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Abstract

The disadvantages of minimum quantity lubrication (MQL) are its poor cooling capability and environment and health hazard as
a result of mist formation, resulting in considerable limitations on its widespread application. There is an urgent need to improve
its cooling/lubrication performance and environmental performance. Electrostatic atomization is a method where the liquid is
electrostatic charged and broken into fine charged droplets by means of electrical forces. This paper investigated the role of
electrostatic atomization lubrication (EAL) and nanofluid electrostatic atomization lubrication (NFEAL) on tool wear in end
milling of Ti-6AI-4V alloy, and evaluated their environmental performance in non-machining experiments in terms of oil mist
concentrations of PM10 and PM2.5. For this research, electrostatic atomization milling system was designed and fabricated. A
comparison with the results obtained under MQL condition is also provided. The experimental results show that there was a
considerable reduction in tool wear and oil mist concentration for EAL and NFEAL as compared with MQL condition.
Furthermore, NFEAL was more effective than EAL for reducing tool wear. But NFEAL yielded slightly higher oil mist
concentration than EAL. Therefore, EAL and NFEAL seem to be potential cooling/lubricating approaches for the machining
substituting MQL from view point of machining performance, health, and environment.
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1 Introduction

Minimum quantity lubrication (MQL) is a method in which a
minute quantity amount of lubricating oil is mixed with com-
pressed air to form aerosol and sprayed into the machining
zone for cooling and lubrication. MQL not only reduces the
consumption rate of lubricating oil, but also results in the
reduction of tool wear and improvement of surface quality in
different material removal processes [1, 2]. However, there are
two problems that limit the extensive use of MQL. One is its
poor cooling capability and the other is air pollution and health
hazards as a result of the production of mist [3, 4]. In MQL
process, the cooling effect is provided by the convective heat
transfer of compressed air and the evaporation of lubricating
oil. Due to the low thermal capacity of air and lubricating oil,
the cooling capacity of MQL is insufficient for the cutting
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operation with excessive heat generation. In addition, when
spraying air-oil mixture during MQL, mist is dispersed in the
surrounding environment, which leads to air pollution and
health hazards for workers. The Cicinati University and
Techsolve, Inc. jointly studied the concentration of oil mist
particles in air under MQL and flood cooling conditions. It
was found that at low cutting speed and metal removal rate,
the oil mist particle generation rate in air caused by MQL was
100 to 140 times and 340 to 3300 times that under flood
cooling during milling and drilling, respectively, and this ratio
would be bigger at high cutting speed and metal removal rate
[5]. Oil mist exposures cause many illnesses such as dermati-
tis, asthma, and pneumonia by skin contact and breathing [6].
Therefore, there is an urgent need for improving the cooling/
lubrication and environmental performance of MQL.

Some methods applied to enhance the cooling/lubrication
performance of MQL have been reported. Zhang et al. [7]
developed a cryogenic minimum quantity lubrication
(CMQL) system in which a small amount of lubricating oil
was mixed with cryogenic air, and found that in comparison
with dry condition, the application of CMQL increased tool
life by 57% in end milling of Inconel 718. Su [8] studied the
role of cooling/lubrication effect of CMQL in cylindrical
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Fig. 1 Photographic view of
electrostatic atomization milling
system: 1, high-voltage
electrostatic generator; 2, syringe
pump; 3, cutting tool; 4,
workpiece; 5, nozzle

