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Abstract
The objective of this research is to experimentally evaluate the lubrication performances of different nanofluids in milling
titanium alloy Ti-6Al-4V. Six types of nanofluids, namely, Al2O3, SiO2, MoS2, CNTs, SiC, and graphite, were selected.
Cottonseed oil was used as the base oil. The lubrication performance was investigated in terms of milling force, surface
roughness, and morphology of workpiece surface. Experimental results demonstrated that the Al2O3 nanoparticle obtained the
minimal milling force (Fx = 277.5 N, Fy = 88.3 N), followed by the SiO2 nanoparticle (Fx = 283.6 N, Fy = 86.5 N). The surface
roughness obtained by the Al2O3 nanofluid was the minimum (Ra = 0.594 μm), whereas it was the maximum by using minimum
quantity lubrication (Ra = 1.772 μm). The surface roughness of the six nanofluids was described by the following order: Al2O3 <
SiO2 <MoS2 < CNTs < graphite < SiC. The workpiece surface morphology was the best for Al2O3 and SiO2. The viscosity of the
nanofluids was also analyzed. Spherical Al2O3 and SiO2 nanoparticles improved the lubrication effect of base oil mostly and
were more suitable as environment-friendly additives for the base oil compared with the others.

Keywords Milling . Nanofluid .Minimum quantity lubrication . Surface morphology

Nomenclature
MQL Minimum quantity lubrication
NMQL Nanofluid minimum quantity lubrication
SEM Scanning electron microscope
EDS Energy-dispersive spectrometer
Fx, Fy, Fz Cutting force components in x, y, and z directions,

respectively (N)

Ra Arithmetic average height (μm)
RSm Mean spacing at mean line (mm) components (N)
F Resultant cutting force (N)
Fmax Mean of milling force peak
Ra Arithmetic average height (μm)

Highlights
• Lubrication performance of different nanofluids in milling Ti-6Al-4V
was studied.

• The surface integrity of six typical nanoparticles were studied.
• EDS elements of different nanoparticles were analyzed to validate lu-
brication performance.

• The best lubrication performance was obtained by Al2O3 and SiO2

nanofluid MQL.
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1 Introduction

Titanium alloy is popular in various fields, such as the aero-
space, automotive, shipbuilding, and ocean industries, due to
its high strength and high resistance to corrosion. However, its
low thermal conductivity and high chemical activity cause
poor machinability; thus, it is categorized as a difficult-to-
machine material [1]. A large amount of cutting fluid is ap-
plied in machining titanium alloy to reduce temperature and
improve surface quality and tool life. The high pressure in the
contact interface among the tool, debris, and workpiece allows
only a small proportion of cutting fluid to enter the milling
zone and be used in cooling lubrication. The heat created in
the milling zone is consequently difficult to effectively dissi-
pate [2]. The usage of a large amount of cutting fluid not only
greatly increases production cost but also causes serious pol-
lution to the environment and endangers human health [3, 4].

Minimum quantity lubrication (MQL), also known as near-
dry machining, has been popularized over the last decade.
MQL is a technique for mixing a minimum quantity of lubri-
cants with high-pressure gases, which can break through the
air-barrier layer and arrive at themilling area after atomization.
High-pressure gas plays a role in cooling and debris removal
[5]. MQL has been widely used in the titanium alloy machin-
ing process. Pervaiz et al. [6] researched the machining char-
acteristics of titanium alloy under the vegetable oil-based
MQL condition and achieved better lubrication performance
in reducing friction compared with those of dry cutting and
conventional flood cooling. Rahim and Sasahara [7] examined
the machinability of Ti-6Al-4V by employing palm oil-based
and synthetic ester-based lubricants using MQL arrangements
and revealed that the palm oil-based MQL system performed
better than the synthetic ester-based system did. Mark et al. [8]
compared MQL and minimum quantity cooling lubrication
(MQCL) on milling titanium alloy in terms of cutting temper-
ature, surface roughness, and debris. The results revealed that
MQCL showed a considerable improvement compared with
MQL, with improved lubricity of the cutting fluid at lower
temperatures and easier separation of debris from the rake face.

Nanoparticles are dispersed into cutting fluids as additives
to form nanofluids according to the theory of solid-enhancing
heat transfer to improve cooling and lubrication. Ding et al. [9,
10] investigated green machining technology and the removal
mechanism of brittle particles in mechanical machining. Li
et al. [11–13] confirmed the excellent cooling and lubrication
effects of nanofluid MQL. Park et al. [14] found that
nanofluids can improve MQL milling, especially for chipping
at cutting edges. The application of nanofluids in MQL pro-
cessing not only exhibits all the advantages of MQL machin-
ing but also solves the fatal defect of insufficient heat transfer
capability. Many studies have been conducted and reported in
grinding, turning, and milling to understand the cooling and
lubrication characteristics of nanofluids.

