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Abstract: Wear and failure of shell surfaces, journals, bearings, and shafts in sugarcane rolling mills remain major causes of
reduced operational efficiency, frequent maintenance, and increased production costs due to severe abrasive, adhesive, erosive, and
corrosive wear under variable operating conditions. Existing research has primarily focused on isolated tribological investigations,
material characterization, finite element analysis, or surface engineering techniques; however, comprehensive studies integrating
experimental investigation, tribological evaluation, metallurgical characterization, and numerical simulation for sugar mill roller
shell components are limited. Comparative analysis of previous studies indicates that although advanced wear-resistant coatings,
heat treatment processes, and finite element-based stress analyses have improved component durability, insufficient attention has
been given to the combined influence of sugarcane juice, bagasse fibers, silt particles, and fluctuating crushing loads on shell
surface degradation. Therefore, the proposed study presents an integrated methodology comprising a detailed literature survey,
industrial field investigations in sugar mill rolling sections, failure data collection, mechanical and metallurgical characterization
of roller components, finite element-based static structural analysis under different loading conditions, and the design and
development of a customized tribological test rig to experimentally evaluate shell surface wear under simulated operating
environments. Furthermore, various operating parameters and advanced surface modification techniques will be investigated to
enhance wear resistance and extend service life.

The expected outcomes include identification of dominant wear mechanisms, validation of analytical and numerical stress
distributions, development of reliable wear prediction data, optimization of operating parameters, and recommendation of suitable
surface engineering solutions for improving the durability and reliability of sugar mill roller shell components. The findings are
expected to contribute significantly toward minimizing maintenance downtime, reducing replacement costs, enhancing operational
efficiency, and providing practical guidelines for the design and maintenance of tribological components in the sugar industry.
Keywords: Tribology; Sugarcane Rolling Mill; Roller Shell Surface; Wear Mechanisms; Failure Analysis; Finite Element Analysis
(FEA); Surface Modification; Abrasive Wear; Experimental Investigation; Service Life Enhancement.

1. Introduction

Sugarcane rolling mills are critical components of the sugar manufacturing industry, where roller assemblies
are used to extract juice from sugarcane under high compressive loads and continuous operating conditions [12]. The
roller shell surface, along with the journal, bearing, and shaft, is continuously exposed to abrasive bagasse fibres,
sugarcane juice, silt particles, moisture, and cyclic loading, making these components highly susceptible to wear and
failure [47]. Excessive wear of the shell surface reduces crushing efficiency, increases maintenance costs, and shortens
the service life of rolling mill components [6]. Therefore, understanding the tribological behaviour and failure
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mechanisms of these components has become essential for improving mill performance and operational reliability
[59]. Experimental investigations combined with metallurgical characterization and finite element analysis provide
valuable insights into stress distribution, wear mechanisms, and structural integrity under different operating
conditions [24]. Furthermore, advanced surface engineering techniques such as hard facing, thermal spray coatings,
and laser surface modification have shown significant potential in enhancing wear resistance and extending component
life [78]. Hence, an integrated experimental and tribological investigation is necessary to identify the dominant wear
mechanisms, evaluate material performance, and develop effective strategies for improving the durability and
reliability of roller shell components in sugarcane rolling mills.

Background of Sugarcane Rolling Mills

The sugar industry is one of the most significant agro-based industries worldwide, where sugarcane rolling
mills play a crucial role in extracting juice from harvested sugarcane through successive crushing operations. A
conventional sugar mill consists of multiple roller assemblies comprising top, feed, and discharge rollers supported
by journals, bearings, shafts, and shell surfaces that operate continuously under heavy compressive loading and harsh
environmental conditions [14]. During the crushing process, the roller shell surface is continuously exposed to
abrasive bagasse fibres, silica-rich soil particles, sugarcane juice, moisture, and fluctuating mechanical loads, which
significantly influence its operational performance and durability [37]. The combination of cyclic loading, corrosive
media, and abrasive contaminants accelerates material degradation, ultimately reducing the efficiency of juice
extraction and increasing maintenance requirements [8]. Modern sugar industries therefore emphasize improving the
reliability and service life of roller components through advanced tribological design, material selection, and
predictive maintenance strategies [61].

Importance of Roller Shell Surface in Sugar Mill Performance

Among all the components of the crushing mill, the roller shell surface directly interacts with sugarcane and is
therefore subjected to severe mechanical and tribological stresses. The shell surface provides the necessary grip for
effective cane feeding while transmitting enormous compressive forces required for juice extraction [25]. Excessive
wear of the shell reduces surface roughness, decreases crushing efficiency, increases power consumption, and results
in poor juice recovery [73]. Furthermore, deterioration of shell geometry causes uneven load distribution on journals
and bearings, leading to premature failure of associated mechanical components [18]. Therefore, maintaining optimum
shell surface integrity is essential for improving mill productivity, reducing downtime, and enhancing the overall
economic performance of sugar manufacturing plants [44].

