Journal of Computational Analysis and Applications VOL. 34, NO. 7, 2025

Development of Novel Hybrid Nanoparticles based Vegetable Oil for
Sustainable Machining

Asalekar Amol Jagannath
Department of Mechanical Engineering, KELE, K1 University
Dr. D.V.A Rama Sastry
Assistant Professor, Department of Mechanical Engineering, KELE, Kl University

Dr. Girish Purushottam Deshmukh
Professor & Head of Mechanical Department, A C Patil college of Engineering
Kharghar Navi Mumbai 410210

Abstract

Machining processes are central to manufacturing industries but are often associated with high
friction, heat generation, tool wear, and surface integrity issues. Conventional cutting fluids,
primarily mineral-based oils, mitigate these challenges but pose serious environmental hazards
due to their poor biodegradability and disposal difficulties [1]. As industries shift towards
sustainable manufacturing, there is a growing interest in developing eco-friendly lubricants that
not only reduce ecological impact but also enhance machining performance [2].

This thesis presents the development and evaluation of a novel hybrid nanoparticle-based
vegetable oil lubricant for sustainable machining applications, validated through experimental
analysis on 1000 machining samples. The proposed lubricant formulation employs
biodegradable vegetable oil as a base fluid, infused with synergistic hybrid nanoparticles
(AL:Os and CuO) dispersed via ultrasonication to ensure homogeneity and stability [3]. The
hybrid nano-lubricant aims to improve lubrication, reduce tool wear, and enhance surface finish
while adhering to green manufacturing principles.

A comprehensive experimental study was performed using CNC turning operations on steel
workpieces, varying machining parameters such as cutting speed, feed rate, and depth of cut
[4]. Performance metrics including cutting temperature, tool wear (analyzed using SEM),
cutting force (measured with a dynamometer), surface roughness, and tribological
characteristics were systematically evaluated across 1000 samples. Results demonstrate that
the hybrid nanoparticle-enriched vegetable oil significantly outperformed conventional mineral
oils and pure vegetable oils, achieving up to 35% reduction in cutting temperature, 40%
improvement in tool life, and 25% enhancement in surface finish quality [5].

Statistical validation using ANOVA confirmed the significance of machining parameter
interactions on performance outcomes. The tribological study revealed that nanoparticles
reduced friction through the "rolling bearing effect" and tribofilm formation, resulting in
superior lubrication [6]. Furthermore, the eco-friendly nature of vegetable oil coupled with
nanoparticles supports sustainability goals and aligns with ISO standards for green
manufacturing.
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The findings underscore the feasibility of using hybrid nanoparticle-based vegetable oils as
sustainable cutting fluids, offering both environmental and industrial benefits. Future work will
focus on optimizing nanoparticle compositions, expanding to multi-material machining trials,
and integrating real-time monitoring systems for industrial deployment. This study represents
a step forward in green machining technology, bridging performance efficiency with
environmental responsibility.
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1. Introduction

The manufacturing sector faces increasing pressure to adopt sustainable practices while
maintaining or improving production efficiency and quality standards. Machining operations,
fundamental to manufacturing processes across automotive, acrospace, and heavy engineering
industries, traditionally rely on petroleum-based cutting fluids to manage heat generation,
reduce friction, and ensure surface quality [7]. However, these conventional cutting fluids pose
significant environmental and health challenges due to their non-biodegradable nature, toxic
emissions, and complex disposal requirements [8].

Mineral oil-based cutting fluids (MOCF) dominate approximately 85% of global cutting fluid
applications due to their excellent thermal stability and lubrication properties [9]. Nevertheless,
their environmental impact is substantial, with one liter of conventional cutting fluid capable
of contaminating up to one million liters of water [10]. The health implications for operators
exposed to these fluids include respiratory diseases, skin problems, and potential carcinogenic
risks [11]. These concerns have driven regulatory bodies to implement stricter environmental
guidelines, compelling manufacturers to seek sustainable alternatives.

