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Abstract
A green manufacturing technology named “electrostatic minimum quantity lubrication (EMQL)” with water-based Al2O3

nanoparticle fluids as cutting fluids was developed in order to improve the cutting property and minimize oil mist concentration
during the machining process. The capillary penetration mechanism, oil mist concentration, and heat transfer property of Al2O3

fluid EMQL were investigated. The cutting performance of Al2O3 fluid EMQL and traditional minimum quantity lubrication
(MQL) was compared. The results showed that EMQL could improve the penetrability and heat transfer capacity of the lubricant
effectively. Compared with Al2O3 fluid MQL and oil-basedMQL, Al2O3 fluid EMQL reduced oil mist concentration and cutting
temperature remarkably and showed similar cutting performances compared with the oil-basedMQL. The excellent performance
of this water-based Al2O3 fluid EMQL technology was mainly due to that EMQL could promote a further penetration of the
charged Al2O3 nanofluid droplets into the cutting region, which thus reduced the friction force, and the tool durability was
maintained obviously and finally presented better machining performance.

Keywords Nanofluid . Electrostatic minimumquantity lubrication . Penetrationmechanism . Oilmist concentration .Machining
performance

1 Introduction

Mineral cutting fluids have widely been employed to mini-
mize friction and heat at the cutting interface during the
manufacturing processes. Nevertheless, it has been demon-
strated that the use of mineral fluids might cause negative
impacts, such as environmental pollution and operators’
health concerns [1, 2]. To solve these issues, many researchers
have made efforts in the last few decades to search for effec-
tive alternatives to minimize the use of these mineral fluids [3,
4].

Minimum quantity lubrication (MQL) is one of the prom-
ising alternatives, which has attracted wide attention from ac-
ademia and industry in recent years [5, 6]. InMQLmachining,

biodegradable oils are generally atomized with compressed air
and form oil mists, which are then fed into the machining zone
with a small flow rate of 5~200 mL/h for lubrication and
cooling. Some studies [7, 8] have confirmed that the oil-
based MQL technologies could effectively enhance the tool
life and improve the processing quality. However, good results
with the oil-based MQL were not always achieved to all types
of machining. In general, the cooling involved in oil-based
MQL was mainly realized by evaporation of the micro-
droplets and convection of compressed air. These therefore
were not able to effectively reduce the cutting temperatures,
which showed inadequate cooling performance in cutting
difficult-to-process materials [9, 10]. For instance, Leppert
[11] investigated the turning performance of the oil-based
MQL using AISI 316L stainless steel as the workpiece. The
results showed that the cutting force and tool wear of this oil-
based MQL were larger than those of the wet and dry cutting
owning its insufficient cooling performance. Furthermore,
since the oil mists of biodegradable oils are used in MQL to
lubricate and cool the cutting interface, there will be a large
number of oil droplets floating in the working spaces. These
oil mists may be contaminated by harmful dust ,
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microorganisms, and bacteria in the machining environment,
which would cause potential hazards to the operator’s health
[12, 13]. As a result, oil mist separators or electrostatic filters
are installed on machine tools in order to reduce the oil mist
concentration. Although the oil mist separators can relatively
lower the oil mist concentration, it is still higher than the
standard value issued by the National Institute for
Occupational Safety and Health (NOISH, PM 10 ≤ 5 mg/m3,
PM 2.5 ≤ 0.5 mg/m3) [14, 15]. The electrostatic filters can
meet the needs, but the cost of these devices is high owing
to their high failure rate and large filter material consumption
[16].

Nevertheless, recent studies [17–19] have pointed out that
an effective method of reducing cutting temperature and oil
mist concentration involved in MQL machining is to employ
water-based lubricants as cutting fluids. However, the amount
of the lubricants used in MQL is less, which therefore limits
the application of the water-based MQL owning to its low
viscosity and lubricity [18]. To improve the lubricating ability
of water-based lubricant, some researchers proposed that the
nano-additives, such as Al2O3, TiO2, and MoS2, could in-
crease its lubricity, which thus improved its machining perfor-
mance. For example, Setti et al. [20] comparatively investigat-
ed the lubrication performance of water-based Al2O3 and CuO
fluidMQLswhen grinding of Ti–6Al–4 V. They indicated that
the cutting temperatures and forces of these nanofluid MQLs
were much lower than those of the baseline MQL. Najiha and
Rahman [21] investigated the cutting performance of water-
based TiO2 fluid MQL when milling of aluminum alloy. They
reported that TiO2 fluid MQL presented higher tool life and
better cooling performance compared with those of the base-
line MQL. Zhang et al. [22] and Yang et al. [23] investigated
the machining performance of the conventional MQL and
MoS2 fluid MQL, comparatively. They found that MoS2 fluid
MQL presented a higher material removal rate and lower cut-
ting force compared with those of the baseline MQL. Despite
the remarkably improved performance with the addition of
nanoparticles, the lubrication capacity of water-based MQL
is still much lower than an oil-basedMQL, therefore, followed
by relatively higher surface roughness and tool wear [24].

