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Despite offering significant advantages in machining, cutting fluids have contributed to substantial environ-
mental concerns. Dry machining, although considered a more environmentally friendly option, falls short in
providing effective solutions for processing difficult-to-cut materials. Consequently, extensive research is un-
derway to explore alternative greener machining solutions such as Minimum Quantity Lubrication (MQL),
cryogenics, vegetable-based fluids, and hybrid strategies like Cryo-MQL. Among them, Cryo-MQL lubrication
combines two sustainable machining techniques that have been widely adopted to improve the machinability of
difficult-to-cut materials. This paper reviews published articles over the last six years to provide a comprehensive
analysis of the current literature related to Cryo-MQL techniques, its supply systems, machinability evaluation,
and optimization studies compared to other cooling and lubrication methods. Results, summarized based on
reviewed articles, suggest that Cryo-MQL is an effective technique for improving the machinability of many
difficult-to-cut materials in comparison to other cooling/lubrication environments. A comprehensive discussion
on different supply systems; external, internal, and hybrid, for delivering Cryo-MQL mediums has also been
presented in this review. It was found that hybrid technique offers favorable lubrication and cooling conditions,
and advantageous in reducing the machining heat and enormous temperature. Therefore, its application can
enhance the metal cutting process and benefit the manufacturing sector. Lastly, the parametric optimizations of
cryogenic and MQL agents in hybrid technology can substantially improve lubrication and cooling effectiveness,
leading to better surface finish, tool life, reduced cutting forces, and lower machining temperatures.

1. Introduction to lubricate the tool and workpiece mating surfaces to remove or

minimize friction and plastic deformation heat. These include vegetable

Machining is the most broadly utilized manufacturing process to
produce numerous mechanical components for automotive, aircraft,
defense, and tool manufacturing industries. This process inevitably in-
volves tremendous heat due to friction and plastic deformation, thus
requiring the involvements of lubricants. As excessive heat is undesir-
able, because it can impact the functionality of both tool and workpiece
material [1]. To combat this problem, liquid lubricants including
water-based and oil-based, were employed in manufacturing industries
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oil, animal oil, and mineral oil as a derivative of petroleum with addi-
tives such as sulphur, phosphorus, and nitrogen [2]. However, the
benefits of utilizing these cutting fluids come with adverse ecological,
economic, and social damage [3]. In fact, the nature of these cutting
fluids provides a conducive environment for the development of fungi
and bacteria. Therefore, adding different kinds of bactericides, humec-
tants, and germicides, as well as biocides in cutting fluids is necessary to
control the growth of bacteria and maintain the functionality of a
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particular cutting fluid [4]. These hazardous substances cause serious
health issues in the shop floor environment and cause severe allergies,
body ailments, and skin problems [5]. In addition, these cutting fluids
are non-biodegradable, and their chemical dissolution after disposal can
exacerbate the environment. Therefore, under restricted environmental
regulations, these cutting fluids need expensive treatments before their
disposal. Thus, the associated cost of utilizing cutting fluids, encom-
passing the cost of purchasing, preparing, maintaining, and disposal,
becomes much higher than its machining benefits [6].

Currently, the concept of green or sustainable manufacturing is
gaining attraction and has emerged as a significant focus in
manufacturing engineering. The primary goal of sustainable machining
is to offer cost-effective production methods by using natural resources
and minimizing the negative impact of cutting fluids [7]. In this regard,
sustainable manufacturing aims to explore safe, energy-efficient, eco--
friendly, and cost-effective alternatives [8]. Dry cutting, minimum
quantity lubrication (MQL), and cryogenic cooling (Cryo) are recog-
nized as sustainable machining techniques that are alternatives to the
food environment [9]. Active research has been conducted on these al-
ternatives to enhance their efficiency for controlling accelerated tool
wear and improving the surface quality of machined materials during
the metal-cutting process. A recent trend proposed that simultaneous
application of cryogenic and MQL is advantageous rather than individ-
ual cooling and lubrication techniques [10]. Many studies confirmed the
effectiveness of Cryo + MQL configuration in attaining superior surface
integrity and extended tool life, particularly in machining [11,12].

Hybrid lubrication (Cryo-MQL) has shown encouraging success in
improving the cutting performance of various commercially essential
materials in terms of extending tool life, surface integrity, cutting tem-
perature, chip morphology, and increasing productivity [13]. In their
study, Zhang et al. [12] developed a tool wear forecast model and
optimized the machining parameters using a general algorithm under
Cryo + MQL conditions. The study results concluded that the Cryo-MQL
lubrication mode was superior for reducing tool adhesion, oxidation,
and diffusion wear relative to dry conditions. This is as a results of high
heat generation at the primary deformation zone in the absence of any
coolant or lubricant in dry cutting [14]. In a study by Seid and Ryon
[15], which involved the use of coated carbide end-mill tools for milling
Ti6Al4V alloy, the Cryo + MQL lubrication mode significantly reduced
tool wear, cutting force, and surface roughness by 33%, 18%, and 43%,
respectively, when compared to MQL machining. Similar results of
reduced effectiveness of MQL have also been reported by Ross et al. [16]
in machining C276 Hastelloy. They stated that at high cutting speed,
micro-lubricant oil evaporates, thus reducing its effectiveness. Further-
more, the hybrid regime demonstrated improved surface topography
results by reducing the cutting temperature by up to 23% compared to
the MQL condition. It was suggested that simultaneous application of
supercritical carbon dioxide and MQL can prolong tool life. Results of
the study confirmed that tool life was 2.6 and 8 times better than flood
and ScCO; cooling conditions, respectively [17]. Sirin and Sirin [18]
conducted milling of AISI 316 L stainless steel alloy with LNy, MQL, and
LN2+MQL cooling/lubricating environment. They noticed the lowest
surface roughness value, R; 0.237 pm at 132.4 °C cutting temperature
with LN2+MQL cutting conditions. Similarly, Liu et al. [19] in their
research optimized the machining parameters for tool wear and surface
roughness under diverse lubrication environment using a fruit optimi-
zation algorithm (FOA) and performed an experimental study to validate
their results. It was stated that the surface roughness value with CMQL
condition was decreased by 0.178 pm and 0.272 pm relative to MQL and
dry cutting respectively. Numerous studies confirms that this hybrid
approach is very effective in improving the overall machining perfor-
mance for hard-to-cut materials by considering and evaluating the major
machining outcomes, which are the cutting force required, material
removal rate (MRR), tool life, and the surface roughness [20,21]. Pereira
et al. [22] after performing a life cycle assessment of different cooling
environments affirmed that the combination of cryogenic and MQL is
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Fig. 1. Published studies in Science Direct and Scopus relevant to hybrid
machining from year 2018-2023.

best to achieve environmental and technological benefits in metal cut-
ting processes.

