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Abstract

Coolants play an essential role in CNC machining by enhancing cutting performance, improving tool life, and
ensuring high-quality surface finishes. This paper provides a comprehensive review of coolant types, their
functions, and advanced application techniques used in modern machining operations. The study categorizes
coolants into water-based, oil-based, gas-based, and nanofluid-based solutions, discussing their respective
advantages and limitations. Various coolant application methods, including flood cooling, minimum quantity
lubrication (MQL), cryogenic cooling, and high-pressure coolant systems, are analyzed in terms of efficiency and
sustainability. Furthermore, the paper highlights the environmental and health concerns associated with coolant
usage, emphasizing the need for eco-friendly alternatives and proper waste management. Recent advancements
in coolant technology, such as biodegradable coolants, smart cooling systems, and nanotechnology-enhanced
Sfluids, are explored as potential solutions to improve machining efficiency while minimizing ecological impact.
The findings indicate a strong industry shift towards sustainable manufacturing practices, balancing machining
performance with environmental responsibility.
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l. Introduction

The introduction to this study begins with an exploration of the background and critical significance of
CNC (Computer Numerical Control) machining, a transformative technology in modern manufacturing. This
advanced method has fundamentally reshaped production processes by enabling highly precise, fully automated,
and remarkably swift material removal operations. Industries such as aerospace, automotive, medical device
manufacturing, and electronics depend extensively on CNC machining to craft components that meet stringent
precision standards, as highlighted in various studies [1-4]. Yet, the process is not without its difficulties. During
machining operations, considerable heat and friction arise at the interface between the cutting tool and the
workpiece, resulting in accelerated tool wear, dimensional inaccuracies that compromise part quality, and subpar
surface finishes that fail to meet industry expectations. To address these persistent issues, coolants—also known
as metalworking fluids (MWFs)—are employed as an indispensable solution, ensuring process stability,
enhancing overall machining efficiency, and maintaining the integrity of both tools and workpieces.

The role of coolants in CNC machining extends far beyond mere temperature control, encompassing a
range of vital functions that collectively optimize the machining process. One of their primary contributions is
heat dissipation, which becomes especially critical during high-speed cutting operations where intense thermal
energy is generated. By maintaining optimal cutting temperatures, coolants prevent thermal deformation of the
workpiece and significantly extend the operational life of cutting tools. Additionally, they provide essential
lubrication, reducing friction between the tool and the workpiece, which in turn lowers cutting forces and
minimizes wear on the tool’s cutting edge. Another key benefit is chip evacuation, where a steady and effective
coolant flow flushes metal chips away from the cutting zone, preventing their re-cutting—an issue that could
otherwise degrade the surface quality of the machined part. Furthermore, certain coolants are formulated with
anti-corrosion additives, offering protection to both the machine’s components and the workpiece by preventing
oxidation and rust formation over time.

Despite these substantial benefits, the use of coolants in CNC machining is accompanied by several
notable challenges that cannot be overlooked. A significant concern revolves around environmental and health
implications tied to traditional coolant formulations, which often include petroleum-based oils, chemical
additives, and biocides. These substances can pose hazards to both ecosystems and human operators if not
managed properly, with improper disposal leading to contamination of soil and water resources. Beyond
environmental risks, the cost and maintenance demands of coolant systems present practical difficulties. To remain
effective, coolants require regular monitoring and upkeep, including filtration to remove contaminants,
adjustments to maintain proper concentration levels, and measures to control bacterial growth that can degrade
fluid quality. Additionally, as global industries increasingly prioritize sustainability, the reliance on conventional
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coolants has sparked a push for greener alternatives, such as biodegradable coolants, minimum quantity
lubrication (MQL) techniques that drastically reduce fluid use, and even dry machining methods that eliminate
coolants altogether.

In response to these challenges, recent trends in coolant technology reflect a concerted effort to enhance
efficiency while mitigating environmental harm, marking a pivotal shift in machining practices. One promising
development is the adoption of Minimum Quantity Lubrication (MQL), a method that applies a fine mist of
lubricant directly to the cutting zone, dramatically cutting down on coolant consumption while still delivering
effective lubrication and cooling. Another innovative approach is cryogenic cooling, which leverages extremely
low-temperature substances like liquid nitrogen (LN[]) or carbon dioxide (COL]) to support high-speed, high-
performance machining without leaving behind chemical residues. Additionally, the emergence of nanofluid
coolants—specially engineered fluids infused with nanoparticles—offers superior thermal conductivity and
lubricating properties, resulting in enhanced cooling performance and better machining outcomes. Meanwhile,
smart coolant systems, which integrate sensors and artificial intelligence-driven monitoring, enable real-time
optimization of coolant application, boosting both efficiency and sustainability in ways previously unattainable
[5-71.

Given the undeniable importance of coolants in CNC machining and the multifaceted challenges tied to
their use, this paper sets out to achieve several key objectives through a detailed and comprehensive analysis. It
seeks to deliver an in-depth overview of the various coolant types employed in CNC machining, shedding light
on their distinct properties and applications. The study also examines the specific roles and benefits that coolants
bring to machining performance, from improving tool longevity to ensuring high-quality finishes. Furthermore, it
explores cutting-edge coolant application methods—such as MQL, cryogenic cooling, and high-pressure
systems—that enhance both machining efficiency and environmental sustainability. The paper also delves into the
environmental and health implications of coolant usage, underscoring the urgency of addressing these concerns
through safer practices and waste management strategies. Finally, it highlights emerging trends in coolant
technology, with a particular focus on sustainable solutions like biodegradable fluids and nanotechnology-
enhanced systems. By synthesizing insights from recent studies and industry developments, this research
contributes to a deeper understanding of how coolant technologies are evolving to meet the complex demands of
modern manufacturing, balancing economic viability, environmental stewardship, and workplace safety [8-11].

