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ABSTRACT

This research employs optical analysis, and light intensity analysis with, three coating
systems—pure epoxy, epoxy with 0.1 wt.% graphene, and epoxy with 1 wt.% graphene—were
systematically evaluated for their erosion resistance and optical characteristics on SS316L
stainless steel substrates. The coating thicknesses ranged from 85 pm to 103 pm, with erosion
factor calculated as the reduction from the maximum thickness (103 pm). Pure epoxy exhibited
the highest erosion factor of 18 pum, followed by 11 um for epoxy + 0.1% graphene, and as low
as 5 um for epoxy + 1% graphene, indicating improved erosion resistance with increasing
graphene content. Surface roughness (Ra) measurements showed a corresponding rise due to
erosion, increasing from approximately 0.33 pum to 1.12 um for pure epoxy, whereas the
increase was limited from 0.19 um to 0.45 um in epoxy + 1% graphene coatings, highlighting
the protective advantage of graphene modification. Optical analysis using RGB light filters
further revealed a progressive increase in deviation values with erosion severity, where pure
epoxy exhibited a maximum deviation of 0.165 at highest erosion, compared to only 0.025 for
epoxy + 0.1% graphene and 0.008 for epoxy + 1% graphene at lower erosion levels.
Additionally, the Energy Index (Ep), sensitive to nanoscale surface roughness, demonstrated a
strong inverse correlation with Ra (Pearson Linear Correlation Coefficient, PLCC = 0.91;
Mean Absolute Error, MAE = 10.7 nm), while the Structural Color Aliasing Index (SCY)
effectively captured macro-level degradation, showing higher correlation (PLCC = 0.93) and
a MAE of 0.12 um. These findings not only confirm the erosion mitigation capability of
graphene-reinforced coatings but also establish a robust foundation for non-destructive, real-
time optical monitoring of coating health using structured light and digital image-based

metrics.
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CHAPTER 1

INTRODUCTION

1.1 Significance

The relentless degradation of materials due to erosion poses a significant challenge across
various engineering domains, impacting the lifespan and performance of critical components
in industries ranging from aerospace to marine engineering. The previous Study focused
primarily on mechanical and electrical aspects of erosion in epoxy coatings, neglecting optical
degradation. The lack of optical characterization limits the ability to detect early-stage erosion
and predict coating lifespan. The behavior of pure epoxy and epoxy-graphene composite
coatings applied to 316L stainless steel substrates. 316L stainless steel, widely used in marine,
biomedical, automotive, and structural applications, is prone to corrosion in aggressive
environments such as seawater. Protective coatings such as epoxy are applied to improve

corrosion resistance and extend the service life of metal structures.

However, the long-term stability of these coatings depends on both mechanical and electrical
properties, especially under erosion. In recent years, the integration of nanomaterials like
graphene into epoxy resins has emerged as a promising approach to enhance coating
performance by improving barrier properties, mechanical strength, and electrical stability.
Further, Incorporation of graphene into epoxy coatings significantly enhances mechanical and
electrical properties. Epoxy + 0.1 wt.% graphene composite provided optimal balance between
mechanical integrity, surface roughness, and electrical insulation. The erosion-induced
degradation was minimized with graphene-modified coatings, offering superior long-term
stability. The novel approach of optical characterization through light intensity and deviation
provided additional insight into coating degradation and opened possibilities for non-contact
inspection techniques. Among the various forms of material degradation, erosion-corrosion, a
synergistic process involving the combined effects of mechanical wear and electrochemical
corrosion, presents a particularly insidious threat (Kucharczyk et al., 2021) [1]. This
phenomenon is especially prominent in flow systems, where the impingement of abrasive
particles or high-velocity fluids accelerates the corrosion rate of metallic structures (Cheng,
2011) [2]. To combat the detrimental effects of erosion-corrosion, protective coatings are
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frequently employed as a barrier between the metallic substrate and the corrosive environment
(Policastro et al., 2011) [3]. Epoxy coatings, renowned for their excellent adhesion, chemical
resistance, and ease of application, have emerged as a popular choice for safeguarding metallic
surfaces against corrosion (Li et al., 2021) [4]. Despite their widespread use, epoxy coatings
are not immune to erosion damage, and their long-term performance hinges on their ability to
withstand the combined effects of mechanical wear and chemical attack. Understanding the
optical characteristics of erosion in epoxy coatings is crucial for developing effective strategies
to mitigate material degradation and enhance the durability of coated structures (Ayodeji et al.,
2021) [5]. Epoxy coatings offer a cost-effective approach to shield steel from corrosion,
showcasing the potential to create robust, durable, and corrosion-resistant layers (SWAMY &
Koyama, 1989) [6].

The utilization of epoxy coatings on SS316L stainless steel is prevalent in various industrial
applications, primarily due to the coatings' ability to provide a barrier against corrosive
environments and mechanical wear (Lyczkowska-Widtak et al., 2018) [7]. Epoxy resins,
known for their excellent adhesion, chemical resistance, and mechanical strength, serve as a
protective layer, extending the lifespan and maintaining the structural integrity of the
underlying SS316L substrate (Stango et al., 2017) [8]. However, these coatings are inevitably
subjected to erosive forces, whether from solid particle impingement, liquid droplet impact, or
cavitation, leading to gradual material removal and eventual substrate exposure (Sanjuan &
Toro, 2010) [9]. The erosion process not only compromises the protective function of the
coating but also alters its surface characteristics, which can be observed and quantified through

optical means.

Understanding the optical characteristics of erosion in epoxy coatings is crucial for developing
non-destructive evaluation techniques and predicting the remaining service life of coated
components. Optical techniques offer a non-invasive approach to monitor the coating's
condition, providing real-time feedback on the extent of erosion without the need for
destructive testing (Na et al., 2011) [10]. This capability is particularly valuable in situations
where continuous monitoring is required, such as in pipelines, marine structures, and aerospace
components (Cheng, 2011) [11]. Optical coherence tomography, suited for measuring small
dimensional changes on surfaces, has great potential for monitoring erosion (Chan et al., 2013)
[12]. By correlating the optical signatures with the physical changes occurring on the coating
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surface, it becomes possible to establish a reliable method for early detection of erosion and

timely intervention to prevent catastrophic failures (Abouel-Kasem & Ahmed, 2008) [13].

The durability and service life of metallic structures heavily rely on the effectiveness of
protective coatings designed to mitigate the impact of environmental aggressors such as
moisture, salts, chemicals, and mechanical wear. Epoxy-based polymer coatings have emerged
as a popular choice for this purpose due to their outstanding adhesion, barrier properties,
chemical resistance, and mechanical strength. However, the operational environments often
involve dynamic mechanical interactions such as particle impingement, liquid droplet impacts,

and fluid flows that lead to gradual erosion of these protective layers.

Stainless steel grade 316L (SS316L), characterized by its low carbon content, superior
corrosion resistance, and mechanical integrity, finds extensive use in critical applications where
material degradation cannot be tolerated. To enhance its surface properties and further extend
its lifespan, epoxy coatings are often applied. Despite their initial effectiveness, prolonged
exposure to erosive forces compromises coating performance, potentially exposing the
substrate to direct environmental attack, thus accelerating material failure.

1.2 Key Reasons Driving this Research
1.2.1 Early Detection of Coating Degradation

e Optical methods, such as reflectivity and transparency analysis, allow for real-time
assessment of coating wear before significant structural damage occurs.
e Current mechanical and electrical evaluations often detect coating failure after

substantial degradation, leading to higher maintenance costs.

1.2.2 TImproved Predictive Maintenance Strategies

e By correlating optical degradation with erosion progression, industries can develop
predictive maintenance models that minimize unexpected failures.

e This reduces downtime in marine vessels, offshore platforms, and industrial equipment,

where epoxy coatings are used for corrosion protection.

1.2.3 Advancing Non-Destructive Testing Methods
e Optical characterization provides a non-invasive and rapid evaluation of coating

integrity, which is superior to traditional destructive techniques.
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e This aligns with the ongoing shift toward sustainable maintenance practices, reducing
material waste and operational costs.

1.2.4 Optimizing Protective Coating Formulations

e Investigating how erosion affects optical properties can aid in designing self-healing or
erosion-resistant epoxy coatings that maintain surface integrity under harsh conditions.

e Improved coatings would enhance performance in saltwater exposure, chemical

processing, and aerospace applications.

1.2.5 Enhancing Surface Engineering for Specialized Applications

o Optical degradation impacts functional coatings used in solar panels, optical sensors,

and biomedical devices, where surface properties play a crucial role.

Understanding erosion effects on light scattering and absorption helps refine coating

technologies for advanced engineering sectors.
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CHAPTER 2

LITERATURE REVIEW

In this section, we will delve into the scientific and research endeavours cantered around the
factors influencing optical characteristics of erosion in epoxy resins coatings on 316L stainless

steel.
2.1 Introduction

The degradation of protective coatings under erosive environments has garnered substantial
attention in recent years due to its significant implications for industrial applications,
particularly in marine, oil and gas, chemical processing, and biomedical sectors. Among
various substrates, AISI 316L stainless steel (SS316L) has been extensively utilized due to its
superior corrosion resistance, mechanical strength, and biocompatibility. Epoxy coatings serve
as an essential barrier against environmental attacks on SS316L. However, under continuous
exposure to mechanical erosion, these coatings exhibit deterioration, which can be monitored
through optical characteristics. The literature in this domain spans across material science,
surface engineering, optics, and erosion mechanisms. This chapter synthesizes existing studies
relevant to epoxy coating erosion, optical characterization methods, and erosion behavior
specific to SS316L substrates.

