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Abstract Cutting fluid plays a cooling—lubrication role
in the cutting of metal materials. However, the substantial
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usage of cutting fluid in traditional flood machining
seriously pollutes the environment and threatens the health
of workers. Environmental machining technologies, such
as dry cutting, minimum quantity lubrication (MQL), and
cryogenic cooling technology, have been used as substitute
for flood machining. However, the insufficient cooling
capacity of MQL with normal-temperature compressed gas
and the lack of lubricating performance of cryogenic
cooling technology limit their industrial application. The
technical bottleneck of mechanical-thermal damage of
difficult-to-cut materials in aerospace and other fields can
be solved by combining cryogenic medium and MQL. The
latest progress of cryogenic minimum quantity lubrication
(CMQL) technology is reviewed in this paper, and the key
scientific issues in the research achievements of CMQL are
clarified. First, the application forms and process
characteristics of CMQL devices in turning, milling, and
grinding are systematically summarized from traditional
settings  to  innovative  design.  Second, the
cooling—lubrication mechanism of CMQL and its influence
mechanism on material hardness, cutting force, tool wear,
and workpiece surface quality in cutting are extensively
revealed. The effects of CMQL are systematically
analyzed based on its mechanism and application form.
Results show that the application effect of CMQL is better
than that of cryogenic technology or MQL alone. Finally,
the prospect, which provides basis and support for
engineering application and development of CMQL
technology, is introduced considering the limitations of
CMQL.

Keywords cryogenic minimum quantity lubrication
(CMQL), cryogenic medium, processing mode, device
application, mechanism, application effect

1 Background

With the rapid development of the global manufacturing
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industry, remarkably stringent requirements have been
introduced for the mechanical properties of core compo-
nents in the fields of aerospace, weapons, petrochemical
industry, and medical equipment; high strength, tough-
ness, high-temperature resistance, and other characteri-
stics of new materials emerged to meet the usage
requirements [1]. However, these new materials have
poor processing performance; thus, they are also called
difficult-to-cut materials. Typical examples include
titanium alloy, nickel-based alloy, and high-strength steel.

At present, cutting is still the most important machining
method for difficult-to-cut materials. Titanium alloy is
often used in the manufacture of wing spar, frame, joint,
compressor sheet, and other important parts for aircraft
engines [2]. The thermal conductivity of titanium alloy is
low, and the cutting heat is mostly concentrated in a small
range near the cutting edge. A total of 78% of heat is left
in tools, and only 12% is transferred to chips [3].
Titanium alloy can remain stable below 550 °C for a long
time. However, the chemical reaction activity of titanium
increases when the temperature reaches 600 °C, and the
hardened layer is formed after oxidation. The softening
effect is observed when the temperature exceeds 650 °C,
and adhesion is strengthened. Titanium reacts with tool
coating and diffuses when the temperature reaches 800 °C
[4]. A nickel-based superalloy is developed in accordance
with the strict requirements on raw materials of
contemporary space shuttle engines. This superalloy is
mainly used for four hot-end parts of the engine
combustion chamber, guide vane, turbine vane, and
supercharger disc, and the usage proportion reaches more
than 50% [5]. However, the thermal conductivity of
nickel-based alloy is low, and the surface energy density
of the tool/workpiece is remarkably high in the cutting.
The temperature can reach 900 °C and 1300 °C in low-
and high-speed cutting, respectively, which leads to
surface burn of the workpiece [6]. As a new rising
material in recent years, high-strength steel is widely used
in national defense, automobile, construction, and other
fields [7]. High-strength steel has a low thermal
conductivity and a high toughness. Cutting is unstable
under high-temperature and high-pressure environment,
which leads to serious workpiece surface deformation,
large tool—chip contact length, complicated chip
breaking, and easy winding [8].

The above difficult-to-cut materials are accompanied
by elastic—plastic deformation and severe friction during
cutting; this condition maintains the cutting zone in a
high-temperature and high-stress state for a long time,
resulting in tool wear and surface quality deterioration
[9]. The most widely used flood technology has the
advantages of cooling, lubrication, and chip removal, but
several defects that cannot be ignored in the cutting
remain [10]. High temperatures cause local boiling of the
cutting fluid at the tool-workpiece interface, resulting in
the continuous formation of oil vapor film by micro

Front. Mech. Eng. 2021, 16(4): 649—697

bubbles, which substantially increases thermal resistance
and seriously reduces heat transfer efficiency [11]. In
practical application, the amount of cutting fluid used is
remarkably large, and its cost accounts for 18% of total
production cost, which is considerably higher than 7% of
tool cost [12]. Second, cutting fluid causes serious
pollution to the environment, and the micro particles
formed by heat volatilization easily harm the health of
workers [13]. Therefore, flood technology cannot meet
the requirements of clean production.

Reducing the environmental pollution caused by cutting
fluid and realizing clean production according to the
requirements of environmental protection and sustainable
development is necessary [14]. Green cutting is an
inevitable development trend in the field of mechanical
manufacturing in the future [15]. In recent years, the
development of green processing technology based on
sustainable science and engineering principles has
become a major research hotspot in the manufacturing
industry [16].

1.1  Green machining technology

Current green machining technology mainly includes dry
cutting [17], minimum quantity lubrication (MQL)
cutting [18], and cryogenic cutting [19]. However, each
technology still has defects despite its unique process
performance advantages.

Dry cutting does not use cutting fluid and reduces the
production cost. Moreover, this technology does not need
waste-cutting liquid treatment, which is clean and
pollution free. However, dry cutting, which has strong
limitations, must be under special process conditions for
easy-to-cut materials to show the ideal effect. A high
temperature in the cutting zone easily aggravates tool
wear and workpiece surface quality deterioration for
difficult-to-cut materials [20].

Near-dry MQL technology sprays atomized micro
droplets into the cutting zone by high-speed gas to reduce
friction heat and cutting force between the tool and
workpiece [21]. The requirements of green processing
indicate that vegetable oil can replace traditional mineral
oil as base oil, which not only has good lubrication
performance but also prevents environmental pollution
due to biodegradation [22]. However, the cooling
performance of MQL is insufficient. A high temperature
can easily lead to oil film rupture, desorption, and even
oxidation failure. Consequently, continuous lubrication
cannot be formed in the cutting zone [23].

Nanoparticle minimum quantity lubrication (NMQL)
technology is a new cooling—lubrication method based on
MQL. The addition of nanoparticles with a high thermal
conductivity into lubricating oil not only enhances the
heat transfer in the cutting zone but also improves the
friction performance of the tool/workpiece interface [24].
The commonly used nanoparticles mainly include Al,O;
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[25], hexagonal boron nitride (hBN) [26], and graphite
[27]. However, the heat transfer capability of
nanoparticles is still limited in the high-temperature
environment (600 °C—800 °C) of the cutting zone. The
temperature drop ratio is 15%—20% compared with MQL
[28]. NMQL is mostly used in actual production for
cutting easy-to-cut materials (such as aluminum alloy)
and has achieved good results [29]. The cooling effect
can still be improved despite the gain effect of NMQL for
difficult-to-cut materials [30].

Cryogenic technology sprays a cryogenic medium into
the cutting zone by utilizing large temperature differences
and increasing the heat transfer zone to strengthen the
convective heat transfer and then effectively reduce the
cutting zone temperature. Thus far, the main cryogenic
media for difficult-to-cut materials include liquid nitrogen
(LNy) [31], liquid carbon dioxide (LCO;) [32],
supercritical carbon dioxide (scCO;) [33], and cryogenic
air (CA) [34]. A low temperature can reduce the thermal
softening degree of the workpiece and improve the
cutting performance, which not only enhances the
material removal rate of the workpiece but also
effectively extends tool life [35]. The cost of cryogenic
machining is lower than that of traditional machining
methods considering high tool life and productivity
[36-38]. However, cryogenic technology has insufficient
lubrication performance, and the antiwear/antifriction
capability must be improved.

1.2 Cryogenic minimum quantity lubrication technology

Cryogenic minimum quantity lubrication (CMQL)
technology is introduced to realize green, high-quality
machining of difficult-to-cut materials.

CMQL is the organic combination of cryogenic and
MQL technologies; this technology not only markedly
reduces the cutting zone temperature and maintains the
effective lubricating capability of oil film but is also
crucial in improving the quality of the workpiece and
reducing tool wear, reflecting its unique advantages [39].
Moreover, CMQL is environmentally friendly and
pollution free, thus meeting the requirements of green,
clean processing.
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1.2.1 LN; + MQL technology

LN, is the most widely used cryogenic medium in the
world because of its wide source, low cost, cleanliness,
and low chemical activity. Cutting can be introduced into
the extremely cryogenic field when the boiling point of
LN is as low as —196 °C; this approach is called the ultra
cryogenic process. LN, was first used in cryogenic
cutting of low-carbon steel in the United States, which
effectively inhibited hot plasticity and achieved an ideal
machining effect. This approach is effective in improving
cutting capability and obtaining a high machining quality
to harden highly plastic metal materials (such as
aluminum alloy [40] and magnesium alloy [41])
moderately through LN,. However, cryogenic hard
embrittlement may increase cutting force [42]. LN, lacks
lubricating capability, especially for difficult-to-cut
materials, despite its excellent cooling effect, which is not
conducive to improving surface processing quality [43].
LN; + MQL technology is used to spray LN, and micro
lubricating oil into the cutting zone in the form of a high-
pressure jet. LN, sublimates and absorbs a large amount
of heat to place the cutting zone in a low-temperature
state. Simultaneously, lubricating oil forms a stable
lubricating film on the tool/workpiece interface to
enhance the antiwear/antifriction effect [44]. Table 1
compares LN, + MQL with other cooling strategies in
cooling, lubrication, and sustainable development.

1.2.2 LCO;+ MQL technology

In the early 20th century, Bartley first proposed using
cryogenic CO; as a cutting coolant [46]. Hollis (1961)
[47] used LCO;, as a coolant in titanium alloy cutting, and
the tool wear degree substantially decreased. The
combination of LCO, and MQL realizes green, high-
quality processing through the continuous progress of
technology. The passage of a high-speed jet of LCO; into
the cutting zone through the nozzle results in a rapid
adiabatic expansion and a large amount of heat
absorption; 60% of heat is converted into cryogenic CO,
while 40% is rapidly cooled to form micron-sized dry ice

Table 1 Effectiveness and application of various cooling and lubricating strategies [45]

Effects of cooling and Flood Dry MQL Cryogenic Hybrid
lubricating strategy (emulsion/oil) (compressed air) (oil) (LN») (LN>+MQL)
Cooling Good Poor Marginal Excellent Excellent
Lubricating Excellent Poor Excellent Marginal Excellent

Chip removal Good Good Marginal Good Good
Machine cooling Good Poor Poor Marginal Marginal
Workpiece cooling Good Poor Poor Good Good
Dust/Particle control Good Poor Marginal Marginal Good
Product quality Good Poor Marginal Excellent Excellent
Sustainability Water pollution. microbial Poor surface integrity Harmful oil vapor Initial cost Initial cost, oil vapor

infestation, and high cost

due to thermal damage
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particles [48]. Micro oil mist plays a stable lubrication
role. The surface hardening degree of processed materials
is relatively light due to the lower cooling temperature of
LCO, than that of LN,, and cutting force and tool wear
are relatively low [49].

scCO,+MQL technology is a new cooling—lubrication
technology that applies scCO; to the cutting field. Figure
1 shows the temperature—pressure relationship of CO,. In
the supercritical state, scCO, not only has a high diffusion
coefficient and a low viscosity equivalent to gas but also
a density similar to liquid and good solubility, with a
surface tension close to zero [50]. Furthermore, scCO; is
the most widely used supercritical fluid solvent in the
industry thus far. Common industrial lubricants, such as
vegetable and mineral oils, can be effectively dissolved in
scCO; [51].

Micro lubricating oil is dissolved in scCO; to form a
high-pressure scCO,—oil fluid, which will rapidly expand
after ejection from the nozzle, resulting in rapid
lubricating oil precipitation due to supersaturation and the
formation of micron-sized oil mist particles. Simultane-
ously, scCO; oil fluid forms gaseous CO,/lubricating oil
mist/dry ice particle three-phase jet under the
Joule-Thomson effect, and the temperature can be as low
as —78.5 °C, which substantially reduces the temperature
of the cutting zone and plays a lubrication role [52].
scCO; + MQL technology is currently in the stage of
laboratory research due to its complex production,
complex storage, and high cost.

1.2.3 CA +MQL technology

In 1996, Professor Yokogawa from Japan first proposed
the scheme of using CA to replace cutting fluid and
verified its feasibility. However, meeting the require-
ments of high-quality cutting by using CA is difficult due
to the diversity of cutting factors. Thus, scholars proposed
the near-dry cooling—lubrication technology of CA +
MQL, which is a combination of CA (—10 °C to —60 °C)
and MQL. Micro lubricating oil is atomized into micron-
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Fig. 1 Temperature—pressure diagram depicting phases of
supercritical carbon dioxide. Reproduced from Ref. [48] with
permission from Springer Nature.
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sized particles by high pressure and cryogenic gas, and
sprayed to the cutting area at a high speed [53]. The
temperature difference between the CA and cutting zone
can enhance heat transfer, and the high-speed airflow can
lead the heat away from the cutting zone. The minimal
effect of atomized particles results in strong permeability
and lubricity, reduces tool wear, and improves workpiece
surface quality. CA + MQL is environmentally friendly
and does not affect the health of workers, thus meeting
the requirements of clean production [54].

