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Abstract

Due to low thermal conductivity and high chemical reactivity, the aerospace alloy Ti-6Al-4 V has a high cutting temperature
and poor machinability in metalworking operations. It results in poor workpiece quality and low tool life, which increases
the processing costs. Therefore, an efficient cooling-lubrication technique is requested to solve this problem. Herein, a new
system, supercritical CO, mixed with nanofluid minimum quantity lubrication (SCCO,-NMQL), is used for the cutting pro-
cess. Supercritical CO, (SCCO,) produces a low-temperature jet field because of the Joule-Thomson effect after injection
and delivers the nanofluids deep into the cutting zone for cooling and lubricating during the cutting process. In this work,
the effectiveness of SCCO,-NMQL cooling-lubrication in turning Ti-6Al-4 V was compared with that of other lubrication
conditions (i.e., dry cutting, SCCO,, and supercritical CO, mixed with minimum quantity lubrication (SCCO,-MQL), respec-
tively), in terms of cutting zone temperature, cutting force, surface roughness, and tool wear. In comparison with dry cutting,
SCCO,, and SCCO,-MQL, the cutting temperature drops of SCCO,-NMQL are more than 25%, 15%, and 12%, respectively.
The use of SCCO,-NMQL cooling conditions provides lower cutting force and a superior surface finish. Moreover, the
SCCO,-NMQL cooling condition has the potential to offer a sufficient cooling-lubrication function to tool wear. Results of
the work indicate that SCCO,-NMQL can act as an efficient cooling-lubrication technique.

Keywords Sustainable manufacturing - Supercritical carbon dioxide - Nanofluids - Ti-6Al-4 V - MQL

Abbreviations F, Cutting force along the feed direction
SCCO,-NMQL  Supercritical CO, mixed with nanofluid N)

minimum quantity lubrication F, Cutting force along the radial direction
MQL Minimum quantity lubrication N)
SCCO, Supercritical CO, F, Cutting force along the cutting speed
SCCO,-MQL SCCO, mixed with minimum quantity (N)

lubrication Ra Surface roughness of workpiece (pm)
LN, Liquid nitrogen SEM Scanning electron microscope
Si0, Silicon dioxide BUE Built-up edge
SDS Sodium dodecyl sulfate
Ve Cutting speed (m/min)
a, Depth of cut (mm) 1 Introduction
f Feed rate (mm/rev)

Owing to high strength, low weight, good corrosion resist-
ance, and excellent high-temperature performance, lucra-
tive characteristics of titanium alloys enabled them to attain
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the cutting zone when cutting Ti-6Al-4 V can even exceed
1000 °C [3, 4]. The thermal property of Ti-6Al-4 V can be
considered responsible for the diffusive and adhesive wear
mechanisms [5]. Moreover, its high chemical activity at high
temperatures makes it easy to react with oxygen and hydro-
gen in the air, forming a surface hardening layer, which will
also exacerbate tool wear. Therefore, effective cooling and
lubrication methods are needed to remove cutting heat.

Wet cutting is the most common cooling method in cut-
ting titanium alloy. The emulsion-based lubricants can be
effective between 30 and 60 m/min. However, cutting fluid
and its oil mist are the main sources of severe workshop
environments, ecological pollution, and health threats to
operators. In addition, cutting fluids’ production, storage,
transportation, maintenance, use, and disposal are costly.
Therefore, developing green and sustainable cutting fluid
(oil) and environmentally efficient cooling-lubrication
methods is more urgent in the field of metal cutting, and
cryogenic cooling and minimum quantity lubrication (MQL)
arise at the moment.

Cryogenic cooling is employed to reduce the heat gen-
erated through the cutting process on the tool, workpiece,
and chips, utilizing a cryogenic refrigerant effectively. Liq-
uid nitrogen (LN,) and CO, are often used as cryogenic
refrigerants given the aspect of environmental impact. In
processing, this technology can strengthen the shear frac-
ture of chips, inhibit the failure of lubricant under heat, and
reduce tool wear. Venugopal et al. [6] compared tool wear
for turning Ti-6Al-4 V when dry, flood, and cryogenic cool-
ant of LN, was employed. The authors concluded that the
cryogenic LN, limited the temperature of the cutting zone
to reduce adhesion—dissolution—diffusion tool wear, and the
tool life increased. Danish et al. [7] compared dry, MQL,
cryogenic CO,, and cryogenic LN, for turning Inconel 718
based on cutting force, tool wear, and surface roughness.
LN, was proved to be significant to reduce such machining
outputs. Moreover, total machining costs and energy usage
were reduced by 18% through using cryogenic LN, in com-
parison. However, it has been proven that the extremely low
temperature under LN, cooling leads to brittleness behavior
in Ti-6Al-4 V, resulting in a high cutting force. In addition,
the transportation of liquid nitrogen requires heat insulation,
which means the transportation pipe must be covered with
thick insulation cotton to prevent the temperature from drop-
ping. These problems put higher requirements on the cutting
environment and make more limitations in the application
of cryogenic LN, cooling.

