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Abstract: Cryogenic machining is a relatively new technique in machining. This concept was applied
on various machining processes such as turning, milling, drilling etc. Cryogenic turning technique is
generally applied on three major groups of workpiece materials—superalloys, ferrous metals, and
viscoelastic polymers/elastomers. The roles of cryogen in machining different materials are unique
and are summarised in this review article. Finally, the challenges in using cryogenic machining in
industries are also highlighted.

Keywords: cryogenic machining; review; liquid nitrogen; liquid carbon dioxide

1. Introduction

Conventional cutting fluids are used to reduce the temperature of tool and work in machining.
However, conventional cutting fluids are unable to work effectively in high-speed machining of
some superalloys such as titanium alloys, inconel alloys and tantalum alloys [1]. The other major
problems caused by the conventional cutting fluids are health and environmental problems [2–5]. The
conventional cutting fluids can be categorised into semi-synthetic, synthetics, straight, and soluble
oils [6]. Such additives are added onto cutting fluids to provide lubricating effects. Some of these
additives (aromatic amines, chlorinated paraffines, etc.) might cause a carcinogenic potential [3].
Beside this, Suliman et al. [5] identified several species of bacteria and fungi growth found in cutting
fluids used in workshops. The contamination of the cutting fluids by these micro-organisms can
cause several types of health problems, such as septic infections, primary allergic bronchopulmonary
aspergillosis, dermatomycosis, and neonatal meningitis [4,5].

The conventional cutting fluid can be recycled several times until its quality degrades after the
useable period. The storage and proper disposal of these cutting fluids require special processes and
extra costs [2,7,8]. Moreover, incorrect disposal of these cutting fluids causes environmental pollution.
As such, new machining techniques such as green machining, cryogenic machining, and dry machining
have been proposed to substitute conventional machining with cutting fluids.

2. Cryogenics Machining

2.1. Cryogenic Machining in General

Cryogenic machining is a relatively new technique in reducing machining temperature by
replacing the conventional cutting fluid with extremely cold or sub-zero (below −150 ◦C) cutting fluid
at the machining interface. Nitrogen (N2), carbon dioxide (CO2), oxygen (O2), helium (He), etc., in
compressed forms, are the potential liquid cryogens to be used. These gases are exist in the atmosphere
and can be converted to a liquid form. These liquid cryogens evaporate in room temperature and
convert to gas again [9]. Nevertheless, only liquid carbon dioxide (LCO2) and liquid nitrogen (LN2)
are commonly used in cryogenic machining studies [10–12]. The boiling points of CO2 and N2 are
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−78.5 ◦C and −196 ◦C. Clearly, the boiling point of nitrogen is lower than carbon dioxide. Besides,
carbon dioxide gas is denser than atmospheric air, and it might accumulate at the ground of the
plant and can cause breathing problems to machine operators [11]. Thus, liquid carbon dioxide is not
recommended to be used as a cutting fluid in machining, and liquid nitrogen is preferred for use as a
cryogenic cutting fluid. In 1953, Bartle used liquid carbon dioxide as the coolant in machining [11]. The
earliest investigation on cryogenic machining with liquid nitrogen (LN2) as cryogen was carried out by
Uehara and Kumagai [12]. Cryogenic machining with liquid nitrogen LN2 reduced cutting forces and
improved tool life and surface finish of the machined parts. A similar result was reported by Fillippi
and Ippolito [10], who conducted cryogenic face milling. However, the usage of cryogenic technology
in early days was limited by the high cost. The idea of cryogenic machining was again re-proposed
after the 1990’s when the cryogenic technology was improved, and higher production rate (high-speed
machining) was required [11]. At the same time, the awareness of health and environment issue was
also spreading. From 1995–2007, three main groups of researchers have conducted investigations on
cryogenic machining. Most of their works focused on cryogenic turning [1,9,11,13–23] and cryogenic
grinding [24–27]. The number of reported works in cryogenic milling and cryogenic drilling researches
are insignificant, compared to cryogenic turning.