Regarding grinding, Zhang et al. [15] usedMoS2, CNT, and
ZrO2 nanoparticles as additives to grinding fluid to perform
grinding experiments. The results demonstrated that MoS2
nanoparticles achieved the lowest specific energy and the best
workpiece surface quality. Zhang et al. [16] mixed Al2O3 and
SiC nanoparticles. The influences of different mixing ratios
and grain sizes on the lubrication performance were discussed.
The best lubrication performance was achieved under 2:1
mixing ratio and 30:70 grain size ratio. Wang et al. [17] inves-
tigated the tribological performance of the wheel/workpiece
interface in MQL grinding with different concentrations of
Al2O3 nanofluids and concluded that the optimal nanofluid
concentration was 1.5 vol%. Mao et al. [18, 19] observed
grinding performances under dry, flood, MQL, and Al2O3

NMQL conditions. The experimental results demonstrated that
nanofluid MQL achieved low grinding force and cutting tem-
perature and good workpiece surface quality. Shen et al. [20]
grinded cast iron with Al2O3 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. Shen et al. [21] and
Kalita et al. [22] obtained excellent performances of MoS2
nanoparticles in improving grinding force.

Regarding turning, Krishna et al. [23] investigated the per-
formances of nanoboric acid suspensions in SAE-40 and co-
conut oil during turning of AISI 1040 steel and found that
0.5% nanoboric acid in coconut oil performed well in terms
of cutting temperature, tool wear, and surface roughness. Rao
et al. [24] experimentally estimated tool wear and cutting tem-
peratures in MQL using cutting fluids with carbon nanotube
(CNT) inclusion and concluded that nodal temperature was
decreased up to 2% CNT inclusion; beyond 2%, change was
minimal, and high CNT % reduced flank wear. Yan et al. [25]
investigated the effect of nanoparticle lubrication in diamond
turning of reaction-bonded SiC and found that copper nano-
particle (10%) mixed in grease generated the surface with
lowest roughness and yielded minimum tool wear.
Khandekar et al. [26] and Prasad et al. [27] obtained reduced
cutting force, surface roughness, and tool wear using a cutting
nanofluid, thus enhancing metal cutting performance. Su et al.
[28] evaluated the performance of nanofluid MQL with
vegetable-based oil and ester oil as base fluids in turning and
concluded that the nanofluids decreased cutting force and tem-
perature significantly and that graphite-LB2000 nanofluid
outperformed graphite-PriEco6000 nanofluid, especially at a
high cutting speed.

Regarding milling, Sayuti et al. [29, 30] observed that SiO2

NMQL can achieve less cutting force and surface roughness
than can MQL and traditional cutting fluid in milling a hard
aluminum aeronautical material. Ming et al. [31] observed that
SiO2 nanofluid reduced cutting force and improved surface
roughness under high-pressure airflow when milling alumi-
num alloy. Marcon et al. [32] found that graphite-water
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nanofluid could remarkably reduce cutting force and improve
surface quality in comparison with dry milling. Rahmati et al.
[33, 34] identified an improvement in workpiece surface
quality when MoS2 nanofluid was used because of the
rolling, polishing, and mending effects of the MoS2 nano-
particle. Uysal et al. [35] obtained minimum tool wear
and surface roughness when using MoS2 NMQL com-
pared with those obtained using traditional MQL and
dry machining. Najiha et al. [36] investigated the effects
of cutting parameters on the wear mechanism when mill-
ing aluminum alloy Al6061 using water-based TiO2

nanofluids. Hadi et al. [37] studied the effects of Al2O3

nanoparticles when milling AISI D3 steel. The experi-
mental results showed that the surface roughness de-
creased by 0.5 μm compared with that of pure MQL when
the volume fraction of nanoparticles in vegetable oil was
2%. Yin et al. [38] studied lubrication performances under
four conditions, namely, dry, flood, MQL, and Al2O3

NMQL milling 45 steel. The results proved that Al2O3

NMQL had the lowest force and friction coefficient in
milling 45 steel.

In milling titanium alloy, Kim et al. [39] added
nanodiamond particles to vegetable oil to prepare a nanofluid
under the micro-end-milling process of titanium alloy (Ti-
6Al-4V). They concluded that a low concentration of
nanodiamond nanofluid (0.1 wt.%) was conducive to decreas-
ing milling force, friction coefficient, and tool wear, whereas a
high concentration (1.0 wt.%) effectively reduced surface
roughness. Li et al. [40] dispersed graphene to vegetable oil-
based cutting fluids in milling TC4 alloy and concluded that
the graphene additive was effective for improving the milling
characteristics because the graphene additive could enhance

the cooling and lubrication performances of the oil film
formed in the milling zone.

From the literature, good lubrication effects have been
achieved with NMQL. However, few studies have been re-
ported in milling titanium alloy, and only one nanoparticle has
been used as an additive for NMQL. A systematic comparison
of the performances of various nanofluids also has not been
performed. Nanofluids prepared with different nanoparticles
have various lubrication effects due to the physicochemical
characteristics and viscosity of nanoparticles. In this study,
experiments on milling Ti-6Al-4V were conducted by using
six types of nanoparticles and pure cottonseed oil. The lubri-
cation performance was evaluated in terms of milling force,
surface roughness, debris, and surface morphology of the
workpiece surface under different lubrication conditions.