The largest advantage of CA technology is its accurate
control of the medium temperature to adapt to the cutting
of different plastic metals. A reasonable low-temperature
range for easy-to-cut materials, such as low carbon steel,
can help maintain workpiece hardness that is conducive
to cutting, prevent highly plastic workpiece and tool
bonding due to high temperature, and reduce cutting
performance [55]. The cutting temperature for difficult-
to-cut materials, such as titanium and nickel-based alloys,
is high. However, the CA temperature is limited, and the
cooling performance is not ideal. CA combined with
NMQL can provide a good cooling effect to improve the
cooling range and the surface processing quality [56].
This combination also introduces a new way for
cryogenic cutting of difficult-to-cut materials.

1.3 Article purpose

CMQL technology saves resources, minimizes pollution,
and meets the requirements of green machining [45]. The
cutting performance of the cooling—lubrication mecha-
nism of CMQL changes due to its difference from that of
cryogenic medium and MQL (or NMQL) used alone.
This paper aims to summarize the application of CMQL
technology in cutting difficult-to-cut materials in recent
years. First, the mechanisms of LN, + MQL, LCO, +
MQL, and CA + MQL technologies are introduced.
Second, the application forms and process characteristics
of CMQL devices in turning, milling, and grinding are
presented. Third, the effects of the three CMQL
technologies on cutting performance, tool life, and
surface quality in turning, milling, and grinding progress
are revealed. The conclusion is drawn based on the
analysis, and the development prospect of CMQL
manufacturing technology is investigated to provide a
reference for further research and engineering application
of CMQL. Figure 2 shows the overall structure of the

paper.

2 Application form of CMQL device

The cryogenic medium in the cutting is generally sprayed
into the cutting zone by different types of transport pipes
and nozzles in the form of jets. At present, most of the
academic research on cryogenic medium supply in
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different processing methods (such as turning, milling,
grinding, and drilling) focuses on the external jet because
it can be realized without modifying the machine tool
[57]. However, with the development of technology, the
internal supply of cryogenic medium in the milling can be
realized and accurately transported to the cutting area
through the internal structure transformation of the
machine tool spindle, tool holder, and milling cutter [58].
A channel for turning is set inside the turning tool to
drain the cryogenic medium into the cutting zone to
realize integrated processing [59].

The application forms, advantages, and disadvantages
of CMQL device in turning, milling, and grinding are
summarized in this paper according to the order of
CMQL device from traditional configuration to
innovative design.

2.1 Characteristics of LN, and LCO,
LN, and LCO, are the most commonly used cryogenic
media, but their refrigeration mechanisms are remarkably

different. Therefore, different requirements must be
considered in the storage and transportation of cryogenic
medium.

CO; can only be stored in the tank in liquid form under
the pressure of 5.7 MPa. CO; is supplied to the tool—
workpiece interface through pressure pipes during use.
The machine components and power supply lines will not
be affected as long as the LCO, is at the specified
pressure. However, considering completely different
cryogenic characteristics is necessary when using LN,.
Moreover, LN, must be stored in an incubator because it
begins to boil at —196 °C and absorbs a considerable
amount of heat at ambient pressure. This characteristic
introduces specific problems in practical engineering
applications. First, all supply pipes, machine parts, and
tool transport channels must be thermally insulated to
avoid freezing hazards. Second, LN, rapidly evaporates
to form a gas film, which reduces the cooling effect [60].

Only a small amount of phase change latent heat of
LN, and LCO; is used in cutting cooling, whereas a part
of latent heat is consumed in the environment [61].
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Compared with LCO,, the start-up time of LN, before
system cooling is substantially long due to the drainage
requirement of nitrogen from the cooling medium
transportation pipeline. Figure 3 [45] shows that cutting
can be conducted after approximately 60 s of starting the
LCO,. Afterward, the minimum cooling temperature can
be maintained at —50 °C. However, cooling remains
unstable even when LN, reaches the outlet temperature of
=170 °C due to the generation of nitrogen in the supply
system [60].

2.2 Turning machining

2.2.1 Application of LN, + MQL device

The common LN, sprayer comprises a storage tank and
an insulated pipeline. Under the set pressure (usually 0.4
MPa), the LN jet is sprayed into the cutting zone with a
certain amount of flow through the nozzle to cool. MQL
uses vegetable oils, such as castor oil [62], rapeseed oil
[63], and soybean oil [64], to realize green processing.
The high-speed airflow (0.6-0.8 MPa) atomizes the
lubricating oil and plays a Iubrication role. Lubricating oil
is insoluble in LN, and condenses into solid at —196 °C,
causing nozzle blockage. Therefore, mixing the
cooling—lubrication medium and spraying it through one
nozzle is impossible. The conventional setting method
uses two nozzles to spray LN, and lubricating oil directly
on the tool-workpiece interface, as shown in Fig. 4

Cryogenic cooling

LN, nozzle
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[65,66]. However, completely covering the actual
working face of the cutting tool may be difficult for the
cooling—lubrication medium.

The conventional method uses a multinozzle-
directional jet for different tool and workpiece positions
[67] to solve the low coverage rate effectiveness of the
cooling—lubrication medium, as shown in Fig. 5(a). LN,
is sprayed into the workpiece cutting position through
nozzle A in turning to cool the workpiece in advance.
LN, and micro oil mist are simultaneously sprayed for the
cutting tool. LN, enters the rake face through nozzle B,
and oil mist enters the flank face through nozzle C, as
shown in Fig. 5(b). The spraying positions of the
cooling—lubrication medium then change.

The above method aims to change the number and

=509¢ _» €O

- ——---J——-——

Outlet of LN,

Temperature/°C
n
S o

s
(=3
S

-150{--

Running time
At t/s

Fig.3 Temperature profile of LN, and LCO, at coolant exit.
Reproduced from Ref. [45] with permission from Elsevier.
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Fig. 4 Schematics and setups for LN, and MQL. Reproduced from Refs. [65,66] with permission from Elsevier.
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position of nozzles to achieve the effective working face
of cutting tools covered by the cooling—lubrication
medium. The new supply device is currently realized by
optimizing the structure of the tool holder. The cryogenic
medium-conveying system with dual channels is
integrated into the tool holder. LN, enters the storage
pool in the tool holder and flows to the rake and flank
faces through two internal channels in different directions
[68]. Severe friction between rake face and chip is the
main heat source in cutting. Therefore, the channel outlet
aimed at the rake face can be further designed as a side-
by-side dual channel [69], as shown in Fig. 6(a), and its
cooling effect is better than that of a single channel [70].
In addition to rake and flank faces, tool life is further
improved by setting a nozzle under the tooltip for cooling
[71]. Different nozzle combinations and their cooling
areas are shown in Fig. 6(b). The internal channel
comprises stainless steel with a low thermal conductivity
and is embedded in the high-vacuum device to prevent
the influence of ultralow temperature on the tool holder.
The above supply device is for LNy, but MQL still needs
to be supplied through the external pipeline.

LN, for
cooling
workpiece

Workpiece
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2.2.2  Application of LCO, + MQL device

Two nozzles are used to spray LCO, and micro
lubricating oil into the cutting zone in the conventional
approach of LCO, + MQL [48], as shown in Fig. 7(a).
However, the pressure drop after the release of LCO,
from the storage tank forms a layer of dry ice around the
nozzle, leading to a certain degree of blockage and
reducing jet velocity. Pereira et al. [72] designed two new
nozzle adapters to solve this problem effectively. The
adapter is installed on the MQL nozzle, and four “plug
and play” pipes are connected to the adapter to transport
LCO,. The principle of the two adapters is the same, but
the type of LCO; nozzle is different. Figure 7(b) shows
convergent nozzles on the left and right. The fluid
velocity of divergent convergent nozzles is high, but their
dispersibility is strong. Convergent nozzles have a
relatively low flow velocity but realize substantial spray
concentrations. The convergent nozzle adapter is suitable
for practical machining operations.

A multipipe nesting device for conveying LCO, and
micro lubricating oil can be installed on the tool holder
[74], as shown in Fig. 8. The LCO; outlet is located at the

LN, or MQL
on rake face

Cutting insert

Dynamometer

LN, or MQL
on flank face

Fig. 5 Nozzle setup for simultaneous application of LN, and MQL: (a) experimental setup with workpiece and delivery nozzles, (b) LN,
and MQL delivery through different combinations of three nozzles. Reproduced from Ref. [67] with permission from Elsevier.

LN, pool LN, inlet

Supply head with
secondary nozzle

Flank

Chipbreaker with
primary nozzle

Tool insert

Rake
channel

Fig. 6 Assembly of multiple nozzles for LN, delivery: (a) structure of turning tool for liquid internal supply, (b) four kinds of schematics
for coolant delivery. Reproduced from Refs. [69,71] with permission from Elsevier.



656

‘V ! Workpiece (@

Cryogenic CO,
,,—r
oo i
ﬁi\ = e o

Insulated il |&] g : P;e;ls;;e
workpiece > = Vent

" Hybrid nanofluids mist _J| ! : en
? |—sk—

o | Gas

r Pump
Mixing
champer

Compressed air

o
NN Compressor y L EEE———

Front. Mech. Eng. 2021, 16(4): 649—697

Fig. 7 LCO; + MQL system in turning: (a) schematic of MQL and cryogenic cooling-assisted turning system, (b) convergent outlet and
convergent—divergent adapters. Reproduced from Refs. [48,73] with permission from Springer Nature.

s MQL supply

Fig. 8 Tool holder for the combination of LCO, + MQL.
Reproduced from Ref. [74] with permission from Springer
Nature.

nozzle tip (indicated by the dotted blue line), and the
MQL outlet is located in the middle of the nozzle body
(indicated by the dotted green line). The micro droplets
are carried by the LCO; jet and mixed upon reaching the
nozzle tip. The mixture temperature at the nozzle is
approximately —78 °C and covers the rake face. However,
this temperature cannot effectively cover the flank face.

2.2.3 Application of CA + MQL device

The conventional way is using two nozzles to spray CA
and micro lubricating oil into the cutting zone. Another
way is to cool the compressed air to —10 °C to —60 °C
through the cooling system and mix it with the lubricating
oil in the mixing chamber in front of the nozzle to form a
gas—liquid two-phase flow. Low-temperature micro
droplets are sprayed to the cutting zone at a certain speed
and pressure after nozzle atomization, playing the role of
cooling and lubrication, as shown in Fig. 9 [75,76]. The
nozzle is usually designed as centralized type I or
divergent type II to improve heat transfer efficiency.

Centralization facilitates spraying of cooling—lubrication
medium into the tool effective working face. The
divergent type increases the heat transfer area of CA.

2.3 Milling machining

2.3.1 Application of LN; + MQL device

As in turning, conventional LN, + MQL is mixed at the
tool-workpiece interface by spraying the cooling—
lubrication medium separately. MQL is crucial to
reducing the friction between rake face and chip and that
between flank face and workpiece. LN, can reduce the
chemical reaction between the special elements of the
workpiece and material on the tool surface by lowering
the temperature of the tool/workpiece, which helps
improve tool life and surface quality [77].

End milling (cylindrical) and face milling (disc-shaped)
cutters are common types in plane milling [78]. The dual-
nozzle structure of LN, and MQL for the end milling
cutter can realize full coverage of the cutting zone using
the cooling—lubrication medium regardless of machining
direction, as shown in Figs. 10(a) and 10(b). In milling,
the specially designed nozzle outlet diameter is 2 mm, the
divergence angle is 5°, and the distance from the
periphery of the cylindrical milling cutter is 20 mm; these
conditions restrict jet diffusion and reduce LN
evaporation [79]. The cutter head diameter is relatively
large, and the coverage angle of LN, + MQL jet is
limited. Thus, the cooling—lubrication medium for the
face milling cutter can only cover part of the cutting zone
in the milling, which may lead to increased wear of the
milling cutter. Therefore, two groups of nozzles can be
set to achieve full coverage of the entire cutting zone
[80], as shown in Figs. 10(c) and 10(d).

LNy is generally sprayed into the cutting zone through
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an external nozzle, but the high-speed rotation of the phenomenon leads to the decrease in the number of
milling cutter produces a blocking airflow field [81]. This cooling—lubrication media effectively entering the
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tool-workpiece interface and weakens the cooling effect.
The internal jet tool holder device is introduced to
improve effective permeability in milling. LN, internal
spray tool holder device mainly comprises a tool holder
body and an adapter, as shown in Fig. 11. The main body
of the tool holder realizes the connection between
machine tool spindle and milling cutter. The adapter is
fixed on the spindle box, and the bearing realizes relative
rotation between LN, channel and spindle. LN, flows into
the annular cavity in the main body of the tool holder
from the interface and ejects from the end or side through
the internal channel of the milling cutter. Thus,
transforming the machine tool for the internal jet-type
tool holder device is no longer necessary, and the
operation is convenient. However, this kind of form needs
a peripheral MQL supply device.

2.3.2  Application of LCO, + MQL device

The inner channel supply has gradually become the main
form of the cooling medium supply in the milling.

The channel is set inside the end milling cutter, which
considers medium flow conditions, thermal resistance
between cutting edge and channel, and mechanical
structure strength of channel, as shown in Fig. 12(a). The
exhaust vents can be set in various positions to adapt to
different processing conditions. For example, the vent can
guide the cryogenic medium away from the workpiece to
prevent dimensional changes due to excessive cooling, as
shown in Fig. 12(b). The vent can also guide the spraying
of the cryogenic medium on the machined surface, reduce
local thermal expansion, and improve the surface
integrity of parts, as shown in Fig. 12(c). In addition to
LN, using this form of supply [84], the same is true for
LCO:..

The new type of Cryo-tec™ milling cutter with LCO,

-

Connector —

bearing

Jam nut
Channel

Double jet
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as a cooling medium has a disc structure, which has five
inserts around the disc [58], as shown in Fig. 13. The tool
holder has two concentric channels. The inner channel
(green) conveys LCO,, and the outer channel (red)
conveys MQL, which realizes the separation of LCO, and
lubrication medium. The concentric channel splits into
several channels at the end of the spindle and points to
each blade. The cooling—lubrication medium is sprayed
from inside into the cutting zone during high-speed
rotation of the spindle, which substantially improves
permeability. However, modifying the structure of the
machine tool to match the spindle is necessary and
suitable for installing the tool holder.