Previous cryogenic turning explorations investigated the tool wear, surface roughness, and cutting
forces. Improvements on cutting tool life under the cryogenic conditions have been reported by Hong
and co-workers [11,17,18], Wang and co-workers [1,21–23] and Dhar and co-workers [13–16,19,20].
Beside this, better machined surface roughness is obtained through cryogenic machining, as reported
by Dhar et al. [14,15] and Wang et al. [1,22,23].

Cryogenic machining technique is commonly applied on superalloys (titanium alloys, inconel
alloy, tantalum alloy, etc.), ferrous metals, viscoelastic polymers and elastomers. In general, positive
results are reported, regardless of the type of workpiece materials. Nevertheless, roles of cryogen are
slightly different in machining different materials.

2.2. Cryogenic Turning of Superalloys

A superalloy has a combination of high mechanical strength and surface stability at high
temperature [28]. Examples of superalloys are titanium alloy, inconel alloy, and tantalum alloy. Due
to their characteristics, superalloys are used in various engineering applications. However, high
mechanical strength of superalloys also causes poor machinability. Conventional cutting fluids are not
efficient to reduce the machining temperature in machining superalloys, and cryogenic fluids were
proposed to replace them.

Most of the work materials studied in previous cryogenic machining studies are titanium alloys.
One of the earliest reported cryogenic liquid nitrogen machining studies was conducted by Wang
and Rajurkar [1]. They designed a liquid nitrogen cooling system for their experiments. Liquid
nitrogen was circulated through a sealed cap which was placed on the top of the insert to reduce the
cutting insert’s temperature. They measured and compared the cement carbide tool wear in turning
Ti-6Al-4V with conventional cutting fluids (Mobilmet Omicron) and liquid nitrogen cooling. Liquid
nitrogen outperformed conventional cutting fluids in terms of reduction of both tools’ flank wear and
surface roughness of the machined surface. However, no significant difference was observed in the
cutting forces.

On the other hand, Hong and his co-workers did a series of systematic studies on cryogenic
turning of titanium alloys in term of tool wear, surface roughness, cutting forces, friction force, and
friction coefficient. In their studies, liquid nitrogen was injected on the interface of tool and workpiece,
i.e., the liquid nitrogen was directly sprayed onto the tool and workpiece. In 2001, Hong and Ding [17]
studied several cooling approaches in cryogenic machining of Ti-6Al-4V. They reported that the best
cooling approach was simultaneous cooling rake and flank, followed by cryogenic cooling at the rake
face and cryogenic cooling at the flank face. Beside this, they also concluded that by applying liquid
nitrogen, the tool temperature can be reduced and the cutting speed of conventional machining of
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titanium alloys can be increased (around 60 m/min). In the same year, Hong et al. [18] conducted a
similar study but they changed the position of the chip breaker. At the optimum position of the chip
breaker and with cryogenic cooling, the tool life was extended by five times compared to conventional
machining. Hong et al. [29] furthered the research in measuring the cutting forces. They reported
that cryogenic liquid nitrogen hardened the material, and this caused higher cutting force. However,
the friction force between the cutting tool and workpiece was reduced due to two main reasons:
the material became less sticky at a lower temperature, and liquid nitrogen formed a fluid cushion
between the interfaces. As such, they concluded that liquid nitrogen was able to function as a lubricant.
Furthermore, Hong [11] also compared the cost of cryogenic machining with conventional machining
and showed that cryogenic machining with his patented nozzle was superior in terms of cost, tool life,
surface finish, as well as environmental friendliness.

Cryogenic turning of Ti-6Al-4V was also studied by Venugopal et al. [19,20]. They built a special
nozzle which was able to inject liquid nitrogen jets on the crater and flank faces of cutting tools. They
conducted the cryogenic turning tests in cutting speed above the recommended speed for titanium
alloys, (i.e., 60 m/min) under dry, oil, and cryogenic liquid nitrogen environments. From their study,
adhesion-dissolution-diffusion wear are the main tool wear mechanisms at the crater in turning
Ti-6Al-4V with uncoated carbide; while abrasion and attrition occurred at the flank. Liquid nitrogen
cooling was able to control the cutting temperature and then reduced the tool wear (both flank wear
and crater wear) at cutting speed of 70 m/min, but this effect decreased at higher cutting speeds (100
and 117 m/min).