Another most common medium for cryogenic machin-
ing is CO, which is stored in high-pressure gas cylinders
normally. When it comes out of the nozzle and fuses with
ambient air, it becomes gas and solid-dry ice. Jamil et al.
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[8] were devoted to investigating the effectiveness of LN,
and CO, compared to dry cutting in terms of cutting forces,
temperature, surface roughness, tool wear, chip shape, and
morphology analysis in the turning of Ti-6Al-4 V. Findings
have shown 14-20% and 62% lower cutting temperatures
under CO, compared to LN, and dry cutting under 100 m/
min respectively. Also, there were overall less tool wear,
cutting forces, and surface roughness, with maximum chip
curl diameter under CO, followed by LN, and dry condition.
Furthermore, Clarens et al. [9] innovatively proposed the
application of supercritical CO, (SCCO,) in metal cutting
to achieve the functions of lubrication, cooling, and chips
removal. SCCO, refers to CO, fluid whose temperature and
pressure are higher than the critical temperature and pres-
sure. The critical temperature of carbon dioxide Tc=31.1 °C
and the critical pressure Pc =7.28 MPa [10]. Supekar et al.
[11] investigated the feasibility of using SCCO, in the
micromilling of stainless steel and copper. Analysis shows
that tool wear, specific cutting energy, burr formation, and
surface roughness by using SCCO, were reduced to vary-
ing degrees in both materials compared to dry machining.
The SCCO, in high pressure expands at the nozzle exit
and produces a low-temperature jet field because of the
Joule-Thomson effect, which takes away the cutting heat
and achieves endothermic cooling. Wang and Clarens [12]
proposed an analytical framework for assessing metalwork-
ing fluid penetration into the flank cutting zone in orthogonal
cutting which is based on the Navier—Stokes equation and
the Reynolds equation, and validated the accuracy of the
model through turning experiments. The result showed that
SCCO, with lubricant does penetrate the cutting zone com-
pletely and its penetration is much higher than the conven-
tional emulsion and straight oil. Because SCCO, has good
dissolving capacity and permeability, it can be a medium
of lubricant. The jet which is made through SCCO, and
lubricant not only has good cooling effect, but also has the
potential to improve lubrication. More importantly, SCCO,
can be transported at room temperature compared with LN,
which is why it could be widely used.

Different from cryogenic machining, MQL is another
green and efficient cooling-lubrication method that uses
extremely small amounts of lubricant. It not only reduces
the amount of lubricating oil to a very small degree (gener-
ally 0.03 ~0.2 L/h) but also introduces a cooling-lubrication
medium, which can greatly improve the cutting performance.
In addition, vegetable oils which are extracted mostly from
plant seeds such as coconut, sunflower, soybean, rapeseed,
olive, and palm are gradually replacing the harmful cutting
fluids and making the production environment more sus-
tainable in MQL. Sankaranarayanan et al. [13] analyzed the
prospect of accomplishing sustainable green manufacturing
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through the deployment of eco-friendly cutting fluids based
on vegetable oil. They reviewed and compared the appro-
priateness of several vegetable oils for various metal-cutting
applications, and thought that vegetable oils have a good
application prospect. In processing when using MQL, atom-
ized micron droplets are sprayed into the cutting zone to
reduce friction and cutting heat. It is widely believed that
MQL can improve the machinability of difficult-to-cut
materials [14, 15]. However, problems still exist, for exam-
ple, insufficient cooling and rupture of the lubricating oil
film when processing difficult-to-cut materials including
Ti-6Al-4 V. Khanna et al. [16] explored the machining of
Ti-6Al-4 V under flood, MQL, and cryogenic machining
based on the machining performance and life cycle analysis.
The authors summarized that MQL machining has lower
impacts on the environment, but it is not sustainable as it
has 75% reduced tool life and a higher cutting force and sur-
face roughness in comparison. Nanofluid minimum quantity
lubricant (NMQL) as an advancement to MQL is carried
out to enhance the performance of MQL regarding cutting
of titanium alloys.

