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Abstract
Metal cutting fluids (MCFs) under flood conditions do not meet the urgent needs of reducing
carbon emission. Biolubricant-based minimum quantity lubrication (MQL) is an effective
alternative to flood lubrication. However, pneumatic atomization MQL has poor atomization
properties, which is detrimental to occupational health. Therefore, electrostatic atomization
MQL requires preliminary exploratory studies. However, systematic reviews are lacking in
terms of capturing the current research status and development direction of this technology. This
study aims to provide a comprehensive review and critical assessment of the existing
understanding of electrostatic atomization MQL. This research can be used by scientists to gain
insights into the action mechanism, theoretical basis, machining performance, and development
direction of this technology. First, the critical equipment, eco-friendly atomization media
(biolubricants), and empowering mechanisms of electrostatic atomization MQL are presented.
Second, the advanced lubrication and heat transfer mechanisms of biolubricants are revealed by
quantitatively comparing MQL with MCF-based wet machining. Third, the distinctive wetting
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and infiltration mechanisms of electrostatic atomization MQL, combined with its unique
empowering mechanism and atomization method, are compared with those of pneumatic
atomization MQL. Previous experiments have shown that electrostatic atomization MQL can
reduce tool wear by 42.4% in metal cutting and improve the machined surface Ra by 47%
compared with pneumatic atomization MQL. Finally, future development directions, including
the improvement of the coordination parameters and equipment integration aspects, are
proposed.

Keywords: cutting, grinding, minimum quantity lubrication, electrostatic atomization,
biolubricant

Abbreviations

MCF Metal cutting fluid
MQL Minimum quantity lubrication
NMQL Nano-biolubricant minimum quantity

lubrication
ESL Electrostatic spray lubrication
EAL Electrostatic atomization lubrication
CES Coaxial electrostatic spray
EMQL Electrostatic minimum quantity lubrication
CMQL Cryogenic minimum quantity lubrication
ND Nano-diamond
–OH Hydroxyl group
–COOH Carboxyl group
SMD Sauter mean diameter
CMR Charge mass ratio
XPS X-ray photoelectron spectroscopy
SEM Scanning electron microscope
CoF Coefficient of friction
OMC Oil mist concentration
C=C Carbon–carbon double bonds

1. Introduction

Cutting fluid has been used for hundreds of years as an essen-
tial part of the machining industry, and its main functions are
cooling, lubrication, cleaning, and rust prevention, etc [1, 2].
The selection of an appropriate lubrication process and cut-
ting fluid in metal cutting can extend the tool life and improve
machining efficiency and surface quality [3–9]. Therefore,
the cutting fluid and its supply method play a crucial role
in the machining of mechanical parts. Wet machining based
on MCFs is the main lubrication method often used by the
manufacturing industry to ensure machining accuracy and
reduce tool wear. However, this lubrication method should
be abandoned because of the environmental pollution, carbon
emission, resource depletion, and similar challenges faced by
humans today [10, 11], especially under the drastic evolution
of the greenhouse effect [12–23].

Traditional MCFs in the manufacturing industry are com-
posed of non-renewable mineral oils and scarce water, and
these fluids are often supplemented with a range of additives
to enhance lubrication, cooling, extreme pressure, and life.
However, MCFs containing heterocyclic and polyaromatic
rings and the derivation of endotoxins caused by bacterial
growth jointly pose a significant risk to human health [24, 25].

Moreover, the production and discharge of cutting fluids cause
serious ecological pollution. The wet cutting method also
increases production cost, including the purchase cost of heavy
MCFs, the disposal cost of wastewater, etc, with amounts far
greater than the use cost of the tool [26–34].

In line with the abovementioned environmental and cost
considerations, scientists and businesses have proposed dry
cutting technology, near-dry technology, and other forms of
clean cutting technologies to promote the green transforma-
tion of traditionalmanufacturing (table 1). Dry cutting refers to
the selective discard of cutting fluid, with full consideration of
workpiece surface machining accuracy and tool life [35–39].
It can completely eliminate the use of cutting fluid, thereby
avoiding related cost, and even environmental stress. However,
the absence of cutting fluid leads to the severe friction and heat
buildup in the machining zone, resulting in higher demands on
tools, workpiece materials, and process parameters. This phe-
nomenon greatly limits the scope of application of dry cutting.
Near-dry machining can be described as a method in between
dry cutting and wet cutting [39–43]. In contrast to wet cut-
ting, near-dry machining can reduce the cost of using cutting
fluid and eliminate the disposal cost of waste fluid; in contrast
to dry cutting, it can provide certain cooling and lubricating
conditions to a cutting area. The two most representative tech-
nologies of near-dry machining are cryogenic machining and
MQL.

The cryogenic technique refers to the use of cryogenic
media, such as air, liquid nitrogen, and liquid carbon dioxide,
to ensure cooling during cutting [44], further suggesting an
effective and improved high thermal environment in the cut-
ting zone [45–50]. In MQL, a small amount (10–100 ml h−1)
of cutting fluid is delivered to the cutting zone in the form of an
atomization jet under the action of high-pressure air [51–53].
In contrast to wet machining, MQL has the characteristics of
high pressure and low liquid amount; thus, not only is the use
of cutting fluid reduced but the method’s utilization is also
improved [54–57]. Khan et al developed AISI 9310 by using
biolubricant-based MQL and compared it with dry and wet
cutting [58]. Their results showed that MQL can better reduce
the chip–tool interface temperature comparedwith dry andwet
cutting.Moreover, the tool flankwear can be greatly improved,
promoting the reduction of surface roughness. AlthoughMQL
does not have the advantage of cryogenic machining in terms
of improving the high thermal environment of cutting inter-
faces, it can improve interface friction, thereby enhancing
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Table 1. Assessment of lubrication cooling technology.

References Process Media (common) Lubrication/cooling Cleaning Sustainability Total cost

Employed
in the
industry

[52, 59] Dry None Worst Worst Best General Yes
[60, 61] Wet MCFs General Good Worst High Widely
[36, 48] Cryogenic Cryogenic air/LN2/LCO2 Excellent cooling performance Good Good High Yes
[62, 63] MQL Biolubricants Excellent lubricating properties Good Good General Widely

Note: Red indicates advantageous features; black indicates medium aspects; blue indicates disadvantageous features.

Figure 1. Annual publications on dry, near-dry, and MQL machining since 2008. (Source: science citation index expanded SCI-expanded.)

machining performance. In addition, comparedwith cryogenic
machining, MQL has lower requirements on supply devices,
media storage, etc, and the storage and transportation costs of
cryogenic media are much higher than the use cost of theMQL
cutting fluid. These situations limit the large-scale industrial
application of this technology.

The increasing importance of MQL can be clearly deduced
from the number of annual publications since 2008. Figure 1
shows the increasing number of studies on MQL. After dec-
ades of development, MQL was able to derive a number of
efficiency-enhancing processes (figure 2). At present, non-
toxic, renewable, and degradable vegetable oil-based biol-
ubricants are often used as atomization media when MQL is
used by enterprises and research institutions [64–75]. Adding
nanoparticles also appears to be the preferred option for
improving machining performance [76–80].

However, MQL with pneumatic atomization entails vari-
ous problems [81–86]. First, high-pressure gas can easily
cause the splashing and scattering of small droplets, increas-
ing the presence of PM10 and PM2.5 in the environment.
A PM10 > 5 mg m−3 and a PM2.5 > 0.5 mg m−3 both pose
serious threats to the respiratory system of workers, causing

allergies, pneumonia, and even cancer. Second, the surface
energy of droplets gradually decreases, causing insufficient
penetration, adsorption, and wetting properties of the jet.
Third, the atomization effect of high-viscosity biolubricants
is not ideal because it causes large particle sizes, uneven size
distribution, and low surface activity, which jointly affect the
film-forming performance in the cutting area. In addition to
pneumatic atomization, ultrasonic atomization has been used
in MQL (table 2). However, MQL with ultrasonic atomization
cannot be applied in industrial practice due to the unsatisfact-
ory atomization effect of high-viscosity media and the com-
plicated liquid change and maintenance.

In view of the abovementioned effects of pneumatic atom-
ization, such as posing a threat to human health and its inab-
ility to enhance atomize biolubricants, scholars have been
inspired to investigate electrostatic atomization and spraying
technology. In 1882, the Rayleigh limit was proposed, lay-
ing a theoretical foundation for the development of electro-
static atomization. Subsequently, the observation and analysis
of electrostatic spray by Zeleny and Taylor and other research-
ers further promoted the development of electrostatic atomiz-
ation technology. The discovery of electrostatic atomization
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Figure 2. Development history of MQL.

Table 2. Assessment of atomization mode in MQL.

References Way
Media
(common)

Size
distribution Average size Surface energy

Oil mist
concentration

Operating
costs

Employed in
the industry

[97] Pneumatic
atomization

Biolubricant Worst Largest Minimal and
gradually
decreasing

Worst General Widely

[94] Electrostatic
atomization

Biolubricant Good Small Maximum and
continuous
empowerment

Best High Ongoing

[98] Ultrasonic
atomization

Water-based
cutting fluids

Best Smaller General and
gradually
decreasing

General Higher No

Note: Red indicates advantageous features; black indicates medium aspects; blue indicates disadvantageous features.

is of great significance to promoting the technological pro-
gress of human society. As electrostatic spraying can produce
droplets with smaller and more uniform particle sizes and has
better deposition and coating properties under the action of an
electric field, it has been widely used in nano-films [87], nano-
capsules [88], fuel cell preparation, and other fields [89]. In
addition, owing to the good adsorption of charged droplets,
electrostatic spraying is also suitable for pesticide spraying in
the agricultural field and desulfurization and dust removal in
the industrial field [90, 91].

On the basis of the excellent atomization performance of
electrostatic atomization, scientists have attempted to change
the pneumatic atomization method in traditional MQL to
electrostatic atomization as a means of solving the existing

technical bottleneck. Reddy and Yang first were the first
researchers to explore MQL machining under this new
empowering atomization condition. By drilling SCM 440
steel, they found the performance of electrostatic atomiza-
tion to be superior in reducing cutting forces by up to 23.1%,
further improving surface quality by up to 25.3% compared
with traditional MQL [92]. In 2013, Li et al, who have been
engaged inMQL research, were the first scholars to develop an
electrostatic atomization MQL device based on corona char-
ging, and they were able to apply for a number of invention
patents. Their device not only can modify the traditional MQL
device by adding electrodes on the nozzle, but it also main-
tains the original MQL supply system; thus, their technology
is called electrostatic atomization MQL [93]. Xu et al, who
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Figure 3. Review narrative logic.

are experts in MQL, were the first ones to apply electrostatic
atomization MQL to cutting experiments. Their experimental
results showed that electrostatic atomization MQL is more
competitive than pneumatic atomization MQL [94]. In the
subsequent development, Dr Huang comprehensively com-
pared electrostatic atomization MQL and pneumatic atomiza-
tion MQL in his dissertation, including their atomization per-
formance, processing environment, machining performance,
influencing parameters, etc [95]. Furthermore, Dr Jia studied
the molecular dynamic behavior of charged droplets and the
particle size controllable model of the corona-charged elec-
trostatic atomization MQL in his dissertation [96]. After years
of development, the electrostatic atomization empowerment
MQL has achieved relatively rich research results.

Although many studies have confirmed electrostatic atom-
ization MQL as having more excellent effects than pneumatic
atomization MQL in terms of atomization effect and machin-
ing performance, certain scientific and engineering issues need
to be urgently solved (figure 3). More importantly, electro-
static atomization MQL has not been systematically reviewed.
Therefore, capturing the research hotspots and trends of this
technology is meaningful, although related research is diffi-
cult to accomplish.

Aiming to fill the aforementioned gap, this study provides
a critical overview of the current achievements and limita-
tions of electrostatic atomization MQL for sustainable man-
ufacturing. In this manner, scientists can gain a deeper under-
standing of the effective mechanisms of the technology, the
development of the process specifications of the technology

can be facilitated, and future trends in the technology can be
explored. The narrative logic of this paper can be summar-
ized as follows. Section 2 analyzes the critical equipment,
empowering mechanism, and atomization medium of electro-
static atomization MQL. Section 3 reveals the film-forming
and cooling mechanism of biolubricant droplets. Section 4
evaluates the superior processability and mechanisms of elec-
trostatic atomization MQL in contrast to pneumatic atomiza-
tionMQL. Section 5 gives the conclusion of the entire research
and analyzes the current challenges and solutions for clean
cutting.

2. Electrostatic atomization MQL

Electrostatic atomization MQL refers to: a small amount of
atomization medium is electrostatically atomized into charged
micro-droplets, which are transported to the cutting or grind-
ing area for cooling and lubrication (figure 4) [99–101].
The sustainability of this process is reflected in the follow-
ing aspects: (a) The non-toxic, biodegradable, and renewable
atomization medium and the clean atomization method do not
cause soil and water pollution. (b) The unique empowering
mechanism of electrostatic atomization is not only conducive
to improving machining quality but also minimizes the occu-
pational health risk [102]. (c) The excellent lubrication and
cooling properties of electrostatic atomization MQL not only
reduces the purchase cost of cutting fluids but also decreases
the use cost of tools by improving the tool wear [103].
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Figure 4. Integrated system for electrostatic atomization machining.

Figure 5. Electrostatic atomization implementation device. (iii) is reproduced from [124], with permission from Elsevier.

2.1. Equipment and principles

Electrostatic atomization can be divided into three categories:
EAL or ESL [92, 104], CES [105, 106], and EMQL [107, 108].
EAL or ESL is composed of a single syringe pump, electro-
static nozzle, and high-voltage electrodes, and the device is
commonly used in electrostatic spraying [109]. CES refers
to the process of breaking two incompatible liquids into
tiny charged droplets under the action of electrostatic force,

and the implementation device has one more liquid injection
pump compared with the setup of EAL or ESL (figure 5(a))
[110–112].

Scientists have also proposed a multi-energy field coupled
atomization approach to improve the efficiency of electro-
static atomization and maintain a good atomization effect. The
technology is divided into two classifications: contact char-
ging (figures 5(a)–(c)) and corona charging. The corona-type
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Figure 6. Electrostatic atomization empowerment mechanism. (b) is reproduced from [133], with permission from Springer Nature.

charge electrostatic atomization device is mainly used in exist-
ing applications. Currently, improvements made to the EMQL
device are mainly focused on enhancing the structure of the
charge nozzle [93, 113–121]. As shown in figures 5(i)–(v),
the corona charging system is equipped with a corona dis-
charge electrode at the nozzle, and when the electrode voltage
exceeds a certain threshold, a corona discharge is generated
around it [122, 123]. Figures 5(iv) and (v) show the magnetic
field-enhanced corona discharge atomization device, in which
a transverse magnetic field is applied to the corona zone for
strengthening the charging performance [115].

The knowledge of magnetically enhanced electrostatic
atomization has not been deeply excavated, which may be the
next development trend. Compared with EAL/ESL, EMQL
has a higher operability and safety factor and only needs
to be modified slightly based on the configuration of the
original equipment. However, its development model is not
conducive to the improvement of the technology. Therefore,
EMQL devices should be developed in terms of controllabil-
ity, and the digital equipment, such as an intelligent follow-up
equipment (figure 5(vi)) and an intelligent supply equipment
(figure 5(vii)), should be developed because they differ from
the conventional MQL device.

The liquid pumped into the capillary entails a series of
oscillatory and non-oscillatory behaviors under surface ten-
sion and accelerating forces (e.g. gravity and/or electricity),
commonly referred to as drip and jet modes [125]. In the case

of non-charged capillary, the droplet descends under its own
gravity; then, the pumping pressure, overcoming the surface
tension and its viscous hysteresis, and the dropping pattern
changes with it. If the capillary tube is applied with high-
voltage static electricity, then the liquid inside the capillary
tube will be charged by contact, positive and negative ions will
appear inside the liquid, and an electric field will be formed
between the capillary electrode and target electrode. If the
capillary is applied with negative high-voltage static electri-
city, then negative ions and free electrons will be generated
inside the liquid [126–128]. As shown in figure 6(a), under
the electric field force, negative ions and free electrons inside
the liquid move to the top of the liquid and form a potential
gradient [129], consequently forming a charge concentration
at the top. The liquid top initially reaches the Rayleigh limit
(sub-Rayleigh limit) and starts to break up to form a Taylor
cone [130–132]. The charged liquid is subjected to addi-
tional electric field forces, and their repulsive forces caused
by homogeneous charges are distributed on the droplet sur-
face. If the applied voltage is changed, then the capillary will
produce different spray patterns under the coupling of these
forces [128]. After coaxial injection, the inner fluid will be
covered by outer fluid to form an encapsulated droplet due to
the incompatibility of the inner and outer fluids (figure 6(a))
[105, 106]. Following the same principle as electrostatic atom-
ization, the jet states of CES at different voltages vary: as the
voltage increases, the jet mode changes from the dropping
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Table 3. Assessment of atomization mode in MQL.

Cutting fluids Advantages Disadvantages

Water-based
emulsions

1. Excellent heat transfer performance 1. Environmental issues and healthy issues
2. Highly available 2. Strong corrosive
3. Cheap 3. Poor lubrication

Mineral oils based MCFs 1. Good lubrication and rust prevention 1. Ecological and health issues
2. Mature technology 2. Wastewater disposal cost issues
3. Chemically stable 3. Extreme friction applications are difficult to perform

References: [1, 36, 61].

state to the stable cone jet state; as it further increases, the
jet mode changes to swinging mode (figure 6(b)) [133]. The
cone jet mode is more stable between the two modes, and it is
even the most widely used mode in single-phase electrostatic
atomization.

Corona discharge is a local self-sustained discharge of
a gaseous medium in an inhomogeneous electric field
[126, 134]. As shown in figure 6(d), near the tip electrode
with a small curvature radius, an electrode connected to a
high-voltage electrostatic causes the tip to automatically dis-
charge and generate an inhomogeneous electric field. The gas
molecules are ionized when the local electric field strength
exceeds the critical field strength. At this time, the electrostatic
voltage can be expressed as Vs (equation (1)), and this process
is also called a corona process

Vs = Es(r/2) ln[(r+ 2d)/r] (1)

where Es is the electric field intensity at the tip (kV m−1), r
is the radius of the electrode tip (m), and d is the needle–plate
distance (m).

