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Abstract

Nanofluids are efficient heat transfer media that have been developed over the past 27 years and have been widely used in the
electronic microchannel, engine, spacecraft, nuclear, and solar energy fields. With the high demand for efficient lubricants
in manufacturing, the application of nanofluids in machining has become a hot topic in academia and industry. However,
in the context of the huge amount of literature in the past decade, existing review cannot be used as a technical manual for
industrial applications. There are many technical difficulties in establishing a mature production system, which hinder the
large-scale application of nanofluids in industrial production. The physicochemical mechanism underlying the application of
nanofluids in machining remains unclear. This paper is a complete review of the process, device, and mechanism, especially
the unique mechanism of nanofluid minimum quantity lubrication under different processing modes. In this paper, the prepa-
ration, fluid, thermal, and tribological properties of nanofluids are reviewed. The performance of nanofluids in machining is
clarified. Typically, in friction and wear tests, the coefficient of friction of jatropha oil-based alumina nanofluids is reduced
by 85% compared with dry conditions. The cutting fluid based on alumina nanoparticles improves the tool life by 177-230%
in hard milling. The addition of carbon nanotube nanoparticles increases the convective heat transfer coefficient of normal
saline by 145.06%. Furthermore, the innovative equipment used in the supply of nanofluids is reviewed, and the atomization
mechanisms under different boundary conditions are analyzed. The technical problem of parameterized controllable supply
system is solved. In addition, the performance of nanofluids in turning, milling, and grinding is discussed. The mapping
relationship between the nanofluid parameters and the machining performance is clarified. The flow field distribution and
lubricant wetting behavior under different tool-workpiece boundaries are investigated. Finally, the application prospects of
nanofluids in machining are discussed. This review includes a report on recent progress in academia and industry as well
as a roadmap for future development.
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COF Coefficient of friction
CHTC Convective heat transfer coefficient

1 Introduction

In the context of energy shortages, it is imperative to
increase the research and development of advanced energy-
saving and environmental protection technologies. Influ-
enced by the laws and policies of green development and the
growing concept of sustainability, traditional cutting manu-
facturing must be transformed [1-3]. Low-carbon manufac-
turing and clean production facing the transformation of old
and new kinetic energy and global sustainable development
are imperative [4, 5]. Sustainable cutting technology based
on cutting fluid reduction has been proposed [6, 7]. Imple-
ment a strategy of sustainable manufacturing to ensure that
the manufacturing cycle is critical for the effective use of
available resources [8]. Furthermore, human health is widely
concerned [9]. However, more than 85% of the cutting flu-
ids in the manufacturing industry are mineral-based oils,
which have high carcinogenicity, resulting in a contradic-
tion between human health and the improvement of lubrica-
tion efficiency. As shown in Fig. 1, there are many defects
in traditional machining, such as environmental pollution,
human health threats, and high cost. With the enhance-
ment of environmental protection awareness, the traditional
flooding cooling and lubrication method of metal cutting
fluids is strictly restricted by laws and policies [10]. The
cheap advantage of cutting fluid no longer exists with fur-
ther research on new sustainable cutting technologies [11].
Therefore, the use of large amounts of cutting fluid has
become an obstacle to the development of the manufactur-
ing industry and sustainable manufacturing.

In the 1990s, dry cutting technology was widely used
in academia and industry [12]. The application of dry cut-
ting in machining provides new prospects for sustainable
technology. This process eliminates the use and treatment
cost of the cutting fluid because of the rejection of the
lubrication medium in the processing process [13—15]. Dry

Fig.1 Defects of the traditional

cutting technology has gradually been promoted as a pro-
cessing technology to realize clean production. However,
new and higher requirements have been proposed for cut-
ting tools, machining parameters, and the rigidity and preci-
sion of machine tools [16—18]. Owing to the lack of cooling
and lubricating media in the cutting area, tools are easy to
wear along with high-temperature, high-pressure, and high-
speed solid friction at the interface of the tool-workpiece
and tool-chip [19, 20]. Even the machined workpiece mate-
rial adheres to the tool surface, thereby reducing the surface
quality of the machined parts [21]. Therefore, dry cutting
cannot guarantee the geometric tolerance and surface integ-
rity of parts in the machining of some efficient machining
parameters and difficult materials. Moreover, it is difficult to
ensure machining efficiency owing to the strict constraints
in the engineering manufacturing cycle. Cryogenic cooling
technology is a processing method that sprays a cryogenic
medium to the cutting area to provide a cooling effect [22].
The effective area and temperature difference of the heat dis-
sipation expands. Thus, the temperature of the cutting zone
is reduced, and the tool life is increased [23]. Cryogenic
cooling is a green-machining method. A self-lubricating
tool means that the tool has antifriction, wear resistance,
and lubrication functions [24]. It can achieve low-wear cut-
ting without the addition of an additional lubricant. A solid
lubricant is coated and combined on the tool surface to form
a solid lubricating film, which can play a lubricating role.
The application of self-lubricating tools can save cooling
and lubricating systems, reduce investment in equipment,
and avoid environmental pollution from the cutting fluid.
Minimum quantity lubrication (MQL) is a sustainable
cutting lubrication method in which a small amount of liquid
lubrication medium (usually less than 100 mL/h) is atomized
by a certain pressure of gas into micrometer droplets and
then transported to the cutting zone through a nozzle. Conse-
quently, the tool-workpiece and tool-chip friction interfaces
are fully lubricated under the motion of the microdroplets
[25-27]. Therefore, the tool friction and wear and the tem-
perature of the cutting zone are significantly reduced, and
the production cost of the parts is reduced. Researchers have
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attempted to use vegetable oil as a lubricant to spray the fric-
tion interface [28, 29]. Effective lubrication of the friction
interface in the cutting area is ensured, and adverse effects
on the environment and human health are eliminated [30].
The lubrication medium consumed by MQL is less than
10% of the traditional cutting fluid supply and ensures the
finish of the tool and workpiece surface after cutting. The
MQL supply device can be flexibly arranged near the cutting
machine tool and is suitable for various cutting conditions.
However, under the condition of a small lubricant, the impe-
rious demands for an efficient lubricant in the manufacturing
process have gradually emerged.

Nanotechnology was proposed in the late 1950s [31, 32].
Nanotechnology is science, engineering, and technology
performed at the nanoscale (1-100 nm). Nanofluids were
created in the 1990s in response to the rise of nanotechnol-
ogy. The concept of nanofluids was first proposed in 1995 by
Choi at the Argonne Laboratory in the USA [33]. Previously,
micron particles were added to the base fluid to increase its
heat transfer performance [34-36]. However, problems such
as particle deposition and blockage of microchannels have
prevented this technology from being adopted by industry.
The use of nanoparticles instead of micron sized particles
can help overcome these limitations. Therefore, as a new
heat conduction medium, nanofluids have very broad appli-
cation prospects in the increasingly tense energy situation
in the world [37]. Significant research interest has been
generated in both academia and industry. Nanofluids are
widely used in electronic microchannels, engines, space-
craft, nuclear energy, and solar energy. Nanoparticles exceed
the macroscopic size of particles owing to their surface-to-
volume ratios and other significant physical, chemical, and
biological properties.

Nanofluid minimum quantity lubrication (NMQL) is an
efficient and clean precision lubrication method aimed at
overcoming the bottleneck of heat-transfer technology in
MQL applications [38, 39]. Numerous studies have found
that the presence of solid nanoparticles effectively improves
the thermal conductivity of the lubricating medium [40—42].
Meanwhile, the ball effect, film-forming effect, filling effect,
and polishing effect are accompanied by the anti-wear and
anti-friction synergistic behaviors of the tool-chip and

tool-workpiece interfaces [43, 44]. Therefore, the cutting
force in machining is effectively reduced, and the surface
integrity of the workpiece is significantly improved. NMQL
has all the advantages of MQL. Therefore, it has great
potential as a new sustainable industrial cutting technology.
Table 1 presents a comparative evaluation of the different
machining lubrication conditions.

In conclusion, the application of nanofluids in manufac-
turing has gone through three stages: the disorderly use of
traditional oil-based cutting fluid, the tentative development
of dry cutting, and the research and development of plant
oil-based cutting fluid reduction technology. In contrast to
existing reviews, this paper focuses on the characteristics
of nanofluids that are widely used in the manufacturing
field and their unique mechanisms under different process-
ing methods. As shown in Fig. 2, this article reveals a new
process, new device, and new mechanism of nanofluids in
manufacturing. First, the preparation, fluid, thermal, and
tribological properties of the nanofluids are revealed. The
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performance of nanofluids in machining is clarified. Further-
more, the innovative equipment used in the supply of nano-
fluids is reviewed, and the atomization mechanisms under
different boundary conditions are analyzed. The technical
problem of a parameterized controllable supply system is
solved. Furthermore, the performance of nanofluids in turn-
ing, milling, and grinding is discussed. The mapping rela-
tionship between the nanofluid parameters and the machin-
ing performance is clarified. The flow field distribution and
lubricant wetting behavior under different tool-workpiece
boundaries are investigated. Finally, the application pros-
pects of nanofluids in machining are discussed. This article
includes a report on recent progress in academia and indus-
try as well as a roadmap for future development.

2 Characteristics of nanofluids
2.1 Preparation

The preparation of nanofluids has laid the foundation for
subsequent research and application. Nanofluids that can be
stored for a long time and maintain excellent application
performance have been investigated by researchers. High-
performance nanofluids are affected by the nanoparticles,
substrate solution, preparation process, concentration, and
dispersion characteristics. This section summarizes and
guides the preparation of nanofluids for application in manu-
facturing processes.

2.1.1 Nano additive phase

The fundamental problem of nanophase addition is the mate-
rial characteristics. The specific heat capacity, thermal con-
ductivity, hardness, density, and structural characteristics
will have a significant impact on the nanofluid. Nanopar-
ticles can be divided into zero dimension, one dimension,
and two dimensions according to their size characteristics.

1. Performance comparison

The use of nanofluids to improve the machining perfor-
mance of base fluids has been widely demonstrated. In an
earlier study, Shen et al. [45] studied the grinding perfor-
mance of cast iron under different lubrication conditions. A
higher G ratio (less wheel wear), lower grinding force, and
better surface finish are obtained under NMQL conditions.
Scholars have performed lateral comparisons of the proper-
ties of different nanoadded phases using different processing
methods and materials.

Cui et al. [46] studied the tribological properties of
graphene nanofluids using friction and wear tests. In the
experiments, 3 vol % nanofluids were prepared using palm
oil mixed with graphene nanoparticles. As shown in Fig. 3,
layered nanoparticles (MoS,, MoO; and hBN) were used
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as controls. The results show that the coefficient of fric-
tion (COF), error, and scratch area of the graphene nano-
fluids are smaller. Scanning electron microscopy (SEM)
and energy dispersive spectrometry (EDS) images of the
scratched surface also verified this conclusion. The sheet
structure can make the lubricating oil effectively fill the pits
on the workpiece surface to increase the surface smoothness,
thereby improving lubrication performance. Graphene has
small intermolecular forces compared with other materi-
als, which facilitates sliding between the molecular layers
and improves lubrication properties. The layered molecular
structure of graphene is difficult to deform under large loads
during lubrication, thus enabling the protection of lubrica-
tion and guaranteeing sliding between layers.

In the turning process, Das et al. [47] discussed the prop-
erties of different nanofluids in AISI 4340 steel during hard
turning. Three groups of nanofluids were prepared: Al,Os,
CuO, and Fe,05. The CuO nanofluid showed excellent
performance, followed by the Fe,O; nanofluid and Al,O,
nanofluid. In subsequent studies, Das et al. [48] analyzed
the influence of fluid properties such as thermal conductiv-
ity, viscosity, surface tension, and contact angle. Different
nanofluids were prepared by dispersing ZnO, CuO, Fe,0;
and Al,O; nanoparticles in deionized water. In the process
of hard turning, the cutting force of the Al,O; nanofluid
was the largest, whereas that of the CuO nanofluid was the
smallest. Compared with the other three nanofluids, the CuO
nanofluid exhibited the least surface wear and fine struc-
ture. This may be because the CuO-based nanofluid has a
stronger heat-carrying capacity than the other two nanoflu-
ids, leading to smaller changes in the microstructure. The
CuO nanofluid exhibited the lowest residual stress. Com-
pared with other nanofluids, the CuO nanofluid can obtain
the lowest microhardness, better surface texture, and lowest
surface roughness. Kumar et al. [49] described the applica-
tion of water-based Al,0; and TiO, nanofluids as coolants
in the hard-turning operations of AISI D2 steel. The results
show that the TiO, nanofluid enhances the machinability
compared with Al,O; nanofluids. Because of the higher
lubrication characteristics of TiO,, the tool-chip friction
is significantly reduced, which reduces the heat. When the
concentration of TiO, is 0.01 wt %, compared with the same
concentration of Al,O; nanofluid, the tool surface wear is
reduced by 29%, the cutting temperature is reduced by 9.7%,
and the surface roughness is reduced by 14.3%.

In the milling process, Bai et al. [50] evaluated the lubri-
cation properties of different nanofluids in Ti-6Al-4 V mill-
ing through experiments. Six nanofluids were selected:
Al,0O3, Si0,, MoS,, CNTs, SiC, and graphene. Cottonseed
oil was used as the base. The experimental results show
that Al,0; nanoparticles achieve the minimum milling
force, followed by SiO, nanoparticles. The surface rough-
ness value of the Al,O; nanofluid is the smallest, whereas
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Fig.3 Lubrication mechanism of stratiform nanoparticles [46]

that of the MQL is the largest. The surface roughness
values of the six nanofluids are in the following order:
Al,05 <Si0, <MoS, < CNTs < graphite < SiC. Yuan et al.
[51] prepared nanofluids by mixing four types of nanoparti-
cles (Cu, graphene, MoS,, and Al,0O5) at two concentrations
(1% and 2%) with native — 77 vegetable oil. During MQL
milling of the Ti-6Al-4 V alloy, the nanofluid machining
performance was evaluated in terms of cutting force and
surface roughness reduction. From the analysis, it can be
seen that Cu and graphite nanoparticles have a greater effect
in reducing the cutting force and surface roughness. Confir-
mation tests revealed that Cu nanofluids reduced the cutting
force and surface roughness by 8.84% and 14.74%, respec-
tively. The graphite nanofluid reduced the cutting force and
surface roughness by 5.51% and 21.96%, respectively. Yin
et al. [52] conducted an experimental study on the milling
of Ti-6Al-4 V. The results show that Al,O; nanoparticles
exhibit high hardness, which is beneficial for reducing mill-
ing force. SiO, nanofluids exhibit high viscosity, which can
improve the surface quality of the workpiece. Figure 4 shows
that the Al content on the workpiece surface under Al,O4
NMOQL milling is 3.93% higher than that under MQL mill-
ing. Therefore, a large number of Al,0; NMQL and Al,O4
nanoparticles deposited on the workpiece surface during
processing are conducive to the formation of lubrication

films. On the workpiece surface, aluminum forms a depo-
sition of elements used to form the lubrication film, thus
improving lubrication performance. In contrast, the S con-
tent on the workpiece surface is relatively low under MoS,
NMQL. Under SiO, and SiC NMQL, the Si contents on the
workpiece are 0.31% and 0.09%, respectively. These results
indicate that the nanoparticles cannot be stably deposited on
the workpiece surface under these working conditions. The
best workpiece surface quality was obtained by milling SiO,
NMQL, which indicates a better lubrication performance
of the SiO, NMQL. However, the formed lubrication film
cannot stably adhere to the workpiece surface. The carbon
content of the workpiece surface under CNT and graphite
NMQL reaches 4.72% and 5.31%, respectively, but the qual-
ity of the workpiece surface is poor.

In the grinding process, Li et al. [53] studied the effect
of different palm oil-based NMQL on the surface grinding
temperature of nickel-based alloys. Six types of nanopar-
ticles, namely MoS,, ZnO, CNTs, ND, Al,O;, and SiO,,
were used to prepare the nanofluids. The results show that
the lowest grinding temperature of the CNT NMQL is
110.7 °C. Lee et al. [54] studied the characteristics of the
NMQL microgrinding process through numerous experi-
ments. A series of experiments with a CBN wheel and tool
steel workpiece were conducted in a miniaturized table
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Fig.4 Workpiece surfaces under different working conditions [52]

grinding machine system. The results show that ND nano-
particles can reduce the grinding force more effectively
than Al,0O; nanoparticles. Moreover, the study also shows
that Al,0O5 nanoparticles seem to be more effective than
ND particles in reducing the surface roughness, especially
at larger sizes. This may be because the hardness of the
Al,O5 nanoparticles is lower than that of the ND particles.

For other machining methods, Ni et al. [55] conducted
an experimental comparison of the processing properties
of three sesame oil-based nanofluids containing Fe;0,,
Al,03, and carbon nanoparticles. Broach AISI 1045 steel
under MQL lubrication was used. The results show that the
carbon nanofluid exhibits the best lubrication effect. The
average broaching load peak value and load valley value
are reduced by 725 N and 614 N, which are 115.7% and
118.5% lower than those of the commercial cutting fluid,
respectively. The root mean square error of the broach
vibration signal is 36.15% lower than that of the com-
mercial cutting fluid. Moreover, the best surface quality
is obtained. Pal et al. [56] compared the performance of
Al,O3, MoS,, SiO,, CuO, and graphene nanoparticles in
drilling AISI 321 steel. Among the nanofluids mentioned
above, Al,O; NMQL provides excellent cooling lubrica-
tion and enhanced machining performance, followed by
MoS,, Si0,, CuO, and graphene.