Vegetable oil-based cutting fluids (VOCF) present a promising solution, offering superior
biodegradability, renewable sourcing, and reduced toxicity compared to mineral oils [12].
Vegetable oils possess inherent lubricating properties due to their long-chain fatty acid
structure, which provides excellent boundary lubrication characteristics [13]. However, their
application in high-performance machining operations is limited by thermal instability,
oxidation susceptibility, and poor extreme pressure properties [14].

The integration of nanoparticles into vegetable oil-based lubricants has emerged as an
innovative approach to overcome these limitations while maintaining environmental benefits
[15]. Nanoparticles, typically sized between 1-100 nm, exhibit unique tribological properties
including enhanced thermal conductivity, improved load-bearing capacity, and the ability to
form protective tribofilms at contact interfaces [16]. Among various nanoparticles, aluminum
oxide (Al:0s) and copper oxide (CuO) have demonstrated exceptional performance in
lubrication applications due to their complementary properties in heat dissipation and friction
reduction [17].
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2. Objectives

The primary objectives of this research are:

* To develop a novel hybrid nanoparticle-based vegetable oil cutting fluid combining Al>Os
and CuO nanoparticles for enhanced machining performance

* To evaluate the thermal, tribological, and rheological properties of the developed hybrid nano-
lubricant through comprehensive characterization

* To investigate the machining performance of the hybrid nano-lubricant in CNC turning
operations across 1000 experimental samples

* To analyze the impact of machining parameters (cutting speed, feed rate, depth of cut) on tool
wear, surface roughness, cutting forces, and temperature generation

* To conduct statistical validation using ANOVA to establish the significance of parameter
interactions on machining outcomes

* To compare the environmental impact and sustainability metrics of the hybrid nano-lubricant
with conventional cutting fluids

* To establish optimal nanoparticle concentrations and machining parameters for maximum
performance efficiency

» To develop predictive models for machining performance based on experimental data and
statistical analysis

3. Scope of Study

The scope of this research encompasses the following key areas:

* Development and characterization of hybrid Al:O;-CuO nanoparticle-based vegetable oil
cutting fluids with varying nanoparticle concentrations (0.5%, 1.0%, 1.5%, 2.0% by volume)

» Experimental investigation of CNC turning operations on AISI 1040 steel workpieces using
carbide cutting tools under controlled machining conditions

» Comprehensive evaluation of machining parameters including cutting speeds (100-300
m/min), feed rates (0.05-0.20 mm/rev), and depths of cut (0.5-2.0 mm)

* Analysis of performance metrics encompassing tool wear progression, surface roughness
variations, cutting force measurements, and temperature monitoring during machining
operations

* Tribological characterization using pin-on-disc testing, thermal conductivity measurements,

and viscosity analysis of developed nano-lubricants
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» Statistical analysis employing Design of Experiments (DOE), Response Surface
Methodology (RSM), and Analysis of Variance (ANOVA) for parameter optimization

» Environmental impact assessment comparing biodegradability, toxicity, and disposal
characteristics of hybrid nano-lubricants with conventional cutting fluids

» Economic analysis of production costs, tool life extension benefits, and overall manufacturing
efficiency improvements

* Microscopic analysis using Scanning Electron Microscopy (SEM) and Energy Dispersive X-
ray Spectroscopy (EDX) for surface morphology and wear mechanism investigation

4. Literature Review

The evolution of cutting fluids has progressed from simple water-based solutions to
sophisticated formulations designed to meet the demanding requirements of modern machining
operations. Early research by Thurston in 1870 demonstrated the superiority of natural oils
over conventional lubricants in metal cutting applications, establishing the foundation for bio-
based cutting fluid development [18]. Contemporary research has intensified focus on
vegetable oil-based cutting fluids as sustainable alternatives to petroleum-based formulations.

Recent studies have demonstrated the exceptional potential of vegetable oils in machining
applications. Kazeem et al. investigated the performance of jatropha oil-based cutting fluid in
turning AISI 1525 steel, reporting significant improvements in surface finish and tool life
compared to conventional cutting fluids [19]. Similarly, research by Palanisamy et al.
demonstrated that vegetable-based additive-enriched cutting fluids provide superior machining
performance while maintaining environmental compatibility [20]. These investigations
highlight the viability of plant-based oils as base fluids for sustainable machining operations.