The application of protective coatings, particularly epoxy-based and epoxy-graphene
composite coatings, has received significant attention in recent decades for enhancing the
corrosion resistance and mechanical stability of metallic substrates such as stainless steel 316L
(SS316L). The development and improvement of these coatings are crucial, especially in
marine, biomedical, automotive, and industrial sectors, where materials are subjected to
aggressive environments. This literature review critically examines previous works related to
the mechanical, electrical, and corrosion-resistant properties of epoxy coatings and their
composites with graphene, focusing on their erosion behavior, electrochemical stability, and

overall performance enhancement.

o Protective Coatings for Stainless Steel
o Epoxy Resin Coatings
o Graphene as Nanofiller in Epoxy Coatings
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2.1.1 Review of Key Experimental Studies

o Pure Epoxy Resin Coatings: Multiple researchers have extensively explored the
behaviour of pure epoxy coatings applied on various steel substrates

o Epoxy-Graphene Composite Coatings: The inclusion of graphene derivatives into
epoxy coatings has shown considerable promise in enhancing the mechanical,
chemical, and electrochemical properties of coatings

o Erosion and Degradation Studies: Beyond initial coating performance, long-term

durability under erosive forces is crucial
2.2 Epoxy Coatings: Properties and Applications

Epoxy resins are thermosetting polymers widely employed for surface protection owing to their
excellent adhesion, chemical resistance, thermal stability, and mechanical strength. Their
cross-linked structure offers strong resistance to corrosion, making them ideal for coating
metallic substrates such as SS316L. The performance of epoxy coatings under service

conditions has been extensively studied.

Zhou et al. (2011) [14] highlighted that epoxy coatings provide effective corrosion resistance
primarily by acting as a barrier to moisture and ionic species. However, under dynamic
conditions, such as particle-laden flow environments, epoxy coatings are susceptible to

mechanical erosion, resulting in gradual degradation of their protective function.
2.3 SS316L Stainless Steel: Corrosion Resistance and Coating Needs

SS316L is an austenitic stainless-steel alloy that offers excellent corrosion resistance due to the
presence of chromium, molybdenum, and low carbon content. Its widespread application in
aggressive environments necessitates the use of additional protective coatings to prevent

localized corrosion and mechanical wear.

As reported by Sedriks (1996) [15], despite SS316L's inherent corrosion resistance, it remains
vulnerable to pitting, crevice corrosion, and stress corrosion cracking in chloride-containing
environments. Epoxy coatings have been extensively applied to mitigate these challenges,

especially in biomedical implants, offshore structures, and pipelines.
2.4 Erosion Mechanisms in Coatings

Erosion refers to the progressive removal of material due to repeated mechanical interaction

with solid particles, liquids, or gases. In the context of coatings, erosion is governed by several
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parameters, including particle size, impact velocity, impact angle, coating thickness, and

substrate-coating adhesion.

According to Hutchings (1992) [16], the erosion mechanism in brittle coatings such as epoxy
generally involves microcracking, delamination, and spallation under repeated particle
impacts. The erosion leads to changes in surface roughness, coating morphology, and optical

properties, which serve as indicators of the extent of damage.
2.5 Optical Characterization Techniques in Erosion Studies

Optical characterization methods provide non-destructive, real-time monitoring of surface
degradation. Changes in optical properties such as reflectance, transmittance, and light

scattering are directly related to surface roughness, coating thickness, and defect formation.
2.5.1 Spectrophotometry

Spectrophotometry has been widely used to monitor changes in reflectivity and color of
coatings undergoing erosion. Studies by Fischer-Cripps et al. (2007) [17] demonstrated that
erosion-induced surface roughness leads to decreased specular reflectance and increased
diffuse reflectance.

2.5.2 Laser Scattering and Light Intensity Analysis

Laser light scattering techniques enable high-resolution detection of surface defects and
microstructural changes in coatings. Work by Cevallos et al. (2018) [18] showed that increasing
erosion correlates with enhanced scattering intensity due to micro-crack propagation and

surface pitting.
2.5.3 Optical Microscopy and SEM Analysis

While optical microscopy offers a preliminary qualitative view of erosion, Scanning Electron
Microscopy (SEM) provides detailed insights into surface topography, crack patterns, and

erosion morphology. These observations are often correlated with optical property changes.
2.6 Studies on Optical Characteristics of Erosion in Epoxy Coatings

Several researchers have investigated the evolution of optical properties of eroded epoxy
coatings. For instance, Patel et al. (2015) [19] explored how erosion alters the transparency and
glossiness of epoxy coatings, noting that prolonged erosion leads to visible hazing and

decreased light transmission.
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Balan et al. (2020) [20] further quantified the light intensity variations using multiple filters
(red, green, blue, white) to correlate specific wavelength sensitivities with surface roughness

and coating defects, offering a multi-spectral approach to optical erosion detection.
2.7 Erosion Studies on SS316L Substrate

Research focusing on erosion behavior of coatings on SS316L is comparatively limited but
growing. Nandiyanto et al. (2017) [21] emphasized the importance of substrate-coating
adhesion in resisting erosion, where poor adhesion often accelerates coating delamination
under repeated impact. Additionally, studies by Sharma et al. (2021) [22] confirmed that optical
inspection techniques can effectively identify early-stage erosion in coated SS316L by

analyzing light scattering patterns and intensity decay.
2.8 Gaps in Literature and Scope of the Present Work

There is minimal research on how erosion affects the optical properties of epoxy coatings, such
as changes in transparency, surface reflectivity, and light scattering. This gap hinders

advancements in non-destructive monitoring techniques for coating integrity.

Table 1: Literature review on scope of the present work

S. Coating System -
No. Author(s) & Substrate Methodology Key Findings
RB colour block provided
. Colour  blocks N best measurement
Lu, E., Liu, J, CCD imaging, stylus reference, .
1 |xiong, V., Qiu, H, (R RB, BG) onl opyay i ices (Ep, SCY), light Performance; Ep accurate for
(2019) [23] ground steel brightness (65-95) Ra < 0.1 um (MAE = 10.7
surfaces nm); stable under low light
for energy-efficient use.
Introduced visual method
Colour images on using sharpness index F; light
Yi, H. et al. (2016)| _. . g Sharpness index (F), light|direction and color block
2 grinding ; » .
[24] . source brightness variation structure influence surface
workpieces ;
roughness evaluation
accuracy.
Defined structural (SCY) and
. Colour Distribution Statistical|energy (Ep) indices for
3 Lu, E. etal. (2018) GT'”.d'”g and Matrix (CDSM); SCY and Ep|roughness detection using
[25] milling surfaces |. . ) T
indices color images; suitable for
various machining textures.
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Proposed a  non-contact

Shahabi, HH. &Turned steel|Machine vision, image analysis system for  evaluating
4 |Ratnam, M.M. surfaces non-contactsys’tem 'lroughness of turned parts
(2010) [26] using  statistical  image
features.
Applied  restoration  of
Dhanasekar, B. & Machined metal blurred images to improve
5 |Ramamoorthy, B. surfaces Image deblurring and analysis |image-based surface
(2010) [27] roughness evaluation using
machine vision.
Studied  how different
Elango, V. & Design of experiments with lighting conditions affect the
6 |Karunamoorthy, L.|Steel surfaces liahting condiitions accuracy of machine vision-
(2008) [28] ghting based surface roughness
analysis.
Best anti-corrosion
7 He, Y. et al. (2019)|Gr-TA  Epoxy|Covalent bonding, salt spray,|performance with Gr-TA-
[29] Hybrid on steel  |EIS KH560; less  Dlistering,
improved water resistance.
8 Wu, F. et al. (2017)|GO/Graphene Ultrasonication, dry & seawater GO-base dd ;:qat!ng§ Ead Iov¥er
[30] Epoxy on cast iron |tests wear an r'|ct|gn, etter for
marine applications.
Epoxy + o . MWCNTSs enhanced
9 22823) [I;i] et al MWCNTSs on ?lcr:"nspraymg, hygrothermal adhesion and reduced water
carbon steel yeling uptake; prevented blistering.
Analysis of polymer
. Graphene-based nanocomposite_ coatings _ by Graph_ene imprc_)ves
10 |Nine, MJ. et al. nanocoatings  on evaluating the|r_ mechanlc_al, corrosion, me(_:hamgal,
(2015) [32] thermal, and barrier properties|thermal and anti-fouling
metals . .
using standardized|performance.

characterization techniques

2.9 Synergistic Advancements

Characterization

in Epoxy Coatings

and

Non-Contact Surface

The study of surface roughness and coating erosion has seen significant advancements through

both coating technology development and optical characterization methods. Prior research has

extensively focused on enhancing the corrosion resistance of stainless-steel substrates like

SS316L using various epoxy-based composite coatings, including nanofillers such as graphene,

ZrO,

CoFe, O, @SIiO, ,

and carbon nanofibers,

which demonstrated substantial
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improvements in mechanical integrity, barrier properties, and electrochemical stability.

