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Abstract

Processing of Ti alloy is often accompanied with large frictions and high temperature. Nanofluids prepared by adding nanopar-
ticles show good lubrication performance due to the excellent antifriction and antiwear of nanoparticles. The physicochemical
properties of nanoparticles are important factors that influence the lubrication performance of nanofluid minimum quantity
lubrication (NMQL). An experimental study on Ti alloy (Ti-6Al-4V) milling was conducted to explore the lubrication perfor-
mance of minimum quantity lubrication (MQL) using different nanofluids. Cottonseed oil was used as the base oil, and the
tribological properties of several typical nanoparticles (i.e., Al,O3, MoS,, SiO,, carbon nanotubes, SiC, graphite) were studied.
The lubrication performance was evaluated by milling parameters, including milling force, surface roughness (R,, RSm, Rur)s
friction coefficient, microstructures of debris and workpiece surface, and energy spectra of the workpiece surface. Results
demonstrated that the milling process based on Al,O; nanofluid achieved the minimum milling force and friction coefficient,
whereas the milling process based on SiO, nanofluid had the minimum surface roughness value (R,). Furthermore, the physi-
cochemical properties of nanoparticles and the viscosity of nanofluid were analyzed. Spherical Al,05 and SiO, nanoparticles
improved the lubrication effect of base oil mostly. The Al,O5 nanoparticles exhibited high hardness, which was conducive to
reducing milling force. SiO, nanofluid demonstrated high viscosity, which could improve workpiece surface quality.

1. Milling performance of Ti—6Al-4V under different lubricating
conditions was studied.

2. The tribological properties of several typical nanoparticles were
studied.

3. Physicochemical properties of different nanoparticles were analyzed.
4. Viscosity of different nanofluids was analyzed to validation.

5. The best workpiece surface quality was obtained by SiO, NMQL.
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Nomenclature

MQL Minimum quantity lubrication
NMQL  Nanofluid minimum quantity lubrication
SEM Scanning electron microscope
EDS Energy-dispersive spectrometer
W, Rotation rate (r/min)
Ve Feed rate (mm/min)
v Cutting speed
a, Radial depth of cut (mm)
a, Axial depth of cut (mm)
Q@ Angle of nozzle and tool feeding direction
15} Angle of nozzle and horizontal direction
t Processing time
FFy, F, Cutting force component
in X, Y, and Z directions (N)
Fy, F; Tangential and radial cutting
force components (N)
F Resultant cutting force (N)
Finax Mean of milling force peak

R, Arithmetic average height (im)
RS, Mean spacing at mean line (mm)
R, Maximum height of profile

R Bearing length ratio

Ow Volume of material removed by tool
P Total energy consumed

W Friction coefficient

¥ Cut in angle

L Viscosity of nanofluid

Mot Viscosity of base fluid

% Nanoparticle volume fraction

1 Introduction

Ti alloy is extensively used in the aerospace industry due to its
high strength and antiwear [1]. This alloy is an important
metal part in airplane structures and engine parts [2].
However, the cutting zone is accompanied with great frictions
and high temperature and pressure due to the difficulty of
machining Ti alloy, which determines the extremely important
role of lubrication in tool-workpiece interface during the pro-
cessing [3, 4]. Cutting fluid is vital to the processing. This
fluid is mainly responsible for avoiding workpiece burning,
decreasing tool-workpiece surface friction, and eliminating
debris [5-7]. However, the use of cutting fluid causes many
problems, including environmental and water pollutions and
threats to operators’ safety [8]. Environmental production, en-
ergy saving, and emission reduction have attracted significant
attention from the public [9]. Minimum quantity lubrication
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(MQL) has been developed at the right moment to address
these problems [10, 11].

MQL has shown considerable advantages and develop-
ment prospects in replacing the traditional flood [12, 13].
The heat transfer capability of solids is considerably stronger
than that of liquid and gas [14, 15]; a certain amount of
nanosolid particles is added to trace lubricant to form
nanofluid for improving the heat transfer capability and lubri-
cation performance of MQL [16, 17]. Ding et al. [18, 19]
investigated the removal mechanism of brittle particles in me-
chanical machining. Mao [20-22] and Li et al. [23-26] con-
firmed the excellent cooling and lubrication effects of
nanofluid minimum quantity lubrication (NMQL). The appli-
cation of nanofluid in MQL processing not only inherits all the
advantages of MQL milling but also solves the fatal defect of
the insufficient heat transfer ability in MQL milling.

Considerable research on MQL using different nanofluids
has been reported. For Al,O3 nanoparticles, Hadi and Atefi
[27] investigated the effect of AlL,O; NMQL in the milling
processes of AISID3 steel and found that the surface rough-
ness was 25% lower than that of pure MQL. Shen et al. [28]
grinded cast iron with Al,0O; and diamond nanofluids. The
process was compared with dry, pouring, and MQL grinding.
NMQL reduced the grinding force and surface roughness con-
siderably and eliminated workpiece burn. Mao et al. [20, 29]
compared grinding performance under dry, flood, MQL, and
Al,O3; NMQL conditions. Experimental results demonstrated
that NMQL achieved low grinding force and grinding temper-
ature and a better workpiece surface quality. Yin et al. [30]
proved that Al;O; NMQL had the lowest force and friction
coefficient in milling 45 steel.

For MoS, nanoparticles, Shen et al. [31] and Kalita et al.
[32] obtained excellent performance of MoS, nanoparticles in
improving grinding force. Rahmati et al. [33, 34] studied the
surface morphology of MoS, nanoparticle end-milling Al
6061-T6 workpiece with different concentrations. The best
workpiece surface quality was obtained by 0.5 wt% MoS,
nanoparticle milling. Uysal et al. [35] used different flow rates
(20 and 40 ml/h) of MoS, nanoscale fluid to cut stainless steel
and determined that minimum initial tool wearing and surface
roughness were acquired under 40 ml/h nanofluid flow rate.
Dilbag et al. [36] studied the turning performance of different
lubrication conditions (dry, graphite NMQL, and MoS,
NMQL) and identified that MoS, NMQL contributed the best
workpiece surface quality.