2 Experiment

2.1 Experimental setup

The experiment was conducted on a Dema ML1060B ma-
chine center with overall dimensions of 3200 mm ×
2450mm× 2000mm (L ×W ×H). The main technical param-
eters are as follows: spindle power, 11 kW; maximum speed,
8000 r/min; motor power driving the workbench, 5 kW; cut-
ting range, 1000 mm× 600 mm× 600 mm; and cutting feed
rate, 10,000 mm/min. The nanofluid was conveyed by MQL
device KS-2106. The milling force was measured by
tridirectional piezoelectric dynamometer JR-YDCL-III05B.
Surface roughness was measured by contact pointer measur-
ing instrument SC6C. The surface morphologies of the debris

(a) Milling force measuring device, (b) MQL oil supply system 

Fig. 1 Experimental instruments.
aMilling force measuring device.
b MQL oil supply system
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and workpiece were measured by electronic scanning electron
microscope (SEM) DV2TLV. The viscosity of nanofluids was
measured using a Brookfield DV2T viscometer. The experi-
mental instruments and the milling force measurement dia-
gram are shown in Figs. 1 and 2, respectively.

2.2 Experimental materials

In the experiment, titanium alloy Ti-6Al-4V with dimensions
of 40 mm× 30 mm× 30 mm was used as the workpiece ma-
terial; it is a typicalα +β titanium alloy with a domestic brand
of TC4 and contains 6% of the α stable element Al, which
increases the stable temperature. This alloy accounts for 75–
85% of all Chinese alloys due to its advantages, such as good
heat resistance, strength, plasticity, toughness, formability,
weldability, corrosion resistance, and biocompatibility. The
chemical composition is detailed in Table 1.

2.3 Experimental scheme

Two types of milling fluids, namely, pure cottonseed oil and
cottonseed oil-based nanofluid milling fluid, were used in the
experiment. Nanofluids are mainly composed of cottonseed-
based oils and nanoparticles. The main fatty acid types of
cottonseed oil are linoleic acid (approximately 44.9–55%)
and oleic acid (approximately 18–30.7%). Oleic acid is an
unsaturated fatty acid with low viscosity. However, this fatty
acid can easily form a layer of physical adsorption film be-
cause of its high-pressure resistance and load-carrying
capacity.

Six types of nanoparticles, namely, Al2O3, MoS2, SiO2,
CNTs, SiC, and graphite, were used. Table 2 lists the physical
properties of the nanoparticles. The diameters of all nanopar-
ticles are 70 nm. Nanofluids were prepared with 1.5 wt.%

mass fraction [17]. Nanoparticles were unstable in the base
oil and prone to agglomeration; therefore, a surfactant was
added to the nanofluids to improve their stability and
accounted for 0.3 wt.% of the total mass [41].

In the experiment, pure cottonseed oil MQL and six types
of nanofluid MQL were compared according to cutting force,
surface roughness, debris, and surface morphology, and other
milling parameters were uniform. The milling parameters and
experimental design are listed in Tables 3 and 4, respectively.

3 Results and discussion

3.1 Milling force

Milling force plays an important role in the milling process; it
is not only an important basis for the reasonable selection of
cutting parameters but also exerts an important influence on
cutting heat. It affects the tool wear, machining accuracy, and
surface quality of the processed workpiece and reflects the
lubrication performances of various cutting fluids. A reduc-
tion in cutting force leads to improvement in lubrication per-
formance and thereby enhanced cutting performance [42, 43].

Milling force was divided into x direction milling force (Fx),
y direction milling force (Fy), and axial force (Fz) during prob-
lem analysis. The milling forces were measured three times by
the dynamometer under each condition. The discontinuity of
tool-workpiece contact caused dramatic changes inmilling force
because milling is intermittent cutting by nature. An example of
measured cutting force in the x, y, and z axes is shown in Fig. 3.

Figure 3 depicts that the milling force changed periodically,
and the trend of cutting force in the three directions changed
alternately from zero to positive, and negative peaks reached
stability after the cutting process. The peaks of the three-

Workbench

Data acquisition system

Computer Workpiece

Dynamometer

NozzleThermal couple

30°

MQL 

system 

Fig. 2 Diagram of experimental
data measurement

Table 1 Chemical composition
of Ti-6Al-4V workpiece material Element Ti Al V Fe C N H O

Component (%) Remaining 5.5–6.8 3.5–4.5 0.3 0.08 0.05 0.015 0.01
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direction cutting forces appeared by the order of Fx > Fy > Fz.
The axial force Fz was extremely small, and the amplitude
changed inconsiderably and could be ignored. For the high-
speed milling process, milling force was usually determined
by the average of milling force peaks Fmax, and the average

milling force peak value Fmax was used as the basis for
discussing the influences of different working conditions on
milling force.

F ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

F2
x þ F2

y þ F2
z

q

; ð1Þ

Fmax ¼ Fmax

N
¼

∑
N

i¼1
Fpi

N
; ð2Þ

where Fpi is the peak of the ith milling force peak. According
to Eq. (1), the milling force F at each data point under different
lubrication conditions was calculated. Fx, Fy, and Fz, as mea-
sured by the dynamometer, and the resultant milling force F
were integrated into Eq. (2) for obtaining the corresponding
milling force peaks (Figs. 4 and 5).