Besides offering numerous prominent improvements in machining of
hard-to-cut materials and an increasing trend in published articles
relevant to hybrid Cryo + MQL, as evident in Fig. 1, few studies focused
solely on machinability aspects have been carried out since 2018.
Furthermore, no thorough review of the supply systems and optimiza-
tion studies of hybrid lubrication has been found. Therefore, this study
presents state-of-the-art Cryo-MQL approach with respect to its supply
mechanism and machinability performance compared to other cooling/
lubricating techniques. The novelty of this review lies in the represen-
tation of delivery systems for Cryo-MQL, identified and categorized
based on reviewed articles. Moreover, the addition of summarized dis-
cussion on optimization studies and machinability results related to
various Cryo-MQL techniques adds significant value to this work.

For this study, a bibliographic analysis was conducted to select
relevant literature published from 2018 to 2023 in Scopus and Science
Direct databases. It is anticipated that this review contributes state-of-
the-art knowledge to this rapidly advancing research domain, enabling
researchers and industrialists to conduct research on newly developed
advanced materials in a sustainable manner. This research also high-
lights the top contributors in this domain, as shown in Fig. 2. Based on
the statistics of last six years, it can be seen that China, India, and the
United States are the top three contributors among the top 10 countries
publishing studies on hybrid techniques over the last six years.

The structure of this paper is subdivided into the following sections.
Section 2 describes the adopted methodology for this research. Section 3
briefly introduces the Cryo-MQL approach, and section 4 focuses on its
supply mechanism in different machining processes. Afterward, section
5 provides insight into the machinability performance and optimization
studies related to Cryo + MQL. Finally, section 6 concludes with future
directions.

2. Methodology

For this study, an extensive literature survey of the pertinent
research articles concerning the Cryo + MQL approach from Science-
Direct and Scopus was carried out systematically using bibliographic
analysis. Only recently published articles from 2018 to 2023 have been
considered to discuss the recent progress on hybrid technology in this
review. For this purpose, an initial search was done to select relevant
articles by entering keywords like hybrid lubrication, cryogenic mini-
mum quantity lubrication, CMQL, CAMQL, Cryo + MQL, CAMQL,
LN3+MQL, and CO,+MQL in Scopus and Science Direct databases. An
initial collection of a total of 205 research articles was made after
filtering out similar studies. As the number of articles was enormous, an
additional search was done on hybrid lubrication collection to remove
the articles irrelevant to hybrid lubrication or employed nanofluid, ionic
liquids, or solid lubricants under the hybrid technique. Finally, the
bibliographic analysis was carried out by examining the abstract, and 90
articles specific to machining hard-to-machine materials were selected
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(N=324)
«Similar articles were screened out using reference manager sotware Zotero.
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similar articles )

(N=205)

*Hybrid lubrication technique(s).

Final selection

(N=90)

«Further screening was conducted manually by reviewing the title, abstract, keywords, and, in
some instances, the main text. The screening was based on the following criteria:

» Adopted or designed specific supply system for Cryo-MQL delievery.
*Machinability evaluation for difficult-to-machine materials.

\

Fig. 3. Research methodology.
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Fig. 4. Schematic of lubrication and cooling mechanisms in a hybrid lubrica-
tion environment [24].

for this study. The articles section criteria involves to select those arti-
cles, which adopted/designed the novel supply system for hybrid
lubrication or those comprehensively evaluated the machinability study
of advanced materials in comparison to other cooling/lubrication
techniques. Fig. 3.

3. Hybrid lubrication (Cryo-MQL)

Cryo-MQL lubrication, as the name suggests, is a well-defined com-
bination of the two sustainable machining lubrication/cooling tech-
niques: cryogenic cooling and minimum quantity lubrication. As per the
literature, this technique is one of the best lubrication strategies for
hard-to-cut materials [23]. Cryo-MQL lubrication reduces the cutting
zone temperature and supports the functional characteristics of the tool
by providing an adequate lubricating film between the tool-work and
tool-chip interfaces. This results in improved surface finish and reduced
tool wear [24]. Zou et al. [24] have explained the resulting combined
effect of both cooling and lubrication at the same time by this technique,
which is shown in Fig. 4. They support the idea that the inclusion of the
cryogenic gas in Cryo-MQL (CMQL) induces direct cooling which re-
duces the machining temperature via forced convection. Additionally,
the micro-lubricating oil enhances lubrication and cooling efficiencies,
which is attributed to the following ways. Firstly, it provides direct
cooling through phase transformation and heat transfer by convection.
In addition, there is indirect cooling when the frictional heat is reduced.
Then, a lubricating boundary film is formed at the friction interfaces,
which is considered direct lubrication [24]. Based on reviewed articles,
it was discovered that different cryogens can be utilized with MQL under
the hybrid lubrication technique, including liquid nitrogen paired with
MOQL (LN2+MQL) [25], liquid carbon dioxide with MQL (LCO»+ MQL)
[26], carbon dioxide in supercritical and dry ice form with MQL as
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Fig. 5. Hybrid lubrication approaches characterized as per different cryogenic environments.

(SCO2+ MQL) [17], (Dry ice + MQL) [27], and lastly Cryogenic air with
MQL as CA + MQL [28]. Ilustration of hybrid lubrication techniques is
represented in Fig. 5.

Cryogens such as nitrogen and carbon dioxide in liquid form are
widely utilized for hybrid lubrication [29-31]. Both cryogens offer
substantial cooling effects on the cutting zone, but their refrigeration
mechanisms differ remarkably. The temperature in cryogenic (LNs)
machining can be as low as —196 °C, whereas in COj, it can reach
approximately —78 °C. The storage and transportation requirements for
LNy and CO2 are also entirely different. CO, is delivered to the
machining zone through pressurized pipes. It is stored at a pressure of
5.73 MPa to keep it in a liquid state [32]. In comparison, the LN storage
requirement is entirely different. LN, is stored in an incubator since it
absorbs heat from ambient pressure and boils at —196 °C [33].
Furthermore, when LCO5 evaporates at —78 °C, it releases 280 kJ/kg of
latent heat, whereas LN, evaporates at —196 °C, releases 200 kJ/kg of
latent heat [34], and it is important to maintain a constant cryogenic
phase delivery to the cutting zone in order to avoid thermal shock [35].

Two other carbon dioxide forms, supercritical carbon dioxide
(ScCOy) and dry ice blasting, have been used as cryogenic coolants in
MQL environments. Because of the greater solubility of ScCO,, it dis-
solves the lubricating oil more effectively than CO; and easily forms a
complex and effective mixture of ScCO»-based MQL [36]. Furthermore,
as COy can transform into the supercritical form at 31.1 °C and 73.8 bar
[371, and Sc CO3 follows the rapid expansion principle immediately
after getting ejected from the supply nozzles, it, therefore, offers a lower
temperature as compared to CO5, which goes till up to —80 °C [38]. The
storage requirements of ScCO; and liquid CO, are the same, with
additional pressurization and heating setups required to convert the CO5
into ScCO2 form [39]. Another type of hybrid lubrication is dry ice
blasting combined with MQL. Dry ice is solid CO, with a temperature of
roughly 78.5 °C [40]. A blasting equipment is typically required to
produce the complex mixture of dry ice-based MQL. A blasting chamber
was employed by Jamil et al. [41] to form the hybrid dry ice-MQL and
was assessed in the machining AISI 52100 tool steel. Their blasting
equipment is mainly constructed with a pipe for flowing the liquid CO»,
connected by an expansion nozzle, followed by the expansion chamber.
The cryogenic supply process is accomplished by creating pressure drops
to let the liquid CO; expand, followed by its conversion into solid and
gaseous particles. Next, the solid particles of the dry ice further break
into smaller grains, which are pushed into the machining zone for
penetration with the help of airflow and momentum. The MQL supply
provided the required lubrication to assist these grains in penetrating
deeply into the interfaces [42].