turning of AISI H13 steel by three-dimensional finite element
simulation, and proposed the development direction of
CMQL. Sanchez et al. [9] proposed a new hybrid MQL-CO,
grinding technology, that is to spray MQL oil microdroplets
directly onto the grinding wheel surface and then make the oil
frozen on the abrasive grains using CO, jet, to improve the
grindability of AISI D2 tool steel. Su et al. [10] studied the
application of graphite oil-based nanofluid MQL with
vegetable-based oil and ester oil as base fluids in turning. It
was found that graphite oil-based nanofluid MQL was more
effective to reduce cutting force and cutting temperature than
MQL with the corresponding base fluid, especially using
LB2000 vegetable-based oil as base fluid. Itoigawa et al.
[11] investigated the boundary film behavior of MQL and
MQL with water (OoW) using intermittent turning process.
It was reported that relative to MQL, the strength of boundary
film under OoW can be sustained due to water’s chilling ef-
fect. Due to the fact that the above methods for improving the
cooling/lubrication performance of MQL use compressed air
as atomizing driving force and droplet transport carrier, the
motion of droplet is uncontrollable after being sprayed.
Thus, the problem of high oil mist concentration in the work-
ing environment can’t be avoided when applying them.
Installing a vacuum system or oil mist separator is com-
monly used to reduce the harm of oil mist to environment and
human body during MQL. But it leads to the great increase in
production cost. Li [12] investigated the aerosol generation
rate in the air using an aerosol spectrometer during MQL in
turning operation. It was found that applying higher oil flow
rate in MQL brought about an increasing aerosol generation.
The most effective solution to reduce the aerosol concentra-
tion in MQL process was to limit the use of lubricating oil.
However, the cooling and lubricating effect of MQL is diffi-
cult to be fully played when selecting spraying conditions
from environmental point of view. It has been pointed out in

Table 1 Chemical composition of Ti-6Al-4V (wt%)

Al \Y Fe C O N H Ti

643 413 015 0.02 014 0.006 0.001  Balance
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reference [5] that the important source of oil mist particles in
the air during the MQL is not the machining process, but the
transfer of oil mist to the machining zone. Thus, the effective
way of minimizing adverse environmental and worker’s
health effects associated with the application of MQL is to
seek a controllable method to deliver mist droplets to the ma-
chining zone with less dispersion.

Electrostatic atomization is a method where the liquid is
electrostatic charged and broken into fine charged droplets by
means of electrical forces. Relative to pneumatic atomization,
electrostatic atomization has some significant virtues such as
relative ease of droplet generation, uniform distribution of
droplet size, and great control of droplet transport [13—16].
So, it is expected to be a new generation of green cooling/
lubrication technology in machining. Based on the principle
of electrostatic atomization, Reddy et al. [17, 18] developed
electrostatic lubrication (ESL) experimental setup and carried
out the drilling experiments of AISI 4340 steel and SCM 440
steel under different cooling/lubrication conditions such as
dry, wet, MQL and ESL with soluble oil with water, and the
mixture of SAE 40 oil and micro size graphite. The results
suggested that relative to dry, wet, and MQL, reduction in
thrust force and tool wear and improvement of dimensional
accuracy and surface roughness could be obtained with ESL.
But to date, machining and environmental performance of
electrostatic atomization lubrication (EAL) in milling opera-
tion has never been studied. So the objective of current study
is to investigate the effects of EAL and nanofluid electrostatic
atomization lubrication (NFEAL) on tool wear and environ-
ment by experiments of milling titanium alloy and oil mist
concentration detection, and compare the performance with
MQL.

Table 2 Mechanical

properties of Ti-6Al-4V Properties Values
at room temperature
Tensile strength ob/MPa 895
Yield strength 60.2/MPa 825
Elongation 8/% 10
Hardness/HRC 34
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Table 3 Conditions of machining

experiments Operation Up milling
Milling parameters Values
Cutting speed 100 m/min
Feed rate 0.1 mm/rev
Axial depth of cut 2.5 mm
Radial depth of cut 0.5 mm
Cooling/lubrication conditions Description
MQL Air pressure, 0.6 MPa; lubricant, LB2000; flow rate, 30 ml/h
EAL Voltage, — 7.8 kV; lubricant, LB2000; flow rate, 30 ml/h
NFEAL Voltage, — 4.5 kV; lubricant, graphite-LB2000 nanofluid; flow rate, 30 ml/h