Figures 4 and 5 demonstrate that the milling force was the
greatest when pure cottonseed oil was used as lubricant. With
the addition of nanoparticles, the capability of base oil in fric-
tion and wear reduction was improved significantly. In partic-
ular, the addition of Al2O3 nanoparticle showed the most sig-
nificant effect in improving the tribological properties of the
base oil and obtained the lowest milling force, which implied
that the Al2O3 nanoparticle exerted a more significant friction
and wear reduction effect than did the other nanoparticles. The

milling forces obtained by using MoS2, SiC, and graphite
nanofluids appeared relatively similar, and their differences
were extremely small, which showed that they were similar
in terms of friction performance to a certain extent. All nano-
particles improved the lubrication performance of the base oil
because of the formation of friction film on the contact surface
and due to the influence of nanofluid viscosity. After the ad-
dition of nanoparticles, the viscosity of the base oil increased
significantly. The Al2O3 and SiO2 nanoparticles had higher
viscosity than did the others; accordingly, the adhesive
strength, Brownian motion, and viscous force among the
nanofluid molecules increased. This characteristic is condu-
cive to the formation of oil films on friction surfaces and the
enhancement of the thickness and strength of adsorption films;
hence, the lubrication performance should be improved [44].
Lubricants with low viscosity do not easily form oil films with
sufficient thickness on friction surface with high temperature,
and the films have a small bearing capacity. Therefore, such
films can be easily damaged and disappear under loading,
which results in insufficient lubrication.

3.2 Surface roughness

Surface roughness is an important parameter in evaluating the
surface quality of a workpiece, which determines the surface
smoothness. A small surface roughness corresponds to high
surface quality. This parameter has an important influence on
fatigue strength, contact stiffness, corrosion resistance, and
coordination among parts. Surface roughness also affects the
service life and reliability of mechanical products. Poor sur-
face quality will lead to poor performance and failure of work-
piece before the end of its life expectancy. Therefore, research

Table 2 Physical properties of
different nanoparticles Particle type Al2O3 MoS2 SiO2 CNTs SiC Graphite

Particle size (nm) 70 70 70 70 70 70

Nanoparticle shape Spherical Layered Spherical Tubular Hexahedral crystal Layered

Mohr’s hardness 9 1–1.5 7 10 9.5 1–2

Table 3 Milling parameters

Milling parameters Parameter setting

Milling way Plane milling

Spindle speed (r/min) 1200

Feed speed (mm/min) 500

Axial depth (mm) 0.25

Radial depth (mm) 10

MQL flow rate (ml/h) 85

MQL nozzle distance (mm) 30

MQL nozzle angle (°) 30

MQL gas pressure (MPa) 0.4

Table 4 Experimental design

No. Milling fluid Lubrication condition

1 Al2O3–cotton oil Nanofluid MQL

2 MoS2–cotton oil Nanofluid MQL

3 SiO2–cotton oil Nanofluid MQL

4 CNTS–cotton oil Nanofluid MQL

5 SiC–cotton oil Nanofluid MQL

6 Graphite–cotton oil Nanofluid MQL

7 Pure cottonseed oil MQL
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on surface roughness has not only theoretical significance but
also practical value for mechanical machining production.

The spacing characteristic parameter RSm and height char-
acteristic parameter Ra were used as evaluation parameters in
characterizing surface roughness. RSm is the mean of profile
irregularity distance in the sampling length L. Profile irregu-
larity distance refers to the length of profile peak and the
adjacent valley on the median. Ra is the arithmetic mean of
the absolute deflection distance from profile points to the base
line in the sample length L. A large Ra leads to a high absolute
deflection value, and Ra is obtained as

Ra ¼ 1

L
∫L0y xð Þdx; ð3Þ

where y(x) is the vertical coordinate of the profile curve.
The profile curves of the workpiece surface under dif-
ferent nanofluids MQL and pure cottonseed oil MQL
are shown in Fig. 6.

The surface roughness was measured under NMQL and
MQL conditions by selecting five points on the workpiece

surface; therefore, seven groups of roughness values were
obtained. Ra and RSm with standard deviation measured by a
roughness-measuring instrument are shown in Figs. 7 and 8,
respectively.

Figure 7 shows that pure cottonseed oil MQL obtained the
highest value (Ra = 1.772 μm), whereas Ra obtained with the
addition of Al2O3 nanoparticles was the lowest (Ra =
0.594 μm). Ra values measured under six types of nanofluids
were in the following order: Al2O3 < SiO2 <MoS2 < CNTs <
graphite < SiC. Figure 8 presents that the minimum RSm was
achieved by the Al2O3 nanofluid (0.093 mm), whereas the
maximum RSm was obtained by the CNT nanofluid
(0.409 mm). According to Guo [45], Ra contains most profile
irregularities only; it can represent profile surface characteris-
tics but cannot fully characterize spacing features. Therefore,
the weight of Ra reached 76%, and that of RSm was 24%. The
comprehensive values were calculated and found to be in the
following order: Al2O3 < SiO2 <MoS2 < CNTs < graphite <
SiC, which was consistent with the order of Ra. Therefore,
Al2O3 NMQL milling obtained the best surface quality.