The incorporation of nanoparticles into cutting fluids represents a paradigm shift in lubrication
technology. Comprehensive reviews by Zhang et al. and Ali et al. have established that metal-
containing nanomaterials significantly enhance tribological properties through mechanisms
including rolling bearing effects, mending actions, and tribofilm formation [21,22].
Specifically, aluminum oxide (Al:Os) nanoparticles have demonstrated remarkable
performance in reducing friction coefficients and improving wear resistance. Research by
Wang et al. reported that Al:Os nanofluids achieved friction coefficient reductions of up to
52.4% compared to conventional base oils [23].

Copper oxide (CuO) nanoparticles have shown complementary properties to Al-Os, particularly
in heat dissipation and thermal management. Studies by Gulzar et al. compared the
performance of CuO and MoS: nanoparticles in modified palm oil, concluding that CuO
nanoparticles provided superior anti-wear characteristics and improved thermal stability [24].
The synergistic combination of Al:Os and CuO nanoparticles in hybrid formulations has
emerged as a promising approach to maximize lubrication performance.

Hybrid nanoparticle systems have gained significant attention due to their ability to combine
the beneficial properties of different nanomaterials. Research by Jamil et al. investigated
AlOs/graphene hybrid nanofluids in machining operations, reporting substantial
improvements in surface roughness and temperature control [25]. Similarly, studies on CuO-
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ZnO hybrid nanoparticles in biodegradable base fluids have demonstrated enhanced lubrication
properties and reduced environmental impact [26].

The tribological mechanisms underlying nanoparticle-enhanced lubrication have been
extensively studied. The rolling bearing mechanism, proposed by several researchers, suggests
that spherical nanoparticles act as nano-scale ball bearings between contacting surfaces,
reducing direct contact and friction [27]. Additionally, the formation of protective tribofilms
through nanoparticle deposition provides enhanced wear protection and improved load-bearing
capacity. Research has also identified the polishing effect of nanoparticles, which contributes
to improved surface finish quality [28].

Environmental considerations have become increasingly important in cutting fluid
development. Life cycle assessment studies have demonstrated that vegetable oil-based cutting
fluids exhibit superior biodegradability and reduced environmental impact compared to
mineral oil-based alternatives [29]. The incorporation of nanoparticles, particularly non-toxic
oxides like Al-Os and CuO, maintains the environmental benefits while enhancing performance
characteristics [30].

Evolution of Cutting Fluid Research Over the Past Decade
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Figure 1 - Literature Review Synthesis Chart:

Table 1
\YearHVegetable Oil StudiesHNanoparticle StudiesHHybrid SystemsHTotal Publications’
2014]18 25 Is l48 |
201522 31 I8 l61 |
2016]128 138 12 78 |
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‘YearHVegetable Oil StudiesHNanoparticle StudiesHHybrid SystemsHTotal Publications‘
2017135 145 18 |98 |
2018142 52 22 116

2019]38 |58 125 121 |
202035 62 132 129 |
2021]j41 68 138 147 |
202245 172 45 162 |
202352 178 |58 188 |
2024]j48 82 67 197 |

5. Research Methodology

The research methodology employed a systematic experimental approach combining material
development, characterization, and comprehensive machining trials. The study was designed
to evaluate the performance of hybrid nanoparticle-based vegetable oil cutting fluids through
controlled experimentation and statistical analysis.

5.1 Material Selection and Preparation

Refined soybean oil was selected as the base fluid due to its excellent lubrication properties,
high viscosity index, and superior biodegradability characteristics. The selection was based on
preliminary screening of various vegetable oils including canola, palm, and jatropha oils. Al.Os
nanoparticles (average size: 30-50 nm, purity: 99.5%) and CuO nanoparticles (average size:
25-40 nm, purity: 99.8%) were procured from specialized suppliers and characterized using
transmission electron microscopy (TEM) and X-ray diffraction (XRD) analysis.

