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ABSTRACT

Hard-to-cut materials, such as titanium alloys, nickel-based superalloys, cobalt-based alloys and stainless
steels are widely utilized for applications in aerospace, biomedical and energy industries owing to their
excellent mechanical and thermal properties. These materials, however, bring serious difficulties during
machining due to their high strength at elevated temperatures, very low thermal conductivity and work
hardening. In order to solve this problem, many advanced cooling and lubrication systems such as MQL
(minimum quantity of lubrication), cryogenic cooling, high pressure cooling and hybrid methods have
already been developed to enhance machinability by controlling cutting temperature of the workpiece
material, tool wear behavior and reducing cutting forces with good surface integrity. This study examines the
machinability of difficult alloys, emphasizing the influence of contemporary lubrication and cooling
techniques on machining efficacy. The study investigates their influence on critical machinability
parameters, including tool wear, surface roughness, cutting forces, temperature, and chip morphology. The
evaluation stresses the importance of sustainability and points out areas where research is lacking. The
analysis shows that better cooling methods are necessary for machining high-temperature alloys. However,
dry machining, especially for stainless steel, might be a good long-term and cost-effective way to do research.
Keywords:- Machinability, Difficult-to-machine alloys, cooling methods, Dry machining, Stainless steel
machining; Sustainable machining

INTRODUCTION

High-performance parts are needed in the aerospace, energy, biomedical, and automotive sectors. This has led to
the widespread usage of alloys that are hard to machine, such titanium alloys, nickel-based super-alloys, cobalt-
based alloys, alongside high-strength steels [1-3]. These materials have better mechanical strength, resilience to
high temperatures, resistance to corrosion, and resistance to fatigue. This makes them good for important uses,
but it also makes them very hard to work with. Because they don't transmit heat well, react quickly with
chemicals, and get stronger as you deal with them, they cause higher cutting temperatures, faster tool wear, less
surface integrity, and shorter tool life [4,5].
Nickel-based superalloys keep their mechanical strength at high temperatures and are often used in turbines and
aircraft. Titanium alloys, on the other hand, have a great strength-to-weight ratio and are very resistant to
corrosion [6,7]. Hardened steels and cobalt-based alloys are also employed in situations that are resistant to wear
and high temperatures, which makes the demand for efficient machining procedures even greater [8]. These
natural features of the material typically cause a lot of heat and friction in the cutting zone, which makes normal
cooling and lubricating methods not work in many machining situations [9].

To address these challenges, extensive research has focused on advanced lubricating and cooling techniques,
including minimum quantity lubrication (MQL), cooling by cryogenics, high-pressure coolant supply (HPC),
minimal quantity cooling lubrication (MQCL), combinations of lubrication methods, and nanofluid-related
cooling systems [10-12]. These methods try to lower the cutting temperature, make the tribological conditions
better, speed up chip removal, and make the tool last longer while keeping or enhancing the quality of the
surface [13]. In the last several years, concerns about sustainability have also led to the use of eco-friendly
lubricating methods. Traditional flood cooling systems use too much cutting fluid, which is bad for the
environment, hard to get rid of, and dangerous for machine workers [14]. Advanced lubrication techniques, such
as MQL and cryogenic cooling, cut down on the amount of fluid and energy used, which helps make production
more ecologically friendly [15].

Moreover, the increasing utilization of additive manufacturing and powder metallurgy techniques for fabricating
challenging-to-machine alloys has resulted in heightened difficulties in machining, attributed to heterogeneous
microstructures, porosity, and anisotropic mechanical characteristics [16]. These parameters affect machinability
traits including cutting forces, tool wear processes, chip shape, and surface integrity. This means that cooling
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and lubrication methods need to be looked at in a systematic way under these conditions [17]. While numerous
studies have examined the machining behavior of specific alloys or particular cooling methods, a thorough
synthesis encompassing various challenging-to-machine materials, a range of machining operations, and
sophisticated cooling-lubrication techniques is still lacking in the existing literature [18]. Consequently, this
review seeks to deliver a comprehensive and critical examination of the machinability of challenging alloys in
sophisticated lubrication and cooling conditions. The study examines principal cooling methods and their impact
on machining performance metrics, including cutting forces, tool wear, surface roughness, temperature, and chip
morphology. It also emphasizes existing obstacles, sustainability considerations, and prospective research
avenues in this field [19].

