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Abstract: The application of cutting fluids in machining processes plays a crucial role in enhancing tool
performance, improving surface finish, and extending the life of both the tool and workpiece. This review paper
explores various cutting fluid technologies investigated in recent research. The paper categorizes the techniques
based on fluid types, including conventional oils, synthetic fluids, water-based fluids, and environmentally
friendly alternatives. Notable studies on the optimization of cutting fluid compositions, the development of
micro-lubrication techniques, and innovations in minimum quantity lubrication (MQL) are also discussed. A
comparative analysis of the key properties of these techniques is presented. The paper concludes by identifying
research gaps and future trends in cutting fluid innovations.
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I Introduction

Machining processes, integral to modern manufacturing, involve the removal of material from a
workpiece to achieve desired shapes and dimensions. The efficiency and quality of these processes are
influenced by a multitude of factors, one of the most significant being the use of cutting fluids. Cutting fluids—
whether oils, emulsions, or gases—serve to reduce friction, dissipate heat, and prevent the formation of wear on
cutting tools, thereby directly impacting tool life, surface finish, and overall machining performance [1]. The
critical role that cutting fluids play in machining processes has led to continuous advancements in fluid
technologies, that aim at improving the efficiency of operations while minimizing environmental and health
risks.

Historically, conventional cutting fluids—primarily mineral oils—have been the standard, offering
excellent lubrication and cooling properties. However, the increasing demands for higher machining precision,
improved surface quality, and more sustainable manufacturing practices have spurred the exploration of
alternative fluid technologies. This includes the development of water-based fluids, synthetic lubricants, and
more recently, eco-friendly solutions such as vegetable oils and nanofluids [2]. Alongside these, advanced
methods such as minimum quantity lubrication (MQL) [3] and cryogenic cooling have been introduced to
address the challenges posed by traditional flood cooling techniques, which can lead to excessive fluid
consumption and disposal issues.

In recent years, the focus of research has shifted towards not only improving the performance of cutting
fluids but also enhancing their environmental compatibility. As industries strive for greater sustainability, the
reduction of harmful waste and the search for green alternatives have become pivotal concerns. Innovations
such as biodegradable cutting fluids [4], nano-lubricants [5], and the utilization of cutting fluids in minimal
quantities are examples of how the field is evolving to balance performance with environmental impact.

This review aims to provide a comprehensive overview of the latest cutting fluid technologies explored
in academic and industrial research. By analyzing various fluid types, cooling strategies, and lubrication
techniques, the paper seeks to highlight the state-of-the-art advancements that are shaping the future of
machining processes. The goal is to provide a holistic perspective on the cutting fluid landscape.

1. Literature Survey
The advancement of cutting fluid technologies has been a focal point of research in the field of
machining for several decades. The ongoing need to improve cutting efficiency, extend tool life, reduce
environmental impact, and ensure worker safety has led to the development of diverse cutting fluid
technologies. This section reviews the most recent and relevant studies on cutting fluid innovations, categorizing
them based on fluid types, cooling techniques, and sustainability concerns.
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2.1. Conventional and Synthetic Cutting Fluids:

Conventional cutting fluids, such as mineral oils and emulsions, have been the go-to solution for
machining operations due to their effective lubrication and cooling properties. However, in recent years, there
has been a shift towards synthetic fluids, which offer enhanced thermal properties and improved lubrication
performance. Studies by Xie et al. (2022) showed that synthetic fluids with optimized chemical compositions
significantly reduce tool wear and improve surface finish in high-speed machining operations [6]. These fluids,
while efficient, raise concerns about their biodegradability and environmental impact. As a result, researchers
have focused on developing cutting fluids that are both effective and sustainable. Lee et al. (2023) explored the
effect of synthetic additives on reducing friction in milling operations, demonstrating that synthetic oils
outperform traditional mineral oils in terms of tool life extension and cooling capacity [7].

2.2. Water-Based Cutting Fluids

Water-based cutting fluids, such as soluble oils and micro-emulsions, have gained significant attention
due to their cooling efficiency and cost-effectiveness. According to Lee et al. (2023), water-based fluids are
particularly beneficial for machining operations that generate substantial heat, such as high-speed milling and
grinding [8]. These fluids can achieve better temperature control, improving the precision of the machining
process. However, issues related to corrosion and the stability of emulsions remain significant challenges.
Recent advancements have addressed these concerns through the development of hybrid formulations, which
combine water with nanoparticles or surfactants to enhance fluid stability and performance. Chen et al. (2021)
proposed a novel hybrid water-based cutting fluid incorporating zinc oxide (ZnO) nanoparticles, which provided
enhanced lubrication and cooling properties, while also being environmentally safer than traditional mineral oils

[9].