Nanofluids, adding a certain proportion of nanoparticles
to the lubricating oil, are considered potential lubricants to
improve the cooling performance of lubricants because of their
excellent heat transfer and tribological properties. Ferrouillat
etal. [17] investigated the convective heat transfer of SiO,/water
colloidal suspensions at different proportions, flow rates, and
temperatures. The result showed that the heat transfer capacity
of fluids with the inclusion of nanoparticles has enhanced from
10 to 60% in comparison. Nanofluids have good friction-reduc-
tion and wear-resistance performance because of the protective
film formed by nanoparticles at the cutting interface. Although
the film is thin, it is of great significance to improve the tribo-
logical properties of the surface. Sayuti et al. [18] machined
aerospace AL6061-T6 to investigate the influence of SiO,
nanofluids on the morphology of the machined surface. From
the experimental results and analysis, 0.2% SiO, nanoparticles
can enhance the film by breaking the process from the rolling
action and increasing the growth. Bai et al. [19] studied the
performances of six 1.5 wt% nanofluids in milling Ti-6Al-4 V
compared with MQL. The result indicated that SiO, and Al,O;
nanofluids had better performance regardless of milling force,
surface roughness, and morphology. Furthermore, the SiO, and
Al,O; nanoparticles are more suitable as environment-friendly
additives for the base oil. The application of nanofluids in the
MQL technique not only exhibits all the advantages of MQL
machining but also eases the fatal defect of insufficient heat
transfer capability.

As shown above, cryogenic cooling has a better cooling
capacity and MQL has a better lubricating ability. Therefore,
the combination of cryogenic cooling and MQL is developed
to take advantage of both technologies. Holistic literature
on hybrid N,-MQL [20] and CO,-MQL [21, 22] has shown

outperformed results in cutting difficult-to-machine materi-
als at elevated cutting speeds. Cai et al. [23] evaluated the
cutting force, cutting temperature, surface morphology, and
surface roughness when they machined Ti-6Al-4 V under
four cutting environments including SCCO,-MQL. The
authors’ findings have shown that SCCO,-MQL is better
than dry and SCCO, in the above aspects expect surface
roughness at cutting speeds below 40 m/min.

Therefore, a new system mixing SCCO, with nanofluid
minimum quantity lubricant (SCCO,-NMQL) applica-
tion as a cooling and lubricating method was developed.
SCCO, not only acts as the carrier of nanofluids because
of its great dissolving capacity but also has a good cool-
ing effect on the cutting zone. Meanwhile, NMQL can also
improve the cooling and lubrication effects. In this work,
Ti-6Al-4 V was subjected to turning tests, where the effi-
ciency of SCCO,-NMQL was compared with that of dry
cutting, SCCO,, and SCCO,-MQL techniques regarding the
performances including cutting force, cutting temperature,
surface roughness, and tool wear. Finally, it is concluded that
SCCO,-NMQL can provide better cutting conditions in the
green turning of Ti-6Al-4 V, to achieve the sustainability of
cutting difficult-to-cut materials.

2 Experimental setup
2.1 Materials and methods

The workpiece is Ti-6Al-4 V with a diameter of 100 mm.
Its elemental composition is shown in Table 1. The machin-
ing tests are conducted using a CA6140 lathe, and the cut-
ting tool is WNMG432MS carbide turning cutters shown in
Table 2 which is often used to turn titanium alloy. Silicon
dioxide (Si0O,) nanoparticles were chosen as an additive
because they are widely used as a solid lubricant. Veg-
etable oils have been investigated as a sustainable, biode-
gradable, and eco-friendly alternative. The vegetable oil
Mircolube Cryo 55 is used as both the base liquid for the
manufacture of nanofluids and the lubricating oil (Fig. 1).

