeling: Development of comprehensive models
integrating corrosion, mechanical loading, and biological interactions.

e Process scalability and translation: Ensuring reproducibility, scalability, and

regulatory compliance for clinical and industrial implementation.
Final Remark

This thesis advances the fundamental understanding of coating design,
degradation mechanisms, and biological interactions in magnesium-based
biomaterials. By integrating surface engineering, bioactive materials (HA, Zn, and
chitosan), multiphysics modeling, and artificial intelligence-driven optimization, it
establishes a robust and scalable framework for the rational design of high-
performance bioresorbable implants. The outcomes of this work contribute
significantly toward bridging the gap between laboratory-scale research and clinically
viable magnesium-based implant technologies, positioning this approach at the

forefront of next-generation biomaterials development.
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APPENDICES

A.l. Preparation of Simulated body fluid (SBF)

Simulated Body Fluid (SBF) is typically prepared by dissolving reagent-grade
chemicals (e.g., NaCl, KCI, CaCl,, MgCl'6H.O, NaHCOs, Na.SO., and
K2HPO4:3H-0) in distilled water in a specific sequence to avoid precipitation. The
solution is buffered with Tris(hydroxymethyl)aminomethane (Tris) and its pH is
adjusted to 7.4 using 1 M HCI at 36.5 °C, simulating the ionic concentration and
physiological conditions of human blood plasma.

Table. A-1. Chemical composition and concentrations of constituents in Simulated Body Fluid (SBF)
[299]

SI. No. Compound Concentration (mM)
1 NaCl 142.0

2 NaHCO:s 4.2

3 KCI 5.0

4 K:HPO4-3H20 1.0

5 MgCla:6H:0 15

6 CaClz 2.5

7 Naz2SO04 0.5

8 (CH20H):CNHz (Tris buffer) 50.0

9 0.1 HCI (to adjust pH to 7.4)

A.2 Sensitivity analysis for selecting the standard deviations (o)

Initially, data augmentation was performed using a Gaussian noise distribution
with o values chosen at two extreme points, 0.1 and 0.9, as well as a middle value of
0.5. These augmented datasets were then fed into the ANN to evaluate the resulting R

values. The augmented data can be accessed through the link below:



APPENDICES

https://drive.google.com/drive/folders/14ZG0O1nQhEuex4t vNcscsVerlBrCOQRY?
usp=sharing

Forc=0.1:

The R2 values for the training, validation, and test sets are moderately high (0.98903
for training, 0.98739 for validation, and 0.98365 for test), which shows that the model
is performing well. However, the MSE (Mean Squared Error) value is 25.5322, which
indicates that the model's predictions are relatively less accurate compared to the other

sigma values.

Training: R=0.98958 Validation: R=0.98739
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Figure A-l. Coefficient of determination (R2) shown in the regression plots and Mean Squared Error
(MSE) in the performance curve for 6 = 0.1

Foro=0.5:

This configuration gives the highest R? values across all sets (0.9919 for training,
0.98772 for validation, and 0.98303 for test), suggesting better generalization and
predictive performance. The MSE value is also lower (24.0896), showing that the

model has better accuracy.
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Training: R=0.99377 Validation: R=0.98772.
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Figure A-Il. Coefficient of determination (R2) shown in the regression plots and Mean Squared Error
(MSE) in the performance curve for ¢ = 0.1

Foro=0.9:

While the R? values are still good (0.98144 for training, 0.98299 for validation, and
0.96829 for test), the MSE value increases significantly (30.9854). This higher MSE
indicates that the model's performance has degraded compared to sigma = 0.5. The
higher sigma introduces more noise, which can lead to overfitting or a less stable
model.

Training: R=0.98893 Validation: R=0.98299

Best Validation Performance is 30.9854 at epoch 11
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Figure A-111. Coefficient of determination (R?) shown in the regression plots and Mean Squared Error
(MSE) in the performance curve for 6 = 0.1

Based on these results, sigma = 0.5 is the optimal choice because it provides a balance
between model complexity and accuracy. This sigma value yields the highest R?
values and the lowest MSE, indicating that the model generalizes well and provides

accurate predictions. While sigma = 0.1 gives relatively good performance, the
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model’s accuracy is slightly lower than that of sigma = 0.5. On the other hand, sigma
= 0.9 introduces excessive noise, resulting in a higher MSE and slightly worse
performance. Therefore, sigma = 0.5 strikes the best balance for the task, ensuring

robustness and minimizing errors while maintaining high predictive accuracy.

A.3 Goniometer report for Contact angle

& Contact angle measurement X
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Figure A-1V. Contact angle measurement using a goniometer, showing the recorded values over six
repetitions. The measurement values are consistently around 152°, indicating the super
hydrophobicity of the coated surface.

In the link below the original Goniometer report have been uploaded

https://drive.google.com/file/d/1hutbiEJKWI2ENZymtjHIUx3KeBPY -ePh/view?usp=sharing
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