For SiO, nanoparticles, Ming et al. [37] and Sayuti et al.
[38, 39] used SiO, nanofluid end-milling Al6061-T6. The
results showed that SiO, nanoparticles reduced cutting force
and improved the workpiece surface quality. Peng et al. [40]
found that SiO, NMQL had lower friction coefficient and tool
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wear than diamond NMQL. Sarhan et al. [41] concluded that
SiO, nanoparticles could remarkably reduce the friction coef-
ficient of tool—debris interface, thereby reducing cutting force
and power. For carbon nanotubes (CNTs) nanoparticles, CNTs
have been widely studied due to their high heat conductivity
and extremely high surface ratio. They possess potential ap-
plication prospects in different fields due to their unique elec-
trical, thermal, and mechanical properties [42]. Zhang et al.
[43] used MoS,, carbon nanotube (CNT), and ZrO, nanopar-
ticles as additives of grinding fluid to perform grinding exper-
iments. The results demonstrated that MoS, nanoparticles
achieved the lowest specific energy and the best workpiece
surface quality.

For SiC nanoparticles, Jia et al. [44] proved their good
tribological properties. Zhang et al. [45, 46] mixed Al,O3
and SiC nanoparticles. The influences of different mixing ra-
tios and grain sizes on the lubrication performance were
discussed. The best lubrication performance was achieved un-
der 2:1 mixing ratio and 30:70 grain size ratio. For graphite
nanoparticles, Lee et al. [47] and Alberts et al. [48] proved that
they presented excellent performance in reducing friction co-
efficient, temperature, and surface roughness. Huang et al.
[49] and Shaji et al. [50, 51] showed that the addition of flake
graphite to cutting fluid could substantially reduce cutting
force, friction coefficient, and surface roughness.

Nevertheless, different nanoparticles have different physi-
cochemical properties, which determine their dissimilar tribo-
logical properties [52]. Therefore, the antifriction and antiwear
of different nanoparticles must be discussed. Although
scholars have conducted abundant studies on NMQL, the ef-
fects of the physicochemical properties of different nanopar-
ticles on MQL performance have not been discussed deeply.
Hence, six types of nanofluids and pure base oil were used in
Ti alloy milling experiment. Milling force, friction coefficient,
surface roughness, microstructures of debris and workpiece
surface, and energy spectrum of the workpiece surface under
the use of different nanofluids were studied. Furthermore, the
physicochemical properties of different nanoparticles and the
viscosity of nanofluid were analyzed, which disclosed the
tribological properties of different nanoparticles and realized
a low-carbon green production with the characteristics of high
efficiency, low-energy consumption, environmental protec-
tion, and resource saving.

2 Experimental

2.1 Experimental setup

The experiment was performed on a Dema ML1060B CNC
milling machine. Table 1 presents the parameters of the mill-

ing machine. The overall dimension was 3200 mm X
2450 mm x 2000 mm (L x W x H). The technological
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Table 1 Parameters of Dema ML1060B CNC milling machine
Machine parameters Value
Principal axis power 11 kW
Motor power driving the workbench 5 kW
Highest rotating speed 8000 r/min
Cutting range 1000 mm x 600 mm x 600 mm
Cutting feed rate 10,000 mm/min

parameters mainly included the following: principal axis pow-
er = 11 kW, maximum speed = 8000 r/min, motor power driv-
ing the workbench =5 kW, cutting range = 1000 mm x
600 mm x 600 mm, and cutting feed rate = 10,000 mm/min.
Minimum lubrication oil was transmitted using a JinZhao KS-
2106 MQL system. During data collection, three-phase mill-
ing force was measured using a piezoelectric three-phase mea-
suring dynamometer (the sampling frequency was
30,000 Hz). Surface roughness was measured using a
TIME3220 contact pointer measuring device (five points were
selected under each working condition to collect and record
data). Debris was collected at the end of each experiment.
Debris and workpiece microstructure and elemental analysis
were conducted using a DV2TLV scanning electron micro-
scope (SEM). The viscosity of nanofluids was measured using
a Brookfield DV2T viscometer. Figure 1 shows the experi-
mental and analysis equipment.

2.2 Experimental materials

The workpiece material was used as Ti alloy Ti-6Al-4V in the
experiment, and the workpiece size was 40 mm % 30 mm x
30 mm. Ti-6A1-4V is a type of o+ 3 Ti alloy. This alloy is
increasingly appreciated in aviation, spaceflight, navigation,
and other industrial sectors due to its excellent unconventional
mechanical properties (e.g., high hardness and strength, good
thermal stability, strong corrosion resistance, outstanding an-
tifatigue and antibreakage performance, and rich reserves).
However, Ti alloy is difficult to process because of high tem-
perature and stress during the processing [53]. The processing
surface quality of products is difficult to be qualified, and the
service life of tool will be shortened greatly. For these reasons,
an experimental study on Ti—-6A1-4V alloy processing must be
performed. Tables 2 and 3 list the chemical composition and
performance parameters of the workpiece, respectively.

The experiment used a machine-clamped milling tool, the
tool pole model was 300R-C16-16-200-2T, the diameter (R)
was 16 mm, the total length was 100 mm, the blade number
was 2, and the material was quenched 42CrMo. The blade
model was APMT1135, the tip angle was 85°, the blade rear
angle was 11°, the thickness was 3.5 mm, the blade length was
11 mm, the maximum cutting depth was 9 mm, and the ma-
terial was high-speed steel. According to the study of Junior
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Fig. 1 Experimental and analysis equipment

[54], cottonseed oil can lower the cutting temperature, tool
wear, and specific energy considerably. This oil owns the best
cooling performance. In this experiment, cottonseed oil was
used as the base oil of MQL, and six types of nanoparticles
were added to prepare the nanofluids. Table 4 lists the physical
properties of nanoparticles. Table 5 lists the physical, chemi-
cal, and mechanical properties of cottonseed oil. Table 6 lists
the fatty acid composition of cottonseed oil.

2.3 Experimental scheme

In this experiment, cottonseed oil was used as the base oil of
MQL, and six types of nanoparticles were added to prepare
the nanofluids. Specifically, 1.5 wt% nanoparticles, cotton-
seed oil, and 0.3 wt% lauryl sodium sulfate (the dispersing
agent) were mixed. The mixture was placed on a numerical
control ultrasonic oscillator for 20 min of ultrasonic vibration.