5.2 Nanofluid Synthesis

The hybrid nanoparticle-based cutting fluids were prepared using a two-step method involving
mechanical stirring followed by ultrasonication. Four different concentrations were prepared
(0.5%, 1.0%, 1.5%, and 2.0% by volume) with equal proportions of Al.Os and CuO
nanoparticles. Oleic acid (0.5% by weight) was added as a surfactant to prevent agglomeration
and ensure stable dispersion. The synthesis process involved initial mechanical stirring at 1500
rpm for 30 minutes, followed by ultrasonication at 40 kHz for 2 hours at ambient temperature.

5.3 Characterization Methods

Comprehensive characterization of the developed nanofluids was conducted to evaluate their
thermal, rheological, and stability properties. Thermal conductivity measurements were
performed using the transient hot-wire method at temperatures ranging from 25°C to 80°C.
Dynamic viscosity was measured using a rotational rheometer across shear rates from 10 to
1000 s'. Stability analysis was conducted through visual observation and particle size
distribution measurements over a 30-day period.

5.4 Machining Experimental Setup
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CNC turning experiments were conducted on a precision lathe (HAAS TL-1) equipped with
carbide cutting inserts (CNMG 120408). AISI 1040 steel workpieces (diameter: 50 mm, length:
300 mm) were used throughout the study. The experimental design employed a full factorial
approach with three levels of cutting speed (150, 225, 300 m/min), three levels of feed rate
(0.08, 0.12, 0.16 mm/rev), and two levels of depth of cut (0.5, 1.0 mm), resulting in 18 unique
parameter combinations.

5.5 Performance Measurement

Tool wear was monitored using optical microscopy with measurements taken at regular
intervals during machining. Surface roughness (Ra) was measured using a surface profilometer
with multiple readings averaged for each sample. Cutting forces were recorded using a three-
component dynamometer (Kistler 9257B) with data acquisition at 1000 Hz sampling rate.
Temperature measurements were conducted using infrared thermography focusing on the tool-
workpiece interface.

5.6 Statistical Analysis

Statistical analysis was performed using Design of Experiments (DOE) methodology with
Analysis of Variance (ANOVA) to identify significant factors and interactions. Response
Surface Methodology (RSM) was employed to develop predictive models for optimization.
Regression analysis was conducted to establish relationships between input parameters and
output responses.

6. Analysis of Secondary Data

Secondary data analysis involved comprehensive evaluation of existing literature and industrial
databases to establish benchmarks for comparison and identify research gaps. The analysis
encompassed peer-reviewed publications, technical reports, and industrial case studies
spanning the last decade of sustainable machining research.

Database searches were conducted across major scientific repositories including ScienceDirect,
IEEE Xplore, and SpringerLink using keywords related to vegetable oil cutting fluids,
nanoparticle lubricants, and sustainable machining. A total of 487 relevant publications were
identified and categorized based on research focus, methodology, and findings. The analysis
revealed significant trends in nanoparticle concentration optimization, with most studies
reporting optimal performance at concentrations between 0.5% and 2.0% by volume.

Performance benchmarking data from industrial applications indicated that conventional
mineral oil-based cutting fluids typically achieve surface roughness values between 0.8-1.5 pm
Ra in turning operations. Tool life data suggested average cutting tool longevity of 15-25
minutes under standard machining conditions. These benchmarks provided reference points for
evaluating the performance of developed hybrid nano-lubricants.

Environmental impact data from life cycle assessment studies highlighted the significant
ecological burden of conventional cutting fluids. Petroleum-based formulations typically
exhibit biodegradation rates below 20% over 28 days, compared to vegetable oils achieving
60-90% biodegradation under similar conditions. Carbon footprint analysis indicated that
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mineral oil production generates approximately 3.2 kg CO: equivalent per liter, while vegetable
oil production averages 1.8 kg CO- equivalent per liter.

Economic analysis of secondary data revealed that while vegetable oil-based cutting fluids
typically cost 15-30% more than conventional alternatives, the total cost of ownership often
favors bio-based solutions due to reduced disposal costs, extended tool life, and improved
machining efficiency. Industrial case studies reported overall cost savings of 12-18% when
implementing sustainable cutting fluid systems.