2. Shape and size
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Nanofluids play a crucial role in frictional interfaces
during machining. Therefore, there is a consensus on the
shape of the nanoparticles. Even with different mechanisms,
spherical nanoparticles always behave well. Pal et al. [56]
showed that the Al,O5 nanoparticle rolling or ball bearing
mechanism improves the drilling processing performance.
The experimental results of Virdi et al. [57] for Inconel-718
grinding also verified this statement. Musavi et al. [58] also
found that the surface quality of superalloys obtained by
NMQL processing using spherical CuO nanoparticles is bet-
ter. As shown in Fig. 5, Tevet et al. [59] studied the tribologi-
cal characteristics of layered-structured nanoparticles. The
results show that the nanoparticles exhibit rolling, sliding,
and peeling behaviors under boundary lubrication condi-
tions. It is suggested that the viscosity and wear behavior
of the friction interface can be improved by increasing the
sphericity of the nanoparticles. Similarly, Fan et al. [60]
experimentally characterized and analyzed that spherical
nanoparticles can significantly reduce friction and wear.
Kao and Lin [61] studied the tribological characteristics of
TiO, nanofluids in cast iron. The results show that the COF
obtained with nanofluids is always lower than that obtained
without nanoparticle oil, even though viscosity loss is
caused by the temperature increase. Nanoparticles provide
a rolling function and surface repair and add more viscosity
as a lubricant. Spherical TiO, nanoparticles are suitable as
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suspensions for tribological and lubrication applications in
the mechanical industry. Moreover, an experimental study
of Ti-6Al-4 V milling by Yin et al. [52] specifically showed
that spherical Al,O; and SiO, nanoparticles improved the
lubrication effect of the base oil.

Regarding the size of the nanoparticles, there are some
contradictions in the current research. It is agreed that the
processability of nanometer solid particles is better than that
of micron solid particles. However, the size of nanoparticles
has been debated. Compared with traditional micron-scale
mixed fluids, nanofluids have the following advantages [62].
First, the specific surface area of the nanoparticles is larger,
and the heat transfer performance is better. Second, they
are more stable and difficult to settle. Then, they reduce the
blockage of the supply system and promote the miniaturi-
zation of the system. The small size of the nanoparticles
contributes to the transfer of heat energy during the cutting
process [63]. In a recent study, a theoretical model of the
grinding temperature field established by Yang et al. [64]
confirmed this point of view. A study by Khajehzadeh et al.
[65] on turning AISI 4140 hardened steel with a water-based
TiO, nanofluid showed that the average reduction in tool
side wear decreased from 46.2 to 34.8% as the nanoparticle
size increased from 10 to 50 nm. Dubey et al. [66] used two
different particle sizes in the nanofluid configuration to turn
AISI 304 steel. The experimental results show that the sur-
face roughness obtained from the 40 nm Al,O; particle size
is lower than that of the 30 nm alumina particle size. Lee
et al. [54] suggested that the nanoparticle size is more criti-
cal than the bulk concentration for the surface roughness.
In the case of nanofluid MQL, smaller nanoparticles can be
more effective for producing smoother surfaces.

In another set of studies, conclusions were dialectical.
Mao et al. [67] found that when the diameter of the nano-
particles increased, the tangential grinding force decreased
slightly, and the peak grinding temperatures were similar.

However, as the nanoparticle diameter increased, the sur-
face finish deteriorated. Yuan et al. [68] considered that
large nanoparticles make the contact surface relatively flat
and generate a low cutting force. In this respect, the larger
nanoparticles reduce the cutting force more effectively. For
soybean oil- and rapeseed oil-based nanofluids, nanoparti-
cles with a smaller size (SiC) are preferred to obtain bet-
ter surface quality. Because of the large size of the high-
hardness diamond combined with the low viscosity of the
base fluid, the scraping effect on the workpiece surface is
greater. However, when the viscosity of the base oil is suffi-
cient, such as in natural oil 77, the size effect is significantly
reduced. When combined with a high-viscosity base fluid,
large nanoparticles are surrounded by oil molecules, which
weaken the adverse size effect of the nanoparticles. In gen-
eral, nanoparticles with a larger size can achieve a lower cut-
ting force but poorer surface quality. To reduce the adverse
size effect of nanoparticles in the MQL processing of nano-
fluids, base fluids with high viscosity should be selected
to cooperate with larger-sized nanoparticles. Lee et al. [69]
studied the machining performance of nanofluid airflow-
assisted electrostatic atomization lubrication for titanium
alloy microgrinding. The results show that larger nanodia-
mond particles (80 nm) are more conducive for enhancing
the performance of nanofluids during grinding. In conclu-
sion, nanoparticles of different sizes have different mecha-
nisms of action at the frictional interface. The orientation of
the machining results should be evaluated before selecting
the size of the nanoparticles. As shown in Fig. 6, when the
size of the nanodiamond particles is small (35 nm), owing
to the high surface roughness of the workpiece, they may not
effectively penetrate the contact area between the workpiece
and grinding tool grit. As a result, they do not provide a suf-
ficient ball-bearing effect for the contact area, which may
be worse at low weight concentrations. Therefore, there was
no substantial improvement in the friction behavior of the
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Fig. 6 Interface between work-
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]
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contact area. On the other hand, larger nanodiamond parti-
cles (80 nm) can stay in the contact area more effectively and
provide a sufficient ball bearing effect. In other words, the
size of nanodiamond particles should be sufficiently large
to match the surface roughness of the workpiece to ensure
the positive impact of nanofluids. However, if the larger
nanodiamond particles exceed the optimal amount at a high
weight concentration, they may cause a scratch effect, and
the ground may become slightly rough.

3. Special requirements

Some special properties also make the selection of mate-
rials for nanoparticles fascinating. For example, Fe;0,
nanoparticles can be directed by applying a magnetic field,
which allows precise control of the region of action. Mag-
netic fluids are stable colloidal systems composed of mag-
netic nanoparticles coated with surfactants that are dispersed
in a carrier liquid. By applying an external magnetic field,
fluids can be confined, positioned, shaped, and controlled at
the desired locations. The load capacity of the magnetofluid
lubrication film can also be increased using an appropriate
magnetic field. The distribution of the magnetic field inten-
sity on the friction surface significantly affects the tribologi-
cal properties of the magnetofluid. The experimental results
show that compared with the carrier liquid, the magnetofluid
has better anti-friction performance in the presence of an
external magnetic field, and the life of the friction parts can
be greatly improved [70]. Xu et al. [71] used a magnetic fluid
as a lubricant to improve the operation performance of ball
bearings under the condition of lack of lubrication. The dif-
fusion resistance of the lubricant on the bearing was evalu-
ated via centrifugation. Preliminary experiments showed
that magnetic fluids can be used to reduce lubricant loss
under appropriate magnetic fields.

Lv et al. [72] proposed a new lubrication strategy for
magnetic MQL using a water-based Fe;O, nanofluid as
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the cutting fluid. The effects of different magnetic induc-
tions on the dynamic viscosity and atomization properties
of the nanofluid were studied. The results show that the
water-based Fe;O, nanofluid has a higher dynamic viscos-
ity and larger droplet size at a higher magnetic induction
intensity. Water-based Fe;0, NMQL with magnetic induc-
tion of 60 to 100 mT shows lower PM10 and PM2.5, tool
wear, milling forces, and surface roughness values than
LB-2000 vegetable oils applied in MQL. Guo et al. [73]
superimposed an external magnetic field on a microtex-
tured tool to facilitate the infiltration of magnetic nanoflu-
ids into the microtextured tool-chip interface. As shown
in Fig. 7, the effects of different magnetic field param-
eters on the machining characteristics of microtextured
tools under magnetic nanofluid lubrication were studied.
The results show that magnetic nanofluids can effectively
migrate to the microtextured tool-chip interface under an
applied magnetic field. Thus, the derivative cutting degree
caused by the microtextured tool can be effectively sup-
pressed. The machining characteristics of the textured
tool gradually improved as the magnetic field strength
increased from 300 to 1200. Moreover, the permeability
mechanism of magnetic nanofluids at the microtextured
tool-chip interface under different magnetic field param-
eters is also discussed.

To summarize, the boundary conditions of the machin-
ing process must be considered. At high temperatures, high
pressures, and high-speed boundaries, lubrication and heat
transfer requirements need to be considered. Therefore,
nanoparticles as an excellent heat transfer medium and
superhard particles are recommended for use under severe
friction conditions. Solid lubricant-type nanoparticles with
multilayer structures that can effectively transfer the friction
state of frictional interface components are recommended
for other interfaces.
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2.1.2 Base fluid

In the preparation of nanofluids, water, ethylene glycol, and
oil are excellent solvents for dispersing nanoparticles. For
machining-oriented nanofluids, water- and oil-based nano-
fluids coexist. Oil-based nanofluids have the advantage
of ensuring lubrication, whereas water-based nanofluids
improve the availability of nanofluids because water is read-
ily available and inexpensive. Mao et al. [67] systematically
analyzed the influence of nanofluid parameters on grinding
performance. The experimental results show that the lubri-
cation performance of water-based nanofluids is worse than
that of oil-based nanofluids, but the cooling effect is the
opposite. First, water-based nanofluids are not suitable for
processing rusty parts. Second, the use of water-based nano-
particles alone cannot satisfy the lubrication requirements
at the interface of intense friction. Najiha et al. [74] stated
that the use of water-based nanofluids, with the help of water
cooling and nanoparticle lubrication, can achieve oil-based
MQL cutting of aluminum alloy materials. However, the
lubrication performance of oil-based MQL can be further
improved by adding a nanoreinforced phase.

Water-based nanofluids have been widely used in elec-
trostatic atomization MQL. Lv et al. [75] found that the oil
mist concentration of graphene water-based nanofluids was
lower than that of oil-based electrostatic atomization MQL.
The deposition performance of the charged droplets was
improved in the presence of graphene. Moreover, Xu et al.
found that water-based Al,O; and SiO, nanofluids have a

/Derivative

Micro-textured tool

MNF  Chip

. Debris A ®
Micro-textured tool P = ) \/
\ @®ae 8 § 0 A
Workpiece ~ Workpiece Workpiece

Derivative cutting

Chip Rake face

Cuting movngSqueezed
direction) s;)]micle

Tool moving Squeezed
direction ~ particle

coo

Tool moving direction

MNF coolant droplet

strong charging capacity, exhibit lower surface tension and
contact angle, and better oil mist inhibition ability [75, 76].
Some scholars have also carried out research on the electro-
static atomization of vegetable oil [77-79]. Lee et al. [69]
considered that diamond nanofluid droplets can be injected
into the grinding wheel-workpiece contact area more effec-
tively and stably, and this technology improves the surface
roughness of the workpiece. In this study, the base fluid was
a mixture of vegetable oil and isopropyl alcohol. Lv et al.
[80] considered that the superior performance of graphene
nanofluid lubricant by electrostatic atomization was due to
the enhanced penetration and deposition of the nanofluid at
the frictional interface by electrostatic atomization. In this
study, LB-2000 vegetable oil was used as the base fluid.
End milling of Inconel 718 by Shokrani et al. [81] showed
that charged WS, nanofluids increased tool life by 10%
and significantly improved surface integrity. From exist-
ing research, oil-based nanofluids have higher requirements
for charging voltage, which has raised the requirements for
device stability.

In traditional ultrasonic atomization, the low viscosity
and surface tension of water-based fluids make them easier
to break into droplets. Huang et al. carried out ultrasonic
atomization processing of water-based nanofluids and suc-
cessively optimized the process parameters of grinding and
micromilling [82—85]. It has been shown that nanographene
has excellent thermal conductivity, and the heat in the cut-
ting/grinding zone is carried out by the nanofluid, which
reduces thermal damage to the tool and thereby reduces tool
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wear. Ultrasonic atomization effectively disperses nano-
particles in the nanofluid and maximizes the heat transfer
performance. In recent studies, Hadad et al. [86] and Lefe-
bure et al. [§7] developed novel devices to overcome these
defects. Hadad et al. [86] developed an ultrasonic atomiza-
tion MQL nozzle that used the Venturi effect to generate
primary atomization and enhanced secondary atomization
by high-frequency vibration of the resonant surface of the
nozzle tip. Therefore, compared with the traditional aero-
solized MQL system, the particle size of the vegetable oil
droplets is smaller, and the distribution is more uniform.
Lefebure et al. [87] carried out a study on the atomization
performance of biodegradable biolubricants with ultrasonic
atomization MQL. The results show that the size distribution
of the atomized droplets is affected by the mesh size, driving
voltage, and lubricant viscosity. The droplet size decreases
with an increase in voltage. At low voltages, viscosity had no
effect on the average droplet diameter, but there was a signif-
icant positive correlation at high voltages. The droplet size
will be greatly increased significantly with an increase in the
vibration net aperture. There are few reports on the applica-
tion of ultrasonic atomization to vegetable oil nanofluids
during processing. However, with the help of new devices,
this technology will be studied further in the near future.
Oil-based nanofluids can be divided into vegetable and
mineral oil-based nanofluids. The discussion on vegetable
and mineral oils has been clarified by Zhang et al. [88] and
Wang et al. [62] in a previous review. Mineral oils are not
recommended for further use, whereas vegetable oils have
broad application prospects. Gaurav et al. [89] investigated
the performance of a Jojoba oil-based MoS, nanofluid in
Ti-6Al-4 V turning. The results show that jojoba oil also
acts as a strong and sustainable alternative to commercial
mineral oil in turning under pure oil and nanofluid condi-
tions. The long-chain fatty acid structure, excellent ther-
mal oxidation stability, high viscosity index, and layered
structure reduce the cutting force, surface roughness, and
tool wear by 35-47%. Padmini et al. [90] compared MoS,
nanofluids with three plant-based oils (coconut, sesame,
and rapeseed) for turning AISI 1040 steel. The results show
that the coconut oil-based nanofluid has the best processing
performance. Compared with rapeseed oil-based nanofluid,
tool wear was reduced by 31.58%. Su et al. [91] studied
the effect of vegetable oil- and ester oil-based nanofluids
on the cutting force and temperature in AISI 1045 turning.
Graphite-LB2000 and graphite-Prieco6000 nanofluids were
prepared using a two-step method. The experimental results
show that the cutting force and temperature are significantly
reduced using graphite-based nanofluids. Compared to
PriEco6000 unsaturated polyol esters, LB2000 vegetable
oil is the best base oil for graphite-based nanofluid process-
ing. Yuan et al. [68] selected nanoparticles with different
hardnesses and vegetable oils with different viscosities as
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nanofluids for the milling of aviation aluminum alloy 7050.
The results show that, compared with the dry processing
conditions, the cutting force of rapeseed oil-based NMQL
is the lowest, while the surface roughness of natural 77 oil-
based diamond nanofluid is the lowest, which decreases by
10.71% and 14.92%, respectively. Yin et al. [92, 93] sys-
tematically revealed the lubrication mechanisms of different
vegetable oils with different physicochemical properties at
the tool-workpiece interface. To verify the interfacial lubri-
cation characteristics of different vegetable oils, MQL mill-
ing experiments were performed on AISI 1045 using five
vegetable oils: cottonseed, palm, castor, soybean, and peanut
oils. The experimental results show that palm oil obtains the
lowest milling force, COF, and surface roughness values and
the smoothest workpiece surface. SEM images of the work-
piece surfaces under different conditions are shown in Fig. 8.
Moreover, the physicochemical properties (composition,
molecular structure, viscosity, surface tension, and contact
angle) of vegetable oil were analyzed. Palm oil with a high
saturated fatty acid content, high viscosity, and small contact
angle formed a lubricating film with the highest strength and
largest diffusion area at the tool-workpiece interface. There-
fore, palm oil can achieve the best lubrication effect. Dong
et al. [94] studied the milling temperature of 45 steel using
cottonseed, palm, castor, soybean, and peanut oils as base
oils. The results demonstrate the advantages of biological
lubricants as base oils, especially cottonseed oil, palm oil,
and castor oil, which can be used as base oils for milling.
Zhang et al. [95] compared the processing performance of
different oils based on grinding 45 steel and discussed the
lubricating performance of soybean oil, palm oil, and rape-
seed oil as base oils and liquid paraffin. The experimental
results show that palm oil-based nanofluids generate the best
lubrication performance under MQL conditions because of
the high saturated fatty acids and high film-forming proper-
ties of the carboxyl groups in palm oil. Because viscosity has
different effects on lubrication and heat transfer properties,
high-viscosity nanofluids significantly reduce the heat trans-
fer performance while improving the lubrication properties.
Considering the lubrication and heat transfer performance,
soybean oil with the lowest viscosity is the best choice for
the base oil. Moreover, Zhang et al. [96] used the COF,
specific friction energy, total heat flux, and grinding peak
temperature as evaluation parameters to comprehensively
analyze the influence of the physical properties (viscosity
and surface tension) of vegetable oil on the cooling effect.
Vegetable oil nanofluids exhibit better cooling properties
than mineral oils because of their beneficial effects on
fatty acid molecules. Moreover, the influence mechanism
of viscosity and surface tension on the cooling properties
of nanofluids is also discussed. Vegetable oils with a low
viscosity and surface tension exhibit good cooling proper-
ties, whereas those with a high viscosity and surface tension



The International Journal of Advanced Manufacturing Technology (2024) 131:3113-3164 3123

(b)palm oil

(a)cottonseed oil

peel off ‘\O

scratch

(d)soybean oil

burns

scratch

scrateh

$3400.20.0kV 9.2mm x1:00k SE 9/25/2018 17

smooth surface

= i éz peel off

(e)peanut oil jE=

(c)castor oil

< _.,_5.77 burns

—scratch—

burns

peel off

scratch

$3400 20.0kV-18.0mm x1.00k SE~9/25/2018 17:20

Fig.8 SEM images of the workpiece surfaces under different conditions [92]

exhibit good lubrication properties. As a result, palm oil
nanofluids with high viscosity and surface tension achieved
the lowest COF, specific friction energy, and peak grinding
temperature and exhibited superior grinding performance
compared to other products. Wang et al. [97] used seven
typical vegetable oils (soybean, peanut, corn, rapeseed,
palm, castor, and sunflower oil) as the base fluid to experi-
mentally evaluate the friction characteristics of the grinding
wheel-workpiece interface in the grinding of nickel-based
alloy GH4169. The experimental results show that MQL
grinding using vegetable oil achieves a lower COF, specific
grinding energy, and grinding wheel wear than the flooding
condition. Castor oil achieves the best lubrication perfor-
mance and workpiece surface quality. The COF and specific
grinding energy of castor oil decrease by 50.1% and 49.4%,
respectively, compared to flood conditions. Corn oil had the
highest G ratio (29.15).