In this study, a novel green lubrication technique named
“electrostatic minimum quantity lubrication” (EMQL) was
proposed to further improve the lubrication ability of water-
based nanofluid MQL. EMQL combined the technical advan-
tages of electrostatic spraying (ES) and MQL, which could
significantly promote the wettability and penetrability of lu-
bricant droplets in the cutting area and showed better lubricat-
ing and cutting performance in comparison with MQL mode
[25–27]. For instance, Huang et al. [25] investigated that bio-
degradable oil lubricant EMQL considerably lowered the fric-
tion and wear on the rubbing surface, and the consumption of
cutting fluids under EMQL condition was much lower than
that of traditional MQL technology. Xu et al. [28]

comparatively studied the MQL and EMQL milling perfor-
mance using stainless steel as workpiece; they found that the
tool wear and roughness value of EMQL were about 30% and
20% lower than those of MQL, respectively. Huang et al. [29]
also demonstrated that EMQL could reduce the cutting tem-
perature by 8% in comparison with MQL machining.
Furthermore, EMQL technology could also improve the de-
position and adsorption properties of lubricant droplets during
the machining [30, 31]. Therefore, it is expected that the ap-
plication of water-based nanofluid EMQL would not only
achieve a superior machining performance but also reduce
the quantity of the floating oil droplets. However, the penetra-
tion mechanism and oil mist concentration of EMQL using
water-based nanofluids as cutting fluids have not been
researched in the previous studies.

The capillary penetration mechanism, deposition property,
and heat transfer capacity of EMQL technology which
employed water-based Al2O3 nanofluids as cutting fluids
were firstly researched. Subsequently, the oil mist concentra-
tions of Al2O3 fluid EMQL and traditional MQL were com-
paratively tested. The machining performance, such as cutting
temperature, tool wear, cutting force, and surface quality of
the workpiece, using Al2O3 fluid EMQL, was systematically
verified under appropriate parameters. Finally, the lubricating
mechanism of the Al2O3 fluid EMQL was revealed through a
tribological analysis. The cutting performance using Al2O3

fluid MQL and LB-2000 vegetable oil lubricant MQL was
also investigated to present the baseline. The LB-2000 vege-
table oil is widely used in the MQL process and has advan-
tages of non-toxic and biodegradable [32]. It is believed that
this environmentally friendly technology could be a beneficial
substitution for the conventional vegetable oil lubricant MQL.

2 Experimental details

2.1 Water-based Al2O3 nanofluids

Al2O3 nanoparticles of 40 nm in diameter were used as addi-
tives in this study, which are commercially available.
Hexadecyl trimethyl ammonium bromide (CTAB) and poly-
ethylene glycol 300 (PEG 300) were used as surfactant and
tackifier, respectively. To prepare water-based Al2O3

nanofluids, PEG 300 was dispersed into the purified water
firstly with mass friction of 60 wt% at ambient temperature.
Subsequently, Al2O3 nanoparticles were added to the prepared
water PEG solution with mass ratios of 0.1 wt%, 0.5 wt%,
1.0 wt%, 1.5 wt%, 2.0 wt%, and 2.5 wt% [20, 33]. CTABwas
simultaneously added into these Al2O3 suspensions at a con-
centration of 0.5 wt%. Subsequently, the suspensions were
ultrasonically de-agglomerated using an ultrasonic probe
(Chenggong Ultrasonic Equipment Co., Ltd., China) for 1 h.
During ultrasonic dispersion process, the suspension
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temperature needs to keep constant using a chillingwater bath.
Finally, as can be seen from Fig. 1 that the prepared water-
based Al2O3 nanofluids after 30 days of static storage were
still considerably stable without precipitation and
stratification.

2.2 EMQL device

Figure 2 shows the schematic diagram of EMQL milling sys-
tem. As seen, the lubrication equipment mainly consists of an
electrostatic power supply (EST705, output-voltage of 0 to ap-
proximately − 40 kV, Beijing Huajinghui Technology Ltd.,
China), an air source processor, and a precision oil supply peri-
staltic pump. With EMQL system, the oil pipe in the charging
device was embedded with an electrode, the lubricants were
electrostatically charged via this electrode, and the charged oil
mists were formed by the compressed air. These charged oil
mists were then directly sprayed into the cutting area.

2.3 Deposition property tests

In general, MQL machining will achieve a low concentration
of oil mists in workshops, if oil droplets produced in the pro-
cess can sufficiently deposit onto the surfaces of workpieces
and worktable, i.e., a high-deposition quantity. Figure 3 shows
the schematic diagram of a device used for evaluating the
deposition performance of oil droplets under different lubrica-
tion conditions. The vertical distance between horizontally
fixed nozzle and fixture was 60 mm (the nozzle was about
60 mm away from the worktable during the machining exper-
iment), and the horizontal distance between nozzle and
collecting sheets was 100–1500 mm (the horizontal distance
between the nozzle and side wall of machine tool was
1550 mm). The material of these collecting square sheets
was AISI-304 stainless steel with 16 cm2 in the area (A).
The testing air pressure and flow rate of MQL/EMQL were
0.3 MPa and 20 mL/h, respectively. The collection time was
30 min. The deposited droplet weights (M) were measured
using an electronic analytical balance. The formula M/A was
then figured out to present the deposition weight on per unit

area of different lubrication conditions. Before testing, all the
collecting sheets were immersed in acetone and cleaned by
ultrasound for 10 min to remove surface impurities. All tests
were performed three times in parallel and reported the aver-
age values.