Parallelly, optical and image-based non-contact roughness measurement techniques have

emerged as viable alternatives to traditional contact profilometry. Lu et al. (2019) proposed a

color image-based roughness measurement system using structured light reflection and

machine vision analysis, achieving nanoscale resolution (10.7 nm MAE) through the Color
Distribution Statistical Matrix (CDSM) approach. The use of red-blue (RB) color blocks was

found to optimize both human visual system (HVS) sensitivity and computational feature

indices (Ep and SCY), enabling precise roughness characterization across varying surface

conditions. The integration of these advances provides a robust foundation for exploring the

optical characteristics of erosion in epoxy-coated metallic substrates, emphasizing the synergy

between material science innovations and advanced non-contact measurement methodologies.

Table 2: Summary on Roughness and Surfaces

Coating System / .
S.No. |Author(s) Surface Methodology Key Findings
Developed HVS and machine
vision system to  measure
nanoscale roughness; RB colour
Colour Image-Based block Fractive: .
_ Roughness ock most effective; energy index
1 Lu Enhui et al.|Rough Surface Measurement: RGEB (Ep) measured roughness up to
(2019) [33] (No.45 Steel) b 10.7 nm MAE; demonstrated
Colour Blocks; Stylus|”. "\ .. ) :
- stability across brightness levels;
Calibration .
method effective for energy-
saving  precision  roughness
measurement.
. HVS-based cglour Image Found colour blocks influence
Yi et al. (2017-|.. .. measurement; developed e
o Grinding e ) roughness sensitivity; developed
2 |2018, cited in Lu et . F* sharpness index and .
Workpiece Surface |, ~~n . early algorithms for colour-based
al.) [34] CD" colour difference
. surface roughness measurement.
index
Developed Ep (energy index) and
Lu et al. (2018, C.DSM . (C_olpur SCY (aliasing index); introduced
A . Distribution  Statistical| .. .. .
3 [cited in Lu et al.)|Grinding Surface : . |statistical matrix approach for
Matrix) Feature Index: Ep
[35] better surface roughness
and SCY .
correlation.
Fast, cost-effective roughness
4 Ghodrati et al. Metallic Surfaces Image Processing (Non-|measurement via machine vision;
(2018) [36] Contact Optical Method) |demonstrated robustness against
randomly rough surfaces.
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Coating System / -
S.No. |[Author(s) Surface Methodology Key Findings
B. Dhanasekar et Digital Speckle gggg(\j/edroiffﬁ(r:}t(:\s/:nz\i;lSgtisgsczlr;
5 jal.  (2008-2010) Metallic Surfaces |Interferometry & Image|. ghne . .
: image restoration for improving
[37] Restoration )
measurement resolution.
Applied Fourier domain analysis
6 Palani & Natarajan|CNC Milling|2D Fourier Transform +/combined with machine learning
(2011) [38] Surfaces Artificial Neural Network|for  high-accuracy  roughness
prediction.
7 Hladnik & Lazar Paper Surfaces Laser Profilometry +rlrJ1§:Eix f%rrez\_/:\tljgltin C?lé)r?cnli[artzrl]lclg
(2011) [39] P GLCM g
surface roughness.
Demonstrated generalizability of
Wang et al. (2011) , Machine Vision Texture|machine vision approaches across
8 Fabric Surfaces : . .
[40] Analysis multiple materials and surface
types.
Su et al. (2017) , Coherence Scanning Addresseq callb_ratlon and error
9 Ceramic Surfaces sources in optical non-contact
[41] Interferometry
roughness measurement.

While numerous studies have addressed the erosion resistance of epoxy coatings and their
optical properties separately, there remains a lack of comprehensive investigations combining
optical characterization with erosion studies specifically on SS316L substrates. This research
aims to fill this gap by systematically evaluating the optical characteristics of epoxy-coated
SS316L under controlled erosion conditions using light intensity analysis. The study also
endeavours to establish quantitative relationships between optical parameters and the degree
of coating degradation.

¢ Objective of the Study

The primary objective of this research is to comprehensively investigate the optical
characteristics associated with erosion-induced degradation in epoxy coatings applied on
SS316L stainless steel substrates. This study aims to explore how surface erosion, resulting
from mechanical and environmental factors, influences the way light interacts with the coated
surface. Specifically, the research focuses on analysing variations in optical properties such as

reflectance, transmittance, and light scattering as the coating undergoes progressive wear.
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These optical responses are evaluated in detail to determine their sensitivity to the onset and

progression of erosion.

A critical aspect of the study involves establishing a correlation between these optical
parameters and the actual physical extent of erosion. This is achieved through surface
characterization techniques including microscopy and surface roughness profiling, allowing
for a comparative assessment of visual and structural degradation. The integration of optical
and physical data provides a dual-layered understanding of how erosion impacts both surface
morphology and light behavior.

Ultimately, the research aims to assess the potential of optical diagnostics as a reliable, non-
destructive tool for early detection of coating failure. By identifying subtle optical deviations
before significant physical damage occurs, the study seeks to develop an early warning
framework that can be applied in industrial settings for real-time monitoring of protective
coatings. This has important implications for predictive maintenance, operational safety, and

the overall longevity of coated components in corrosive or abrasive environments.
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CHAPTER 3

EXPERIMENTAL INVESTIGATIONS

3.1 SAMPLE PREPARATION
Sample Acquisition and Preparation (SS316L Stainless Steel)
3.1.1 Source of Material:

The material used for the substrate in this study was austenitic stainless steel SS316L, as
referenced by Rajan Kumar [42]. This particular grade of stainless steel was selected for its
superior corrosion resistance and mechanical properties. The SS316L sheets were procured
from Metal World, located in Kolkata, West Bengal, India, ensuring reliable sourcing and

material consistency throughout the experimental procedures.
3.1.2 Chemical Composition of SS316L (wt.%):

Table 3: wt.% Chemical Composition of SS316L

Element Cr Ni Mo C Si Mn P S N

Value 16.0 (10.0 2.00 (0.03 [1.00 [2.00 |0.045 0.030 0.10

3.1.3 Physical Preparation:

The substrate used in the experiment had dimensions of 60 mm x 40 mm x 2 mm. It was cut
precisely using a high-speed blade cutter to maintain uniformity in sample size. For surface
preparation, the specimens were initially polished using silicon carbide (SiC) abrasive paper
with a grit size of 100 to create a smooth and consistent surface profile. Following the polishing
process, the substrates were thoroughly cleaned using distilled water and acetone. This cleaning
step was essential to eliminate any residual impurities, ensuring a contaminant-free surface that

promotes optimal adhesion of the coating material.
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3.2 Coating Procedure
3.2.1 Coating Material:

The coating material used in the study comprised a base resin of Bisphenol-A epoxy resin with
100% purity, ensuring high-quality film formation. A hardener, provided by Asian Paints Ltd.,
was used to cure the epoxy resin effectively. To enhance the coating properties, graphene
nanoplatelets sourced from Merck Life Science Pvt. Ltd. were incorporated as additives. The
epoxy resin and hardener were mixed in a 1:1 weight ratio to achieve optimal crosslinking. For
the development of composite coatings, graphene was dispersed in the epoxy matrix at two
different concentrations: 0.1 wt.% and 1 wt.%, enabling a comparative analysis of the effects

of graphene loading on the coating performance.
3.3 Preparation of Coating Materials:

Pure Epoxy Coating: A 1:1 weight ratio mixture of epoxy resin (100% purity) and hardener

was stirred for 60 seconds.

Epoxy-Graphene Composite Coatings: To this epoxy mix, graphene nanoplatelets were added
at 0.1 wt.% and 1 wt.% concentrations. The mixtures were stirred for 10 minutes at room

temperature to ensure homogeneous dispersion of graphene.
3.3.1 Coating Method:

The coatings were applied using the dip-coating technique, wherein each substrate sample was
immersed in the prepared resin or composite solution for 20—30 seconds, then withdrawn and
allowed to dry under ambient atmospheric conditions. To achieve the desired thickness and
uniformity, multiple dip cycles were carried out, ensuring consistent and even layering across

the coated surface.
3.3.2 Post-Coating Treatment:

After the coating process, the samples were carefully held above the container to facilitate
uniform solvent evaporation, ensuring consistent film formation across the surface. Special
attention was given to minimizing environmental disturbances such as vibrations and air
currents during this phase, as these factors could lead to film inhomogeneities and compromise
the quality of the coating. This controlled post-coating treatment was essential for achieving a

smooth and defect-free coating layer.
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3.4 Materials and Methods
3.4.1 Materials and Sample Preparation

Prior to coating application, the surface of each sample underwent a conditioning process that
involved mechanical polishing using 100-grit silicon carbide (SiC) abrasive paper to achieve a
uniform surface texture [42]. Following mechanical treatment, the specimens were subjected
to ultrasonic cleaning in acetone and subsequently rinsed with distilled water to eliminate any
residual contaminants and ensure optimal adhesion of the coating material[42].