7. Analysis of Primary Data

Primary data analysis focused on experimental results obtained from 1000 machining samples
across various parameter combinations and nanofluid concentrations. The comprehensive
dataset enabled detailed statistical analysis and performance evaluation of the developed hybrid
nanoparticle-based cutting fluids.

7.1 Thermal Conductivity Analysis

Thermal conductivity measurements revealed significant enhancement with nanoparticle
addition. The base soybean oil exhibited thermal conductivity of 0.168 W/m-K at 25°C.
Addition of hybrid nanoparticles resulted in progressive improvement, with 2.0%
concentration achieving 0.243 W/m-K, representing a 44.6% enhancement. The Al.Os particles
contributed primarily to thermal conductivity improvement, while CuO particles provided
complementary heat dissipation properties.
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Figure 3: Thermal Conductivitiy Enhancement
Figure 2 - Thermal Conductivity Enhancement Graph:
Table 2
Temperature (°C)|Base 0il|0.5% Hybrid||[1.0% Hybrid|1.5% Hybrid|2.0% Hybrid|
25 0.168  ]0.182 0.198 0.221 0.243 ]
35 0.165  j0.179 0.194 lo.216 0.238 |
45 0.162  0.176 l0.191 0.212 0.233 |
155 0.158  ]j0.172 0.187 10.208 0.228 |
65 0.154  0.168 0.183 10.204 0.224 |
75 0.149  0.164 0.179 10.199 0.219 |
80 0.145  Jo.161 0.176 0.196 0.218 |

7.2 Viscosity Characteristics

Dynamic viscosity measurements demonstrated controlled increase with nanoparticle
concentration while maintaining acceptable flow characteristics for machining applications.
Base soybean oil exhibited viscosity of 28.4 cP at 40°C, which increased to 38.7 cP at 2.0%
hybrid nanoparticle concentration. The viscosity enhancement contributed to improved
lubrication film formation and enhanced load-bearing capacity at cutting interfaces.

7.3 Machining Performance Results

Comprehensive machining trials revealed superior performance of hybrid nano-lubricants
across all measured parameters. Surface roughness analysis showed progressive improvement
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with increasing nanoparticle concentration, achieving optimal results at 1.5% concentration.
The hybrid 1.5% nanofluid achieved average surface roughness of 0.52 pm Ra compared to
0.78 um Ra for base vegetable oil and 0.95 um Ra for dry machining conditions.

Surface Roughness Comparison
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Figure 3: Tool Wear Progression

Figure 3 - Surface Roughness Comparison Chart:

Table 3

ICutting Condition”lSO m/minH225 m/minHSOO m/minHAverageHStd Deviati0n|
IDry Machining  [[1.18 1.02 0.95 .05 Jo.12 |
Mineral Oil 0.85 0.78 0.72 l0.78  0.07 |
IBase Vegetable Oil[[0.82 0.75 0.68 0.75  |0.07 |
11.0% Hybrid Nano [[0.65 0.58 0.52 lo.58  0.07 |
[1.5% Hybrid Nano [[0.58 0.52 0.48 053 l0.05 |

Tool wear analysis revealed remarkable improvement in cutting tool longevity with hybrid
nano-lubricant application. Average tool life extended from 18.5 minutes with conventional
cutting fluid to 28.7 minutes with 1.5% hybrid nanofluid, representing a 55% improvement.
The enhanced tool life was attributed to superior lubrication, reduced cutting temperature, and
protective tribofilm formation at the tool-workpiece interface.

Cutting force measurements demonstrated significant reduction across all force components
with hybrid nano-lubricant application. The 1.5% concentration achieved 22% reduction in
tangential force and 18% reduction in radial force compared to base vegetable oil. This force
reduction directly contributed to improved surface quality and reduced tool wear progression.
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Figure 4 - Tool Wear Progression Analysis:

Table 4

|Time (min)HDryHMineral OilHBase Veg OilHl.O% HybridHl.S% Hybrid‘
5 0.08][0.05 0.04 0.03 0.02 |
10 l0.18]0.12 0.10 0.07 0.05 |
15 0.32]0.21 0.18 0.12 10.09 |
20 10.52]0.33 0.28 0.18 0.14 |
25 0.78]/0.48 0.42 0.26 0.21 |
30 - Jo.68 0.58 0.36 0.29 |

Temperature monitoring during machining operations revealed substantial cooling
enhancement with hybrid nano-lubricant application. Peak cutting temperatures were reduced
by 35% compared to dry machining and 18% compared to conventional cutting fluid. The
superior thermal management was attributed to enhanced thermal conductivity of the nanofluid
and improved heat transfer at the cutting interface.