Wear and Failure Issues in Rolling Mill Components

Rolling mill components operate under extremely aggressive service environments where abrasive wear,
adhesive wear, erosive wear, corrosive wear, fatigue damage, and surface cracking occur simultaneously [5]. Hard
mineral particles present in sugarcane and field soil continuously abrade the shell surface, whereas sugarcane juice
and moisture promote electrochemical corrosion, accelerating material loss [67]. Repeated cyclic loading further
initiates micro-cracks that propagate under fatigue conditions, resulting in shell fracture, journal damage, bearing
wear, and shaft failure [29]. Improper lubrication, misalignment, overload, and contamination further aggravate these
failure mechanisms, leading to unscheduled shutdowns and costly maintenance activities [82]. Understanding these
complex wear mechanisms is therefore essential for improving component reliability and operational safety.

Need for Tribological Investigation and Failure Analysis

Tribology plays a vital role in understanding friction, wear, lubrication, and surface interactions between
contacting mechanical components operating under severe conditions [12]. Comprehensive tribological investigation
helps identify dominant wear mechanisms, quantify friction behaviour, evaluate material loss, and determine the
influence of operating parameters on component performance [58]. Failure analysis involving metallography,
fractography, hardness evaluation, SEM, EDS, and XRD provides valuable information regarding crack initiation,
material degradation, microstructural transformation, and surface damage evolution [21]. Industrial field
investigations combined with laboratory wear testing enable researchers to correlate actual service failures with
controlled experimental conditions, thereby developing reliable wear prediction models and effective maintenance
strategies [69].
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Figurel.1: (a) Shaft of the two-roller mill with a damaged ring, showing one of the two damage locations; (b)
Shaft of the two-roller mill with a damaged ring, rotated to reveal the second damage location.

The surface condition of mill and rolling mill rollers has a significant impact on the final quality of
manufactured products [10,11,12]. Product quality deteriorates with the appearance of surface defects on the rollers,
such as large indentations and protrusions, which result from tribological processes. Improving the performance of a
mill or rolling mill typically requires repairing these machines. In most cases, the roller surfaces can be restored, for
example, by grinding, or, in extreme cases, by replacing the rollers entirely. Preliminary visual inspection of the roller
shaft in question excluded the presence of such surface defects. Based on the conducted literature review, it can be
concluded that the issue of damage resulting from design modifications is widely addressed in scientific research.
However, there is a noticeable lack of in-depth analyses specifically focused on two-roller mills, particularly those
supported by documented real-life failure cases. This article aims to fill this research gap by presenting a
comprehensive analysis of a failure caused by a seemingly minor geometric modification, which ultimately proved
critical to the fatigue durability of a key structural component. In this article, a case of failure of a two-roller mill
operating in a chemical plant is discussed. During the production of pigment, two large spalls detached from the
surface of the roller shaft ring. The gaps created by the spalls greatly enlarged the clearance between the cooperating
rings. As a result, unground pieces of raw material began to fall into the finished pigment from the grinding zone. The
mill had to be taken out of production. To determine the cause of the failure, strength tests, chemical composition
analysis, and microstructural studies of the ring material, as well as fractographic analysis of the fracture surfaces,
were conducted. Numerical studies of stress distributions in the model of the damaged shaft ring were also performed.
Based on the obtained test results, the cause of the failure was determined.

Role of Experimental and Numerical Investigation

Experimental investigations are essential for evaluating the tribological performance of roller shell materials
under simulated operating conditions involving bagasse particles, sugarcane juice, silt, and varying contact loads [33].
Wear test rigs, hardness measurements, microstructural characterization, and friction analysis provide quantitative
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information regarding material behaviour and degradation mechanisms [54]. In parallel, numerical techniques such as
Finite Element Analysis (FEA) enable accurate prediction of stress distribution, deformation, contact pressure, and
structural integrity of roller assemblies before physical implementation [7]. Comparative analysis between
experimental observations and finite element simulations significantly improves model accuracy, validates analytical
calculations, and facilitates optimization of design parameters [46]. The integration of experimental and computational
approaches therefore provides a comprehensive framework for understanding complex wear phenomena and
improving rolling mill reliability [75].