2.3. Minimum Quantity Lubrication (MQL) and Near-Dry Machining

One of the most significant developments in the field of cutting fluids is the introduction of Minimum
Quantity Lubrication (MQL), which aims to reduce the amount of cutting fluid used in machining while
maintaining effective lubrication and cooling. MQL involves delivering a fine mist of fluid to the cutting area,
which reduces fluid consumption by up to 90% compared to traditional flood cooling methods. Zhang et al.
(2023) demonstrated that MQL improved tool life and surface integrity in dry machining of titanium alloys,
providing a promising alternative to traditional flood cooling [10]. MQL, however, does not fully eliminate the
need for cutting fluids, as some lubrication and cooling are still necessary, especially in high-performance
applications. Sharma et al. (2023) explored the combined use of MQL and nanofluids, finding that the
integration of nanoparticles enhanced lubrication and cooling during MQL machining, improving the overall
performance in aerospace manufacturing [11].

2.4. Cryogenic Cooling Techniques

Cryogenic cooling, using liquids like liquid nitrogen (LN2) or carbon dioxide (CO2), is a relatively
recent innovation in cutting fluid technology. Cryogenic cooling operates at extremely low temperatures, which
helps to reduce tool wear, prevent thermal deformation, and achieve better surface finish. Studies by Sharma et
al. (2022) and Suresh et al. (2023) have explored the effectiveness of cryogenic cooling in high-speed
machining of difficult-to-machine materials, such as hardened steels and titanium alloys [12, 13]. The cooling
power of cryogenic fluids is particularly beneficial in high-precision applications where even slight temperature
changes can lead to dimensional inaccuracies. However, the high cost and logistical challenges of using
cryogenic fluids, particularly in industrial settings, limit their widespread adoption.

2.5. Nanofluids as Cutting Fluids

The use of nanofluids—cutting fluids infused with nanoparticles—has emerged as a promising area of
research. Nanoparticles, such as Al203, TiO2, and CNTSs, can significantly enhance the thermal conductivity,
lubrication properties, and stability of cutting fluids. In recent years, a growing body of research has
demonstrated that the addition of nanoparticles to traditional cutting fluids can improve machining performance,
reduce tool wear, and improve surface quality. Ali et al. (2024) conducted a comprehensive study on the effect
of Al203 and CuO nanoparticles in water-based cutting fluids and observed a substantial reduction in cutting
temperature and friction coefficient, resulting in improved tool life and surface finish during turning operations
[14]. The research indicates that nanofluids can be effective even in minimum quantity lubrication (MQL)
setups, where the cooling power of conventional fluids may not be sufficient.

2.6. Biodegradable and Eco-friendly Cutting Fluids
As environmental regulations become stricter, there has been a marked shift toward the development of
biodegradable and eco-friendly cutting fluids. Vegetable oils, esters, and other bio-based oils have been
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proposed as viable alternatives to mineral oils, owing to their renewable nature and minimal environmental
impact. Gao et al. (2023) investigated the performance of a soybean oil-based cutting fluid in high-speed milling
of stainless steel. The study concluded that vegetable oil-based fluids exhibited comparable or even superior
performance to traditional mineral oils in terms of tool wear, temperature control, and surface finish, while
offering the added benefit of biodegradability [15]. Furthermore, the use of such fluids can mitigate concerns
over long-term disposal and health hazards. Despite these advantages, challenges remain in terms of optimizing
the fluid’s performance, particularly in high-load operations, and preventing microbial growth.

2.7. Green Cutting Fluids and Sustainability

Sustainability in manufacturing has gained increasing attention, leading to the exploration of green
cutting fluids, which are both performance-efficient and environmentally friendly. Recent research by Patel et
al. (2023) has focused on the development of green cutting fluids based on natural lubricants and surfactants,
which combine effective cooling and lubrication with low toxicity. These fluids are designed not only to
minimize environmental impact but also to ensure worker safety by reducing the potential for skin irritation and
respiratory issues. While the performance of green cutting fluids in conventional machining operations has been
promising, there is still a need for further studies to improve their thermal stability and extend their application
to more demanding machining tasks [16].

2. 8. Hybrid Cutting Fluids and Advanced Fluid Delivery Systems

The development of hybrid cutting fluids, which combine different base fluids or additives, has
garnered attention for their ability to meet the complex demands of modern machining. For instance, the
combination of synthetic oils with nanoparticle additives can provide improved lubrication and cooling
performance. In a recent study, Kumar et al. (2023) proposed a hybrid cutting fluid consisting of a water-based
solution with the addition of nanodiamonds, which provided excellent lubrication and reduced cutting force
during milling operations of aerospace materials [17]. Furthermore, research on advanced fluid delivery
systems, including the use of mist and fog cooling techniques, has allowed for the efficient use of hybrid and
eco-friendly cutting fluids, enabling their widespread adoption in precision machining applications.

1. Comparison of Cutting Fluid Technologies
Below is a comparison of various cutting fluid technologies against key properties of cutting fluids.
The properties included are cooling efficiency, lubrication performance, tool life extension, environmental
impact, health and safety, cost-effectiveness, and sustainability. The table highlights how different techniques
perform relative to these attributes based on the findings from recent research.