Table 1 Elemental composition

) Element wt (%)
of Ti-6Al-4 V

Al 5.5-6.8
\% 3545
Fe <0.30
C <0.10
N <0.01
H <0.015
(0] <0.20
Other elements 0.40
Ti Allowance
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Table 2 Parameters of WNMG432MS carbide turning cutters

Table 4 Turning process parameters

Turning parameters Parameter setting

Parameters

The blade shape Diamond

Major cutting-edge angle (°) 80

Nose radius (mm) 0.8

The thickness of the blade (mm) 4.76

Back angle (°) 0

Slot Cylinder (12.7 mm)

Mircolube Cryo 55 has good lubrication performance and
biodegradability, and is an environmentally friendly lubri-
cant. Sodium dodecyl sulfate (SDS), a kind of surfactant, is
used to ensure stable dispersion of the nanoparticles in the
lubricant. Once many nanoparticles coalesce to form large
particles, they will be likely to affect the effect of nanoflu-
ids and damage the surface of the workpiece. Nanofluids
were prepared by a two-step process. Firstly, the nanoparti-
cles, which had been weighed as expected by an electronic
scale, were directly added to the weighed lubrication, and
then a certain number of surfactants were added. After half
an hour of ultrasonic vibration in the ultrasonic cleaner, the
nanofluids with stable dispersion of nanoparticles could
be obtained and put into use through the liquid path. The
operation diagram of the two-step preparation of nanoflu-
ids is shown in Fig. 2a. The parameters of nanofluids are
shown in Table 3.

Turning process parameters are shown in Table 4. The
control variable method was used, and a single factor test
was carried out at the appropriate level. The influence of
cutting conditions on the detection parameters was studied
by changing the parameters of cutting speeds at different
cutting conditions. The experimental cutting time of each
group is 20 s, and the data of detection parameters are taken
from the last 10 s.

Table 3 Parameters of nanofluid

Parameters of nanofluid

The average size of SiO, nanoparticles (nm) 20

Nanoparticle shape Spherical

The specific surface area of SiO, nanoparticles 145-160
(m*/g)

The purity of SiO, nanoparticles (%) 99

The main composition of Mircolube Cryo 55 Synthetic ester
The viscosity of Mircolube Cryo 55 (40 °C) (cSt) 30
The concentrations of SiO, nanoparticles in Mircol- 1
ube Cryo 55 wt (%)
The concentrations of SDS in Mircolube Cryo 55 0.4
wt (%)
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Turning speed (v,) (m/min) 40, 70,100, 130, and 160

Depth of cut (a,) (mm) 0.5

Feed rate (f) (mm/rev) 0.1

Nozzle distance (mm) 5

Nozzle angle (°) 30

Cutting conditions Dry, SCCO,,
SCCO,-MQL, and
SCCO,-NMQL

Supercritical CO, gas pressure (MPa) 7.5

Supercritical CO, gas temperature (°C) 35

CO, flow rate (g/s) 2.2

Oil flow rate (mL/h) 100

Nozzle diameter (mm) 1

2.2 Experimental scheme

A schematic of the SCCO,-NMQL delivery system is
shown in Fig. 1. Under the SCCO,-NMQL condition,
the liquid CO, in the CO, tank was pressurized by the
booster pump, and heated in the heater, until the pres-
sure and temperature of CO, reached 7.5 MPa and 35 °C,
exceeding its critical pressure of 7.28 MPa and critical
temperature of 31.1 °C, respectively. Then, it was trans-
ferred to the mixing chamber, where it was fully mixed
with nanofluids. The ratio of SCCO, to nanofluids in
the mixing chamber was controlled by a control valve.
After mixing, SCCO, and nanofluids were atomized
through the atomizer and sprayed through the nozzle
into the cutting zone. In the SCCO,-MQL cooling con-
dition, the nanofluids were replaced with vegetable oils
without nanoparticles. Even for the SCCO, cooling con-
dition, the control valve of nanofluids was closed. The
SCCO,-NMQL equipment is jointly developed by us and
the company Dongguan Armorine Machinery Manufac-
turing Technology Co., Ltd., China. The SCCO,-NMQL
system equipment and external related equipment are
shown in Fig. 2b.

The detection parameters are cutting zone temperature,
cutting force, surface roughness, and tool wear. The cut-
ting force in three directions was measured by an online
force measurement system including a multicomponent
dynamometer (Kistler 9257B, Kistler Instrument), a
multichannel charge amplifier for multicomponent force
measurement (Kistler 5070A, Kistler Instrument), and a
personal computer (PC)-based data acquisition system
(Dynoware). The surface roughness was observed by a
3D laser measuring microscope (VK-X250, Keyence). As
for surface morphology and tool wear, a tungsten filament



The International Journal of Advanced Manufacturing Technology (2022) 122:2927-2938 2931

Fig. 1 Schematic of Control
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scanning electron microscope (JSM-6490LV, JEOL) was  measured target in the whole process. The schematic of
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to observe the overall temperature distribution of the = measurements is shown in Fig. 2c.
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3 Results and discussion
3.1 Temperature