In this study, the application of blended vegetable oil in
processing is presented. Guo et al. [98] used castor oil as
the base oil and mixed it in a 1:1 ratio with six types of
vegetable oils (soybean, corn, peanut, sunflower, palm, and
rapeseed oil). GH4169 was used as the workpiece to evaluate
the lubrication performance in the grinding zone. The results
show that the comprehensive lubrication performance of the
mixed oil is better than that of castor oil, and soybean/castor
oil shows the best performance. As shown in Fig. 9, com-
pared to castor oil, the specific grinding force and specific
normal grinding force decreased by 27.03% and 23.15%,
respectively. The workpiece surface profile curves obtained

under four working conditions (castor oil, castor/soybean
oil, castor/corn oil, and castor/palm oil) were analyzed. The
amplitude of the surface profile curve of castor/soybean oil
was larger, and the correlation coefficient was higher than
those of the other mixed oils. Consequently, the workpiece
exhibited the best surface quality. Guo et al. [99] also pre-
pared seven castor/soybean oil mixtures with volume ratios
of 1:0.5 and 1:4 for MQL grinding of nickel-based alloys.
The viscosity and tribological behavior of the blended oil
were compared with those of pure castor oil. The results
show that the optimal castor/soybean volume ratios are
1:0.5, 1:1, 1:1.5, and 1:2. The maximum fractal dimension
and minimum scale coefficient are realized when the volume
ratio is 1:2. Thus, the optimal volume ratio is determined.
The polar groups in the molecular structure of vegetable
oil can form an adsorption film on the metal surface during
the lubrication process, which has a good lubrication effect.
However, the oxidation of vegetable oil limits its lubrica-
tion performance. The main components of most vegetable
oils are fatty acid glycerides, and the type of fatty acid has
a significant impact on the properties of vegetable oils. The
existence of unsaturated double bonds in the carbon chains
of fatty acids leads to poor oxidation stability. Improving the
antioxidation of vegetable oil has always been a hot issue in
the food and industrial fields, and the addition of antioxi-
dants is undoubtedly the most direct method for enhancing
the oxidation stability of vegetable oil. For example, vita-
min E is used as an antioxidant [99]. Chemical modification
is another method to improve the antioxidant properties of
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vegetable oils. This method focuses on the chemical reaction
of the carboxyl and carbon chains of unsaturated fatty acids
to change the unsaturated degree, carbon chain length, and
branch of vegetable oil fatty acids to improve the thermal
oxidation stability of vegetable oil. Common modification
methods include hydrogenation, esterification, vulcaniza-
tion, epoxidation, and isomerization [100].

Therefore, water- and oil-based nanofluids are determined
based on the manufacturing boundary conditions. When
lubrication is urgently needed, the application of oil-based
nanofluids is necessary. Subsequently, the selection of the
base fluid should match the supply mode. When electrostatic
and ultrasonic atomization is used, further comprehensive
evaluation is needed, including equipment and processing
requirements.

2.1.3 Synthetic method

Stable suspension of nanofluids is necessary for machining.
Nanofluids can be prepared using both single- and two-step
methods. In the single-step method, the preparation process
of nanoparticles and dispersion of nanoparticles in the base
liquid are completed simultaneously [37]. Nanoparticles
are prepared using physical or chemical methods and are
directly miscible with the base fluid. As shown in Fig. 10,
the two-step method involves the preparation and disper-
sion of nanofluids in two steps [101]. First, nanoparticles
are prepared by vapor deposition, chemical reduction, or
mechanical grinding and then dispersed into the base liquid
by mechanical stirring, ultrasonic vibration, and the addi-
tion of dispersants. Although the two-step method tends to
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accumulate nanoparticles during the preparation process,
it is more economical. The advantages and disadvantages
of the two-step method are also discussed. In this method,
stirring and ultrasonic treatment can reduce the aggregation
of particles, which is a challenge in nanofluid preparation.
Moreover, dispersants were added to enhance the stability
of the nanofluids. Another feature of the two-step process is
that it is well suited for the large-scale production of nano-
fluids. Notably, the two-step process is the most cost-effec-
tive method for preparing nanofluids.

The convenience of this two-step method determines its
wide applicability. The two-step method is widely used for
the preparation of machining-oriented nanofluids. Because
the stability of nanofluids prepared by the one-step method
decreases owing to the long-term transport and storage pro-
cess, it is difficult to accept. The two-step method has been
widely adopted. With the rapid development of nanotech-
nology, there is an urgent need to further reduce the cost of
nanoparticles.

2.1.4 Concentration

The performance characteristics that vary with the concen-
tration of nanofluids are well known. At low concentrations,
the performance improves with an increase in the nanofluid
concentration. However, after reaching a certain concen-
tration, the processing performance does not continue to
improve. Therefore, the unresolved question of the optimal
nanofluid concentration has been extensively studied. The
instability of the nanofluids became apparent when the con-
centration is increased.
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Fig. 10 Two-step preparation method [101]

From a tribological perspective, Talib et al. [102] sug-
gested that hBN particles with low concentrations provided
a thin lubricating film, which transformed the particles from
sliding friction to rolling friction. As shown in Fig. 11, at
low concentrations, the presence of hBN particles provides
lubricating elements that allow them to move parallel to each
other on their own and slide over other particles with rela-
tive ease. The hBN particles filled the valley at the contact
interface, creating a lubricating film that reduced friction
and prevented wear formation, thereby reducing the COF. A
high concentration of hBN particles significantly increases

the COF. This is because the stress concentration gradually
increases with an increase in the hBN concentration. Too
many particles were trapped in the rough valley, restrict-
ing the movement of nearby particles and generating more
force. Compared to 0.05 wt %, 0.1 wt % and 0.5 wt % hBN
particles are considered abrasive, and when it slides along
the contact surface, it creates more damage areas, resulting
in abrasive wear. From the perspective of heat transfer, Li
et al. [103] used CNT nanoparticles to prepare 8 types of
palm oil-based nanofluids with volume fractions of 0.5-4%
for MQL grinding experiments of nickel-based alloys. The

0.05 wt %: Rolling effect

(2)

0.1 wt %: Stress concentration

SOOI,

(b)

0.5 wt %: Abrasive wear

Fig. 11 Lubrication films with various concentrations of hBN particles
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2 vol % nanofluid reached 21.93 N grinding force, the low-
est grinding temperature was 109.8 °C, and the lowest pro-
portion factor was 42.7%. Therefore, the 2 vol % nanofluid
achieved the best lubrication and heat-transfer performance.
From the perspective of the cutting force and surface qual-
ity, Zhang et al. [104] experimentally studied the influence
of nanoparticle concentration on the lubricating properties
of NMQL grinding. Nanofluids with different concentra-
tions of MoS,, CNTs, and the hybrid (MoS,-CNTs) were
prepared. The effects of the nanofluid mass fraction on the
grinding force ratio and workpiece surface quality were
investigated using a nickel-based alloy as the workpiece.
The results show that 8% MoS,-CNTs is the best concentra-
tion of NMQL. Sen et al. [105] mixed Al,O5 nanoparticles at
different concentrations (0.5-5%) with palm oil for Inconel
690 machining. The performance was evaluated in terms of
the surface roughness, specific cutting energy, tool wear, and
cutting temperature. A model based on a fuzzy interference
system was developed to determine the optimal concentra-
tion of Al,O; nanoparticles. The optimum concentration of
Al,0; in MQL milling was 2.5%.

It is noteworthy that some studies have shown that two
key concentration values to improve machining perfor-
mance. Duan et al. [106] studied the effect of cottonseed
oil-based Al,O5 nanofluid concentration on milling force and
workpiece surface quality. NMQL milling experiments were
performed on cottonseed oil-based Al,O; nanofluids with
different mass fractions using 45 steel. The results show that
the minimum milling force is obtained at a concentration of
0.2 wt %. At a concentration of 0.5 wt %, the minimum sur-
face roughness value is obtained, and the micromorphology
of the workpiece/chip is the best. Roushan et al. [107] used
water-based CuO nanofluids for the microend milling of Ti-
6Al-4 V. The results show that at a low concentration (0.25
vol %), the surface roughness of the workpiece is the small-
est, and at a higher concentration (1 vol %), the tool wear and
stacking edge formation are reduced. Virdi et al. [57] studied
the working grinding of Inconel-718 using plant oil-based
Al,O; nanofluids. It can be seen from the results that the
surface roughness value is better when the concentration of
nanoparticles is 0.5 wt %. However, compared with overflow
cooling, the G ratio, grinding energy, and tangential force
increased with a 1 wt % concentration of nanoparticles in
the NMQL condition.

In general, as the concentration of nanoparticles contin-
ues to increase, the instability of nanofluids becomes very
obvious, and the academic community has a strong consen-
sus on this [58, 108—114]. However, the optimal concentra-
tions obtained in different studies are different. The stable
suspension gradually undergoes flocculation, condensation,
precipitation, and phase separation. In the field of machin-
ing, the optimal concentration is influenced by many fac-
tors, such as the processing parameters, properties of the
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nanoparticles and base solution, and storage environment.
An analysis of existing research shows that there are prob-
ably two key concentrations that require attention. Scholars
in the field of recommendation have jointly promoted the
establishment of databases to provide the latest concentra-
tion recommendation tables for engineering applications.

2.1.5 Hybrid nanofluids

Researchers have a positive attitude toward hybrid nano-
fluids owing to their excellent thermal and tribological
properties [115, 116]. Singh et al. [117] developed hybrid
nanofluids with better thermal and tribological properties by
mixing Al,O5-based nanofluids with graphene nanosheets at
volume concentrations of 0.25, 0.75, and 1.25 vol %. As the
nanoparticle concentration increased, the thermal conductiv-
ity and viscosity increased. The thermal conductivity of the
hybrid nanofluids is lower than that of its composition, and
the viscosity is between that of its composition. Tribologi-
cal tests confirmed that the wear decreased with increasing
nanoparticle concentration, and the hybrid nanofluid pro-
duced the smallest amount of wear. Compared with Al,O5
nanofluids and base fluids, hybrid nanofluids exhibit better
wettability. Sharma et al. [118] found that compared with
Al,O5 nanofluids, the cutting force, feed force, thrust force,
and surface roughness of an Al,05/MoS, hybrid nanocutting
fluid were significantly reduced. Sharma et al. [119] tested
the thermophysical properties of the prepared hybrid nano-
fluids. The tribological behavior and spreadability of all the
nanofluid samples were investigated using needle disk tests
and contact angle measurements. The results show that an
increase in the concentration of nanoparticles in the cutting
fluid reduces wear, and the hybrid nanofluids have the lowest
wear. Junankar et al. [120] found that compared with CuO
and ZnO nanofluids, the surface roughness of hybrid nano-
fluids was reduced by 65% and 60%, respectively. Moreover,
under the hybrid nanofluids condition, the cutting tempera-
ture is reduced by 11% and 13%, respectively, compared
with CuO and ZnO nanofluids. Thakur et al. [121] found that
MQL based on an Al,0;-CuO hybrid nanofluid could sig-
nificantly improve the surface quality and reduce the cutting
temperature and cutting force. Dubey et al. [122] conducted
an NMQL turning experiment on AISI 304 steel. The results
show that the use of hybrid nanomaterials (Al,O5/graphene)
results in an approximately 13% reduction in force, a 31%
reduction in surface roughness, and a 14% reduction in tem-
perature compared with the Al,O; nanofluid.

In addition, some innovative research needs attention.
Sirin et al. [123] studied the machining properties of an
Inconel X-750 superalloy using hBN, graphene, and MoS,
nanoparticles with different shapes and properties. Accord-
ing to the experimental results, the hBN/graphene hybrid
nanofluids are superior to the hBN/MoS, and graphene/
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MoS, conditions in all performance criteria. The tool life
of hBN/graphene nanofluids was improved by 36.17% and
6.08% compared with graphene/MoS, and hBN/MoS,
nanofluids, respectively. Safiei et al. [124] attempted to
improve the processing performance using a combination
of Si0,-Al,0;-Zr0O, tri-hybrid nanofluids and MQL tech-
nology. Tri-hybrid nanofluids produce a high-quality sur-
face finish and reduce the cutting temperature using optimal
machining parameters. In this process, the surface roughness
value is reduced by 28-75% compared with other lubrication
techniques. Zhang et al. [125] studied the performance of
Al,05/SiC hybrid NMQL grinding of nickel-based alloys.
The results show that, owing to the physical synergistic
effect, the surface roughness obtained by the hybrid nano-
fluid consisting of Al,O5 and SiC is lower. Based on these
findings, an optimal mixing ratio is determined. As shown
in Fig. 12, the Al,0,/SiC (2:1) nanofluid had the lowest
specific grinding energy, indicating the best lubrication
performance. Zhang et al. [126] optimized the size ratio of
hybrid nanoparticles to improve the lubrication performance
of MQL grinding. The experimental results show that the
effects of different Al,05/SiC mixed-particle sizes on the
grinding performance of NMQL are different. When the size
ratio of the Al,05/SiC mixture is 70:30, the highest removal
rate and lowest Rg,, of the workpiece are achieved. The low-
est R, value is obtained at 50:30. The best morphology and
largest droplet wetting area are obtained at 30:70. Moreover,
the cross-correlation function curve of the workpiece surface
profile at 30:70 has the shortest period, largest amplitude,
and largest number of correlations (0.67), indicating that
the workpiece surface quality is the best. Therefore, 30:70
is the optimal size ratio for the Al,0,/SiC mixed nanofluids.

The excellent performance of hybrid nanofluids has been
repeatedly demonstrated. According to the mechanism of
different nanoparticles in processing, multifunctional and

comprehensive nanofluids can be realized. The scientific col-
location of different nanoparticles is a problem that needs
to be solved. First, machining-oriented requirements should
be better summarized, such as which materials and process-
ing parameters require lubrication as the main factor and
which are oriented by cooling requirements. Furthermore,
unlike hybrid nanofluids, core—shell nanoparticles can com-
bine different materials in a single nanoparticle. Core—shell
nanoparticles are a new research direction. For example,
core—shell nanoparticles of iron oxide and other film layers
can not only realize a magnetic field-controlled fluid but
also complete the functional application of the film layer at
the friction interface. These studies may not be applicable
to industry in the short term, but they provide a new way to
solve the problem. There may also be new phenomena that
promote technological innovation and progress.

2.1.6 Stability

The stability of nanofluids is a key factor that affects the
machining performance. Figure 13 shows the agglomera-
tion of nanoparticles. Winding and agglomeration limit the
tribological properties of nanofluids. These limitations can
be addressed mechanically and chemically, with the excep-
tion of controlling the concentration of the nanoadded phase.

1. Mechanical and ultrasonic methods

The mechanical dispersion method involves dispersing
nanoparticles in a liquid medium by means of mechani-
cal energy, such as shear force or collision force, such as
ball milling and mechanical stirring. The ultrasonic dis-
persion method involves placing the nanofluid directly in
an ultrasonic field and using the appropriate frequency of
ultrasonic waves to vibrate the nanoparticles. Thus, the
mutual attraction between nanoparticles can be overcome,
and the balance between particles in the original particle

(@)

Abrasive
—_— 3
ALO;
SiC
ALO;

Physical
encapsulation

~
=2
~—
=
)
)
J

92.43

3

Specific grinding energy (J/mm°)

82.61

804 75.93

72.72

60.08
60

40

20

ALO, SiC  Mix(1:1) Mix(1:2) Mix(2:1)

Fig. 12 Properties and mechanism of hybrid nanofluids [125]

@ Springer



3128

The International Journal of Advanced Manufacturing Technology (2024) 131:3113-3164

Fig. 13 The agglomeration of
nanoparticles [106]
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cluster and between particles and the base liquid molecules
can be destroyed so that the nanoparticles can be dispersed
into the base liquid. Homogenization of nanofluid suspen-
sions by ultrasonic vibration is widely used in the field of
manufacturing. Acoustic cavitation caused by ultrasonic
treatment generates a strong shear force that decomposes
agglomerates. In general, acoustic cavitation in a liquid can
improve the diffusion rate and produce highly concentrated
and uniform dispersions of materials with micron or nanom-
eter sizes in the base liquid. Noroozi et al. [127] found that
using a more powerful ultrasound probe can improve the
thermal diffusivity and stability of nanofluids compared with
bath ultrasound. Mondragon et al. [128] believed that one
of the required conditions for the production of stable SiO,
nanofluids with a certain solid content was a 5-min high-
energy treatment with an ultrasonic probe. Mahbubul et al.
[129] reported the application of ultrasonic conditions to the
dispersion of Al,O5 nanoparticles in water using a two-step
method. The prepared samples were treated with an ultra-
sonic horn for 1-5 h with amplitudes of 25% and 50%. The
results show that when the amplitude is 50%, the maximum
ultrasonic energy is obtained when the nanoparticles last for
3 h. When the sonar power is 50%, the particle dispersion

Fig. 14 Nanofluids and stabiliz-
ers [131]
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is good. When the amplitude is 50% and 25%, the optimal
durations are 3 h and 5 h, respectively. Mao et al. [130]
found that the suspension stability of nanofluids is poor
under short-term ultrasonic vibrations. When the ultrasonic
vibration time exceeds 0.5 h, nanofluids with good suspen-
sion stability can be obtained.