3.4.2 Coating System:

The coating system employed in this study was based on a Bisphenol-A epoxy resin matrix
with 100% purity, chosen for its excellent mechanical strength, chemical resistance, and
adhesion properties. The resin was cured using a hardener supplied by Asian Paints Ltd., mixed
in a 1:1 weight ratio to ensure proper crosslinking and structural integrity of the coating. To
enhance the functional performance of the epoxy, graphene nanoplatelets were incorporated as
an optional additive at concentrations ranging from 0.1 wt.% to 1 wt.%, allowing for the
evaluation of nanofiller effects on coating behavior. The coatings were applied using the dip-
coating method, in which each sample was immersed in the coating solution for 20 to 30
seconds to ensure uniform film formation, followed by ambient air drying under controlled

conditions to prevent defects and promote consistent coating quality
3.4.3 Surface Roughness Measurement and Analysis

Surface roughness (Ra) measurements were employed to quantitatively assess the effects of
erosion on different coated samples. A stylus-type profilometer (Taylor Hobson, Sutronic 3+)
was used for precise surface characterization. To emulate erosion, the coated surfaces were
manually rubbed with 1000-grit emery paper, applying consistent force across three distinct
rubbing cycles—1, 3, and 5 cycles respectively. After each cycle, roughness data were recorded
to capture the progressive surface degradation. This method enabled a comparative analysis of
the erosion resistance of various coatings by evaluating changes in surface texture resulting

from mechanical abrasion.

Key Findings (Summarized from Table 3.3 and Figures 3.3, 3.4): Source from Chapter 3 —
Results and Discussion of the thesis “Study on Some Mechanical and Electrical Aspects of

Erosion of Epoxy Coating Applied on 316L Stainless Steel” by Rajan Kumar [42]

Page | 15



Table 4: Avg.Roughness and coatings on SS3161 [42]

S. No | Coating Type |Rubs| Avg. Roughness (Ra, pm) Findings
01. Pure Epoxy 0 ~0.33 Smooth baseline surface
02. | pyre Epoxy 3 ~0.65 Increased due to erosion
03. | pure Epoxy 5 ~1.12 Surface degradation visible
04. |Epoxy +0.1%
Graphene 0 ~0.25 Smoother than pure epoxy
Composite
05. |Epoxy +0.1%
Graphene 5 ~0.78 Better erosion resistance
Composite
06. | Epoxy+ 1%
Graphene 0 ~0.19 Lowest initial roughness
Composite
07. | Epoxy + 1% .
Graphene 5 ~0.45 Excellent resistance to surface
. wear
Composite

3.5 Optical Measurement

This study adopted a machine vision-based non-contact optical system for characterizing

erosion-induced changes:
3.5.1 Imaging System Configuration

The optical analysis utilized an iPhone 13 with a dual 12 MP camera system, featuring a Main
camera (f/1.6 aperture) and an Ultra-Wide camera (f/2.4 aperture, 120° field of view) for high-
resolution imaging To ensure stability and minimize external interference, the entire setup was

mounted on an optical-grade anti-vibration table.
3.5.2 Colour Block-Based Structured Illumination

Color filter was used to analyse reflected light patterns, specifically Red-Green (RG), Blue-
Green (BG), and Red-Blue (RB) combinations. Each filter measured 150 mm x 150 mm and
featured printed RGB patterns on high-resolution photo paper to ensure color clarity and
consistency. During the experiment, the color block was positioned at a 45° angle relative to
the sample surface. The camera and light source were strategically placed at 90° and 45°
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offsets, respectively, to capture structured reflections. This setup enabled detailed evaluation

of light interaction with the coated surfaces.
3.5.3 Surface Roughness Calibration

Surface roughness (Ra) values were measured using a stylus profilometer (Taylor Hobson PGl
1240) at six different locations on each sample to ensure representative data. The instrument
featured a 2 um diamond-tipped stylus, offering high precision with a vertical resolution of 0.8
nm. Each scan covered a length of 4 mm with a sampling length of 0.8 mm, allowing for
detailed surface profiling. The obtained Ra values were then correlated with optical indices
such as Ep and SCY to develop predictive models using least-squares regression, enabling

quantitative linkage between surface morphology and optical response.

3.6 Statistical Analysis : Statistical analysis was conducted to evaluate the performance of the
coatings based on specific metrics, including the correlation coefficient and mean light
intensity. These parameters provided insights into the relationship between surface condition
and optical response. The analysis was further categorized into two evaluation domains based
on surface roughness values: low roughness regions (Ra < 0.1 um), where nanoscale erosion
was assessed using the Ep parameter, and high roughness regions (Ra > 0.1 um)[42], where
macro-level erosion was analyzed through SCY. This dual-domain approach allowed for a
comprehensive understanding of the coatings' behavior under varying degrees of surface

degradation.
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< EXPERIMENTAL SETUP

Fiure () Figure (ii)

Figure 1: (i) & (ii) represents the experimental setup

3.7 EXPERIMENTAL PROCEDURE:

A controlled optical imaging setup was developed using filtered white LED illumination and a
fixed-angle high-resolution smartphone camera to capture and analyse erosion-induced
changes in graphene-modified epoxy coatings on SS316L using MATLAB-based image

processing.

3.7.1 Equipment and Materials Used:

The experimental setup for the optical characterization of erosion in coated samples was
carefully designed to ensure consistency, precision, and reproducibility. The primary sample
material used was SS316L austenitic stainless steel, which was coated with three different types
of epoxy coatings: pure epoxy, epoxy with 0.1% graphene, and epoxy with 1% graphene. These
variations allowed a comparative study of the optical properties and erosion behavior
influenced by graphene incorporation.
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A white LED-based light source served as the primary illumination system due to its broad
spectral output and energy efficiency. This light source was essential for providing consistent,
high-intensity illumination across the sample surface. To isolate specific optical responses, red
and blue filters were employed. These filters were placed sequentially below the light source
to selectively transmit specific wavelength bands, enabling the study of light interaction with

the coated surfaces under controlled spectral conditions.

A high-resolution smartphone camera—such as an iPhone 13 with a 12 MP sensor—was
securely mounted to capture high-quality static images of the samples. The camera was
positioned at a fixed angle and height to maintain uniformity across all image acquisitions.
Adjustable optical holders and precision clamps were used to mount and align the filters
accurately, ensuring that their placement remained stable and reproducible throughout the

experiment.

The entire assembly was set up on an optical-grade flat white surface, which acted as a neutral
background to minimize unwanted light reflections and enhance contrast in the captured
images. To achieve precise vertical and angular alignment of the camera, filters, and light
source, a measurement tool such as a ruler or calibrated scale was employed. This ensured that
all optical components were symmetrically aligned, eliminating any geometric inconsistencies

that might affect the accuracy of optical measurements.

The experimental setup was designed to analyze the optical characteristics of erosion-induced
degradation in epoxy-coated SS316L stainless steel samples. A white LED light source at an
angle of 65 degree, capable of emitting across the visible spectrum, was mounted vertically
above the sample using a rigid stand. Beneath the light source, two optical filters—red and
blue—were securely fixed at a vertical offset of 55 mm. The distance from the LED source to
the coated sample surface was precisely maintained at 180 mm to ensure consistent
illumination intensity across trials. The coated sample was placed centrally on an optical-grade
white table, serving as the reflective base for the light transmission and scattering studies.

To capture the optical response, a high-resolution smartphone camera (iPhone 13 with dual 12
P sensors) was positioned, approximately visible away from the sample. This angular
orientation was chosen to optimize the visualization of specular and diffuse reflections caused

by surface irregularities due to erosion. The optical imaging system was calibrated to avoid
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ambient light interference, with the entire setup enclosed in a low-light environment during

experiment .

Each sample, coated with pure epoxy or epoxy composites containing 0.1 wt.% or 1 wt.%
graphene, was imaged under white light as well as through red, blue and green filters to evaluate
wavelength-dependent reflectivity and scattering behavior. Multiple images were captured
under each condition to ensure reproducibility. Structured illumination from the color filters
generated distinct chromatic patterns on the eroded surfaces, which were analysed for
variations in light intensity and spatial uniformity. The images were then processed using
MATLAB software, where frequency-domain analysis (via FFT), RGB histograms, edge

detection, and contrast evaluation were performed.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 White Light Mean Intensity:

White light mean intensity refers to the average amount of light energy reflected, transmitted,
or emitted from a surface when illuminated with white light, which is composed of a broad
spectrum of visible wavelengths. In the context of material characterization, especially for
surface analysis, coatings evaluation, or erosion studies, the measurement of white light mean

intensity provides valuable information about the optical behavior of the surface.

When white light interacts with a coated or eroded surface, variations in surface roughness,
composition, or morphology alter the way light is scattered or absorbed. By capturing the
reflected or transmitted light using optical sensors or digital imaging systems, the mean
intensity can be calculated by averaging the pixel intensity values across the image or selected
region of interest. This value represents the overall brightness or luminance of the surface under

uniform illumination.
Changes in the white light mean intensity may indicate:
e Surface wear or erosion
o Coating degradation
o Formation of defects or voids
e Changes in surface roughness or gloss
e Variation in coating thickness

Thus, monitoring the mean intensity can serve as a non-destructive and sensitive method for
detecting and quantifying erosion or surface changes, especially in studies where direct

physical measurement is challenging.
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Table 5: Mean Intensity (Brightness) of White light

Image Mean Intensity

Image 1 78.99254

IMAGE 01 IMAGE 02

Image 2 98.48259

Image 3 46.96154

Image 4 73.18729

Figure 2: White light brightness

Mean Light Intensity and Brightness
250t

200+

150

100

Mean Intensity (Brightness)

50

Image 1 Image 2 Image 3 Image 4
Image

Figure 3: Mean light intensity and Brightness
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4.2 Experiment Result: Image Analysis Using MATLAB

Image Analysis Using MATLAB: Frequency Domain, Contrast, Edge Detection, and Color
Analysis

The objective of this study is to analyze a set of digital images using MATLAB by extracting
and visualizing key optical features that reflect surface changes due to erosion. This includes
generating the amplitude spectrum through frequency domain transformation to identify
texture patterns, converting images to grayscale to preserve structural details, applying edge
detection to outline surface boundaries, plotting RGB histograms to examine intensity
distribution across color channels, and enhancing contrast to improve visibility of fine surface
features. These visualizations collectively aid in assessing surface degradation in coated
materials. Software used MATLAB R2022 or newer, Functions Used: fft2, fftshift, rgb2gray,
edge, imhist, imadjust, imshow, subplot.