Table 1: Comparison of Cutting Fluid Technologies

Property / Conventio Water- Minimum Cryogenic Nanofluids Biodegradabl Hybrid
Technique nal Oils Based Quantity Cooling (Water- e Fluids Fluids
(Mineral Fluids Lubricatio (Liquid based with (Vegetable (Water +
Oils) (Emulsions n (MQL) Nitrogen/CO2 | Nanoparticl Qils, Esters) Nanoparticl
, Soluble ) es) es)
Qils)
Cooling High Very High Moderate Extremely High Moderate High
Efficiency High
Lubrication Very High High Moderate Moderate to Very High High Very High
Performance High
Tool Life High Moderate to | Moderateto | Very High High Moderate to High
Extension High High High
Surface Finish | Excellent Good Moderate Excellent Excellent Good Excellent
Environmenta | Moderate Moderateto | Low Very Low Low Very Low Low
| Impact to High Low
Health & Moderate Low Low Very Low Low Very Low Low
Safety to Low
Cost- Moderate Low to Very High Low Moderate to Low Moderate
Effectiveness Moderate High
Sustainability Low Moderate to | High Moderate to Very High Very High Very High
High High
Fluid Stability | High Moderate Low Moderate Moderate to Moderate High
(during use) High
Application High High Moderate Low to Moderate Moderate High
Versatility Moderate
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(AVA Research Gaps and Future Trends in Cutting Fluid Innovations

While significant advancements have been made in cutting fluid technologies, several key research
gaps remain that need to be addressed to unlock the full potential of modern machining processes. One of the
major areas requiring attention is the development of multifunctional cutting fluids that offer enhanced cooling,
lubrication, and wear protection in a single solution, without compromising performance in any area. Current
cutting fluids excel in some aspects but fall short in others, leading to a need for hybrid formulations that
combine the best characteristics of different fluid types, such as nanofluids and biodegradable oils, to provide a
more comprehensive solution [17].

Another crucial gap lies in the development of sustainable and environmentally friendly cutting fluids.
While there has been considerable progress with biodegradable fluids derived from renewable resources, the
industry still faces challenges regarding their performance under extreme machining conditions. Research is
needed to improve their thermal stability, viscosity, and lubrication properties to match or exceed the
performance of traditional mineral oils [15, 16]. Similarly, the environmental impact of cutting fluid disposal
remains a pressing concern, and more work is needed on efficient fluid recovery and recycling methods to
reduce waste and lower operational costs.

Nanotechnology holds significant promise for advancing cutting fluids, particularly through the use of
nanofluids, which are known to improve heat transfer, lubrication, and wear resistance [5,6]. However, issues
such as nanoparticle dispersion, stability, and long-term performance need to be better understood to ensure
these fluids are both effective and economically viable. Additionally, the long-term health and environmental
effects of nanoparticles in machining fluids remain largely unexplored, necessitating further research into the
toxicity and biodegradability of these advanced fluids.

The integration of advanced fluid delivery systems is another area of interest. Techniques like
Minimum Quantity Lubrication (MQL), which reduce fluid consumption by applying a fine mist to the cutting
zone, have shown promise in reducing fluid waste while maintaining performance [3,10,11]. However, MQL
systems still face challenges regarding their consistency, precision, and effectiveness in high-performance
applications. Similarly, cryogenic cooling techniques, though highly effective in reducing tool wear and
improving surface finish, are still limited by their high costs and complexity, making their widespread adoption
difficult. Research should focus on improving the cost-effectiveness, logistics, and practical implementation of
these technologies.

Looking toward the future, one of the most exciting trends is the integration of smart manufacturing
technologies with cutting fluid systems. Real-time monitoring, adaptive fluid delivery, and data analytics can be
used to continuously optimize cutting fluid performance based on dynamic machining conditions. This will not
only improve the precision and efficiency of machining but also reduce fluid consumption, contributing to both
cost savings and sustainability. The incorporation of 10T (Internet of Things) sensors and machine learning
algorithms into fluid management systems will enable predictive maintenance, allowing operators to adjust fluid
delivery and composition dynamically in response to changing cutting parameters.

Finally, worker health and safety concerns continue to drive the development of safer cutting fluids.
Research into fluids that are non-toxic, non-irritating, and resistant to microbial growth will be crucial,
particularly in industries that rely heavily on water-based and synthetic fluids. Fluids that can minimize the risks
associated with skin exposure, inhalation of mist, or microbial contamination will be in high demand as
regulations become more stringent.

V. Conclusion

Recent advancements in cutting fluid technologies have significantly improved the performance of
machining processes, enabling higher precision, extended tool life, and reduced environmental impact. The
development of synthetic fluids, MQL, cryogenic cooling, nanofluids, and eco-friendly cutting fluids has all
contributed to the evolution of machining technology. However, challenges remain, particularly in the areas of
fluid stability, cost-effectiveness, and environmental sustainability presenting a substantial opportunity for
innovation. The future of cutting fluids will likely lie in a holistic approach that combines advanced materials
(such as nanoparticles and biodegradable oils), novel delivery methods (such as MQL and cryogenic cooling),
and real-time monitoring systems that work together to maximize performance while minimizing environmental
impact. As the demand for more sustainable, efficient, and precise manufacturing processes continues to grow,
the cutting fluid industry will need to focus on integrating these diverse innovations into smart, adaptable, and
cost-effective systems that meet the evolving needs of modern machining operations.
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