2. Dispersant

Figure 14 shows that the surfactant disperses the nanopar-
ticles appropriately through hydrophobic surface forces or
electrostatic repulsion forces [131]. Mao et al. [130] found
that when the sodium dodecyl benzene sulfonate (SDBS)
concentration was low, higher SDBS concentrations led to
better suspension stability of the nanofluid. However, when
the concentration of SDBS exceeded 0.5%, supersaturated
adsorption occurred on the nanoparticle surface. As a result,
the suspension stability of the nanofluid deteriorated with
an increase in SDBS concentration. When the pH value is
lower than 7, the suspension stability of the nanofluid is
significantly improved with increasing pH value. When the
pH was higher than 7, sedimentation appeared clearly in the
dispersed system. The morphology of the Al,O; nanopar-
ticles in the dispersion system was analyzed by scanning
electron microscopy. It was found that some large aggregates
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appeared in the dispersive system without dispersant appli-
cation. Moreover, Al,O; nanoparticles were uniformly
dispersed in the dispersion system with the addition of a
dispersant. Shabgard et al. [132] showed that the applica-
tion of 1 vol% gum Arabic (GA) as a surfactant provided
significant suspension stability for a long time, even without
ultrasonic homogenization. Shukla et al. [133] investigated
the effects of MoO,/water nanofluids mixed with six differ-
ent surfactants on the tribological and machining properties
of AISI 304 steel during turning. The optimum values of
the mixture ratio and volume concentration were obtained
by zeta potential and thermal conductivity tests. The results
show that the SPAN20 surfactant provides the best machin-
ing performance at mixing ratios of 3:2 and 0.45 vol %. The
mean cutting force and tool wear are significantly reduced
by 32.05% and 53%, respectively, and the minimum surface
roughness is 1.21 pm. Musavi et al. [58] evaluated the per-
formance of nanofluids in superalloy machining by using
surfactants as additive elements. Nanofluid solutions were
prepared using nanosized CuO and nanosized SiO, nano-
particles with different volume fractions. Sodium dodecyl
sulfate (SDS) was selected as a suitable surfactant for polar
fluids. Compared to nanofluids without surfactants and
conventional fluids, enhanced nanofluids can significantly
improve the cutting mechanism. The main reason for this
phenomenon can be attributed to the high ability of the sur-
factant to disperse nanoparticles in the fluid and to prevent
the aggregation of nanoparticles. After a short time, the
nanoparticles in the nanofluid have no surfactant attached
to other particles, forming a large mass (nanoparticle aggre-
gation) and resulting in rapid nanoparticle sedimentation.
Through nanoparticle deposition, the environment becomes
nanoparticle free and has properties and capabilities that are
similar to those of conventional fluids. Behera et al. [134]
studied the spreading behavior and correlation between the
surface tension and surface energy of Al,O; nanofluids with
different surfactants on tungsten carbide cutting blades and
Inconel 718. The results show that the diffusion parameters
of the nanofluid vary linearly with the surface tension of the
cutting tool. The processing results obtained in this study
were interpreted in terms of the spreading coefficient, and
the best wetting behavior was observed when a nonionic
surfactant was used to add the nanofluids. Therefore, the
Inconel 718 machining experiments using the nanofluids
described above showed the lowest COF, tool wear, and
chip curl radius.

To compare the performance of different dispersants,
Amrita et al. [135] measured the thermal conductivity of
graphene-dispersed emulsified oil by varying the surfactant
type. Based on the surfactant used, the thermal conductivity
of 0.1 wt % graphene dispersed emulsifier oil was found to
be Triton X100 (TX100) >GA > SO > SDBS > cetyltrimeth-
ylammonium bromide (CTAB). Gao et al. [136] analyzed the

dispersion mechanism of different surfactants and evaluated
the dispersion stability and tribological properties of palm
oil-based CNTs nanofluids. The results show that the nano-
fluid containing APE-10 has the highest viscosity, lowest
COF, smallest roughness value, and good surface morphol-
ogy, indicating its excellent dispersion stability and friction
properties. Moreover, APE-10 proved to be the best disper-
sant for CNT nanofluids under various experimental condi-
tions. Sirin et al. [137] investigated the effects of dry, base
fluid, single fluid, and mixed nanofluid cooling and lubrica-
tion conditions on the drilling performance of nickel-based
alloys. Two dispersants, SDS and GA, were used for the
performance comparison experiments with two nanoparti-
cles, including graphene nanoplates and hBN. The results
show that the cutting force, hole quality, burr height, and
tool wear are the best when SDS is added to the hBN/gra-
phene hybrid nanofluid. The evaluation of surfactants added
to nanofluids shows that SDS outperforms GA in terms of
machining properties.

In general, the stability of nanofluids is affected by sev-
eral conditions. It is also necessary to use physical disper-
sion, as well as a dispersion medium, for the preparation of
nanofluids. Therefore, new highly stable nanofluidic solvents
need to be developed. Physical methods are widely used in
manufacturing; however, the use of dispersants is relatively
obscure. Some scholars have not used dispersants in their
research, while others have used them irrationally. Special
selection manuals or labels should be provided for the pro-
duction of special dispersants. Therefore, practitioners in the
machining field do not need to study the chemical composi-
tion of the dispersant in depth, and the appropriate disper-
sant medium can be selected through the label. This will be
of great help to enhance the performance of nanofluids and
avoid the waste of resources.

2.2 Fluid performance

The rheological properties of nanofluids directly affect their
ability to enter the cutting zone and their performance in the
processing zone. Viscosity is the ratio of the shear stress to
the shear rate. It is defined as the exchange of energy owing
to molecular adhesion forces and irregular motion in the cut-
ting fluid. Viscosity is a measure of the resistance of a liquid
to flow. The viscosity of the cutting fluid is an important
factor that affects lubrication. During workpiece machining,
the relative motion of the workpiece and tool creates shear
stress in the cutting fluid at the tool-workpiece interface and
thus internal friction in the cutting fluid.

A surface layer is formed at the contact between the liquid
and gas, where mutual attraction or surface tension occurs.
Surface tension helps the liquid surface automatically con-
tract and maintain its spherical shape. Surface tension is
caused by the cohesion between the liquid molecules. Fewer
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molecules are present on the surface than in the liquid. The
molecules are subjected to a force directed at the liquid,
which causes the surface layer to shrink, thereby minimizing
the surface area of the liquid.

2.2.1 Viscosity

A high viscosity reflects greater internal friction. Viscosity
influences the formation of lubricant films. It is difficult for
a cutting fluid with a small viscosity to form a thick and
strong lubricating film on a high-temperature friction sur-
face. Because of its low strength and thickness, the bearing
capacity of the lubricating film is very small. It is easily
destroyed by friction at the tool-workpiece interface, thereby
reducing the lubrication effect and increasing the friction
between the tool and workpiece. Therefore, it is important to
study the effects of different base oil viscosities on the pro-
cessing properties for the selection of nanofluids. Vegetable
oils have different viscosity values owing to the molecular
structure of fatty acids. With an increase in viscosity, the
COF of the corresponding base oil decreases [97]. This trend
is particularly pronounced in castor oil, which has a much
higher viscosity than other base oils. Therefore, the COF
of castor oil is low [98]. High-viscosity fluids exhibit supe-
rior anti-friction and anti-wear effects. Gaurav et al. [89]
attributed the improvement in the performance of jojoba oil
to the structure of long-chain fatty acids, excellent thermal
oxidation stability, and high viscosity index. Cui et al. [46]
studied the tribological properties of graphene nanofluids
at the grinding wheel-workpiece interface through friction
and wear tests. Graphene nanoparticles have a larger specific
surface area, which improves the viscosity of the nanofluid
and lubrication performance. Yin et al. [52] conducted an
experimental study on Ti-6Al-4 V milling to explore the
lubrication properties of different nanofluids. The tribologi-
cal properties of several nanoparticles (Al,O5, MoS,, SiO,,
CNTs, SiC, and graphite) were studied using cottonseed oil
as the base oil. The results show that the surface quality of
the workpiece can be significantly improved owing to the
high viscosity of SiO, nanofluids. In another study, Das et al.
[138] prepared four groups of nanofluids using ZnO, CuO,
Fe,0;, and Al,0; nanoparticles for the hard turning of AISI

Fig. 15 Influence of viscosity
on infiltration [96] ()
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4340 steels. Among the four nanofluids, Al,O; and CuO had
the highest and lowest viscosities, respectively. When com-
paring the four nanofluids used, the CuO nanofluids showed
the best performance, while the Al,O; nanofluid ranked last.
This is negatively correlated with the viscosities of different
fluids. This indicates that viscosity is not the only contribut-
ing factor in machining.

Viscosity also affects the infiltration ability of nanofluids.
The nanofluid droplets enter the cutting zone at a certain
speed and angle. The permeability of the droplets affects
the heat exchange efficiency and thus the heat exchange
ability of the nanofluids. Viscosity is one of the factors
that affect the infiltration ability of nanofluids. Owing to
inertia, the droplets continue to flow forward after enter-
ing the tool-workpiece interface. However, as shown in
Fig. 15, the viscosity force on the contact surface between
the nanofluids and workpiece impedes the displacement of
the droplets. Consequently, high-viscosity fluids have poor
fluidity and short flow distances, making it difficult to pen-
etrate the clearance of the cutting zone [96]. In contrast,
low-viscosity lapping fluids can effectively penetrate these
gaps. Therefore, a low viscosity results in high permeability
of the liquid.

The literature shows that the addition of nanoparticles to
the base fluid results in an increase in the dynamic viscosity
of the nanofluid. Nwoguh et al. [139] introduced the exper-
imental research results of using Al,O5, MoS,, and TiO,
nanoparticles to form nanofluids to enhance the viscosity
and thermal conductivity of high-oleic acid soybean vegeta-
ble oil for machining hard-cutting metals. The results show
that the viscosity of high-oleic acid soybean oil increases
with increasing nanoparticle concentration, but the suspen-
sion stability of the nanofluid decreases. The thickening and
entanglement mechanisms of nanoparticles are responsible
for the viscosity behavior of nanofluids. In the machining
of Inconel-718, lower oil flow rates can be applied because
of the increased viscosity for optimal performance, reduced
power consumption, and reduced negative impact on the
environment. Zhang et al. [95] used nanofluids to grind 45
steel workpieces. The effect of adding MoS, nanoparticles
with a size of 50 nm was studied. The experimental results
show that high-viscosity nanofluids significantly reduce the
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heat transfer performance while improving the lubrication
performance. Considering the lubrication and heat transfer
performance, soybean oil with the lowest viscosity is the
best choice for the base oil. With an increase in the frac-
tion of MoS, in soybean oil, an increase in the viscosity of
nanofluids leads to an improvement in lubrication properties.
However, a fraction that is too high can cause nanoparticles
to agglomerate and destroy the lubrication properties. In the
experiment, 6 wt % was determined to be the best concentra-
tion of MoS, nanoparticles.

Moreover, the viscosity of the nanofluids decreases with
increasing temperature [139, 140]. The main reason for this
decrease is that as the temperature increases, the interac-
tions between the fluid molecules weaken. Bertolini et al.
[140] selected graphene as a nanoadditive phase to prepare
nanofluids. As shown in Fig. 16, the results show that the
viscosity of pure oil can be improved by the addition of
graphene at different temperatures. Meanwhile, the viscosity
decreases with increasing temperature. Therefore, the vis-
cosity index is another nanofluid index to be considered. The
viscosity index indicates the degree to which the viscosity of
a fluid varies with the temperature. A higher viscosity index
is desirable because it indicates little variation in viscosity
over a wide range of temperatures. Conversely, a lower value
of the viscosity index indicates greater viscosity variation
over a wide range of temperatures. This implies that the
lubrication film becomes extremely thin at high tempera-
tures and extremely thick at low temperatures. Talib et al.
[102] found that the presence of hBN in base oil significantly
increased the viscosity index by 2-14% compared to sam-
ples without hBN nanoparticles. The viscosity index value
increased significantly with increasing hBN concentration.
A high viscosity index ensures stable lubrication over a wide
range of operating temperatures.

2.2.2 Surface tension
The contact angle is the angle between the tangent line of

the gas—liquid interface and the solid—liquid boundary. The
tangent line of the gas—liquid interface is drawn based on

the intersection of the gas, liquid, and solid. A small contact
angle of the droplets represents a large penetration area. The
area of penetration is called the effective lubrication area of
the nanofluids. A large and effective lubrication area yields
a better lubrication effect. When the contact angle of the
droplets is too large, the effective lubrication area of the
cutting fluid is too small to provide sufficient lubrication.
In the majority of current literature, nanofluids are injected
into the cutting area in the form of a mist through a nozzle.
Surface tension is an important parameter that affects droplet
breakage and tearing. Therefore, the state of droplets on the
workpiece determines the lubrication effect. In general, the
surface tension has a significant effect on the boiling heat
transfer process, wetting behavior, and spray characteristics
of nanofluids. Das et al. [141] measured the surface tension
of nanofluids. They found that the addition of nanoparticles
to the base fluid reduced the surface tension.

1. Effect of surface tension on wettability

Wettability describes the ability of fluids to diffuse, per-
meate, and cover tools and artifacts. The smaller the contact
angle is, the better the wettability of the fluid. Wettability is
the ability of a liquid to maintain its contact with a solid sur-
face. Therefore, wettability is an effective parameter for eval-
uating lubrication and cooling. The surface tension controls
the wettability of a surface. The adhesive force between the
liquid and solid causes droplets to spread onto the surface.
Cohesion within the liquid prevents the droplet from com-
ing into contact with the surface. When the contact angle is
large, a less wet surface is obtained. As the droplet spreads
on the solid surface, the contact angle decreases. Thus, a
well-wetted surface shows a lower contact angle, whereas
a poorly wetted surface shows a higher contact angle [62].
Most liquids are fully wetted by high-energy surfaces such
as metals, glass, and ceramics. The lubrication/cooling per-
formance of the fluid is mainly affected by its penetration
into a large number of capillaries in the tool-chip contact
area during machining. The cutting fluid penetrates into
the cutting area through the capillary tube and generates
adsorption or chemical reaction on the contact surface of
the tool, chip, and workpiece, forming a lubrication film

Fig. 16 Viscosity of nanofluids ()

at different temperatures [140]
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and playing a lubrication role [142]. The heat generated by
plastic deformation in the first deformation zone and fric-
tion in the second deformation zone are reduced, which is
the indirect cooling effect produced by lubrication. Moreo-
ver, the cutting fluid penetrates the cutting area, and through
conduction, convection, and vaporization, the cutting tool,
workpiece, and chip on the cutting tropics go, reducing the
temperature of the cutting area, which is a direct cooling
effect. Therefore, the process of cutting fluid penetration into
the cutting zone directly affects lubrication and cooling.

2. Effect of surface tension on atomization performance

In the atomization process, the nozzle structure, jet
parameters, and physical properties of the nanofluids affect
the atomization effect. As shown in Fig. 17, the surface ten-
sion is an important parameter that affects the atomization
effect of nanofluids. The smaller the surface tension is, the
easier the droplet breakage and the better the atomization
effect. When the nanofluid is ejected from the nozzle to the
cutting zone, the lower the surface tension of the nanofluid
is, the smaller the droplets that are atomized. The smaller the
droplet, the easier it is to obtain between the friction inter-
faces because of the smaller cutting area. Therefore, different
droplet sizes resulted in different cooling and lubrication
effects of the nanofluids in the cutting zone. Su et al. [91]
found that the surface tension of an LB2000-based nanofluid
was lower than that of a Prieco6000-based nanofluid under
the same mass fraction of graphite nanoparticles. There-
fore, LB2000 nanofluids can obtain smaller droplets during
atomization than Prieco6000-based nanofluids. Therefore,
the penetration ability of the LB2000 nanofluid MQL fog
is better than that of the Prieco6000 nanofluid. Jia et al.
[79] believed that according to liquid atomization theory,

reducing the liquid surface tension is beneficial for improv-
ing the atomization characteristics. Therefore, the utiliza-
tion rate and migration permeability of the lubricant can be
further improved.