Suppose the electrode is connected to a negative high-
voltage power supply, the four main effects are produced in
the corona region, as illustrated in figure 6(d) [96, 135]. First,
neutral gas molecules are ionized, and free electrons escape
from the original orbital layer to produce cations and free elec-
trons. Second, free electrons combine with gas molecules to
form anions. Third, the free electrons generated by the elec-
trodes hit the gas molecules at a high speed by the electric field
force to form cations and additional electrons, a phenomenon
known as the electron avalanche effect. Finally, as reduction
reactions occur, free electrons combine with the cations. After
determining the geometric model and boundary conditions of
the needle–plate discharge (figure 6(d)), the scholar analyzed
the particle density distribution via the finite element method
under negative high-voltage electrical conditions. The negat-
ive ion density distribution is shown in figure 6(d). The ion
density gradually weakens during diffusion towards the target
pole, with the highest ion density in the corona region. The
cations in the corona region are attracted to the negative elec-
trode, whereas the anions and free electrons are repelled away
from the electrode. The electrons and ions in the corona region
move towards the target electrode under the action of elec-
tric field force and collide with the atomized droplets as they
move and charge the droplets (figure 6(c)). If the power sup-
ply is a positive high voltage, then themovement of particles in
the corona region will be reversed, with cations being repelled

to the direction of the target electrode and free electrons and
anions being absorbed by the electrode for reduction.

2.2. Eco-friendly atomization media

Traditional MCFs can be divided into two categories. The
advantages and disadvantages of the two types of cutting flu-
ids are described in table 3. With the development of human
society and the growing public awareness of environmental
issues, the pollution caused by mineral-based oils must also
be fundamentally reversed. Non-toxic, renewable, and degrad-
able vegetable oils have become popular choices among many
people. Vegetable oil-based cutting fluid is easily decomposed
into eco-friendly substances by microorganisms or enzymes,
and the associated decomposed substances do not cause safety
problems to existing water and soil resources, thus ensuring
environmental sustainability [36]. Vegetable oil reduces oil
mist in the air during processing, MQL itself atomizes biol-
ubricants into oil mist, and the amount of used vegetable oil
is also reduced. In this method, not only does the technology
minimize the occupational health risk, but it also ensures the
cleanliness of the processing environment. As far as the cur-
rent global carbon neutralization strategy is concerned, the
biolubricants of the vegetable oil series undoubtedly play a
driving role. First, raw material resources are renewable, and
the growth process of the raw materials absorb carbon diox-
ide emitted by the industry and release oxygen. Second, the
raw materials are transformed into carbide vegetable oil for
industry use. Finally, the waste vegetable oil is decomposed
into carbon dioxide, hydrogen, and biomass. The carbon cycle
in this process forms a closed loop. For mineral oil-based
products, the carbon cycle is open, which increases the planet’s
greenhouse effect.

The vast majority of biolubricants currently used in MQL
are various vegetable oils (e.g. soybean oil, peanut oil, palm
oil, castor oil, etc) and their series of esterified products
[36]. Vegetable oils are mainly composed of triglycerides
and a small amount of free fatty acids. A single molecule
of triglycerides includes three molecules of fatty acids, with
varying molecular structures of different fatty acids. The
molecular structure of fatty acids consists mainly of carbon
chains and polar groups (hydroxyl group, carboxyl group,
etc) [60], and the polar groups are highly adsorptive, facilit-
ating the film formation of biolubricants. However, the pres-
ence of carbon–carbon double bonds (C=C) bend the fatty
acid molecules, which is detrimental to the film formation
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Figure 7. Physical and chemical properties of nano-biolubricants.

stability of biolubricants (figure 7(b)) [136]. Fatty acids con-
taining C=C are called unsaturated fatty acids, whereas those
that do not contain C=C are called saturated fatty acids. The
types and amounts of fatty acids contained in different veget-
able oils also vary, indicating different machining properties.
Reeves et al established an analytical model (equation (2)) for
fatty acid unsaturation bymeasuring the coefficients of friction
(CoF) of eight different vegetable oils, comparing them with
those of unsaturated vegetable oils [137]. Their results showed
that the correlation index between the CoF and the degree of
unsaturation was 0.830 (i.e. the greater the degree of fatty acid
unsaturation, the greater the CoF). This finding has also been
experimentally demonstrated by other scholars [138–143]

UN=
1

100

 (1×
∑

mounsaturated fatty acids)+
(2×

∑
diunsaturated fatty acids)+

(3×
∑

triunsaturated fatty acids)

 . (2)

In addition to the special molecular structure, the viscosity
of vegetable oil-based biolubricants is much higher than that of
MCFs, which also gives them a higher load-bearing capacity in
the cutting zone. However, the high viscosity is not conducive
to effective heat transfer and heat dissipation, and it can cause

a heat build-up in the cutting zone, subsequently affecting the
surface quality [141].

Although biolubricants have excellent film-forming prop-
erties, the poor extreme pressure performance of vegetable oils
can easily lead to lubricant film failure under complex and
extreme operating conditions [68, 144–148]. For the grind-
ing process of high-strength low thermal conductivity titanium
and nickel-based alloys, the performance of biolubricants is
greatly limited. The addition of nanoparticles is an effective
approach for solving the abovementioned difficulties [149].
For example, Zhang et al found a negative phenomenon
that included burning in the process of grinding nickel-based
alloys with vegetable oil, and pure vegetable oil could not
improve the grinding environment [150], but adding nano-
particles could solve the problem. Their comparative analysis
showed that the CoF of pure vegetable oil increased by nearly
11.72% with respect to the wet grinding case, and CoF was
reduced to 2.34% after adding nanoparticles [151]. The addi-
tion of nanoparticles can greatly improve the extreme pressure
performance of pure vegetable oil, as nanoparticles reduce
the degree of friction in the cutting zone, thus improving the
heat dissipation performance. The nanoparticles often used in
this scheme are carbon-based nanoparticles and metal oxides.
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Some scholars have divided the nanoparticles into spherical,
laminar, and linear types according to shape (figure 7(a)). Nan-
oparticles have different effects in the cutting zone, e.g. spher-
ical Al2O3 and nano-diamonds have excellent friction and
wear reduction properties [152], carbon nanotubes (CNTs)
have good heat transfer properties [150], and graphene (GR)
has high thermal conductivity and high strength and stable
Young’s modulus [153]. However, price and performance are
usually two parameters that are directly proportional to each
other.

In addition to particle type, many factors should be con-
sidered when seeking optimal nano-biolubricants. Examples
include the volume fraction, particle size, and dispersion of
nanoparticles, etc. Wang et al measured cottonseed oil-based
0.5 wt% Al2O3 nanofluids and found their surface quality to
be enhanced when milled with 45 steel [75]. Wang et al per-
formed a grinding of nickel-based alloy 718 and found that
palm oil-based nanofluid with 2.0 vol% of Al2O3 had better
tribological properties [154]. Their findings reflect the com-
plex action mechanism of nanofluids, indicating difficulties
in determining the general action pattern of these materials.
Li et al summarized the effect of different-sized nanoparticles
by reviewing the extreme pressure and anti-wear properties of
nano-additives and found small-particle nanoparticles to more
likely enter the cutting zone [155]. Given the extremely strong
adsorption between nanoparticles and their irregular move-
ment in the biolubricant, which intensifies the agglomeration,
the agglomerated nanoparticles tend to reduce the film forma-
tion and heat transfer performance of the nano-biolubricant,
consequently deteriorating the processing quality; however,
adding a dispersant is a common solution (figure 7(d)). Gao
et al used different dispersants to disperse CNTs and conduc-
ted wear experiments; they were able to determine the best
dispersant for producing nano-biolubricants with the best wear
surface quality [156]. Mao et al found that dispersants could
reduce the van der Waals force between nanoparticles and
increase electrostatic repulsion, thereby achieving the effect
of dispersion [157]. Among nanoparticles, the commonly used
dispersants are inorganic electrolytes and surfactants. The dis-
persion stability of nanofluids has become a necessary part of
NMQL. For instance, sodium lauryl sulfate is applied to the
dispersion of Al2O3 and Ag nanoparticles [158]; two hours of
ultrasonic vibration is performed for TiO2 nanofluids [159],
sodium dodecyl benzene sulfonate is applied to the dispersion
of Al2O3 nanoparticles [157], and span and polysorbate in 1:1
ration are applied to the dispersion of various nanoparticles
[160]. Typically, to obtain a more stable suspension, schol-
ars combine ultrasonic vibration with the addition of bioact-
ive agents. Nevertheless, the precipitation problem still mani-
fests when nanofluids are stored for a long time. Farzaneh et al
used ethylene glycol/TiO2 and water/TiO2 to prepare nano-
fluids, and their results showed varying deposition cycles of
different nanofluids (figure 7(c)) [161]. In addition to particle
size, volume fraction, and dispersant, hybrid nanoparticles are
often investigated to take advantage of the excellent properties
of different morphological structures. For instance, scholars
have obtained superior processing properties on MoS2/CNTs
[162], Al2O3/SiC [163], and other combinations. The mixing

of nanoparticles remains to be the current research hotspot
[164–169]. Mixing nanoparticles with excellent lubrication
performance and nanoparticles with excellent heat transfer
performance can further improve the processing ability of nan-
oparticles. However, in the mixing of nanoparticles, the mix-
ing ratio needs to be further considered.

Nanofluids whose base fluid is a biolubricant are usu-
ally called nano-biolubricants. Here, we emphasize that while
nano-biolubricants belong to the classification of nanofluids,
they are distinct from nanofluids that have been prepared
by adding nanoparticles to other base fluids. When nano-
particles are added, they adsorb the surrounding biolubric-
ant to form a fluid adsorption layer, and this fluid layer is
extremely important for enhancing the heat transfer capabil-
ity of nano-biolubricants. In addition, nanoparticles undergo
randommotion and Brownian motion in the fluid to accelerate
the microscopic disturbance of the fluid (figure 7(e)).

3. Machining characteristics of biolubricants

Biolubricants are often used as atomizing media in MQL
machining. Under MQL conditions, biolubricants are trans-
ported to the cutting zone in the form of microdroplets for
cooling and lubrication. Compared with pneumatic atomiza-
tion MQL, electrostatic atomization MQL changes the pen-
etration behavior of the biolubricant in the cutting area, but
it does not change the action mechanism of the biolubricant
itself. In this section, we discuss the excellent processability
and mechanisms of biolubricant-based MQL. We also demon-
strate the use of trace amounts of biolubricants, especially
nano-biolubricants incorporating nanoparticles, as a means of
replacing wet-cutting with MCFs to a certain extent.

3.1. Excellent film formation and cooling mechanism

The application of biolubricants in MQL has become a devel-
opment trend, especially since the unique film-forming mech-
anism of biolubricants allows for their lubricating performance
in the cutting zone to be more advanced [170–174]. The main
parameters used to measure the lubrication performance of the
cutting zone are cutting force and CoF. Zhang et al analyzed
friction force and CoF and found that these two parameters
can accurately reflect the lubrication condition of the grinding
zone. Then, they measured cutting force by grinding 45 steel
and subsequently calculated the friction force and CoF. They
found that the CoF of the biolubricants is lower than that of
the liquid paraffin, and the value could be further reduced by
adding nanoparticles. The CoF of the palm oil-based NMQL
was comparable to that of flood (figure 8(a)) [151]. In addition,
the MQL with the nano-biolubricant obtained lower cutting
forces thanMCFs for turning titanium alloy Ti-6Al-4V, and the
machining performance ofMQLwith added nanoparticles was
superior. However, the high nanoparticle concentration was
detrimental to the lubrication of the cutting zone (figure 8(b))
[144].

Biolubricants are delivered to the cutting zone in the form
of oil mists. Compared with the approach for flood, the
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Figure 8. Assessment of the lubrication performance and lubrication mechanism of nano-biolubricants. (a) is reproduced from [151], with
permission from Elsevier. (b) is reproduced from [144], with permission from Elsevier.

high-speed atomized droplets inMQL increase the penetration
depth of the biolubricant. The excellent lubrication perform-
ance of the biolubricant can be explained by its own unique
physicochemical properties [175, 176]. The polar groups in
the biolubricant have strong adsorption properties in the cut-
ting zone, and the droplets entering the cutting zone have
strong physical and chemical adsorption with the tool and
workpiece. With the formation of a biolubricant film, the fric-
tion conditions between the tool and workpiece and the tool
and chip are both improved (figure 8(c)). Furthermore, the
long-chain structure of fatty acids allows for a strong molecu-
lar cohesion within the biolubricant molecule, resulting in a
stronger lubricating film. The presence of polar groups also
increases the viscosity of the material (including the viscos-
ity of the biolubricant), which also gives it a much higher
load-bearing capacity in the cutting zone than MCFs. Clearly,
poor flowability can reduce the penetration and wetting of
droplets, which may be less conducive to heat transfer in the
cutting zone [177, 178]. The addition of nanoparticles fur-
ther enhances the viscosity of the biolubricant, further improv-
ing the lubrication performance [179–182]. More importantly,
nanoparticles, especially the spherical nanoparticles, can act
as bearing-like elements in the cutting zone, which signi-
ficantly reduces the friction between interfaces. Zhang et al
suggested that a weaker intermolecular shear strength of the
layered nanoparticles in MoS2 also reduces friction in the cut-
ting zone (figure 8(d)) [183]. Extreme pressure in the cutting
zone extrudes nanoparticles into thin films to enhance extreme
pressure properties of biolubricants [184].

The addition of a certain concentration of nanoparticles is
helpful for lubrication. However, as the volume fraction of
nanoparticles increases, the nanoparticles agglomerate due to
the strong intermolecular cohesion. The agglomerated nan-
oparticles increase the contact angle of oil droplets; even-
tually, the viscosity of oil droplets will cease to increase
(figure 9(a)) [150]. This phenomenon can be explained by the
agglomeration of nanoparticles, causing a certain degree of
sedimentation. Furthermore, a decreasing number of effect-
ively active nanoparticles in the droplets is not conducive to
machining. Different vegetable oil-based cutting fluids entail
varying action mechanisms due to their different saturations
and viscosities. Biolubricants with low saturation cause loose
intermolecular arrangement due to the bending of molecular
chains, causing the biofilm to have a weak point of force. In
addition, high viscosity leads to the poor fluidity of the high-
temperature cutting fluid, leading to heat accumulation and
further affecting the processing performance (figure 9(b)).

A previous study found that adding nanoparticles enhanced
the heat transfer of biolubricants, but the milling temperat-
ure was still higher than that of the conventional flood [185].
This result is acceptable, as the heat transfer efficiency of a
small amount of nano-biolubricants is less than that of MCFs
(figure 10(a)). Bio-bone processing is important for the devel-
opment of the medical industry, and the solution of the burn
problem during the grinding of bio-bones is one of the tech-
nical bottlenecks. Owing to the excellent heat transfer lubric-
ation performance of nanofluid jets, they have been applied
to the grinding process of bio-bones. The experimental results

11



Int. J. Extrem. Manuf. 4 (2022) 042003 Topical Review

Figure 9. (a) Properties of Al2O3–palm oil nano-biolubricants with different volume fractions. Reproduced from [150], with permission
from Elsevier. (b) Microscopic action mechanism of biolubricants with different physicochemical properties.

Figure 10. Assessment of the heat transfer performance and enhanced heat transfer mechanism of nano-biolubricants. (b) is reproduced
from [186], with permission from Elsevier.

showed that the temperature obtained by nanofluid jets could
be reduced by 14.1%–33.3% compared with the ordinary
spraying jet (figure 10(b)) [186]. Titanium alloys are com-
monly used in manufacturing aerospace structural parts, such
as aircraft parts. Titanium alloys are classified as difficult-to-
machine materials due to their high strength and low thermal
conductivity, and improving the machinability of titanium
alloys has become a current hot research topic. The lower tem-
peratures obtained by the grinding of titanium alloys with bio-
lubricants compared with dry grinding can be attributed to the
excellent film-forming ability of biolubricants. Furthermore,

the addition of GR can further reduce the grinding temper-
ature by approximately 21.1% at a GR volume fraction of
0.1 wt.% compared with biolubricants. The aforementioned
findings indicate the importance of nanoparticles in enhan-
cing the machinability of difficult-to-machine materials [68].
In addition to temperature measurements, the heat distribu-
tion ratio in the cutting zone can reflect the heat transfer effect
of the lubrication process. In the grinding of 45 steel, the R
(the ratio of heat transferred into the workpiece to total heat
generated caused by abrasive workpiece interactions) of the
nano-biolubricant was close to that of the MCFs, which may
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be related to the excellent enhanced thermal properties of the
nanoparticles [187]. Although the heat transfer effect of the
nano-biolubricant is not as good as that of the flood, adding
nanoparticles can enhance the heat transfer performance of the
cutting zone to a certain extent. The findings were also demon-
strated in the drilling of AISI 304 [188], the turning of AISI
9310 [58], and the grinding of cemented carbide [174].

The excellent lubrication properties of nano-biolubricants
can reduce the degree of friction in the cutting zone, reducing
the cutting zone temperature to a certain extent. In terms of
heat transfer performance, the high viscosity and low specific
heat of biolubricants are not conducive to heat transfer com-
pared with the low viscosity and high specific heat of MCFs.
However, the incorporation of nanoparticles with high heat
transfer coefficients can greatly improve the heat transfer per-
formance of biolubricants [189]. The main heat transfer mech-
anism of droplets in the cutting zone can be analyzed from two
perspectives: viscous fluid mechanics and film boiling heat
transfer. The thermal boundary layer includes a viscous sub-
layer and a turbulent layer, in which the turbulent layer plays a
major role in the heat transfer. A thicker viscous bottom layer
of the viscous nano-biolubricant may lead to the accumula-
tion of heat, which can cause thermal damage to the work-
piece. Reducing the thickness of the viscous bottom layer of
small droplets with low viscosity is beneficial to heat transfer
(figure 10(c)). Film boiling heat transfer exists in the nucleate
boiling region, and the heat transfer coefficient increases rap-
idly with the increase in temperature. The heat transfer coeffi-
cient reaches the maximum value when it is at the critical heat
flux density. If the surface temperature is extremely high, then
it will cause the liquid film to boil and generate bubbles, fur-
ther accelerating the transfer of heat. As shown in figure 10(d),
the incorporation of nanoparticles leads to the formation of
an adsorption layer around them, the presence of the adsorp-
tion layer reduces the thermal resistance to the heat transfer
between nanofluid interiors, and the presence of nanoparticles
accelerates microscopic perturbations within the biolubricant;
these phenomena are all beneficial to the heat transfer within
the nanofluid [190, 191]. In addition, nanoparticles inside the
biolubricant will undergo irregular diffusion and Brownian
motion, among others. The nanoparticles that are in contact
with the workpiece absorb plenty of heat and will leave, there-
after enhancing the heat transfer between the workpiece and
the nanofluid [192].