Table 2 Chemical composition

of Ti-6A1-4V Workpiece Workpiece Alloying element Other elements (Wt%)
material matrix (Wt%)
Al \Y% Fe Si C N H (¢}
Ti-6Al-4V Ti 55-675 3545 03 01 008 0.05 0.015 001
Table 3 Material performance
parameter of Ti-6 A4V Modulus of Poisson’s  Tensile Yield Thermal Specificheat  Density
elasticity (GPa)  ratio strength strength conductivity (W/ (J/kg °C) (g/m3 )
(MPa) (MPa) m °C)
114 0.342 950 880 7.955 526.3 4.42
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Table 4 Performance parameters
of different nanoparticles Particle type ALO; MoS, Si0, CNTs SiC Graphite
Particle size (nm) 70 70 70 70 70 70
Nanoparticle shape Spherical Layered Spherical Tubular Hexahedral crystal Layered
Moh’s hardness 9 1-1.5 7 10 9.5 1-2
Table 5 Characteristics of cottonseed oils
Relative density (°C) ~ Refractionindex  Acidity Density Flash Freezing Koettstorfer Viscosity
(n D 40) (g of oleic acid/100 g) (g/m3) point (°C) point (°C) number (mPa s)
0.92 (20 °C) 1.46-1.47 Max 0.3 0.919 324 5 191-199 70.4 (20 °C)
0.93 (30 °C)

The vibration power of the numerical control ultrasonic oscil-
lator was 60 W, and the vibration frequency was 2000 Hz. The
processed mixture was used as the cutting fluid of NMQL.
This concentration was selected on the basis of previous re-
search. Wang et al. [55] reported that the optimal nanofluid
concentration was 1.5 vol%. Figure 2 shows the configured
nanofluid. Pure cottonseed oil was used as the control, and the
control variable method was used. Table 7 lists different lubri-
cation conditions.

In each experiment, only the type of lubricating fluid was
changed. Uniform milling parameters were applied to analyze
the effects of lubrication conditions on milling force and sur-
face roughness (Table 8). Three repeated milling processes
were conducted under different working conditions to reduce
the contingency of the experiment, and the corresponding ex-
perimental data were collected.

3 Experimental results
3.1 Milling force

Milling force is an important physical quantity in the milling
process, and its foundation is the process of machining defor-
mation. Although Ti alloy material has strong chemical activ-
ity, small heat conductivity coefficient, and small elasticity
modulus, it can be easily deformed and has poor rigidity,
surface-resilient value, small deformation coefficient, high
milling temperature, great milling force on unit area, and se-
rious chilling phenomena. The flank surface of the tool pre-
sents serious friction, adhesion, and cementation wear, which
influence the service life of the tool and workpiece surface

quality. Therefore, studying milling force has significance to
improving Ti alloy processing.

Milling forces were measured for three times under each
working condition. The discontinuity of tool-workpiece con-
tact causes dramatic changes in milling force because milling is
a discontinuous cutting in nature. Figure 3 shows the variation
law of cutting forces under different lubrication conditions.
Milling force evidently presents a periodic variation law. For
periodic peaks of milling force, Fyx > F, > F,. The value of ', is
extremely small and slightly changes; thus, this value can be
neglected. In high-speed milling, milling force is generally de-
termined by the mean of peak (F,2x). The mean of milling force
peak (fmax) was used as a reference to discuss the effects of
the seven working conditions on milling force.

Fy
T _ Fmax igl P (1)

N N’

where £, is the ith milling force peak in the collection signal of
the milling force.

Fy, F,, and F,, which were collected by the measuring
dynamometer and the calculated resultant milling forces, were
integrated into Eq. (1) to obtain the corresponding milling
force peaks (Fig. 4). Figure 4 shows that the maximum milling
force was obtained by MQL (/=348 N, F,=202 N).
Regardless of which nanofluid type was milling, force was
reduced to some extent compared with MQL. The milling
force obtained by ALO3; NMQL milling (F,=312 N, F, =
96 N) was 10.34% and 52.48% lower than that of MQL,
followed by that of SiO, NMQL (F,=313 N, Fy, =107 N).
The worst one was that of graphite NMQL (#x =330 N, F, =
179 N), which was 5.17% and 11.39% lower than that of

Table 6 Fatty acid of cottonseed

oils (%) Myristic acid ~ Palmitic acid

Stearic acid

Oleic acid Linoleic acid Linolenic acid Others

0.6-1.0 21.4-26.4

2,133

14.7-21.7 46.7-58.2 ND-0.4 0.3-1.8
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Fig. 2 Digital camera photos of
different nanofluids

MQL. According to Eq. (2), under the condition of invariant
other parameters, the reduction in cutting force would also
lead to the decrease in specific energy in the machining pro-
cess, and the specific energy reflected the amount of energy
conversion in the milling process, which was an important
index to measure the machining efficiency. Low specific en-
ergy reflected high processing efficiency under working con-
ditions; therefore, the specific energy of Al,O; NMQL milling
was the smallest, and the corresponding processing was envi-
ronmentally friendly and energy saving.
P Fv F-R-W;

U = — = p— 5 2
Ow  opaeVe  opoeVe (2)

where U represents the specific energy, P represents the total
energy consumed, V represents the cutting speed, and Q,, rep-
resents the volume of material removed by tool.

Table 7 Different

lubrication conditions No. Lubricating fluid
1 Al,O3 nanofluids
2 MoS, nanofluids
3 SiO, nanofluids
4 CNT nanofluids
5 SiC nanofluids
6 Graphite nanofluids
7 Pure cottonseed oil

@ Springer
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3.2 Friction coefficient (u)

The value of friction coefficient reflects the lubrication
effect of a tool-workpiece interface. A small friction co-
efficient results in an improved lubrication effect. The
cutting force measurement was obtained in the workpiece
coordinate system; however, the calculation of friction
coefficient (u) required radial cutting force (F;) and tan-
gential cutting force (F}) under the cutting coordinate sys-
tem. The directional cutting force (£, F;) could be calcu-
lated by experimental cutting force (Fy, Fy) by using the
following transformation method: In the end milling, fric-
tion coefficient was the ratio of F, to F;. The calculation
formula is [56]

[ o | P G
-t @)

where -y is the cut in angle and ¢ is the processing time (ms).