2.4 Oil mist concentration tests

The oil mist quantity of different lubrication mode in the mill-
ing machine was measured using 8 stages aerosol cascade
sampler. The sampler was placed inside the milling machine
with the distances of 0.5 m from the spindle and 1.5 m from
the ground, as seen in Fig. 4. The sampling flow was 30 L/
min, and the acquisition time was 1.5 h. The humidity, tem-
perature, and ambient pressure were measured as the bench-
marks before testing, and the milling center was ventilated for
1 h after each test to obtain a constant testing context. Table 1
lists the milling conditions, and every test was performed three
times and recorded the average values. The following equa-
tions [34] were then calculated to obtain the concentration of
the PM 10 and PM 2.5:

C ¼ 1000� W1−W2ð Þ=V0−C0 ð1Þ

V0 ¼ qv � t
273

273þ K
P0

101324:72
ð2Þ

where C is the resulting oil mist concentration (mg/m3), C0 is
the oil mist concentration inside the milling center before test-
ing (mg/m3), W1 is the filter membrane weight after testing
(mg),W2 is the filter membrane weight before testing (mg), V0

is the air volume with standard conditions (L), t is the testing
duration (s), qv is the sampling flow (L/min), K is the room
temperature (°C), and P0 is the atmospheric pressure (MPa).

2.5 Heat transfer tests

The cooling performance of Al2O3 fluid EMQLwasmeasured
under a steady-state condition using a heat transfer testing
device, as shown in Fig. 5. The heating sheet of 10 mm×
3 mm× 0.2 mm in dimension and made of Ni-Cr alloy was

(a) (b) (c) (d) (e) (f)
Fig. 1 Water-based Al2O3

nanofluids after 30 days of static
storage: a 0.1 wt% Al2O3

lubricant, b 0.5 wt% Al2O3

lubricant, c 1.0 wt% Al2O3

lubricant, d 1.5 wt% Al2O3

lubricant, e 2.0 wt% Al2O3

lubricant, and f 2.5 wt% Al2O3

lubricant
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heated using low voltage and high alternating current. A Cu-
Ni thermocouple (TT-J-30) connected a thermos detector
(RX4006D, Hangzhou Control Automation Technology Co.,
Ltd., China) was welded onto the surface of the heating sheet
to online monitor and its surface temperatures. The measure-
ment was performed as follows: the sheet was first heated to a
specified temperature (Tw). The EMQL system was then
turned on to cool the sheet. As the sheet temperature reached
a constant value, the voltage (U) and current (I) of the heating
sheet were recorded. Subsequently, the heat flux density (Q)
could be determined using the equation,Q =UI/A, where A is
the heat transfer area (0.3 cm2). Finally, the heat transfer co-
efficient (h) could be obtained through the equation, h = Q/
(Tw−Tf) [35], where Tf is the temperature of the lubricant
droplets. All tests were performed three times in parallel and
calculated the average values.

2.6 Milling tests

The EMQL machining tests using water-based Al2O3

nanofluids as cutting fluids were performed on a VDF-850
milling center (DMGT, China). Figure 6 shows the physical
picture of this milling experimental device. The tested work-
piece material was AISI 304 stainless steel, which had dimen-
sions of 210 mm× 105 mm× 130 mm and 20mm× 20mm×
100 mm. The bigger one was used to measure the surface
roughness, tool wear, and cutting force. The smaller one was
employed for testing the machining temperatures. Before

testing, all workpieces were pre-cut 2 mm to ensure the con-
sistent surface properties under all machining experiments.
The cemented carbide insert coated with TiW (Sumitomo,
Rineck, APMT160408PDER-H08) was employed as a cut-
ting tool. A 35-mm diameter milling cutter was used during
the machining process. The insert was replaced after each
experiment to ensure the same experimental condition. The
tool manufacture’s recommendation was consulted to select
appropriate feed rate and cutting speed. During the machining
process, the workpiece and machine tool were both grounded
to keep a neutral property under all lubrication environments.
Table 1 shows the test conditions.

The maximum flank wear of the cutting tools under differ-
ent lubrications was measured using a microscope (VW-6000,
Kean, Japan). The worn tools were analyzed using a scanning
electron microscopy (EVO18, Zeiss, Germany) to study the
wear mechanisms. The 9129A Kistler dynamometer was
employed to record the cutting forces under different lubrica-
tion conditions. The equation, FR = (Fx

2 + Fy
2 + Fz

2)1/2, was
used to calculate the resulting cutting force (FR). A roughness
measuring instrument (SJ-210, Mitutoyo, Japan) was per-
formed to measure the roughness value (Ra) of the workpiece
surface after all testing conditions. The thermocouple (TT-J-
30) connected with the thermodetector (RX4006D) was
placed into the workpieces to measure the machining temper-
atures. The distance between the measuring point of the ther-
mocouple and the machining surface was 2 mm. It should be
noted that the measured temperatures achieved using the

EST 705

Spindle

End milling

Air source processor

Workpiece

Fixture

Charging device

Electrode

Gas-liquid tube

Peristaltic pump

Fig. 2 Structure diagram of
EMQL milling system

60

S

Collecting sheet

Charging device

Fig. 3 Schematic diagram of a
deposition testing device
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above method were not the true machining temperatures; the
purpose of these tests was to compare the cooling performance
of the different lubrication conditions. Every test was per-
formed three times and calculated the average result.