Scope and Structure of the Review

Moreover, the increasing utilization of additive manufacturing and powder metallurgy techniques for fabricating
challenging alloys has resulted in heightened difficulties in machining, attributable to heterogeneous
microstructures, porosity, and anisotropic mechanical characteristics [16]. These parameters affect machinability
traits such cutting forces, tool wear mechanisms, chip shape, and surface integrity. This means that cooling and
lubrication techniques need to be looked at in a systematic way when these elements are present [17]. While
numerous studies have examined the machining behavior of specific alloys or particular cooling methods, a
thorough synthesis encompassing various challenging-to-machine materials, a range of machining operations,
and sophisticated cooling-lubrication techniques is still scarce in the existing literature [18]. Consequently, this
research seeks to deliver a comprehensive and critical evaluation of the machinability of challenging alloys in
sophisticated lubricating and cooling conditions. The study examines principal cooling methods and their impact
on machining performance metrics, including cutting forces, tool wear, surface roughness, temperature, and chip
morphology. It also emphasizes existing obstacles, sustainability considerations, and prospective research
avenues in this field [19].

DIFFICULT-TO-MACHINE ALLOYS AND THEIR MACHINABILITY CHALLENGES

Alloys that are hard to machine are materials that have great mechanical strength, thermal stability, and
resistance to corrosion, but they are very hard to work with. under the aerospace, medicinal, energy, and
automotive industries, these materials are utilized a lot because parts need to work well under harsh
environments. But because of their natural properties, they generally require high cutting temperatures, wear out
tools quickly, and have poor surface integrity. This makes machining less efficient and costs more to make.
Titanium alloys like Ti-6Al-4V are among of the most common materials utilized because they are strong for
their weight and resistant to corrosion. Because they don't transfer heat well, heat builds up at the cutting edge,
which speeds up tool wear. Also, because they are very chemically reactive and have a low modulus of
elasticity, they typically cause adhesion, chatter, and dimensional errors during machining.
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Figure 1 Classification of difficult to machine alloys
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Nickel-based superalloys, like Inconel and similar grades, are made for use at high temperatures and stay strong
even as the temperature rises. Their high hot hardness, inclination to work harden, and low thermal diffusivity
make cutting forces and temperatures higher, which damages tools and shortens their life.
Alloys made with cobalt are noted for being more resistant to wear and corrosion. But their tremendous strength
and tendency to stick together make cutting temperatures rise and chip formation unstable. Hardened steels and
heat-resistant alloys also have high hardness and abrasive aspects, which cause flank wear, crater wear, and
thermal cracking of cutting tools.

The poor machinability of these alloys is mostly due to a few main things: they don't transmit heat well, they are
strong at high temperatures, they harden when worked, they have a chemical affinity for tool materials, and they
have hard carbides or intermetallic phases. Because of these traits, tools wear out faster, generate more heat, and
need more power to cut. Also, machining typically causes serrated chips, residual tensions, and a drop in the
quality of the surface. To get around these problems, you need good cooling and lubricating methods to keep the
temperature down, decrease friction, and help chips get out of the way. Minimum quantity lubrication (MQL),
cryogenic cooling, high-pressure cooling, and hybrid approaches are some of the more advanced systems that
have showed a lot of promise for improving machinability. The next section goes into more depth about these
methods.

ADVANCED COOLING AND LUBRICATION TECHNIQUES IN MACHINING

The creation of heat and friction at the tool—chip contact has a big effect on how well difficult-to-machine
metals can be machined. For a long time, people have utilized flood cooling to lower heat and help chips go out
of the way. However, environmental concerns, disposal costs, and limited penetration into the cutting zone have
led to the creation of new cooling and lubricating methods [20]. Recent research underscores that the judicious
selection of cooling and lubrication parameters is crucial in enhancing surface integrity, tool longevity, and
overall machining efficiency, especially for titanium alloys and nickel-based superalloys [20,21].