Cryogenic turning of Ti-6Al-4V was reported by Dhananchezian and Kumar [30]. They modified
the cutting insert used in their experiment by drilling a hole at the rake surface of the insert and applied
liquid nitrogen to the hole (Figure 1). The results showed that cryogenic cooling performed better
than wet machining in terms of cutting force, surface roughness, and tool wear. Yap et al. [31] studied
the influence of low pressure cryogenic liquid nitrogen to the machining forces, friction, tool wear
and surface quality under high-speed machining of Ti-5Al-4V-0.6Mo-0.4Fe. The experiments were
conducted in dry and cryogenic liquid nitrogen conditions. The 0.034 MPa internal pressure inside a
liquid nitrogen Dewar tank caused the liquefied nitrogen to be injected onto the tool–work interface.
The experimental results showed that low pressure liquid nitrogen can reduce the friction force and
friction coefficient during machining. In additional, surface roughness of the machined titanium alloy
was improved and tool wear was reduced. Reduction in machining forces and improvement in surface
roughness of machined parts can be attributed to better heat removal by injection of liquid nitrogen.
While most of the researchers used only one cryogen in their cryogenic machining works, Kaynak and
Gharibi studied cryogenic turning of Ti-5Al-5V-3Cr-0.5Fe with both liquid nitrogen and liquid carbon
dioxide and compared with dry machining [32]. At low cutting speed (below 120 m/min), tool wear did
not depend on cutting condition (dry/liquid nitrogen/liquid carbon dioxide) and no significant different
in wear mechanism was observed on the cutting inserts from three different machining conditions. At
higher cutting speeds of above 120 m/min, cryogenic machining with liquid nitrogen outperformed
cryogenic machining with liquid carbon dioxide and dry machining. Different wear mechanisms were
detected on the cutting inserts from the three different machining conditions.
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Inconel is a nickel-based alloy with poor machinability [33]. Low thermal conductivity of inconel
alloy (about 11 W/m ◦C) caused higher cutting temperature and high tool wear rate [1] and additional
effort was required to reduce the cutting temperature. Wang and Rajurkar reported that machining
Inconel 718 with LN2 cooling was able to delay the tool wear and improve the surface roughness of
workpiece surface [1]. Similar results were reported by Pusavec et al. [34]. In addition to tool wear and
surface roughness, a thicker compressive zone is noticed beneath the machining surface and smaller
grain size is observed after cryogenic machining with liquid nitrogen. Beside this, the sub-surface
layer under cryogenic machining is harder and thinner than sub-surface layer under dry or Minimum
Quantity Lubrication (MQL) machining. In other words, cryogenic machining is able to improve the
surface roughness, and increase the hardness of the machined workpiece. The majority of previous
cryogenic machining works supplied cryogen at a constant supply pressure. To study the effect of
supply pressure and the corresponding flowrate of the cryogen, Klocke et al. conducted cryogenic
machining tests at supply pressures of 7–30 MPa on Inconel 718 and then measured maximum flank
wear of the cutting inserts [35]. They reported that the higher the supply pressure and flowrate
of cryogen, the lower the maximum flank wear at a cutting speed of 500 m/min. However, they
obtained a negative result at cutting speed of 60 m/min, where higher supply pressure and flowrate
produced higher maximum flank wear. Earlier researchers used cryogen only in their cryogenic
turning experiments, but recently hybrid cooling which combined cryogen with cutting fluids has
been proposed. Bagherzadeh and Budak used four different cooling strategies in turning titanium
alloy Ti6Al4V and Inconel 718 [36]. They introduced a new method, CMOL, where CO2 and vegetable
oil were mixed in the form of frozen oil particles, before reaching the tool–work interface. The new
method, CMOL, is better than cryogenic turning with carbon dioxide cooling only, in terms of tool
wear and surface finish. Yildirim compared cryogenic, nanofluids, and hybrid cooling in turning
Inconel 625 [37]. Six cooling techniques such as dry, pure MQL, nMQL, LN2, and their hybrid were
used in his work. Three types of nanofluids based on Al2O3, hBN, and hBN + Al2O3 were included in
the vegetable cutting fluid in 0.5 vol% and 1.0 vol%. Hybrid cooling (cryogenic liquid nitrogen and 0.5
vol% hBN) outperformed cryogenic cooling only and vegetable oil with nanofluids only in terms of
reducing cutting temperature, prolonging tool life and improving surface roughness. Tantalum has
low thermal conductivity, low specific heat, high shear strength, high work-hardening capacity, and
gummy consistency, which cause it to be difficult to machine. In order to study the roles of cryogenic
machining in machining tantalum, Wang and Rajurkar conducted a preliminary study on cryogenic
machining of tantalum. They reported that liquid nitrogen was able to reduce the cutting temperature
and extend the tool life [1]. In their further research in cryogenic machining of tantalum with liquid
nitrogen [22], they found that cryogenic machining reduced tool wear by 70%, improved surface
roughness by 200% and reduced cutting forces by 60%.