Compared with LN,, LCO, (especially scCO,) has
improved solubility in lubricating oil. Thus, spraying
LCO; or scCO; into the cutting zone after mixing with
micro lubricating oil is possible. Grguras et al. [85]
conducted a comparative study on the solubility of
different polar lubricants in LCO,, droplet size
distribution after jet atomization, and tool life. The results
show that the solubility of nonpolar lubricants is high, the
particle size is uniform after atomization, and the tool life
is long under the same cutting parameters, as shown in
Fig. 14.

Using two separate channels for cooling—lubrication
medium transport is the most common type, but the
internal tool structure must be designed, and multiple
channels (nozzles) need position calibration [86]. The
single-channel cooling—lubrication medium transportation
system is currently the most advanced because lubricating
oil can be dissolved in LCO, or scCO; [85]. Compared
with dual-channel systems, the geometry of single
channels is markedly simplified, providing the milling
cutter with a stable structural strength. Furthermore, no
negative interaction is observed between LCO, and MQL
[87]. Compared with scCO,, LCO; is easy to process and
obtain; thus, LCO, is widely used in the field of

=

IX; [
—»—»—»—»—»—»—»—»—»—»::
L
VIN,

Fig. 11 LN, internal spray tool holder change device. Reproduced from Refs. [82,83] with permission from Springer Nature and

Elsevier, respectively.
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Fig. 12 Structure of inner passage end milling cutter and
spraying direction of cooling medium: (a) internal structure of
milling cutter, (b) back venting design, and (c) flute/front
venting design. Reproduced from Ref. [84] with permission

from Elsevier.
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system is shown in Fig. 15(a). LCO; and lubricating oil
simultaneously enter the mixing chamber through the
precise control of flowmeter and needle valve, and then
spray from the milling cutter to the cutting zone. The
structure of the single-channel milling cutter is shown in
Fig. 15(d). The traditional dual-channel cooling—lubrica-
tion medium supply mode is when LCO; is transported
through the inner channel of the tool and MQL is
transported through the external nozzle, as shown in Fig.
15(c). However, the LCO; ejected by high-speed rotation
of the milling cutter prevents the micro lubricating oil
from entering the cutting zone, which leads to
unsatisfactory lubrication effects. Figure 15(b) compares
milling cutter life under different transportation modes.
The LCO; and micro lubricating oil of the single-channel
transportation mode can effectively reach the cutting zone
and considerably improve the milling cutter life.

2.3.3 Application of CA + MQL device

The type of CA + MQL can also be divided into internal
and external jets. The external jet type is when
compressed air is transported into MQL and refrigeration
system, and then nozzles are arranged around the milling
cutter at different angles. Micro lubricating oil and high-
speed CA are sprayed into the cutting zone [88].

Song et al. [89] designed a new concept nozzle
combining MQL and CA by using the Coanda effect, as
shown in Fig. 16. CA (CO;) enters the nozzle through
inlet 2 and flows in two different directions. A part of the
CA entering the nozzle flows rapidly to outlet 1 due to
the Coanda effect and then along the airfoil structure to
cool atomized droplets. Another part of CA flows rapidly
to outlet 2 and ejects from the nozzle.

The internal jet type is when compressed air is treated
by cryogenic equipment and multistage pressure
regulation mixed with micro lubricating oil provided by
MQL in the internal channel of the end milling cutter.
Atomized droplets are then sprayed into the cutting zone
under a high pressure [90]. The common internal channel
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30 Cutting
£ 25 parameters:
2 V. =60 m/min
= 20 £,=0.08 mm
g 15 - A a,=8 mm
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e Number of exp.
5 o &
@ 5 For each case:
0 =l n=2

Fig. 14 Comparison of solubility and tool life of lubricating oil with different polarities: (a) investigation of oil polarity on the solubility
of liquid oil in LCO», (b) influence of different cooling—lubrication on tool life [85].
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Fig. 16 New type nozzle with external spraying of CA + MQL. Reproduced from Ref. [89] with permission from Springer Nature.

structure of the internal jet end milling cutter has three
forms, namely, double-helix channel (DHC), single
straight channel (SSC), and double straight channel
(DSC), as shown in Fig. 17. The inner channel structure
has a remarkable effect on droplet size distribution. The
number of small droplets obtained by DHC is the least
(especially R < 10 um) when spindle speed is 1500 r/min,
whereas that by DSC is the most.

2.4 Grinding machining

Traditionally, grinding is a machining method that uses a
high-speed rotating wheel to remove surplus material on
the workpiece. Grinding can be divided into two types
according to different grinding materials: plane and
cylindrical grinding.

The wedge gap is formed between grinding wheel and
workpiece in plane grinding, and the nozzle must be at a
certain angle with the workpiece to spray the cooling—
lubrication medium into the grinding area effectively. The
conventional method sprays the cooling—lubrication
medium into the grinding wheel-workpiece interface
using an external spraying device [91-93]. However, an
“air barrier layer” is formed in the wedge-shaped area due

to the high-speed rotation of the grinding wheel, which
prevents the cooling—lubrication medium from entering
the grinding zone [94].

Therefore, Sanchez et al. [95] installed the LCO, +
MQL system on the grinder to improve cooling—lubrica-
ting capability. First, the MQL nozzle sprays micro
lubricating oil on the surface of the grinding wheel. Then,
the LCO; nozzle is placed under the MQL nozzle along
the rotation direction of the grinding wheel. The ejected
LCO; not only cools down the grinding zone but also
solidifies the lubricating oil on the surface of abrasive
grains, forming a durable oil film, which can effectively
enter the grinding wheel-workpiece interface and play a
lubrication role. Figure 18 shows the formation of a
frozen oil layer on the surface of abrasive particles.

The grinding wheel for cylindrical grinding is tangent
to the cylindrical workpiece, which helps set nozzle
position and angle. Therefore, the jet is parallel to the
grinding wheel-workpiece interface and conducive to the
cooling—lubrication medium entering the effective
grinding zone. Ribeiro et al. [96] used CA generated by
the vortex tube to atomize micro lubricating oil, and
micro droplets directly enter the grinding zone, which has
a good cooling—lubrication effect. However, the CA
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Fig. 17 Internal channel structures of three milling cutters: (a) DHC, (b) SSC, and (c) DSC. Reproduced from Ref. [90] with permission

from Springer Nature.
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Fig. 18 Schematic of LCO, + MQL system in grinding. Reproduced from Ref. [95] with permission from Elsevier.

outlet must be sufficiently large to prevent backflow
generated by high-speed rotation of the grinding wheel
from blocking CA into the grinding zone, resulting in
weakened cooling performance, as shown in Fig. 19.

2.5 Dirilling machining

Different types of holes are important structural features
for metal components to achieve specific functions. Many
types of hole-forming methods are currently available,
but drilling is the most extensive and practical for
functional components of materials that are difficult to
process, accounting for approximately 30%—40% of
mechanical processing [98]. However, drilling machining
of difficult-to-cut materials, such as titanium alloy, is
characterized by low heat dissipation rate, large torque,
difficult chip removal, serious bit bonding wear, and

intermittent chip accumulation, which affect not only
processing efficiency but also machining accuracy and
workpiece surface quality [99]. Consequently, CMQL
provides an excellent cooling and lubrication performa-
nce for difficult-to-cut materials, whereas traditional
drilling techniques have considerable limitations.

The conventional external jet device is used to spray
the cooling—lubrication medium directly into the drill bit.
However, the blocking effect leads to a substantial
decrease in the effective flow rate of the cooling—
lubrication medium entering the drilling area due to the
high-speed rotation of drill bits. In addition, the medium
cannot enter and participate in cooling lubrication when
the bit drills into the workpiece after a certain distance,
especially deep hole machining, because the drilling
space is semiclosed [100].

Mixed-medium spraying through the internal channel
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Fig. 19 Schematic of CA + MQL system in grinding. Reproduced from Refs. [96,97] with permission from Springer Nature.

drill bit is the best way to supply to improve cooling—
lubrication capacity. However, lubricating oil cannot be
dissolved in LN,, and CA solidifies lubricating oil to
block the channel. Therefore, LN, and CA, as the cooling
media, are unsuitable for the mixed internal supply
method. If only cooling without lubrication is considered,
then LN, and CA are still the best cooling media
available for the internal supply method [101]. In
addition, LN, and CA need a high-pressure auxiliary
supply, which plays a high-velocity carrying role in the
narrow space of drilling holes and provides good chip
removal effects. LCO; has good solubility for lubricating
oil, which can effectively realize the inner channel supply
after mixing of cooling—lubrication medium. Figure 20
shows the structure of the LCO, + MQL supply system
[102]. The application of CMQL still has several
limitations due to the geometric characteristics of drilling
and the physical characteristics of the cooling medium.

2.6 Influence of CMQL machining on cooling—lubrication
effect

2.6.1 CMQL supply mode
Two main ways to supply CMQL cooling—lubrication
medium are currently available: external and internal jets.

External jets are the most commonly used supply mode.
The cooling—lubrication medium supply system is
designed separately, and modifying the cutting and
machine tools is no longer necessary. The most suitable
cooling medium for external jets based on the
characteristics of the cooling medium and the processing
method is LNj, and the processing method involves
turning and grinding.

Internal jets indicate the integration of the supply
system into the machine tool, and the cooling—lubrication
medium is accurately sprayed into the cutting zone
through the inner channel of the tool holder and cutting
tool. Therefore, transforming machine tools is necessary.
The inner channel structure can be divided into two types:
dual and single channels. The dual-channel system uses
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Fig. 20  Structure of LCO, + MQL supply system. Reproduced
from Ref. [102] with permission from Elsevier.

two channels to transport cooling—lubrication media and
perform mix atomization at the channel outlet. In single-
channel systems, the cooling—lubrication medium is
mixed in advance and atomized through a single channel.
The most suitable cooling medium for internal jets is
LCO; (or scCO;) and CA, and the processing method is
milling or drilling.

Compared with external jets, the internal jet effectively
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penetrates the cooling—lubrication medium in the depth of
the cutting deformation zone, which can effectively
reduce friction between tool-chip and tool-workpiece
interface. Under the condition of similar cooling medium,
the effect of internal jet is better than that of external jet
[103].

2.6.2 CMQL supply pressure

Supply pressure mainly affects the jet flow rate and
velocity of the cooling—lubrication medium. Increasing
pressure for the type of cooling—lubrication medium
separately supplied to the cutting zone can effectively
improve the jet flow and cooling capacity of the cooling
medium [104]. Manimaran et al. [105] found that
increasing LN, supply pressure can reduce tangential
grinding force to a certain extent. Garcia et al. [106]
indicated that the flow rate of LCO, has a considerable
effect on G ratio during grinding, which gradually
increases with flow rate.

However, different pressures have varying effects on
MQL. Ejected speed is low when pressure is very small,
and reaching the cutting zone is difficult for the mist due
to the influence of air resistance around the rotating
workpiece or cutting tool. Ejected speed is high when
pressure is very large; this condition can easily lead to
excessive impact and rebound of micro droplets, which
cannot be effectively adsorbed on the tool-workpiece
surface [107]. Therefore, appropriate pressure can
effectively absorb and penetrate the cutting zone to form
the lubricating film.

Different pressures produce varied cooling—lubrication
effects for the type of micro lubricating oil dissolved in
cryogenic media, such as scCO; + MQL [108]. The jet
flow of scCO, dissolved with lubricating oil increases
with input pressure, as shown in Fig.21(a). The
maximum cooling rate is 13.6 °C/s when pressure is
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10.4 MPa. This phenomenon is attributed to droplet size
reduction, increased number of droplets, and increased
heat transfer due to high pressure. Cooling rate decreases
with pressure, as shown in Fig. 21(b). Moreover, scCO; +
MQL performs better than scCO, and MQL alone due to
the effective superposition of cooling—lubrication effects.

2.6.3 CMQL jet distance

Jet distance mainly affects droplet spreading area for
MQL [109]. Figure 22 shows that droplet coverage area
decreases as jet distance increases. Coverage rate reaches
the maximum when flow rate is 50 L/min and jet distance
is 150 mm. Coverage decreases by 44.4% when jet
distance increases from 150 to 290 mm. Therefore, a high
droplet density is observed when close to the nozzle, and
a considerable amount of droplets cover the
tool-workpiece surface [110,111]. Furthermore, gas
velocity rapidly decreases with increase in jet distance,
resulting in a considerable reduction in the number of
droplets effectively entering the cutting zone [112].
Therefore, shortening jet distance can improve lubrication
effect.

A large jet distance indicates a large heat exchange
capacity between the cryogenic medium and surrounding
environment, which leads to a rapid rise in medium
temperature. Heat exchange capacity decreases after
entering the cutting zone, which affects cooling capacity.
Figure 23 shows that the temperature of the measurement
point increases with jet distance, indicating the reduction
in cooling effect [45]. The milling cutter with d = 1.0 mm
and d = 0.75 mm inner channel diameter when jet
distance is 5 mm helps the cutting zone reach the lowest
temperature, which is —10 °C and —15 °C, respectively.
The cooling effect of LCO, can be improved by using the
milling cutter with d = 0.75 mm because the cooling
medium can be concentrated in the cutting zone using the
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Fig. 21 Effect of CMQL supply pressure on jet flow rate: (a) value of flow rate for MQL at input pressure, (b) cooling rate value for
each cooling technique. Reproduced from Ref. [33] with permission from Elsevier.
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channel with a small diameter.
2.7 Applicability of CMQL device

The working characteristics of turning, milling, and
grinding, such as tool structure and movement, are
dissimilar. This difference leads to varying adaptability
and cooling—lubrication effect of the CMQL device for
several machining types. A systematic summary of the
applicability of CMQL device is shown in Table 2.