2 Experimental details
2.1 Machining experiments

Figure 1 shows the photographic view of electrostatic atomi-
zation milling system. It was mainly composed of high-
voltage electrostatic generator (ZGY-5, Dalian Power Supply
Technology Co., Ltd, China), syringe pump (LSPO1-1A,
Baoding Longer Precision Pump Co., Ltd, China), cutting
tool, workpiece, and nozzle. The nozzle was made of stainless
steel with 0.4 mm inner diameter and connected to the nega-
tive terminal of ZGY-5 high-voltage electrostatic generator,
which was capable of supplying a maximum voltage of —
120 kV. LSPO1-1A syringe pump was connected to the inlet
of nozzle through a silicone rubber tube. The cutting tool and
workpiece were connected to the ground indirectly through
the machine tool.

When high-voltage electrostatic generator operated, the
nozzle generated charges with the same polarity as the
high-voltage supply, and opposite charges were induced
on the surfaces of cutting tool and workpiece. So high-
voltage electrostatic field was formed among the nozzle,
cutting tool, and workpiece. When the lubrication medium
passed through the nozzle, like charges were induced onto
the surface of lubrication medium by conduction charging
method. When the charges on the lubrication medium
exceeded Rayleigh limit, the repulsive electrostatic force
on the surface of charged lubrication medium overcame
the surface tension and viscous force, thus making the
lubrication medium breaking into tiny charged droplets.
After that, the charged droplets were delivered by the
electrostatic force under the electrostatic field, and
attracted to the opposite charges induced on the surfaces

of cutting tool and workpiece, thus cooling and lubricat-
ing the cutting zone.

End milling experiments were performed on 100 x 100
x 100 mm Ti-6AI-4V alloy rectangular block on MVC
850 machining center by uncoated carbide inserts (model
R390-11T308M-KMH13A, Sandvik Coromant). The
chemical composition and mechanical properties of work-
piece are given in Tables 1 and 2, respectively. The con-
ditions of machining experiments are presented in
Table 3. LB2000 biodegradable vegetable-based oil was
used as lubrication medium of MQL and EAL. The MQL
mists were supplied with Accu-Lube micro lubricating
system through a flexible nozzle. For NFEAL application,
graphite-LB2000 nanofluids were formulated by adding
0.5% by weight of 35 nm graphite nanoparticles
(Beijing DK nanotechnology Co., Ltd, China) in
LB2000 vegetable-based oil followed by ultrasonication
(40 kHz, 100 W) for 2 h. The sedimentation experiment
results show that the graphite-LB2000 nanofluids pre-
pared were stable for more than 3 months. The dynamic
viscosity, surface tension, and thermal conductivity of lu-
brication medium employed were measured by NDJ-9S
rotational-type viscometer, BZY-1 automatic surface ten-
sion meter and TC3010L thermal conductivity measuring
instrument, respectively, and the results are given in
Table 4. Under all the cooling/lubrication conditions used
in the current study, the nozzle was positioned towards the
cutting zone with a distance of 20 mm and at an angle of
60° in relation to the cutting tool. The electrostatic atom-
ization depends highly on the electrostatic field.
Furthermore, the electrostatic field is affected by the volt-
age, nozzle angle, and spraying distance. Thus, the elec-
trostatic field among the nozzle, cutting tool, and

Table 4 Physical properties of -
lubricant Properties

LB2000 Graphite-LB2000 nanofluid (0.5 wt%)
Dynamic viscosity/(mpa.s) 52 57
Surface tension/(mN/m) 32.2 29.47
Thermal conductivity/(W/mK) 0.16526 0.166
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Fig. 2 FA-3 aerosol particle size distribution sampler: 1, front separator;
2, impactor; 3, main machine; 4, flowmeter

workpiece was simulated using Ansoft Maxwell under
different conditions. Combined with electrostatic field
simulation and preliminary experiment, the voltage, noz-
zle angle, and spraying distance used in EAL and NFEAL
conditions were determined in order to obtain the stable
atomization and deliver mist droplets towards the machin-
ing zone.