Figure 5 shows that the highest friction coefficient was
obtained by MQL (0.79). The lowest friction coefficient
was obtained by Al,O3; NMQL (0.413), which was 47.7%
lower than that of MQL. The friction coefficient of SiO,
NMQL was second (0.426), which was 46.1% lower than
that of MQL. The highest friction coefficient was
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Table 8 Experimental parameters

Milling parameters Numerical
value

Milling method End milling

Rotation rate, W (r/min) 1200

Feed rate, V; (mm/min) 500

Back engagement of the cutting edge, @, (mm) 0.25

Working engagement of the cutting edge, a. (mm) 10

MQL flow rate (ml/h) 50

MQL nozzle distance (mm) 30

Angle of the nozzle and the tool feeding direction, v (°) 50

Angle of nozzle and horizontal direction, 3 (°) 30

MQL air pressure (MPa) 0.5

obtained by graphite nanofluid (0.633) as NMQL, follow-
ed by that of SiC nanofluid (0.578). If the friction coeffi-
cient was higher than 0.5, then the adhesive friction and
flow only occurred in the workpiece but not on the tool-
workpiece interface. The secondary shearing effect indi-
cates that deformed debris will be thickened, accompanied
with reduction in cutting ratio and shearing angle and

growth of the shearing length. As a result, the force and
power to remove debris will be increased remarkably.

3.3 Surface roughness

Surface roughness is an important parameter for workpiece
surface quality evaluation and determines surface smoothness.
Surface roughness refers to a small space of the processed
surface and the size features of micro-geometry with tiny peak
valley and unevenness. Low surface roughness reflects high
surface smoothness. Surface roughness can influence fatigue
strength, contact stiffness, and corrosion resistance of work-
piece and substantially improve cooperation. Moreover, sur-
face roughness influences the service life and reliability of
machinery products. A poor surface quality will deteriorate
workpiece performance, and the workpiece will fail before
the expected life.

R, is the arithmetic mean of absolute deflection distance (Z)
between the profile points and baseline in one sampling length
(L). A high R, indicates a large absolute value of profile de-
flection distance. R, was calculated using Eq. (5), where y (x)
is the vertical coordinate of the profile curve.

(b)MoS:
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0
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e
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Fig. 3 Original data schematic of force
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Fig. 4 Schematic of component force

R = i) )

RS, is the mean of profile irregularity distance in sampling
length L. Profile irregularity distance refers to the length of
profile peak and the adjacent profile valley on the median.
This parameter can be calculated from the following equation:

1

RS, =
N

2 S, (6)
i=1
where N is the number of profile peaks at the mean line.

Ry 18 the roughness profile support length ratio, which is
the ratio of contour support length to sampling length. The
length of the contour support is the sum of the length of each
section in the sampling length (/n), which is parallel to the
center line and is separated from the contour peak line ¢ by
the truncation of the line and the contour The R,,. curve re-
flects the relationship between the support length ratio of
roughness profile and the horizontal cross-section height c.
R, was calculated by

1.00
0.79

O AT e e e —

S’

. 0.633

3 0.578 %

= 0.526

S 0.47

80504 - = — - —— - - = = — — -- - -

< 8 o

=

X

-

2

—

B 0254 - - .
\

1
ALO3 SiC  Graphite MQL

MoS:2 SiO2

CNTs

Fig. 5 Friction coefficient under different working conditions
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Ryy = Mi(c)/In. (7)

Five points on workpiece surface acquired under each
working condition were selected to measure surface rough-
ness, thereby obtaining seven groups of correlated roughness
values (Fig. 6). R,, RS, and their standard deviation were
selected as the evaluation parameters of roughness. Surface
roughness value (R,) was gained under different lubrication
conditions, and its standard deviation was measured using a
roughness-measuring device (Fig. 7). Figure 8 shows RS,,, and
its standard deviation.

Figure 7 presents that the surface roughness (R,) under
MQL processing was the highest (1.596 pm), which indicated
the roughest surface. The workpiece surface roughness (R,)
under NMQL processing was lower than that under MQL
processing to different extents. The lowest surface roughness
was gained under SiO, NMQL processing (R, =0.594 um),
which was 62.78% lower than that under MQL processing.
The surface roughness under AlL,O; NMQL (R, =0.633 um)
processing was the second lowest, which was 60.34% lower
than that under MQL processing. The values of R, under the
CNTs and graphite NMQL were 0.867 and 0.906 pm, respec-
tively, which indicated poor workpiece surface quality. SiC
NMQL milling showed the poorest surface quality (R, =
0.94 um). The standard deviation of R, under Al,O3, SiO,,
and MoS, NMQL was small, which reflected the small dis-
persion degree of R, at different points of the workpiece to the
mean value. In other words, the entire workpiece surface
showed relatively high accuracy.

The RS, value on the surface of the machined workpiece
reflects the scratch diameter in the cutting process. Large
scratch diameters can reduce the surface quality of the work-
piece. Figure 8 shows that RS, under MQL processing was
the highest (0.399 mm), which reflected the maximum aver-
age width of the surface profile scratches caused by MQL
milling. The lowest RS;,, was observed under Al,O; NMQL
(0.095 mm), which showed the minimum average width of
scratches and the best workpiece surface quality. RS, under
SiO, NMQL (0.11 mm) was the second lowest. RS,,, under
SiO, NMQL was higher than that under Al,O5, which was
related to the weaker milling force and tool vibration under
Al,O3 NMQL. The values of RS,, under CNTs and SiC
NMQL were 0.193 and 0.208 mm, respectively, which indi-
cated poor lubrication effect. Graphite NMQL milling showed
the poorest lubrication performance (RS,, = 0.295), manifest-
ed by large scratches on the workpiece surface. The standard
deviation of RS, under CNT NMQL, graphite NMQL, and
MQL was relatively high, which revealed the high dispersion
degree of RS, to the mean. The difference among transverse
components of surface roughness at different points of the
workpiece surface increased due to the great tool vibrations
caused by the strong milling force.
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Fig. 6 Typical signal image of A

surface roughness measurement
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The microstructures of workpiece surface under similar R,
and RS, differed considerably. The surface characteristics
were different. Therefore, surface quality must be evaluated,
and it is inadequate to reflect all features of surface roughness
by R, and RS,,. The shape feature parameters of microscopic
irregularity were represented by Ry, curve. This curve can
reflect the wear resistance of the workpiece surface.
Difference in surface profiles leads to great changes in actual
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contact area between the lubricating oil and workpiece, there-
by resulting in different wear resistances of processed sur-
faces. Among the longitudinal evaluation parameters (R,)
and transverse evaluation parameters (RS,,) gained under the
above seven working conditions, SiO, gained the lowest sur-
face roughness (R,) and Al,O3 gained the lowest RS,,.
Therefore, the profile support length ratio of workpiece sur-
face under SiO, and Al,O; NMQL was used to analyze the
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functional characteristics of the workpiece surface. According
to the studies of Zhang [46] and Liu [57], the profile support
length ratio (Mr;) was determined for one section line that
separated profile peak from the roughness core profile. The
profile support length ratio (Mr,) was determined for one sec-
tion line that separated the profile valley from the roughness
core profile.