3.2. Machining performance assessment

Tool life has a significant impact on the economy and effi-
ciency of the material removal machining, and flank wear is
usually the main criterion used to judge the quality of the tool
material [175, 193]. Machined surface integrity is the most
important indicator of machinability, and it is the result of the
combined effects of tribological and heat transfer properties
during machining [59]. Aimed at meeting the practical needs
of machining, these two parameters mentioned above can be
used to evaluate the machining performance of the lubrication
process.

Tool wear has a direct impact on cutting forces, cut-
ting temperatures, and workpiece surface integrity during
machining [144, 194]. Reducing tool wear can effectively
improve machining efficiency, reduce machining costs, and
improve machining quality [195, 196]. Through the exper-
imental analysis of cutting AISI4140, Hadad and Sadeghi
demonstrated that the cutting performance of MQL machin-
ing is better than that of dry and wet machining, especially
since MQL provides additional benefits by reducing the cut-
ting force, thereafter improving the chip–tool interaction while
maintaining the sharpness of the cutting edges and lowering
the machining temperatures. The different cutting fluids and
the different methods of conveying them jointly cause vari-
ations in the machining effects of wet cutting and MQL. Pre-
vious results showed that MQL with biolubricants has more
advantages than wet cutting with MCFs [197]. Khan et al
explored the machining performance of biolubricant-based
MQL turning, and their results showed that tool wear under
theMQL condition is less than those of wet and dry machining
(figure 11(a)) [58]. Effective temperature control with MQL
by vegetable oil almost reduced the growth of groove wear on
the main cutting edge and auxiliary cutting edges. The excel-
lent lubricating properties of the biolubricant andMQL jet can
be attributed to the reduced deep grooving, which is of great
significance in extending the tool life.

Ibrahim et al observed tool wear in the turning of AISI
D3 steel under different lubrication conditions. The use of
nano-biolubricant MQL resulted in the lowest flank wear,
which may be explained by the excellent anti-friction and
anti-wear properties and the subsequent reduction of cutting
forces [198]. Anand et al found that hybrid nanoparticles were
more competitive in reducing tool wear in the turning of M2
steel (figure 11(b)), and nano-biolubricants with hybrid nano-
particles were better in reducing abrasive and adhesive wear
[194]. In addition, the beneficial effect of nanoparticles in
terms of enhancing tool life was verified in the milling of dif-
ficult materials, such as titanium alloy Ti-6Al-4V [199], and
the grinding of nickel-based alloy 718 [200–202]. In the tradi-
tional grinding process of nickel-based alloys, a large amount
of MCFs is usually poured to ensure machining accuracy. This
lubricationmethod not only disrupts the concept of sustainable
manufacturing; it also lowers the effective utilization rate of
the cutting fluid. The bulk of the cutting fluid can be blocked
by the gas barrier around the high-speed grindingwheel and by
the return flow. To change the processing method, Virdi et al
usedMQL to grind Inconel-718 and experimentally calculated
the G-ratio of the grinding wheel [200]. G-ratio is defined as
the amount of work material to be removed divided by the
volume of the wheel wear. A high G-ratio indicates a low
wheel wear rate. Their results showed that the G-ratio obtained
by using MQL with nano-biolubricants is similar to that of
wet grinding, and it is even better than wet grinding under
high-pressure conditions, which is beneficial in two aspects
(figure 12). The atomized microdroplets would also break
through the gas barrier layer and reach the grinding zone under
the drag of the airflow, thus improving the extreme friction
environment in the deeper grinding zone to a certain extent.
Cemented carbide grinding is prone to damage problems, such
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Figure 11. Assessment of the excellent performance of nano-biolubricants in reducing tool wear. (a) is reproduced from [58], with
permission from Elsevier. (b) is reproduced from [198], with permission from Elsevier.

Figure 12. G-ratio of grinding nickel-based alloys 718 under different lubrication conditions. Reproduced from [200], with permission
from Springer Nature.

as grinding wheel grain loss, but improving the interfacial lub-
rication can improve wheel life to a certain extent. Less than
50.3% of wheel wear was obtained after grinding cemented
carbide YG8 (tungsten steel alloy) with nano-biolubricants
compared with biolubricants [174]. This result suggests that
nanoparticles are more effective for machining under relat-
ively extreme conditions.

A good surface finish can lead to excellent lubrication
and cooling performance, and excellent surface quality is
important for the serviceability and longevity of components
[203]. From the environmental aspects and machining qual-
ity perspective, vegetable oil-based nano-biolubricants have
been promoted in MQL. For example, Shabgard et al stud-
ied the machining quality of AISI 1045 for nano-biolubricant
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Figure 13. Surface quality when grinding AISI 1045 with different lubrication methods. Reproduced from [204], with permission from
Springer Nature.

grinding [204]. As shown in figures 13(a) and (b), the excel-
lent film-forming and heat transfer properties of the nano-
biolubricant improve the surface quality of traditional wet
grinding. Compared with wet grinding with MCFs, the Ra

obtained by MQL with nano-biolubricants can be reduced by
only 115.63%. Besides improving the grinding environment,
nanoparticles also played a certain filling role on the uneven
metal surface (figure 13(c)).

Gaurav et al explored the effect of the volume fraction
of the nanoparticle MoS2 on surface roughness; the results
are shown in figure 14(a). The surface roughness obtained by
turning titanium alloy Ti-6Al-4V without any cooling lubric-
ation is the largest, and the Ra obtained by nano-biolubricants
with a volume fraction of 0.1% was reduced by 40.67% and
10.3% compared with dry grinding and the use of pure biol-
ubricants, respectively [144]. MoS2 is a layered nanoparticle
with weak intermolecular shear strength, and it acts as an
enhanced lubricant in the cutting zone, improving the direct
damage to the workpiece by the tool. As the volume fraction
of nanoparticles increases, the surface quality gradually deteri-
orates due to the aggregation of nanoparticles, which impedes
the flow of nanoparticles and causes local stress concentra-
tion and wear [157]. In the grinding of hardened 45 steel,
the surface quality obtained with a small amount of nano-
biolubricants is similar to that obtained with a large amount
of MCFs (figure 14(b)) [183], and the machining quality of
the biolubricant is lower when nanoparticles are not added.
The findings about the ground surface of the nickel-based alloy

718 indicate that nano-biolubricants produce a smoother sur-
face (figure 14(c)). Notably, the surface quality of machined
surfaces obtained by different nanoparticles is non-identical,
with the spherical nanoparticles Al2O3 obtaining a better sur-
face quality. However, the literature is lacking in terms of
guiding the selection of nanoparticles under different working
conditions.

Nanoparticles can effectively enter the grinding zone under
the drag of airflow and are extruded into nanofilms under
extreme pressure, as proved by the EDS and SEM analyses
of a grinding zone of the EN 24 alloy steel [205]. The excel-
lent machinability of nanoparticles was also demonstrated in
the grinding of difficult-to-machine materials, such as nickel-
based alloy 718 [206], AISI 202 [207], and CFRP [208].
Besides improving the machined surface integrity, nano-
biolubricants also have a good effect on the control of residual
stress on the machined surface [209, 210], which can be attrib-
uted to the excellent heat transfer performance.

3.3. Dialectical perspectives

The machining method of atomization and the excellent film-
formation and heat transfer mechanism of nano-biolubricants
enable MQL to achieve the same machining effect as wet cut-
ting based on MCFs with only 5% of the lubricant. Although
the application of biolubricants in MQL has been studied for
decades, many scientific problems need to be solved urgently.
For instance, with the recent development of electrostatic
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Figure 14. Assessment of the superior performance of nano-biolubricants in improving the integrity of machined surfaces. (b) is
reproduced from [183], with permission from Elsevier. (c) is reproduced from [160], with permission from Elsevier. (d) is reproduced from
[205], with permission from Elsevier.

atomization MQL, scientists have also attempted to enhance
the sustainable processability of MQL by changing the tradi-
tional pneumatic atomization method of MQL to electrostatic
atomization. Regardless of the method (electrostatic atomiza-
tion MQL or pneumatic atomization MQL), the technical bot-
tlenecks of biolubricants as an atomization medium are the
same. In this section, we separately analyze the current tech-
nical difficulties of biolubricants in MQL applications.

3.3.1. Scientific issues

3.3.1.1. Compatibility regulation under extreme friction
conditions. Under extreme parameter conditions (e.g. high-
efficiency deep grinding, processing of difficult-to-machine
materials, etc), the extreme pressure performance and thermo-
oxidative stability of pure biolubricants are insufficient, caus-
ing the adsorption film in the cutting zone to fall off and
the friction between the tool and workpiece to increase. Sci-
entists have found that C=C, βH, among other parameters
in biolubricants are the main reasons for the insufficient
thermo-oxygen stability. Therefore, the thermo-oxidative

stability of biolubricants can be improved via chemical
modification.

The compatibility system of biolubricants has been hinder-
ing its application effect. Parameter thresholds, machining
materials, and machining methods have different requirements
for biolubricants and nanoparticles. Thus, the differentiation is
a key consideration in exploring the effects of different phys-
ical and chemical properties on the machining performance.
In this manner, the optimal formulation of nano-biolubricants
under different working conditions can be explored.

3.3.1.2. Influence mechanism on cooling and lubrication.
The limitations of the lubricating and cooling coexistence of
biolubricants are worthy of attention. Biolubricants with high
viscosity are good for lubrication but not for heat transfer.
Experiments have shown that using biolubricants can lower
machining temperatures than flood. As temperature is the res-
ult of the combined effect of heat generation and heat dissip-
ation, the excellent lubricating performance of a biolubricant
can reduce the heat generation, which is the essence of the
abovementioned experimental phenomenon. For machining
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results mainly affected by cooling properties, a low viscosity
biolubricant is recommended.

Biolubricants with high degrees of unsaturation are not con-
ducive to lubrication, whereas biolubricants with a large num-
ber of polar groups are beneficial to lubrication. Chemical
properties can also impact the physical properties. A biolubric-
ant with more polar groups has a higher viscosity. Interest-
ingly, most current scientific studies found that the number of
polar groups has a greater impact on lubricating performance.
For the processing effect mainly affected by lubricating prop-
erties, a biolubricant with low saturation and a high number of
polar groups is recommended.

Different nanoparticles vary in their machining results. If
cooling performance is the main focus, then nanoparticles
with excellent heat transfer performance (e.g. CNTs) may be
selected. If lubricating performance is the main focus, then
Al2O3, MoS2, etc with excellent lubricating performance may
be chosen.

For working conditions that require high lubrication and
cooling performance, such as the case of avoiding thermal
damage and ensuring high surface quality during the machin-
ing of difficult-to-machine materials in aerospace, then
improving the coexistence of biolubricants with cooling and
lubrication is the key consideration. Mixed vegetable oils
can be used to improve the coexistence problems of physical
properties of biolubricants, but mixed nanoparticles can also
achieve the same result. Surprisingly, hybrid nanoparticles
have far greater machining effects because of the additional
action mechanism between the hybrid nanoparticles. How-
ever, according to the reviewed literature, an optimal hybrid
scheme is difficult to predict at present.

For nano-biolubricants, the concentration of nanoparticles
is also critical, and increasing the concentration of nano-
particles to improve heat transfer performance is an effective
approach. However, the agglomeration and entanglement of
nanoparticles caused by extremely high concentration is not
conducive to improving the quality of the processed surface.
Therefore, how to improve the optimal concentration value is
also a key point worth considering.

3.3.2. Engineering issues

3.3.2.1. Safety assessment. Owing to the advanced action
mechanism and excellent processing performance of nano-
biolubricants, they have been used in certain fields of pro-
cessing, especially in manufacturing precision parts. However,
safety issues about the use of these atomized nano-aerosols
should be addressed. Nanoparticles, such as TiO2 and SiO2,
are inhaled by workers in the form of aerosols, which can
seriously threaten human cell development and lung health.
In addition, nanoparticles with high activity can cause their
agglomeration in the base fluid, which is not conducive to lub-
rication. However, the active agent usually used in the existing
solution can slow down the agglomeration of nanoparticles to
a certain extent. Furthermore, most active agents are regarded
as toxic. Therefore, a complete evaluation system for assess-
ing the safety of nano-biolubricants during their use must be
established. Although the addition of dispersants can improve

the dispersion stability of nano-biolubricant suspensions, their
dispersion stability cannot be guaranteed for a long time.

3.3.2.2. Database establishment. Improving the thermo-
oxidative stability of biolubricants is the original intention of
chemical modification. However, the application of biolubric-
ants is hindered by the geographic diversity of raw materials.
The composition and content of fatty acids in different regions
of the same raw material also vary. Therefore, an industrial
database needs to be established to guide their production. In
addition, the selection of nano-biolubricants under different
working conditions should be considered. Nano-biolubricants
with excellent lubrication, excellent cooling, and comprehens-
ive performance are also used in different working conditions.
However, economic analyses are lacking with respect to the
use of biolubricants. These gaps indicate the need to construct
a robust database to guide the material production.

4. Machining characteristics of electrostatic
atomization

In terms of microscopic action mechanisms, the analysis of
oil mist machining relies on the capillary hypothesis model.
Obikawa et al found that droplets cannot directly enter the
extremely small capillaries even if a droplet is smaller than
the height of the capillary wall. In other words, the colli-
sion of the droplet with the capillary wall during movement
is difficult to ensure, and droplets rarely have an ideal spher-
ical shape [211]. For droplets with a low boiling point, they
can be vaporized and evaporated into the capillary via shear
flow. Although droplets cannot directly enter the capillary, the
size of the droplet has an important influence on the machin-
ing process. Maruda et al obtained droplets of different sizes
and distributions by controlling the airflow and nozzle dis-
tance. They analyzed the content of the main element (P) of
the cutting fluid additive on the machined surface. Accord-
ing to their results, the smaller the droplet size, the more
film elements formed on the machined surface (figure 15(a))
[212]. If only the particle size in the cutting zone is con-
sidered to have an effect on machining, then we can assume
that the smaller the particle size, the better the machining.
However, even the much smaller droplets are susceptible to
air disturbance; they also reduce the deposition of oil mist,
which is detrimental to machining, and increase the ambi-
ent OMC. Paradoxically, an increase in air pressure is bene-
ficial for particle size reduction but not for small-particle size
deposition [213–215]. This distinction implies the need for
an optimum balance of atomization parameters for oil mist
processing [216–219]. Atomization parameters are worthy of
investigation, but whether the new atomizationmethod of elec-
trostatic atomization can improve the abovementioned con-
tradictions, which may enhance the performance of oil mist
machining, needs to be explored. In this section, we com-
pare electrostatic atomization MQL with pneumatic atomiz-
ation MQL in terms of atomization and machining. Hereafter,
MQL means pneumatic atomization MQL.
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Figure 15. Evaluation of the influence of atomization performance on penetration effect and assessment of electrostatic atomization
characteristics. (b)–(d) are reproduced from [225], with permission from Elsevier.

4.1. Atomization mechanism and performance assessment

Atomization properties have a direct influence on the beha-
vior of droplets, such as mass and heat transfer, spreading and
wetting, and film formation characteristics, in the cutting zone
[220]. Atomization performance evaluation relies on certain
parameters, such as average droplet size and range of particle
size distribution [221], with the smaller average particle size
and particle size distribution indicating better atomization per-
formance and favorable cooling. Lv et al used an EMQL
device to atomize a cutting fluid and acquired images of
droplets falling on silicon wafers via microscopy. They pro-
cessed and analyzed the results in MATLAB, consequently
obtaining the size distribution and average diameter of the
droplets (figures 15(b) and (c)). Their results showed that the
average droplet diameter at a charging voltage of −10 kV
can be reduced by approximately 50.7% compared with the
approach without charging, and the decrease in droplet dia-
meter can be clearly observed in the optical images [97]. Fur-
thermore, the droplet size distribution could be improved, with
a significantly greater number and more concentrated distri-
bution of small diameter droplets (figure 15(d)). In the same
manner, Huang et al measured the SMD of droplets (i.e. the
diameter of a sphere with the same volume and surface area

ratio as the particles, which is used to estimate the average
size of a given particle distribution [222, 223]). The SMD of
the droplets obtained at a charging voltage of −12 kV was
34.3% smaller than that obtained by MQL [224]. This result
indicates that the atomization quality of the EMQL is higher
than that of the conventional air-assisted MQL.

The physicochemical properties of droplets also affect the
behavior of droplets in the cutting zone and their cooling and
lubricating effect [25]. Thus, the physicochemical properties
of charged droplets should be investigated to be able to analyze
the cooling and lubricating mechanism in the cutting zone.
Huang et al measured the changes in physicochemical prop-
erties of droplets after charging and showed that the surface
tension of charged droplets could be reduced compared with
uncharged case regardless of voltage. The maximum change
in viscosity was only 0.3%, and no significant change was
observed in the spectra of the droplets before and after char-
ging. Furthermore, only the physical properties of droplets
were changed after charging [225].

The annular liquid film of an internally mixed nozzle with
an applied electric field produces a characteristic Taylor cone,
and that the density of the Taylor cone is greater as the
voltage increases. The droplet’s volume mean particle size
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Figure 16. Electrostatic atomization particle size controllable verification scheme.

Figure 17. Electrostatic atomization process and force analysis of charged droplets.

can be obtained from the liquid film’s thickness and trans-
verse and longitudinal wavelengths for parametric controllab-
ility (equation (3)). This approach was previously verified via
experiments and theoretical modeling by Jia [96] (figure 16)

D= 3
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√
α
)(3πσ∗
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(
1
2CDρgv

2
r Sl
) (3)

where D is the average droplet size (m), r0 is the nozzle exit
radius (m), σ∗ is the liquid charge after the effective surface
tension (N m−1), Sl is the annular liquid film windward area
(m2), CD is the traction coefficient, ρg is gas density (kg m−3),
vr is the nozzle gas–liquid relative velocity (m s−1), ml is the
nozzle exit liquid filmmass (kg), vg is the nozzle exit gas initial
velocity (m s−1), rg is the gas nucleus radius (m), and α is the
annular liquid film gas content (r 2g/r

2
0).