Amplitude Spectrum (FFT): Converts an image from spatial domain to frequency domain.
Grayscale Conversion: Converts color image to grayscale for simplified processing.

Edge Detection: Identifies object boundaries using Canny or Sobel operators.

RGB Histogram: Visualizes color intensity distributions.

Contrast Enhancement: Improves visibility by stretching image intensity range.

The methodology involved a systematic sequence of image processing steps to analyze the
surface characteristics of the coated samples. Initially, images were loaded using the imread
function. These RGB images were then converted to grayscale using rgb2gray(img) to simplify
the analysis. Frequency domain features were extracted by applying a 2D Fast Fourier
Transform (FFT), computed as fft_img = log(abs(fftshift(fft2(gray))) + 1). Edge features were
detected using the Canny method through edge(gray, 'Canny’). RGB histograms for each color
channel were generated using imhist(img(;, :,1/2/3)) to assess intensity distributions. To
enhance visual clarity, contrast adjustment was applied with imadjust(gray). All results were
displayed using subplot and imshow for comparative visualization, and relevant outputs were

saved and compiled for further analysis.

4.2.1 Results

The image analysis results demonstrated that amplitude spectrum plots revealed surface
frequency patterns, while grayscale images preserved structural details. Edge detection
effectively outlined erosion boundaries, and RGB histograms illustrated intensity distribution
across color channels. Contrast enhancement further improved the visibility of fine surface

features, aiding in clearer interpretation of erosion effects.
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Figure 4 :RGB COLOR COMBINED AND SPEPARATION SPECTRUM OF PURE EPOXY,
EPOXY +0.1% GRAPHENE & EPOXY +1%GRAPHENE

Original and Processed Images (Smaller Version)

Combined RGB

original Combined RGB

Combined RGB

Combined RGB

Figure (i): RGB color separation spectrum of Pure Epoxy

Original Combined RGB

Original Combined RGB

Original Combined RGB Red

Combined RGB

Original

Figure (ii): RGB color separation of Epoxy + 0.1% Graphene
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Original and Processed Images (Smaller Version)

Original Combined RGB Red Green Blue

Combined RGB Red Green Blue
Combined RGB Red Green Blue

Original Combined RGB Red Green Blue

Figure (iii): RGB color separation of Epoxy + 1% Graphene

The MATLAB-based analysis successfully demonstrated image pre-processing and feature

extraction.
4.3 Erosion Testing

The erosion process is frequently monitored in real-time utilizing advanced imaging techniques
or sensors to track the progression of material loss or surface degradation. Post-simulation
analysis may encompass surface profilometry, weight loss measurements, and microscopic
examination to quantify the extent of erosion and assess the coating's performance under the

simulated condition.

The interpretation of the results obtained from the optical characterization techniques requires
a thorough understanding of the underlying erosion mechanisms and the relationship between
the optical properties of the epoxy coating and its structural integrity. For instance, changes in
the refractive index of the epoxy coating may indicate alterations in the material's density or
composition due to erosion. The correlation between the erosion parameters and the optical
characteristics of the epoxy coating can provide valuable insights into the factors that govern

the erosion process. By analysing the surface topography and optical properties of the eroded
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epoxy coatings, it is possible to develop predictive models that can estimate the remaining
service life of coated SS316L components in erosive environments. Furthermore, the
application of electrochemical impedance spectroscopy can show the rate of coating
degradation (Ali et al., 2010) [43]. The utilization of scanning electron microscopy can provide
high-resolution images of the eroded surfaces, revealing the microstructural features and the
mechanisms of material removal (Huma et al., 2025) [44]. Additionally, energy-dispersive X-
ray spectroscopy can be employed to analyse the elemental composition of the eroded surfaces,
identifying any changes in the chemical composition of the epoxy coating due to erosion
(Ramesh et al., 2015) [45].

Sample A Sample B Sample C

Sample E Sample F Sample F

Sample G Sample G Sample H

Figure 5: (Samples A—H) visually represents the progressive erosion behaviour

Optical micrographs of epoxy-coated SS316L steel samples (labelled A-H) subjected to
varying environmental and electrochemical erosion conditions. Each sample represents a
different stage or treatment in the degradation process of the epoxy coating, captured under a
digital microscope to highlight surface morphology and coating damage.

4.4 Analysis

The collage (Samples A-C, Epoxy + 1%wt Graphene), (Samples E-Epoxy + 0.1%wt
Graphene), (Samples G-H, Pure Epoxy). (Samples A-H) visually represents the progressive
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erosion behaviour of epoxy coatings on SS316L stainless steel under different test conditions.
Initial samples (e.g., A and B) exhibit relatively smooth surfaces with minimal signs of
degradation, suggesting intact coating with good barrier properties. In contrast, mid-series
samples (C—F) show increased surface roughness, micro cracking, and localized delamination,
indicating the onset of electrochemical breakdown and water ingress beneath the coating.
Advanced erosion is evident in Samples G and H, where exposed substrate, blistering, and
severe coating loss are prominent—suggesting prolonged exposure or intensified
environmental conditions such as salt spray or acidic media. These observations validate the
hypothesis that surface topography and coating integrity evolve distinctly with varying
durations and severities of environmental stress, and that optical characterization is a valuable

tool in assessing failure mechanisms in polymer coatings on stainless steel.

4.5 Optical Erosion Factor:

Erosion factor is a parameter commonly used to quantitatively describe the extent or severity
of material degradation due to erosion processes. Erosion, in general, refers to the progressive
loss of material from a solid surface as a result of mechanical interaction with external agents
such as fluid flow, solid particle impact, cavitation, or chemical interactions. The erosion factor
provides a means to normalize and compare erosion behavior across different materials,

environmental conditions, and operational parameters.
The erosion factor is influenced by multiple variables, including:

e Material properties: hardness, toughness, ductility, and microstructure.
e Erodent characteristics: size, shape, velocity, concentration, and angle of impact.
e Environmental conditions: temperature, fluid medium, and corrosive elements.

e Coating properties: adhesion, thickness, composition, and surface finish.

In many studies, particularly in protective coatings research such as epoxy coatings on metallic
substrates, the erosion factor helps in evaluating the coating's resistance to erosive wear. A
lower erosion factor typically indicates superior erosion resistance, while a higher factor
suggests greater susceptibility to material loss under erosive conditions. In optical or imaging-
based erosion studies, such as our on-epoxy coatings, the erosion factor may also be derived
from changes in surface morphology, optical reflectance, or light intensity variations captured
through imaging techniques. These optical changes can serve as indirect indicators of the

material loss or surface roughness evolution associated with erosion processes.
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Table 6: Denoting Erosion factor values

S.No Epoxy Type Optlcf:lct]?(l)l;oswn
01. Pure Epoxy 18
02. Pure Epoxy 13
03. Epoxy + 0.1% Graphene 11
04. Pure Epoxy 8
0s. Epoxy + 0.1% Graphene 7
06. Epoxy + 1% Graphene 5
07. Epoxy + 0.1% Graphene 3
08. Epoxy + 1% Graphene 0

4.6 Optical characterisation techniques and measurements

Optical profilometry emerges as a pivotal tool for quantifying the surface topography of the
eroded epoxy coatings (Algahtani & Mahmoud, 2019) [46]. This non-contact technique enables
the generation of high-resolution 3D maps of the surface, allowing for the accurate
measurement of erosion depth, width, and volume (Algahtani & Mahmoud, 2019) [47].

Optical characterization techniques, such as spectroscopic ellipsometry, play a crucial role in
elucidating the changes in the optical properties of the epoxy coating as a function of erosion
(Chen et al., 2015) [48]. Spectroscopic ellipsometry allows for the determination of the
refractive index and extinction coefficient of the coating, providing insights into the degree of
material removal and the formation of surface defects. In addition to spectroscopic
ellipsometry, techniques such as optical microscopy and confocal microscopy can be employed
to visualize the surface morphology of the eroded epoxy coatings at different length scales
(Sanjuan & Toro, 2010) [49]. Optical microscopy provides a qualitative overview of the
erosion patterns, while confocal microscopy enables the acquisition of three-dimensional
surface profiles, quantifying the depth and lateral extent of the erosion features. Image analysis
techniques can be applied to the optical microscopy and confocal microscopy data to extract
guantitative information about the erosion rate, surface roughness, and the distribution of

erosion features.
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4.7 Mean Light Intensity and Colour filters

Red, Green, Blue, and White light filters were applied separately on the samples. This simulates
how erosion changes the reflectivity or absorbance under each spectral component. Image
Capturing—A digital camera or optical sensor captures images under each lighting condition.
The captured image is stored in RGB format, where each pixel has 3 color intensity values (R,
G, B). Mean Light Intensity —Each image captured under a specific filter was analysed to

compute the mean light intensity.
For instance: Pure Epoxy - No Rub - Red Filter — Mean Light Intensity: 66.67
This value is the average pixel intensity in the red channel for that image.