Figure 9 shows the R, curve. Mr; under the SiO, NMQL
working condition was close to the left, which indicated few
heaves on the workpiece surface. On the contrary, Mr, under
the Al,O; NMQL was close to the right, which implied abun-
dant heaves on workpiece surfaces and a relatively poor sur-
face quality. R, is the ratio between profile support length and
sampling length, and low Mr, implies a large profile valley.
Mr, under SiO, NMQL was close to the left, which reflected a
large profile valley on the working surface. Abundant deep
furrows were observed on the processed workpiece surface.
However, large profile valleys were conducive to storing oils,
thereby improving the lubrication performance effectively. On
the contrary, few profile valleys existed on the processed
workpiece surface under Al,0; NMQL; consequently, the
oil storage capacity was low. In brief, the workpiece surface
under SiO, NMQL was the best.

3.4 Debris surface topography

In the process of metal cutting, especially in the process of
high-speed cutting, the shape of debris is important, and its
change affects the surface quality of the workpiece and the
service life of the tool [58]. The formation process of debris is
the essence and foundation of physical and chemical phenom-
ena in cutting process, such as cutting force and temperature.
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Fig. 9 Profile supporting length rate curve
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Therefore, the morphological characteristics of debris must be
studied to understand the mechanism of high-speed cutting
and improve machining efficiency [59]. Debris, which was
formed under different lubrication conditions, was collected.
A qualitative analysis of lubrication performance under differ-
ent conditions was performed by observing the morphology
and surface characteristics of debris. SEM was used to analyze
the shape of debris and the surface morphology on the back of
debris. Figure 10 shows SEM images of milling debris under
different lubrication conditions. Figure 11 shows the schemat-
ic of debris formation in different shapes.

As shown in Fig. 10, the back of debris was the contact
surface between the rake face of the tool and debris. The
back of debris was smooth and bright. In the grinding pro-
cess, the back of debris slid along the rake face of the tool
and was extruded and cut by the rake surface. This contact
surface experienced high contact stress and shear stress,
and obvious scratches along the debris outflow were de-
veloped. The scratches were regular straight line. Scratches
on the back of debris were caused by the cohesive action
between Ti alloy and tool. At flowing of debris, hard par-
ticles on the tool surface might scratch the Ti alloy and
generate scratches on the contact surface (Fig. 11). High
temperature in the processing could intensify the produc-
tion of scratches [60]. The scratching effect of hard parti-
cles can easily cause mechanical wear of the tool [2].
Hence, thick scratches led to poor processing conditions.
The free surface, that is, the noncontact surface between
debris and the tool, presented a hairy layer and uneven
surface. Tremendous dense strips were caused by shear
plastic deformation. The processed workpiece surface
was composed of multiple irregular hairy layered shearing
surfaces. Different shearing surfaces had different shapes
and sizes. Local dislocation occurred among different shar-
ing surfaces. The debris was presented in a strip.

The deformation of the debris in Fig. 10a—e was restricted
by the angle of cutting edge. The debris was discharged nat-
urally and was in helical curling shape. The morphological
features of the debris remained basically the same using dif-
ferent types of nanoparticles. However, the screw pitch of
helical curling debris varied, thereby causing changes in the
length of debris after curling. The screw pitch was 27.2 mm in
Fig. 10a and 29.5 mm in Fig. 10b. The debris in Fig. 10a was
the slenderest and had the minimum screw pitch. Under work-
ing conditions in Figs. 10c, d, the stress and strain on the
debris increased, which induced the gradual increase in the
screw pitch of the debris. Under the working conditions in
Fig. 10f, g, the debris was C shaped. This feature was due to
that the cutting force per unit area of the debris increased with
the increase in milling force, which could increase the curling
degree and break of the debris. One side of the debris exhib-
ited relatively regular arcs, and the other side had extremely
irregular deckle edges, accompanied with breakages.
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Fig. 10 SEM images of debris surfaces under different working conditions

The back of debris contacted with the rake face of the tool.
The tool performance in the process could be analyzed from
the back of debris. The back of debris was amplified by SEM.
Figure 10g, f shows that the milling surface quality under
MQL and graphite nanoparticle grinding was relatively poor.
The surface was rough and had many irregular scratches.
Plasticity accumulations were observed on the milling surface
under MQL, accompanied with many scratches on the tool.
The scratches were very wide, and the back of debris was

Debris

Hard particle

Workpiece

(a)C shape chip

Fig. 11 Schematic of different shapes

rough, which indicated the serious scratches of hard points
on the rake face of the tool to the back of debris under MQL
conditions. The workpiece surface after graphite nanofluid-
based milling reflected that debris had experienced great shear
plastic deformation. Cracks would scratch the rake face and
cutting edge of the tool, thereby resulting in high-frequency
vibrations of the cutting system and influencing the workpiece
surface quality. Under the two working conditions, strong
milling force and high temperature not only increased the

Workpiece

(b)Helical crimp chip
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strain rate of materials but also strengthened the thermal soft-
ening effect. The interaction of the two effects caused the
material fragility to change. A small disturbance in the milling
process would cause instant release of accumulated cutting
heats on the shear surfaces, which was conducive to shear slip.
Therefore, the deformation of debris was intensified, and the
lubrication performance was deteriorated.

Scratches on the back of debris were relieved to some extent
under SiO, and SiC NMQL. However, this phenomenon was
manifested in the reduction in scratch width rather than in quan-
tity. The back of debris had poor smoothness and evident peeling
offs. Although the workpiece surface was relatively rough, it was
improved remarkably compared with that under MQL milling.

The debris gained from MoS, and CNT NMQL had a
relatively smooth surface without evident peeling offs.
The debris under MoS, NMQL was more regular than
that under CNT NMQL, but scratches on the debris under
these working conditions were more obvious than those
under Al,O; NMQL. The debris under Al,O; NMQL had
the best morphology. They were thinner and longer than
those under other working conditions. The workpiece sur-
face was also smoother, without evident scratches of the
tool. The workpiece surface morphology was improved
substantially, and metal deformation in the cutting layer
became more uniform. The free surface of debris was
relatively smooth, and the thickness of debris remained
basically the same. The contact between the tool and de-
bris changed from conventional local fitting to close
fitting, and the frictional scratches on the bottom surface
of debris deceased gradually. The bottom surface of debris
became increasingly smooth. These results demonstrated
that different NMQL techniques could improve the pro-
cessing morphology of debris to some extent, thereby im-
proving the workpiece surface quality and service life of
the tool.