The tool wear was measured at different intervals up to
315 min of machining by means of optical digital microscope
(model DSX-500, Olympus), and was examined by scanning
electron microscope (SEM) equipped with energy dispersive
spectroscopy (EDS).

2.2 Oil mist concentration detection experiments
2.2.1 Sampling equipment

The oil mist collection device used was a FA-3 aerosol particle
size distribution sampler (Changzhou Pusen Electric
Instrument Factory, China), which works based on inertial
impact principle, as shown in Fig. 2. It was mainly composed
of a front separator, an impactor, and a main machine with a
flowmeter. The front separator was used to prevent the bounce
and repeated transport of particles when sampling in the envi-
ronment containing particles larger than 10 pm. The impactor
consisted of nine grade aluminum discs with small orifices. A
stainless steel acquisition plate and a glass fiber filter were
placed under each grade disc. The particles of different sizes
below 10 um could be captured by the impactor. The main
machine was a continuously operating air extractor that could
provide different sampling flow rates.

2.2.2 Calculation method of oil mist concentration

The collected oil mist was weighed with high precision FA-
2004B electric analytical balance to calculate the oil mist con-
centration value based on gravimetric analysis method. The
oil mist concentration could be calculated according to the
following formula [19]

C = 1000 x (Mz—Ml)/V()—CO

" 273 Py
273 + K 101324.72

Vo =4y

where C is the oil mist concentration, M, is the weight of filter
and acquisition plate before sampling, M, is the weight of
filter and acquisition plate after sampling, V, is the sampled
air volume at standard state (20 °C, standard atmospheric
pressure ), ¢, is sampling flow rate, ¢ is the sampling time, K
is the ambient temperature during sampling, Py is the atmo-
spheric pressure during sampling, and Cj is the oil mist con-
centration of background experiment. The illustration about
the background experiment was given in Section 2.2.4.

2.2.3 Sampling position and time

Before the oil mist was collected, the sampling position and
sampling time should be considered. In order to characterize
the hazard of oil mist to the worker’s health, the sampling
position is usually set on the operator’s console outside the
machine tool. However, due to the influence of some factors
such as the protective door of machine tool, the size of exter-
nal space, and the ambient air circulation, sampling the ambi-
ent air outside the machine tool doesn’t reflect the formation
of oil mist effectively. According to the requirements of oil
mist concentration measurement of metal cutting machine
tools in China [19], the sampling position is generally less
than 1 m from the machine tool, and its height from the ground
is generally the same as that of human respiratory zone. The
average height of nostrils in China is about 1.5 m. Thus, in the
current experiments, the sampling position was arranged in
the protective door of machine tool, which was about 0.7 m
away from the spindle of machine tool and 1.5 m away from
the ground.

In order to enhance the oil mist sampling efficiency, the
sampling flow rate was set at 28.3 L/min and the continuous
sampling time was 2 h. The sampling flow rate of 28.3 L/min

Table 5 Cooling/lubrication

conditions used in oil mist Cooling/lubrication Description
concentration detection conditions
MQL Air pressure, 0.6 MPa; lubricant, LB2000; flow rate, 30 ml/h
EAL Voltage, — 8 kV; lubricant, LB2000; flow rate, 30 ml/h
NFEAL Voltage, — 5, — 8 kV; lubricant, graphite-LB2000 nanofluid; flow rate, 30 ml/h
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Fig. 3 Experimental setup of oil
mist concentration detection. (a)
MQL. (b) EAL and NFEAL

(a) MQL

was within the range of 15~40 L/min specified in the measur-
ing method of oil mist concentration of metal cutting machine
tools in China [19]. And the air sampling amount for each
collected sample was 3396 L, which met the sample amount
standard of National Institute for Occupational Safety and
Health (NIOSH) in the USA [20].