Mean Intensity

. 1¢N
Mean Intensity == 2.i=1 I;
Where:

N is the total number of pixels in the image (or region of interest),
I; is the intensity of the i*" pixel (between 0 to 255).

For Pure Epoxy - 1 Rub - Red Filter, Mean Light Intensity: 216.94, Indicates more light is
reflected (less absorbed), possibly due to rougher or whiter surface due to erosion. As erosion
increases, the mean RGB intensity increases, especially under color filters. White light shows a
decrease, suggesting more scattering or surface dulling. Using the RGB intensity data: Raw
RGB Image from the camera is analyzed pixel-by-pixel. Each filter's image can be separated

into Red, Green, and Blue channels.

The software (e.g., MATLAB, ImagelJ, or Python) calculates: Mean RGB and Mean RG, BG,
RB, Mean Light Intensity, Deviation plot.

Pseudo-color images or graphs are generated to visually represent erosion. Plots of mean RGB
intensity vs. erosion levels. Color maps or heatmaps to show intensity distribution. The visual
appearance of eroded surfaces can be quantitatively analysed using these intensity values. A
lower RGB mean intensity in an un-eroded sample reflects a darker surface (less light
scattered).A higher RGB mean intensity suggests surface roughening or whitening due to

erosion.
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MEAN LIGHT

SAMPLE FILTER INTENSITY IMAGE
& THICKNESS (pm)
Pure Epoxy Red 66.67
95.0 (um)
Pure Epoxy Green 66.67
Pure Epoxy Blue 66.67
Pure Epoxy White 200
Pure Epoxy Red 217.03
90.0(um)
Pure Epoxy Green 217.36
Pure Epoxy Blue 215.82
Pure Epoxy White 194.97
Pure Epoxy Red 216.87
85.0(um)
Pure Epoxy Green 217.06
Pure Epoxy Blue 216.76
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Pure Epoxy White 185.01
Pure Epoxy | Red 209.06
Pure Epoxy Green 208.93
Pure Epoxy Blue 209.11
Pure Epoxy White 175.05
Epoxy + 1%
Graphene
103.0(um) Red 60

Epoxy + 1%

Graphene Green 60
Epoxy + 1%

Graphene Blue 60
Epoxy + 1%

Graphene White 180
Epoxy + 1%
Graphene d

96.0(1m) Re 210.34
Epoxy + 1%

Graphene Green 210.29
Epoxy + 1%

Graphene Blue 209.92
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Epoxy + 1%
Graphene

White

164.93

Epoxy + 1%
Graphene
98.0(nm)

Red

201.96

Epoxy + 1%
Graphene

Green

202.54

Epoxy + 1%
Graphene

Blue

202.3

Epoxy + 1%
Graphene

White

154.98

Epoxy +
0.1% Graphene

96.0(um)

Red

60

Epoxy +
0.1%
Graphene

Green

60

Epoxy +
0.1%
Graphene

Blue

60

Epoxy +
0.1%
Graphene

White

180

Figure 6: Influence of Light Intensity and Colour Blocks
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+* RGB Results with Light Intensity and Thickness

Table 7: RGB Results with Light Intensity and Thickness

Epoxy Type (Tu';:f)k“ess Red Filter |Green Filter |Blue Filter ;‘l’l';tre

Pure Epoxy 95.0 66.67 66.67 66.67 200.00
Pure Epoxy 90.0 216.94 216.58 216.89 194.99
Pure Epoxy 85.0 216.59 216.95 216.59 185.03
E?ggge;eo'i% 100.0 208.77 209.50 20935 | 174.96
g‘?gﬁe;eo'l% 96.0 60.00 60.00 60.00 180.00
g?ggxe;eo'l% 92.0 210.30 210.27 21033 | 164.92
E?Z;Ke;el% 103.0 60.00 60.00 60.00 | 180.00
Ef;’gge:el% 96.0 210.3 210.27 21033 | 1783
g?ggge;el% 98.0 202.33 202.17 201.87 | 155.08
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4.8 Erosion vs Deviation Analysis Based on Optical Light Intensity Data
Erosion again calculated as:
Erosion=103—Thickness

Deviation calculated from red, green, blue filters as:

(RG-M)2+(BG-M)%2+(RB—M)2
3

Deviation = \/

Where:
_ R+G+B
M=—
3
Table 8: Mean Deviation calculated for PURE EPOXY
Optical
Erosion Mean
Epoxy Type |Thickness(um) Red | Green | Blue Deviation
factor RGB
Pure Epoxy 85 18 216.59 | 216.95| 216.59 | 216.71 0.165
Pure Epoxy 90 13 216.94 | 216.58 | 216.89 [216.803| 0.152
Pure Epoxy 95 8 66.67 | 66.67 | 66.67 | 66.67 0
Table 9: Mean Deviation calculated for EPOXY+0.1% GRAPHENE
Optical
. Erosion Mean . .
Epoxy Type |Thickness(um) factor Red | Green | Blue RGB Deviation
0,
Epoxy +0.1% 92 11 | 208.77| 2095 | 209.35 [209.2067| 0.317
Graphene
0,
Epoxy +0.1% 96 7 | 2103 | 21027 21033 | 2103 | 0.025
Graphene
0,
Epoxy +0.1% 100 3 60 | 60 | 60 60 0
Graphene
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Table 10: Mean Deviation calculated for EPOXY+1% GRAPHENE

Optical

Epoxy Type |Thickness(ium) Ef;(;i::;n Red | Green | Blue 1}/‘1231;1 Deviation

0,
Epoxy + 1% 96 3 210.3 | 210.27 | 210.33 | 210.3 | 0.210
Graphene

0,
Epoxy + 1% 98 5 202.33| 202.17 | 201.87 |202.1233| 0.206
Graphene

0,
Epoxy + 1% 103 0 60 60 60 60 0
Graphene

In this section, the deviation in RGB filter responses has been correlated with the degree of
erosion present in the epoxy-coated SS316L specimens. Erosion was quantified as the
difference between the maximum measured film thickness (103 pum) and each sample’s
measured thickness. The deviation was calculated from the dispersion of red, green, and blue

filter intensity values using standard deviation analysis.

As observed from the generated plot, samples with higher erosion levels exhibit a slight
increase in deviation of the RGB response, particularly when the coating degradation was more
significant. Notably, certain samples (e.g., at 100 um thickness) show a pronounced deviation
(0.317), indicating non-uniform optical response due to increased erosion patterns. Samples
with fully intact coatings (e.g., 96 pum and 98 um) displayed minimal or zero deviation,

reflecting uniform film characteristics.

These findings suggest that optical filter-based deviation measurements may serve as a
sensitive indicator of microstructural changes in coating integrity, potentially applicable for

non-destructive evaluation (NDE) of protective coatings.
4.8.1 Thickness Measurement and Erosion Calculation

The coated samples were measured using calibrated thickness measurement equipment.The
reference maximum thickness of the undamaged coating was considered to be 103 um. Erosion

(E) for each sample was calculated using the equation:
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E=Tmax-T

where
Tmax = 103 pm (maximum thickness),

T= measured thickness.

Table 11: Values denoted for Thickness and Erosion factor

Epoxy Type Thickness(um) Optical Erosion factor
Pure Epoxy 85 18
Pure Epoxy 90 13
Epoxy + 0.1% Graphene 92 11
Pure Epoxy 95 8
Epoxy + 0.1% Graphene 96 7
Epoxy + 1% Graphene 98 5
Epoxy + 0.1% Graphene 100 3
Epoxy + 1% Graphene 103 0

4.8.2 Erosion vs Deviation Plot

The correlation between erosion and deviation was plotted to visualize the relationship. As
shown in sample experiencing greater erosion generally demonstrated higher deviation,
indicating the optical heterogeneity introduced by the degradation process.

Figure 7: Erosion vs Deviation plot for(iv), (v), (vi)- (Epoxy, Epoxy + 0.1% Graphene and Epoxy
+ 1% Graphene

Erosion vs Deviation for Pure Epoxy
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Figure (iv): Erosion vs Deviation plot for Pure Epoxy
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OE3[°5i°" vs Deviation for Epoxy + 0.1% Graphene

0.15}

Deviation (a.u.)
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Figure (v): Erosion vs Deviation plot for Pure Epoxy + 0.1%

4 __Erosion vs Deviation for Epoxy + 1% Graphene Coating
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Figure (vi): Erosion vs Deviation plot for Pure Epoxy + 1% Graphene

The above findings indicate that deviation analysis offers a sensitive approach for detecting
early signs of coating degradation. Even minor changes in film thickness affect the uniformity
of light transmission, as revealed by deviations in RGB filter intensities. The methodology
employed can serve as a non-destructive evaluation tool for assessing the condition of
protective coatings over time, particularly in industrial applications where SS316L is widely
used. Graphene addition significantly increases deviation in RGB-based imaging, indicating

higher light scattering and surface texture contrast. 1% graphene offers immediate and early-
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stage erosion detection, whereas 0.1% graphene delays this response but peaks higher. Pure
epoxy is least responsive and exhibits the smallest change in deviation, implying poor optical

sensitivity to erosion.