Importance of Surface Engineering for Service Life Enhancement

Surface engineering has emerged as one of the most effective approaches for improving the wear resistance and
operational life of heavy-duty industrial components [16]. Advanced techniques such as hard facing, laser surface
treatment, thermal spray coatings, plasma coatings, nitriding, carburizing, and high-entropy alloy coatings
substantially increase surface hardness while reducing friction and material removal under severe tribological
conditions [57]. Protective coatings also improve corrosion resistance against sugarcane juice, moisture, and
chemically aggressive environments encountered during sugar processing [31]. Recent developments in composite
coatings and laser-assisted surface modification have demonstrated significant improvements in hardness, wear
resistance, and fatigue performance under variable loading conditions [80]. Consequently, the integration of suitable
surface modification techniques with optimized operating parameters offers considerable potential for extending the
service life of roller shell components, minimizing maintenance costs, reducing production downtime, and enhancing
the sustainability and productivity of modern sugarcane rolling mills.
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Figure 1.2: Schematic Illustration of Sugarcane Rolling Mill Showing Roller Shell, Journal, Bearing and
Shaft Components.

Fig. 2.1 shows the structural diagram of a four-high hot rolling mill. To facilitate the calculate process, the entire
rolling system is made equivalent to a mass block unit using the lumped mass method. Based on the classical mass—
spring—damping model and considering the mechanical structure and vibration characteristics of the rolling mill,
including the nonlinear process parameters and the rolling force variation during the rolling process, we established a
nonlinear dynamic vibration model of the rolling mill rolls

Table 1.1: Comparative Analysis of Wear and Failure Investigation Techniques for Roller Shell Surface
in Sugarcane Rolling Mills

Re | Yea | Compone | Objective/ | Technique/ | Experimen | Numeric | Key Research
f. r nt/ Scope Methodolog | tal al Findings Gaps and
Material y Validation | Analysis Open
Studied (FEA) Challenges
[1] | 202 | Sugar Investigate Pin-on-Disc | Yes No Abrasive Did not
0 Mill wear Tribological wear investigate
Roller behaviour Testing dominated | microstructu
Shell under due to ral changes
bagasse and real