The electrostatic atomization process is shown in figure 17.
The surface of the charged droplets generated by electrostatic
atomization is unstable, and it is more likely to be subject
to secondary atomization [226]. Ideally, the droplet shape is
spherical under surface tension γ, and the droplet produces a
pressure difference P0 between the inner and outer surfaces.
Under the charge condition, a repulsive force f is generated
mutually by homogeneous electrons on the droplet surface,
and it initially acts on the droplet surface to form an electro-
static expansion force and then weakens the surface tension
[227]. Assuming that the radius of the droplet is R, then the
atomization force model of the droplet during transport can be
established (figure 17)

P0 = 2γ/R (4)

f= Q2/64π2εR3. (5)
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Figure 18. Atomization characteristics at different parameters. Abbreviations: DW: deionized water; CO: castor oil; SO: sunflower oil;
SONB: sunflower oil nano-biolubricant; DWNF: deionized water nanofluid; CONB: castor oil nano-biolubricant. (a) is reproduced from
[229], with permission from Elsevier. (d) is reproduced from [224], with permission from Springer Nature. (f) and (e) are reproduced from
[225], with permission from Elsevier.

According to the Rayleigh limit, the charged droplet breaks
automatically when P0 = Pe (γ = f ), at which time the charge
of the droplet is

Q0 = 8π
√
ε0γR3 (6)

where Q0 is also known as the critical charge (C), γ is the
droplet surface tension (N m−1), R is the droplet radius (m),
and ε0 is the vacuum dielectric constant (F m−1). When the
droplet charge is less than Q0, the droplet is in a stable state,
but the surface tension of the droplet decreases, i.e.

γ ′ = γ−Q2/64π2εR3 (7)

where γ and γ′ are the surface tension before and after
the droplet is charged, respectively. After deriving Young’s
equation, the contact angle between the droplet and workpiece
surface can be expressed as

cos(θc) = (γsv − γsl)/γvl (8)

where γsv, γsl, and γvl are the surface tensions between solid–
vapor, solid–liquid, and vapor–liquid phases, respectively.
Equations (7) and (8) can theoretically explain the decrease
in surface tension and contact angle of the droplets after
charging.

In the electrostatic atomization process, the effect of elec-
trostatic atomization depends to a large extent on the charge
carried by the droplet. The parameter for characterizing the
charge capacity of the droplet is the CMR, which is the ratio of
the charge carried by the droplet to its mass, i.e. CMR= Q/m
[228]. A higher CMR means a higher charge per unit mass of

the droplet. Furthermore, the higher the CMR of the liquid,
the stronger the charging capacity of the droplet, the easier the
reached critical CMR at the same voltage, and the faster the
droplet breaks, and the better the liquid atomization. The CMR
always changes during the atomization and transport process;
however, a mathematical model for this change has not yet
been developed.

The pattern of particle size distribution variation was
determined in the experiments of Lv et al [229] (figure 18(a)).
CMR can better explain the uniformity in the size distribution
of electrostatic atomization droplets. In particular, the droplet
breaks up when the surface charge reaches a critical charge
of Q0, at which point the droplet’s CMR is called the critical
CMR. A mathematical model of the critical CMR of a droplet
that considers the Weber number is given by Wang et al as
follows:

β = 6η
√
ε((γ0 −αt)− ρgrν2/Wec)/ρlr3/2 (9)

where η is the Rayleigh limiting factor, ε is the air dielectric
constant (F m−1), γ0 is the initial surface tension (N m−1),
ρg is the gas medium density (kg m−3), ρl is the liquid dens-
ity (kg m−3), r is the droplet radius (m), Wec is the critical
Weber number, v is the jet velocity (m s−1), t is the temperature
(K), and α is the temperature coefficient [230]. Alternatively,
a mathematical model of the critical CMR can be developed
based on the abovementioned critical charge amounts

Q/m= 24π
√
σεr3/(4πr3 × ρ) = 6

√
σε/

(√
r3 × ρ

)
. (10)
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The factor that mainly influences the critical CMR is
particle size, which affects it inversely. Thus, the greater the
degree of droplet fragmentation after charging, the more dif-
ficult the droplet fragments, resulting in a concentrated distri-
bution of droplet size. This scenario can explain why particle
size does not decrease all the time.

The surface tension of the water-based nanofluid was much
greater than that of the vegetable oil-based cutting fluid in the
absence of charging, and the surface tension of both vegetable
oil-based and water-based nanofluids decreased with increase
in voltage. However, when the voltage reached −10 kV, the
surface tension of the water-based nanofluid was less than
that of the vegetable oil-based nanofluid, indicating that the
water-based nanofluid has superior charging properties [229].
Cheng and Su studied the wettability angle of different cut-
ting fluids under charged conditions, and their results showed
that different cutting fluids exhibited different performance
properties [231].Within a certain range, the higher the voltage,
the smaller the wetting angle of the fluids, and the elec-
trical wetting performance of the cutting fluids added with
nanoparticles increased, with the smallest wetting angle of
the sunflower oil-based nanofluids among the measurement
specimens (figure 18(b)). In the electrostatic atomization of
biolubricants and GR nano-biolubricants, the obtained particle
sizes differed from each other, and the particle size of cutting
fluids with nanoparticles was smaller than that of oil-based
cutting fluids [97]. By measuring the CMR, they concluded
that the nano-biolubricant has a greater CMR, higher charge
capacity, and higher CMR with the increase in volume frac-
tion of the nanoparticles (figure 18(c)).

The variation of the abovementioned variables can be
explained by analyzing the magnitude of the charging capacity
of different cutting fluids. In the aforementioned experiments
that used the EMQL apparatus, the main mode of droplet
charging was corona ion collision charging. The mathemat-
ical modeling of droplet charging from the point of view of
charging mode can be expressed as

Q= 4πε03εrEd
2t/(εr + 2)(t+ τ) (11)

where ε0 is the space permittivity, εr is the relative permittivity
of the liquid (F m−1), d is the droplet diameter (m), E is the
electric field strength (V m−1), t is the charge time (s), and τ
is the time constant.

τ = KρΩε0 (12)

where K is the dielectric constant of the liquid, and ρΩ is
the resistivity of the liquid (Ω·m). This mathematical model
also shows that the magnitude of charging ability of the liquid
is mainly related to its own physical properties, namely, the
two main electrical properties of conductivity and dielectric
constant [232]. The conductivity of water-based cutting fluids
and the cutting fluids added with nanoparticles is greater than
that of the biolubricants, which may be the main reason for the
aforementioned results.

Huang et al measured the variation pattern of CMR of the
LB-2000 biolubricant under different voltage, flow rate, and
air pressure conditions by designing a device tomeasure CMR.

Their results showed that CMR increased with the growth of
voltage under all conditions [224, 225]. Given that the tested
liquids were nonpolar and better insulating specimens, the
droplets were less chargeable at the lower voltages, as veri-
fied also in the experiments of Wang et al, who concluded that
the higher the conductivity, the greater the chargeability of the
liquid [233]. Their results also showed that the CMRdecreased
with the increase in nozzle distance because the charge decay
rate was higher under the long-range conditions [234], result-
ing in a lower charge of the droplet (figure 18(d)). The CMR
increased with the rise in air pressure because of the smaller
particle sizes and faster droplets produced at the high pressure
[235, 236], further resulting in a relative increase in droplet
surface charge density and a lower charge loss (figure 18(e)).
Furthermore, the CMR decreased with the increased supply
flow rate because of the larger particle size and the slower velo-
city of the droplets under the high flow rate conditions, which
contrasts the case of the droplets with small particle size and
fast velocity droplets (figure 18(f)). However, CMR does not
always increase with a given variable, and the droplet breaks
when it reaches a critical CMR, and then the CMR changes
after breaking [237].

4.2. Film formation and cooling enhancement mechanism

The difference between electrostatic atomization and conven-
tional MQL can be summarized in two aspects: atomization
performance (deposition performance, droplet size, and distri-
bution) and droplet performance (charged or uncharged con-
ditions). The effect of atomization on lubrication and cooling
performance is mainly related to droplet size. The smaller the
droplet size produced by electrostatic atomization, the more
likely it is to enter the cutting zone, resulting in a denser
and more stable lubrication film. Furthermore, electrostatic
atomization results in smaller and more uniformly distributed
droplets with reduced air pressure; this scenario does not result
in small droplets migrating outside the deposition zone by air
pressure. Furthermore, the droplet charge increases the surface
activity and decreases the surface tension [224], which greatly
enhances the ability of the droplet to spread in the cutting zone
(figure 19(a)). The high viscosity of the biolubricant and its
high surface tension are not conducive to heat transfer and its
spreading to the cutting zone, which can limit the use of biol-
ubricants. Moreover, high temperature can reduce the thermal
and oxygen stability of the biolubricant, leading to oil film
failure and severe friction in the cutting zone. This scenario
can be improved by the charged droplets. As the viscosity of
the droplets only changes minimally after charging, it does not
affect the lubricating properties of the cutting fluid. The charge
performance of the biolubricant can be further enhanced by
adding nanoparticles, and the enhancement of lubrication and
cooling by electrostatic atomization of the nano-biolubricants
is even more significant.

In another case, Xu et al analyzed the dynamic model of
capillary infiltration of cutting fluid as follows [238]:

F= Fcap +Fp −Fvisco = 2πrγ cosθ+πr2Patm − 8πηhν̄

= d(mν̄)/dt (13)
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Figure 19. Electrostatic atomization wetting, infiltration and film formation enhancement mechanism.

where Fcap is the capillary driving force, Fp is the atmospheric
pressure, Fvisco is the viscous resistance, r is the capillary
radius (assumed to be 0.5 × 10−6 m), γ is the surface ten-
sion, η is the dynamic viscosity of the cutting fluid, ν is the
instantaneous speed of fluid penetration, and m is the cutting
fluid penetration mass. On this basis, the capillary force coef-
ficient can be defined asC= γ cosθ, which can be obtained by
substituting it into equation (11)

2πrC+πr2Patm − 8πηh · dh/dt= m · d2h/dt2. (14)

The penetration length of the cutting fluid in the capil-
lary was calculated by equation (14), and the penetration
length at −4 kV was 20.1% higher than that at 0 kV for
t= 0.54× 10−4 s. As a result, the capillary permeability of
the charged droplets was greatly enhanced, which is the main
aspect of the enhancement mechanism (figure 19(a)).

Huang et al conducted tribological tests of AISI 52100
steel, and their analysis showed that the wear interface in
the XPS is related to the small size and large number of
droplets produced by EMQL. The droplets carried a large
amount of oxygen into the grinding zone, and oxygen ions
from the corona zone entered the cutting zone with the air-
flow, causing the oxidation reaction in the grinding zone to
be more intense [239]. A further analysis of the XPS images
showed that the FeO at the tool–workpiece interface disap-
peared under conventional MQL conditions, but a more stable

and lubricious Fe3O4 was formed [240, 241], and the con-
tent of Fe2O3 and metallic soap R–COOFe, R1–OFe both
increased (figure 19(b)). Therefore, compared with conven-
tional MQL, electrostatic atomization can form a relatively
thicker and more stable oxide layer with better lubrication per-
formance in the cutting zone, further reducing the friction in
the cutting zone and enhancing the lubrication ability. At the
same time, the electrostatic atomization presented excellent
penetration performance.

Yang et al established the behavior probability of droplets
generated by MQL of the conventional air-assisted spray in
the grinding zone [192, 242]. By considering the three states
of behavior, they found that bouncing and splashing droplets
do not participate in effective heat transfer, and only when the
droplets are spread can they be effective for heat transfer in
the cutting zone [212]. The charge affected all three states of
the droplet, and the adsorption properties of the droplet were
enhanced after the charge, thereafter increasing the probability
of spreading and decreasing the probability of bouncing. Fur-
thermore, the droplet particle size was reduced, and the size
distribution was more uniform, thus reducing the probability
of droplet splashing. As discussed above, the probability of
heat transfer behavior increases after droplet charging.

Cutting force responds to the machinability of the mater-
ial and the stability of the system, and it plays a crucial role
in the machining process, i.e. a higher cutting force means
lower machinability. Figure 20(a) shows the reduction rates
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Figure 20. Assessment of the excellent performance of electrostatic atomization in improving lubrication and enhancing heat transfer. (d) is
reproduced from [247], with permission from Elsevier.

of cutting force when electrostatic atomization and MQL is
compared with dry machining. Xu et al milled AISI-304 via
EMQL at a charging voltage of −10 kV and showed that the
cutting forces obtained via MQL and EMQL can be reduced
by 12% and 32%, respectively, with respect to dry cutting
[94]. When AISI-304 was turned at the charging voltage of
−5 kV in EMQL, the cutting forces were reduced by 10.2%
compared with that in MQL [243], but the cutting forces dur-
ing dry cutting were less than both EMQL and conventional
MQL. This scenario means that MQL and EMQL do not have
a favorable effect in reducing the cutting forces during turning
under certain working conditions. This finding is in accord-
ance with the results obtained for turning 15-5PHSS, in which
the cutting forces were reduced by 26.28% during dry cutting
with respect to EMQL turning [244]. This phenomenon can be
explained by the absence of any cooling and lubricating condi-
tions. In particular, the high temperature generated by cutting
caused thermal softening of the material, thereafter reducing
the strength and hardness of the workpiece and decreasing the
cutting force. By contrast, the better cooling effect of MQL
and EMQL hardened the material in the machining area but
exacerbated the friction between the tool and the workpiece,
subsequently increasing the cutting force [245]. The normal
and tangential grinding forces were reduced by 17.6% and

49%, respectively, for the EMQL grinding of Cr12 in con-
trast to MQL grinding. This finding indicates that EMQL has
a significant effect on the reduction of grinding forces [238].
Reddy andYang obtained 23.1% and 7.7% reduction in cutting
force by using ESL andMQL, respectively, with respect to dry
machining in the drilling of hardened steel SCM440 [92].

CoF is an important parameter for reflecting the lubrica-
tion condition between the tool and workpiece, and it is cal-
culated from the tangential and normal forces measured dur-
ing the machining process [205]. An 18% reduction of CoF
by using the contact-charge ESL was obtained with respect
to conventional MQL in frictional wear experiments that used
a four-ball machine [225]. Compared with the CoF values of
conventional MQL, those obtained by EMQL in the milling of
AISI-304 and the grinding of Cr12, Ti-6Al-4V were reduced
by 18% [239], 38.2% [246], and 14% [227]. The CoF obtained
in the grinding of titanium alloyswith soybean biolubricant via
EMQL was lower than that of flood, which is a surprising res-
ult (figure 20(b)). In addition, the addition of lecithin resulted
in a further reduction in friction in the grinding zone owing
to the enhanced charging properties of the droplets and the
excellent interfacial lubrication properties [247]. The excel-
lent permeability and film-forming properties of the charged
droplets reduced the friction strength of the tool–workpiece
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interface, and the excellent interfacial lubricity of the biol-
ubricant enabled electrostatic atomization to perform better
than flood in terms of tribological properties.

As shown in figure 20(c), compared with the findings for
MQL machining, the temperature during EMQL machining
can be reduced by approximately 10% for AISI-304 turning
[243], by approximately 27% for milling [246], and by 21%
during grinding of the mold steel Cr12 [238]. Compared with
the machining temperature dry cutting, the machining temper-
ature of MQL was lower owing to the small amount of cutting
fluid required to enter the cutting zone, thus improving the
heat dissipation in the cutting zone, and the presence of air-
flow increased the convective heat transfer. Jia et al considered
different lubrication conditions to grind the high-temperature
titanium alloy Ti-6Al-4V and found that the peak grinding
temperature under the conventional flooding cooling condi-
tion was less than that under the MQL condition. This find-
ing can be explained by vegetable oils having high viscosity
and not exhibiting good heat transfer properties. Moreover,
their experiment considered the lower air pressure condition,
which weakened the convective heat transfer and reduced the
cutting fluid entering the cutting zone, further resulting in the
highest grinding temperature under the MQL condition [247].
For the cooling effect of EMQL, the charge nozzle could gen-
erate corona wind under the action of air pressure and electric
field, thereafter accelerating the fluid rotation and heat trans-
fer process by destroying the thermal conductivity boundary
layer [248], further resulting in the lowest grinding temperat-
ure and the smallest heat flow distribution scale factor under
the EMQL condition (figure 20(d)).

4.3. Machining performance assessment

EMQL at an applied voltage of −5 kV increased the milling
tool life by approximately 77.8% and 60% compared under the
dry machining lubrication and conventional MQL conditions,
respectively [94]. De Bartolomeis et alwas able to increase the
tool life via EMQL over MQL by milling Inconel 718 at a cut-
ting speed of 120 m min−1 by 72% [124]. Meanwhile, in the
turning of AISI-304, the tool wear under MQL behaved sim-
ilarly to the cutting force, with a slight increase in tool wear
compared with that in dry machining, which may be explained
by the increase in cutting force [243]. Compared with the find-
ings for the pneumatic atomization MQL, a 100% reduction in
tool wear was obtained when AISI-304 was milled via EMQL
at +20 kV [239]. Su et al reported a 42.4% reduction in tool
wear by using the EAL technology with respect to the conven-
tional air-assisted MQL technology in the milling of titanium
alloy Ti-6Al-4V [104]. In the grinding of Cr12, the EMQL
implemented over a range of voltages had a higher G-ratio
than MQL [238]. In the drilling of the hardened steel SCM-
440, after drilling 1000 holes (40 mm in diameter) at a feed of
0.2 mm rev−1 by using an 8 mm-diameter drill bit, the wear
of the drill bit via ESL and MQL was reduced by 34.6% and
19.2%, respectively, with respect to dry machining [92].