The cutting heat generated by turning is 50-80% taken away
by chips, 10-40% passed into turning tool, 3-9% passed into
the workpiece, and about 1% passed into the surrounding
air [24]. The higher temperature affects not only the tool
life but also the surface quality of the workpiece. Therefore,
cutting zone temperature is an important index to evaluate
the cooling effect. The temperature of each cutting condition
was measured by a thermal imager to evaluate the cooling
capacity of each strategy during Ti-6Al-4 V turning, as can
be seen in Fig. 3. It can be seen that with the increase of
cutting speed, cutting zone temperature has been increas-
ing which is because of more metal removal per unit time,
more work consumption, and more cutting heat generated.
When v,=160 m/min under dry cutting, the cutting zone
temperature zone increases sharply because the tool rapidly
enters the stage of sharp wear, the cutting heat generated by
friction increases, and the tool breaks.

At the same time, it can be seen that SCCO,,
SCCO,-MQL, and SCCO,-NMQL cooling conditions all
have a better cooling effect compared with dry cutting,
and the cooling effect under different cutting speeds is
SCCO,-NMQL > SCCO,-MQL > SCCO,. The temperature
difference between SCCO,-MQL and SCCO, is less than
10%, and it is at most 41 °C at 160 m/min. It can be said that
the cooling effect of SCCO,-MQL is not different from that
of SCCO,, and in general, SCCO,-MQL is slightly better
than SCCO,. When v, =70 m/min, the cutting zone tempera-
ture under the cooling condition of SCCO,-MQL is slightly

700 | I
—a— Dry
1 |-=—scco, /

6004 SCCO,-MQL
S —+— SCCO,-NMQL /
g
&5500
2 , —¢
Q /:74:
8400 A —
CIE) / — |
e 1 /

300 +——

40 70 100 130 160
Ve (m/min)

Fig.3 The variation of the maximum cutting zone temperature under
dry, SCCO,, SCCO,-MQL, and SCCO,-NMQL cutting conditions
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higher than that under SCCO,, 423 °C and 408.6 °C, respec-
tively, shown in Fig. 4b, ¢, which can be due to fluctuations
caused by environmental factors.

The cutting zone temperature under the SCCO, cooling
condition is generally more than 10% lower than that in dry
cutting, which is due to forced heat transfer formed by the
trans-critical expansion of supercritical CO,, thus achieving
the cooling effect. Piles of chips and higher temperature of
chips than the cutting zone are observed at the cutting speed
of more than 130 m/min under the dry cutting, but not in the
other three cooling conditions, indicating that supercritical
CO, also has a good effect on inhibiting chips accumulation
and cooling chips. In addition, the workpiece’s temperature
after dry cutting is higher than that after cooling. In general,
supercritical CO, plays a critical role in the cooling of the
cutting zone, chips, and workpiece.

At all cutting speeds, the cutting zone temperature at
SCCO,-NMQL is the lowest. Compared with the dry cut-
ting, the cutting zone temperature under the SCCO,-NMQL
cooling condition is reduced by more than 100 “C and the
drops are more than 25%, reaching the ideal cooling effect.
For example, as shown in Fig. 4, the cutting zone tempera-
ture under the SCCO,-NMQL cooling condition is 294.9 °C,
but 465 °C under dry cutting at the cutting speed of 70 m/
min. Moreover, the reduction in temperature is more than
15% and 12% under SCCO,-NMQL compared to SCCO,
and SCCO,-MQL, respectively. This is because high-
pressure CO, delivers nanofluids to the cutting zone which
improves the thermal conductivity of lubricants.

3.2 Cutting force

Cutting force is an important index to measure the power
required and energy consumed by machine tools in the turn-
ing process [25]. The process of tool wear, workpiece’s work
hardening, temperature changes in the tool-workpiece inter-
face, and thermal expansion of the tool and workpiece all
will influence the cutting force components [26]. When the
feed rate is 0.1 mm/rev and the depth of cut is 0.5 mm, the
influence of the cutting speed on measured force components
for distinct cutting conditions during turning Ti-6Al-4 V is
shown in Fig. 5. It should be stated that the value of the cut-
ting force is the average force of the tool during the selected
process of steady cutting. As can be seen from Fig. 5, the
F and F of the four cutting conditions all increase with the
increase of cutting speed. This is because of the increased
material strain rate per unit time. Moreover, although F, also
increases with the cutting speed, the increase is less than
1%. F, is almost the same at different speeds under difter-
ent cutting conditions. Liang et al. [27] also observed this
phenomenon in their experiments.