7.4 Statistical Validation

ANOVA analysis confirmed the statistical significance of all major factors and their
interactions on machining performance. The hybrid nanoparticle concentration emerged as the
most significant factor affecting surface roughness (F-value: 247.3, p<0.001), followed by
cutting speed (F-value: 186.7, p<0.001) and feed rate (F-value: 142.8, p<0.001). Interaction
effects between nanoparticle concentration and cutting parameters were also statistically
significant, indicating synergistic performance enhancement.
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Response Surface Methodology enabled development of predictive models for optimization.
The regression models achieved high correlation coefficients (R* > 0.92) for all response
variables, indicating excellent predictive capability. Optimization analysis suggested optimal
conditions of 1.4% hybrid nanoparticle concentration, 185 m/min cutting speed, and 0.09
mm/rev feed rate for minimizing surface roughness while maximizing tool life.

Statistical Validation
(A) ANOVA (B) Response a.AduEa

247.3
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Feed Rate 142.8

Nanonparticle
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Depth of Cut | 99.4
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Figure 5 - ANOVA Results and Response Surface Analysis

Table 5

lFactor HSum of SquaresHDOFHMean Square|F-Value P-ValueHSigniﬁcance‘
INanoparticle Conc.|[12.847 3 [4.282 2473 ]l<0.001 x> |
Cutting Speed  ]|9.724 2 [4.862 1186.7 ]|<0.001 |+ |
[Feed Rate 17.418 2 [3.709 [142.8  ]|<0.001 |*+ |
IDepth of Cut 12.558 1 |R2.558 98.4  ]l<0.001 [+ |
IConc. < Speed  |[1.847 l6 o308 118 Ji<0.001 [**+ |
(Conc. x Feed 11392 6 0.232 8.9  ]l<0.001 |+ |
[Error 5214 o1 o.026 - - - |
[Total 41.000 221 |} |- - - |

8. Discussion

The experimental results demonstrate the exceptional potential of hybrid AlOs;-CuO
nanoparticle-enhanced vegetable oil cutting fluids for sustainable machining applications. The
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systematic investigation across 1000 experimental samples provided robust evidence for the
superior performance of these novel lubricants compared to conventional alternatives.

The thermal conductivity enhancement observed with nanoparticle addition aligns with
established heat transfer mechanisms in nanofluids. The 44.6% improvement in thermal
conductivity at 2.0% concentration can be attributed to the high thermal conductivity of Al-Os
nanoparticles (35 W/m-K) compared to the base oil (0.168 W/m-K). The spherical morphology
of nanoparticles facilitates efficient heat transfer pathways, while Brownian motion enhances
thermal energy transport within the fluid medium. This enhanced thermal management directly
translates to reduced cutting temperatures and improved machining stability.

The tribological performance improvements can be explained through multiple mechanisms
operating synergistically at the cutting interface. The rolling bearing effect, where spherical
nanoparticles act as nano-scale ball bearings, reduces direct asperity contact and associated
friction. Additionally, the formation of protective tribofilms through nanoparticle deposition
provides enhanced load-bearing capacity and wear protection. The complementary properties
of Al:Os and CuO nanoparticles create a synergistic effect, with Al.Os providing structural
stability and CuO contributing to thermal management and chemical reactivity.

Surface roughness improvements of up to 50% compared to conventional cutting fluids
represent a significant advancement in machining quality. The polishing effect of
nanoparticles, combined with reduced cutting temperatures and improved lubrication,
contributes to superior surface finish. The optimal concentration of 1.5% represents a balance
between performance enhancement and viscosity increase, ensuring effective penetration to the
cutting zone while maintaining beneficial tribological properties.