3.5 SEM and EDS of workpiece surface topography

SEM and energy-dispersive spectrometer (EDS) are two com-
mon analytical devices in the field of modern material analy-
sis. They are basically combined to observe the surface mor-
phology of a sample and to analyze microregion composition.
The surface quality of workpiece was analyzed by SEM, and
the composition of surface elements was analyzed by EDS.

Figure 12 shows that the workpiece surface developed cor-
rugated textures, which were the surface morphology caused
by a relative movement between the tool and the workpiece.
Corrugated textures reflected the motion trajectory of the cut-
ting edge. The shape of the cutting edge was duplicated on the
workpiece surface. The displacement of each ridge with a
uniform interval along the feeding direction was equivalent
to feed engagement in milling parameters.

@ Springer

The workpiece surface developed the thickest irregular fur-
rows under MQL milling. Two furrows were very close due to
the tool wearing, which explained the highest surface rough-
ness under this working condition. The workpiece surface
under SiC and graphite NMQL showed thicker furrowers than
those under other NMQL milling processes, which reflected
that hard points on the tool surface plowed the workpiece
surface most seriously. The rough grooves on the wearing
surface of tool were copied onto the workpiece surface.
Strong extraction and friction behavior occurred on the con-
tact surface between the cutting edge and workpiece (Fig. 12e¢,
f). The workpiece surface developed many scratches under
CNT NMQL (Fig. 12d), which indicated the high quantity
of hard points on the tool surface. These hard points plowed
the workpiece surface greatly, and the tool suffered serious
wearing. The protuberant ridges were not a line but became
a furrow band composed of many small wearing-induced
heaves and grooves. Furrows could not only influence the
processed surface roughness but also act on the tool surface
in return, which caused the tool surface to generate additional
grooves that intensified tool wearing. Hence, a vicious circle
was formed. The workpiece surface under MoS, NMQL de-
veloped distinct furrows (Fig. 12b), whereas the workpiece
surface under Al,0; NMQL showed a great quantity of
scratches (Fig. 12a). On the contrary, the workpiece surface
under SiO, NMQL had shallow scratches and the lowest sur-
face roughness (Fig. 12c¢).

Lubrication film plays an important role in lubrication
during cutting. Nanoparticles deposited on the workpiece
surface can reduce shear stress and thus decrease friction
and wearing. EDS was used on the elements of workpiece
surface to evaluate the formation of the nanolubrication film
on the workpiece surface. Figure 12 shows that the Al con-
tent in the workpiece surface under Al,O; NMQL was
3.93% higher than that under MQL milling. Therefore, the
Al,O3 NMQL deposited on the workpiece surface in a large
quantity during the processing and the Al,O; nanoparticles
were conducive to forming lubrication film [61]. On the
workpiece surface, Al formed the element deposition for
the formation of lubrication film, thereby increasing the lu-
brication performance. On the contrary, the S content on the
workpiece surface under MoS, NMQL was relatively low.
The Si contents on the workpiece under SiO, and SiC
NMQL were 0.31% and 0.09%, respectively. These results
demonstrated that nanoparticles could not deposit onto
workpiece surfaces stably under these working conditions.
SiO, NMQL milling achieved the best workpiece surface
quality, which indicated a better lubrication performance un-
der SiO, NMQL. However, the formed lubrication film
could not adhere onto the workpiece surface stably. The C
contents on the workpiece surface under CNTs and graphite
NMQL reached 4.72% and 5.31%, respectively, but the
workpiece surface quality was poor.
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Fig. 12 SEM and EDS images of workpiece surfaces under different working conditions

4 Analysis and discussion

4.1 Analysis of the physicochemical properties
of nanoparticles

The presence of nanoparticles can considerably reduce the
contact of tool and workpiece. During NMQL, nanofluids
were carried by high-pressure gas and formed extremely small
fog drops in nozzles. Nanoparticles with strong polarity ad-
hered onto the tool and workpiece surface through deposition
or adsorption, which formed a piece of lubrication film on the
friction surface (Fig. 13). This lubrication film could prevent
direct contact between the tool and workpiece surface.
Nanoparticles were embedded into the lubrication film, and
nanofluids penetrated the cutting zone under the assistance of
high pressure for antifriction and antiwear. This characteristic
could improve the lubrication effect in the cutting zone
remarkably.

Surface atoms of nanoparticles can easily combine with
polar atoms in cottonseed oil, which causes nanofluids to

produce high surface energies and adsorb onto tool and work-
piece surface strongly. Therefore, the lubrication performance
is improved. Nanoparticles can also develop “the ball effect”
and “filling effect” in the processing [62]. The ball effect

/
-

Workpiece

| 4
Physical deposition film
Fig. 13 Schematic of the physical deposition of nanoparticles
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indicates that spherical or approximately spherical nanoparti-
cles can serve as rolling bearings on the friction surface with
good smoothness and turn the sliding friction into rolling fric-
tion, thereby reducing the friction coefficient. Excellent anti-
friction performance is developed [63—65]. “The filling effect”
indicates that nanoparticle will deposit into the developed
cracks, scratches, or grooves on workpiece surface to repair
the workpiece surface to a certain extent. This effect reduces
the wear and friction coefficient of the workpiece and im-
proves the lubrication performance in the processing [66].
Nanoparticles can polish the workpiece surface. The rough-
ness of the friction pair decreases and the contact area in-
creases after the polishing, and this condition further causes
reduction in the friction coefficient. The pressure stress on the
contact surface decreases, which is beneficial to increasing the
bearing capacity of the lubricating oil. In the milling process,
although the lubrication film will be eliminated as the milling
process continues, nanoparticles can be easily adsorbed onto
the workpiece surface because of the secondary penetration of
nanofluids and secondary formation of the lubrication film.
Broken lubrication films by cutting can be supplemented
and updated rapidly through the subsequent adsorption [67].
The physicochemical properties of nanoparticles are

Fig. 14 Schematic of the
molecular structures of different
nanoparticles. a Al;05. b MoS,. ¢
SiO,. d CNTs. e SiC. g Graphite
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important factors that influence the lubrication performance
of lubrication films. Figure 14 shows the molecular structure
of different nanoparticles.