Another approach to creating a hybrid lubrication setup is to
combine cryogenic air (CA) with MQL. This approach is typically made
by mixing a pre-cooled compressed air of —10 °C to —60 °C with a
lubricating oil under controlled pressure and flow rate conditions in a
closed chamber. This results in a two-phase gas liquid that flows to the
machining zone [43]. A vortex tube containing pressure-regulating
valves and air filters is attached to the MQL setup to obtain the
required sub-zero air [44].

4. Supply systems in Cryo-MQL lubrication

The primary supply mechanism in the Cryo-MQL approach can be
external [45,46] or internal [47]. However, a third category hybrid

Dedicated nozzles for Cryo and MQL |

I N

—I External Supply Mode |— Hybrid Nozzle for Cryo+MQL mixture |

- CryoMQL generator

Single Channel

Dual Channel

Cryo (Internal) + MQL (External) |

—I Internal Supply Mode

Cryo-MQL Supply Mechanism
I
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Cryo (External) + MQL (Internal) |

Fig. 6. Classifications of hybrid lubrication supply mechanism.

Cryogenic

MQL Setup

Setup

T

Workpiece

Fig. 7. Schematics of dedicated nozzles for cryogenic and MQL delivery to the
machining zone in external supply mode.

mode has been adopted recently [48]. Thus, delivery systems for
Cryo-MQL can be categorized into three main domains: external, inter-
nal, and hybrid supply modes. Fig. 6 represents the main categories and
their sub-classifications related to Cryo-MQL supply systems based on
reviewed research articles published annually from 2018 to 2023.

4.1. Modes of supply

4.1.1. External supply mode

The external supply system supplies coolant and lubricant to the
machining zone externally. This mode involves three possible methods
for providing a Cryo-MQL lubrication medium.

o Dedicated nozzles: This method separately supplies cryogenic
coolant and MQL aerosol from their respective storage systems to the
cutting zone, as illustrated in Fig. 7.
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Fig. 8. Schematic representation of (a) hybrid nozzle function as types 1 and 2; (Type 1) directing the cryogenic coolant and MQL aerosol simultaneously, (Type 2)

delivering the mixture of Cryo-MQL, and (b) CryoMQL generator.

e Hybrid nozzle: This method supplies cryogenic agent and MQL

aerosol individually to a specialized nozzle called the hybrid nozzle,

which functions as type 1 and type 2. A schematic of the hybrid

nozzle is shown in Fig. 8a.

o Type 1, the designed nozzle permits the simultaneous ejection of
Cryo-MQL media from the nozzle outlet without dispersion.

o Type 2 produces a complex mixture of Cryo-MQL by allowing both
coolant and lubricant to be mixed in the nozzle cavity.

CryoMQL generator: In this method, a complex mixture of Cryo-MQL

is formed in the mixing unit of a specially designed device called a

CryoMQL generator. The Cryo-MQL mixture is then transferred to

the nozzle for ejection, as shown schematically in Fig. 8b.

The external supply mechanism is commonly employed as it elimi-
nates the need for modifications to tool and tool-holder geometries. The
Cryo-MQL technique using an LN; cryogen is generally suitable for de-
livery via dedicated nozzles because of LN; characteristics and pro-
cessing properties. LN2 remains insoluble in MQL oil at low
temperatures (—196 °C boiling temperature of LNy) [49]. In addition,
LN requires a lengthy start-up time owing to its drainage requirements
when released from the storage system [9]. Therefore, its supply sepa-
rately from the MQL aerosol is feasible. On the other hand, CO5 cryogen
can be conveniently supplied independently [50] and in a mixture form
with MQL [51]. COs in its liquid and supercritical forms can demon-
strate improved solubility in MQL. Meier et al. utilized a mixture of
different bio-based oils with CO2 to improve the machining of
X2CrNiMo17-12-2 and 100Cr6 steel materials [52]. Finally, CA + MQL
is usually administered in a mixture form and is mainly applied exter-
nally [53].

The conventional setup of Cryo-MQL is based on dedicated nozzles
comprising two supply systems with separate nozzles [54,55]. However,
multi-nozzle arrangements can also be possible, for instance, more than
one nozzle each for supplying Cryo and MQL mediums. The positions of
nozzles carrying coolant/lubricant can be directed to the tool rake or
flank faces. A study performed by Airao et al. [56] utilized dedicated
nozzles for Cryo-MQL delivery. They directed coolant/lubricant alter-
nately to both faces of the tool. The CO; (flank) + MQL (rake) approach
revealed the highest flank wear and maximum surface roughness.
However, a similar investigation by Khanna et al. [57] exhibited entirely
different results. According to them, the COy (flank) + MQL (rake)

arrangement is better for abridging tool flank wear and produces a
desirable surface quality than the COg (rake) + MQL (flank) setup.
Interestingly, the same workpiece material, Inconel 718, was experi-
mented with similar machining input parameters in both studies using a
PVD/TiAIN coated carbide tool by configuring MQL at 9 ml/h at 6 bar
pressure. There was only one difference: one utilized ultrasonic vibra-
tion during turning [57], while the other was performed on conven-
tional turning [56]. Thus, it is imperative to study the nozzle
arrangements carrying cryogen and MQL for different machining oper-
ations. Besides this, the effectiveness of the coolant and lubricant is
critically dependent on the nozzle angular position, its diameter, and
standoff distance relative to the tool’s cutting edge. Thus, these pa-
rameters must be adjusted to ensure efficient cooling and lubrication in
the machining zone [58,59].

Cryo-MQL medium can also be delivered through an exclusively
designed hybrid nozzle and CryoMQL generator. Both systems transfer
Cryo-MQL medium externally and thus are categorized under external
supply mode. There are two possible methods for supplying coolant and
lubricant to the machining zone using a hybrid nozzle (Fig. 8a). Type 1:
Cryo-MQL media can be simultaneously ejected from the nozzle outlet
without dispersion, thus following their stream [60]. Type 2: Cryo-MQL
can be ejected from the nozzle outlet as a mixture. Mixing of both media
occurred in the nozzle cavity before ejection [36]. Fig. 8a illustrates a
schematic representation of the hybrid nozzle serving two ways to
transfer the Cryo-MQL medium to the machining zone. In contrast, the
CryoMQL generator shown schematically in Fig. 8b is special equipment
used to produce a mixture of coolant and lubricant in a mixing chamber.
The lubricant mixture is then transferred to the nozzle for ejection. Many
studies utilized the CryoMQL generator to form the hybrid lubrication
during the machining of various materials. Table 1 briefly elaborates on
references for the hybrid nozzle and CryoMQL generator employed in
some research studies.