In contrast to the case of dry machining, an obviously
improved tool wear at the flank surface was observed for
EMQL in the milling of AISI-304 (figure 21(a)), but MQL did

not show better performance. As illustrated in figure 21(b),
various degrees of adhesive and abrasive wear appear under
all lubrication conditions [243]. Under the dry cutting condi-
tions, in the absence of the corresponding lubrication and cool-
ing conditions, the tool is in direct contact with the workpiece,
resulting in more serious abrasive wear. Furthermore, the heat
generated in the cutting area cannot be dissipated and thus
cannot accumulate, further leading to critical adhesive wear.
MQL can deliver a certain volume of cutting fluid into the cut-
ting area, enabling the cutting area to have certain lubrication
and cooling. However, as the cutting fluid was poorly infilt-
rated, the wear situation could be described as similar to that
of dry cutting. Lee et al used an airflow-assisted electrospray
lubrication (AF-ESL) device to micro-grind the titanium alloy
Ti-6Al-4V and found that it was not comparable to traditional
MQL. This finding also indirectly shows that the lubrication
method of electrostatic atomization is becoming more accept-
able to researchers [249]. In their experiment, the grinding
force ratio and abrasive wear were compared under different
lubrication conditions (figure 21(c)). Their results showed that
AF-ESL with a small oil mist flow is not as good as pure air
lubrication with a high flow in terms of reducing the grinding
force ratio. Besides, according to the SEM images, the wear
situation after adding nanoparticles could be greatly improved,
and the workpiece material adhered less, especially the larger-
sized nanoparticles. The abrasive wear caused by the lack of
lubrication can explain the fluctuation of the grinding force
ratio in the later stage of air-lubricated machining.

The surface finish of workpieces is an important parameter
for evaluating cooling and lubrication performance. Jia et al
studied the grinding surface roughness by grinding the high-
temperature nickel-based alloy GH4169. Their results showed
that dry grinding can yield the largest workpiece surface Ra

and RSm in contrast to the three other lubrication conditions
[250]. This finding can be attributed to the lack of cooling and
lubricating media in the dry grinding process and the direct
contact between the grinding wheel and workpiece that gen-
erated a large amount of grinding heat in the grinding area.
In addition, given the absence of a lubricating layer, the fric-
tion of the workpiece was more serious, resulting in a rougher
surface of the workpiece. Although the conventional pneu-
matic MQL can provide a small amount of medium to the
grinding area, the lubrication effect is not as good as flood
due to unsatisfactory atomization and high surface tension of
liquid droplets, among other factors. The best surface qual-
ity was obtained for EMQL, with a reduction of about 31.1%
and 37.3% in Ra and RSm with respect to dry grinding, and
17.1% and 25% in Ra and RSm with respect to MQL, respect-
ively. The surface morphology of the workpiece also showed
that the machined surface has wider furrows and spalling and
adhesion due to the lack of lubrication and cooling in dry
machining. The machining quality of MQL was better com-
pared with that of dry grinding, but it is not as good as the
surface of flood machining, and EMQL produced a smoother
surface [250]. Lv et al obtained a lower surface roughness
for the EMQL-transported SiO2 water-based cutting fluid after
milling AISI304 stainless steel, with a reduction in Ra of
approximately 47% compared with that in MQL [229].
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Figure 21. Assessment of electrostatic atomization in improving tool wear. (c) is reproduced from [249], with permission from Elsevier.

Lin et al analyzed the ground surface of 45 steel and
observed from the surface morphology map that the surface
machined via EMQL at a voltage of 4 kV was smoother than
that viaMQL, which is the same conclusion as that of grinding
nickel-based alloys as mentioned above (figure 22(a)) [251].
The EDS plots of the machined surface were also analyzed,
and their results showed that the content of C and Fe ele-
ments changed on the surface machined via EMQL, partic-
ularly a decrease in the content of C elements and an increase
in the content of Fe elements. An analysis of the microstruc-
ture of the ground surface (0 µm) and the interior at a dis-
tance of 10 µm from the ground surface also revealed an
increase in ferrite content and a decrease in pearlite (a mix-
ture of ferrite and cementite) content of the surface machined
via EMQL (figure 22(c)). At the same time, the microhard-
ness showed a 7.3%–7.6% decrease in microhardness for
the surface machined via EMQL compared with the surface
machined via MQL, which is correlated with the metallo-
graphic content (figure 22(d)). This finding can be attributed
to the positive voltage conditions, in which negatively charged
vacancies migrate from the interior of the workpiece along the
grain boundaries, dislocating to the surface and dragging the
carbon atoms to the grain boundaries, finally taking the form

of complexes (figure 22(b)) [252, 253]. This phenomenon
also accelerates the diffusion of carbon atoms and reduces
the content of cementite on the surface. Lin et al measured
the power changes during the machining process under differ-
ent lubrication conditions by milling aluminum alloys. During
the machining process, the machining power of EMQL once
reached the lowest level (figure 22(e)). In the final calculation
of the milling specific energy, the results showed that the spe-
cific energy of EMQL is close to that of wet cutting but lower
than that of MQL [254].

In the milling of the stainless steel AISI 304, the machining
performance obtained at −4 kV was better than that obtained
at −2 kV [246]. However, when the voltage was in the range
of −4 to −10 kV, the cutting force, tool wear, cutting tem-
perature, and surface roughness obtained from the machining
of EMQL deteriorated as the voltage increased, and EMQL
achieved the best machining performance at −4 kV. Huang
et al measured the variation of VBmax with respect to cutting
length by turning AISI 304 under EMQL conditions at differ-
ent charge voltages. The tool wear was less than−10 kV at the
charge voltage of −5 kV [255]. In addition, Huang et al com-
pared the machining effect of positive and negative voltages in
the milling of AISI 304, and EMQLwith positive and negative

25



Int. J. Extrem. Manuf. 4 (2022) 042003 Topical Review

Figure 22. Assessment of electrostatic atomization in the enhancement of machined surface quality. Reproduced from [238], with
permission from Elsevier.

voltages both showed better machining performance com-
pared with conventional MQL machining [239]. Under four
voltages (5, 10, 15, and 20 kV), the tool life and the machined
surface roughness of EMQL continued to improve with the
enhancement of positive voltage. For the EMQL under posit-
ive voltage conditions, the literature [250, 256] gave the same
conclusion. However, the cutting force, grinding ratio, grind-
ing temperature, and Ra values of grinding Cr12 at 4 kV were
lower than those at 3, 2, and 1 kV, but these values presented
an inflection point at 5 kV.

In the frictional wear experiments of AISI 52100, the CoF
and abrasion diameter obtained via EMQL under negative
voltage conditions decreased with the increase in voltage at
a certain voltage range, but an inflection point was observed
when the voltage was extremely high (figures 23(a) and (b))
[225]. The wear surfaces via EMQL were better than those
of the conventional MQL technology. When EMQL was used
with a negative voltage, the adhesive wear and its abrasive
wear on the wear surface were more serious with the increase
in voltage, whereas positive voltage presented the opposite,
and the anti-wear performance of the strong positive voltage
was better than that of the weak negative voltage (figure 23(c))
[239].

The abovementioned inflection point of EMQL machining
performance can be interpreted in several ways. (a) After the
voltage exceeds a certain threshold, the number of droplets
entering the cutting zone decreases because the atomization
cone angle is excessively large, causing more droplets to devi-
ate from the delivery track. This scenario is not conducive to
wetting the cutting area and even less conducive to reducing
the concentration of oil mist, which is similar to the effect

of excessive air pressure [214]. (b) As depicted by the capil-
lary permeation model, we can deduce that, with the further
enhancement of the voltage, the surface tension decreases to a
small amount, and the value of the capillary force coefficientC
is reduced, causing an inflection point in the permeation length
of the droplet in the capillary (figure 24(a)) [238]. (c) Accord-
ing to Chen et al, a high electric field may increase the tend-
ency of metal oxide to be reduced to metal [257]. Huang et al
also found from their analysis of oxide content of the wear sur-
face that the content of oxide film in the cutting zone decreases
with the enhancement of negative voltage, and positive voltage
exhibits an increase in oxide film content, which also verifies
the excellent anti-wear performance of EMQL under positive
voltage conditions (figure 24(b)) [239]. (d) Surface active sub-
stances (negative charges) have a plasticizing effect on the rhe-
ological behavior of metals [258], and the charges carried by
lubricant droplets can adsorb on the tool and workpiece sur-
faces, reducing the strength and hardness of the tool and work-
piece (i.e. Rehbinder effect). When the charge is low, it tends
to adsorb on the workpiece with a lower work function, which
facilitates the cutting of the workpiece. When the charge dens-
ity is high, it tends to adsorb on a part of the tool, reducing the
strength of the tool and increasing the adhesion of the work-
piece material on the side, causing the tool wear to increase
(figure 24(c)).

In summary, the excellent atomization performance and
empowerment mechanism of electrostatic atomization MQL
allows this technology to improve the cutting and grinding
performance compared with pneumatic atomization MQL.
The specific input and output parameters are shown in
table 4.
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Figure 23. Influence of electrostatic atomization field parameters on the integrity of the machined surface. Reproduced from [239], with
permission from Springer Nature.

4.4. Environmental quality assessment

The problem of oil mist dispersion of conventional air-assisted
MQL has been reported by several scholars. Liu analyzed the
generation and settling characteristics of cutting oil mist in air
and tested the air quality of the cutting environment [261]. The
OMC increased with the increase in lubricant dosage and air
supply pressure during the normal CMQL. The value of PM2.5
and PM10 also increased. Tang analyzed the air quality dur-
ing the milling of difficult-to-machine materials and showed
that OMC is affected by milling speed, and the effect is more
significant at low temperatures [262]. Tian studied the CMQL
cutting environment and showed that using low pour point lub-
ricants and high lubricant dosage and air supply pressure lead
to a significant increase in OMC in the machining area, along
with varying increases in the specific gravity of fine particle oil
mist, thus increasing the risk of environmental oil mist-related
hazards [263].

Deposition performance is an important index for evaluat-
ing the adsorption and deposition ability of atomized droplets
in target areas, and it is an essential parameter affecting OMC.
The deposition amounts of charged and non-charged atom-
ization were measured by Wan using the EMQL device at
different flow and air pressure conditions. In the charged
case, the deposition amounts under all conditions were greater
than those in the non-charged case (figure 25(a)) [264]. Shah
et al collected droplets generated by devices on silicon wafers

under different voltage conditions and analyzed them. The
number of charged droplets deposited by the devices at 20 kV
increased by approximately 183%, and the coverage area
increased from 15.35% to 22.65% with respect to the case
with the non-application of voltage [256]. Lv et al estab-
lished an experimental platform to measure the adsorption and
deposition characteristics of charged droplets in their simula-
tion of EMQL processing. Their experimental results showed
that the collection amount of the charged droplets was greater
than that of the uncharged droplets on four collection plates,
namely, front, top, back, and side (figure 25(b)). Moreover, the
uncharged droplets could hardly adsorb on the sides and back
parts, but the adsorption of droplets increased by approxim-
ately 50% and 55.2% after charging at −10 kV, respectively.
This scenario also reflects the technical advantage of EMQL
over the conventional air-assisted MQL [229].

Lv et al also measured the OMC of PM2.5 and PM10 in
a semi-enclosed milling machine at different voltages, flow
rates, air pressures, spindle rotation speeds, and depths of cut,
and they were able to demonstrate that the OMC of EMQL
machining was lower than that of MQL machining under all
of the abovementioned conditions [229]. After analyzing the
deposition properties, the reason for the reduction in OMC
could be explained: compared with the case of MQL, the
tiny droplets floating in the air are easier to settle and adsorb
when they are charged. Moreover, the minimum OMC values
of PM10 = 0.9 mg m−3 and PM2.5 = 0.52 mg m−3 were
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Figure 24. Influence mechanism of voltage on the behavior of droplets in the cutting zone. (c) is reproduced from [229], with permission
from Elsevier.

obtained at the charge voltage of −4 kV, which is close to the
standards set by the National Institute for Occupational Safety
and Health (i.e. PM10⩽ 5 mgm−3 and PM2.5⩽ 0.5 mgm−3)
[265]. In addition, the OMC at −4 kV increased with the
increase in air pressure, flow rate, spindle rotation speed,
and depth of cut (figure 25(c)) [229]. The effect of flow rate
and air pressure on OMC is easy to understand: in the case
of spindle rotation, speed increases the frequency of colli-
sion between the droplets and spindle, further increasing the
degree of droplet splash. Additionally, with the increase in
cutting depth, the cutting area heat rises, thereby accelerat-
ing the vaporization and condensation of the droplets in the
cutting area, further increasing the concentration of the oil
mist. Su et al compared the OMC under different working
conditions and showed that the PM2.5 and PM10 concen-
trations could be reduced by 49% and 62.9%, respectively,
during EAL machining compared with MQL [104], and the
OMC values were higher during machining compared with
that without machining, which is the same conclusion reached
by Lv (figure 25(d)) [229]. In the case of EAL, the reduc-
tion in OMC can be explained as follows. First, the adsorption
properties of the charged droplets increase after electrostatic
atomization. Second, as gas pressure does not exist in the EAL

system, the transport process of the droplets mainly relies on
the electric field force and gravity, which increases the trans-
port stability.

4.5. Dialectical perspectives

Electrostatic atomization-assisted MQL can improve the
permeability and wettability of aerodynamically atomized
droplets, leading to their improved performance in terms of
lubricating and cooling performance. Moreover, the adsorp-
tion and controllability of charged droplets are strong, which
improves the application environment of electrostatic atomiz-
ation. This technology is relatively new and has not received
enough attention and extensive research. In this section, we
elaborate on the scientific and engineering aspects of the tech-
nology to provide guidance for future directions.

4.5.1. Scientific issues

4.5.1.1. Empowerment mechanism. At present, the charging
of tiny droplets (<10 µm) remains difficult, and the effect
of electrostatic energization needs to be further strengthened.

28



Int. J. Extrem. Manuf. 4 (2022) 042003 Topical Review

Table 4. Electrostatic atomization conditions and processing properties.

References

Supply parameters

Lubricant Workpiece

Output parameters
(Compared with MQL)

Flow rate
(ml h−1)

Air pressure
(MPa)

Voltage
(kV) Device Atomization Machining

[92] 30 0.6 (MQL) +5.5 ESL Soluble oil:
water (1:3)

SCM 440 CF:↓23.1%
Ra:↓25.3%

[104] 30 0.6 (MQL) −7.8 EAL LB-2000
vegetable oil

Ti-6Al-4V VB:↓42.4%
NW:↓26.9%

[124] 138 0.4 +4 EMQL Vegetable oil Inconel 718 TL:↑72%
Ra:↓14%

[97] 10 0.3 −6 EMQL GPL oil-based
nano-lubricant

AISI304 ST:↓19.4% CF:↓22.2%
CA:↓22.8% TW:↓25%
AD:↓40.6% Ra:↓12.6%

[224] 10 0.3 −7 EMQL LB-2000
vegetable oil

AISI 52100 ST:↓13.8% CoF:↓17%
CA:↓18%

WSD:↓10%
AD:↓24.2%

[227] 60 0.3 +30 EMQL Soybean oil Ti-6Al-4V AD:↓29.6% CF(Ft):↓30.1%
CoF:↓13.95%
SGE:↓30.11%

[229] 20 0.3 −4 EMQL SiO2 water-based
nanofluids

AISI304 ST:↓10.6% CF:↓41.7%
CA:↓22.2% Ra:↓47%

[238] 50 0.4 +4 EMQL Synthetic
lubricant

Cr12 ST:↓23.5% CF(Ft):↓49%
GR:↑48.1%

CA:↓14.9% Ra:↓21.9%
CT:↓21.7%

[239] 10 0.3 +20 EMQL LB-2000
vegetable oil

AISI304 ST:↓69% TL:↑100%
CA:↓25%

Ra:↓36%
AD:↓41.2%

[94] 5/10/20 0.3/0.4/0.5 −5 EMQL LB-2000
vegetable oil

AISI304 ST:↓10.3% CF:↓6.8%
CA:↓10.8% TL:↑60%
AD:↓20.6% Ra:↓27.3%

[244] 14 0.6 +20 EMQL Soya-bean oil 15-5PHSS
[246] 20 0.3 −4 EMQL Al2O3 water-

based
nanofluids

AISI304 ST:↓7.3% CF:↓23.1%
TW:↓38.2%

CA:↓17.1%
Ra:↓20%
CT:↓27.4%

[247] 60 0.3 +35 EMQL Soybean oil Ti-6Al-4V CT:↓36.9%
GFR:↓14%

[250] 60 0.3 +35 EMQL Soybean oil GH4169 AD:↓27.3% Ra:↓16.6%
[251] 50 0.4 +4 EMQL Soluble oil:

water (1:9)
C45 ST:↓14.7% CoF:↓37.9%

CT:↓12.1%
CA:↓13.2% Ra:↓25.8%

GR:↑20.6%
[255] 20 0.4 −10 EMQL LB-2000

vegetable oil
AISI304 VB:↓40%

Ra:↓28.8%
[256] 14 0.5 +20 EMQL Soya-bean oil 15-5PHSS AD:↓8.9% TW:↓38%

Ra:↓18.9%
[259] 10 0.4 −5 EMQL LB-2000

vegetable oil
AISI304 ST:↓10.3% VB:↓36.4%

CA:↓10.8% Ra:↓39.3%
AD:↓20.5% CF(Ft):↓32.5%

[260] 50 0.6 +60 EMQL Castor oil:
soybean oil (1:2)

GH4169 AD:↓35.4% Ra:↓18.1%

Abbreviations: ST: surface tension; CA: contact angle; AD: average diameter; CF: cutting force; TL: tool life; Ra: surface roughness; Ft: tangential force;
GR: grinding ratio; CT: cutting temperature; CoF: coefficient of friction; SGE: specific grinding energy WSD: wear scar diameter; VB: flank wear; NW: nose
wear; GFR: grinding force ratio.
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Figure 25. Environmental quality assessment of electrostatic atomization manufacturing. Abbreviations: FR: flow rate; AP: air pressure;
SS: spindle speed; CD: cutting depth. (b) is reproduced from [229], with permission from Elsevier. (d) is reproduced from [104], with
permission from Springer Nature.