2.7 Tribological tests

To reveal the lubricating mechanism of the EMQL technolo-
gy, the wear characteristics of the Al2O3 fluid EMQL were
investigated on the MMW-1 multifunctional tribometer using
ball-on-disk friction pairs, as shown in Fig. 7. The material of
the testing balls (59–61 HRC,Φ = 12.7 mm) was AISI-52100.
The testing disks (25–28 HRC) were made of AISI-52100 and
were 1 mm in thickness and 32 mm in diameter. The samples
were grounded. All tests were conducted in ambient condition

at the charging voltage of − 4 kV, flow rate of 20 mL/h, air
pressure of 0.3 MPa, rotational speed of 1200 r/min, and ap-
plied load of 294 N. Testing time was 10min. All the balls and
disks were immersed in acetone and cleaned by ultrasound for
10 min before and after testing, and the wear surface on the
disks was evaluated by SEM. The elemental mapping was
performed by use of the energy dispersive X-ray spectroscopy
(EDS) analysis.

3 Results and discussion

3.1 Penetration mechanism of EMQL

The lubrication performance of MQL, such as the wettability
and penetrability of the lubricant droplets, is generally

Table 1 Milling conditions

Machine VDF − 850 vertical milling center, China

Workpiece material AISI-304 stainless steel
Dimension 210 mm× 105 mm× 110 mm and

20 mm× 20 mm× 100 mm block

Cutting tool TAP400R C32-35-200L, Juhai tools, China
Diameter 35 mm, three teeth

Inserts APMT1604PDER-H08, Sumitomo
Coated cemented carbide

Cutting parameters Cutting speed 100 m/min
Feed rate 0.1 mm/tooth
Axial depth of cut 1 mm
Radial depth 5 mm
Single cutting length 210 mm

Lubricants Oil lubricant: Accu-Lube 2000;
Water-based lubricant: water PEG solution
Water-based Al2O3 fluids

MQL/EMQL supply Charging voltage − 4 kV
Oil flow rate 20 mL/h
Air pressure 0.3 MPa
Nozzle position 45° toward the flank face
Nozzle distance 20 mm

(1)

(2)(3)(4)(5)

(6)

(7)

(8)

(9)

Fig. 5 Steady-state heat transfer test device: (1) precision lubricant
applicator, (2) high-voltage electrostatic power supply, (3)
thermodetector, (4) power transformers, (5) ammeter, (6) voltage
regulator, (7) thermocouple, (8) Ni-Cr alloy heating sheet, (9) charging
device

Charging device Nozzle

Lubricant applicator

High voltage power supply

Aerosol distribution sampler

Fig. 4 Photographic view of the oil mist concentration experimental
setup

Charging device

Nozzle

Fixture

Ground wire

Inserts

MQL/EMQL system

Thermodetector

Dynamometer

PC

Fig. 6 Physical picture of milling experimental device
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evaluated by their contact angle and surface tension. In the
previous studies, EMQL was found to reduce the contact an-
gle and surface tension of the droplets remarkably, in compar-
ison with MQL (0 kV), which could present better wetting
ability and penetration performance. Such reductions might
be attributed to the fact that the electrostatic charges adsorbed
on the surface of the droplets were mutually exclusive, which
could produce an electrostatic force that was opposite to the
surface tension and thus reduced its contact angle and surface
tension. The relation between surface tension and the droplet
charge quantity could be well understood using the following
empirical equation [36].

σ ¼ σ0−
q2

8π2ε0d3
ð3Þ

where σ is the charged droplet surface tension, σ0 is the neutral
droplet surface tension, q is the charge quantity of the droplet,
ε0 is vacuum permittivity, and d is droplet diameter. As seen in
Eq. (3), when the charging voltage was enhanced, the charge
quantity (q) will be increased, which thus resulted in a rapid
reduction in the surface tension.

To well understand the capillary penetration mechanism of
the charged lubricants, the kinetic process of capillary pene-
tration was studied. To facilitate the analysis of the capillary
penetration process, the following assumptions were made for
the capillary in the tool-chip interface.

1. A large number of capillary tubes were distributed be-
tween the tool-chip contact area and were arranged along
the direction of the chip flow.

2. A single capillary was a cylinder with an opening at one
end, closed at another end, and the interior was a vacuum.
The capillary length was about 1/3~2/3 of the tool-chip
contact length, with a radius of 0.1–100 μm. According to
Godlevski et al. [37], the capillary radius could be as-
sumed as 0.5 μm.

Figure 8 shows the capillary penetration model of the lu-
bricant. The penetration process was mainly affected by three
forces: capillary force (Fcap), atmospheric pressure (Fp), and
viscosity resistance between the lubricant and capillary wall
(Fvisco).

According to the Young-Laplace equation [38], the driving
pressure in the capillary can be written as follows:

ΔP ¼ 2γcosθ=r ð4Þ

The total capillary force is

Fcap ¼ ΔP⋅πr2 ¼ 2πrγcosθ ð5Þ

Here, r is the capillary radius and was assumed as 0.5 μm;
γ and θ are lubricant surface tension and contact angle,
respectively.

Charging device

Ball Nozzle

DiskGround terminal

MQL/EMQL system

Tribometer

Fig. 7 Photographic view of the tribological testing configuration

Cutting tool

Workpiece

Friction interface Chip
CapillaryChip

Cutting tool h

Lubricant

2rFvisco
Fcap

Fp

Fig. 8 Capillary penetration model of the lubricants

Table 2 Surface tension and contact angle versus charging voltage

Voltage/kV Surface tension γ/N m−1 Contact angle θ/°

0 0.055 70

− 2 0.053 64

− 4 0.051 58

− 6 0.043 52

− 8 0.036 48

− 10 0.024 38
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The viscous resistance can be obtained from the law of the
internal friction of Newton viscous fluid and the Hagen-
Poiseuille equation [39]:

Fvisco ¼ 2πrh⋅τ ð6Þ
h is the penetration depth; τ is the viscous frictional shear
force.