3.3 Debris and workpiece surface morphology

The lubrication performances of different milling fluids were
demonstrated by using the debris and the workpiece surface
morphology. Morphology is an important index in evaluating
workpiece surface integrity; it can reflect the interaction be-
tween tool and workpiece and the removal mode of metal
material [46]. Observation of surface morphology is one of
the most direct methods of evaluating surface quality. The
morphologies of the debris and workpiece surface in MQL
and NMQL are shown in Figs. 9 and 10, respectively.

The figures depict that the debris surface obtained using
pure cottonseed oil was rough and had many raised stripes
on the surface (Fig. 9g), and considerable plastic deformation
occurred on the workpiece surface (Fig. 10g). Compared with
the raised stripes under pure cottonseed oil, those on the debris

-200

-100

0

100

200

300
C

u
tt

in
g
 f

o
rc

e(
N

)

Al
2
O

3
nanofluid

 X
 Y
 Z

Fig. 3 Example of measured cutting force in x, y, and z axes

0

100

200

300

400

500

 

F
(
N

)

 X

 Y

 Z

MQLGraphiteSiCCNTsSiO
2

MoS
2

Al
2
O

3

Fig. 4 Component force of different nanofluids

0

100

200

300

400

500

)
N( ecr

of t
natl

use
R

 MQLGraphiteSiCCNTsSiOMoSAl O
3

291.2

412.3

296.5

348.1

415.7 411.2

448.6

Fig. 5 Resultant force of different nanofluids

2626 Int J Adv Manuf Technol (2019) 101:2621–2632



surface under nanofluids were small; particularly, Al2O3 and
SiO2 nanofluids exhibited the smallest stripes (Fig. 9a, c). The
corresponding workpiece surface morphology was also the
best, with only small furrows and a clear texture even at
×250 magnification (Fig. 10a, c). The furrows obtained by
the other nanofluids were larger.

TheAl2O3 and SiO2 nanoparticles exhibited good lubrication
performances, which are inseparable from their structures.
Spherical or approximately spherical nanoparticles act as ball
bearings on friction surfaces with good smoothness; therefore,
the sliding friction becomes a rolling one. The friction

(a) Al2O3

(b) MoS2

(c) SiO2

(d) CNTs

(e) SiC

(f) Graphite

(g) Cotton oil

Profile curve (mm)

μm

Fig. 6 Typical surface roughness
measurement signal image
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coefficient is accordingly reduced, and excellent friction reduc-
tion performance is obtained. Al2O3 and SiO2 nanoparticles are
spherical and could thus be well adsorbed or embedded into the
texture of the debris surface and the furrow on the workpiece
surface, thereby becoming “bearing-like” and acting as lubrica-
tion media for the formation of the oil film. In addition, nano-
particles can fill the missing parts on a workpiece surface, thus
playing a mending role and improving the lubrication effect.
The lubrication mechanism of nanoparticles is shown in Fig. 11.

3.4 Viscosity analysis

Viscosity is the exchange of variables caused by the irregular
movement of molecules and adhesion between adjacent mol-
ecules. In a milling area, the relative motion between tool and
workpiece produces shear force; consequently, internal fric-
tion force is generated between fluid layers. The property that
affects the internal friction force is called viscosity. In this
work, the addition of nanoparticles to the base oil would in-
crease the viscosity of the pure cotton oil. In the milling pro-
cess, the viscosity is the main factor that affects the lubrication
performance of nanofluids.

Figure 12 shows the relationship between the viscosity of
the nanofluids and temperature. The viscosity of each
nanofluid decreased with increasing temperature. From
Fig. 12, the SiO2 nanofluid had the highest viscosity. On the
one hand, high viscosity can prevent the flow of nanofluid;
nanofluid can stay in the milling zone for a long time, thus
improving the lubrication performance between tool and
workpiece, reducing friction, and preventing rapid tool wear.
On the other hand, as viscosity increases, the adhesive
strength, Brownian motion, and viscous force among mole-
cules increase accordingly and become conducive to the for-
mation of friction surface oil film and the enhancement of the
thickness and strength of the adsorption film. The lubrication
performance will accordingly be improved.

The viscosities of the graphite and SiC nanofluids were
next to that of SiO2. However, the workpiece surface quality
under them was unsatisfactory, which indicates that lubrica-
tion performance is concerned not only with viscosity but also
the shape of nanoparticles.

The viscosities of the graphite and SiC nanofluids were
next to that of SiO2. However, the workpiece surface quality
under them was unsatisfactory. The viscosity temperature

curve of Al2O3 overlapped with those of MoS2, CNTs, and
MQL, and their viscosity was small, which resulted in thin oil
films. An excessively thin oil film will break during process-
ing and form dry friction, thus exacerbating wear. Therefore,
the lubrication performances under MoS2, CNTs, and MQL
were poor. The results showed that the better the lubrication
performance was, the closer it was to the sphere with the same
viscosity. SiO2 and Al2O3 nanoparticles are spheres with dif-
ferent viscosities, but they produced the best workpiece sur-
face quality. This finding suggested that nanoparticles with
spherical structures can achieve good lubrication performance
despite having different viscosity.