3.1 Dry Machining

Dry machining doesn't require cutting fluids, therefore it doesn't cause pollution, costs for managing fluids, or
health risks for workers that come with regular coolants [20]. This method works best for open machining jobs
like turning and milling, where getting rid of chips is easy. But when superalloys are machined, dry cutting
typically leads to too high of a cutting temperature, fast tool wear, poor surface integrity, and the buildup of
residual stresses, which can affect the fatigue and corrosion resistance of the parts [20,22]. So, using dry
machining on alloys that are hard to process usually needs better cutting settings and better tool materials.

3.2 Conventional Flood Cooling

Flood cooling is still one of the most common technologies used in industry since it is simple and can cool and
lubricate at the same time. To get rid of heat and chips from the cutting area, a lot of cutting fluid is sent to the
machining zone [20]. Flood cooling can make tools last longer and improve surface finish in many situations,
but it has some problems, such as needing a lot of fluid, being hard to throw away and recycle, and not working
well at very high cutting speeds where the fluid can't get through the tool—chip interface [20,21]. These
restrictions have led researchers to look for better and more sustainable options.

3.3 Minimum Quantity Lubrication (MQL)

Minimum Quantity Lubrication (MQL) has become a more ecologically friendly option than flood cooling. In
this method, a little amount of aerosol lubricant is sprayed directly into the cutting zone. This works well to
lubricate the area and uses a lot less fluid [20]. MQL has been reported to minimize cutting forces and enhance
surface quality in the machining of numerous superalloys; nevertheless, its cooling capacity is lower than that of
traditional flood cooling, which may contribute to thermal fatigue and tool wear in high-temperature machining
settings [20,23]. Researchers have looked into hybrid methods such nanofluid-assisted MQL, solid lubricant-
assisted MQL, and cryogenic-assisted MQL to make MQL work better. These methods make heat transmission
and lubrication better, which makes tools last longer and reduces friction compared to regular MQL systems
[20,23].

3.4 Cryogenic Cooling

Cryogenic cooling uses liquefied gases like liquid nitrogen or carbon dioxide to lower the cutting temperature
by a lot. This method is seen as a clean and long-lasting option since it gets rid of traditional cutting fluids and
lowers health and environmental concerns [20,24]. Cryogenic cooling has been proven to make machining
titanium alloys and nickel-based superalloys last longer, lower the cutting temperature, and increase the surface
integrity. Still, problems with the cost of equipment, the delivery of coolant, and process control keep it from
being widely used in industry [20,24].

3.5 High-Pressure Cooling (HPC)

STC-26-MEO003 424



International Organization of Research & Development (IORD) ' &
ISSN: 2348-0831 ‘()
Vol 13 Special Issue 02 | 2026 )

High-pressure cooling sends coolant straight to the cutting zone at a high pressure and flow rate. This method
makes it easier to shatter chips, helps get rid of heat, and makes tools last longer, especially when cutting
titanium alloys [20]. Research indicates significant enhancement in tool longevity when high-pressure coolant is
utilized during turning operations; yet, instances of expedited notch wear have been noted, contingent upon
certain tool-workpiece pairings [20,25]. HPC works better when the coolant pressure is higher. This is because
higher pressure helps the coolant get into the tool-chip contact better and helps the heat escape better.

INFLUENCE OF COOLING AND LUBRICATION TECHNIQUES ON MACHINABILITY
PARAMETERS

When cutting metals that are hard to machine, cooling and lubrication methods have a big effect on how easy
they are to manufacture. Friction and heat production at the tool—chip interface have a big effect on things like
cutting forces, tool wear, surface roughness, cutting temperature, and chip morphology. Recent studies show
that using better lubrication and cooling methods makes machining work better than when it is done dry or with
regular flood cooling [20,26,27].

4.1 Cutting Forces

Cutting forces are quite sensitive to how well the cutting zone is lubricated and how hot it is. Studies on milling
and turning nickel-based superalloys have demonstrated that MQL can lower cutting forces by improving
lubrication and lowering friction at the interface [28,29].

Cryogenic cooling lowers the temperature and stops the tool and workpiece from sticking together, which
further lowers the cutting forces. Research on titanium and Inconel alloys indicated significant decreases in
cutting force when subjected to cryogenic chilling, in contrast to dry machining and flood cooling [30]. High-
pressure coolant systems can help chips shatter more easily and make cutting easier, especially when machining
titanium alloys, where better coolant penetration helps heat dissipation and friction [31,32].