τ ¼ η � 4ν
r

ð7Þ

η is the dynamic viscosity of the lubricant; v is the average
velocity of the lubricant penetration.

ν ¼ dh
dt

ð8Þ

Atmospheric pressure can be obtained as

Fp ¼ πr2⋅Patm ð9Þ

Patm is the standard atmospheric pressure, Patm = 1.01 ×
105 N/m2.

According to the momentum theorem, the inertia force of
the lubricant during the penetration process can be written as

d mν
� �

dt
¼ F ð10Þ

Here, m is the penetration quality of the lubricant, F is the
resultant force of Fcap, Fp, and Fvisco

F ¼ Fcap þ Fp−Fvisco ð11Þ

As discussed above, the capillary dynamic equation can be
written as

2πrγcosθþ πr2 � Patm−8πηhν ¼
d mv
� �

dt
ð12Þ

During the penetration process, Fcap was the main capillary
driving force. Under the same capillary size, the capillary
force was related to the contact angle and surface tension.
Defining the capillary force coefficient, C:

C ¼ γ⋅cosθ ð13Þ

Table 2 lists the values of contact angle and surface tension
of Al2O3 fluids, plotted as a function of voltage. The measur-
ing methods of contact angle and surface tension were well
introduced in [25].

According to Table 2, the variation of the capillary force
coefficient under different charging voltage is shown in Fig. 9.
The highest capillary force coefficient was achieved when the
voltage was − 4 kV, with its value being 35.5% higher than
that of 0 kV, indicating a higher capillary force during the
penetration process. However, a further increase in voltage
led to a decrease in the capillary force coefficient. Higher
voltage presented lower surface tension, which would degrade
the capillary force.

During the penetration process, the charge in the lubricant
will be continuously lost, so the charge loss time of the cutting
fluid should be considered. According to Gauss theorem [40],
the charge loss time constant can be written as

K ¼ εoεR
R

ð14Þ

Here, εo is the vacuum permittivity, and εo = 8.85 ×
10−12 F/m; εR is the permittivity of the lubricant, εR =
30.6 F/m; R is the electrical conductivity of the lubricant,
R = 1.5 × 10−5 s/m. It is generally believed that all charges in
the lubricant are lost when the charge loss time was 3 K. As

0 -2 -4 -6 -8 -10
0.00

0.01

0.02

0.03

0.04
m

·
N/

tnei ciffeoc
e crof

y ral lipa
C

-1

Charging voltage / kV

Fig. 9 Variation of the capillary force coefficient under different charging
voltage

Fig. 10 Variation of lubricant penetration depth under different charging
voltage
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discussed above, the charge loss time of Al2O3 lubricant was
0.54 × 10−4 s.

Using Matlab to solve the capillary dynamic equation
(Eq. 12), Fig. 10 shows the variation of penetration depth
under the influence of charging voltage. It is seen that −
4 kV EMQL presented highest penetration depth during the
whole penetration process, with its value being 20.1% higher
than that of MQLmode (0 kV) when the penetration time was
0.54 × 10−4 s. This calculation result proved that EMQL could
promote more lubricant penetrating into the tool-chip interface
under appropriate voltage, and more lubricant could take part
in the lubrication process and thus improved its lubrication
performance.

3.2 Deposition property

Figure 11a shows the deposition quantity of lubricant droplets
under oil-based MQL, 1 wt% Al2O3 fluid MQL, and EMQL.
It is seen that Al2O3 fluid MQL achieved a larger deposition

quantity than oil-based MQL at all tested distances. The
highest deposition quantity of Al2O3 fluidMQLwas observed
when S = 600 mm, and its value was 32.9% larger in compar-
ison with oil-based MQL, indicating better deposition proper-
ty. The Al2O3 nanofluid contained 60 wt% PEG 300, which
belongs to a kind of high molecular weight polymer. The
Al2O3 nanofluid showed higher extensional viscosity owing
to the addition of this high molecular polymer, which present-
ed larger elasticoviscosity, and the lubricant was not easy to
break and so that the droplet size was relatively large, as seen
in Fig. 11 b and c, thus presenting higher deposition quantity
[41, 42]. As shown in Fig. 11a, the deposition quantities of
Al2O3 fluid EMQL were much higher in comparison with
Al2O3 fluid MQL. With EMQL, an induced electrostatic field
was generated between the grounded collecting sheets and
charged droplets, in which the charged droplets would be de-
posited onto these sheets more effectively driven by the elec-
trostatic force and hence resulted in a high-deposition
quantity.

(b)

(c)
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(a)
Fig. 11 a Deposition quantity of
the lubricant droplets under
different lubrication conditions
and lubricant droplet size under b
Al2O3 fluid MQL and c oil-based
MQL (flow rate 20 mL/h, air
pressure 0.3 MPa)
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Fig. 12 Effect of charging voltage on oil mist concentration under
different lubrication conditions (flow rate 20 mL/h, air pressure
0.3 MPa, cutting speed 100 m/min, feed rate 0.1 mm/tooth, axial depth
of cut 1 mm, radial depth 5mm, nozzle position 45° toward the flank face,
nozzle distance 20 mm, testing duration 1.5 h)
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3.3 Oil mist concentration

The variation of the oil mist concentration using oil-
based MQL, 1 wt% Al2O3 fluid MQL, and EMQL is
shown in Fig. 12. It is seen that the water-based Al2O3

fluid MQL presented much lower PM 10 and PM 2.5
concentration values compared with oil-based MQL; the
respective reductions of 56.6% and 44% were achieved,
indicating a better oil mist suppression ability. This is
because that the addition of PEG 300 promoted more
water-based nanofluid droplets depositing on the surface
of machine tool and workpiece, which therefore reduced
the oil mist content in the machining environment and
thus pre sen t ed lower o i l m i s t concen t r a t i on .
Furthermore, the water-based droplets floating in the
machining environment were more easily evaporated in
comparison with oil droplets, which reduced the number
of droplets effectively and thus presented better environ-
ment quantity.