3. Effect of surface tension on heat transfer

Zhang et al. [143] analyzed the influence of the contact
angle on the effect of MQL grinding. They found that the
contact angle significantly affects the surface quality of the
workpiece. A small contact angle leads to a low surface
roughness of the workpiece. It can also produce good cool-
ing and lubrication effects, as small contact angles represent-
ing large permeation areas and contact angles of nanofluid
droplets completely cooled and lubricated by MQL grind-
ing fluid can significantly affect the lubrication and cooling
[95]. For boiling heat transfer, this effect is manifested in
the wettability of the droplet. High-contact-angle surfaces
tend to reduce the heat-transfer coefficient compared to sur-
faces with lower contact angles. Liquids with lower surface
tension are more effective in heat transfer, whereas liquids
with greater surface tension are ineffective in heat transfer.
As the contact angle decreases, the droplet becomes thin-
ner, and the contact area becomes larger. Liquids have lower
surface tension and are well spread, thus covering more of
the surface area for heat transfer. Fluids with higher surface
tensions exhibit the opposite result [138]. The surface ten-
sion of nanofluids is negatively correlated with boiling heat
transfer. Moreover, surface tension plays an important role
in boiling heat transfer, particularly during bubble forma-
tion, expansion, separation, and motion. The low surface
tension of the nanofluids indicates that the binding force on
bubble formation and expansion is weak. Therefore, there
are many bubbles and a highly active boiling heat transfer.
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Fig. 17 Effect of surface tension on atomization and heat transfer [96]
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The presence of more bubbles and high boiling heat transfer
activity are conducive to obtaining excellent performance,
such as reducing the temperature in the grinding zone, avoid-
ing workpiece combustion, and improving the machining
quality of the workpiece [53].

Furthermore, according to the theory of thermal convec-
tion, the droplets in the process of thermal convection can
be divided into a thermal boundary layer and a mainstream
zone. The thickness of the thermal boundary layer remains
the same. However, the fluid in the main flow zone moves
quickly from the cutting zone before it absorbs sufficient
heat. In other words, the fluid in the mainstream region does
not provide a satisfactory heat exchange effect. As shown
in Fig. 17, when the surface tension decreases, the thermal
boundary layer expands, and the proportion of abrasive fluid
in the main flow area decreases [96]. This result explains
why the MQL droplets with smaller contact angles have a
high cooling efficiency.

2.3 Thermal performance

In the machining process, the high heat flux in the grinding
and cutting zones causes the workpiece and tool to generate
heat, resulting in adhesion or wear. Therefore, the thermal
properties of nanofluids are important factors that affect the
processing results. The heat transfer coefficient refers to the
surface convective heat transfer coefficient (CHTC) charac-
terizing the performance of convective heat transfer between
a fluid and a solid surface [144, 145]. Scholars and engi-
neers agree that nanofluids can significantly improve heat
transfer coefficients [146—148]. Here, we mainly focus on
the process of processing the heat transfer coefficient. Mao
et al. [149] divided four different stages according to the heat
transfer mechanism of liquid droplets at different surface
temperatures: the nonboiling heat transfer area, nucleating
boiling heat transfer area, transitional boiling heat transfer
area, and stable film boiling heat transfer area. Moreover,
a relevant mathematical model of the heat transfer in the
grinding zone was established. The simulation results for the
surface temperature in the grinding process agree well with
the experimental results, which show that the theory of the
surface heat transfer coefficient is reliable. Mao et al. also
showed four stages of boiling heat transfer of the lubricat-
ing medium with respect to temperature change: nonboiling
heat transfer, nucleate boiling, transition boiling, and stable
film boiling. In the nonboiling zone, the heat-transfer coef-
ficient remained unchanged. In the nucleate boiling region,
the heat transfer coefficient increases rapidly with increasing
temperature, and the heat transfer coefficient is at its maxi-
mum when the critical heat flux density is reached. In the
transition boiling zone and stable film boiling zone, the heat
transfer coefficient decreases with an increase in tempera-
ture. The transition boiling region was significantly reduced,

but the stable film boiling region tended to be moderated. Li
et al. [53] found that CNT nanofluids with high thermal con-
ductivity exhibit good heat transfer performance. The energy
ratio coefficient of heat transferred to the workpiece by MQL
grinding was 40.1%. This implies that approximately 60% of
the heat generated by the CNT nanoparticles was not trans-
ferred to the workpiece. Moreover, a mathematical model
of the CHTC is established based on boundary layer theory.
The model calculation shows that CNT nanofluids have
the highest heat transfer coefficient of 1.3 x 10* W/(m? K),
which explains the excellent heat transfer performance of
CNT nanofluids. Cui et al. [150] used a calculation formula
for the energy ratio coefficient of the cooling medium to
characterize the heat transfer performance. The results show
that the energy ratio coefficient can be increased by 36.4%
by using a temperature nanolubricant. Because of its high
viscosity, the low-temperature nanolubricant shows excellent
abrasive performance, and the convective heat transfer abil-
ity is significantly improved. The critical cutting depth and
plastic stacking were significantly reduced, thus reducing
the surface defects.

The modeling of convective heat transfer behavior in
MQL processing has been extensively studied. Shen et al.
[151] found that the average CHTC in the contact zone of
pouring grinding was estimated to be 4.2 x 10° W/(m? K),
and the average CHTC in MQL grinding was estimated to
be 2.5x 10" W/(m? K). Hadad and Sadeghi [152] considered
the effects of conventional fluid parameters and MQL tech-
niques (such as air pressure, oil mist velocity, and oil droplet
characteristics) to predict the fluid convection coefficient.
Using this analysis program, the surface heat flux and sub-
surface temperature distributions in the grinding area can be
calculated according to the grinding process parameters. The
average CHTC estimated and measured in the grinding con-
tact zone was approximately 3.7 x 10*-4.3 x 10* W/(m? K).

Regarding the convective heat transfer behavior of
NMQL, Yang et al. [64] discussed the influence of nano-
particle size on heat convection in the cooling method.
Nanofluids using 30 nm nanoparticles exhibited the great-
est thermal convection coefficient and the lowest mean
surface temperature. The results confirmed a positive cor-
relation between the average surface temperature of the
workpiece and the size of the nanoparticles. In subsequent
studies, Yang et al. [153] analyzed the atomization mecha-
nism of nanofluid aerosol cooling, revealed the influence
of jet parameters on spray boundaries, and performed a
statistical analysis of the probability density of the drop-
let size in the grinding zone. Based on an analysis of the
heat transfer coefficient of a single nanofluid droplet, a
theoretical model of the cooling convection heat transfer
coefficient of nanofluid aerosols is established. Moreover,
a new method is proposed to measure the convection heat
transfer coefficient of aerosol cooling. Figure 18 shows
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the theoretical calculation and measured CHTC of pure
normal saline aerosol cooling and nanofluid aerosol cool-
ing using HA, SiO,, Fe,0;, Al,05, and CNT nanoparti-
cles. The CHTC of nanofluid aerosol cooling using HA,
Si0,, Fe,0;, Al,05, and CNT nanoparticles increases by
141.98%, 137.65%, 130.25%, 141.36%, and 145.06%,
respectively, compared to the CHTC of pure normal saline
aerosol (1.62 x 1072 W/mm? K). The theoretical calcu-
lation value of CHTC is also consistent with the actual
measurement value, and the model error is 7.26%, which
verifies the correctness of the theoretical model.

Moreover, some scholars have analyzed the heat trans-
fer behavior under the coupling effect of low temperature
and NMQL. Zhang et al. [154] simulated the temperature
field in a grinding zone under different cooling conditions.
The results show that the composite process of cold air and
NMQL has the best cooling effect, followed by low-temper-
ature cold air and NMQL. Furthermore, Zhang et al. [155]
established a CHTC model of cold air nanofluids in vortex
tubes based on boiling heat transfer conduction theory and
conducted numerical simulations of the finite difference and
temperature field in the grinding zone under different cold
air fractions in vortex tubes. The simulation results show
that with an increase in the cold air fraction, the maximum
temperature initially decreases and then increases. The effec-
tiveness of the CHTC model was verified through an experi-
ment on Ti-6Al-4 V.

In conclusion, the high heat transfer coefficient of the
nanofluid reduces the thermal damage to the workpiece.
When the low-temperature medium was coupled, the heat-
transfer coefficient was further improved. Therefore, nano-
fluids are recommended for machining low- and medium-
cutting parameters and for easily cutting materials. In the
case of high-efficiency parameters and difficult materials,
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the idea of solving the large heat flux is to adopt the coupling
process of a low-temperature medium and nanofluids.

2.4 Tribology performance

Under the effects of high temperature and high stress, the
tool rake face chip and tool flank face workpiece produce
strong friction. Wear is divided into mechanical and ther-
mal wear. The wear caused by the intense friction between
the elastic deformation of the rake face chip and flank face-
workpiece machining surface is called mechanical wear.
When the heat flux is not too high, mechanical abrasion
caused by this friction is the main cause of tool wear [156,
157]. Owing to the intense plastic deformation of the metal
and friction generated by the cutting heat, the hardness of
the blade is reduced, and the loss of cutting performance is
caused by wear, which is called thermal wear.

2.4.1 Coefficient of friction

For nanoparticles with high surface energy, the nanoparti-
cles penetrate the space between the contact surfaces and
gradually deposit on the friction surface, finally forming a
thin friction film [158, 159]. The friction-reduction mecha-
nism of nanoparticles with different characteristics at the
friction interface is diverse. Influenced by external loads,
high contact pressures are created between friction pairs,
and nanoparticles with high hardness can roll on the friction
surface, such as bearings, and transform sliding direct fric-
tion into rolling indirect friction [35, 160]. Near-spherical
nanoparticles can change the friction patterns between the
friction pairs, reducing friction and causing a ball effect.
Another type of nanoparticle that can be used as a solid
lubrication medium can form a layer of lubricating oil film



The International Journal of Advanced Manufacturing Technology (2024) 131:3113-3164

3135

on the friction surface, thereby causing a certain anti-friction
effect. Owing to the looseness, flexibility, and malleability of
the nanoparticles, the film shed during sliding can be replen-
ished and quickly renewed by subsequent adsorption, thus
easing friction. Cui et al. [46] verified the reduction in the
COF using a frictional wear experiment, as shown in Fig. 19.

Mao et al. [161] studied the role of NMQL in the grind-
ing process using friction and wear experiments. The results
show that the nanoparticles added to the base body fluid,
especially Al,O;, exhibit obvious friction reduction and anti-
wear properties. Compared to pure deionized water, the COF
was reduced by 34.2% after adding Al,O; nanoparticles to
deionized water. Akincioglu et al. [162] studied the influ-
ence of hBN nanofluid on the COF and wear resistance of
AISI 316 L stainless steel. HBN nanoparticles were added
to 0.50 vol % vegetable oil, and the nanofluids were prepared
by a two-step method. The results show that the COFs of oil
and hBN nanofluid tests are 72.46% and 77.64% lower than
those of dry tests under an 8 N load, respectively. Kumar
et al. [163] investigated the friction and wear characteris-
tics of water-based nanofluids. Al,O;, hBN, MoS,, and WS,
nanoparticles were used to prepare deionized water-based
nanofluids, and a tribological study of the nanofluids was
carried out on a spherical tribometer in MQL mode on the
Ti-6Al4 V workpiece. The influence of different veloci-
ties of nanofluids on the COF of the workpiece has been
reported. Compared to other nanofluids, Al,O; nanofluids
exhibit excellent friction and wear properties. Compared
with dry conditions, the COF of Al,O; nanofluids in MQL
mode was reduced by 53.89%. Singh et al. [164] dispersed
Al,O5 and ZrO nanoparticles in jatropha oil to develop bio-
degradable nanofluids. The tribological properties of the
nanofluids were investigated using Hastelloy C-276 and

Fig. 19 Friction and wear test ¥ < N ¥
system [46] gt B8

o
& ;g "
?-7_ pm_ .1’60 pum

% Q’W

Th
Workpiece

tungsten carbide pin wear tests. The experimental results
show that the COF decreases significantly. Compared to dry
conditions, jatropha oil, Al,05; nanofluid, ZrO nanofluid, and
hybrid nanofluid decreases by 83.3%, 85%, 80%, and 81.6%,
respectively.

Kulandaivel et al. [165] investigated the machinability
of a Monel K500 alloy using graphene oxide-based jojoba
oil as the biolubricant. Experiments were conducted under
dry, submerged, MQL, and NMQL conditions. The results
show that NMQL reduces the COF by 0.051 under extreme
wear conditions, and the lubrication state is enhanced. Yin
et al. [166] evaluated the milling properties of 45 steels
under different lubrication conditions (dry, flooding, MQL,
and NMQL). The results show that compared with other
lubrication conditions, NMQL achieves the minimum mill-
ing force peak value and COF. Li et al. [167] evaluated the
tribological properties of NMQL grinding. The results show
that, compared with dry grinding, the coefficients of friction
of MQL grinding, NMQL grinding, and flooding grinding
are reduced by 11.22%, 29.21%, and 32.18%, respectively.
Jia et al. [168] demonstrated the lubrication properties of
nanoparticles during surface grinding. The results show that,
compared with dry grinding, the tangential grinding forces
of MQL grinding, NMQL grinding, and flood grinding
decreased by 45.88%, 62.34%, and 69.33%, respectively. Wu
et al. [169] used YGS to perform surface grinding experi-
ments under four working conditions (dry, flooded, MQL,
and NMQL) to verify the effectiveness of NMQL grind-
ing. The results show that the minimum specific grinding
force, COF (0.21), and specific grinding energy are obtained
by NMQL grinding. Singh et al. [170] found that 1.5 wt %
graphene in rapeseed oil-based NMQL resulted in 16.9%,
22.1%, 33.83%, and 15.1% reductions in surface roughness,
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grinding force, specific grinding energy, and COF, respec-
tively, compared to conventional overflow cooling. Pal et al.
[171] compared the abrasive properties of AISI 202 stainless
steel under various lubrication conditions. The results show
that the performance of NMQL lapping using vegetable oil
is much better than that of dry, wet, and pure MQL pro-
cessing. Under the condition of a 1.0 wt % concentration of
MoS, nanoparticles, the minimum normal force and tangen-
tial force under MQL lashing conditions are 9.2 N/mm and
0.76 N/mm, respectively. Compared with dry conditions,
43% and 33% less, respectively. Zhang et al. [172] studied
the machining of carbide YG8 under four grinding condi-
tions (dry, flooding, MQL, and NMQL slip). The minimum
COF was 0.385 under NMQL.

It is noteworthy that the antiwear and antifriction effects
of nanofluids can be further enhanced by external devices.
As shown in Fig. 20, Guo et al. [173] designed a textured
tool based on bionics that was used to enhance the machin-
ing performance of intermittent cutting together with nano-
fluids. The results show that the integration of bionics-based
NMQL with the tool surface microstructure results in lower
values of the COF, cutting force, tool temperature, tool wear,
and surface roughness. Furthermore, ultrasonic vibration
machining changes the material removal mechanism owing
to intermittent cutting behavior [174—177]. A typical study
showed that grinding forces and temperatures in UVG can
be reduced by 41% and 40%, respectively [178]. Rabiei et al.
[179] studied the tribological properties of ultrasonic vibra-
tion-assisted grinding using NMQL. The results show that
the combination of NMQL and ultrasonic-assisted grind-
ing reduces the COF to 27.3% compared to dry grinding.
Moreover, the shiny surface is free of any thermal damage

and combustion compared to the dark and charred surfaces
obtained by dry grinding.

Nanofluids greatly reduce the friction at the interface. The
reduction in friction force not only reduces the mechanical
and thermal loads but also changes the friction angle dur-
ing the material removal process, thus changing the shear
angle in the material shear zone. Therefore, the application
of nanofluids in processing can alter the material removal
mechanism. The interface friction behavior under the effects
of nanofluids must be further quantitatively characterized
to establish analytical mathematical models of the cutting
forces. Behera et al. [180] studied the prediction of machin-
ing force under minimal lubrication by considering the
contact length and chip thickness. The double contact zone
theory (viscous sliding) was used to simulate the friction
force during MQL processing. A model of the local COF
was developed as a function of the cutting conditions and
MQL parameters. The model predicted the cutting force,
contact length, and chip thickness in MQL with reasonable
accuracy, which was also verified by experimental work. To
further improve the model, it is necessary to consider the
effect of nanofluids on the friction interface.

2.4.2 Interface wear

The nanoparticles in the lubricant migrated to the surface
of the friction pair. They were then deposited on the friction
surface to form a deposition film, thereby reducing friction
and wear. The instantaneous high temperatures during slid-
ing melted the nanoparticles and simultaneously repaired
the damaged surface. Moreover, during the friction process,
some high-hardness nanoparticles are used for precision
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Fig. 20 Friction interface between the textured tool and the workpiece [173]
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polishing. After polishing, the roughness of the friction pair
was reduced. The contact area increased, thereby reducing
the COF. Furthermore, the compressive stress on the contact
surface is also reduced, which increases the bearing capacity
of the lubricant; this is known as the nanoparticle polishing
mechanism.

The addition of nanofluids can significantly reduce the
wear. Mao et al. [161] studied the role of nanofluids in the
MQL grinding process using friction and wear experiments.
The results show that compared with pure deionized water,
the wear weight is reduced by 43.4% after adding Al,0O4
nanoparticles to deionized water. Nunez et al. [181] used
MQL spray lubrication mixed with TiO, in the turning pro-
cess of AISI 304 steel to improve the surface quality and
reduce cutting tool wear. The results show that vegetable oil
containing 0.5 i, increases the surface roughness by 50%
and reduces the tool flank surface wear by 25%. Yin et al.
[166] performed a spectral analysis of milling force. Spec-
tral analysis of the milling forces shows that NMQL obtains
the lowest milling force and amplitude in the mid-frequency
region, thus indicating the least tool wear loss.