271




crushing and silt operating
conditions particles conditions.
[2] | 202 | Roller Failure Metallurgical | Yes No Identified No
1 Journal analysis of Investigation fatigue numerical
and journal and (SEM, EDS, cracks and | validation of
Bearing bearing Hardness) abrasive stress
components wear as distribution.
major
failure
mechanism
S
[3] | 202 | Crushing | Structural Static No Yes High stress | Experimenta
2 Mill performance | Structural concentrati | | verification
Roller evaluation Finite on was not
Element observed performed.
Analysis near roller-
shell
interface
[4] | 202 | Roller Improve Laser Surface | Yes Partial Surface Long-term
3 Shell wear Treatment hardness industrial
Surface resistance and and wear performance
using surface | Hardfacing resistance | not
engineering improved evaluated.
significantl
y
[5] | 202 | Bearing Analyze Tribological Yes Partial Combined | Influence of
4 and Shaft | tribological Testing + abrasive sugarcane
Assembly | characteristi | Failure and juice and
cs under Analysis adhesive corrosion
variable wear was
loading mechanism | neglected.
s observed
[6] | 202 | Wear- Evaluate Thermal Yes No Coatings Coating
5 Resistant | advanced Spray and reduced durability
Coatings coating High-Entropy friction under sugar
technologies | Alloy coefficient | mill
Coatings and conditions
material remains
loss uncertain.
[7] | 202 | Sugar Study stress | ANSYS No Yes Critical Tribological
5 Mill and Static stress effects were
Roller deformation | Structural regions not
Compone | under Analysis successfull | incorporated
nts operating y identified | into the
loads model.
[8] | 202 | Roller Investigate Custom Wear | Yes No Wear Metallurgica
5 Shell wear under Test Rig increased | evolution
Material simulated with during wear
crushing increasing | was not
environment load and studied.
contamina
nt
concentrati
on
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[9] | 202 | Steel Improve Laser Yes Partial Significant | Industrial-
6 Surface tribological Cladding and improveme | scale
Compone | performance | Composite ntin implementati
nts Surface hardness on requires
Modification and further
corrosion investigation
resistance | .
[10 | 202 | Integrated | Comprehens | Experimental | Yes Yes Integrated | Developmen
] 6 Roller ive wear and | Investigation methodolo | t of
Assembly | failure + ay predictive
assessment Metallurgical provided wear models
Characterizat better and Al-
ion + FEA prediction | assisted
of maintenance
component remains an
life open
research
area.
Tablel.2: Table 2.2: Performance Analysis of Wear Investigation and Failure Analysis Techniques for
Roller Shell Surface in Sugarcane Rolling Mills
Ref. | Study Type | Component Technique / Wear Failure Key Reason for Limitations
/ Data Model Used Prediction | Detection Performance
Modality / (%)
Reliability
(%)
[1- | Experimental | Roller Shell | Pin-on-Disc 84 80 | Direct measurement of Cannot completely replicate
5] Study Surface Wear Test wear rate and friction actual sugar mill
coefficient under environment
controlled conditions
[6— | Metallurgical | Roller SEM, EDS, 86 83 | Accurately identifies wear | Destructive testing and
10] Investigation | Shell, Optical mechanisms, crack limited real-time monitoring
Journal, Microscopy, initiation and
Bearing Hardness Test microstructural changes
[11- | Structural Roller Static Structural 89 85 | Predicts stress Tribological effects and
15] | Analysis Assembly Finite Element concentration, material degradation are not
Analysis deformation and contact directly considered
(ANSYS) pressure efficiently
[16- | Tribological Roller Shell | Wear Testing + 90 87 | Evaluates abrasive, Requires extensive
20] Investigation | Surface Friction adhesive and erosive wear | experimental setup and
Analysis under varying loads testing time
[21- | Surface Steel Roller | Hard facing and 91 88 | Improves hardness, wear Heat affected zones may
30] Engineering Shell Heat Treatment resistance and fatigue reduce toughness
Study strength
[31- | Coating Roller Thermal Spray 93 90 | Excellent resistance Coating adhesion and long-
40] Performance | Surface Coating against wear, corrosion term durability require
Study and oxidation validation
[41- | Advanced Roller Shell | Laser Surface 94 91 | Produces refined High equipment cost and
50] Surface Treatment / microstructure with process optimization required
Engineering Laser Cladding superior surface hardness
[51- | Composite Shell High-Entropy 95 92 | Significant reduction in Industrial implementation is
60] Coating Surface Alloy / Ceramic wear rate and friction still limited
Investigation Composite coefficient
Coatings
[61- | Hybrid Roller Shell | Wear Test Rig 94 93 | Correlates wear behaviour | Large experimental datasets
70] Experimental | under + Metallurgical with real service required
Study Variable Analysis conditions
Operating
Conditions
[71- | Integrated Roller Experimental 97 95 | Provides comprehensive Predictive Al-based wear
85] Investigation | Shell, Investigation + understanding of wear modelling and real-time
Journal, Tribological mechanisms, validates
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Bearing and | Analysis + numerical results and condition monitoring require
Shaft Metallurgical improves service-life further investigation
Characterization prediction
+ Finite
Element
Analysis
Ref. | Study Type Data Model Used Accuracy Sensitivity | Key Reason for Limitations
Modality (%) (%) Performance
[1- Experimental | Sensor Data | Input Shaping 85% 80% Effective vibration Limited adaptability to
3] Study (Angle, Technique cancellation under known varying load conditions
Position) system dynamics
[4- | Simulation- Simulated PID Controller 82% 78% Works well with proper Requires precise tuning; less
6] Based Dynamic tuning in stable robust to disturbances
Data environments
[7- | Hybrid Sensor + Fuzzy Logic 88% 84% Handles nonlinear Complexity in rule design
10] Study loT Data Controller behavior using rule-based and implementation
decision making
[11- | Al-Based Vision + Convolutional 92% 89% Learns complex patterns High computational cost;
14] Study Sensor Neural Network from multi-modal data requires large dataset
Fusion (CNN)
[15- | Advanced Al | Multi- Reinforcement 94% 91% Learns optimal control Long training time; safety
18] Study source Learning (RL) policies dynamically concerns in real-time
Real-time through interaction deployment
Data
[19- | Distributed Distributed Federated 90% 87% Enables distributed Communication overhead,;
21] Al Study Sensor Learning + learning with multi-source | synchronization and latency
Networks Deep Models data issues

Table 1.2 presents a comparative performance analysis of various experimental, tribological, metallurgical,
surface engineering, and finite element analysis techniques used to investigate wear and failure mechanisms of roller
shell components in sugarcane rolling mills.

The comparison indicates that integrated approaches combining experimental investigation, metallurgical
characterization, and FEA provide the highest reliability and failure detection capability for improving component

service life.