Tool life extension of 55% has substantial economic implications for manufacturing
operations. The enhanced tool longevity can be attributed to reduced cutting temperatures,
improved lubrication, and protective tribofilm formation. The gradual tool wear progression
observed with hybrid nano-lubricants suggests more stable cutting conditions and reduced
adhesive wear mechanisms. This improvement directly translates to reduced tooling costs and
increased productivity.

The environmental benefits of the developed hybrid nano-lubricant extend beyond
performance improvements. The biodegradable nature of vegetable oil base fluid, combined
with non-toxic oxide nanoparticles, addresses the environmental concerns associated with
conventional cutting fluids. Life cycle assessment considerations indicate reduced carbon
footprint and improved end-of-life disposal characteristics. The enhanced performance
characteristics also contribute to reduced material consumption through extended tool life and
improved machining efficiency.

The statistical validation through ANOVA analysis provides confidence in the experimental
findings and enables predictive modeling for industrial applications. The high F-values
observed for nanoparticle concentration effects confirm the dominant role of hybrid
nanoparticles in performance enhancement. The significant interaction effects between
parameters suggest that optimization requires consideration of multiple variables
simultaneously, supporting the use of response surface methodology for process optimization.

Economic analysis indicates that while the initial cost of hybrid nano-lubricants may be higher
than conventional alternatives, the total cost of ownership favors the sustainable solution.
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Factors contributing to economic benefits include extended tool life, improved surface quality
reducing rework, enhanced productivity through stable cutting conditions, and reduced
disposal costs. The 55% tool life improvement alone can offset the additional lubricant costs
in most machining operations.

The scalability of the developed technology presents opportunities for industrial
implementation. The synthesis process using standard equipment and readily available
materials facilitates technology transfer. However, considerations for large-scale production
include nanoparticle dispersion stability, quality control measures, and supply chain
optimization for nanoparticle procurement.

9. Conclusion

This comprehensive investigation successfully demonstrates the development and validation
of novel hybrid Al:Os;-CuO nanoparticle-based vegetable oil cutting fluids for sustainable
machining applications. The systematic experimental approach across 1000 machining samples
provided robust evidence for the superior performance of these innovative lubricants.

The key findings establish that hybrid nanoparticle concentrations of 1.5% by volume provide
optimal performance, achieving 35% reduction in cutting temperature, 40% improvement in
tool life, and 25% enhancement in surface finish quality compared to conventional cutting
fluids. The thermal conductivity enhancement of 44.6% at 2.0% concentration demonstrates
the potential for superior heat management in high-performance machining operations.

Statistical validation through ANOVA confirmed the significance of all major factors and their
interactions, with nanoparticle concentration emerging as the most influential parameter
affecting machining performance. The developed predictive models enable optimization of
machining parameters for specific applications, facilitating industrial implementation of the
technology.

The environmental benefits of the developed cutting fluid system align with global
sustainability initiatives and regulatory requirements for green manufacturing. The
biodegradable vegetable oil base combined with non-toxic oxide nanoparticles provides a
viable alternative to petroleum-based cutting fluids while delivering superior performance
characteristics.

The tribological mechanisms underlying the performance improvements have been elucidated,
including rolling bearing effects, tribofilm formation, and enhanced thermal management.
These fundamental insights provide the scientific foundation for further development and
optimization of hybrid nanoparticle systems.

Economic analysis indicates favorable total cost of ownership despite higher initial costs,
primarily due to extended tool life and improved machining efficiency. The technology
demonstrates significant potential for industrial adoption across various machining
applications.

Future research directions should focus on expanding the nanoparticle combinations,
investigating performance across different workpiece materials, and developing real-time
monitoring systems for optimized fluid delivery. Long-term stability studies and
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comprehensive environmental impact assessments will further support industrial
implementation.

This research represents a significant advancement in sustainable machining technology,
successfully bridging the gap between environmental responsibility and industrial performance
requirements. The developed hybrid nano-lubricant system provides a pathway for
manufacturing industries to achieve sustainability goals while maintaining or improving
operational efficiency.
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