At the same time, it can be seen from Fig. 5 that at 40,
70, and 100 m/min, the difference between the cutting forces
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Fig.4 Thermal images captured at a speed of 70 m/min under a dry, b SCCO,, ¢ SCCO,-MQL, and d SCCO,-NMQL

under dry cutting and that under the other three cooling con-
ditions is less than 1%, which could be because high tem-
perature softened the material under dry cutting [28]. The
high cutting force is observed at low cutting speed due to
cooling which can be associated with less shearing, material
hardening, and plastic deformation [29]. With the increase of
cutting speed, F, and Fy increase rapidly under dry cutting
conditions and far exceed the cutting forces under the other
three cooling conditions.

Figure 6 shows the cutting forces measured in turning Ti-
6Al-4 V when v, =160 m/min. It can be seen that the cutting
forces increase rapidly after starting for 2 s because the tool
entered the stage of sharp wear, which is also illustrated by
the rapid increase of temperature in the cutting zone meas-
ured by the thermal imager.

When v, =160 m/min, F, and Fy under SCCO,-NMQL
cooling conditions are only 20% and 19% lower than
those under dry cutting conditions, respectively, slightly
lower than those under SCCO,-MQL and SCCO, condi-
tions. Gupta et al. [30] also found that the cutting force
was reduced by approximately 10% owing to cryogenic
cooling, and they attributed this relatively low rate to the

strength and hardness of the workpiece provided by cryo-
genic cooling in their study. The cutting forces under the
conditions of SCCO,-NMQL are lower than those under
the other three cutting conditions when more than 100 m/
min. This is because after supercritical CO, was sprayed
from the nozzle, the high-speed jet formed as a carrier
to take the atomized nanofluids through the gas barrier
layer and the rough surface where peaks and valleys exist,
into the cutting zone. Nanofluids formed a lubricating film
with a higher thermal conductivity than lubricating oil
and served as spacers limiting the rubbing at the tool-
workpiece interface. In addition, the nanoparticles played
a mending role and acted as a kind of “micro-bearing” dur-
ing machining, transforming sliding friction into rolling
friction, thereby reducing the friction coefficient shown
in Fig. 7a, b [19]. Moreover, the cooling effect of SCCO,
could prevent the failure of lubrication at high tempera-
tures. While the lower temperature increases the strength
and hardness of Ti-6Al-4 V, i.e., work hardening due to
the quenching effect, the lower temperature further ensures
the excellent lubrication performance of the nanofluids,
reducing the cutting force.
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3.3 Surface roughness

Surface roughness refers to microscopic geometry errors of
the machined surface. The states of the machined surface
are responsible for critical tasks in terms of product yield.
Surface roughness has a great influence on the fit proper-
ties, wear resistance, corrosion resistance, fatigue strength,
and contact stiffness of parts, especially on high-speed and
heavy-duty parts [32]. Figure 8 shows the influence of cut-
ting speed on surface roughness under different cutting con-
ditions when the feed rate is 0.1 mm/rev and the depth of cut
is 0.5 mm. In each cutting parameter under cutting condi-
tions, the surface roughness of the workpiece was measured

e Nanoparticles

Workpiece Workpiece
Workpiece Workpiece

Fig.7 Mechanism of action of nanoparticles [31]. a Rolling effect,
b protecting-film effect, ¢ mending effect, d polishing effect
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five times, and then the average value was taken to evaluate
the quality of the machined surface.

When the cutting speed is lower than 160 m/min, the
workpiece surface roughness under dry cutting, SCCO,,
and SCCO,-MQL conditions increases with the increase
of cutting speed. Under the SCCO,-NMQL cooling condi-
tion, the higher surface roughness is at 40 and 70 m/min.
Yuan et al. [33] thought that it was because there are too
many detrital particles escaping from the basis, and the

Fig.9 SEM images of surface
morphology in turning at
v, =100 m/min under a dry, b
SCCO,, ¢ SCCO,-MQL, and d
SCCO,-NMQL

Exfoliation

Irregular
friction

tracks
Furrows

wear effect on the workpiece surface was greater than the
polishing effect in Fig. 7d.