In general, cryogen is used to reduce the maximum cutting temperature and reduce/delay tool
wear in machining superalloys. The majority of the previous works show positive results at selected
ranges (cutting speed, or pressure). However, no consensus is obtained on the precise conditions
where cryogenic machining is beneficial. Some works reported cryogens work best at lower cutting
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speed, but some other suggested cryogens only contribute at high cutting speed. The amount of the
cryogen used and the location of cooling (workpiece, tool, or both) are important factors in deciding
the final results. Overcooling superalloy will produce a negative effect. The roles of liquid nitrogen,
whether beneficial or detrimental, depend on workpiece materials, cutting speed, and supply pressure
of the cryogen. Furthermore, hybrid cooling (cryogenic machining with lubricant) was evolved from
cryogenic machining, and it shows encouraging outcomes in machining superalloys.

2.3. Cryogenic Turning of Ferrous Metals

Ferrous metals such as steel were also investigated in cryogenic turning research. Zurecki et al. [38]
found that the spraying of cryogenic liquid nitrogen on the tool rake during hard turning of AISI
52100 steel decreased the thickness of white layer, maintained the hardness of steel, and improved
residual stress distribution of the machined surface. Kumar and Choudhury [39] investigated the effect
of cryogenic liquid nitrogen on tool wear and cutting forces during high-speed turning of stainless
steel. They obtained positive results in cryogenic machining in terms of reducing tool wear and cutting
force. However, they raised their concern in the high consumption of liquid nitrogen because this
increases the total cost of machining. Stanford, et al. [40] investigated tool wear in turning carbon steel
BS 970-080A15 using uncoated tungsten carbide–cobalt insert in six different cutting environments
(dry cutting, flood coolant, compressed air blast, nitrogen gas at ambient temperature, nitrogen gas at
−40 ◦C and liquid nitrogen at −196 ◦C). They concluded that liquid nitrogen machining can provide a
similar effect as provided by the flood coolant, and thus, liquid nitrogen can replace flood coolants
for machining steel. Dhar et al. [14,15] reported that reduction in tool wear produced better cutting
surfaces under cryogenic liquid nitrogen. Furthermore, the reduction in cutting temperature was more
obvious at a lower feed and lower cutting velocity. Sivaiah and Chakradhar compared cryogenic, MQL,
wet, and dry machining conditions in turning 17-4 PH stainless steel and they found that cryogenic
turning outperformed in terms of tool wear, surface finish, and chip morphology compared to other
three conditions [41]. The improvement was mainly due to retainment of cutting tool edge under
cryogenic condition. Sivaiah and Chakradhar furthered their works and identified the optimum
cryogenic cutting condition with two optimisation techniques [42]. The two techniques, ‘Taguchi
incorporated Gray relational analysis’ (TGRA) and ‘Taguchi coupled Technique for Order Preference
by Similarity to Ideal Solution’ (T-TOPSIS) were used to optimise the surface roughness, tool wear,
and material removal rate of cryogenic turning 14-4 PH stainless steel with tungsten coated carbide.
Both techniques were able to optimise the cryogenic turning process but the ‘Taguchi incorporated Gray
relational analysis’ was a better technique.