4.1.2. Internal supply mode

The internal supply mode transfers coolant and lubricant through the
spindle, thus making it a tool application. Transferring the coolant and
lubricant internally is complex because it requires significant modifi-
cations to the machine tool, tool holder, and spindle structure. The
respective coolant/lubricant channel(s) are embedded with the tool
cutter geometry to ensure accurate Cryo-MQL delivery to the machining
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Table 1
References for the hybrid nozzle and CryoMQL generator in the external supply
system.

Schematic
representation

System Ref. Description

Hybrid Nozzle [60] Fig. 9
(Type 1)

Fig. 9 shows the schematic of
hybrid nozzle functions as type 1.
The supply system is designed
based on the Conda effect to
deliver CO5 and MQL to the
machining zone without
dispersion in this configuration.
Once CO, entered from inlet 2, it
followed a path along the airfoil,
dividing into two streams. One
stream facilitated cooling for the
MQL aerosol, while another
portion of CO, directed its flow
towards outlet 2, functioning as
an air curtain to contain the MQL
spray. Additional air curtains
were integrated into the design to
minimize the dispersion of oil
and CO, during nozzle sprays.
The following units were used to
form a complex mixture of
LCO,+MQL in Fig. 10: a)
dedicated oil- and water-based
cutting fluid storage system, b)
air compressor unit, ¢) two
mixing chambers for forming
MQL or oil-on-water MQL
aerosol, d) a separate cryogenic
reservoir, which is further
divided into two streams, and e)
two individual atomizing nozzles
to form the LCO,+MQL mixture.
LCO, and MQL from their
respective reservoirs entered the
nozzle to be delivered
simultaneously to the machining
zone.

In Fig. 11, a CA + MQL mixture
was produced using a CryoMQL
generator. The system comprised
three units: a) an air supply unit,
b) a coolant supply unit that
stores and supplies emulsion
flow, and c¢) a mixture flow unit.
Low-temperature air from the
vortex tube and emulsion micro
droplets from the coolant
container were mixed in a mixing
tube and then transferred to the
spray nozzle.

Fig. 12 shows a schematic of the
CryoMQL generator
encompassing different
components to produce a
ScCO»+MQL mixture. A booster
pump pressurizes LCO, and
transforms it into a ScCO,, state
after processing from the heater.
It is then transferred to the
atomizer, wherein the
lubricating fluid from the oil
reservoir and compressed air
from the air compressor are
mixed to form a ScCO,+MQL
mixture. This CryoMQL
generator also produces different
cooling environments, such as
ScCO,, ScCO,+MQL, and
ScCO5+00W (oil-on-water), by
controlling the opening and
closing valves of different
lubricants.

Hybrid Nozzle [54,
(Type 2) 55]

Fig. 10

CryoMQL [63] Fig. 11
Generator
(CA + MQL)

CryoMQL [39]
Generator (Sc
CO,+MQL)

Fig. 12
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zone. Hence, this supply mode facilitates favorable cooling and lubri-
cation, producing better machining performance. The internal cooling
channel can be further categorized into two types based on the mixing
mode.

e Single cooling structure: It facilitates the pre-mixing of coolant and
lubricant, followed by subsequent atomization. [64],

e Double-cooling structures: It involves transmitting coolant and
lubricant separately through internal channels embedded in the tool
and tool holder geometry [65,66].

Developing an internal cooling structure is challenging and has
limitations because it can reduce lubrication effectiveness. For instance,
the transportation of CO, requires special pressure regulation to main-
tain it in liquid form; under a slight pressure drop, it can form a dry ice
layer, especially at the nozzle outlet, which may cause blockage.
Therefore, its integration with MQL requires special arrangements for
pressure and flow rate control [49]. Grguras et al. [67] designed a novel
single-channel LCO2+MQL supply system using an anthropomorphic
robot with spindle adoption for thorough tool supply. The designed
system was implemented and tested for various MQL and cryogenic flow
rates during the drilling of Ti6Al4V alloy. As illustrated in Fig. 13, the
tool holder is assembled into the spindle using a unique clamping system
and the LCO2+MQL mixture is supplied through the tool.

Similarly, Hanenkamp et al. [68] developed an internal cooling
channel for a drilling setup by modifying the tool, tool holder, and
spindle structure to process 50CrMo4 steel material. In their design, the
interface between the tool holder and the spindle was sealed and
covered with an additional handover part to prevent the parts of the
system from unexpected cooling in case of CO, leakage. A sectional view
of this system, illustrating its major parts, is presented in Fig. 14. In
another study, a single-channel LCO>+MQL system was designed to
transport Cryo-lubricant internally through the milling cutter. Regard-
less of its state, this system was efficient enough to dissolve liquid- CO»
or ScCOy in any lubricating oil. Under controlled boundaries, a complex
mixture of LCO, and MQL was ejected in two distinct directions
following a single-phase flow under specific pressure regulation and
amplification (Fig. 15) [69]. In addition to single channels, CO, and
MQL may also be transmitted internally via an embedded individual
supply channel. Augspurger et al. [65] employed a dual-channel struc-
ture for LCO2 and MQL transmissions in milling Ti6Al4V titanium alloy.
Nozzle design considerations were made to ensure carbon dioxide
expansion after ejection from the nozzle. Nozzle exit directions for
coolant and lubricant were also incorporated into the design to avoid
interdependencies between LCO5 and MQL jets and to realize efficient
coolant/lubricant delivery in the targeted area. A representation of
separate cryogenic and MQL jets from the milling cutter is presented in
Fig. 16.

4.1.3. Hybrid supply mode

Hybrid supply modes have been employed in several studies in
addition to internal and external applications. In this mode, one me-
dium, either MQL or cryogen, is supplied internally through a modified
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Fig. 12. Schematic of CryoMQL generator based on the ScCO,+MQL [39].

tool-holder structure, and the other is transmitted externally through a
dedicated nozzle. With this arrangement, the desired cooling or lubri-
cation effects can be accurately achieved at the friction interface.
Cetindag et al. [70] adopted a hybrid supply mode in turning AISI 52100
steel. MQL was transmitted internally through the tool holder in the
hybrid supply mode, and cryogenic LN was transferred externally via a
dedicated nozzle. The tool holder structure was made to facilitate
lubricant spray from three nozzle openings, one on the flank face and the
other two on the rake face. Gonzalez et al. [71] introduced LCO5
internally through the tool from the BeCold system and lubricating oil
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Fig. 13. Modified spindle and tool structure for internal lubrication
(LCO+MQL) [67].

externally from the separate nozzle in milling Ti6Al4V titanium alloy.
The internal channel was designed and embedded with the spindle and
tool geometry for coolant ejection. LCO3 in this setup was supplied at 14
bar pressure to prevent the formation of dry ice inside the channel
structure.