2.2.4 Experiment conditions

All the oil mist concentration detection experiments were
carried out on MVC 850 machining center. During the
sampling process, the protective door of machine tool
was closed. In the machining process, metal dust is

(b) EAL and NFEAL

generated and dispersed in the air, which interferes with
the measurement of oil mist, so that the accurate oil mist
concentration values can’t be obtained. Therefore, when
detecting the oil mist concentration, non-machining exper-
iments was planned. And the rotational speed of cutting
tool, n, was set at 0 and 1274 r/min. The cooling/
lubrication conditions used in oil mist concentration detec-
tion are given in Table 5.The nozzle angle and spraying
distance employed in oil mist concentration detection were
the same as those in milling experiments. As a background
experiment, the ambient air of laboratory was sampled be-
fore the oil mist concentration detection. Figure 3 shows
the experimental setup of oil mist concentration detection.
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Fig. 5 SEM photos of flank faces
of worn inserts after machining
315 min under various cooling/
lubrication conditions. (a) MQL.
(b) EAL. (c) NFEAL

13.1mm x

(a) MQL (b) EAL

(c) NFEAL

According to the reference [21], when the aerodynamic  concentrations of oil mist with aerodynamic diameter less
diameter of oil mist particles is from 2.5 to 10 pm and less than 10 um (PM10) and 2.5 um (PM2.5) were measured
than 2.5 um, they can enter the upper and lower respiratory  and calculated to evaluate the effect of cooling/lubrication
tract through respiration, respectively. So the  conditions on the environment and worker’s health.

Fig. 6 SEM photos of rake faces
of worn inserts after machining
315 min under various cooling/
lubrication conditions. (a) MQL.
(b) EAL. (c) NFEAL

13.1mm x30 S

(a) MQL (b) EAL

/ 13.5mm x3 M 1.00mm|

(c) NFEAL
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(2) MQL

3 Results and discussion

3.1 Effect of cooling/lubrication conditions on tool
wear

Figure 4 shows a comparison of flank wear among MQL,
EAL, and NFEAL. As can be seen obviously, the cooling/
lubrication conditions affected the tool wear significantly.
The flank wear was in the decreasing order of MQL, EAL,
and NFEAL. The reduction ratios of maximum flank wear,
nose wear, and notch wear at the depth of cut in case of EAL
were 43.87%, 27.78%, and 20.34%, respectively, when com-
pared with those in case of MQL. Meanwhile, the reduction
ratios of maximum flank wear, nose wear, and notch wear at
the depth of cut in case of NFEAL were 59.41%, 56.40%, and
53.97%, respectively.

Figures 5 and 6 show wear morphology of rake and flank
faces of worn uncoated cutting inserts after machining
315 min under various cooling/lubrication conditions, respec-
tively. As shown in Figs. 5 and 6, the cutting inserts exhibited
non-uniform flank wear, chipping, and flaking on the rake
face under EAL and NFEAL conditions. However, MQL con-
dition provided non-uniform flank wear and edge fracture
wear patterns. As reported by many researchers [22-25], the
temperature at the cutting edge can be above 800 °C when
machining titanium alloy using carbide tool, even at moderate
cutting condition. High temperature, intimate contact, and
high chemical affinity between the tool and the workpiece
promoted the adhesion and diffusion during the machining

Table 6 EDS analysis of region A, B, and C in Fig. 7

(b) EAL

(c) NFEAL
Fig. 7 SEM micrographs of flank faces of worn inserts under different cooling/lubrication conditions. (a) MQL. (b) EAL. (¢) NFEAL

of titanium alloy. Figure 7 shows the SEM micrographs of
flank faces of worn inserts under different cooling/
lubrication conditions. The large material adherence to the
flank face was clearly observed under MQL condition (Fig.
7a). However, there was almost no obvious adhesion on flank
face under EAL and NFEAL conditions (Fig. 7b, c¢). EDS
analysis was further performed in region A, B, and C of Fig.
7 and the results are given in Table 6. High concentration of Ti
in region A characterized the existence of adhered workpiece
materials. Moreover, W and Co were not detected in region A,
indicating that it was fully covered by adhered workpiece
materials under MQL condition. Low concentration of Ti in
region B and C demonstrates that there were only a very small
amount of workpiece materials adhered on the flank face un-
der EAL and NFEAL conditions. In the machining of titanium
alloy, high temperature and stress coupled with the detach-
ment of adhered workpiece materials on tool face, and the
embrittlement of tool material due to diffusion of C from cut-
ting tool to workpiece [26] accelerated the chipping, flaking
and fracture of cutting tool.