The form of tool damage at the friction interface also
changed. Roushan et al. [107] used water and CuO nanoflu-
ids for micromilling Ti-6Al-4 V. The results show that at a
low concentration (0.25 vol %), the surface roughness of the
CuO nanofluids for WC tools coated with AITiN is minimal,
whereas at a higher concentration (1 vol %) of water-based
CuO nanofluids, the tool wear and accumulation edge for-
mation are reduced. Yucel et al. [182] processed AA 2024

T3 with different cooling/lubrication strategies and analyzed
the main tool wear mechanism under MQL of a mineral oil-
based MoS, nanofluid. Under dry cutting conditions, the
cutting tool produced dense built-up edges and layer forma-
tions. However, the formation of the built-up edge was sig-
nificantly eliminated by the nanofluid. As shown in Fig. 21,
there is less cutting-edge damage when machining aluminum
alloys under NMQL compared to dry cutting and MQL envi-
ronments. Gunan et al. [183] added Al,O; nanoparticles to
plant-based cutting fluids to prepare nanocutting fluids with
different volume concentrations (0.5, 1.0, and 1.5 vol %).
The prepared nanofluids were used in MQL systems during
the milling of Hastelloy C276. According to tool wear analy-
sis, a low percentage diameter reduction and stacked edge
formation were observed in uncoated WC micro end mills
under 1 vol % CuO NMQL. The high concentration of the
CuO nanofluid in the cutting zone emits high heat dissipa-
tion. Meanwhile, lower and upper milling burr widths were
measured in all cutting environments, and it was observed
that coated cutters with 0.25 vol % CuO NMQL performed
better and produced lower burr widths.

Reduced wear results in an improved tool life. Minh
et al. [184] investigated the potential properties of Al,O;
nanoparticle-based cutting fluids in hard milling under vari-
ous lubrication conditions. With Al,O5 nanofluids, the tool
life was improved by nearly 177-230% with MQL owing
to better tribological behavior and cooling effects. Sirin
and Kivak [123] studied the machining properties of an
Inconel X-750 superalloy using hBN, graphite, and MoS,
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nanoparticles with different shapes and properties. Accord-
ing to the experimental results, it can be seen that hBN/
graphene mixed nanofluids are superior to hBN/MoS, and
graphene/MoS, among all performance criteria. Compared
with graphene/MoS, and hBN/MoS, nanofluids, the tool
life of hBN/graphene hybrid nanofluids was increased by
36.17% and 6.08%, respectively. Kumar et al. [49] found
that the tool life of TiO, nanofluids with 0.01 wt% concen-
tration was 154 min at the rear tool surface wear standard of
0.3 mm, which was 2.52 times higher than that obtained in
dry cutting and 1.47 times higher than that obtained under
the impact of air—water spraying. This phenomenon is
caused by the excellent wettability, lubricity, and heat dis-
sipation of TiO, nanofluids.

It should be noted that not all the conditions of the nano-
fluid performance were satisfactory. Kivak et al. [101] pro-
cessed Ni-hard 4 with a coated ceramic tool and found that
tool wear mainly occurred at the front end of the cutting
blade. As shown in Fig. 22, under pure MQL cutting condi-
tions, the minimum nasal wear during the turning process
was 0.171 mm, followed by the graphene NMQL (0.33 mm)
and CNT NMQL (0.416 mm). Compared with dry cutting
(0.552 mm), the reductions in nose wear were approximately
69%, 40.2%, and 24.6%, respectively. Thus, pure MQL
showed the best results in significantly reducing the nose
wear of coated ceramic tools. The nanofluids used did not
show the expected improvement in tool wear compared with
pure MQL.

Owing to the high-performance heat transfer character-
istics of nanofluids, the cutting temperature can be signifi-
cantly reduced during the machining process. Consequently,
the thermal adhesion points generated by the friction inter-
face are reduced. Meanwhile, the temperature reduces the
thermal load of the friction interface and the thermal stress
of the friction pair. Residual tensile stress and microcrack

formation were inhibited, and the fatigue damage resistance
of the workpiece was enhanced. Moreover, the reduction in
friction also reduces the tangential force load, the stripping
phenomenon between the interference bumps at the interface
of the friction pair, and the mechanical wear.

3 Applications in machining
3.1 Supply system

Nanofluids must be transported to friction and heat produc-
tion areas, and several feeding and atomizing devices are
continually being developed. Atomizing nozzles include
conventional pneumatic, electrostatic, and ultrasonic atom-
izing nozzles.

3.1.1 Devices

1. Nozzle

The typical structure of conventional pneumatic atom-
izing nozzles is shown in Fig. 23. The lubricant was torn
and broken using compressed air to achieve droplet ejection.
Bangma [185] developed an MQL system using exhaust
gas. Except for a mixture of atomized lubricant droplets,
the exhaust airflow can blow chips off the tool/metal inter-
face. Li et al. [186] developed an internal/external intelligent
cooling lubrication nozzle system and method. The real-time
milling depth of the workpiece was obtained by the vision
system and sent to the lubrication mode controller for pro-
cessing. The control-reversing device operates according to
the set milling depth threshold and the data obtained from
the vision system to adjust the switch to the internal or exter-
nal cooling system. Guo et al. [187] invented the structure,
separation, recovery mechanism, and system of the MQL
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liquid supply nozzle in high-speed milling. The setting of the
box can effectively avoid the splashing of the chip and fog
droplets, reduce the processing process to the environment,
and reduce the harm caused by the operator. Meanwhile, it
can effectively realize the separation of lubricants, chips, and
gases and reduce pollution to the environment.

A typical electrostatic atomization device is shown in
Fig. 24 [77]. The lubricating medium was charged by apply-
ing a high voltage. The atomization and infiltration char-
acteristics of the charged lubricant were improved. In the
development of an electrostatic atomization nozzle, Yang
et al. [188] developed an electrostatic atomization internal
cold grinding head, including an electrostatic atomization
film-forming part and an internal cold grinding part. It can
not only fully atomize the coolant and control the distribu-
tion of the coolant drops to effectively reduce the tempera-
ture of the grinding area but also spray the medical auxiliary
materials to the wound surface after grinding through the
electrostatic atomization film-forming device during bone
grinding. Jia et al. [189] developed an electrostatic nozzle
including a nozzle core and nozzle body. A free space is

formed between the upper nozzle body and nozzle core to
store compressed air. A gas—liquid mixing chamber, accel-
eration chamber, and nozzle outlet were arranged inside the
nozzle core from top to bottom. A microconvex texture was
evenly arranged on the wall of the acceleration chamber. Su
et al. [190] developed a method and device for controlling
nanofluid droplet spray cutting. The cutting tool was con-
nected to the positive output end of the adjustable high-volt-
age electrostatic generator through the wire and grounded,
and the electrostatic nozzle was connected to the negative
output end of the adjustable high-voltage electrostatic gen-
erator through the high-voltage cable. The rear end of the
charging nozzle was connected to a microinjection pump
through a silicone rubber tube, which delivered a nanofluid
to the charging nozzle. The adjustable high-voltage elec-
trostatic generator provides a negative high voltage to the
charging nozzle and induces a positive charge on the tool
surface with polarity opposite to that of the charging nozzle.
Xu et al. [191] invented a charged aerosol U-shaped nozzle
including a U-shaped shell, aerosol tube, and high-voltage
electrostatic transmission wire. One end of the high-voltage
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electrostatic transmission wire was passed through the mid-
dle channel of the U-shaped housing. After the high-voltage
electrostatic transmission wire enters the U-shaped shell,
it is divided in two ways, and each end of the two meth-
ods is provided with a charged electrode. The two charged
electrodes charged the aerosols in the aerosol tube on both
sides. The aerosol exits were arranged on both sides of the
U-shaped shell. Furthermore, Xu et al. [192] and Yang et al.
[193] combined an MQL device with an electrostatic atomi-
zation system. An electrostatic atomization MQL transport
device has been developed, which has the characteristics
of a compact structure, high integration, and convenient
installation.

For the development of an ultrasonic atomization nozzle,
Yang et al. [194] developed an ultrasonic focusing auxiliary
atomization cooling device. The medical nanofluids after
pneumatic-ultrasonic-electrostatic tertiary atomization are
broken into droplets. Using the focusing effect of ultrasonic
atomization, microdroplets are introduced into the grinding
tool-bone wedge space constraints. Li et al. proposed a new
structure for a longitude-bend conversion ultrasonic atomi-
zation system composed of a longitudinal vibration system
and bending vibration disc [195] and further proposed a
spherical focused ultrasound-assisted vapor fog cooling
system [196]. Based on ultrasonic atomization technology,
focused ultrasound was used to focus microdroplets in the
cutting/grinding zone. The grinding experiments show that
focused ultrasound is helpful in strengthening the heat trans-
fer of steam and fog in the central area and further improves
the heat transfer capacity. Zhao et al. [197] developed a type
of ultrasonic vibration-atomizing rotary-jet cooling device.

The ultrasonic atomized droplets are driven from the nozzle
unit to the machining area by high-pressure gas blown into
the high-pressure air intake unit in the form of a rotating jet.
As shown in Fig. 25, Hadad et al. [86] developed an ultra-
sonic atomizing MQL nozzle that utilized the Venturi effect
to generate primary atomization and enhanced secondary
atomization by high-frequency vibrations on the resonant
surface of the nozzle tip.

2. Feeding devices

The transport of microdroplets with MQL can be divided
into single and double-channel systems according to differ-
ent pipelines. A single-channel system atomizes the lubri-
cating medium into microdroplets and stores them in a
container. Then, the microdroplets in the container were
transported to the cutting area through a pipeline and con-
ventional nozzle using differential pressure. The liquid phase
was broken into microdroplets through an atomizing nozzle
and sprayed directly onto the friction interface of the cut
area. The single-channel system is simple in structure and
easy to maintain; however, it requires a transport channel.
The transport of droplet groups in a single-channel system
is easily affected by droplet collision condensation, pipe-
line droplet rupture, pipeline inner-wall oil film formation,
pipeline inner-wall oil film rupture, etc. The single-channel
MQL system is simpler to implement [198]. They are typi-
cally used for external transportation. In a single-channel
system, there are two common methods for generating drop-
lets: the metering pump method and the pressurized tank
method. In the metering pump method, lubricating oil is
supplied to the air flow by a pneumatic positive-displace-
ment micropump connected to an in-line air nozzle. The
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quantity of oil generated by the fog supply was adjusted by
controlling the speed of the pump. In the pressurized tank
method (Fig. 26), the lubricant tank is pressurized, and oil
and compressed air are mixed in a Venturi nozzle or similar
device to produce droplets. The oil supply was adjusted by
adjusting the oil supply pressure setting and throttling ele-
ment in the pipe. If the air pressure, lubricating oil pressure,
and lubricating oil volume can be adjusted separately, then
the best control effect can be achieved. This method pro-
duces finer fog that becomes more uniform over time. In the
two-channel system, oil and air are delivered to the nozzle
and mixed near the nozzle tip. A typical two-channel MQL
supply device is shown in Fig. 26. The use of a two-channel
system is more convenient, less restrictive, and has fewer
requirements for transport pipelines. Moreover, according
to the liquid-phase transport mode of the double-channel
system, it can be divided into pump and no-pump types.
The pump-free type uses the Venturi effect to control liquid
flow, whereas the pumped type uses a precision lubrication
pump to control MQL medium flow [95]. In this system,
the flow rate of the compressed air and lubricating medium
can be adjusted separately and mixed in a special nozzle to
spray atomized microdroplets through the compressed air to
the cutting/grinding zone. Compared with other lubrication
medium supply methods, a continuous supply of precision
lubrication pump transport can achieve accurate control of
the atomization performance.

Many new supply devices have been developed. Kapoor
et al. [200] developed an atomized cutting fluid system. The
system includes a common chamber terminating at a form-
ing droplet nozzle and a nozzle portion immediately behind
the forming droplet nozzle. The atomizer produced a spray
directly behind the nozzle section in a communal room.
Xiong [201] developed an MQL supply system for exter-
nally and internally cooled high-speed machine tools. The
system adopts a single-channel system supply mode. The
lubricating medium entered the atomizing chamber through
a microatomizing nozzle. The lubricant was transported
to the cutting zone after passing through the primary and

secondary settling chambers. Xiong et al. [202] developed a
high-pressure pneumatic pulse MQL oil-mist supply system.
The pulsed working mode can provide sufficient oil mist,
which is conducive to lubrication and chip removal in deep
hole processing. Yao et al. [203] developed an electroni-
cally controlled precision-adjustable micropump includ-
ing a liquid container, solenoid valve, controller, and pump
body. It is used to solve the disadvantages of traditional
mechanical micropumps, such as low adjustment precision,
narrow controllable adjustment range, complex structure,
and high-precision requirements of accessories. Yuan et al.
[204] developed an MQL feeding system. Using a spherical
micropump, the lubricant flow in the transmission pipeline
of the MQL system can be precisely controlled. Therefore,
the lubricant could be accurately and quantitatively obtained
from the liquid storage cavity to the nozzle. The atomiza-
tion method involves pneumatic atomization. Li et al. [205]
developed a continuous-feeding precision MQL pump. The
pump was driven by a stepping motor to realize intelligent
switching under various lubrication conditions. The mixing
ratio and flow rate of the oil, water, and gas can be adjusted
intelligently. Accurate and continuous filling of the lubricant
in the machining area, improving the cooling and lubrica-
tion effect, improving the workpiece surface quality, and
providing equipment support for the intelligent filling of
trace lubricating oil. Jochen et al. [206] developed a machine
tool or handheld work tool to dispense lubricating fluids
for material processing operations. This technology utilizes
capillary action to supply lubricant.

3.1.2 Atomization characteristics

The influence of the atomization supply parameters on the
droplet transport of nanofluids has been studied extensively.
Rahim et al. [207] compared the atomization performance
of MQL with different nozzle outlet diameters. The larger
the nozzle outlet diameter is, the larger the atomization cone
angle, and the lower the Sault mean diameter, which can
be obtained under higher pressure. Obikawa et al. [208]
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compared the performance of three types of internal cold
tool handles in finishing machining: conventional nozzle,
direct injection of the cover plate, and oblique injection of
the cover plate. Fluid dynamics analysis showed that the
internal cold tool shank with oblique spray had the maxi-
mum oil mist transfer rate, and the cutting performance com-
parison experiment verified the simulation analysis. Alberdi
et al. [209] studied the influence of the nozzle structure on
the velocity and pressure field using computational fluid
dynamics and optimized the design of the Webster nozzle.
Grinding experiments show that the improved nozzle can
improve the surface roughness of AISI D2 tool steel and the
life of the grinding wheel. Balan et al. [210] found through
numerical simulations that the droplet size decreases with an
increase in the atomization pressure. The numerical simu-
lation results are in agreement with the existing empirical
models and experimental measurements. Medium-diameter
droplets with a high atomization pressure can penetrate the
high-pressure gas barrier layer and effectively lubricate the
grinding zone. Park et al. [211] studied the change law of
the particle size and distribution of MQL droplets with the
nozzle distance and air pressure through a wavelet transform.
The results show that the higher the nozzle pressure is, the
more droplets are provided. However, with an increase in
the nozzle distance, the obtained droplet size is smaller, and
the deposited droplet on the surface is smaller. Maruda et al.
[212] believed that a larger atomization cone angle would
prevent droplet interaction in air, thus ensuring a smaller
droplet diameter. Jia et al. [213] found through hydrody-
namic analysis that the peak jet velocity of the MQL nozzle
increased with an increase in air pressure and gas—liquid
ratio and decreased with an increase in nozzle diameter.
Emami et al. [214] found that the droplet size in the pneu-
matic atomization of MQL is affected by the flow rate of the
lubricating medium, gas flow rate, and physical properties
of the lubricant used. By increasing the atomized gas pres-
sure, the gas velocity increased exponentially. As the flow
rate of compressed air increased, the droplet size at the noz-
zle outlet decreased. Moreover, an increase in the flow rate
of the lubricating medium led to an increase in the droplet
size. Images captured by high-speed cameras also show that
a low gas flow rate leads to a larger droplet size, whereas a
high gas flow rate leads to a smaller droplet size, a higher
jet velocity, and a large increase in the droplet number. Sai
et al. [215] found that the average and median diameters of
droplets decreased significantly with an increase in atomized
air pressure. From the perspective of the noise reduction
mechanism, Zhu et al. [216] analyzed the influence of factors
such as the jet velocity, gas—liquid velocity ratio, and azi-
muth measurement on noise. In aerodynamic atomization, a
higher atomization pressure is typically used to improve the
atomization performance, including decreasing the droplet
size and increasing the droplet velocity, thus improving the
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droplet infiltration performance and interface friction. How-
ever, with an increase in the atomization pressure, the uni-
formity of the droplet spectrum, surface energy and infiltra-
tion characteristics of the droplet, and movement trajectory
of the droplet cannot be controlled actively and effectively.
A large number of inhalable droplet particles are produced
in the process of atomization, and small droplet particles are
easily dispersed under the disturbance of high-speed airflow.