4.2 Tool Wear and Tool Life

Tool wear is still one of the most important problems when machining superalloys because of the high
temperature, abrasion, adhesion, and diffusion wear processes. Studies of machining Inconel alloys have
revealed significant flank and crater wear in dry environments, mostly attributed to elevated cutting
temperatures and work hardening effects [33,34]. Using MQL and nanofluid-based lubrication has made tools
last much longer by lowering the temperature and friction in the cutting zone [35,36]. Cryogenic cooling has
been proven to greatly increase the life of tools used to machine titanium and nickel-based alloys by preventing
oxidation and thermal wear [37,29]. High-pressure coolant systems also help tools last longer by making it
easier for chips to get out and shortening the time the tool and chip are in touch with each other. However, if
they are not used correctly, they may occasionally cause extra wear, such as cavitation or erosion [38,39].

4.3 Surface Roughness and Surface Integrity

Surface polish is a very important quality indication, especially for parts used in aeronautical and medicinal
fields. Bad lubrication can cause edge buildup, adhesion, and damage to the surface. Experimental
investigations comparing flood cooling and MQL during machining of Inconel alloys indicated enhanced
surface roughness under MQL settings due to reduced friction and steady chip formation [40,41]. Cryogenic
machining has also been proven to make the surface of titanium alloys stronger by lowering the amount of heat
damage, residual stresses, and changes to the microstructure [42,43]. Using nanofluid-assisted MQL makes the
surface finish even better by improving the way it lubricates and transfers heat [44]. Surface polish is a very
important quality indication, especially for parts used in aeronautical and medicinal applications. Bad
lubrication can cause edge buildup, adhesion, and damage to the surface. Experimental investigations comparing
flood cooling and MQL during machining of Inconel alloys indicated enhanced surface roughness under MQL
settings due to reduced friction and steady chip formation [40]. Cryogenic machining has also been proven to
make the surface of titanium alloys stronger by lowering thermal damage, residual stresses, and changes to the
microstructure [42]. Nanofluid-assisted MQL makes the surface even better by improving lubrication and heat
transport [44].

4.4 Cutting Temperature

The temperature at which the cutting takes place is the most important factor in determining how long the tool
lasts and how good the surface is. Alloys made of titanium and nickel tend to get quite hot since they don't
conduct heat well and are very strong at high temperatures. When you dry machine, the temperature generally
goes up a lot and the tools wear out faster [45]. By sending liquefied gases straight to the cutting zone,
cryogenic cooling lowers the cutting temperature by a lot. This makes tools last longer and improves
dimensional accuracy. High-pressure cooling systems also help with temperature control and heat removal,
especially when turning titanium alloys [46].
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4.5 Chip Morphology and Machining Stability

Chip morphology gives us information about how materials change shape and how stable machining is. Alloys
that are hard to process often make serrated or segmented chips because to cyclic shear localization and thermal
softening. Effective lubrication and cooling lower adhesion and make chips easier to break, which makes
machining conditions more stable. It has been said that cryogenic and high-pressure chilling methods can help
with chip segmentation and shorten the duration of tool—chip contact, which makes the process more stable and
less prone to vibration [47].

Summary

The research that were looked at show that better lubrication and cooling methods make machining much easier
by lowering cutting forces, lowering temperature, extending tool life, and increasing surface quality. For many
operations, MQL is a more ecologically friendly option. Cryogenic and high-pressure cooling, on the other
hand, work better for machining superalloys at high temperatures. The next part talks about the main problems,
research gaps, and possible future approaches for using enhanced cooling and lubricating methods.

CHALLENGES AND FUTURE RESEARCH DIRECTIONS

Even while modern cooling and lubricating systems have made machinability much better, there are still a lot of
technical and practical problems to solve. Many high-performance cooling technologies, such cryogenic cooling
and high-pressure coolant systems, need unique equipment, a bigger upfront cost, and complicated delivery
systems. These things can make it hard for them to be widely used in small and medium-sized production
settings. Furthermore, optimizing process parameters for various alloys and machining procedures necessitates
comprehensive experimental research, given the intricate interplay of tool material, coating, cutting parameters,
and cooling strategy [48].