3.5 Energy-dispersive spectrometry analysis

Energy-dispersive spectrometer (EDS) elements were ana-
lyzed under different lubrication conditions to evaluate the
formation of oil film on the workpiece surface. As shown in
Fig. 13, the Al2O3 nanofluid was taken as an example. The
figure shows a small amount of Al and O elements on the
machined workpiece surface under MQL. However, high
levels of Al and O elements that formed the oil film on the
friction surface could be detected on the workpiece surface
with Al2O3 NMQL. During the milling process, nanoparticles
deposited and spread on the friction surface to form a layer of
a physical oil film. Pure cottonseed oil does not contain any
additives; hence, it depends only on its own lubrication

Fig. 12 Viscosity-temperature curves of different nanofluids

Tool

Workpiece

Tool

Workpiece

nanoparticles

(a) Nanoparticles acting as rolling bearings       (b) Nanoparticles producing mending

 effect and protective film 

Fig. 11 Lubrication mechanism
of nanoparticles. a Nanoparticles
acting as rolling bearings. b
Nanoparticles producingmending
effect and protective film
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performance to reduce friction and can produce a minimal
effect only. For NMQL, nanoparticles help in the formation
of the lubrication film during processing [47], which consid-
erably improved the tribological properties and friction and
wear reduction performances of the nanofluids. Although the
film is only a thin oil film, it is significant for improving the
tribological performance of the workpiece surface.

4 Conclusion

In this work, the application of different nanofluids in MQL
milling Ti-6Al-4V was studied. The effects of different types
of nanofluids on milling force, surface roughness, debris, and
workpiece surface morphology were discussed. From the ex-
perimental results, the following conclusions were drawn.

(1) The milling force is the largest (Fx = 393.9 N, Fy =
214.5 N) when pure cottonseed oil is used as lubricant.
With the addition of nanoparticles, the capability of the
base oil in friction and wear reduction is improved

significantly. In particular, the Al2O3 nanoparticle yields
the least milling force (Fx = 277.5 N, Fy = 88.3 N),
followed by the SiO2 nanoparticle (Fx = 283.6 N, Fy =
86.5 N), showing the most significant effect compared
with other nanoparticles in improving the tribological
properties of the base oil.

(2) With pure cottonseed oil as lubricant, the surface rough-
ness is the maximum (Ra = 1.772 μm), whereas the value
obtained by Al2O3 nanofluid is the minimum (Ra =
0.594 μm). The relationship of workpiece surface rough-
ness obtained by the six nanofluids is as follows: Al2O3

< SiO2 <MoS2 < CNTs < graphite < SiC.
(3) The surface of the debris obtained using pure cottonseed

oil is rough and has many raised stripes, and considerable
plastic deformation occurs on the surface of the work-
piece. Compared with pure cottonseed oil, the nanofluids
yield only small raised stripes on the debris surface, es-
pecially the Al2O3 and SiO2 nanofluids, which produce
the smallest stripes. The corresponding workpiece sur-
face morphology is also the best. Nanoparticles with a
spherical or approximately spherical molecular structure
and nanofluids with high viscosity, such as Al2O3 and
SiO2, have good lubrication performances. The good
friction and wear reduction performance of the
nanofluids is due to the protective oil film that the nano-
particles deposit on the friction surface to form. Although
the film is only a thin oil film, it is significant for improv-
ing the tribological performance of the surface.

(4) The analysis of nanofluid viscosity shows that high vis-
cosity leads to a good lubricating property and that the
spherical Al2O3 and SiO2 nanoparticles can mostly im-
prove the lubrication performance of the base oil.

(5) According to the experimental evaluation parameters
(milling force and surface roughness) and the surfacemor-
phology of the debris and workpiece surface, the Al2O3

and SiO2 nanoparticles are more suitable as environment-
friendly additives for the base oil compared with others.

Funding This research was financially supported by the following orga-
nizations: the National Natural Science Foundation of China (51806112
and 51575290); Shandong Provincial Natural Science Foundation, China
(ZR2017PEE002 and ZR2017PEE011); and the Scientific Research
Development Project of Shandong Higher Education Institutions, China
(J18KA017 and J17KB016).

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

References

1. Ulutan D, Ozl T (2011) Machining induced surface integrity
in titanium and nickel alloys. Int J Machine Tools Manuf
55:250–280

Al2O3

MQL

Al2O3

film

Full scale 5658 cts

Full scale 5658 cts

Fig. 13 EDS under Al2O3 nanofluid and MQL

2630 Int J Adv Manuf Technol (2019) 101:2621–2632



2. Su Y, He N, Li L (2010) Experimental study on high speed milling
titanium alloys using cryogenic minimum quantity. China Mech
Eng 21:2665–2670

3. Ekinovic S, Prcanovic H, Begovic E (2015) Investigation of influ-
ence of MQL machining parameters on cutting forces during MQL
turning of carbon steel St52-3. Rrocescia Eng 132:608–614

4. Khan MMA, Mithu MAH, Dhar NR (2009) Effects of minimum
quantity lubrication onturning AISI 9310 alloysteel using vegetable
oil-based cutting fluid. J Mater Process Technol 209:5573–5583

5. Li CH, Li JY, Wang S, Jia DZ (2013) Modeling and numerical
simulation of the grinding temperature distribution with nano-
particle jet of MQL. Adv Mech Eng 7:167–181

6. Pervaiz S, Rashid A, Deiab I, Nicolescu CM (2016) An experimen-
tal investigation on effect of minimum quantity cooling
lubrication(MQCL) in machining titanium alloy (Ti6Al4V). Int J
Adv Manuf Technol 87:1371–1386