3 Mechanism of CMQL

The working principles of cryogenic and MQL (or
NMQL) are completely different, and the cooling—
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Fig. 22 Influence of CMQL jet distance on spread area and
airflow velocity [112].
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lubrication mechanism changes upon combination. The
constitutive relation of workpiece material removal
changes with varying thermal softening effects, which
directly affects cutting temperature, cutting force, tool
wear, and workpiece surface quality. However, no
relevant mechanism is available to explain these changes,
and no unified index system can be used to measure the
performance of CMQL comprehensively. Therefore, this
chapter contains the mechanism analysis of CMQL.

3.1 Lubrication mechanism of CMQL

Micro lubricating oil (vegetable oil) permeates the cutting
zone in the form of gas mist under the carrying action of
high-pressure and high-speed gas and forms a boundary
lubricating film on the tool-chip and tool-workpiece
surface  through polar group adsorption. This
phenomenon prevents direct dry friction between rake
face—chip and tool-workpiece interface to a certain
extent. However, the viscosity of lubricating oil decreases
due to high speed/temperature/pressure in the cutting
zone. The oil film becomes thin and breaks, which cannot
completely cover the micro grooves on the workpiece
surface. The lubricating film induces the desorption
failure phenomenon when a critical temperature is
exceeded. The decrease in lubrication performance leads
to dry friction at tool-workpiece interface [113].

The viscosity of lubricating oil increases at a low
temperature for CMQL, and the oil film thickness can
maintain an effective state of completely separating the
friction surface, in which bearing capacity is improved as
shown in Fig. 24(a). The cryogenic medium maintains the
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Table 2 Adaptability and effect of CMQL device in different processing forms

Medium transport mode Schematic Medium Application effect
External single nozzle . QL LN, + MQL All three kinds of media are suitable for turning.
Cryogenic LCO, + MQL Additional nozzles improve the coverage of the
medium CA +MQL CMQL medium.
Cutting
® zone
External multiple nozzles MQL LN, + MQL Spacing cutting edges of the milling cutter with high-
LCO, +MQL speed revolution and preventing the medium from
Cryogenic Cryogenic CA +MQL entering the cutting zone effectively.
medium Catii medium
“utting
@l zone @
é MQL
External single or multiple nozzles ! . LCO, +MQL LN; and LCO; may cause severe icing on the surface
MQL Mix . CA + MQL of the grinding wheel, thus blocking abrasive
=== ® Cutting clearance and hindering the lubrication effect. CA is
Cryogenic zone suitable for grinding.
medium, )
Cryogenic medium by inner channel Cryogenic medium LN, + MQL Effectively penetrating the contacted tool-workpiece
of tool handle and MQL by external LCO, + MQL interface and increasing the coverage is beneficial for
nozzle the cryogenic medium.
Cryogenic medium by inner tool Cryogenic MOQIL LN, +MQL Suitable for end milling cutter, considerably
channel and MQL by external nozzle mediumi - LCO, + MQL improving the penetration effect. However, the
o ) permeability of oil is still affected by the high speed
=== Cutting of milling cutter rotation.
=¥m Zome
Cryogenic medium and oil not mixed Cryogenic medium LCO, + MQL Suitable for disc milling cutter, markedly improving
by the inner tool channel | CA +MQL the penetration effect of the cooling—lubrication
— = = = medium.
I
MQL
Cryogenic medium and oil mixed by LCO, +MQL Suitable for end milling cutter, substantially
inner tool channel scCO;, + MQL improving the penetration effect of the

cooling—lubrication medium.

temperature in the cutting zone at a relatively low level,
which not only sustains the high absorption of the
lubricating film but also avoids oil film oxidation failure
caused by high temperature, as shown in Fig. 24(b).
However, a low temperature increases the surface tension
and contact angle of micro droplets to a certain extent
[114]. This phenomenon results in a decrease in
lubricating oil permeability to the capillary channel on the
tool/workpiece  surface, which harms lubricating
capability, as shown in Fig. 24(c).

3.2 Cooling mechanism of CMQL

In cutting, the heat transfer between cooling medium and
tool-workpiece follows Newton’s convection heat
transfer formula [115]:

g=h-A-AT, (1)

where ¢ is the heat flux (W/m), 4 is the surface heat
transfer coefficient (W/(m?-K)), 4 is the heat transfer area

(m2), and AT is temperature difference (°C). The formula
indicates that heat flux is proportional to the temperature
difference in the cutting zone. A considerable amount of
heat is exchanged when the temperature difference is
large, and the cooling effect is evident.

The temperature for LN, is =196 °C, which forms a
considerable difference with the cutting zone and plays a
remarkable role in high-speed cutting with high-
temperature environments. The temperature for LCO,/
scCO; is —78.5 °C, which is suitable for medium-speed
cutting. The temperature range for CA is usually from
—10 °C to —60 °C and can be controlled. Temperature can
be adjusted in accordance with the actual situation to
control the temperature of the cutting zone. Moreover,
CA with a high speed increases the convection area and
further enhances heat transfer capability [116].

Improving the survival capability of the lubricating film
at low temperatures is beneficial. Such an improvement
can effectively reduce friction between tool-workpiece
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CMQL and MQL, (b) influence on oil film activity of CMQL and MQL, and (c) influence on droplet wettability of CMQL and MQL.

and restrain the thermal effect of machining. Furthermore,
cryogenic medium may cause oil solidification. The
phase transition of lubricating oil from solid to liquid in
the cutting zone occurs at the friction interface, which can
absorb some heat. The cooling superposition mechanism
of CMQL is shown in Fig. 25(a). The spraying position of
the cooling—lubrication medium in the cutting affects the
cooling effect. Taking LN, + MQL as an example, the
cooling—lubrication medium should be simultaneously
sprayed on the rake and flank face to achieve the best
cooling effect [68]. LN, is realized by direct jet to the
tool-workpiece interface, which leads to a Ilarge
consumption of cryogenic medium and increases the
production cost in practical processing. Deep cooling of
tools through LN, circulation in the inner channel of the
turning tool is also feasible, as shown in Fig. 25(b). The
turning tool can always remain in a low-temperature state,
indirectly cooling the cutting zone and reducing the use
of LN,, which meets the requirements of green machining
[117].

3.3 Influence mechanism of CMQL on material hardness
High temperature and pressure changes the surface and
subsurface micro structure of metal materials and induce
thermal softening, which leads to an increase in friction,
cutting heat, and adhesion of the chip to the tool. Surface

processing quality is also seriously affected. Therefore, a
reasonable cooling—lubrication method helps restrain
thermal softening and improve cutting performance.

The surface hardness of the workpiece is mainly
affected by work hardening and temperature in the
cutting. Work hardening always exists regardless of
process conditions, and temperature can be controlled by
cooling. CMQL not only cools the cutting zone but also
changes the properties of workpiece materials. However,
the mechanism of cryogenic and MQL is different.

MQL (or NMQL) aims to reduce the friction heat
between tool and workpiece by lubrication effect and
slow down the degree of thermal softening. The
workpiece will not be over hardened [118]. Cryogenic
technology can also inhibit thermal softening but produce
refined and dense grains of workpiece materials,
substantially improving the hardness and even over
hardening [119-122]. The improvement degree of
workpiece hardness by cryogenic technology is higher
than that of MQL (or NMQL) [123,124] because the
cooling capability of the cryogenic medium (especially
LN, and LCO,) is considerably higher than that of MQL
(or NMQL).

MQL can provide a reasonable hardness range by
slowing down the thermal softening degree of materials,
which is conducive to improving cutting performance. A
low temperature can also improve material hardness.
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However, the toughness and ductility of difficult-to-cut
materials, such as titanium alloy, nickel-based alloy, and
high-strength steel, have no changes. Consequently,
material removal is difficult when cutting force and tool
wear increase [125-127]. Combining cryogenic
technology with MQL, the increase in material hardness
is theoretically higher than that of cryogenic technology
used alone. However, this phenomenon is indirectly
explained by the cooling superposition effect of CMQL.

Huang et al. [128] compared and studied the influence
of CA, MQL, and CA + MQL on workpiece hardness
when turning Ti-6Al-4V. Figure 26 shows that the
surface hardness of the workpiece under the CA + MQL
condition is considerably higher than that of MQL but
lower than that of CA because the application of CA
alone can lead to a high degree of material hardening.
Nevertheless, the lubrication effect of cryogenic oil film
of CA + MQL can reduce the adhesion power of
workpiece materials to the cutter, and the relaxed
adhesion can considerably inhibit plastic deformation of
the workpiece, which reduces processing hardness [129].
Therefore, CMQL can reduce the surface hardness of the
workpiece to a certain extent and prevent excessive
cutting force.

3.4 Influence mechanism of CMQL on cutting force

Using MQL (or NMQL) in cutting can substantially
reduce cutting force [130—132]. This reduction is due to
the absorption of polar oil mist particles on the
tool-workpiece surface to form a physical film, which is
crucial in lubrication and load bearing. Moreover,
nanoparticles, such as MoS;, carbon nanotubes, and
AlLO;, are added to lubricating oil to facilitate the
entrance of the tool-workpiece interface and play the role
of “roll ball,” replacing original sliding friction with
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Fig. 26 Measurements of surface hardness generated under
various cooling conditions. Reproduced from Ref. [128] with
permission from Elsevier.

rolling friction and effectively reducing cutting force
[133].

The cooling temperature of different cryogenic media
(LN, LCO,, and CA) and spraying positions have
different effects on the change trend of the main cutting
force (tangential force), thrust force (axial force), and
feed force (radial force) [134,135].

The cryogenic medium is usually sprayed on the rake
or flank face or both. LN, cooling in the turning is taken
as an example. Spraying on the rake face can prevent
thermal softening and reduce adhesion between tool and
chip, which is conducive to reducing friction force [136].
However, the cryogenic effect of LN, over hardens the
workpiece and increases the difficulty in overcoming
material deformation, resulting in an increased cutting
force [137]. The competitive relationship between
material hardening and friction reduction affects the
changing trend of cutting force during cryogenic
machining, which is directly related to the cooling degree
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of workpiece.

Different structures of tool holder affect the jet depth of
LN, in the gap between rake face and chip and then
influence the cooling degree of the workpiece [138].

The main cutting force for mode A (Fig. 27) is higher
than that of dry cutting regardless of the combination of
LN, jet positions because the chip breaker lifts the chip
away from the nozzle. LN, is directly sprayed on the chip
root, and the cooling degree is high, which increases the
hardness of the workpiece material [139]. LN; can reduce
friction force, but the reduction is less than the increase in
cutting force after cryogenic hardening; therefore, the
main cutting force increases. The feed force when LN is
sprayed on the flank or rake face decreases by 2.3% and
9.5% compared with dry cutting, which indicates that the
reduction in friction force is larger than the increase in
cutting force [140]. However, the difficulty in cryogenic
action on material removal is increased when LN, is
sprayed on the flank and rake faces. The increase in
cutting force is larger than that of friction reduction.
Therefore, feed force increases, but the amplitude is
unremarkable at only 1.7%. Thrust force increases
because LN raises the local hardness of the workpiece.
Hardening degree is high when temperature is low, and
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thrust force is large [140].

The position of LN, jet on the rake face is relatively far
from the chip root for mode B (Fig. 27), and the surface
hardening degree of the workpiece is low. Therefore, the
influence of material removal on cutting force is small
[141]. The effect of LN jet position on friction force of
the workpiece—tool interface directly determines the
change in cutting force [142]. The main cutting force is
taken as an example. Compared with dry cutting, the
main cutting force decreases with a maximum amplitude
of 8.1% when rake and flank faces are sprayed simulta-
neously under different cutting parameters. However, the
maximum increase in main cutting force is 8.8% when
only rake face is sprayed, which is even higher than that
of dry cutting. This result reveals the decreasing capabi-
lity to reduce friction.

As mentioned above, the difference in cooling degree
of workpiece surface caused by the cryogenic effect of
LN, leads to different changing trends of cutting force,
which is also suitable for milling and grinding [143,144].
The cooling temperature for LCO, and CA is
considerably lower than that of LN,. Thus, the hardening
degree of the workpiece material is substantially low. The
inhibition effect on chip adhesion also decreases [145].

Cutting speed: 1.5 m/s, feed speed: 0.254 mm/rev, deepth of cutting: 1.27 mm|
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Fig. 27 Influence of different tool holder structures on workpiece cooling degree and cutting force. Reproduced from Ref. [140,142]

with permission from Elsevier.
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Elanchezhian and Kumar [146] found that LCO,
effectively inhibits thermal softening in the grinding of
Ti-6Al-4V, and the workpiece surface is not over
hardened. The tangential and normal forces decrease by
21% and 9%, respectively. The main cutting and feed
forces of CA (cooled by LN, at =110 °C to —130 °C)
when Sun et al. [147] turned Ti-6Al-4V are higher than
those of normal-temperature compressed air. However,
Rahman et al. [148] used CA in —10 °C for cooling when
turning ASSAB 718HH and observed the effective
reduction of three cutting force components. Therefore,
concluding that cryogenic medium can increase or
decrease cutting force is still impossible [5].

Under the action of reducing adhesion of cryogenic
technology and MQL (or NMQL), the reduction in
friction force in the tool/workpiece interface is larger than
the increase in cutting force caused by hardening. Cutting
force decreases as a whole with increase in competitive
power.

3.5 Influence mechanism of CMQL on tool wear

Coating a layer of special material on the tool surface is
mainly used to improve the cutting performance of tools
considering material technology innovation. The usage
amount of coated tools in cutting accounts for
approximately 68% of all types of tools [91]. Tool life,
which is closely related to tool wear mechanism, is an
important index to determine machining performance.
Cutting of difficult-to-cut materials is accompanied by
mechanical load impact and a harsh environment of high
temperature/pressure/speed. Severe friction and complex
physical and chemical reactions occur at the
tool-workpiece interface, resulting in different wear types
of tool matrix. The common tool wear types are crater,
coating, adhesive, and diffusion wear. The wear pattern is
shown in Fig. 28.