Due to the close contact between the tool and the work-
piece during the machining of titanium alloy, under MQL
condition, mist droplets could not penetrate into the cutting
interface and remove the cutting heat effectively. Under
EAL and NFEAL conditions, charged mist droplets were
delivered to the machining zone by electrostatic force.
Owing to electrostatic hoop and Rebinder effects, charged
mist droplets could enter into the cutting interface and
cool/lubricate the cutting zone effectively, thus reducing

Cooling/lubrication conditions Element wt%

Titanium Aluminum Vanadium Nitrogen Iron Tungsten Cobalt Carbon Oxygen
MQL 68.53 5.60 3.37 0.63 0.07 - - 11.30 10.51
EAL 14.56 - - - - 62.90 717 11.14 423
NFEAL 4.44 - - - - 47.05 29.05 12.57 6.89
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S4800 20.0kV 14.3mm x2.00k SE(U)

Fig. 8 SEM micrograph of thermal crack under NFEAL condition

the thermally related wear and consequently resulting in
the reduction in the tool wear with EAL and NFEAL com-
pared to MQL condition. Graphite-LB2000 nanofluid had
lower surface tension and higher conductivity than
LB2000 vegetable-based oil. Thus, during the electrostatic
atomization process, due to the reduction of atomization
resistance and the improvement of charging performance,
graphite-LB2000 nanofluid tended to generate smaller
droplets than LB2000 vegetable-based oil, leading to more
efficient penetration of NFEAL into the cutting interface.
In addition, when milling titanium alloy under NFEAL
condition, graphite nanoparticles could enter into the cut-
ting zone with charged mist droplets and help reduce the
friction at the cutting interface. Thus, owing to enhanced
penetration, low friction characteristic of graphite nanopar-
ticles, and increased heat transfer capability of graphite-
LB2000 nanofluids (Table 4), NFEAL presented better
cooling and lubrication effect than EAL. Therefore,
NFEAL was more effective than EAL in terms of reduction
in tool wear.

]

N

N

Oil mist concentration (mg/m3)
w

-

MQL NFEAL(-5kV)

EAL(-8kV) NFEAL(-8kV)

(a) n=0 r/min

Figure 8 shows a SEM micrograph of thermal crack under
NFEAL condition. It can be seen clearly that thermal crack
extended from the rake face to flank face of cutting insert, and
micro-chipping happened at the cutting edge where thermal
crack formed and propagated. Formation of thermal cracks
reduced the strength of cutting edge. When thermal cracks
propagated to a serious extent, they resulted in the catastrophic
fracture of cutting edge. Although the formation and propaga-
tion of thermal cracks were accelerated by increased fluctua-
tion of tool temperature resulting from application of cooling/
lubrication conditions during intermittent milling, NFEAL did
not bring about the severe tool damage (Figs. 5 and 6).

3.2 Effect of cooling/lubrication conditions on oil mist
concentration

In the current experiments, the sources of oil mist generated in
working environment involved the dispersion of droplets dur-
ing the conveying process and the splash of droplets after
hitting the cutting tool. Figure 9 shows a comparison of oil
mist concentration among MQL, EAL, and NFEAL. It can be
seen from Fig. 9 that whether the tool rotated or not, the oil
mist concentrations of PM10 and PM2.5 were considerably
less with application of EAL and NFEAL compared to MQL.
Under MQL condition, mist droplets were transported to the
tool by compressed air and thus the movement of droplets was
not constrained. However, under EAL and NFEAL condi-
tions, the electrostatic field was established between nozzle
and cutting tool. The charged droplets were delivered towards
cutting tool by means of electrical force, and got attracted to
the cutting tool due to the opposite charges induced on tool
face, which reduced the dispersion of droplets during the con-
veying process, and the splash of droplets after colliding with
the cutting tool. Therefore, the oil mist concentration under
EAL and NFEAL conditions was significantly lower than that