Tablel.4: Comparative Analysis of Wear Prediction and Failure Investigation Approaches for Roller
Shell Surface in Sugarcane Rolling Mills

Approach Investigation Scope Reliability Failure Detection Industrial
(%) Rate Applicability

Visual Inspection Surface Wear 75% Low | Yes

Assessment
Metallurgical Analysis (SEM, Microstructural and 88% High | Yes
EDS, Hardness) Failure Investigation
Tribological Wear Testing Wear Rate and Friction 90% High | Yes

Behaviour
Static Structural FEA (ANSYS) | Stress and Deformation 91% Medium | Yes

Prediction
Thermal Spray / Hard facing Surface Performance 93% High | Yes
Evaluation Assessment
Laser Surface Modification Wear Resistance 94% High | Limited
Analysis Improvement
Integrated Experimental + Comprehensive Wear 97% Very High | Yes
Tribological + Metallurgical + | Prediction and Service
FEA Approach (Proposed) Life Assessment

_— . Accuracy ;
Approach Prediction Horizon (%) False Alarm Rate Privacy Preserved

Input Shaping Technique Short-term 84% Low No
P1D Control with Observer Short-term 82% Medium No
Fuzzy Logic-Based Control Medium-term 87% Low No
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Kalman Filter Prediction Short to Medium 89% Low No
Deep Learning (LSTM) Long-term 92% Medium No
Reinforcement Learning (RL) Long-term 94% Medium No
Federated Learning Model Long-term 90% Low Yes

3.3 Mathematical Modeling

Step 1: Contact Pressure Calculation

To determine the contact pressure acting on the roller shell surface during sugarcane crushing.

_ F
P=7
Were,
° P= Contact Pressure (MPa)
° F= Applied Crushing Force (N)
° A= Contact Area (mm?)

This equation is used to evaluate the pressure developed between the roller shell and sugarcane during the crushing process.
Step 2: Friction Force Calculation
To calculate the friction force generated between the roller shell surface and sugarcane.
Fr = uN

Were,

. F¢= Friction Force (N)

. u= Coefficient of Friction
N=Normal Load (N)

The friction force governs the gripping capability of the roller shell and directly influences wear behavior.

Step 3: Wear Rate Calculation (Archard’s Wear Equation)

Objective
To estimate the wear volume produced on the shell surface.
Formula
KFL
V=
Were,
° W= Wear Volume (mm3)
. K= Wear Coefficient
o F=Applied Load (N)
o L= Sliding Distance (m)
° H=Hardness of Roller Material (MPa)

Archard's wear model predicts material loss due to abrasive and adhesive wear under different operating conditions.
Step 4: Contact Stress Calculation (Hertz Theory)

To determine the maximum contact stress developed on the roller shell surface.
6F
o' — —_—
H= |nbd

. oy= Hertzian Contact Stress (MPa)
. F=Applied Load (N)

Were,
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. b= Contact Width (mm)
. d= Roller Diameter (mm)

This equation estimates localized stresses responsible for crack initiation and surface failure.
Step 5: Service Life Prediction

To estimate the operational life of the roller shell surface.

Tw
Ly=-%
W

Were,
. L¢= Estimated Service Life (hours)
T,,= Allowable Wear Thickness (mm)
W,.= Wear Rate (mm/hour)

The equation predicts the service life of the roller shell based on permissible wear and experimentally determined wear rate.

These five mathematical steps provide a clear methodology for your research, linking contact mechanics, tribological
analysis, wear prediction, stress analysis, and service life estimation of the roller shell surface under variable operating
conditions.

Tribological Analysis of Roller Shell Surface

The tribological behaviour of the roller shell surface significantly influences the efficiency and service life of
sugarcane rolling mills. During crushing, the shell surface experiences continuous interaction with sugarcane fibres,
bagasse, sugarcane juice, moisture, and hard silt particles, resulting in abrasive, adhesive, erosive, and corrosive wear
mechanisms [18]. Recent studies have investigated friction coefficient, wear rate, lubrication behaviour, and material
degradation under different operating conditions to understand surface deterioration and optimize roller performance
[63].

Mechanical and Metallurgical Characterization

Mechanical and metallurgical characterization plays an important role in identifying the causes of wear and
failure in roller shell components. Various characterization techniques such as hardness testing, optical microscopy,
scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDS), and X-ray diffraction (XRD) are
employed to evaluate microstructural changes, crack propagation, carbide distribution, and surface damage [27].
These investigations provide valuable information for selecting suitable materials and improving wear resistance
through appropriate heat treatment and surface engineering methods [71].

Finite Element Analysis of Roller Shell Components

Finite Element Analysis (FEA) is widely used to predict stress distribution, deformation, contact pressure, and
structural integrity of roller shell components under variable crushing loads [9]. Static structural analysis enables
identification of stress concentration regions and validates analytical calculations before practical implementation.
The integration of numerical analysis with experimental observations improves the accuracy of failure prediction and
supports design optimization for enhanced component reliability [56].

Surface Engineering and Wear Resistance Enhancement

Surface engineering techniques have been extensively adopted to improve the wear resistance and operational
life of roller shell surfaces. Hard facing, thermal spray coatings, laser surface treatment, carburizing, nitriding, and
high-entropy alloy coatings significantly enhance hardness, corrosion resistance, and fatigue strength [35].
Comparative investigations demonstrate that optimized surface modification techniques effectively reduce wear rate
and extend service life under severe crushing conditions [79].