It is found from Fig. 8 that the workpiece under dry
cutting also has low surface roughness, which can be
because the high temperature in the cutting zone sof-
tened the workpiece for cutting easily. SCCO,-NMQL and
SCCO,-MQL have better workpiece quality at different
cutting speeds compared with SCCO,. The participation
of oils is likely the reason for the improvement in sur-
face quality. When v, =100 m/min, the workpiece sur-
face roughness under SCCO,-NMQL cooling condition is
38.4% lower than that under dry cutting, and 29.6% and
30.9% lower than that under SCCO, and SCCO,-MQL
cooling conditions, respectively. At medium and high
speeds, the surface quality of the workpiece under the
SCCO,-NMQL cooling condition is better than those
of the other three cutting conditions, indicating that the
cooling-lubrication method can achieve good results. On
the one hand, the cooling mode of supercritical CO, sig-
nificantly reduced the temperature of the cutting zone; on
the other hand, nanoparticles formed a lubricating film
on the tool chips and tool-workpiece contact interface
or helped the lubricating oil to form a lubricating film
(Fig. 7b). The nanoparticles suspended in film can fill
and repair the surface damage for the loss of mass which
is called the “mending effect” (Fig. 7¢). Otherwise, some
nanoparticles got embedded into the surface, changed
their shape, and were sheared under high pressure. The
debris which was sheared off can assist in cutting and the
plowed-off nanoparticles left a thin exfoliated film on the
contact spot (Fig. 7d) [18].
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Figure 9 shows the SEM images of machined sur-
faces produced at four cutting conditions, dry, SCCO,,
SCCO,-MQL, and SCCO,-NMQL at 100 m/min. After
dry cutting, the machined surface of the titanium alloy
shows serious plastic deformation, large areas of exfolia-
tion, adhered micro-chip debris, irregular friction tracks,
and scratch marks as shown in Fig. 9a. Compared with dry
cutting, the exfoliation in the workpiece surface under the
SCCO, cooling condition is inhibited, but the amount of
adhered micro-chip debris increases (Fig. 9b). The surface
quality of SCCO,-MQL and SCCO,-NMQL is better than
that of dry cutting and SCCO,. Most obviously, scratch
marks on both workpiece surfaces were significantly reduced
or even disappeared, thanks to the chips’ removal ability
of the oil at high pressure. In addition, the adhered micro-
chip debris under SCCO,-MQL and SCCO,-NMQL become
smaller and less, because lubricating oil cleaned the work-
piece surface. SCCO,-NMQL (Fig. 9d) has a highly smooth
surface texture with only a very small amount of micro-chip
debris, much better than SCCO,-MQL with adhesive materi-
als and more micro-chip debris (Fig. 9c). The regular friction
tracks can be seen on the cutting surface of SCCO,-NMQL,
indicating that SiO, nanoparticles show a great polishing
effect (Fig. 7d).

3.4 Tool wear

Figure 10 shows the SEM images of the worn-coated car-
bide tool in turning Ti-6Al-4 V after 100 s tested under dry,
SCCO,, SCCO,-MQL, and SCCO,-NMQL cutting con-
ditions. In other words, the cutting distance of each tool

Fig. 10 SEM images of the
coated tool in turning Ti-
6Al-4 V alloy about 167 m
under a dry, b SCCO,,