Similarly, Rakesh & Chakradhar [72] designed and fabricated a
tool-holder structure for internal LNy transmission in turning Inconel
625 super alloy. As shown in Fig. 17a, LN, was directed to the tool’s
major and minor flank faces from notches 1 and 2, respectively. Fig. 17b
shows the MQL nozzle supplying oil aerosols externally through the tool
rake face. Furthermore, CA was supplied externally in an internal cy-
lindrical grinding process, and MQL was transmitted centrifugally
through internal channels built in the grinding arbor to facilitate
favorable cooling and lubrication [73].

4.2. Analyzing the trends concerning supply methods and machining
operations for Cryo-MQL

To analyze the trend of different Cryo-MQL environment in different
machining process, selected research articles published annually from
2018 to 2023 related to Cryo-MQL approaches were thoroughly studied
to analyze the following: a) the most widely adopted supply system, b)
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type of hybrid lubrication frequently utilized in turning, milling,

drilling, and grinding operations, and c) novel supply methods config-
ured for hybrid lubrication.

The data projected in Fig. 18a illustrates that in most of the studies,
Cryo-MQL was transported externally (71%), followed by the internal
supply mode (18%) and hybrid supply mode (11%). Thus, it can be
inferred that the external supply mode is the conventional method for
transmitting Cryo-MQL medium under hybrid lubrication. Interestingly,
research articles about internal supply mode utilized carbon dioxide-
based cryogenic medium with MQL for milling and drilling. As the
projected data in Fig. 18b shows, milling is the most frequently adopted
machining operation, followed by drilling in an internal application.
Since the machine structure of milling and drilling allows tool adoption,
COs in its liquid and supercritical forms tends to form a stable mixture
with MQL [61,74,75].

Researchers have also analyzed the focus of research concerning
different hybrid lubrication approaches in turning, milling, drilling, and
grinding operations. In this regard, pre-selected research papers were
categorized based on different machining operations. Subsequently,
several research papers about distinct hybrid lubrication were identified
and recorded. Finally, the recorded data is represented in a pie chart to
illustrate pre-dominant hybrid lubrication type(s) in the machining
operation. The bar chart corresponding to each pie (Fig. 19) reveals the
number of published research articles concerning hybrid approaches.
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After analyzing data as depicted in Fig. 19, it can be inferred that the
carbon dioxide-based hybrid lubrication techniques were more domi-
nant in milling and drilling operations, with the cumulative percentage
of publications 73% and 71%, respectively (Fig. 19a—(d)). However, the
liquid nitrogen-based hybrid approach was primarily utilized in turning
and drilling operations with 60% and 29% of publications, respectively
(Fig. 19b-(d)). Finally, cryogenic air-based hybrid lubrication was
frequently adopted in grinding operations with the highest number of
publications (75%) (Fig. 19¢). This analysis provides a basis for re-
searchers to highlight the gap in the literature regarding limited studies
being explored in different machining operations with a particular
hybrid technique. Table 2 references novel Cryo-MQL system systems
already discussed in sub-section 4.1.

5. Performance analysis and optimization studies on Cryo-MQL
approaches

5.1. Machinability performance

This section briefly reviews the machinability performance of
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different Cryo + MQL approaches in the machining processes. Das et al.
[95] conducted a study incorporating hybrid cryogenic cooling to assess
the tribological performance of lead-free brass while being utilized in
high-speed machining. Three different cooling techniques were config-
ured: cryogenic cooling (LN3), cutting oil based MQL lubrication, and a
hybrid cryogenic cooling technique (LN2 + MQL). The Cryo + MQL
technique was achieved with a simultaneous MQL and liquid nitrogen
flow. The results showed a significantly lower value for average surface
roughness as well as burr formation on the finished surface when
machined with the hybrid cryogenic as compared to being machined
with MQL and LN, separately. The flank wear on the tool-chip interface
was also reduced because of the better lubrication, irrespective of the
cutting speed. Das et al. [95] also declared the LNy+MQL cooling as the
most economical and eco-friendly option compared to the other two
mediums used in the study due to the lesser amount of cutting fluid used,
tool wear, and cost associated with the development and management of
waste. They suggest that Cryo + MQL cooling brings negligible carbon
emissions and eliminates the hazardous particles produced while
machining with vegetable oil [95]. The hybrid cryogenic cooling was
also compared with MQL by Ahmed et al. [89] when they machined the
TiAl64V. With the help of CFD modeling for the flow characteristics of
the MQL and LNy, they analyzed the machining in terms of flood, high
pressure, cryogenic cooling, tool wear, and surface roughness. The re-
sults confirmed the Cryo + MQL method as having superior performance
among other methods [89]. To evaluate the new concept of a hybrid
cryogenic- LN2 and MQL, referred to as ‘CryoMQL’, two sets of experi-
ments were performed by Khan et al. [96]. Their research supported the
idea that the LN-+MQL approach increases productivity by improving
product quality and reduces production costs by lowering power con-
sumption and cycle time. Also, the CryoMQL approach produced a
cheaper product at higher machining conditions, leading it to be
declared as economically sustainable only and not an environmentally
friendly solution [96]. This is further confirmed by Korkmaz et al. [97]
that hybrid lubrication is a sustainable machining alternative as it effi-
ciently reduces the specific cutting energy (SCE) during the metal cut-
ting process. The lowest value of SCE for hybrid lubrication was 82.75
J/mm?3, which was 2.7% less than dry environment.

Bagherzadeh et al. [29] studied the feasibility of adopting cryogenics
and the Cryo-MQL technique while slot-milling the titanium alloy. They
examined the machining performance of titanium alloy workpieces with
various green lubricating/cooling methods, including MQL, LNy, and
COo, and combined MQL with CO3 and LN,. The results were compared
for output variables like temperature, tool wear, surface roughness, and
cutting forces. The results showed that Cryo + MQL brings improved
results even at higher speeds. Also, the simultaneous spray of MQL and
cryogenic coolant improved the machinability of the titanium alloy
when compared to only cryogenics. The Cryo + MQL methods also
reduced the volume of coolant used, thus being a sustainable and
greener solution. They further suggested that the CO>+MQL is a
balanced approach for machine productivity and environment. Their
hybrid method improved the tool’s life and reduced costs while sup-
porting the environment [29]. Bagherzadeh et al. [50], in an earlier
study, presented an alternative & modified cooling method for using
cryogenic coolant during high-speed machining (turning) of Ti6Al4V
and Inconel 718. They worked with four methods for cooling: CO,
(rake) + MOQL (flank), CMQL (rake), COy-rake, and improved CO,
nozzle. The results show the CO2+MQL technique as a greener cooling
technique that provided low cooling rate consumption and improved
productivity. Modifying the cryogenic nozzle improved the cooling
condition compared to the conventional nozzle. Hybrid CO;+MQL
supply reduced the tool wear and surface roughness while compared to
the other strategies. The CMQL method with fixed lubricant and cooling
rate improved the tool life by 60% for Ti6Al4V and by 30% for Inconel
718 in comparison to other lubrication method, as evident from the
maximum tool wear graph in Fig. 20. The trend of wear progress in
CMQL lubrication is comparatively than other lubrication environment
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Fig. 19. Categorization of hybrid lubrication approaches in (a) milling, (b) turning, (c) grinding, and (d) drilling operations.