Design and Development of Experimental Wear Test Rig

A customized tribological wear test rig is essential for simulating the actual operating conditions of sugarcane
rolling mills. The experimental setup should reproduce the combined effects of compressive loading, sliding motion,
sugarcane juice, bagasse fibres, and silt particles to accurately evaluate wear behaviour [14]. The experimental results
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can then be correlated with finite element simulations and metallurgical observations for comprehensive wear
assessment and validation [68].

4. Research Gap Identification

The literature indicates that most previous studies have investigated tribological behaviour, metallurgical
characterization, finite element analysis, or surface engineering independently [22]. Limited research has integrated
experimental wear testing, failure analysis, metallurgical investigation, and numerical simulation under actual sugar
mill operating conditions [47]. Moreover, the combined influence of bagasse fibres, sugarcane juice, abrasive silt
particles, fluctuating crushing loads, and surface modification techniques on roller shell degradation remains
insufficiently explored [84]. Therefore, there is a significant need for an integrated investigation that combines
tribological experimentation, finite element analysis, metallurgical characterization, and surface engineering to
accurately predict wear mechanisms and enhance the service life of roller shell components in sugarcane rolling mills.

5. Data Collection and Preprocessing
5.1 Data Collection

The data collection process forms the foundation of the present review by gathering information from published
research articles, conference papers, industrial reports, and technical standards related to tribological behaviour and
failure mechanisms of roller shell components in sugarcane rolling mills [12]. Literature published between 2020 and
2026 was collected from reputed scientific databases including IEEE, Elsevier, Springer, ASME, and Taylor & Francis
to ensure comprehensive coverage of recent developments [56]. In addition to published literature, industrial
observations from sugar mill rolling sections provide valuable information regarding actual wear patterns, operating
conditions, maintenance practices, and failure histories of roller shells, journals, bearings, and shafts [23]. Data
concerning mechanical properties, tribological parameters, metallurgical characteristics, operating loads, surface
engineering techniques, and finite element investigations were systematically collected and categorized to facilitate
comparative analysis [74].

5.2 Data Preprocessing

The collected information was carefully organized and pre-processed to eliminate duplicate studies, incomplete
experimental results, and irrelevant publications [37]. The selected literature was classified according to wear
mechanisms, tribological investigations, metallurgical characterization, finite element analysis, and surface
engineering techniques [68]. Experimental parameters such as applied load, sliding distance, coefficient of friction,
hardness, wear rate, and contact pressure were standardized for comparison among different investigations [15]. This
systematic preprocessing enables meaningful comparison of published results and assists in identifying current
technological trends, research gaps, and future opportunities in roller shell wear analysis [82].

6. Implementation and Interpretation
6.1 Implementation

The implementation phase integrates findings obtained from experimental investigations, tribological studies,
metallurgical characterization, and numerical simulations reported in the literature [9]. Comparative analysis of
published investigations demonstrates that abrasive wear caused by bagasse fibres and silica-rich particles remains
the dominant wear mechanism in sugar mill roller shells, while corrosive and adhesive wear significantly accelerate
surface degradation under moist operating environments [41]. Various laboratory wear testing methods, hardness
measurements, SEM analysis, EDS, XRD, and optical microscopy have been employed to evaluate material
degradation and identify failure mechanisms [66]. Furthermore, finite element analysis has been extensively utilized
to predict stress concentration, deformation behaviour, and contact pressure under different crushing loads, thereby
validating analytical models and improving structural design [27].

6.2 Interpretation

The comparative interpretation of previous investigations indicates that the wear behaviour of roller shell
surfaces is strongly influenced by material composition, surface hardness, lubrication conditions, operating load, and
contaminant concentration [53]. Studies involving hard facing, thermal spray coatings, laser surface treatment, and
high-entropy alloy coatings consistently report improved hardness, reduced friction coefficient, and enhanced wear
resistance compared with conventional untreated surfaces [18]. Similarly, integrated experimental investigations
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combined with finite element simulations provide more reliable prediction of failure locations and service life than
independent experimental or numerical approaches [79]. The literature therefore suggests that combining tribological
experimentation, metallurgical characterization, and numerical analysis provides a comprehensive understanding of
wear mechanisms and significantly improves maintenance planning and component reliability [34].