Under the action of the magnetic field, the trajectory of the free
electrons changes eventually, and the free electrons generated
by the magnetically enhanced electrostatic field undergoes
Larmor motion, greatly increasing the collision probability
between the droplet and free electrons, thereafter increasing
the charge of the droplet (figure 26(a)). However, the theory
of magneto-enhanced electrostatic field has not been substan-
tially developed, and the modified model of the kinetic energy
and trajectory of electrons under the magnetic field has not
been revealed. In addition, the effect of electromagnetic field
on viscosity has been proven by relevant experiments, but the
relevant mechanism has not been investigated to explain this
experimental phenomenon. Hypothetically, if this theory is
applied to the direction of medium lubrication, then it may be
considered another solution for improving the coexistence of
cooling and lubrication. In addition, the microscopic penetra-
tion mechanism of charged droplets remains unexplained; in
this study, we offer insights. The related mechanism of elec-
troosmosis and electrowetting is applied to microscopic capil-
lary channels in an attempt to understand the local electric field
and themotion of charged particles for revealing the aforemen-
tioned mechanism (figure 26(d)).

4.5.1.2. Multi-field coordinated regulation mechanism.
Atomization performance has an impact on machining per-
formance; thus, accurately characterizing and predicting cer-
tain atomization performances are meaningful endeavors.
However, the current research in this direction is rare. Only
a single prediction model has been recommended for particle
size, but its universality is weak, and the influence of cer-
tain parameters, including the magnetic field, has not been
considered. In addition, a complete theoretical model is lack-
ing for analyzing the particle size distribution, droplet mor-
phology, and contact state between droplets and interfaces
(figure 26(c)). The electrocaloric effect and electrostatic atom-
ization can be coupled and applied. Clearly, the coordination
parameters between the externally applied electric field of
the electrocaloric effect and the electric field of electrostatic
atomization need further exploration. Magnetic traction mag-
netic nanofluids usually require an external magnetic field,
and whether the behavior mechanism of charged droplets
in the cutting zone is affected by the second magnetic field
remains to be explored (figure 26(b)). In conclusion, the regu-
lation mechanism and strategy for using multiple energy field
parameters need further research.
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Figure 26. Elaboration on the scientific issues of electrostatic atomization sustainable manufacturing. (c)(i) is reproduced from [214], with
permission from Elsevier. (b)(ii) is reproduced from [266], with permission from Elsevier.

4.5.2. Engineering issues

4.5.2.1. Safety assessment. The electrostatic atomization
process requires the application of a high-voltage electrostatic
field, and the safety issues caused by the ultra-high voltage
cannot be ignored. In fact, although the output voltage is rel-
atively high, the discharge current is much lower than the
safe current, which can achieve safe production. In addition,
the safety improvement of the nozzle can further improve the
safety of the operation process. The stability and operability
of the equipment are the main technical bottlenecks restricting
the promotion of this technology, and the charging effects of
the droplets vary under different voltage conditions. In actual
production, implementing the process under a single voltage
condition is not always possible, and appropriate atomization
parameters should be selected according to different working
conditions. However, regulating voltage and other atomiza-
tion parameters by using the current electrostatic atomization
equipment is still difficult, and adaptive regulation cannot be
achieved.

4.5.2.2. Database establishment. Currently, the coordin-
ated control of parameters between the NC code of the
machining center and the MQL equipment cannot be achieved
unless the machine tool manufacturer considers this type
of lubrication. The existing MQL implementation can be
realized by using an independent specialized equipment.
Furthermore, the coordinated control of nozzle position,
atomization parameters, field parameters, nano-biolubricant

parameters, and machining conditions (cutting speed, depth
of cut, and other parameters) cannot be realized due to tech-
nical barriers. The cloud database provides a good solution. If
a database of the concept of upper dimension can be estab-
lished, then the machining information of the machine tool
and the lubrication and cooling information can be interact-
ively integrated and then executed in the feedback, which is a
highly feasible solution.

4.5.2.3. Application assessment. Future experimental
schemes should focus on certain aspects. For example, dif-
ferent parameter optimization schemes can be used to seek
the best matching values for parameters, such as voltage,
flow, and air pressure. The atomization performance of dif-
ferent atomization media should also be explored. If a high-
viscosity biolubricant can significantly reduce the contact
angle under charged conditions, then the coexistence of
improving the cooling–lubricating properties of biolubric-
ants can be experimentally verified. The current experimental
phenomena, such as the deterioration of processability caused
by excessive voltage, are still not well explained. Further-
more, conclusions cannot be drawn by simply focusing on
the angle of the atomization cone. If the phenomenon can
be fundamentally explained, then the optimization of elec-
tric field parameters will be of great significance. Explor-
ing the effect mechanism of different bioactive agents on
electrostatic atomization processability is equally important,
as this aspect can help to determine the best dispersant for
nanoparticles.
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5. Conclusions and prospects

5.1. Conclusions

Electrostatic atomization MQL with a unique empower-
ing mechanism and an environmentally friendly atomizing
medium with excellent film-formation and heat transfer prop-
erties can be used to improve tool–workpiece interface con-
tact, thereby improving surface quality of machined parts and
reducing tool wear. In industrial applications, the abovemen-
tioned significance lies in the possibility of increasing machin-
ing efficiency and reducing the cost of cutting fluid use and
the tools. This perspective can help the traditional manufac-
turing industry to achieve ecological, economic, and social
sustainable development while ensuring processing accuracy.
In this study, we have provided a comprehensive overview
of the achievements of electrostatic atomization machining
in recent years, from which a preliminary understanding of
the principles, key technologies, machining mechanisms, and
challenges of this emerging technology can be gained. MQL
empowered by electrostatic atomization still entails signific-
ant challenges for large-scale application, implying opportun-
ities to pursue technological advancement. The reviewed lit-
erature collectively points to a certain degree of replacement
of conventional MQL by electrostatic atomization, confirming
this approach as a developmental necessity, thus allowing for
the possible advancement of the technology. The conclusions
drawn from this research can be summarized as follows:

(a) Biolubricants are highly competitive under small-
parameter machining conditions, and environmentally
friendly and renewable approaches can contribute to
global carbon reduction strategies. However, under
extreme friction conditions, the insufficient stability and
extreme pressure properties of biolubricants are not con-
ducive to improving processing efficiency. Although the
addition of nanoparticles can improve the abovementioned
technical bottlenecks, problems related to cost, stability,
and safety are still apparent for industrial application and
promotion. However, the charged biolubricant has excel-
lent performance in reducing the threat to the human body
and improving the machining performance. The exist-
ing literature has proven that nano-biolubricants can be
used as an excellent atomization medium for electrostatic
atomization. Nevertheless, the dispersion stability of nan-
oparticles and the charging properties of biolubricants
need to be considered in this process.

(b) The current research has initially revealed the principle
of electrostatic atomization empowerment, which is also
based on different empowerment principles, and scholars
have developed different atomization devices, but they are
only limited to the improvement of the nozzle. Further-
more, electrostatic atomization machining performance is
affected by voltage, physical properties of the atomiz-
ation medium, and many other conditions. In practical
industrial applications, how to meet the high-performance
machining requirements by regulating the appropriate
process parameters is still unknown. The issue can be

addressed if scholars perform different experiments to
derive a number of conclusions, especially since differ-
ent atomization devices vary in their atomization effects
even if the same charge voltage is applied, indicating dif-
ferences in machining performance. Furthermore, accord-
ing to the reviewed literature, the factors influencing the
machining performance of electrostatic atomization can-
not be determined by simply focusing on their respective
weights. This issue should be addressed to be able to pro-
mote the further development of the technology.

(c) Compared with the findings for conventional MQL, the
charged droplets obtained by electrostatic atomization are
more prone to multiple atomization during transport due
to surface instability, resulting in a reduction in particle
size by approximately 5.9%–47.8% and a reduction in sur-
face tension and contact angle by approximately 3.4%–
72.4%. The penetration, wetting, and film-forming proper-
ties of charged droplets can greatly enhance the frictional
properties of the interface, such as a reduction in cutting
forces by approximately 1.6%–41.7% and a reduction in
machining temperatures by approximately 6.6%–36.9%.
Subsequently, machining performance can be improved,
such as a reduction in tool wear by approximately 9.5%–
42.4% and a decrease in surface roughness Ra by approx-
imately 4%–47%. Besides compensating for the lack of
biolubricant performance in pneumatic atomization, elec-
trostatic atomization can solve the problem of high OMC
in conventional MQL. For instance, OMC can be reduced
by approximately 6.2%–68.3% compared with conven-
tional air-assisted MQL.

5.2. Prospects

The development of green lubrication processes has not
stopped since the 1950s, and scientists have made great efforts
to achieve green, low-carbon, and sustainable manufacturing,
with considerable achievements. In particular, near-dry lub-
rication technologies, represented by cryogenic technology
and MQL, have been promoted in practical industrial applic-
ations. In terms of advancing the MQL method, developing
countries have made considerable contributions. For example,
China, India, and Brazil, among other countries, have conduc-
ted extensive and in-depth research on trace lubrication and
derivative technologies (data derived from Web of Science)
[267]. The current research hotspots mainly focus on the fol-
lowing: optimization of atomization parameters [268–271],
analysis of temperature field theory [272–275], oil mist
action mechanism [276–279], material removal mechanism
[280–283], ultrasonic atomization [284–287], enhancement
technology represented by microtextured tools and ultrasonic
vibration [288–291], and hybrid nanoparticles [292]. Electro-
static atomization-assisted MQL is the latest achievement in
MQL derivative technology and should be given sufficient
attention. However, the current difficulties in charging tiny
droplets and the inevitable excessive consumption of electrical
resources caused by high charging voltages have hindered the
development and industrial dissemination of this technology in
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Figure 27. Perspectives of processes, equipment, and systems for extreme interfacial friction improvement.

recent years, and magnetically enhanced electrostatic atomiz-
ation is expected to be the solution. In addition, as human soci-
ety progresses, high-performancematerials (e.g. carbon fibers,
nickel-based superalloys, additive materials, etc) have become
widely used, and the green precision and ultra-precision man-
ufacturing of high-performance materials is a key area. Future
technologies may be explored in conjunction with the points
presented in figure 27.

(a) In addition to the electrostatic atomization and pneumatic
atomization mentioned in this research, ultrasonic atom-
ization is another frequently used approach for MQL.
Notably, only the limitations of each atomization method
hinder their diffusion. If electrostatic and pneumatic and
ultrasonic atomization are integrated and the reliability of
the device can be guaranteed, then the technology can be
further improved in terms of processing performance. Cur-
rently, the experimental research and device development
in this direction are rare. Cryogenic machining appears
to have good prospects, especially for coupling cryogenic
and MQL. However, the physical properties of cutting flu-
ids (e.g. viscosity, flowability, etc) change under cryogenic
and ultra-cryogenic conditions, and knowing how towiden
the cryogenic domain as a means of maximizing the film

forming effect of cutting fluids will likely be a future trend.
In addition, the sealing and insulation of cryogenic gases
and the integrated development of key devices are another
research priority. The problem of oxidation of biolubric-
ants in the cutting zone under non-cryogenic temperat-
ure conditions limits its promotion. High-temperature and
extreme pressure conditions in the cutting zone can eas-
ily destroy the thermal and oxygen stability of biolubric-
ants, which can lead to film formation failure, thereafter
increasing friction and deteriorating the machining qual-
ity. Researchers have proposed chemical modifications
and oil blends to solve these problems. Chemical modi-
fications have a great potential for development, and the
commonly used methods are epoxidation, esterification,
hydrogenation, and transgenation, which essentially entail
the enhancement of thermal and oxygen stability of biol-
ubricants via chemical modification [293–295].

(b) In addition to green lubrication technology, other pro-
cesses such as ultrasonic vibration [296] and the use
of texture tools and plasma jets can improve the qual-
ity of machined surfaces, and coupling multi-process
machining seems to be a good idea [297–303]. Under
the condition of ultrasonic vibration, microdroplets can
improve the capillary wetting performance. However, a
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complete quantitative evaluation of the wetting perform-
ance of MQL assisted by ultrasonic vibration, including
the impact mechanism of droplet breakage at the vibra-
tion interface and capillary waves on the spreading area
of the lubricating medium, needs to be conducted. Tex-
tured tools not only reduce the tool–chip contact area and
provide microchannels for the lubricating medium, but
they also affect the hydrodynamic behavior of the lubric-
ating medium. The experiments have shown that textured
cutters can enhance the load-carrying capacity of lubric-
ating media, but the synergistic lubricating behaviors of
non-uniform wettability surfaces and biomimetic micro-
textured surfaces need to be further revealed. Apart from
the aforementioned prospects for process improvement,
the development of key equipment is still far from ideal.
To solve the problems of adaptive nozzle regulation and
atomization parameterization, controllable and intelligent
supply equipment should be explored. Besides, the estab-
lishment of a process parameter database is crucial for the
coupling of processes, regulating the process parameters,
and improving the economics of the processing.
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minimum quantity lubrication techniques in machining
process of titanium alloy for sustainability: a review Int.
J. Adv. Manuf. Technol. 100 2311–32

[58] Khan M M A, Mithu M A H and Dhar N R 2009 Effects of
minimum quantity lubrication on turning AISI 9310 alloy
steel using vegetable oil-based cutting fluid J. Mater.
Process. Technol. 209 5573–83

[59] Zhang Y B et al 2022 Nano-enhanced biolubricant in
sustainable manufacturing: from processability to
mechanisms Friction 10 803–41

[60] Sen B, Mia M, Krolczyk G M, Mandal U K and Mondal S P
2021 Eco-friendly cutting fluids in minimum quantity
lubrication assisted machining: a review on the perception

35

https://doi.org/10.1007/s11465-021-0654-2
https://doi.org/10.1007/s11465-021-0654-2
https://doi.org/10.1016/j.jmapro.2020.09.044
https://doi.org/10.1016/j.jmapro.2020.09.044
https://doi.org/10.1016/j.measurement.2018.03.015
https://doi.org/10.1016/j.measurement.2018.03.015
https://doi.org/10.1097/EDE.0b013e3181fce4b8
https://doi.org/10.1097/EDE.0b013e3181fce4b8
https://doi.org/10.1243/13506501jet555
https://doi.org/10.1243/13506501jet555
https://doi.org/10.1007/s10668-016-9894-4
https://doi.org/10.1007/s10668-016-9894-4
https://doi.org/10.1007/s00170-015-7262-4
https://doi.org/10.1007/s00170-015-7262-4
https://doi.org/10.1166/asl.2011.1344
https://doi.org/10.1166/asl.2011.1344
https://doi.org/10.1007/s00170-015-7864-x
https://doi.org/10.1007/s00170-015-7864-x
https://doi.org/10.1007/s00170-014-6257-x
https://doi.org/10.1007/s00170-014-6257-x
https://doi.org/10.1016/j.jmrt.2021.01.031
https://doi.org/10.1016/j.jmrt.2021.01.031
https://doi.org/10.1016/j.measurement.2014.06.002
https://doi.org/10.1016/j.measurement.2014.06.002
https://doi.org/10.1016/j.jclepro.2014.07.071
https://doi.org/10.1016/j.jclepro.2014.07.071
https://doi.org/10.1007/s00170-014-5683-0
https://doi.org/10.1007/s00170-014-5683-0
https://doi.org/10.1080/10910344.2014.897836
https://doi.org/10.1080/10910344.2014.897836
https://doi.org/10.1016/j.jclepro.2013.11.042
https://doi.org/10.1016/j.jclepro.2013.11.042
https://doi.org/10.1007/s00170-020-05529-x
https://doi.org/10.1007/s00170-020-05529-x
https://doi.org/10.1007/s00170-016-9298-5
https://doi.org/10.1007/s00170-016-9298-5
https://doi.org/10.1016/j.jmapro.2020.12.013
https://doi.org/10.1016/j.jmapro.2020.12.013
https://doi.org/10.1007/s40684-019-00033-4
https://doi.org/10.1007/s40684-019-00033-4
https://doi.org/10.1016/j.triboint.2020.106597
https://doi.org/10.1016/j.triboint.2020.106597
https://doi.org/10.1016/j.jclepro.2015.03.039
https://doi.org/10.1016/j.jclepro.2015.03.039
https://doi.org/10.1016/j.jclepro.2015.09.133
https://doi.org/10.1016/j.jclepro.2015.09.133
https://doi.org/10.1016/j.jclepro.2019.02.017
https://doi.org/10.1016/j.jclepro.2019.02.017
https://doi.org/10.1016/j.ijmachtools.2008.12.010
https://doi.org/10.1016/j.ijmachtools.2008.12.010
https://doi.org/10.1016/j.triboint.2020.106511
https://doi.org/10.1016/j.triboint.2020.106511
https://doi.org/10.1016/j.triboint.2022.107613
https://doi.org/10.1016/j.triboint.2022.107613
https://doi.org/10.1007/s00170-017-0142-3
https://doi.org/10.1007/s00170-017-0142-3
https://doi.org/10.1080/10426914.2014.994759
https://doi.org/10.1080/10426914.2014.994759
https://doi.org/10.1016/j.jclepro.2018.05.280
https://doi.org/10.1016/j.jclepro.2018.05.280
https://doi.org/10.3390/ma12233852
https://doi.org/10.3390/ma12233852
https://doi.org/10.1177/0954405416634278
https://doi.org/10.1177/0954405416634278
https://doi.org/10.1007/s00170-021-07785-x
https://doi.org/10.1007/s00170-021-07785-x
https://doi.org/10.1007/s00170-018-2813-0
https://doi.org/10.1007/s00170-018-2813-0
https://doi.org/10.1016/j.jmatprotec.2009.05.014
https://doi.org/10.1016/j.jmatprotec.2009.05.014
https://doi.org/10.1007/s40544-021-0536-y
https://doi.org/10.1007/s40544-021-0536-y


Int. J. Extrem. Manuf. 4 (2022) 042003 Topical Review

of sustainable manufacturing Int. J. Precis. Eng. Manuf.
8 249–80

[61] Najiha M S, Rahman M M and Yusoff A R 2016
Environmental impacts and hazards associated with metal
working fluids and recent advances in the sustainable
systems: a review Renew. Sustain. Energy Rev. 60 1008–31

[62] Singh G, Aggarwal V and Singh S 2020 Critical review on
ecological, economical and technological aspects of
minimum quantity lubrication towards sustainable
machining J. Clean. Prod. 271 122185

[63] Hamran N N N, Ghani J A, Ramli R and Haron C H C 2020
A review on recent development of minimum quantity
lubrication for sustainable machining J. Clean. Prod.
268 122165