7. Rahim E, Sasahara H (2011) A study of the effect of palm oil as
MQL lubricant on high speed drilling of titanium alloys. Tribol Int
44:309–317

8. Mark BD, Sabarish VN, Hariharan MV, Samuel RD (2018) On the
benefits of sub-zero air upplemented minimum quantity lubrication
systems: an experimental and mechanistic investigation on end
milling of Ti-6Al-4Valloy. Tribol Int 119:464–473

9. Ding WF, Zhang LC, Li Z, Zhu YJ, Su HH, Xu JH (2017) Review
on grinding-induced residual stresses in metallic materials. Int J
Adv Manuf Technol 88:2939–2968

10. Ding WF, Barbara L, Zhu YJ, Li Z, Fu YC, Su HH, Xu JH (2017)
Review on monolayer CBN superabrasive wheels for grinding me-
tallic materials. Chin J Aeronaut 30:109–134

11. Wang YG, Li CH, Zhang YB, Yang M, Li BK, Jia DZ, Hou YL,
Mao C (2016) Experimental evaluation of the lubrication properties
of the wheel/workpiece interface in minimum quantity lubrication
(MQL) grinding using different types of vegetable oils. J Clean
Prod 127:487–499

12. Li BK, Li CH, Zhang YB, Wang YG, Yang M, Jia DZ, Zhang NQ,
Wu QD (2017) Effect of the physical properties of different vege-
table oil-based nanofluids on MQLC grinding temperature of Ni-
based alloy. Int J Adv Manuf Technol 89:3459–3474

13. Zhang YB, Li CH, Ji HJ, Yang XH, Yang M, Jia DZ, Zhang XP, Li
RZ, Wang J (2017) Analysis of grinding mechanics and improved
predictive force model based on material-removal and plastic-
stacking mechanisms. Int J Mach Tools Manuf 122:81–97

14. Park KH, Ewald B, Kwon PY (2011) Effect of nano-enhanced
lubricant in minimum quantity lubrication balling milling. J Tribol
133:3526–3537

15. Zhang DK, Li CH, Jia DZ, Zhang YB, Zhang XP (2015) Specific
grinding energy and surface roughness of nanoparticle jet minimum
quantity lubrication in grinding. Chin J Aeronaut 28:570–581

16. Zhang XP, Li CH, Zhang YB, Jia DZ, Li BK, Wang YG, Yang M,
Hou YL, Zhang XW (2016) Performances of Al2O3/SiC hybrid
nanofluids in minimum-quantity lubrication grinding. Int J Adv
Manuf Technol 86(1–15):3427–3441

17. Wang YG, Li CH, Zhang YB, Yang M, Zhang XP, Zhang NQ, Dai
JJ (2016) Experimental evaluation on tribological performance of
the wheel/workpiece interface in minimum quantity lubrication
grinding with different concentrations of Al2O3 nanofluids. J
Clean Prod 142:3571–3583

18. Mao C, Tang XJ, Zou HF, Huang XM, Zhou ZX (2012)
Investigation of grinding characteristic using nanofluid minimum
quantity lubrication. Int J Precis Eng Man 13:1745–1752

19. Mao C, Zou HF, Huang XM, Zhang JA Zhou ZX (2013) The
influence of spraying parameters on grinding performance for
nanofluid minimum quantity lubrication. Int J Adv Manuf
Technol 64:1791–1799

20. Shen B, Shih AJ, Tung SC (2008) Application of nanofluids in
minimum quantity lubrication grinding. Tribol T 51:730–737

21. Shen B, Kalita P, Malshe AP, Shih A (2008) Performance of novel
MoS2 nanoparticles based grinding fluids in minimum quantity
lubrication grinding. Trans NAMRI/SME 36:357–364

22. Kalita P, Malshe AP, Kumar SA, Yoganath VG, Gurumurthy T
(2012) Study of specific energy and friction coefficient in minimum
quantity lubrication grinding using oil-based nanolubricants. J
Manuf Process 14:160–166

23. Krishna PV, Srikant RR, Rao DN (2010) Experimental investiga-
tion on the performance of nanoboric acid suspensions in SAE-40
and coconut oil during turning of AISI 1040 steel. Int J Mach Tools
Manuf 50:911–916

24. Rao SN, Satyanarayana B (2011) Experimental estimation of tool
wear and cutting temperatures in MQL using cutting fluids with
CNT inclusion. Int J Eng Sci Technol 3:928–931

25. Yan J, Zhang Z, Kuriyagawa T (2011) Effect of nanoparticle lubri-
cation in diamond turning of reaction-bonded SiC. Int J Autom
Technol 5:307–312

26. Khandekar S, Sankar MR, Agnihotri V, Ramkumar J (2012) Nano-
cutting fluid for enhancement of metal cutting performance. Mater
Manuf Process 27:963–967

27. Prasad MMS, Srikant RR (2013) Performance evaluation of nano
graphite inclusion in cutting fluids with MQL technique in turning
of AISI 1040 steel. Int J Res Eng Technol 2:381–393