As seen in Fig. 12, the PM 10 and PM 2.5 concentra-
tions produced with Al2O3 fluid EMQL were much lower
than those of the Al2O3 fluid MQL; the lowest concentra-
tion values were achieved when the voltage was − 6 kV,
which resulted in a PM 10 reduction of 20.3% and a PM
2.5 reduction of 42.9% compared with Al2O3 fluid MQL,
suggest ing the improved environmental quali ty.
Particularly, it should be noted that the lowest concentra-
tion values of PM 10 and PM 2.5 achieved with Al2O3

fluid EMQL were 1.13 mg/m3 and 0.56 mg/m3, respec-
tively, close to the standard values (PM 10 ≤ 5 mg/m3, PM
2.5 ≤ 0.5 mg/m3) issued by the National Institute for
Occupational Safety and Health (NOISH) [14]. In
EMQL machining, an electrostatic field was induced and
generated between the workpiece and charged droplet,
which promoted deposition of these charged droplets onto
the workpiece and machine tool. Furthermore, the im-
provement in the wettability and penetrability of the drop-
lets could relatively increase their quantity and usage rate
in the cutting region, thus reducing the quantities of drop-
lets floating in the workshop. As seen in Fig. 12, the PM
10 and PM2.5 concentration values showed a slight in-
crease when the charging voltage exceeded − 4 kV. This
is because a stronger electrostatic repulsion would be
formed between the charged droplets under higher voltage
conditions, which would cause excessive spray angle.
This might make some of the droplets spill out of the
cutting region and therefore resulted in an increased oil
mist concentration.

3.4 Heat transfer property

The effect of voltage on the heat transfer coefficient (h)
using 1.0 wt% Al2O3 fluid EMQL is shown in Fig. 13. It
should be noted that the “0 kV” in fact refers to 1.0 wt%
Al2O3 fluid MQL, and the heat transfer result achieved
using the oil-based MQL was presented for comparison.
The specified temperature in this test was set at 100 °C.
As seen, the Al2O3 fluid EMQL produced higher values
of heat transfer coefficient compared with MQL mode at
all tested voltages. The highest heat transfer coefficient
was obtained using −10 kV Al2O3 fluid EMQL, with its
value being 18.8% and 30.2% higher than that of the
Al2O3 fluid MQL and oil-based MQL, respectively.
These experimental results proved that EMQL could en-
hance the heat transfer capacity of MQL and thus im-
proved its cooling performance. This can be attributed to
the improved wettability of the charged droplets when
EMQL was used, which allowed the droplets to cover
the surface of the heating sheet more easily, thus improv-
ing the heat transfer efficiency of evaporation of the drop-
lets and led to a better cooling effect.
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Fig. 14 Effect of Al2O3 concentration on a tool wear, b cutting force, and
c surface finish under Al2O3 fluid MQL (flow rate 20 mL/h, air pressure
0.3 MPa, cutting speed 100 m/min, feed rate 0.1 mm/tooth, axial depth of
cut 1 mm, radial depth 5 mm, nozzle position 45° toward the flank face,
nozzle distance 20 mm, cutting length 2100 mm)
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3.5 Milling performance

3.5.1 Effect of Al2O3 concentrations

The effect of Al2O3 concentration on tool wear, cutting force,
and surface finish of MQL was investigated and is shown in
Fig. 14. The addition of Al2O3 improved the machining per-
formance significantly, as seen in Fig. 14. The lowest tool
wear, cutting force, and Ra value were achieved from the
1.0 wt% Al2O3 fluid MQL, which resulted in a respective

reduction of 18.7%, 17.9%, and 20% than baseline MQL.
Such an improvement in the machining performance might
be due to that the spherical Al2O3 nanoparticles served as
miniature ball bearings to disperse the stress at the tool-chip
interface and therefore resulted in lower friction and wear
[43]. Also, these Al2O3 nanoparticles acted as a medium to
fill the grooves and concaves of the rubbing surface, which
avoided the direct contact of friction peaks and hence
achieved a better surface quality [33]. As seen in Fig. 14, the
tool wear, cutting force, and Ra value were increased when the
Al2O3 concentration was further enhanced. This is because
that at a higher concentration, the agglomerations of Al2O3

might form on the interface, which were not conducive to
the formation of a lubricating film on the cutting interface
and thus resulted in a relatively poor milling performance
[44]. As presented above, the 1.0 wt% Al2O3 fluid MQL pro-
duced better milling performances, which was therefore used
as a benchmark for subsequent experiments.