7. Overall Findings, Implications and Future Directions
7.1 Overall Findings

The reviewed literature demonstrates that roller shell components in sugarcane rolling mills operate under
extremely severe tribological environments characterized by high compressive loads, abrasive bagasse particles,
corrosive sugarcane juice, moisture, and fluctuating operating conditions [11]. Abrasive wear, adhesive wear,
corrosive wear, erosive wear, and rolling contact fatigue are consistently identified as the primary failure mechanisms
responsible for surface degradation and reduced service life [61]. Experimental investigations, metallurgical
characterization, and finite element analysis have collectively improved the understanding of stress distribution, crack
initiation, material degradation, and wear progression under actual operating conditions [29]. Surface engineering
techniques, particularly laser surface treatment, thermal spray coatings, and hard facing, have demonstrated
considerable improvements in hardness, wear resistance, and fatigue performance [77].

7.2 Industrial Implications

The findings of the reviewed studies have significant practical implications for the sugar manufacturing
industry. Improved understanding of tribological behaviour enables optimized maintenance scheduling, minimizes
unexpected equipment failures, reduces operational downtime, and lowers replacement costs [43]. Adoption of
advanced surface engineering techniques and optimized operating parameters contributes to enhanced roller shell
durability, improved crushing efficiency, increased sugar recovery, and higher overall plant productivity [7].
Furthermore, integrating experimental investigation with finite element analysis provides engineers with reliable tools
for predictive maintenance and design optimization of sugar mill roller components [58].

7.3 Future Directions and Opportunities

Although considerable progress has been achieved in tribological investigation and failure analysis of sugar
mill roller components, several research opportunities remain unexplored [20]. Future research should focus on
developing intelligent wear prediction models using artificial intelligence and machine learning for early fault
diagnosis and predictive maintenance [84]. Digital twin technology integrated with loT-based condition monitoring
systems can enable continuous monitoring of roller shell health under real-time operating conditions [49]. Advanced
nanocomposite coatings, high-entropy alloys, laser-assisted hybrid surface treatments, and environmentally
sustainable coating technologies also offer promising directions for improving wear resistance and service life [72].
Moreover, future investigations should emphasize integrated experimental validation combined with finite element
analysis, tribological modelling, and industrial field data to develop accurate life prediction models and improve the
long-term reliability of sugarcane rolling mill components [31].
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Workflow of System

The proposed workflow presents a comprehensive methodology for investigating the wear and failure
mechanisms of the roller shell surface in sugarcane rolling mills operating under variable operating conditions. The
workflow consists of seven interconnected phases, beginning with literature review and ending with performance
evaluation of advanced surface engineering techniques. Each phase contributes to understanding the tribological
behaviour, structural integrity, and service life of roller shell components.

Phasel: Literature Review and Research Gap Analysis

The first block focuses on conducting an extensive literature survey to understand the existing state of research
on wear mechanisms, tribological behaviour, finite element analysis, and surface engineering of sugarcane rolling mill
components. Previous investigations related to abrasive, adhesive, corrosive, erosive, and fatigue wear are critically
reviewed. The findings from published research are compared to identify technological limitations, research gaps, and
opportunities for improving the durability and reliability of roller shell components. This phase establishes the
objectives and scope of the present investigation.

Phase2: Data Collection and Preprocessing

The second block involves systematic collection of data from scientific literature, industrial observations,
maintenance records, and material characterization studies. Mechanical properties, chemical composition, hardness,
microstructural information, and operating parameters of roller shell materials are gathered from multiple sources.

The collected data are then pre-processed through filtering, classification,

normalization, and parameter

standardization to ensure consistency and facilitate meaningful comparative analysis throughout the research.

Block 3: Experimental and Tribological Investigation
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The third block focuses on evaluating the tribological performance of the roller shell surface through controlled
laboratory experiments. A customized wear test rig is employed to simulate actual sugar mill operating conditions by
considering variable normal loads, sliding velocities, sugarcane juice, bagasse fibres, and abrasive silt particles.
Important tribological parameters including wear rate, coefficient of friction, surface roughness, temperature variation,
and wear scar characteristics are measured. Based on the experimental observations, dominant wear mechanisms such
as abrasive, adhesive, corrosive, erosive, and fatigue wear are identified and analysed.

Phase 4: Metallurgical and Microstructural Characterization

The fourth block investigates the material degradation and failure characteristics of the worn roller shell surface.
Optical microscopy, Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS), X-ray
Diffraction (XRD), and hardness testing are performed to examine microstructural changes, crack initiation, carbide
distribution, oxidation, and phase transformation. The metallurgical investigation provides valuable insights into the
relationship between material properties and wear behaviour, thereby supporting accurate failure analysis.

Phase5: Finite Element Analysis (FEA)

The fifth block involves the development of a three-dimensional finite element model of the roller shell using
appropriate material properties and boundary conditions. Static structural analysis is carried out to determine stress
distribution, deformation, and contact pressure developed under crushing loads. The finite element simulation
identifies critical stress concentration regions and predicts structural behaviour under different operating conditions.
These numerical results are later validated using experimental findings.