exhibiting longer tool life. The microstructure formed showed that Ta-2.5W under cryogenic cooling. They observed the effects of liquid
CO2+MQL offered the most reduction in the tool-chip contact length nitrogen cooling and CO2+MQL cooling on the mechanism of cutting
compared to the other methods. The CO2+MOQL technique also resulted tool wear and the formation of chips during the process. They also
in higher heat removal efficiency when compared to the COs. studied the Rehbinder effect offered by the CO2+MQL system. The re-

Wang et al. [94] used the turning process on tantalum-tungsten alloy sults show an improved cutting tool life by 50%. The chips formed
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Table 2
References for novel Cryo-MQL supply systems.
Type of supply ~ Method Experimented Machining References
system adopted Workpiece Operation
Material
External Hybrid Ti6Al4V Milling [60-62,76,
Nozzle(s) Nozzle 771
Ti3Al2.5V Turning [78]
Inconel 718 Milling [79]
Grinding [53,79,80]
AISI 304 Turning [81]
300 M Milling [82]
Compacted Milling [83]
graphite iron
y-TiAl - [59]
4 Nozzles Ti6Al4V Milling [84]
Modified tool Single Ti6Al4V Milling [64,69,85,
holder supply 861
geometry for  structure Drilling [67]
Cryo-MQL TiAl6V4 and - [87]1
AISI1045
Ti6Al4V and Milling [88]
42CrMo4
42CrMo4 steel Drilling [26,68]
AISI 304 Milling [75]
Dual supply  Ti6Al4V Milling [65]
structure AISI 1045 Milling [47]
Hybrid Ti6Al4V Turning [89]
supply Milling [71]
structure Inconel 718 Milling [48]
Inconel 625 Turning [72]
AISI 52100 Turning [70]
100Cr6 Grinding [73]
CFRP composite Drilling [90]
New System CryoMQL Ti6Al4V Turning [43]
generator Ti6Al4V, [74]
X5CrNil18-10 and
42CrMo4
Ti6Al4V Milling [63,91]
Inconel 718 Turning [92]
Milling [39]
GH605 Turning [93]
AISI 4340 Grinding [28]
Ta-2.5W Turning [94]
X2CrNiMo17-12- Milling and [52]
2 and 100Cr6 Turning
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Fig. 20. Trend of tool flank wear progression in different lubrication envi-
ronments [50].

during the turning process of Ta-2.5W showed a non-periodic and
non-uniformed fold with a classic “pomelo-meat-shaped” morphology.
Later, the Rehbinder effect turned the “pomelo-meat shaped” chips into
a more “layered-rock shaped” chip. The experiment offered an effec-
tively improved machinability of tantalum-tungsten with an increased
tool life and reduced chip thickness [94]. Cheng et al. [58] studied the
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Fig. 21. Variation of surface roughness under different machining environ-
ments [98].

influence mechanism of CO5 in CO2+MQL based machining on tool wear
in the context of oil flow and temperature. They observed the chip
morphology and wear mechanism and concluded that tool wear reduces
with less CO2. The oil mist reaches effectively and in an improved
manner when the temperature of the CO» carrier is lower. Among the
options of wet cutting, dry cutting, and the cryogenic CO,-assisted MQL,
tool diffusion wear was controlled better with wet cutting, and tool
adhesive and oxidation wear were better controlled by cryogenic
COy-assisted MQL. the cryogenic CO,-assisted MQL offers the serrated
chip, and with smaller thickness, lower frequency, it is assumed to
reduce the tool wear [58].

In another study by Yildirim et al. [98] nickel based super alloy was
machined with various lubricating/cutting fluids, and results were
analyzed on multiple factors. The study reveals that the Cryo + MQL
reduced the surface roughness by 24.82% compared to regular cryo-
genic cooling. The trend of surface roughness in Fig. 21 under different
cutting speeds and lubrication environments suggested that Cryo + MQL
technique can produced outstanding surface quality. Cryo + MQL also
reduced the cutting temperature to a significant figure of 24.9%. A
drastic reduction of 79.60% in the tool wear was also observed by the
Cryo + MQL approach [98]. Wika et al. [75] conducted a study to
analyze the basic output response in milling, speed, and feed rate while
machining austenitic stainless steel 304 L, majorly assessing the impact
of two different cooling methods, flood coolant vs. supercritical carbon
dioxide cooling with Minimum Quantity Lubrication (ScCO2+MQL).
The study reveals an increase in tool life by 32.4% while machining with
ScCO2 compared to the flood coolant.

Moreover, a 30% reduction in surface roughness was observed with
the scCO; cooling system [75]. In investigating the machinability of
high strength low alloy steels, Ti-6Al-4V and 40NiCrMo6 with the
presence of CO, in the coolant, Igbal et al. [99] found that the appli-
cation of COy increased the machinability of the 40NiCrMo6 alloy
effectively, and titanium alloy remained least affected. They however
found the application of CO, snow at the flank face supported the option
of using micro-lubrication at the rake face and helped in the machining
process [99]. Cobalt-based superalloy GH605, which has been machined
with hazardous cutting fluids, was machined and investigated by Dai
et al. [93] with three cooling and lubrication methods: liquid nitrogen,
Flood condition, and cryogenic minimum quantity lubrication. The re-
sults showed that cryogenic MQL reduced the plasticity of GH60 but did
not affect the compressive yield strength. Liquid nitrogen reduced the
cutting force by 72.2%, whereas cryogenic MQL reduced the surface
roughness by up to 19.7% [93].

Combining MQL with compressed carbon dioxide can assist in a
sustainable and improved machining process, but the throttling high
pressure of COy produces fog, thereby impacting the MQL mist (having
lower pressure) to reach the cutting zone. To counter this, Jamil et al.
[41] suggested a low-pressure hybrid of MQL plus CO5 for machining the
AISI-52100 on milling. This low-pressure hybrid dry ice approach not
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only lowered the smog in the cutting zone, but the dry ice grains also
supported the MQL-mist as carriers. Their study shows that this com-
bination of MQL with low-pressure CO; (dry-ice + MQL) improved the
cutting speed to about 200 m/min, decreased the surface roughness by
42 %, reduced the tool life to 57 %, and increased surface hardness to 9
%. Hence, the overall machinability advancement was observed in terms
of easier chip removal, excellent lubrication, and dissipation of the
cutting heat by the sublimation of dry ice [41]. Cryogens are excellent
coolants with being green, but they are poor lubricants. Ester oils are the
absolute opposite, being excellent lubricants but poor coolants. Jamil