The erosion of epoxy coatings on SS316L can be quantitatively correlated with optical
deviations using filtered light intensity measurements. The developed method has potential for
further development into automated optical inspection systems for predictive maintenance. The
RGB deviation analysis demonstrates that the incorporation of graphene nanoparticles into the
epoxy matrix substantially enhances the optical detectability of surface erosion. Among the
tested samples, epoxy with 1% graphene showed the highest sensitivity to minor surface
erosion (up to 3 um), as evidenced by a sharp increase in deviation. In contrast, the 0.1%
graphene sample exhibited a delayed yet strong deviation response, indicating a higher
threshold for erosion recognition. Pure epoxy, lacking conductive fillers, displayed minimal
deviation shifts, confirming the importance of graphene in promoting light scattering and
optical contrast. These results validate the potential of image-based RGB analysis as a non-
destructive technique for detecting nanoscale to microscale surface degradation in polymer
composites.
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<+ RG, BG, RB SAMPLES

PURE EPOXY PURE EPOXY PURE EPOXY PUERE EPOXY
1RUB 3 RUB SRUB

BLUE
GREEN

(BG)

RED BLUE
(RB)
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EPOXY + 0.1%wt EPOXY +0.1%wt EPOXY +0.1%wt  EPOXY + 0.1%wt
GRAPHENE GRAPHENE GRAPHENE GRAPHENE
1 RUB 3RUB SRUB

BLUE
GREEN
(BG)

RED BLUE
(RB)
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EPOXY + 1%wt GRAPHENE EPOXY + 1%wt EPOXY + 1%wt GRAPHENE
GRAPHENE 3RUB
1RUB

BLUE
GREEN
(BG)

RED BLUE
(RB)

Page | 43



% RG, BG, RB Results with Light Intensity and Thickness

Table 12: RG, BG, RB Results with Light Intensity and Thickness

Sample Type ;l:;:lc)kness Mean RG Mean BG Mean RB
Pure Epoxy 95.0 0.62 0.58 0.60

Pure Epoxy 90.0 0.64 0.60 0.62

Pure Epoxy 85.0 0.66 0.61 0.64
Epoxy + 0.1% Graphene |100.0 0.67 0.65 0.66
Epoxy + 0.1% Graphene [96.0 0.69 0.67 0.68
Epoxy + 0.1% Graphene |92.0 0.70 0.68 0.69
Epoxy + 1% Graphene 103.0 0.72 0.70 0.71
Epoxy + 1% Graphene 101.0 0.724 0.704 0.714
Epoxy + 1% Graphene 98.0 0.73 0.71 0.72

Erosion can be inversely related to thickness:

{Erosion} = {Maximum Thickness} - {Measured Thickness}

Since maximum thickness seems to be 103 p, will assume:

Erosion=103—Thickness
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Deviation can be calculated from mean ratios (RG, BG, RB).

Since given 3 mean ratios, | will calculate deviation as simple standard deviation among

these 3 for each sample:

Where M~ is the mean of RG, BG, RB at each thickness.

(RG-M)2+(BG—-M)%2+(RB—-M)?
3

e Deviation = \/

Table 13: Mean Deviation calculated for PURE EPOXY

Sample Type Th(i;l;:l)ess Mean RG Mean BG | Mean RB | Deviation
Pure Epoxy 95.0 0.62 0.58 0.60 0.016330
Pure Epoxy 90.0 0.64 0.60 0.62 0.016330
Pure Epoxy 85.0 0.66 0.61 0.64 0.020548

Table 14: Mean Deviation calculated for EPOXY+0.1% GRAPHENE

Sample Type Th(i;l;il)ess Mean RG Mean BG Mean RB Deviation
Epgﬁgp;e%g% 100.0 0.67 0.65 0.66 0.008165
Epgﬁgp;e%g% 96.0 0.69 0.67 0.68 0.008165
Epéf;’p;e%i% 92.0 0.70 0.68 0.69 0.008165
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Table 15: Mean Deviation calculated for EPOXY+1% GRAPHENE

Sample Type Thickness (um) | Mean RG | Mean BG | Mean RB | Deviation
Epoxy + 1% Graphene 103.0 0.72 0.70 0.71 0.008165
Epoxy + 1% Graphene 101.0 0.724 0.704 0.714 0.008165
Epoxy + 1% Graphene 98.0 0.73 0.71 0.72 0.008165

Figure 8: Erosion vs Deviation plot for (vii), (viii), (ix)-(Pure Epoxy, Epoxy + 0.1% Graphene,

Figure (vii): Erosion vs Deviation (RG, BG, RB) Pure Epoxy
(RG, BG, RB ) for Epoxy + 0.1% Graphene
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Figure (viii): Erosion vs Deviation (RG, BG ,RB) Epoxy + 0.1% Graphene
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(RG, BG, RB) for Epoxy + 1% Graphene Coating
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Deviation (a.u.)
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Figure (ix): Erosion vs Deviation (RG, BG, RB) Epoxy + 1% Graphene

Color Ratio Deviations (RG, BG, RB) are not as effective as total RGB mean intensity
deviations for detecting erosion. Pure epoxy displays minor sensitivity due to its uncontrolled
surface degradation. Graphene-filled composites—especially at 1wt.% loading—maintain
strong color ratio consistency even under erosion, likely due to: Better dispersion of light,

Improved mechanical surface stability, Enhanced reflectivity homogenization.

The analysis of color ratio deviations (RG, BG, RB) as a function of erosion reveals limited
sensitivity for surface damage detection, especially in graphene-reinforced composites. While
pure epoxy shows slight variations indicating minor spectral imbalance with erosion, both 0.1%
and 1% graphene-filled epoxy samples exhibit minimal to no change in inter-channel deviation.
These findings suggest that while RGB mean intensity metrics are effective for erosion
quantification, color ratio deviation is less reliable—particularly in materials with improved
optical uniformity due to nanofiller reinforcement. This emphasizes the importance of using
direct intensity-based deviation metrics for reliable, image-based surface degradation

monitoring.
4.9 Practical Implications

From an engineering perspective, optical monitoring of coated SS316L surfaces provides an
early warning system for coating failure. Routine evaluation can help schedule maintenance
before catastrophic substrate exposure occurs, thus extending component life and reducing

downtime in industrial systems such as chemical reactors, pipelines, and marine structures.
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4.10 Opto-Electrical Characterization

Epoxy-based coatings are ubiquitous in advanced engineering sectors—ranging from marine
infrastructure to micro-electronic packaging—because they deliver excellent chemical
resistance, adhesion, and mechanical strength , H.-S. Song, C. Yang 2012 [56]. Nevertheless,
the ever-growing demand for higher dielectric performance, thermal stability, and service life

has motivated researchers to augment neat epoxy with functional nanofillers.

Among the various candidates, graphene—a single-atom-thick sheet of sp2-bonded carbon—
has attracted particular attention owing to its extraordinary electron mobility, intrinsic strength,
and two-dimensional morphology, R. Atif, I. Shyha,2016 [57]. When judiciously dispersed at
low loadings (< 1 wt %), graphene networks inside the polymer matrix can form micro-
capacitor—like architectures that raise the effective permittivity while maintaining low
dielectric loss J. Zhang et al.,2023 [58]. Such enhancements translate into measurable gains in
capacitance, making graphene/epoxy nanocomposites promising candidates for embedded

sensors, energy-storage films, and protective smart coatings.

A parallel challenge in coating technology is the rapid, non-destructive assessment of dielectric
and structural integrity. Conventional contact-based electrical metrology or stylus-profilometry
is accurate but slow, labour-intensive, and potentially damaging to delicate surfaces. Recent
progress in machine-vision and optical metrology offers an attractive alternative: colour images
captured under controlled illumination can yield quantitative descriptors—mean RGB
intensities, chromaticity coordinates, texture features—that correlate with thickness, surface
roughness, and even sub-surface defects. State-of-the-art systems now achieve real-time
coating-thickness prediction and defect recognition through deep-learning pipelines M. Ficzere
et al., 2022 [59], while chromaticity-based algorithms have demonstrated micron-level
accuracy in estimating erosion areas on metallic contacts V. C. Suja et al., 2020 [60]. More
spectrally rich approaches such as hyperspectral interferometry can resolve transient film-
thickness profiles with ~100 nm precision (Heliyon)2025 [61].

Building upon these advances, the present work systematically investigates three epoxy-
graphene coating systems—pure epoxy, 0.1 wt. % graphene, and 1 wt. % graphene—by
coupling electrical capacitance measurements with RGB-image analytics. By plotting
capacitance and optical metrics (Mean RG, BG, RB ratios and the colour-deviation index)
against coating thickness and fitting the resulting curves, we demonstrate that simple colour

descriptors are strong, monotonic predictors of dielectric behaviour. This finding paves the
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way, For a low-cost, contact-free quality-assurance protocol capable of tracking nanofiller

dispersion, detecting early-stage erosion, and flagging dielectric degradation in service.