The micro protrusion on the chip surface sliding on the
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Fracture region
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rake face causes peeling of the coating layer. The
nonuniform temperature distribution of tools results in
thermal cracks on the surface and then damages the tool
matrix [151]. The continuous action of chips on the rake
face leads to the formation of craters [152], as shown in
Fig. 28(a). The crater expands with the increase in wear,
and the strength of the cutting edge gradually weakens,
leading to edge collapse as shown in Figs. 28(d) and
28(f). The phenomenon of spot welding occurs at convex
points on the surface when the tool and the workpiece are
in contact. The solder joint breaks under the action of
relative sliding and dynamic load, and the melted
workpiece material adheres to the tool surface to form
build-up-edge (BUE) and build-up-layer (BUL), as
shown in Figs. 28(b)-28(e). Turning Ti-6Al-4V is taken
as an example. The coating on the rake face is worn due
to high temperature and pressure, and the titanium
element in the workpiece reacts with O, S, Cl, and other
elements to form a layer of low-hardness compound. This
phenomenon results in difference between tool surface
and matrix, which weakens tool wear resistance and
reduces tool life. Figure 28(g) shows the green dotted
area, which indicates the diffusion of titanium element to
the tool.

Tool wear is inevitable in cutting. However, reasonable
measures can be taken to slow down wear. The said
different wear mechanisms reveal that reducing tool
temperature and improving the lubrication effect of the
tool-workpiece interface are important measures to
improve tool life. CMQL can satisfy the two conditions
simultaneously. The superimposed cooling effect of
CMQL maintains the tool at a low-temperature state, and
the surface coating layer can maintain high hardness, thus
improving wear resistance and prolonging the service
time of the coating layer. Simultaneously, a low
temperature can markedly reduce the thermal softening
degree of the workpiece and inhibit the high-temperature
adhesion of the tool-workpiece at the contact interface.

Adhered work
material (BUL)

\

N(;tching

Fig. 28 Different types of cutter wear patterns. (a) Crater wear, (b) build-up-edge and build-up-layer, (c) build-up-layer, (d) abrasion and
chipping, (e) abrasion, (f) chipping, and (g) diffusion. Reproduced from Refs. [149,150] with permission from Elsevier.
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This temperature can also effectively prevent BUE or
BUL.

Nevertheless, Sartori et al. [153] indicated that the
adhesion phenomenon cannot be eliminated but only
slowed down. By contrast, a low temperature helps
inhibit the chemical reaction activity of special elements
in difficult-to-cut alloy and markedly slows down
diffusion wear rate. Bordin et al. [150], Sivalingam et al.
[154], and Gajrani [66] found that compared with dry
cutting, the diffusion amounts of titanium decreased by
33.7%, 43.9%, and 64.5%, respectively, when cutting Ti-
6Al-4V, which considerably inhibited titanium diffusion.
Tool coating wear is mainly due to the severe friction
between rake face and chip. The high-viscosity oil film
produced by MQL (or NMQL) at cryogenic conditions
can effectively separate the rake face from the chip and
substantially reduce coating layer wear. Furthermore, the
cooling—lubrication effect of CMQL can effectively
prevent the appearance of craters on the rake face and the
phenomenon of chipping. Sartori et al. [153] did not find
craters on the rake face of Ti-6Al-4V with tungsten
carbide coating coated tool under the conditions of LN, +
MQL and LCO; + MQL. By contrast, craters with
different depths were observed on the rake face when
using cryogenic technology or MQL alone.

3.6 Influence mechanism of CMQL on surface quality

Surface quality is the most important index of cutting
performance. The formation of uneven micro gap and
micro peak valleys on the machined surface is due to chip
separation, severe tool-workpiece friction, and machine
tool vibration. The feed motion of the tooltip forms
regular overlapping tracks on the workpiece surface. The
residual area height Ra of the uncut part is an important
parameter to characterize surface roughness.

A high temperature in the tool-workpiece contact zone
increases cutting force and tool wear and then directly
affects surface roughness. Therefore, effectively reducing
the cutting zone temperature and strengthening
lubrication of the tool-workpiece interface are fundamen-
tal measures to reduce surface roughness [155]. The
lubricant film produced by MQL can effectively reduce
tool-workpiece interface friction and improve surface
quality. The cryogenic medium lacks lubrication function
despite its excellent cooling capability, and the
tool-workpiece is still dry friction, which is not
conducive to improving the surface quality. Particularly,
the cryogenic effect of LN, substantially increases
workpiece hardness and decreases cutting performance.
This effect is even higher than the Ra value of MQL
under the same cutting parameters [156—158]. The heat
transfer coefficient and cooling capability of oil film
remarkably increase after adding nanoparticles in MQL.
Nanoparticles can fill and repair the micro grooves on the
workpiece surface [159]; therefore, the Ra value of
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NMQL is lower than that of LN, [160] under most cutting
conditions. The temperature for LCO, and CA is
considerably lower than that of LN,, which can
effectively reduce cutting heat and avoid excessive
hardening. Thus, the Ra value is usually less than MQL
(or NMQL) [161,162].

As mentioned in Sections 3.1-3.5, the coupling effect
of cooling and lubrication of CMQL provides a
reasonable workpiece hardness range. Cutting heat,
cutting force, and tool wear are considerably reduced.
Therefore, CMQL also plays a remarkable role in
improving surface quality.

4 Turning performance of CMQL

Turning is the most basic and common machining
method. The workpiece is rotated relative to the tool to
remove material continuously. Turning is also crucial in
production. The ultimate goal of turning is to obtain a
highly smooth surface. However, especially for difficult-
to-cut materials, a high temperature caused by severe
friction between turning tool and workpiece facilitates
chip adherence to the cutting edge, which affects cutting
performance. Workpiece surface and cutting quality
worsen. In addition to the reasonable selection of cutting
tools and the setting of cutting parameters, effective
cooling—lubrication measures can reduce cutting heat and
force. Improving tool life and surface processing quality
is an important measure. As a new green processing
method, CMQL shows an excellent cooling—lubrication
superposition effect.

4.1 Cutting temperature

Cutting heat is an inevitable physical phenomenon in
turning [163]. The main source of cutting heat is friction
between rake face and chip, and the second is the friction
between flank face and workpiece. Overcoming
workpiece deformation is also an important factor [164].
The sharp temperature change in the tool-workpiece
interface is only limited to the area of 1-2 mm on the
surface [165]. Reasonable selection of cooling—lubrica-
tion method not only reduces usage but also sufficiently
cools the cutting zone.

The influence of MQL, NMQL, LN,, and LN; + MQL
(or NMQL) on the turning temperature of Inconel 625
was studied by Yildirim [166]. Figure 29 shows that the
temperature of the tool-workpiece interface is the lowest
at approximately 135 °C under the combined action of
LN, + NMQL (0.5 vol% hBN). This value is 10% lower
than that of LN, + MQL, 18.2% lower than that of LN,
28.9% lower than that of NMQL 1 vol% (hBN + Al,O3),
and 40.4% lower than that of MQL. The effect of LN, +
NMQL is better than that of LN, and NMQL alone.
Figure 29 also shows the superior cooling effect of MQL
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Fig. 29 Tool—chip interface temperature under different cooling conditions [166].

with nanoparticles due to the excellent thermal
conductivity [167,168]. Moreover, hBN is better than
AlLOs3 in improving the performance of antiwear/anti-
friction; therefore, the cooling effect of hBN is enhanced
[169].

Bagherzadeh and Budak [170] studied the influence of
spraying different tool faces with LCO, + MQL on the
cutting temperature in turning Ti-6Al-4V. The combined
spraying form of cooling—lubrication medium is shown in
Fig. 30. In turning, the cutting zone temperature with
(LCO; + MQL) (rake) strategy is the lowest, which is
43.7% and 18.2% lower than that of LCO, (rake) and
LCO; (rake) + MQL (flank), respectively. The cooling
effect of LCO, is the same. However, the micro
lubricating oil entering the cutting zone condenses into a
solid under low temperature for (LCO, + MQL) (rake).
The phase transition from solid to liquid occurs after
cutting, which can absorb extra heat.

Supekar et al. [171] studied the heat removal potential
(HRP) and heat removal efficiency (HRE) of scCO, +
MQL when turning Ti-6Al-4V. Figure 31(a) shows that
flood technology has the highest HRP, which increases
heat conduction capacity due to the high flow rate of
coolant. However, the degree of environmental pollution
is high, which does not meet the requirements of clean
production. The HRE of MQL (vegetable oil) is the
lowest because oxidizing micro lubricating oil at high
temperatures is easy. Figure 31(b) shows that scCO,-XL
(lubricant expanded with scCO,) spray has a long
distance and a high oil content. However, a low pressure
leads to the expansion of vegetable oil with scCO,. The
increase in condensate droplets and dry ice particles is not
conducive to cooling and lubrication. The HRP and HRE

of scCO,-DL (dissolved lubricant in scCO;) are the
highest. This result indicates that high pressure and low
oil content afford the cooling—lubrication medium with
improved permeability and cooling effect.

Zou et al. [75] studied the influence of cooling—lubrica-
tion methods of CA, MQL, and CA + MQL on the
turning temperature of turning 3Cr2NiMo. Figure 32(a)
shows that the cooling effect of CA+ MQL is better than
that of CA and MQL alone, which are 46.8% and 12.2%
lower than that of CA and MQL, respectively. MQL can
reduce the friction heat between the tool and workpiece,
and the cooling effect is more prominent than that of CA.
Zou further explored the influence of different kinds of
lubricants on the cooling effect of CA + MQL. Figure
32(b) shows that synthetic ester and emulsion markedly
enhance the cooling effect compared with castor oil. The
CA + MQL of castor oil base with carbon group
nanoparticles has the best cooling effect, which is 34.6%
lower than that of pure castor oil. This finding is due to
the high thermal conductivity of carbon nanoparticles,
which can substantially improve heat transfer capability
[172,173]. Therefore, adding appropriate nanoparticles in
lubricating oil is an effective way to improve cooling
capability.

4.2 Cutting force

Cutting force mainly comes from overcoming the
elastic—plastic deformation of the workpiece material, the
friction between the chip and rake face, and the friction
between the machined surface and flank face [174].
Cutting force is an important index affecting tool wear,
surface integrity, and power consumption of machine
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Fig. 30 Influence of LCO, + MQL spraying position on turning temperature. Reproduced from Ref. [170] with permission from
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Fig. 31 Comparison of HRP and HRE of scCO, + MQL.: (a) influence of different technologies on cutting heat, (b) atomization effect of
different nozzles. Reproduced from Ref. [171] with permission from Elsevier.
tools [175]. Cutting force is affected by many factors, which has a direct effect on the changing trend of cutting
such as material properties, cutting parameters, tool force [176].
geometry, and cutting environment. The cutting The research results of Damir et al. [39] showed that
environment mainly includes cooling and lubrication, the main cutting and feed forces of LN, + MQL are
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decreased compared with LN, alone, as shown in Fig.
33(a). The main cutting and feed forces of LN, (flank) +
MQL (rake) decrease with the largest amplitude at 11.1%
and 3.8%, respectively. LN, is sprayed on the flank face
after optimization of the tool holder structure, whereas
MQL is still sprayed on the rake face, as shown in Fig.
33(b). Compared with LN,, the main cutting and feed
forces increased by 24.3% and 11.5%, respectively. LN,
can enter the depth of the cutting zone to improve the
cooling effect. Cutting force can be effectively reduced
with the lubrication of MQL.

Bagherzadeh and Budak [170] studied the influence of
different LCO, + MQL supply forms on cutting force
when turning Inconel 718. Figure 34 shows that the main
cutting force slightly decreases by 0.7%, but feed and
thrust force increase by 21.4% and 7.8% after nozzle
optimization for LCO, alone, respectively. The effect of
using LCO, + MQL to reduce the main cutting force is
better than that of using LCO, alone. Compared with
single-nozzle outlet, LCO, + MQL (rake) and LCO,
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(rake) + MQL (flank) decrease by 4.3% and 6.5%,
respectively.

Mehta et al. [177] conducted a comparative study on
cutting forces of turning Inconel 718 under the processing
environment of LN;, MQL, LN, + MQL, and CA+MQL,
as shown in Fig. 35. LN, + MQL and CA + MQL can
effectively reduce cutting force, and the effect is better
than that of cooling or lubrication medium alone. The
cutting force reduction of CA + MQL is larger than that
of LN, + MQL under the same cutting parameters. The
main cutting and feed forces decrease by 10% and 30.2%,
respectively. This decrease may be due to the
considerably higher CA temperature than that of LN, and
the low hardening degree of material, which is helpful to
material removal.

4.3 Tool wear

The effect of cryogenic technology on tool life has been
widely studied for more than 10 years. Cryogenic
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Fig. 32 Effect of CA + MQL with different base oils on cutting temperature: (a) change regulation temperature under different
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from Taylor & Francis.

Cutting speed: 56 m/min, Feed speed: 0.2 mm/rev, Cutting depth: 1.5 mm

500
d Flood
400 i e S e = e
@ LN, external on rake |Traditional nozzle
! 8
Z 300~ iu MQL on flank and LN, external on rake 2
g : <
£ 200 - i_ﬂ MQL on rake and LN, external on flank §
o & HPC (High pressure coolant) 00} o
i Hybrid (MQL on rake and LN, on flank | | nozzle ] l
| through holder) [Nozzle in optimized holder]: |
(a) Main cutting force ~ Feed force - ¢h ) i (b) (IN) \ 10 mm
Fig. 33 Influence of LN, + MQL spraying position and tool holder structure on cutting force: (a) main cutting forces for different tested

cooling methods, and (b) turning setup. Reproduced from Ref. [39] with permission from Elsevier.