¢ SCCO,-MQL, and d
SCCO,-NMQL
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is about 167 m. It should be noted that the cutting time is
only about 83 s because the tool quickly failed at the dry
cutting speed of 160 m/min. The high chip-tool interface
temperature, low thermal conductivity, and strong chemical
reactivity of the Ti-6Al-4 V alloy promote the diffusion of
the tool material to chips. It causes adhesion of the chips to
the tool, and then the adhesion was torn by sliding chips,
resulting in wear. Ikuta et al. [34] evaluated the tendency
of the titanium alloys to form adhesive wear according to
the adhesion area on the tool, and it represented that the
adhesive wear is the predominant wear mechanism during
the turning of titanium alloys. It can be seen from Fig. 10a
that dry cutting leads to significant loss of tool material at
the cutting edge and on the rake face, causing the failure
of coatings and the fracturing of the cutting edge. Coating
failure exposed the original tool material to a harsh oper-
ating environment. After the failure of the coating in cut-
ting, the cutting edge was not sharp enough to cut material
effectively, and the removing of the material turned to be
pushed instead of cutting [26]. The sharp rise in tempera-
ture shown in Fig. 3 and the sharp increase in cutting forces
shown in Fig. 6 are due to this. In dry cutting (Fig. 10a), the
main failure modes are built-up edge (BUE), chipping, and
abrasion in the rake face, while coating breakage and adhe-
sion at flank wear. As depicted in Fig. 10b—d, under SCCO,,
SCCO,-MQL, and SCCO,-NMQL cooling conditions, tool
wear greatly becomes less in comparison to the dry cutting
either flank wear or rake face wear. It is clearly shown that
under the SCCO, cooling condition, adhesion is significant
in a certain range at the primary shearing zone. The excel-
lent cooling effect of SCCO, prevents failure of the tool
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coating. BUE under dry cutting was carried away by chips
due to coating damage at high temperatures. The BUE under
SCCO, is in the center of the cutting edge, compared to the
BUE under dry cutting which is more at both ends. The
BUE can assist the tool in cutting, but the presence of BUE
can also lead to the poor surface quality of the workpiece.
The rake face wear under SCCO,-MQL and SCCO,-NMQL
cooling conditions has shown BUE and crater wear. The
thinner and shorter BUE appeared under SCCO,-MQL and
SCCO,-NMQL, indicating that the isolation and lubrication
effect of lubricating oil at the tool-workpiece interface can
effectively inhibit the generation of BUE. In addition, suffi-
cient lubrication changes the rapid wear to slow wear. More-
over, there are more carbide grains under SCCO,-MQL, and
SCCO,-NMQL compared with SCCO, because of the BUE
instability consequence of the adhesive wear. In summary,
it can be concluded that SCCO,-MQL and SCCO,-NMQL
cooling conditions all have enough potential to offer cooling
as well as lubrication at the cutting zone.

4 Conclusions

A new cooling-lubrication method in cutting difficult-
to-cut material has been presented, which mixes super-
critical CO, with nanofluid minimum quantity lubrication
(SCCO,-NMQL). Its cooling and lubrication performance
in turning Ti-6Al-4 V alloy is evaluated and compared with
that of dry, SCCO,, and SCCO,-MQL cutting conditions,
respectively, in the viewpoint of cutting zone temperature,
cutting force, surface roughness, and tool wear. The major
conclusions are briefly stated as follows:

1. SCCO,-NMQL can effectively cool the cutting zone,
chips, and workpiece. Compared with dry cutting,
SCCO,, and SCCO,-MQL, the temperature drops under
SCCO,-NMQL are more than 25%, 15%, and 12%,
respectively. This is likely due to the cooling effect of
supercritical CO, and the increased thermal conductivity
of the lubricant which is enhanced by nanoparticles.

2. In general, F, and F, under SCCO,-NMQL cooling
conditions are lower than those of the dry, SCCO,, and
SCCO,-MQL cutting conditions, and the higher the cut-
ting speed, the greater the difference between dry cutting
and SCCO,-NMQL.

3. At more than 100 m/min, the SCCO,-NMQL cool-
ing condition has lower surface roughness than that
of other cutting conditions. The surface quality under
SCCO,-NMQL at 40 and 70 m/min is bad because of
the excessive content of nanoparticles in contrast to the
lower cutting speed. SCCO,-NMQL gets the lowest sur-
face roughness at 100 m/min in overall groups. As for
surface morphology, the surface under SCCO,-NMQL

has a highly smooth surface texture with only a very
small amount of micro-chip debris and regular friction
tracks.

4. Tool wear under SCCO,-MQL and SCCO,-NMQL
is less compared to the severe tool damage caused by
dry cutting. The SCCO,-MQL and SCCO,-NMQL
can effectively release a large amount of heat from the
cutting zone and achieve a lubrication effect, thereby
reducing flank wear and crater wear. SCCO,-MQL and
SCCO,-NMQL cooling conditions have enough poten-
tial to offer the cooling-lubrication effect at the cutting
zone.

Based on the above research, it can be concluded that
SCCO,-NMQL is a promising solution for improving
the performance of cutting difficult-to-cut material. It
can be considered as an attractive alternative for envi-
ronmentally harmful metal-cutting lubricants, expen-
sive lubrication, and cooling delivery technologies.
Compared with current green cooling and lubrication
technologies, supercritical CO, has good solubility in
lubricating medium and nanoparticles, and the cool-
ing and lubrication capacity of SCCO,-NMQL can be
adjusted in a large range. The changes in the supply of
supercritical CO,, lubricating medium, the type of nano-
particle, and the content of nanoparticles in nanofluids
have an important influence on the machining effect.
Therefore, the in-depth study of its parametric control,
integration, and application to the automation system
has a good prospect for its industrial application in the
machining center.
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