RN PM10

B PVM2.5
4.6732

)]

E

N

Oil mist concentration (mg/m’)
w

-

MQL NFEAL(-5kV) EAL(-8kV) NFEAL(-8kV)

(b) n=1274 r/min

Fig. 9 Comparison of oil mist concentration under various cooling/lubrication conditions. (a) # = 0 r/min. (b) n = 1274 r/min
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under MQL condition. Furthermore, NFEAL produced slight-
ly higher oil mist concentrations of PM10 and PM2.5 than
EAL. This can be attributed to the fact that fine droplets were
easily formed during the NFEAL process due to the high
electrical conductivity and low surface tension of graphite-
LB2000 nanofluids. As shown in Fig. 9, in case of NFEAL,
the oil mist concentrations of PM10 and PM2.5 decreased
with the increase of voltage. This is because the increase of
voltage led to an increase in the intensity of electrostatic field,
which enhanced the ability of electrostatic field to control the
transport process of droplets, and thus reduced the diffusion of
oil mist particles into the environment, thereby resulting in a
decrease in the oil mist concentration.

As can be seen clearly, regardless of cooling/lubrication
conditions, the oil mist concentrations of PM10 and PM2.5
under tool rotation condition were higher than those under
tool quiescence condition. The airflow field caused by tool
rotation promoted the dispersion of droplets. Moreover, the
droplets tended to splash after they hit the rotating tool. As a
result, the oil mist concentration under tool rotation condition
increased. When the tool didn’t rotate, compared to MQL,
NFEAL showed 42.41~63.43% and 71~74.95% reduction in
the oil mist concentrations of PM10 and PM2.5, respectively.
When the tool rotated at a speed of 1274 1/min, compared to
MQL, NFEAL showed 40.72~60.21% and 45.49~48.10% re-
duction in the oil mist concentrations of PM10 and PM2.5,
respectively. The percentage reduction in the oil mist concen-
tration of PM2.5 for NFEAL relative to MQL was found to
decrease significantly, as the rotational speed of cutting tool
increased from O to 1274 r/min. The droplet velocity under
NFEAL condition was lower than that under MQL condition
[27]. Thus, the small size droplets under NFEAL condition
were easily dispersed into the air under the action of air flow
field caused by the rotation of cutting tool. This might be the
reason why there was an obvious decrease in the reduction. It
can be noted from Fig. 9 that whether the tool rotated or not,
the oil mist concentration of PM2.5 under MQL condition far
exceeded the contact limit of 0.5 mg/m”® specified by NIOSH
in the USA [28]. The oil mist concentration of PM2.5 under
EAL and NFEAL conditions was lower than the contact limit
when the tool didn’t rotate. But it was slightly higher than the
contact limit when the tool rotated at a speed of 1274 r/min.

4 Conclusions

In this paper, milling experiments and oil mist concentration
detection experiments were conducted under the conditions of
MQL, EAL, and NFEAL. The comparative performance
among MQL, EAL, and NFEAL was also analyzed. It is
found that both EAL and NFEAL could reduce the tool wear
significantly, but NFEAL was more effective than EAL. The
oil mist concentrations of PM10 and PM2.5 for NFEAL were

less compared with those for MQL, but were a little more with
respect to EAL. The oil mist concentration under NFEAL
condition was found to be decreasing with the increase in
voltage. So EAL and NFEAL would become a novel, prom-
ising means as an alternative to MQL because of the environ-
mental improvement, and the reduction in tool wear and
health hazard.

In further research, the influence of EAL and NFEAL pro-
cess parameters such as voltage, flow rate, and type of lubri-
cant on machining and environmental performance will be
studied detailedly by experiments to optimize the EAL and
NFEAL machining process.
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