Figure 14a shows the molecular structure of Al,O3. O
atoms are in the tight hexagonal arrangement, and Al distrib-
utes symmetrically in the octahedral coordination center
surrounded by O atoms. Strong chemical bond polarity exists
between Al and O, and great lattice energies occur. With these
structural features, Al,O3 nanoparticles possess high melting
point and strength and good chemical stability. The spherical
structure [68] provides a good lubrication performance and
can offer some mechanical polishing effects on the workpiece
surface, which are conducive to forming a good workpiece
surface morphology. With a strong adsorption performance,
substantial lubricating oil can be adhered onto the workpiece
surface. Base oil enters the cutting zone to repair the oil film
and increase the coverage area of the oil film in the cutting
zone, thereby developing a satisfying lubrication perfor-
mance. Al,O5; nanoparticles show excellent antifriction in
the processing and serve as the support on the tool-workpiece
interface due to their high hardness. They narrow the actual
contact area of the friction pair, decrease the frictional force,
and inhibit the workpiece surface furrows by the tool. The

()Graphite
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high-temperature resistance of Al,O; nanoparticles can
strengthen the lubrication film and improve the high-
temperature resistance and antifriction of the lubrication film.

MoS, nanoparticles are ellipsoid and connected by strati-
fied structures. The good lubrication performance of MoS,
nanoparticles is determined by the molecular structures
(Fig. 14b). Each molecular layer of MoS, consists of three
atom layers. The upper and bottom layers are S atom layers,
and the middle is the Mo atom layer. Each Mo atom is
surrounded by six S atoms. The research of Zhang [69] and
Kalin [70] demonstrated that a plane with low shear force is
produced by the strong binding force between S and Mo
atoms in each molecular layer and the weak binding force
between S and Mo atoms in each molecule. This molecular
layer can be easily broken by a small shear force among mol-
ecules, thereby forming tremendous glide planes. As a result,
the direct contact of friction pair surfaces in relative friction
states is changed into relative sliding among MoS, molecular
layers. The MoS, physical films that fall off in the sliding
process can be supplemented and updated rapidly by subse-
quent adsorption to maintain such sliding behavior. Hence, a
good lubrication performance can be offered.

Figure 14c shows the molecular structure of SiO,. Each Si
atom is surrounded by four O atoms, which form a tetrahedral
structure. This structure determines the high strength of SiO,
nanoparticles and can cooperate with the spherical structures
of SiO, nanoparticles to polish the workpiece surface. SiO,
possesses high surface energy and surface activity and can be
easily deposited on workpiece surface to form the lubrication
film [71]. SiO, nanoparticles can react with base components
on the workpiece surface or subsurface to form a solid solu-
tion. This solid solution can develop a layer of ceramic-alike
nanofilm, which is called “the third body.” This nanofilm
differs considerably from common oil films. The ceramic-
alike nanofilm is superior to other oil films in terms of tenacity
and compressive strength [72]. The nanofilm can reduce the
friction on the tool-workpiece interface remarkably. SiO,
nanoparticles distributes uniformly in the lubrication film
due to the strong diffusion capacity and self-diffusion capac-
ity, which narrows the effective contact area of adhesion ef-
fect. Elasticity is enhanced in a certain loading range with the
increase in the gap between tool and workpiece surface due to
the high porosity of spherical SiO, nanoparticles, and a good
workpiece surface morphology is obtained.

The molecular structure of CNTs can be simplified into
a coaxial circular tube with multiple layers composed of C
atoms in hexagonal arrangement (Fig. 14d). The high
strength and hardness of CNTs strengthen the lubrication
film and decrease sliding friction coefficient. However,
the oil film is not complete, which is related to the geo-
metric features of CNTs (e.g., circular shape and easy
twining) [73, 74]. Large-scaled twining accumulation is
formed on the friction pair surface rather than the ball

effect similar to spherical nanoparticles. EDS analysis
demonstrates a high C content on the workpiece surface,
but the formed lubrication film has limited lubrication
performance. These results explain the poor workpiece
surface quality under CNT NMQL.

SiC, or known as the carborundum, is the compound
formed by C and Si atoms through covalent bonds. This
compound possesses outstanding chemical and thermal
stabilities and excellent mechanical and thermal conductiv-
ities (83.6 W/m K). Adding SiC nanoparticles to the base
oil increases the heat conductivity coefficient of the base
oil due to the high heat conductivity coefficient, thereby
enhancing the heat exchange of nanofluid. This addition
strengthens the lubrication performance of nanofluid to
some extent. The crystal structure of S is formed by alter-
native bedded deposition of C and Si atoms (Fig. 14e).
Although this compound has some self-lubrication perfor-
mance, it belongs to hard material with Moh’s hardness of
9.5 and a multiangular physical property. Therefore,
adding SiC nanoparticles fails to improve the lubrication
performance of nanofluid considerably.

Graphite nanoparticles, typical stratified structures,
have layered arrangement of C atoms. Each C atom is
connected with adjacent C atoms in the equivalent inter-
val. C atoms in one layer are in hexagonal ring arrange-
ment. The hexagonal C rings in the adjacent upper and
lower layers displace mutually along the parallel surface
and then form the stratified structure through re-superpo-
sition. Different orientations and distances of displace-
ment determine the diversified polymorphic structures
(Fig. 14f). Some studies have indicated that graphite
nanoparticles present antifriction and antiwear. However,
they are inferior to other nanoparticles due to the stratified
structure and high strength. Graphite cannot form “bear-
ing-alike effect” and develop a sliding layer similar to
MoS,. Therefore, the lubrication performance of graphite
nanoparticles is poor.

4.2 Viscosity analysis

Viscosity is a method to measure the flow resistance of fluid.
This method is the variable exchange formed by the irregular
relative movement of molecules and the adhesive force among
adjacent molecules. Viscosity is also equal to shear force/
shearing rate. The viscosity of lubricating oil is an influencing
factor of lubrication performance. Adding nanoparticles to the
base oil can increase the viscosity of lubricating oil. During
workpiece processing, the relative movement between the tool
and workpiece will induce shear forces to the lubricating oil.
As a result, internal friction force is developed among the
internal fluid layers of the lubricating oil, which will influence
the internal friction force. Such a property is defined as vis-
cosity. Viscosity can affect the formation of oil film to some
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extent. Lubricant with small viscosity is difficult to form suf-
ficiently thick oil films on a high-temperature frictional sur-
face, and the formed oil film can be easily damaged by exter-
nal loads due to the small bearing capacity, thereby resulting
in the poor lubrication performance of friction pairs and high
friction coefficient. The relationship between the viscosity of
nanofluid and the viscosity of base oil can be disclosed from
the Einstein’s law of viscosity in Eq. (8). Figure 15 shows the
viscosity—temperature curves of different nanofluids.