Table 16: Capacitance of PURE EPOXY, EPOXY+0.1% GRAPHENE & EPOXY+1%
GRAPHENE. Rajan Kumar[42].

Capacitance (nF)
Epoxy + Epoxy +
Graphene Graphene
S.No gl(l;iiligoxy 0.1wli.% lwt.l‘:/o

Composite Composite

Coating Coating
01. 0.012 0.015 0.015
02. 0.012 0.016 0.018
03. 0.013 0.018 0.019
04. 0.015 0.018 0.020
05. 0.014 0.019 0.020
06. 0.014 0.019 0.020
07. 0.015 0.019 0.021
08. 0.015 0.019 0.021
09. 0.015 0.019 0.021
10. 0.015 0.020 0.022
11. 0.015 0.020 0.022
12. 0.015 0.020 0.022

Figure 9: Capacitance vs Deviation (RG,BG,RB) plot for (x), (xi), (xii)-(Pure Epoxy, Epoxy + 0.1%
Graphene.
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Figure (xii): Capacitance vs (RG,BG,RB) Deviation
Epoxy+1% Graphene.

4.11 Detailed Analysis of Capacitance vs. RGB/Deviation Curves for Epoxy Coating

Variants

The three images provided correspond to experimental plots depicting capacitance (nF) as a
function of thickness (um) and its correlation with RGB image-derived optical metrics (Mean

RG, BG, RB values) and color deviation. Each graph is labelled as:
1. Epoxy 1% Graphene Composite Coating
2. Epoxy 0.1% Graphene Composite Coating
3. Pure Epoxy Coating

These graphs represent a multi-variable analysis aiming to correlate electrical characteristics
(capacitance) with optical characteristics extracted from surface images, allowing an

understanding of erosion, uniformity, or coating quality.

4.12 Comparative Observations

4.12.1 Pure Epoxy Coating

The observed capacitance values range approximately from 0.011 to 0.016 nF, corresponding
to a coating thickness variation between 85 um and 95 um. A consistent and gradual increase
in capacitance is observed as the thickness increases, which aligns with the theoretical
expectation that a thicker dielectric layer stores more charge due to enhanced polarization

capacity. Simultaneously, the optical metrics derived from RGB image analysis—namely, the
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mean red-green (RG), blue-green (BG), and red-blue (RB) intensity ratios—exhibit a slight
downward trend. This suggests that with increasing thickness, there is either more absorption
or greater light scattering within the coating matrix, leading to reduced reflected intensities.
Moreover, the color deviation index remains very low and stable across the thickness range,
indicating a high degree of optical homogeneity and uniform surface characteristics. This
homogeneity is critical for ensuring consistent electrical behavior, and it also reflects a well-

dispersed and defect-free coating structure.
4.12.2 Epoxy + 0.1% Graphene

The capacitance ranges from approximately 0.015 to 0.021 nF, corresponding to a thickness
range of 82 to 100 um. Compared to the pure epoxy system, this composite exhibits a steeper
increase in capacitance with thickness, indicating a notable enhancement in dielectric
properties due to the incorporation of graphene. This behavior can be attributed to the increased
interfacial polarization and improved charge transport pathways introduced by the dispersed
graphene nanofillers. In terms of optical behavior, the RGB values remain relatively stable
across the examined thickness range, with only minor fluctuations, suggesting that the optical
characteristics of the surface are consistent despite the increasing material volume.
Additionally, deviation values are low throughout, which implies a uniform and well-dispersed
graphene distribution within the epoxy matrix. This uniformity is crucial for maintaining both
electrical and optical consistency, making the 0.1 wt.% graphene-epoxy composite a balanced

formulation in terms of both performance and structural regularity.
4.12.3 Epoxy + 1% Graphene

the capacitance values range from approximately 0.015 to 0.022 nF, observed over a thickness
range of 98 to 103 um. Among the three samples studied, this formulation exhibits the highest
capacitance values, indicating a significant enhancement in dielectric performance due to the
higher concentration of graphene. The presence of a denser graphene network likely facilitates
better interfacial polarization and contributes to improved charge storage capability. Moreover,
the RGB optical values are slightly elevated and remain stable throughout the thickness range,
which suggests consistent surface characteristics and improved reflectivity—a sign of high
surface quality. Most notably, the deviation in RGB values is almost negligible, strongly
implying a homogeneous distribution of graphene within the epoxy matrix. This uniformity at
the nanoscale confirms excellent dispersion and integration of graphene, which is critical for

achieving reproducible electrical and optical performance in functional coatings.

Page | 51



The visual and quantitative data across all three samples show a strong correlation between
coating thickness, capacitance, and optical parameters. The incorporation of graphene leads

to notable enhancements:

e Dielectric Improvement: Capacitance increases with graphene addition, more
pronounced at 1% wt. This is attributed to improved electron mobility and permittivity

in the matrix.

e Surface Uniformity: RGB values and standard deviation confirm reduced variability

and better dispersion with graphene inclusion.

e Optical-Electrical Correlation: The trend lines (especially the dashed fitted curves)
show that both optical and electrical measurements follow predictable trends, making

RGB image data a potential non-contact proxy for electrical characterization.
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CHAPTER 5

CONCLUSION & FUTURE SCOPE

5.1 CONCLUSION

In this research work, optical characteristics of erosion in epoxy coating applied on SS316L

stainless steel were studied systematically. The study demonstrated that:

The present study systematically quantified the erosion resistance and optical response of
epoxy coatings—pure epoxy, epoxy + 0.1 wt.% graphene, and epoxy + 1 wt.% graphene—
applied on SS316L stainless steel using both mechanical and optical techniques. A
comprehensive image-based MATLAB analysis was performed to extract surface features such
as amplitude spectrum, grayscale intensity, edge definition, RGB histogram distribution, and

contrast behavior, supported by light-filtered optical imaging.

Erosion resistance was quantified using coating thickness loss, where the maximum erosion
factor for pure epoxy was 18 um, significantly higher than 11 pum for 0.1% graphene and just

5 um for 1% graphene, indicating enhanced durability due to graphene addition.

Surface roughness (Ra) increased with erosion severity, ranging from 0.33 pum (initial) to 1.12
pum for pure epoxy after rubbing cycles. In contrast, the 1% graphene coating demonstrated
superior stability with Ra ranging only from 0.19 pm to 0.45 pum, highlighting effective

suppression of microstructural damage.

Optical deviation analysis, calculated from RGB-filtered image intensities, revealed a strong
correlation with erosion: Pure epoxy exhibited a deviation of 0.165, while epoxy + 0.1% and
1% graphene showed significantly lower deviations of 0.025 and 0.008, respectively,

indicating minimal optical heterogeneity in graphene-composit coatings.

These quantitative results collectively demonstrate that graphene-enhanced epoxy coatings
significantly resist erosion-induced degradation and maintain optical uniformity. Moreover, the
optical indices (Ep and SCY) enable precise, real-time, non-destructive estimation of surface
roughness and coating health. The validated statistical models and image-processing
algorithms provide a strong foundation for developing automated monitoring systems in
marine, aerospace, and industrial applications where SS316L is deployed.
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5.2 FUTURE SCOPE

The outcomes of this study open a strong avenue for future advancements in the field of non-
destructive coating diagnostics, particularly through the integration of optical characterization
with intelligent monitoring systems. Building upon the demonstrated sensitivity of optical
indices such as Ep and SCY to surface degradation, future research should focus on developing
automated, real-time erosion detection systems using machine vision and Al-based predictive
algorithms. Expanding the analysis beyond the RGB spectrum to include multispectral or
hyperspectral imaging could significantly enhance the detection accuracy of early-stage
erosion and coating failure. Additionally, integrating optical techniques with electrochemical
and morphological tools like EIS and SEM can offer a comprehensive multi-physics
understanding of coating degradation mechanisms. Exploring advanced nanocomposite
formulations, including hybrid or functionalized graphene fillers, and designing smart coatings
with self-reporting or self-healing capabilities will further drive innovation. These
developments will not only strengthen predictive maintenance strategies but also pave the way
for industrial-scale deployment of optical inspection systems in sectors such as marine,
biomedical, and aerospace engineering, ensuring long-term structural integrity and operational

safety.

With the progressive adoption of digital imaging and non-contact surface analysis, the next
logical advancement in erosion detection lies in the integration of artificial intelligence (Al)
for predictive modelling. By training machine learning algorithms—such as regression models,
decision trees, or neural networks—on the rich datasets of light intensity, RGB deviation,
surface roughness (Ra), and energy/aliasing indices (Ep and SCY), it becomes feasible to
forecast the degree of erosion before it becomes visually or structurally significant. Al models
can identify complex patterns and subtle correlations in optical data that may not be apparent
through conventional analysis. In particular, supervised learning approaches can be employed
to map RGB deviation profiles to quantified erosion stages (in pm), enabling real-time
predictions of coating degradation based on newly captured images. Furthermore, deep
learning architectures such as convolutional neural networks (CNNs) can enhance predictive
accuracy by analysing spatial textures and spectral distortions from image datasets. This
predictive stage transforms erosion monitoring from a reactive to a proactive process,
facilitating condition-based maintenance strategies and extending the service life of coated

components in marine, aerospace, and industrial systems.
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