For electrostatic atomization, the droplet size is reduced,
and the ability to enter the processing area is improved. Shah
et al. [78] observed the best tribological and machining prop-
erties at 20 kV in the voltage range of 0-25 kV. Compared
with the traditional MQL condition, the tool wear under the
electrostatic atomization MQL condition was reduced by
38%. Electrostatic atomization MQL technology improves
the atomization quality and enhances the penetration ability
of droplets into the cutting zone. According to the analysis,
at a voltage of 20 kV, small-diameter oil droplets were gener-
ated, which may improve the heat removal efficiency. More-
over, smaller droplets can penetrate the gap between the tool
and workpiece and provide better lubrication. Lee et al. [69]
believed that diamond nanofluid droplets could be injected
into the grinding wheel-workpiece contact area more effec-
tively and stably through electrostatic atomization, which
improves the workpiece surface roughness. The existence of
an electrostatic field causes the lubricating medium to pro-
duce an electric wetting effect in the cutting zone. Feng et al.
[217] found that electroosmosis has a significant effect on
the penetration of cutting fluid in the tool-chip contact zone,
which complements and perfects the capillary penetration of
the cutting fluid during machining. In the processes of fric-
tion and separation, the radial electric field established by
the triboelectrification electrostatic potential on the chip and
rake face excites the initially escaped low-energy electrons,
causing an electron avalanche and microplasma emission,
which induces charged particle emission. The polarity of the
net charged particles escaping outward from the capillary
slit is negative, forming a self-excited axial electric field
pointing to the inside of the capillary region. As shown in
Fig. 27, the electric field can trigger electroosmosis of the
liquid in the capillary. Jia et al. [218, 219] also found that
charged soybean oil produces an electrowetting effect in a
microchannel in the grinding zone. The migration activity
of the MQL medium in the grinding zone and the lubrica-
tion effect of the grinding wheel-workpiece contact interface
were improved. Furthermore, electrostatic atomization was
observed to result in the formation of a metal oxide layer that
positively altered the friction behavior in the cutting zone.
Brittle metal oxides have been reported to improve wear and
abrasion resistance by acting as a lubricant layer between the
sliding surfaces [220].

With regard to ultrasonic atomization MQL technology,
Jun et al. [221] found that under a low feed rate, ultrasonic
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atomization MQL technology could significantly improve
tool life. This is because plowing/friction is dominant under
this condition. Nath et al. [222] found that evenly distributed
droplets could form a uniform liquid film during process-
ing. A larger spray distance can reduce the COF at the cut-
ting interface and improve the tool life and surface quality
during machining. Hoyne et al. [223] showed that during
the machining of titanium alloy, the lubricant produced by
ultrasonic atomization MQL could effectively penetrate the
tool-chip interface and improve the COF. Hoyne et al. [224]
also established a three-dimensional fluid lubrication film
analytical model for an ultrasonic atomization MQL system
based on Navier—Stokes equations. Hadad et al. [86] devel-
oped an ultrasonic atomizing MQL nozzle that utilized the
Venturi effect to generate primary atomization and enhanced
secondary atomization by high-frequency vibration on the
resonant surface of the nozzle tip. Therefore, compared with
the traditional pneumatic atomization MQL system, lubrica-
tion medium microdroplets have smaller particle sizes and
more uniform distributions. Lefebure et al. [87] conducted
a study on the atomization performance of biodegradable
biolubricants by using ultrasonic atomization MQL. The
results show that the size distribution of ultrasonic atom-
ized droplets is affected by the mesh size, driving voltage,
and lubricant viscosity. The increase in voltage is beneficial

for decreasing the droplet size. At low voltages, viscosity
had little effect on the average droplet diameter. However, at
high voltages, there is a clear positive correlation. The drop-
let size greatly increases with an increase in the diameter
of the vibrating mesh. Ultrasonic atomization enhances the
crushing behavior in the conventional pneumatic atomiza-
tion process and improves the homogeneity of the droplet
size. The three-dimensional fluid lubrication film model
established by Hoyne et al. [224] optimizes the ultrasonic
atomization MQL process parameters. Lefebure et al. [87]
promoted ultrasonic atomization of biological lubricants
with higher viscosities.

3.2 Turning
3.2.1 Devices

For the research and development of a new turning pro-
cess, Li et al. [225] developed an electrostatic atomization
NMQL controllable jet-turning system. The system includes
an adjustable multinegative power supply, which has a plu-
rality of negative terminals of different voltages and at least
one positive terminal interface. Each negative terminal inter-
face works independently of the other. The internal cooling
turning tool was equipped with a built-in integrated nozzle
and external integrated nozzle. Two nozzles were distributed
near the turning tool to provide a lubricating medium. Con-
trollable distribution was realized in the process of spray-
ing, which improved the uniformity of the droplet spectrum,
deposition efficiency, and effective utilization of the liquid,
controlled the movement law of the droplet, and reduced
environmental pollution. Guo et al. [226] developed a mag-
netic field-assisted turning processing device. The energized
coil generates a magnetic field under the energized state dur-
ing cutting, which can send magnetic nanoparticles to the
microtexture. To prevent derivative cutting of the microtex-
tured tool during the cutting process, the residual chips in
the grooves were discharged in time. The service life of the
microtextured tool was extended, and the surface quality
of the workpiece was improved. As shown in Fig. 28, this
system was used in a subsequent study [73]. Li et al. [227]
developed an intelligent working system for an electrocard-
assisted internal cold-textured tool and NMQL. The design
of a steerable internal cooling nozzle with an atomization
effect was realized, and a precise and controllable supply
of trace lubricating liquid was realized. Heat accumulation
during the cutting process was reduced by the application of
electric card materials.

For the research and development of the following nozzle
system for turning processing, Sui et al. [228, 229] designed
an intelligent nozzle system for MQL of an NC horizontal
lathe. The lateral moving part is composed of an L-shaped
fixed bracket and lead screw system. The stepper motor
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provided the power required for the lateral movement of the
lead screw. The longitudinal expansion part is composed
of a barrel-fixed outer frame and a lead screw system. The
moving part was composed of a power lead screw and three
auxiliary sliding rods. The rotating part was driven by a
motor or cylinder.

3.2.2 Characteristics

1. Distribution of the flow field

Shen et al. [230] found that in the turning of MQL, work-
piece rotation generated negative pressure in the flank face-
workpiece wedge area, which was conducive to the entry
of the lubricating medium. The atomizing nozzle changes
the distribution of the flow field, forming a compound dis-
tribution of the negative pressure and pressurization zone.
Optimization of the nozzle pose can reduce the influence of
the pressurization zone and improve the wettability of the
lubricating medium. Chen et al. [231] found that although
the airflow could not directly enter the cutting area owing
to the blockage of chips, the airflow flow could still be
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observed from the velocity vector diagram. Air flowed
from both sides of the chip to the cutting area. As shown
in Fig. 29, there was a high-pressure zone of over 5000 Pa
in the cutting zone. The high-pressure zone caused a sharp
drop in airflow velocity in the cutting zone. Two vortices
were observed. One vortex was generated in the cut zone,
and another vortex was generated around the low-pressure
zone. These eddies can enhance the heat exchange between
the cutting zone and atmosphere. High-speed oil droplets
were located at the center of the spray area. The low-speed
jet is mostly located at the edge of the spray zone. This is
because the oil droplets are slowed by the surrounding air
as they leave the sprayer. The droplet near the edge of the
spray zone exchanges kinetic energy with the static ambient
air, and the droplet velocity decreases rapidly. Therefore, the
velocity distribution of the droplet decreased from the center
to the edge. Meanwhile, the velocity of the droplet is out of
sync with that of the air stream. Droplet inertia is greater
than that of air, which causes the velocity of the droplet to
decrease less than that of air. The largest droplet was mainly
concentrated at the center of the spray zone, and the smallest
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Fig.29 The flow field of turning [231]

droplet was distributed near the edge of the spray zone. This
is because the larger the diameter is, the larger the inertia,
and the smaller the transverse fluctuation velocity. There-
fore, large droplets do not spread to the edge, and the center
of the spray zone is the area with the highest density of large
droplets. The droplets entering the cutting area are all large
droplets; therefore, these droplets splash when they impact
the cutting area boundary. Because of chip obstruction, the
oil droplets do not directly enter the cutting area. However,
oil droplets could still penetrate the cutting zone through
the capillary mesh after the first or second impact. Capillary

permeation is the main method for forming a friction inter-
facial film between a tool and workpiece.

2. Lubricant infiltration

Turning is a type of continuous cutting that is primarily
used in the processing of rotary parts. Continuous cutting
refers to cutting where the cutting edge is always in contact
with the workpiece during the cutting process. As shown in
Fig. 30, for continuous cutting, there is a lubrication exclu-
sion zone at the tool-chip interface. It can be seen from the
stress distribution between the front cutter face and chip that
there is a certain contact length, and the tool and chip are in
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constant intense contact [232]. Therefore, from a technical
point of view, continuous contact friction at high tempera-
ture, high pressure, and high speed causes workpiece surface
adhesion/tool wear. Therefore, there are manufacturing cost,
manufacturing cycle, and manufacturing precision problems
in production. In continuous cutting, the fluid performance
of the lubricant is the main consideration, and droplet wet-
ting, spreading, and transport are very important. How to
achieve lubrication in the tool-chip contact area must always
be considered by scholars. The research results of Das et al.
showed that the viscosity of lubricating media was ranked
as Al,O; nanofluid, Fe,O5 nanofluid, and CuO nanofluid.
However, the results show that CuO nanofluids exhibit the
best behavior, followed by Fe,O; nanofluids and Al,O,
nanofluids. This is because CuO nanofluids have the lowest
surface tension. A low viscosity and surface tension are con-
ducive to liquid transport and penetration. Singh et al. [117]
developed a hybrid nanofluid with improved thermal and
tribological properties by mixing Al,O5-based nanofluids
with graphene nanosheets at volume concentrations of 0.25,
0.75, and 1.25 vol %. The thermal conductivity of the hybrid
nanofluid was lower than that of its components, and the
viscosity was between those of their components. However,
tribological tests confirmed that the hybrid nanofluids pro-
duced the least wear. The hybrid nanofluid exhibited better
wettability results compared with Al,O5-based nanofluids
and base fluids. The turning of AISI 304 steel using MQL
technology clearly showed that the mixing of graphene and
Al,O; enhanced the performance of the mixed nanofluids.
For the process of the cutting fluid penetrating the
cutting zone, it is widely considered that there are a
large number of capillaries between the tool and chip
in the cutting process. The cutting fluid permeated the
cutting zone through these capillaries. Generally, the
capillary between the tool chip and tool workpiece pen-
etrated by the cutting fluid can be divided into three
stages [233]: (1) liquid-phase infiltration, (2) droplet
evaporation, and (3) gas-phase filling. The state of the
cutting fluid and filling time of the capillary were dif-
ferent at each stage. In the first stage, a vacuum inside
a single capillary tube was used. Therefore, the liquid
phase penetrated the capillaries. In the second stage,
owing to the conduction of cutting heat, after the cut-
ting fluid penetrates a section of the capillary, the pen-
etrated droplets absorb the cutting heat and increase its
internal energy. The pressure rose rapidly, reaching more
than 100 MPa instantaneously. The interior resembles a
sudden “explosion,” turning into steam. After “explo-
sion,” the steam will fill the inside of the capillary tube.
Simultaneously, the cutting fluid at the opening of the
capillary is ejected, which hinders further development
of the cutting fluid. In the third stage, when the cap-
illary was filled with the gas phase, the cutting fluid
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completely transformed into the gas phase after absorb-
ing the cutting heat and continued to fill the capillary in
the gas phase state. The interface state is often a bound-
ary lubrication; the lubricant is adsorbed on the solid
surface, forming a solid boundary lubrication layer. The
boundary lubrication layer has a certain ability to sup-
port the load. The capillary interaction in the tool-chip
contact zone directly affects the friction on the front
tool surface and subsequently affects the friction angle
and shear angle. Thus, the mechanical behavior of the
material removal changed. Moreover, the generation of
heat was inhibited because of the reduction in friction.

To solve this bottleneck, the contact state of tool chips
can be changed by introducing ultrasonic vibrations or
textured tools. For example, Yan et al. [234] introduced
the ultrasonic vibration MQL process, which exhibited
lower cutting forces and tool wear rates owing to the
combined advantages of lubrication and vibration. More-
over, the tool-chip contact length of the new process was
shorter, and the chip shape and surface integrity were
better. Furthermore, a mathematical model for predicting
the lubrication permeation length based on capillary rise
theory was established. This model was used to study the
effects of different parameters on lubrication in vibra-
tion-assisted machining. It was shown that lubrication
during vibration-assisted machining can provide better
cutting performance. Hao et al. [235] constructed a new
technique using the composite hydrophilic/hydrophobic
wettability of textured surfaces to improve the friction
resistance of cutting tools. The results show that com-
pared with nontextured tools and microgroove-textured
tools, textured PCD tools with hydrophilic/hydrophobic
wettability reduce cutting forces, average COF, and cut-
ting tool wear. The new tool has the effect of regulating
the movement of the cutting fluid toward the tool-chip
interface, which can further improve cutting perfor-
mance and reduce tool wear. Table 2 shows the turning
processes for the different materials.

Table 2 Literature on NMQL turning

Materials References

Aluminum alloys [142] [182]
General carbon steel [91] [108] [236]
[66] [118] [119] [122] [138] [181] [237] [238]

[47] [48] [49] [117] [120] [173] [239] [240]
[241] [242] [243] [244] [245] [246] [247]
[248]

[58] [110] [140] [249] [250] [251] [252] [253]
[254] [255] [256] [257] [258] [259] [260]

[89] [261] [262] [263]

Stainless steel
Hardened steel

Superalloy

Titanium alloy
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3.3 Milling
3.3.1 Devices

For the research and development of new processes, Li et al.
[264] developed a milling system and method under various
lubrication conditions. The system uses a tool to mill the
workpiece, a force measuring system to measure the mill-
ing force, a tool changing system to replace the tool, and a
tool library to store the tool. Different cutting tools can be
selected according to the different processing conditions.
The optimal angle difference of the tool with an unequal
helical angle is selected according to different conditions,
including dry cutting, flooding lubrication, MQL, or NMQL,
and the optimal tool is selected according to different cutting
parameters to obtain the minimum milling force. Moreover,
Li et al. [265] developed a tool device and tool system for
assisting chip breaking under different lubrication condi-
tions. This solves the problem of the long chip affecting the
surface quality of the workpiece in the existing technology
and has the beneficial effect of chip realization. As shown
in Fig. 31, Zhang et al. [266] analyzed the machining per-
formance of three internally cooled milling cutters under
low-temperature MQL conditions. The experimental results
show that the double straight channel milling cutter has the
best performance in prolonging tool life and reducing cut-
ting force.

The research and development of controllable jet nozzle
followers has been widely conducted in the field of milling.
Goldman et al. [267] invented a lubricant nozzle position-
ing system and a method that uses a C-shaped arm element

to connect the nozzle to the locator and compensate for the
load. The change in the nozzle position with the machining
parameters was realized by driving the positioner in a pneu-
matic manner. Peter [268] developed a nozzle-positioning
device using MQL. The pneumatic muscle movement drives
the cable and connecting rod to move to realize the change in
nozzle position. Yuan et al. [269] developed a nozzle posi-
tioning system. Accurate positioning of the nozzle can be
achieved by adjusting the position of the fixed arm relative
to the circumferential ring slide, the angle and length of
the first telescopic arm relative to the fixed arm, and the
length and angle of the second telescopic arm relative to the
first telescopic arm. Moreover, by using a circumferential
single degree-of-freedom revolute joint and locking ele-
ment, nozzle vibration and displacement can be effectively
avoided. Wu et al. [270] invented an MQL multidegree-of-
freedom intelligent sprinkler system based on a CNC mill-
ing machine, which realized lateral and longitudinal move-
ment through a lead screw guide mechanism and nozzle
jet angle adjustment through a gear ring gear mechanism.
Cao et al. [271] developed a programmable MQL injection
angle phase adjustment device and an application method
that controlled the injection angle phase adjustment of the
nozzle through the synchronization belt. Zhao et al. [272]
invented a manipulator used in external cold MQL, includ-
ing a suspension structure, manipulator arm, controller, and
oil mist-generating device. The suspension structure was
used to connect the manipulator with the frame, and the
free end of the manipulator was provided with a nozzle. The
oil-mist generating device is connected to the nozzle, and the
controller can control the movement of the manipulator to
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make the nozzle spray the oil mist into the processing area.
Wau et al. [273] developed a precision jet-lubrication device
suitable for MQL milling. A cooling ring is set at the lower
end of the tool spindle, and its lower end is connected with
a nozzle. The cooling ring was connected to the headstock
by a large ball screw mechanism to adjust the height of the
nozzle.