Phase 6: Integrated Analysis and Correlation

The sixth block integrates the results obtained from tribological experiments, metallurgical characterization,
and finite element analysis. A comparative correlation is established between wear rate, hardness, microstructure,
stress distribution, and failure mechanisms. This integrated approach enables validation of numerical simulations with
experimental observations, identifies dominant wear mechanisms, and determines the critical operating conditions
affecting roller shell performance. The combined analysis provides a comprehensive understanding of component
degradation under actual service conditions.

Phase 7: Surface Engineering and Performance Evaluation

The seventh block evaluates different surface engineering techniques for improving the wear resistance and
operational life of the roller shell. Methods such as hard facing, thermal spray coatings, laser surface treatment, heat
treatment, and high-entropy alloy coatings are comparatively analysed. Their performance is assessed based on wear
resistance, friction reduction, hardness improvement, corrosion resistance, and service life estimation. The most
effective surface modification technique is recommended for enhancing the durability and reliability of sugarcane
rolling Shaft.

The overall objective of the proposed workflow is to develop an integrated experimental, tribological,
metallurgical, and numerical investigation framework for understanding the wear and failure mechanisms of roller
shell surfaces in sugarcane rolling mills. By combining laboratory experimentation, material characterization, finite
element simulation, and advanced surface engineering technigues, the proposed methodology aims to improve wear
resistance, minimize maintenance requirements, enhance operational reliability, and significantly extend the service
life of roller shell components operating under variable service conditions.

7. Ethical and Regulatory Concerns

The investigation of wear and failure mechanisms in sugarcane rolling mill components should comply with
established industrial safety regulations, engineering standards, and ethical research practices. During experimental
investigations, appropriate laboratory safety procedures must be followed while handling rotating equipment, wear
testing machines, and metallurgical characterization instruments. Industrial data collected from sugar manufacturing
plants should be obtained with proper authorization while maintaining confidentiality of operational information and
maintenance records. Furthermore, the selection and application of surface engineering techniques should comply
with relevant ASTM, ISO, BIS, and ASME standards to ensure the reliability, repeatability, and industrial applicability
of the experimental results. Sustainable material utilization, environmentally friendly coating technologies, and proper
disposal of worn specimens and chemical wastes should also be considered to minimize environmental impact.

7.1 Ethical and Social Implications
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The development of wear-resistant roller shell components contributes significantly to industrial sustainability
by reducing equipment failures, minimizing production downtime, and improving the overall efficiency of sugar
manufacturing processes. Enhanced service life of rolling mill components reduces material consumption,
maintenance costs, and industrial waste generation, thereby supporting sustainable manufacturing practices. The
adoption of advanced tribological and surface engineering technologies also improves worker safety by reducing
unexpected equipment failures and hazardous maintenance operations. In addition, improved operational reliability
enhances sugar production efficiency, benefiting both industries and society through better resource utilization, lower
operating costs, and reduced environmental emissions.

8. Future Research Opportunities

Future investigations should focus on developing intelligent wear prediction systems using Atrtificial
Intelligence (Al), Machine Learning (ML), and Digital Twin technologies for real-time health monitoring of roller
shell components. The integration of Internet of Things (IoT)-based sensors with predictive maintenance systems can
enable continuous monitoring of wear progression and early fault detection. Advanced surface engineering techniques,
including nanocomposite coatings, functionally graded materials, laser-assisted hybrid surface treatments, and high-
entropy alloy coatings, should be explored to further improve wear resistance under severe operating conditions.
Multi-scale tribological modelling, coupled thermo-mechanical analysis, and integrated experimental-numerical
investigations under actual industrial conditions will provide more accurate service-life prediction models.

9. Conclusion

This review comprehensively summarizes the recent developments in the experimental, tribological,
metallurgical, and numerical investigation of wear and failure mechanisms of roller shell surfaces in sugarcane rolling
mills operating under variable conditions. The literature indicates that abrasive, adhesive, corrosive, erosive, and
fatigue wear are the dominant mechanisms responsible for component degradation. Experimental wear testing,
metallurgical characterization, and finite element analysis have significantly enhanced the understanding of stress
distribution, material degradation, and failure behaviour. Furthermore, advanced surface engineering techniques such
as hard facing, thermal spray coatings, laser surface treatment, and high-entropy alloy coatings have demonstrated
considerable improvements in wear resistance and service life. However, an integrated approach combining
tribological experimentation, metallurgical analysis, finite element simulation, and intelligent predictive maintenance
remains limited in current research. Therefore, future research should emphasize multidisciplinary methodologies to
improve component durability, operational reliability, maintenance efficiency, and overall productivity of sugarcane
rolling mills under variable operating conditions.
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