3.5.2 Effect of charging voltage

Figure 15a shows the effect of charging voltage on the cutting
temperature using 1.0 wt% Al2O3 fluid EMQL. When the −
4 kV EMQL was used, the lowest cutting temperature was
achieved, with its value being 19.1% lower than that of the
Al2O3 fluid MQL. The result indicated that Al2O3 fluid
EMQL could reduce the cutting temperature effectively. Due
to the improved penetration performance, more Al2O3

nanofluid could enter and lubricate the rubbing interface,
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which would reduce the friction-induced heat and consequent-
ly presented a lower cutting temperature. In addition, the im-
proved wetting ability by using EMQL could enhance the
evaporative heat transfer of the droplets, which would lead
to a lower temperature too. However, the cutting temperature
was enhanced when the charging voltage was further in-
creased, as seen in Fig. 15a. This is because that lower capil-
lary penetrability was performed using a higher charging volt-
age, which therefore reduced the content of the lubricant in the
cutting interface, thus presenting higher cutting temperature.
Moreover, higher voltage might lead to an excessive spray
angle [45, 46], which would degrade the droplet distribution
on the small cutting region, which therefore reduced the
cooling performance relatively.

The effect of charging voltage on the tool wear using Al2O3

fluid EMQL is shown in Fig. 15b. It is seen that Al2O3 fluid
EMQL obtained lower tool wear in comparison with Al2O3

fluid MQL under all voltage conditions. As the voltage was
rose to − 4 kV, the Al2O3 fluid EMQL presented the lowest
tool wear, which showed up a reduction of 36.8% in compar-
ison with Al2O3 fluid MQL. Owing to the improved penetra-
tion performance, the charged Al2O3 nanofluid could effec-
tively penetrate into the cutting zone, more lubricant took part
in the lubrication process, which thus relieved the friction and
heat between the tool-chip interface. As a result, the wear
resistance and strength of the cutting tool were maintained
during the machining and thus decreased the tool wear
considerably.

Figure 15c and d show the effect of charging voltage on the
cutting force and surface roughness using Al2O3 fluid EMQL.
As expected, the lowest cutting force and Ra value were ob-
served with the − 4 kVAl2O3 fluid EMQL, which presented a

respective reduction of 23% and 20.2% compared with those
of the Al2O3 fluid MQL. Due to the better cooling-lubrication
performance of the charged Al2O3 fluid, EMQL reduced the
cutting temperature and tool wear obviously, which resulted in
lower cutting force and better surface quantity. Furthermore,
the better lubrication would lead to easier slip of chips over the
tool and workpiece surfaces, which could help to alleviate the
adhesion wear of the cutting tool, and ultimately showed bet-
ter workpiece surface quality.

Considering the best machining performance of Al2O3 flu-
id EMQL, the charging voltage with − 4 kV was selected as
invariant parameters in the subsequent tests.

3.5.3 Effect of lubrication technology

Figure 16 shows the measurement signal images of the cutting
temperature using oil-basedMQL, 1.0 wt%Al2O3 fluidMQL,
and − 4 kV EMQL. It is seen that both of the water-based
Al2O3 fluid MQL and EMQL showed up much lower cutting
temperature compared with that of the oil-based MQL. When
the water-based Al2O3 droplets were used, a much higher
evaporation coefficient of heat transfer could be presented
compared with the oil droplets, thus reducing the cutting tem-
perature significantly. It is also seen that the Al2O3 fluid
EMQL produced the lowest cutting temperature thanks to
the better heat transfer property of the charged Al2O3

nanofluid. The mean value of the cutting temperature pro-
duced by Al2O3 fluid EMQL achieved respective reductions
of 43.9% and 15.3% than the oil-based and Al2O3 fluid
MQLs, confirming its effective cooling performance.

Figure 17 shows the microscopic image of the flank wear
under oil-based MQL, Al2O3 fluid MQL, and EMQL. The

Fig. 18 Measurement signal images of the cutting force (Fx) under different lubrication conditions after the cutting length of 2100 mm (cutting speed
100 m/min, feed rate 0.1 mm/tooth, axial depth of cut 1 mm, radial depth 5 mm)

100 µm

(a)

100 µm

(b)

100 µm

(c)

Fig. 17 Microscopic images of the flank wear using a oil-based MQL, b
Al2O3 fluid MQL, and c Al2O3 fluid EMQL with − 4 kV (flow rate
20 mL/h, air pressure 0.3 MPa, cutting speed 100 m/min, feed rate

0.1 mm/tooth, axial depth of cut 1 mm, radial depth 5 mm, nozzle
position 45° toward the flank face, nozzle distance 20 mm, cutting
length 2100 mm)
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tested cutting length was 2100 mm. The tool wear of the
Al2O3 fluid EMQL was lesser than that of the Al2O3 fluid
MQL under the same testing conditions. Particularly, the
Al2O3 fluid EMQL produced similar tool wear degree to the
oil-based MQL, which suggested the favorable lubricating
ability. EMQL altered the physical properties of the droplets,
and the charged droplets could lubricate and cool the cutting
interface more effectively, thus alleviating the tool wear.

The cutting force (Fx) and surface roughness signal images
produced using the oil-based MQL, Al2O3 fluid MQL, and
Al2O3 fluid EMQL are shown in Figs. 18 and 19. As seen, the
Al2O3 fluid EMQL presented much lower cutting force and

roughness value in comparison with the Al2O3 fluid MQL,
confirming its effectiveness. Moreover, these results obtained
with the Al2O3 fluid EMQL were comparable with the oil-
based MQL, indicating that the Al2O3 fluid EMQL could be
an effective alternative to the traditional oil-based MQL.