3.3.2 Characteristics

1. Distribution of the flow field

Duchosal et al. [274] obtained this conclusion in mill-
ing, and the nozzle incidence angle did not change with the
rotational speed. Duan et al. [275] revealed the influence law
of milling tool speed, spiral angle, and diameter on the flow
field distribution in MQL milling. The numerical analysis
results show that the flow field around the rotary milling
tool mainly includes inlet flow, circumferential flow, return
flow, radial flow, and gas barrier. The flow field distribution
in cavity milling was studied based on a dynamic analysis
of the flow field in face milling. Flow field distribution mod-
els of square, round, quadrangle, and irregular cavities were
established and verified experimentally. The results indicate
that the speed of the milling cutter affects the target distance
of the nozzle, the spiral angle mainly affects the incidence
angle, and the diameter of the milling cutter does not affect
the relative position of the nozzle. Moreover, the cavity
shape has little effect on the flow field distribution. The inci-
dence angle of the nozzle is only related to the spiral angle

Model 30°

of the milling cutter, and the spiral angle of the milling cutter
and shape of the cavity do not affect the elevation angle. An
elevation angle of 60°-65° was conducive to the transfer of
the cutting fluid. The shape of the cavity did not affect the
velocity and pressure of the flow field. The multiparameter
contribution rate was analyzed. The distance contribution
rate was 62.5%, followed by an incidence angle of 31.2% and
an elevation angle of 6%. Du et al. [276] analyzed the effects
of different spraying distances and angles on the infiltration
process and tool temperature. The results show that the spray
distance has a significant effect on jet divergence, and the
optimal cutting distance can effectively avoid underlubrica-
tion or overlubrication. Spraying along the cutting direction
promotes lubricant accessibility and a greater concentration
of droplets in the cutting area, particularly late in the cut-
ting process, resulting in increased penetration, reduced fric-
tion, and improved heat dissipation. Figure 32 indicates that
when the nozzle is set at cutting-in, a large number of MQL
droplets are distributed around the tool at the beginning of
cutting (30°), and the droplets are mainly distributed in the
tool flank zone. The nozzle was set at the cutting point, and
the tool easily obtained more MQL droplets in the middle
stage of cutting (60°). When the nozzle is set at the cut-out,
the droplets in the postcutting stage (90°) are well focused
on the tool surface, especially the rake face, and the contact
zone is widespread. In addition, a sufficient number of drop-
lets also reach the tool surface in the middle stage of cutting
(60°) and at the beginning of cutting (30°).
2. Lubricant infiltration
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Fig. 32 Droplet distribution behavior at different cutting stages [276]
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Milling belongs to intermittent cutting; the tool and
workpiece in the cutting process are not in continuous
contact, and the actual cutting area changes at any time.
Therefore, the milling force fluctuation, impact, and vibra-
tion are large, and the smoothness is poor. During the cut-
ting process, the lubricant can be effectively supplied to
the friction interface between the tool and chip during the
time gap between the tool and chip contact. Therefore, the
viscosity and heat-transfer properties of the lubricant must
be considered.

As shown in Fig. 33, for a single tool insert, the two
wedge-shaped friction pairs of the rake face chip and flank
face workpiece do not always exist but appear and disap-
pear at a certain frequency [277]. According to Cui et al.
[278], compared to turning, the wetting boundary of nano-
fluids is essentially changed. The infiltration of a single
edge in a very short time is not conducive to membrane
formation. The strength of the lubricant film is challenged
because of its high-frequency impact. Huang et al. [279]
believed that nanoparticles can form continuous films
on the friction surface by penetrating the milling cutter/
workpiece interface. The wear resistance and load-bear-
ing capacity of the base oil can be improved to reduce
the shear stress at the milling cutter/workpiece interface,
thereby reducing the COF of the cutting fluid and tool
wear. Alberts et al. [280] found that when graphite nano-
particles are added as the cutting fluid, the tangential force
of the cutting force and cutting energy consumption are
significantly reduced. An experimental study conducted by
Yin et al. [52] on Ti-6Al-4 V milling showed that Al,O4
nanoparticles exhibited higher hardness, which was condu-
cive to reducing the milling force. SiO, nanofluids exhibit
a high viscosity and can improve the surface quality of the
workpiece. Therefore, it can be inferred that the bearing
capacity of nanoparticles and oil film strength of nanoflu-
ids are important characteristics in milling. Table 3 lists
the milling processes of the different materials.

Table 3 Literature on NMQL milling

Materials References

[68] [74] [124] [275] [281] [282]
[106] [166]

[72] [76] [283] [284] [285] [286]
[184] [287] [288] [289] [290]

[123] [183] [291] [292] [293]

[50] [51] [52] [107] [294] [295] [296]

Aluminum alloys
General carbon steel
Stainless steel
Hardened steel
Superalloy
Titanium alloy

3.4 Grinding
3.4.1 Devices

Li et al. [297] developed an oil-film formation process
for a magnetic nanoparticle jet coupled with a magnetic
workbench. The magnetic nanoparticle fluid is transmitted
to the nozzle to form a lubricating film on the workpiece
surface of the magnetic table to achieve maximum cooling
and lubrication of the grinding process area. Li et al. [298]
also developed an MQL grinding device that combined the
electrostatic atomization of nanofluids with heat pipes. The
combined electrostatic atomization nozzles were connected
to the liquid and gas supply systems of the nanoparticles.
The nanofluid was atomized using an electrostatic atomiza-
tion combination nozzle and sprayed into the grinding area
to absorb heat in the grinding area. The electrothermal film
material absorbed heat in the grinding zone through the
electric heating effect. After leaving the grinding zone, the
absorbed heat is dissipated by the heat-pipe grinding wheel
to form the Carnot cycle. Liu et al. [299] developed a super-
sonic nozzle eddy current control cooling system coupled
with an NMQL system. The cryogenic gas generator uses
a supersonic nozzle to improve the nozzle exit speed of the
vortex tube. The flow path of the vortex tube nozzle was set
to different streamline lines to improve the eddy strength of
the gas at the vortex tube nozzle and the degree of energy
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separation. The cooling efficiency of the vortex tube and
heat pipe was improved by the heat transfer enhancement. In
another invention [300], an expander cooled the compressed
gas passing through an approximate isentropic expansion
to form cryogenic cool air. As shown in Fig. 34, Gao et al.
[301] developed a multiangle two-dimensional ultrasonic
vibration-assisted NMQL grinding device. The pumping
effect of ultrasonic vibration was used to inject nanofluid
into the interface between the grinding wheel and workpiece.
Technology integration is beneficial for the permeation state
transformation of microdroplets.

Research and development of a nozzle-following device
for the grinding process is limited. Shi et al. [302] proposed
a grinding wheel structure with a spray-cooling effect based
on the principle of centrifugal atomization. The simula-
tion and experimental results show that the new grinding
wheel can significantly reduce the grinding temperature
of difficult-to-cut materials with low energy consumption.
Reishauer [303] developed a process to monitor the position
of a grinder coolant nozzle and evaluated the grinding per-
formance by monitoring the power consumption changes of
the grinder spindle drive. When the spindle power exceeds
the expectation, the nozzle rotates along the hinge or trans-
lates along the slider, and the optimal position is determined
through the cycle test.

3.4.2 Characteristics

1. Distribution of the flow field

Stachursk et al. [304] simulated the flow-field distri-
bution in the hob grinding zone. The results show that
reducing the nozzle angle increases the gas flow at the
hob-grinding-wheel contact interface. Emami et al. [214]
also believed that in the grinding process of MQL, the air
barrier layer on the grinding wheel surface has an entry
flow, which is conducive to the MQL medium entering
the grinding wheel-workpiece contact area. Through fluid
dynamics analysis, Zhang et al. [305] found that there was
a boundary in the wedge-shaped zone between the grind-
ing wheel and workpiece and that the boundary was an
entry flow, which was conducive to the entry of lubricating
media. As shown in Fig. 35, the return flow was not con-
ducive to the entry of the lubricating medium. When the
nozzle sprays the grinding fluid into the wedge area, the
spraying direction should be maintained above the bound-
ary line as far as possible, which is conducive to the injec-
tion of grinding fluid in the wedge clearance. The results
indicate that when the nozzle shaft and workpiece surface
form a certain angle (15°-20°), the grinding fluid easily
enters the wedge clearance.

2. Lubricant infiltration
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Ultrasonic generator

Fig. 34 Multiangle two-dimensional ultrasonic vibration-assisted NMQL grinding device [301]
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Fig. 35 The flow field of grinding [305]

Grinding is a basic form of machining. The final accuracy
and surface quality of most parts are guaranteed through
the grinding process. The most remarkable characteristics
of the grinding process are the high circumferential speed of
the grinding wheel and the high specific energy [306-308].
Grinding is different from milling and turning because the
negative rake angle of the abrasive particles and the radius of
the cutting edge are larger. Consequently, material removal is
more difficult and consumes more energy [309]. Friction and
plowing cause the grinding process to produce greater heat
flux. Paradoxically, grinding is a surface integrity-oriented
process. Therefore, the technical bottleneck in heat dissipa-
tion is the primary technical bottleneck in grinding. Because
grinding is different from other machining forms, the contact
time between each abrasive particle and workpiece is very
short under the action of the high circumferential speed of
the grinding wheel. Meanwhile, the volume of the grinding
chips was very small, and the heat removed by the grind-
ing chips was very small. The high energy density in the
grinding zone significantly affects the surface quality and
performance of the workpiece. In particular, when the grind-
ing zone temperature exceeds a critical value, it can cause
thermal damage to the surface of the workpiece (surface
oxidation, burns, residual tensile stress, and cracks). Mean-
while, the grinding performance and machining accuracy
of the grinding wheel are reduced. With the accumulation
of heat on the workpiece surface, the dimensional accuracy
and shape accuracy are out of tolerance owing to grinding
heat. Generally, grinding is the final process of the parts.
The grinding technology and processes determine the final
precision and surface quality of the parts. Therefore, effec-
tive measures must be taken to reduce or even eliminate the
influence of grinding heat on workpiece machining accuracy
and surface quality.

The influence of the fluid on the heat dissipation was
twofold. First, the strong heat transfer characteristics of

nanofluids improve the heat dissipation performance. On
the other hand, the antiwear and antifriction effects of the
nanofluid reduce the heat flux of the heat source at the fric-
tional interface. As shown in Fig. 36, with the help of self-
diffusion osmosis, the nanofluids can form a lubricating film
with a larger coverage and stronger friction and wear resist-
ance. The lubricating film was more easily combined with
the surface of the friction pair and improved the stability of
the oil film. Cui et al. [278] considered the removal behavior
of the material and concluded that the Iubrication film on the
workpiece surface could play a greater role in the sliding and
plowing stages. During grinding, the machining trajectory of
the latter abrasive was based on that of the former abrasive.
This implies that the surface to be machined by the latter
abrasive is a new surface machined by the former abrasive.
Because the former abrasive forms a stable lubrication film
on the workpiece surface after cutting, the latter abrasive
benefits from the stable lubrication film in a good lubrica-
tion state. Consequently, the friction heat during the sliding
and plowing phases was significantly reduced. Zhang et al.
[88] found that a grinding wheel was beneficial to the filtra-
tion and film-forming processes. Capillary and microchan-
nel networks were formed during grinding because of the
pores on the grinding wheel surface. Lubricant penetration
has sufficient space and power owing to the dynamic pump
effect. Moreover, lubricants can be stored in pores and filled
at any time. Thus, a sufficient amount of nanolubricant is
rolled into the film repeatedly during repeated cutting of
the abrasive.

For the selection of nanofluids, Wang et al. [310] found
that different workpiece materials exhibit different removal
mechanisms. Owing to the brittleness removal mechanism of
Ni-based alloys, the chip is C-type. The chip of 45 steel is
curled into long stripes owing to the plastic removal mech-
anism. Meanwhile, a large amount of grinding energy was
consumed during the removal process. Therefore, plastic
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Table 4 Literature on NMQL grinding

Materials References

General carbon steel  [95] [96] [310] [311]

Stainless steel [171][312]

Hardened steel [821[179] [313]

Superalloy [53]1[57]1 [83] [104] [125] [126] [310] [314]
[315]

Titanium alloy [69] [154] [155] [170] [316] [317] [318] [319]

Composites [320] [321] [322] [323]

Ceramics [324] [325] [326] [327] [328]

Cemented carbide [169] [172] [329] [330]

removal consumes more energy than brittle removal. Nodular
cast iron is shaped like a short block of broken chips. The
material removal process affected the surface quality to some
extent, and the surface quality obtained by this material was
worse than that of 45 steel. The application of different NMQL
methods has a significant influence on the grinding character-
istics of different materials, such as the force ratio, specific
grinding energy, G ratio, and surface roughness. The MoS,
NMQL is suitable for processing soft medium carbon steel,
such as 45 steel, whereas the Al,0; nanofluid is suitable for
processing high-strength and hard materials, such as nickel-
based alloys. Table 4 shows the grinding processes for the
different materials.

@ Springer

4 Conclusions and prospects
4.1 Conclusions

The current study covers the latest research on the applica-
tion of nanofluids in the field of mechanical manufacturing.
First, the preparation, fluid, thermal, and tribological prop-
erties of nanofluids are disclosed. In addition, innovative
equipment for nanofluid supply is reviewed, and the atomi-
zation mechanism under different boundary conditions is
analyzed. The technical problems of the parameterized con-
trollable power supply system were solved. Furthermore, the
properties of the nanofluids in turning, milling, and grinding
are discussed. The mapping relationship between the nano-
fluid parameters and the processing properties was clarified.
The flow field distribution and lubricant wetting behavior
under different tool workpiece boundaries were revealed.
The point-by-point conclusions of this study are as follows.

1. The hard phase or layered lubrication structure can be
selected based on the interface load. The base oil can
select water- or vegetable oil-based fluids according to
the guidance of processing cooling and lubrication. A
two-step method is recommended to prepare nanofluids
in the manufacturing process because the equipment
used in the one-step method is expensive and difficult to
operate. The stability of nanofluids is an important bot-
tleneck to further improve the machining performance.
For example, in the turning process of AISI 304 steel
with MoOs/water nanofluids, the average cutting force
and tool wear were significantly reduced by 32.05% and
53%, respectively, when 0.45 vol % SPAN20 surfactant
was added. The mapping relationship between the con-
centration of nanofluid and machining performance was
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clearly defined. Owing to the instability of nanofluids,
there is a certain concentration that causes the nano-
fluids to exhibit the best performance. The stability of
mixed nanofluids is better than that of single nanoflu-
ids. The influence of thermal and fluid properties on the
machining performance of the nanofluids was revealed.
The mechanism of action of hybrid nanofluids at the
friction interface requires further exploration. Stability
is a key factor that affects the performance of nanofluids.
Mechanical/ultrasonic treatments and dispersants should
be performed before use.

Adding nanoparticles to the base fluid increased
the dynamic viscosity of the nanofluid and led to an
improvement in the lubricating performance. Owing
to inertia, the droplets continue to flow forward after
entering the tool-workpiece interface. High-viscosity
fluids have poor fluidity and short flow distances, and
it is difficult for them to penetrate the gap in the cutting
area. In addition, a higher viscosity index value is ideal
because it ensures stable lubrication within the oper-
ating-temperature range. A small surface tension can
penetrate numerous capillaries in the tool chip contact
area and form a lubricating film during the machining
process. Meanwhile, the smaller the surface tension,
the more easily the droplets are broken, and the utiliza-
tion rate, migration, and permeability of the lubricant
are further improved. Moreover, a small contact angle
represents a large penetration area, which expands the
thermal boundary layer and improves the heat transfer
performance. For boiling heat transfer, the small surface
tension of nanofluids implies that the binding force of
bubble formation and expansion is weak. The presence
of more bubbles and the high activity of boiling heat
transfer will help achieve excellent performance.
Nanofluids are high-performance cooling lubrication
media with a cutting-fluid reduction supply. The friction
of the interface is improved; for example, in the friction
and wear tests, the COF of the Jatropha curcas oil-based
Al,05 nanofluid was reduced by 85% compared with
the dry condition. The tool life has been significantly
improved; for example, cutting fluid based on Al,O;
nanoparticles has improved the tool life by nearly 177—
230% in hard milling. The heat transfer performance
was significantly improved; for example, the addition
of CNT nanoparticles increased the CHTC of normal
saline by 145.06%.

Electrostatic atomization and ultrasonic atomization
improved the size distribution of the nanofluid droplets
and the uniformity of the droplet size. The develop-
ment of composite efficiency enhancement processes,
such as texture tools, cryogenic medium, and ultrasonic
vibration-assisted processing, enriches NMQL process
technology. This provides a technical guarantee of clean

precision manufacturing. The parametric intelligent
feeding device and the subsequent nozzle system will
further the application of nanofluids in the field of intel-
ligent manufacturing.

The wettability of nanofluids should be considered dur-
ing turning because of the continuous contact of the tool
chip. Owing to the impact load of high frequency in
milling, the oil film strength and extrusion resistance of
nanofluids must be considered. Owing to the high mate-
rial removal energy, the friction reduction and thermal
properties of nanofluids in the grinding zone must be
considered simultaneously.

4.2 Prospects

Lubricants should develop additives with excellent
comprehensive performance and environmental
friendliness by combining anti-wear, friction-reduc-
tion, and oxidation resistance. The synergistic effect
of the modification and addition of antioxidants is
expected to be an effective method for enhancing
the oxidation stability of vegetable oils. Nanofluids
based on vegetable oil have excellent lubrication and
cooling effects, but the multimapping law of the pro-
cess parameters under various working conditions is
still unclear.

Studies on the synergistic technology of nanofluids
combined with texture tools, ultrasonic vibration, and
cryogenic cooling media have been carried out. In
the future, scholars should jointly promote extensive
and in-depth research. The parameterized modeling
of composite enhancement processes and their com-
patibility with traditional processing models must be
evaluated.

Integrated communication with machine tools to extract
processing parameters, adaptive adjustment equipment
for nanofluid supply parameters, and atomization param-
eters must be widely promoted. The manufacturing and
application of intelligent supply devices will further
promote the construction of intelligent factories. This
is what current international organizations and policies
advocate.

It is recommended that new research and application
associations be established to promote the application
and development of nanofluids in machining. Param-
eter database construction standards must be drafted
and evaluated by experts and scholars in the industry,
as well as major customers of application scenarios.
Quantitative evaluation indicators based on the demand
for carbon reduction and energy conservation must also
be unified.
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