M1 4250, (8)

Hof

where 1, is the viscosity of the nanofluid, pu,¢is the viscosity
of the base fluid, and ¢ is the nanoparticle volume fraction.

On this basis, Batchelor considered the Brownian motion
of nanoparticles and proposed the following formula:

fy = (14 2.50 4 6.50%) fuys. 9)

Figure 15 shows the negative correlation between the vis-
cosity of nanofluid and temperature. This negative correlation
is due to that the viscosity of fluid is a collaborative result of
molecular attractions and momentum transfer. The change in
the molecular energy of nanoscale fluid can be caused by the
change in temperature. For liquid molecules, the average
speed of irregular movement is low. The molecular interaction
takes the dominant role in viscosity. Molecular distance in-
creases with the temperature rise, which weakens the molec-
ular interaction and thus reduces the viscosity. The viscosity of
different nanoparticles is different mainly because of the in-
teraction of particles, the Brownian motion effect, and the
interaction between particles and base oil. The molecular
structure of tetrahedron of SiO, nanoparticles leads to great
interaction among molecules, and the Brownian motion is
inactive. Consequently, the viscosity of SiO, nanoparticles is
high under the condition of the same volume fraction and base
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Fig. 15 Viscosity—temperature curves of different nanofluids
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oil. The different thermal movements of molecules among
different nanoparticles lead to the difference in the viscosity
of different nanofluids with temperature.

Si0, nanofluid has the highest viscosity, which reaches
69.06 mPa s under room temperature. The lubrication perfor-
mance of lubricating oil is improved with the increase in viscos-
ity, but the lubrication performance declines after reaching a
certain numerical value [75]. Comparison of surface roughness
(Ra, RS, and workpiece microstructure indicates that SiO,
NMQL achieves the best workpiece surface quality. This result
demonstrates that viscosity is insufficiently high to stop liquid
flow. In this case, high viscosity is accompanied with strong
colloidal force, Brownian movement, and viscosity force among
molecules. High viscosity is conducive to stopping liquid flow,
forming oil film, and increasing the thickness and strength of the
lubrication film [76]. Lubricating oil with high viscosity can stay
in the milling zone for a long time and prolongs the lubrication
time between the tool and workpiece. This feature can improve
the lubrication performance and prevent the fast wearing of the
tool effectively.

The viscosity of graphite and SiC nanofluid is only next to
that of SiO, nanofluid. However, graphite and SiC fail to
achieve a satisfying workpiece surface quality because the
physicochemical properties of nanoparticles are vital to the
lubrication performance. The analysis of the physicochemical
properties of graphite and SiC presents that increasing
nanofluid viscosity can deteriorate the lubrication perfor-
mance. Pure cottonseed oil and CNT nanofluid have small
viscosity, which results in the thinning of oil films. If the oil
film between the tool and workpiece surface is too thin, then it
will break in the processing and local dry friction will be
formed, which will further intensify the wearing [77]. This
finding, along with the experimental results, shows that the
workpiece surface quality under graphite and SiC NMQL is
poor, which indicates the positive correlation between viscos-
ity and lubrication performance.

The viscosity—temperature curves of Al,O; and MoS,
nanofluid overlap. However, the workpiece surface quality
under Al,O; NMQL is better than that under MoS,. This
result reflects that, given the same viscosity of nanofluid, the
lubrication performance is better when nanoparticles are clos-
er to spheres. SiO, and Al,O3 nanoparticles are spheres, but
SiO, NMQL gains the best workpiece surface quality. This
finding demonstrates that, given a similar structure, higher
viscosity contributes a better lubrication effect.

5 Conclusion

The lubrication performance of six different nanofluids
(Al,0O3, MoS,, SiO,, CNTs, SiC, and graphite) for MQL mill-
ing Ti alloy was discussed on the basis of experimental re-
search by analyzing the performance of milling parameters
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(i.e., milling force, friction coefficient, surface roughness, en-
ergy spectrum of workpiece surface, and surface microstruc-
ture of debris and workpiece). The physicochemical properties
of nanoparticles and the viscosity analysis of nanofluids were
also explained. The conclusions drawn are as follows.

(1) MQL acquires the highest force (Fy=348 N, F,=
202 N) and friction coefficient (x = 0.79), followed by
graphite NMQL (F, =330 N, F,=179 N, u = 0.633),
and AlL,O3; NMQL presents minimum values (Fy =
312 N, Fy=96 N, p = 0.413). Specific energy has a
consistent variation trend with that of milling force.
Hence, Al,O; NMQL claims the lowest energy con-
sumption and conforms to the requirements on environ-
mental protection and efficiency.

(2) MQL gains the highest surface roughness value (R, =
1.596 um, RS;,=0.399 mm). In NMQL, SiO, NMQL
gains the lowest R, value (0.594 pum), whereas SiC
NMQL gains the highest one (0.94 um). Al,O; NMQL
has the lowest RS, value (0.095 mm), whereas graphite
NMQL has the highest one (0.295 mm). Workpiece sur-
face shape parameters (R,,;) under Al,O; and SiO,
NMQL are analyzed. The workpiece surface under
SiO, NMQL has few heaves, large profile valleys, and
high oil storage capacity, which indicate the best work-
piece surface quality under this working condition.

(3) The analysis of the surface microstructures of debris and
workpiece demonstrates that the debris under MQL and
graphite NMQL is C shaped, whereas the debris under
other working conditions is helical curled. The back of
debris under Al,O; NMQL is the smoothest, and the
morphology is improved remarkably. The workpiece
surfaces under SiC and graphite NMQL have the thickest
scratches in nanofluid milling, whereas the workpiece
surface under SiO, NMQL shows the thinnest scratches
and the highest smoothness. The EDS analysis presents
that the Al content on the workpiece surface under Al,O5
NMQL is high, which forms the element deposition on
the workpiece surface to form the lubrication film. The
lubrication performance is improved.

(4) The analysis of the physicochemical properties of nano-
particles and the viscosity of nanofluid show that spher-
ical Al,O5 and SiO, nanoparticles can improve the lubri-
cation performance of base oil mostly. Al,O3 nanoparti-
cles have the highest hardness, and they are beneficial to
reducing milling force and specific energy. SiO, nano-
particles exhibit high viscosity, which is beneficial to
forming a high workpiece surface quality.
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