3.5.4 Tool wear mechanism

Figure 20 shows the SEM images of the tool flank wear pro-
duced using the Al2O3 fluid MQL and EMQL after 2100 mm
cutting length. As seen, the worn flank faces produced from
using both lubrication appeared clear adhesion layer and
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Fig. 20 a SEM micrographs performed on the flank face for Al2O3 fluid
MQL, b EDS analyses on site A, c SEM micrographs performed on the
flank face for Al2O3 fluid EMQL with − 4 kV, d EDS analyses on site B
(flow rate 20 mL/h, air pressure 0.3 MPa, cutting speed 100 m/min, feed

rate 0.1 mm/tooth, axial depth of cut 1 mm, radial depth 5 mm, nozzle
position 45° toward the flank face, nozzle distance 20 mm, cutting length
2100 mm)
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Fig. 19 Surface roughness measurement signal images under different lubrication conditions after the cutting length of 2100 mm (cutting speed 100 m/
min, feed rate 0.1 mm/tooth, axial depth of cut 1 mm, radial depth 5 mm)

1948 Int J Adv Manuf Technol (2019) 104:1937–1951



furrows on the rubbing areas, presenting the occurrence of
adhesive wear and abrasive wear. During the cutting process,
the high cutting temperature was easily produced in the tool-
chip contact area, which resulted in the adhesion of chip ma-
terials to the cutting edge and thus caused varying extent ad-
hesion wear [47].

The SEM image of the worn cutting edge produced using
Al2O3 fluid MQL is shown in Fig. 20a, in which an adhesive
layer appears on the worn area. The corresponding EDS anal-
ysis shown in Fig. 20b detected high concentrations of Fe, Cr,
and Ni, indicating serious adhesive wear. This is because that
the Al2O3 nanofluid droplets produced with MQL technology
showed inadequate wettability and penetrability, which could
not lubricate the tool-chip interface effectively, thus resulted in
severe tool wear.

With the Al2O3 fluid EMQL, slight adhesive wear existed
on the worn area, as shown in Fig. 20c. This result indicated
that the Al2O3 fluid EMQL could effectively alleviate the
adhesion wear, thus improving the tool durability. The corre-
sponding EDS analysis shown in Fig. 20d detected higher
concentrations of W and Ti (the principal chemical elements
of tool coating) and a higher concentration of Al, which came
from Al2O3 nanoparticles, compared with the Al2O3 fluid
MQL. Due to the improved penetration and wetting capacity,
more Al2O3 and base lubricant could participate in the lubri-
cation process, which minimized the friction at the cutting
area and therefore prolonged the tool life.

3.6 Lubrication mechanism

After tribological testing, the worn surfaces produced using
the Al2O3 fluid MQL and EMQL were analyzed using SEM
and EDS aluminum Kα1 peak mapping and the results are
shown in Fig. 21. It is seen that due to the insufficient lubri-
cation, severe scratches and furrows appeared on the worn
surface of the disk produced by Al2O3 fluid MQL. The corre-
sponding EDS mapping analysis showed in Fig. 21b and c

detected a small amount of aluminum on the worn surface
(the red spot in the figures was the detection signal of alumi-
num). As seen in Fig. 21d, the worn surface produced by
Al2O3 fluid EMQL was much smoother than that of the
Al2O3 fluid MQL. The EDS mapping analysis to the worn
surface appeared a larger amount of aluminum. These results
confirmed the improved penetration performance of the
charged Al2O3 nanofluid droplets, which increased the
amount of Al2O3 nanofluid in the friction region, and conse-
quently more Al2O3 and base lubricant could take part in the
lubrication process and thus presented higher lubrication
performance.

4 Conclusions

EMQL machining performance that uses water-based Al2O3

nanofluids was systematically researched. The charged Al2O3

nanofluid produced by EMQL showed better wettability and
penetrability compared with the uncharged nanofluid, which
enhanced the capillary penetration capacity of the Al2O3

nanofluid in the cutting interface and thus presented compa-
rable tool wear, cutting force, and surface finish compared
with the traditional oil-based MQL. Moreover, the PM 10
and PM 2.5 concentration and cutting temperature produced
by Al2O3 fluid EMQL were much lower than the oil-based
MQL, indicating that this kind of lubrication method can be a
beneficial substitution for the traditional oil-based MQL. The
excellent cutting performance of Al2O3 fluid EMQL was
mainly because that the EMQL technology promoted a further
penetration of the charged Al2O3 nanofluid to the cutting in-
terface; the penetrated Al2O3 nanoparticles could act as ball
bearings and serve as a medium to fill the grooves and con-
caves on the rubbing surface to prevent the interface from
direct contact, which reduced friction force and cutting tem-
perature obviously, and thus led to remarkable lubricating ca-
pacity. This water-based nanofluid EMQL technology has
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Fig. 21 SEM electron images of
wear mark surface using a Al2O3

fluid MQL, and d Al2O3 fluid
EMQL with − 4 kV; b and c
aluminummapping on (a); e and f
aluminum mapping on (d)
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been successfully applied to the double-sided milling machine
produced by the Jiangsu Guda Machinery Co., Ltd. In addi-
tion, a cooperative relationship has been established with
Jinyun Sawing Machine Manufacturer to provide this lubrica-
tion equipment in the circular saw machine. It is believed that
this novel cleaner production process lubrication method
could offer a promising industrial application and effective
strategy for MQL.
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