Table 3
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et al. [42] suggested a hybrid lubri-coolant (dry-ice + MQL) with
ethanol, ester oil, and ethanol-ester oil in varying ratios and further
made combinations with and without dry ice. The samples evaluated
multiple aspects, including their thermophysical properties (thermal
conductivity, viscosity, density & specific heat), tribological properties
(friction force & its coefficient), and thermal properties (heat transfer
coefficient, surface temperature, heat flux). The results show that in-
duction of dry ice with a hybrid ethanol-easter oil combination overall
increased the thermal conductivity by 15%, reduced the density by 20%,
decreased viscosity by 5%, & decreased specific heat by 10%, and
increased the tool life by 11.5 % [42]. Jamil et al. [100] conducted
another research with a hybrid MQL-dry ice with blasting lubri-cooling
technique as an eco-friendly way to investigate the machinability and
sustainability in the machining of AISI-52100. The findings show that
their dry-ice blasting reduced the processing time to 2.6%, specific en-
ergy consumption by 2.3%, carbon emission by 2.35%, and surface
roughness by 22.5% compared to the machining done with MQL.
Moreover, hybrid dry ice blasting offered a relatively small fraction of
the total cost compared to MQL and with only dry ice blasting [100].
The effect of adding sub-zero air in the MQL aerosol, the hybrid MQL
or minimum quantity cooling lubrication CA + MQL in milling Ti-6-Al-
4-V was studied by Mark Benjamin et al. [44], and results were assessed
for cutting temperatures, surface roughness and the quality of chips
produced. The study shows that CA + MQL improves the lubricity of the
cutting fluid and makes it easier to remove chips from the rake face
when assisted by cold air. CA + MQL also supported thinner chips,
having lower radii, reduced underside roughness, and lesser segmenta-
tions. Adding a sub-zero air stream in the standard MQL system also
produced a lower friction coefficient at the tool-rake interface. The
overall system productivity was improved with CA + MQL specifically

Performance analysis of hybrid lubrication in machining various difficult-to-cut materials.

Reference ~ Workpiece/Cutting Tool Conclusion (In decreasing order)
Flank wear Cutting force Surface Cutting Specific Power
Roughness Temperature Cutting
Energy
[105] AISI-52100/TiAIN Coated carbide insert Dry ice + MQL Dry ice + MQL > Dry ice + MQL >
> MQL MQL MQL
[47] AISI 1045/TiAICrN Coated carbide insert ~ MQL > MOQL~ MOQL~
CO2+MQL CO2+MQL CO,+MQL
[106] 300 M Steel alloy/coated carbide insert Dry > CA + Dry > CA +
MOQL MOQL
[107] HS6-5-2 High-speed steel/Alumina CA > MQL> CA > MQL>
abrasive wheel CA + MQL> CA + MQL>
Flood Flood
[108] 100Cr6 Steel/Corundum grinding wheel Flood> Flood>
ScCO,+MQL ScCO2+MQL
[109] 27MnCr5 Steel/Cubic boron nitride LN,>flood>
wheel LN,+MQL
[103] Ti6Al4 V Titanium alloy/Cubic boron Dry > CA> Dry > CA> Dry > CA > MQL Dry > CA>
nitride wheel MQL> MQL> > CA + MQL MQL>
CA + MQL CA + MQL CA + MQL
[110] Ti3Al2.5V Titanium alloy/Uncoated Dry > MQL> Dry > MQL> Dry > MQL> Dry > MQL >
carbide LNo> LN2> LNy> LN2>
LN,+MQL LN,+MQL LN,+MQL LN»+MQL
[111] TC4 Flood > MQL> Flood >
Titanium alloy/Carborundum silicon CO2+MQL MQL>
carbide disc wheel CO2+MQL
[112] Monel-400 Dry > MQL> Dry > MQL> Dry > MQL>
CO,> CO2> CO2+MQL CO2> CO+MQL
CO2+MQL
[113] Carbon/epoxy (T800/X850) ScCOy>Dry> Dry > ScCOy> Dry > ScCO>
multidirectional CFRP laminates/ ScCO,+MQL ScCO,+MQL ScCO,+MQL
Diamond coated cemented carbide insert
[114] AZ91/5SiC LN,> MOQL > LN,>
Mg-based Particulate Metal Matrix LN2+MQL> LN,+MQL
Composites (PMMCs)/Uncoated carbide MQL
[115] TiC/PVD coated insert Dry > MQL > Dry > MQL > Dry > MQL >

LN,> LN»+MQL

LN,> LN,+MQL

LN,> LN,+MQL
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Table 4

Studies conducted relevant to parameter optimization of hybrid lubrication

techniques.

Ref. Workpiece

Material

Tool Material

Optimized
Parameters

Effect Description

[26] 42CrMo4

steel

[86] Ti6Al4V

[116]

Grade 2 CP-Ti
pure titanium

AICITiN
coated solid
carbide drill

CVD TiCrN +
Al203+TiN
coated tool

Carbide end
mill

[74] Ti6Al4V,
X5CrNil8-10
and 42CrMo4

coated carbide
tools

PVD TiAIN for
Ti6Al4V

CVD TiCN +
Al203+TiN
for X5CrNi18-
10 and
42CrMo4

Ti AIN coated
carbide end
mill

[76] Ti6Al4V

LCO, flow rate=
(0, 25, 250) g/
min

MQL flow rate=
(0, 50, 100) ml/
h

Cutting speed=
(30, 40, 50, 60,
70) m/min

ScCO,, flow rate
= (15, 40) kg/h
MQL flow rate=
(1, 2) ml/min

ScCO,, flow rate
= (15, 35, 55)
kg/h with
constant MQL
flow rate of 0.5
ml/h

Cutting speed=
(70, 85, 100,
115, 130) m/
min

CO, flow rate
for Ti6Al4V,
X5CrNi18-10=
(6,13, 19) kg/h
CO,, flow rate
for 42CrMo4=
(13, 22.5, 26.2)
kg/h

MQL flow rate=
(12, 30, 48) ml/
h

MOQL parameter:
a) Nozzle type
1. Smooth jet
nozzle (SJN)

2. Plastic tube
(PT) b)
Diameter (d)
SIN1,d=0.2
mm; mCO, =
4.7 kg/h
SIN2,d=0.3
mm; mCO, =
8.6 kg/h
SIN3d=0.2
mm; mCO, =
8.0 kg/h

PT,d = 0.5 mm;

The Kienzle
equation was
applied to
optimize the flow
rate of both
media. It was
demonstrated
thata
combination of
LCO,, flow rate of
115 g/min, MQL
flow rate of 80
ml/h, and cutting
speed of 70 m/
min is optimal for
improving the
drilling
efficiency,
reducing the
cutting
temperature, and
preventing chip
clogging.

Tool life was
extended when
ScCO2+ MQL was
combined with a
ScCO,, flow rate
of 40 kg/h and an
MQL flow rate of
1 ml/min.

The surface
roughness and
tool life results
were better at a
cutting speed of
115 m/min and a
ScCO,, flow rate
of 35 kg/h.