674

800 @ Tangential cutting force [l Feed force M Radial force

695

600 -
500

400

Force/N

300 -
200

100

LCOAMQL  LCO, (rake)+|
(rake)

LCO,
(rake)

MQL (flank) | (modified nozzle) I._L

Front. Mech. Eng. 2021, 16(4): 649—697

Cutting speed: 75 m/min, Feed rate:
0.125 mm/rev, Depth of cutting: 0.5 mm
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Fig. 34 Influence of LCO, + MQL supply form on cutting force. Reproduced from Ref. [170] with permission from Elsevier.
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Fig. 35 Comparison of cutting forces under different cooling
and lubricating conditions. Reproduced from Ref. [177] with
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machining can generally remarkably reduce tool wear
[178]. Cryogenic medium can reduce friction coefficient
of tool/workpiece interface and inhibit heat transfer [179].
Figures 36(a)-36(c) show that MQL and cryogenic
medium (LN;, LCO,, and CA, respectively) can
effectively reduce tool wear [180,181]. Notably, the
effect of LN, on reducing tool wear is better than that of
LCO, when the cutting parameters are the same, as
shown in Fig. 36(d). Compared with dry cutting, LN, and
LCO; can reduce the VB value by 22% and 59%,
respectively, when the cutting speed is 200 m/min
because LN, has a stronger capability to inhibit thermal
effect than LCO;. Therefore, a low temperature in the
cutting zone is conducive to improving tool life under the
same cutting parameters [182,183].

Using CMQL to reduce tool wear is better than using
cryogenic medium and MQL alone. Pusavec et al. [67]
studied the influence of MQL, LN, and LN, + MQL on
VB value under different cutting parameters. Figure 37
shows that the increase in cutting speed v, and feed speed
veresults in increased wear. However, tool wear decreases
with the increase in ap,. The VB value of LN, + MQL is

the lowest under different cutting parameters, which
proves that LN, + MQL can effectively reduce the
temperature of the cutting zone and inhibit tool wear.

Compared with pure MQL, the effect of reducing
temperature and cutting force is better when MQL with
nanoparticles and cryogenic medium are simultaneously
used. Figure 38 shows that the wear degree of the flank
face under the condition of LN; + NMQL (0.5 vol%
hBN) is the lowest, VB = 0.12 mm, which is 14.2% lower
than LN, + MQL, and the effect is better than LN,, MQL,
and NMQL. Furthermore, scanning electron microscope
(SEM) reveals that the wear degree of the rake face is the
lowest under the condition of LN, + NMQL. Only slight
BUE and BUL occur, which maintain a good integrity.
Serious BUE, BUL, and workpiece material adhesion are
observed on the rake face when LN;, MQL, and NMQL
are used individually. A phenomenon of cutting-edge
burst crack may even emerge.

Igbal et al. [186] compared and studied the effects of
LN, + MQL, LCO, + MQL, LN, LCO,, and MQL on
tool wear when turning Ti-6Al-4V. Figure 39 shows that
the tool wear inhibition at low temperature is
considerably stronger than that at MQL. The effect of
cryogenic medium combined with MQL can be further
improved. The VB value of LN, + MQL is the lowest,
which is 54.5% lower than that of LCO, + MQL, under
the same cutting parameters. This finding is due to the
substantially lower temperature of LN, + MQL than that
of LCO,; + MQL. Therefore, the capability to inhibit
thermal softening and chemical reaction of active
elements is strong. Tool wear is markedly reduced with
the help of MQL lubrication, which also proves the
superiority of CMQL.

4.4 Surface quality

CMQL can effectively reduce temperature, cutting force,
and tool wear, and then improve the surface quality of the
workpiece [121]. Yildinm et al. [149] studied the
influence of MQL, LN, and LN, + MQL on surface
roughness when turning Inconel 625. Figure 40 shows
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that LN, + MQL has the best effect of reducing the Ra respectively. LN, + MQL can also obtain the best surface
value under different cutting speeds. Compared with quality at other cutting speeds. Yildinm [166] also
MQL and LN,, the Ra value of LN, + MQL decreases by obtained the same rule when turning Inconel 625 using
22.2% and 28.6% at a cutting speed of 50 m/min, the same cooling—lubrication method. Furthermore, the
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Fig. 39 Comparison of tool wear with different cooling—lubrication regimes [186].

gain effect of LN, + MQL (0.5 vol% hBN) on improving
surface quality was further explored. Thus, the effect of
LN, + NMQL is better than that of LN, + MQL.

Figure 41 shows that surface quality produced by
LCO, + MQL is the best, which is 32.8% lower than that
produced by LN, + MQL [186]. This finding shows that
the mechanism of high-efficiency heat dissipation and
cutting force reduction of cryogenic medium assisted by
micro lubricating oil helps obtain the best surface
roughness. However, LN, + MQL does not produce a

good surface quality possibly due to the limited heat
generated by low-speed cutting, and LN, produces an
excessively low cutting zone temperature, resulting in
excessive hardening of workpiece surface.

Su et al. [187] explored the influence of CA and CA +
MQL on workpiece surface quality when turning Inconel
718. The Ra value of CA + MQL is the lowest in the
entire cutting, which is 26.7% lower than that of CA.
Surface quality depends on the cutting accuracy of the
tool tip to a large extent. CA + MQL can effectively
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reduce the wear of tool tip and improve machining
accuracy.

4.5 Application effect of CMQL

Previous research revealed that cryogenic medium or
MQL has different effects on turning performance, but
CMQL shows advantageous effects, such as superpo-
sition through the synergy of two technologies. However,
the influence degree of four evaluation parameters has
advantages and disadvantages due to different
characteristics of different cryogenic media, as shown in
Table 3 where CNMQL represents cryogenic nanoparticle
minimum quantity lubrication.

Overall, the application of CMQL in turning achieves
the ideal cutting performance, and the final effect is better
than the single application of cryogenic medium and
MQL. However, the application of CMQL can still be
further improved.

First, the matching problem between the selection of
cryogenic medium and cutting parameters should be
addressed. The performance of the lathe reveals the
presence of a certain range of temperature, cutting force,

# 50 m/min

%
/A

2.5 2.25

Surface roughness, Ra/pm
W

LN
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and tool wear under specific cutting parameters. For
example, a high cutting speed produces additional heat,
resulting in large cutting force and tool wear. In this case,
cryogenic media with strong cooling capability, such as
LN,, should be selected to reduce the above evaluation
index effectively and then obtain the ideal surface quality
of the workpiece. On the contrary, if LN, is selected for
low-speed cutting, then it may cause excessive hardening
of the workpiece and increase cutting force and tool wear
despite the sharp drop in temperature. Thus, the surface
quality will decrease. Therefore, the establishment of the
quantitative corresponding relationship through the
selection of a reasonable cooling medium and its flow
parameters will improve machining quality according to
the corresponding evaluation index level of cutting
parameters.

Second, the application of nanoparticles should be
further investigated. Undoubtedly, adding nanoparticles
into micro lubricating oil can effectively improve cutting
performance and demonstrates a gain effect. However, if
CMQL can obtain the surface quality of workpiece that
meets engineering application, then adding nanoparticles
will cause waste of resources and increase cost.

1175 m/min 100 m/min

1.75

NN\

LN+MQL

S

Fig. 40 Effect of cooling—lubrication regimes on surface roughness. Reproduced from Ref. [149] with permission from Elsevier.
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Fig. 41 Comparison of surface quality with different cooling—lubrication regimes [186].
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Table 3 Conclusion of processing properties in turning
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Evaluation

index Style of CMQL Conclusions References
Cutting temperature LN, + MQL (NMQL) 1) Order of decreasing degree each style: [156,158]
LCO; + MQL MQL or cryogenic < CMQL < CNMQL;
2) Better effect of application: LN, + NMQL (LN, with the lowest
temperature and NMQL with the best antifriction and antiwear capability).
Cutting force LN, + MQL 1) Order of decreasing degree each style: [175,188,189]
LCO, + MQL MQL or cryogenic < CMQL;
CA + MQL 2) Better effect of application in the same cutting parameters:
CA +MQL
(avoid excessive hardening of material).
Tool wear LN, + MQL (NMQL) 1) Order of decreasing degree: [74,147,153,166]
(VB) LCO, + MQL MQL or cryogenic < CMQL < CNMQL;
CA + MQL 2) Better effect of application in the same cutting parameters:
(LCO, + MQL) < (LN, + MQL)
(avoid excessive hardening of material).
Surface integrity LN, + MQL 1) Order of decreasing degree: [162,190-192]
(Ra or Rz) LCO; + MQL MQL or cryogenic < CMQL < CNMQL;

2) Better effect of application: LCO, + MQL
(with suitable material hardness).

Therefore, nanoparticles should be used reasonably in
CMQL-assisted processing.

5 Milling performance of CMQL

Milling is a common method of plane machining, which
is different from turning because the milling cutter rotates
at high speed under the spindle drive while the workpiece
remains in a static state. Different from the continuous
machining of the single cutting edge of a turning tool, the
milling cutter has multiple teeth, and each cutting edge is
processed intermittently during high-speed rotation. In
addition, the contact length between the cutting edge of
the milling cutter and the workpiece is larger than that of
the turning tool. The above differences lead to various
thermal force changes and tool wear between milling and
turning. The effect on the surface quality of the
workpiece is also different. CMQL is crucial in milling.
However, the supply mode of the cooling—lubrication
medium is also different due to the difference between the
structure and motion of the milling cutter and turning
tool. Such a difference has an influence on milling
performance.

5.1 Cutting temperature

Cryogenic medium and MQL alone can effectively
reduce the cutting zone temperature in milling, and the
mechanism is similar to turning. Correspondingly, CMQL
can further improve cooling capability.

In milling high-thermal-conductivity steel, Mulyana
et al. [33] found that compared with MQL and scCO,, the
cooling effect of scCO, + MQL is the best, which
decreased by 37% and 5% when the pressure was 10.4
MPa, respectively. This finding shows that the cooling
capability of scCO, is effectively combined with the
lubricating capability of MQL, which plays a
superimposed cooling role. Beyond that, a high pressure
can increase jet velocity, which can facilitate penetration

of the cooling—lubrication medium in the cutting area and
improve cooling capability, as shown in Fig. 42.

An et al. [193] studied the influence of different
cooling—lubrication conditions on the temperature of
tooltip and workpiece when milling Ti-6Al1-4V. Figure 43
shows that the temperature of tooltip and workpiece is
positively correlated with cutting speed. The temperature
of the tooltip is 50%-60% higher than that of the
workpiece under the same milling conditions due to the
low thermal conductivity of Ti-6Al-4V. Compared with
dry milling, CA, MQL, and CA + MQL can effectively
reduce temperature, but the effect is different. Different
from Fig. 43, which shows that scCO, has a better
cooling capability than MQL, CA has a worse cooling
effect than MQL due to the substantially lower
temperature of CA than that of scCO,. Therefore, heat
transfer capability is poor, and the cooling range is lower
than that of MQL. However, the cooling effect of CA +
MQL on tooltip/workpiece is better than that of CA and
MQL, which not only reduces tool wear but also ensures
the surface quality of the workpiece.

5.2 Cutting force

Park et al. [80] studied the influence of MQL, LN,, and
LN, + MQL on milling force in milling Ti-6Al-4V. LN,
and MQL adopt single-channel external jets. Figure 44
shows that the cutting force of LN is higher than that of
MQL when milling speed is 47.7 m/min. This finding is
due to the relatively less heat generated by low-speed
milling and the excessive hardening of the workpiece due
to the ultralow temperature of LN,, thus complicating
material removal. In high-speed milling (76.4 m/min), the
penetration of MQL oil mist decreases and the lubrication
effect weakens due to the obstruction of high-speed
airflow. Moreover, LN, can effectively reduce a large
amount of heat generated by high-speed milling,
providing suitable workpiece hardness for processing
[194]. Therefore, the cutting force of LN, is lower than
that of MQL. LN; + MQL obtains the best cutting force
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reduction effect under the synergistic effect of cooling
and lubrication under high- or low-speed milling, and its
performance is better than that of LN, and MQL alone.
Pereira et al. [195] studied the influence of MQL,
internal or external LCO,, and LCO; (internal) + MQL on
tool life when milling Inconel 718. Figure 45 shows that
cutting force is remarkably sensitive to the wear degree of
milling cutter edge in all cooling strategies and has a
positive correlation. The cutting force of flood technology
is the smallest but does not meet the requirements of
clean production. VB = 0.2 mm is taken as an example.
The cutting force of MQL is the largest, which may be
due to the failure of lubricating oil film caused by a high
temperature, thus causing serious tool wear. Internal or
external LCO;, can effectively cool the cutting zone,
which inhibits the adhesion effect of the tool-workpiece
interface and reduces tool wear. However, the cutting
force of internal LCO, is slightly higher than that of
external LCO; due to the high degree of hardening caused
by internal spray. The cutting force of LCO; (internal) +
MQL is the lowest, which decreased by 2.5% and 7.8%
compared with internal LCO, and MQL, respectively.
This finding is not only due to the effective temperature
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reduction of LCO; but also its maintenance of the normal
lubrication effect of the oil film formed by MQL.

Yuan et al. [88] compared and analyzed the influence
of CA + MQL at different temperatures on cutting force
when milling Ti-6Al-4V. The results show that the
cutting force of CA + MQL is lower than that of MQL
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Fig. 42 Result of temperature wunder various cooling
conditions. Reproduced from Ref. [33] with permission from
Elsevier.
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because low temperatures can continuously retain the
lubricating oil film in an effective continuous state, which
plays a load-bearing role. Moreover, the results reveal
that the cutting force of CA + MQL is the lowest when
temperature is —15 °C. Compared with MQL, the main
cutting, feed, and thrust forces decreased by 13.6%,
10.4%, and 37.5%, respectively. However, cutting force
has an upward trend with the decrease in CA + MQL
temperature (—30 °C, —45 °C). This trend may be due to
the relatively low temperature of low-speed milling and
the best cutting hardness of the material at —15 °C. The
decrease in temperature leads to an increase in hardening
degree and a decrease in cutting performance.