In contrast, Yap et al. [43] reported a different result. They studied turning of carbon steel S45C
under three conditions; dry, wet, and cryogenic. Their results showed that even through a cryogenic
liquid nitrogen jet is able to reduce friction coefficient in turning carbon steel, it failed to produce good
surface roughness of the machined surface. Their experimental results suggested that conventional
machining with cutting fluid is still the best method to obtain good surface roughness of carbon steel at
a machining speed of 226 m/min). While most of the reported works focused on cutting forces, friction
coefficient, tool wear, and surface roughness, some researchers investigated the surface integrity and
corrosion behaviour cryogenic machined steel. Bruschi et al. investigated the effect of cryogenic
machining to the surface integrity and corrosion behaviour of AISI 316L stainless steel [44]. Cryogenic
cooling altered the microstructure of machined part, especially the outer surface. Beside this, stainless
steel machined under cryogenic condition showed better corrosion resistance behaviour. Similarly,
phase transformation from austenite in AISI 347 to martensite was reported by Kirsch et al. [45].
Cryogenic carbon dioxide was used to reduce the temperature of the contact zone during machining
AISI 347 and precool the workpiece. Martensite was detected in the surface of the workpiece after
cryogenic turning. In additional, microhardness of the surface was also increased after cryogenic
cooling. Cryogenic turning can be further explored as a surface hardening improvement integrated in
manufacturing methods.
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For ferrous metals, cryogenic machining with cryogens such as liquid nitrogen and liquid carbon
dioxide can reduce the cutting temperature, alter the microstructure/phase, and harden the surface
of the workpiece. Similar to cryogenic turning of superalloy, a correct selection of parameter such
as cryogen pressure, machining speed, etc. is important. Cryogen is used to ‘reduce’ the cutting
temperature. However, overcooling of ferrous metals brings negative effects. Overcooling of ferrous
metals increases brittleness and reduces toughness in ferrous metal, and then causes higher tool wear
and poorer surface finishes. Therefore a proper cooling strategy is prerequisite in cryo-machining of
ferrous metals.

2.4. Cryogenic Machining of Viscoelastic Polymers and Elastomers

Viscoelastic polymers are hard to be machined precisely at ambient temperature because of their
characteristics such as softness, high elasticity, and adhesion [46]. Kakinuma et al. [46] proposed to
solve this problem by applying cryogenic machining. They milled polydimethylsiloxane (PDMS)
inside a liquid nitrogen chamber (as shown in Figure 2) and obtained positive results. This is because
cryogenic liquid nitrogen maintains the glassy state of PDMS during the milling process. Cryogenic
milling of PDMS was also investigated by Song et al. [47]. Cryogenic liquid nitrogen improved the
surface roughness of machined PDMS with machined temperature lower than −143 ◦C. In addition,
the problems of adhesion and shrinkage in machining PDMS were also solved with correct amount of
liquid nitrogen flow. A similar technique was applied by Dhokia et al., in machining elastomer [48].
With the technique of cryogenic liquid nitrogen machining, formation of adiabatic shear band was
reduced in milling ethylene vinyl acetate (EVA) and Neoprene [49].
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This concept can be applied to cryogenic turning of viscoelastic polymers although less published
works in cryogenic turning of viscoelastic polymers can be found in established databases. Putz et al.
studied the effect of cryogenic liquid nitrogen on the cutting forces and mechanism of chip formation
in turning elastomer [50]. They found that cryogenic machining can improve the machining accuracy
of elastomer. This is mainly due to the elastomer’s behaviour being changed from viscoelastic to
energy-elastic with higher modulus of elasticity, under the influence of liquid nitrogen.