Another big problem is that we don't know enough about how wear works and how to keep surfaces strong
while using multiple types of lubrication, especially in hybrid and nanofluid-assisted methods. These
technologies have shown promise in laboratory research, but we need to test them more in real-world situations
to see how well they work, how much they cost, and how they affect the environment. There are no standardized
methods for comparing cooling and lubricating processes, which makes it hard to come up with rules that
everyone in the industry can follow.

In modern production, sustainability is becoming more and more crucial. Conventional flood cooling uses a lot
of cutting fluids, which can cause problems with getting rid of them, recycling them, and the health of the
operators. Some of these problems can be solved with improved chilling methods, but they may also create new
problems, such higher energy use, higher equipment costs, or problems with managing cryogenic material. So,
there is a rising need to come up with machining methods that cut down on or get rid of cutting fluids while still
getting good machining results [49].

In this context, dry machining offers a viable avenue for future study, especially in the machining of stainless
steels. Stainless steels usually have moderate heat conductivity and lesser strength at high temperatures than
titanium and nickel-based superalloys. This makes them better for dry machining under optimal cutting
circumstances. Newer tool materials, multilayer coatings, and tool shapes have made tools more resistant to heat
and wear, which means that machining can be done more reliably even without coolant.
Future study should concentrate on systematic examinations of dry machining of stainless steels, encompassing
the optimization of cutting settings, the advancement of sophisticated tool coatings, and a comprehensive
analysis of tool wear processes and surface integrity. Research on chip formation behavior, temperature
distribution, and residual stresses in dry settings might enhance process dependability. In addition, combining
dry machining with current monitoring methods like acoustic emission, infrared thermography, and machine
learning-based process optimization might provide us a better understanding of how machining works and help
us build strong prediction models.
Another major area of research is comparing the sustainability and life-cycle cost of alternative lubrication
systems. These kinds of studies would assist figure out how much dry machining helps the economy and the
environment, which would make it more popular in industry [50].

Overall, advanced cooling and lubrication methods are still very important for machining alloys that are hard to
machine. However, the growing need for environmentally friendly and cost-effective manufacturing shows that
more research is needed on dry machining, especially for stainless steels, which have a lot of potential for
industrial use but haven't been fully explored yet.

CONCLUSIONS

This evaluation looked at how easy or hard it is to process alloys that are hard to machine, with a focus on how
improved cooling and lubricating methods affect this. The examination of contemporary research elucidates the
correlations among material qualities, machining circumstances, and performance metrics, including cutting
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forces, tool wear, surface integrity, and temperature. From the literature that was looked at, the main results may
be summed up as follows:

Alloys that are hard to machine, like titanium alloys, nickel-based superalloys, cobalt-based alloys, and
hardened steels, are hard to machine because they are very strong at high temperatures, have low thermal
conductivity, work harden, and have a strong chemical affinity with cutting tool materials.

Advanced cooling and lubrication methods, such minimal quantity lubrication (MQL), cryogenic cooling, and
high-pressure cooling, greatly increase machining performance by lowering cutting temperature, cutting forces,
and tool life and surface quality.

Cryogenic and high-pressure cooling technologies work best for machining titanium and nickel-based alloys,
where too much heat and sticking are the main causes of tool wear. * The high cost of cutting fluids and the need
to be more ecologically friendly have led to the creation of eco-friendly machining methods, such as dry and
near-dry machining.

New materials for cutting tools, multilayer coatings, and better cutting parameters have made dry machining
more possible, especially in stainless steels where the thermal and mechanical conditions are not as harsh as
they are in superalloys.

Machining stainless steel under dry circumstances is still a promising and not very well-known field of study,
especially when it comes to figuring out how tools wear out, how chips develop, and how to keep the surface
intact under the best cutting conditions.

Future study should concentrate on systematic experimental investigations, enhanced tool coatings, process
monitoring methodologies, and sustainability evaluations to enhance the dependability and practical application
of dry machining procedures. Sophisticated cooling and lubrication techniques are still necessary for cutting
high-temperature alloys. However, dry machining, especially for stainless steel, is a promising, long-lasting, and
cost-effective area for future study and practical use.
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