5.3 Tool wear

All types of tools will be worn in cutting regardless of
machining environment. The basic law of milling cutter
wear is similar to that of turning tool. Severe friction
between tool and workpiece during milling causes the
wear of tool surface coating layer and exposes the tool
matrix. A high temperature induces the chemical reaction
of the workpiece material and facilitates welding to the
rake face, thus forming chip accumulation. The
combination of wear, adhesion, and diffusion wear can
lead to tool failure.

The cutting thickness of a high-speed steel milling
cutter is smaller than that of a cemented carbide milling
cutter, especially in upmilling. The tool teeth squeeze and
slide seriously on the workpiece surface; thus, wear
mainly occurs on the flank face. The chip sliding speed
along the rake face is high due to the high cutting speed
of cemented carbide milling cutter. Hence, the rake face
is also worn. In addition, the cutter teeth are subjected to
repeated mechanical and thermal impacts when cemented
carbide milling cutter is used for high-speed milling,
resulting in cracks and fatigue damage of cutter teeth.
Therefore, in addition to the reasonable selection of

milling cutter type and the setting of milling parameters,
effective cooling and lubrication to reduce cutting heat
and force are crucial.

Shokrani and Newman [196] studied the influence of
MQL, LN,, and LN; + MQL on tool life and wear degree
in milling Inconel 718. Figure 46(a) shows that the tool
life of LN, is 30.3% lower than that of MQL. High
temperature is not the only reason for tool failure.
Although LN; can effectively reduce the temperature, its
cryogenic hardening and lack of lubrication lead to high
cutting force and changes in cutting edge geometry.
Figure 46(b) shows the supply form of LN, and MQL.
The high-speed rotating airflow field of the milling cutter
hinders the LN jet and influences the cooling effect. Two
groups of MQL can improve the effective permeability
of droplets and enhance lubricating capability. The
combination of LN, and MQL plays a role of
superposition and promotion, effectively inhibiting
tool-workpiece interface adhesion and friction.
Compared with MQL and LNp, tool life is increased by
44.8% and 61.5%, respectively. Figure 46(c) shows that
all cooling—lubrication strategies have different degrees
of tool wear, but LN, + MQL has the strongest inhibition
effect. This finding is also similar to that of Kaynak
[155]. Using LN, + MQL will not change the mechanism
of tool failure but can slow down wear [197].

The structure of the milling cutter and its tool holder is
completely different from that of the turning tool. The
milling cutter rotates at a high speed in machining; thus,
spraying the cooling—lubrication medium on each tool
face as in turning is impossible [198]. Therefore, in
addition to the conventional external nozzle, the internal
jet mode of the milling cutter has become the mainstream
to improve the effective permeability and coverage of the
cooling—lubrication medium to the tool-workpiece.

Pereira et al. [195] studied the influence of MQL,
internal or external LCO,, and LCO,; + MQL on tool life
in milling Inconel 718 (based on the criterion of tool wear
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VB = 0.2 mm). Figure 47(a) shows that the tool life of
external LCO; is the shortest because of the difficulty of
LCO; in penetrating the cutting zone effectively due to
intermittent high-speed milling. Internal LCO, can
effectively penetrate; hence, tool life is increased by
16.2%. The mechanical effect remains serious despite the
effective reduction of thermal effect by internal/external
LCO,. MQL has a limited cooling capability but can
substantially reduce the severe friction between tool and
workpiece; thus, tool life is 26.8% higher than that of
internal LCO,. Compared with internal LCO, and MQL,
the tool life of LCO, (internal) + MQL is increased by
36.3% and 52.9%, respectively, due to the superposition
effect of LCO; cooling and MQL lubrication. The wear
evolution of cutting edge under different cooling—lubrica-
tion strategies (1-4) in Fig. 47(b) also effectively verifies
the above conclusion.

5.4 Surface quality

Shokrani and Newman [196] studied the effects of LNy,
MQL, and LN; +MQL on the surface quality of Inconel
718 in end-milling. The machining surface produced in
end-milling is divided into two parts: bottom and wall
faces. Figure 48 shows that the Ra value of the wall face
is considerably higher than that of the bottom face under

different cooling—lubrication strategies. This phenomenon
is due to the substantially larger contact area between the
milling cutter and wall faces than that of the bottom face.
Consequently, the friction range is large, and additional
heat is generated. A high temperature may lead to the
failure of micro lubricating oil, and LN, can effectively
reduce the temperature, which can inhibit the adhesion.
Therefore, an improved surface roughness can be
obtained. However, LN, + MQL does not produce the
optimal machined surface possibly due to the decrease in
flow rate of the coolant supply. Minimal heat is generated
for the bottom face. MQL satisfies the requirements of
effective cooling and lubrication. However, the ultralow
temperature of LN, may cause excessive workpiece
hardening and decrease cutting performance; thus, the Ra
value is higher than that of MQL. The Ra value of LN, +
MQL is the smallest due to the effective superposition of
LN; cooling and MQL lubrication. This result also proves
that CMQL helps milling obtain the best surface quality.
Yuan et al. [199] studied the influence of oil-on-water
(Oow), scCO,, scCO, + MQL, and scCO; + Oow on
surface quality when end-milling 316L stainless steel. Oil
molecules are adsorbed on the interface of water
molecules due to expansion after the mixture of oil- and
water-based cutting fluid, and then Oow droplets are
formed. The surface roughness of scCO, + MQL and
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scCO; + Oow at different cutting speeds is lower than
that of Oow and scCO, alone. In addition, Yuan found
that scCO, + MQL and scCO; + Oow are suitable for
low- and high-speed milling, respectively, and Ra value
decreased substantially.

PuSavec et al. [200] studied the influence of LCO,
(internal), LCO, + MQL, and LCO, + NMQL on the
surface quality of 42CrMo4 workpiece in end-milling
under different cutting parameters. Figure 49 shows a
negative correlation between the friction coefficient of the
workpiece surface and milling speed in different
processing environments. Compared with dry cutting,
friction coefficient increases when LCO, is used alone
because LCO, has no lubrication effect. However,
friction coefficient substantially decreases when LCO; is

combined with MQL (or NMQL). This reduction is due
to the formation of a solid oil film by lubricating oil
under a low temperature, which blocks friction between
tool and workpiece. LCO; can harden the workpiece to a
certain extent and restrain the plastic accumulation and
thermal damage of surface materials. In addition, the
effect of LCO; + NMQL on improving the surface quality
of the workpiece is better than that of LCO, + MQL,
which benefits from the excellent properties of
antiwear/antifriction of MoS, nanoparticles. Sterle et al.
[201] reached the same conclusion through research.

5.5 Application effect of CMQL

The above discussion reveals that CMQL also obtains a
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better cutting performance than cryogenic medium and
MQL alone under different milling conditions. This
finding is the same as the law obtained by turning. The
influence of CMQL characteristics (such as temperature
and supply mode) on the evaluation indices is shown in
Table 4.

Overall, CMQL application in milling also achieves an
ideal cutting performance. Similar to turning, milling has
the problems of cryogenic medium matching and
nanoparticle selectivity. Internal jet supply has gradually
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become the mainstream based on the particularity of
milling equipment, such as the structure and movement
form of cutter and tool holder. However, the current
situation is that the cryogenic medium is directly sprayed
into the cutting zone, which cannot be recycled. This
phenomenon undoubtedly increases energy consumption
and production costs for engineering applications.
Cryogenic milling by internal circulation tool with
cryogenic medium may solve the problem of energy and
resource consumption, but this method is mainly suitable

Cutting speed: 60 m/min, Feed rate: 0.05 mm/tooth, Axial depth of cutting: 20 mm, Radial depth of cutting: | mm
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Table 4 Conclusion of processing properties in milling

Evaluation

index Style of CMQL Conclusions References
Cutting LN, + MQL 1) Order of decreasing degree for each style: [33,202,203]
temperature scCO;, + MQL MQL or cryogenic < CMQL;
2) Low temperature of cryogenic medium results in an enhanced cooling effect.
Cutting force LN, + MQL 1) Order of decreasing degree for each style: [194,202,204]
LCO; + MQL MQL or cryogenic < CMQL;
CA +MQL 2) Low temperature of cryogenic medium is suitable for high cutting speed.
Tool wear LN, + MQL 1) Order of decreasing degree: [58,83,205,206]
(VB) LCO,; + MQL MQL or cryogenic < CMQL;
CA +MQL 2) Improved effect of cryogenic medium supplying form: external < internal
(with enhanced permeability).
Surface LN, + MQL Order of decreasing degree: [52,201,206,207]
integrity LCO, + MQL (NMQL) MQL or cryogenic < CMQL < CNMQL
(Raor Rz) scCO, + MQL (NMQL with the best antifriction and antiwear capabilities)
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for end-mills. LN, is used to circulate in the internal
spiral channel of a certain diameter milling cutter, and the
milling cutter is maintained in the cryogenic range of
—100 °C to —140 °C by phase change heat absorption to
transfer the heat in the cutting zone quickly and reduce
workpiece temperature. The internal circulation cryogenic
technology introduces remarkably high requirements for
the milling cutter manufacturing, tool holder thermal
insulation technology, and pressure supply system.

6 Grinding performance of CMQL

Grinding is an important part of modern precision
machining. The contact area of the grinding wheel and
workpiece is substantially larger than that of turning and
milling, and is mainly characterized by its abrasive
cutting with negative rake angle, severe friction, and high
specific energy. Thus, a high temperature is observed in
the grinding zone, and most of the heat flows into the
workpiece [208]. Therefore, avoiding thermal damage of
workpiece materials through effective cooling and
lubrication is crucial to ensure machining accuracy [209].
MQL (or NMQL) has been used in grinding, especially
for aluminum alloy, which has played a good role in
reducing wear and cooling [210]. However, the cooling
effect of MQL (or NMQL) is limited to difficult-to-cut
materials. Cryogenic medium has also been used in
grinding to reduce grinding heat effectively [211,212].
Paul et al. [213] analyzed the surface cracks of high-
carbon steel in different grinding environments. The
uneven distribution of temperature field in dry grinding
results in stress gradient and cracks. The tendency of
crack formation decreases in wet grinding, and the crack
disappears when LN, cools. This phenomenon is mainly
due to LN,, which can effectively cool down and reduce
the stress gradient. In addition, burning the surface of
difficult-to-cut materials is easy during dry grinding,
which can be effectively avoided by LN,. The grinding of
AISI304 revealed that LN, cooling is beneficial to
reducing residual tensile stress and surface roughness
[214,215]. Manimaran et al. [105] found that LN, can
effectively reduce grinding force and specific energy,
which decreased by 37% and 50%, respectively,
compared with dry grinding. This reduction is due to the
low temperature, which can effectively reduce the
adhesion of debris to abrasive particles. The mechanical
strength of the abrasive grains is improved, and the
abrasive grains are kept intact and sharp. However, LN,
lacks lubrication, and the improvement of surface quality
is limited. Reddy and Ghosh [216] showed that the Ra
value of MQL decreased by 39.8% compared with LN,
when grinding AISI 51200 with the same machining
parameters. The application effect of LCO; [106,146] and
CA [217] in grinding also conforms to the above rules.
However, several shortcomings are still observed in the
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separate application of cryogenic medium and MQL. The
combination of the two technologies can achieve
complementary advantages and provide a superimposed
cooling—lubrication effect.

6.1 Grinding temperature

An et al. [218] studied the effect of CA and CA + MQL
on grinding temperature of Ti-6Al-4V with different
cutting depths. The temperature of the grinding zone
increases to more than 400 °C with the increase in cutting
depth, resulting in film boiling of cutting fluid and loss of
heat transfer capability. The oil mist of CA + MQL
penetrates the air barrier layer near the grinding wheel at
high speed and forms lubricating oil film on the surface
of the grinding wheel and workpiece, which reduces the
generation of grinding heat. CA can further reduce the
grinding temperature by strengthening heat transfer. The
cooling amplitude of CA + MQL is 23.2% higher than
that of CA with a prominent cooling effect.

Zhang et al. [219] added Al,O3; nanoparticles into the
basis of MQL and analyzed the influence of NMQL, CA,
and CA + NMQL on the surface temperature of the
workpiece during grinding Ti-6Al-4V by numerical
simulation. CA and MQL are supplied into the grinding
zone through their respective pipelines. Figure 50(a)
shows the evolution of the heat source temperature field
in the grinding zone. Heat is concentrated in the grinding
wheel/workpiece contact area due to the low thermal
conductivity of Ti-6Al-4V. Figure 50(b) shows that
grinding zone temperature is the lowest under CA +
MQL, which is 26.8% and 20.5% lower than CA and
NMQL, respectively. In addition, Zhang et al. [56] found
that increasing the flow rate of CA can accelerate heat
transfer and reduce grinding heat.

6.2 Specific grinding force

In grinding, the force between the grinding wheel and
workpiece is characterized by unit grinding force, which
is called specific grinding force.

Zhang et al. [219] compared and analyzed the effects of
NMQL, CA, and CA + NMQL on the grinding force
during grinding of Ti-6Al-4V. Figure 51(a) shows that
the grinding force of CA is higher than that of NMQL.
CA can restrain the thermal softening of the workpiece
and reduce grinding force to a certain extent. However,
the Al,O3 nanoparticles added in micro lubricating oil can
easily enter the grinding wheel-workpiece interface due
to their micro size effect and high surface energy. These
nanoparticles can fill the furrow on the workpiece
surface, as shown in Fig. 51(b), and provide an excellent
antiwear effect [220]. The cooling—lubrication effect can
be effectively superimposed after the combination of CA
and NMQL, which has a gain effect on reducing specific
grinding force. Therefore, the minimum specific
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Fig. 50 Heat source movement law and comparison of cooling effect under different methods: (a) simulation grinding phase diagram,
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with permission from Springer Nature.

tangential and normal grinding forces are 2.17 and 2.66
N/mm, respectively.