1. Coolants in CNC machining

The exploration of coolants in CNC machining begins with a detailed classification of the various types
employed in this field, as supported by numerous studies [12-15]. One prominent category is water-based coolants,
which encompass a range of formulations such as soluble oils, synthetic coolants, and semi-synthetic blends.
These coolants are widely appreciated for their exceptional ability to dissipate heat generated during machining,
making them a staple in many operations. However, their downside includes a tendency to promote rust on metal
surfaces if not properly managed and a susceptibility to bacterial growth, which can compromise their
effectiveness over time. In contrast, oil-based coolants, often referred to as straight oils, excel in providing superior
lubrication, significantly extending tool life and reducing friction during cutting. Yet, their limitation lies in their
relatively poor heat dissipation capabilities, which can lead to overheating in high-speed applications. Another
category gaining traction is gas-based coolants, such as cryogenic options like liquid nitrogen or compressed air,
which are increasingly utilized in dry machining processes to reduce environmental footprints while still offering
cooling benefits. Finally, nanofluid coolants represent an innovative and emerging solution, leveraging the
incorporation of nanoparticles to markedly enhance thermal conductivity and lubricity, thus improving overall
machining performance.

The role of coolants in CNC machining extends across several critical functions that collectively ensure
the success and precision of the process. A primary function is heat dissipation, where coolants work diligently to
absorb and remove the intense heat produced during cutting, preventing thermal expansion of the workpiece that
could distort its dimensions and preserving the accuracy required for high-precision components. Additionally,
coolants provide essential lubrication, minimizing friction between the cutting tool and the workpiece, which not
only reduces wear on the tool but also enhances its longevity, ultimately lowering operational costs. Another vital
contribution is chip evacuation, where the steady flow of coolant washes away metal chips from the cutting zone,
ensuring a smoother surface finish and preventing the clogging or re-cutting of chips that could mar the workpiece.
Furthermore, coolants often include protective properties, such as corrosion prevention, safeguarding both the
workpiece and the machine’s components from oxidative damage and extending their usable life.

Advancements in coolant application methods have introduced several modern techniques designed to
optimize efficiency and adapt to diverse machining needs. One widely used approach is flood cooling, where a
continuous stream of coolant is generously applied over the workpiece, effectively managing heat and flushing
debris during the process. In contrast, minimum quantity lubrication (MQL) offers a more sustainable alternative
by delivering a fine mist of oil directly to the cutting zone, significantly reducing coolant consumption while
maintaining adequate lubrication and cooling, thus aligning with environmentally conscious practices. For more
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demanding applications, cryogenic cooling employs extremely cold substances like liquid nitrogen or carbon
dioxide, proving especially effective for high-speed machining of tough, difficult-to-cut materials without leaving
chemical residues. Additionally, high-pressure coolant systems have emerged as a powerful method, directing a
forceful stream of coolant to improve chip evacuation and cooling efficiency, particularly in challenging
operations such as deep-hole drilling and precision turning, where traditional methods may fall short.

While coolants undoubtedly enhance machining performance, their use introduces significant
environmental and health challenges that warrant careful consideration. The toxicity of certain coolant additives,
such as biocides or petroleum-based compounds, can lead to adverse health effects, including skin irritation or
respiratory problems for workers exposed over prolonged periods. Disposal poses another hurdle, as traditional
coolants often contain hazardous substances that require specialized waste treatment to prevent contamination of
soil and water systems, adding complexity and cost to their management. In response to these issues, sustainability
has become a key focus, driving the adoption of water-based and biodegradable coolants as eco-friendly
alternatives that minimize ecological harm while still supporting effective machining.

Looking ahead, future trends in coolant technology are centered on enhancing efficiency, reducing
environmental impact, and prioritizing worker safety through innovative developments. One notable advancement
is the rise of eco-friendly coolants, including biodegradable and plant-based formulations that decompose
naturally, offering a greener alternative to conventional options without sacrificing performance. Another exciting
progression is the development of smart cooling systems, which integrate advanced sensors and artificial
intelligence to monitor and optimize coolant usage in real time, ensuring precise application and minimizing
waste. Additionally, the application of nanotechnology continues to gain momentum, with the use of nanoparticles
in coolants enhancing their thermal and lubricating properties, paving the way for superior cooling performance
and more efficient machining processes that meet the evolving demands of modern industry.

1. Conclusion

Coolants are an essential component of CNC machining, significantly influencing tool longevity,
workpiece quality, and overall machining efficiency. Their primary functions—heat dissipation, lubrication, chip
removal, and corrosion prevention—make them indispensable in modern manufacturing. The selection of an
appropriate coolant type, whether water-based, oil-based, gas-based, or nanofluid-based, directly impacts
machining performance and operational costs.

Recent advancements in coolant application methods, such as Minimum Quantity Lubrication (MQL),
cryogenic cooling, and high-pressure coolant systems, have introduced more efficient and sustainable approaches
to metalworking fluid usage. These innovations enhance machining efficiency while reducing waste and
environmental impact. However, traditional coolants still pose significant health and ecological concerns,
including toxicity, waste disposal challenges, and pollution risks. Addressing these issues requires the
development and adoption of eco-friendly coolants, improved recycling technologies, and stricter regulatory
compliance.

Looking ahead, the future of coolant technology is expected to be shaped by biodegradable formulations,
Al-driven smart cooling systems, and nanotechnology-based enhancements. These developments will not only
improve machining performance but also contribute to a more sustainable and responsible manufacturing industry.
Continued research and innovation in coolant technology are crucial to achieving a balance between efficiency,
cost-effectiveness, and environmental responsibility.
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