Preliminary tests
were conducted
to optimize the
flow rate with
respect to the
cutting force. It
was found that
13 kg/h and 48
ml/h had a
positive impact
on restraining the
cutting force in
all the materials.
Temperature
measurement
analysis showed
that the trend of
the temperature
curve
representing the
cooling effect was
better with a
smooth jet nozzle
(SJN 3) having an
orifice diameter
of 0.2 mm and a
CO, flow rate of
8 kg/h.
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Ref. Workpiece Tool Material Optimized Effect Description
Material Parameters
mCO, = 5.8 kg/
h
[114] AZ91 SiC/ Uncoated Nozzle angle = It was stated that
PMMCs diamond-like 15°, 30°, 45°, a nozzle angle of
magnesium carbon (DLC) 60°, 75° 75° and a
alloy metal insert Standoff standoff distance
matrix distance= (30, of 30 mm with a
composite 50, 70, 90, 110) 2 ml/h MQL flow
mm rate was better
MQL flow rate= for machining
2,5, 8,11, 14, AZ91 SiC/PMMC
17, 20) ml/h magnesium metal
matrix
composites.
[117] Ti6Al4V Uncoated CA -+ MQL Multi The best multijet
tungsten nozzle angular CA + MQL nozzle

carbide inserts

[58] N 87 alloy
steel

TiN/TiAIN
coated tool

position (N)

N1 =0°, 20°,
40°

N2 =90° (fixed)
N3 =180°,
160°, 140°

LCO,
Temperature =
-10C°, —30C°,
-50C°,

MQL flow rate=

position was
when nozzle 1
was positioned at
20°, nozzle 2 at
90°, and nozzle 3
at 180°. This
nozzle
arrangement
covers the
maximum
coverage area in
the machining
zone and thus
demonstrates the
lowest cutting
force.

It was revealed
that the highest
coolant
temperature is
better at reducing

the tool wear
mechanisms,
adhesive,
diffusion, and
oxidation.
Therefore, the
tool life results

(0, 60, 40, 80)
ml/h

were better with
LCO, -50C° and
MQL at 60 ml/h.

suited for high-temperature cutting of titanium alloys at higher speeds
[44]. In another study by Gupta et al. [101], a new approach of sus-
tainable CA + MQL, the Ranque- Hilsch Vortex tube plus MQL (RHVT +
MQL), was compared with liquid nitrogen plus minimum quantity
lubrication (LN2+MQL), as well as with liquid nitrogen (LNj3) were
employed for the turning of Ti6Al4V. The results were assessed based on
tool wear, surface roughness, workpiece surface hardness, and specific
cutting energy. The results showed that LN, with MQL brings up the best
surface finish among the three cooling options used in the experiments.
The LN2+MQL supported the lowest specific cutting energy and pro-
duced smooth and fragmented chips thus declared as the most suitable
option for a producing smoother surface in energy efficient manner. In a
recent study, Korkmaz et al. [102] revealed similar results, showing
improved surface quality with fewer feed marks, reduced adhesion of
work material, and minimized surface damage under Cryo + MQL
conditions while turning 601 alloy. Another approach of adding CA with
MQL was experimented by Liu et al. [103] while grinding titanium alloy
with MQL and MQL + CA. Their study reveals that CA + MQL improved
the grinding effect more than MQL alone. It also amplified the cooling
process during the grinding. In this combination, when compared to the
dry grinding, the specific grinding energy is decreased by 45.1%, as
shown in Fig. 22. Moreover, the coefficient of friction is also reduced by
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19.8%, and the friction temperature is also reduced to a considerable
amount of 43.9% in comparison to dry cutting. Moreover, Rsm, Ra, Rt,
and Rz values decreased by 35.4%,46.3%, 61.5%, and 60.6% respec-
tively [103]. A Comparative study was carried out by Wu et al. [63] for
CA + MQL machining. The results were assessed based on cutting force,
tool wear, surface quality, chip morphology, and workpiece deforma-
tion. It was proved that CA + MQL machining significantly lowered the
cutting loads and deformation and it led to a reduction of cutting force
by up to 31.2% and deformation by up to 44.7%. Also, up to 45.8%
reduced surface roughness was achieved with CA + MQL as compared to
MQL machining [56] at higher speed machining. Because MQL
machining generally produces continuous chips, which accumulate on
the tool rake face, causing the tool positive rake angle to become more
negative. Further accumulation creates abstractions in the way of chips,
which leads to increased load and results in pitting on the tool surface
[104].

Based on the literature analysis, it is evident that the Cryo + MQL
combination is outperformed than traditional lubrication technique as
well as standalone sustainable lubrication/cooling environments. In this
regard, Table 3 provides summarized additional evidence relevant to the
effective machinability performance of various Cryo + MQL techniques
in comparison to other environments.

5.2. Optimization studies

The effectiveness of the Cryo + MQL technique is critically depen-
dent on the parametric considerations of coolant/lubricant, such as flow
rates, lubricating oil viscosity, dissolution rate (in the case of Cryo +
MQL mixture), and supply pressure. In addition, individual nozzle pa-
rameters, including position, diameter, and standoff distance, can also
influence the effectiveness of the hybrid lubrication technique [59].
Table 4 summarizes the optimized parameters relevant to cool-
ant/lubricant flow rates and nozzle parameters.

6. Conclusions and future scope

This paper extensively investigates various approaches of Cryo +
MQL approaches, its supply systems, machining performance, and
optimization studies from selected literature published yearly from 2018
to 2023. The comprehensive review concludes that Cryo-MQL is an
effective, sustainable lubrication approach for machining difficult-to-cut
materials. Moreover, it was determined that the effectiveness of Cryo +
MQL has been evaluated in almost all types of conventional machining
operations, such as milling, turning, drilling, and grinding, as well as in
burnishing and additive manufacturing processes. Furthermore, this
study also discussed the supply mechanism for cryogen and MQL ap-
plications in Cryo-MQL mode. The analysis of selected literature reveals
three primary modes for delivering Cryo-MQL to the machining zone:
external, internal, and hybrid modes. The external supply mode pre-
dominantly employs separate or combined nozzles and is frequently
observed in turning and grinding operations using LN, and CA-based
cryogens. On the other hand, the internal supply mode ensures precise
delivery of coolant and lubricant through the tool and spindle,
commonly applied in milling and drilling utilizing CO,-based cryogens.
Lastly, the hybrid mode combines the internal and external supply of
one medium, either cryogenic or MQL, employed in milling, drilling,
and grinding operations. The review of Cryo-MQL’s machining perfor-
mance indicates its effectiveness in enhancing the machinability per-
formance of many materials but most particularly difficult-to-machine
materials. However, the optimization studies relevant to the flow rate of
cryogenic and MQL mediums also showed improvement in the lubrica-
tion and cooling effectiveness of the hybrid technique in terms of
reducing surface roughness, tool wear, and cutting forces.

In terms of future prospects, it is recommended to investigate the
efficacy of various supply modes within the same Cryo-MQL environ-
ment. Additionally, conducting additional studies focused on parameter
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optimization of lubricants and cryogenic mediums along with nozzle
positions will be instrumental in determining the feasibility and poten-
tial enhancements of the Cryo-MQL approach. These investigations can
provide valuable insights into refining and maximizing the benefits of
Cryo-MQL technology for improved machining performance and
sustainability.
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