Paul et al. [93] compared the effects of Al,Os; and
multiwalled carbon nanotube (MWCNT) on grinding
force. The structural characteristics of the two
nanoparticles are shown in Fig. 51(c). The results reveal
that MWCNT has the lowest specific tangential and
normal grinding forces due to the stable structure, high
specific strength, and high thermal conductivity of
MWCNT [221]. MWCNT not only considerably
improves heat transfer capacity but can also effectively
reduce  friction,  demonstrating an  enhanced
cooling—lubrication effect. The sharpness and cutting
performance of abrasive grains are also maintained [222].

6.3 Specific grinding energy

Energy consumption varies with different material
removal methods. Specific grinding energy refers to the
energy required to remove the unit volume of material,
which can characterize the lubrication effect of the
grinding wheel/workpiece interface [223]. A small
specific grinding energy produces an improved
lubrication effect and grinding performance.

Zhang et al. [224] compared and analyzed the effects of

NMQL, CA, and CA + NMQL on grinding energy. The
results show that the specific grinding energy of CA +
NMQL is the smallest under similar process parameters.
This similarity is due to the cooling—lubricating capability
of CA + NMQL, which maintains a sharp abrasive cutting
edge for a long time. This condition not only improves
material removal rate but also effectively maintains a low
grinding force. Compared with CA + NMQL, the
grinding energy obtained by NMQL and CA can be
increased by 12.3% and 33.1%, respectively.

The research of Garcia et al. [106] shows that compared
with the traditional cooling—lubrication method, grinding
specific energy can be markedly reduced by using LCO,
+ MQL. The specific energy of grinding depends on the
intensity of friction between grinding wheel and
workpiece. LCO,; + MQL can form a solidified oil film
on the surface of the grinding wheel, which can play a
role in continuous cooling and lubrication, as shown in
Fig. 52(a). In addition, the flow rate Q of LCO, + MQL
has a direct effect on grinding specific energy, as shown
in Fig. 52(b). When Q = 3 mL/min, the thickness of oil
film on the grinding wheel surface is insufficient, which
leads to high passivation speed of abrasive particles and a
decrease in cutting capability. When Q = 15 mL/min,
grinding specific energy substantially decreases, which
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indicates that the solidified oil film can play a continuous
lubrication role. The grinding wheel can maintain high
material removal capability with a low energy
consumption.

6.4 Surface quality

Stachurski et al. [225] studied the influence of MQL, CA,
and CA + MQL on surface quality in grinding hob.
Figure 53 shows that the surface roughness Rz of CA is
substantially higher than that of other cooling—Iubrication
methods. CA can inhibit thermal softening of workpiece;
however, it has no lubrication effect, and the
improvement of surface quality is limited. MQL can
reduce severe friction between grinding wheel and
workpiece, and then decrease Rz effectively. CA + MQL
can further improve surface quality. The Rz wvalue
decreases by 30.5% compared with MQL when cutting
depth is 0.03 mm due to the superposition effect of the
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cooling—lubricating capability of CA and MQL [226].
Zhang et al. [227] compared the effects of dry, flood,
CA + MQL, and CA + NMQL (MoS,) on surface profile
and workpiece roughness when grinding GCrl5. Figure
54 shows that the surface morphology of CA + NMQL is
the best. The surface profile curve, texture density, wave
crest, and valley are the most uniform, indicating that the
degree of material accumulation and adhesion is low.
This finding is consistent with the results of SEM. The
binding force between Mo and S atoms is strong for
MoS;, whereas that between molecular layers is weak.
The molecular layer breaks and forms a slip surface when
subjected to shear force, which determines that MoS; has
certain looseness and ductility [228]. Part of MoS; reacts
chemically and then spreads into the composite film
under the action of grinding force. Furthermore, MoS,
with a good surface activity is continuously adsorbed on
the composite film, which not only effectively reduces
the wear but also plays a role in repair. Therefore, CA +

/; mL/min
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= Conv.Cooling

Energy/(J-mm™)

Cured
lubricating
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1000 1500 2000
Material removal rate/(mm*-mm™)
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Fig. 52 Influence of LCO; + MQL and its flow rate on grinding specific energy: (a) setup of tooling for efficient application of LCO; +
MQL, and (b) relation between pressure and CO; flow rate. Reproduced from Ref. [106] with permission from Elsevier.
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NMQL can improve surface quality.
6.5 Application effect of CMQL

To date, CMQL is seldom used in grinding. CA is the
main cryogenic medium, whereas LN, and LCO, are
seldom used. For several types of grinding wheel, such as
corundum or silicon carbide wheel, the low temperature
of LN, or LCO, produces excessively hard and brittle
abrasive grains, resulting in batch fracture under the
action of grinding force. This phenomenon seriously
affects grinding accuracy. This situation is weakened for
diamond or cubic boron nitride grinding wheel. The
cooling—lubrication effect of CA + MQL is similar to that
of turning and milling in grinding. However, heat
generated by the same workpiece material is far more
than turning and milling due to the particularity of the
grinding wheel. Moreover, the temperature of CA is
limited, and CA + MQL may cause insufficient cooling
when grinding difficult-to-cut materials. Therefore,
adding nanoparticles into micro lubricating oil will
become an effective way to improve grinding
performance based on high thermal conductivity and
antiwear properties of nanoparticles with different
structures. However, effectively matching grinding

parameters with the type of nanoparticles is also
necessary to achieve the best effect.

7 Conclusions

Aiming at the problem of high thermal-mechanical
coupling damage in the cutting of titanium alloy, nickel-
based alloy, and other difficult-to-cut materials, the
application forms of CMQL device in different
machining methods and the mechanism of CMQL are
systematically introduced in this paper. The research
progress of application performance of CMQL in turning,
milling, and grinding in recent years is reviewed. The
main findings are as follows.

(1) For turning, the external spray type is a common
supply form of the cooling—lubrication medium based on
the block structure of the turning tool. Increasing the
number of nozzles and improving their position help
increase the coverage area of the medium on the turning
tool surface. The cooling medium can be directly
transported to the rake and flank face through the internal
channel by improving the structure of the tool holder.
This condition can further improve coverage and
permeability. For milling, the cooling—lubrication
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medium is supplied through the inner channel of the
milling cutter based on the cylindrical structure and rotary
motion characteristics of the milling cutter and tool
holder. This condition is conducive to direct spraying into
the cutting zone and effectively avoids the obstruction of
a high-speed rotary airflow field. Furthermore, the
solubility of LCO; (or scCO;) to lubricating oil is
conducive to the internal jet mode after mixing, which is
especially suitable for milling. For grinding, the
cooling—lubrication medium is sprayed on the surface of
the grinding wheel to form a solid lubricating oil film due
to the special structure and geometric relationship of the
grinding wheel and workpiece. This medium is then
carried into the friction interface by the high-speed
rotating wheel.

(2) The cooling—lubrication mechanism of CMQL is
complex and different. Compared with MQL, CMQL can
effectively reduce cutting temperature. Simultaneously,
CMQL can increase viscosity of lubricating oil, and the
thickness of oil film can maintain the complete separation
of the tool—workpiece interface. Carrying capacity is also
improved. Compared with cryogenic technology, CMQL
has an excellent lubricating capability. The cooling and
lubrication capabilities of CMQL are coupled and
synergetic, which can effectively reduce cutting force by
restraining thermal softening to provide suitable
workpiece hardness for material removal. The decrease in
thermal-mechanical level not only slows down tool wear
but also helps obtain the ideal surface quality of the
workpiece.

(3) The machining of difficult-to-cut materials is facing
severe challenges of high thermal-mechanical damage.
The application of CMQL in turning, milling, and
grinding can reduce cutting temperature, cutting force,
and tool wear, and improve the surface quality of the
workpiece. The application of cooling or lubricating
medium alone under different cutting parameters may
produce either an increasing or decreasing effect on
cutting performance. However, at the same parameter
level, the application effect of CMQL is remarkably
better than that of cryogenic technology or MQL based
on the synergetic-superposed effect, which plays a
positive role in restraining tool failure and surface burn.
Therefore, the surface quality of the workpiece is
considerably improved.

The promotion of engineering application and
development of CMQL technology requires joint efforts
of the entire world. Thus, this paper aims to provide
theoretical basis and technical support for researchers to
study the green, clean processing of aerospace refractory
materials.

8 Prospects

In recent years, the key technology of CMQL has
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achieved remarkable results in the cutting field of
aerospace difficult-to-cut materials, and the number of
literature on the application of CMQL is increasing.
However, several limitations still exist. The previous
systematic review indicates that future research directions
may focus on the following topics.

(1) Design and improvement of lubricating oil suitable
for cryogenic environment

Biodegradability is necessary for the preparation of
lubricating oil based on clean environmental protection
and sustainable resource acquisition. The viscosity of
lubricating oil increases at low temperatures, which leads
to a decrease in fluidity, spreadability, and wettability.
Gradually modifying the molecular structure of
lubricating oil is necessary to achieve the balance
between  viscosity—temperature  characteristics and
wettability under different processing conditions.
Combined with the synergistic effect of CMQL under
different thermal and mechanical conditions, the
preparation scheme of lubricant should be studied.
Designing an intelligent matching system or database is
necessary to realize the intelligent selection of lubricating
oil type and its parameters (such as concentration and
volume fraction) under different working conditions.

(2) Matching performance between cutting parameters
and types of cryogenic medium (or nanoparticles)

Different machining methods set specific cutting
parameters for certain types of difficult-to-cut materials
and target requirements. Therefore, reasonable matching
between cutting parameters and cryogenic medium types
is a problem. If matching is unreasonable, then such a
phenomenon can cause poor processing quality or
excessive consumption of resources.

The quantitative corresponding relationship between
evaluation index level and cooling medium level
(including its flow parameters) is established in
accordance with specific machining target and cutting
parameters, which help improve machining quality.
Therefore, the type of nanoparticles should be selected
reasonably according to the processing effect to realize
synergy between CMQL and nanoparticles.

(3) Introduction of a new auxiliary method of
electrostatic atomization to suppress CMQL droplet
dispersion

The existing high-pressure gas atomization may lead to
droplet diffusion and floating, thus complicating the
control of transport and harming the health of workers.
The electrostatic atomization method aims to charge the
atomized droplets by a high-voltage electric field. Driven
by the electrostatic field, the charged droplets precisely
enter the cutting zone according to the predetermined
trajectory, which can effectively suppress droplet
dispersion in atomization and transportation. This kind of
technology is expected to become a new auxiliary mode
of CMQL application in the future.

(4) Design of intelligent nozzle for precise supply of
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CMQL medium

Transporting the cooling—lubrication medium into the
cutting zone accurately is difficult for the external spray
nozzle with a traditional fixed position based on the
constraint geometry and motion law of the tool and
workpiece. Therefore, building an adaptive optimization
scheme of jet parameters (liquid flow rate, gas—liquid
mass ratio) with cutting parameters and designing an
intelligent nozzle that can automatically adjust its spatial
posture  with machining surface (plane, outer
circumference, inner hole, and cavity) is crucial.

(5) Processing technology solution considering multiple
factors

The application of CMQL in aerospace machining of
difficult-to-cut materials must consider several factors,
including processing form, workpiece material, tool type,
cooling lubrication medium type, energy consumption,
and other process parameters. The amount of data cited in
this paper is insufficient to support the establishment of a
database. Further research can focus on the
multiparameter coordinated control of the specific
process system and establish the quantitative
characterization —mathematical model of optimal
processing performance to guide production practice.

Nomenclature

Abbreviations

BUE Build-up edge

BUL Build-up layer

CA Cryogenic air

CMQL Cryogenic minimum quantity lubrication
CNMQL Cryogenic nanoparticle minimum quantity lubrication
DHC Double-helix channel

DL Dissolved lubricant in scCO;

DSC Double straight channel

hBN Hexagonal boron nitride

HRE Heat removal efficiency

HRP Heat removal potential

LCO, Liquid carbon dioxide

LN, Liquid nitrogen

MQL Minimum quantity lubrication

MWCNT Multiwalled carbon nanotube

NDL No dissolved lubricant

NMQL Nanoparticle minimum quantity lubrication
Oow Oil-on-water

scCO, Supercritical carbon dioxide

SEM Scanning electron microscope

SSC Single straight channel
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XL Lubricant expanded with scCO,
Variables
ae Milling width, mm
ap Depth of cutting, mm
Heat transfer area, m2
d Diameter of channel, mm
f Feed rate, mm
fz Milling feed rate, mm/tooth
g Surface tension under CMQL, N
F Surface tension under MQL, N
h Heat transfer coefficient, W/(m?2-K)
mn Oil film thickness under CMQL, mm
hy Oil film thickness under MQL, mm
P, Pressure of MQL, MPa
Py Surface pressure, MPa
P, External environment pressure, MPa
q Heat flux, W/m
(0] Flow rate, mL/min
r Radius of a curved surface, mm
R Diameter of droplets, mm
Si Spreading length under CMQL, mm
) Spreading length under MQL, mm
t Time, s
h Thickness of the outlet section, mm
Ty Temperature, °C
T Temperature under CMQL, °C
T Temperature under MQL, °C
u Velocity at a tangent, m/s
Ve Cutting speed, m/min
Ve Feed speed, mm/rev
141 Viscosity at 71, Pa's
V> Viscosity at 7, Pa‘s
AT Temperature difference, °C
0, Contact angle under CMQL, (°)
0> Contact angle under MQL, (°)
P Fluid density, kg/m3
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