[64] Kazeem R A, Fadare D A, Ikumapayi O M, Adediran A A,
Aliyu S J, Akinlabi S A, Jen T C and Akinlabi E T 2022
Advances in the application of vegetable-oil-based cutting
fluids to sustainable machining operations—a review
Lubricants 10 69

[65] Revuru R S, Posinasetti N R, VSN V R and Amrita M 2017
Application of cutting fluids in machining of titanium
alloys—a review Int. J. Adv. Manuf. Technol. 91 2477–98

[66] Pereira O, Rodríguez A, Fernández-Abia A I, Barreiro J and
de Lacalle L N L 2016 Cryogenic and minimum quantity
lubrication for an eco-efficiency turning of AISI 304
J. Clean. Prod. 139 440–9

[67] Zhang J C et al 2018 Experimental assessment of an
environmentally friendly grinding process using nanofluid
minimum quantity lubrication with cryogenic air J. Clean.
Prod. 193 236–48

[68] Li M, Yu T B, Zhang R C, Yang L, Ma Z L, Li B C,
Wang X Z, Wang W S and Zhao J 2020 Experimental
evaluation of an eco-friendly grinding process combining
minimum quantity lubrication and graphene-enhanced
plant-oil-based cutting fluid J. Clean. Prod.
244 118747

[69] Singh H, Sharma V S and Dogra M 2020 Exploration of
graphene assisted vegetables oil based minimum quantity
lubrication for surface grinding of TI-6AL-4V-ELI Tribol.
Int. 144 106113

[70] Shokrani A, Al-Samarrai I and Newman S T 2019 Hybrid
cryogenic MQL for improving tool life in machining of
Ti-6Al-4V titanium alloy J. Manuf. Process. 43 229–43

[71] Nam J and Lee S W 2018 Machinability of titanium alloy
(Ti-6Al-4V) in environmentally-friendly micro-drilling
process with nanofluid minimum quantity lubrication
using nanodiamond particles Int. J. Precis. Eng. Manuf.
5 29–35

[72] Cui X et al 2021 Minimum quantity lubrication machining of
aeronautical materials using carbon group nanolubricant:
from mechanisms to application Chin. J. Aeronaut.
(https://doi.org/10.1016/j.cja.2021.08.011)

[73] Atabani A E, Silitonga A S, Ong H C, Mahlia T M I,
Masjuki H H, Badruddin I A and Fayaz H 2013
Non-edible vegetable oils: a critical evaluation of oil
extraction, fatty acid compositions, biodiesel production,
characteristics, engine performance and emissions
production Renew. Sustain. Energy Rev. 18 211–45

[74] Pereira O, Rodríguez A, Barreiro J, Fernández-Abia A I and
de Lacalle L N L 2017 Nozzle design for combined use of
MQL and cryogenic gas in machining Int. J. Precis. Eng.
Manuf. 4 87–95

[75] Wang Y G, Li C H, Zhang Y B, Yang M, Li B K, Dong L and
Wang J 2018 Processing characteristics of vegetable
oil-based nanofluid MQL for grinding different workpiece
materials Int. J. Precis. Eng. Manuf. 5 327–39

[76] Said Z, Gupta M, Hegab H, Arora N, Khan A M, Jamil M
and Bellos E 2019 A comprehensive review on minimum
quantity lubrication (MQL) in machining processes using

nano-cutting fluids Int. J. Adv. Manuf. Technol.
105 2057–86

[77] Sharma A K, Tiwari A K and Dixit A R 2016 Effects of
minimum quantity lubrication (MQL) in machining
processes using conventional and nanofluid based cutting
fluids: a comprehensive review J. Clean. Prod. 127 1–18

[78] Wang X M, Li C H, Zhang Y B, Said Z, Debnath S,
Sharma S, Yang M and Gao T 2022 Influence of texture
shape and arrangement on nanofluid minimum quantity
lubrication turning Int. J. Adv. Manuf. Technol. 119 631–46

[79] Srikant R R, Prasad M M S, Amrita M, Sitaramaraju A V and
Krishna P V 2014 Nanofluids as a potential solution for
minimum quantity lubrication: a review Proc. Inst. Mech.
Eng. B 228 3–20

[80] Sidik N A C, Samion S, Ghaderian J and Yazid M N A WM
2017 Recent progress on the application of nanofluids in
minimum quantity lubrication machining: a review Int.
J. Heat Mass Transfer 108 79–89

[81] Cui X, Li C H, Zhang Y B, Said Z, Debnath S, Sharma S,
Ali H M, Yang M, Gao T and Li R Z 2022 Grindability of
titanium alloy using cryogenic nanolubricant minimum
quantity lubrication J. Manuf. Process. 80 273–86

[82] Singh G, Aggarwal V, Singh S, Singh B, Sharma S, Singh J,
Li C H, Ilyas R A and Mohamed A 2022 Experimental
investigation and performance optimization during
machining of hastelloy C-276 using green lubricants
Materials 15 5451

[83] Jia D Z, Li C H, Wang S and Zhang Q 2014 Investigation
into distributing characteristic of suspend particulate in
MQL grinding Manuf. Technol. Mach. Tool 2 58–61

[84] Zhao W, He N, Li L, Yang Y F and Shi Q 2014 Investigation
on the influence of system parameters on ambient air
quality in minimum quantity lubrication milling process
J. Mech. Eng. 50 184–9

[85] Cui X B, Sun N N, Guo J X, Ma J J and Ming P M 2022
Green multi-biomimetic spontaneous oil-transport
microstructure and its effects on energy consumption in
sustainable intermittent cutting J. Clean. Prod. 367 133035

[86] Cabanettes F, Faverjon P, Sova A, Dumont F and Rech J 2017
MQL machining: from mist generation to tribological
behavior of different oils Int. J. Adv. Manuf. Technol.
90 1119–30

[87] Kelder E M, Marijnissen J C M and Karuga S W 2018
EDHA for energy production, storage and conversion
devices J. Aerosol Sci. 125 119–47

[88] Zhao C, Chen G P, Wang H, Zhao Y J and Chai R J 2021
Bio-inspired intestinal scavenger from microfluidic
electrospray for detoxifying lipopolysaccharide Bioact.
Mater. 6 1653–62

[89] Li X F and Wang C L 2013 Engineering nanostructured
anodes via electrostatic spray deposition for high
performance lithium ion battery application J. Mater.
Chem. A 1 165–82

[90] Appah S, Wang P, Ou M X, Gong C and Jia W D 2019
Review of electrostatic system parameters, charged
droplets characteristics and substrate impact behavior
from pesticides spraying Int. J. Agric. Biol. Eng. 12 1–9

[91] Di Natale F, Carotenuto C, D’Addio L, Jaworek A, Krupa A,
Szudyga M and Lancia A 2015 Capture of fine and
ultrafine particles in a wet electrostatic scrubber
J. Environ. Chem. Eng. 3 349–56

[92] Reddy N S K and Yang M 2010 Development of an electro
static lubrication system for drilling of SCM 440 steel
Proc. Inst. Mech. Eng. B 224 217–24

[93] Li C H, Jia D Z, Wang S and Zhang Q 2013 Nano fluid
electrostatic atomization controllable jet minimal quantity
lubrication grinding system China Patent CN103072084A

[94] Xu X F, Huang S Q, Wang M H and Yao W Q 2017 A study
on process parameters in end milling of AISI-304 stainless

36

https://doi.org/10.1007/s40684-019-00158-6
https://doi.org/10.1007/s40684-019-00158-6
https://doi.org/10.1016/j.rser.2016.01.065
https://doi.org/10.1016/j.rser.2016.01.065
https://doi.org/10.1016/j.jclepro.2020.122185
https://doi.org/10.1016/j.jclepro.2020.122185
https://doi.org/10.1016/j.jclepro.2020.122165
https://doi.org/10.1016/j.jclepro.2020.122165
https://doi.org/10.3390/lubricants10040069
https://doi.org/10.3390/lubricants10040069
https://doi.org/10.1007/s00170-016-9883-7
https://doi.org/10.1007/s00170-016-9883-7
https://doi.org/10.1016/j.jclepro.2016.08.030
https://doi.org/10.1016/j.jclepro.2016.08.030
https://doi.org/10.1016/j.jclepro.2018.05.009
https://doi.org/10.1016/j.jclepro.2018.05.009
https://doi.org/10.1016/j.jclepro.2019.118747
https://doi.org/10.1016/j.jclepro.2019.118747
https://doi.org/10.1016/j.triboint.2019.106113
https://doi.org/10.1016/j.triboint.2019.106113
https://doi.org/10.1016/j.jmapro.2019.05.006
https://doi.org/10.1016/j.jmapro.2019.05.006
https://doi.org/10.1007/s40684-018-0003-z
https://doi.org/10.1007/s40684-018-0003-z
https://doi.org/10.1016/j.cja.2021.08.011
https://doi.org/10.1016/j.rser.2012.10.013
https://doi.org/10.1016/j.rser.2012.10.013
https://doi.org/10.1007/s40684-017-0012-3
https://doi.org/10.1007/s40684-017-0012-3
https://doi.org/10.1007/s40684-018-0035-4
https://doi.org/10.1007/s40684-018-0035-4
https://doi.org/10.1007/s00170-019-04382-x
https://doi.org/10.1007/s00170-019-04382-x
https://doi.org/10.1016/j.jclepro.2016.03.146
https://doi.org/10.1016/j.jclepro.2016.03.146
https://doi.org/10.1007/s00170-021-08235-4
https://doi.org/10.1007/s00170-021-08235-4
https://doi.org/10.1177/0954405413497939
https://doi.org/10.1177/0954405413497939
https://doi.org/10.1016/j.ijheatmasstransfer.2016.11.105
https://doi.org/10.1016/j.ijheatmasstransfer.2016.11.105
https://doi.org/10.1016/j.jmapro.2022.06.003
https://doi.org/10.1016/j.jmapro.2022.06.003
https://doi.org/10.3390/ma15155451
https://doi.org/10.3390/ma15155451
https://doi.org/10.3969/j.issn.1005-2402.2014.02.019
https://doi.org/10.3969/j.issn.1005-2402.2014.02.019
https://doi.org/10.3901/JME.2014.13.184
https://doi.org/10.3901/JME.2014.13.184
https://doi.org/10.1016/j.jclepro.2022.133035
https://doi.org/10.1016/j.jclepro.2022.133035
https://doi.org/10.1007/s00170-016-9436-0
https://doi.org/10.1007/s00170-016-9436-0
https://doi.org/10.1016/j.jaerosci.2018.04.011
https://doi.org/10.1016/j.jaerosci.2018.04.011
https://doi.org/10.1016/j.bioactmat.2020.11.017
https://doi.org/10.1016/j.bioactmat.2020.11.017
https://doi.org/10.1039/c2ta00437b
https://doi.org/10.1039/c2ta00437b
https://doi.org/10.25165/j.ijabe.20191202.4673
https://doi.org/10.25165/j.ijabe.20191202.4673
https://doi.org/10.1016/j.jece.2014.11.007
https://doi.org/10.1016/j.jece.2014.11.007
https://doi.org/10.1243/09544054jem1670
https://doi.org/10.1243/09544054jem1670


Int. J. Extrem. Manuf. 4 (2022) 042003 Topical Review

steel under electrostatic minimum quantity lubrication
conditions Int. J. Adv. Manuf. Technol. 90 979–89

[95] Huang S Q 2018 A Study on Lubrication-Cooling
Mechanisms and Machining Characteristics of
Electrostatic Minimum Quantity Lubrication (EMQL)
(Hangzhou: Zhejiang University of Technology)

[96] Jia D Z 2021 The Formation Mechanism and Grinding
Performance Evaluation of Charged Micro Droplets
Atomization on Grinding Wheel Workpiece Interface
(Qingdao: Qingdao University of Technology)

[97] Lv T, Huang S Q, Liu E T, Ma Y L and Xu X F 2018
Tribological and machining characteristics of an
electrostatic minimum quantity lubrication (EMQL)
technology using graphene nano-lubricants as cutting
fluids J. Manuf. Process. 34 225–37

[98] Wang X M, Li C H, Zhang Y B, Ali H M, Sharma S, Li R Z,
Yang M, Said Z and Liu X 2022 Tribology of enhanced
turning using biolubricants: a comparative assessment
Tribol. Int. 174 107766

[99] Xiao G J, Zhang Y D, Huang Y, Song S Y and Chen B Q
2021 Grinding mechanism of titanium alloy: research
status and prospect J. Adv. Manuf. Sci. Technol.
1 2020001

[100] Feng B H, Luan Z Q, Zhang T, Liu J W, Hu X D, Guan J J and
Xi X F 2022 Capillary electroosmosis properties of water
lubricants with different electroosmotic additives under a
steel-on-steel sliding interface Friction 10 1019–34

[101] Luan Z Q, Liu W S, Xia Y, Zhang R C, Feng B H, Hu X D,
Huang S Q and Xu X F 2022 Effects of an electrical
double layer and tribo-induced electric field on the
penetration and lubrication of water-based lubricants
Lubricants 10 111

[102] Kong K 2013 The Experimental Study on Characteristic
Parameters and Turning for Electrostatic Spray Minimum
Quantity Lubrication (Hangzhou: Zhejiang University of
Technology)

[103] Khanna N, Airao J, Nirala C K and Krolczyk G M 2022
Novel sustainable cryo-lubrication strategies for reducing
tool wear during ultrasonic-assisted turning of Inconel 718
Tribol. Int. 174 107728

[104] Su Y, Lu Q, Yu T, Liu Z Q and Zhang C Y 2019 Machining
and environmental effects of electrostatic atomization
lubrication in milling operation Int. J. Adv. Manuf.
Technol. 104 2773–82

[105] Jiang H and Su Y 2021 Study on atomization characteristics
and machining performance of coaxial electrostatic
atomization cutting Int. J. Precis. Eng. Manuf. 6 146–9

[106] Tang Z C and Su Y 2018 Investigation on co-axial
electrostatic atomization cutting Tool Eng. 52 51–55

[107] Hu WW 2017 The Development of Electrostatic Minimum
Quantity Lubricant Embedded Control System (Hangzhou:
Zhejiang University of Technology)

[108] Xiong Z P 2016 The Research on the Intergrated Equipment
of Charged Aerosol Lubrication and Its Milling Process
(Hangzhou: Zhejiang University of Technology)

[109] Su Y, Zhao Z C, Chen D D, Liu Z Q, Li B, Cao H and
Gong L 2014 A controllable nano fluid droplet spray
cutting method and device China Patent CN104029079A

[110] Tang Z C 2018 Investigation on Efficient Cutting Method
Based on Co-Axial Electrostatic Atomization of
Nanofluids (Zhenjiang: Jiangsu University of Science and
Technology)

[111] Yu T 2019 The Atomization and Charge Characteristics of
Nano-Fluid Composite Electrostatic Spray Cutting
(Zhenjiang: Jiangsu University of Science and
Technology)

[112] Zhang D D and Su Y 2022 Study on charging and machining
performance of nanofluid coaxial electrostatic atomization
cutting Mod. Manuf. Eng. 3 28

[113] Gao J, Li L J, Yuan Y J, Hu M, Ma M S, Zhao Y F and
Chen Z 2021 Electrostatic atomizing nozzle for minimal
quantity lubrication cutting and using method thereof
China Patent CN112439570A

[114] Li B K, Li C H, Wang Y G, Yang M and Zhang Y B 2015
Nano-liquid electrostatic atomization and thermoelectric
heat pipe integrated trace lubrication grinding device
China Patent CN104875116A

[115] Li C H, Jia D Z, Zhang D K, Wang S and Hou Y L 2015
Conveying capacity controllable nano particle jet flow
minimal quantity lubrication grinding device in enhanced
magnetoelectricity field China Patent CN103612207A

[116] Zhang Y B, Li C H, Jia D Z and Zhang D K 2017 Nanofluid
minimum quantity lubrication electrostatic atomization
controllable jet flow turning system China Patent
CN104209806A

[117] Xu X F, Hu X D, Feng B H, Zhao Y Y and Lv T 2019
Electrostatic minimum quantity lubrication device China
Patent CN209793270U

[118] Xu X F, Hu X D, Feng B H, Zhao Y Y and Lv T 2019
Gas-liquid-electricity confluence and conveying device for
electrostatic minimum quantity lubrication China Patent
CN209936485U

[119] Yang M, Ma H, Li C H, Zhou Z M, Li M, Wu X F,
Zhang N Q, Liu B and Cao H J 2022 Multi-energy-field
driven electrostatic atomization trace lubricant conveying
device China Patent CN114012498A

[120] Zhang X Y, Li C H, Jia D Z, Yang M, Zhang Y B, Bing Z R,
Zhang N Q, Yang Y L and Hou Y L 2018 Nanofluid
electrostatic atomization controllable conveying micro
quantity lubricating system for auxiliary electrode
focusing China Patent CN108161750A

[121] Zhang Y B, Li C H, Jia D Z and Zhang D K 2016 System for
nanofluid minimal quantity lubrication electrostatic
atomization controllable jet flow inner cooling technology
China Patent CN104191376A

[122] Guo S M 2018 Experimental Study and Grinding Mechanism
on Mixed Vegetable Oil Based Electrostatic Atomization
and MQL (Qingdao: Qingdao University of Technology)

[123] Zhang X Y 2018 Experimental Study and Atomization
Mechanism on Vegetable Oil Based Electrostatic
Atomization and MQL (Qingdao: Qingdao University of
Technology)

[124] de Bartolomeis A, Newman S T and Shokrani A 2020 Initial
investigation on surface integrity when machining inconel
718 with conventional and electrostatic lubrication Proc.
CIRP 87 65–70

[125] Rosell-Llompart J, Grifoll J and Loscertales I G 2018
Electrosprays in the cone-jet mode: from Taylor cone
formation to spray development J. Aerosol Sci. 125 2–31

[126] Huo Y P 2015 Investigationon on Breakup Mechanism and
Electrohydrodynamics Characteristics of Charged Droplet
(Zhenjiang: Jiangsu University)

[127] Wang X Y 2006 The Research on Charged Droplet
Atomization Mechanics (Zhenjiang: Jiangsu University)

[128] Wang Z H 2009 Study on Atomization of Liquid Jets in a
High Voltage Electrostatic Field and Its Application
(Chongqing: Chongqing University)