In general, cryogenic machining viscoelastic polymers and elastomers is not as popular as
cryogenic machining of superalloys or ferrous steel. The role of cryogen in cryogenic machining of
viscoelastic polymers and elastomers is different from the role of cryogen in cryogenic machining of
superalloy or ferrous steel. Cryogen is used to change the mechanical properties of the polymer or
elastomer during machining, i.e., to increase the modulus of elasticity so that dimensional accuracy
can be improved.

3. Challenges of Cryogenic Machining in Industries

A large number of scientific studies have been conducted for more than 20 years, and most of
them showed that cryogenic machining is generally better than conventional machining especially
in machining superalloys. However, conventional industries still prefer the conventional machining



Technologies 2019, 7, 63 7 of 10

technique. The advantages and disadvantage of cryogenic turning are listed in Table 1. As shown
in Table 1, one of the major obstructions is the initial set-up cost. Industries are required to invest
heavily on the cryogenic cooling system. Beside this, they are unable to reuse the cryogen as how they
recirculate cutting fluids in conventional cutting. High consumption of cryogen during cryogenic
machining, as reported by Hong [11] and Kumar and Choudhury [39], is another barrier in applying
cryogenic machining in industries. To minimise the usage of liquid nitrogen, Hong designed and
patented a nozzle to deliver the liquid nitrogen onto the workpiece or/and cutting tool [18,51]. The
newly designed nozzle can direct the liquid nitrogen to the rake face, or the flank face, or both faces and
inject less liquid nitrogen. A similar concept was also adapted by Ahmed and his research team [52,53].
They used a modified tool to apply cryogenic liquid nitrogen in turning AISI 4340 steel and SUS 304
stainless steel. With their modified tool, a smaller amount of liquid nitrogen was used. However, this
special nozzle and modified tool are still not commonly available as commercial products.

Table 1. Advantages and disadvantages of cryogenic turning.

Advantages Disadvantages

Performs better than conventional cutting fluid in
high-speed machining of titanium alloys.

Requires high initial set-up cost of the cryogenic
cooling system

Greener machining Unable to reuse the fluid (cryogen)—higher
production cost caused by consumption of cryogen

Able to machine viscoelastic polymers Requires special knowledge

The third obstruction in applying cryogenic machining in industries is lack of clear guidelines for
optimum combination of machining and cooling parameters for cryogenic machining. As mentioned
previously, several factors determine whether cryogenic machining is beneficial or detrimental. The
factors are cooling strategy (cooling the chip, cooling the cutting tool and cutting zone), workpiece
materials, cutting speed, and supply pressure of the cryogen. Contradictory or different optimum
factors/value were reported in literature. Currently, a general guideline to select the correct parameters
is still unavailable for machine operators to refer to. The science behind cryogenic machining is a
complicated field of knowledge and requires further investigation.

4. Conclusions

Cryogenic cooling is an alternative technique in machining. Cryogenic machining is applied on
superalloys, ferrous metal, and viscoelastic polymers/elastomers. In general, cryogenic cooling during
turning improved various performance indicators (surface roughness, tool life, tool wear, cutting
forces, etc.) in machining superalloys (titanium alloys, inconel alloys, and tantalum alloys). This is due
to cryogen being able to solve the major problem in machining superalloys, i.e., heat accumulated at
the cutting zone due to poor thermal conductivities. Beside this, cryogenic machining also showed
beneficial improvement in machining ferrous metal, if a correct setting is used. Correct application
of cryogen can delay/reduce the tool wear in high-speed machining of ferrous steel and also modify
the surface behaviour of the machined parts. On the other hand, cryogenic cooling altered hardness
and adhesion properties of viscoelastic polymers, and improved the machinability of viscoelastic
polymers. Cryogenic machining has several advantages compared to machining with conventional
cooling. Nevertheless, additional set-up cost for a cryogenic cooling system is required. Beside this, the
cost of cryogen is another factor that must be considered by industries in order to adopt this technique.
A correct selection of machining and cooling techniques/parameters is another challenge for applying
this technique in industries. Although cryogenic machining is more than 20 years old, this technique
is not widely adopted by machine shops. A general guideline for selection of cryogenic machining
parameters is crucial in order to promote cryogenic turning to machine shops.
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