28. Su Y, Gong L, Li B, Liu Z, Chen D (2016) Performance evaluation
of nanofluid MQL with vegetable-based oil and ester oil as base
fluids in turning. Int J Adv Manuf Technol 83:2083–2089

29. Sayuti M, Sarhan AAD, Hamdi M (2013) An investigation of op-
timum SiO2 nanolubrication parameters in end milling of aerospace
Al6061-T6 alloy. Int J Adv Manuf Technol 67:833–849

30. Sayuti EO, SarhanAAD (2013) Investigation on themorphology of
the machined surface in end milling of aerospace AL6061-T6 for
novel uses of SiO2 nanolubrication system. J Cleaner Prod 66:655–
663

31. Ming EO, Sayuti M, Sarhan AAD (2015) Fuzzy logic-based ap-
proach to investigate the novel uses of nano suspended lubrication
in precise machining of aerospace AL tempered grade 6061. J
Clean Prod 89:286–295

32. Marcon A, Melkote S, Kalaitzidou K, DeBra D (2010) An experi-
mental evaluation of graphite nanoplatelet base-d lubricant in mi-
cro-milling. CIRPAnn Manuf Technol 59:141–144

33. Rahmati B, Sarhan AAD, Sayut M (2013) Morphology of surface
generated by end milling AL6061-T6 using molybdenum disulfide
(MoS2) nanolubrication in end milling machining. J Clean Prod 66:
685–691

34. Rahmati B, Sarhan AAD, Sayuti M (2014) Investigating the opti-
mummolybdenum disulfide (MoS2) nanolu-brication parameters in
CNC milling of AL6061-T6 alloy. Int J Adv Manuf Technol 70:
1143–1155

35. Uysal A, Demiren F, Altan E (2015) Applying minimum quantity
lubrication (MQL) method on milling of martensitic stainless steel
by using nano MoS2 reinforced vegetable cutting fluid. Procedia
Soc Behav Sci 195:2742–2747

36. Najiha MS, Rahman MM, Kadirgama K (2016) Performance of
water-based TiO2 nanofluid during the minim-um quantity lubrica-
tion machining of aluminium alloy AA6061-T6. J Clean Prod 135:
1623–1636

37. Hadi M, Atefi R (2015) Effect of minimum quantity lubrication
with gamma-Al2O3 nanoparticles on surface roughness in milling
AISI D3 steel. Ind J Sci Technol 8:296–300

38. Yin QA, Li CH, ZhangYB, YangM, Jia DZ, HouYL, Li RZ, Dong
L (2018) Spectral analysis and power spectral density evaluation in
Al2O3 nanofluid minimum quantity lubrication milling of 45 steel.
Int J Adv Manuf Technol 97:129–145

39. Kim JS, Kim JW, Lee SW (2017) Experimental characterization
onm icro-end milling of titanium alloy using nanofluid minimum

Int J Adv Manuf Technol (2019) 101:2621–2632 2631



quantity lubrication with chilly gas. Int J Adv Manuf Technol 91:
2741–2749

40. Li M, Yu TB, Zhang RC (2018) MQL milling of TC4 alloy by
dispersing graphene into vegetable oil-based cutting fluid. Int J
Adv Manuf Technol 99:1735–1753

41. Lee PH, Nam JS, Li C, Lee SW (2012) An experimental study on
micro-grinding process with nanofluid minimum quantity lubrica-
tion (MQL). Int J Precis Eng Manuf 13:331–338

42. Shi XL, Xiu SC, Zhang XM, Wang YS (2017) A study of PSHG
and its characteristicmechanism of residual stress within a hardened
layer. Int J Adv Manuf Technol 88(1):863–877

43. Deng YS, Xiu SC, Shi XL, Sun C, Wang YS (2017) Study on the
effect mechanisms of pre-stress on residual stress and surface
roughness in PSHG. Int J AdvManuf Technol 88(9-12):3243–3256

44. Sia SY, Bassyony EZ, Sarhan AA (2014) Development of SiO2
nanolubrication system to be used in sliding bearings. Int J Adv
Manuf Technol 71:1277–1284

45. Guo SM, Li CH, ZhangYB,WangYG, Li BK, YangM, ZhangXP,
Liu GT (2016) Experimental evaluation of the lubrication perfor-
mance of mixtures of castor oil with other vegetable oils in MQL
grinding of nickel-based alloy. J Clean Prod 140:1060–1076

46. Yang M, Li CH, Zhang YB, Jia DZ, Zhang XP, Hou YL, Li RZ,
Wang J (2017)Maximum undeformed equivalent chip thickness for
ductile-brittle transition of zirconia ceramics under different lubri-
cation conditions. Int J Mach Tools Manuf 122:55–65

47. Ge XY, Xia YQ, Cao ZF (2015) Tribological properties and insu-
lation effect of nanometer TiO2 and nanometer SiO2 as additives in
grease. Tribol Int 92:454–461

2632 Int J Adv Manuf Technol (2019) 101:2621–2632


	Experimental...
	Abstract
	Introduction
	Experiment
	Experimental setup
	Experimental materials
	Experimental scheme

	Results and discussion
	Milling force
	Surface roughness
	Debris and workpiece surface morphology
	Viscosity analysis
	Energy-dispersive spectrometry analysis

	Conclusion
	References