[129] Shrimpton J S 2003 Pulsed charged sprays: application to
DISI engines during early injection Int. J. Numer. Methods
Eng. 58 513–36

[130] Taylor G I 1964 Disintegration of water drops in an electric
field Proc. R. Soc. A 280 383–97

[131] Gomez A and Tang K Q 1994 Charge and fission of droplets
in electrostatic sprays Phys. Fluids 6 404–14

[132] Huo Y P, Wang J F, Mao W L, Wang Z T and Zuo Z W 2012
Measurement and investigation on the deformation and
air-assisted breakup of charged droplet Flow Meas.
Instrum. 27 92–98

37

https://doi.org/10.1007/s00170-016-9417-3
https://doi.org/10.1007/s00170-016-9417-3
https://doi.org/10.1016/j.jmapro.2018.06.016
https://doi.org/10.1016/j.jmapro.2018.06.016
https://doi.org/10.1016/j.triboint.2022.107766
https://doi.org/10.1016/j.triboint.2022.107766
https://doi.org/10.51393/j.jamst.2020001
https://doi.org/10.51393/j.jamst.2020001
https://doi.org/10.1007/s40544-021-0507-3
https://doi.org/10.1007/s40544-021-0507-3
https://doi.org/10.3390/lubricants10060111
https://doi.org/10.3390/lubricants10060111
https://doi.org/10.1016/j.triboint.2022.107728
https://doi.org/10.1016/j.triboint.2022.107728
https://doi.org/10.1007/s00170-019-04123-0
https://doi.org/10.1007/s00170-019-04123-0
https://doi.org/10.13462/j.cnki.mmtamt.2021.06.034
https://doi.org/10.13462/j.cnki.mmtamt.2021.06.034
https://doi.org/10.16567/j.cnki.1000-7008.2018.05.011
https://doi.org/10.16567/j.cnki.1000-7008.2018.05.011
https://doi.org/10.16731/j.cnki.1671-3133.2022.03.001
https://doi.org/10.16731/j.cnki.1671-3133.2022.03.001
https://doi.org/10.1016/j.procir.2020.02.019
https://doi.org/10.1016/j.procir.2020.02.019
https://doi.org/10.1016/j.jaerosci.2018.04.008
https://doi.org/10.1016/j.jaerosci.2018.04.008
https://doi.org/10.1002/nme.794
https://doi.org/10.1002/nme.794
https://doi.org/10.1098/rspa.1964.0151
https://doi.org/10.1098/rspa.1964.0151
https://doi.org/10.1063/1.868037
https://doi.org/10.1063/1.868037
https://doi.org/10.1016/j.flowmeasinst.2012.02.006
https://doi.org/10.1016/j.flowmeasinst.2012.02.006


Int. J. Extrem. Manuf. 4 (2022) 042003 Topical Review

[133] Su Y, Jiang H and Liu Z Q 2020 A study on
environment-friendly machining of titanium alloy via
composite electrostatic spraying Int. J. Adv. Manuf.
Technol. 110 1305–17

[134] Lu J H, Du L, Jiang K H, Wang Y B and Zhang K 2021
Analysis of characteristic quantities of space charges in ac
corona discharge Proc. CSEE 41 8619–30

[135] Liao R J, Wu F F, Liu K L, Wang K, Gao J and Zuo Z P 2015
Simulation of characteristics of electrons during a pulse
cycle in bar-plate DC negative corona discharge Trans.
China Electrotech. Soc. 30 319–29

[136] Zhang Y B 2018 Grinding Mechanism, Force Prediction
Model and Experimental Validation of Vegetable Oil
Based Nanofluids Minimum Quantity Lubrication
(Qingdao: Qingdao University of Technology)

[137] Reeves C J, Menezes P L, Jen T C and Lovell M R 2015 The
influence of fatty acids on tribological and thermal
properties of natural oils as sustainable biolubricants
Tribol. Int. 90 123–34

[138] Bai X F, Zhou F M, Li C H, Dong L, Lv X J and Yin Q G
2020 Physicochemical properties of degradable
vegetable-based oils on minimum quantity lubrication
milling Int. J. Adv. Manuf. Technol. 106 4143–55

[139] Guo S M, Li C H, Zhang Y B, Wang Y G, Li B K, Yang M,
Zhang X P and Liu G T 2017 Experimental evaluation of
the lubrication performance of mixtures of castor oil with
other vegetable oils in MQL grinding of nickel-based alloy
J. Clean. Prod. 140 1060–76

[140] Jia D Z, Li C H, Zhang Y B, Yang M, Wang Y G, Guo S M
and Cao H J 2017 Specific energy and surface roughness
of minimum quantity lubrication grinding Ni-based alloy
with mixed vegetable oil-based nanofluids Precis. Eng.
50 248–62

[141] Li B K, Li C H, Zhang Y B, Wang Y G, Jia D Z and Yang M
2016 Grinding temperature and energy ratio coefficient in
MQL grinding of high-temperature nickel-base alloy by
using different vegetable oils as base oil Chin. J. Aeronaut.
29 1084–95

[142] Wang Y G, Li C H, Zhang Y B, Yang M, Li B K, Jia D Z,
Hou Y L and Mao C 2016 Experimental evaluation of the
lubrication properties of the wheel/workpiece interface in
minimum quantity lubrication (MQL) grinding using
different types of vegetable oils J. Clean. Prod.
127 487–99

[143] Yin Q G, Li C H, Dong L, Bai X F, Zhang Y B, Yang M,
Jia D Z, Li R Z and Liu Z Q 2021 Effects of
physicochemical properties of different base oils on
friction coefficient and surface roughness in MQL milling
AISI 1045 Int. J. Precis. Eng. Manuf. 8 1629–47

[144] Gaurav G, Sharma A, Dangayach G S and Meena M L 2020
Assessment of jojoba as a pure and nano-fluid base oil in
minimum quantity lubrication (MQL) hard-turning of
Ti-6Al-4V: a step towards sustainable machining J. Clean.
Prod. 272 122553

[145] Gupta M K, Mia M, Jamil M, Singh R, Singla A K,
Song Q H, Liu Z Q, Khan A M, Rahman M A and
Sarikaya M 2020 Machinability investigations of hardened
steel with biodegradable oil-based MQL spray system Int.
J. Adv. Manuf. Technol. 108 735–48

[146] Lopes J C, Garcia M V, Volpato R S, de Mello H J,
Ribeiro F S F, de Angelo Sanchez L E, de Oliveira
Rocha K, Neto L D, Aguiar P R and Bianchi E C 2020
Application of MQL technique using TiO2 nanoparticles
compared to MQL simultaneous to the grinding wheel
cleaning jet Int. J. Adv. Manuf. Technol. 106 2205–18

[147] Pal A, Chatha S S and Sidhu H S 2020 Experimental
investigation on the performance of MQL drilling of AISI
321 stainless steel using nano-graphene enhanced
vegetable-oil-based cutting fluid Tribol. Int. 151 106508

[148] Singh R, Dureja J S, Dogra M, Gupta M K, Mia M and
Song Q H 2020 Wear behavior of textured tools under
graphene-assisted minimum quantity lubrication system
in machining Ti-6Al-4V alloy Tribol. Int.
145 106183

[149] Sharma A K, Tiwari A K and Dixit A R 2015 Progress of
nanofluid application in machining: a review Mater.
Manuf. Process. 30 813–28

[150] Zhang Y B, Li C H, Jia D Z, Li B K, Wang Y G, Yang M,
Hou Y L and Zhang X W 2016 Experimental study on the
effect of nanoparticle concentration on the lubricating
property of nanofluids for MQL grinding of Ni-based
alloy J. Mater. Process. Technol. 232 100–15

[151] Zhang Y B, Li C H, Yang M, Jia D Z, Wang Y G, Li B K,
Hou Y L, Zhang N Q and Wu Q D 2016 Experimental
evaluation of cooling performance by friction coefficient
and specific friction energy in nanofluid minimum
quantity lubrication grinding with different types of
vegetable oil J. Clean. Prod. 139 685–705

[152] Sen B, Mia M, Gupta M K, Rahman M A, Mandal U K and
Mondal S P 2019 Influence of Al2O3 and palm oil-mixed
nano-fluid on machining performances of Inconel-690:
IF-THEN rules-based FIS model in eco-benign milling
Int. J. Adv. Manuf. Technol. 103 3389–403

[153] Liu L C, Zhou M, Jin L, Li L C, Mo Y T, Su G S, Li X,
Zhu H W and Tian Y 2019 Recent advances in friction and
lubrication of graphene and other 2D materials:
mechanisms and applications Friction 7 199–216

[154] Wang Y G, Li C H, Zhang Y B, Yang M, Zhang X P,
Zhang N Q and Dai J J 2017 Experimental evaluation on
tribological performance of the wheel/workpiece interface
in minimum quantity lubrication grinding with different
concentrations of Al2O3 nanofluids J. Clean. Prod.
142 3571–83

[155] Li H G et al 2022 Extreme pressure and antiwear additives
for lubricant: academic insights and perspectives Int.
J. Adv. Manuf. Technol. 120 1–27

[156] Gao T, Li C H, Zhang Y B, Yang M, Jia D Z, Jin T, Hou Y L
and Li R Z 2019 Dispersing mechanism and tribological
performance of vegetable oil-based CNT nanofluids with
different surfactants Tribol. Int. 131 51–63

[157] Mao C, Zou H F, Zhou X, Huang Y, Gan H Y and Zhou Z X
2014 Analysis of suspension stability for nanofluid
applied in minimum quantity lubricant grinding Int.
J. Adv. Manuf. Technol. 71 2073–81

[158] Behera B C, Ghosh S and Rao P V 2016 Application of
nanofluids during minimum quantity lubrication: a case
study in turning process Tribol. Int. 101 234–46

[159] Najiha M S, Rahman M M and Kadirgama K 2016
Performance of water-based TiO2 nanofluid during the
minimum quantity lubrication machining of aluminium
alloy, AA6061-T6 J. Clean. Prod. 135 1623–36

[160] Wang Y G, Li C H, Zhang Y B, Li B K, Yang M, Zhang X P,
Guo S M and Liu G T 2016 Experimental evaluation of
the lubrication properties of the wheel/workpiece interface
in MQL grinding with different nanofluids Tribol. Int.
99 198–210

[161] Farzaneh H, Behzadmehr A, Yaghoubi M, Samimi A and
Sarvari S M H 2016 Stability of nanofluids: molecular
dynamic approach and experimental study Energy
Convers. Manage. 111 1–14

[162] Zhang Y B, Li C H, Jia D Z, Zhang D K and Zhang X W
2015 Experimental evaluation of the lubrication
performance of MoS2/CNT nanofluid for minimal
quantity lubrication in Ni-based alloy grinding Int.
J. Mach. Tools Manuf. 99 19–33

[163] Zhang X P, Li C H, Zhang Y B, Jia D Z, Li B K, Wang Y G,
Yang M, Hou Y L and Zhang X W 2016 Performances of
Al2O3/SiC hybrid nanofluids in minimum-quantity

38

https://doi.org/10.1007/s00170-020-05925-3
https://doi.org/10.1007/s00170-020-05925-3
https://doi.org/10.13334/j.0258-8013.pcsee.202341
https://doi.org/10.13334/j.0258-8013.pcsee.202341
https://doi.org/10.3969/j.issn.1000-6753.2015.10.042
https://doi.org/10.3969/j.issn.1000-6753.2015.10.042
https://doi.org/10.1016/j.triboint.2015.04.021
https://doi.org/10.1016/j.triboint.2015.04.021
https://doi.org/10.1007/s00170-019-04695-x
https://doi.org/10.1007/s00170-019-04695-x
https://doi.org/10.1016/j.jclepro.2016.10.073
https://doi.org/10.1016/j.jclepro.2016.10.073
https://doi.org/10.1016/j.precisioneng.2017.05.012
https://doi.org/10.1016/j.precisioneng.2017.05.012
https://doi.org/10.1016/j.cja.2015.10.012
https://doi.org/10.1016/j.cja.2015.10.012
https://doi.org/10.1016/j.jclepro.2016.03.121
https://doi.org/10.1016/j.jclepro.2016.03.121
https://doi.org/10.1007/s40684-021-00318-7
https://doi.org/10.1007/s40684-021-00318-7
https://doi.org/10.1016/j.jclepro.2020.122553
https://doi.org/10.1016/j.jclepro.2020.122553
https://doi.org/10.1007/s00170-020-05477-6
https://doi.org/10.1007/s00170-020-05477-6
https://doi.org/10.1007/s00170-019-04760-5
https://doi.org/10.1007/s00170-019-04760-5
https://doi.org/10.1016/j.triboint.2020.106508
https://doi.org/10.1016/j.triboint.2020.106508
https://doi.org/10.1016/j.triboint.2020.106183
https://doi.org/10.1016/j.triboint.2020.106183
https://doi.org/10.1080/10426914.2014.973583
https://doi.org/10.1080/10426914.2014.973583
https://doi.org/10.1016/j.jmatprotec.2016.01.031
https://doi.org/10.1016/j.jmatprotec.2016.01.031
https://doi.org/10.1016/j.jclepro.2016.08.073
https://doi.org/10.1016/j.jclepro.2016.08.073
https://doi.org/10.1007/s00170-019-03814-y
https://doi.org/10.1007/s00170-019-03814-y
https://doi.org/10.1007/s40544-019-0268-4
https://doi.org/10.1007/s40544-019-0268-4
https://doi.org/10.1016/j.jclepro.2016.10.110
https://doi.org/10.1016/j.jclepro.2016.10.110
https://doi.org/10.1007/s00170-021-08614-x
https://doi.org/10.1007/s00170-021-08614-x
https://doi.org/10.1016/j.triboint.2018.10.025
https://doi.org/10.1016/j.triboint.2018.10.025
https://doi.org/10.1007/s00170-014-5642-9
https://doi.org/10.1007/s00170-014-5642-9
https://doi.org/10.1016/j.triboint.2016.04.019
https://doi.org/10.1016/j.triboint.2016.04.019
https://doi.org/10.1016/j.jclepro.2015.12.015
https://doi.org/10.1016/j.jclepro.2015.12.015
https://doi.org/10.1016/j.triboint.2016.03.023
https://doi.org/10.1016/j.triboint.2016.03.023
https://doi.org/10.1016/j.enconman.2015.12.044
https://doi.org/10.1016/j.enconman.2015.12.044
https://doi.org/10.1016/j.ijmachtools.2015.09.003
https://doi.org/10.1016/j.ijmachtools.2015.09.003


Int. J. Extrem. Manuf. 4 (2022) 042003 Topical Review

lubrication grinding Int. J. Adv. Manuf. Technol.
86 3427–41

[164] Jamil M, Khan A M, Hegab H, Gong L, Mia M, Gupta M K
and He N 2019 Effects of hybrid Al2O3-CNT nanofluids
and cryogenic cooling on machining of Ti-6Al-4V Int.
J. Adv. Manuf. Technol. 102 3895–909

[165] Sharma A K, Katiyar J K, Bhaumik S and Roy S 2019
Influence of alumina/MWCNT hybrid nanoparticle
additives on tribological properties of lubricants in turning
operations Friction 7 153–68

[166] Sharma P, Sidhu B S and Sharma J 2015 Investigation of
effects of nanofluids on turning of AISI D2 steel using
minimum quantity lubrication J. Clean. Prod. 108 72–79

[167] Sharma A K, Singh R K, Dixit A R and Tiwari A K 2017
Novel uses of alumina-MoS2 hybrid nanoparticle enriched
cutting fluid in hard turning of AISI 304 steel J. Manuf.
Process. 30 467–82

[168] Rapeti P, Pasam V K, Gurram K M R and Revuru R S 2018
Performance evaluation of vegetable oil based nano
cutting fluids in machining using grey relational
analysis-A step towards sustainable manufacturing
J. Clean. Prod. 172 2862–75

[169] Behera B C, Ghosh S and Rao P V 2016 Wear behavior of
PVD TiN coated carbide inserts during machining of
Nimonic 90 and Ti6Al4V superalloys under dry and MQL
conditions Ceram. Int. 42 14873–85

[170] Kharka V, Jain N K and Gupta K 2022 Performance
comparison of green lubricants in gear hobbing with
minimum quantity lubrication Tribol. Int. 173 107582

[171] Makhesana M A, Patel K M and Khanna N 2022 Analysis of
vegetable oil-based nano-lubricant technique for
improving machinability of Inconel 690 J. Manuf.
Process. 77 708–21

[172] Ross N S, Ananth M B J, Jafferson J M, Rajeshkumar L and
Kumar M S 2022 Performance assessment of vegetable
oil-based MQL in milling of additively manufactured
AlSi10Mg for sustainable production Biomass Convers.
Biorefin. (https://doi.org/10.1007/s13399-022-02967-3)

[173] Makhesana M A, Baravaliya J A, Parmar R J,
Mawandiya B K and Patel K M 2021 Machinability
improvement and sustainability assessment during
machining of AISI 4140 using vegetable oil-based MQL
J. Braz. Soc. Mech. Sci. Eng. 43 535

[174] Sui M H, Li C H, Wu W T, Yang M, Ali H M, Zhang Y B,
Jia D Z, Hou J L, Li R Z and Cao H J 2021 Temperature of
grinding carbide with castor oil-based MoS2 nanofluid
minimum quantity lubrication J. Therm. Sci. Eng. Appl.
13 051001

[175] Pal A, Chatha S S and Sidhu H S 2022 Assessing the
lubrication performance of various vegetable oil-based
nano-cutting fluids via eco-friendly MQL technique in
drilling of AISI 321 stainless steel J. Braz. Soc. Mech. Sci.
Eng. 44 148

[176] de Mello Belentani R, Funes Júnior H, Canarim R C,
Diniz A E, Hassui A, Aguiar P R and Bianchi E C 2014
Utilization of minimum quantity lubrication (MQL) with
water in CBN grinding of steel Mater. Res. 17 88–96

[177] Gupta M K, Mia M, Pruncu C I, Khan A M, Rahman M A,
Jamil M and Sharma V S 2020 Modeling and performance
evaluation of Al2O3, MoS2 and graphite
nanoparticle-assisted MQL in turning titanium alloy: an
intelligent approach J. Braz. Soc. Mech. Sci. Eng. 42 207
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